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Abstract

:

Reinfection risk is a great concern with regard to the COVID-19 pandemic because a large proportion of the population has recovered from an initial infection, and previous reports found that primary exposure to SARS-CoV-2 protects against reinfection in rhesus macaques without viral presence and pathological injury; however, a high possibility for reinfection at the current stage of the pandemic has been proven. We found the reinfection of SARS-CoV-2 in Syrian hamsters with continuous viral shedding in the upper respiratory tracts and few injuries in the lung, and nasal mucosa was exploited by SARS-CoV-2 for replication and shedding during reinfection; meanwhile, no viral replication or enhanced damage was observed in the lower respiratory tracts. Consistent with the mild phenotype in the reinfection, increases in mRNA levels in cytokines and chemokines in the nasal mucosa but only slight increases in the lung were found. Notably, the high levels of neutralizing antibodies in serum could not prevent reinfection in hamsters but may play roles in benefitting the lung recovery and symptom relief of COVID-19. In summary, Syrian hamsters could be reinfected by SARS-CoV-2 with mild symptoms but with obvious viral shedding and replication, and both convalescent and vaccinated patients should be wary of the transmission and reinfection of SARS-CoV-2.
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1. Introduction


SARS-CoV-2 has been causing the global pandemic of COVID-19 for 2 years since December 2019. Although a variety of vaccines reduce severe cases and death, public health still must face multiple waves of variant virus invasion because the vaccine’s efficacy in controlling infection is limited [1,2,3]. Breakthrough SARS-CoV-2 infection has been noted not only in vaccinated populations [1,2] but also in people who have recovered from COVID-19 [4]. According to the reinfection clinical data, these reinfections can be caused by the original strain or a variant [4,5]. Reports of patients becoming reinfected with COVID-19 because they tested positive for the virus again after discharge have been made. The possibility of reinfection with SARS-CoV-2 is rather high [5], especially reinfection by the Omicron variant [6], and reinfection has been reported in Hong Kong, The Netherlands, Belgium, Ecuador, Israel, Australia, and the United States [7,8,9,10,11]. Thus, the reinfection risk must be monitored with regard to the COVID-19 pandemic because a large proportion of the population has recovered from an initial infection. Importantly, the severity of reinfection episodes is asymptomatic/mild in 75% of patients [12], and reinfection with asymptomatic/mild symptoms threatens public health. In fact, in humans, reinfection with seasonal coronaviruses occurs both naturally and under experimental conditions [13,14]. Of note, animal coronaviruses are also known to cause reinfection, including in hosts with measurable antibodies [15]; moderate/severe initial infections do not necessarily provide enhanced protection against reinfection, although patients with more severe infection have been found to have higher neutralizing antibody titers [12,16]. Understanding the consequences of SARS-CoV-2 reinfection is essential to predicting the course of the COVID-19 pandemic because this knowledge will allow for important insight into the pathophysiology of this new disease and can guide the ongoing vaccine development efforts.



Some previous studies demonstrated that rhesus macaques rechallenged with the identical SARS-CoV-2 strain during the early recovery phase of the initial infection did not show detectable viral loads or histopathological changes in the lungs and extrapulmonary tissues, and viral shedding remained negative during a 2-week intensive detection period for the virus in nasopharyngeal and anal swabs after the rechallenge [17,18]; however, more observations were lacking over a long period. SARS-CoV-2 infection can cause interstitial pneumonia in animals, characterized by hyperemia and edema and the infiltration of monocytes and lymphocytes in alveoli, but the infection status is different in different animals. The Syrian hamster has been demonstrated to be a good model for studying respiratory viruses, including SARS-CoV-2, SARS-CoV, influenza virus, and adenovirus [19,20,21]. Both Syrian hamsters and rhesus monkeys required approximately 2 weeks to transition into the recovery stage [17,18,20,21] and were challenged with the same amount of approximately 106 CCID50 SARS-CoV-2 at 1000 g, but the levels of viral shedding and viral loads in various tissues were higher in the infected hamsters. Apparent weight loss occurred in the SARS-CoV-2-infected hamsters, while no obvious weight change was found in the infected rhesus monkeys. With regard to viral shedding, the peak viral load in nasal swabs and pharyngeal swabs was above 1011 copies/mL in hamsters, while the peak viral loads were 106.5 copies/mL in rhesus monkeys. The lungs showed a viral load of 1010 copies/g and a high titer of 105–107 CCID50/g in hamsters, while the peak viral load was just 2 × 107 copies/g in rhesus monkeys. In addition, the mean serum neutralizing antibody titer was approximately 1:427 at 14 dpi in infected animals, while the titer was just 1:16–1:32 in infected rhesus monkeys. Interestingly, Syrian hamsters are susceptible to reinfection, and the known data mainly demonstrated shedding in the upper respiratory tracts [22,23]. Here, we used Syrian hamsters to investigate the clinical and infectious features in the tissues in reinfection.



