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Editorial on the Research Topic 
Biosafety and Biosecurity Approaches to Counter SARS-CoV-2: From Detection to Best Practices and Risk Assessment

Scientific communications are important for addressing technical issues that can impact the COVID-19 pandemic. To this end, Frontiers developed a Research Topic entitled “Biosafety and Biosecurity Approaches to Counter SARS-CoV-2: From Detection to Best Practices and Risk Assessment.” Thirty-four manuscripts from 14 countries were originally submitted for this Research Topic. Of these, 18 (53%) were accepted. The 18 accepted papers that comprise this Research Topic were originally submitted to three Frontiers journals: Bioengineering and Biotechnology (N = 9), Medicine (N = 6), and Public Health (N = 3). The types of papers consist of original research articles (N = 7), brief research reports (N = 4), methods articles (N = 1), opinions (N = 2), and review articles (N = 4). The ten countries from which the accepted manuscripts were submitted truly represents the scope of the pandemic: United States (N = 5), China (N = 4), and 1 each from France, Lebanon, Panama, Russia, Mexico, Bahrain, Spain, Portugal, and Greece.
When this Research Topic began, there were many unanswered questions including the origin of the novel SARS-CoV-2, its pathogenicity, transmissibility, efficacy of existing medical countermeasures and supportive therapies, and its survival in the environment. An et al. reviewed recent progress in the field of synthetic biology and the laws and regulations governing its use to avoid potential risks associated with this technology. As with other infectious agents, the environment can play an important role in the transmission of SARS-CoV-2. In an innovative on-line forum, Morrow et al. reviewed the challenges that industries from around the globe experienced in reducing the transmission of this virus in an indoor environment. Based on the results, the authors called for significant investments in research to understand virus persistence and transport in the built environment.
Buhr et al. used the enveloped RNA bacteriophage φ6 as a surrogate for SARS-CoV-2 virus to study its inactivation in an aircraft environment. The surrogate was dried on wiring insulation, aircraft performance coating, polypropylene and nylon at >8log10 PFU/test coupon. Modeling showed that a 1-h treatment of a C-130 aircraft with hot (≥63°C) humid (90% RH) air had a 90% probability of inactivating the virus by >7 log10.
The extent of the pandemic has exacerbated the availability of critical supplies such as PPE. Two papers proposed strategies to overcome the shortage of PPE. Bernard et al. described a proof-of-concept study to address the shortage of surgical masks and N95 filtering face-piece (FFP) two respirators. They demonstrated that treating used surgical masks and FFP2 respirators in a chamber for 1 h at 70°C and 75% RH was sufficient to kill surrogate bacteria and viruses while maintaining the filtering capacity of the PPE. Thus, reusing used PPE during mass shortfalls is possible. In the other paper, Kothakonda et al. applied open-source product development to develop locally manufactured, modular, powered air-purifying respirator (PAPR) components, including filter cartridges and blower units. Two designs, one with a fully custom-made filter and blower unit housing, and the other with commercially available variants were developed. Engineering testing and clinical feedback demonstrated that the designs represented favorable alternative PAPRs for use during shortfalls that may occur during pandemics.
Hospitals can be a source of new infections. To reduce this possibility, Raventos and Sabata suggested that air curtains equipped with sprayers to nebulize an alcoholic solution could be used in hospitals to disinfect clothing, exposed body parts and objects that passed through to rapidly and economically reduce the propagation of the virus. Hospital workers caring for COVID-19 patients are of increased risk of acquiring SARS-CoV-2. In a study, Wang et al. reported that the use of an oropharyngeal probiotic Streptococcus thermophilus ENT-K-12, in a slow-dissolving lozenge form, twice a day, to create a stable upper respiratory tract microbiota, significantly reduced the incidence of certain respiratory tract infections [22/95 (23.2%) control group vs 8/98 (8.2%) probiotic group, p = 0.004] among front-line physicians and nurses attending COVID-19 patients in a hospital setting.
In today’s world, the requirement for genetic information security is an ever-growing need. The very information that allows us to understand the properties of a pathogen can also be misused through genetic manipulation for potential harm. Schumacher et al. characterized a general genetic information system from biological material collection through long-term data sharing, storage, and application in the context of security. They also discussed the challenges associated with wet and dry laboratories due to distributed devices and systems that are not designed to address the security of genetic information systems and the need for an extensive laboratory system to realize the potential of this emerging field and to protect the bioeconomy of all stakeholders.
Habli et al. reviewed the current state-of-the-art of point-of-care diagnostic platforms for the rapid detection of COVID-19 and its seroprevalence throughout the cycle of infection. The review analyzed their performance characteristics and discussed limitations with respect to COVID-19. Because of the infectiousness of SARS-CoV-2, package inserts from antibody detection kits recommended that serum samples be heat inactivated before analysis. However, Lin et al. observed that heat-inactivation significantly increased values for SARS-CoV-2 IgG antibody while values for SARS-CoV-2 IgM antibody decreased with increasing temperature of heat inactivation. This effect was dependent upon the method used for antibody detection, which pointed out the necessity for laboratories to evaluate the kits to ensure accurate COVID-19 detection results.
Villarreal et al. evaluated a lateral flow assay (LFA) that detects both IgG and IgM in serum samples from: 1) COVID-19 patients with a confirmed positive RT-PCR; 2) potentially exposed healthcare workers; and 3) healthy blood donors. The LFA had a positive percent agreement of 97.2%. The evaluation of serum samples from hospitalized COVID-19 patients indicated a correlation between test sensitivity and the number of days since onset of symptoms. The seroprevalence among healthcare workers who reported close contact with confirmed COVID-19 patients was 12.9% versus 1.8% among those who did not report close contact.
Varlamov et al. evaluated a combination of polymerase chain reaction (PCR) and isothermal nucleic acid amplification techniques, which included conventional PCR and loop-mediated isothermal amplification (LAMP) methods, with hybrid techniques such as polymerase chain displacement reaction (PCDR) and a newly developed PCR-LAMP method. Based on their evaluation, they concluded that hybrid methods exhibited higher sensitivity and assay reaction rates than the classic LAMP- and PCR-based methods.
To ascertain early warning signs for severe and critical patients with COVID-19, Xu et al. performed a quantitative analysis of chest CT images at the lung segment level. Their analysis showed that lung involvement in the ordinary and severe/critical groups reached a peak on the 18th and 14th day, respectively. In the first stage, the percentage of lung involvement (PLI) in the right middle lobe and the left superior lobe were significantly different between the two groups. In the second stage and the fourth stage, there were statistically significant differences in PLI between the two groups in the whole lung, right superior lobe, right inferior lobe and left superior lobe. They observed that the rapid progress of the lateral segment of the right middle lobe on the second day and the anterior segment of the right upper lobe on the 13th day may be an early warning sign for severe/critical patients.
Sample type and sample processing are critical for the rapid, sensitive, and accurate diagnosis of infections such as COVID-19. Rodriguez-Flores et al. compared results of nasopharyngeal swabs and saliva samples from the same COVID-19 patients using a standard nucleic acid extraction protocol including protein lysis with proteinase K followed by binding to a column, washing, and elution, with the SalivaDirect protocol based on protein lysis and skipping the other steps to reduce processing time and cost. They noted that with the SalivaDirect protocol, saliva samples had a diagnostic sensitivity of 88.2% whereas nasopharyngeal swab samples had a diagnostic sensitivity of 93.6%.
An understanding of viral clearance in asymptomatic SARS CoV-2-infected individuals is critical for the development of interventions to minimize transmission and for public health messaging. Kumar et al. studied the timeline for viral clearance in 145 asymptomatic and 39 non-clinical symptomatic individuals. Based on their analysis, the median time till viral negativity for subclinical and for overt infections was 11 days after controlling for age and sex.
Batiha et al. have written a review article on macrolides such as azithromycin, as well as chloroquine/hydroxychloroquine, and proposals that have been made regarding their potential for consideration in COVID-19. Readers should be aware that the COVID-19 Treatment Guidelines on the Unites States NIH website recommend against use of chloroquine or hydroxychloroquine and/or azithromycin for treatment of COVID-19 (https://www.covid19treatmentguidelines.nih.gov/therapies/antiviral-therapy/chloroquine-or-hydroxychloroquine-and-or-azithromycin/).
Li et al. adopted a deep learning model to predict fatality of individuals that tested positive given the patient’s underlying health conditions, age, sex, and other factors. As the allocation of resources towards a vulnerable patient could mean the difference between life and death, a fatality prediction model may serve as a valuable tool in prioritizing resources and hospital space.
While most children infected with SARS-CoV-2 are asymptomatic or develop mild symptoms, some have been hospitalized and some have died. Feketea and Vlacha developed an algorithm called “STUDY SAFE” that when used together with telemedicine can help parents decide when to test a symptomatic low risk child, and if positive, when the child can return to school.
In addition to the contribution of these scientists toward our understanding of COVID-19 response, scientists from around the world are working to enhance our knowledge and understanding about this virus and trying to identify ways to counter and eradicate this disease. Even with all of our current understanding, many unanswered questions remain that will be worth exploring. The editors of this Research Topic would like to thank the many scientists for their contribution to our knowledge about this disease and their dedication to public health.
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The global covid-19 pandemic puts great pressure on medical resources worldwide and leads healthcare professionals to question which individuals are in imminent need of care. With appropriate data of each patient, hospitals can heuristically predict whether or not a patient requires immediate care. We adopted a deep learning model to predict fatality of individuals tested positive given the patient's underlying health conditions, age, sex, and other factors. As the allocation of resources toward a vulnerable patient could mean the difference between life and death, a fatality prediction model serves as a valuable tool to healthcare workers in prioritizing resources and hospital space. The models adopted were evaluated and refined using the metrics of accuracy, specificity, and sensitivity. After data preprocessing and training, our model is able to predict whether a covid-19 confirmed patient is likely to be dead or not, given their information and disposition. The metrics between the different models are compared. Results indicate that the deep learning model outperforms other machine learning models to solve this rare event prediction problem.

Keywords: COVID-19, machine learning, deep learning, pandemic, rare event, fatality prediction


INTRODUCTION

The Coronavirus (SARS-CoV-2 virus) has caused detrimental effects since its inception in late 2019. In the months since, the virus has progressed to become a widespread global pandemic. Over two hundred countries (tracked by Worldometer1) have been plagued by the virus, leading to almost a total of 530,000 deaths worldwide, as of July 5th, 2020 (1). Not only has this virus gravely affected individuals who have contracted the infection, but also healthcare employees and even patients with illnesses unrelated to COVID-19.

Due to the severity that some COVID-19 cases progress to, hospitalization is required, and these cases may progress to ICU admission. This inflicts enormous stress on healthcare workers as hospitals are working at full capacity and at times lack of sufficient equipment. The occurrence of hospitals frequently reaching high or full capacity is becoming an overwhelming and alarming issue, as noted by the CDC's COVID-19 Module Data Dashboard (2). This results in extensive physician burnout (3) which can be detrimental to physician-patient interaction.

This stress can be alleviated with a more succinct understanding of which individuals are at an increased risk of fatality caused by COVID-19. Therefore, it would be beneficial to identify patients who merit priority and order treatment accordingly to these high-risk cases. Priority treatment would be given to patients who have a high likelihood of a fatal outcome, given their present state when tested positive for the virus. The limited resources housed by hospitals can be more appropriately allocated and there would be a decrease in the number of hospitalized patients under the care of overworked hospital employees.

Deaths that are caused directly by COVID-19 infection are not the only ones that should be discussed. There is an abundance of evidence suggesting intrahospital transmission of the virus. This transmission has occurred to both hospital patients, who may already be immunocompromised, and staff working tirelessly to save lives. Gold et al. noted more than 5,000 cases of this type of transmission occurring between May 14 and June 21 (4). With an increased number of COVID-19 patients admitted to a hospital, there is a higher probability of COVID-19 becoming a nosocomial disease for some inpatients. Moreover, patients with chronic or acute illnesses may have had to delay or cancel their hospital treatment appointments, due to hospitals reaching their capacity (5). As a result, their non-covid disease may have progressed to a severe point, or even death. With increased consideration taken into account when admitting patients, the persistence of these avoidable deaths will decrease.

However, it is difficult to predict the high fatality risk of a patient who should be admitted to a hospital with high priority since there are a myriad of different factors that contribute to an individual's infection progression once they test positive for covid-19. All of these metrics may be diverse, leading physicians to a disruptive confusion as to which factors to rely on, especially when each patient is unique. Complete knowledge into how this virus manifests itself in the body is lacking. Each case of COVID-19 contains distinct epidemiological features that have the power to dictate the progression of the disease and whether the outcome will result in death. There is a vital need to be able to identify these factors in order to prioritize care to those who are at greatest risk and prevent future death with this increased and proactive care. A single algorithm, like the one produced in this study, that combines all of an individual's dispositions to make a prediction would therefore be useful. This solution to improve and prioritize hospitalization with our fatality prediction approach will be able to alleviate the burden of hospitals reaching capacity, reduce medical worker burnout, and minimize the unintentional spread of the virus. Furthermore, the ability to identify and prioritize serious cases which may result in death might be life-saving for critical patients. All of these factors will benefit the COVID-19 infected individual, the healthcare employees, and hospital inpatients.

It is imperative to be able to predict which individuals tested positive for COVID-19 should be hospitalized for immediate care. This study aims to create a prediction model to be able to correctly identify patients who are at an increased risk of death, following a COVID-19 diagnosis. Utilizing informed decisions with our predictor, alongside medical expertise from medical professionals at the scene, physicians can determine with greater certainty which individuals should receive hospitalization.



MATERIALS AND METHODS


Data Source

In this study, two publicly available epidemiological datasets were obtained, processed, and used for analysis. To monitor and anticipate spread of virus during the COVID-19 outbreak, a real-time database of individual-level epidemiological data is collected and published on GitHub (https://github.com/beoutbreakprepared/nCoV2019) (6). The dataset is supplied from an open working group repository to promote and enable the sharing of public health data to advance the field of public health. It incorporates data from a number of different sources to provide individual-level data instead of aggregate data provided by most data repositories.

Each case in the database represents an individual tested positive for COVID-19, gathered from different sources. This dataset originally contains 2,310,111 cases. To protect the privacy of patients, each case is deindividualized and anonymized. The cases are labeled with an “ID” noted in the dataset, which is only used to keep track of cases and has no relation to the actual individual. This file contains the variables including ID, age, sex, city, province, country, latitude, longitude, date onset, date admission, date confirmation, etc. Each variable is described below and this dataset will be referred to throughout the paper as the GitHub dataset.

ID—unique label for each deindividualized case

Age—age at time of positive covid-19 test

Sex—sex of the case

City—geographic location of case

Province—first administrative division where the case is reported

Latitude—latitude where case is reported

Longitude—longitude where case is reported

Date onset symptoms—date when the case began exhibiting symptoms, if symptomatic

Date admission—date when the case is reported to have been hospitalized

Date confirmation—date when the case is reported to have been tested positive for COVID-19, by a rt-PCR test

Symptoms—symptoms recorded for the case

Lives in Wuhan—“yes” if case is resident of Wuhan, “no” if case is not resident of Wuhan

Travel history—travel dates to and from Wuhan that were recorded for the case

Reported market exposure—“yes” if market exposure was recorded, “no” if it was not

Additional information—extra information that is informative about the case

Chronic disease binary-−0 entered for a case without chronic disease, 1 entered for a case with chronic disease

Chronic disease—listed specific chronic disease per case

Source—URL of origin of information for each case

Outcome—“died” or “discharged” from hospital

Date of death or discharge—date of death or discharge that was reported

A smaller dataset that contains additional and extensive detailed information on the predisposition of the patient was then used. This dataset was obtained from https://datarepository.wolframcloud.com/resources/Patient-Medical-Data-for-Novel-Coronavirus-COVID-19. It includes patient medical data for those tested positive for coronavirus that was made to be computable. Here, a larger ratio of records contain specific symptoms and chronic diseases of applicable cases are included in a detailed account, compared to the previous GitHub dataset. As of June 30, this dataset contained 217,192 cases. This dataset will be referred to throughout the paper as the Wolfram data set. Wolfram data set includes variables as below:

Age—age of case at time of positive covid-19 test result

Sex—reported gender of case

Date of onset symptoms—initial date of reported symptoms

Symptoms—specific symptoms exhibited by case

Travel history—travel locations of case

Chronic diseases—specific chronic diseases of case

Date of discharge or death—recorded date of death or discharge of patient

City—city of residence for positive case

Administrative division—City, country for positive case test administration

Country—country of residence for case

GeoPosition—geographical location of case

DateOfAdmissionHospital—Date case was admitted to hospital, if applicable

DateOfConfirmation—Date case was confirmed to be positive for covid-19

LivesInWuhan—“True” if individual lives in Wuhan

TravelHistoryDates—Dates of travel history for the case, if applicable

TravelHistoryLocation—If applicable, lists location infected individual traveled

ReportedMarketExposure—Reported as “Missing,” “True,” or “False”

ReportedMarketExposureComment—Details where public market exposure to the virus occurred for the case

ChronicDiseaseQ—“True” if individual has chronic disease, “False” if no

SequenceAvailable—“True” is available

DischargedQ—if individual was discharged from hospital

DeathQ—if outcome was death for individual

DateOfDeath—date of death in DD.MM.YYYY format if individual died

DateOfDischarge—date of discharge in DD.MM.YYYY format if individual was discharged from hospital

There is a tradeoff between the quality of these two datasets and by using them both, we hoped to reconcile this circumstance. The GitHub based dataset used was advantageous due to its large size. Unfortunately, it lacked precise information on the specific symptoms and chronic diseases each case faced. The Wolfram dataset was beneficial due to its multiple attributes that include specific symptoms and chronic diseases. Both datasets were used separately to train the machine learning models in order to reflect the prediction capability of datasets of different qualities.



Methodology
 
Data Processing

The GitHub data was preprocessed to keep the variables age, sex, latitude, longitude, symptoms, chronic disease, outcome, and travel history. Other variables included in the original dataset that were removed for analysis consisted of additional written information relating to the case and its report. Much of this was left empty and did not pertain to the information valuable to predicting death. Symptoms and chronic diseases are converted to a binary variable, indicating a patient has COVID-19 symptom/chronic disease or not. A new column was created, titled “combined symptoms.” If the individual had at least one symptom of any kind, there was a 1. The same is true for chronic diseases. The binary converter was utilized due to the lack of specific information regarding the symptoms and chronic diseases each case possessed. Data was limited to merely knowing if an individual harbored symptoms and/or chronic diseases, but not which ones. Outcome was either “death” as a 1 or “alive” as a 0 in the new “death” column. The GitHub data originally had over 3 million records. Cases with missing data were removed from the set and 28,958 cases were left. There were 530 deaths in the data after pre-processing, indicating a 1.83% death rate.

The Wolfram dataset included specific information on the clinical history of some patients and the symptoms exhibited. Unlike the Github dataset where we merely used the variables of “presence of symptoms” and “history of chronic illnesses” for analysis, we were able to specify and categorize the symptoms and comorbidities included. This is advantageous as it allows for detailed information to be geared toward unique individuals and cases with differing medical histories and symptoms present. Missing values were removed from the dataset and the final dataset resulted in 1,448 records with 123 deaths cases, indicating a 8.5% death rate. Symptoms and chronic diseases were then grouped into categories. We found 114 unique symptoms listed in the original dataset, which were divided into the following categories: “respiratory,” “weakness/pain,” “fever,” “high fever,” “gastrointestinal,” “nausea,” “cardiac,” “kidney,” and “asymptomatic,” and “other.” High fever was noted if the fever temperature recorded is above 39 degrees Celsius. Forty-seven unique chronic diseases were categorized into “diabetes,” “neuro,” “hypertension,” “cancer,” “ortho,” “respiratory,” “cardiac,” “gastrointestinal,” “kidney,” “blood,” “prostate,” “thyroid,” and “none.” If a patient exhibited a symptom or chronic disease, a 1 was inputted in the corresponding column. This dataset was filtered to create one that only includes these unique symptoms and chronic diseases, age, gender, and death. Age was put into age ranges of intervals of 10 years from 0 to 99 years old.

For both datasets (Table 1), data was split into train, validation, and test groups. Thirty percent of the data was included in the test group. From the remaining data, 70% was assigned as the training data and 30% was included as the validation data. Once the data was properly separated, machine learning models discussed below were applied to do prediction, and the validity and prediction power of these algorithms were assessed with various metrics.


Table 1. Comparison of the attributes included in the two filtered datasets.
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Autoencoder for Rare Event Detection

Typically, an autoencoder is a neural network that learns representative codes from input and maps these codes back to the input (7). This model is generally used to encode input variables and output a compressed version of that input. It consists of two main parts: the encoder and the decoder (Figure 1). The encoder is the part that learns about the deep features of input data. The decoder relies on learnt features to recreate the original data provided. There are three layers to the autoencoder model used: input, output, and hidden. In our research, the input layer of the network is a vector recording patient information. Hidden layers in the encoder learn a small vector representing input data. The decoder then maps hidden layers to a vector with the same dimension as the original input vector. The goal of training an autoencoder is to minimize the mean square error between the input vector and the reconstructed output vector, while also avoiding overfitting the data.


[image: Figure 1]
FIGURE 1. The network structure of an autoencoder.


With the capability of learning representative features for input dataset and reconstructing data from extracted features, the autoencoder model can offer a solution for anomaly detection when it is trained on normal dataset (8). During the training process, the model ingests a series of normal data and learns latent common features of all normal dataset. When the trained model encodes and decodes an anomaly dataset, the reconstruction error is usually large since the model only learns how to reconstruct normal data. This means that an input data can be considered as an anomaly when the model reconstructs it with a high reconstruction error if the model is pre-trained with normal data. Similarly, the autoencoder can serve as a rare event prediction solution, in which the autoencoder is initially trained on majority events related data, the data that is considered to be normal.

Our study relied on the latent function of autoencoders, anomaly detection, to create a model that would predict fatality upon one's COVID-19 diagnosis. Death from COVID-19 constitutes an anomaly because of how infrequently it occurs in our dataset. The autoencoder has been transformed from a data compression algorithm, to a rare event prediction model with the ability to distinguish between life and death. In other words, the original classification problem in our study was transformed into an anomaly detection problem.

As shown in Figure 2, the preprocessed data was split into train, validation, and test groups. For training the autoencoder model, a subset of data in the train group was used that solely contained non-death cases. The data was transformed to fit a standardized Gaussian curve before being input into the autoencoder model. The autoencoder model learns representative features of alive patients from their demographic information, symptoms, and chronic disease illnesses. After an autoencoder model was trained on individuals who tested positive for COVID-19 and survived in the train dataset, a series of reconstruction errors was populated by applying the trained model on validation data with different thresholds. The reconstruction error which performed best at differentiating the living and dead patients was selected as the threshold to determine a death prediction for a patient. Different thresholds were tested to find which would allow for the most optimal trade-off between recall and precision. Classification followed suit, where high construction errors were noted as a rare event. In this study, this would pertain to death.


[image: Figure 2]
FIGURE 2. The workflow of fatality prediction.





Evaluation

For each of the datasets we used, the Github dataset and the Wolfram dataset, an autoencoder model was trained to predict fatality in the test dataset. For comparison, the train data set was also trained with logistic regression, random forest, support vector machine (SVM), SVM one class models, isolation forest, and local outlier factor. Logistic regression, SVM, and Random forest are three widely used classification methods. A logistic regression model predicts the probability of a categorical dependent variable occurring. The SVM model seeks to find the hyperplane that has a maximal distance between two classes. Random forest is a tree-based learning algorithm which utilizes decision trees rising from the training subset which are selected randomly to solve a classification problem. The One-class SVM algorithm is usually adopted for Novelty Detection, determining whether or not a new data record is similar to the training set, which only contains “normal” data. Both isolation forest model and local outlier factor model are outlier detection algorithms; the former works by explicitly isolating points that deviate in the dataset and the latter uses the density surrounding data points to determine whether or not they are outliers.

In order to detect which model has the best predictive power, these models were evaluated with multiple metrics, including accuracy, specificity, sensitivity and the area under the curve (AUC) score.


Accuracy

Accuracy presents how many predictions the model has gotten correct. For this project, this would equate to the number of correctly predicted deaths and survivals over the total predictions made by the model. Unfortunately, since our data is highly imbalanced, accuracy is not a reliable metric. Our dataset contains a large amount of survival cases, causing a skew in that our models would predict “alive” a lot more often than “death,” which leads to a high accuracy regardless if the “death” predictions are accurate, since there are so few. It is the fraction of correct predictions:

[image: image]
 

Specificity

Specificity is the rate of true negatives. It measures the proportion of true negatives that the model accurately predicts as negative. In this study, a true negative would be a prediction of “no death,” when the individual did not die. Specificity is less important of a metric than sensitivity, in our study, because it is more important to identify those individuals who have a greater likelihood of death, rather those who do not. Therefore, in order to ensure that we do not forget to account for any individual who can potentially encounter death, we can risk having some false positives of individuals who will receive care regardless if their prediction of death is accurate or not. It is measured by:
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Sensitivity

Sensitivity is the rate of true positives. It measures the proportion of true positives that the model predicts accurately as positive. A model with high sensitivity when dealing with an outcome of fatality is ideal. For this study, a true positive would be a prediction of death that is accurate. It is calculated by:
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AUC

AUC stands for “area under the curve.” In order to detect which model had the best predictive power, we calculated their AUC value. The curve being referred to is the ROC curve, which contains the sensitivity metric on the y-axis and specificity on the x-axis. Since there is always a trade off between these two metrics, an ROC curve best displays their interaction in the model used. A curve which depicts a model that has a high value for both will be close to a 90° angle. An AUC value for a desired curve like this is 1, the maximum. An ROC curve that is no better than a random guess will be a line with a slope of one and have an AUC of 0.5.





RESULTS


Results on the Github Dataset

A comparison of the different models using the GitHub database is shown in Figure 3. All the models shown resulted in specificity and accuracy values above 0.9. Logistic regression, SVM, and random forest all have sensitivities below 0.4. Autoencoder scores above a sensitivity value of 0.4, leading it to have the best sensitivity. AUC scores, which are dependent on both the sensitivity and specificity of the models, are highest for the autoencoder model. The AUC scores for the remaining three models are almost identical, due to their similar specificities and lower sensitivities. The overall best results were obtained from the autoencoder model. The low metric values are results of the very few instances where health related attributes are included in the Github dataset, leading to a generalized analysis.


[image: Figure 3]
FIGURE 3. A comparison of the different models using the GitHub data.




Results on the Wolfram Dataset

For the Wolfram dataset, a correlation matrix depicts the relationships between all variables analyzed in our models. The correlation matrix is shown in Figure 4. A deeper red color indicates a more positive linear correlation and a deeper green color indicates a more negative linear correlation between the two variables in question. It can be seen that the square at the intersection between “no chronic diseases” and “death” represents the strongest negative correlation. The matrix displays a strong correlation between fatality and COVID-19 patients with chronic diseases.


[image: Figure 4]
FIGURE 4. A correlation matrix of the variables used in the analysis of the Wolfram database.


To train an anomaly detection model on the Wolfram dataset, the autoencoder model learned high-level features from all survival cases from the train data set, and all cases in the validation dataset aid the selection of a threshold to differentiate survival and death cases. Figure 5A is a plot of the various precision, recall, and F1 scores across different thresholds when predicting fatality on the validation dataset using the trained autoencoder model. The plot supported determining which threshold would be an optimal choice. It was decided, upon examining this plot, that a threshold of 2.5 could be used for our dataset. Figure 5B graphs the reconstruction error of all cases in the validation dataset at the chosen threshold. The dots above the threshold line show the true positives and false positive prediction cases. Orange dots represent death outcome and blue dots represent survival outcome. Only orange dots appear above the threshold line, signaling that there are only true positives present above the threshold.


[image: Figure 5]
FIGURE 5. (A) Is used to gather a threshold for the autoencoder model. (B) The reconstruction error at the chosen threshold of 2.5 on validation dataset.


When calculating the results of the autoencoder model using our selected threshold value, 36 out of 37 deaths in the test dataset were correctly predicted by the model, resulting in a 97% sensitivity rate. Lastly, the metrics across the various models for the Wolfram dataset were compared, which can be visualized in Figure 6. As shown in the figure, autoencoder is the optimal model as its results are highest in every metric depicted. There is vast improvement in these models when fed the Wolfram data vs. the GitHub data because the wolfram dataset contains detailed health related information. One-class SVM, isolation forest, local outlier factor, and autoencoder account for anomalies in the data, leading to their high sensitivity values. However, there is a tradeoff between one-class SVM's high AUC and sensitivity with its lower accuracy and specificity.


[image: Figure 6]
FIGURE 6. A comparison of the resulting metrics of 7 models used in the Wolfram dataset.





DISCUSSION


Related Works
 
Machine Learning in Studying COVID-19

Machine learning has found its niche in the medical field. With the emergence of new medical data constantly created, these algorithms can serve as classification for the purpose of diagnosing a slew of diseases. One particular instance of this was done by researchers at Harvard Medical School (9). Using data from a cancer registry, they were able to make a super learner prediction function to classify the current stage of lung cancer progression in a patient.

Machine learning algorithms have been a prominent force in studying COVID-19. One piece of information researchers are sure about is the fact that it is beneficial to diagnose a COVID-19 infection earlier than later. Since it is primarily a respiratory infection, a study (10) looked at CT scans for COVID-19 classification. Using an SVM model, they were able to find features of these images that are specific to COVID-19 infections in order to classify the disease. This method achieved a 98% accuracy score at classification.

Transitioning from diagnosing COVID-19, some studies focused on identifying regional death patterns relating to the pandemic. One specific study predicted short term (7 days) fatality at the county level (11). In the study, they collected 23 different datasets, ranging from overall country level deaths to hospital data, and used five different predictors to determine COVID-19 death count for county wide visualizations. These predicted models can be used to determine which hospitals should be prioritized to receive supply and how limited resources should be distributed nationwide. Attempting to study factors outside of an individual's control, a study looked at temperature (12) and COVID-19 death patterns in different areas, aiding hospitals in deciphering disease patterns. However, with the minor association between death and temperature, more variables should be included into the fatality risk model.

Currently, many studies are emerging that utilize machine learning algorithms to predict the death risk of a patient who has tested positive for COVID-19. Most of these studies have access to hospital medical records of the patients and analyze all corresponding information including demographic, symptoms, comorbidities, lab results, medical images. One such study utilized five machine learning approaches (logistic regression, partial least squares regression, elastic net, random forest, and bagged flexible discriminant analysis) to determine which factors are most associated with an individual's prognosis (13). These factors were combined to create a mortality risk score to estimate the mortality risk for 183 individual patients. Age, high-sensitivity C-reactive protein level, lymphocyte count, and d-dimer level of COVID-19 patients at admission are the factors concluded to be associated with increased mortality risk in the study. Another similar study attempted to create a clinical score to identify patients who had an increased risk of serious disease progression (14). Medical chart information of admitted patients were collected and variables correlated to critical illness with p < 0.02 selected to create an online calculator for the likelihood (with 95% CIs) that a hospitalized patient with COVID-19 will develop critical illness. Logistic regression and separately LASSO regression were used to determine 10 variables that served as a significant predictor of a severe and critical COVID-19 infection. Nemati et al. analyze survival characteristics of a group of 1,182 patients to test different variables of a patient and their overall survival to aid public health officials in their decisions regarding COVID-19 outbreaks (15). They discovered that gender and age were the two largest contributing factors to fatality, e.g., men had a higher fatality rate than women, agreeing with an original sample found in China early on (16). They also had looked for correlations underlying a patient's discharge time under COVID-19. By evaluating discharge times of individual patients with different machine learning methods, the researchers found that the gradient boosting survival analysis model was superior to other methods.

These individual level fatality studies are limited in predicting hospitalization due to their efforts to identify severe risk in patients after they are already admitted to a hospital. Most of the variables found to have a correlation with COVID-19 related deaths requiring intensive care is based on inpatient hospital lab results. These patients are already in the hospital, taking up capacity and resources. However, if fatality prediction can be developed that relies primarily on outside information, this could prove beneficial in allowing full hospitals to make informed and rational decisions on who to admit when the disease is not currently life threatening (e.g., when the patient is only experiencing minor symptoms). This will alleviate physician stress, reduce risk of virus spreading throughout the hospital, and conserve hospital resources. The proposed study will focus on the individual level detailing of the fatality risk based on their unique demographics, symptoms, and comorbidities using machine learning methods.



Rare Event Prediction

The mortality rate for COVID-19 is a difficult calculation due to the number of people who may be infected but show no symptoms, and therefore proceed undetected, and the lag time between infection and death. Following extensive discussion from epidemiologists and scientists, the current consensus is that the fatality rate ranges between 0.5 and 1% (17). However, this percentage is dependent upon location, patient demographics, and physician experience in treating COVID-19. In a machine learning perspective, this rate constitutes a death event as a rare event.

Rare events are events that occur infrequently, such as major earthquakes, hurricanes, floods, asteroid impacts, forest fires, financial market crashes, epidemic disease spread. “Rare events are often interesting events” (18) since these events can have extensive effects that have the potential to rupture the equilibrium of systems such as the stock market and society in general. Rare event detection/prediction would be beneficial for the community to be able to better prepare for events which occur at low frequency, but lead to huge loss. However, rare event detection/prediction is a difficult task because the occurrence of a rare event is usually <5% of all events, comprising a small percentage of data. In most instances dealing with rare events, insufficient data is gathered for a thorough analysis.

Researchers are becoming increasingly interested in using machine learning methods to detect/predict rare events using classification models or anomaly detection models. For classification models, a majority of machine learning models assume that the dataset is balanced and make predictions based upon those assumptions. A significant issue with rare events classification is that accuracy is not a reliable metric to evaluate the model because the desired event occurs too infrequently. A very high accuracy can be achieved when all events are classified as non-rare events. In medical fields, Luca et al. used a model based on Extreme Value Theory (EVT) to predict epileptic seizures for people using electroencephalogram (EEG) devices (19). They focused on hypermotor seizures that are located in the tails of a normal, standardized curve for normal movement behavior. The percent of epileptic movements per patient has a mean of 2%. This rarity of events does not allow for sufficient training data and results in an imbalanced dataset. It was noted that the datasets with the greatest amount of rare events have the EVT model result in higher sensitivity than the standard SVM machine learning model. Additionally, Sarker et al. used data from social media and search engines to predict and monitor adverse drug reactions (ADR) (20). They find the use of social media in monitoring ADRs are increasing as methods are becoming increasingly accurate and the detection time is significantly lower compared to traditional detection methods. Conner et al. similarly uses a Twitter corpus of symptom-related Tweets to detect and predict ADRs (21). By using keywords, they eliminate many irrelevant Tweets and categorically find tweets that strictly relate to the discussion of a drug and its symptoms. This study was furthered improved in the detection of adverse effects from vaccines (22). Using Multi-instance Domain Adaptation (MIDA) model on Twitter data, they were able to identify symptoms and align them with formal reports of symptoms to identify adverse effects in the use of a vaccine. Yates and Goharian also attempted to detect expected and unexpected ADRs by mining drug review sites for symptoms contained in the Unified Medical Language System (UMLS) (23). These methods could be applied across the world, as (24) shows that the same methods work in Spanish. His team scanned Twitter, Facebook, and Spanish medical forums using symptom related keywords and were able to detect symptoms.

Deep learning, overall, utilizes multiple layers neuronal networks to withdraw higher level features from the simpler input, emerging as an innovative way to improve the performance of data-driven applications recently. Many researchers have begun to use deep learning to solve rare event detection and prediction issues. A previous study used deep learning methods to predict the rapid intensification of a tropical cyclone (TC), a rare event in natural disasters, using a plethora of factors that contribute to a TC's intensity (25). This can prove critical in saving lives from disastrous situations. A study compared traditional machine learning models to recurrent neural network (RNN) to predict early signs of heart failure and delay one's progression to receiving that diagnosis (26). This was complicated in the past with classical machine learning models because of the intricacy of electronic health records and all of the information involved to make these predictions. This paper conveys the revolutionary pathway being carved out by deep learning methods in medicine. Not only can deep learning solve the issue of rare event detections, but it can also be applied to more discrete problems that medical researchers face. Wang et al. (27) was able to identify potential adversarial effects through a multi-instance logistic regression model (MILR) by scanning Tweets and using VAERS information. Wang et al. (22) also uses deep learning with sSSM and nSSM models to classify the discussion of symptoms within tweets that relate to the flu. Symptoms such as arm pain and headaches could be identified in tweets related to the flu accurately under their model. In our research, we will use deep learning methods to do the fatality prediction and compare their performance with traditional machine learning methods.




Findings of Our Study

A series of machine learning models were compared to validate which one worked best in this scenario of death prediction. Two different datasets were used: one that specified symptoms and comorbidities and one that generalized across them. Fatality related to COVID-19 is caused by a multitude of different, confounding factors. Therefore, introducing a model that can predict whether an individual's diagnosis of COVID-19 is likely to be fatal will serve as a reliable and advantageous tool. Every case of COVID-19 is unique, and this predictor model accounts for the significant features present in a COVID-19 diagnosis and relies on information that does not require any hospitalization. It focuses on demographic information, symptoms, and patient chronic disease illness. Therefore, it can be used to make a fatality prediction prior to hospitalization of the infected individual. This will provide guidance for employees at hospitals that are reaching or at capacity to make educated decisions upon whether or not to admit a patient. Cases of COVID-19 continue to rapidly rise at alarming rates, reported by CNN (28), and it is projected that the virus will persist for a continued amount of time. It is crucial that patients who are at an increased risk, where death is imminent, receive care in hospitals to prevent this outcome.

The GitHub dataset was largely generalized; it did not include specifics on symptoms or chronic diseases that individuals harvested. Moreover, death made up a very small percentage of the cases in our dataset. The results of different machine learning models indicated that the autoencoder, a deep learning model, produced the best prediction results. However, no model produced a sensitivity metric above 0.5, showing limitations of the model. The sensitivity metric is the most important as we want to minimize the number of false positives in order to avoid missing a patient who is in danger of a death outcome.

The Wolfram dataset incorporated specific symptoms and chronic diseases that plagued the individuals in the data. This allows for models based on this data to be a better fit and cater to the unique characteristics of the individuals who have the virus. Similarly, the autoencoder proved to have the most optimal results upon comparison with all of its metrics being the highest.

COVID-19 has an average fatality rate between 0.5 and 1% (17). Although this is a high fatality rate for a virus, death is still considered as a rare event for machine learning algorithms to learn. Autoencoder serves as the best prediction model for COVID-19 death in our experiments when it converts the prediction problem to an anomaly detection problem. The results demonstrate that it will serve as the most representative model for physicians to be able to make an educated decision as to whether or not to admit a patient to a hospital and decide how extensive treatment should be a valuable tool in making decisions for the best course of action of care. However, it should not be the only resource used to make this decision. The healthcare worker will also take into account additional knowledge on the patient and use their best judgement, along with the information provided by the model.

The correlation matrix produced by the Wolfram dataset provides insight into which factors are most notable in their association with a patient's fatality. There is a high correlation between death and having a chronic disease. This is displayed by the result that having no chronic disease history and death occurring share a strong negative correlation based on the matrix. More specifically, if the individual has a chronic disease of hypertension or diabetes, they have a higher chance of death than other comorbidities in the study. Turning our attention toward symptoms, gastrointestinal, kidney related, and respiratory symptoms are shown to be positively correlated with death. Cardiac related symptoms seem to be the symptoms, out of the ones studied here, that are most correlated with COVID-19 death (29). The r value between having cardiac symptoms and death occurring is between 0.5 and 0.75, displaying a moderate positive correlation. The CDC similarly reports that individuals who have underlying chronic diseases report greater chances of hospitalization and death (30). This information shows that individuals who have chronic diseases should take greater precaution toward both reducing their risk of contracting the disease and receiving care if infected. Interestingly, having a low fever (below <39°C) has a weak negative correlation with death. This agrees with current data knowledge that states a low fever is a common symptom for a mild COVID-19 case (31).



Limitations

There are limitations embedded in this study. The most profound limitation is the lack of abundant quality data used to train the models created. The Wolfram dataset used to train the prediction model only consisted of 1,448 cases in a centralized area. The larger GitHub dataset used contained an increased number of datapoints, but with less specific information on each case, limiting the potential prediction capability of models. We were limited by our access to data and relied solely on datasets that were publicly available, yet still based on medical records. Our study and models would improve with direct access to electronic health records, or larger datasets based on them, that contain extensive and detailed accounts of individual COVID-19 cases. Since COVID-19 fatality rates are heterogeneous depending on the region, indicated by the Center for Evidence Based Medicine, additional studies with more representative data would be beneficial. Additionally, the study did not take into account whether patients had received hospital care for COVID-19 treatment prior to their final outcome.




CONCLUSION AND FUTURE WORK

A deep learning model was developed to predict the fatality outcome of an individual who tested positive for COVID-19. In this instance, death is dictated as a rare event and requires a model that accounts for this. Autoencoder proved to be the optimal method to serve as a death prediction model. Additionally, the correlation matrix revealed individuals were at greatest risk of fatality from COVID-19 if they showed respiratory or cardiac based symptoms and were previously diagnosed with a chronic disease.

The model solely predicted death relating to a COVID-19 diagnosis and will be able to provide some guidance to physicians who need to make a decision as to whether or not to admit a person who has tested positive for COVID-19. However, this virus is still capable of having a profound impact on quality of life on infected individuals. In the future, a model should be created that not only predicts death, but also can predict the severity of the progression of the disease. This will prompt individuals to expeditiously seek care, which will prevent the debilitating future dispositions that the disease might induce on the infected individual. This can prevent a large number of people admitted to the ICU if they were to seek care beforehand. Moreover, with increased testing availability in regions, the number of people testing positive for COVID-19 is known for a given region. By incorporating demographic information, health habit (physical excise), or psychology factors, occupation, symptoms and chronic disease of the confirmed case, predictions can be made for the number of required hospitalizations in a given area with the trained model. If this information is combined with the current availability of medical resources deficiencies information (32) in a given area, then proper preparation can be obtained for the amount of medical resources required.
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Background: The coronavirus infectious disease-2019 (COVID-19) pandemic has led to an unprecedented shortage of healthcare resources, primarily personal protective equipment like surgical masks, and N95/filtering face piece type 2 (FFP2) respirators.

Objective: Reuse of surgical masks and N95/FFP2 respirators may circumvent the supply chain constraints and thus overcome mass shortage. Methods, design, setting, and measurement: Herein, we tested the effects of dry- and moist-air controlled heating treatment on structure and chemical integrity, decontamination yield, and filtration performance of surgical masks and FFP2 respirators.

Results: We found that treatment in a climate chamber at 70°C during 1 h with 75% humidity rate was adequate for enabling substantial decontamination of both respiratory viruses, oropharyngeal bacteria, and model animal coronaviuses, while maintaining a satisfying filtering capacity.

Limitations: Further studies are now required to confirm the feasibility of the whole process during routine practice.

Conclusion: Our findings provide compelling evidence for the recycling of pre-used surgical masks and N95/FFP2 respirators in case of imminent mass shortfall.

Keywords: SARS–CoV-2, facemask, recyclibility, surgical face masks, COVID-19, heating, FFP2/N95, coronavirus


HIGHLIGHTS

- A worldwide mass shortage of surgical masks and N95/FFP2 respirators has been observed during the coronavirus infectious disease-2019 (COVID-19) pandemic;

- Alternative means for recycling pre-used face masks are warranted in such a context of sanitary crisis;

- A moist heating treatment results in a satisfactory decontamination of critical respiratory pathogens while preserving the structural integrity and filtration efficiency of protective masks.



INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (also referred to as SARS-CoV-2) is responsible for the coronavirus infectious disease-2019 (COVID-19) pandemic. SARS-CoV-2 remains viable over several hours on different inert surfaces and up to 3 h in the air (1). During previous other epidemics, the airborne route of transmission was already associated with nosocomial super-spreading events (2). Although not fully elucidated so far, transmission of SARS-CoV-2 may occur partly by aerosol droplets and contaminated postilions of aerodynamic diameter ranging from 0.25 to 3.0 μm (3). Accordingly, any face-to-face contact closer than ≤6 feet to a symptomatic patient should be considered significant exposure, if sustained for at least a few minutes (4).

In order to reduce the risk of interindividual contamination (5), most governments, medical societies, and health associations agreed to recommend to healthcare workers and caregivers systematic wearing of protective face masks, like surgical masks and N95/filtering face piece (FFP) respirators to cover the mouth and nose during the COVID-19 pandemic (to be complemented by meticulous hand hygiene, eye protection, gloves, and gown wearing). Approved protective masks are composed of several layers of nanofibers made with polypropylene (6). Surgical masks are primarily designed to prevent transmission of pathogens from infected patients wearing them to others and from contaminating their surroundings and direct environment (5). Additionally, FFP respirators protect noninfected healthy people wearing them from inhalation of aerosol particles. According to European standards, FFPs are sorted in three distinct subclasses depending on their aerosol filtration efficiency and leakage percentages. During the COVID-19 pandemic, caregivers are encouraged to wear at least FFP2-grade respirators (specifications close to N95 respirators in the USA), coming in contact with patients infected with SARS-CoV-2 or suspected of being so. Both surgical masks and N95/FFP2 respirators are single-use disposable devices, and most industrial manufacturers are currently overwhelmed by massive orders. Thus, several countries and health facilities are now suffering from in- and out-hospital mass shortage of protective surgical masks and N95/FFP2 respirators.

Therefore, in the present context of world sanitary emergency, alternative processes allowing to extend the existing on-hand supplies are critically required to offer satisfying respiratory protective means for all healthcare workers (7). Production of fabric masks (e.g., with non-cellulose synthetic fibers based on nonwoven polypropylene [Spunbond, Meltblown, Spunbond (SMS)]) (5) or application of different decontamination means to pre-used protective masks has been urgently assessed. Many strategies are unsatisfactory (8, 9), insufficiently documented, or leading to poor decontamination yields and loss of filtration performances. Moreover, both the practical transposition of all these treatment procedures to each hospital service, attendant care, and nursing department and the wearers' comfort have often been neglected. Thanks to an incredible international multidisciplinary effort, promising disinfecting processes are emerging and some are already in application in “real-life conditions.”

Herein, we demonstrate the benefits of an easy-to-use recycling solution that will reduce the overall burden on mass shortage in healthcare facilities using a heating stage at 70°C, a temperature known to inactivate the SARS-CoV-2 (10). Hence, we provide a simple procedure that efficiently decontaminates surgical masks and FFP2 respirators from respiratory pathogens while preserving filtration performances.



MATERIALS AND METHODS


Protective Masks

All assays on oropharyngeal bacteria, influenza virus, and filtration performances were carried out using conventional elastic surgical masks (different brands including THF type II R 3 Plis®, CA Diffusion, Halluin, France) and FFP type 2 (FFP2) respirators (RP2_M®, CA Diffusion). Inactivation assays on surrogate animal coronaviruses were performed using surgical (THF type IIR CA1960®, CA Diffusion) and FFP2 (FFP2 NRD type IIR 2192S-WH®, Medicom, Saint Barthélémy d'Anjou, France). All were certified by EN 149:2001+A1:2009 NF or EN 14683+AC standards.



Model Strains of Oropharyngeal Bacteria

Streptococcus pyogenes (isolate 19-103100), Staphylococcus aureus (strains ATCC 29213 and ATCC 6538), and Haemophilus influenzae strains (isolate CIP776) were grown in heart–brain liquid medium (BD Brain Heart infusion broth®, Beckton Dickinson, Rungis, France) or in Muller–Hinton® agar (bioMérieux, Craponne, France).

For titration, bacteria were diluted 10-fold up to 1:10,000, and 50 μl of each dilution were then deposited onto agar plates, trypticase soy agar TSH® (bioMérieux) for S. aureus and S. pyogenes or onto Chocolate agar PolyViteX® agar (bioMérieux) for H. influenzae, before incubation at 37°C and subsequent counting of the number of colony-forming units (CFU/ml).



Model Strains of Respiratory Viruses

The influenza A H3N2/Scotland/20/74 strain was prepared as previously described (11) and cultured onto canine kidney epithelial mycoplasma-free Madin-Darby canine kidney (MDCK) cells (ATCC CCL-34) with minimum essential medium-Eagle (MEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.

Two animal coronaviruses were used as surrogates for SARS-CoV-2. Porcine epidemic diarrhea virus (PEDV) strain CV777 (12) was grown on Vero cells (ATCC® CCL-81) in MEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 0.3% tryptone phosphate broth, 0.02% yeast extract (12) (adjuvants to culture media cells), 1% penicillin/streptomycin, and 10 μg/ml trypsin (13). Infectious bronchitis virus of chicken (IBV) strain Mass 41 (14) was propagated on primary cultures of kidney cells prepared from specific pathogen-free chicken embryos of 19 days of age (14), maintained in BHK-21 medium (Gibco, Cergy-Pontoise, France), supplemented with 0.15% tryptone phosphate broth, 1% penicillin/streptomycin, 1.5% of FBS, and the pH was adjusted to 7.2 with NaHCO3 (15). Suspensions of IBV and PEDV were prepared in culture medium containing 20% FBS before inoculation onto masks.

Influenza virus titration was performed using the plaque-forming unit (PFU) method adapted from Matrosovich et al. (16). Briefly, six-well cell culture plates were seeded at 1.0 × 106 MDCK cells/well. One day later, cells were washed with MEM buffer and infected at 37°C with 400 μl of serial dilutions of the sample. Plates were gently shaken every 10 min for 1 h. Then, each well was covered with 3 ml of a mixture of MEM buffer, 1.2% Avicel® (Dupont, Copenhagen, Denmark), 1% penicillin/streptomycin, and 1 μg/ml of TPCK-Trypsin® (Thermo Fisher Scientific). Plates were further incubated at 37°C for 72 h. After two washings in PBS buffer, cell layers were stained with a solution containing 10% crystal violet oxalate, 10% formaldehyde, and 20% ethanol, and plaques were counted. Viral titers were finally expressed as PFU/ml. Animal PEDV and IBV coronaviruses were titrated according to Reed and Muench (17), and virus titers were expressed as TCID50/ml (50% tissue culture infective dose per milliliter), as calculated based on immunoperoxidase monolayer assay on Vero cells (PEDV) or immunofluorescent assay on primary chicken kidney cells (IBV) (18), using pathogen-specific pig and chicken anti-sera.



Dry- and Moist-Air Heating Treatment Procedures

The surgical masks and FFP2 respirators were inserted into ISO11607-certified sterilization bags (NF EN 868-5, Amcor, Zürich, Switzerland) and submitted to different heat treatments based on either single usual runs (70°C−15 min, 70°C−60 min, 90°C−3 h, 100°C for 60 min, or 120°C−10 min) in the tumble-drying machine (Kannegiesser®, Nanterre, France) with rotation but without detergent or single transit [70°C−1 h no humidity or 70°C−1 h with 75% humidity rate (HR)] in an HPP260® constant climate chamber (Memmert GmbH, Schwabach, Germany). For the coronavirus experiments, the experimentally contaminated protective masks were inserted into a Binder KBF115® climate chamber (Binder GmbH, Tuttlingen, Germany) and submitted to a single heat treatment of 70°C−1 h–with 75% HR.



Assessment of the Structural and Chemical Integrity

After the heating treatment, surgical masks and FFP2 respirators underwent successive evaluations that were carried out as GO/NO GO steps in order to ensure the preservation of their integrity and their function (Supplementary Figure 1). For GO/NO GO Step 1, unused surgical masks, and FFP2 respirators were thoroughly observed for obvious changes in physical appearance (color, shape, and size), and their ultrastructure was compared to untreated masks using scanning electron microscopy [(SEM) Ultra Plus® FEG, Zeiss, Oberkochen, Germany]. For such a purpose, mask layers were first coated with 40-Å platinum using a PECS 682® apparatus (Gatan, Pleasanton, CA, USA).

At the molecular level, modifications of the treated (unused) surgical masks and FFP2 respirators were evaluated by Fourier-transform infrared spectroscopy equipped with single-reflection diamond attenuated total reflectance (ATR) accessory (i.e., Vertex 70v FT-IR® spectrometer, Bruker, Billerica, MA, USA) with a Golden Gate® (Specac, Orpington, United Kingdom): acquisition was recorded between 4,000 and 600 cm−1, with a resolution of 4 cm−1 and 64 scan repetitions. Volatile molecules trapped in the film were identified by thermal desorption (TD) through a TD 350® thermo-desorber (PerkinElmer, Courtaboeuf, France) coupled to a GC-6890® gas chromatography (GC) associated with a MS5973N® mass spectrometer [(MS) Agilent, Les Ulis, France] under TD conditions at 140°C and under helium for 10 min (19). Only the treatment conditions that allowed correct preservation of the masks integrity were kept for further assessments described below.



Assessment of the Decontamination Yield

For GO/NO GO Step 2 (Supplementary Figure 1), 50 μl of each pathogen suspension were deposited onto a delimited area of protective surgical masks and FFP2 respirators on either the inner or the outer lining. Then, the masks were incubated at 37°C for 1 h to dry the pathogen suspension and further submitted to dry-air or moist-air heating treatments, as described above. Control masks (with deposition of bacteria or virus suspension, but no heating treatment) were stored at 4–6°C for the same duration. Thereafter, all the afore-delimited areas were cut out, placed into 2-ml sterile water or culture medium (when loaded with either bacteria or viruses, respectively, in order to resuspend the residual pathogens), and then mixed. Next, the suspensions were diluted and analyzed as described above for titration. Since the relative extraction rates from the FFP2 respirator fibers were estimated at 22 and 15% for bacteria (S. aureus) and virus (influenza A H3N2/Scotland/20/74), respectively, the lower limit of detection (LLOD) was thus established at <100 CFU/ml for bacteria and <17 PFU/ml for influenza virus. The extraction rate was 0.06 and 10% for the IBV and PEDV (a 10-fold dilution was necessary to dilute the residual FBS, which interfered with viral isolation). The extraction rates (ratio between infectious titers of initial viral inoculum and virus eluted from masks) were 16.6 and 3% for the PEDV and IBV, respectively. The LLOD for the PEDV and IBV re-isolation procedures was determined by 10-fold serial dilutions and was 101.5 TCID50/ml for both viruses. The TCID50 reduction after moist-air heating treatment was calculated to be at least the difference between the infectious titer of eluted virus and the LLOD. Only the treatment condition that allowed correct achievement of decontamination yield were kept for further assessments described below.



Assessment of the Bacterial Filtration

For GO/NO GO Step 3, the evaluation of the filtration efficacy of the surgical masks was performed following the EN 14683:2019 standard (20) (Supplementary Figure 1). Briefly, a specimen of the inside surgical mask material was clamped between a six-stage viable Andersen cascade impactor and an aerosol chamber (glass, 445 mm long and 60 mm in external diameter; Supplementary Figure 2, left panel). Aerosolization of 3.0 ± 0.3 μm droplets from a 3-ml suspension of S. aureus (ATCC 6538) was achieved by the E-Flow® mesh nebulizer (Pari GmbH, Starnberg, Germany) to maintain a bacterial challenge (2,200 ± 500 CFU per test) during a 1-min nebulization. Each test specimen was conditioned at 21 ± 5°C and 85 ± 5% HR for the time required to bring them into equilibrium with atmosphere prior to testing. Finally, the filtration efficiency of the masks was expressed as a percentage of the CFU initially present in the challenge aerosol that passed through the material.



Assessment of the Viral Filtration

For the rest of GO/NO GO Step 3 (Supplementary Figure 1), aerosolization of a suspension at 3.5 × 107 PFU/ml influenza A H3N2/Scotland/20/74 virus strain was achieved by the Aerogen Solo® mesh nebulizer (Aerogen, Galway, Ireland) (21) and using the experimental setup described in Supplementary Figure 2 (right panel). The size of the droplets (3.6 ± 0.1 μm) was similar to the EN 14683:2019 standard that is dedicated to the assessment of medical devices for usage against respiratory pathogens. After nebulization, the virus was collected in a BioSampler® device (SKC, Eighty Four, PA, USA) filled with 5 ml of MEM buffer, and the percentage of viral particles passing through the masks was determined by virus titration as aforementioned. Considering the experimental setting, the LLOD for filtration was estimated at 2.5 PFU/ml.



Measurement of the Inspiratory Resistance

For GO/NO GO Step 3 bis., an original mounting using a 4000 series® digital flow meter (TSI, Marseille, France) was exploited for measuring the inspiratory resistance of the surgical masks and FFP2 respirators before and after treatments (Supplementary Figure 3). Two pressure gauges (Magnehelic 2000-0®, Dwyer Instruments, Suresnes, France) continuously controlled the pressure differential between the flow meter and the pump. Different inspiratory flow rates were tested from 15 to 60 L/min. The difference in inspiratory resistance of heat-treated masks compared to control masks was expressed in Pascal (Pa) per square centimeter.




RESULTS

The global design of the study is summarized in Supplementary Figure 1. Following the runs in the tumble-drying machine, only the treatment condition at 70°C during 15 or 60 min allowed complete preservation of the global structure and the integrity of the surgical masks and FFP2 respirator nanofibers. In contrast, longer or hotter processes were deleterious for the quality, with slight or rough obvious destruction. After one 60-min cycle in the climate chamber at 70°C and 75% HR, no macro- or micro-alterations were observed (Figure 1A). Contrary to the autoclaving process, the surgical masks and FFP2 respirators were not wet in such a condition (GO/NO GO Step 1, positively checked). The same finding was observed after 3–5 iterative cycles of moist heating (data not shown). After moist-air heating treatment, there was no proof of (oxidization-based or chemical) alteration at the molecular level (Figure 1B) of any layer of the surgical masks and FFP2 respirators. This was also the case for the elastic rubber band (not shown). Besides, the mask layers were confirmed as composed of polypropylene only, except for the mid-layer of treated/untreated surgical masks and FFP2 respirators that also presented four additional bands centered at 3,300, 1,642, 1,564, and 723 cm−1 and 3,295, 1,640, 1,565, and 1,530 cm−1, respectively, which probably correspond to a molecule of the amide family. TD-GC-MS chromatogram indicated that two new molecules were trapped in the treated FFP2 respirators (in comparison with untreated respirators): they actually corresponded to benzoic acid and an unidentified compound (Figure 1B). Nevertheless, their respective signal intensities were so weak that no one could conclude to significant modification of any of the four layers of the FFP2 respirators. The same comment applied to the elastic rubber bands (not shown). Altogether, only the treatment conditions with dry-air heating at 70°C for 15–60 min and moist-air heating at 70°C for 1 h were thus kept for further investigations (Supplementary Figure 1).


[image: Figure 1]
FIGURE 1. (A) Observation through scanning electron microscopy of the middle layer of surgical masks and filtering face piece type 2 (FFP2) respirators whether untreated or treated by moist-air heating at 70°C (75% humidity rate (HR) during 1 h) in the climate chamber. The inner panels show the correct structural integrity of polypropylene nanofibers at higher magnification. (B) Assessment of the molecular modifications of FFP2 respirators treated by moist-air heating at 70°C (75% HR during 1 h) in the climate chamber compared to untreated FFP2, as observed through Fourier-transform infrared attenduated total reflection (FTIR-ATR) (left panel) and thermal desorption–gas chromatography–mass spectrometry (TD-GC-MS) (right panel). The FFP2 respirator layers were confirmed as composed of polypropylene only, except for the mid-layer of treated/untreated FFP2 respirators that also presented four additional bands centered at 3,295, 1,640, 1,565, and 1,530 cm−1, which probably correspond to a molecule of the amide family; this hypothesis is supported by the fact that this kind of molecule is known to be an effective process agent during the melt-blown process of the polypropylene fibers (22). The left panel shows only the internal and mid-layer as examples. The chromatogram displayed in the upper right panel showed the four layers of the untreated FFP2 respirators altogether. It indicated a low quantity of molecules: most of them were linear and branched alkanes. The two main peaks at 14 min represented butylated hydroxytoluene (BHT), i.e., a very well-known antioxidant, and 2-ethylhexanoic acid. In the lower right panel is superimposed the chromatogram of the treated FFP2 respirators to the untreated ones. Only two very weak new peaks were observed: the first one corresponds to benzoic acid, the second one being unidentified. a.u., arbitrary units; cm−1, per centimeter; min, minute.


Decontamination assay showed the inability of dry-air heating (70°C, 15 or 60 min) to drastically reduce the number of bacteria and the virus titers (by 0 to −1.0 log10 only; data not shown). In contrast, moist-air heating in climate chamber (70°C, 75% HR for 60 min) resulted in a remarkable decrease of oropharyngeal pathogens and influenza virus (GO/NO GO Step 2, positively checked): −6.0 log10 for S. aureus, −5.0 log10 for S. pyogenes, −3.0 log10 for H. influenza, and −5.5 log10 for the influenza A H3N2/Scotland/20/74 virus strain (P < 0.05) (Figure 2A), which corresponds to the maximum based on the limit of detection of each assay. The moist heating treatment also allowed inactivation of the two surrogate animal coronaviruses, as evidenced by TCID50 reductions of at least −5 log10 and −2 log10 for PEDV or IBV, respectively, irrespective of the kind of protective masks and mask side (inside/outside linings) tested (Figure 2B). Therefore, only the moist-air treatment condition (70°C for 60 min with 75% HR) was kept for further analyses.
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FIGURE 2. (A) Decontamination yields obtained after dry- or moist-air heating treatment for influenza A H3N2/Scotland/20/74 virus and oropharyngeal bacteria. (B) Decontamination yields obtained after moist-air heating treatment for swine porcine epidemic diarrhea virus [(PEDV) left panel] and avian infectious bronchitis virus of chicken [(IBV) right panel] coronaviruses. Lack of virus re-isolation was arbitrarily indicated in the figure as a titer equal to the lower limit of detection (LLOD) of the re-isolation process. (C) Filtration properties of surgical masks (upper panel) and filtering face piece type 2 (FFP2) respirators (lower panel) for the influenza A H3N2/Scotland/20/74 virus strain and for Staphylococcus aureus ATCC 6538 (on surgical masks only for the latter as specified by EN 14683 guidelines). (D) Measurement of inspiratory resistance for surgical masks (left panel) and FFP2 respirators (right panel). All results are expressed as mean ± SEM. CFU, colony-forming unit; ΔP, differential of pressure; L/min, liter per minute; ND, not determined; Pa/cm2, Pascal per square centimeter; PFU, particle-forming unit; SEM, standard error of the mean.


After treatment in the climate chamber at 70°C during 60 min with 75% HR, the bacterial filtration efficiency of surgical masks for S. aureus was assessed at 100.0 ± 0.0% for the moist-heated treatment (vs. 99.9 ± 0.0% for untreated masks; right panel of Figure 2C, GO/NO GO Step 3, positively checked), following the EN 14683 standard. The viral filtration performances for the influenza virus were 96.2 ± 6.9% with the surgical masks and >99.9% with the FFP2 respirators (left panel of Figure 2C, GO/NO GO Step 3, positively checked). Noteworthy, filtration of fluorescein, using the same experimental setup, resulted in 98.9 and 99.9% filtration for surgical masks (n = 2) and FFP2 respirators (n = 2), respectively (data not shown). The discrepancy between the virus and fluorescein filtration rate for surgical masks was due to the heterogeneous and low viability of the influenza A H3N2/Scotland/20/74 virus during nebulization/collection (data not shown).

Whatever the inspiratory flow, no difference were observed regarding the resistance parameters of control masks and treated ones for both surgical masks and FFP2 respirators (Figure 2D, GO/NO GO Step 3 bis., positively checked).



DISCUSSION

SARS-CoV-2 is a virus with an outer envelope, which means that it is theoretically very sensitive to conventional decontamination methods. Few years ago during the H1N1 influenza pandemic, the National Academy of Medicine (formerly known as Institute of Medicine, USA) already suggested that simple decontamination techniques [e.g., bleach, ethylene oxide, ultraviolet (UV) germicidal irradiation, hydrogen peroxide gas, microwave oven irradiation, etc. (8, 23)] should be deeply investigated in an effort to extend the service life of protective masks (24). Unfortunately, many processes showed that either the structural integrity or the filtration performance of such treated mask could be drastically altered following multiple exposure to aerosols, chemicals, and extreme temperature (25). Furthermore, inappropriate decontamination may be a potential risk of infection since recycled surgical masks and N95/FFP2 respirators may become a reservoir for pathogens (26). For instance, UV treatment was found to destroy the outer polypropylene nanofibers. Likewise, dry heating ≥160°C, as well as 70% isopropyl alcohol spraying, caused significant filter degradation (8). Gamma irradiation with 20 kGy (2 MRad) was demonstrated as sufficient for inactivating the viruses, but studies showed possible deformation of the masks, compromising the inner filtering layer of N95/FFP2 respirators and also the correct mask fitting on the face (9). However, in light of the current sanitary emergency, the Atlanta Centers for Disease Control and Prevention (CDC) recently provided guidelines for “crisis alternate strategies,” including the use of improvised homemade or treated masks (27). Thanks to several national task forces, comprising both academic laboratories and private companies, evaluating the reuse of surgical masks and N95/FFP2 respirators, promising decontamination processes have emerged during the COVID-19 sanitary crisis. One of the most advanced is hydrogen peroxide vapor, already applied in a clinical setting in the USA, and showing decontamination and maintenance of post-decontamination performances on N95 respirators (28). Hopefully, wearers will not suffer discomfort due to residual hydrogen peroxide odor, as previously described (29).

