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Purpose

The present study explored the molecular characterization of human Adenovirus (HAdV) and its strains among hospitalized SARI cases in the pediatric unit of a tertiary care hospital in North-East India.





Methods

Nasal and throat swabs were collected from 70 patients of Pediatric Unit, of a tertiary hospital in NE India from April 2023-October 2023. The samples were screened for the presence of HAdV using an adenovirus-specific Real-Time PCR Kit. For molecular characterization, Next Generation Sequencing (NGS) was performed by targeting the hexon gene of HAdV followed by post-sequencing analysis.





Results

Overall, 18.57% (13/70) of samples were positive for HAdV. In context of the severity of illness, 3/13 adenovirus-positive patients (23.07%) died after hospitalization, had severe pneumonia among which two were of less than one year of age. Molecular characterization using NGS indicated that 4/13 individuals were infected with HAdV-B type 3 and 5/13 patients were infected with HAdV type 7. Notably, 4/7 cases of severe pneumonia were under five years of age and associated with HAdV type 7 infection. The ratio of non-synonymous to synonymous mutation (dN/dS) was comparatively low in HAdV type 7 positive samples (dN/dS=0.31). No non-synonymous mutation was observed in HAdV-B type 3 positive samples. The higher neutrophil percentage among the death cases suggested an acute immune response.





Conclusion

The study demonstrated HAdV type 7 and HAdV-B type 3 as strains associated with pediatric SARI cases from April 2023-October 2023. Further, HAdV type 7 infection was primarily linked with lower respiratory tract infections mainly severe pneumonia.
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1 Introduction

Severe acute respiratory infections (SARI) are a leading cause of increased mortality rates among children worldwide, particularly in low-resource setting (1). Approximately, 33% of deaths in pediatric cases of less than five years of age in developing countries are SARI-associated (2, 3). Viruses are the major pathogens attributed to Acute Respiratory Infection (ARI) including influenza viruses A and B, respiratory syncytial viruses, parainfluenza viruses, human adenovirus (HAdV), human rhinovirus, human metapneumovirus, and human coronaviruses, etc. (4). HAdV associated ARI is highly contagious and mainly characterized by rapid transmission through respiratory secretions and direct contact. HAdV is a ubiquitous, non-enveloped, double-stranded DNA virus of ~ 34 to 36 kb that belongs to the Adenoviridae family genus Mastadenovirus (5, 6). Entry of HAdV into the human body is mediated via receptor-mediated endocytosis using the coxsackievirus-adenovirus receptor (CAR) followed by the synthesis of viral proteins and viral replication (7). In addition, receptors including CD80/CD86, CD46, desmoglein 2 (DSG2) and sialic acid are also associated with the infection caused by HAdV B or HAdV D (8).

Overall, the prevalence rate of respiratory HAdV has been reported to vary between ∼3 and 24% (9–11). HAdV have been classified into seven species (A-G) consisting of approximately 103 HAdV types of which HAdV-1 to HAdV-51 were serotypes and HAdV-52 to HAdV-103 were genotypes (12–14). Among the HAdV types, HAdV species-B types 3, 4, 7, 14, 55, 21, and 11 were reported to be commonly associated with severe ARI outbreaks (15, 16). The severity of adenoviral infection mainly depends upon the patient’s age, surrounding environment, and immune tolerance of the patients. The unavailability of specific antiviral drugs for adenovirus till date further enhanced the risk of the severity and transmissibility of the disease.

India has witnessed several HAdV-mediated outbreaks in the past years including a recent outbreak in West Bengal India (17–20). In addition, a multicentric surveillance study from India documented 3.1% and 2.9% prevalence rates for HAdV in ARI and SARI cases respectively (21).

Considering that adenovirus is one of the important respiratory pathogens, routine systematic surveillance is essentially required for early diagnosis to avoid major complications. However, till date, no molecular epidemiological studies related to HAdV species types associated with severe acute respiratory infections (SARI) have been reported from North East India. The present study explored the molecular characterization of HAdV and its strains, among hospitalized SARI cases in the pediatric unit of a tertiary care hospital, in North-East India from April 2023- October 2023.