Most of the infected Syrian hamsters underwent the early (2 dpi), severe (4 dpi), and start of recovery (7 dpi) phases, and no infectious virus was detected after 7 dpi, although high copies of viral RNA were continuously detected in the nasal washes for 14 days. All hamsters returned to their original weight within 14 days [20,21]. In this study, three groups of Syrian hamsters were infected with SARS-CoV-2, including those with a primary infection, those rechallenged at 14 dpi after the primary infection, and those rechallenged at 21 dpi after the primary infection. We found that Syrian hamsters were reinfected by SARS-CoV-2 during the initial stage of recovery from the primary infection. Serious pathological damage to the lung appeared during the primary infection, but no enhanced lung damage appeared during reinfection after recovery. Importantly, obvious and continuous viral shedding was found in the upper respiratory tracts, and SARS-CoV-2 replicated in the upper respiratory tracts but did not proliferate in the lung during reinfection. The neutralization abilities of the antibodies in the serum were high and increased quickly during reinfection, and neutralized antibodies may play important roles in the resistance to reinfection; however, they could not prevent reinfection.




2. Materials and Methods


2.1. Animals and Biosafety


This project included three groups: a primary infection group, a secondary infection group at 14 dpi after the primary infection, and a secondary infection group at 21 dpi after the primary infection, and 55 Syrian hamsters were sacrificed (Figure 1A). The data from 0 dpi to 10 dpi in these three groups were gathered and analyzed. The weight changes, viral loads, viral replication, and viral distribution in various tissues were detected by real-time PCR, IHC, RNAscope-IF codetection, and ultrathin-section-transmission electron microscopy (TEM); pathological damage was detected by hematoxylin and eosin (HE) staining, neutralizing antibody titers in the serum, and the mRNA levels of cytokines and chemokines in nasal mucosa and lungs were detected and analyzed. All work with infectious SARS-CoV-2 was performed with approval under Biosafety Level 3 (BSL3) and Animal Biosafety Level 3 (ABSL3) conditions by the Institutional Biosafety Committee of the Institute of Medical Biology (IMB) in Kunming National High-level Biosafety Primate Research Center.




2.2. Viruses


The native viral strain SARS-CoV-2-KMS1/2020 (GenBank accession number: MT226610.1) and a variant of SARS-CoV-2 with D614G (SARS-CoV-2/human/USA/Kunming_kms-6/2020, MW264424.1) were isolated from sputum collected from a COVID-19 patient by the Chinese Academy of Medical Sciences (IMBCAMS) and propagated and tittered on Vero cells in DMEM (Sigma, St. Louis, MO, USA). The stock viruses were frozen at −80 °C and prepared for the following experiments.




2.3. Ultrathin Section-Transmission Electron Microscopy (TEM) Detection of SARS-CoV-2 Virions


The fresh tissues were fixed in 2.5% electron microscopy-grade glutaraldehyde, rinsed with 0.2 M sodium cacodylate buffer for one week, and then fixed in 1% osmium tetroxide (Nanjing Zhongjingkeyi Technology, Co., Ltd., Nanjing, China) for 2 h. The tissues were rinsed with 0.2 M sodium cacodylate buffer three times and overnight. Then, the tissues were dehydrated through a graded series (30%, 50%, 70%, and 90%) of ethanol dilutions, 90% acetone, and pure acetone and processed for Epon embedding (Sigma-Aldrich, St. Louis, MO, USA; Merck Millipore, Burlington, MA, USA). Ultrathin sections (60 nm) were stained with uranyl acetate and lead citrate (Nanjing Zhongjingkeyi Technology, Co., Ltd.) and were then observed using an H-7650 electron microscope (HITACHI, Ltd., Tokyo, Japan).