Tumble-drying machines are cosmopolitan equipment, which is commonly used at home or in the hospital for laundry. They offer the possibility to heat at 70°C—a temperature reported to in vitro inactivate the SARS-CoV-2 by decreasing its TCID50 titer in Vero-E6 cells from 6.8 log10 to undetectable level after 5 min of exposure—or higher temperatures (10). In the past, such hot-air drying processes already showed good decontamination performance for reducing the bacteria and virus burden (30, 31), but only at ≥92°C (32). Unfortunately, in the present study, we evidenced that dry-air heating in the tumble machine failed to reach satisfying decontamination yields and even generated sometimes degradation of the material with exposure to moderate to extreme hot temperatures >70°C and/or the mechanical frictions inside the machine. In contrast, and as suggested by preliminary studies (33, 34), we showed herein that a unique step of moist-air heating at 70°C during 1 h in climate chamber, with 75% HR, was efficient on relevant surrogate viruses of SARS-CoV-2. Overall, our findings showed that this treatment did not generate an alteration of the surgical masks and FFP2 respirators at the structural and molecular levels, while it ensured effective bacterial/viral decontamination and allowed conservation of their filtration efficiency and resistance performances. Interestingly, the masks were not wet after climate chamber decontamination (contrary to autoclaving), avoiding an additional drying step that may be deleterious.

To date, climate chambers are mostly reserved to hospital pharmacies or pharmaceutical companies. They enable traceable control of the temperatures, and they can provide 3–80% HR inside. One could easily imagine the feasibility of implementing and defining a logical circuit for recycling the protective surgical masks and N95/FFP2 respirators and then ensuring their return to their first user—a critical item to be considered to ensure acceptability of reuse.

Through the aforementioned method, one can say that we have totally fulfilled the conditions recommended by The Center for Infectious Disease Research and Policy of Minnesota University, which states that, in the case of a pandemic, an acceptable decontamination method must render the organism (or a closely related surrogate) nonviable and not diminish filter and fit performance, respirator integrity and structure, or comfort, odor, and wears. Moreover, the moist heating treatment has also been recently included in pandemic crisis standards of care decontamination recommendations by the Atlanta CDC based on previous studies showing efficient decontamination of closely related virus surrogates (H1N1 virus) (33). One limitation of our study lies in the fact that only one brand of FFP2 respirators has been tested for the preservation of its filtration properties through recycling treatment. Moreover, our experimental procedures deviated slightly from the standards NF EN 149+A1 (FFP2)/NF EN 14683+AC recommendations for assessing the filtrating performance and the inspiratory resistance of untreated and treated protective masks (35). Therefore, further investigations in line with the standard guidelines are required, in addition to ones using the actual SARS-CoV-2 instead of animal surrogate viruses. Another limitation lies in the approach of our demonstration that was carried out on the bench only: most surgical masks and FFP2 respirators tested herein had never been worn by nursing staff [noteworthy, a few pre-used masks were nonetheless moist heating treated and then tested; they exhibited neither difference in the SEM morphology nor in resistance at inspiratory flow (data not shown)]. In practice, further assessment in real life seems necessary to specifically address the saturation of filters with saliva/expectoration. Moreover, an evaluation of the impact of multiple treatment cycles seems required. However, other previous assays showed sustainment of all the face mask properties at the sealing surface up to 10 iterative treatment cycles based on moist-air heating (36), and our preliminary data herein did not show any negative impact for three to five cycles on structural integrity, altogether supporting the rationale for our approach.



CONCLUSIONS


Major Finding

Overall, our findings may pave the way in healthcare facilities for the reutilization of decontaminated, intact protective masks. Our study supports this straightforward strategy to circumvent surgical masks and N95/FFP2 respirators mass shortage, especially during the current COVID-19 pandemic.



Perspectives

Should our recycling process be extended to other brands of surgical masks and N95/FFP2 respirators and thus be validated in the future by (inter-)national and sanitary authorities, mask decontamination could be recommended in hospital laundries and laboratories equipped with the adequate heat equipment.
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Aims: To develop infectious (live/dead) enveloped virus test indicators and response surface methodology (RSM) models that evaluate survival of an enveloped ribonucleic acid (RNA) virus on contaminated aircraft materials after exposure to hot, humid air (HHA).

Methods and Results: Enveloped RNA bacteriophage Phi6 (Φ6) was dried on wiring insulation, aircraft performance coating (APC), polypropylene, and nylon at ≥ 8 log10 plaque-forming units (PFU) test coupon−1. Only 2.4 log10 inactivation was measured on APC at 70°Celsius (°C), 5% relative humidity (RH) after 24 h. In contrast, HHA RSM models showed a 90% probability of a 7 log10 inactivation at ≥63°C, 90% RH after 1 h, and decontamination kinetics were similar across different materials. HHA decontamination of C-130 and C-17 aircraft showed >7 log10 and ≥5.9 log10 inactivation of enveloped virus on 100 and 110 test indicators, respectively, with a 1-h treatment, excluding ramp-up and ramp-down times.

Conclusions: Enveloped RNA virus test indicators were successfully developed, lab tested for HHA decontamination, analyzed for RSM, and field-tested in aircraft demonstrations.

Significance and Impact of the Study: The utility of HHA decontamination was demonstrated after inactivating enveloped RNA virus on aircraft with a 1-h HHA treatment within aircraft temperature and RH limits.

Keywords: Φ6, enveloped virus, decontamination, hot humid air, aircraft


INTRODUCTION

There is a need to develop aircraft decontamination procedures for enveloped RNA viruses ranging from hemorrhagic fever viruses to coronaviruses (Centers for Disease Control Prevention, 2019; National Business Aviation Association, 2020). A candidate procedure for aircraft decontamination is hot, humid air (HHA), which has been tested for Bacillus spore decontamination (Buhr et al., 2012, 2015, 2016). HHA decontamination is highly feasible for enveloped virus decontamination since enveloped viruses are considered much easier to kill than spores (Spaulding, 1957). In order to develop HHA decontamination profiles and test in aircraft field demonstrations, a biosafety level 1 (BSL-1) enveloped RNA virus was needed as a test indicator to meet the requirements imposed by biosafety and environmental reviews for field testing. Field test approval is a lengthy process that can require decades of compiled research to approve BSL-1 organisms for field testing, regardless of whether the organism is contained or released during the test (Bishop and Robinson, 2014; Buhr et al., 2016). It is particularly challenging to justify and approve enveloped virus strains for rapid field testing (2 months for biosafety approval at different facilities, enveloped virus test indicator preparation, and 2 aircraft field tests including results) during a pandemic such as the SARS-CoV-2/COVID-19 pandemic. Furthermore, active, infectious virus was needed for a live/dead (infectious/non-infectious for viruses) assay since live/dead assays are the hallmark of decontamination testing.

Φ6 is a BSL-1 enveloped RNA virus originally isolated in a bean field as a lytic virus that infected the plant pathogenic bacterium Pseudomonas syringae pathovar phaseolicola (Vidaver et al., 1973; Van Etten et al., 1976; Mindich, 2004). Early hopes to produce the virus in large quantities to spray on bean fields as an environmentally friendly biocontrol agent were never commercially realized. However, due to its rare combination as a BSL-1, enveloped RNA virus it has been proposed as a general surrogate for a number of different enveloped RNA viruses particularly for field testing (Gallandat and Lantagne, 2017). The Φ6 envelope structure is similar to many other enveloped viruses as the envelope consists of a glycoprotein/protein-embedded lipid membrane, and the host cell has similar temperature sensitivity to mammalian cells at around 40°C. This is important since the envelope components are considered a primary target for inactivation by many different decontaminants (McDonnell and Burke, 2011; Wiggington et al., 2012). Here Φ6 was prepared to develop BSL-1 enveloped virus test indicators at ≥ 7.6 log10 coupon−1, test HHA decontamination parameters, develop response surface models for HHA decontamination, and measure enveloped virus inactivation during C-130 and C-17 aircraft field tests.



MATERIALS AND METHODS


Φ6 and Host Cell Preparations

Φ6 and its host organism P. syringae pathovar phaseolicola HB10Y (HB10Y), causal agent of halo blight of the common bean, Phaseolus vulgaris, were isolated in Spain. Both were a kind gift from Dr. Leonard Mindich at Rutgers University, New Jersey Medical School. HB10Y was prepared by inoculating 100–200 ml of 3% tryptic soy broth (TSB; Fluka PN#T8907-1KG) in a 1-liter (l) smooth-bottom Erlenmeyer flask with a high efficiency particulate air filter cap. Cultures were incubated at 26 ± 2°C, 200 revolutions (rev) minute (min)−1 for 20 ± 2 hours (h). 11.1 ml of 100% glycerol (Sigma PN #G7757-500ML) was added per 100 ml of host culture. The final concentration of glycerol was 10%. One-ml aliquots of HB10Y were pipetted into screw-cap microfuge tubes with O-rings and stored at −80°C. HB10Y samples were titered prior to freezing by serially diluting samples in 10 millimolar (mM) of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma PN#H4034-100G) + 10% Sucrose (Sigma PN #S7903-250G), pH 7.0, and plating on Tryptic Soy Agar (TSA; Hardy Diagnostics, Santa Maria, CA). Plates were inverted and incubated at 26 ± 2°C for 48 ± 2 h to show titers of ~109 cells ml−1. After freezing, tubes were thawed at room temperature (RT, 22 ± 3°C), serially diluted, and plated to show sustained viability after long-term storage at −80°C.

Φ6 was prepared after inoculating broth cultures of HB10Y. A frozen stock prep of HB10Y was thawed at 22 ± 3°C. HB10Y was added either directly from a frozen stock or by transferring a single colony from a streaked TSA plate to 100–200 ml of 3% TSB in a 1-l smooth-bottom Erlenmeyer flask with a HEPA cap and incubated at 26 ± 2°C, 200 rev min−1 overnight. Cells were then diluted and grown to mid-log phase. The host flask was inoculated with 0.5–1 ml of Φ6 at a concentration of ~1-2e11 plaque-forming units (PFU) ml−1 at the time of inoculation. The culture was incubated at 26 ± 2°C, 200 rev min−1 for 24 ± 2 h. The Φ6 preparation was stored at 4°C until after titering was completed. After titer determination was completed, typically around 1-2e11 PFU ml−1, then 1–1.3 ml volumes were aliquoted into 1.5-ml screw-cap tubes with O-rings, inverted, and stored at −80°C.



Environmental Test Chamber Setup and Validation

Thermotron SM-8-8200 (Thermotron Industries, Holland, MI, USA) environmental chambers were used to control temperature and RH as described (Buhr et al., 2015).



Coupon Materials and Sterilization

Square 2 centimeter (cm) × 2 cm coupons of different test materials or the inside surface of 50-ml Techno Plastic Products AG, Switzerland (TPP®), polypropylene conical tubes were inoculated with >8 log10 Φ6 virus inoculum. The inoculated 2 cm × 2 cm coupons were set inside sterile TPP® tubes during testing (Buhr et al., 2012, 2015, 2016). Materials for inoculation included aluminum 2024-T3 coupons painted with water-based aircraft performance coating (APC), stainless-steel 304 coupons painted with Navy Top Coat (NTC) [Coatings Group at the University of Dayton Research Institute (Dayton, OH, USA)], wiring insulation (Kapton Film Type HN, 1 mil, Reference No. 6197844-00 from Cole Parmer, Vernon Hills, IL, USA), and nylon webbing (nylon) (US Netting, Erie, PA, USA) with the ends of each coupon cauterized to prevent fraying. Polypropylene plastic and wiring insulation represent non-porous materials found on commercial and military aircraft. APC and NTC represent semi-porous surfaces found on military aircraft and ships, with APC the primary focus for this testing. Nylon webbing represents porous materials found on military and commercial aircraft since nylon is used to manufacture various carpets and fabrics. Prior to inoculating and testing, coupons were rinsed with 18 mega-Ohm-cm, de-ionized water, placed on absorbent paper in an autoclave-safe container, and autoclaved for 30 min at 121°C, 100 kilopascals. Autoclaved coupons were stored in sterile containers until used. Microbial recovery from autoclaved APC coupons was variable. There was no visible damage, changes in contact angle measurements, or evidence of surface variability on autoclaved APC coupons after inspection with a scanning electron microscope (data not shown). In order to clean and remove interferents such as dried, residual paint solvent, APC coupons were soaked in 70% ethanol for 20 min, rinsed at least 3 times with sterile 18 mega-ohm-cm water, and dried.



Response Surface Methodology (RSM)

RSM was used for previous work with HHA decontamination of materials contaminated with spores because the RSM Design of Experiments (DOE) was requested by the funding agencies as an industry-accepted method to describe HHA points of failure (Beauregard et al., 1992; Lenth, 2009; Myers et al., 2009; Buhr et al., 2012, 2015). RSM required three equally spaced test parameters for each variable; time, temperature, and humidity. An extensive amount of trial-and-error testing showed a very rapid and dramatic impact of temperature and RH on virus decontamination. Test temperatures were 55, 60, and 65°C. Test RH was 50, 70, and 90%. Test times were 1, 5, and 9 h to provide a practical timeframe for decontamination of ≤ 24 h. RSM DOE test parameters are displayed in Figure 1. The first 13 test runs (first iteration) included the center and corners of the experimental test box. The latter 6 test runs (second iteration) included the face-points at the center of each side of the test box.


[image: Figure 1]
FIGURE 1. Response surface methodology (RSM) design of experiments (DOE) for three test factors (°C, % relative humidity, time in h).




Virus Test Method and Design

An overlay procedure used for Φ6 was adapted from procedures used for Escherichia coli and its bacteriophages using TSA and TSB media instead of Luria–Bertani agar and broth. Plates were incubated at 26 ± 2°C for 20 ± 2 h before quantifying plaques. Plates were then incubated another 24 ± 2 h at RT and scored a final time.

Φ6 stock preps were removed from −80°C storage and thawed at RT prior to preparing inoculum by transferring stock Φ6 into 50-ml conical tubes containing 10 mM HEPES + 10% sucrose pH 7.0 for a final concentration of 1-2e9 PFU ml−1. The infectious virus concentration was confirmed by titering. Test coupons and conical tubes were inoculated with 0.1 ml of Φ6 inoculum, held at RT for 24 ± 2 h to dry allowing virus to adhere to the test material, then transferred to TPP® tubes. Following exposure of Φ6 to various hot humid air decontamination testing parameters, samples were extracted and plated.

For Φ6 extraction, 5 ml of 10 mM HEPES + 10% sucrose pH 7 were added to each conical tube with a virus-inoculated coupon and vortexed for 2 min. After vortexing, 5 ml of HB10Y log-phase culture was added and allowed to infect at RT for 15 min, followed by 2 min of vortexing. Each sample was serially diluted in 900 μl of 10 mM HEPES + 10% sucrose pH 7 out to the −6 dilution. For each Φ6 dilution, 1,000 μl for the first dilution and 200 μl for subsequent dilutions were transferred into individual tubes containing 200 μl log-phase HB10Y. Then, 1,200 or 200 μl of those Φ6/HB10Y mixtures was added to individual TSB overlay tubes, poured onto individual TSA plates, and allowed to solidify for ≥30 min. Solidified plates were then inverted, incubated for 20 ± 2 h at 26°C, and quantified. Plates were incubated another 24 h at RT and quantified a final time. Quantitation and calculations of survival were performed as previously described (Buhr et al., 2012, 2014). The maximum (100%) recoverable virus reference, the inoculum titer, was used to calculate extraction efficiency. Extraction efficiency was the number of PFU removed from non-treated control coupons divided by the number of PFU in the inoculum.



Response Surface Methodology (RSM) Performance Envelopes—Mathematical Model Development

RSM to represent survivability of Φ6 bacteriophage were developed. For a given DOE point, sample data varied with respect to initial Φ6 bacteriophage population and a final surviving Φ6 bacteriophage population. To facilitate model development, the results of the samples were normalized into a Survival Fraction (SF). A SF is simply the surviving population divided by the initial population. SF is assumed to never be greater than one or less than zero.

The smallest non-zero SF that may be observed is limited due to the initial population being a finite number. Specifically, the smallest observable SF is 1 divided by the initial population. However, if the results reflect that of a 1-ml sample taken from a 10-ml sample (as is true for this data), then the smallest observable SF is 10 divided by the initial population. If extraction efficiency is <100%, then the smallest observable SF becomes 10 divided by the initial population divided by the extraction efficiency. If test data shows a surviving population of zero, it is likely because the theoretical SF is smaller than the smallest observable SF. Because of the limitation imposed by a finite initial population, any test result showing a survival population of zero was treated as a SF that is less than or equal to the smallest observable SF.

The geometric mean survival fraction (GMSF) equation below shows how GMSF was calculated for each DOE point. In Equation 1, “N” represents the number of samples for a given DOE point.
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All GMSF values from the experiments lie between “0” and “1,” and they differ from each other by orders of magnitude, which can make it difficult to find a good fit to the data. To avoid this problem and to facilitate the data fitting process, it is desirable to transform the widely varying GMSF values such that the transformed values are distributed in a linear fashion. To achieve this, the natural log of the GMSF values was computed. However, this transform still resulted in a very non-linear distribution. A second transform was performed, using Equation 2 below, that flipped the sign of the first transform and then took its natural log. This yielded a more linear distribution of data.

[image: image]

One benefit of this transform is that it constrains all model predictions to a value between “0” and “1” and thereby prevents a result that contradicts the definition of SF. Data fit exploration focused on obtaining a good fit to the data set of transformed GMSF values. During the data fitting process, a constraint was imposed on the fit such that as temperature and/or RH and/or time increase, SF decreases consistently without exception. The final functional form for predicting GMSF is shown in the system of equations below (Equation 3).
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Where:

T = temperature (°C), R = relative humidity (%), H = time (hours)

c0 to c7 = addition and multiplication coefficients

n1 to n3 = power coefficients

T0 = temperature offset coefficient

R0 = relative humidity offset coefficient

H0 = time offset coefficient

GMSF = geometric mean survival fraction.

As is evident in the data, a given exposure condition will result in a distribution of various SF values that can vary geometrically. Because of this geometric variation, it is appropriate to assume the natural log of the survival fractions for a given sample follow a normal distribution for a given exposure condition. An estimate of the expected distribution of results is important because it helps a user identify a probability that an expected total kill will occur for a given exposure condition. For example, a user can utilize the expected distribution to identify the exposure condition required to achieve at least a 7 log10 kill with a 95% probability.

Most of the exposure DOE points consist of only 5 samples, and this small sample size increases the uncertainty in determining the population geometric standard deviation (GSD) from the sample geometric standard deviation. There was no clear and consistent pattern in the sample geometric standard deviations that would allow for the development of a reasonable equation to predict geometric standard deviation as a function of exposure conditions. However, the DOE center point (Temp = 60, RH = 70, H = 5) consists of 25 samples for each medium and consists of enough data to reasonably estimate a geometric standard deviation that is assumed to be representative for the entire DOE factor space. Using the test results from the DOE center point for each medium, the geometric standard deviation was computed using Equation 4 below.
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Where:

n = number of samples

i = indexed reference to a particular sample

SFi = survival fraction for sample “i”

GMSF = geometric mean survival fraction

GSD = geometric standard deviation.

The normal distribution of possible Survival Fraction logs for a given exposure condition is described by the natural log of the GMSF predicted using Equation 3 and the natural log of the GSD computed using Equation 4. The GMSF will vary based on exposure conditions and medium, but the GSD will only vary by medium. The equations for the Normal distribution are provided in Equations 5 and 6 below.
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Where:

PDF = probability distribution function. Characterizes the relative frequency of occurrence.

CDF = cumulative distribution function. The integral of the PDF with results ranging from 0 to 1.

x = horizontal axis of possible Survival Fractions

μ = natural log of geometric mean survival fraction (GMSF)

σ = natural log of geometric standard deviation (GSD)

erf = the error function.

The cumulative distribution function equation returns the area for a region under the Probability Distribution Function curve by integrating from -∞ to a specified SF. A CDF result of “0.95” indicates that 95% of the SF values observed will be less than the specified SF.

The Solver add-in for Microsoft Excel 2016 was used to explore various fits to the transformed survival fractions. The Solver add-in has the added benefit of allowing fit constraints which was crucial to obtaining a good and reasonable fit. The “Evolutionary” method in Solver proved a valuable tool in optimizing the coefficients shown in Equation 3. Excel was also used to produce the various plots in this report and assess model performance.



C-130 and C-17 Aircraft Test Demonstrations

Enveloped virus test indicators consisted of APC coupons inoculated with 1 of 5 independent virus preparations at >8 log10 coupon−1, and the test coupons were placed inside TPP® tubes prior to storage, shipping, and testing. Test indicators were placed in 20–22 locations with 5 test indicators per location within the aircraft. Each of the 5 test indicators was inoculated with an independent virus preparation. HHA tests were conducted inside a C-130 fuselage located at Army Combat Capabilities Developmental Command, Edgewood, MD, USA (Figure 2), or in a C-17 located at Dover Air Force Base, Dover, DE, USA (Figure 3), using a previously tested HHA system (Buhr et al., 2016) ran and managed/monitored by a consortium listed in the acknowledgments. After HHA exposure, the test indicators were shipped to a laboratory for virus extraction. Shipping controls were shipped, but not treated with HHA. Laboratory controls were not shipped. Both control sets were prepared, extracted, and quantified alongside the test indicators. Shipping and laboratory controls were maintained inside 50-ml conical tubes with 0.2-μm filter caps that allowed equilibration of temperature and humidity exactly the same as the test samples. The controls were maintained at ambient temperature and humidity and measured using data loggers, while test samples were exposed to HHA.


[image: Figure 2]
FIGURE 2. Side view of a C-130 showing the sampling layout for low, middle, and high sampling sites.



[image: Figure 3]
FIGURE 3. Side view of a C-17 showing the sampling layout for low, middle, and high sampling sites.





RESULTS


HHA Inactivation of Enveloped RNA Virus

In order to develop RSM performance envelopes, partial inactivation data was needed especially at the DOE mid-point. A small test at 50, 60, 70, and 80°C, RH at 5 or 90% for 1 and 24 h, produced critical data showing that high RH was critical for enveloped virus inactivation (Table 1). The virus inoculum was held at RT while test samples were exposed to temp/RH. There was only 2.4 log10 enveloped virus inactivation at 70°C, 5% RH, for 24 h compared to complete inactivation at 70°C, 90% RH, for 1 h. In addition, there was no enveloped virus inactivation after drying enveloped virus on NTC and treating at 26.7°C at 5, 30, 55, and 80% RH for up to 10 d (data not shown). These data drove the test parameters shown in Figure 1. Although 65°C was greater than the original 60°C temperature goal, 65°C was selected for the experimental design because inactivation at <60°C was too slow to generate RSM that met the <24 h objective. Therefore, 65°C was incorporated in the DOE and 60°C, 70% RH, 5 h, was set as the mid-point for the final DOE in order to obtain sufficient partial kill data to develop the RSM performance envelopes.


Table 1. Log10 PFU recovered (survival) and reduction (L.R.) after drying Φ6 on APC coupons (enveloped virus test indicator) and then hot air exposure at 5 or 90% RH for 1 or 24 h.

[image: Table 1]

Overall, there were several thousand trial-and-error data points leading to the HHA decontamination DOE data set in Table 2, which shows data from nineteen test runs with five independent virus preparations per coupon type. There were 475 Φ6 virus test samples and 475 corresponding controls, plus non-inoculated coupon controls. Each test variable (temperature, RH, and time) had an impact on decontamination. Importantly, high RH, high temperature, and longer times increased inactivation rates as expected. Inactivation of enveloped virus dried on to materials was found to be ≥7 log10 at 60°C, 90%, for 9 h. This surpassed the original goal of ≥7 log10 at ≤ 60°C, 24 h. Furthermore, the enveloped virus inoculum held in aqueous solution (solution controls) was shown to be much more sensitive to the rise in temperature than virus dried on to materials and subjected to hot, humid air. Therefore, water and/or high humidity were significant parameters for inactivating enveloped virus.


Table 2. Log10 virus survival of Φ6 after drying on to different materials and then exposure to different temperatures, RH, and time according to the DOE in Figure 1.
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There was one statistical outlier for APC at 60°C, 50% RH for 5 h (Table 2). The subsequent RSM modeling showed that decontamination kinetics of all materials was essentially the same so long as this data point was treated as an outlier. A full set of tests was not repeated for 60°C, 50% RH, for 5 h because there was no information advantage to update this outlier for this large data set. Much trial and error indicated that APC coupons required 70% ethanol cleaning to remove residue that interfered with microbe recovery and ethanol cleaning was specific to APC; hence, the source of this outlier was likely due to insufficiently cleaned APC coupons.



HHA RSM for Enveloped RNA Virus Inactivation

RSM for each material (Figure 4) were constructed from the DOE Φ6 inactivation data in Table 2. Inactivation of Φ6 virus was similar on all coupon types indicating that material type had little impact on inactivation kinetics. Since virus inactivation was similar across each material, an additional composite RSM was generated (Figure 4). The models more clearly showed virus inactivation kinetics compared to the table data. At 1 h, there was a 90% probability of at least a 7 log10 virus inactivation at 65°C, 90% RH, after virus-contaminated materials were treated with HHA.


[image: Figure 4]
FIGURE 4. Models with a 90% statistical probability of Φ6 virus inactivation after virus was dried on to nylon, polypropylene, wiring insulation, or aircraft performance coating after incubation in hot humid air. Composite models are the accumulation of data for all 4 materials. Areas are represented as >7 log10 (red), 6–7 log10 (orange), 5–6 log10 (gold), 4–5 log10 (yellow), 3–4 log10 (green), 2–3 log10 (dark green), 1–2 log10 (blue), and <1 log10 (dark blue) virus inactivation.


The composite model after 1 h of virus inactivation was critical for directing HHA parameters during the aircraft field testing. The RSM models were calculated using relative humidity because the laboratory environmental chambers controlled humidity using relative humidity. After extensive testing to develop methods and results to develop the RSM models using relative humidity, the sponsoring agencies then requested that relative humidity be converted to dew points for large aircraft testing. Based on a 4 log10 objective and the 4 log10 inactivation parameters in the RSM composite model (Figure 4), relative humidity was converted to dew points. This conversion showed that 4 log10 inactivation occurred at a dew point humidity of ≥59.4°C for 1 h, excluding ramp-up and ramp-down times, so long as the temperature was above the dew point. Therefore, the translation made it apparent that absolute humidity or dew point strongly correlated with inactivation. For example, there was a 90% probability of a 4 log10 kill at ≥61.7°C and a dew point humidity ≥59.4°C. The temperature could go up or down with the same inactivation kinetics so long as the absolute humidity/dew point was maintained. Hence, the inactivation kinetics correlated with the total amount of water in the air. Models with dew points and/or absolute humidity are in the queue for future development.



C-130 Aircraft Field Test

A total of 100 enveloped virus test indicators were distributed at 20 sites throughout a C-130 fuselage as depicted in Figure 2. Based on the RSM in Figure 4 and with a >4 log10 inactivation goal, the HHA goals for the C-130 were ≥61.7°C and a dew point humidity of ≥59.4°C for 1 h, excluding ramp-up and ramp-down times. The measured HHA parameters for the C-130 are shown in Figure 5. For clarity, both RH and dew points are shown in Figure 5 so that the parameters can be compared to both the RSM expressed in RH and the large-scale aircraft objective expressed as a dew point. As shown, the temperature and humidity goals were exceeded. In addition, the ramp-up time was 2.5–3 h, which was longer than lab testing with a ramp-up of 1 h; hence, ramp-up conditions on the aircraft likely contributed to enveloped virus inactivation. Ramp-down time was nearly 2 h, which was also much longer than lab conditions. The total HHA time including ramp-up and ramp-down for the C-130 was 5.5 h compared to 2 h in the lab-based RSM. The C-130 temperatures were always above the dew points so there was no condensation on the virus-inoculated APC samples (Figure 5). Samples were shipped to a lab for extraction. Table 3 shows 8.1 ± 0.1 log10 PFU were recovered on 10 non-shipped control samples and 25 ground-shipped control samples out of 8.3 ± 0.1 log10 PFU dried on to the APC coupons. The loss of 0.2 log10 PFU on the control coupons could have been due to extraction efficiency and/or a small drop in virus viability. In either case, the 8.1 log10 PFU recovery on the control coupons was high, and if validated there was no significant loss of viability during transportation to and from the field site. The detection range was 1.0–8.1 log10. Since the temperature and RH limits were exceeded for a 7 log10 kill and there was no viable virus recovered from any test indicator, there is practical confidence that a complete >8 log10 kill was achieved.


[image: Figure 5]
FIGURE 5. Temperature and humidity profiles during HHA decontamination of a C-130. (A) Temperature (°C) and RH (%) from seven locations (A–G) throughout the C-130. (B) Temperature and dew point (°C) from seven locations (A–G) throughout the C-130. (C) Temperature (°C) and RH (%) logged within two sets of shipping controls (SC).



Table 3. Log10 PFU recovered (survival) and reduction (L.R.) after drying 8.3 ± 0.1 log10 of Φ6 per APC coupon (enveloped virus test indicator) and then HHA exposure in a C-130 aircraft.
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C-17 Aircraft Field Test

A total of 110 enveloped virus test indicators were distributed throughout the C-17 as depicted in Figure 3. Based on the RSM in Figure 4, results from the C-130 test, and with a >4 log10 inactivation goal, the HHA parameters were set to ≥61.7°C and a dew point humidity of ≥57.2°C for the C-17, at which point a 1-h “hold time” was started. Another goal was to increase the temperature and humidity during the 1 h “hold time” to 61.7°C and a dew point humidity of ≥59.4°C. The measured HHA parameters for the C-17 are shown in Figure 6. For clarity, both RH and dew points are shown in Figure 6 so that the parameters can be compared to both the RSM expressed in RH and the large-scale aircraft objective expressed as a dew point. The temperature reached 65.0°C and humidity reached a 60.6°C dew point, surpassing the temperature and humidity goals during the 1 h hold time. In addition, the ramp-up time was 1.5 h, which saved >1 h compared to the C-130 test, but was 0.5 h longer than lab tests. Ramp-down time was 45 min compared to 2 h for the C-130 and only one min for lab tests. The total HHA time for the C-17 was <3.5 h compared to 5.5 h for the C-130 and 2 h for lab tests. The C-17 temperatures were always above the dew points so there was no condensation on the virus-inoculated APC samples (Figure 6). Samples were ground-shipped to a lab for extraction. Table 4 shows 7.6 ± 0.1 log10 PFU on 10 non-shipped control samples and 25 ground-shipped control samples out of 8.2 ± 0.1 log10 PFU dried on to the APC coupons. The loss of 0.6 log10 PFU on the control coupons could have been due to extraction efficiency and/or a drop in virus viability. In either case, the 7.6 log10 PFU recovery on the control coupons was high and it showed no practical significant loss of virus viability during transportation to and from the field site. The limit of detection was 1.0 log10. Since there was viable PFU from at least one of the 110 test indicators, all samples with no viable PFU were assigned 1.0 log10. Site 15 on the C-17 showed the lowest log reduction of 5.9 ± 0.6 log10 PFU. This site had the most air movement. Although there were no TPP® tubes with temperature and RH readings at Site 15, we speculate that the rapid air movement slowed the penetration of moist air across the 0.2 um membrane of the TPP® tubes, hence the lowest level of inactivation. Every other C-17 location had at least a 6 log10 reduction. Ramp-up/ramp-down times were longer than the lab tests used for RSM, and raising the heat and humidity during the 1 h hold time contributed to the virus inactivation. Hence the goal of >4 log10 reduction was surpassed as predicted by RSM.
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FIGURE 6. Temperature and humidity profiles during HHA decontamination of a C-17. (A) Temperature (°C) and RH (%) from eight locations (A–H) throughout the C-17. (B) Temperature and dew point (°C) from eight locations (A–H) throughout the C-17. (C) Temperature (°C) and RH (%) logged within two sets of shipping controls (SC).



Table 4. Log10 PFU recovered (survival) and reduction (L.R.) after drying 8.2 ± 0.1 log10 of Φ6 per APC coupon (enveloped virus test indicator) and then HHA exposure in a C-17 aircraft.
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DISCUSSION

Φ6 was selected as a BSL-1, enveloped RNA virus test indicator for both lab and field tests. Φ6 has been widely used as an enveloped virus surrogate (de Carvalgo et al., 2017). The structural similarity of Φ6 to many other enveloped viruses including coronaviruses suggest that the Φ6 structure should be similarly susceptible to general decontaminants. Furthermore, the structural molecules of the virus are produced by host cells with similar temperature sensitivity at around 40°C, further suggesting that Φ6 should be similarly susceptible to general decontaminants.

For this study, virus was dried ≥24 h before exposing to the environmental test conditions because (1) the level of virus drying/level of free water was an important consideration for standardizing these tests and ≥24 h drying mitigated drying variability and (2) ≥24 h drying was done in attempt to mimic environments where free water is limited, especially for virus bound in debris. There was no Φ6 inactivation after the virus was dried on different surfaces for at least 24 h at RT followed by a 10-d exposure to 26.7°C at 80% RH, and there was only 2.4 log10 inactivation at 70°C, 5% RH, for 24 h. This is a higher level of temperature and humidity stability than reported in other enveloped virus studies, but none of the articles we reviewed tested virus that was dried for at least 24 h. A review of articles describing enveloped virus stability to temperature and/or humidity, including coronavirus, showed that most stability tests were with wet virus or virus that was only dried for an hour. Sizun et al. (2000), Rabenau et al. (2005), and Chan et al. (2011) tested similar coronaviruses including dried SARS-CoV, CoV-229E, and CoV-OC-43 at different virus concentrations, virus purities, additives such as fetal calf serum, and fomites, but all the tests were at ambient environmental conditions of 21–25°C, which contrasts with no virus inactivation at 26.7°C, 80% RH, 10 d in this study. Complete virus inactivation ranged from 3 h up to 13 d across these reports. Numerous published reports for enveloped virus stability have tested wet virus preparations (e.g., Anonymous–Department of Homeland Security, 2020; Biryukov et al., 2020; Castaño et al., 2020; Harbourt et al., 2020; Matson et al., 2020; Ren et al., 2020) and also showed much higher sensitivity to temperature and RH than reported in the current study. While there are numerous differences in methods and results described across these studies, a key difference in the testing described herein was that virus was dried at least 24 h before exposing to the environmental test conditions and that may be a key variable for virus stability.

There is general agreement in the literature that higher temperature and humidity will increase the inactivation rates for enveloped virus. However, a direct side-by-side study would eliminate the impact of methods to define temperature and humidity profiles. This would also highlight physiochemical similarities/differences inherent to a specific virus or common to virus families (Nims and Plavsic, 2013; Castaño et al., 2020). Side-by-side testing comparing dried Φ6 to several dried coronaviruses, including Φ6 SARS-CoV-2, are moving forward in our lab. Once these data are collected, a more standardized comparison can be made between the temperature and humidity susceptibility among these enveloped viruses.

There are numerous mathematical tools that can be used to analyze decontamination data. RSM models were very useful here since they provided simplified graphical data to rapidly adjust to changing goals for log reduction, time, temperature, and humidity. This became very important since the HHA goals (requirements) were frequently redefined by end users (aircraft maintenance authorities at Aircraft Mobility Command) over the past 20 years, and numerous goal changes were directed during the COVID-19 pandemic. The original goals were to show enveloped virus inactivation of ≥7 log10 out of a ≥8 log10 challenge. This challenge level was set because measurements with high concentrations of microbes greatly increased the confidence in inactivation and it mitigated the risk of incomplete decontamination (Hamilton et al., 2013), an important consideration for decision makers that assess contamination/decontamination. High challenge levels are important since exposure limits (infectious dosages) are not well-defined for many viruses such as SARS-CoV and SARS-CoV-2. Although HHA does not fall under the EPA's regulatory jurisdiction because it is not classified as a chemical disinfectant, the inactivation goal was reduced from 7 log10 to 3 log10 inactivation by the funding agencies during the COVID-19 pandemic to match the EPA N-list for decontaminants and provide decontaminant options to end users. The HHA RSM showed 90% probability levels of inactivation for log reductions of 0 through 7 log10, which allowed for rapid adjustments during the aircraft testing.

There were originally no time limitations set for aircraft sterilization (spore decontamination). The HHA time goal was reduced to ≤ 24 h for enveloped virus to increase HHA throughput and user acceptance. The time goal was further reduced by the end users and funding agencies to “1 h hold time; <6 h total time” after the COVID-19 pandemic had begun.

The HHA temperature goal was originally capped at the accepted temperature limit of C-130 aircraft (80°C), but that was for sterilization (spore decontamination). The HHA temperature goal was reduced to 60°C for the enveloped virus to increase HHA acceptance over a range of aircraft since 60°C is a standard, accepted test temperature for most aircraft materials. The time goal of ≤ 24 h provided the rationale for measuring HHA over several hours to develop RSM models. However, the end users and funding agencies raised the accepted temperature limit to 68.3°C during COVID-19 to reduce decontamination time.

Although there was a strong preference to reduce/eliminate humidity from HHA to reduce cost and complexity, all of the experimental data here showed that Φ6 was stable after drying. Virus was quickly inactivated after it was diluted in aqueous solutions and heated (solution control data). For HHA, the combination of high heat and high humidity, i.e., a high dew point, was critical to virus inactivation on materials in hour-long timeframes. This is consistent with long-known observations that enveloped virus is stabilized after drying on fomites. As an example, the enveloped virus smallpox was stabilized after it peeled/sloughed along with host cells and then dried on porous materials including clothes and blankets. Furthermore, historic data shows that enveloped viruses were stabilized in cold, dry climates (Fenn, 2001).

The end goal of the RSM was simplistic graphs where all decontamination test variables could be compared, understood, and utilized for field testing and field application. This was particularly useful for large hot, humid air decontamination systems with fluctuating temperature and RH, potential power disruptions, and decontamination goals that have fluctuated widely over time. Since the RSM models showed little difference in inactivation kinetics among the different materials, a composite RSM was developed as a primary reference guide. This reference guide served the purpose of guiding HHA field testing in aircraft. The RSM models translated to field demonstrations because there was a ≥5.9 log10 enveloped virus inactivation after both aircraft field tests, as predicted. The RSM models were also used as a guide for a number of iterative improvements between the first and second aircraft demonstration that shortened the overall HHA decontamination time from 5.5 to <3.5 h.

There were numerous conclusions. The Φ6 test indicators were useful measurements of inactivation for both lab and field testing. HHA successfully inactivated enveloped virus at high temperature and high humidity. The RSM models were adaptable to changes in user requirements and successfully utilized to predict HHA results for field applications. Much methods development and testing remains to confirm HHA inactivation kinetics across virus species, and to develop HHA models that include HHA ramp-up and ramp-down times. Lastly, HHA decontamination of aircraft was successful because the enveloped virus on the C-17 aircraft was inactivated, the aircraft was flown after the HHA field test, and then the C-17 was certified as an operational aircraft.
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The newly identified coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), causes coronavirus disease 2019 (COVID-19) and has affected over 25 million people worldwide as of August 31, 2020. To aid in the development of diagnostic kits for rapid and sensitive detection of the virus, we evaluated a combination of polymerase chain reaction (PCR) and isothermal nucleic acid amplification techniques. Here, we compared conventional PCR and loop-mediated isothermal amplification (LAMP) methods with hybrid techniques such as polymerase chain displacement reaction (PCDR) and a newly developed PCR-LAMP method. We found that the hybrid methods demonstrated higher sensitivity and assay reaction rates than those of the classic LAMP and PCR techniques and can be used to for SARS-CoV-2 detection. The proposed methods based on the modern hybrid amplification techniques markedly improve virus detection and, therefore, can be extremely useful in the development of new diagnostic kits.
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INTRODUCTION

The SARS-CoV-2 pandemic started in late December 2019, in Wuhan, China (Jiang and Shi, 2020; Wu et al., 2020; Zhou et al., 2020). By August 31, 2020, over 25 million cases of SARS-CoV-2 infection have been confirmed worldwide, with a death toll over 0.8 million. One key aspect of a safe transition from lockdown is the ability to continuously test the population for the presence of SARS-CoV-2 and hence, COVID-19 infected individuals. Nucleic acid testing is the primary method for COVID-19 diagnosis. The SARS-CoV-2 virion contains a single-stranded positive-sense RNA genome, 30,000 nucleotides in length (Zhou et al., 2020). Thus, testing involves the reverse transcription (RT) of SARS-CoV-2 RNA into complementary DNA (cDNA), followed by amplification of targeted regions of the cDNA. Currently, standard molecular techniques for the detection of the virus are quantitative RT polymerase chain reaction (RT-qPCR) (Bruce et al., 2020; Chu et al., 2020; Corman et al., 2020; Garafutdinov et al., 2020; Gray et al., 2020; Yip et al., 2020; Zhu et al., 2020) and RT loop-mediated isothermal amplification (RT-LAMP) (Ben-Assa et al., 2020; Butler et al., 2020; Garafutdinov et al., 2020; Gray et al., 2020; Lu et al., 2020; Zhang et al., 2020). RT-LAMP and RT-qPCR can be performed in either a one-step or two-step assay. In the one-step assay, RT and cDNA amplification processes are consolidated into one reaction. This assay format can provide rapid and reproducible results for high-throughput analysis. The challenge of the combined reaction process is the difficulty in optimizing the RT and amplification steps as they occur simultaneously, thereby leading to lower target amplicon generation. In the two-step assay, the reaction is carried out sequentially in separate tubes. This assay format is more sensitive than the one-step assay, but it is more time- and labor-consuming and requires optimization of additional parameters. Since the release of the SARS-CoV-2 genomic sequence, many RT-qPCR and RT-LAMP assays have been developed and used for the confirmation of many cases of SARS-CoV-2 infection during the course of the pandemic (Garafutdinov et al., 2020; Udugama et al., 2020).

RT-qPCR is the “gold standard” for molecular diagnostic assays and the method predominantly employed for diagnosing COVID-19 using respiratory tract samples (Garafutdinov et al., 2020; Udugama et al., 2020). It is a robust technique that reliably detects 30–50 copies of SARS-CoV-2 RNA molecules (Bruce et al., 2020; Gray et al., 2020) or less (Corman et al., 2020). However, RT-qPCR is a relatively time-consuming technique, requiring approximately 1.5–2 h.

RT-LAMP is an isothermal technique that provides a good alternative to PCR-based amplification assays. LAMP was first described in 2000 (Notomi et al., 2000). It uses a strand-displacing DNA polymerase, four or six primers, and provides a very fast and specific amplification of target DNA or cDNA at a constant temperature. One of the key advantages of using LAMP-based tests to detect infectious agents is the short duration of the assay (about 30–45 min for the DNA amplification stage). During the COVID-19 pandemic, rapid diagnostic assays such as RT-LAMP have become extremely important for high-throughput screening of patients. However, in several studies describing experiments on the detection of SARS-CoV-2 RNA molecules, RT-LAMP assays demonstrated less sensitivity than corresponding RT-qPCR tests, consistently detecting only 400 - 500 copies of RNA, with sporadic detection of as little as 120 copies (Gray et al., 2020; Zhang et al., 2020). Furthermore, RT-LAMP can generate false negative results up to 20% for patients with low viral loads testing positive by RT-qPCR (Ben-Assa et al., 2020; Butler et al., 2020).

Polymerase chain displacement reaction (PCDR) (Harris et al., 2013; Ignatov et al., 2014) and the newly developed PCR-LAMP technique (described below) are hybrid methods combining PCR-based thermocycling nucleic acid amplification with isothermal amplification. PCDR is a hybrid technique of PCR with strand displacement amplification (SDA). PCR-LAMP combines a PCR-like thermocycling mode at the initial stage of amplification with an isothermal LAMP mode during the following stage. The hybrid methods combine both the high sensitivity of PCR and the fast assay rate of isothermal amplification. In this work, we demonstrate the feasibility of applying the hybrid techniques of PCR thermocycling with SDA and LAMP isothermal amplification in the detection of SARS-CoV-2 viral RNA.



MATERIALS AND METHODS


Enzymes and Reagents

Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase was supplied by Thermo Fisher Scientific (Carlsbad, CA, United States). Reverase (reverse transcriptase enzyme), SD HotStart DNA polymerase (10 U/μL), SD DNA polymerase (100 U/μL), and 10× SD polymerase reaction buffer were supplied by Bioron GmbH (Römerberg, Germany). dNTPs were obtained from Bioline Limited (London, United Kingdom). Oligonucleotide primers were synthesized by Syntol JSC (Moscow, Russia). SARS-CoV-2 viral RNA (isolate—SARS-CoV-2/human/RUS/20200417_10/2020; GenBank accession number MT890462) (25,000 copies/μL) was supplied by Syntol JSC. The concentration of the RNA was verified by RT-qPCR with positive synthetic SARS-CoV-2 RNA Control 2 (SKU: 102024) from Twist Bioscience (San Francisco, CA, United States) and SARS-CoV-2 RT-qPCR Detection Kit from Syntol JSC. The real-time amplification reactions were performed using a CFX96 Touch Real-Time Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, United States).



Two-Step RT-qPCDR and RT-qPCR Assays

Reverse transcription (RT) reactions were performed using M-MLV reverse transcriptase according to the manufacturer’s (Thermo Fisher Scientific) instructions. Briefly, the RT reaction mixtures (20 μL each) were prepared as follows: RNA template solution (12 μL) containing 20, 200, 2000, or 20,000 copies of SARS-CoV-2 viral RNA, or 50 ng of human total RNA as a negative control, were mixed with 4 μL of 5 × first-strand buffer, 2 μL of 0.1 M DTT, 1 μL of 10 mM dNTP mix, 1 μL of 10 μM FP1 Primer (Supplementary Table S1) and 50 U of M-MLV reverse transcriptase. The RT mixtures were incubated for 50 min at 37°C and then 15 min at 70°C to inactivate the reaction.

For qPCDR and qPCR amplification of cDNA, 5 μL of the RT mixtures (containing 25% of the cDNA generated) was added to 20 μL of the respective qPCDR and qPCR master mixes that contained 1× SD polymerase reaction buffer, 0.5 U/μL SD HotStart DNA polymerase, 3 mM MgCl2, 0.35 mM dNTPs (each), and 0.4× SYBR Green I intercalating dye. The qPCR master mix contained two primers: FP2 and RP2 (0.4 μM each). The qPCDR master mix contained four primers: two inner primers FP2 and RP2 (0.4 μM each), and two outer primers FP1 and RP1 (0.2 μM each). The primers are described in Supplementary Table S1. Amplifications were carried out using a Bio-Rad CFX96 PCR machine and the following protocol: initial preheating at 92°C for 3 min, followed by 50 cycles: 92°C (10 s), and 68°C (30 s).



One-Step RT-q(PCR-LAMP) and RT-qLAMP Assays

RT-q(PCR-LAMP) and RT-qLAMP assay reactions (25 μL) contained either 5, 50, 500, or 5000 copies of SARS-CoV-2 viral RNA or 50 ng of human total RNA as a negative control, 1× SD polymerase reaction buffer, 10 mM DTT, 3.5 mM MgCl2, 0.5 mM dNTPs (each), 0.275× SYBR Green I intercalating dye, 0.4 U/μL Reverase reverse transcriptase, 4 U/μL SD DNA polymerase, and six primers (Supplementary Table S1): outer primers (F3 and B3; 0.16 μM each), inner primers (FIP and BIP; 1.6 μM each), and loop primers (LF and LB; 1.2 μM each).

The RT step of the assays was carried out as follows: 30 s at 58°C and then 7 min at 50°C, followed by qLAMP or q(PCR-LAMP) reactions. qLAMP was performed at 66°C for 40 min. q(PCR-LAMP) was carried out with an initial preheating at 92°C for 15 s, followed by 1, 2, 4, or 6 PCR cycles: 92°C (5 s) and 66°C (15 s), followed by isothermal amplification at 66°C for 35 min.



Data Analysis

All calculations were conducted with R language usage (R Core Team, 2019). Besides standard functions, several packages were used including RDML for raw amplification data manipulation (Rödiger et al., 2017), chipPCR for Cq calculation (Rödiger et al., 2015), and ggplot2 for generation of plots (Wickham, 2016).



RESULTS


RT-qPCDR Versus RT-qPCR

The sensitivity of the RT-qPCDR and RT-qPCR techniques in detecting SARS-CoV-2 RNA was evaluated using the two-step assay in which the RT and cDNA amplification steps were performed in two separate reactions. SD DNA polymerase used to amplify the cDNA is a thermostable Taq DNA polymerase mutant that has strong 5′–3′ strand displacement and 5′–3′ polymerase activities. This polymerase is suitable for PCR, PCDR, and isothermal DNA amplifications (Ignatov et al., 2014; Shchit et al., 2017; Smith, 2017; Alyethodi et al., 2018; Lou et al., 2018; Wang et al., 2018). The mixes for performing either qPCR or qPCDR were identical, except for two extra outer primers added in case of qPCDR. RT-qPCDR yielded better Cq values (−ΔCq approximately 5–7 cycles) and at least a ten-fold improvement in sensitivity than that of RT-qPCR (Figure 1 and Table 1). Under the experimental conditions, the qPCDR-based test detected as few as 5 copies of SARS-CoV-2 cDNA in less than 40 cycles. In contrast, the qPCR-based test provided consistent detection only at 50 copies of viral cDNA per reaction in 38–40 cycles.
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FIGURE 1. Comparison of two-step RT-qPCR and RT-qPCDR assays. After reverse transcription (RT) of SARS-CoV-2 RNA, the generated cDNA was detected by qPCR (A) or qPCDR (B). The quantitative real-time reaction assays contained 5000, 500, 50, or 5 copies of cDNA per reaction, or a no template control (NTC). RT-qPCDR provided better sensitivity in the assay than RT-qPCR. All curves reflect the mean relative fluorescence units (RFU) of three replicate reactions.



TABLE 1. qPCR and qPCDR amplification of SARS-CoV-2 cDNA.
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RT-q(PCR-LAMP) Versus RT-qLAMP

The standard RT-qLAMP and hybrid RT-q(PCR-LAMP) reactions were performed in a one-step assay, where RT and cDNA amplification were carried out in the reaction mixture containing both Reverase reverse-transcriptase and SD DNA polymerase. The standard RT-qLAMP assay was able to detect only 500 copies of SARS-CoV-2 RNA per reaction (Figure 2 and Table 2). In contrast, the RT-q(PCR-LAMP) test provided consistent detection at levels as low as 5 copies per reaction (lower titers were not tested). Increasing the number of PCR cycles up to six before LAMP improved the assay results, but additional cycles beyond six did not provide any additional benefit (data not shown).
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FIGURE 2. Comparison of one-step RT-qLAMP and RT-q(PCR-LAMP) assays. The reaction assays contained 5000, 500, 50, or 5 copies of SARS-CoV-2 RNA molecules, or a no template control (NTC). Negative control reactions contained 50 ng of human total RNA. The detection of viral RNA was performed by RT-qLAMP (A) and RT-q(PCR-LAMP) (B–E) assays. The RT-q(PCR-LAMP) assays were carried out with one (B), two (C), four (D), and six (E) PCR cycles before the LAMP isothermal amplification step and provided better sensitivity than the RT-qLAMP assay. The figure shows the amplification reaction time. Time “zero” on the x-axis is the start of the isothermal (LAMP) amplification step. The time required for PCR cycling is highlighted by the gray color at the start of the timeline. All curves are the mean relative fluorescence units RFU of three replicate reactions.



TABLE 2. Comparison of RT-qLAMP and RT-q(PCR-LAMP) assays.
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DISCUSSION

During the COVID-19 pandemic, the availability of rapid diagnostic assays is extremely important for high-throughput screening of individuals. For the fast and sensitive detection of a target nucleic acid, we offer a new approach for DNA amplification, combining PCR and isothermal amplification techniques in one assay.

PCDR is the first method of DNA amplification, which combines PCR and isothermal amplification technique, was described in 2013. It is a hybrid of PCR and isothermal SDA. The technique requires heat denaturation of dsDNA, as in conventional PCR, as well as the strand displacement activity of DNA polymerase, as in SDA. In PCDR, at least four primers are employed and amplification is initiated simultaneously from the outer primers and the inner primers. By using a DNA polymerase with the strand displacement activity, the inner DNA strands are displaced during DNA synthesis from the outer primers and can be used as additional template strands for DNA amplification. As a result, PCDR enhances DNA amplification more than two-times per cycle as compared with the standard two-primer PCR. The schematic, mechanism and kinetics of PCDR amplification have been described previously (Harris et al., 2013; Ignatov et al., 2014). We used RT-qPCDR for the detection of SARS-CoV-2. The use of qPCDR allowed us to detect as few as 5 copies of SARS-CoV-2 cDNA in the reaction in less than 40 cycles, which took about 45–50 min. Under similar conditions, conventional qPCR was able to detect only 50 copies of cDNA. Thus, in agreement with earlier described findings (Harris et al., 2013; Ignatov et al., 2014; Lou et al., 2018; Wang et al., 2018), the PCDR-based assay demonstrated higher efficiency and at least a ten-fold increased sensitivity than that of the PCR-based assay (Figure 1 and Table 1).

LAMP is a fast and specific isothermal method for DNA amplification. Unfortunately, the use of LAMP for SARS-CoV-2 detection provides robust detection of the virus only if a few hundred (or more) copies of viral RNA are present in the reaction assay (Gray et al., 2020; Zhang et al., 2020). Lower amounts of viral RNA generate a large proportion of false negative results (Ben-Assa et al., 2020); thus, the improvement of assay sensitivity is very important. In an attempt to improve sensitivity, we combined LAMP and PCR and added several PCR cycles before the isothermal amplification. Our hypothesis was that in the case of a low amount of cDNA, the additional PCR cycles would provide amplification of the starting material to the level of DNA copies, which would be sufficient to ensure the start of LAMP. For example, 6 PCR cycles can amplify 5 copies of a target DNA up to 320 copies, which is sufficient for the fast and specific initiation of LAMP. Also, an increase in the number of PCR cycles before LAMP leads to a decrease in the time (Tq) of the LAMP stage in the qPCR-LAMP assays.

The results of the RT-qLAMP and RT-q(PCR-LAMP) assays (Figure 2 and Table 2) demonstrated that RT-q(PCR-LAMP) was approximately 100-fold more sensitive than conventional RT-qLAMP. The use of RT-q(PCR-LAMP) allowed us to detect as few as 5 copies of SARS-CoV-2 RNA per reaction and required only 35 min for the amplification step, including 6 cycles of PCR.



CONCLUSION

In conclusion, the hybrid methods of DNA amplification combined with PCR and isothermal amplification, such as PCDR and PCR-LAMP, allowed us to markedly improve the results of SARS-CoV-2 detection in comparison with conventional PCR and LAMP assays. The hybrid methods reduced the testing time and/or increased the sensitivity against standard amplification methods. The described RT-qPCDR and RT-q(PCR-LAMP) methods are fast and very sensitive and can be used for SARS-CoV-2 RNA detection.
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Genetic information is being generated at an increasingly rapid pace, offering advances in science and medicine that are paralleled only by the threats and risk present within the responsible systems. Human genetic information is identifiable and contains sensitive information, but genetic information security is only recently gaining attention. Genetic data is generated in an evolving and distributed cyber-physical system, with multiple subsystems that handle information and multiple partners that rely and influence the whole ecosystem. This paper characterizes a general genetic information system from the point of biological material collection through long-term data sharing, storage and application in the security context. While all biotechnology stakeholders and ecosystems are valuable assets to the bioeconomy, genetic information systems are particularly vulnerable with great potential for harm and misuse. The security of post-analysis phases of data dissemination and storage have been focused on by others, but the security of wet and dry laboratories is also challenging due to distributed devices and systems that are not designed nor implemented with security in mind. Consequently, industry standards and best operational practices threaten the security of genetic information systems. Extensive development of laboratory security will be required to realize the potential of this emerging field while protecting the bioeconomy and all of its stakeholders.
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INTRODUCTION

Genetic information contained in nucleic acids, such as deoxyribonucleic acid (DNA), has become ubiquitous in society, enabled primarily by rapid biotechnological development and drastic decreases in DNA sequencing and DNA synthesis costs (Naveed et al., 2015; Berger and Schneck, 2019). Innovation in these industries has far outpaced regulatory capacity and remained somewhat isolated from the information security and privacy domains. Human genetic data contains a wealth of sensitive information. It can be used to identify an individual (Lin et al., 2004; Lowrance and Collins, 2007; Erlich et al., 2018) and predict their physical characteristics (Lippert et al., 2017; Li et al., 2019). The identifiability of genetic information is a critical challenge leading to growing consumer privacy concerns (Baig et al., 2020). Yet, genetic data is not always defined as protected health information or personally identifiable data by law. Once digital genetic data is stolen or disclosed, it cannot be reissued or changed in the same manner as other information types. A single human whole genome sequence can cost hundreds to thousands of dollars per sample, and when amassed, genetic information of large cohorts can be worth millions of dollars1,2,3. This positions human genetic information systems as likely targets for cyber and physical attacks, both of which could lead to global-scale impact.

It is also well known that biotechnology has a dual use nature leading to positive and negative applications, and genetic data of non-human sources is also valuable and can be considered sensitive. Synthetic biology has great potential to revolutionize many industries, but designer microbes can also be generated with CRISPR-Cas and other techniques that present global health and national security concerns (Salerno and Koelm, 2002; Chosewood and Wilson, 2009; Berger and Roderick, 2014; Werner, 2019). Microbiological genetic information systems are considered critical public health infrastructure (Fayans et al., 2020), plants can be manipulated to create potential health hazards (Mueller, 2019a), and methods for tracking genetically modified organisms can be exploited if appropriate techniques are not used (Mueller, 2019b). Sensitive genetic data of humans and other entities and their respective systems must be secured to prevent private to global risks (Jordan et al., 2020; Sawaya et al., 2020).

Security incidents surrounding genetic information systems are on the rise, and many relevant incidents have been documented by news sources4,5,6,7 and breach notifications8,9,10,11,12,13,14,15. The most common reasons have been misconfigurations in cloud security settings, email phishing attacks, and the compromise of connected third-party systems. As a result, these groups may face legal action16, penalties, reputational loss, and many other risks and consequences. The National Health Service’s Genomics England database in the United Kingdom has been targeted by nation-state threat actors17, and 23andMe’s Chief Security Officer said their database of around 10 million individuals is of extreme value and therefore “certainly is of interest to nation states.”18 Despite this recognition, proper measures to protect genetic information are often lacking under current practices in relevant industries and stakeholders.

Extensive work has been published surrounding the security of genetic information, highlighting that, as a newly developing field, cyberbiosecurity will require continuous assessment of risks as they emerge (Peccoud et al., 2018). Genetic information security is considered a critical aspect to comprehensive cyberbiosecurity and the bioeconomy (Institute of Medicine and National Research Council, 2006; Murch et al., 2018; Berger and Schneck, 2019; Murch and DiEuliis, 2019; Reed and Dunaway, 2019; Fayans et al., 2020; Jordan et al., 2020; National Academies of Sciences, Engineering, and Medicine, 2020; Sawaya et al., 2020). Multi-stakeholder and interdisciplinary collaboration, improved understanding of the security risks to biotechnology, characterization of biotechnology ecosystems, and assessment frameworks specific to biotechnology sectors and facility types will all be required in order to develop appropriate cyberbiosecurity countermeasures (Peccoud et al., 2018; Millett et al., 2019; Schabacker et al., 2019).

Toward the above issues and goals, this paper expands upon a previous microbiological genetic information system assessment (Fayans et al., 2020) by including a broader range of genetic information and system components, as well as novel concepts and additional vulnerabilities and threats to the ecosystem. Herein, genetic information systems are characterized from a security perspective, and the foundation for future assessments of these ecosystems has been established for which improvement and further development will be needed.



METHODOLOGY

Confidential communications and interviews with leaders and technical personnel from eighteen relevant stakeholders occurred over the course of 9 months. These organizations can be broadly categorized as manufacturers and vendors, insurance and healthcare providers, research institutions, government and military groups, third-party service providers, and diagnostic laboratories. A third of these organizations contained one or more sequencing laboratories, and the remainder covered critical components of the system before or after sequencing laboratory stages. Several of the organizations allowed on-premise observation of, and interaction within, their environments, as well as in-depth uncredentialed and credentialed assessments of their property, people, processes, and technology. Specifically, DNA sequencing instruments as the point of raw data generation and other laboratory equipment and their networked data communications were focused on. Standard security tools and techniques were applied, such as vulnerability scanning, packet monitoring, threat modeling, configuration assessment, digital forensics, and full-stack assessments, including hardware teardowns and dynamic and static analysis of various software components. Organizational policies, external regulations, and other relevant items were also examined. Specific details and results have been omitted for confidentiality purposes. Such activities provided insight into the stakeholders’ perceptions, external requirements, implementations, concerns, and weaknesses regarding the security of their genetic information systems and organizations overall. This manuscript is primarily a summary of the researchers’ practical experience and direct observation of laboratory infrastructure backed by literature and industry input. Observed vulnerabilities and threats uncovered in the research have been reported to the appropriate agencies and stakeholders; this information will be made public once ethical disclosure and mitigation processes have concluded.



THE GENETIC INFORMATION THREAT LANDSCAPE

Confidentiality, integrity, and availability are the core principles governing the security of sensitive systems and information (International Organization for Standardization [ISO], 2012). Confidentiality is the principle of ensuring access to assets is restricted based upon the assets’ sensitivity. Integrity is the concept of protecting assets from unauthorized modification or deletion, while availability ensures assets are accessible to authorized parties at all times. Genetic information, which includes both biological material and digital genetic data, is the primary asset of concern, and associated assets, such as metadata, electronic health records and intellectual property, are also vulnerable within these systems. Genetic information systems are centered around one or more genetic sequencing devices, and include all inputs and outputs of these sequencing devices, as well as all upstream or downstream components that handle those data or materials.

Genetic information systems are distributed cyber-physical systems containing numerous stakeholders (Supplementary Appendix 1), personnel, and devices with extensive computing and networking capabilities (Reed and Dunaway, 2019; Figure 1). Software, hardware, and many other components introduce attack vectors that can be used to compromise these systems (Figure 1), including through purposefully adversarial activity and human error. Organizations take steps to monitor and prevent error, and molecular biologists are skilled in laboratory techniques; however, they were found to commonly not have the expertise and resources to securely configure and operate these environments, nor are stakeholders always enabled to do so by third-party service contracts that we examined. Basic security features and tools, such as antivirus software, are usually recommended with little support given, and they can also easily be subverted. Advanced and comprehensive controls and policies are not commonly implemented. On-premise or adjacent network attacks could lead to certain devices, stakeholders, and individuals being affected, while supply chain and remote attacks could lead to global-scale impact. Depending on the type and scale of a threat or exploit, hundreds to millions of people’s data could be compromised.


[image: image]

FIGURE 1. Data flow diagram of a generalized genetic information system and the accompanying threat landscape. Genetic information systems are cyber-physical systems divided into three phases with people interacting with system components throughout. The pre-analytical phase involves the collection, storage, and distribution of biological samples. The analytical phase includes wet laboratory preparation, DNA sequencing, and bioinformatic pipeline subphases. In the analytical phase, genetic data is generated, analyzed, transmitted, and stored by several hosts or devices. The post-analytical phase involves the dissemination, application, and amassed long-term storage of genetic data. Every system component and stakeholder are vulnerable to exploitation via the attack vectors denoted by red letters. Figure modified from Fayans et al. (2020) with permissions. More information on the ecosystem is provided in Supplementary Appendix 2. QC, quality control; Comp, computing device.



Personnel and Physical Access

Unauthorized physical access or insider threats could allow for theft of assets or the use of other attack vectors on any phase of the ecosystem. Small independent laboratories do not often have resources to implement strong physical security. Large institutions are usually enabled to maintain strong physical security, but the relatively large number of personnel and devices that need to be secured creates a complex attack surface. Ultimately, the strongest cybersecurity can be easily circumvented by weak physical security.

Insider threats are a problem for information security because personnel possess deeper knowledge of an organization and its systems. Many countries rely on foreign nationals working in biotechnological fields that may be susceptible to foreign influence19, and citizens can also be susceptible20. Personnel could introduce many exploits on-site if coerced or threatened (Reed and Dunaway, 2019; Walsh and Streilein, 2020). Even when not acting in a purposefully malicious manner, personnel can unintentionally compromise the integrity and availability of genetic information through error (US Office of the Inspector General, 2004). Appropriate safeguards should be in place to ensure that privileged individuals are empowered to do their work correctly and efficiently, but all activities should be documented and monitored when working with sensitive genetic information.