2 Materials and methods



2.1 Study site and design

The investigation was carried out in the Multidisciplinary Research Unit (MRU) of a tertiary care hospital (Assam Medical College & Hospital) and Indian Council of Medical Research-Regional Medical Research Centre (ICMR-RMRC) Northeast Region located in Dibrugarh, Assam. This study was performed from April 2023 to October 2023. The cases were enrolled in the study after obtaining written and informed consent. A predesigned proforma was used for the collection of relevant demographic and clinical information from each of the participants. The study was approved by the Institutional Ethics Committee (IEC) and conducted in accordance with the ethical guidelines of both the participating sites.




2.2 Sample collection

Nasal and throat swabs were collected from seventy clinically suspected cases from the Department of Pediatrics of the participating hospital from April 2023 to October 2023. The samples were collected in a sterile corning tube containing 2ml of phosphate buffer saline (PBS, pH 7.2). PBS is generally considered to be a suitable collection medium for real time PCR based amplification. Viral Transport Medium (VTM) was not used for collection of samples as the samples were not supposed to be processed for culture. Further, the collected samples were transported to the designated laboratory for molecular screening and characterization of the causative organism. As per the clinical case definition in the study, Acute Respiratory Illness (ARI) includes both upper and lower respiratory tract infections with the symptoms like short and rapid breathing, fever, cough, runny nose or nasal congestion, sore throat etc. (22, 23). ARI is a broad term used to describe infections affecting the respiratory system, including the upper (e.g., common cold) and lower (e.g., bronchitis, pneumonia) airways. It can range from mild to severe and is often caused by viruses or bacteria. Pneumonia is a type of lower respiratory infection characterized by inflammation of the air sacs (alveoli) in one or both lungs, which may fill with fluid or pus, leading to symptoms like cough, fever, and difficulty breathing. Pneumonia symptoms include -history of cough or breathlessness, inability to feed, raised respiratory rate, lower chest wall indrawing, fever, and tachycardia (24). Severe pneumonia shows the symptoms like central cyanosis, severe difficulty breathing, difficulty breastfeeding/drinking, vomiting, lethargy, unconsciousness, and convulsions (22, 24).




2.3 Laboratory investigation



2.3.1 Nucleic acid extraction and real-time PCR

The genomic DNA was extracted from nasopharyngeal & throat swab samples in PBS within 24 hours using a QIAamp DNA Mini extraction kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The extracted DNA was then processed for screening of the samples for adenovirus followed by viral load estimation using the Helini Adenovirus Real-Time PCR (RT PCR) Kit according to the manufacturer’s protocol (Helini Biomolecules, India).




2.3.2 Targeted sequencing using next generation sequencing approach

The targeted sequencing was performed using Next Generation Sequencing Platform (NGS) in the Illumina MiSeq machine. The sequencing was run using the COVIDSeq test kit manufactured by Illumina, CA, USA. This kit can be used to sequence the other pathogens also apart from SARS-CoV-2. However, the targeted primers used for the complete sequencing of the Hexon gene (approximately 2.8 kb) were designed by the authors (as presented in Supplementary Table S1). The hexon gene was selected for differentiating strains of adenovirus by sequencing as the hexon protein also helps to classify adenoviruses into their 51 serotypes. All other reagents and protocols have been used as per the manufacturer’s instructions of COVID Seq Test kit. The sequencing reaction was executed in the MiSeq platform with a 2 × 75 paired-end v3 Flow Cell. Analysis of NGS data was performed employing the Linux Command Line Interface (CLI).




2.3.3 Post-sequencing data analysis

The raw fastq files were analyzed for quality and quantity using the fastp (v. 0.20.0) tool (25). The reads were aligned against multiple the Human Adenovirus types including type 7 and Human adenovirus B1 NCBI Reference sequences (accession numbers: AC_000018.1 and NC_011203.1). Alignment was performed using a bowtie2 aligner (v. 2.5.2) (26). Before generating the consensus sequences, the mapped ‘binary alignment files’ were sorted and indexed by using samtools (v. 1.19) (27). The consensus sequences thus generated were further utilized for downstream analysis.




