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The World Health Organization has defined long COVID-19 (LC) as a condition that occurs in individuals with a history of SARS-CoV-2 infection who exhibit persistent symptoms after its acute phase that last for at least two months and cannot be explained by an alternative diagnosis. Since we had previously reported residual viral antigens in tissues of convalescent patients, we aimed to assess the presence of such antigens in long COVID tissues. Here, we established the presence of the residual virus in the appendix, skin, and breast tissues of 2 patients who exhibited LC symptoms 163 and 426 days after symptom onset. With multiplex immunohistochemistry, we detected viral nucleocapsid protein in all three tissues. The nucleocapsid protein was further observed to colocalize with macrophage marker CD68, suggesting that immune cells were direct targets of SARS-CoV-2. Additionally, using RNAscope, the presence of viral RNA was also detected. Our positive finding in the breast tissue is corroborated by the recent reports of immunocompromised patients experiencing LC symptoms and persistent viral replication. Overall, our findings and emerging LC studies raise the possibility that the gastrointestinal tract may function as a reservoir for SARS-CoV-2.
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Introduction

Two years have passed since the onset of the coronavirus disease 2019 (COVID-19) pandemic. Although many individuals have succumbed to this disease, the success stories of patients overcoming COVID-19 are aplenty. Tremendous efforts have been made toward understanding acute COVID-19 in its early stages, however, the research focus has now shifted to post-acute COVID-19 syndrome. Long COVID (LC) is a term that has been created and interchangeably used in the survivor community. In October 2021, the World Health Organization officially defined LC as a condition in which patients exhibit prolonged and persistent symptoms of the disease after its acute phase, which are not explained by other diagnoses (1). These symptoms include chronic fatigue, brain fog, and shortness of breath.

Convalescent patients often test negative for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Yet, multiple reports have described the persistence of viral RNA and/or antigen(s) in the tissues of these patients – particularly in gastrointestinal tissues and fecal samples (2–7). Although surprising, the gastrointestinal tract is a major viral shedding route with high expression of ACE2 (8). It has garnered attention in the field of COVID-19 pathophysiology and is proposed to function as a viral reservoir for SARS-CoV-2 (2, 3).

Previously, we reported the persistence of residual SARS-CoV-2 RNA and antigens for up to 180 days in the gastrointestinal tissues of convalescent patients with COVID-19 (6). Here, we conducted similar experiments on tissues obtained from two LC patients using multiplex immunohistochemistry and RNAscope.



Case presentation


Patient 1

A 44-year-old woman with peritonitis and appendiceal lymphoid hyperplasia presented with acute symptoms (low grade fever of 37.3°C, pharyngitis, choking, bronchospasm and dysphagia, loss of smell and taste, anorexia, expectoration, migraine headache, chills in the spinal cord, palate petechiae, nausea and diarrhea, weight loss by 8.5%, etc.) on 7 March 2020 and was diagnosed with COVID-19 via serology testing.

On 11 May 2020, the patient received her first negative polymerase chain reaction (PCR) test result, although her symptoms persisted (Table 1). A year later, on 4 May 2021, the patient presented with generalized abdominal pain, loss of appetite, and nausea. Urgent exploratory laparotomy and appendectomy were performed, and tissue histology showed reactive lymphoid hyperplasia. A biopsy of the skin of the lower limb was also obtained, and the patient was diagnosed with superficial and deep perivascular dermatitis. Before the procedures, the patient had a negative PCR test result for SARS-CoV-2.


Table 1 | Cohort characteristics.



The patient’s appendix and skin tissue were obtained 426 days after initial symptom onset (Table 1). Using multiplex immunohistochemistry, SARS-CoV-2 nucleocapsid proteins (NP) and spike proteins (Figures 1A, B, Supplementary Figure 1) were detected in the appendix, co-localized with myeloid and macrophage markers CD68 (Figure 1C), CD14, CD206, and CD169 (Supplementary Figure 2). These findings support our prior investigation, in which residual viral antigens were consistently detected in the gastrointestinal tissues (colon, appendix, ileum) of a patient and were co-localized in ACE2+CD68+ cells (6). Having no access to the colon and ileum, we then examined the skin as a non-gastrointestinal tissue to further study SARS-CoV-2 distribution in a single patient. Interestingly, viral NP was also detected in skin macrophages (Figures 1D–F). The specificity of the used antibody was reported in our previous study (6).




Figure 1 | Residual SARS-CoV-2 detected in the appendix and skin tissues of patient 1 using multiplex immunohistochemistry and RNAscope (A, D) Representative images of the (A) appendix and (D) skin tissues stained with hematoxylin and eosin, with differentiated staining of nuclear (hematoxylin) and cytoplasmic (eosin) components. (B, E) Representative images of the (B) appendix and (E) skin tissues stained for DAPI (blue), CK/EpCAM (red), CD45 (cyan), SARS-CoV-2 nucleocapsid protein (COVID NP; green), and CD68 (yellow). (C, F) Representative images of the (C) appendix and (F) skin tissues stained for DAPI (blue), SARS-CoV-2 nucleocapsid protein (COVID NP; green), and CD68 (red). (G–I) Representative images of the (G, H) appendix tissue obtained from patient 1 and (I) normal colon tissue obtained from patients not affected by COVID-19, subjected to RNAscope in situ hybridization with a nuclear component (hematoxylin) counterstained. SARS-CoV-2 spike RNAs are labelled as green dots, examples of the green dots are marked by black arrows. (A–F) Scale bar, 100 μm. (G–I) Scale bar, 20 μm.