Biological Samples, Metadata, and Repositories

Sample collection, storage, and distribution processes have received little recognition as legitimate points for the compromise of genetic information. Biological samples as inputs into this ecosystem can be modified maliciously to contain encoded malware, although this has to date only been demonstrated in a system in which the sequencing software was artificially engineered to include a vulnerability that would be triggered by the encoded malware (Ney et al., 2017). Biological samples could also be degraded, modified, or destroyed to compromise the materials,’ and resulting data’s, integrity and availability. We found sample repository and storage equipment to often be connected to networks for monitoring purposes, making them vulnerable to adjacent network and remote attacks. Biorepositories and the collection and distribution of samples could be targeted to steal numerous biological samples, such as in known genetic testing scams21, and targeted exfiltration of small numbers of samples may be difficult to detect. The storage, transit, and destruction of sensitive biological material should be considered by stakeholders to be an important facet of overall genetic information security and cyberbiosecurity.

Though potentially unlikely, other organizations within the ecosystem could be targeted for the theft of samples and processed DNA libraries, as well. The wet laboratory preparation and DNA sequencing subphases last several weeks and produce unused waste and stored material. At the conclusion of sequencing runs, the consumables that contain DNA molecules are not always considered sensitive and can be found unwittingly maintained in many laboratories. Several cases have been documented of DNA being recovered and successfully sequenced while aged for years in non-controlled environments (Colotte et al., 2011). Limited attention is payed to the secure destruction of consumables or other potential sources of biological material as there is little concern for such targeted attacks.



Laboratories and Equipment

DNA sequencing systems and laboratories were found to be multifaceted in their design and threat profile. DNA sequencing instruments have varying scalability of throughput, cost, and unique considerations for secure operation (Table 1). They have built-in computers and commonly have connected computers and servers for data storage, networking, and analytics. Sequencing system devices contain a number of different hardware components, firmware, software, and operating systems, including insecure legacy versions (National Academies of Sciences, Engineering, and Medicine, 2020). Wireless or wired local network and remote Internet connections are required for maintenance, data transmission, and analytics in most operations. Wireless capabilities and Bluetooth technology were commonly found within laboratories, presenting unnecessary access vectors and threats to these systems.


TABLE 1. Overview of popular genetic sequencing devices and systems.

[image: Table 1]Device vendors obtain various internal hardware components from several sources and integrate them into laboratory devices that contain vendor-specific intellectual property and software. Generic hardware components are often produced in various countries, which is cost effective but leads to insecurities and a lack of hardening for specific end-use purposes. Hardware vulnerabilities could be exploited on-site, or they can be implanted during manufacturing and supply-chain processes for widespread and unknown security issues (Anderson and Kuhn, 1997; Shwartz et al., 2017; Ender et al., 2020; Fayans et al., 2020). Such hardware issues are unpatchable and will remain with devices forever until newer devices can be manufactured to replace older versions. Unfortunately, adversaries can always shift their techniques to create novel vulnerabilities within new hardware in a continual vicious cycle.

Third-party manufacturers and device vendors implement firmware in these hardware components. Embedded device firmware has been shown to be more susceptible to cyber-attacks than other forms of software (Shwartz et al., 2017). In-field upgrades are difficult to implement, and like hardware, firmware and operating systems can be maliciously altered within the supply chain (Fayans et al., 2020). A firmware-level exploit would allow for the evasion of operating system and software-level security features. Firmware exploits can remain hidden for long periods, even after hardware replacements or wiping and restoring to default factory settings. For example, operating systems have specific disclosed Common Vulnerabilities and Exposures (CVEs)22. Additionally, researchers have confirmed the possibility of index hopping, or index misassignment, by sequencing device software, resulting in customers receiving confidential data from other customers (Ney et al., 2017) or downstream data processors inputting incorrect data into their analyses. Some software vulnerabilities can be partially mitigated by frequent updates. However, operating systems and firmware are typically updated every 6–12 months by a field agent accessing a sequencing device on site. Device operators are not allowed to modify the device in any way, yet they are responsible for security aspects of this equipment. With ubiquitous implementation throughout the ecosystem, software issues are especially concerning (National Academies of Sciences, Engineering, and Medicine, 2020).

DNA sequencing infrastructure is proliferating, and sequencing services are becoming more affordable. In 2020, technology developed by Beijing Genomics Institute has finally resulted in the $100 human genome (Drmanac, 2020) while US prices remain around $1,000 per sample. Stakeholders often take advantage of cheaper services by third-party sequencing providers that reside across national borders (Office of the US Trade Representative, 2018), indicating that genetic data could be aggregated globally by nation-states23 and other actors during the analysis phase.



Storage and Compute Infrastructure

Raw signal sequencing data are stored on a sequencing system’s memory and are transmitted to one or more endpoints. Transmitting data securely across a local network requires internal information technology (IT) configurations. Vendor documentation usually mentions implementing a firewall to secure sequencing systems. Doing so correctly requires deep knowledge of secure networking and vigilance of network activity. Documentation also commonly mentions disabling and enabling certain network protocols and ports and further measures that can be difficult for most small- to medium-sized organizations, while also omitting other common controls and mitigations.

Laboratories and DNA sequencing systems are connected to third-party services, and laboratories have little control over the security posture of these connections. Independent cloud platforms and DNA sequencing vendors’ cloud platforms are implemented for bioinformatic processing, data storage, and device monitoring and maintenance capabilities (Table 1). Multi-factor authentication, role- and task-based access, and many other security measures are not common in these platforms. Misconfigurations to cloud services and remote communications are a primary vulnerability to genetic information, demonstrated by prior breaches. Laboratory information management systems (LIMS) are also frequently implemented within laboratories and connected to sequencing systems and laboratory networks (Roy et al., 2016), and DNA sequencing vendors provide their own LIMSs as part of their cloud offerings. Even when LIMS and cloud platforms meet all regulatory requirements for data security and privacy, they are handling data that is not truly anonymized and therefore remains identifiable and sensitive. Furthermore, specific CVEs have been disclosed for dnaTools’ dnaLIMS product24 that were actively exploited by a foreign nation-state25. Phishing attacks are another major threat, as email services add to the attack surface in many ways. Sequencing service providers often share links granting access to datasets via email. These email chains are a primary trail of transactions that could be exploited to exfiltrate data on clients, metadata of samples, or genetic data itself.

Some laboratories transmit raw data directly to an external hard drive per customer or regulatory requirements. Reducing network activity in this way can greatly minimize the threat surface of sensitive genetic information. Separating networks and devices from other networks, or air gapping, while using hard drives is possible, but even air-gapped systems have been shown to be vulnerable to compromise (Guri et al., 2019; Guri, 2020). Sequencing devices are still required to be connected to the Internet for maintenance and are often connected between offline operations. Hard drives can be physically secured and transported; however, these methods are time and resource intensive, and external drives could be compromised for the injection of modified software or malware.



Bioinformatic Pipeline

To determine the success of a sequencing run, bioinformatics analyses are necessary, but this software has not been commonly scrutinized in security contexts or subjected to the same adversarial pressure as other more mature software (National Academies of Sciences, Engineering, and Medicine, 2020). Open-source software is widely used across genomics, acquired from several online code repositories, and heavily modified for individual purposes, but it is only secure when security researchers are incentivized to assess these products. In a specialized and niche industry like genomics and bioinformatics, this is typically not the case. Bioinformatic programs have been found to be vulnerable due to poor coding practices, insecure function usage, and buffer overflows (Ney et al., 2017), such as the Burrow Wheeler Aligner (BWA) example26,27. This program is hosted on cloud platforms and available for on-site use within laboratories. Researchers have also uncovered that algorithms can be forced to mis-classify by intentionally modifying data inputs, breaking the integrity of any resulting outputs (Finlayson et al., 2019). Nearly every imaginable algorithm, model type, and use case have been shown to be vulnerable to this kind of attack across many data types (Biggio and Roli, 2018), especially those relevant to raw signal and sequencing data formats. Similar attacks could be carried out in the processing of raw signal data internal to a sequencing system or on downstream bioinformatic analyses accepting raw sequencing data or processed data as an input.



Dissemination Practices and Database Storage

Alarming amounts of human and other sensitive genetic data are publicly available28,29,30,31,32 (Vinatzer et al., 2019). Several funding and publication agencies require public dissemination, so researchers commonly contribute to open and semi-open databases (Shi and Wu, 2017). Healthcare providers either house their own internal databases or disseminate to third-party databases. Their clinical data is protected like any other healthcare information as required by regulations; however, this data can be sold and aggregated by external entities. DTC companies keep their own internal databases closely guarded and can charge steep prices for third-party access. Data sharing is prevalent when the price is right. Data originators often have access to their genetic data and test results for download in plaintext. These reports can then be uploaded to public databases, such as GEDmatch and DNA.Land, for further analyses, including finding distant genetic relatives with a shared ancestor (Erlich et al., 2018). A well-known use of such identification tactics was the infamous Golden State Killer case (Edge and Coop, 2019). Data sharing is dependent upon the data controller’s wants and needs, barring any legal or business requirements from other involved stakeholders.

Genetic database vulnerabilities have been well studied and disclosed (Gymrek et al., 2013; Erlich and Narayanan, 2014; Naveed et al., 2015; Edge et al., 2017; Ney et al., 2018; Vinatzer et al., 2019; Edge and Coop, 2020; Ney et al., 2020). For example, the contents of the entire GEDmatch database could be leaked by uploading artificial genomes (Ney et al., 2020). Such an attack would violate the confidentiality of more than a million users’ and their relatives’ genetic data because the information is not truly anonymized. Even social media posts can be filtered for keywords indicative of participation in genetic research studies to identify research participants in public databases (Liu et al., 2019). All told, tens of millions of research participants, consumers, and relatives may already be at risk.



DISCUSSION

Security is a spectrum; stakeholders must do everything they can to chase security as a best practice. Securing genetic information is a major challenge in this rapidly evolving ecosystem. Attention has primarily been placed on the post-analytical phase of genetic information systems for security and privacy, but adequate measures have yet to be universally adopted. The pre-analytical and analytical phases are also vulnerable points for data compromise that must be addressed. Adequate national regulations are needed for security and privacy enforcement, incentivization, and liability, but legal protection is dictated by regulators’ responses and timelines. However, data originators, controllers, and processors can take immediate action to protect their data.

Genetic information security is a shared responsibility between sequencing laboratories and device vendors, as well as all other involved stakeholders. To protect genetic information, laboratories, biorepositories, and other data processors need to create strong organizational policies and reinvestments toward their physical and cyber infrastructure. They also need to determine the sensitivity of their data and material and take necessary precautions to safeguard sensitive genetic information. Data controllers, especially healthcare providers and DTC companies, should reevaluate how their genetic data is generated and processed, with special consideration for the identifiability of human genetic data. Device vendors need to consider security when their products are being designed, implemented, and maintained throughout their lifecycles.

Many of these recommendations go against the current paradigms in genomics and related industries and will therefore take time, motivation, and incentivization before being actualized, with regulation being a critical factor. In order to secure and protect all stakeholders of genetic information systems, sequencing instrumentation, bioinformatics software, cloud platforms, data access models, and other system components need to be analyzed, and in-depth assessments of this threat surface will be required. Unique threat models and assessment frameworks are needed for specific and niche industry sectors, and genomics is a perfect example. Novel security and privacy countermeasures will need to be developed that protect the confidentiality of genetic information while ensuring its integrity for accurate diagnoses and applications and its availability for rapid public health responses. These security requirements will need to be balanced and dependent upon the context of use cases. These items will require collaborative engagement between stakeholders to reevaluate and implement improved security controls into genetic information systems (Berger and Schneck, 2019; Schabacker et al., 2019; Moritz et al., 2020). The development and implementation of genetic information security will foster a healthy and sustainable bioeconomy without damaging privacy or security.

There can be security without privacy, but privacy requires security. These two can be at odds with one another in certain contexts. For example, personal security aligns with personal privacy, whereas public security can require encroachment on personal privacy. A similar story is unfolding within genomics. Genetic data must be shared for public good, but this can jeopardize personal privacy. However, genetic data necessitates the strongest protections possible for public security and personal security. Appropriate genetic information security will simultaneously protect everyone’s safety, health, and privacy.
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https://blog.myheritage.com/2020/07/security-alert-malicious-phishing-attempt-detected-possibly-connected-to-gedmatch-breach/
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https://www.ambrygen.com/legal/substitute-notice
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https://media.dojmt.gov/wp-content/uploads/Data-Breach-NotificationDetails11.pdf

12
https://media.dojmt.gov/wp-content/uploads/Consumer-Notice-73.pdf

13
https://privacyrights.org/data-breaches/myriad-genetic-laboratories-inc

14
https://blog.myheritage.com/2018/06/myheritage-statement-about-a-cybersecurity-incident/

15
https://media.dojmt.gov/wp-content/uploads/Shire-Human-Genetic-Therapies-Inc.pdf

16
https://www.classaction.org/news/ambry-genetics-corp-hit-with-class-action-over-jan-2020-data-breach-affecting-230000

17
https://www.telegraph.co.uk/news/2018/12/05/nhs-storing-patients-genetic-data-high-security-army-base-due/

18
https://www.telegraph.co.uk/technology/2020/03/09/dna-testing-firms-risk-state-sponsored-hacks-says-23andme-security/

19
https://www.fbi.gov/investigate/counterintelligence/foreign-influence

20
https://www.sciencemag.org/news/2020/06/fifty-four-scientists-have-lost-their-jobs-result-nih-probe-foreign-ties

21
https://oig.hhs.gov/fraud/consumer-alerts/alerts/geneticscam.asp

22
https://cve.mitre.org/

23
https://www.fbi.gov/news/pressrel/press-releases/fbi-and-cisa-warn-against-chinese-targeting-of-covid-19-research-organizations

24
https://www.shorebreaksecurity.com/blog/product-security-advisory-psa0002-dnalims/

25
https://www.zdnet.com/article/mysterious-iranian-group-is-hacking-into-dna-sequencers/

26
https://share-ng.sandia.gov/news/resources/news_releases/genomic_cybersecurity/

27
https://nvd.nist.gov/vuln/detail/CVE-2019-10269

28
https://my.pgp-hms.org/public_genetic_data

29
https://gnomad.broadinstitute.org/downloads

30
https://platform.stjude.cloud/data/diseases

31
https://www.ensembl.org/Homo_sapiens/Info/Index

32
https://www.completegenomics.com/public-data/
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Objectives: With the worldwide spread of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), various antibody detection kits have been developed to test for SARS-CoV-2– specific IgG, IgM, and total antibody. However, the use of different testing methods under various heat-inactivation conditions might affect the COVID-19 detection results.

Methods: Seven different antibody detection kits produced by four manufacturers for detection of SARS-CoV-2 IgG, IgM, and total antibody were tested at Wuhan Huoshenshan Hospital, China. Most of the kits used the indirect immunity, capture, and double-antigen sandwich methods. The effects of various heat-inactivation conditions on SARS-CoV-2-specific IgG, IgM, and total antibody detection were analyzed for the different test methods.

Results: Using the indirect immunity method, values for SARS-CoV-2 IgG antibody significantly increased and those for IgM antibody decreased with increasing temperature of heat-inactivation using indirect immunity method. However, values for SARS-CoV-2 IgM and total antibody showed no change when the capture and double-antigen sandwich methods were used. The changes in IgG and IgM antibody values with the indirect immunity method indicated that heat-inactivation could affect COVID-19 detection results obtained using this method. In particular, 18 (22.2%) SARS-CoV-2 IgM positive samples were detected as negative with heat-inactivation at 65°C for 30 min, and one (25%) IgG negative sample was detected as positive after heat-inactivation at 56°C for 60 min and 60°C for 30 min.

Conclusions: Heat-inactivation could increase SARS-CoV-2 IgG antibody values, and decrease IgM antibody values, causing potential false-positive or false-negative results for COVID-19 antibody detection using the indirect immunity method. Thus, before conducting antibody testing, the testing platforms should be evaluated in accordance with the relevant requirements to ensure accurate COVID-19 detection results.

Keywords: COVID-19, SARS-CoV-2, IgG and IgM antibody, heat-inactivation, indirect immunity method


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has rapidly spread worldwide, threatening human health and economic development (1). As of 1 December 2020, the World Health Organization has documented 63,691,642 confirmed cases of COVID-19, with 1,476,277 deaths (2.32%) worldwide. On January 30, 2020, the World Health Organization issued a statement announcing that COVID-19 was a Class I public health emergency of global concern (2).

In the early stages of the COVID-19 outbreak, nucleic acid detection was the main method used for the detection of this disease (3). However, this method required samples from throat swabs, which were highly infectious, and methodological limitations led to long detection periods (4). According to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (7th Trial Version) in China released on March 3, 2020 (5), serological testing for SARS-CoV-2-specific IgG antibody (Ab) and IgM Ab was identified as suitable for the detection of COVID-19. On April 1, 2020, the US Food and Drug Administration authorized the first SARS-CoV-2 Ab detection kit (6).

Heat-inactivation is a common virus inactivation method used in laboratories. Owing to serious pathogenicity and infectivity of COVID-19, the Inspection Branch of the Chinese Association of Laboratory Medicine required that effective biological safety precautions were taken in laboratories when analyzing the virus; among these precautions, it was recommended that serum samples should be heat-inactivated before serological Ab detection to ensure biosecurity. However, heat-inactivation could affect the values of IgG and IgM Ab detection, with possible effects on the results of clinical tests for COVID-19. At present, at Wuhan Huoshenshan Hospital of China, seven different Ab detection kits for SARS-CoV-2-specific IgG, IgM, and total Ab, produced by four manufacturers, have been used in clinical tests. The current study investigated the effects of various heat-inactivation conditions (including 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min and 65°C for 30 min) on the SARS-CoV-2 antibody detection with the indirect immunity, capture, and double-antigen sandwich methods, using chemiluminescence microparticle immunoassay (CMIA) and up-converting phosphor technology (UPT). Potential false-positive and false-negative rates for COVID-19 detection were also analyzed.



MATERIALS AND METHODS


Data Collection

All serum samples used in this study were collected from patients admitted to Wuhan Huoshenshan Hospital of China between February 4 and April 12, 2020, and diagnosed with COVID-19 infection by nucleic acid testing according to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (7th Trial Version). Huoshenshan Hospital was established in early February, 2020, and built within 10 days, it is one of the biggest designated hospitals for COVID-19 patients in China, with well-trained clinicians and up-to-date laboratory equipment. This study was approved by the Medical Ethical Committee of Huoshenshan Hospital, Wuhan, China (HSSLL011 and HSSLL012), and written informed consent was obtained from the patients.



Experimental Regents and Instruments

Seven different SARS-CoV-2-specific IgG, IgM, and total Ab detection kits, using the indirect immune method, capture method, or double-antigen sandwich method, based on CMIA and UPT, and produced by four different manufacturers, were tested at Wuhan Huoshenshan Hospital of China (Table 1). In which, the SARS-CoV-2-specific IgG and IgM Ab detection kits, using the indirect immune method, based on CMIA, produced by the same manufacture were under the approval process by National Medical Products Administration of China. The other five different Ab detection kits, including SARS-CoV-2-specific IgG, IgM, and total antibody detection kits, using the indirect immune method, capture method, or double-antigen sandwich method, based on CMIA and UPT, produced by three manufactures had been approved by National Medical Products Administration of China, and the corresponding approval number of National medical device products had been released online. A UPT immunoassay analyzer (UPT-3A-1200), automatic chemiluminescence immunoassay analyzer (Caris200), automatic chemiluminescence immunoassay analyzer (CL-2000i), and automatic chemiluminescence immunoassay analyzer (iFlash 3000-H) were used in this study.


Table 1. SARS-CoV-2 antibody detection kits.
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Experimental Methods

Owing to the specificity of Wuhan Huoshenshan Hospital, detection SARS-CoV-2 Ab without heat-inactivation was used as a control. Serological tests for, and total Ab were performed using the corresponding Ab detection kits, according to the manufacturers' instructions. In brief, for SARS-CoV-2-specific IgG and IgM Ab detection using indirect immunity method, magnetic beads coated with the specific IgG or IgM antigen (Ag) were mixed with analyte serum samples to form Ag/Ab complex, after washing, second Ab Mouse anti-human IgG or IgM coated with acridinium ester were mixed to form Ag/Ab/second Ab complex, after washing, pre-excitation fluid and excitation fluid was added, then the relative light unit (RLU) of signal was detected. For SARS-CoV-2 total Ab detection using double-antigen sandwich method, were mixed with analyte serum samples to form Ag/Ab complex, after washing, specific Ag coated with acridinium ester were mixed to form Ag/Ab/Ag complex, after washing, pre-excitation fluid and excitation fluid was added, then the RLU of signal was detected. For SARS-CoV-2-specific IgM Ab detection using capture method, magnetic beads coated with anti-human specific IgM Ab mixed with analyte serum samples, after washing, specific Ag coated with acridinium ester were mixed to form Ab/IgM/Ab complex, after washing, pre-excitation fluid and excitation fluid was added, then the RLU of signal was detected (Figure 1). Before testing, serum samples were heat-inactivated in a water bath at 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min, and 65°C for 30 min.


[image: Figure 1]
FIGURE 1. Schematic diagram of indirect immunity, double-antigen sandwish, and capture method.




Statistical Analysis

Data are presented as mean ± standard deviation (SD), and measured by GraphPad Prism 8.0. Statistical significance was analyzed by two-tailed paired student's t-test. Differences at p < 0.05 were considered to statistical significance.




RESULTS


Effects of Heat-Inactivation Conditions on Indirect Immunity Method

A total of 129 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested with SARS-CoV-2 specific IgG and IgM Ab detection kits using the indirect immunity method, produced by manufacturer A. Before testing, samples were heat-inactivated in water bath at 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min, or 65°C for 30 min. The average IgG Ab value for the control group without heat-inactivation was 68.46 AU/mL, whereas those obtained after heat-inactivation at 56°C for 30 min, 60°C for 30 min, and 65°C for 30 min were significantly higher (p < 0.001) at 160.44, 175.21, and 170.21 AU/mL, respectively (Figure 2A). In addition, when serum samples were heat-inactivated at 56°C, the IgG Ab values after heat-inactivation for 30, 45, and 60 min were significantly higher (p < 0.001) than control values, with averages of 160.44, 146.61, and 134.37 AU/mL, respectively (Figure 2B, Supplementary Table 1).
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FIGURE 2. SARS-CoV-2-specific IgG and IgM antibody detection values with indirect immunity-based kit produced by manufacturer A. (A) SARS-CoV-2 IgG antibody detection values after heat-inactivation for 30 min. Before testing, a total of 129 samples were heat-inactivated at 56, 60, or 65°C for 30 min. (B) SARS-CoV-2 IgG antibody detection values after heat-inactivation at 56°C. Before testing, a total of 129 samples were heat-inactivated at 56°C for 30, 45, or 60 min. (C) SARS-CoV-2 IgM antibody detection values after heat-inactivation for 30 min. Before testing, a total of 129 samples were heat-inactivated at 56, 60, or 65°C for 30 min. (D) SARS-CoV-2 IgM antibody values after heat-inactivation at 56°C. Before testing, a total of 129 samples were heat-inactivated at 56°C for 30, 45, or 60 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control. NS, non-significant; *p ≤ 0.05; ***p ≤ 0.001.


The average IgM Ab value in the control group was 24.35 AU/mL; for heat-inactivation time of 30 min, IgM Ab values decreased compared with controls as the temperature of heat-inactivation increased (p < 0.05). In particular, for heat-inactivation at 65°C, IgM Ab levels were very significantly decreased compared with controls (p < 0.001). The average IgM Ab values obtained after heat-inactivation at 56°C for 30 min, 60°C for 30 min, and 65°C for 30 min were 20.95 AU/mL, 19.70 AU/mL, and 15.98 AU/mL, respectively (Figure 2C). Notably, even at 56°C, heat-inactivation for 30 min, 45 min, and 60 min led to lower IgM Ab values compared with controls (p < 0.05), with average values of 20.95, 18.49, and 18.22, respectively (Figure 2D, Supplementary Table 2).

These increases in SARS-CoV-2-specific IgG Ab values and decreases in IgM values obtained with the indirect immunity method after heat-inactivation could cause potential false-positive and false-negative results in COVID-19 detection. As shown in Table 2, one (25%) IgG Ab-negative sample was determined as positive owing to increased IgG values after heat-inactivation at 56°C for 60 min and 60°C for 30 min (Table 2). Correspondingly, a total of 12 (16.2%), 10 (13.5%), 18 (24.3%), 12 (16.0%) and 13 (17.6%) IgM-positive samples were detected as negative, owing to IgM values decreasing after heat-inactivation at 56°C for 30 min, 60°C for 30 min, 65°C for 30 min, 56°C for 45 min, and 56°C for 60 min, respectively (Table 2).


Table 2. Potential false-positive and false-negative rates after heat-inactivation for SARS-CoV-2 IgG and IgM Ab detection with indirect immunity-based kit produced by manufacturer A.
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Another 20 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested with SARS-CoV-2 specific IgG and IgM Ab detection kits produced by manufacturer B, also based on the indirect immunity method. Before testing, samples were heat-inactivated at 56°C for 30 min, 56°C for 45 min, or 60°C for 30 min in a water bath. The IgG Ab values obtained after heat-inactivation at 56°C for 30 min and 56°C for 45 min were significantly higher than those of the control group without heat-inactivation (p < 0.05); the average value for the control group was 228.04 U/mL, whereas values of 244.58 U/mL and 242.59 U/mL were obtained after heat-inactivation at 56°C for 30 min and 56°C for 45 min, respectively (Figure 3A). Notably, when samples were heat-inactivated at 60°C for 30 min, the IgG Ab value was significantly decreased in comparison with the control group (p < 0.0001), with an average IgG Ab value of 179.55 U/mL, This might have been because the IgG Ab was deactivated by heat-inactivation at a high temperature (Supplementary Table 3). In addition, whereas the control group had an average cutoff index (COI) value of 1.19, heat-inactivation at higher temperature led to lower COI values for IgM Ab; in particular, with heat-inactivation at 60°C for 30 min, IgM Ab values were significantly decreased (p < 0.01), with an average COI value of 0.61. For heat-inactivation at a given temperature, IgM Ab values decreased with increasing time of heat-inactivation (p < 0.01). The average COI values for IgM Ab with heat-inactivation at 56°C for 30 min and 56°C for 45 min were 0.98 and 0.93, respectively (Figure 3B, Supplementary Table 4).


[image: Figure 3]
FIGURE 3. Detection of SARS-CoV-2-specific IgG and IgM antibodies with indirect immunity-based kit produced by manufacturer B. (A) Density of SARS-CoV-2-specific IgG antibody detection. Before testing, 20 samples were heat-inactivated at 56°C for 30 min, 56°C for 45 min, or 60°C for 30 min, respectively. (B) COI values for SARS-CoV-2-specific IgM antibody. Before testing, 20 samples were heat-inactivated at 56°C for 30 min, 56°C for 45 min, or 60°C for 30 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.


As shown in Supplementary Table 4, although SARS-CoV-2 IgG Ab values increased after heat-inactivation using the indirect immunity method, all the samples used in this experiment were initially IgG positive; thus, there was no potential for false-positives (Table 3). However, owing to the decreases in SARS-CoV-2-specific IgM Ab values after heat-inactivation, there were five (71.4%) initially IgM-positive samples were determined as negative after heat-inactivation at 60°C for 30 min (Table 3). These results show that heat-inactivation could lead to increased SARS-CoV-2 IgG Ab values and decreased IgM antibody, directly causing false-negative or false-positive results in COVID-19 detection using the indirect immunity method.


Table 3. Potential false-positive and false-negative rates after heat-inactivation for SARS-CoV-2 IgG and IgM Ab detection with indirect immunity-based kit produced by manufacturer B.
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Effects of Heat-Inactivation Conditions With Capture Method

A total of 34 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested with a SARS-CoV-2-specific IgM Ab detection kit based on the capture method, produced by manufacturer C. Before testing, serum samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min in a water bath. The detection results for IgM Ab were not affected by heat-inactivation (p > 0.05); the average IgM Ab for the control group without heat-inactivation was 2.66, compared with 2.68, and 2.57 after heat-inactivation at 56°C for 30 min and 60°C for 30 min, respectively (Figure 4, Supplementary Table 5). As the different heat-inactivation conditions had no effect on the detection results of IgM Ab with the capture method, there was no effect on COVID-19 detection.


[image: Figure 4]
FIGURE 4. Detection results of SARS-CoV-2-specific IgM antibody with capture method. Before testing, a total of 34 samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control.




Effects of Heat-Inactivation Conditions With Double Antigen Sandwich Method

The above 34 serum samples were also tested with a SARS-CoV-2 total Ab detection kit based on the double-antigen sandwich method. Before testing, serum samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min in a water bath. Heat-inactivation at 56°C for 30 min had no significant effect on the detection of SARS-CoV-2 total Ab, with an average value of 642.9 compared with 649.76 for the control group (p > 0.05). However, the SARS-CoV-2 total Ab values after heat-inactivation at 60°C for 30 min were significantly lower than those of the control group (p < 0.0001), with an average value of 584.18 (Figure 5A, Supplementary Table 6). This might have been because of the deactivation of the Ab at the higher temperature. However, although SARS-CoV-2 total Ab values decreased after heat-inactivation at 60°C for 30 min, there was no corresponding effect on COVID-19 detection.
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FIGURE 5. SARS-CoV-2 total antibody values tested using double-antigen sandwich method. (A) SARS-CoV-2 total antibody values tested using CMIA kit produced by manufacturer C. Before testing, a total of 34 samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min. (B) SARS-CoV-2 total antibody tested using UPT-kit produced by manufacturer D. Before testing, 10 samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min. The detection of SARS-CoV-2 antibody without heat-inactivation were used as control. NS, non-significant; *p ≤ 0.05, **p ≤ 0.01.


Similarly, 10 serum samples collected from COVID-19 patients admitted to Wuhan Huoshenshan Hospital were tested using a SARS-CoV-2 total Ab detection kit based on the double-antigen sandwich method produced by manufacturer D. Before testing, samples were heat-inactivated at 56°C for 30 min or 60°C for 30 min in a water bath. The average SARS-CoV-2 total Ab value after heat-inactivation at 56°C for 30 min was 5.55, similar to average value of 5.54 for the control group (p < 0.05). However, heat-inactivation for the same time of 30 min but at 60°C caused the average total Ab value to decrease to 4.92, which was significantly lower than the control value (p < 0.05) (Figure 5B, Supplementary Table 7). Again, this could be attributed to deactivation of the Ab at the higher temperature. In addition, although the SARS-CoV-2 total Ab value decreased after heat-inactivation at 60°C for 30 min, there was no effect on the detection of COVID-19 with the double-antigen sandwich method.




DISCUSSION

COVID-19 is a highly infectious disease, with an R0 value of 3.0–3.5 (7). Early prevention, identification, and diagnosis are particularly important to control the spread of this disease (8). Although the nucleic acid test is the gold standard for COVID-19 detection, it has a long detection time, and the results are susceptible to various factors including the quality of the specimen, the site of viral infection, and the amount of viral expression (9). Serological Ab detection has been added to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (7th Trial Version) in China, as an auxiliary method for COVID-19 detection, and can be used in conjunction with nucleic acid detection to achieve fast screening for COVID-19 (10).

CMIA is a novel analysis method, takes full advantage of the rapid automation of magnetic separation, the high sensitivity of chemiluminescence, and the specificity of immunoassays. Commonly used of CMIA methods include the indirect immunity method, capture method, solid-phase antigen competition method, and double-antibody sandwich method. The specificity of the reaction between antigen and antibody is determined by the spatial configuration of the antigenic determinant and the antigen-binding region of the Ab (11). Notably, similar to globulins, the resistance to physical and chemical factors of IgG and IgM Ab could be destroyed by heating to 60–70°C; various enzymes and substances that cause protein coagulation and denaturation also lead to loss of function of Abs (12).

In this study, the indirect immunity, capture, and double-antigen sandwich methods were used to detect SARS-CoV-2-specific IgG, IgM, and total Ab. The indirect immunity method has high sensitivity and economical, as fewer labeled Abs are needed and more than one labeled secondary Ab can bind to the primary Ab (13). However, its disadvantages include the possibility of cross-reactivity of the secondary Ab with the adsorbed antigen, which could increase background noise. The capture method, also known as the reverse indirect method, is mainly used for the determination of certain Ab subtype components such as IgM in serum. Owing to the co-existence in serum of IgM and IgG specific to a certain antigen, the presence of IgG can interfere with the measurement of IgM. Therefore, a secondary Ab against IgM is first attached to a solid phase carrier to capture all IgM in the sample, and an antigen specific to IgM to be tested is added. This method has higher stability compared with the indirect immunity method and commonly used for IgM Ab detection. However, the disadvantages of the capture method include its relatively low sensitivity, which decreases its range of applications.

In order to improve biological safety, infectious materials and serum samples are required to be heat-inactivated by reliable methods before serological testing (14). In a previously published investigation of heat-inactivation stability of SARS (15), Rabenau et al. found that the titer of SARS virus was lower than the detection limit after being heat-inactivated at 56°C for 30 min; after heat-inactivation at 60°C for 30 min, there was no residue of SARS virus (16). Kariwa et al. also found no infectious SARS virus after heat-inactivation at 56°C for 60 min or longer (17). However, heat-inactivation of the virus might have an impact on the spatial conformation and protein structure of the antigen-Ab binding region, possibly leading false-positive and false-negative results (14).

In this study, the serological detection of SARS-CoV-2-specific IgG Ab without heat-inactivation was compared with detection after heat-inactivation at 56°C for 30 min, 45 min, and 60 min, and at 60 or 65°C for 30 min, using the indirect immunity method. As the time and temperature of heat-inactivation increased, IgG Ab values significantly increased. When different temperatures of heat-inactivation were compared, IgG Ab values increased after heat-inactivation at 56°C, and increased further after heat-inactivation at 60°C, whereas they decreased after heat-inactivation at 65°C. This phenomenon might occur because the structure of IgG is composed of two heavy and two light chains linked together, creating a large monomeric molecules with a tetrameric quaternary structure, formed by the polymerization of itself under certain temperature conditions. Under the condition of heat-inactivation treatment, the monomeric molecules of IgG antibody could be aggregated, hence the detection values of IgG antibody increase. It has been reported that the thermal polymerization conditions of IgG directly affect the structure of its products and its biological reactivity. For a polymerization time of 30 min, thermal polymerization of IgG occurs in a narrow temperature range of 60–64°C. However, as the thermal polymerization temperature increases, its degree of polymerization and the products increase, as dose its binding capacity (18). The binding capacity is strongest at a thermal polymerization temperature of 62°C, and it can react with the epitope on the Fc segment of IgG molecules (19). During thermal polymerization, the conformation of IgG changes, and the number and accessibility of active sites increase, reaching maximum values under certain conditions. As the thermal polymerization conditions are strengthened, the reaction activity of the product begin to decline. This might because the further increase in the degree of polymerization reduces the accessibility of the reaction site, or because the severe denaturation conditions cause the destruction of the original active site. In addition, excessively high temperatures can cause protein denaturation. Although this IgG aggregation is antigen-nonspecific, and the enhanced signal has no relationship to the recognition of viral antigens, increasing IgG Ab could cause potential false-positive results in COVID-19 detection.

In this study, the serological detection of SARS-CoV-2-specific IgM Ab before heat-inactivation was compared with detection after heat-inactivation at 56°C for 30 min, 56°C for 45 min, 56°C for 60 min, 60°C for 30 min, and 60°C for 30 min. The results indicated that IgM Ab values decreased with increasing time and temperature of heat-inactivation when using the indirect immunity method, possibly because the stability of IgM Ab is much lower than that of IgG Ab (20). It was known that IgM is a symmetrical pentamer structure, where all heavy chains and all light chains are identical. Although the large size (900 kDa) of IgM, its structure could be denatured by the heat-inactivation treatment. In clinical tests, heat-inactivation is a common method to reduce the impact of IgM. The IgM pentamer is an asymmetrical pentagon with an open groove that can bind to specific proteins (21). Heat-inactivation could destroy the polygonal structure of IgM, thereby affecting the specific binding of antigen to Ab (22). There is also evidence that heating could cause false-negative results in the detection of IgM. This is consistent with some of the results of this study.

Additionally, proteins have evolved to have disulfide bonds in their natural conformations, which contribute to thermodynamic stability. These disulfide bonds are broken during heating, and the protein undergoes irreversible denaturation through the disulfide-thiol exchange reaction. Methanethiosulphonate (MTS) could specifically suppress the heat-induced disulphide-thiol exchange reaction, and improve the heat-resistance of proteins. Combining MTS reagents with glycinamide, further enhanced protein stabilization (23). This aspect was not investigated in the current study, but it should be the subject of further research. Different manufacturers select different specific binding sites of antigens, and the various methods differ in their products. The SARS-CoV-2-specific IgG antibody detection kits produced by manufactures B were certainly added with MTS. In addition, heating changes the composition and structure of serum proteins, which affects matrix effects in serum detection results.

Currently, the testing process for COVID-19 is not standardized; there is an urgent need to reduce the development time of detection kits and test platforms, and there has not been sufficient evaluation and clinical verification using large samples. Therefore, factors that might cause inaccurate results need to be considered. Before conducting tests, the testing methods and platforms should be evaluated in accordance with the relevant requirements, in order to reduce potential false-negative and false-positive results, and provide accurate results for COVID-19 detection.
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The world continues to grapple with the devastating effects of the current COVID-19 pandemic. The highly contagious nature of this respiratory disease challenges advanced viral diagnostic technologies for rapid, scalable, affordable, and high accuracy testing. Molecular assays have been the gold standard for direct detection of the presence of the viral RNA in suspected individuals, while immunoassays have been used in the surveillance of individuals by detecting antibodies against SARS-CoV-2. Unlike molecular testing, immunoassays are indirect testing of the viral infection. More than 140 diagnostic assays have been developed as of this date and have received the Food and Drug Administration (FDA) emergency use authorization (EUA). Given the differences in assasy format and/or design as well as the lack of rigorous verification studies, the performance and accuracy of these testing modalities remain unclear. In this review, we aim to carefully examine commercialized and FDA approved molecular-based and serology-based diagnostic assays, analyze their performance characteristics and shed the light on their utility and limitations in dealing with the COVID-19 global public health crisis.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) leads to the infectious disease COVID-19, which was first reported in Wuhan, China in December 2019. The disease has since spread across the globe infecting over 215 countries. SARS-CoV-2 is highly contagious and spreads from person-to-person by the respiratory route, primarily via droplets, aerosols, and contact with contaminated surfaces and fomites (Yeasmin et al., 2020). Its reproduction number (R0) is estimated to be around 2.68 with a doubling time of 6.4 days. On the other hand, its incubation period from infection to first symptoms is on average 5 days with a possibility of reaching 14 days (Wu et al., 2020b). The clinical manifestations of COVID-19 include fever, cough, fatigue, and breathing difficulties, which could result in severe complications, such as severe pneumonia and respiratory distress syndrome (ARDS). To date, only a very limited number of therapeutic options have shown little effects on reducing COVID-19 associated death, such as remdesivir and dexamethasone (reviewed in Kaddoura et al., 2020).

In the absence of proven antiviral drug therapies and commercially available vaccines, the current pandemic containment and mitigation strategy is relying on the isolation of the infected individuals and their close contacts in addition to social distancing. The problem is exacerbated by the presence of many asymptomatic patients that can only be identified via molecular based disease screening methods. Due to that, mass testing has been central to the worldwide disease containment efforts which represented a challenge to cost, scalability, and speed of state-of-the-art viral screening technology.

Real-time reverse transcriptase-polymerase chain reaction (RT-PCR) is the clinical gold standard for the etiological diagnosis of COVID-19 in which viral RNA is directly detected in respiratory specimens by means of molecular biology techniques. On the other hand, serology-based immunoassays are being used in central labs or rapid testing for epidemiological surveillance to detect antibodies produced by infected individuals in response to SARS-CoV-2 exposure. So far, scientists are racing to develop novel approaches for rapid testing with high sensitivity and low cost to meet the diagnostic challenges. This goes hand in hand with the evolving effort to battle COVID-19, as many countries have opted to employ safe reopening to mitigate the economic crisis and manage health consequences. Safe reopening measures include investments in the public health infrastructure, implementing rapid and sensitive diagnostics of suspected cases, contact tracing and integrating social distancing and quarantining when needed (Gottlieb et al., 2020).

In this body of work, we carry out a deep technical analysis of the current COVID-19 diagnostic tests approved by the FDA for emergency use in Clinical Laboratory Improvement Amendments (CLIA)-certified molecular diagnostics laboratories. The work also closely probes each testing technology to identify their advantages and disadvantages and the clinical and field challenges still facing mass testing for COVID-19.



SARS-COV-2 VIROLOGY AND PATHOPHYSIOLOGY


SARS-CoV-2 Viral Structure and Genome

SARS-CoV-2 is an enveloped large positive-sense single-stranded RNA virus with a genome of ~30 kb (Figure 1). The virus belongs to the genus betacoronavirus and has a diameter of 50–200 nm. SARS-CoV-2 is characterized by the spike glycoproteins protruding from its surface giving it the characteristic crown-like appearance under the electron microscope (Cascella et al., 2020; Zhou et al., 2020). The SARS-CoV-2 genome encodes for four major structural and functional proteins: the spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins (Zou et al., 2020). The S protein consists of two functional subunits, S1 and S2; S1 is responsible for recognizing and binding the host cell receptor, angiotensin-converting enzyme 2 (ACE2), while S2 mediates membrane fusion. The M protein is the most abundant structural protein that defines the shape of the virus. The N protein is the most abundantly shed viral protein during infection and can be detected in serum and urine samples within the first 2 weeks of infection. The smallest major structural protein, E protein, participates in viral assembly and pathogenesis (Wang et al., 2020).
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FIGURE 1. SARS-CoV-2 structure, genome, and diagnostic targets.




SARS-CoV-2 Pathophysiology

Several studies have shown that SARS-CoV-2 infects cells with high expression of ACE2 receptors, such as type II pneumocytes in the upper and lower respiratory system, endothelium, myocardium, and gastrointestinal mucosa cells (Astuti and Ysrafil, 2020; Bobeck et al., 2020; Hoffmann et al., 2020). The virus enters the cell via endoplasmic uptake. Following fusion with the endosomal membrane, the viral RNA genome is released into the cytoplasm where replication of the virus genomes and production of its proteins take place. The newly synthesized nucleocapsid, made up of viral RNA and N protein, are imported into the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) and the viral proteins are assembled with the rest of the proteins to form progeny viruses. The latter are then transferred in vesicles to the plasma membrane where they exit (Fehr and Perlman, 2015).

The clinical manifestations of COVID-19 patients range from mild (e.g., fever, non-productive cough, dyspnea, fatigue, sore throat, etc.) to severe complications, such as pneumonia and ARDS and may lead to death in chronic severe cases. Besides, infected individuals show high production of leukocytes, lymphopenia, and elevated levels of cytokines (e.g., IL-6) (Liu et al., 2020; Rothan and Byrareddy, 2020). The immune response triggered against this virus involves the secretion of three types of immunoglobulins, anti-SARS-CoV-2 immunoglobulins M (IgM), anti-SARS-CoV-2 immunoglobulins G (IgG), and anti-SARS-CoV-2 immunoglobulins A (IgA), which are essential biomarkers for identifying individuals affected by COVID-19, including those who may be asymptomatic or have recovered (Jacofsky et al., 2020).




SARS-COV-2 BIOMARKERS FOR DIAGNOSIS

Current nucleic acid-based diagnostic assays target the E, S, RNA-dependent RNA polymerase (RdRp), N, and/or open reading frame (ORF1ab) genes (Chan et al., 2020; Chu et al., 2020; Corman et al., 2020). For these assays, upper and lower respiratory tracts samples are collected via nasopharyngeal (NP) or oropharyngeal (OP) swabs, sputum, endotracheal aspirate, bronchoalveolar lavage, or saliva where the SARS-CoV-2 RNA was found to be higher than in other samples, such as blood and stool. The latter two samples are only collected for research purposes (Vogels et al., 2020a; Zou et al., 2020). The analytical sensitivity of such assays is affected by the temporal profile of the viral load over the course of infection. Several studies suggest that the viral load peaks shortly around the time or even before symptoms onset then decreases quickly and monotonically within the first 7 days (Becherer et al., 2020; To et al., 2020b). Additionally, the virus remains detectable for 20 days or longer after symptom onset (Figure 2) (Zou et al., 2020). This means that false negatives may possibly be obtained early and late stages of the infection when using molecular diagnostic assays for testing. In addition, given the relatively short detection window of these assays, the true extent of exposure to the virus in a population may be underestimated.
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FIGURE 2. Variation levels of viral load, IgM and IgG post SARS-CoV-2 infection. Data collected from Tan et al. from 67 confirmed COVID-19 patients (both mild and severe cases) (Tan et al., 2020). Viral RNA (amplified ORF1ab gene) was detected in nasopharyngeal swabs using the Qiamp® viral RNA mini kit (QIAGEN, Hilden, Germany). The viral load threshold (black dashed line) indicates the detection limit of this kit corresponding to a cycle threshold value of 38 which is equivalent to 104.577 genomic copies/mL. On the other hand, IgM & IgG titers (anti-SARS-CoV-2 nucleocapsid immunoglobulins) were analyzed in serum samples using ELISA kits (Livzon Diagnostics Inc., Zhuhai, China). The blue and red dashed lines denote the cutoff value for a positive result. The bold lines represent the trends, fitted using smoothing splines in Matlab.


Serology-based immunoassays have also been developed to detect antibodies for SARS-CoV-2 in the serum or plasma of patients, namely anti-S and anti-N IgM, IgG, and IgA (To et al., 2020a; Zou et al., 2020). IgM provides the first line of defense during a viral infection. Also, the IgM response to SARS-CoV-2 was reported to occur earlier than other immunoglobulins, at around 10 days after infection, but then decreases rapidly after 35 days and disappears (Figure 2). IgG on the other hand provides long-term immunity and immunological memory and is detectable starting 13–21 days after infection and persists for a longer time (Figure 2) (Tan et al., 2020). On the other hand, IgA levels in the blood and saliva specimens have been correlated with COVID-19 severity; therefore it can be used as a complementary biological marker for COVID-19 identification (Ma et al., 2020). Thus, antibodies indicate the true exposure to the virus in an individual since they can be detected long after the virus has disappeared (Demey et al., 2020). However, the lack of detectable antibodies at the early stages of the infection makes serology-based immunoassays unsuitable for the diagnosis of an active infection.

Although nucleic acid assays are rather vital for diagnostic purposes, especially in cases of mild to acute infection, serology-based testing is proving to be increasingly important in understanding the dynamics of the current pandemic as it continues to spread. Complementary to molecular-based assays and immunoassays, the FDA recently approved tests that can detect the viral antigens, mainly the N protein. Similar to the viral load, SARS-CoV-2 proteins are maximal during the first week of symptoms onset, and rapidly decline during the recovery phase. The diagnostic targets are highlighted in Figure 1 whereas the variation in the levels of SARS-CoV-2 viral load, IgM, and IgG post-infection are shown in Figure 2.



MOLECULAR-BASED ASSAYS FOR SARS-COV-2 NUCLEIC ACID DETECTION

As soon as the genome sequence of SARS-CoV-2 was made publicly available on the Global Initiative on Sharing All Influenza Data (GISAID) (Udugama et al., 2020; Wu et al., 2020a), numerous molecular COVID-19 diagnostic kits were developed. This section is an analysis of the clinically conventional and novel methodologies for SARS-CoV-2 nucleic acid detection that received FDA EUA and/or European Conformity (CE Marking). The molecular detection kits are outlined in Supplementary Table 1 [data obtained from (FDA, 2020b) and (FINDdx, 2020)], and their workflow is illustrated in Figure 3.
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FIGURE 3. Workflow for nucleic acid-based detection assays.



Reverse Real-Time Polymerase Chain Reaction (RT-PCR) Assays for SARS-CoV-2 Detection

The current clinical standard molecular test for SARS-CoV-2 nucleic acid detection is the quantitative reverse RT-PCR assay. These assays were the first developed for COVID-19 diagnosis and remain the most used assays. More than one hundred RT-PCR kits have been designed and prototyped and have received FDA EUA approval for COVID-19 diagnosis genetically (presented in Supplementary Table 1). RT-PCR reaction involves the reverse transcription of SARS-CoV-2 genomic RNA into a complementary DNA (cDNA) followed by amplification of targeted sequences using a set of specific primers. A variety of gene targets with comparable sensitives are used to recognize regions of the viral genes, such as structural proteins genes (N, E, S, M genes) and confirmatory genes (ORF1ab and RdRp genes). The latter genes are used to avoid potential cross-reactivity with other coronaviruses and any possibility of genetic drift in SARS-CoV-2. The Centers for Disease Control and Prevention (CDC) recommends screening with nucleocapsid protein targets (N1 and N2) while the World Health Organization (WHO) recommends targeting the E gene followed by the confirmatory RdRp gene (Tang et al., 2020). The viral RNA is measured by the cycle threshold (Ct), which is the number of amplification cycles needed to produce a measurable fluorescent signal. The lower the Ct values, the higher the viral RNA load in a sample. The intensity of the fluorescent signal reflects the momentary amount of DNA amplicons; after 35–40 amplification cycles, the viral DNA is quantified and can be detected even if the starting viral RNA amount is small (reviewed in Kralik and Ricchi, 2017). The test typically takes 6–8 h on average, but with the need for clinical sample collection and transfer, the test requires 24 h at best. A positive PCR result reflects the presence of the viral RNA but does not necessarily indicate the presence of infectious viruses within the sample. In addition, PCR positivity is specimen dependent; it declines more slowly in sputum compared to fast declination in NP swabs (Wölfel et al., 2020).

Although RT-PCR is the gold standard with high specificity (~100%), sensitivity, and accuracy, the procedure is labor-intensive and relies on sophisticated instrumentation usually located at central laboratories and requires the use of biosafety level 2 cabinets (Younes et al., 2020). These assays are time-consuming and require technical expertise in specialized and controlled space making them unsuitable for deployment as point-of-care rapid diagnostics but have the advantage of being high throughput.

To overcome the limitations of conventional real-time RT-PCR assays, fully automated high-quality molecular point-of-care diagnostic platforms have been developed. For example, Roche Molecular Systems, Inc. developed the automated Cobas® SARS-CoV-2 RT-PCR test which is intended for qualitative detection of the viral nucleic acid in NP and OP swabs. Roche Cobas® can deliver results within 3.5 h while running up to 96 tests simultaneously. Also, depending on the instrumentation used, it can process 384 specimens with the cobas 6800 System or 1,056 specimens with the cobas 8800 System in <8 h. Additionally, the Xpert® Xpress SARS-CoV-2 test developed by Cepheid (California, USA) integrates nucleic acid extraction, transcription and amplification in a single cartridge, and provides results within 45 min with 100% sensitivity and 99% specificity-agreement when compared to Roche Cobas® SARS-CoV-2 tests. Another forerunner in the field of testing is the BioFire Diagnostics, LLC, which developed the multiplexed BioFire Respiratory Panel 2.1 (RP2.1) closed system. The limit of detection (LoD) of the BioFire is 300 viral genomic copies/mL and gives results within 45 min as well.



Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP) Assays for SARS-CoV-2 Detection

The limitations of RT-PCR, namely the complex and expensive instrumentation needed for thermal cycling, led to the development of isothermal nucleic acid amplification tests that overcome these issues (Huang et al., 2020). Currently, these point-of-care tests are becoming more appealing in clinical applications, mainly due to fast processing times and low-cost devices needed (Kashir and Yaqinuddin, 2020). They obviate the need for trained personnel, access to expensive laboratory equipment and high-tech facilities for sample processing, which is particularly important in developing countries with limited access to such resources. The most prominently used isothermal nucleic acid amplification test is the loop-mediated isothermal amplification (LAMP) (Nguyen et al., 2020). It was first described by Notomi et al. (in review), then further optimized for accelerated amplification by Nagamine et al. (Becherer et al., 2020). This technique uses four to six primers, inner and outer, which recognize six to eight different regions in the target DNA sequence, and a DNA polymerase with strand-displacement activity. The process is carried out at a constant temperature ranging between 60 and 65°C, synthesizing target DNA up to 109 copies in less than an hour (Nguyen et al., 2020). The final products of LAMP are multiple inverted repeats of the target DNA with stem-loop structure (Becherer et al., 2020). LAMP combined with reverse transcription (RT-LAMP) allows for the direct detection of RNA and can thus be used for the rapid detection of SARS-CoV-2 (Kashir and Yaqinuddin, 2020; Park et al., 2020). Colorimetric or fluorescent read-out could be used for the visualization of the results (Becherer et al., 2020). This assay achieves a sample-to-result time of 1–2 h. This gives RT-LAMP a great advantage over RT-PCR that has a sample-to-result time of 6–8 h, ensuring a rapid response required in massive virus outbreaks. The diagnostic sensitivity and specificity of RT-LAMP assays designed for the detection of SARS-CoV-2 were found to be comparable to those of RT-PCR in various studies (Butt et al., 2020; Zhang et al., 2020b). These features suggest that RT-LAMP can be employed in the diagnosis of COVID-19 with high levels of precision, low levels of background signal and more tolerance to PCR-inhibitors (Becherer et al., 2020).

A few isothermal nucleic acid amplification assays have received FDA EUA approval and are currently available, including the Abbott ID NOW COVID-19 assay that utilizes isothermal amplification to detect the RdRp gene of SARS-CoV-2 RNA (Basu et al., 2020). This assay provides positive results within 5 min and negative results within 13 min with a LoD of 125 genome equivalents/mL and reported 100% sensitivity and specificity as claimed by its manufacturer (Harrington et al., 2020). However, on May 15, 2020, the FDA issued a public warning about Abbott ID NOW COVID-19 accuracy and performance. The test has reported negative results in one third of the samples tested positive by Cepheid Xpert Xpress when using NP swabs and in 45% of positive samples using dry nasal swab samples (Basu et al., 2020). Another assay that employs isothermal nucleic acid amplification is the iAMP® COVID-19 Detection Kit developed by Atila Biosystems Inc. which targets ORF1ab and N genes of SARS-CoV-2 RNA (Bulterys et al., 2020). It received FDA EUA in April 2020. The sample-to-result time is around 1 h and up to 94 samples per instrument can be run with a LoD of 4,000 copies/mL. The manufacturers reported 98% sensitivity and 93% specificity.



CRISPR-Based Assays for SARS-CoV-2 Detection

Over the past two years, the use of CRISPR in infectious diseases diagnostics has been gaining momentum (Bhattacharyya et al., 2018). CRISPR belongs to a family of palindromic nucleic acid repeats, found in bacteria, that can be recognized and cut by a unique set of effector enzymes known as the CRISPR-associated (Cas) proteins. The Cas enzymes display exceptionally sensitive and specific nucleic acid detection modalities as they can be programmed to identify and cut SARS-CoV-2 RNA sequences.

Mammoth Biosciences and Sherlock Biosciences have reconfigured their CRISPR-based platforms independently to rapidly and accurately detect SARS-CoV-2 nucleic acids in respiratory specimens. Sherlock Biosciences developed the SHERLOCK method (specific high-sensitivity enzymatic reporter unlocking), which utilizes the Cas13a enzyme (Kellner et al., 2019). In contrast, Mammoth Biosciences developed the DETECTR method (DNA endonuclease targeted CRISPR trans reporter), which utilizes the Cas12a enzyme (Chen et al., 2018). Cas13a and Cas12a have a “collateral cleavage” activity triggered by a target-dependent binding between the Cas-guide RNA complex (CRISPR complex) and the targeted sequence. This event activates the nuclease enzyme activity of the Cas, followed by the cleavage of the nucleic acid reporter and the generation of a detectable signal. SHERLOCK-based detection method recently received FDA EUA. It combines Cepheid automated RT-PCR for SARS-CoV-2 nucleic acid amplification followed by collateral cleavage activity of the CRISPR complex programmed to target the SARS-CoV-2 sequences; the resultant fluorescent signal is then detected by a plate reader. The whole process takes less than an hour without elaborate instrumentation. It can detect targeted sequences at a concentration as low as 6.75 copies/μL; it also has 100% specificity and sensitivity with the absence of cross-reactivity with sequences of high homology (Zhang et al., 2020a). On the other hand, DETECTR-based detection uses an additional reporter dye (Fluorescein amidite, FAM), which produces color when cut. DETECTR combines RT-LAMP for SARS-CoV-2 targeted sequences amplification followed by lateral flow assay for visual read-out detection. The assay time is 30–40 min and has 95% sensitivity and 100% specificity (Broughton et al., 2020). According to the initial validation testing of the cutting-edge CRISPR-based detection platforms, these tests have great potential for diagnosis. They do not require heavy instrumentation, and the results can be read quickly by a paper strip or a plate reader with minimal cost and high sensitivity and specificity.




SEROLOGY-BASED IMMUNOASSAYS (ANTIBODIES DETECTION)

Apart from molecular diagnostics and nucleic acid detection, various assays have been developed by several companies to test for antibodies produced in response to SARS-CoV-2 infection. Antibody-based tests are relatively cheap, easy to operate, and require less technical expertise compared to molecular-based assays. The dynamics of antibodies production may provide a larger window for detecting and monitoring current and past SARS-CoV-2 infections. Current serology-based tests include rapid lateral flow immunoassay tests also known as immunochromatographic assays (ICA), enzyme-linked immunosorbent assay (ELISA), automated chemiluminescence microparticle immunoassay (CMIA) among others. This section is a summary of two main approaches used to detected immunoglobulins produced against SARS-CoV-2 that received FDA EUA and/or CE Marking. These antibody detection tests are summarized in Supplementary Table 1, and the workflow is illustrated in Figure 4.
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FIGURE 4. Serology-based immunoassays for detection of anti-SARS-CoV-2 antibodies.



Serology-Based Rapid Lateral Flow Immunoassay for Antibody Detection

Lateral flow assay allows for the qualitative detection (positive or negative) of antibodies found in a blood sample. This test is easy to perform, inexpensive to develop, and provides results within minutes. This gives lateral flow assays great advantage for rapid diagnostic testing of COVID-19 by testing for the presence of different isotypes of antibodies that target different SARS-CoV-2 proteins (N and S proteins among others). Several assays, referred to as total antibody assays, employed the detection of all isotypes (IgM, IgG, and IgA), while others targeted IgM and IgG exclusively. Both approaches were investigated by Lou et al. (2020) who compare the performance of 3 different lateral flow assays targeting IgG, IgM, and total antibody. They reported that the first detectable serological markers were total antibody, followed by IgM then IgG (9, 10, and 12 days after symptom onset). They also noted that the total antibody assay had the highest sensitivity among the others (98%) 2 weeks post-symptom onset.

The lateral flow assay requires a minimal sample volume of around 20 μL of blood or 10 μL of serum/plasma. It also does not require bulky instrumentation or trained personnel (Vashist, 2020). In this assay, the sample is placed on the absorbent sample pad of the lateral flow test strip and is allowed to migrate through the conjugate release pad which contains the SARS-CoV-2 antigen conjugated to colored or fluorescent particles, most commonly colloidal gold. The antigen is usually the receptor-binding domain of SARS-CoV-2 spike protein or nucleocapsid protein. If the patient was infected with SARS-CoV-2 and had the specific antibodies, then the sample now containing IgG and/or IgM antibodies bound to the conjugated antigens migrates to the detection zone. This zone contains anti-human IgG and IgM lines (test lines) that capture the antigen-antibody complexes, in addition to a control line. The read-out, which appears as lines with varying intensities can be assessed using a dedicated reader or by eye (Koczula and Gallotta, 2016).

Several lateral flow assays for COVID-19 IgG and IgM antibodies have been FDA EUA approved, including qSARS-CoV-2 IgG/IgM Rapid Test developed by Cellex which targets the S and N proteins and gives qualitative results within 15–20 min with 93.8% positive percent agreement (PPA) and 96% negative percent agreement (NPA) (FDA, 2020c; Mathur and Mathur, 2020). AutoBio Diagnostics also developed anti-SARS-CoV-2 rapid test that tests for IgG only and targets the spike protein with reported 88.15% PPA and 99.04% NPA with previously PCR tested samples (Mathur and Mathur, 2020).



Enzyme Linked Serology-Based Immunoassays for Antibody Detection

COVID-19 enzyme-linked serology-based immunoassays are rapidly emerging as tools for surveying exposed individuals, including those who are asymptomatic or have recovered. These tests are at increased demand to better quantify the number of COVID-19 cases for epidemiological and surveillance purposes. Enzyme-linked immunoassays are usually performed in a laboratory setting and can be either qualitative or quantitative; specimens can be plasma or serum specimens. ELISA is the conventional platform for assessing SARS-CoV-2 exposure; it can detect antibodies at the lowest concentrations (~picogram/mL ranges). It is a microwell, plate-based assay used for the detection and quantification of antibodies produced against the viral infection. The well plate is coated with a deactivated virus or a recombinant viral antigen, typically, the S protein, (RBD) protein, or the N protein. Patient samples are then added to the well and the plate is incubated. If the patient has antibodies against the viral protein, an antibody-antigen complex is formed, and the complex can be detected by an enzyme-linked or a fluorescently tagged secondary antibody designed against the human antibodies (anti-human IgG/IgA/IgM). A colorimetric or a fluorescent signal is produced according to the type of secondary antibody used; the intensity of the signal reflects the quantity of the antibodies present within the sample after adjusting for the dilution factor. The whole process typically takes 2–5 h, but up to 96 samples can be tested at a time (Wild, 2013). It is worth noting that ELISA cannot tell if the detected antibodies are active or effective against the viral infection. Such information can be depicted by plaque reduction neutralization tests that involve cell culture, viral infection, and viral replication assessment. Several ELISA kits have been FDA approved for emergency use in COVID-19 diagnosis. For instance, Bio-Rad Laboratories Inc. designed the Platelia SARS-CoV-2 total Ab Assay which detects IgG, IgA, and IgM; it has 92% PPA and 99.5% NPA with previously PCR tested samples.

Another serology-based enzyme-linked platform is the CMIA (chemiluminescent microparticle immunoassay) that has low limits of antibody detection (~zeptomole 10−12 mol) and involves chemiluminescence for signal read-out; it is a modified advanced form of ELISA. CMIA offers several advantages over ELISA in terms of cost, sensitivity, LOD, and reproducibility. Also, the testing time is reduced due to shorter incubation periods and reaction times, where both processes are fully automated by digital analyzers (Qin and Jin-Ming, 2015). On the contrary, similar to ELISA, the test is typically qualitative and quantitative; it is also laboratory-based, and the samples are either plasma or serum specimens. The test relies on magnetic protein-coated microparticles used as a solid support to coat the wells with the viral antigen of interest. The full assay takes 1–2 h to perform with incubation steps similar to the conventional ELISA. The substrate is added to the enzyme-linked secondary antibody, which is bound to the antibody-antigen complex, and produces a light (radiance) signal. The luminescence is used to quantify the amount of antibodies present in the sample. The use of streptavidin-coated magnetic beads with several biotinylated viral antigens allows high sensitivity multiplexing if several antibodies are needed to be detected at the same time within the same sample (Cinquanta et al., 2017). A very promising CMIA-based FDA approved assay is the SARS-CoV-2 IgG Assay by Abbott Laboratories Inc. It has more than 96% PPA and 99.63% NPA in samples taken 14 days post-symptoms onset. On the other hand, chemiluminescence-based assays can be coupled with electrical voltage instead of enzyme-linked secondary antibodies for signal emission. Roche Diagnostics is a pioneer in this field with its Elecsys Anti-SARS-CoV-2 kit. Elecsys is an electrochemiluminescence microparticle immunoassay (ECMIA) that uses the Cobas immunoassay analyzer and takes only 18 min for the testing time. It uses the double antigen sandwich format to detect IgM, IgG, or IgA antibodies with high affinity. The first recombinant antigen is biotinylated while the second is coupled with ruthenium complex. When the double antigen-antibody sandwich complex is attained, streptavidin-coated microparticles are added to bind to the biotinylated antigen. The mixture is then aspirated to the measuring cell and microparticles are magnetically captured on the surface of the electrode. Application of voltage to the electrode induces radiance emission from the ruthenium and the light is measured by a photomultiplier. Elecsys Anti-SARS-CoV-2 has a high accuracy of targeting high affinity antibodies with 99.81% specificity and 100% sensitivity from samples taken 14 days post-symptoms onset; in addition, it is capable of running up to 300 serology tests/h depending on the type of the analyzer.

Currently, over 40 manufacturers have developed serology-based tests and received the FDA EUA. The FDA requires the laboratories to validate their assay as deemed appropriate (FDA, 2020a); thus, the absence of FDA oversight on these tests is a concern if we take into consideration the high variability of the proposed test formats (ICA, ELISA, CLIA, ECMIA) and the differences in the antibody class(es) detected. As such, along with the novelty of SARS-CoV-2 and our limited information regarding the human immune response to it, it is worth noting that serology-based immunoassays have not been fully evaluated and their true clinical performance is mostly unknown. In addition, according to the manufacturer's data sheets, the performance of serology immunoassays is frequently evaluated in comparison to results obtained by the RT-PCR molecular diagnostic assay; given the differences in both assays format along with the design and targets, serology negative results do not rule out the possibility of infection. Should mass testing and screening be recommended, it is vital for laboratories considering serology-based immunoassays to perform thorough verification studies to ensure the appropriate clinical performance of these tests and the accuracy of the obtained results.