2.3.4 Sequence alignment, mutational analysis, and phylogenetic analysis

To investigate the adenovirus species responsible for SARI, evolutionary analysis was performed to determine the phylogenetic correlation of the adenovirus-positive samples. The target sequences of the adenovirus were compared with closely related complete reference sequences and the nearest available sequences in NCBI’s GenBank. Basic Local Alignment Search Tool (BLAST) was used for the alignment search on the NCBI website for a selection of the nearest available sequences. Further, the obtained sequences were analyzed for existing amino acid and protein mutations in comparison to reference sequences of adenovirus Type 7 (AC_000018.1) and adenovirus Type 3 (MK847517.1 and NC_011203.1). In addition, the sequences were also examined for non-synonymous (dN) and synonymous (dS) mutations and the dN/dS ratio was calculated in MEGA X software by using the Nei–Gojobori model (28).

For evolutionary analysis, the ClustalW alignment program was used in MEGAX software. The best nucleotide model was determined using MEGA X’s model test and a phylogenetic tree was constructed by employing maximum likelihood (29). The process of building the evolutionary tree comprised of general time reversal, gamma distribution, and invariants for calculating rate differences among sites. A total of 500 bootstrap replications have been implemented to enhance the strength of the tree. A total of 23 nucleotide sequences have been included for evolutionary analysis (eight nucleotide sequences from the present study along with 15 complete reference sequences of different adenovirus types).






3 Results



3.1 Demographic and clinical characteristics of HAdV-positive pediatric cases

The present study collected 70 samples from pediatric ARI cases of which 18.57% (13/70) of samples were found to be positive for HAdV. Among the positive subjects, the mean age was found to be 3.4 years (SD± 3.7) ranging from 5 months to 10 years. A total of 76.9% of the adenovirus-positive cases were males (10/13) and 23.07% were females (03/13). The demographic data of all the enrolled cases has been presented in Table 1. The monthly prevalence rates of the HAdV infection were calculated as 12.5% (2/16), 42.85% (3/7), 14.28% (2/14), 25% (5/20), 14.28% (1/7), 0% (0/3), 0% (0/3) respectively from April 2023 to October 2023. While comparing the age of the positive cases, it was observed that the majority of HAdV infections (10/13, 76.92%) were associated with children under the age of 5 years. The median duration of illness of the enrolled subjects was found to be 5 days (SD± 3.8).


Table 1 | Demographic profile of the enrolled SARI cases.



In the context of severity of illness, it was noted that 7/13 (53.8%) cases were diagnosed with severe pneumonia followed by 1/13 cases (7.6%) with acute encephalitis syndrome respectively. It is important to note that 3 out of 13 adenovirus-positive patients (23.1%) who died after hospitalization had severe pneumonia, with two of them being less than one year old. In terms of symptoms, it was observed that all the adenovirus-positive cases were associated with fever (100%, 13/13). In addition, primely associated symptoms included cough (76.9%, 10/13), breathlessness (53.8%, 7/13), Sore throat (46.2%, 6/13) and Seizure (46.2%, 6/13) respectively. Interestingly, three HAdV positive cases had shown pink eye symptom. While speculating the percentage of neutrophils among the HAdV positive cases it was noted that the neutrophil percentage of the three death cases was above 70%. Notably, the neutrophil to lymphocyte (NLR) ratio of all the three death cases were observed to be 12.8, 3.3 and 4.5 respectively suggesting altered host immune response.

The HAdV viral load (copies/ml) ranged from 6.86 × 102 to 1.46 × 108 copies/ml in HAdV-positive samples. However, the estimated viral load was higher among the three death cases with viral loads of 1.18 × 108, 1.46 × 108 and 4.85× 105 copies/ml respectively.




3.2 Adenovirus typing and phylogenetic analysis

Molecular characterization of HAdV of complete hexon gene (~2800 bp) using NGS revealed that among the positive cases, 4/13 were infected with HAdV-B type 3 and 5/13 were infected with HAdV type 7. Average sequencing depth of all the HAdV -positive samples were found to be 6850.2 ± 746.4 (Mean ± SD). Phylogenetic analysis indicated that the type 3 adenovirus-positive samples showed 100% resemblance with the complete reference sequence of Human adenovirus B1 (NC_011203.1) and clustered separately showing closest resemblance with Human Mastadenovirus type B (accession number: MK847517.1) strain collected in 2009 from Shanghai, China and one recent complete adenovirus sequence collected from Hannover, Germany in 2023 (accession number: OR853835) as presented in Figure 1. Additionally, all the five-adenovirus type 7 positive sequences showed 99.9% resemblance with the complete reference sequence of type 7 Adenovirus collected from USA (accession number: AC_000018.1) along with one recent adenovirus type 7 strain isolated from Marburg, Germany in 2023 (accession number: OR487156.1).