Having established the presence of the residual viral antigen in the appendix and skin tissues, we then aimed to assess its genomic presence. Using RNAscope in situ hybridization, we detected viral RNA within both extracellular (Figure 1G) and intracellular space (Figure 1H) of the appendix, providing evidence of viral persistence for up to 426 days after symptom onset. This technique was not performed on the skin tissue due to limited tissue availability. The specificity of the used probe was tested on normal colon tissue obtained from an independent cohort in 2018 or earlier (Figure 1I).



Patient 2

A 45-year-old woman with ductal carcinoma in situ presented with acute symptoms (intensive headache, upper stomach pain, nausea, diarrhea, myalgias, and fatigue, etc.) on 14 March 2020 and was diagnosed with COVID-19 via PCR.

Over the next two months, the patient reported that several of her symptoms worsened. On 8 May 2020, the patient received her first negative PCR test result for SARS-CoV-2, although the symptoms persisted (Table 1). On 12 August 2020 and 1 September 2020, the patient underwent partial breast resection and margin control surgery, respectively. Before the procedures, the patient underwent preoperative PCR testing for SARS-CoV-2 and received a negative result.

Breast tissue was obtained from the patient 175 days after symptom onset further to investigate the presence of viral antigens and RNA in non-gastrointestinal tissues. With the same techniques used for patient 1, viral NP and spike protein was detected and observed in the tumor-adjacent area (Figures 2A, B, Supplementary Figure 1). These viral antigens also co-localized with myeloid and macrophage markers CD68 (Figure 2C), CD14, CD206, and CD169 (Supplementary Figure 3). Viral RNA was also detected in the breast, within both the extracellular space of the tissue (Figure 2D) and within the cells (Figure 2E). Similar to patient 1, the specificity of the used antibody was reported in our previous study (6). The specificity of the used probe was tested on normal breast tissue obtained from an independent cohort in 2018 or earlier (Figure 2F).




Figure 2 | Residual SARS-CoV-2 detected in the breast tissue of patient 2 using multiplex immunohistochemistry and RNAscope (A) Representative images of the breast tissue stained with hematoxylin and eosin, with differentiated staining of nuclear (hematoxylin) and cytoplasmic (eosin) components. (B) Representative images of the breast tissue stained for DAPI (blue), CK/EpCAM (red), CD45 (cyan), SARS-CoV-2 nucleocapsid protein (COVID NP; green), and CD68 (yellow). (C) Representative images of the breast tissue stained for DAPI (blue), SARS-CoV-2 nucleocapsid protein (COVID NP; green), and CD68 (red). (D–F) Representative images of (D, E) the breast tissue obtained from patient 2 and (F) normal breast tissue obtained from patients not affected by COVID-19, subjected to RNAscope in situ hybridization with a nuclear component (hematoxylin) counterstained. SARS-CoV-2 spike RNAs are labelled as green dots, examples of the green dots are marked by black arrows. (A–C) Scale bar, 100 μm. (D–F) Scale bar, 20 μm.






Discussion

This report presents two cases of LC with persistent viral antigen and/or RNA. Patient 1 harbored residual SARS-CoV-2 in both gastrointestinal and non-gastrointestinal tissues, while patient 2 in non-gastrointestinal tissues only due to the nature of surgery. Both patients experienced symptoms related to the gastrointestinal tract, such as inflammatory bowel disease, loss of appetite, and abdominal pain.

Several studies have reported persistent shedding of viral RNA for an extended period after the onset of acute symptoms, as well as the presence of viral RNA and/or antigen in the gastrointestinal tissues of convalescent patients (4–7, 9). Nevertheless, we believe that these two cases are the first to report detected viral antigen and/or RNA in the tissues of patients with LC. Despite the lack of definitive consensus on the underlying pathophysiology of LC, emerging evidence suggests that LC is associated with gut dysbiosis and aberrant immune activation in response to residual virus (2, 3, 10, 11). A growing body of evidence also suggests and supports the possibility that the gastrointestinal tract may serve as a SARS-CoV-2 reservoir in both convalescent and LC patients (3, 6, 12). In a recent paper investigating the association between SARS-CoV-2 viral persistence and LC, patients negative for mucosal SARS-CoV-2 RNA (30%) did not experience LC symptoms. Notably, amongst patients that tested positive (70%), majority (65.5%) experienced LC symptoms (9). These findings not only support the above notion of viral persistence in the gastrointestinal tract, but also additionally associates viral persistence with LC symptoms. Further understanding of the immunity of the gastrointestinal mucosa could provide insight into the underlying pathophysiology of LC. The presence of residual SARS-CoV-2 in non-gastrointestinal tissues, such as skin and breast, also warrants further investigation of viral distribution across different organs in patients with LC.