ANTIGEN-BASED ASSAYS FOR SARS-COV-2 DETECTION

Antigen-based diagnostics detect protein fragments on or within the virus rather than viral nucleic acids in specimens collected from NP swabs or nasal cavity. This type of testing is a rapid point-of-care platform that can detect active infections within 15 min compared to hours with RT-PCR diagnostics. These tests can be mass-produced at low cost and have a simpler setup compared to RT-PCR tests (Chen et al., 2015). Although antigen-based tests are very specific, they are not as sensitive as RT-PCR tests (CDC, 2020). This is attributed to the fact that rapid antigen testing sensitivity correlates directly with the viral load that is maximal during the first week of onset only. Thus, antigen-based testing has a relatively small window of detection during the incubation period of infected individuals. RT-PCR is more sensitive because its LoD is as low as 102 genomic copies/mL, while that of rapid antigen tests is ~105 genomic copies/mL when correlating the amount of viral proteins to viral nucleic acid quantity (Nash et al., 2020; Vogels et al., 2020b).

So far, EUA was issued to four antigen-based detection diagnostic tests: Sophia 2 SARS Antigen FIA (Quidel Corporation, USA), BD Veritor System for Rapid Detection of SARS-CoV-2 (Becton, Dickinson and Company (BD), USA), LumiraDx SARS-CoV-2 Ag Test (LumiraDx UK Ltd., UK) and BinaxNOW COVID-19 Ag Card (Abbott Diagnostics Scarborough, Inc.). These antigen-based detection tests are qualitative lateral flow immunoassays used to detect viral proteins, the N protein, in upper respiratory specimens during the acute phase of infection. A respiratory specimen is obtained (usually a NP or a nasal swab) and suspended in an extraction solution to liberate the viral antigens. The sample is then dispensed into the test cassette well where it migrates by capillary action to regions containing antibodies against the viral antigen. If SARS-CoV-2 antigens are present, a signal is produced and is detected. The signal can be colorimetric and read visually as in BD Veritor System for Rapid Detection of SARS-CoV-2 and BinaxNOW COVID-19 Ag Card tests, or it can be fluorescent (for higher sensitivity) and read by digital analyzers as in Sophia 2 SARS Antigen FIA and LumiraDx SARS-CoV-2 Ag Test. These tests are automated and are authorized for use in high and moderate complexity laboratories certified by CLIA, as well as for point-of-care testing by facilities operating under a CLIA Certificate of Waiver.

Among the tens of different tools developed and proposed for COVID-19 detection, by the time this review has been written, only tests belonging to five approaches received the FDA, and all are presented and discussed in this review paper. These approaches differ on various levels starting with the technology itself, specimen collection and targets, as well as sample processing. These differences are presented and compared in Table 1.


Table 1. Comparisons of different COVID-19 diagnostic assays.

[image: Table 1]



TESTING SENSITIVITY VS. RAPIDITY

The current reliance on high accuracy detection of COVID-19 cases for community surveillance and safe reopening of societies has put testing sensitivity and rapidness under the spotlight. The gold standard for COVID-19 detection is the molecular RT-PCR which has low LoD and high sensitivity, but at the same time, it is expensive, laboratory-based and often takes at least 24–48 h for sample-to-answer-reporting time.

New developments in COVID-19 diagnostic technology are focused on reducing test cost and sample-to-result time to expand testing frequency and lessen testing turnaround time from days to minutes. However, the sensitivity of these tests is not comparable to that of RT-PCR making it almost impossible to get the FDA EUA/CE marking approval. However, such restrictions should be reconsidered when taking into account both viral kinetics and RT-PCR sensitivity. As discussed earlier, patients undergo a period of peak in viral load and infectiousness followed by a rapid decline in viral levels and clearance. Given RT-PCR amplification is exponential, it can detect viral RNA at extremely low levels yielding high Ct values. Nevertheless, detection of low RNA levels may not hold much value as Singanayagam et al. (2020) showed. They demonstrated that the odds of recovering an infectious virus from patients decreased by 0.67 for each unit increase in Ct value. Additionally, only 8% of the samples with Ct > 35 yielded culturable virus (Singanayagam et al., 2020). These data were consistent with other studies by Bullard et al. (2020) and La Scola et al. (2020). Accordingly, a cheap, rapid, and robust test with acceptable sensitivity would be able to detect the viral infection at least at the contagious period of illness when the viral load is the highest and would help in halting and controlling the coronavirus pandemic.

Current attempts to improving testing accessibility and scalability in the Yale-NBA study [Surveillance with Improved Screening and Health (SWISH) study] have led to the development of the SalivaDirect test. SalivaDirect uses a conventional quantitative nucleic acid-based detection technique (RT-PCR or RT-LAMP) but replaces the nucleic acid extraction step with a simple proteinase K and heat treatment step. Bypassing the conventional intricate RNA extraction method minimizes sample processing time and reagents usage. Thus, it lowers the sample processing cost and alleviates the testing demands. The SalivaDirect kit recently received the FDA EUA approval and has shown more than 94% sensitivity agreement with the CDC RT-qPCR assay as claimed in their preprint (Vogels et al., 2020a). Nonetheless, using saliva as a specimen and enzymes for RNA extraction does not make this test a “rapid” one because of the amplification and detection steps required.

To meet the needs of COVID-19 mass testing, a true rapid test must be done outside laboratory settings with minimal machinery and technical expertise is needed. Also, given these tests are required around the world with different geographies and related economical constraints, it is vital for these rapid diagnostic tests to be affordable and cheap so that people can use them more frequently. In addition, these tests must possess acceptable sensitivity to detect SARS-CoV-2 infection in its contagious stage to stem the spread of the virus via individual screening. These challenges are clear when examining RT-PCR's sensitivity compared to its rapidity. By the time the RT-PCR results are reported, infected patients may no longer be in their contagious state while they were in contact with other individuals in their contagious period. Thus, RT-PCR is not suitable for daily and weekly surveillance due to its high testing turnaround time. In fact, a team has modeled surveillance effectiveness, taking into consideration testing sensitivity, testing frequency, and sample-to-answer reporting time. Their model, published in a preprint, indicates that controlling the COVID-19 outbreak depends largely on the frequency and rapidness of testing, and is marginally enhanced by high testing sensitivity (Larremore et al., 2020).

In response to the COVID-19 pandemic and the shortage of laboratory-based testing capacity and reagents, various rapid and sensitive tests are currently in development, many of which are the antigen-based diagnostics. The viral proteins are detected in the sample if present in sufficient concentrations without the need for amplification. The currently FDA EUA approved antigen-based tests detect the presence of the N protein in the sample, thus the virus must be permeated first for antigen extraction. In addition, some tests use fluorescent signal readout for improved sensitivity, making them more expensive and dependent on digital analyzers, thus they cannot be performed outside laboratory settings. Yet, a better rapid antigen-based diagnosis is a test that detects the S protein directly, without the need for antigen extraction, in a lateral flow immunoassay platform with a colorimetric readout. E25Bio Company has developed such a test and submitted its work for the FDA EAU approval, but has not received it yet. If we accept rapid tests with moderate sensitivity that can detect viral antigens in their peak (active phase of infection), then we might be able to manage the coronavirus transmission and halt its pandemic.



DISCUSSION: UNMET NEEDS AND OTHER CONSIDERATIONS OF COVID-19 DIAGNOSTIC PLATFORMS

The large deployment of various SARS-CoV-2 diagnostics in several countries has aided in curbing the spread and transmission of the COVID-19 pandemic. In fact, mass daily testing is required to slowdown the crisis by identifying active cases. Hence, this will aid in isolating active cases and their contacts, reducing the pressure on intensive care units and allowing containment of possible new outbreaks at the earliest of time. Despite the relatively large number of SARS-CoV-2 diagnostic tests and the remarkable speed of evolving new ones, the performance of currently available tools is still unclear and requires further verification and confirmation. The utility of these diagnostic testing is contingent on several factors mainly the type of testing, the resources required, the cost of the test, the sensitivity and specificity as well as the time needed to obtain results.

RT-PCR is the primary molecular armamentarium for the etiological diagnosis of COVID-19. This nucleic acid-based approach is inherently quantitative, but current SARS-CoV-2 tests are being promoted by manufacturers as qualitative (either positive or negative). The obtained results are only indicative of whether the virus or its genetic material is present at the time of the testing, but do not rule out the probability of past infection. Positive results indicate the presence of the viral genome but do not infer the infection status of the patient. The latter should be determined by clinical testing combined with clinical history and complementary diagnostic tools, such as cell culture or antigen-based tests.

An ideal genetic target would include at least one conserved region and one SARS-CoV-2 specific region. To date, the choice of the genetic sequence in the various RT-PCRs kits has not offered a unique advantage to diagnostics, but detecting only one viral gene instead of two, when two sequences are tested, has been conflicting. In addition, negative results in suspects do not rule out the possibility of infection. In fact, several factors could lead to false negatives, such as poor sample quality, improper sample handling and storage, or inappropriate sample collection timing (too early or too late) (To et al., 2020b; Williams et al., 2020). It is important to point out that viral shedding is related to the stage of illness and severity (Becherer et al., 2020). Besides, the lack of a standard sample control, a standard reference test, and the use of different sample collection and preparation protocols with the different LoD have hampered our understanding of the virus dynamics and the accuracy of the newly introduced molecular-based detection assays. These various molecular-based detection assays have been yielding different positive or negative agreement results when used in comparison to various RT-PCR due to the lack of a standard confirmatory RT-PCR kit for direct COVID-19 detection (Tahamtan and Ardebili, 2020). These differences are related to assay performance influenced by the specimen itself, the reagents and the primers used. In fact, several studies have documented that SARS-CoV-2 has been showing genetic diversity and evolution which might affect the RT-PCR results (Phan, 2020; Shen et al., 2020).

Similar to sample collection location and timing, sample storage, sample handling and sample viral inactivation tend to influence the diagnostic results and may yield false negatives in many cases. The collected clinical specimen should be stored promptly at 2–8°C, then processed immediately when shipped for RNA extraction to avoid RNA degradation. In addition, the specimen, if not used immediately, should be frozen in the transport media at −20 or ideally −70°C if a delay in sample processing is expected. Moreover, heat treatment of samples before RNA extraction at temperatures above 56°C for 30 min is not recommended; this may lead to sample inactivation and loss of detectable viruses in a sample. The latter would give false negatives especially in a weakly positive sample (Chen et al., 2020).

Given the aforementioned limitations, various integrated automated point-of-care molecular diagnostics are currently under development with some receiving EUA and aim to deliver rapid accurate results with low processing complexity. The enclosed system combining RNA extraction, amplification and detection within a sealed cartridge is suitable for testing without the need of biosafety cabinets and can be used to scale up testing with high throughput, such systems include ID Now by Abbott and Xpert Xpress SARS-CoV-2 test by Cepheid. In contrast to RT-PCR, some point-of-care tests do not use a positive human gene control. Thus, they can't determine whether a given sample contains sufficient viral RNA and may yield false negatives. In addition, isothermal amplification-based detection technology has low throughput but does not require sample transport, RNA extraction, or batching with other samples.

Complementary to molecular assays are immunoassays for COVID-19 epidemiological surveillance. They are good alternatives, especially in community clinics and small hospitals that do not have access to molecular diagnostics equipment and expertise. Immunoassays provide a cheap and rapid indirect measure of infection, confirming positive cases obtained by molecular testing. The detected IgM and IgG antibodies in clinical specimens are likely limited around the time of symptoms onset when the viral shedding is the highest and transmission rate is the maximal. The antibody responses to infection take several days or weeks to be detected, therefore negative results do not exclude infection especially if the person has been recently exposed to the virus. The issue lies with patients having low viral load and poor immune response; therefore, such assays might miss capturing the antibody or the antigen in the sample and provide false negative results. On the contrary, immunoassays cross-reactivity with other coronaviruses proteins or antibodies has been very common and yielded false-positive results in many cases (CDC, 2020). The assessment of immunoassays has been done in comparison to the gold standard RT-PCR and therefore understanding the performance and the sensitivity of such tests has not been straightforward. Instead, the comparison must include the evaluation of antibody profiles at the different infection stages (early infection vs. late infection vs. convalescent period) and among asymptomatic cases.

Although WHO recommended immunoassays when molecular diagnostic testing is not available, these tests may be useful for determining the immune status of exposed individuals and the overall spread of COVID-19. However, immunoassays are unlikely to be useful for screening or early diagnosis. As such, these diagnostic tests can be essential tools for risk management and public health. Quantitative immunological tests are also critical for identifying recovered individuals with enough antibody titers who could donate their convalescent plasma to current COVID-19 patients. All in all, rapid low-cost point-of-care diagnostics are currently in high demand to rapidly discover active cases, limit viral transmission between the individuals and predict epidemiological outcomes for disease surveillance.



CONCLUSION

Lessons learned from the challenges presented by the COVID-19 testing will remain relevant for potential future management and mitigation of new viral outbreaks. This is especially true as new and innovative screening technologies were developed and deployed in record time. It has become evident that high accuracy, scalability, and rapid testing is essential in the fight against outbreaks, especially respiratory viral diseases that can be transmitted easily from person to person. Also, understanding the viral load over the course of the infection can have an impact on reducing false negatives. The same can be said for serological biomarkers. In addition, the deployment and frequency of testing across the globe can be influenced by the geographical and economic constraints in each country given the complicated workflow and price of some testing technologies, such as that of RT-PCR. Finally, managing the data for contact tracing in every country as few of these systems are connected to a global data base can very challenging. Shared data can aid in understanding level of infections within populations locally and across the world enabling improved resource management and better understanding of the rate of transmission.
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Coronavirus disease 2019 (COVID-19) affects thousands of healthcare workers in Europe. Latest figures show that healthcare workers represent up to 9 and 14% of Italy's and Spain's COVID-19 cases, respectively. In China, more than 3,300 healthcare workers have been contaminated (1, 2). Better protection for healthcare workers is clearly required. High levels of COVID-19 contamination in specialist wards and intensive care units and of equipment (from keyboards to gel hand sanitizers) indicate that the measures currently taken to control COVID-19 are insufficient, especially in hospital centers where a large number of infections occur and where the most vulnerable population is found.

COVID-19 incubation after a person-to-person transmission is stated to be of 2–10 days (about 5 days in average). The virus can spread via droplets falling on surfaces, e.g., clothing, and subsequent transfer via people's hands. It has been shown that coronaviruses such as severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), or endemic human coronavirus (HCoV) can persist on inanimate surfaces for up to 9 days (3). Remarkably, surface disinfection with 0.1% sodium hypochlorite or 62–71% ethanol significantly reduces coronaviruses' infectivity after only 1 min of exposure. Since the stability of COVID-19 is similar to that of SARS-CoV-1 under analogous experimental circumstances (4), a potentially similar effect of these disinfectants against COVID-19 can be expected (3, 5). Hence, the implementation of hydroalcoholic disinfection firewalls as complementary disinfection systems for areas prone to having high viral loads, such as waiting rooms, entrances of hospital centers, etc., would minimize potential transmissions.

Due to the current lack of an efficient therapy or vaccine against COVID-19, the early containment to prevent the spread and the use of palliative/symptomatic treatments represent the two key options to slow down both the transmission (total confirmed cases) and mortality (total deaths) (6, 7). Most affected countries have opted, to a greater or lesser extent, for a combined system of global population confinement and treatment of the most serious cases (6, 9). In contrast, the UK has chosen not to confine the entire population and protect populations at risk (8). South Korea preferred the massive use of tests to control the spread (9).

The containment measures recommended by the WHO are aimed at avoiding person-to-person transmission; protective measures such as wearing masks and hand washing are meant to reduce the spread of coronaviruses through droplets (7). It should be taken into account that not all people will clean their hands correctly or will simply not do it. Furthermore, COVID-19 is stable in aerosols for hours and for days on surfaces, persisting for up to 9 days in the air (4), and on inanimate surfaces like metal, wood, paper, glass, plastic, ceramic, Teflon, polyvinyl chloride (PVC), silicon rubber, surgical gloves (latex), clothing (3), as well as on skin (such as face or hands). Considering these facts, current disinfection protocols are most likely insufficient to effectively eliminate viral presence in the air and on clothing and surfaces. The need to settle an effective massive disinfection system is evident.

As evidenced in Figure 1, both the total confirmed cases and total deaths augment linearly, indicating that the control of the COVID-19 outbreak will need some time. The number of new deaths per day appears to be stabilized around WHO situation report 70; comparison of the data between March 30, 2020, and August 7, 2020 (Figures 1B,D), suggests that early containment/prevention of further spread and palliative/symptomatic treatments are effective measures. Importantly, new clinical treatments using potential drugs like dexamethasone have allowed stabilizing the number of new deaths per day. In contrast, the increase of new confirmed cases per day worldwide suggests that the current (local) containment/prevention practices to contain COVID-19 spreading are completely insufficient. New and complementary methods for the disinfection/decontamination of COVID-19-infested environments are definitively required. For instance, recent data have revealed an exponential increase of new cases in territories where exceptional confinement measures have been relaxed, such as Japan or Hong Kong (7).
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FIGURE 1. Graphical representation of the global evolution of coronavirus disease 2019 (COVID-19) transmission and mortality. (A) Representation of the transmission as a function of total confirmed cases per day. (B) New cases per day. (C) Representation of the mortality as a function of total deaths per day. (D) New deaths per day. *Data are obtained from WHO situation reports; the first situation report was published on January 20, 2020. **WHO situation report number 28 gives all confirmed cases including both laboratory-confirmed and clinically diagnosed cases. To normalize the data, the total number of confirmed cases obtained from WHO reports 1 and 27 has been mathematically predicted, taking into account the clinically diagnosed cases. This adjustment has only been necessary in the case of China.


In summary, there is an urgent need to find a highly efficient procedure to disinfect exposed body parts, clothing, and surfaces, which should be inexpensive and easy to implement. Since 62–71% hydroethanolic solutions significantly reduce COVID-19 infectivity within 1 min of exposure (3), we propose to equip air curtains with hydroalcoholic (70% ethanol) aerosol sprayers (or directly installing hydroalcoholic aerosol sprayers) in hospitals and healthcare centers. Nebulizers of hydroalcoholic aerosols may also be installed in supermarkets, malls, and restaurants and in any other overcrowded place such as stadiums, concert halls, etc. It has been shown that the contact of 70% hydroalcoholic mixtures with the skin is not detrimental to health, and that such solutions do not cause damages on inert surfaces or tissues. Importantly, it has recently been demonstrated that the lifetimes at 25°C of hydroalcoholic droplets containing 0:100, 50:50, and 100:0 ethanol:water mixtures are 1,488, 1,035, and 183 s, respectively; hence, a theoretical lifetime of ~641 s for 70% hydroalcoholic droplets can be calculated by lineal regression with r2 = 0.9698 (10). Thus, the lifetime of hydroalcoholic droplets, which is 10 times longer than the active infectious period of the coronavirus, should be enough to remove all traces of COVID-19. The evaporation of the droplets is crucial regarding the effectiveness of the treatment and could be a handicap for the implementation of this disinfection system. The humidity level and the ambient temperature are key factors for the maintenance of the hydroalcoholic drops over time. Therefore, this might be a limiting factor in warm climates and/or under low relative humidity. However, the high versatility and adaptability of the system would allow these handicaps to be successfully addressed; for example, a simple change of the type of spray nozzles can modify the size of the droplets and thus modify their lifetime.

Potential over-decontamination and low environmental impact or toxicity to people or animals would be minimal because the hydroalcoholic solutions will be applied in very specific and limited areas (viz. the passage areas of the air curtains) and for very short periods of time. Furthermore, it has been shown that the quantity of ethanol absorbed after intensive hand disinfection using commercially available hand rubs is minimal and below human toxic levels (11). Thus, 60–95% ethanol solutions are considered safe and effective for topical use on hands (11, 12). Whereas spraying individuals with disinfectants such as formaldehyde, chlorine-based agents, quaternary ammonium compounds, or other toxic chemicals is not recommended and may cause eye and skin irritation, bronchospasm, and gastrointestinal effects (7, 13–15), sprays containing hydroalcoholic solutions are widely used in cosmetics (e.g., deodorants) and are considered safe even at the respiratory level since it depends on the respiratory minute volume (16); in the case of hand washing, respiratory levels are very low.

Air curtains equipped with sprayers would effectively distribute hydroalcoholic droplets to surfaces, e.g., clothing, exposed body parts, equipment, etc., passing through, hence reducing the virus load. The systematic installation of hydroalcoholic nebulizers to the existing air curtains can help, in addition to the WHO recommendations, to prevent the spread of the virus (1, 7); this would represent an additional and nondisruptive measure to rapidly and economically reduce the propagation of the virus. Although the application of the proposed system will not avoid in any case the spread of the virus by an infected person through droplets or contact, and that it will be impossible to access all potentially contaminated regions, the possibility to substantially reduce viral loads on clothing and visible parts of the body can be considerate as a real and hopeful advance in COVID-19 disinfection.
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Novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiologic agent of the ongoing coronavirus disease 2019 (COVID-19) pandemic, which has reached 28 million cases worldwide in 1 year. The serological detection of antibodies against the virus will play a pivotal role in complementing molecular tests to improve diagnostic accuracy, contact tracing, vaccine efficacy testing, and seroprevalence surveillance. Here, we aimed first to evaluate a lateral flow assay's ability to identify specific IgM and IgG antibodies against SARS-CoV-2 and second, to report the seroprevalence estimates of these antibodies among health care workers and healthy volunteer blood donors in Panama. We recruited study participants between April 30th and July 7th, 2020. For the test validation and performance evaluation, we analyzed serum samples from participants with clinical symptoms and confirmed positive RT-PCR for SARS-CoV-2, and a set of pre-pandemic serum samples. We used two by two table analysis to determine the test positive and negative percentage agreement as well as the Kappa agreement value with a 95% confidence interval. Then, we used the lateral flow assay to determine seroprevalence among serum samples from COVID-19 patients, potentially exposed health care workers, and healthy volunteer donors. Our results show this assay reached a positive percent agreement of 97.2% (95% CI 84.2–100.0%) for detecting both IgM and IgG. The assay showed a Kappa of 0.898 (95%CI 0.811–0.985) and 0.918 (95% CI 0.839–0.997) for IgM and IgG, respectively. The evaluation of serum samples from hospitalized COVID-19 patients indicates a correlation between test sensitivity and the number of days since symptom onset; the highest positive percent agreement [87% (95% CI 67.0–96.3%)] was observed at ≥15 days post-symptom onset (PSO). We found an overall antibody seroprevalence of 11.6% (95% CI 8.5–15.8%) among both health care workers and healthy blood donors. Our findings suggest this lateral flow assay could contribute significantly to implementing seroprevalence testing in locations with active community transmission of SARS-CoV-2.

Keywords: COVID-19, Panama, serology, biomarker, immunochromatographic assay, diagnosis


INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a viral pneumonia and multi-systemic disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which first appeared in Wuhan, China in December 2019 (1, 2). Since then, the virus has spread rapidly with an explosive increase in cases across the globe. As of 12 January 2021, there have been over 95 million confirmed cases of COVID-19, including 911,877 deaths reported to WHO (3). According to the Pan American Health Organization (PAHO), by August 2020, Panama had a rate of 1,618 infected persons per 100,000 inhabitants (4, 5), placing it as the country with the second highest rate of infection in the Americas. This high rate is in part related to the fact that Panama is among the countries in the region that have conducted the highest number of tests. More than 1.5 million molecular tests have been conducted since early March 2020, and daily positivity rates in January 2021 have consistently been in the 20%% range; there have been nearly 300,000 confirmed cases. In Panama, the majority of reported cases (93.2%) demonstrate mild symptoms, while 6.8% have required hospitalization. To date, there have been 4,738 (1.6%) deaths and over 240,000 (80%) patients have recovered (6).

Until a vaccine becomes available, most countries' containment efforts have relied heavily on non-pharmacological interventions to mitigate and suppress the disease. These include, but are not limited to, movement restrictions and reduced individual contact to decrease community transmission (7). As a result, the COVID-19 pandemic, in addition to being a public health emergency, has become a financial and sociopolitical crisis. Consequently, public health strategies are urgently needed in order to ease lock-down restrictions (8). One of the most effective strategies includes prompt and accurate diagnosis. The development of a diagnostic test that can be scaled-up to allow for mass screening among specific high-risk groups, such as health care workers (HCW), remains a key step (9, 10). Such a test would aid with diagnosis, contact tracing, and vaccine evaluation, while also allowing serological surveillance at the local, regional, and national level (11).

More than 150 diagnostics tests have been developed since the beginning of the COVID-19 pandemic (12). The most-used platforms are enzyme-linked immunosorbent assays (ELISA) and rapid lateral flow immunoassays (LFIA) (13). In general, serological tests based on an LFIA platform are cost- and time-efficient, do not require sophisticated equipment or highly trained personnel, and can be used to assess population exposure. The cost of manufacturing these assays is <1 dollar per test, with the market cost ranging from 15–20 USD; in contrast, an antigen test costs 45–50 USD and an RT-PCR test in Panamá costs up to 95–110 USD. LFIA platforms have generated substantial interest not only because they are cheaper to manufacture, but also because the tests are easier to store, distribute, and implement as a point-of-care test in remote areas. Unfortunately, some countries have rushed into large-scale deployment of rapid tests but have found that the clinical sensitivities are low and of poor value due to inadequate performance assessment (14, 15). The performance of rapid tests provided by manufacturers might show variations. Consequently, rapid tests should be rigorously validated in a large target population before being used as a stand-alone screening test (16).

Our study aimed to evaluate the performance of an LFIA for the detection of IgM and IgG anti-SARS antibodies in COVID-19-positive individuals (17). We hypothesize that the LFIA test would perform adequately for screening anti-SARS-CoV-2 antibodies among healthy blood donors (HD) and health care workers (HCW). First, we determined the test performance of the LFIA as a rapid serology test, using a standard panel of sera from COVID-19 patients and pre-pandemic donors. Second, we conducted a field evaluation of the LFIA test to determine the seroprevalence of anti-SARS-CoV-2 antibodies among HD and HCW. We found this test to be suitable for conducting seroprevalence studies, assessing population exposure to the virus, and for evaluating the effects of lock-down flexibilization strategies.



MATERIALS AND METHODS


Lateral Flow Immunoassay Overview

We obtained an LFIA test developed by Dr. Chong Li's group from Institute of Biophysics, Chinese Academy of Science. The qualitative test (referred to as CAST—Chinese Academy of Science Test, from this point) detects and is capable of differentiating between specific IgM and IgG antibodies against SARS-CoV-2. The CAST uses a colored conjugate pad containing a recombinant SARS-CoV-2 nucleocapsid protein conjugated with colloid gold as the antigen. The CAST manufacturer's calculated analytical sensitivity and specificity for both IgM and IgG anti-SARS-CoV-2 antibodies at development were 87.01 and 98.89%, respectively, according to the kit insert literature. During development in China, no cross-reactivity was reported with specimens from patients infected with Human Immunodeficiency Virus (HIV), Hepatitis A Virus (HAV), Hepatitis B soluble Antigen, Hepatitis C Virus, Treponema pallidum, Human T Lymphocyte Virus (HTLV), Cytomegalovirus, Influenza Virus type A and B, Respiratory Syncytial Virus, Human Papilloma Virus, Chlamydophila pneumoniae, Legionella pneumophila, Mycoplasma pneumoniae, or Human Parainfluenza viruses. Moreover, no cross-reactivity or interference was observed with endogenous substances, including common serum components, such as lipids, hemoglobin, bilirubin, albumin, uric acid, and glucose, or other common biological analytes, such as acetaminophen, acetoacetic acid, benzoylecgonine, caffeine, EDTA, ethanol, gentisic acid, β-Hydroxybutyrate, methanol, phenothiazine, phenylpropanolamine, and salicylic acid.



Test Performance Evaluation by National Reference Laboratory

In Panama, the CAST was evaluated independently by the Gorgas Memorial Institute of Health Studies (GMI), the National Reference Public Health laboratory responsible for COVID-19 diagnostic test validation, as well as for national molecular SARS-CoV-2 diagnoses. The real-time reverse-transcription-polymerase chain-reaction (RT-qPCR) assay for detecting SARS-CoV-2 was used as a non-reference standard (18). We included 36 SARS-CoV-2 RT-qPCR-positive and 17 RT-qPCR-negative samples. We also tested 55 pre-pandemic samples that included sera from 10 patients with a known Dengue infection, 15 with pulmonary tuberculosis, 15 with latent tuberculosis infection, and 15 healthy blood donors. A total of 108 samples were used for performance evaluation. All RT-qPCR assays were performed at GMI by two trained technicians following best clinical laboratory practices and quality control assurance programs. The two technicians were trained on the safe handling of potentially infectious samples, the use of basic laboratory equipment and biosafety cabinets, and the correct use of personal protective equipment. Both technicians received specific training and demonstrated understanding of the test principles and kit components as well as the test procedure and interpretation of results. To standardize the results, the same two technicians performed all the tests and set parameters such as the number of samples processed simultaneously, and the reading time. The technicians also took pictures of each of the results. No accidents or contamination were reported during the study. Both technicians were blinded to patient groups. The diagnostic accuracy of the CAST was evaluated as indicated below in the statistical analysis section.



Field Evaluation of CAST: Study Participants and Sample Distribution

This study was conducted between April 30th and July 7th, 2020 in four private and public hospitals and two donation centers located in Panama and Colon cities (Figure 1). The sample size was calculated using an estimated sensitivity of at least 80% and a specificity of at least 90% for the CAST. Based on the target population of the study, which included positive cases and contacts, we assumed a prevalence of at least 15%. Thus, the sample size was estimated at a minimum of 650 participants, aiming for a 95% level of accuracy. The inclusion criteria were being an adult over 18 years old and providing written informed consent. All study participants completed a clinical screening survey for COVID-19-related symptoms and consented to submit samples for screening of other infections. Only healthy blood donors (HD) that tested negative for other infectious diseases, including Chagas disease, HIV, HBV, HAV, and HTLV1, were invited to participate in our study. The exclusion criteria comprised those with missing data and patients in intensive and semi-intensive care units. Health care workers (HCW) were asked to provide an additional blood sample 15 days after the first sample was taken. All HCW in contact with confirmed COVID-19 cases were considered high risk. Low-risk HCW were those who perform functions within medical facilities but do not have direct contact with COVID-19-positive patients.


[image: Figure 1]
FIGURE 1. Panama study sites and health institutions involved. Gray circles on the geographical map of Panama indicate the number of active COVID-19 cases in the areas with the highest incidence of reported cases. Input data June 2020. Source: Panama Ministry of Health. Black arrows indicate the locations of patients and health care workers recruited for this study. The sites included two private hospitals and two public hospitals in Panama and Colón cities. CMP, Centro Médico Paitilla; HPP, Hospital Pacífica Salud; CHDAAM-CSS, Complejo Hospitalario Dr. Arnulfo Arias Madrid- Caja de Seguro Social; CHAMAG-CSS, Complejo Hospitalario Manuel Amador Guerrero-Caja de Seguro Social; CSS-BDC, Caja de Seguro Social Blood Donor Centers.


The recruitment staff for this study adhered to standard biosecurity and institutional safety procedures. According to country regulations, only medical technologists extracted blood samples. We recruited participants in COVID-19 Hospitals and in blood donation centers. All the staff used adequate personal protection equipment and followed the biosecurity protocols. They also received training on the handling of potentially infectious samples and their proper delivery to the laboratory. No accidents or contamination were reported during the study.

This study was registered with the Panama Ministry of Health (No. 1,462) and was approved by the National Research Bioethics Committee (CNBI; No. EC-CNBI-2020-03-43).



Specimen Collection, Demographic and Clinical Data

Predesigned questionnaires related to COVID-19 from the World Health Organization (WHO) were completed by trained interviewers. The questionnaire was adapted from the Population-based age-stratified seroepidemiological investigation protocol for coronavirus 2019 (COVID-19) infection (19). This questionnaire was given to all study participants. Epidemiological data regarding sociodemographic factors, medical history, current COVID-19 symptoms, and contacts were collected through personal interviews. Questions related to anosmia and ageusia symptoms were not included in the interview. Venous blood samples were collected from all the study participants for CAST analysis. The blood collection tubes were kept at room temperature to allow clot formation and then centrifuged for 10 min at 250g to obtain serum specimens. All rapid test analyses were conducted with fresh serum samples.



IgM and IgG Antibody Detection by LFIA

We followed a step-wise protocol for conducting the CAST. Briefly, we added one drop of serum (~20–25 μL) into the cassette sample well, followed by two drops of the developing buffer (~70 μL). If IgM and/or IgG anti-SARS-CoV-2 antibodies are present in the sample, they will bind to the colloidal gold conjugate, forming an immunocomplex. This immunocomplex is then captured by the respective pre-coated band containing either anti-IgM or anti-IgG antibodies, forming a red colored IgM and/or IgG line. The presence of one red line indicates the sample is positive for specific IgM or IgG anti SARS-CoV-2 antibodies, while the presence of two lines indicates the sample is positive for both IgM and IgG antibodies (Supplementary Figure 1). A third line functions as a positive control, indicating that the kit is working properly. All analyses were interpreted by two independent technicians at 15 min after the serum was added. If there were disagreements, a third trained technician evaluated the result and provided the final decision.



Statistical Analysis

Data were analyzed with SPSS version 25.0 (Armonk, NY: IBM Corp.). A descriptive analysis was performed to calculate the frequencies and percentages for categorical variables. Continuous variables were presented as the mean ± standard deviation (SD). For the groups evaluated with and without COVID-19 disease, the rapid test results were compared against the non-reference standard RT-qPCR. Estimations of Kappa and positive percentage agreement (PPA) were calculated with a 95% confidence interval (20). P-values <0.05 were considered statistically significant.




RESULTS


Study Site and Study Participants

This study was conducted between April 30th and July 7th, 2020 in four private and public hospitals located in Panama and Colon cities, as well as the blood donation center in Panama City (Figure 1). A total of 702 participants were recruited for the field study: 255 (36.3%) were HD, while the remaining 63.7% of the sample comprised 351 HCW and 96 COVID-19 patients (confirmed by RT-qPCR) (Figure 2). Table 1 summarizes the age, sex, COVID-19 exposure, and presence of comorbidities across participants in the COVID-19 patient, HCW, and HD groups. Among participants from the COVID-19 group, 67 (69.9%) reported a pre-existing chronic disease; whereas 90 (25.6%) HCW and 28 (11.0%) HD reported a pre-existing chronic disease.


[image: Figure 2]
FIGURE 2. Schematic representation of study participants and samples distribution. A total of 810 blood samples for detection of IgM and IgG anti SARS-CoV2 antibodies were analyzed for this study. Performance tests included COVID-19 RT-PCR confirmed +/– cases (n = 53) and a pre-pandemic panel of samples (n = 55). For the field study evaluation, a total of 702 participants were enrolled and classified as follows: COVID-19 patients (n = 96), health care workers (n = 351) and healthy volunteer blood donors (n = 255).



Table 1. Sociodemographic and comorbid information of study groups according to positive CAST results.

[image: Table 1]



CAST Test Diagnostic Performance Using Panel of Reference Sera

Samples including positive and negative COVID-19 cases confirmed by RT-PCR, and a set of pre-pandemic panel samples were analyzed with the CAST platform. A comparison of the CAST and RT-PCR results and the analytical performance results are shown in Table 2. For both IgM and IgG antibodies, the test demonstrated a negative predictive value (NPV) of 0.985% (95% C.I. 0.915–1). An evaluation of the negative percent agreement indicated that of the cases with negative RT-PCR test results, only five showed positive CAST results for IgM and four showed positive CAST results for IgG. Two of these cases that were positive for both IgM and IgG were later determined to be false RT-PCR negatives based on two additional commercial lateral flow immunoassays (data not shown). Virus clearance may explain the other cases that showed negative RT-PCR results but positive antibody results with the CAST. Of the pre-pandemic samples tested (n = 55), only one from a patient who tested positive for Dengue showed a positive IgM result on the CAST platform (data not shown).


Table 2. Diagnostic performance and diagnostic certainty of CAST using a panel of reference sera.
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We proceeded to evaluate the CAST's performance in the field during the current COVID-19 pandemic in Panama. We recruited 96 COVID-19 ward patients (Figure 2). All participants from this group were RT-PCR-confirmed positive cases and developed moderate COVID-19 symptoms. Analysis of the COVID-19-confirmed patient group showed a PPA of 67.7% (95% CI 57.8–76.2%) for IgM and IgG anti-SARS-CoV-2 antibodies (Data not shown). In order to investigate seroconversion over the course of COVID-19 evolution in patients, the data from 66 sera samples were divided into three groups according to the time of sample collection after illness onset. The CAST results showed a PPA of 36.4% (95% CI 19.6–57.1%) for either or both IgM and IgG in patients whose samples were collected from 0 to 7 days after RT-PCR diagnosis (Table 3). PPA scores of 76.2% (95% CI 54.5–89.8%) and 71.4% (95% CI 49.8–86.4%) for IgM and IgG, respectively, were found for patients whose samples were collected from 8 to 14 days after positive RT-PCR results. The highest PPA score of 87.0% (95% CI 67.0–96.3%) for both IgM and IgG antibodies was found for samples collected more than 15 days after diagnosis (Table 3). We later analyzed the CAST's performance using fingerstick blood samples from 32 additional patients who had a positive RT-PCR test for SARS-CoV-2. All 32 samples were positive for IgG and IgM antibodies (data not shown).


Table 3. CAST SARS-CoV-2 IgM and IgG PPA by days post symptom onset in COVID-19 patients.
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Field Evaluation of CAST Among Health Care Workers and Healthy Blood Donors

To determine seroprevalence among a potentially exposed population and a population of healthy donors, we applied the CAST to participants with a high (HCW) and low (HD) risk of exposure to the virus. We found that 45 out of 351 HCW tested positive for both IgM and IgG SARS CoV-2 antibodies, which corresponds to a prevalence of 11.61% (95% CI 8.6–15.4%) (Figure 3). In contrast, 86.97% (95% CI 83.0–90.1%) of the HCW samples were non-reactive, while 0.28% (95 C.I 0–1.7%) and 1.42% (95% CI 0.5–3.4%) of the HCW samples were positive for only IgM or only IgG, respectively (data not shown). Next, we determined the seroprevalence among a group of HD and found that 11.72% (95% CI 8.3–16.3%) of the samples from this group were positive for both IgM and IgG anti-SARS-CoV-2 antibodies (Figure 3). Thus, 85.94% (95% CI 81.1–89.7%) of the HD samples were non-reactive, while 0.78% (95% CI 0–3.0%) of the HD samples were positive for only IgM or only IgG antibodies. We also found that there were no significant seroprevalence differences among HCW with clinical responsibilities (nurses and physicians) compared to those without clinical responsibilities (administrators, laboratory technicians, etc.) (12.9 vs. 14.1%, respectively, Chi square = 0.002 with 1 degrees of freedom). In order to determine the risk of exposure during interactions with hospitalized COVID-19 patients, we asked HCW if they had been in contact with those patients. We found that those HCW that reported having close contact with confirmed COVID-19 cases demonstrated a not significant higher seroprevalence than HCW that did not report close contact (12.4 vs. 1.8%, respectively, Chi square = 0.045 with 1 degrees of freedom, data not shown).


[image: Figure 3]
FIGURE 3. Seroprevalence of SARS-CoV2 IgM and IgG in health care workers and healthy volunteer blood donors. A total of 351 healthcare workers (HCW) and 255 healthy volunteer donors (HD) were analyzed by rapid test for detection of anti SARS-CoV2 IgM and IgG antibodies. Each bar represents seroprevalence (%) according to the detection of IgM, IgG, or both IgM and IgG antibodies. Error bars represent the 95% CI.


We also analyzed differences in the age and gender of seropositive participants. In both the HCW and HD groups, we found a no significant higher seropositivity among participants in the age range of 20–39 years (48.9 and 64.7%, respectively, Chi square = 1.067 and 0.002, respectively, with 1 degrees of freedom). Among seropositive HCW, 77.8% were female and 22.2% male (Table 1). The majority of HCW (75.6%) reported having contact with a confirmed COVID-19 case, while most of the HD participants reported no contact (70.6%).




DISCUSSION AND CONCLUSION

Here we report COVID-19 antibody seroprevalence in HCW and HD among a convenience sample in Panama. We also report the performance of a rapid test kit for detecting anti-SARS-CoV-2 IgM/IgG antibodies with an LFIA. We tested serum samples from confirmed positive and negative COVID-19 patients and pre-pandemic samples collected in 2019. Our analysis showed a high Kappa correlation, indicating very close agreement between the RT-PCR and CAST. Based on our results, we conclude that the CAST is suitable for seroprevalence studies.

Our study estimates the seroprevalence of anti-SARS-CoV-2 IgM/IgG antibodies among a representative sample set of HCW and HDd. Specifically, we investigated the seroprevalence in a group of hospitalized COVID-19 patients and a group of participants with a high risk of infection (health care workers) and another group with a low risk of contagion (healthy donors).

When we stratified the COVID-19 patient samples according to when they were collected in terms of number of days after symptom onset, we observed differences in the prevalence of positive results. A positivity rate of 87.0% (95% CI 67.0–96.3%) for both IgM and IgG antibodies was found in samples collected 15 days or more after a positive RT-PCR result. Similar to our findings, Pan et al. reported rapid test positivity rates of 11.1, 92.9, and 96.8% at the early convalescent (1–7 days after onset), intermediate (8–14 days after onset), and late convalescent stages (more than 15 days) of infection, respectively (21). High sensitivity of serological testing 2 weeks after symptom onset has been shown in other studies (22). In a study by Severance et al., 100% sensitivity was seen at ≥15 days post-PCR diagnosis, and Tang et al. reported 93.8% sensitivity (95% CI; 82.80–98.69) at ≥14 days PSO (23, 24). Based on our data, the usefulness of the CAST increased significantly 2 weeks post symptom onset. This observation indicates that the CAST could be used to evaluate the anti-SARS-CoV-2 antibody response 14 days after symptom onset, when the positivity rates are highest.

We found a seroprevalence of IgM and IgG antibodies of 11.61% (95% CI 8.6–15.4%) and 11.72% (95% CI 8.3–16.3%) in the HCW and HD groups, respectively. Given that HCW are a high-risk population (25, 26), it was quite surprising to find that the seroprevalence was nearly equal between the two groups, similar to a previous report (27). It is worth mentioning that special precautions for blood donations are under investigation. To date, previous reports suggest no direct threat to blood safety itself (28–30). Likewise, it is important to highlight the ability of this rapid test to detect antibodies in mild or asymptomatic COVID-19 populations since there are indications that less severe illness is associated with lower antibody titers (31–34). As none of the members of this group reported being hospitalized or having symptoms clearly indicating recent infection, it is tempting to conclude that these represent asymptomatic cases that were infected while exposed to COVID-19 patients or in the community.

Theoretically, positive IgM and IgG tests for SARS-CoV-2 antibodies detected in patient blood samples indicate that it is likely that the individual is in the early convalescent stage of infection. Indeed, serology testing provides an important complement to RNA testing in the later stages of COVID-19 (35). If only IgG antibodies are detected, then it is probable that the person had an infection sometime in the past or the patient is in the convalescent stage of infection. Our study reveals the positivity rates for IgM and IgG between 0 and 15 days after symptom onset. Several scientists have reported that the detectable serology markers IgG and IgM have similar seroconversion in COVID-19 patients, with antibody levels increasing rapidly starting from 4 to 6 days after the appearance of symptoms (21, 35–37). Comprehensive studies looking at anti-SARS-CoV-2 antibody dynamics are warranted to fully describe their dynamics in the short and long term after infection.

In antibody-based testing, the window period depends on the seroconversion timeline. Antibodies to SARS-CoV-2 are typically detected 7–10 days post-illness onset. Several reports indicate patients seroconverting for IgM and IgG antibodies simultaneously within 2–3 weeks after illness onset; this can vary depending on factors including the patient's immune status and disease severity. Thus, detection of IgM without IgG is uncommon.

For example, Siracusano et al. reported that seroconversion appeared sequentially for total antibodies, IgM, and IgG, within a median time of 11, 12, and 14 days, respectively (38). Similarly, the median “window period” from illness onset to appearance of antibodies (range) was estimated at 10.2 (5.8–14.4) days post symptom initiation (39). Guo et al. profiled the early antibody response to NP protein in two cohorts of SARS-CoV-2-infected patients. The median time for IgM and IgA detection was at day 5 PSO (IQR-3-6) and day 14 PSO (IQR 10–18) for IgG. In yet another study, the median times of seroconversion for IgG, IgM, and IgA detected by an indirect immunofluorescence assay were 17 days after disease onset (40). Consequently, we similarly conclude that our CAST test would be more efficient if utilized 15 days after symptom onset.

Our study has several limitations. First, we were not able to use samples from individuals with other respiratory tract infections to rule out cross reactivity with human coronaviruses causing common seasonal colds. However, a set of 55 pre-pandemic samples was used to validate the test, and all but one tested negative for anti-SARS-CoV-2 antibodies. Second, this rapid test is based on a colorimetric evaluation of the IgG and IgM bands determined by an operator, which implies the limitations that a qualitative inter-intra-operator evaluation might produce in terms of variability. In our study, this limitation was addressed by resorting to double operator evaluation and taking photographs of all test results to be re-analyzed by a third party in the case of first level evaluation disagreement. Third, the CAST is a qualitative detection method; thus, the antibody levels in COVID-19 patients were not measured in this study. Also, the sample size was calculated for the minimum sample required to validate the test. It is yet to be determined if the CAST produces the same results in a point-of-care setting using fresh blood samples since we used serum after centrifugation. Moreover, we have not evaluated if the CAST produces comparative results with ELISA or immunochemiluminescent tests. Ongoing work by our research team will allow us to establish the CAST's limits of detection by comparing results with an ELISA test.

The CAST (rapid test) has some advantages compared to other more complex laboratory-based tests. Compared to automated ELISA and immunochemiluminescent assays, CAST is economical and time efficient, does not require advanced equipment, is simple to perform, and requires minimal training. The CAST can be used for seroprevalence studies in primary health care settings as well as in specific contexts outside of hospitals, such as high-prevalence areas. Due to its low cost and short turnaround time, CAST is suitable for large-scale sample screening. In addition, using blood samples as opposed to nasal swabs could eliminate the need for operational steps that may produce aerosols and place technicians at higher risk. Some groups have attempted to compare serological tests with RT-PCR platforms. These tests have different targets and applications. The RT-PCR is intended for acute phase diagnosis, while the serology tests are intended for antibody seroprevalence studies.

In conclusion, the findings of this cross-sectional study demonstrate the value of the CAST for the detection of specific IgM and IgG antibodies at the population level, including among health care personnel, healthy blood donors, and other community members. The use of a rapid test among both healthy individuals and patients to conduct surveillance in outbreak areas could provide critical information about the status of the COVID-19 pandemic. Such a rapid test would allow the characterization of the pandemic's behavior at the community level and the identification of transmission hot spots in the community, which, in turn, would help us to better understand the situation and establish optimal strategies within quickly changing epidemic scenarios (15). In addition, it will facilitate the massification of diagnostic methods allowing us to determine the seroprevalence of the Panamanian population and the true extent of SARS-CoV-2 community spread.
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Despite the modeled estimations of the burden of asymptomatic spread, the duration of viral positivity and infectiousness of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) remains understudied. The objective of the present study was to estimate and compare the time till viral clearance of SARS-CoV-2 in asymptomatic and non-critical symptomatic individuals. We studied 184 SARS-CoV-2-positive participants, of whom 145 were asymptomatic. Our analysis uncovered that time till viral negativity is similar for subclinical [median time till viral clearance: 11 days, interquartile range (IQR): 8, 14] and overt infections (median: 11 days, IQR: 9, 14) after controlling for age and sex. This has implications in understanding the period of infectivity for SARS-CoV-2 in order to plan adequate public health measures to control the community spread.
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INTRODUCTION

Asymptomatic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections remain highly under-diagnosed (1) and are partly responsible for the recent uptick in coronavirus disease 2019 (COVID-19) cases following the reopening of business, universities, and schools around the globe, especially in the United States (2, 3) and the United Kingdom (4). Initial studies on asymptomatic spread report that it accounts for 6% to 30% of SARS-CoV-2 infections in various settings (5, 6). Although median time till viral clearance in symptomatic individuals has been reported to be between 10 and 14 days (7, 8), time kinetics of viral clearance and the duration of infectiousness in asymptomatic individuals remains poorly understood. The present analysis aimed to estimate time till viral clearance in asymptomatic individuals and see how it compares with that of non-critically symptomatic ones.



METHODS


Study Population

Study population consisted of individuals who arrived in Bahrain from Iran and Egypt between 25 February 2020 and 14 March 2020 and tested positive for SARS-CoV-2 upon mandatory COVID-19 screening prior to entering the country.



Screening Procedure and Outcome Assessment

Information on reported COVID-19 symptoms was gathered from the study subjects who underwent nasopharyngeal swab testing for SARS-CoV-2 using reverse transcriptase–polymerase chain reaction (RT-PCR) test. After screening, all of the study subjects served mandatory quarantine in isolation wards (or hospitals, when symptomatic), until viral clearance occurred—defined as two consecutive negative RT-PCR test results 24 h apart. We used Thermo Fisher Scientific (Waltham, MA) TaqPath 1-Step RT-qPCR Master Mix, CG on the Applied Biosystems (Foster City, CA) 7500 Fast Dx RealTime PCR Instrument for conducting the PCR assay. The E gene was used and targeted for the assay, and when detected, the test was confirmed by RdRP and N genes. E gene Ct values > 40 were considered negative. For quality control, both positive and negative controls were used. Time until viral clearance was ascertained by testing the individuals every 2 days till viral clearance occurred. Any individuals who developed symptoms while undergoing quarantine were counted as symptomatic.



Statistical Analyses

Age, sex, and presence of symptoms in the participants have been reported as proportions. Odds of being symptomatic were estimated using a logistic regression model, which was adjusted for categories of age and sex. Time till viral clearance has been reported as medians and interquartile ranges (IQRs) (computed from Kaplan–Meier analysis), and difference across categories of covariates was tested using a log rank test. Hazards of viral clearance were estimated using a Cox proportional hazards model.




RESULTS

The total number of participants in the study was 184, which included 132 subjects who tested positive at screening and 52 out of 2,526 people who tested negative upon screening and went on to test positive at the end of quarantine. Most of the subjects had asymptomatic infection (n = 145, 78.8%) and were females (n = 115, 62.5%). The number of subjects progressively increased across increasing age categories, with 22.3% (n = 41) of the subjects being in the ≥60 years category.

We did not find age categories or sex to significantly affect the odds of being symptomatic in the study sample, although people in the category of 50–59 years of age seemed to be more likely to be symptomatic (OR = 1.5, 95% CI = 0.4–5.3) after adjusting for differences in sex (Table 1).


Table 1. Subject characteristics and odds of being symptomatic.

[image: Table 1]

Median time until viral clearance was similar for males and females (Table 2) and showed an increasing, though nonsignificant, trend across increasing age categories from 11 days in individuals of 0–29 years to 13 days in individuals of ≥60 years. Symptomatic and asymptomatic individuals had the same median time till viral clearance of 11 (p = 0.491) days. To adjust for effects of age and sex, we computed hazards of viral clearance among the study subjects (Table 2) and did not see any difference between symptomatic and asymptomatic individuals (hazard ratio for symptomatic individuals compared with asymptomatic ones = 1.08, 85% CI = 0.7–1.5).


Table 2. Median time till viral clearance.

[image: Table 2]

These results indicate that after age and sex were controlled for, time till viral negativity of subclinical infection is similar to that of a non-critically overt one.



DISCUSSION AND CONCLUSION

To our knowledge, this is the first study reporting time till viral clearance of SARS-CoV-2 RNA in asymptomatic individuals and is the first of its kind analysis to uncover the finding that duration of viral positivity is similar for subclinical and overt infections after controlling for age and sex. Chang et al. (7) have reported the median time till viral in symptomatic patients to be 10.5 days, which is similar to our finding of 11 days in symptomatic individuals and not too different from that of asymptomatic individuals (10 days). Hu et al. (8) have reported the median time till negative convergence in symptomatic patients to be 14 days, which makes sense given the study participants were all highly symptomatic hospitalized patients. The authors also reported age of more than 45 years to be significantly associated with longer duration of viral clearance (HR: 0.37) in these patients. Although the present study saw an increasing trend in time till viral negativity with increasing age categories (HR = 0.8 for age category 40–50 years, HR = 0.7 for 50–60 years, HR = 0.6 for >60 years category), the trend was not statistically significant. This could be partly explained by the difference in severity between participants in our study and those studied by Hu et al., our study sample consisted of non-critical symptomatic and asymptomatic individuals, whereas participants of Hu et al. were symptomatic to the point of being hospitalized. When viewed in conjunction with the finding that asymptomatic and symptomatic individuals have similar viral loads as reported by Zou et al. (9), our results raise questions on similarities in duration of infectiousness between symptomatic and asymptomatic subjects. However, recent reports suggest that viral nucleic acids are still present in patient samples; therefore, asymptomatic patients may shed non-viable virus (especially those with low viral loads/high CT values threshold) that may culture negative though persistently test RT-PCR positive (10). One of the limitations in the present study is that in individuals who were symptomatic upon arrival, it was not possible to ascertain how long they would have been presymptomatic before they landed in Bahrain. This could have affected the estimates of duration of viral positivity in symptomatic patients and warrants further research. Aside from this, these insights shed light on why asymptomatic spread is still very much a substantial risk and underscore the importance of not easing public health preventative measures as yet, such as restrictions on mass gathering, social distancing, and especially opening of businesses that would make population adherence to these measures difficult.
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During the COVID-19 pandemic, a certified laboratory of Tamaulipas, Mexico has processed over 100,000 samples of COVID-19 suspected patients, working a minimum of 100 tests daily. Thus, it would be beneficial for such certified laboratories nationwide to reduce the time and cost involved in performing the diagnosis of COVID-19, from sample collection, transportation to local lab, processing of samples, and data acquisition. Here, 30 nasopharyngeal swab and saliva samples from the same COVID-19 individuals were assessed by a standard nucleic acid extraction protocol, including protein lysis with proteinase K followed by binding to column, washing, and elution, and by the SalivaDirect protocol based on protein lysis, skipping the other steps to reduce processing time and costs. The genomic RNA was amplified using a SARS-CoV-2 Real-Time PCR kit. A variation (P > 0.05) in the 95% CIs = 72.6%–96.7% was noted by using the SalivaDirect protocol and saliva samples (sensitivity of 88.2%) in comparison to those of standard protocol with oropharyngeal swab samples (95% CIs = 97.5%–100%; sensitivity of 100%) as reported elsewhere. However, when using nasopharyngeal swab samples in the SalivaDirect protocol (sensitivity of 93.6%; 95% CIs = 79.2%–99.2%), it was in concordance (P < 0.05) with those of the standard one. The logical explanation to this was that two samples with Ct values of 38, and 40 cycles for gene E produced two false negatives in the SalivaDirect protocol in relation to the standard one; thus, there was a reduction of the sensitivity of 6.4% in the overall assay performance.

Keywords: molecular diagnosis, RNA extraction protocol, clinical samples, COVID-19, SARS-CoV-2


INTRODUCTION

Rapid and precise detection of COVID-19 is necessary for surveillance and control of the pandemic. qRT-PCR and nasopharyngeal swabs are the recommended test and sample to be used (Azzi et al., 2020). The sensitivity of qRT-PCR depends on the protocol, the sample analyzed, the number of clinical samples, and other factors (Yam et al., 2003). However, the collection of nasopharyngeal or oropharyngeal samples causes discomfort to patients and may cause bleeding, especially in patients with thrombocytopenia (Chan et al., 2020). Collection of samples requires close contact between healthcare workers and patients, representing a risk factor of transmission of the virus because samples collected may contain live viruses (To et al., 2020b). These findings reinforce the use of barrier protection equipment as a control measure for all healthcare workers (Fakheran et al., 2020).

The two main components of a SARS-CoV-2 nucleic acid extraction kit are proteinase K and silica columns. Proteinase K is widely used in scientific research and industries mainly because only few proteins resist to it. It has potent activity to denature proteins, even in the presence of strong detergents, and it can be used to isolate viral genomic material (Yang et al., 2016). Thus, proteinase K is massively used in COVID-19 laboratories. Moreover, RNA purification based on silica columns is used mainly because it allows fast extractions with good yields of high-quality nucleic acids. However, silica columns are expensive, especially for non-developed countries (Nicosia et al., 2010).

Nowadays, qRT-PCR assays have enabled the diagnosis of COVID-19 from saliva (To et al., 2020a,b). On April 14, 2020, the United States-Food and Drug Administration (US-FDA) authorized the first saliva-based nucleic acid test for emergency use in COVID-19 diagnosis (Rutgers, 2020); namely, a saliva test in which the sample can be collected at home and mailed in for testing (Food and Drug Administration [FDA], 2020a). On August 15, 2020, the US-FDA authorized the SalivaDirect protocol, based on reduced times by skipping silica column wash in acid nucleic extraction protocol (Food and Drug Administration [FDA], 2020b; Vogels et al., 2020).

It has been shown than saliva sample collection for diagnosis and viral load monitoring of SARS-CoV-2 has many advantages. It requires less stringent conditions and can be used as a screening tool that highly minimize the chance of exposing healthcare workers in comparison to nasopharyngeal swabs (To et al., 2020a). Therefore, this sample collection can decrease the risk of nosocomial SARS-CoV-2 transmission, and it is not necessary the presence of trained personnel (Fakheran et al., 2020).

Previously, it was demonstrated that saliva has a high concordance rate with nasopharyngeal aspirate in the detection of respiratory viruses, including coronaviruses such as SARS-CoV-2 (To et al., 2019b, 2020a, 2020b; Williams et al., 2020; Zheng et al., 2020). It has been reported that the use of saliva for coronaviruses detection such as SARS-CoV-2 is more sensitive and reliable than the use of nasopharyngeal swabs (To et al., 2017; Chan et al., 2020; Wyllie et al., 2020). Therefore, saliva has been used to screen respiratory viruses on patients without respiratory symptoms (To et al., 2019a).

Because of the ease of sample collection, self-collected saliva has been used in Hong Kong for diagnostic test, at the hospital accident and emergency department, at the airport, and in contact tracing for COVID-19 cases (Hong Kong SAR Government, 2020).

However, we notice that saliva collection had several problems that can be common when doing it daily. Also, we demonstrate the utility of the nucleic acid extraction SalivaDirect protocol for RNA extraction of SARS-CoV-2 and the assessment of nasopharyngeal swabs and saliva clinical samples using a standard protocol and the SalivaDirect protocols.



MATERIALS AND METHODS


Clinical Samples and SARS-CoV-2 Nucleic Acid Extraction Protocols

Thirty nasopharyngeal swab clinical samples were examined using a standard protocol following the manufacturer’s instructions (QIAamp Viral RNA Mini, Qiagen, MD, United States) at a certified laboratory. Briefly, 140 μl of homogeneous (vortexed) nasopharyngeal swab clinical sample with 560 μl of AVL buffer was mixed and incubated at room temperature (RT) for 10 min for lysing proteins. Ethanol (560 μl) was added followed by nucleic acid binding to the column containing the filter and collector tube. It was centrifuged at 6000×g, and the liquid was discarded through the filter tube. Then, 750 μl of AW1 buffer was added and drowned by centrifugation followed by the same procedure but using AW2 buffer. A brief spin (1 min) removed the remaining buffers. The nucleic acids were eluted into a sterile 1.5-ml tube by adding 60 μl of elution AVE buffer, incubated at RT for 1 min, centrifuged at 8,000 × g for 1 min, and stored at −80°C for further analysis.

The same nasopharyngeal swab clinical samples of the same COVID-19 patients were also examined by using the SalivaDirect nucleic acids extraction protocol (Vogels et al., 2020). The main distinction between both protocols is that in the SalivaDirect protocol, the wash, column binding, and elution steps were skipped. Briefly, 50 μl of the homogeneous (vortexed) nasopharyngeal swab clinical sample was added to 2.5 μl of proteinase K (50 mg/ml) for lysing proteins. To inactivate proteinase K, the homogenate was incubated at 95°C for 5 min and stored at -80°C for further analysis. The SalivaDirect assay was performed using saliva clinical sample from the same COVID-19 individuals.



SARS-CoV-2 Nucleic Acid Amplification Protocol

The RNA amplification of SARS-CoV-2 was performed following the manufacturer’s instructions of the SARS-CoV-2 Real-Time PCR kit (Vircell, Granada, Spain). Positive and negative controls were tested in parallel to validate the reaction.

A sample was considered positive if the cycle threshold (Ct) value obtained in E gene was less than 40 and the internal control, RdRp gene, showed amplification. A sample was considered negative if the assay did not show amplification for gene E but it did for the RdRp gene. If the assay did not show an amplification signal for the RdRp gene, the acid nucleic extraction protocol was repeated. The acid nucleic amplification assay was done all over again if the Ct value for gene E was over 40. As the gold protocols (from Qiagen and Vircell) used here have a sensitivity of 100% as reported elsewhere (World Health Organization [WHO], 2020), it was used as reference to decide whether or not an individual was truly positive or negative to the tests.



Statistical Analysis

The 95% exact Clopper-Pearson confidence intervals (CIs) surrounding the point estimate of the SalivaDirect protocol were calculated using the diagnostic test evaluation calculator (MedCalc software1; February 17, 2021) in relation to the gold standard protocol with nasopharyngeal swab clinical samples. Estimates for which the 95% CIs did not overlap were considered to be significantly different at the P < 0.05 level.



RESULTS

A variation (P > 0.05) was noted when 30 saliva clinical samples were assessed by the SalivaDirect protocol (sensitivity of 88.2%; 95% CI = 72.6%–96.7%) in relation to the gold standard protocol (95% CIs = 97.5%–100%; sensitivity of 100%) as reported elsewhere (World Health Organization [WHO], 2020; Table 1). This was because four out of 30 saliva clinical samples had late Ct values (ranging from 34 to 38 amplification cycles) for gene E, which are associated with low viral loads in the samples. However, the standard protocol with nasopharyngeal clinical samples was able to detect the virus in those samples with Ct values of up to 40 cycles.


TABLE 1. Comparison of three protocols for acid nucleic extraction of SARS-CoV-2 (n = 30) individuals diagnosed with COVID-19 from nasopharyngeal swab and saliva clinical samples.

[image: Table 1]The same 30 nasopharyngeal swab clinical samples from same COVID-19 individuals were assessed by the SalivaDirect protocol (Table 1). Only two out of 30 nasopharyngeal swab clinical samples were found to be false negatives (sensitivity of 93.7%; 95% CIs = 79.2%–99.2%), indicating that saliva clinical samples are less sensitive than nasopharyngeal swab samples. Thus, no significant difference (P > 0.05) was seen between the two assays using nasopharyngeal swab clinical samples. In addition, eight saliva clinical samples in the standard protocol showed Ct values over 36, and these samples also showed positive results using the SalivaDirect protocol. Interestingly, there was concordance in the positive result using one nasopharyngeal swab sample with a Ct value of 40 for both assays (i.e., standard and SalivaDirect protocols).



DISCUSSION

Saliva used as diagnostic sample provides an opportunity for simpler and more efficient tools for virus diagnosis, especially during the critical episodes of viral disease outbreaks (Khurshid et al., 2019). Furthermore, literature mentions that the screening times will be reduced by instructing patients to spit into a sterile bottle (Fakheran et al., 2020). However, in our gathering of samples with trained personnel, collection of nasopharyngeal swabs took less than 3 min, but getting saliva lengthened the process due to the wait for the patients to be able to salivate.

On several occasions, the patients produced largely sputum instead of saliva. In other studies, patients were asked to cough out saliva and samples were mainly sputum (Cheng et al., 2020; To et al., 2020b; Zheng et al., 2020). Also, other patients cannot generate saliva.

Variation in viral load between saliva and sputum samples has not yet been reported (Chen L. et al., 2020; Zheng et al., 2020), but it is complicated to manipulate sputum in the laboratory due to its viscosity, in addition to containing higher concentrations of degrading enzymes that can interfere with detection processes.

In the clinical setting, we have observed that during the saliva collection, many patients contaminated the outside of the container with their saliva. This puts staff at risk, or it can lead to cross-sample contamination. Due to this and because saliva may allow transmission of virus (To et al., 2020b), we consider that it is necessary to use personal protection equipment and to follow all the established safety measures as with that of the nasopharyngeal swab collection. Saliva self-collection gives the possibility of collecting samples outside the hospitals, but it could damage the sample during patient handling or transportation. For these reasons, we do not consider viable the option of self-collection outside hospitals.

Here, the saliva samples were taken, stored in a cooler, and transported directly to the laboratory. Usually, the samples are collected, then sent out to the clinic, and later on the samples are sent to the laboratory (the next day if they are in another town). Thus, keeping the sample in a transportation medium should be considered. Lippi et al. (2020) suggested that sample collection errors and transportation factors also have an impact on assay detection accuracy. It has shown that liquid Amies medium, PBS, or maintenance medium can be used for homogenization of saliva samples (Williams et al., 2020; Wong et al., 2020).

To solve the logistic problems associated with sample collection, it is necessary to develop an easily and standardized method to collect the samples as well as for keeping the samples: Namely, putting the saliva sample into a sterile container and then viral transport medium (To et al., 2017), putting the saliva direct into a sterile container with viral transport medium (To et al., 2019a) or without viral transport medium (Moreno et al., 2020).