Figure 1 | Evolutionary analysis for human adenovirus types of the present study. The evolutionary analysis was performed using the Maximum Likelihood method and General Time Reversible model (23). A total of 23 nucleotide sequences have been included for evolutionary analysis (eight nucleotide sequences from the present study covering the hexon gene ~ 2.8 kb along with 15 complete reference sequences of adenovirus types). A 500-bootstrap iterations was performed to make the tree robust. Evolutionary analyses were conducted in MEGA X. A discrete Gamma distribution was used to model evolutionary rate differences among sites. The rate variation model allowed for some sites to be evolutionarily invariable. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.



While comparing the clinical data with the NGS results it was observed that 4/7 severe pneumonia cases were infected with HAdV type 7 and 2/7 infected with adenovirus B type 3. Of the HAdV type 3 infected pneumonia cases, two subjects died during hospitalization.




3.3 Mutational analysis

Mutational analysis of HAdV-B type 3 and HAdV type 7 positive samples has been performed and the synonymous and non-synonymous substitutions for the hexon gene of HAdV were examined. No non-synonymous substitutions (dN) were observed in the hexon gene of HAdVB type 3 positive samples. In contrast, HAdVB type 7 positive samples showed one non-synonymous mutation. The ratio of non-synonymous mutation to synonymous mutation (dN/dS) was comparatively low in the hexon gene of HAdV type 7 positive samples (dN/dS=0.31). Mutational analysis of adenovirus type 7 positive samples showed that there was a substitution from asparagine to threonine (N589T) in all the five isolates of 7 positive samples (Figure 2).




Figure 2 | Mutational analysis of HAdV type7 amino acid sequences in the study subjects. The symbol * indicates an amino acid match in the table. If the same amino acid is present in all sequences, it is marked with *.






3.4 GenBank accession numbers of submitted sequences

The newly obtained sequences of HAdV-B type 3 and HAdV type 7 have been submitted to NCBI GenBank (GenBank accession numbers: OR797059.1-OR797066.1).





4 Discussion

Severe Acute Respiratory Infections (SARI) caused by human adenovirus and other respiratory viruses constitute a marked global health concern with significant morbidity and mortality worldwide (1). Adenovirus-associated SARI outbreaks have been reported throughout the world and the comprehensive influence on patient health reflects the necessity for early and rapid detection, and effective control strategies. Despite being one of the commonly associated pathogens of ARI infection, improper and misdiagnosis, self-medication, and delay in seeking medical care have become the triggering factors for the increased mortality and lack of true epidemiological information on adenovirus-associated SARI (16). The present study identified adenovirus-mediated SARI infection in the pediatric cases of the study site from April 2023 to October 2023. Our data on molecular diagnosis and sequencing-based characterization demonstrates the causative agent of the pediatric cases of SARI in the present study to be from HAdV type 7 (38.46%) and HAdV-B type 3 (30.76%). The association of HAdVB7 in the studied SARI samples was in accordance with the earlier findings of Zadheidar S et al., 2022 where authors also obtained 75% association of HAdV B-7 with SARI cases (30). Similarly, our finding on the association of HAdVB-3 in the three samples of SARI was concomitant with the findings of Xu et al., 2022 who reported HAdVB-3 as the most prevalent strain related to SARI infection in Huzhou, China during 2017-2019 (14). Further, it was inferred from the phylogenetic analysis that adenovirus-positive samples from the present study showed 100% resemblance with the complete reference sequences of (hexon gene of approximately 2800bp size, position: 18666 - 21470) HAdVB type 3 (accession numbers: NC_011203.1, MK847517.1and OR853835) and HAdV type 7 (accession numbers: AC_000018.1and OR487156.1) including the recently circulating strains of both the types from Germany and USA in 2023 respectively. Our data on the circulation of HAdV type 7 and HAdV-B type 3 during the study period was further supported by a recently published whole genome sequencing-based study from West Bengal India in which it was documented that HAdV type 7 and HAdV-B type 3 were the mainly circulating strains of adenovirus during 2022-23 in West Bengal, India (31).