Furthermore, it should be noted that in 2021, the Centers for Disease Control and Prevention indicated that nearly half of the fully vaccinated people hospitalized for COVID-19 were immunocompromised (13). These patients had a prolonged SARS-CoV-2 infection and shedding and were more likely to transmit the virus to household contacts. This was corroborated by our detection of the residual virus in the breast tissue of patient 2 and supported by recent studies describing the susceptibility of immunocompromised cancer patients to LC (13–16). In addition, concerns have been raised about the viability, transmissibility, and evolution of the residual virus in these immunocompromised patients.

While the two presented cases have kickstarted the investigation of residual SARS-CoV-2 in the tissues of LC patients, future studies should confirm our observations. Being a case report, there are limitations of our study. The study comprises of a small n number of 2 patients and therefore given their diagnoses, our findings likely do not reflect majority of LC patients. Additionally, fresh tissues and blood samples were not collected for follow-up studies. As a result, we were also unable to determine viral viability as the virus would be inevitably destroyed during tissue fixation for international transport. Addition of a control group comprising convalescent COVID-19 patients without LC and/or residual virus would be advantageous as well. Despite our previous report of residual SARS-CoV-2 present in convalescent COVID-19 patients without LC symptoms for up to 180 days, we established that residual viral RNA and/or antigen could be present for much longer, for up to 426 days. The inclusion of comparable controls in future studies is necessary to confirm the validity of a possible association between viral persistence and LC symptoms.



Methods


Study approval

We obtained tissue samples from two patients who had confirmed COVID-19 infection and subsequently underwent surgery for unrelated conditions (Table 1). The age of the patients ranged from 44 to 45 years. Both patients tested negative for SARS-CoV-2 using two consecutive nasopharyngeal PCR swabs at the time of surgery. The Agency of Science, Technology and Research (A*STAR) granted approval for the use of all tissue materials in this study (IRB: 2021-161).



Specimen collection

The type of tissue obtained from the patients is indicated in Table 1. Tissues from more than 20 patients not affected by COVID-19 were acquired in 2018 or earlier for use as a negative control. All samples of the explanted fresh tissue were sent to the SingHealth tissue repository for further formalin-fixed paraffin-embedded (FFPE) processing and analysis.



Multiplex immunohistochemistry

Multiplex immunohistochemistry (mIHC) was performed using the Opal Multiplex fIHC kit (Akoya Biosciences, USA), as described previously (17–19). In brief, FFPE tissue sections with a thickness of 4-µm were subjected to deparaffinization, rehydration, and heat-induced retrieval of epitopes using the Leica Bond Max autostainer (Leica Biosystems, Melbourne), followed by peroxidase blocking (Leica Biosystems, Newcastle) (20). The slides were then incubated with primary antibodies (Table 2), followed by incubation with polymeric HRP-conjugated secondary antibodies (Leica Biosystems, Newcastle). Next, the samples were incubated with Opal tyramide signal amplification reagents (Akoya Biosciences, USA). Then, the slides were again subjected to heat-induced epitope retrieval to remove tissue-bound complexes of primary/secondary antibodies before further labeling. These steps were repeated until the samples were labeled with all four markers and spectral DAPI (Akoya Biosciences, USA) and mounted in ProLong Diamond Anti-fade Mountant (Molecular Probes, Life Technologies, USA). Images were captured for each case under the Vectra 3 pathology imaging system microscope (Akoya Biosciences, USA) and then analyzed and scored by a pathologist using inForm (version 2.4.2; Akoya Biosciences) and HALO (Indica Labs) software. Raw images have been posted on https://immunoatlas.org/MIHC/211022-2/MIHC21711/ and https://immunoatlas.org/MIHC/211022-1/MIHC21710/. https://immunoatlas.org/MIHC/210723-2/MIHC21048/


Table 2 | Antibodies used for multiplex immunohistochemistry.





RNAscope

RNAscope in situ hybridization assay (Advanced Cell Diagnostics, USA) was performed on FFPE tissue sections according to the manufacturer’s standard protocol (21). Deparaffinized tissues were subjected to peroxidase inhibition and pre-treatment, followed by incubation with the SARS-CoV2 Spike probe (Cat# 848561). Subsequently, tissues were counterstained with hematoxylin and mounted in the VectaMount Mounting Medium (Vector Labs, Cat# H-5000). The RNAscope 2.5 HD Duplex Reagent Kit (Cat# 322430) was used for the probe/RNA detection (22, 23). Appropriate positive and negative controls were included in the assay as per the manufacturer’s recommendation. Images were acquired using Axio Scan.Z1 (Carl Zeiss, Germany).
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