In the laboratory, the only drawback, as aforementioned, was the difficulty of working with viscous samples. It has been shown that the processing of nasopharyngeal swabs with proteinase K and without silica column washes was as effective as the standard protocol, indicating that this methodology can reduce time and costs. It was also demonstrated that nasopharyngeal swabs should be recommended as the sample to be used (Azzi et al., 2020).

Thirty patients were confirmed to harbor SARS-CoV2 nucleic acids using a standard protocol with nasopharyngeal swab clinical samples. When saliva clinical samples from the same patients were assessed with the SalivaDirect protocol (Vogels et al., 2020), four were found to be false negatives (sensitivity of 88.2%; 95% CI = 72.6%–96.7%). A sensitivity of detection of the virus using gold standard protocols with oropharyngeal clinical samples was documented to be 100% (95% CIs = 97.5%–100%) (World Health Organization [WHO], 2020), indicating a significant variation (P > 0.05) in the assays.

The consequence for the decrease of the sensitivity was noted in samples with late Ct values (Ct values = 34–38 cycles) for gene E. In qRT-PCR, Ct scan is suggested as an auxiliary diagnostic method to avoid reporting false results and to increase sensitivity (Li et al., 2020). Chen J.H. et al. (2020) reported significant differences in the median Ct values for nasopharyngeal swabs in comparison to that on saliva samples (26.8 vs 29.7, p = 0.0002), indicating that COVID-19 detection assay is less sensitive with saliva samples than nasopharyngeal swabs, which is in concordance with our findings.

Regarding the concordance between detection results of SARS-CoV-2 using nasopharyngeal swabs and saliva clinical samples, different sensitivity rates have been reported (Table 2). Here, the 30 nasopharyngeal swab clinical samples from same COVID-19 patients using the SalivaDirect protocol had a sensitivity of 93.7% (95% CIs = 79.2%–99.2%) which was not different (P > 0.05) of that when saliva clinical samples were used (sensitivity of 80.2%; 95% CIs = 72.6%–96.7%). This is consistent as reported elsewhere (Azzi et al., 2020). Also, concordance (P > 0.05) in nasopharyngeal swab samples using the SalivaDirect protocol (95% CIs = 79.2%–99.2%) and the gold standard protocol (95% CIs = 97.5%–100%) as reported by World Health Organization [WHO] (2020) was noted (Supplementary Table 1).


TABLE 2. Number of positive/individuals examined (percentage) when using either nasopharyngeal swabs or saliva clinical samples assessed by qRT-PCR for SARS-CoV-2.

[image: Table 2]Infections by SARS-CoV-2 can be detected at high titers with tests based on saliva samples. It has been reported to be 3.3 × 106 and 1011 copies per cm3 (Cheng et al., 2020; Pan et al., 2020). In sputum, it has been reported to be 109 and 1.34 × 1011 copies per cm3 (Pan et al., 2020; To et al., 2020a).

However, an observational cohort showed that viral load in saliva was highest following symptom onset in the first week and then subsequently declined with time (To et al., 2020a). However, in one of these studies, viral RNA could still be detected from a third of patients for 20 days or longer, and in one patient, it was detected 25 days after symptom onset (To et al., 2020a). Wang et al. (2020) reported that the median duration of viral shedding in sputum was 34 days (24–40) and 19 days (14–25) in nasopharyngeal swabs. Similarly, Park et al. (2020) reported that the median duration of SARS-CoV-2 viral detection after hospitalization was 34 days (22–67). After resolution of symptoms, SARS-CoV-2 was detected for a median of 26 days (9–48). For this, unlike nasopharyngeal swabs, saliva only can be used for early detection and subsequent viral load monitoring (To et al., 2020a,b; Wyllie et al., 2020).

Also, consideration should be the detection of SARS-CoV-2 in saliva by rapid antigen-based tests. In Mexico, the Institute for Epidemiological Diagnosis and Reference has approved rapid antigen-based kits from swab samples. The PanbioTM COVID-19 Ag rapid test device and Sofia 2 SARS antigen FIA kit can give results in 15 min; however, they showed a sensitivity of 85 and 80%, respectively, in patients who were in the first week of onset of symptoms. Probably, as the disease stage progresses, those rapid testing protocols will present less sensitivity by the decrease in viral load (Zhao et al., 2020), as well as a higher rate of false negatives due to the low viral load in saliva (Chen J.H. et al., 2020).

For increasing the sensitivity of saliva tests to detect SARS-CoV-2, the instructions should clearly explain the saliva spitting procedure into a container to the individuals, in a “how-to” pamphlet, for example.


Limitation of the Study

We are aware that our study has limitations as we only have tested a small sample size of individuals, but this is a common problem in studies on emerging infections, making most studies not conclusive. Furthermore, false negatives may occur due to the uncertainty of the first appearance of the symptoms or by technical deficiencies in sampling methodology (Sethuraman et al., 2020).
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Macrolides (e.g., erythromycin, fidaxomicin, clarithromycin, and azithromycin) are a class of bacteriostatic antibiotics commonly employed in medicine against various gram-positive and atypical bacterial species mostly related to respiratory tract infections, besides they possess anti-inflammatory and immunomodulatory effects. Coronavirus Disease 2019 (COVID-19) is an infectious disease caused by the severe acute respiratory syndrome of coronavirus 2 (SARS-CoV-2). It was first detected in Wuhan, Hubei, China, in December 2019 and resulted in a continuing pandemic. Macrolides have been extensively researched as broad adjunctive therapy for COVID-19 due to its immunostimulant abilities. Among such class of drugs, azithromycin is described as azalide and is well-known for its ability to decrease the production of pro-inflammatory cytokines, including matrix metalloproteinases, tumor necrosis factor-alpha, interleukin (IL)-6, and IL-8. In fact, a report recently published highlighted the effectiveness of combining azithromycin and hydroxychloroquine for COVID-19 treatment. Indeed, it has been underlined that azithromycin quickly prevents SARS-CoV-2 infection by raising the levels of both interferons and interferon-stimulated proteins at the same time which reduces the virus replication and release. In this sense, the current review aims to evaluate the applications of macrolides for the treatment of COVID-19.

Keywords: COVID-19, SARS-CoV-2 infection, macrolides, azithromycin, efficacy


INTRODUCTION

Humanity is currently facing a deadly threat, a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, which is due to the novel 2019 coronavirus outbreak, also known as Coronavirus Disease (COVID-19) (1). As of November 22, 2020, COVID-19 was confirmed in 57,882,183 people worldwide, resulting in the premature deaths of more than 1,377,395 individuals. According to the World Health Organization (WHO), more than 220 countries have reported cases of the deadly virus (2). The continually increasing figures of diagnosed cases and the rise in mortality rate call for immediate, accessible treatment that is effective against the deadly virus (1). As a consequence, the use of macrolides for therapeutic applications is gaining much attention.

Macrolides (for example, erythromycin, fidaxomicin, clarithromycin, and azithromycin) are a class of bacteriostatic antibiotics commonly employed in medical practice against various gram-positive and atypical bacterial species mostly related to respiratory tract infections. Besides their antibacterial properties, macrolides are reported to also have anti-inflammatory and immunomodulatory effects (3–5). The infected host typically links viral respiratory infections, such as COVID-19, to an intense inflammatory response, characterized by hyperproduction of cytokine. Past preclinical and clinical studies have shown that macrolides control the susceptibility to inflammation, increase the buildup of anti-inflammatory cytokines, and also promote the antibody-building cycle. Due to its immunomodulating activities, macrolides have been researched to a great extent as a broad adjunctive therapy against viral respiratory infections, influenza inclusive (6). In this sense, this review seeks to evaluate the applications of macrolides in the possible treatment of COVID-19, with primary considerations on the most relevant macrolide, i.e., azithromycin, in a plausible curative mixture.



RESEARCH METHODOLOGY

A MEDLINE literature search was performed using the following keywords: azithromycin and severe acute respiratory syndrome-coronavirus 2 (SARS-CoV2); COVID-19 and azithromycin; viral infections and azithromycin; azithromycin and chloroquine; Qt prolongation; and Qt prolongation and azithromycin. Here, we provided information on the most recent shreds of evidence investigated and on those essential in the synthesis and usage of macrolides as a possible effective treatment of COVID-19.



AZITHROMYCIN: AN OVERVIEW


Description

Azithromycin is described as an azalide that is structurally associated with the macrolide family of antibiotics. Macrolides are known to possess immunomodulating and anti-inflammatory activities apart from its antibiotic properties, with such components being able to proffer some effectiveness in a broad range of viral infections respiratory in nature (7).



Pharmacokinetics

Azithromycin has a bioavailability of ~37%. However, it has been observed that the concomitant oral introduction of azithromycin in combination with food could significantly reduce the drug bioavailability by 50%. Subsequently, a one-time dosage (oral) of 500 mg with a plasma peak concentration within the range of 0.35 to 0.45 mg/L could be reached nearly within 2 h (8). Considering the concentration of 500 mg administered orally on a day followed by 250 mg on days 2 to 5, the mean and peak plasma concentrations would be, respectively, close to 0.25 and 0.05 mg/L. Such low concentrations are due to the effect of substantial and fast spread from plasma to tissues. The binding protein of the associated plasma is considered to be in a small amount of about 50% less at a plasma concentration with the normal treatment dose. The noticeable circulation volume is substantially high at a volume of 25–35 mg/kg (9).

Azithromycin, naturally eradicated by biliary and trans-intestinal excretion discharges, is not involved in stools, with urine excretion being considered a limited route for its removal. Approximately 6% of the oral and 12% of the intravenous doses are recovered without urinary changes. It takes the mean period of about 2–4 days for azithromycin to reach terminal elimination half-life (8). For aged patients, and even in cases of mild-to-moderate kidney or hepatic inadequacy, azithromycin pharmacokinetics is not substantially altered. The azithromycin dose and its dosage regimen agree with marketing authorization for superinfections of acute bronchitis. Indeed, the pharmacology of azithromycin was previously addressed in humans (10), finding that 37% of an individual oral dosage of 500 mg was bio-accessible and able to produce a serum concentration peak of 4 mg/L. Several concentration treatments (i.e., 500 mg in 2 doses with a 12 h separation followed by 500 mg for 5 days, or double doses of 250 mg with a 12 h separation, followed up by a quantity of 250 mg for 9 days) led to a minor serum concentration peak increase. Moreover, the protein serum binding of azithromycin decreased from 0.02 mg/L, which is at 50% to 0.5 mg/L at 12%. The tissue concentrations of this macrolide-type antibiotic were indicated to be amply increased than what is attainable in serum. For example, after administering dual concentrations of 250 mg each, 12 h apart, peak concentrations of azithromycin were stated in tonsil, prostate, and various other tissues (exceeding 3 mg/kg). However, the amount present in tissues weakened, with noticeable half-lives of ~55.2 h in prostate and 76.8 h in tonsil. In fact, the increased concentrations in such associated tissues indicate that the proposed standard treatment doses of 500 mg in a day followed consecutively by 250 mg for 4 days, or 500 mg for 3 days, would result in tissue concentrations above 3 mg/kg. This evidenced as the concentrations in tissues surpassed that of the associated pathogens' minimum inhibitory concentrations (MICs), with treatment doses proving to be effective in antagonizing soft-tissue and/or respiratory tract infections. Also, a one-time 1 g dose was suggested to be effectual in treating various sexually transmitted infections (11).

Antibacterial agents, such as azalide, particularly, azithromycin, were initially shown to possess several pharmacological effects from other antibacterials that are presently being used. As above mentioned, the drug has an approximate bioavailability of 37%, where a quick dispensation accompanies the fast and substantial spread from serum to the intracellular fluid compartments to tissues. Tissue concentrations surpass the concentrations of serum by 100-fold in line with a 1-time dosage of azithromycin (500 mg), with drug concentrations in macrophage assisting in its ability to fight diseases. As referred, high azithromycin amounts are usually observed in prostate, tonsil, lymph nodes, lungs, and liver, with only minor concentrations being noticed in muscles and fat. For example, a 500 mg dose given on the 1st day, followed by 250 mg daily for 2–5 days, has previously been shown to maintain the azithromycin amount at sites where infections could be indicated and continues to be effective for many days even after cessation of administration. At the pharmacokinetic level, data have indicated that azithromycin has various therapeutic applications and effects (12).



Toxicity

In a study conducted in rats, it was observed that the use of azithromycin leads to its hepatic accumulation and elevated azithromycin demethylase activity (13), due to interactivity with the cytochrome P450 system of liver cells' smooth endoplasmic reticulum. However, any significant clinical connections of the drug with theophylline or warfarin are yet to be detected, so that these agents should be clinically monitored. Furthermore, some macrolides have been observed to weaken digoxin metabolism, and such a relationship might occur with azalides (13).

The administration of cimetidine, along with azithromycin, has not been properly investigated, so that their significant effect on drugs pharmacokinetics needs to be addressed (13). Nevertheless, administering the drugs with some antacids (for example, Maalox) has shown to decrease the plasma concentrations of azithromycin down to 25%, even though there has been no observation in the reduction of absorption level (13).




MACROLIDES' EFFECT AGAINST VIRAL INFECTION

In critical cases, the capability of the antibiotic (azithromycin) to decrease the production of matrix metalloproteinases (MMPs), tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6, and IL-8 has been addressed (14). Previously, such macrolide has shown the rise of neutrophil apoptosis and also the oxidative stress linked to inflammation in the resolution phase. Likewise, bafilomycin A1, erythromycin, and clarithromycin were studied to impede the making of IL-1β, IL-6, IL-8, TNF-α, and intercellular adhesion molecule (ICAM)-1 in influenza and rhinovirus-modeled infections (Figure 1) (15–18). To study the potency of bafilomycin A1, an inhibitor of vacuolar H+-ATPase, on rhinovirus (RV) airway epithelial tissue infections, primary tracheal epithelial cell cultures from human subjects were exposed to type 14 RV infection (RV14). The investigators involved confirmed RV infections by demonstrating that the viral titers in the supernatants of diseased cells and viral ribonucleic acid (RNA) in cells increased over time. The RV14 infection stimulated the cytokine production and also of messenger RNA (mRNA) of ICAM-1 in epithelial cells. Interestingly, bafilomycin A1 repressed the ICAM-1 production and decreased the viral titers of RV14 before and after its confirmed infection. Furthermore, the susceptibility of the epithelial cells to RV14 was decreased by the macrolide antibiotic-bafilomycin A1.


[image: Figure 1]
FIGURE 1. Antiviral effect of macrolides.


Observations also revealed that RV14 enhanced the activation of nuclear factor-κappa B (NF-κB) in cells whereby bafilomycin A1 lowered it. Also, the number of acidic endosomes present in the epithelial cells was observed to be reduced by bafilomycin A1. Such reactions were indicative of the bafilomycin A1 potential to hinder RV14 infection by obstructing the RV RNA entrance into endosomes and also by decreasing the ICAM-1 expression in the associated epithelial cells. Thus, the use of bafilomycin A1 could regulate respiratory tract inflammation after RV infection (15). Influenza viruses that affect humans are also linked to the sialic acid α-2,6-galactose sialyloligosaccharides (SAα2,6Gal) present in the respiratory epithelial cells, the uncoating of this virus, and also their passages into the epithelial cells need a low endosome pH level to complete.

In addition, bafilomycin A1 is able to restrain the growth of both type A and B influenza viruses in humans as indicated in Madin–Darby canine kidney cells (MDCK). Nevertheless, the repressive potential of this macrolide, clinically used to treat human influenza virus infections in respiratory tract, is yet to be thoroughly investigated. On the other hand, to evaluate the potency of clarithromycin in human influenza virus infection, epithelial cell samples from human windpipes (tracheal) were cultured and then subjected to infection by Influenza A virus subtype H3N2. The observed infection augmented the cytokine level and also the viral load, as well as IL-1β and IL-6 in supernatant liquids and also in viral RNA within cells. In addition, the cytokine contents in the supernatant liquid, the viral loads, the viral RNA within cells, and the infection vulnerability were generally decreased following clarithromycin use. Also, the expression of sialic acid α-2,6-galactose sialyloligosaccharides (SAα2,6Gal), a receptor for influenza virus in man, was reduced by clarithromycin on the mucous membrane surface of the tracheae. Clarithromycin was also observed to reduce the amount and intensity of acidic endosome fluorescence in cells where viral ribonucleoproteins (RNP) pass into the cytoplasm. Clarithromycin was stated to have, in nuclear extracts, decreased the NF-κB proteins, as also p50 and p65. These outcomes indicate that seasonal human influenza virus could be successfully constrained after clarithromycin use, reducing the sialic acid α2,6-galactose sialyloligosaccharides (SAα2,6Gal), partially inhibiting NF-κB and raising the endosome pH level in respiratory epithelial cells. Thus, viral respiratory tract inflammatory infections could positively be controlled by clarithromycin (18). In addition, some data have also indicated that clarithromycin is able to inhibit IL-6, IL-8, and ICAM-1 and might thus be beneficial on the pathophysiological variations associated with RV infections. For example, the effects of clarithromycin on RV infections in adenocarcinomic human alveolar basal epithelial cells (A549) were thus examined. The procedure used was to treat cells with respect for 1, 10, and 100 μm of clarithromycin, beginning at 3 days before laboratory infections or using clarithromycin at the time of infection. RV titers, according to the measurement by culture on Medical Research Council cell strain 5 (MRC-5), were decreased by clarithromycin, with this decrease being higher when treatment was applied 3 days before infection compared to when it was performed at the time of infection. Besides RV-induced development of IL-1β, IL-6, and IL-8, clarithromycin therapy was found to inhibit RV, with elicited increment in ICAM-1 mRNA and protein. The maximal treatment effect was detected at the post-infection period (after 3 days). Conversely, the IL-8 production is not significantly repressed following clarithromycin administration at the time of infection. Associated findings further suggest that treatment with clarithromycin may hinder the raise in cytokines, the induction of ICAM-1 expression, and viral infection in adenocarcinomic human alveolar basal epithelial cells (A549) (17).

On the other side, Murphy et al. (19) found that azithromycin connected to T-helper (TH) phenotype led to a shift in both types one and two, also supporting the repairs of damaged tissues due to inflammation. Furthermore, azithromycin has been reported to attenuate the reactions of endotoxin-lipopolysaccharide on lung allogeneic graft bronchial epithelium cells (20–24). In another study, the use of azithromycin and midecamycin in respiratory epithelial cells of many human patients suppressed the raise in mucin and TNF-α levels (24). Indeed, it was stated that midecamycin and azithromycin lessened the phorbol myristate acetate (PMA)-induced MUC2 and MUC5AC mucin gene and protein expression in NCI-H292 cells while repressing the phorbol myristate acetate-mediated TNF-α. Also, azithromycin was revealed to be effective in reducing biofilm formation and in restraining the quorum sensing and bacterial protein synthesis. Effective azithromycin aggregation in cells, mostly phagocytes, is usually carried over places with infections, as expressed in the extensive distribution of tissue and plasma clearance. Additionally, azithromycin has been recommended for the treatment of bacterial infections, including dermal, genitourinary, and respiratory infections. It has also shown immunoregulatory efficacy in persistent and inflammatory diseases, including rosacea, diffuse panbronchiolitis (DPB), and transplant-related complications, including post-transplant bronchiolitis. Host-response modulation accelerates the long-lasting medicinal effectiveness in non-eosinophilic asthma (NEA), chronic obstructive pulmonary disease (COPD) exacerbations, and both cystic and non-cystic fibrosis bronchiectasis. Azithromycin also exerts stimulative activities on epithelial and immune cells linked to extracellular signal-regulated kinases (ERK) 1 and 2 and phospholipids, accompanied by the late modulation of NF-κB and activator protein-1 (AP-1) transcription factor, mucin release, and cytokine-related inflammation (25). It also exerts late repressive effects on cells' smooth function and also increase lysosomal buildup as a consequence of the disturbance in both intracellular lipid and protein transportation, while also exerting surface receptor expression modulation of autophagy and macrophage phenotype. Such alterations underlie several immunomodulatory activities, adding to the timely resolution of severe infections while mitigating aggravations in chronic respiratory tract diseases. Previously analyzed were groups of people with post-transplant bronchiolitis, who revealed to be responsive to azithromycin treatment, as well as some people with acute sepsis (26), periodontitis, and prostatitis; notwithstanding, a weakened effect is not likely to be critical in malaria. Anyway, given data currently available, the continual application of azithromycin needs to be well-adjusted against the possibility of bacterial resistivity. Indeed, despite that some reports have stated rare situations of torsades de pointes (TDP) in people who are at risk, the use of azithromycin has continued to show an encouraging track record of safety in its usage (23). An experiment was performed to study the function of human neutrophils and to circulate inflammatory mediators on 12 volunteers each receiving a different dose of 500 mg of azithromycin per day (p.o.) for 3 days (20). Blood was drawn from volunteers in the following order: 1 h before treatment, 2 and a half h, 24 h, and also 28 days after administration. Neutrophil-degranulating activities following azithromycin use were stated to quickly decrease the activities of azurophilic granule enzymes in cells and to increase their serum level. Also, oxidation responses to the particulate stimulus were indicated to be highly improved. The activities observed were connected to an increase in neutrophil and plasma drug concentrations (20). The constant decrease in IL-6 serum and chemokine concentrations within ranges that were non-pathological followed a rise in apoptosis, and a slowing downregulation of the oxidative burst of neutrophils up to 28 days after administration of the final treatment dosage of azithromycin was also reported. The isolated blood neutrophils at this time still had identifiable amounts of the drug. Indeed, severe neutrophil stimulation may positively enhance azithromycin microbicidal effectiveness while the slowing down of possibly anti-inflammatory activities could restrain detrimental inflammations (20).

On the other hand, most asthma aggravations are due to RV infections (27). Currently available therapy for such exacerbation is believed to be insufficient. Preceding indications suggested that macrolide antibacteria possess both antiviral and anti-inflammatory capabilities even though the procedure directly involved is yet to be known. Furthermore, a study was carried out to investigate the anti-RV effects of macrolides (telithromycin, erythromycin, and azithromycin) by the induction of protein and antiviral messenger RNA (mRNA) in primary human bronchial epithelial cells (HBEpC), subjected to major group RV-6 and minor group RV-1B infection. The antiviral gene mRNA expression, IL-6 and IL-8 levels, RV release and replications, interferon-λ2/3, type I interferon-β and type III interferon-λ1, and interferon-stimulated genes (oligoadenylate synthase, melanoma differentiation-associated gene 5, retinoic acid-inducible gene I, viperin, and MxA) were carefully addressed (22). Azithromycin treatment led to a significant increase in protein production and interferon and gene mRNA expression enhanced by RV-1B and RV-16, whereby erythromycin and telithromycin treatments were not significant enough. Moreover, azithromycin treatment further decreased the release of RV and its replication significantly. Observation also revealed that the RV-stimulated IL-6 and IL-8 protein and mRNA expressions were not indicated to be significantly decreased with azithromycin use (22). Indeed, there is a lot of evidence underlining that azithromycin has good anti-inflammatory potency (28). For instance, in acquired and innate immunity, macrophages are essential and enhance the pro-inflammatory cytokine production, such as IL-12, which comprises both p35 and p40 subunits. The primary aim of IL-12 is to boost type 1 T-helper (TH1) production and response. Thus, the effect of azithromycin on IL-12 p40 production in macrophages following stimulation of interferon-γ and lipopolysaccharide were investigated. Azithromycin was used to pretreat the RAW264.7 macrophage cell line, which was followed by the production of lipopolysaccharide and interferon-γ (21). Real-time polymerase chain reaction (RT-PCR) and enzyme-linked immunosorbent assay (ELISA) were employed to evaluate the IL-12 production. Furthermore, reporter assay and electrophoretic mobility shift assay were also used to assess the IL-12 transcriptional regulation (29). Interferon consensus sequence-binding protein (ICSBP) and phosphorylation of activator protein-1 were evaluated by both immunoblotting (using specified antibodies against ICSBP and Jun-B) and immunoprecipitation (using phosphotyrosine), whereby azithromycin application decreased the induction of the IL-12 p40 promoter by lipopolysaccharide/interferon-ÿ in a dosage-dependent way. The nuclear factor-mediated T-cells, activator protein-1, and interferon consensus sequence-binding protein to the DNA-binding site in the IL-12 p40 promoter were also indicated as being inhibited by azithromycin (21). Observations further revealed that azithromycin minimized the activities of the lipopolysaccharide/interferon-γ-induced IL-12 p40 promoter. Stimulated cells that had been treated with azithromycin inhibited both JunB and ICSBP phosphorylation. Finally, the activities of IL-12 p40 transcription were decreased by azithromycin through inhibition of AP-1, ICSBP, and nuclear factor-activated T-cells in the promoter site. Such could be representative of a key procedure for the regulation of azithromycin anti-inflammatory activities in macrophages (21).



AZITHROMYCIN EFFECTIVENESS IN COVID-19 MANAGEMENT

In a France-based clinical study, hydroxychloroquine was administered to 20 patients and compared to 16 patients who served as controls (not treated with hydroxychloroquine). Six patients were given a mixture of 200 mg of hydroxychloroquine administered three times a day for a period of 10 days and 500 mg of azithromycin on the first day (30). The investigating scientists concluded that 100% of patients administered the mixture were virologically attenuated during the 6th day as opposed to about 57.1% of patients who were treated with only hydroxychloroquine and 12.5% of those in the control groups (30). Contrary to this striking finding, in another study, 11 patients received a mixture of azithromycin and hydroxychloroquine [using the same dose described by Gautret et al. (30) and Molina et al. (31)]. It is also interesting to note that in the stated instance by Molina et al. (31), the patients incurred comorbidities significantly, related to conditions that were poor such as hematological cancer, human immunodeficiency virus infection, and obesity. Treatment had to be stopped for one patient just after 4 days due to Qt prolongation. Furthermore, on an updated report, Gautret et al. (30) stated a promising situation (which denotes patients that were no more given treatment and also required no oxygen treatment) in which out of 80 patients (81.3%) observed, 65 of them treated with azithromycin and hydroxychloroquine had a negative viral load test at 6 days in 83% of those treated with the mixture. Fifteen percent needed oxygen treatment, three patients required intensive care unit admission but later got better, while unfortunately, one patient died (30).

Two critical studies on the effectiveness of combining azithromycin and hydroxychloroquine as a treatment combination for the deadly virus were recently published. Rosenberg et al. (32) described a retrospective multicenter cohort analysis on one thousand four hundred and thirty-eight patients with COVID-19 which were hospitalized. As a possible treatment for the virus, 735 patients received azithromycin and hydroxychloroquine. In a combined therapy (azithromycin + hydroxychloroquine), no significant variations were stated when compared to control patients (31). In addition, Mehra et al. (33) stated a situation in contradiction of the advantages of applying the treatment combination of chloroquine or hydroxychloroquine with clarithromycin or azithromycin to a total number of 96,032 COVID-19 patients. Having compared the patients' mortalities (in-hospital) that were given the mixture of quinoline and macrolide derivatives with those who received no treatment for the virus, the authors detected that the treatment combinations were linked to a high risk of death (32, 33). Presently, various trials are still ongoing in evaluating the potency of azithromycin in COVID-19 treatment. Placebo against azithromycin, in mixed form or against hydroxychloroquine or in triple combination with tocilizumab, is the most usual pattern studied (such as NCT04341870, NCT04329832, NCT04334382, NCT04332107, NCT04348474, NCT04341207, NCT04329572, NCT04339426, NCT04336332, NCT04335552, NCT04332094, NCT04339816, NCT04328272, NCT04338698, NCT04347512, NCT04345861, NCT04349592, NCT04321278, NCT04322396, NCT04344444, NCT04322123, NCT04334512, NCT04324463, NCT04351919, NCT04345419, NCT04341727, NCT04332835, NCT04349410, NCT04347031). The other research conducted by a French group also aimed to assess the efficacy, in particular by medical and other health workers who associate patients with the virus and those exposed to it (NCT 04344379) as well as to those at high risk of contracting the virus, using azithromycin and hydroxychloroquine as a way to prevent SARS-CoV-2 infection. The macrolide azithromycin is considered to be one of the drugs that have been included in the large adaptive RECOVERY test and also in the United Kingdom Medicines and Healthcare products Regulatory Agency study jointly sponsored by the University of Oxford with the European Union Clinical Trial (EudraCT) number: 2020-001113-21. In previous in vitro screen tests by the Food and Drug Administration (FDA)-approved chemical libraries, azithromycin has been shown to have the half-maximal inhibitory concentration (IC50) of 2.12 μM in antagonism to SARS-CoV-2 (34). In connection to the aforementioned inflammatory reactions and effects, macrolides could plausibly exert a prophylactical function in staphylococcal and pneumococcal difficulties that come on with a particular incidence as complications of respiratory tract viral infection.



CLUSTER OF DIFFERENTIATION 147 (CD147) AND COVID-2019 TREATMENT: POSSIBLE EFFECTS OF AZITHROMYCIN AND STEM CELL ENGAGEMENT

Angiotensin-converting enzyme 2 (ACE2) and cluster differentiation 147 (CD147) (also known as EMMPRIN or Basigin) are host cell receptors and novel routes for SARS-CoV-2 invasion (Figure 2) (35). In host cells, ACE2 or CD147 binds to virus spike protein (S-protein), disseminating virus, and mediating viral invasion within other cells. The SARS-CoV-2-S-protein is similar to SARS-CoV S-protein, with both binding to ACE2, attacking host cells (35). Apart from ACE2, Wang et al. recently showed that CD147 could also bind to SARS-CoV-2-S-protein (35). Their investigation employed the use of an anti-CD147-Meplazumab, co-immunoprecipitation, ELISA, and immuno-electron microscopy to reveal the new CD147-S-protein route of viral invasion. As main statements, the study underlined a significant focus on the application and development of specified anti-SARS-CoV-2 medications. Furthermore, another medical trial by the Chinese in its second phase with the title: “Clinical Study of Anti-Cluster of Differentiation 147 Humanized Meplazumab for Injection to Treat with 2019-nCoV Pneumonia” (ClinicalTrials.gov Identifier: NCT04275245) is presently being conducted with the chief aim of restricting the CD147 protein by monoclonal antibodies to impede SARS-CoV-2-S-protein binding and further infections. The experiment is currently supervised by virologic clearance rate by using a RT-PCR of airway tract samples to evaluate the activities of Meplazumab. The drug is viewed as a very exact molecule against CD147. Despite such a distinction, it is not exempted from the facts that other medication affecting CD147 expression could also possess advantageous effectiveness in the treatment of COVID-19.
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FIGURE 2. Targets and conceivable treatments for coronavirus disease-2019.


Also worth noting is that CD147 acts as a receptor for Plasmodium falciparum (protozoan that causes Malaria) invasion on red blood cells (RBCs). CD147, in addition to ACE2, also acts as a host cell receptor for SARS-CoV-2 invasion. Indeed, host cell invasion by SARS-CoV-2 (in vitro and phase II clinical trial) and P. falciparum is prevented by using treatment with anti-CD147. Azithromycin also quickly prevents SARS-CoV-2 infection and P. falciparum invasion, probably interfering with vital ligand/receptor interactions. However, azithromycin effectiveness in SARS-CoV-2 is soon to be assessed. As a matter of fact, antiviral responses in epithelial cells are induced by azithromycin by raising the levels of interferons and interferon-stimulated proteins and also reducing the virus replication and release. In addition, it also reduces MMP expression, a molecule nearly associated with CD147. In vitro, high glucose levels and influenza A virus in cells of patients with asthma increase CD147 expression, thus indicating plausible relationships with diabetes mellitus, asthma, and CD147 levels in medical complications due to SARS-CoV-2 infection.



HYDROXYCHLOROQUINE AND AZITHROMYCIN ON SARS-COV-2 INFECTION: RECENT TRENDS

As referred above, azithromycin is a well-known drug and considered to be generally safe. In the United States of America, it has been extensively prescribed, e.g., with 12 million azithromycin prescriptions dispensed to children under 19 years old (36). Recent investigations placed both hydroxychloroquine and azithromycin as among 97 possible effective drugs for COVID-19 management (37). In a preliminary clinical study, the use of hydroxychloroquine and/or with the combination of azithromycin to boost the drug potency was discovered to have positive effects in the mitigation of SARS-CoV-2 viral load in certain infected patients (30). Since the start of the worldwide pandemic, numerous strains have been isolated, of which one was SARS-CoV-2 IHUMI-3 which was examined by mixing different concentrations of both hydroxychloroquine and azithromycin with Vero E6 cells. Chloroquine has a reputation for both its immunomodulatory and anti-malaria effects and is also widely accepted and used worldwide (38–42). A new study (in vitro) indicated that the use of chloroquine inhibited the growth rate of SARS-CoV-2 (43). Such discovery is in line with other investigations conducted in ~100 admitted people with the virus (44, 45).

An analog of chloroquine is hydroxychloroquine, which has little concern on the drug-to-drug interactions. In an earlier SARS-CoV outbreak, hydroxychloroquine has been described to possess anti-SARS-CoV action in in vitro investigations (46). This indicates the possible pharmacological role that hydroxychloroquine could play in COVID-19 treatment and management. However, there is currently no medical proof to support the drug administration as a confirmed cure for SARS-CoV-2 infection. Nonetheless, the mechanism of action of both hydroxychloroquine and chloroquine molecules has not been extensively studied, as previous investigations had only hinted on the drug inhibitory potential through a sequence of steps against coronavirus. The treatments could alter the pH level of cell membrane surfaces and therefore could restrain the viral union to the cell membrane. Furthermore, this treatment could also hinder the following: the replication of nucleic acid, virus assembly, glycosylation of viral proteins, new virus particle transport, virus release, and other processes to attain antiviral reaction (47).

A consistent and dependable estimate of the amount of both chloroquine and hydroxychloroquine in lungs and other related tissues could thus be employed for treatment doses recommendation. A physiologically based pharmacokinetic (PBPK) model may be depended on for this estimate. PBPK is a technique that uses mathematical modeling to predict the drugs' concentration in tissues of humans in silico by integrating physiological and drug disposition parameters. PBPK are extensively required for the development of medicine in order to assist in identifying if a clinical trial is justified and validated in addition to aiding guidance on the use of such drugs based on appropriate authorized prediction models (48, 49).

Despite the efforts of innumerous researchers focusing on finding a therapeutic agent targeting directly SARS-CoV-2, a very incipient progress has been achieved in identifying curative therapies. By October 2020, many of the potential drugs/vaccines still figured as possible COVID-19 therapeutic agents and extensive clinical studies were warranted to verify their safety and efficacy (50). Regarding that containing the spread of the infection is the best way to control the COVID-19 pandemic, a vaccine that prevents future infections must be considered as a key priority. Also, the prevention of contamination and identification of clinical symptoms via diagnostics that rapidly and accurately detect SARS-CoV-2 infection are extremely important (51).

Hence, vaccines are the primary and most promising solution to mitigate new viral strains. The genome sequence and protein structure of SARS-CoV-2 were made accessible in record time, allowing the production of inactivated or attenuated viral vaccines. Nanotechnology also improves modern vaccines since they are ideal for antigen delivery, as adjuvants, and as mimics of viral structures (52). According to Iyer et al. (53), containing the spread of SARS-CoV-2 infection will potentially reduce the stress and pressure on the health-care professionals, as well as on the researchers/scientists, capacitating them to deliver better effort on the development of specific vaccines for COVID-19.



AZITHROMYCIN, HYDROXYCHLOROQUINE, AND CHLOROQUINE: POTENTIALLY UNFAVORABLE OUTCOMES

Besides the usual unpleasant effects, like headache, nausea, and itching, the utilization of hydroxychloroquine and chloroquine could lead some patients to severe arrhythmias, a reaction that the concomitant use of azithromycin could facilitate. Some severe but unusual possible dangers that could also occur comprise drug-to-drug interactions, idiosyncratic hypersensitivity reactions, neuropsychiatric effects, and hypoglycemia, with genetic variability which might also have a vital part in them. Not to mention, hydroxychloroquine and chloroquine are highly toxic when taken in excessive amounts (54).


QTc Interval Prolongation

It is important to note that hydroxychloroquine and chloroquine interfere with ventricular repolarization, which leads to QTc interval prolongation and also heightened threats of torsades de pointes (TdP). This reaction is reliant on the kind of concentration of drug administered. Previous investigations observed that the mean QTc level of some volunteers increased to about 6.1 ms after administering a concentrated dose of 600 mg, and 28 ms after a dose of 1,200 mg (55, 56). Notwithstanding, such effects differed from person-to-person and were usually pronounced. Out of 30 children who received small concentrations of chloroquine to treat malaria, 1 had a rise of about 64 ms in QTc interval 1 day after taking the drug (57). The use of azithromycin alone is not known to significantly cause any QTc interval prolongation in clinical trials (58); however, in theory, when azithromycin is used together with hydroxychloroquine or with chloroquine, it may increase the TdP threat. Interestingly, no indication of such risk was reported when an animal model was used (59). Furthermore, the combined drugs have been safely and successfully used in the treatment of patients with malaria (60, 61). Nonetheless, with not much experience in treating patients with COVID-2019 and also the possible use of these medicines to treat cardiac disease or patients under the influence of drugs that delay repolarization, it is highly recommended to daily monitor the QTc interval at baseline throughout treatment, particularly if azithromycin has been prescribed. During prophylactic treatment, day-to-day monitoring may not be feasible; however, the baseline assessment of the QTc interval is highly recommended, specifically for patients diagnosed with cardiac disease. Where possible, it is well-advised to treat any electrolyte disorders and to limit or avoid the use of any medication with the ability to prolong the QT interval.



Microbiota Affectation With Macrolides

Regarding the difficulty of differentiating COVID-19 from bacterial pneumonia as stated by clinicians (62), many considerations about the use of antibiotics should be taken such as the following: the uncertainty of the presence of bacterial superinfections; the absence of specific antiviral agents with proven efficacy; the relative high mortality; and the antimicrobial resistance caused by selective pressure on natural microbiota of individuals. The natural microbiota reduction can be considered a serious concern especially for individuals suffering mild symptoms of COVID-19. Still, even with the negative side effects, antibiotics should be considered as an alternative for treatment method for the most severe suspected or confirmed COVID-19 cases (e.g., patients presenting hypoxic respiratory failure demanding mechanical ventilation) (63).

Stricker and Fesler (64) state in their study that treatments using antibiotics somehow protect patients against SARS-CoV-2 and severe COVID-19 disease. Besides, in normal times, the medical practices do not recommend using antibacterial medications to treat viral infections in order to avoid overuse of antibiotics. Yet, the arrival of SARS-CoV-2 has forced a major review in the extensive medical literature in which some studies demonstrate potential antiviral and anti-inflammatory effects of numerous antibacterial agents such as azithromycin (65), ciprofloxacin (66), spiramycin (67), clarithromycin (68), nitazoxanide (69), metronidazole (70), doxycycline (71, 72), and other tetracyclines (73).




AZITHROMYCIN FOR COVID-19 MANAGEMENT: A FURTHER CONSIDERATION FOR SAFE USE

A recent report by Juurlink (54) on hydroxychloroquine, chloroquine, and azithromycin did not address a safety concern in azithromycin application, which is imperative to recipients of allogeneic blood and marrow transplantation, in which the use of azithromycin could be advised for treating or preventing transplant-related lung diseases (i.e., bronchiolitis obliterans) (54). In a 2017 controlled randomized study involving participants who were receiving blood and marrow transplant, individuals assigned to receive prophylactic azithromycin were found to have significantly higher relapse rates for their underlying hematologic malignant disease, in addition to a rise in death rate generally (74).



CONCLUSION

Azithromycin is a well-known antibiotic with good anti-inflammatory and immunomodulatory effects and considered to be generally safe, besides being reported as useful for the treatment of COVID-19. The combination treatment of hydroxychloroquine and azithromycin was documented to have positive effects to mitigate SARS-CoV-2 viral load in certain patients. Azithromycin and other macrolides, like bafilomycin A1, erythromycin, and clarithromycin were found to impede the making of IL-1β, IL-6, IL-8, TNF-α, and ICAM-1 in influenza- and RV-modeled infections.
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Tremendous advances in the field of synthetic biology have been witnessed in multiple areas including life sciences, industrial development, and environmental bio-remediation. However, due to the limitations of human understanding in the code of life, any possible intended or unintended uses of synthetic biology, and other unknown reasons, the development and application of this technology has raised concerns over biosafety, biosecurity, and even cyberbiosecurity that they may expose public health and the environment to unknown hazards. Over the past decades, some countries in Europe, America, and Asia have enacted laws and regulations to control the application of synthetic biology techniques in basic and applied research and this has resulted in some benefits. The outbreak of the COVID-19 caused by novel coronavirus SARS-CoV-2 and various speculations about the origin of this virus have attracted more attention on bio-risk concerns of synthetic biology because of its potential power and uncertainty in the synthesis and engineering of living organisms. Therefore, it is crucial to scrutinize the control measures put in place to ensure appropriate use, promote the development of synthetic biology, and strengthen the governance of pathogen-related research, although the true origin of coronavirus remains hotly debated and unresolved. This article reviews the recent progress made in the field of synthetic biology and combs laws and regulations in governing bio-risk issues. We emphasize the urgent need for legislative and regulatory constraints and oversight to address the biological risks of synthetic biology.
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INTRODUCTION

Synthetic biology emerged at the beginning of the 21st century and has demonstrated huge potentials for basic research and application. Meanwhile, many issues related to synthetic biology’s biosafety and biosecurity need to be deliberated. Over the past decades, the United States, the European Union, and some Asian countries have made great efforts to formulate and implement relevant laws, regulations, and other approaches regarding govern synthetic biology research (Rager-Zisman, 2012; Buhk, 2014). The abrupt outbreak of the COVID-19 caused by the novel coronavirus SARS-CoV-2 at the end of 2019 swept around the world. In the past 1 year, 70.7 million people were infected with SARS-COV-2 and 1.58 million people died from COVID-19, imposing huge impact on the international community. Although the precise origin of the novel coronavirus remains unresolved, in terms of the fast development of synthetic biology techniques, the outbreak of COVID-19 has raised a lot of concerns. This is because these techniques allow researchers to quickly reconstruct or engineer/modify viruses based on available viral sequences (Chen et al., 2019). This article reviews the progress of synthetic biology in several fields, discusses the challenges and bio-risk concerns faced by synthetic biology, compares the current strategies in different countries, and offers suggestions to effectively prevent and curb the pandemic like COVID-19.



OVERVIEW OF PROGRESS IN SYNTHETIC BIOLOGY


Synthetic Biology

Synthetic biology is an emerging interdisciplinary research field that can broadly be described as the design and construction of novel artificial biological pathways, organisms or devices, or the redesign of existing natural biological systems, aiming to address important issues such as energy, materials, health, and environmental issues. With its rapid development, synthetic biology is becoming a leading third biotechnology revolution since the discovery of DNA double helix and the Human Genome Project. In 2014, the US Department of Defense listed it as one of its six major priority disruptive technologies for development in the 21st century (U.S. Department of Defense, 2014). Advances in biotechnology have promoted the rapid development of synthetic biology. Based on the third-generation genome sequencing, bioinformatics, and gene editing technologies, one can carry out a variety of research tasks using synthetic biology.

This can include genetically engineered life forms thus expanding the fields of genetics and genomics from systems biology to synthetic applications. Rewarding progress on solving medical problems, energy and metabolic engineering, environmental restoration, materials science, and plant science has been made by synthetic biology (Anderson et al., 2012; Liu and Stewart, 2015; Wang L. et al., 2018). In recent years, the in-depth development of cell-free systems has been changing the pattern of synthetic biology and eliminating some of the limitations of working with living cells (Tinafar et al., 2019).

The combination of synthetic biology and engineering improves people’s understanding of the mechanism of action of biological components and the regulatory mechanism of the complex network in organisms (Bashor and Collins, 2018; Ozdemir et al., 2018). Tremendous breakthroughs have been witnessed in genetically engineered living organisms (including pathogens), but this increases potential bio-risks including biosafety, biosecurity, and even cyberbiosecurity.



Potential Bio-Risks of Synthetic Biology

The potential bio-risks of synthetic biology include biosafety, biosecurity, and cyberbiosecurity. Biosafety initially appeared in the field of microbiology as an abbreviation of safety in biological containment. Thus, the original biosafety definition referred to the safety issue of microbial biocontainment. Later, in the field of transgenic biotechnology associated with genetically modified organisms (GMOs), biosafety emerged as an acronym for “safety in biotechnology,” referring to the safety issues associated with releasing GMOs into the open environment. The term “laboratory biosafety” is often used to refer specifically to safety issues related to the biological laboratory protection of pathogens, GMOs, or genetically modified pathogens. In general, biosafety refers to the safety with respect to the effects of biological research on humans and the environment (Merriam-Webster, 2021). Biosafety emphasizes the prevention of unintentional biotechnological and microbial bio-hazards (World Health Organization [WHO], 2018).

Biosecurity refers to taking proactive measures to avoid intentional biohazards, such as theft and misuse of biotechnology and microbiologically hazardous substances, aiming to reduce the risks associated with the misuse of synthetic biology which could cause harm to humans, animals, plants, and environment through the creation, production, and deliberate or accidental release of infectious disease agents or their byproducts (e.g., toxins). It involves disease control (e.g., vaccination management), exotic species, or access to safe and adequate food supply chains (World Health Organization [WHO], 2010).

Cyberbiosecurity has been proposed as an emerging hybridized discipline which encompasses cybersecurity, cyber-physical security, and biosecurity as applied to biological and biomedical-based systems, and was defined as “understanding the vulnerabilities to unwanted surveillance, intrusions, and malicious and harmful activities which can occur within or at the interfaces of comingled life and medical sciences, cyber, cyber-physical, supply chain and infrastructure systems, and developing and instituting measures to prevent, protect against, mitigate, investigate and attribute such threats as it pertains to security, competitiveness and resilience” (Murch et al., 2018). A more comprehensive definition of cyberbiosecurity is given by Peccoud et al. (2018), who consider that any unforeseeable adverse consequences fostered by the cyber-physical interface can be regarded as a kind of cyberbiosecurity, not merely behaviors related to intentional forms of misuse (Mueller, 2021).



Bottlenecks in Synthetic Biology Development

Synthetic biology has undergone breakthroughs, but it is still in its early stages, and many of the challenging biological engineering and de novo synthesis of life forms are far from perfect due to limitations in knowledge and technology. The use of synthetic biology to reconstruct and synthesize life forms from scratch is currently limited to the following techniques including gene editing or synthesis based on known sequences and functions of already existing life forms, screening libraries for biological components, building regulatory modules and systems, and synthesizing life forms. Synthetic biology techniques need to be closely integrated with comprehensive knowledge of systems biology to enable the precise design, construction, and creation of new life forms. Unfortunately, our current understanding of the fine structure and regulatory mechanisms of life forms is very limited, making the task of designing and synthesizing entirely new life forms from scratch almost impossible.

However, with the development of systems biology, precision gene editing technology, bioengineering technology, bioinformatics including multidimensional genomics, big data analysis, and artificial intelligence, the modification and synthesis of life forms might be helpful in breaking through the technical and cognitive bottlenecks currently faced by current synthetic biology. Unfortunately, at present, there is no evidence to prove that one can design and synthesize entirely new life forms, including viruses and other pathogens, without designing them based on known genome sequences and functions. The engineered life forms (including plants, animals, microorganisms, etc.) mentioned in this review are either limited modifications of existing life forms based on known gene sequences or de novo designed and chemically synthesized based on known genome sequences.

As mentioned above, it is almost impossible to synthesize an entirely new life form using current synthetic biology techniques. However, it has long been a debated concept over whether a GMO can be considered as a new organism. It is not very convincing to infer the origin of a new virus on the basis that one cannot currently synthesize a lifeform from scratch. Nevertheless, the public (and everyone else) is concerned about the actual biological risks of synthetic biology and whether Dual Use Research of Concern (DURC)/GoF research will lead to evolutionary acceleration and recombination, with unintended/undesirable consequences. The crucial bottleneck in synthetic biology is lacking full knowledge of the code of life and the limitations of technology.

Due to the importance of synthetic biology and general supports and endorsements from governments, breakthroughs in synthetic biology bottlenecks require innovative and comprehensive development of cross-disciplines. Therefore, for bio-risks concerns, it is necessary to enhance the implementation of laws and regulations to regulate synthetic biology researching activities and the applications of synthetic biology.



BENEFITS AND POTENTIAL CONCERNS OF SYNTHETIC BIOLOGY TO HUMAN SOCIETY


Medical Research

The in-depth intersection of synthetic biology and medical fields has created a variety of diagnostic and therapeutic approaches. It provides a new research direction for timely and treatment of diseases in the future. Engineered cells or bacteria are used for diagnosis and therapeutic purposes (Danino et al., 2015; Xie et al., 2016). The use of Salmonella, which carries genes for synthetic antitumor drugs, to control tumor growth by sensing the tumor hypoxic microenvironment and releasing drugs in a time-dependent manner is an innovative idea for cancer therapy (Din et al., 2016). Engineered phages could be used to kill antibiotic-resistant pathogens (Yehl et al., 2019). Researchers have developed a new type of tumor-attacking virus that not only kills tumor cells in the brain, but also blocks the growth of blood vessels in tumors, suggesting that the tumor-killing oncolytic viruses may be more effective in treating aggressive brain tumors if they carry vasculostatin, a protein that inhibits the growth of blood vessels (Hardcastle et al., 2010). Synthetic circuits could be integrated into host cells and function as bio-sensors and regulators for cellular homeostasis or disease progression manipulation (Bai et al., 2016; Saxena et al., 2016). Application of engineered T cell by synthetic biology techniques, for example, Chimeric Antigen Receptor T-Cell Immunotherapy (CAR-T) could be used to treat leukemia (Fraietta et al., 2018). In addition, the idea of controlling engineered cells through external electronic system has been realized with the combination of synthetic biology and computer science (Shao et al., 2017).

Although synthetic biology has been developing rapidly in the medical field and has achieved several breakthroughs, rushed attempts to perform without adequate consideration of bio-risks issues at synthetic biology have also resulted in unintended deaths of patients, and unintended side effects due to individual differences in the use of synthetic biology in therapy still need to be taken seriously (Morgan et al., 2010).

As a novel gene editor, CRISPR/Cas makes it easier to edit sequence-specific genes, which has enabled the development of genetic models of disease and the study of therapeutic measures for human genetic diseases. However, the application of this gene-editing technology and its potential to cause genetic manipulation of humans and human embryos, CRISPR-modified cells and organisms have drawn focused attention to the implications for human biology and society (DiEuliis and Giordano, 2017). Therefore, the premature clinical applications may have erroneous effects.

In addition, gene-editing tools or synthetic biology could be used to enhance (in vivo or in vitro) production of traditional or novel neurotoxins or infectious agents or to modify existing agents that are known to act on the nervous system and brain to alter neural phenotypes that influence cognition, emotion, and behavior, which raise biosecurity concerns. Gene editing techniques are categorized as a potential vector or even an element of bioweapons of mass destruction (Servick, 2016), and it may be a potential game-changer for neuroweapons (DiEuliis and Giordano, 2017).



Metabolism of Engineered Organisms

Synthetic biology has made new progress in the field of metabolism of organisms including bacteria, yeast, and mammalian cells through the integration of artificial metabolic networks into engineered strains. To reduce redundant metabolic pathways for better product conversion rates, some researchers have proposed the deletion of unnecessary genes in cells to build smaller genome organisms. Consequently, these organisms are customized to design and produce the desired products (Sung et al., 2016).

Escherichia coli has become an important research object in synthetic biology due to its fast growth rate and high conversion rate. The yield of target products increases dramatically in E. coli with engineered metabolic networks (Bogorad et al., 2013; Lin et al., 2015; Mahr et al., 2016). By now, a large number of engineered strains have been developed through the introduction of a metabolic network to produce biochemicals, biomaterials, biomedicine, and bioenergy (Saïda et al., 2006; Atsumi et al., 2008; Steen et al., 2010; Huo et al., 2011; Choi and Lee, 2013; Yao et al., 2013; Studier, 2014; Baeshen et al., 2015; Hadadi et al., 2016; Gileadi, 2017).

As the first eukaryote to complete genome sequencing, Saccharomyces cerevisiae is a model organism widely used in industry. With the application of novel gene editing technologies such as CRISPR/Cas, engineered S. cerevisiae could be used to produce a variety of chemicals. A representative success case is the manufacturing of artemisinin precursor, artemisinin acid (Ro et al., 2006; Heidari et al., 2017). Moreover, researchers have been able to fully synthesize opioids in yeast (Galanie et al., 2016). The production of some rare medicinal extracts can also be synthesized through basic raw materials in engineered S. cerevisiae as a factory (Yan et al., 2014; Wang et al., 2015; Wei et al., 2015), significantly reducing the cost of extracting compounds from medicinal reservoirs. This method can replace large-scale cultivation of medicinal plants, hence, an important application of synthetic biology in the field of compound production (Zhao et al., 2019).

Synthetic biology plays a significant role in the pharmaceutical industry, food additives, cosmetics, and energy industries with renewable production methods, driving the development of human industry. The benefits of advances in genetic engineering technology, however, do not allay concerns about the development of synthetic biology, as the products of genetic engineering have significantly altered the life characteristics of engineered living organisms. In particular, the bio-risk aspects and any unexpected effects have not been fully analyzed in the strains which have been engineered by reducing metabolic pathways or deletion of unnecessary genes because of the uncertain consequence of the deletion of “necessary gene,” which might turn out to be necessary in some unrecognized context (Schumacher et al., 2020).

There are two types of biomolecular-based products being developed, including GMOs (e.g., organisms expressing bio-pesticides) and topical chemical or physical formulations for use in medicine, agriculture, and food production or preservation (e.g., antibiotics and biopesticides). Vectors harboring nucleic acids (DNA and RNA) and proteins that destroy or repair DNA for engineering can be applied to penetrate living cells, tissues, and organisms. Adequate assessment of the potential for these technologies to unintentionally cause harm to human health or the environment may be lacking, or may be reassigned to cause harm. Biologically active substances and vectors may escape risk assessment and regulatory review because they are often excluded from the hazardous chemical category and are explicitly excluded from the category of “genetically modified agents.” This emerging oversight loophole could lead to dual-use allocations or unintended harm to human health or the environment (Heinemann and Walker, 2019).

In addition, their environmental invasion capabilities and evolutionary potential are difficult to determine. Under the pressure of natural evolutionary and natural force, back-mutations and the entire spectrum of unintended effects are also inevitable, leading to loss of function of the engineered organism or unexpected consequences. Furthermore, the escape of engineered strains from the laboratory that produce harmful organic matter might cause ecosystem disruptions, and the escape of strains carrying man-made removable elements might even amplify the resulting cascade of harm, disrupting the ecological balance in unforeseen ways. Besides, inhalation or contact ingestion caused by the application of these substances to insecticides or sprays may cause uncertain hazards, such as off-target effects of active ingredient concentration or gene silencing.

According to an American report, no known harmful effect from eating genetically modified foods (National Academies of Sciences and Medicine, 2016) has been affirmed. While the Russian Federation launched the GMOs of plant origin safety assessment system. This system accumulates all national and international experience and the latest scientific approaches and achievements to provide the most complete and reliable information on the potential genotoxic, immunotoxin, and allergenic effects of GMOs and be able to reveal the possible unintended effects of genetic modification (Tyshko and Sadykova, 2016). However, the long-term effects of genetically modified animal and plant products on human genetics and health are also unknown (Engdahl, 2013).

Recently, Bauer-Panskus et al. (2020) summarized the new challenges that arise in risk assessment when genetically engineered (GE) plants can persist and propagate in the environment as well as produce viable offspring, and pointed out that next generation effects may be influenced by heterogeneous genetic backgrounds that may trigger unexpected effects in interaction with environmental conditions. The biological characteristics of the original event cannot be considered sufficient to conclude the possible hazards of the next generation. Potential hazards identified by the European Food Safety Authority (EFSA) include exacerbation of weed problems, displacement, and even extinction of native plant species, resulting in a reasonable concern that might escape environmental risk assessment (ERA) because EFSA considers only the characteristics of the original events, leaving aside unexpected or unintended next-generation effects emerging from spontaneous propagation and gene flow. Therefore, the risk assessment of GE organisms capable of persistent and spontaneous propagation in the environment is in fact highly spatiotemporally complex, causing many uncertainties (Bauer-Panskus et al., 2020). In addition, biological actives used in technologies that allows DNA, RNA, and proteins to be delivered to cells, tissues, and organisms in the open environment may evade risk assessment and regulatory review because they are often excluded from the category of hazardous chemicals and are actively being excluded as agents of genetic modification. This emerging oversight vulnerability could lead to dual use or unintended harm to human health or the environment (Heinemann and Walker, 2019). As we cannot get an affirmative answer on the question whether all possible genetically modified foods are safe, we could not foresee what it would bring about if artificial life was released in nature.



Environmental Monitoring and Bio-Remediation

With extensive use of antibiotics and organic pesticides, the treatment of refractory pollutants has attracted great attention. Taking synthetic biology as a technical basis, diverse cell factories have shown great potentials in dealing with these severe environmental pollution issues, which is mainly in environmental monitoring and bio-remediation.

In terms of environmental monitoring, engineered cells are used as pollutant monitors. They are sensitive to specific substrates (pollutants) and convert them into human-recognizable signal outputs so that the degree of environmental pollution can be detected. Engineered Pseudomonas putida has been used to monitor the concentration of naphthalene in water and gas phases (Werlen et al., 2004). Through continuous optimization of E. coli strains, the detectable concentration of parathion, the main substance of organophosphorus pesticides by the engineered biosensor, has reached 10 μmol/L (Chong and Ching, 2016). Concerning environmental bio-remediation, the engineered bacteria through synthetic biology can attain a complete degradation of organochlorine pesticide hexachlorophenol (Yan et al., 2006). DDT pollutants can also be degraded by engineered bacterial strains to stable 4-chlorobenzoic acid metabolites (Kamanavalli and Ninnekar, 2004).

Most bacteria rapidly reproduce in large numbers, and their ability to evolve and mutate allows them to survive in many artificially imposed or naturally occurring environmental stresses. It is difficult to predict how an engineered strain that escapes from the laboratory or is released into the environment will evolve and mutate under the selective pressures of the external environment. Therefore, the biosafety and biosecurity of engineered bacteria or other organisms modified by synthetic biology is currently a matter of great concern in many countries.

Commonly used methods to control of engineered bacteria include implanting a biosafety module in the engineered bacteria, which can trigger the death of the engineered bacteria or prevent the bacteria from self-replication after an escape (Jia et al., 2017). For engineered bacteria that are truly used in the environment, biological control methods, and efficiency need to be evaluated in a timely manner to avoid irreversible consequences.



De novo Synthesis of Living Organisms

Well-established techniques such as gene sequencing and gene synthesis have promoted the rapid development of synthetic biology. Scientists have begun attempts to synthesize living organisms from scratch instead of solely modifying the genome of a living organism. Recent progress shows that scientists have achieved a leap from the synthesis of prokaryotes to eukaryotes.

On May 20, 2010, Gibson et al. (2010) published a paper in the journal Science on the first artificial synthetic cell named “Synthia,” which is a synthetic filamentous mycoplasma, and this artificial cell exhibited the expected characteristics and was capable of self-replication. On May 16, 2019, Chin’s team (Fredens et al., 2019) synthesized a four-mega base E. coli genome, and then transformed it into a bacterium called “Syn61” that uses only 61 codons. The synthetic bacteria exhibited a complete viability. Qin’s team (Shao et al., 2018) connected the 16 natural chromosomes of S. cerevisiae one by one and deleted redundant repeats, creating a simple yeast SY14 with only a single chromosome, which is different from normal forms of yeast genome. A complete chemical synthesis of 4 S. cerevisiae autosomes was achieved in 2017, establishing a rapid customized synthesis technology for long eukaryotic chromosomes (Wu et al., 2017; Xie et al., 2017).

The application of synthetic biology techniques to synthetic life forms is extremely attractive for people to explore and trace the world of life. We may speculate that in the future, it might be possible to synthesize animal and plant varieties with full consideration of any associated bio-risks, which will greatly facilitate people’s understanding of the mysteries of life. However, at current development stage of synthetic biology without a complete understanding of the possible modes of operation and evolution of life, the impact of synthetic life forms on humans, society, and the environment are largely unknown, especially the potential concerns involving those artificially life forms themselves and other life forms. Therefore, the healthy development of synthetic biology still needs to consider a broader range of biosafety and biosecurity issues.



Modification and Artificial Synthesis of Pathogens

With the development of synthetic biology, the modification and synthesis of pathogens based on the published pathogen’s gene sequence have become a reality. Cello et al. (2002) used chemical methods to synthesize a full-length poliovirus cDNA, which was transcribed into RNA by ordinary RNA polymerase. They successfully obtained the infectious virus by incubating transcribed RNA from poliovirus cDNA with cytoplasmic extracts of Hela cells. Tumpey et al. (2005) successfully synthesized the Spanish influenza virus. The team integrated all the eight coding gene segments of the virus into the genomic DNA of a common influenza virus based on a publication of the 1918 Spanish influenza virus genome sequence. The virus particles were then obtained from human kidney cells injected with the influenza virus containing eight gene fragments (Tumpey et al., 2005).

To study the mechanism of viruses, Menachery et al. (2015) applied reverse genetics approaches to insert bat coronavirus SHC014 spike protein into mouse adaptive SARS-CoV skeleton, so that the virus skeleton can recognize the ACE2 receptor via SHC014 spike protein and be successfully replicated in human airway cells. Virologist David Evans synthesized horsepox virus (an orthopox virus related to variola, but not variola), which was obtained by inserting the DNA into cells using recombinase (Noyce et al., 2018). Recently, scientists from Switzerland, Germany, and Russia reported the use of public available SARS-CoV-2 sequences to rapidly reconstruct the novel coronavirus in yeast (Thao et al., 2020).

As mentioned above, the current synthetic biology technology has not been able to achieve a complete de novo design and synthesis of a brand new virus. Nevertheless, de novo synthesis of viruses based on the existing viral genome sequences, or modification of the existing viral genome by splicing, varying toxicity, enhancing immune escape, changing incubation period, and target, as well as creating virus mutation libraries can be achieved within a short period of time. Nevertheless, the synthesis of pathogens based on existing or modified genome sequences alone has its inherent limits as it ignores all the vast other steps and mechanisms life uses for plasticity and diversification.

Although synthesis of pathogens can facilitate scientific research on viral pathogenesis and drug development, modification or synthesis of pathogens is a dangerous endeavor, and any report of virus synthesis is accompanied by a great deal of discussion and controversy about biosafety and biosecurity issues (Couzin, 2002; Sharp, 2005; Thiel, 2018). Biosafety and biosecurity and even cyberbiosecurity during pathogen synthesis are big issues that need to be considered in any case. Avoiding any misuse, abuse, and accidental release of pathogens is of paramount importance in the conduct of pathogen research.



CHALLENGES AND OPPORTUNITIES FOR SYNTHETIC BIOLOGY

Over the past two decades, synthetic biology has changed radically, due to its reliance on digitization and automation, offering powerful tools to engineer and even synthesize life forms. There have been quite some efforts to highlight the resulting dangers in this aspect. These concerns including biosafety, biosecurity, and cyberbiosecurity can no longer be ignored as this is how synthetic biology has been carried out.

Considering the unprecedented positive contributions of synthetic biology to people’s lives, health and the environment, and the concerns raised by its application, we should take proper measures to embrace the opportunities and challenges presented by synthetic biology. The healthy development of synthetic biology will ultimately depend on resolving actual and perceived concerns regarding its biosafety and biosecurity, as well as the potential consequences of the accidental or deliberate release of synthetic biology-derived organisms.

Firstly, synthetic biology does not always achieve the desired results. Synthetic lifeforms are normally made according to human preferences or purposes, and to some extent, it might be also an accelerated process of natural evolution. However, due to our limits of life-code knowledge, the process and outcome of synthetic lifeforms will not always proceed as we designed. Allowing nature to unfold under the evolutionary accelerated pressure is an experiment where it is not clear exactly what will happen. A typical example is the gene editing event in human babies. It is true that the original intent of the technology was to solve the problem of human genetic diseases, but gene editing of human embryos carried out without proper ethical and biosafety evaluation raises serious biosafety concerns. According to the 2020 report “Heritable Human Genome Editing” from an international commission (Medicine, and Sciences., 2020), and the earlier 2017 report “Human Genome Editing: Science, Ethics, and Governance” (National Academies of Sciences et al., 2017), strict ethical evaluations and steps should be taken before proceeding to clinical human germ-line editing. Family, ethical, moral, and religious dimensions are all factors that should be taken into consideration, in addition to essential factors like scientific and medical safety assessments and regulatory frameworks (Medicine, and Sciences., 2020).