Although adenovirus-mediated respiratory infections can be observed globally throughout the year, the seasonal distinctness in the trend of its positivity rates cannot be neglected (32–34). A previously published study has shown the presence of HAdV throughout the year without any seasonal preferences (35). Contradictorily, the prevalence of adenovirus infection in summer was also reported previously (36). Of note, the month-wise distribution of data from the present study among the collected samples showed that all the adenovirus-positive samples have been collected from April 2023 to August 2023 and the positivity rate was nil after August 2023 suggesting the possibility of seasonal variation in adenovirus circulation. Our findings further highlighted the point that human adenovirus infection gradually declined by autumn which is consistent with similar studies documented from Northern and Southern China where the highest prevalence of the virus was observed during summer (37, 38).

It is pertinent to mention here that, adenovirus associated respiratory infections are generally evidenced by having a broad spectrum of symptoms starting from asymptomatic to severe depending on the age of the host, immunotolerance status of the patient, and the type of the associated adenoviral strain (39, 40). Notably, HAdV species B, C, and E are commonly involved in respiratory disease outbreaks of which serotypes, 7 and 3 are suggested to be the major contributors in the occurrence of various adenoviral outbreaks (10, 41, 42). The molecular characterization data obtained from the present study indicated HAdV type 7 and HAdV B type 3 to be associated with SARI infections of under five years children. This inference from our study was well supported by the previously published reports which reported that both HAdV-B type 3 and type 7 are predominantly associated with lower respiratory infections among children under five years of age (43).

It is worthy to note that 4/7 cases of severe pneumonia were of those under five years of age and associated with HAdV type 7 infection. Our data was in agreement with a previously published study that documented HAdV type 7 to be commonly associated with severe infections among children under five years (34). Additionally, as per a report published earlier, HAdV type 3 and type 7 were the most common adenoviral strains responsible for causing pneumonia in China from 1958 to 1990 (44). This finding is in agreement with the comparative analysis between clinical profile and molecular profile of the patients from the present study as our data showed that 66.66% of the severe pneumonia cases were infected with HAdV type 7. Mutational analysis of adenovirus type 7 positive samples showed that there was a substitution of asparagine to threonine (N589T) in all the five type 7 positive samples compared to the reference sequence (Figure 2). To the best of our knowledge this is a novel mutation reported in our study. Further, to assess the epitope binding sites, these amino acid sequences has been analyzed in Immune Epitope Database (IEDB) but no epitopic regions have been detected spanning the novel mutation. Interestingly, no non-synonymous substitutions (dN) was observed in the HAdVB type 3 positive samples while only one non-synonymous mutation was found in HAdVB type 7 positive samples.

High percentage of neutrophils and the neutrophil to lymphocyte ratio among the HAdV positive death cases of the present study suggested altered immune response with severe clinical outcome including pneumonia as documented previously (45). Since the adenovirus-positive cases from the present study also possessed Influenza-like illness (ILI) symptoms, those samples were evaluated for the presence of influenza A, Influenza B and SARS-CoV-2. Three out of thirteen HAdV-positive samples were also found to be positive for influenza A. All three cases were cured without any further complications. To the best of our knowledge, this is the first documented report of HAdV-associated respiratory infections among the pediatric population, in North Eastern India. However, this study had several limitations. Firstly, detection for other viral or bacterial pathogens was not performed apart from the 13 positive cases. Additionally, NGS-based molecular characterization focused primarily on the complete hexon gene rather than the entire viral genome. Moreover, the small sample size limited the ability to draw definitive conclusions, and a larger sample pool is necessary to gain a clearer understanding of adenoviral epidemiology and disease pathogenesis.

The study highlighted the importance of screening for Adenovirus, which can lead to high mortality in pediatric SARI cases. In conclusion, it identified HAdV type 7 and HAdV-B type 3 as the strains responsible for the severe acute respiratory infections among pediatric cases from April to October 2023. The findings also emphasized that HAdV types 3 and 7 are linked to more severe lower respiratory tract infections, such as severe pneumonia.
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