Secondly, the explosive growth of sequence information and the sharing mode of a large amount of genetic information have made the synthesis of pathogens much easier. The accessibility and openness nature of the web offers opportunities to anyone who wants to access a dangerous organism. At the same time, intentional data-information errors in information technology have the potential to cause major security problems in biology. With the increased automation of life sciences, the convergence of new biotechnology and information technology may have even more serious consequences (Dunlap and Pauwels, 2017; George, 2019; Murch and DiEuliis, 2019; Mueller, 2021). In the fourth industrial revolution, the intelligent and its connections to bio-labs open the risks of nefarious use to engineer or edit biological agents or toxins. With the combination of synthetic biology with artificial intelligence and automation, the bio-risks of synthetic biology do not only include intended attacks, but also unintended consequences due to the cyber-overlap and automation. Given advances in DNA synthesis techniques and the advent of robotic cloud laboratories, one may find ways to circumvent current governance barriers to enhance the virulence and transmissibility of pathogens (Dunlap and Pauwels, 2017).

Thirdly, the synthesis of live viruses can help people understand the pathogenic mechanism of pathogens and conduct targeted vaccine and drug development to deal with potential outbreaks. However, the synthetic technology of pathogens could aids bio-terrorism. Furthermore, we cannot guarantee that the pathogen sequences synthesized using pathogen synthesis techniques will be identical to the designed pathogen sequences, as any errors in the synthesis process and in the cyber/physical/natural interface could lead to unexpected mutations and unknown consequences.

A slight modification of the virus genome may result in a mutant virus with increased virus latency, increased pathogenicity, increased number of receptor recognition sites, more serious immune escape, and random mutations creating a mutant virus library, thus a serious consequence. Simplification of synthetic biology techniques creates additional safety risks, but the exposure of the problem can guide the elaboration of legislation and help promote further development of synthetic biology.

Finally, the mutation and gene recombination of pathogens are inevitable. Genome mutations and genetic recombination that occur between different pathogens are active to survive and adapt to the environment. Scientists use synthetic biology techniques to directly mutate the pathogens’ genome to accelerate their evolution for scientific purposes, but sometimes the consequence of pathogen engineering is unpredictable because of the limits of individual knowledge about life code.

No matter whether it is the natural recombination of the pathogen genome, virus engineering, or even artificial synthesis in the laboratory, new pathogenic organisms could be produced. Therefore, biosafety and biosecurity are issues that must be highly evaluated for the healthy development of synthetic biology. Restrictions on pathogens and the parallel development of real-time detection technologies are equally urgent. Synthetic biology’s development and imbalance of restrictions will have more impacts on industry, and more regulations and discussions are necessary. There is an urgent need to curb bio-risks by laws and regulations.



BIOSAFETY GOVERNANCE OF SYNTHETIC BIOLOGY IN DIFFERENT COUNTRIES

It is difficult to have precise definitions and legislations over synthetic biology because it is intertwined with various disciplines. Nevertheless, the legislation of synthetic biology in various countries are managed to be issued according to the research and application fields of synthetic biology.


Status of Laws and Regulations on Synthetic Biology in the United States

The United States government has promulgated policies, regulations, and laws governing different biological products. For example, pathogens are classified based on their virulence levels and the availability of vaccines and/or effective anti-pathogen drugs. Various levels of physical containment have been mandated depending on pathogen classifications. In terms of laboratory managements, the US Centers for Disease Control and Prevention (CDC) and the National Institutes of Health (NIH) have published a manual on recommendations for the physical containment of pathogens entitled “Biosafety in Microbiology and Biomedical Laboratories” (Berns, 2014).

All medicines in the United States are governed by the Federal Food, Drug, and Cosmetic Act (FDCA). Specifically, Chapter 5 of the FDCA outlines the regulatory approval and testing of pharmaceuticals including specifications, labeling, safe handling, and directions for the safe use of such drugs, as well as requirements for clinical trials. Others such as Toxic Substance Control Law, Plant Insect Law, etc., oversee relevant departments (Trump, 2017).

After the anthrax attacks in 2001, the United States has introduced a series of laws and regulations covering many areas such as biosecurity threat prevention, biosafety drug development, and dual-use technology regulation. These laws and regulations include the Public Health Security and Bioterrorism Preparedness Response Act of 2002, the Bioshield Act, the Biological Defense and Pandemic Vaccine and Drug Development Act, the National Bioengineered Food Information Disclosure Standard, the U.S. Government’s Regulatory Policy for Life Sciences Dual-Use Research, and other laws and regulations.

Concerning the supervision of scientific life research, the United States government issued the policy of DURC. Life science is a research that, based on current knowledge, can reasonably be expected to provide knowledge, information, products, or technologies that could be directly misapplied to pose a significant threat, with a wide range of potential consequences, to public health and safety, crops and other plants, animals, the environment, materials, or national security.

There are two United States policies on dual-use research of concern. One is the United States Government Policy for Oversight of Life Sciences DURC (U.S. Department of Health & Human Services, 2015). Being released on March 29, 2012, it established a United States Government policy for DURC as applied to a well-defined subset of life sciences research that involves 15 agents and toxins and seven categories of experiments and established regular review by Federal agencies of United States. The other is United States Government Policy for Institutional Oversight of Life Sciences DURC, which was released by the United States government on September 24, 2014. Institutional oversight of DURC is critical for a comprehensive oversight system. This policy ascertains the responsibility of institutions to oversight life sciences DURC, because institutions are most familiar with the life sciences research conducted in their facilities. Also, they are the most proper agencies to shoulder the responsibilities of promoting and strengthening research and communication in the field of life sciences.

These two DURC Policies are complementary to strengthen review and oversight of life sciences research to identify potential DURC, and to develop and implement risk mitigation where appropriate and as required by federal regulation. It supplements the existing regulations and policies of the United States government on the possession and handling of pathogenic microorganisms, and provides guidance to related individuals, including researchers, national security officials and global health experts. They emphasize a culture of responsibility by reminding all involved parties of the shared duty to uphold the integrity of science and prevent the misuse of synthetic biology.



Status of Laws and Regulations on Synthetic Biology in the European Countries

According to the current EU legislation on GMOs, most of the research conducted in the field of synthetic biology is genetic engineering. This law regulates how organisms are genetically modified and how GMOs are used, including the marketing of GMOs and their products (Buhk, 2014). To limit the scope of application of the law, the EU has set up a special working group for considering applications of new biotechnology in plant breeding and other biological modifications. The European Union has formulated a series of directives for GMOs and emerging biotechnology covering labels, proper containment, trans-shipment, and safe use in research environments (Keiper and Atanassova, 2020).

The European Union’s legislation on the use and regulation of GMOs is mainly based on Directive 90/219/EC, which regulates the genetic modification activities of microorganisms and their cultivation, storage, transport, destruction and disposal, and Directive 2001/18/EC, which regulates the intentional release of GMOs. Although the EU legislation on synthetic biology has been continuously updated over the last two decades, the EU legal framework has been criticized as not being sufficiently comprehensive in scope, and proposals have been made to modify it to suit the rapid development of biotechnology and the new era of synthetic biology (Eriksson et al., 2018; Bratlie et al., 2019; Eriksson et al., 2020).



Status of Laws and Regulations on Synthetic Biology in China

Synthetic biology is developing very fast in China, especially in the fields of advanced bio-manufacturing, microbial genome breeding, industrial enzyme engineering, and biomedicine. Considering the bio-risk concerns, China has promulgated laws and regulations on biosafety governance of synthetic biology for laboratory practice to secure biosafety and biosecurity (Table 1). The Standing Committee of the National People’s Congress, the representative of China’s supreme legislature, promulgated the Biosafety Law of the People’s Republic of China in 2020. Chapters 4 and 5 of the Biosafety Law generally stipulate the security management of biotechnology research, development, and application activities, and of pathogenic microbe laboratories and formulate unified laboratory biosecurity standards. Any administrative regulations, local regulations and department rules cannot contravene this Biosafety Law. The Ministry of Science and Technology drafted the Regulations for the Safety Management of Biotechnology Research and Development (Biotechnology Research Regulations) right after the gene-edited baby event caused by a Chinese scientist to promote and guarantee the healthy and orderly development of China’s biotechnology research and development activities and maintain national biosecurity. The gene-editing experiment seriously violated academic ethics and standards. The Procuratorate found that it was in a dilemma that there was no suitable law to convict Jiankui He guilty as no such a law existed to prohibit scientists from conducting gene-editing experiments on humans back then. The draft of the Biotechnology Research Regulations will fill this legal gap. In addition, a series of policies have been issued on the prevention and control of infectious diseases and laboratory management. Accordingly, various studies are supervised and managed per the grade standards; adequate risk assessments should be conducted during the transformation of research into practical applications to avoid major biosafety and biosecurity risks.


TABLE 1. List of the regulations on biosafety governance of synthetic biology.
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Requirement of International Cooperation in the Prevention and Control of Bio-Risks

As globalization proceeds, the international cooperation regarding biosafety governance is necessary. To respond to the possible risks and threats from synthetic biology, countries are highly recommended to strengthen various measures such as strengthening the top-level design of biosafety, stepping up the formulation and improvement of national laws and policies. In addition, they are urged to focus on the overall biosafety and biosecurity education layout such as talent training and discipline creation to achieve a profound contribution to technology governance around the world.

The administration departments including government regulatory agencies, government funding agencies, and research institutions should improve the review system of scientific research projects, conduct potential risk analysis, and focus on engineering pathogenic microorganisms and biological research that may have a negative impact on the natural environment, as well as research with ethical issues. The development of any project related to pathogens has potential biosafety risk. The corresponding review of the research proposal should be carried out before starting a project, in the process of implementation and during the translation of research results into practical applications. It is necessary to comprehensively evaluate the impact of bio-risks on natural environment and human society and take positive actions to guarantee national security and public interest whilst promoting the development of synthetic biology.

The Center for Biological Safety Strategic Research of Tianjin University in China and the Johns Hopkins Center for Health and Safety of the United States co-sponsored the “Track II dialogue” entitled “The Challenges Facing China and the United States in the Era of Synthetic Biology” in 2019 in Washington DC (Johns Hopkins Center for Health Security, 2019). Experts in technology, policy, law, and management from China and the United States discussed strategies for dealing with the potential biosafety risks of synthetic biology. The experts at the meeting pointed out that synthetic biology concerns stem from the biosafety risks due to the misuse of synthetic biological techniques by researchers and the potential biosecurity risk of abusing these techniques for terrorism (Johns Hopkins Center for Health Security, 2019). In addition, it is equally important to train and assess the biosafety awareness of researchers working with synthetic biology. The release of experimental products and experimental pathogens, intentional or unintentional, should be identified as a potential biosafety risk, which should be governed under strict regulation. Nevertheless, as a research technology that breaks through the laws of natural evolution, synthetic biology may have many unpredictable potential risks and its sustainable development necessitates a relatively complete and comprehensive governance system. Therefore, a more comprehensive and detailed regulatory system is required to control the development direction of the industry. In addition, although laws and regulations on biosafety and biosecurity concerns have been promulgated by many governments, more efforts are still needed to strengthen the exchange and sharing of knowledge on how to effectively respond to global epidemics like the COVID-19.



SYNTHETIC BIOLOGY, PANDEMICS, AND ITS CONTROL STRATEGIES

Synthetic biology is a “double-edged sword.” It can bring more knowledge about microorganisms and diseases for the benefit of humanity. As described in a report on DURC drafted by the National Science Advisory Board for Biosecurity (NSABB), synthetic biology has the potential to raise bio-risk concerns, either intentionally or unintentionally. As mentioned earlier, the concerns of synthetic biology come from the biosafety risks caused by the misuse of synthetic biology techniques by researchers, and potential biosecurity issues resulting from abuse of synthetic biotechnology for bioterrorism or warfare, or by accidental leaks.

The recent outbreak of the novel coronavirus and various speculations about the origin of the virus have attracted more attention on biosafety of synthetic biology and its prevention as well as control of pandemics. Although the source of the virus is not yet known, and there is a lack of convincing proof that the novel coronavirus epidemic is related to biosafety concerns of synthetic biology, the global pandemic caused by the virus has already manifested itself and has caused enormous damage worldwide, including human lives, national economies, and social and moral aspects.


Synthetic Biology and the Novel Coronavirus SARS-COV-2

The novel coronavirus pandemic has swept across the world in just a few months and has made a quite big impact on the international community. Various hypotheses about the origin of the novel coronavirus SAR-CoV-2, especially the one which states that it was made and leaked out from a laboratory, have aroused great concerns globally. Although scientists have made considerable efforts to explore the origin of SARS-CoV-2, so far it remains an unsolved mystery.


The Origin of Novel Coronavirus Remains Hotly Debated and Unresolved

After an outbreak of an epidemic, the search for the origin of the pathogen and the route of transmission has always been of interest to scientists and the public. The origin of the novel coronavirus SARS-CoV-2 is no exception. However, there are no persuasive data on the real onset of SARS-CoV-2 infection and spread in the pre-pandemic period worldwide since there are too many controversies and doubts about the origin of SARS-COV-2.

Based on the genomic analysis of different strains of SARS-CoV-2 (Andersen et al., 2020; Benvenuto et al., 2020; Centers for Disease Control and Prevention, 2020; Lu et al., 2020; Paraskevis et al., 2020; Ren et al., 2020; Wan et al., 2020; Zhou P. et al., 2020; Zhu et al., 2020), 27 scientists, on February 19, 2020, issued a joint statement that the novel coronavirus might originate from wild animals (Calisher et al., 2020). In a review article published on February 26, 2020 in the journal “Emerging Microbes & Infections,” Shan-Lu Liu and others speculated that the novel coronavirus might be a new virus formed by the recombination of bat coronavirus with other viruses in an intermediate host rather than been artificially engineered (Liu et al., 2020), although there lacks direct evidence to supporting their speculation. Internationally renowned viral evolutionists Kristian Andersen and Andrew Rambaut co-published a review article in Nature Medicine entitled “The Proximal Origin of SARS-CoV-2,” indicating that this novel coronavirus is of wildlife origin (Andersen et al., 2020). Nevertheless, the above arguments did little to concerns that SARS-CoV-2 was the result of a laboratory accident or was intentionally engineered (Rasmussen, 2021).

One version of the laboratory origin story relies on the fact that SARS-CoV-2 was engineered for gain-of-function research and has been previously studied with bat SARS-like coronaviruses to understand the risk of cross-species transmission (Menachery et al., 2015; Rasmussen, 2021). Ironically, these gain-of-function research have provided valuable information about the biology of SARS-CoV-2.

From scientific point of view, before we would have obtained solid and convincing evidence to prove its true origin, we could not rule out the following possibilities (1) naturally occurring, (2) unintentionally made and leaked out of the lab, and (3) a combination/extension of (1) and (2), including under-appreciated or unassessed interactions between the man-made and the natural world. Ms. Angela L. Rasmussen recently published a short comment titled “On the origins of SARS-CoV-2” to appeal to the stakeholders in public health—scientists, clinicians and, most importantly, members of the public to understand or study the origins of SARS-CoV-2 using an evidence-driven approach (Rasmussen, 2021). Unfortunately, there is insufficient evidence to prove that it came from natural evolution, neither is there sufficient evidence to prove that it was intentionally made and leaked out of a laboratory. SARS-COV-2 is different enough from the closest published natural strain that it is very unlikely to have been engineered from that strain, but it cannot exclude the possibility that the immediate precursor is an unpublished and unacknowledged natural strain that was in the possession of a laboratory, and we cannot rule out the possibility that some strains could naturally evolved further in an environment of artificially imposed evolutionary pressure or under some unknown extreme natural evolutionary conditions. Compelling evidence of natural origin would be the discovery in nature of the immediate precursors, which has not been done.

There is an extensive history of pathogen emergence by natural routes: most novel viral pathogens that have caused epidemics or pandemics in humans have emerged naturally from wildlife reservoirs. Therefore, prevailing view among many scientists is that this virus could found its way into the human host through a series of unpleasant and unexpected encounters with animals (Rasmussen, 2021) although the true origin of SARS-CoV-2 is still hotly debated and unresolved.



The Host of the Novel Coronavirus Remains a Mystery

Some researchers have conducted in-depth research on bat viruses and accumulated a lot of viral genome data. Sequence alignment showed that some viruses carried by bats, such as RaTG13 and RmYN02 have a high degree of similarity with the novel coronavirus, respectively (Zhou H. et al., 2020; Zhou P. et al., 2020). The high correlation between different bat coronaviruses and SARS-CoV-2 suggests that bats are likely hosts for SARS-CoV-2. However, based on the similarity and evolutionary analysis, the differences between SARS-CoV-2 and related bat coronaviruses may represent more than 20 years of natural sequence evolution, suggesting that these bat coronaviruses can be considered as either possible evolutionary precursors of SARS-CoV-2, but not as direct sources of SARS-CoV-2, or the immediate precursors of SARS-COV-2 that could naturally evolve under some unknown extreme evolutionary conditions. Although there are many well-established bacterial or yeast-based gene combination platforms which make it possible to synthesize a living organism, there is lack of convincing evidence to prove or disprove that these platforms could have played some part in the missing intermediate host of SARS-CoV-2.

Since bats and humans have very low possibility of contact chances, one might argue that it is unlikely for bat to be an intermediate host to pass these viruses to humans. An additional argument for a non-bat intermediary is that the spike protein appears to include sequences from not-bat coronaviruses. But even though contact chances between bats and humans are low, they appear to have happened: according to Wang N. et al. (2018), “Serological Evidence of Bat SARS-Related Coronavirus Infection in Humans” 3% of people surveyed in seropositivity study had antibodies to bat coronaviruses. This is not a high ratio but it is certainly not zero. That is, notwithstanding the low contact chances of bats and humans, we still can’t rule out the possibility that bat is an intermediate host.

In addition to bats, pangolin is another wildlife possible host that may be related to SARS-CoV-2 since the receptor binding domain (RBD) on pangolin-borne virus – that part of the virus that binds directly to the receptor by which it gains entry into cells –matches the corresponding part of the SARS-COV-2 virus better than any other virus (Lam et al., 2020; Xiao et al., 2020). Multiple SARS-CoV-2 related viruses were found in the tissues of Malayan pangolin smuggled from Southeast Asia to Southern China from 2017 to 2019. Different research groups isolated and sequenced coronaviruses from the smuggled pangolin intercepted by Guangdong Customs and found 99.8% sequence identity of the viral strains, and their sequence similarity with SARS-CoV-2 was 92.4%. Their RBDs were highly similar to SARS-CoV-2, and only one amino acid difference was found between the receptor binding motifs (RBM) of these viruses and SARS-CoV-2. Unlike healthy bats carrying coronaviruses, coronavirus-infected pangolins showed clinical signs and histopathological changes, including interstitial pneumonia and inflammatory cell infiltration, suggesting that pangolins are unlikely hosts for these coronaviruses and may be infected after spillover from their natural hosts, i.e., they may be intermediate hosts for the virus to humans, but the available data are also insufficient to explain pangolins as intermediate hosts for SARS-CoV-2.

Studies have also reported infection of dogs and cats with SARS-Cov-2, but the possibility of transmission of SARS-CoV-2 from cats to humans is uncertain. For the same reason, we need direct and convincing evidence to confirm the intermediate host relationship between humans and animals.



Artificial Synthesis of Novel Coronavirus SARS-Cov-2

On May 4, 2020, scientists from Switzerland, Germany, and Russia reported that they had successfully pieced together synthetic viral gene fragments using the published SARS-CoV-2 sequence. They reconstructed the active novel coronavirus harboring green fluorescent signal in the sequence by using a well-established yeast-based gene combination platform (Thao et al., 2020). By artificially synthesizing the novel coronavirus, it can promote research on viral pathogenic mechanism, drug screening, and vaccine development. However, it also increases the chances of virus leakage or criminals using the information to create more infectious and toxic viruses.



Synthetic Biology Involved in Pathogen Identification and Vaccine Development

Some countries take COVID-19 as an influenza, but extensive disease characterization data and research have shown that COVID-19 is not comparable to pandemic influenza, either in terms of its health hazards or its potential harm to society (Latreille and Lee, 2021). Evidence indicated that synthetic biology techniques play an important role in developing sensitive and specific diagnostic kits, vaccines and therapeutic drugs during the fighting against COVID-19.

Synthetic biology can facilitate the detection of SARS-CoV-2. The application of CRISPR-Cas technology in pathogen identification has significantly reduced the cost of SARS-CoV-2 detection, with its total cost much lower than that of conventional RT-PCR assay. In scenarios where on-site testing is required, the CRISPR-Cas method offers additional advantages, particularly in terms of time savings (Clyde, 2021; Palaz et al., 2021; Rahimi et al., 2021). Furthermore, the CRISPR-Cas13-based detection technique can distinguish SARS-CoV-2 and its mutants (Wang et al., 2021). Recently, Wang et al. (2020) developed a highly sensitive, much more specific and accurate PfAgo-based detection of SARS-CoV-2, which can also distinguish mutants of coronavirus by combining the programmable nuclease PfAGO with RT-PCR technology (Wang et al., 2020).

With synthetic biology, significant progress has been made in SARS-CoV-2 vaccine development. Currently, most vaccines that have been or are being developed, such as inactivated vaccines, subunit vaccines, viral vector-based vaccines, etc., are based on synthetic biology (Strizova et al., 2021). However, it is of great important to develop effective vaccines under the strict bio-risk assessment and governance (Haynes et al., 2020; Belete, 2021) as serious incidents have been witnessed in the development of vaccines in the past (Haynes et al., 2020). For example, the formalin-inactivated vaccine for Respiratory Syncytial Virus (FI-RSV) was discontinued because of vaccine-associated enhanced disease (VAED). In the current development of the COVID-19 vaccine, serious adverse events have previously triggered the suspension of trials while a comprehensive assessment of causality associated with vaccination was completed by an independent review committee, as was done in the chimpanzee adenovirus vector vaccine study (Phillips et al., 2020; Zimmer et al., 2020).

Biosafety of vaccine permeates the entire vaccine development and use process. In order to be able to implement an effective COVID-19 vaccine as widely, rapidly, and safely as possible, it is necessary to ensure that safety risks (e.g., VAED) are identified, quantified and weighed against potential benefits.



CONCLUSION

The rapid development of synthetic biology has led to breakthroughs in biomedical, environmental science, energy, and food industries. However, due to limitations in the understanding of the code of life, as well as the possible intended or unintended uses of the technology, the development and application of synthetic biology has associated with bio-risks that may pose unknown hazards to public health and the environment. In order to manage the issue of bio-risk concerns, there is a great need for legislative and regulatory constraints and oversight when one is working with synthetic biology technologies, especially when dual-use biotechnology is involved. In the event of an outbreak, appropriate measures should be taken for the early prevention and control of epidemic regardless of the origin of the pathogens, and governance of pathogen-related research should be strengthened.

For biosafety and biosecurity concerns, synthetic biology may cause intentional or unintentional risks such as food security, ecological sustainability, despite its enormous economic potential to provide society with more accessible, sustainable, and affordable materials. Thus, the industrialization process of synthetic biology may require some examination and development of existing economic and regulatory agencies. At the same time, the risk of unintended and unpredictable adverse effects on people’s health and the environment should be taken into account when synthesizing organisms, because any negligence and mismanagement in such laboratories involving bio-risk concerns may lead to adverse consequences. In order to avoid such bio-risks pose by synthetic biology, actors working with pathogens should be limited to specially trained professionals, working under strict management and supervision.

Although there are bio-risk concerns with synthetic biology, it remains a powerful tool at our disposal in the face of threats to prevent the spread or recurrence of the same pandemic. Vaccines, pathogen specific antibodies and other drugs should be developed through synthetic biology techniques to reduce the lost of targets in case of pathogen mutations, and appropriated measures that improve the rapid response system for new infectious diseases should be put in place. The development of vaccines and effective drugs using synthetic biology techniques, under the governance of laws and regulations, may be the most practical way to ultimately control the epidemic. As John Glass addressed: “I believe that in my lifetime, we will see someone with nefarious intent use synthetic biology in a bad way to cause mayhem, terrorism, you name it. But I also believe that this same technology is going to save the world. I have faith in what we do and its potential” (Cell., 2018).
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Background: The coronavirus disease 2019 (COVID-19) outbreak is spreading rapidly around the world.

Purpose: We aimed to explore early warning information for patients with severe/critical COVID-19 based on quantitative analysis of chest CT images at the lung segment level.

Materials and Methods: A dataset of 81 patients with coronavirus disease 2019 (COVID-19) treated at Wuhan Wuchang hospital in Wuhan city from 21 January 2020 to 14 February 2020 was retrospectively analyzed, including ordinary and severe/critical cases. The time course of all subjects was divided into four stages. The differences in each lobe and lung segment between the two groups at each stage were quantitatively analyzed using the percentage of lung involvement (PLI) in order to investigate the most important segment of lung involvement in the severe/critical group and its corresponding time point.

Results: Lung involvement in the ordinary and severe/critical groups reached a peak on the 18th and 14th day, respectively. In the first stage, PLIs in the right middle lobe and the left superior lobe between the two groups were significantly different. In the second stage and the fourth stage, there were statistically significant differences between the two groups in the whole lung, right superior lobe, right inferior lobe and left superior lobe. The rapid progress of the lateral segment of the right middle lobe on the second day and the anterior segment of the right upper lobe on the 13th day may be a warning sign for severe/critical patients. Age was the most important demographic characteristic of the severe/critical group.

Conclusion: Quantitative assessment based on the lung segments of chest CT images provides early warning information for potentially severe/critical patients.

Keywords: coronavirus, COVID-19, lung, prognosis, severe acute respiratory syndrome


INTRODUCTION

The coronavirus disease 2019 (COVID-19) outbreak was declared a global health emergency by the WHO on 30 January 2020. As the new coronavirus is far more transmissible than SARS and MERS, it has led to outbreaks in many countries and regions around the world. According to the latest report of the World Health Organization, more than twelve million people have been infected, and about 2.8 million patients have died from COVID-19 pneumonia1, with a fatality rate of around 1–3% (1). Although the mortality rate of COVID-19 is much lower than the 9.6% of SARS and 34.4% of MERS, its strong pathogenicity is notable.

According to the Diagnosis and Treatment of Novel Coronavirus Pneumonia (trial version seven) of China, COVID-19 patients can be classified into mild, ordinary, severe, and critical cases (2). Among them, severe and critical patients are at a higher risk of acute respiratory distress syndrome, especially those with a severe onset and fast progression. If not treated in time, the ordinary cases may develop into severe/critical cases or even progress to death (3), so early warning of potentially severe/critical patients may further improve their prognosis. CT examination, as an essential method for the detection and assessment of COVID-19 pneumonia, provides essential information for clinical decision-making (4). Generally, CT imaging manifestations correspond to the severity of COVID-19 pneumonia (5); however, due to the potential radiation damage, CT scans should not be performed too often. Therefore, it is essential to optimize the timing of CT scans for early warning of disease deterioration with less radiation exposure, to help clinicians manage patients quickly and accurately (6).

Recent works have reported the characteristic imaging features of COVID-19 pneumonia, such as ground-glass opacities in the early stage, consolidation, and “crazy-paving” patterns in the peak stage, subpleural distribution, etc. (7, 8). However, due to the lack of accurate quantification tools, these radiological reports mainly used qualitative descriptions for lung involvement. Although there have been studies that used semi-quantitative methods such as a CT score to show the lung changes during the time course of COVID-19 pneumonia, it is very subjective, time-consuming, and it has low inter-rater reliability. In particular, Pan Fen described the imaging symptoms of the four stages of the lung in detail, but a method based on artificial visual assessment may not be able to mine additional potential information about the disease, and the assessment of the disease from the whole lung may not reveal the detailed progress of the disease (9). Therefore, it is necessary to introduce a fully automatic and quantitative method to provide clinicians with a method for accurate evaluation to guide efficient intervention and treatment. In addition, a quantification based on the segmental and lobar lung may help in understanding the precise development of COVID-19 pneumonia.

With growing global concerns about the COVID-19 outbreak, an accurate understanding of the evolution of chest imaging findings and the correlated timepoints are essential for effective patient management and treatment. Therefore, the purpose of our study is to explore the specific lung segments and possible transition times of progressive lesions and to identify potential severe/critical pneumonia patients early to further reduce the related mortality. We compared the differences in segmental distribution and longitudinal changes between severe/critical and ordinary COVID-19 patients based on a quantitative analysis at the lung segment level.



MATERIALS AND METHODS


Study Population

This study was approved by the institutional review board and the local ethics committee of Zhejiang Provincial People's Hospital and Wuhan Wuchang hospital. All investigations were conducted under the Declaration of Helsinki. Written informed consent was waived for this retrospective study, which involved no potential risk to the patients. The dataset in this study was collected from Wuhan Wuchang hospital for COVID-19 patients in Wuhan city. Patients with COVID-19 pneumonia were diagnosed by real-time reverse-transcriptase polymerase chain reaction of throat swabs or lower respiratory tract samples from 24 January 2020 to 14 February 2020. Their information was retrospectively analyzed, including demographic data, initial clinical symptoms, history of underlying diseases, CT imaging data, and laboratory test data. According to the Diagnosis and Treatment of Novel Coronavirus Pneumonia (seventh trial version) of China (2), all subjects were divided into ordinary patients (n = 45) and severe/critical patients (n = 36), including six critical cases. The starting point of the longitudinal study was defined as the time point of symptom onset, and the endpoint was set as discharge, transfer, or death. In addition, there were no patients with negative imaging findings and no pediatric patients in the dataset. Specific grouping details can be found in the Supplementary Material. The coinfection of bacterial or viral pneumonia during hospitalization were recorded including the Nine joint tests for respiratory pathogens (antibodies): influenza B virus, Q fever rickettsiae, influenza A virus, adenovirus, mycoplasma pneumoniae, Legionella pneumoniae, respiratory syncytial virus, Chlamydia pneumoniae, Parainfluenza virus.



CT Scanning Parameters

All patients underwent multiple non-contrast chest CT scans using a single inspiratory phase on a multi-detector CT scanner (Philips Medical Systems, Cleveland). Patients were instructed about breath-holding. CT images were then acquired during a single breath-hold. The tube voltage was set at 120 kVp during the CT acquisition. The CT images were reconstructed on the raw data with a matrix size of 512 × 512 as axial images (thickness of 2 mm and increment of 2 mm). The mean volume CT dose index range was 5.2–12.6 mGy. The scan range was from the apex of the lungs to the level of the costal angle of the base of the lungs.



CT Image Assessment

Two chest radiologists (Y.L. and H.W., with ~20 years of experience in thoracic imaging), reviewed all of the CT scans independently and reached decisions by consensus. They were aware that the patients had COVID-19 pneumonia but were blinded to information concerning the patients' clinical conditions, such as laboratory results and the severity of symptoms and signs. Each of the five lung lobes was assessed for the degree of involvement and scored as 0 for 0%, 1 for 1–25%, 2 for 26–50%, 3 for 51–75%, or 4 for 76–100%. A total lung involvement severity score was reached by summing the five lobe scores (range of possible scores, 0–20) (8). All CT data were imported into AI software (care.ai® Intelligent Evaluation System, Version 6) for automatic lung involvement detection and quantitative analysis. The parameter of the percentage of lung involvement (PLI) was selected, which is defined as the ratio of pneumonia volume to the whole/segmental lung, as it is close to the CT score due to their similarity in assessing lung involvement by ratio to analyse the lung condition of five lung lobes and the corresponding 18 subordinate lung segments. Details about the 18 lung segments and the pneumonia assessment software can be found in the Supplementary Material. Finally, a correlation analysis was performed between the CT scores and the parameter of PLI for their reliability.



Longitudinal Assessment of Lung Involvement

We divided the time course into four stages according to the quartiles of the CT scans of the two groups of patients. All CT duration times were sorted orderly first, and then we took the quartiles (25%, median, 75%, 100%) as the corresponding stage. The lung involvement of the lung lobes and segments of the ordinary and severe/critical groups at each stage were compared to identify the specific segment location of significant differences. Then, the specific segment that contributed most to the corresponding lung lobe involvement of each stage was selected using the ROC curve. Finally, a longitudinal analysis was performed on the PLIs of the specific segments. Thus, the specific lung involvement segment and its corresponding progression time point for severe/critical cases were identified.



Statistical Analysis

The Statistical Package for Social Sciences (SPSS) version 25.0 (SPSS, Inc., Chicago, IL, USA) software package was used for statistical analysis. The Kolmogorov–Smirnov test was used for normality testing of the measurement data. The normally distributed data were evaluated using the independent sample t-test, whereas the non-normally distributed data were evaluated using the Mann–Whitney U test. The differences between categorical variables were tested by the chi-square test. Continuous variables from the clinical information were described using mean, median, and interquartile range (IR), and continuous variables from the CT image dataset were described using mean ± standard deviation. The results with a two-tailed P < 0.05 were considered significant.




RESULTS


Demographic Data

Of the 81 patients with COVID, 55 (58%) were male, and their average age was 55 (IR, 46, 67; range, 21–93). The median time from initial symptoms to admission was 6 days (IR, 4, 8; range, 1–20 days), the average time from initial symptoms to the first CT scan was 9 days (IR, 5, 13; range, 0–25 days), and the average hospitalization time was 20 days (IR, 16, 25; range, 8–33). The main symptom among the initial symptoms was a fever in 80 (96.4%) cases, followed by a cough in 71 (87.7%) cases, then fatigue in 49 (60.5%) cases. Among all the patients, 12 cases were confirmed with other infections, including one Legionella pneumophila pneumonia, one Klebsiella pneumonia, one multiple bacterial pneumonia, one mycoplasma pneumonia, one mycoplasma pneumonia with adenovirus infection, two adenovirus infections, two parainfluenza virus infections, one respiratory syncytial virus infection, and two influenza B virus infections. There was no significant difference in the number of coinfection cases between ordinary patients and severe/critical patients.

The most common underlying disease was hypertension, with a total of 21 (25.9%) cases. The number with wet and dry rales on clinical physical examinations of the lung were 57 (70.4%). The C-reactive protein on laboratory tests was increased with an average of 34.95 (IR, 11.84–48.22). The white blood cell count was slightly lower, with a median of 3.51 (IR, 2.96, 4.88), and the percentages of neutrophils and lymphocytes were low, with median values of 77.7 (IR, 60.4–84.1) and 15.14 (IR, 10.05–22.05), respectively. There was a statistically significant difference in age between ordinary patients and severe/critical patients [50 (IR, 40–58; range 28–72 vs. 63 (IR, 52–71; range, 34–93 years old), P < 0.05], while the other clinical data were not significantly different (P > 0.05). Six of the patients died eventually, and the other 75 patients were cured and discharged. See Table 1 for details.


Table 1. Baseline clinical information of the study population.
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The Stages and Dynamic Changes of Lung Involvement

A total of 265 CT scans were performed in 81 patients during their hospitalization. According to the quartile of all of the ordinary patients' 149 CT scans, the stages for the ordinary cases were as follows: the first stage on days 0–9, the second stage on days 10–14, the third stage on days 15–20, and the fourth stage from day 21 to the endpoint. By the quartile of all of the severe/critical patients' 116 CT scans, the first stage for the severe/critical group was on days 0–9, the second stage on days 10–15, the third stage on days 16–22, and the fourth stage from day 23 to the endpoint. The fitted curve of the PLI shows that pulmonary lesions reached their maximum severity on the 18th day for the ordinary group, while it was the 14th day for the severe/critical group. See Figure 1 for details.


[image: Figure 1]
FIGURE 1. Quadratic scatter plot of percentages of lung involvement changes over time in the ordinary group and the severe/critical group. The dotted line represents the peak time of lung involvement in each group. The fitted line represents the change of lung involvement over time. The fit line formula for the ordinary group is Y = 3.74 + 1.46*X – 0.04*X2 (R2 = 0.049, P = 0.026), while the fit line formula for the severe/critical group is Y = 13.5 + 1.62*X – 0.05*X2 (R2 = 0.068, P = 0.019), in which x = days from the onset of the initial symptoms, y =total percentage of lung involvement of bilateral lungs. According to the fit line plot, the time point of maximum lung involvement for the ordinary group and severe/critical group was about the 18th day and 14th day, respectively.




CT Quantitative Evaluation of Lung Lobes

Correlation analysis between the CT score and the PLI value showed a high correlation in both the ordinary group and the severe/critical group, with the correlation coefficient of each lung lobe >0.8, as shown in Figure 2. In the first stage, there was a statistically significant difference in PLI between the right middle lobe and the left superior lobe of the two groups (6.2 ± 13.3 vs. 12.8 ± 16.7, 7.1 ± 14.2 vs. 10.5 ± 13.9, P < 0.05). In the second stage, there was a statistically significant difference in the whole lung, right superior lobe, right inferior lobe and left superior lobe (13.3 ± 12.3 vs. 25.4 ± 19.8, 9.9 ± 16.1 vs. 25.3 ± 23.4, 20 ± 19.3 vs. 36.6 ± 25.2, 8.3 ± 10 vs. 17.9 ± 17.9, P < 0.05). The lung lobes with significant differences in the fourth stage were the same as those in the second stage (12.2 ± 13.4 vs. 21 ± 15.2, 9 ± 14.9 vs. 23.1 ± 21.7, 17.7 ± 17.7 vs. 28.8 ± 22.7, 9.9 ± 13.3 vs. 17.9 ± 13, P < 0.05). There was no significant difference in PLI in all lobes of the lung in the third stage (P > 0.05), as shown in Table 2 and Figure 3.


[image: Figure 2]
Figure 2. (A,B) Show the correlations between CT score and automatic quantitative parameter PLI in the ordinary group and the severe/critical group, respectively. The more complete the circle, the higher the correlation between the CT score and PLI. PLI, percentage of lung involvement; R1, right upper lobe; R2, right middle lobe; R3, right lower lobe; L1, left upper lobe; L2, left lower lobe.



Table 2. Percentages of lung involvement in different stages of the ordinary and severe/critical groups.
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FIGURE 3. Average percentage of lung involvement of the five lobes at different time stages in the ordinary group (A) and the severe/critical group (B). R1, right upper lobe; R2, right middle lobe; R3: right lower lobe; L1: left upper lobe; L2: left lower lobe.




CT Quantitative Evaluation of Lung Segments

In the first stage, there was a statistically significant difference in the PLIs in the lateral and medial segments of the right middle lobe and the inferior lingular segment in the left upper lobe (P < 0.05) in the two groups. In the second stage, the PLIs of the ordinary and severe/critical groups were significantly different in the apical, posterior, and anterior segments of the superior lobe of the right lung, all five segments in the right inferior lung, and the superior lingular segment of the left superior lung. In the fourth stage, PLIs between the two groups in the apical, anterior, and posterior segment of the right superior lobe and superior and the medial basal segment of the right inferior lobe were significantly different. See details in Figure 4.


[image: Figure 4]
FIGURE 4. The comparison of the percentage of lung involvement of 18 lung segments in five lung lobes between the ordinary group and the severe/critical group. The red dotted line represents the median, and the green dotted line represents the quartile. O means ordinary group and S means severe/critical group. PLI, percentage of lung involvement; RML, right middle lobe; LUL, left upper lobe; RUL, right upper lobe; RLL, right lower lobe. *P < 0.05, **P < 0.01.


The ROC curve shows the greatest diagnostic power in the lateral segment of R2 in the first stage, anterior segment of R1 in the second stage, and posterior segment of the right upper lobe in the fourth stage with AUC, sensitivity, and specificity respectively of 0.721, 0.755, 0.734; 0.937, 0.556, 0.577; and 0.5, 0.906, 0.889. See Table 3 for details.


Table 3. Diagnostic efficacy of percentage of lung involvement in the lung segments in different stages.
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The scatter graph shows that the progress of the lateral segment of the right middle lobe was faster in the severe/critical group than that of the ordinary group from the second day in the first stage. In the second stage, the progress of the anterior segment of the right upper lobe was faster in the severe/critical group than that of the ordinary group on the 13th day, as shown in Figure 5. The fitted line of the fourth stage did not show statistical significance. Examples of the lung involvement evolution of two patients on CT images detected by AI software are shown in Figure 6.


[image: Figure 5]
Figure 5. (A,B) show the fitted line of the lung involvement of the lateral segment of the right middle lobe and anterior segment of the right superior lobe in the first and second stages, respectively. The fit line formula of the first stage is Y = 2.23 – 1.88 * x + 0.59 * x2 (R2 = 0.213, P = 0.031), and the formula of the second stage is Y = 6.42E2–98.18 * x + 3.81 * x2 (R2 = 0.238, P = 0.038), in which x = days from the onset of the initial symptoms, y = percentages of lung involvement of lateral segment of right middle lobe and anterior segment of right upper lobe, respectively. The fit line plot shows that lung involvement accelerated on days 2 and 13 for the ordinary group and severe/critical group, respectively.



[image: Figure 6]
FIGURE 6. (A) Evolution of CT findings in a 51-year-old female patient of the clinically ordinary type presenting with persistent fever (37.8°C) for 5 days. (A-1) At the presentation (stage 1, day 5), with a PLI of 18.11%, showing a small region of subpleural GGO with partial consolidation mainly in the left upper lobe; (A-2) stage 2 day 10, with a PLI of 25.48%, a region of GGO enlarged while the density decreased; (A-3) stage 3 day 16, the density of the GGO further resolved, with a PLI of 14.71%; (A-4) stage 4 day 28, with a PLI of 8.93%, resolution with minimal residual GGO and parenchymal bands. (B) Evolution of CT findings in a 68-year-old male patient of the clinically severe type presenting with persistent fever (38.3°C) for 3 days, and with coronary heart disease for 5 years. (B-1) At presentation (stage 1, day 2), with a PLI of 2.7%, only small patchy GGO was visible; (B-2) stage 2 day 11, with a PLI of 12.7%, progressed into large patchy region of GGO; (B-3) stage 3 day 18, with a PLI of 57.75%, bilateral “white lung”; (B-4) stage 4 day 23, with a PLI of 48.87%, the “white lung” resolved obviously.





DISCUSSION

Our study showed that age is the most important factor in differentiating the ordinary and severe/critical patients by demographics and clinical characteristics, which further supports previous research showing that older adults with COVID-19 are more likely to suffer from severe disease and have a poor prognosis (10). In addition, we found that the time to the lung involvement peak of the severe/critical patients is earlier than that of ordinary patients, which indicates that the severe/critical patients progress more swiftly, maybe due to the existence of a cytokine storm syndrome (11). Finally, we identified two major meaningful lung segments and timepoints in severe/critical patients. The lung involvement in the lateral segment of the right middle lobe on the second day and anterior segment in the right upper lobe on the 13th day after onset may suggest the possibility of potentially severe patients. Of note, the percentage of lung involvement had a high correlation with CT score, which suggested that the AI system we applied is highly reliable, which is consistent with other studies that the AI system can be a supplementary diagnostic method for clinicians (12).

This study showed that although age is an important indicator, it can only act as a risk factor during follow-up and was unable to predict short-term disease development. CT imaging can be used as a powerful predictive tool for early warning of short-term disease progression during follow-up. However, it needs to be emphasized that CT is a monitoring method for use only during a special period, and it is still necessary to consider the radiation damage of CT. Therefore, it is significant to identify the key timepoints of the disease for optimizing the frequency of CT examinations.

In this study, we first used the traditional visual CT score to analyse the entire treatment timeline and it showed that the peak time of lung involvement in the ordinary and severe/critical groups were 18 and 14 days, respectively. The time to the peak of severe/critical disease is obviously shorter, which may be related to the existence of a cytokine storm syndrome. The peak time of bilateral lower lung involvement of severe/critical patients was in the second stage (10–15 days), which is consistent with the results of the study by Heshui et al. (13), who found that the disease reached a peak within 2 weeks after onset and was mainly in the lower lobe. This may be because viral pneumonia mainly involves the lower lobes (14).

Furthermore, our study based on average PLIs at each stage further confirmed our results, that is, whether in the ordinary group or the severe group, the lung involvement of the bilateral lower lobes was greater than of the other lobes. In the severe group, we found the lung involvement peaks were during the second stage, and they were significantly higher than that of the ordinary patients at the same stage, which further shows that the severely ill patients had experienced rapid development in the second stage. However, lung involvement in the right middle lobe reached its highest in the fourth stage, and we speculate that this may be related to the lateral segment of the right middle lobe progressing rapidly in the first stage, staying stable during the later stage and then being absorbed slowly. A systematic review by Sana et al. (15) demonstrated that the greatest severity of CT findings was visible around day 10 after symptom onset, which is similar to the peak in our severe/critical group but a little earlier than that of our ordinary group. They showed that the imaging signs resolved after week 2 of the disease, which is also consistent with our results for the severe/critical group progressing earlier than the ordinary group.

In addition, we found a strange phenomenon. Among the five lobes, the peaks of the right upper, middle, and left upper lungs all occurred in the fourth stage, while the two lower lung involvement peaks occurred in the second stage. During the development of the disease, we speculate that the infection route of COVID-19 may develop from the bottom of the lung to the tip of the lung. This is significantly different from the lung involvement progression of ordinary patients, which occurs at the third stage peak. This may also be an early warning of the development of severe patients.

To further clarify the progress of severe patients in different precise anatomical locations in the lung lobes, it is necessary to evaluate the segmental lung involvement. Recent studies on COVID-19 have shown that the superior and posterior basal segments of the lower lobe of the lungs are the main locations affected by COVID-19 (16). However, due to the small range of lung segments, the use of traditional semi-quantitative and descriptive assessments of the evolution of the lesions in the corresponding small lung segments may have large deviations, especially for severe patients, and thus subjective evaluation may not reveal the dynamic relationship between development of the disease and time. Therefore, quantitative research using an AI system may be more accurate in revealing small-scale longitudinal lesion changes such as in the lung segments. Although AI cannot replace expert assessment at this stage, AI can provide considerable information to help clinicians perform rapid and complex decision-making. In this study, our results show a correlation between the percentage of lesions extracted by AI and the percentage of lesion involvement manually evaluated exceeds 0.8, which proves the reliability of the AI intelligent recognition system in identifying the lesions of COVID-19 pneumonia patients in this study. The AI-based quantitative analysis results show that the lesions in the anterior segment of the right upper lobe of the severe type in the second stage were significantly accelerated compared with the ordinary type.

Another result of this study is that the peak of the percentage of lung lesions in severe patients appeared in the second stage, and during the entire lesion change of right upper lobe over time, the peak of the second stage was already close to the peak of the fourth stage, so we speculate the lesions in the upper lobe of the right lung, especially the changes in the anterior segment lesions, may be an important sign of the accelerated progression of severe patients in the advanced stage. The mechanism that causes the rapid progression of the lesion may also be related to the anatomical structure of the upper lung lobe. An earlier study showed that when the lung is full of secretions, due to the anatomical position of the upper lung lobe, the vertical gradient of lung blood flow will affect the upper lobe ventilation or asymmetric perfusion, which leads to repeated infections and scars more likely to occur in the lower ventilated upper lobe (17). The pathological autopsies of patients who died from COVID-19 showed that there is a large amount of mucus secreted between the alveoli (18), so the progression of the lesions in the upper right lobe, especially the anterior segment, may further reflect this pathological mechanism. The peak of pneumonia in severe patients at 14 days also further supports this pathological mechanism, which may indicate the short-term effect of an inflammatory storm.

In addition, we found that the lateral segment of the right middle lobe in the first stage is also a typical anatomical site for severe pneumonia. Studies have shown that bronchiectasis caused by atypical infection is more serious in the right middle lobe, usually manifesting as bronchiectasis and atelectasis. It has also been shown that bronchiectasis has a greater impact on the middle lobe of the right lung (19, 20). Existing COVID-19 research has shown that traction bronchiectasis may reflect the viral load and virulence of COVID-19, and it is more common in emergency patients (21). The time curve shows that the lesions of the right middle lobe of the right lung in the first stage of severe patients progressed significantly faster than in ordinary patients, so we speculate that bronchiectasis in the early stage, especially on the second day, may be an early warning message for potentially severe patients.

Another study performed at the lung segment level also showed that COVID had a predominance of bilateral lower distribution, which is consistent with the previous descriptive studies (9, 21) and may be due to the physiologic characteristics of the lung caused by regional inhomogeneity as a result of the influence of gravity (22). However, the anterior segment in severe cases also progresses rapidly, and this may be attributed to many severe patients needing to lie down due to insufficiency of effective oxygen from their severe pneumonia, which then aggravates the lung involvement. This study further explored lung segment involvement and identified the most suggestive lung segments and their corresponding time for potentially severe/critical patients. Another explanation for this finding could be the fact that viral infections are prone to involve the lower lungs (13). A previous study showed CT signs of aggravation and repair coexisted in advanced-phase disease. Our graph of this study showed the lung involvement in all lobes in the ordinary group in the last stage resolved more obviously than those in the severe/critical group, which may be due to the weaker organ function in the elderly patients in the severe/critical group (23).

Our study has some limitations. First, the sample size is small, and pediatric patients are not included. Therefore, the results may only represent a specific age group of COVID-19 patients. Second, we do not have any treatment information about these patients, which may affect the patients' time course and CT quantification results. Finally, severe and critical cases were studied as one whole group. We may consider an independent study of critical cases in the future.

In conclusion, lung involvement in the lateral segment of the right middle lobe in the early stage or the rapid progression of the anterior segment of the right superior lobe in the middle stage is highly suspicious for a poor conversion, which can be used as a warning message for severe/critical patients.
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Telemedicine has undergone remarkable expansion since the beginning the COVID-19 pandemic (1), for visits related not only to COVID-19, but also other acute and chronic illnesses. The major advantage of telemedicine is the opportunity for patients to receive medical advice in their own home, without the risk of exposure to SARS-CoV-2. It has been shown that virtual medical visits significantly decrease the mortality of some medical conditions such as cardiac diseases (2). The use of algorithms appears to facilitate the practice of telemedicine.

SARS-CoV-2 has expanded rapidly over the world. The vaccines against COVID-19 have been implemented extensively by many countries but herd immunity is, as yet, far from being achieved. Currently, only one vaccine has been authorized to be used for adolescents above the age of 16 years. However, according to the recommendations of the US Centers for Disease Control and Prevention (CDC), even if a youngster has been immunized, testing should be done in the case of symptoms related to COVID-19 (3). Most of the children infected with SARS-CoV-2 are asymptomatic or develop mild symptoms, but even in the presymptomatic or asymptomatic state, school-age children and adolescents can transmit the infection to vulnerable individuals.

During the past winter, 2020–2021, a significant decrease in the prevalence of respiratory viral infections was noted, which is attributed to the preventive measures instituted against COVID-19 (4). As a result, children with viral symptoms are regarded as having a high suspicion of COVID-19 infection. Both the CDC and the European Centre for Disease Prevention and Control (ECDC) recommend the testing by RT-PCR for SARS-CoV-2 of all patients presenting to the health care system with symptoms compatible with COVID-19 infection, as part of active case finding for SARS-CoV-2 (5, 6), wherever testing capacity is sufficient. Testing all children with fever and/or cough will be difficult for several countries with limited test supplies and/or when the health system is overwhelmed. In an attempt to conserve resources and to formulate the means of evaluation via telemedicine, taking into consideration the evidence that children usually suffer from mild COVID-19 infection, we developed the current “STUDY SAFE” algorithm.

This scoring system is straightforward and is based on epidemiological data concerning the child's exposure risk for COVID-19 (Figure 1). It can be easily implemented in telemedicine consultations, and can guide primary care physicians in making a decision about when a diagnostic RT-PCR test for COVID-19 needs to be performed in symptomatic school age children. The diagnostic tests for COVID-19 can be conducted at home by the caregiver, under the virtual guidance of the primary care doctor.


[image: Figure 1]
FIGURE 1. COVID-19 score “STUDY SAFE” for testing low-risk school-age children with symptoms compatible with COVID-19.


The patients at high-risk for severe COVID-19, such as children with comorbidities, and those with known exposure, will undergo testing without the need for scoring according to the algorithm. In addition, the children with moderate or severe symptoms should be advised to seek medical care immediately in an emergency department or an ambulatory health care setting, according to the severity of the symptoms (7); prior notification of the health care department is highly recommended.

The score provided by the algorithm is calculated based on the risk of contracting and/or transmitting SARS-CoV-2. Various factors are taken into consideration, including the socioeconomic status, the risk of exposure, based on the nature of the child's activities, the practice of social distancing and the spread of SARS-CoV-2 in the local community.

The criteria for scoring stratification were determined based on the current knowledge and recommendations of public health authorities with regard to the risk for SARS-CoV-2 transmission in nine contexts, including the population density of the area, confirmed cases in the community and at school, the child's age, the number of pupils per school class, mode of transport, sports, extracurricular activities, family setting, dining conditions.

All the children with symptoms related to COVID-19 should remain at home and be tested with the SARS-CoV-2 rapid test. The children with a low score (<8) remain at home until their symptoms are improved and they have been fever free for 24 h without antipyretics. They can come out of confinement 24 h after they become afebrile without antipyretics and the rest of the symptoms have improved, according to CDC guidelines (8). The children with a positive rapid test should remain in isolation at home for 10 days. The children with a score of above 8 should remain in isolation for 10 days, even in the case of a negative rapid test. We came to that decision based on fact that this group of children have extensive social interactions, and the sensitivity of the SARS-CoV-2 rapid test has been reported to be between 34 and 88% (9). In order to avoid the diverse outcome of false negative results in those children with many possible contacts, we suggested that they remain at home for 10 days. They can come out of isolation when they have been afebrile for 24 h without antipyretics and the rest of their symptoms are improved.

The World Health Organization (WHO) recommends that schoolchildren maintain a physical distance of at least 1 m inside the classrooms and in areas with community transmission. In the case of cluster-transmission, WHO recommends a risk-based approach, and in areas with sporadic cases/no cases of COVID-19, only the children aged above 12 years should keep the physical distance of 1 m (10). According to the CDC, children in larger in-person activities and events have a medium risk for SARS-Co-2 transmission (5). We consider low risk for COVID-19 transmission those classrooms with <15 pupils and high risk those with more than 25 pupils.

There is increasing evidence that indoor sports and sports with intensive body contact pose a higher risk of transmission than outdoor athletics and non-contact sports. CDC categorize team-based practice as increased risk, and as higher risk full competition between teams (5).

It has been shown up to the present, that the older children are responsible for higher transmission rate of SARS-CoV-2. The infection rate among family members in Southern Korea from index cases aged 0–9 years and 10–19 years was 5.3 and 18.6%, respectively (11). Based on that evidence we placed children aged above 10 years in a higher risk group for transmission.

With regard to dining at school, the CDC recommends the children to have meals outdoors as much as possible. When this is not feasible, they advise maintenance of a distance of 6 feet (2 m) while eating or in the food service line (5). In the present risk assessment, we assigned higher points when the children were eating in the cafeteria compared with having lunch in the classroom.

During school transit, CDC recommends preferring forms of transport with minimal contact (5). In this algorithm we placed the children at higher risk for transmision when they were using public transport or the school bus for a trip of longer than 15 min.

The confirmed cases in the community are considered as “Low” when <20 new cases have been diagnosed per 100,000 people, “Medium” when 20–59.9/100,000 people have been diagnosed and “High” when >60/100,000 have been diagnosed in the past 2 weeks (12).

Every child with symptoms related to COVID-19 should have a SARS-CoV-2 rapid self-test performed by their parents. In Greece, the self-tests were introduced for surveillance in school-age children on a weekly basis in April 2021. In other countries, including the UK and Germany, such tests have been available for school children since February 2021.

The scoring system presented here could be a useful tool for screening school age children without comorbidities, presenting with mild symptoms, for performing RT-PCR test for SARS-CoV-2. The goal is to prevent COVID-19 transmission in the community. After the successful “stay home, stay safe” policy, as the schools are reopened, the school children will still need to stay at home when they are sick, preventing the viral spread, and return to school and their other activities when the risk of transmission has passed. As more information becomes available about COVID-19, this “STUDY SAFE” score may need revisions, but it is a starting point for clinicians to manage children without comorbidities in COVID-19 era. The diagnostic test for COVID-19 can be done at home by the parent under the virtual guidance of the clinician. The algorithm presented is a simple tool to guide the physicians and can be easily performed via telemedicine.
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Healthcare workers at the frontline are facing a substantial risk of respiratory tract infection during the COVID-19 outbreak due to an extremely stressful work schedule and public health event. A well-established first-line defense on oropharyngeal microbiome could be a promising strategy to protect individuals from respiratory tract infections including COVID-19. The most thoroughly studied oropharyngeal probiotic product which creates a stable upper respiratory tract microbiota capable of preventing upper respiratory tract infections was chosen to evaluate the safety and efficacy on reducing episodes of upper respiratory tract infections for COVID-19 healthcare workers. To our knowledge to date, this is the very first study describing the beneficial effects of oropharyngeal probiotic been administered by healthcare workers during the COVID-19 pandemic. In this randomized controlled trial, we provided the probiotics to frontline medical staff who work in the hospitals in Wuhan and had been in close contact with hospitalized COVID-19 patients for prophylactic use on a daily basis. Our finding suggests that oropharyngeal probiotic administration significantly reduced the incidence of respiratory tract infections by 64.8%, reduced the time experiencing respiratory tract infections and oral ulcer symptoms by 78%, shortened the days absent from work by 95.5%, and reduced the time under medication where there is no record of antibiotic and anti-viral drug intake in the probiotic group. Furthermore, medical staff treated with Bactoblis experienced sustained protection from respiratory tract infections since the 10th day of oropharyngeal probiotic administration resulting in an extremely low incidence rate of respiratory tract infections.
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INTRODUCTION

Frontline medical staff fighting against COVID-19 are facing a substantial risk of respiratory tract infection during the COVID-19 outbreak due to an extremely stressful work schedule and public health event. During January 20, 2020 and February 5, 2020, it has been observed that the case infection rate of healthcare workers (2.10%) was dramatically higher than that of non-healthcare workers (0.43%) in a tertiary hospital during the early stage of COVID-19 outbreak in Wuhan (Lichun et al., 2020). Not only the COVID-19, but the general respiratory tract infection risk of healthcare workers is clearly higher than that of non-healthcare workers (Yaowen et al., 2016). Healthcare workers play an essential role in fighting the unexpected pandemic. Providing effective protection for healthcare workers from respiratory infections is essential.

Recent studies have shown that the microbiota in the lung contributes to immunological homeostasis and can potentially, when affected by dysbiosis, alter susceptibility to viral infection, and with respect to COVID-19, a highly significant difference in the lung microbiota composition has been observed between patients with COVID-19 pneumonia and healthy subjects, implying a dysbiosis occurred in the lung microbiota of patients who had a pathogen-enriched microbiota; not only can lung microbiota dysbiosis create a more fertile ground for viral aggression, but it can also promote a worsening of the patient condition (Zijie et al., 2020). A half-year prospective cohort study showed that nasopharyngeal microecological imbalance was caused by trans-colonization of oral microbiota, leading to upper respiratory tract infections (Lirong et al., 2020). An earlier study also demonstrated that inducing immune responses that were localized to the airway were more protective against challenge with pathogenic human coronaviruses, and that the strategy of inducing innate and specific immune responses at airway epithelium cells could also be useful in the context of protecting human host from other pathogenic respiratory viruses (Jincun et al., 2016).

Apparently, as in many other respiratory pathogens, the coronavirus is transmitted from an infected person’s mouth or nose through small liquid particles when they cough, sneeze, speak, or breathe heavily. Hence, the protection from these liquid particles of different sizes, ranging from larger “respiratory droplets” to smaller “aerosols,” become a key target for protection. Specifically, for healthcare workers who are in close contact with hospitalized COVID-19 patients, it is extremely important to make sure that the healthcare workers are fully equipped with proper protection, e.g., secondary and tertiary prevention. One possible additional way to protect human host from respiratory tract infections is to boost the immunity and maintain a healthy and balanced microflora at oropharyngeal environment of individuals via probiotics administration (Olga et al., 2014; Clark et al., 2016; Martens et al., 2018). Probiotics are live, non-pathogenic bacteria that may have an effect on both viral and bacterial infection. Recent trials have demonstrated that probiotics may impact the immune system, but only the commensal oral probiotic strain Streptococcus thermophilus ENT-K12 has been shown to successfully colonize the oral cavity and to modulate the nasopharyngeal microbiota (Ilchenko et al., 2019a,b). In fact, a slow-dissolved oropharyngeal probiotic formula containing ENT-K12 has been clinically demonstrated to improve the upper respiratory tract microbiota protecting the host from pathogenic bacteria, fungi, and viruses thereby reducing the incidence of viral respiratory tract infections and bacterial co-infections (Wilcox et al., 2019). With several clinical studies providing the safety and effectiveness (Wilcox et al., 2019), the said probiotic formula appears to be a promising agent to be administered for prophylactic or probiotic treatments to protect individuals during the outbreak of seasonal or emerging respiratory infection diseases.



MATERIALS AND METHODS

The trial was conducted according to the criteria set by the Declaration of Helsinki and with the approval of the local ethics committee, the Ethics Committee of Medical school of Wuhan University of Science and Technology (registration number 202003). All the medical staff who participated in the trial were informed of the trial methods and signed the consent. The study product, Bactoblis oropharyngeal probiotic formula, is formulated in the form of slowly dissolving oral lozenges by Probionet GmbH (Herisau, Switzerland); the preparation of this formula used in the clinical trial contained no less than 1 billion colony-forming units (cfu)/lozenge of S. thermophilus ENT-K12 over shelf-life.

The multicenter, open, randomized controlled clinical trial was conducted on 200 frontline medical staff enrolled in Wuhan, China, and treated between March 5, 2020 and April 5, 2020. All the enrolled individuals were healthy doctors and nurses 20–65 years of age and work in close contact with hospitalized COVID-19 patients; while taking care of the hospitalized COVID-19 patients, the subjects are fully equipped with proper protection, e.g., secondary and tertiary prevention. The following exclusion criteria were used: individuals who had an acute respiratory tract infection or have been diagnosed as COVID-19 infection, underwent antibiotic treatment at the time of enrolling, known allergy against milk proteins, and were immunocompromised or immunodeficient.

The enrolled medical staff were provided with a 1-month supply of study product and instructed to take 2 lozenges a day, taking a single lozenge after breakfast every morning and before bedtime after brushing their teeth every evening, respectively. The subjects were required to suck the lozenge until it is fully dissolved (approximately 4–5 min) and to make sure that the lozenge is not chewed or directly swallowed. They were instructed not to drink or swallow any substance for at least 1 h after the administration of the study product.

The study involved at least two visits over a 1-month period, screening visit (visit 1) and final visit (visit 2). Additional visits took place if the enrolled medical staff experienced symptoms of respiratory tract infections, so a diagnosis could be confirmed and if necessary, a prescription provided. At the screening visit (visit 1), the overall details of the study were explained to the enrolled medical staff and informed consent was obtained from the said individuals. The medical history of the individuals was reviewed and inclusion and exclusion criteria were confirmed. The medical staff was asked to maintain their standard diet and exercise routine.

The participated subjects were required to return for final visits after 30 days and return any unused study product. Compliance will be assessed by counting unused lozenges at the final visit; compliance criteria judged at ≥90% of dispensed lozenges consumed.

The subjects were instructed to contact the study physician at any time during the study in case of symptoms of respiratory tract infection or pneumonia, such as sore throat, fever more than 38°C, dyspnea, enlarged lymph nodes, and/or the appearance of abscesses (pus) or white patches on tonsils. At each visit, any adverse events were recorded.


Objectives

The primary objective of this study is to investigate the benefits of oropharyngeal probiotic in preventing respiratory tract infections in frontline medical staff who are in close contact with COVID-19 hospitalized patients during the COVID-19 outbreak that causes an extremely stressful work schedule. The secondary objective is to investigate the incidence rate of COVID-19 in hospital pneumonia infection, resorting to antibiotic therapy, treatment with antipyretics, anti-viral drugs, and steroids, and working days lost during the episodes of respiratory infections. The onset of side effects while the product was being administered has also been observed.



Statistical Analysis

SPSS version 25.0 software is used for statistical analysis. For baseline characteristics of participants, M ± SD was used to describe the variation degree of samples between groups, and M (P25–P75) was used to describe if the data did not follow normal distribution. For the quantitative data of normal distribution, the difference between populations was inferred by the two independent samples t-test (Wilcoxon’ s rank sum test was used for the non-normal distribution data), and χ2 test or Fisher’s exact test was used for the qualitative data. The Kaplan–Meier statistic was used to estimate the level of protection of respiratory tract infection by administration of oropharyngeal probiotic over time. Survival analysis was used to determine the difference in cumulative morbidity among patients under different conditions during clinical observation.



RESULTS

One-hundred medical staff were treated with two lozenges of study product daily for 30 consecutive days. The other 100 medical staff served as the control group in the same period. As shown in Table 1, the two groups did not differ in their baseline characteristics. Seven subjects dropped out of the study on the first few days after enrollment for personal reasons. Deducting the seven subjects dropping out from the study, 98 medical staff were treated for 30 days with probiotic, while 95 did not receive probiotic and were considered to be the control group. Compliance with the probiotic treatment was very good and well tolerated by the subjects with no side effects reported. The probiotic group consisted of 30 males and 68 females, mean age 36.13 ± 8.62 years. The control group consisted of 26 males and 69 females, mean age 35.74 ± 8.88 years. The two groups had no statistically significant differences in age and gender. As per the professional category of enrolled medical staff, the probiotic group consisted of 10 resident doctors, 20 attending doctors, 23 associate chief doctors, 7 chief doctors, and 38 nurses, with mean daily working hours 7.09 ± 1.17 and average 9 beds to attend. The control group consisted of 11 resident doctors, 17 attending doctors, 18 associate chief doctors, 3 chief doctors, and 46 nurses, with mean daily working hours 7.02 ± 1.09 and average 9 beds to attend. The two groups had no statistically significant differences in the constituent ratio of positions they hold, daily working hours, and beds to attend. Regarding the vaccination status of the enrolled medical staff, only 1 out of 98 in the probiotic group had pneumococcal vaccine and 4 out of 98 had influenza vaccine, while 1 out of 95 in the control group had pneumococcal vaccine and 4 out of 95 had influenza vaccine. The two groups had no statistically significant differences in the vaccination status.


TABLE 1. The baseline characteristics of participants.

[image: Table 1]Table 2 shows the data on the prevalence of respiratory tract infection episodes during March 5, 2020 and April 5, 2020. Prophylaxis with oropharyngeal probiotic significantly reduced the incidence of respiratory tract infections by 64.8% (p < 0.005) comparing with the control group, of which 8 episodes of respiratory tract infections were observed in the group of 98 probiotic-treated medical staff and 22 episodes were observed in the group of 95 non-treated medical staff, with none of the episodes having been confirmed to be COVID-19 infection verified by SARS-CoV-2 nucleic acid test (data not shown). Key symptoms of the respiratory tract infections observed during this study include sore throat, cough and itchy throat, low fever, nasal congestion and dizziness, acute otitis media, and oral ulcer. Serological diagnosis including blood cytokine detection were not conducted due to the highly occupied workload for the frontline medical staff during the study period. However, the subjects having professional medical skills have been able to express and diagnose their symptoms accurately, hence, confirming the episodes of upper respiratory tract infections accurately. Among the eight episodes observed in the probiotic group, four showed symptoms of mainly sore throat, three showed symptoms of mainly cough and itchy throat, and one subject experienced low fever. As for the 22 episodes observed in the control group, 10 showed symptoms of mainly sore throat, 3 showed symptoms of mainly cough and itchy throat, 5 subjects experienced low fever, 2 subjects had nasal congestion and dizziness or headache, 1 subject reported acute otitis media along with sore throat, and 1 subject had oral ulcer. Comparing the key symptoms of upper respiratory tract infections, a trend of decreased incidence of key symptoms was observed during the prophylaxis with oropharyngeal probiotics, of which the incidence of sore throat was reduced by 61.3% and the incidence of low fever was reduced by 80.6% (p < 0.1). By comparison with the control group, the frontline medical staff in the probiotic group experienced a significantly lower number of days experiencing respiratory tract infection (RTi) symptoms (78%, p < 0.005). In fact, 23 days (0.23 days/person) of experiencing RTi symptoms were observed in the probiotic group whereas a total of 100 days (1.05 days/person) was observed in the control group. Meanwhile, treatment with oropharyngeal probiotic resulted in a significantly shorter (by 38%, p < 0.05) average duration of infection episodes (2.88 days/episode) compared with the control group (4.67 days/episode). Due to the reduction in total episodes, sick days, and duration of each episodes, the subjects treated with probiotic had significantly less days absent from work by 95.5% (p < 0.005); in other words, totally 3 days (0.03 days/person) of absence from work were reported in the probiotic group whereas totally 63 days (0.67 days/person) were reported in the control group.


TABLE 2. The difference analysis of each factor between two groups.

[image: Table 2]During the study period, when there was evidence of a respiratory tract infection, the enrolled medical staff in both groups were asked to record the variety and duration of drug treatment, and continue taking probiotic throughout the study period, including in case of antibiotic treatment required. Our data reveal that the frontline medical staff in the probiotic group took significantly less medication compared with the control group. The number of days taking Chinese herbal medicine was observed to be reduced by 77.8% (p < 0.01); it is reported that totally 16 days (0.16 days/person) of medication history on Chinese herbal medicine was observed in the probiotic group compared with totally 68 days (0.72 days/person) observed in the control group. Further, during the randomized controlled trial, participants in the probiotic group had no record of antibiotic and anti-viral drug intake compared with 51 and 46 days of antibiotic and anti-viral drug intake in the control group (p = 0.001 and p < 0.01), respectively. No intake of steroid/anti-inflammatory drug was also observed in the probiotic group compared with 10 days of intake of steroid/anti-inflammatory drugs in the control group.

Furthermore, the Kaplan–Meier statistic was used to estimate the level of protection of respiratory tract infection by administration of oropharyngeal probiotic over time. As shown in Figure 1, the Kaplan–Meier curve of probability not having any episodes of respiratory tract infections decreased gradually from 1 on the first day of this trial. Notably, the cumulative incidence of respiratory tract infection stopped increasing on day 10 in the probiotic group. This implicates that frontline medical staff in the probiotic group experienced sustained protection from respiratory tract infections after a certain time of oropharyngeal probiotic administration resulting in an extremely lower incidence rate of respiratory tract infections comparing with control group (p = 0.013).
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FIGURE 1. Kaplan–Meier curves of the cumulative incidence rates.




DISCUSSION

Oral commensal microorganism has a central role in the homeostasis of airway mucosa and programming of the immune system (Harald et al., 2012). The said respiratory microbiota is sensitive to multiple factors, such as lifestyle, aging, environment, and disease (Mikari et al., 2018; Hongcheng et al., 2020). A cohort study has demonstrated that nasopharyngeal microecological imbalance was caused by trans-colonization of oral microbiota, leading to upper respiratory tract infections (Wing et al., 2019). Longitudinal observations have also found that psychological stress, mood states, or life events are associated with susceptibility of viral and intracellular bacterial infections and reduced lung function due to decreased cellular immune processes, such as those initiated by NK cells (Trueba and Ritz, 2012). Besides, SARS-CoV-2 mainly infect human angiotensin-converting enzyme 2 (ACE2), which is mainly expressed in tongue epithelial cells, while the viral load of SARS-CoV-2 in posterior oropharyngeal saliva samples was highest during the first week of symptom onset (Lirong et al., 2020), which further reveals that homeostasis of oropharyngeal mucosa that has an impact on the programming of the innate immune system could play an important role as a frontline defense and protect human host from respiratory tract infections including SARS-CoV-2. The results of this study indicate that oropharyngeal probiotic formula containing S. thermophilus ENT-K12 can reduce susceptibility to respiratory tract infections for frontline medical staff fighting against COVID-19. The mechanisms that underlie these effects have been described in previous studies, which includes colonization of the probiotics in oropharynx having the ability to locally release the two antibiotics, salivaricin A2 and B, to reduce the risk of colonization by group A β-hemolytic streptococcus including S. pyogenes; a common pathogen persists in the pharynx in a carrier state in approximately 10% of the population, which is a common cause of pharyngeal infections and a common bacterial pathogen that causes co-infection during viral infection (Upton et al., 2001). The salivaricin-producing probiotic strains has been proven to be of great value in the development of new and novel antibacterial therapies in this era of emerging antibiotic resistance via curing multi-resistant infections or reshaping the endogenous microbiota for prophylaxis purposes (Piewngam et al., 2018; Khan et al., 2019; Pascal et al., 2019; Barbour et al., 2020). As shown in Figure 2, the hypothetical graph indicates the host oropharyngeal microflora interactions which are divided into three states, symbiosis, disruption, and dysbiosis; when the host oropharyngeal microflora remains in the symbiosis state, the host is relatively more tolerant to the infections or environment factors which may disrupt the host’s immune responses. When frontline medical staff fighting COVID-19 switched to an unregulated and stressed work schedule during the pandemic outbreak, the disruption of symbiosis state could be induced and made the individuals more susceptible to the infections which further altered the host oropharyngeal microflora to become a dysbiosis state. Administration of oropharyngeal probiotics was able to establish a more balanced homeostatic relationship between the oropharyngeal microflora and the cells of the immune system responding to the infections and surrounding environment that shapes the oropharyngeal microflora, the said symbiosis state may provide more protections for the frontline medical staff fighting against COVID-19 from respiratory tract infections including COVID-19. The salivaricin, SalB, produced by oropharyngeal probiotics further protects the frontline medical staff from bacterial coinfections via disabling the reproduction of pathogenic bacteria on the oropharyngeal mucus surfaces (Barbour et al., 2016).
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FIGURE 2. The hypothetical graph of interactions of host oropharyngeal microflora and immune responses.


These results can be supported by our findings that prophylaxis with oropharyngeal probiotic formula containing ENT-K12 strain among COVID-19 frontline medical staff reduced the prevalence of respiratory tract infections by approximately 65%, sick days by approximately 80%, and no record of antibiotic, anti-viral drug and steroid/anti-inflammatory drug intake during this trial.

The proposed anti-viral capability of oropharyngeal probiotic has been attributed to the observed development of an innate immune response as revealed by detection of enhanced sufficient amount of IFN-γ in human saliva 10 h after oral lozenge administration (Di Pierro, 2020).

The administration of the ENT-K12 dose used in the present study has been shown to result in successful colonization of the oral cavity (Burton et al., 2010). Further, both the antibacterial as well as the anti-viral activity demonstrated in previous studies with the oropharyngeal probiotic may have contributed to the observed clinical benefits in the present study and may explain both the reduced incidence and duration of respiratory infections in the probiotic group of frontline medical staff.

According to our knowledge to date, this is the very first study describing the beneficial effects of oropharyngeal probiotic strain that has been administered by medical staff during an emerging disease outbreak. The Kaplan–Meier curve indicates that frontline medical staff treated with oropharyngeal probiotic experienced an extremely low incidence rate of respiratory tract infections after only 10 days of probiotic administration, suggesting that a healthier and more balanced oropharynx microflora homeostasis can be achieved by probiotic administration of 2 lozenges a day for about 10 days; this finding suggested that the colonization of ENT-K12 strain can be implemented by taking slow-dissolved probiotic formula 2 lozenges per day over about 10 days, which can be supported by a previous study demonstrating that K12 strain colonization can be achieved over 14 days while taking 1 lozenge per day or 3 days while taking 4 lozenges per day, defined by the sufficient amount of salivaricin A2 and B that had been detected in the saliva or on site, and the target habitat sites are pharynx, tongue, and buccal membranes which are also the habitats of agents causing pharyngitis (Horz et al., 2007). Besides the action mode of salivaricins described previously, a well-maintained oropharynx homeostasis status also helps keeping the human host tolerant of respiratory tract infections. Previous studies have demonstrated that the use of oropharyngeal probiotic as part of the complex therapy of recurrent tonsillitis for 30 days was characterized by a rapid relief of both local and general manifestations of recurrent tonsillitis, as well as a significant improvement in the microflora of the upper respiratory tract (Ilchenko et al., 2020; Kramarev et al., 2020). It is noted that in the control group, the incidence rate of respiratory tract infections increased linearly until the 20th day and seemed to slow down in the last 10 days during this trial, which may be explained by the fact that the number of hospitalized COVID-19 patients gradually decreased after they were cured and left the hospitals and the relief of COVID-19 pandemic in Wuhan area, thus relieved the shortage of medical resources during the emergence of the outbreak which caused extremely stressful work schedule and which also made the medical staff experience a lower immunity during the period of medical resource shortage.

Considering that the clinical benefit of oropharyngeal probiotic plays a role in creating a stable upper respiratory tract microbiota capable of protecting the host from respiratory tract infections, and its anti-viral capability to build a well-established first-line defense on the upper respiratory tract and oropharyngeal microbiome to protect individuals from respiratory tract infection could be a promising strategy to prevent respiratory tract infections, including COVID-19 infections.

Another public health crisis is that the number of pathogenic bacterial strains resistant to antibiotics has dramatically increased during the past decades so that some pathogenic microbes are totally insensitive to current antibiotics (De Francesco et al., 2010; Jakobsson et al., 2010; Beata and Anna, 2015); the new trends of research on antibacterial peptides produced by probiotics known as bacteriocins could provide beneficial features to substitute antibiotics or reduce the emergence of resistant strains. Fortunately, many human commensal bacterial species are able to be mobilized to produce bacteriocins and prevent bacterial infection at the external surface of human epithelia, which gives a great opportunity to cure multi-resistant infections or finely reshape the endogenous microbiota for prophylaxis purposes (Cotter et al., 2013; Sarah et al., 2019). According to the finding of this study and previous studies conducted with the same oropharyngeal probiotic formula, demonstrating a significant reduction by more than 90% of antibiotic use among subjects taking probiotics, administration of the slow-dissolved oropharyngeal probiotic could be a promising strategy to reduce the worldwide public health crisis related to the development of pathogenic antibiotic-resistant strains that caused respiratory tract infections, especially those that cause recurrent respiratory tract infections such as Streptococcus pneumoniae.



CONCLUSION

This study evaluated the oropharyngeal probiotic in frontline medical staff in Wuhan fighting against COVID-19, and the results provide further support that administration of oropharyngeal probiotic which creates a stable upper respiratory tract microbiota can at least, for a short period of 20 days, protect frontline medical staff from upper respiratory tract infections, capable of reducing the duration of sick days, days absent from work, and days taking antibiotics and anti-viral drugs. This study certainly exhibits some limits: the absence of blind conditions, the small size of the sample which is not sufficient enough to detect the prevention effect of COVID-19 infections, not able to be involved in checking viral or streptococcal infection during the extremely busy work schedule, an inability to follow up the enrolled medical staff in the next subsequent month to assess further trends in infective oropharyngeal events due to that the number of hospitalized COVID-19 patients on the study sites gradually decreased when they are cured and leave hospital after April and May 2020, and an inability to analyze the composition of oropharyngeal microflora before and after oropharyngeal probiotic treatment, thus not able to directly prove the better homeostasis after a certain time of probiotic administration. Nevertheless, the findings of this study together with the beneficial clinical effects and improved oropharyngeal microbiota discovered from previous human clinical studies, and excellent tolerability and compliance, as well as the absence of side effects, demonstrated that the slow-dissolved oropharyngeal probiotic formula can be a valid solution in the prevention of respiratory tract infections.
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The rapid spread of COVID-19 and disruption of normal supply chains has resulted in severe shortages of personal protective equipment (PPE), particularly devices with few suppliers such as powered air-purifying respirators (PAPRs). A scarcity of information describing design and performance criteria for PAPRs represents a substantial barrier to mitigating shortages. We sought to apply open-source product development (OSPD) to PAPRs to enable alternative sources of supply and further innovation. We describe the design, prototyping, validation, and user testing of locally manufactured, modular, PAPR components, including filter cartridges and blower units, developed by the Greater Boston Pandemic Fabrication Team (PanFab). Two designs, one with a fully custom-made filter and blower unit housing, and the other with commercially available variants (the “Custom” and “Commercial” designs, respectively) were developed; the components in the Custom design are interchangeable with those in Commercial design, although the form factor differs. The engineering performance of the prototypes was measured and safety validated using National Institutes for Occupational Safety and Health (NIOSH)-equivalent tests on apparatus available under pandemic conditions at university laboratories. Feedback was obtained from four individuals; two clinicians working in ambulatory clinical care and two research technical staff for whom PAPR use is standard occupational PPE; these individuals were asked to compare PanFab prototypes to commercial PAPRs from the perspective of usability and suggest areas for improvement. Respondents rated the PanFab Custom PAPR a 4 to 5 on a 5 Likert-scale 1) as compared to current PPE options, 2) for the sense of security with use in a clinical setting, and 3) for comfort compared to standard, commercially available PAPRs. The three other versions of the designs (with a Commercial blower unit, filter, or both) performed favorably, with survey responses consisting of scores ranging from 3 to 5. Engineering testing and clinical feedback demonstrate that the PanFab designs represent favorable alternatives to traditional PAPRs in terms of user comfort, mobility, and sense of security. A nonrestrictive license promotes innovation in respiratory protection for current and future medical emergencies.
Keywords: COVID-19, pandemic response, 3D-printing, powered air-purifying respirators, personal protective equipment, open source product development, injection molding, medical device design
INTRODUCTION
The rapid and global spread of COVID-19 has led to dramatic increases in demand for personal protective equipment (PPE) for healthcare workers as well as significant disruption of supply chains and distribution networks for these products. As a consequence, the availability of high-quality respiratory protection has been problematic, causing healthcare institutions to reuse normally disposable filtering facepiece respirators (FFRs; N95-type masks) and turn to non-traditional devices as substitutes (Hack the Pandemic, 2020; Thingiverse.com, 2020; COVID-19 Response, 2020; Get Us PPE, 2021; Open Mask, 2021). Non-traditional supply chains commonly involve community-based collaborations among independent engineers, scientists, hobbyists, and volunteers in partnership with healthcare and academic institutions (McCue, 2020; Westervelt, 2020; NIH 3D Print Exchange, 2020; Sinha et al., 2020; Clark, 2020). While multiple non-traditional designs for simple PPE products such as face shields have emerged (Mostaghimi et al., 2020), and multiple commercial and non-traditional technologies have been developed to decontaminate or reuse N95-type masks (N95 Decon, 2020; McAvoy et al., 2021), few alternative sources of supply exist for more complex products. This is particularly true of powered air-purifying respirators (PAPRs) which can be worn by individuals unable to fit N95-type masks, are more comfortable in many settings, and also provide a higher level of respiratory protection. Ongoing efforts to increase the supply of PAPRs have largely involved large manufacturing companies with government support (e.g., the 3M Ford Limited-Use Public Health Emergency PAPR) (CDC, 2020a; Limited-Use Public Health Emergency PAPR, 2021).
PAPRs typically cover the entire head with a loose-fitting headpiece or hood and provide a continuous supply of filtered air to a user from a blower worn on a belt or backpack. Like N95 masks, PAPRs are used in both healthcare and industrial settings, but under non-pandemic conditions, healthcare use of PAPRs is typically limited to situations in which a healthcare worker (HCW) is unable to wear a disposable N95 mask yet must care for a patient with a suspected or confirmed airborne infection, such as tuberculosis (Institute of Medicine, 2015). Common reasons for being unable to wear a N95 mask are the presence of facial hair and poor mask fit for individuals with small or narrow faces; the latter is often revealed by qualitative fit tests routinely performed on HCWs (Occupational Safety and Health Administration, 2021). It is estimated that ∼10% of HCWs fail fit testing (Institute of Medicine, 2015), and for these individuals PAPRs are the best, and in some instances the only, alternative form of respiratory protection. N95 masks are often reused in pandemic conditions due to supply shortages, leading to concerns about further loss of fit after multiple don-doff cycles (Bergman et al., 2012).
In addition, HCWs report that PAPRs are more comfortable than masks in situations in which continuous respiratory protection is required for many hours, especially for those who have respiratory symptoms under normal circumstances or who work in hot conditions. It has also been observed that many healthcare workers who must wear N95-type masks day after day (e.g., during a sustained pandemic) experience painful abrasions (Gheisari et al., 2020; Lan et al., 2020). Attempts to mitigate discomfort by using creams, tapes, or loosening the straps that hold masks against a user’s face can decrease respiratory protection (Bui et al., 2021). PAPRs overcome this problem and provide better protection: commercial PAPRs certified by the National Institutes for Occupational Safety and Health (NIOSH) offer higher filtration efficiency as compared to N95 masks (99.97 vs. 95%) (Institute of Medicine, 2015) and have assigned protection factors substantially higher than those of N95-type masks (Tompkins and Kerchberger, 2010). PAPRs are also better suited to periods of very high demand: whereas N95 masks are designed for one-time use, commercially available PAPRs are designed to be sterilized and reused multiple times (Rebmann and Wagner, 2009).
PAPRs are generally in short supply in most US healthcare institutions, which typically seek the lowest cost approach to respiratory protection for HCWs. The acquisition costs for commercial PAPRs are ∼100–1,000-fold higher than N95 masks: purchasing managers report that a low-cost PAPR retails for ∼800.00 USD and a medium-priced device sells for ∼2,000.00 USD (3M, 2021) whereas N95-type masks normally cost ∼1.50 USD per unit in bulk (the cost of N95-type masks increased 5–10 fold during the COVID-19 pandemic, however) (Ivry and Kochkodin, 2020). PAPR filters must be replaced regularly and are also relatively expensive (Institute of Medicine, 2015). Thus, despite multiple Federal panels and reports spanning a period of two decades calling for innovations in respiratory protection (Sinha et al., 2020), there has been little concrete response. This is a setting in which open-source product development (OSPD) (Huizingh, 2011) has the potential to make a substantial contribution.
PAPRs are composed of three primary functional components: the filter cartridge, the blower unit, and the facepiece, which is connected to the blower via a flexible hose. Additional components, such as low flow rate alarms, enhance user safety and usability (Figure 1). The blower unit and its associated power and control systems are enclosed inside an air-tight housing. This housing couples to the filter cartridges and to the hose. The blower unit pulls room air through one or multiple high-efficiency particulate air/high-efficiency particulate absorbing (HEPA) filter cartridges, thereby removing aerosols and small particles. The blower then pushes the filtered air into the facepiece (also known as a hood) through the hose, and it is breathed in by the user. In the case of a loose-fitting facepiece, air also escapes through gaps between the facepiece material and the user’s body. The presence of positive pressure in the facepiece ensures that unfiltered outside air does not enter the facepiece and is not inhaled by the user.
[image: Figure 1]FIGURE 1 | PAPR components. (A) Diagram of PAPR components, adapted from OSHA.gov (OSHA Technical Manual, 2006). (B) PanFab PAPR described in this work.
The current shortage of PAPRs likely reflects the complexity of these devices, which have multiple components, each requiring significant expertise to design, engineer, and test. Resources describing the design criteria for PAPRs used in healthcare settings are scarce because most designs are proprietary, making it challenging for new or local manufacturers to help address shortages. Additionally, the regulatory approval process for PAPRs via NIOSH is significantly more complex than regulatory approval processes for simpler devices such as face shields (Mostaghimi et al., 2020) that have already been produced in bulk by non-traditional suppliers. In the US, PAPRs are regulated by the Occupational Safety and Health Administration (OSHA) under the Respiratory Protection standard (29 CFR 1910.134). This requires that PAPRs be approved by NIOSH but does not require 510(k) premarket notification or clearance by the Food and Drug Administration (FDA) (eCFR, 2021; CDC, 2014). One resulting challenge is that NIOSH testing standards are highly prescriptive, but the physical and engineering principles underlying these tests are not always obvious. The prescriptive approach may be appropriate under normal circumstances when it is important to maintain quality standards in the face of cost pressure, but it is problematic in emergency conditions in which approved testing apparatus are in short supply. In the current work we therefore rely on “NIOSH-equivalent” testing to assess performance.
We sought to create public domain PAPR designs with non-restrictive licensing that would help to address current and future shortages in respiratory protection. We also sought to use open source product development to address the broader problems of supply chain disruption caused by healthcare emergencies and shortages of medical supplies in resource-limited environments (e.g., developing nations). After consulting with clinicians and infection control specialists, we focused our efforts on designing filter cartridges and blower units (consisting of a housing, blower, battery, flow control system, and flow control alarm), the two PAPR components most commonly in shortage. NIOSH standard testing procedures (STPs) (CDC, 2020b), which specify the testing requirements needed for NIOSH approval of PAPRs, provided performance specifications for the filter cartridge and blower unit components (Supplementary Material S1); we used these specifications to guide PAPR design.
In this paper, we describe the design, validation, and user testing of modular PAPR components- the filter cartridges and the blower units, developed by the Greater Boston Pandemic Fabrication Team (PanFab) (PanFab, 2021). These components are intended to provide alternatives to standard commercially available PAPR components and to be locally manufacturable in times of severe PAPR shortage. For both the filter cartridge and the blower unit components, we describe a “PanFab Custom Design” and a “PanFab Commercial Design” to accommodate different scenarios with respect to shortages of materials. The Custom design has less reliance on commercial products and supply chains and can be fabricated in large part using additive manufacturing (3D-printing) methods for low volume production or injection molding for high volume needs (Antonini et al., 2021). The Commercial design relies on commercially available parts made for other products and requires fewer custom fabrication steps, facilitating rapid introduction of new, locally fabricated units. The PanFab PAPR components are modular and interchangeable: any combination of components can be used together and also with traditional PAPR components from leading suppliers. For example, the PanFab Custom Filter can be used with the PanFab Commercial Blower Unit and vice-versa. The PanFab PAPR components are also compatible with the widely used ILC Dover Sentinel XL PAPR facepiece (ILC Dover, 2021) and filters. The blower unit can also be adapted to other commercially available PAPR facepieces by fabricating a slightly modified hose-to-facepiece connector. Under the provisions of a Creative Commons Attribution-ShareAlike 4.0 International Public License, other entities are free to use components of the PanFab PAPRs by themselves, in their own designs, or to innovate these designs further.
Initial prototype testing was conducted at academic laboratories using equipment and supplies that were available during the COVID-19 pandemic. User feedback on the functionality and comfort of the designs was then obtained at a major US academic medical center from four participants: two healthcare providers and two research technicians who used PAPRs regularly as part of standard PPE prior to the pandemic. User feedback was elicited to identify possible points of improvement for future PAPR designs and is intended to be part of an iterative process; insufficient testing was performed to achieve statistical significance or meet NIOSH certification standards. We intend for this to happen as part of scale-up prior to large scale manufacturing. Performance testing was conducted using alternative apparatus and methods than those prescribed by NIOSH, which are hard to replicate outside of a conventional certification laboratory. An additional limitation of our approach is that PAPR certification, like certification of most medical products, requires a manufacturing process controlled by a quality management system (e.g., one similar to ISO 9001 standards). Achieving this standard is only possible in a commercial setting, and we are therefore collaborating with an industrial partner to create a design amenable to NIOSH standards. Future users of the PanFab PAPRs must perform their own testing and confirm that fabricated products meet the requirements of FDA Emergency Use Authorizations and similar regulatory guidance. We return to this issue in the discussion section.
METHODS
Prototype Development
NIOSH requirements (NIOSH STP CVB-APR-STP-0081) specify that PAPRs have a minimum filtration efficiency of 99.97% for NaCl aerosols (this corresponds to the 100-N class of PAPRs). To reduce the power required to drive air through filters, they should also have as little pressure drop as possible at the minimum required flow rate of 170 L per minute (lpm; NIOSH STP RCT-APR-STP-0012). For the PanFab Commercial PAPR, we selected a commercially available HEPA filter that is used in consumer vacuum cleaners and widely available; we speculated that supply of these filters is unlikely to be significantly affected by disruption of medical device supply chains caused by COVID-19 or similar pandemics. For the PanFab Custom PAPR, a custom-designed filter cartridge was designed to be lighter in weight and have a lower form factor as compared to the Commercial version.
Design of the blower units focused on meeting the required flow rate of ≥170 lpm and overcoming pressure drops caused by the filters and tubing in the air flow path at this flow rate. In addition, blower units needed to be operational for at least 1 h, comfortable to wear, sterilizable, airtight, and relatively silent (NIOSH STP RCT-APR-STP-0030). For a full list of design requirements and NIOSH testing requirements, refer to Table 1 and Table 2, respectively. Supplementary Material S2 provides a full discussion of the design methodology and resulting prototype components.
TABLE 1 | PanFab PAPR design components, selection criteria, specifications, and commercial components.
[image: Table 1]TABLE 2 | PanFab PAPR component validation test type, regulatory guidance, and alternative test results. Full STPs available as Supplementary Material 1.
[image: Table 2]Prototype Testing
NIOSH has developed several STPs for testing the safety and functionality of PAPR components (CDC, 2020c). Third-party commercial laboratories typically test PAPRs to these STPs as means to establish compliance with NIOSH standards. However, high demand for testing during the COVID-19 pandemic made many of these test options either unavailable or considerably delayed. As an alternative, we devised apparatus intended to perform the physical, chemical, and engineering measurements described in NIOSH STPs but using materials readily available in university laboratories. Prototype testing was carried out across several university laboratories at MIT on the filters, blowers, power systems, control and warning systems, and the seals between components. The use of these “NIOSH-equivalent” tests allowed us to perform PAPR design and testing in an emergency setting, but does not obviate the need for testing to NIOSH STPs prior to large scale manufacturing. The type of testing needed for clinical implementation of our designs in an emergency setting remains to be determined; as the COVID-19 pandemic recedes we hope that regulatory agencies will provide better guidance on balancing risks under these circumstances.
A loose-fitting facepiece known as the VHA ADAPT PAPR Hood, developed by the Center for Limb Loss and MoBility (CLiMB) at the University of Washington (UW Mechanical Engineering Research Centers, 2012), was used for prototype testing. This facepiece was used in place of standard commercial PAPR facepieces such as the ILC Dover Sentinel XL PAPR facepiece both because these were in limited supply and because we sought to create an all open-source design (testing of the CliMB facepiece is beyond the scope of the current work and expected to take place independently). However, the PanFab PAPR is compatible with ILC Dover facepieces.
Filter Testing
NIOSH performs two distinct filtration efficiency tests: a full loading test and an instantaneous (abbreviated) test, the latter of which estimates the lowest filtration efficiency expected at the start of a filter’s service life. NIOSH performs the loading filtration efficiency test of 100-N class of PAPR filters using 75 nm median diameter NaCl aerosols (NIOSH STP CVB-APR-STP-0081). To test the filtration efficiency for the PanFab PAPR filters, we modified a previously described university-based apparatus (Plana et al., 2021) originally used to assess the filtration efficiency of N95-type FFRs (Figure 2). Due to the unavailability of NaCl aerosol generators, KCl was used instead. A Collison Nebulizer (MRE 6-Jet, BGI Inc., Waltham, MA) generated aqueous KCl particle streams, a Handheld Particle Counter (TSI 9306-V2 AeroTrak, TEquipment, Long Branch, NJ) was used to count particles, and a differential pressure gauge (purchased from McMaster-Carr, Elmhurst, IL, part number 4125K21) measured the pressure drop across the filter.
[image: Figure 2]FIGURE 2 | Loading filtration test setup, with filter cartridge in line with KCl-containing air stream. Other components of the apparatus have been previously described (Plana et al., 2020).
The AeroTrak Counter had a lower measurable limit of 300 nm particle size, which we expect to result in a more conservative estimate of filtration efficiency than particle sizes specified in NIOSH STPs (Stafford and Ettinger, 1967). Filter cartridges were placed within the apparatus in line with the flow of the KCl-containing particle stream. Special 3D-printed adapters, sealed to the cartridges, were tightly coupled to upstream and downstream air ducts, ensuring no leakage. Filtration efficiency was computed from the measured KCl concentrations upstream and downstream of the cartridges.
The US Code of Federal Regulations (42 CFR § 84.175) specifies that PAPR performance should also be tested using dioctyl phthalate to assess its resistance to oil droplets (NIOSH STP TEB-APR-STP-0001). This is an instantaneous filtration test in which a filter cartridge is challenged with a dioctyl phthalate-containing aerosol for approximately 10 s. In lieu of dioctyl phthalate, which is a suspected carcinogen (National Biomonitoring Program, 2019), an aerosol containing the oil polyalphaolefin (PAO) was used. PAO is a chemical representative of the most widely used class of synthetic lubricants and a substitute for dioctyl phthalate accepted by the US military (Carlon et al., 1991). Filtration efficiency testing was then performed as described above.
Air-Flow Testing
NIOSH requires a minimum flow rate of 170 lpm for PAPRs that have loose fitting facepieces (Approval Tests and Standards for Air-Purifying Particulate Respirators, 2020), as described in NIOSH STP RCT-APR-STP-0012. To measure flow rate, the STP describes connecting a vacuum chamber, evacuated with a vacuum pump, to a running PAPR blower unit and using a dry test meter to measure flow rate. In the absence of this setup, a conventional impeller type anemometer (Vernier Software and Technology, Beaverton, OR) was connected to the air inlet at the facepiece, with the neck opening sealed with tape (Figure 3A). An adapter was 3D-printed to couple the facepiece inlet to the anemometer flow area, such that all the flow into the facepiece passed through the cross-sectional area of the anemometer inlet. Flow rate was calculated by multiplying the air velocity recorded on the anemometer with the cross-sectional area. Additionally, a Vernier Gas Pressure Sensor placed inside the facepiece measured the positive pressure created in the facepiece. While not as precise as the procedure described in NIOSH STP RCT-APR-STP-0012, we expect that the modified test provides a close approximation of the flow rate using equipment available in a standard laboratory.
[image: Figure 3]FIGURE 3 | (A) Test setup to measure flow rate and the positive pressure inside the facepiece, using Vernier Anemometer and Gas Pressure Sensor. PAPR facepiece contains anemometer and gas pressure sensor. Tape covers the neck opening of the facepiece for testing. (B) Bitrex Fit Test setup.
Facepiece Fit Testing
To determine if unfiltered air can enter the facepiece, we conducted a Bitrex (Edinburgh, Scotland) qualitative fit test as described in NIOSH STP RCT-APR-STP-0067 (Current Standard Testing Procedures for Air-Purifying Respirators, 2020) on one test subject (Figure 3B). This test evaluates whether flow rate into the facepiece is sufficient to prevent unfiltered ambient air from reaching the user; the unfiltered ambient air contains an aqueous aerosol of denatonium benzoate (a bitter chemical) and subjects are asked if they can taste it during the test. Under the NIOSH Interim Final Rule for PAPR testing, the fit test is to be performed as per NIOSH STP CVB-APR-STP-0010, wherein subjects donning the PAPR are sent into a room filled with corn oil aerosol. If the subject is able to taste the corn oil, the test is deemed to have failed. However, given the lack of a dedicated room in which to perform this test we adopted a Bitrex fit testing procedure which is commonly used in hospital settings to evaluate respirators of different types. The Bitrex test is a permissible substitute for corn oil testing according to pre-pandemic NIOSH testing requirements.
Housing Sealing Testing
A modified Bitrex fit test was also used to evaluate the quality of seal created by the PAPR housing (we were unable to use the standard CVB-APR-STP-0010 testing protocol due to limitations in the availability of the necessary equipment). Bitrex was sprayed on the sealing surfaces of the blower units, including where the two parts of the blower unit join, the switch mount, and the filter connections. If a test subject can taste the Bitrex solution, the test was judged to have failed. Commercial Milwaukee vacuum cleaner filters sourced from a local home improvement store (or on-line) were connected to both blower units during these tests.
Auditory, Communication, and Low Flow Rate Alarm Testing
NIOSH STP RCT-APR-STP-0030 requires the noise level at each ear, with the blower unit running at maximum flow, not exceed 80 A-weighted decibels (dBA). We used a Vernier SLM-BTA Sound Level Meter to measure sound level. We also tested ease of communication following NIOSH STP CVB-APR-STP-0089. The subject was tasked with speaking and listening to a set of words. Ease of communication was evaluated by counting the number of words correctly transcribed in each task, normalized by baseline performance without the PAPR.
NIOSH STP CVB-APR-STP-0085 requires that PAPRs have an alarm to alert users when air flow rate falls below the minimum level of 170 lpm. Auditory alarms are required to be louder than 80 dBA. We used a Vernier SLM-BTA Sound Level Meter to measure the sound level of the low flow rate alarm after triggering the alarm by manually restricting the air flow at the facepiece inlet.
RESULTS
PanFab Custom and Commercial Designs were developed for both filter cartridges and blower units (Figure 4). For a full description of the filter and blower unit designs, refer to Table 1 and Supplementary Material S2. A Milwaukee Tool (Brookfield, WI) HEPA-rated vacuum cleaner filter (part number 49-90-1900) was selected as the PanFab Commercial Filter Cartridge. This filter model is readily available in North American home improvement stores and similar types of filters are available in other countries, driven by increasing concern about the health effects of exposure to silica dust in construction (Poinen-Rughooputh et al., 2016). Widespread innovation is occurring in this area (with many new tools having integrated HEPA filtration) and groups interested in other ways to develop respiratory protection devices for HCWs are encouraged to stay abreast of these developments. A custom 3D-printed adapter converts the outlet of the Milwaukee filter to standard NATO 40-millimeter threaded connection, allowing it to be used with the PanFab and other commercial blower units. With slight modification of the adapters, other commercial HEPA-rated vacuum cleaner filters could be used as alternatives. A custom 3D-printed filter cover protects the filter fabric. The Custom variant of the PanFab filter cartridge was designed in collaboration with Custom Filters LLC (Aurora, IL) to have the necessary 100-P rating while remaining small and light. Two filters were used in both variants of the PAPR as opposed to one, so as to minimize the pressure drop for a given flow rate and to provide redundancy.
[image: Figure 4]FIGURE 4 | PanFab PAPR components. (A) PanFab Custom filter cartridge. (B) PanFab Commercial filter cartridge. (C) PanFab Custom blower unit. (D) PanFab Commercial blower unit. (E) PanFab Custom Design (Custom filter cartridge plus Custom blower unit). (F) PanFab Commercial Design (Commercial filter cartridge plus Commercial blower unit).
A centrifugal blower (Delta Electronics, Neihu, Taiwan, Part Number BFB1012HD-04D4L) generates a 230 lpm flow rate, higher than the required 170 lpm, and a 12-volt (V) NiMH battery pack (Tenergy, Fremont, CA, Amazon Standard Identification Number: B077Y9HNTF) was used to power it; this battery pack was sufficient for ∼4 h of continuous use. The battery can be charged in various ways, including with solar power, as long as 12 Voltage Direct Current (VDC) < 1.8 A (Amp) can be supplied through an electrical connector compatible with that used in the battery. A wide variety of 12V NiMH and lithium ion battery packs are available at home improvement centers and could be used as substitutes following performance testing.
Control circuitry was based on a standard Arduino R3 board (Arduino LLC, Boston, MA) with a custom-fabricated shield (OSH Park, Portland, OR). Discrete components connected to the shield included a 10 kiloohm potentiometer (Precision Electronics Corporation, North York, ON, Canada, part number RV4NAYSD103A), differential pressure sensor (Sensirion AG, Staefa, Switzerland, part number SDP810-500PA), and piezoelectric buzzer (Mallory Sonalert Products Inc., Indianapolis, IN, part number PS-580Q). These components were used for control and alarm tasks such as regulating the air flow rate, measuring flow rate, and sounding the low-flow buzzer. All of the discrete components are readily substitutable with similar products made by multiple manufacturers. We established that the Sonalert buzzer generated a sound of at least 80 dBA (as per CVB-APR-STP-0085) when the flow rate fell below a NIOSH specified threshold (as per CVB-APR-STP-0088). The shield circuit diagram, fabrication files, and Arduino code are all available in Supplementary Material S4.
The housings that enclose the blower, battery, and control components were designed to be airtight when closed, with the filters and hose attached. In the case of the Commercial Design, a Pelican V100 Vault Case (Pelican Products, Torrance, CA) was used with custom made “inserts” for connection to filters and hose via NATO 40mm connections. The Custom housing was designed to be smaller and lighter in weight, with integrated connections to the filters and hose. A hood coupler and a locking ring were designed to connect the hose to the facepieces, which use a NATO 40 mm threaded connection. Finally, a hose adapter was designed to form air-tight connections between the ends of the plastic hose, the housing outlet, and the facepiece inlet. While all custom-made parts, including the custom housing, were 3D printed for prototyping, these designs were also optimized for injection molding to facilitate future high volume production (Antonini et al., 2021). The CAD files for all custom and 3D printable/moldable parts, as well as printing instructions, are in Supplementary Material S4.
With their respective filters installed, the PanFab Custom and Commercial PAPRs weighed 1.87 and 3.36 kg, respectively. Both PanFab PAPRs are worn on the waist using a Skil-Care (Yonkers, NY) PathoShield Gait Belt. This 50 mm wide web belt is heat-sealed (rather than stitched), has a liquid-proof plastic coating covering the vinyl webbing (for easy cleaning) and a Delrin side-release buckle; it is widely available in healthcare settings and many functionally identical substitutes exist. The maximum enveloping cuboidal dimensions of the PanFab Custom and Commercial PAPRs (including their respective filters) along lateral, longitudinal, and sagittal axes are 21 cm × 25.8 cm × 12.4 cm and 30.6 cm × 33.6 cm × 25.4 cm respectively. Run time for the PanFab blower units was measured to be approximately 3 h and 55 min and charge time approximately 2 h and 53 min at 0.9 A charging current, with a variance on the order of 1–2 min for the runtime and charge time respectively. This compares favorably to the Ford-3M Limited-Use Public Health Emergency PAPR blower unit, which weighs 2.7 kg, runs for 4–6 h, and has a charge time of 1.5 h with a 3 Amp hour battery (Limited-Use Public Health Emergency PAPR, 2021). Alternative battery packs could easily be added to the PanFab design to increase run time; charge time is primarily a function of the charger.
The estimated cost in parts for a single unit of the PanFab Custom PAPR is 284 USD and for the PanFab Commercial PAPR is 328 USD. A detailed Bill of Materials for both PAPRs is provided in Supplementary Material S4. Consultation with industry experts in the area of respiratory protection, including a NIOSH certified manufacturer, allowed us to estimate the final cost for PanFab designs including commercialization and labor costs, and account for discounts for materials ordered in bulk. This yielded an estimated per-unit cost for the PanFab Custom PAPR of 310 USD. In comparison, the Ford-3M PAPR designed for pandemic response has been reported to sell for 715 USD (Cole, 2020). This compares with low-cost commercial PAPR prices of ∼800 USD per unit, a 3 M Versaflo PAPR price of ∼1,775 USD per unit (3M, 2021), and N95 mask costs of ∼1.50 USD per unit.
The development of functional PanFab PAPR prototypes took a total of eight months with initial product specification and prototyping completed in three months. Additional manufacturing modifications took an additional two months. The latter set of modifications readied the PAPRs for large-scale production via injection molding. While prototyping was underway, the design validation and testing procedure was established over a period of five months. Design validation was constrained by the availability of testing resources under pandemic conditions. This, together with a dearth of explanations for testing specifications, were the primary factors slowing completion of the project. We hope that our descriptions of testing approaches and regulatory documents will allow others to proceed more quickly.
Testing and Validation
PanFab PAPR components underwent a series of rigorous testing and validation steps. As mentioned earlier, many traditional NIOSH tests were not readily available from commercial laboratories due to high demand associated with the COVID-19 pandemic. Moreover, tests are highly prescriptive and not easily set up in an academic research laboratory. A further compromise we were forced to make is that full NIOSH certification was simply not possible for the PanFab PAPRs, regardless of testing procedures, in the absence of documentation that they would be manufactured according to established quality-control criteria. Compliance with these manufacturing standards is important, but it is secondary to our goal of developing a functional PAPR design. We therefore established alternate test setups and protocols to replicate several NIOSH tests (Table 2). The ability of the final designs to pass these tests should increase the confidence of traditional and non-traditional manufacturers that PanFab designs are very likely to pass full NIOSH certification; we very strongly encourage formal certification testing prior to use of these designs in a healthcare setting.
Filter Tests
Two filter cartridges were used in PanFab PAPRs. One was an off-the-shelf HEPA-rated vacuum cleaner filter manufactured by Milwaukee, and the other was a 100-P rated filter designed in collaboration with Custom Filters LLC. As part of loading test, two Milwaukee filter cartridges and one Custom Filters filter were challenged with KCl aerosol at an operationally equivalent flow rate of 230 lpm. Filtration efficiency with 300 nm aerosol size was found to be 99.99 and 100.00% for two replicate Milwaukee filters and 99.99% for the Custom Filters filter, thereby exceeding the NIOSH salt aerosol filtration efficiency criteria of 99.97%. Equipment was not available to measure filtration efficiency below 300 nm but it is generally observed that HEPA filtration efficiency is lowest at 300 nm and increases as particle size falls (US EPA, 2019). Results from our testing apparatus also correlate with prior testing done at ICS Laboratories, Inc. (Brunswick, OH) for N95-type respirators; ICS Laboratories, Inc. performs third party testing to NIOSH standards using NIOSH STPs (for more information, visit Cleanmask.org (Clean Mask, 2021)).
In the PAO-based instantaneous filtration test carried out by Custom Filters LLC, two Milwaukee filter cartridges and one Custom Filters cartridge were challenged with 90.56 mg/m3 PAO aerosols at 85 lpm. Filtration efficiency was 99.18 and 99.58% for the two Milwaukee filter replicates and 99.98% for the Custom Filters filter. While the Milwaukee filter does not pass the NIOSH requirement of efficiency higher than 99.97% for oil-based aerosol, consultation with experts on NIOSH certification and regulation led us to conclude that this would not necessarily preclude use in a healthcare setting, given the low concentration of oil aerosols found in this environment. Oil aerosols are primarily a concern in industrial settings in which PAPRs are also used.
Air Flow Tests
Using the apparatus described in the Methods section, flow rate was calculated as the product of the measured velocity and the cross-sectional area of the anemometer. Flow rate with a 70% blower Pulse Width Modulation (PWM) duty cycle was measured to be close to 240 lpm for both filter types. A positive pressure of 40 Pa was recorded inside the facepiece.
Facepiece Fit Tests
Qualitative fit testing, using Bitrex as the testing agent was performed repeatedly on one subject, as per RCT-APR-STP-0067. Tests were performed with all configurations of the Commercial and Custom PAPR designs (i.e., using Custom and Commercial blower units with Commercial and Custom filter cartridges). The University of Washington (CLiMB) (UW Mechanical Engineering Research Centers, 2012) facepiece was used in our tests. No Bitrex could be tasted by the subject in any of the test configurations, in any of the tasks prescribed in the facepiece fit test STP, indicating a successful result.
Housing Sealing Tests
Bitrex was sprayed on the sealing surfaces of the PAPR blower units. No Bitrex was tasted when tests were performed with both of the PAPR housings, indicating successful seals for both PanFab PAPR designs.
Auditory Communication Tests
Noise level in the facepiece at the ears was measured at between 58.1 and 59.2 dBA at full battery charge and maximum blower speed, which is lower than the 80 dBA limit set in RCT-APR-STP-0030. Low flow alarm sound level at the ears was found to be between 82.95 and 84.7 dBA at battery charge corresponding to the as-designed low flow condition of 230 lpm flow rate, which passes the 80dBA requirement in CVB-APR-STP-0085. The ability of PAPR wearers to communicate with other individuals was tested with one subject as per CVB-APR-STP-0089 with a 99.9% performance rating for listening and 74% for speaking tasks; both pass the required 70% threshold (see the STP for definition of performance rating). Full information regarding PanFab PAPR validation testing performed during pandemic conditions is summarized in Table 2.
End-User Feedback
To evaluate factors affecting usability in a clinical setting, we created a clinical feedback questionnaire and distributed it to four participants who used and rated the performance of the PanFab PAPRs. Two participants were clinicians, who had not used PAPRs regularly prior to the pandemic, and two were research technical staff for whom PAPR use is a standard part of occupational PPE (Table 3).
TABLE 3 | Test subject demographic information.
[image: Table 3]User testing of PanFab PAPRs focused on three main criteria: 1) comparison to current PPE options; 2) sense of security with use in a clinical setting; and 3) comfort as compared to standard commercially available PAPRs. Additional questions assessed the PAPR facepiece alone, as well as ease of donning and doffing. A full list of questions and results are available in Supplementary Material S3. Four versions of the PanFab PAPR were assessed using different types of filters and blower units: one with a commercial filter and blower unit (PanFab Commercial Design), one with a custom filter and blower unit (PanFab Custom Design), and two versions with mixed Custom and Commercial filters and housings. Of all PanFab PAPR versions, the PanFab Custom Design performed most favorably: all four respondents rated the PanFab Custom PAPR superior to current PPE options, with a score of 4–5 on a 5 Likert-scale across the three criteria listed below (Table 4).
TABLE 4 | Clinical feedback survey results. Score averaged among four users.
[image: Table 4]The three other versions of the designs (with a Commercial blower unit, filter, or both) performed favorably, with survey responses consisting of scores ranging from 3–5. Participants experienced more issues with mobility as compared to the fully-custom PAPR, and comments on PAPR versions using commercial parts emphasized the need for better weight distribution to improve balance. Participant comments across all PAPR design versions focused on possible improvements regarding the sizing and comfort of the PAPR facepiece, which was not part of the current study and was instead provided by collaborators. In sum, the clinical feedback suggested that the PanFab PAPRs are favorable alternative forms of PPE in terms of user comfort, mobility, and sense of security with use. Additional testing with a larger number of participants will be required to formally compare the performance of different PAPR configurations.
DISCUSSION
The successful design, prototyping, and testing of a PAPR by a volunteer team comprising medical professionals, scientists, student engineers, and concerned citizens (the PanFab team) demonstrates the potential for addressing pandemic-related shortages of relatively complex types of PPE using a rapid and iterative approach to prototyping and design (Antonini et al., 2021). The process generated near-final PAPR designs with full-time effort by three graduate engineering students, support from a clinical specification and testing team, access to standard academic laboratories, and modest financial support provided in part by the MIT COVID-19 Emergency Fund and the decision of the US National Institutes of Health to allow individuals paid by Federal research grants to devote time and effort to pandemic mitigation. Testing required more time than design and fabrication, as discussed below.
Design and Results
The PanFab Commercial Design used commercially available components with custom-fabricated modifications while the PanFab Custom Design used additive manufacturing (3D-printing) to create a fully customized, lighter weight, and smaller enclosure. Frequent feedback from clinicians who use PAPRs in a hospital setting strongly influenced design decisions, particularly with respect to PAPR comfort and usability. Key design decisions included determining size and orientation of the housing, the number and orientation of the filters, and the method of donning/doffing the blower unit. Feedback from manufacturing experts yielded a design that is amenable to large-scale production by injection molding of the blower housing. PanFab PAPR designs are modular and compatible with several standard commercial PAPR components, including facepieces and filters, allowing for substitution of components in limited supply. The PanFab Custom Design compares favorably to the 3 M Ford Limited-Use Public Health Emergency PAPR (Limited-Use Public Health Emergency PAPR, 2021) with respect to weight and size, although the 3 M Ford unit appears to use higher performance batteries. Both PanFab designs also compare favorably to commercial PAPRs with respect to cost.
The safety and functionality of PanFab PAPRs was evaluated using protocols that closely followed NIOSH STPs and aimed to meet or exceed the functional objectives of those tests. Given the limitations imposed by pandemic conditions, it was necessary to use substitute tests in university laboratories rather than use a NIOSH-specific apparatus at a commercial pre-certification laboratory. PanFab PAPRs passed all of the performed tests, in various combinations of Commercial and Custom components. User feedback on the PAPRs was obtained from clinicians inexperienced in using PAPRs and technical research staff who routinely use PAPRs in a major Boston-area hospital. The PanFab Custom Design scored favorably as compared to the traditionally manufactured PAPRs (primarily from ILC Dover) available to hospital staff. This feedback also guided improvements that were made during iterative design of the prototype (e.g., using a different hood with the PAPR design to accommodate a greater diversity of user face shapes).
A limitation in the current study is that PanFab PAPRs were not tested in real-world settings, including for extended periods of time in a hospital. We are therefore unable to make claims about the durability of the designs in clinical use or the resistance of the units to damage. We were also unable to assess the efficacy of different methods for sterilizing PanFab PAPRs, but materials used in the designs are compatible with alcohol-based wipes (e.g., acrylonitrile butadiene styrene (Industrial Specialties Mfg and IS MED Specialties, 2019) allowing CDC recommendations for disinfecting PAPRs to be followed (CDC, 2020b). Previous research also suggests that ionized hydrogen peroxide techniques would be compatible with PAPR sterilization (Cramer et al., 2021). Additional usability, durability and sterilization testing await the availability of additional PAPR units assembled during production scale-up. However, the tests in this paper achieve the goal of PAPR design validation.
Challenges in Design, Testing, and Regulatory Approval
During early specification and prototyping, we faced significant challenges in locating relevant design criteria for PAPRs. There also exists very limited information in the public domain on alternate testing equipment. Answers to questions such as the minimum time of continuous device operation required, relevant material characteristics for facepiece fabrics, and appropriate materials for the pathway for inhaled air were not readily available. We therefore sought out experts with relevant expertise. Substantial time and effort would have been saved had a centralized resource of information been available. To streamline the process for future crises, we have consolidated relevant information collected from US regulatory agencies in Supplementary Material S1. We encourage individuals from other countries to contact us with information relevant to products in their markets and will provide this updated information on PANFAB.ORG.
When evaluating our designs, we found that it was difficult to use NIOSH standard testing procedures since the necessary equipment was not readily available. Informed substitution was made difficult by prescriptive procedures and opaque objectives in terms of fundamental mechanical or physical principles being assessed. Our use of third-party commercial labs that test to NIOSH standards was also limited by long lead times and a requirement for multiple samples of each prototype, which would require financial resources beyond those available to our group. Thus, testing equipment and protocols, as opposed to design and fabrication, emerged as the primary challenge in developing the PanFab PAPRs.
Despite our best efforts, regulatory hurdles remain for use PanFab PAPRs in a clinical setting. To receive NIOSH certification, a product must be manufactured and submitted by a NIOSH-approved manufacturer with a quality management system in place. Under normal circumstances, this requirement guarantees the safety of products made in volume. However, this restricts the development of new products to NIOSH-approved manufacturers, which has had the effect of creating near-monopolies for some types of PPE. To improve resilience in future emergencies, regulators might consider how to optimally balance the risk of non-traditional PPE against the risk of no protection at all. We propose that consideration be given to rules that allow non-NIOSH certified fabricators to respond to declared healthcare emergencies while still complying with the most critical aspects of functional testing. Under this process, critical “go or no-go” tests would be defined by clearly described physical principles and corresponding testing protocols that could be performed on generally available laboratory equipment. The modified standards would include an explicit description of the end goal of the test and suggest a range of alternative devices that can be used to measure airflow, filtration efficiency, audibility, user testing etc. Rational substitution of instruments would also be allowed. While we do not advocate for relaxing standards under non-crisis conditions, modifying and streamlining testing procedures for prototype devices would reduce barriers to the entry of new products and promote innovation.
CONCLUSION
The current COVID-19 crisis has revealed major weaknesses and points of failure in our health care system and its supply chains, particularly for PPE. This does not come as a surprise. Multiple studies over a 15-year period have decried the absence of innovation in the design and provision of respiratory protection for health care and other essential workers (Sinha et al., 2020). For example, a 2006 report by the US Institute of Medicine (IOM) called for urgent research to inform the design and development of new medical masks and respirators (Institute of Medicine, 2006); a 2008 IOM report addressed the design and engineering of more effective PPE (Institute of Medicine, 2008); the 2009 Project B.R.E.A.T.H.E. report laid out a comprehensive action plan for a new generation of respirators (Department of Veterans Affairs, 2009); and a 2019 consensus report from the US National Academies of Sciences echoed the same urgent needs (National Academies of Sciences, Engineering, and Medicine, 2019). Despite these repeated calls for action and greater innovation, there has been little response from the commercial sector or from government: in the COVID-19 pandemic, most innovation has come from volunteer groups of scientists and clinicians allied with maker communities with access to rapid prototyping and fabrication equipment, technology that is increasingly inexpensive and available to ordinary citizens (Sinha et al., 2020). Thus, open source product development (OSPD) (Huizingh, 2011) emerges as perhaps the only avenue to mitigating existing weaknesses while increasing product innovation under both normal and crisis conditions.
An OSPD approach is not a panacea and it is not free. As discussed above, it would be helpful for NIOSH and other regulatory agencies to develop less prescriptive testing procedures for products such as PAPRs. Funding is also essential. The work described here benefited from the generosity of many individuals but all attempts to fund it via competitive applications to foundations or universities were turned down because research into respiratory protection is not considered innovative by conventional academic criteria (salary support for grant-funded investigators was, however, temporarily available under relaxed grant guidelines from the US National Cancer Institute under NOT-CA-20-054). This speaks to a larger problem in matching acute healthcare needs to available expertise and necessary resources in academia, not just industry.
The production of a regulated medical product is difficult to achieve in the absence of commercial expertise. This is consistent with previous data showing that OSPD is most effective within the context of private-public partnerships (Bonvoisin et al., 2018). We are therefore working with an industry partner to develop PanFab PAPRs into commercial products. However, all the PanFab PAPR designs and software described here remain public domain resources and are available under non-restrictive Creative Commons Attribution-ShareAlike 4.0 International Public License; the design files, CAD files, and code are available on GitHub (https://github.com/labsyspharm/PanFab-PAPR-2021) and on the NIH 3D-Print exchange online repository (NIH 3D Print Exchange, 2020). Additionally, all materials needed for the construction and use of the design are also available in Supplementary Material S2, Supplementary Material S4. We hope that these materials serve as a resource for further development and innovation.
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Coordination of efforts to assess the challenges and pain points felt by industries from around the globe working to reduce COVID-19 transmission in the indoor environment as well as innovative solutions applied to meet these challenges is mandatory. Indoor infectious viral disease transmission (such as coronavirus, norovirus, influenza) is a complex problem that needs better integration of our current knowledge and intervention strategies. Critical to providing a reduction in transmission is to map the four core technical areas of environmental microbiology, transmission science, building science, and social science. To that end a three-stage science and innovation Summit was held to gather information on current standards, policies and procedures applied to reduce transmission in built spaces, as well as the technical challenges, science needs, and research priorities. The Summit elucidated steps than can be taken to reduce transmission of SARS-CoV-2 indoors and calls for significant investments in research to enhance our knowledge of viral pathogen persistence and transport in the built environment, risk assessment and mitigation strategy such as processes and procedures to reduce the risk of exposure and infection through building systems operations, biosurveillance capacity, communication form leadership, and stakeholder engagement for optimal response. These findings reflect the effective application of existing knowledge and standards, emerging science, and lessons-learned from current efforts to confront SARS-CoV-2.

Keywords: SARS-CoV-2, COVID-19, indoors, transmission, risk reduction and mitigation measures, biosurveillance, human factors, buildings


INTRODUCTION

Although SARS-CoV-2 and the subsequent COVID-19 disease are unique, the foundation of knowledge to assess and mitigate the risk of viral transmission in the built environment is robust. In 2013, the US government published science and technology roadmaps (National Science and Technology Council [NSTC], 2013a, b) providing the foundations for biosurveillance and biological incident response and recovery capacities that are relevant to the COVID-19 pandemic. A National Academies of Sciences Engineering and Medicine [NASEM] (2017) consensus report summarized the state of knowledge, identified gaps, and outlined a multidisciplinary research agenda for achieving indoor environments that promote health and prevent disease (Engineering and National Academies of Sciences and Medicine [NASEM], 2017). Since 2004, the Alfred P. Sloan Foundation has funded some 230 projects totaling nearly $80 million to help hundreds of microbiologists, chemists, engineers, architects and building scientists come together to study the ordinary indoor environments where people live, work and play (oral remarks at CLEAN 2020, 2020). A research agenda for viruses in the built environment published in 2020, just months before COVID-19 took hold, identified four priority areas, including identifying and evaluating interventions for controlling viruses indoors (Prussin et al., 2020). These reports provide a framework to understand knowledge gaps and opportunities to reduce transmission of COVID-19 in the indoor environment.

The purpose of this article is to present the findings from a virtual science and innovation summit, CLEAN 2020 (further referred to as “the Summit”), held throughout August, 2020 (CLEAN 2020, 2020). The goal of the Summit was to bring together leaders from business, policy, standards development, science and engineering to (1) understand the current state of the science and knowledge of the factors unique to SARS-CoV-2 transmission and control, and (2) identify opportunities to coordinate science and research to control viral transmission in the built environment. Critical to providing a reduction in transmission is to articulate the research and knowledge gaps to coordinate resources to address dynamic challenges in responding to the COVID-19 pandemic. The Summit is the first of its kind to assess current challenges and pain points felt by industries from around the globe working to safely reopen facilities to customers and employees and inspire innovative solutions to meet these challenges. Research, knowledge and standards development activities across environmental microbiology, building science and engineering, transmission and social sciences (see Figure 1) were discussed, and key findings are reported here.
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FIGURE 1. Science Communities Represented in the CLEAN 2020 Summit.




IDENTIFIED CAPACITY NEEDS AND OPPORTUNITIES FOR COORDINATED SCIENCE AND TECHNOLOGY INVESTMENT


Viral Fate, Transport, and Persistence

Elucidation of transmission pathways and associated risks requires knowledge of viral shedding and persistence in the air, on surfaces and in water (Hermesch et al., 2020; Lednicky et al., 2020; Santarpia et al., 2020; van Doremalen et al., 2020). Knowledge of these factors are critical to mitigating viral transmission and enabling effective decision making. Understanding viral distribution and transmission in buildings, even of well-studied pathogens in buildings other than hospitals, has been lacking. This was clear early in the response to COVID-19 when guidance focused on transmission via direct person-to-person contact or indirect surface contact, which underestimated total exposure (particularly via aerosols) and overemphasized the potential for surface decontamination to reduce transmission (How Coronavirus Spreads | CDC, 2020). More information is needed on viral shedding from individuals, infectious dose response, how viruses are transferred from people to building surfaces and air/water systems (notably including bathrooms/toilets/sinks), the persistence of infectious viruses (virions) in these environments, and how people acquire microbes indoors. Experience with related pathogens, such as SARS-CoV-1, suggests that the virus persists in water and infections are transmitted through building air and water systems (Duan et al., 2003; Lee, 2003a, b; Bogler et al., 2020) and that highly localized outbreaks originating from a single resident can spread throughout high-density housing units to entire building complexes and urban neighborhoods (Lee, 2003b; Yu et al., 2014). Recent studies have suggested that persistence of SARS-CoV-2 is similar to SARS-CoV-1 (van Doremalen et al., 2020). SARS-CoV-2 is transmitted through droplets and/or aerosols contributing substantially to superspreader events (Dietz et al., 2020; Fang et al., 2020; Kang et al., 2020; Leclerc et al., 2020; Liu et al., 2020; Morawska et al., 2020; Moriarty et al., 2020; Qian et al., 2020; Rapid Expert Consultation, 2020; Meyerowitz et al., 2021). Most current knowledge of the redistribution of SARS-CoV-2 in the built environment is based on ribonucleic acid (RNA) measurements. Detection and quantification of infective virus is not equivalent to viral RNA. Not all detected RNA is associated with infectious virus, and RNA is generally more persistent than infectious virus in the environment (Bivins et al., 2020; Widders et al., 2020). We need to understand the relationship between RNA detection and infectivity for all types of clinical and environmental matrices (e.g., swab, lavage, sputum, lung sample, feces, air, water, surfaces) as well as how the RNA signal decays in these matrices. Standard methods of testing for the presence of SARS-CoV-2 virions and viral RNA in all relevant media (e.g., saliva droplets, respiratory fluid, colonic fluid, and environmental samples) are still lacking.

The Summit provided a foundation to better understand the potential of airborne transmission of SARS-CoV-2 (Morawska and Milton, 2020) and the evidence supporting source control of other respiratory pathogens (Milton et al., 2013; Leung et al., 2020). The Summit suggested that discrepancies in definitions of aerosols and droplets has caused confusion in both the lay public, engineers and the scientific community. Table 1 contrasts definitions from the infectious disease literature compared with those from aerosol scientists. The Summit discussions yielded proposed definitions for spray-borne transmission to be >100 μm particles or droplets that directly inoculate the eyes, nose, or mouth; and aerosol transmission to include particles or droplets <100 μm that can be inhaled into the lungs.


TABLE 1. Current and proposed definitions.

[image: Table 1]Performing routine environmental assessments at scale will require validated, standardized, specific, sensitive, and high-throughput methods, coordinated sample-collection workflows, and integration of multiple types of data. Variation in methods is known to result in uncertainty and create broad spreads in analytical results (Downey et al., 2012a, b). The Summit identified gaps in standard methods for (1) sample collection according to validated sampling strategies; (2) sample processing and analysis; (3) interpretation of analytical results; and (4) data integration needed to confidently assess transmission risks and identify the most likely environmental routes of exposure. The Summit reviewed current information on viral fate and transport, surveillance methods, and standards for building infection control. Data were presented on SARS-CoV-2 persistence as a function of temperature and relative humidity (RH) and ultraviolet (UV) light exposure (Biryukov et al., 2020; Ratnesar-Shumate et al., 2020; Schuit et al., 2020). Results to date show inactivation on surfaces is highly dependent on temperature and RH with viral half-life on surfaces at roughly 18 h–1 week depending on surface type under low temperature and low RH, and only a few hours at high temperature and high RH (Biryukov et al., 2020). These data and other recent studies (e.g., Chin et al., 2020; Gormley et al., 2020; van Doremalen et al., 2020; Delikhoon et al., 2021; Harris-Lovett et al., 2021; Marquès and Domingo, 2021) are a start to understanding viral fate indoors; however, additional assessments of viral persistence on a broader range of surface types including porous surfaces and textiles of various composition and age are required. The Summit discussed the likelihood of fomite transfer rates to be consistent with infectious viruses between people and surfaces (Ansari et al., 1988; Mbithi et al., 1992; Thomas et al., 2014; Hirose et al., 2020). These data as well as recent decontamination studies (Kampf et al., 2020) will inform strategies to determine the extent of contamination and guide public health and safety actions such as cleaning, quarantine, isolation, and/or testing. Data integration that includes viral persistence in air, water and wastewater can be applied in real-time modeling tools to support biosurveillance operations to identify new outbreaks, emergence of new or mutated viral pathogens, and guide building and facility operations including air handling, air treatment and surface disinfection.



Reducing the Risk of Exposure and/or Infection

Methods to reduce the risk of exposure or infection are essential for rapid recovery from a pandemic or other infectious disease transmission incident. Risk-reduction strategies include actions such as quarantine, social distancing, and other measures to mitigate the transmission of disease including cleaning, hygienic practices, decontamination and building air handling operations to mitigate contamination. Quantitative estimates of risk and characterization of the certainty of those risk estimates will inform decisions as to which risk-reduction strategies will be most effective. For example, current guidance on the use and application of existing decontamination methods and strategies is limited in application scenario and may not address or be appropriate for all exposure reduction measures needed (EPA, 2021). The Summit focused conversations on the hierarchy of controls approaches to reducing transmission, development, and integration of decontamination methods and understanding the process for technologies to demonstrate safety and efficacy, aerosol transmission reduction, and building operations.


Engineering Controls for Reduction of Aerosol Transmission

Within the hierarchy of controls, the top level of exposure control is elimination of the infectious agent. Specific building design and engineering controls can be applied that contribute to elimination or reduction of exposure to viral particles such as filtration, transmission barriers (e.g., masks, plexiglass partitions), and inactivation and dilution with outside air. Control banding can also be an effective tool for reducing exposure when there are uncertainties in exposure routes. Control banding involves a generic technique that determines a control measure based on a range or “band” of hazards and exposure levels; in essence, a qualitative assessment for determining the level of risk for a specific job and workplace. It applies a bands hierarchy to define the appropriate type or mix of control measures to put in place. Control banding can be appropriately applied to SARS-CoV-2 protection due to the lack of exposure limits or until there is a clear indication of minimal infectious dose (Van Damme et al., 2021). It can also be used to reduce exposure to agent-containing aerosols to increasingly lower levels by selecting additional control strategies such as engineering controls including air filtration and cleaning, and barrier protections, for example, from the source and pathway categories and thus reducing the reliance on personal protective equipment (PPE) (Centers for Disease Control and Prevention [CDC], 2021).

High Efficiency Particulate Air (HEPA) portable air cleaners can help to decrease the airborne concentration of small particles within a room, but they will not protect an individual that is in close proximity to someone who coughs or sneezes. Barrier protections such as plexiglass partitions can help decrease the transmission of large particles that have been disseminated through spray-borne mechanisms such as coughing or sneezing but for smaller particles, the impact becomes limiting and may interfere with designed airflow. The Summit provided information on the efficacy of face coverings as a combination of filtration and barrier controls to reduce the bioburden to the space. Studies have shown that face coverings (cloth and surgical masks) can effectively reduce particle emissions even at the small size range, this effectiveness assumes a good face fit (Asadi et al., 2020; Moghadas et al., 2020). The fabric captures particles exhaled by the wearer, but face seal leakage (e.g., gaps at the cheeks) may allow many of the smaller particles (those inhaled deeply into the lungs) to escape. The corollary to particle escape through gaps is preferential flow during inhalation through gaps. The discussion drew attention to the use of face coverings and a false sense of safety resulting in the wearer overly relying on face coverings and subsequently not applying other basic infectious disease control efforts such as social distancing and avoidance of high-risk environments.

Additionally, installation of disinfecting ultraviolet germicidal irradiation (UVGI) systems (either inside a room or embedded within the ventilation system) can help to reduce the concentration of active aerosolized pathogens (Jensen et al., 2005; Centers for Disease Control and Prevention [CDC], 2009), however, caution must be taken to reduce potential skin/eye exposure when utilizing UV systems. Increasing the supply of filtered outside air into a room by various means can also significantly reduce and dilute airborne particle concentration. Increasing the filtration efficiency of the HVAC system by switching to a higher Minimum Efficiency Reporting Value (MERV) filter will promote the reduction of indoor fine particles. Ventilation and filtration are potentially effective mechanisms to remove exhaled particles from indoor air that avoid the unintended chemical consequences of some of the biocidal treatments described next. It must be noted that first the UVGI and MERV units need validation and careful consideration for application to real-world buildings and usage including impact on power consumption due to the increased energy needs of dense filters.



Decontamination and Disinfection

A decontamination or disinfection method is evaluated for its potential to inactivate the pathogen or biocidal efficacy. Standard methods exist to validate the efficacy of biocides used in surface decontamination (ASTM International methods E1053-20, and E2721-16). Products that have met the performance guidelines for effective surface decontamination can be found on the U. S. Environmental Protection Agency’s (EPA) List N (EPA, 2020). List N posting requires testing according to the chemical formulation of the biocide, application procedure and validation of label instructions. Biocidal efficacy is a function of both concentration and time; labels prescribe contact time for a certain kill rate and inadequate contact time may severely hamper the efficacy of the biocide and the kill of the microorganism (or destruction of the virus). Thus, not only must the efficacy be validated, but also the approach used to apply the biocide. The standard methods were originally designed for enveloped viruses—surrogates were used based on the understanding that they predict how the biocides will work against SARS-CoV-2. The Summit discussion considered issues and challenges with surrogate models for SARS-CoV-2 in determining biocide efficacy and differences between validated performance on non-porous surfaces, compared to porous surfaces such as textiles. Additionally, novel and emerging biocides were discussed for which application methods are inconsistent with the method used to qualify the biocide for inclusion in List N. These include the growing use of spray or fumigation techniques, novel air cleaning approaches, such as room fumigation with disinfectants and ozone or hydroxyl radical generators, now on the market. These products are not biocides and are not listed in List N as verification of disinfection chemistry performance is required and standard methods for air cleaning approaches are needed.

The Summit discussion included an assessment of the growing interest in using UVGI to deactivate viruses on either surfaces or airborne particles. Laboratory studies suggest that UV can be effective for hard surface disinfection (Raguse et al., 2016). However, organic materials (e.g., biofilms, phlegm or respiratory fluid, nasal secretions) reduce UV penetration, and thus lowers the efficacy of UV light (Nerandzic et al., 2014; Cadnum et al., 2016). Further, certain types of UV light can be dangerous to human health or potentially cause indoor photochemistry. UV efficacy is also a function of wavelength, distance from the surface, surface type and may be pathogen specific (Mitchell et al., 2019). Initial studies of persistence and sensitivity to disinfection have indicated SARS-CoV-2 behaves similar to other enveloped viruses (Morris et al., 2020; van Doremalen et al., 2020; Marquès and Domingo, 2021). However, studies of the efficacy of UV light against aerosolized microbes and SARS-CoV-2 in particular are limited and more data are required to better understand opportunities for broader application of germicidal UV.

EPA’s List N provides critical information necessary for decision-makers for the appropriate and efficacious selection of biocides for surface decontamination strategies. However, other critical parameters to consider when selecting what biocide to use include impacts on human health, the environment, and materials. Biocides that are often the most effective are often the most toxic or damaging (Mattila et al., 2020a, b). Bleach and some of these other cleaning products can chemically react with material surfaces, potentially causing long-term damage which will result in increased operating costs and environmental consequences (Hora et al., 2020). Balancing the need for immediate and effective decontamination with the long-term unintended consequences from chemical exposure was a focus of discussion for the Summit. Further research into secondary reactions or chemical byproducts from decontamination are warranted, and regulatory agencies should consider these consequences as part of any product assessments and include this information on the product’s label so that the consumer may make an informed decision on its optimal use.

The Summit recognized that initial urgency around surface decontamination was similar to an acute infection but responding to the SARS-CoV-2 pandemic aligns more as a chronic contaminant for which we need to develop long-term approaches to continually manage and contain this virus. The Summit uncovered several research needs focused around long-term cleaning strategies that balance effective decontamination with materials, environmental and health considerations. Specifically, we need:


• Clean-in-place validation: how often do surfaces actually need to be cleaned? Which material surfaces are more susceptible to damage with different disinfectants?

• Methods to validate new technologies to demonstrate their efficacy.

• Ways to test the impact of cleaners on materials, environment and health in real-world environments that consider the proper use of a disinfectant for the appropriate situation and the potential for secondary chemistry and other complex interactions, including potential interaction between disinfectants.





Processes and Building Systems Operations

We can reduce viral transmission through a combination of engineering controls including ventilation, filtration, and other supplemental air cleaning applications. Buildings have been designed and operated for thermal comfort and indoor air quality since the energy crisis, for energy efficiency. Ventilation rates in many buildings are too low and filter efficiencies in re-circulated airstreams is too low to properly control infectious aerosol concentrations. Indoor air quality standards for non-healthcare buildings focus on control of building-generated contaminants and human body odor with the goal of achieving acceptable perceived air quality and do not necessarily provide adequate filtration for preventing aerosol transmission and protection against infection. Furthermore, once a building is commissioned, if it was commissioned, there is often too little attention or resources to ensure ventilation systems are operating properly. Going forward, there must be improvements in the design and operation of the built environment to minimize disease transmission, improve air quality, and ensure occupant health as much as reasonable. The Summit discussion referenced the basics of ventilation–delivering outdoor air to occupants and filtering recirculated air and the need for a renewed investment to ensure operational performance. The American Society of Heating, Refrigerating and Air-Conditioning Engineers, ASHRAE, has provided guidance for building system operations including a combination of: increase ventilation and reduce recirculation if feasible (meet code requirements at a minimum), employ higher filtration efficiencies (MERV 13 preferred), maintain design temperature, and RH% and use supplementary UV-C and portable HEPA air cleaners (ASHRAE, 2020; Persily and Ng, 2020).

Airborne transmission of SARS-CoV-2 has been generally accepted by scientists as a significant component of the COVID-19 pandemic (Morawska and Milton, 2020), and recent studies have implicated indoor transmission as a major factor in both local COVID-19 outbreaks and the global spread of the pandemic (Prather et al., 2020; Fang et al., 2020; Leclerc et al., 2020; Qian et al., 2020; Meyerowitz et al., 2021). However, limited information is available on SARS-CoV-2 transmission through building HVAC systems and infectivity via this pathway is unknown (Dietz et al., 2020; Fang et al., 2020; Horve et al., 2020; Meyerowitz et al., 2021). Nevertheless, dilution of indoor air via properly filtered outdoor air remains critical to reducing infectious disease transmission, particularly in settings such as hospitals (Allen and Marr, 2020; Dietz et al., 2020; Morawska et al., 2020). While the number of supply air changes (outdoor air plus any filtered recirculation air) present in many hospitals (typically 6 h-1–12 h-1) cannot be reached in many commercial buildings such as offices and schools, there are controls (e.g., masks, filtration) that can help increase the equivalent air changes in commercial buildings and thus reduce exposure to airborne aerosols (Dietz et al., 2020; Prather et al., 2020). When modifications to HVAC systems are contemplated in order to reduce pathogen transmission risk, it is important to consider a holistic approach. Applying any risk mitigation strategy (e.g., increased outside air, increased filter efficiency, increased air changes) in isolation may have unintended consequences. For example, increasing filter efficiency may reduce total air changes if the fan systems cannot overcome the increased pressure drop. Similarly, increasing outside air to reduce the fraction of recirculated air may result in a lower total airflow and increase energy consumption in order to maintain thermal comfort.

Currently vacant buildings will 1 day be re-occupied and many people are paying more attention to ventilation. Occupants may demand more information about the HVAC systems serving them. While accurate real-time monitoring of particulate matter smaller than 2.5 μm (PM 2.5) and volatile organic compounds (VOC) are largely cost prohibitive now. Similarly, consumer grade PM 2.5 sensors PM 2.5 (Wang et al., 2020) may offer qualitative evidence of system performance. While these sensors do not monitor pathogens directly, integrating particle sensors into a building operational processes can be useful and begin to pave the way for the future of indoor biosurveillance.



Establishing Biosurveillance Capacity

A clear recommendation from the Summit is the need to develop strategies for comprehensive surveillance of air, water, and surfaces to assess COVID-19 re-emergence as well as new pandemic and epidemic viruses. Surveillance for disease agents, or biosurveillance, is an active data-gathering effort that relates disease activity to threats to human or animal health in order to achieve situational awareness of disease activity and provide an early warning of emerging threats (National Science and Technology Council [NSTC], 2013b). Threat detection must be coordinated with decision-making bodies and communicated with the public in order to prevent, manage or mitigate disease (Planning Committee on Information-Sharing Models and Guidelines for Collaboration: Applications to an Integrated One Health Biosurveillance Strategy—A Workshop, Board on Health Sciences Policy, and Institute of Medicine, 2011). Traditional surveillance systems used by public health for detecting and responding to infectious disease outbreaks often operate with considerable delay (e.g., diagnostic testing delays are well documented), thus complementary biosurveillance of the built environment is needed to reduce the time to information and inform decisions and actions. The Summit identified a need for coordinated surveillance of schools, workplaces, and other high-risk facilities (e.g., hospitals, senior living facilities, and cruise ships). The Summit panel discussions reviewed current efforts to develop surveillance strategies that include monitoring humans, wastewater, building surfaces, and air handling systems. Current data streams for surveillance of SARS-CoV-2 include public health laboratory testing, public health contact tracing, rapid detection on building surfaces and in air systems, as well as building and municipal wastewater systems. However, these data streams are currently analyzed separately, which hinders threat assessment and response. The Summit discussed the needs for integrating these data streams, as well as other critical innovations to expedite information flow, increase accuracy and repeatability, and enhance situational awareness and confidence in reopening. There is a clear need for an integrated population-level biosurveillance program that includes human diagnostic testing, human screening, biosurveillance at multiple scales including indoor spaces (surfaces and air), building scale (air, wastewater and wastewater vent stacks), campus or neighborhood scale (wastewater from multiple buildings), and community/city-scale surveillance (sentinel locations). A strategy for coordinated and sustained surveillance of the built environment and people is needed in order to implement a real-time, data-driven decision-making platform that can quickly respond to disease outbreaks.

Currently, several public and private organizations are conducting building surface surveillance and developing data-driven action plans. During the COVID-19 pandemic, many academic institutions (Betancourt et al., 2020; Barich and Slonczewski, 2021; Gibas et al., 2021; Harris-Lovett et al., 2021) and jurisdictional authorities (Gonzalez et al., 2020; Larsen and Wigginton, 2020; Medema et al., 2020; Peccia et al., 2020) around the globe rapidly developed and deployed wastewater and building air HVAC surveillance tools (Hermesch et al., 2020; Horve et al., 2020). These data sets provide the opportunity to develop best practices and validate sample collection and processing methods. While many surveillance methods have been deployed, integrated data-driven response protocols and risk mitigation strategies are still needed (Larsen and Wigginton, 2020; Thompson et al., 2020; Harris-Lovett et al., 2021). Critical to underpinning decision-making is to know how viral RNA concentration corresponds to concentration of infectious virus, how long viral RNA persists in the built environment and the understanding of how viral RNA persistence is related to infectiousness. Additionally, there are limited common requirements for surveillance programs and decisions made with surveillance data (Aguiar-Oliveira et al., 2020; Centers for Disease Control and Prevention [CDC], 2020) and they are not well coordinated globally. To foster an integrated response, there is a clear need to develop standardized methods, a common data archive and metadata standards for all SARS-CoV-2 environmental results. Working to standardize these approaches will help establish monitoring tools that can be broadly and consistently deployed to facilitate both building/facility-level and community-level responses.

Furthermore, recognizing the role of ecosystem dynamics and the impact of ecosystem health on incidents of spillover events and overall fate and transport of zoonotic diseases is foundational to biosurveillance strategies. The Summit discussion introduced the role of ecosystem health and other enabling conditions pivotal to viral spillover from bat populations (Plowright et al., 2014). Plowright et al. (2017) proposed ecological changes including deforestation that result in stress in bat populations (e.g., scarce food resources) drives the redistribution of bat populations where spillover events can occur. The role of transmission of viruses from animals to humans requires exposure and susceptibility of recipient hosts (e.g., including livestock, wild animals and humans) as well as survival of the virus in the environment post bat shedding (Plowright et al., 2017). A key finding of the Summit discussion on biosurveillance is the need for ecosystem monitoring in order to elucidate the impact of ecosystem health on emergence of novel diseases like SARS-CoV-2.



Risk Assessment and Mitigation Strategy

Risk and exposure reduction require data and information accumulated through a comprehensive risk assessment process. Quantitative microbial risk assessment (QMRA) is a computational method for integrating the hazard characteristics of infectious agents (e.g., viruses) in macro- and micro-environments with human activities that result in exposure (Quantitative Microbial Risk Assessment, 2020, 2nd Edition | Wiley). QMRA also predicts the risk of infection or illness outcomes associated with these exposures. Within the larger framework of risk analysis, risk assessment methods can be used to effectively design and evaluate risk management strategies based on their likely impact on risk reduction and lead to informed risk communication. Risk assessment is also used to prioritize exposure pathways within an environment and therefore inform decisions about which risk mitigation efforts are most appropriate based on an understanding of the fate and transport mechanisms of pathogens within and on various environmental matrices involved in the transmission pathway (i.e., air, surfaces, food, etc.) Hence, risk assessment requires the integration of multiple data streams and models that describe biological (excretion rates, exhalation/inhalation rates, decay/persistence etc.), physical (aerosolization rates, transport, transfer rates, etc.) and chemical (cleaning, disinfection, etc.) processes leading to environmental concentrations when specific conditions are present at the point of exposure. An exposure dose is then calculated based on the magnitude or extent of contact, duration and frequency of human activities. The likelihood of an adverse health outcome (infection, illness or death) at given exposure levels also follows a quasi-mechanistic approach defined by a dose-response model. Such models account for the distribution of pathogens within the matrix and the probability that a pathogen can survive to initiate infection reaching a target receptor. While models have been developed for highly infectious viruses through the inhalation route previously (Watanabe et al., 2010; Mitchell et al., 2020), a SARS-CoV-2 specific model has not yet been developed. In the absence of a dose-response model, the Wells-Riley equation has been used for simple and quick assessments for airborne pathogens including SARS-CoV-2 (Sze To and Chao, 2010). However, the validity and generalizability of the underlying assumptions of this approach are unknown, and data are needed to establish the relationship between exposure dose and risk of infection for SARS-CoV-2 in order to move forward with less uncertainty in QMRA models. During the Summit, there was some discussion about models and several tools for exposure and risk quantification that allow for quick assessments in specific environments, under certain environmental conditions and social/behavioral components of exposure (population density/duration of time spent in the room) (Kasibhatla et al., 2020; Rocha-Melogno et al., 2020). Several others have emerged in the gray literature or situationally to address the need to assess risks quantitatively (and/or semi-quantitatively), but the full capacity of risk assessment approaches have yet to be brought to bear to address COVID-19 which was identified as a critical gap. Quantitative assessments of risk are needed to determine likely exposure doses of viral particles through each exposure pathway (air and surfaces) and to estimate actual risk reduction provided by a suite of technologies (e.g., disinfection) and operational practices (e.g., air handling, surface cleaning). These assessments would incorporate both inherent variability and uncertainty in order to lead to better decision making and communication as determining an acceptable level of risk is based on assessing both expected values and levels of certainty. Finally, these assessments are needed to provide more comprehensive information for specifying risk mitigation strategies, critical control points for multi-barrier approaches that can be used in concert with epidemiological-based models which focus on testing, isolation, quarantine and eventually vaccination strategies.



Communication, Leadership, and Stakeholder Engagement

Critical to the success of any risk reduction strategy is insight from the social and behavioral sciences. Throughout the Summit opportunities for science communication and organizational leadership to shape the understanding of the risk and risk perception, decision-making and collective actions to begin to safely resume normal activities were discussed. Engineering controls and management practices to reduce viral transmission in the built environment are more protective, and perceived as more protective, when the system’s design accounts for the concerns, values, behaviors, and information needs of a building’s occupants—whether workers, students, or patrons. Given that knowledge of human factors is essential to safe congregation, “people” experts (i.e., social, behavioral, and communication scientists) as well as epidemiologists, microbiologists, and building engineers/scientists are necessary to develop effective indoor air quality approaches. Summit panelists who addressed the human elements of safe indoor congregation spotlighted three main challenges and outlined some best practices:


• Communication—A growing reliance on social media and the nature of the COVID-19 threat (e.g., difficulty in seeing the cause-and-effect relationship between mitigation measures and health outcomes, binary thinking about public health and economic matters) has produced a complex communication environment. A clear need exists for better coordination and deployment of information resources. Federal strategy and guidance are important drivers for effective local and regional response; in the absence of effective governmental structures, individual companies, schools, and facilities have instituted ad hoc measures, and infection control managers have been left to share information via their own networks.

• Stakeholder Engagement—Top-down, one-sided conversations about issues regarding safe congregation have a limited capacity to achieve necessary behavior change or to engender public confidence in protective measures. Instead, it is important that end users of the built environment have an opportunity to provide feedback into mitigation planning and that they feel listened to and respected. Decision makers must be willing to understand users’ values and beliefs. In doing so, they will be in a better position to understand and leverage group norms that shape adoption of personal protective measures like mask-wearing and physical distancing.

• Leadership—The delivery of factual information alone, including that regarding personal protective behaviors and system-level protections, will not create the desired change among building occupants. Emotions are present. Leaders, for instance, should express empathy for users’ health and safety concerns. In addition, leaders and managers should positively model the behaviors that they want to see in their workforce, customer base, or other constituencies.





CONCLUSION

The Summit was impactful because it brought disparate groups together that do not commonly work together to meet the changing needs of the community and incorporate lessons-learned into best practices that are holistic. The research community has come together in unprecedented ways to respond to the pandemic. Such focused efforts can be used to guide basic research funding priorities and coordinate funding for identified capability gaps as well as serve as the foundation for future policy development. The research community will continue to benefit from coordinating what is known about buildings and viruses including the unique findings from studying SARS-CoV-2, and rapidly sharing the gaps in our collective knowledge using tools like virtual workshops.
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Characteristic Study ~ Ordinary  Severe/ P-value
Population  group  critical group
(n=81) (=45 (1=36)

Demographics

Age (y) 56 (46,67) 50(40,58) 63 (52, 71) <0.001

Male sex, n (%) 47(58)  24(s33)  23(639) 0.339

Heart rate, (Vminute) 80 (78,96) 82 (78, 105) 80 (76,91) 0.285

Respiratory frequency, 20 (20,23) 20(20,23) 20(20,29) 0282

(Vminute)

Time between initial 6(4,8) 64,9 6(3,8) 0.619

symptoms and

hospitalization, (days)

Time from initial 9(5,31) 10(5,14) 74, 11) 036

symptom to first CT

scan, (days)

Days of hospitalization, 19 (16,24) 20 (16,24) 18 (15,24) 0.437

(days)

Initial clinical symptoms, n (%)

Fever 80 (96.4) 44 (97.7) 36 (100) 0.368

Cough 7187.7) 40889  31(86.1) 0.706

Expectoration 27(333)  12(267)  15(41.7) 0.155

Chest pain and 18(222)  8(17.8  10(78) 0.282

tightness

Dizziness and 16(19.8  8(17.8)  8(222) 05618

headache

Nausea and vomiting 786) 5(11.1) 2(586) 0377

Myalgia 12(14.8) 8(17.8) 4(11.1) 0.401

Weakness 49(605)  31(689)  18(50) 0.084

Abdominal pain and 5(62) 3(67) 2(586) 0.836

diarrhea

Rhonchi (/%) 57(704)  29(644)  28(77.8) 0.192

Coinfection 12(148  5(11.1)  7(19.4) 0294

istory of underlying diseases, n (%)

Hypertension 21(259)  14@B11)  7(19.4) 0234

Diabetes 11(136)  5(11.1)  6(167) 0.468

Liver injury 17 @1) 9(20) 8(22.2) 0.807

Nephropathy 5(6.2) 122 4(11.1) 0.099

Laboratory test

Crreactive protein 3495 30.88 26,69 0775

(mg/L) (11.84,48.22) (10.7,51.6) (12.94, 45.6)

Leukocyte ratio (%) 351 368 3.49 0864
(2.96,4.88) (2.86,508) (299, 4.48)

Neutrophil ratio (%) 77 77 7725 0587
(60.4,84.1) (62.2,84.8) (58.43,81.98)

Lymphocyte ratio (%) 15.14 155 14.14 0977

(10.05,22.05) (9.8,22.1) (10.43,24.48)
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Stage-1 Stage-2 Stage-3 Stage-4

Ordinary group Severe/critical Ordinary group Severe/critical Ordinary group Severe/critical Ordinary group Severel/critical

(=42 group(1=32) (n=32) group(n=27) (1=39) group(1=31) (1 =36)

PLI of bilateral lungs (%) ~ 11.9 % 14.7 17.3£17.2 133+123 25.4 4 19.8 164+ 16.1 194+ 17.4 122+ 13.4

P-value 0.131 0.011* 0.582 0.015*
PLIof R1 (%) 92+ 15 162+192 99+ 16.1 253 +28.4 138+ 17.9 18+ 199 9+ 149
P-value 0.058 0.003" 0.566 0.005*
PLI of R2 (%) 6.2+ 133 128+ 167 69+ 15 16.6 + 17 95+17.1 147 £ 195 59+ 14.7
P-value 0.003" 0.011 0.442 0.051
PLI of R3 (%) 2054213 28.7£252 20£193 36,64+ 25.2 241£225 2854262 17.7£17.7
P-value 0.114 0.008" 0.425 0.046"
PLIof L1 (%) 71£142 105+ 139 83+10 17.9+£17.9 1.2£14.7 157 £165 99+ 133
P-value 0.047* 0.013 0.135 0.005*
PLIof L2 (%) 16.4 £ 194 21.64 £22 23.1+£207 31.7+£222 236+21.1 20.6+20.7 107 +£217
P-value 0.27 0.153 0.591 0.185

PLI, percentage of lung involvement; R1, right upper lobe; R2, right middile lobe; R3, right lower lobe; L1, left upper lobe; L2, left lower lobe. *p < 0.05.

group (n = 26)

21+£152

2814217

17.4£212

288+227

179+ 13

206+ 135
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Name of lung segment AUC  Sensitivity ~Specificity

Stage-1  Inferior lngular segment of L1~ 0.683  0.562 0786
Lateral segment of R2 0721 0987 05
Medial segment of R2 0662 0781 0524

Stage-2  Apical segment of R1 0662 0778 0625
Posterior segment of Rt 0729 0815 0.687
Anterior segment of Rt 0755 0556 0.908
Superior segment of R3 0689 0556 0.781
Anterior basal segment of R8 072 0.704 0719
Medial basal segment of R8 069 0519 0875
Lateral basal segment of R3  0.699  0.741 0594
Posterior basal segment of RS~ 0.659  0.704 0625
Superior lingular segment of L1~ 0.634  0.407 0875

Stage-4  Anterior segment of R1 0705 0769 0639
Apical segment of RY 0669 0.462 0.861
Posterior segment of R1 0734 0577 0.889
Superior segment of R3 0674 0538 0833
Medial Basal segment of R3 0678 0.885 0.417
Apicoposterior segment of L1~ 0.707 0,692 0778
Anterior segment of L1 0657 05 0833

*Represents the lung segment that contributes the most to lung involvement at each
stage. R1, right upper lobe; R, right middle lobe; R, right lower lobe; L1, left upper
lobe; L2, left lower lobe.
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Component

Filter

Blower Unit

Housing

Control
system

Battery

Facepiece

Design/Selection criteria

High fitration efficiency under NIOSH fitration
test conditions

Minimal pressure drop at required flow rate
Easy replaceabilty

Flow rate of over 170 lom
Static pressure rating sufficient to overcome
pressure drops and provide required flow rate
© Power rating low enough to minimize battery
size/weight

Non-porous, hard material

Airtight sealing

Easy opening/closing for battery charging
Easy coupling/decoupling with fiters

Low weight and form factor

Easiy and cheaply 3D-printable and injection
moldable

Regulate flow rate
Measure flow rate

Sound an alarm at least 80 dBA at ears if flow
rate falls below 170 lom

Match blower power characteristics
Capacity to run the PAPR for at least 1h

Lightweight and small form factor
Safe for use in medical setting

® Coverage of nose and mouth

© Conducive to communication

* Compatible with equipment such as
stethoscope

* Compatible with eyewear

o Avoids fogging

PanFab component specifications

Milwaukee HEPA rated filter, part number: 49-90-1900
Custom Fitters LLC 100-P rated filter

Delta electronics centrifugal blower, part number: 603-
2093-ND

o Maximum flow rate: 518 lom

o Maximum static pressure: 4035 Pa

o Rated vottage: 12VDC

o Current rating: 0.58A

o Noise: 50.5 dBA at 1m

Custom housing:

o ABS 3D-printed or injection molded

o EPDM 1/4" thick cam and groove gasket for sealing at
filter outlet and silicone 1/8" nominal diameter O-ring for
housing lid sealing

o Draw latches for housing lid closure

Pelican case housing:

o Pelican V100 vault small pistol case

Arduino R3 controller

* OSH Park custom-printed shield
* Sensirion differential pressure sensor, part number:

SDP810-500PA
o Range: 500 o 500 Pa

Precision Electronics Corporation potentiometer, part
number: RVANAYSD103A

o Response: linear

o Resistance: 10k-ohms

o Power Rating: 2W

Malory Sonalert Products piezoelectric buzzer, part
number PS-580Q

o Voltage rating: 5V-15V

o Current: 150mA

o Frequency: 2.8 khz

o Sound Level: 100 dB at 12V and 100 cm

Tenergy NiMH battery pack, Amazon Standard
Identification Number: BO77YOHNTF

o Voltage: 12V

o Capacity: 2,000 mAh

o Maximum discharge current: 2A

University of Washington VHA ADAPT PAPR Hood

Traditional
commercial component

« ILC Dover high efficiency particulate
air fiter, part number: S-4002

® ILC Dover sentinel XL PAPR blower
unit, part number: S-2002

o ILC Dover sentinel XL PAPR
battery, part number: S-2003

@ ILC Dover sentinel XL PAPR clear
hood, part number: S-3101
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Test type
Fitration
efficiency
Flow rate
Qualitative fit
Sealing

Noise level
Low flow rate

alarm
Audibility test

Relevant NIOSH STP

Procedure No. CVB-APR-STP-0081 determination of particulate fitter efficiency level against
solid particulates (PAPR 100-N)
Procedure No. TEB-APR-STP-0001 determination of particulate fiter penetration (PAPR) test

Procedure No. RCT-APR-STP-0012 determination of air flow for powered air-purifying
respirators

Procedure No. RCT-APR-STP-0067

Particulate respirator qualitative fit test utiizing saccharin o bitrex solutions

Procedure No. CVB-APR-STP-0010 determination of respirator fit, quantitatively using corn oil
aerosol, for powered air-purifying respirators with loose-ftting respiratory inlet coverings
Procedure No. RCT-APR-STP-0030: determination of noise level test, power air-purifying
espirator with hoods or helmets.

Procedure No. CVB-APR-STP-0085 determination of low flow warning device sound level
Procedure No. CVB-APR-STP-0088 determination of low flow warning device activation
Procedure No. CVB-APR-STP-0089 determination of communication performance test for
speech conveyance and intelligibiity

Result of NIOSH-alternative test

Milwaukee fitters: 99.99%, 100% at 300 nm and 230 Ipm
Custom filter: 99.99% at 300 nm and 230 lpm
Milwaukee filters: 99.18% and 99.68% at 170 Ipm
Custom Filter: 99.98% at 170 lom

240 Ipm at 70% blower duty cycle

Pass,n=1

Pass,n=1

58.1 to 59.2 dBA at full battery charge and maximum
blower speed

Between 82.95 and 84.7 dBA at 230 Ipm flow rate

Pass,n=1
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Age
Gender
Male
Female
Professional category
Resident Doctor
Attending Doctor
Associate Chief Doctor
Chief Doctor
Nurse
Daily working hours
Beds to attend
Pneumococcal vaccine
No
Yes
Influenza vaccine
No
Yes

Probiotic group

36.13 £ 8.62

30 (30/98)
68 (68/98)

10
20
23
7
38
7.09+1.17
9 (7-15)

97
1

94
4

Control group

35.74 + 8.88

26 (26/95)
69 (69/95)

11
17
18
3
46
7.024+1.09
9(6-12)

94
1

91
4

P value

0.754¢
0.620°

0.5220

0.664°
0.2762
0.982°

0.964P

X £ S is used to describe the average level and variability of the data.
aWilcoxon’s rank sum test.

Chi-square test.
CStudent’s t-test.
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Probiotic group Control group Total P value

Incidence of respiratory tract infections 8/98 (8.16%) 22/95 (23.16%) 30/193 (15.54%) 0.004
Sore throat 4/98 (4.08%) 10/95 (10.53%) 14/193 0.084P
Cough/itchy throat 3/98 (3.06%) 3/95 (3.16%) 6/193 0.969°
Low fever 1/98 (1.02%) 5/95 (5.26%) 6/193 0.090°
Nasal congestion/dizziness 0 2/95 (2.11%) 2/193 0.149°
Acute otitis media 0 1/95 (1.05%) 1/193 0.492°
Oral ulcer 0 1/95 (1.05%) 1/193 0.492¢
Sick days (days/person) 0.23 + 0.961 1.056 £2.317 0.64 +1.807 0.0042
Duration of each episode (days/episode) 2.88 4 2.031 4.67 £ 2.652 417 £2.592 0.0252
Days of absence from work (days/person) 0.03 £ 0.225 0.67 £ 2.322 0.35 £ 1.664 0.0022
Taking Chinese medicine (days/person) 0.16 £ 0.905 0.72 £1.939 0.44 £1.627 0.0062
Taking antibiotics (days/person) 0 0.54 +£1.827 0.26 £+ 1.306 0.0012
Taking anti-viral drug (days/person) 0 0.48 +1.884 0.24 £1.341 0.0062
Taking anti-inflammatory drug (days/person) 0 0.11£0.778 0.05 £ 0.547 0.1502

The quantitative variables in this table are non-normally distributed because there are plenty of O values that appeared in the raw data; the M + SD is used to describe
the average level and the degree of variability instead of using the form of median (Pas—P7s).

aVilcoxon’s rank sum test.

bChi-square test.

CFisher’s exact test.
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Protocol Gene E Gene Rp No. of positive Sensitivity$ %  95% Confidence intervals®
samples/n %
Ct-values® cycles  Ct-values® cycles
Nucleic acid extraction standard 16-40 23-34 30/30 100 97.5-100 (World Health
protocol with nasopharyngeal Organization [WHO], 2020)
exudate™ (QlAamp Viral RNA Mini,
Qiagen, MD, United States)
Nucleic acid extraction SalivaDirect 9-39 12-40 26/30 88.2 72.6-96.7
protocol with saliva® (Vogels et al.,
2020)
Nucleic acid extraction SalivaDirect 17-38 18-39 28/30 93.7 79.2-99.2

protocol with nasopharyngeal
(Vogels et al., 2020)

% Proteinase K of unknown concentration.

exudate®

£2.5 wl (50 mg/mi) Proteinase K.

$Range.

$Calculated using MedCalc Software Ltd (2021).
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Time from symptom Positive /total PPA (%) 95% CI

onset, days® samples tested

0-7 8/22 36.4 19.6-67.1
8-14 15/21 762 545-80.8
215 20/23 87.0 67.0-96.3

aConsidering RT-PCR confirmed SARS-CoV-2 cases. PPA, Positive Percent Agreement.
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Attribute

o)

Age range

Gender

Latitude

Longitude

Symptoms

Chronic Disease

Outcome

Respiratory S

weakness/pain

Low fever

Gastrointestinal S

Other symptorns

Nausea

Cardiac S

Description

ID issued to each deindividualized
case in the dataset

Age range individual's age falls into
during time of positive COVID-19 test

Reported gender of indvidual

Latitude where case is reported

Longitude where case is reported

O—individual displayed no signs of
symptoms

1 —individual displayed signs
of symptoms
O—individual had no reported chronic
disease history

1 —individual had history of
chronic disease
0—alive

1—dead
O—individual did not display
respiratory symptoms
1—individual displayed

respiratory symptoms
0—individual had no weakness or
pain

1—individual felt weakness or pain

O—individual did not have a low fever
(<39°C)
1—individual had a low fever

O—individual did not display
gastrointestinal symptoms

1 —individual displayed
gastrointestinal symptoms

O—individual did not display other
1—individual displayed
other symptoms

O—individual did not experience
nausea
1 —individual experienced nausea

O—individual did not display cardiac
related symptoms

1 —individual displayed cardiac
related symptoms

Attribute

High fever

Kidney S

Asymptomatic

Diabetes

Neuro

No chronic Disease

Hypertension

Cancer

Orthopedic CD

Respiratory related CD

Cardiac related CD

Kidney related CD

Blood related CD

Prostate related CD

Thyroid related CD

Description

O—individual did not have a high fever
(>39'C)

1 —individual had a high fever
O—individual did not display kidney
related symptoms

1 —individual displayed kidney
related symptoms

O—individual is displaying symptoms
1 —individual does not show

an symptoms

O—individual does not have diabetes
1—individual does have diabetes
O—individual does not have
neurological chronic disease.

1 —individual does have neurological
chronic disease

O—individual has chronic disease
history

1 —individual has no history of
chronic disease

O—individual does not have
hypertension

1 —individual does have hypertension

O—individual does not have cancer
1—individual does have cancer

O—individual does not have
orthopedic related chronic disease
1 —individual does have orthopedic
related chronic disease
O—individual does not have
respiratory related chronic disease
1 —individual does have respiratory
related chronic disease

O—individual does not have cardiac
related chronic disease
1—individual does have cardiac
related chronic disease

O—individual does not have kidney
related chronic disease

1—individual does have kidney
related chronic disease

O—individual does not have blood
related chronic disease

1—individual does have blood related
chronic disease

0—individual does not have prostate
related chronic disease

1—individual does have prostate
related chronic disease

O—individual does not have thyroid
related chronic disease

1—individual does have thyroid
related chronic disease





OPS/images/fmed-08-616927/crossmark.jpg
©

2

i

|





OPS/images/fpubh-08-587937/fpubh-08-587937-g004.gif





OPS/images/fmed-08-616927/fmed-08-616927-t001.jpg
N (184) % 0Odds of being
symptomatic [OR

(95% CI]
Sex
Males 69 37.5 1.1(05-2.49
Females 115 625 Reference group
Age group
0-29 25 136 Reference group
30-39 23 125 0.4 0.1-1.5P
40-49 39 212 1.2(0.3-4.3P
50-59 56 304 15(0.4-5.3P
60+ 41 223 0.8 (0.2-2.6)°
Symptoms
Asymptomatic 145 788 NA
Symptomatic 39 212 NA

NA, not applicable.
2Adjusted for age group.
b Adjusted for sex.
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N (184)

Sex
Males 69
Females 115
Age group

0-29 25
30-39 23
40-49 39
50-59 56
60+ 41
Symptoms

Asymptomatic 145
Symptomatic 39

Hazards of
viral
clearance? [HR
(95% CI]

11(0.7-1.5)
Reference group

Reference group
07(0.4-1.9)
08(0.5-1.4)
0.7 (0.4-1.2)
06(0.4-1.0)

Reference group
1.08 (0.7-16)

aAdjusted for all predictor variables.

Time till viral p-value—log

clearance
[median
(1R)]

11 (8-14)
12 (10-14)

11 8-13)
11 (8-18)
11 (8-13)
12 (9-14.5)
13 (9-14)

11 (8-14)
11(9-14)

rank test

0.622

0.265

0.491
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Variables

<20
20-39
40-59

Male
Female
COVID-19 contact
No contact
Contact
Doesn’t know
Chronic diseases
Hypertension
Renal failure
Respiratory insufiiciency
Cardiac insufficiency
Cancer
Diabetes
Asthma
Other®

COVID-19 patients
Mean (SD) or # (%)

Total

participants

(n =96)

549 (15.7)
0(0%)
16 (16.7%)
44 (45.8%)
31(32.3%)
5(5.2%)

64 (66.7%)
32 (33.3%)

27 (20.0%)
34 (36.6%)
32 (34.4%)

46 (47.9%)
13 (13.5%)
3(3.1%)
3(3.1%)
5(5.2%)
29(30.2%)
1.(1.0%)
7(3%

CAST
Positive
(n=65)

53.1(14.5)
0(0%)
10 (15.4%)
35 (53.8%)
17 (26.1%)
3(4.6%)

46 (70.8%)
19 (29.2%)

15 (28.1%)
26 (40.0%)
23(35.4%)

33 (50.8%)
6(9.2%)
1(1.5%)
2(3.1%)
2(3.1%)

21(32.3%)
1(15%)
6(9.2%)

Healthcare workers (HCW)
Mean (SD) or # (%)

Total
participants
(n=351)

395 (11.5)
0(0%)
198 (56.4%)
137 (39.0%)
19 (5.4%)
0(0%)

113 (32.3%)
238 (67.8%)

52 (14.8%)
256 (72.9%)
43(12.2%)

55 (15.7%)
1(03%)
0(0%)
0(0%)
0(0%)

18(5.1%)

11(3.4%)

23 (6.5%)

CAST
Positive
(n=45)

411 (11.8)
0(0%)
22 (48.9%)
19 (42.2%)
4(8.9%)
0(0%)

10 (22.2%)
35 (77.7%)

5(11.1%)
34 (75.6%)
6(13.3%)

6(13.3%)
1(22%)
0(0%)
0(0%)
0(0%)
2(4.4%)
4(8.9%)
3(6.7%)

Healthy voluntary donors (HD)

Median (SD) or # (%)

Total
participants
(n =255)

782(11.1)
7@.7%)
141 (85.3%)
100 (39.2%)
7@7%)
0(0%)

181 (71.0%)
74(29.0 %)

222 (87.0%)
20(7.8%)
13 (5.1%)

15 (5.9%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
7 (0%)
5(0%)

CAST
Positive

(n=34)

355 (10.3)
1(2.9%)
22 (64.7%)
11 (32.3%)
0(0%)
0(0%)

23 (67.6%)
11 (382.4%)

24 (70.6%)
7 (206%)
3(8.8%)

1(2.9%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)

1(2.9%)

2(5.8%)

Sother chronic diseases reported by participants were dyslipidemia and thyroid disease. COVID-19 contact refers to those participants that had contact with a confirmed COVID-19

case in their household and/or during daily activities at work in a healthcare facility.





OPS/images/fmed-08-616106/fmed-08-616106-t002.jpg
CAST device RT- PCR SARS-CoV-2 Positive percent Negative percent Overall percent Kappa

- - agreement (PPA)  agreement (NPA) agreement (95% CI)
Positive  Negative Total (95% Ci) (95% Ci) (95% cl)
CASTIgM  Positive 35 4 39 97.2% (84.6-100.0) 94.4% 95.4% (89.3-98.3) 0898
(86.2-98.2) (0:811-0.985)
Negative 1 68 69
Total 36 72 108
CAST IgG Positive 34 4 38 97.2% (84.6-100.0) 95.8% 96.3% (90.6-98.9) 0918
(88.0-99.1) (0.839-0.997)
Negative o 70 70

Total 34 74 108
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Laws and regulations

Biosafety Law of the People’s Republic of China

Regulations on Administration of Agricultural Genetically
Modified Organisms Safety

Regulations on the Biosafety Management of Pathogenic
Microbiological Laboratories

Measures for the Administration of the Safety Evaluation of
Agricultural Genetically Modified Organisms

Working Rules of the Agricultural Genetically Modified
Organisms (GMO) Safety Committee

Guidelines for Veterinary Laboratory Biosafety

Measures for the Biosafety Environmental Management of
Pathogenic Microbe Laboratories

Measures for the Safety Management of Biotechnology
Research and Development

Biosafety Guidelines on the Biosafety Governance of Novel
Coronavirus High-grade Viral Microbiology Laboratory

Issuing authority

The Standing Committee of the National People’s Congress
State Council

State Council

Ministry of Agriculture (dissolved, with its authorities having
been assumed by Ministry of Agriculture and Rural Affairs)
Ministry of Agriculture (dissolved, with its authorities having
been assumed by Ministry of Agriculture and Rural Affairs)

Ministry of Agriculture (dissolved, with its authorities having
been assumed by Ministry of Agriculture and Rural Affairs)

State Administration of Environmental Protection (dissolved,
with its authorities having been assumed by Ministry of
Ecology and Environment)

Ministry of Science and Technology

Ministry of Science and Technology

Date of enactment

Issued on October 17, 2020.

Issued on May 23, 2001, amended in
2011 and 2017.

Issued on November 12, 2004,
amended in 2016 and 2018.
Issued on January 5, 2002.
Issued on May 17, 2013.

Issued on October15, 2003.

Issued on March 08, 2006.

Issued on July 12, 2017.

Issued on January 23, 2020.
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Nasopharyngeal swab
samples

Saliva samples

References

Positive/individuals
examined (%)

12/12 (100)
23/23 (100)
13/13 (100)
39/39/100)

25/25 (100)
47/65 (72.3)
55/58 (94.8)
47/53 (89)

Positive/individuals
examined (%)

1112 (91.7)
20/23 (87.0)
4/13 (30.76)
33/39 (84.0)
25/25 (100)
37/42 (88.0)
52/58 (89.7)
41/53 (77)

To et al., 2020b*

To et al., 2020a

Chen J.H. et al., 2020
Williams et al., 2020
Azzi et al., 2020
Zheng et al., 2020*
Chen L. et al., 2020
Jamal et al., 2020

*Saliva samples including saliva and sputum samples.
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Manufacturer A B c D
Antibody 19G Ab IgM Ab 19G Ab IgM Ab 1gM Ab Total Ab Total Ab
Method Indirect immunity Indirect immunity Capture Double-antigen Double-antigen
Technology Chemiluminescence Chemiluminescence Chemiluminescence Up-converting
microparticle microparticle microparticle phosphor
immunoassay immunoassay immunoassay technology
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19G Ab 56°C for 30 min Total 56°C for 45 min Total 56°C for 60 min Total 60°C for 30 min Total 65°C for 30 min Total
Po Ne Po Ne Po Ne Po Ne Po Ne
Control | Po 125 ) 125 125 [ 125 125 [ 125 124 1 125 121 4 125
(100.0%) | (0.0%) (1000%) | (0.0%) (1000%) | (0.0%) ©92%) | (0.8%) 96.8%) | (3:2%)
Ne o 4 4 0 4 4 1 3 4 ! 3 4 0 4 4
(0.0%) | (100.0%) (0.0%) (100%) (25.0%) | (75.0%) (250%) | (75.0%) (0.0%) | (100.0%)
Total 125 4 129 125 4 129 126 3 129 125 4 129 121 8 129
IgM Ab Po Ne Total Po Ne Total Po Ne Total Po Ne Total Po Ne Total
Control | Po 62 12 74 62 12 74 61 13 74 64 10 74 56 18 74
©3.8% | (16.2%) 84.0% | (16.0%) 824% | (17.6%) 865%) | (185%) 75.7% | (243%)
Ne 16 39 55 1 a4 55 12 43 55 17 38 55 16 39 55
(20.4%) | (70.9%) (21.4%) | (786%) (21.8%) | (78.2%) (30.9%) | (69.1%) (20.4%) | (70.9%)
Total 78 51 129 73 56 129 73 56 129 81 48 129 72 57 129

blue bold, false-negative; red bold, false-positive; Po, positive; Ne, negative.
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19G Ab 56°C for 30 min Total 56°C for 45 min Total 60°C for 30 min Total
Po Ne Po Ne Po Ne
Control Po 20 [ 20 20 [ 20 20 [ 20
(100.0%) (0.0%) (100.0%) (0.0%) (100.0%) (0.0%)
Ne [ 0 0 ) 0 0 0 0 0
0.0%) (100.0%) (0.0%) (100.0%) (0.0%) (100.0%)
Total 20 o 20 20 o 20 20 o 20
IgM Ab Po Ne Total Po Ne Total Po Ne Total
Control Po 7 ) 7 7 ) 7 2 5 7
(100.0%) (0.0%) (100.0%) (0.0%) (28.6%) (71.4%)
Ne [ 13 13 ) 13 13 [ 13 13
0.0%) (100.0%) (0.0%) (100.0%) (0.0%) (100.0%)
Total 7 13 20 7 13 20 2 18 20

blue bold, false-negative; red bold, false-positive; Po, positive; Ne, negative.
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Vendor

umina,

Oxford Nanopore
Technologies

Paciic Bosdences

Applied Biosystems"

fon Torrent”

Product

iseq

MinSeq
Miseq
NextSeq
HiSeq
NovaSeq
SmidgIoNM

Fongie

MnlON Mi18"
MinON Mi1CM

GAJION Mkt
PrometioN
Sequel

Sequel I
SeqStudio

3500/35004L.
37303730
GeneStudio 85

Genexus

Time ()

19

2
24
30
8
a4

16

a8
a8

a8
72
20

EY

a8

Output (Gb)

15

1,500
6,000
~1

150
8600
50

4,000
~0.45

50

20

Operating system

Windows 10&
Windows 7

Ancroid 8108

Windows, Macintosh,

Unx

Linux (Ubunty)

Linux (Ubunty &
Centos)

Windows 10
Windows Vista SP1

Windows 2000 Pro
Linux (Ubuntu)

Computing

Standalone &/or
external device

External device

External device

Standalone 8/or
‘external device

Standalone

Standaione &
external device

Standalone &
external device

Network
‘connection

Wired o
wirdless

Wired or

Wired

Wired or
wirless

Wired

Cloud service
(csP)

BaseSpace
(Aws)

EPI2ME (AWS)

Securelink
(aws)

Themo Fisher
Cloud (AWS)

Maximum run time in hours, maximum output in gigabytes, aperating system, computing capabilies, network connection type, and cloud platform provided per vendor
and product. Time and output are maximum values based on one full sequencing run. Information gathered from vendors’ webstes (AHis://wawiina. com/systems/
sequencing-platforms.htmi, htos.//nanoporetech.com/products/, htps://wwpach.COmYproducts-and-senvices! , hitps:/www thermolfisher.com/us/en/home/brands/

appliec-biosystems.hmi, htos://ww themofishercom/us/erVhomebrands/ion-torrent him) and technical documentation (Supplementary Appendix 3. h, hours;

Gb, gigabytes; CSP. cloud service provider; AWS, Amazon Web Services. “Thermo Fisher Scientific brands; MMobile sequencing instrument for in-fiekd use.
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Target

Specimen

Day post-symptoms where
the target is max

Sample preparation

Control Sample

Number of samples per run

Assay-to-result time

Sample-to-result time
Result type
Sensitivity

Specificity

Instrumentation
Automation

Point-of-care
Scale of production (easy,
hard)

Cost (high, low)

RT-PCR assay

ORFiab, RdRp, E, S,
and N genes

Upper and lower
respiratory specimens,
saliva, bronchoalveolar
lavage fluids

First week after
symptom onset (Tan
etal., 2020)

-RNA extraction
~Target gene
amplification
~Florescent signal
readout of the
amplification signals

Human RNase P gene
(internal control)

Device dependent (1
sample per
run—tens-hundreds of
samples per run)

120 min (excluding
RNA extraction)

8h
Quantitative
94.34-100%

94.87-100%

High
Possible automation

Possible
Hard

High

Isothermal
amplification assay

ORFab, RdRp, and N
genes

Upper and lower
respiratory specimens,
nasal, and throat
swabs

First week after
symptom onset (Tan
etal, 2020)

~15-min RNA sample
preparation in sample
buffer

~Target gene isothermal
amplification
-Florescent readout
signal of the
amplification signals

NA.

1 sample/13min

16-60min
5-13min

h
Qualitative
100%

100%

Moderate
Automated

Yes

Hard

Moderate-low (Cantera
etal,, 2019)

CRISPR-based assay

ORFiab, E, and N
gene (Broughton et al.,
2020)
Nasopharyngeal or
oropharyngeal swabs
and bronchoalveolar
lavage fluids

First week after
symptom onset (Tan
etal., 2020)

-RNA extraction
~Target gene isothermal
ampliication

~Target recognition and
cleavage

~Lateral flow visual
readout or fluorescent
readout by a

plate reader

RNase P gene (positive
control) (Broughton
etal., 2020)

NA.

30-40 min (DETECTR)
~60min (SHERLOCK)

45 min—1h
Qualitative
95%

100%

Low
Automated

Yes
Easy

Lateral flow assay

-19G and IgM
antibodies

N protein (antigen)
~Serum, Saliva or Nasal
swab fluids (antibodies)

-Nasopharyngeal or
oropharyngeal

swabs (antigen)

-IgM: 10-35 days after
onset

-1gG: 10 days after
onset (Ma et al., 2020)
-Antigen: before or at
symptoms onset
Plasma or serum
separation from
specimen by
centrifugation and
transfer to the test
cassette for lateral flow
capillary movement
(antibodies)

Extraction of viral
antigen from swabs by
special media and
loading to test cassette
for later flow capillry
moverment (antigen)
Lateral flow visual
readout or

fluorescent readout
Cline positive control
band

1 sample per run

15-20min

20-30 min
Qualitative

82-93.8% (antibodies)
80% (antigen)
90.63-100%
(antibodies)

100% (antigen)

Low
Possible automation

Yes
Easy

Low

Enzyme linked tests

19G, IgM, and IgA
antibodies

Plasma or serum
samples

~IgM: 10-35 days after
onset

-IgG: 10 days after
onset (Ma et al., 2020)

~Plasma or serum
separation from
specimen by
centrifugation or
sampling tubes with
separation gel
~sample processing
and coating with
magnetic particles
~Signal readout by a
plate reader or

a photomultipiier

NA.

100-170 results/h

35 min

1-6h
Quantitative
87.5-100%

96-100%

Low

-ELISA:
‘semiautomated
-CLIA: Automated

No
Easy

High-moderate
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Current
definitions

Aerosol

Droplets

Infectious disease
clinicians

Particles less than 5 pm
in aerodynamic diameter
CDC Environmental
Guidelines, 2020.

Liquid particles =5 pm
which primarily fall out of
he air quickly (within a
‘ew seconds) within 1-2
m from their generation
point.

Proposed definitions:

Spray-borne
transmission

Aerosol scientists

Solid particles or liquid droplets
that are suspended in air.
Comprise a wide range of particle
diameters (Adhikari et al., 2019).
Not defined separately from
aerosols. Nonetheless, only
aerosol particles or droplets that
are visible (> 100 pwm) deposit
within a few seconds and a
distance of 1-2 m.

Particles >100 wm that directly hit the eyes, nose, or mouth
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Enclosure Filter ‘Compare to available Sense of security
PPE, average user with use, average
score® (n = 4) user score® (n = 4)
Custom Custom 4 475
Custom Miwaukee 375 475
Pelican Custom 3.25 45
Pelican Milwaukee 3 4

"Score of 1 = PanFab PAPR much worse than current PPE options, 5 = PanfFab PAPR much better than current PPE options.
“Score of 1 = Very uncomfortable, 5 = Very comiortable.
°Score of 1 = PanFab PAPR much worse than standard, 5 = PanFab PAPR much better than standard.

Comfort compared to
standard PAPR, average
user score® (n = 4)

5
425
375
325
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Subject

b i

Height (cm)

160
175
178
176

Weight (kg)

57
70
100
136

BMI

223
229
316
429

Sex

Female
Male
Male
Female

Regular PAPR
Use

No
No
Yes
Yes
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50% RH 70% RH 90% RH

1ih 5h 9h 1ih 5h 9h 1h 5h 9h

Material °C Survival L.R. Survival LR. Survival LR. Survival LR. Survival LR. Survival LR. Survival LR. Survival LR. Survival LR
Nylon 55 8202 0201 NA 70£02 1.4£01 NA 55+0.1 28+0.1 NA 72£01 1.2£01 NA 1115 73£07

60 NA 7.0£04 13£02 NA 67+02 16+01 49+06 35+0.1 3.4+03 49401 NA 00+£00 83+£0.0 NA

65 73+£02 1101 NA 56+0.1 28+0.1 NA 07+09 7.6+04 NA 00+00 84+00 NA 00+00 84+00°
Polypropylene 56 83403 0.1 +0.1 NA 76+£02 08401 NA 78+03 0501 NA 7.7£02 0701 NA 00+00 84+00

60 NA 69+02 1401 NA 81+£0102+0.165+07 1.9+02 49+03 34+0.1 NA 0.0+£00 8+0.0 NA

65 7.2+02 1201 NA 24+04 6.0£02 NA 20+03 63+02 NA 0000 8400 NA 0.0£00 8400
Wiring 55 83£0.1 0.1%0.0 NA 79403 05+0.1 NA 70+08 13+04 NA 7.5+01 0901 NA 00+00 8400

60 NA 69+06 1.4+03 NA 79+01 04+01 6705 1.7+0.1 43+05 40+02 NA 00£00 83+0.0 NA

65 7.0+04 1.4+02 NA 41+06 43+03 NA 20+14 63+06 NA 0.0+00 84+00 NA 00+00 84400
APC 56 83+0.1 0.1+00 NA 68+05 1.6+0.2 NA 70+£06 13+£03 NA 75+02 09401 NA 18+12 7.1+£05

60 NA 38+09 45+04 NA 78+02 05+01 62£07 2201 46£03 3.7£0.2 NA 0.0+00 83+0.0 NA

65 53+0.7 3.1+03 NA 29416 55+07 NA 08+08 7.6+ 03 NA 0.0+00 84+00 NA 0.0+00 84+00
Solution Control 56 0.0 0.0 8.4 % 0.0 NA 03+06 81403 NA 00+£00 8300 NA 04£09 80404 NA 00£00 8400

60 NA 0.0+0.0 83+00 NA 00+00 83+00 00+00 84+00 0.0+00 83+00 NA 0.0+00 83+0.0 NA

656 00+00 8400 NA 0.0+£00 8400 NA 0.0+00 83+0.0 NA 00+00 84+00 NA 00+00 84+£00

The DOE consisted of 13 independent runs—8.4 & 0.0 logso; six independent runs—8.3 + 0.1 log o; five independent tests per material per test run. Survival data with 0 survival was below the limit of detection of 1.0 logro. APC—aircraft
performance coating; solution control—wet virus inoculum—not dried on a material: NA—not tested for DOE. Hours (). Polypropylene material from the TPP® tubes was the material. *An outlier was removed,
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Test indicators Survival

Non-shipped controls (10) 8101
Shipped controls (25) 8101
Test indicators (100) 00£00

LR.

NA
NA
81£0.1

The detection range was 1.0-8.1 logo where the upper limit was the amount extracted
from the controls. Since there was no enveloped virus recovery on any test indicator,
there was practical confidence of a complete virus kill The number of test indicators are

in parentheses. Not applicable (NA).
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Test indicator locations

Non-shipped controls (10)

Shipped controls (25)
22—Repurposed as a control on-site (5)
1—Fiight deck (FD)—ceiling (5)
2—FD—glare shield (5)

3—FD—crew rest area (5)
4—Avionics—rack doghouse (5)
5—Lower avionics rack (5)
6—Lavatory (5)

7—Load master station (5)
8—Forward Cargo Bay (FCB)—left (5)
9—FCB—right (5)

10—FCB—ceiling (5)

11—FCB—floor (5)

12—Mid Gargo Bay (MCB)—left (5)
13—MCB—right (5)
14—MCB—ceiling (5)
15—MCB—floor (§)

16—Aft Cargo Bay (ACB)—left (5)
17—ACB—right (5)
18—ACB—celling (5)
19—ACB—floor (5)

20—Mx tunnel—skin heat exchanger (5)
21—Mx tunnel—middle (5)
23—Ramp area (5)

Survival

76+0.1
76+0.1
76£02
14+£08
1306
10£00
10+00
10£00
15409
13405
15+£09
14407
13+06
14+£09
15409
10£00
13407
1.7£13
10400
14+£08
14£02
10£00
10£00
1407
11£01

LR.

NA

NA

NA

62+£03
6303
66+0.1
66+0.1
66+0.1
6.1£0.4
63+02
6.1£04
62+03
63+03
6204
61£0.4
6.6+0.1
63403
59+06
6.6+0.1
6204
62%0.1
66+0.1
66+0.1
6203
6.5+0.1

The detection range was 1.0-7.6 log1o where the upper limit was the amount extracted
from the controls. Since there was enveloped virus recovery on some test indicators, the
lowest recorded kil level was 1.0 logo even i there were no viable PFU measured from
a test indicator. The number of test indicators are in parentheses. Not applicable (NA).
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Parameters

60°C, 5%, 1h
60°C, 5%, 1h
70°C, 5%, 1h
80°C, 5%, 1h
Inoculum—1h
50°C, 5%, 24h
60°C, 5%, 24h
70°C, 5%, 24h
80°C, 5%, 24h
Inoculum—24h

Survival

75+02
7.0+03
63x0.2
6.1+0.2
83+00
68+04
62+0.2
58056
1413
82+0.1

LR.

08+0.1
13+£02
2001
22+0.1
NA

14402
20+0.1
24+02
68406
NA

Parameters

50°C, 90%, 1h
60°C, 90%, 1h
70°C,90%, 1h
80°C,90%, 1h
Inoculum—1h
50°C, 90%, 24h
60°C, 90%, 24h
70°C, 90%, 24h
80°C, 90%, 24h
Inoculum—24 h

Five test indicators per test. Not applicable (NA).

Survival

73+04
14+£03
00£00
00+£0.0
82+£0.1
11£16
00+£0.0
00+£00
00+00
80+0.1

09+0.2
6.8+0.1
82+00
82+00
NA

69+0.7
80+00
80£00
8.0£00
NA





OPS/images/cover.jpg
BIOSAFETY AND BIOSECURITY APPROACHES
TO COUNTER SARS-COV-2: FROM DETECTION
TO BEST PRACTICES AND RISK ASSESSMENTS

EDITED BY: Stephen Allen Morse, Segaran P. Pilla, Jianming Qiu
d Yao-Wei Huang
PUBLISHED IN: Frontiers in Bicengineering and Biotechnology,
Frontiers in Medicine and Frontiers in Public Health

P frontiers Research Topics





OPS/images/fbioe-08-591980/fbioe-08-591980-g001.jpg
PRE-ANALYTICAL STAKE-

HOLDERS
B
sampie | n__ [ sampe ¢ . .
metadata reposiory Y
Biologcalsamples
Data
onginators
ANALYTICAL
Wet Lab Proparation elew
ONATbrary . rin Sampio
proparation & GC St Preparation & GC
Data
controllers
ous rin DNA Sequencing
Cloudsenics | - =
r =
Gompsoner | - b DU TR
i
Extemaldrve | Raw data
oata
Bloinformati Pipaline processars
p 3 Bioinformates | ~——— =
pirsiias o Databases
Processed data
Reguiators
s POSTANALYTICAL
Integraton | sin Resuls sin Dissominaton ©
with metadata ntepretaion ‘S applcaton.
[ *rcxvecrons s
[ prres  o-sonmacsonwsoman Lot i, oy o0

Rl -vwonme - rrmsrcponng ston - Remol reworons  ——— Ports mtet, i ey pon






OPS/images/fbioe-08-604793/fbioe-08-604793-g002.jpg
mean(RFU)

A
1500+

1000+

5004

qLAMP

gq(PCR-LAMP) (1 PCR cycle)

Copies

1500+

1000+

5004

- 5

=== 5000

q(PCR-LAMP) (2 PCR cycles)

q(PCR-LAMP) (4 PCR cycles)

=== NTC

1500+

1000+

500+

q(PCR-LAMP) (6 PCR cycles)

-5

5 10 15 20 25

30

35 40
Time (minutes)

0O 5 10 15 20 25

30 35 40





OPS/images/fbioe-08-604793/fbioe-08-604793-t001.jpg
SARS-CoV-2 cDNA copies per reaction 5000 500 50 5 NTC

Cq of gPCR 29.61 + 0.04 33.25 £ 0.07 35.94 £ 0.04 NA NA
Cq of gPCDR 22.72 + 0.06 28.09 + 0.05 33.20 + 0.09 37.66 + 1.36 NA
ACq 6.89 5.16 2.74 - -

The mean quantification cycles (Cq) + standard deviation of three replicates for the indicated cDNA copy numbers are provided. The amplifications were carried out with
SD HotStart DNA polymerase using a series of SARS-CoV-2 cDNA templates with 10-fold dilutions from 5000 to 5 copies per reaction (NTC, no template control). ACq
is the difference between the Cq of the gqPCR and qPCDR for each template dilution.
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SARS-CoV-2 RNA copies per reaction

Tqg (min) of gLAMP

Tqg (min) of g(PCR-LAMP); 1 cycle of PCR
Tqg (min) of (PCR-LAMP); 2 cycles of PCR
Tq (min) of q(PCR-LAMP); 4 cycles of PCR
Tq (min) of q(PCR-LAMP); 6 cycles of PCR

5000

27.51+0.24
21.30+0.98
19.88 +£0.85
18.10 £ 0.29
15.56 £+ 0.90

500

31.47 £3.72
23.44 + 4.27
21.69+1.72
20.70 + 0.89
19.564 £ 0.67

50

NA
28.44 +5.03
25.83 + 5.44
23.31 £4.18
20.81 £ 0.76

5

NA
30.40 £3.39
26.86 £6.17
26.24 £5.06
22.23+£0.93

NTC

NA
NA
NA
NA
NA

SARS-CoV-2 RNA was detected by RT-QLAMP and RT-q(PCR-LAMP) assays. The q(PCR-LAMP) amplifications were performed with 1, 2, 4, and 6 cycles of PCR. The
table lists the mean quantification times (Tq) + standard deviation of three replicates of the gLAMP and q(PCR-LAMP) reactions for the indicated RNA copy numbers.
The assays were carried out with Reverase reverse-transcriptase and SD DNA polymerase using a series of SARS-CoV-2 RNA 10-fold dilutions from 5000 to 5 copies

per reaction (NTC, no template control).
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