2.4. Viral Challenge


Fifty-two Syrian hamsters were challenged with 1 × 105 CCID50 SARS-CoV-2 in the primary infection, and 18 Syrian hamsters at 14 dpi of primary infection were rechallenged with the same isolate of SARS-CoV-2 in the same amount; the other 18 Syrian hamsters at 21 dpi of primary infection were rechallenged with the same isolate of SARS-CoV-2 in the same amount; the remaining 4 Syrian hamsters were not rechallenged as the negative control of the rechallenge group and were sacrificed at 31 dpi after primary infection.




2.5. Viral Load Detection


RNA from oropharyngeal swabs, 100 µL nasal washes, and 100 mg homogenized tissue was extracted using TRIzol reagent (Tiangen, Beijing, China) in 20 µL RNA-free water and 2 µL total RNA was detected by RT-real-time PCR. The primers and probe used were E_Sarbeco_F: 5′-ACAGGTACGTTAATAGTTAATAGCGT-3′; E_Sarbeco_R: 5′-ATATTGCAGCAGTACGCACACA-3′; and E_Sarbeco-P: 5′-ACACTAGCCATCCTTACTGCGCTTCG-3′. For the quantification of viral RNA, a standard curve was generated using 10-fold dilutions of RNA standard, and the standard curve was y = −0.2795x + 10.882. In the detection, sgRNA (subgenomic mRNA) and the corresponding gRNA (genomic mRNA) region share the same probe and reverse primer but differ in the forward primers. The sgRNA-targeting forward primer is located in the 5′ UTR (upstream of the leader-body TRS junction), whereas the cognate gRNA-targeting forward primer is located upstream of the body TRS and coding region [24]. The primers and probe used for sgRNA-E detection were sgLead-CoV-2-F: 5′-CGATCTCTTGTAGATCTGTTCTC-3′, sgRNA-E-R: 5′-ATATTGCAGCAGTACGCACACA-3′, sgRNA-E-probe: 5′-ACACTAGCCATCCTTACTGCGCTTCG-3′. For quantification of the sgRNA-E gene, a standard curve was generated using 10-fold dilutions of RNA standard, and the standard curve was y = −0.2544x + 9.9106.




2.6. Infectivity Tests of the Virus Shedding from the Upper Respiratory Tract


2.6.1. Virus Titer Detection in Vero Cells


The virus titers were determined by a microdose cytopathogenic efficiency (CPE) assay. Mixtures of tenfold serially diluted tissue samples (from 100 to 10−7) were incubated with 104 Vero cells in 96-well culture plates. After 5 days of culture in a 5% CO2 incubator at 37 °C, the cells were checked for the presence of a CPE under a microscope. The virus titers were calculated by Karber’s methods. The equation was log10 of CCID50/0.1 mL = L + d(S − 0.5), L was the logarithm of the lowest dilution multiple, d was the coefficient of dilution (class interval), and S was the sum of the cytopathic ratios.




2.6.2. The Infectivity Test in Healthy Syrian Hamsters


The nasal washes at 3 dpi of reinfection were captured in 100 µL sterile water, and healthy Syrian hamsters were infected by all of the nasal washes through a nasal drip. Weight loss and viral loads were observed.





2.7. Neutralization Assay


Neutralization was measured in a formally validated assay that utilized two isolates of SARS-CoV-2, SARS-CoV-2-KMS1/2020 and SARS-CoV-2/human/USA/Kunming_kms-6/2020. First, 100 CCID50 of the virus was incubated with 50 μL per well of 12 twofold serial dilutions of serum samples in duplicate for 1 h at 37 °C in 96-well plates, and four parallel wells were conducted. Cells were added to 104 cells in 100 μL of growth medium per well. After 5–7 days of incubation, the neutralization assay could be judged according to CPE. Serum samples were heat-inactivated for 30 min at 56 °C prior to the assay. The neutralization assays were calculated according to the Reed–Muench method.




2.8. Histopathology


The specimens were fixed in 10% formalin for more than one week, and then the samples were fixed in 10% formalin for 2 h, 1 h in 70% ethanol, 1 h in 80% ethanol, 1 h in 90% ethanol, 1 h in 95% ethanol 3 times, 1 h in xylene, 30 min in xylene, 30 min in paraffin, and 1 h in paraffin twice. After slicing, the sections of paraffin-embedded tissue were deparaffinized in xylene, rehydrated in a graded series of ethanol, and rinsed with double-distilled water; then, hematoxylin was added for 15 min, water was added for 1 min, 1% HCl in ethanol was added for 5 s, water was added for 1 min, ammonium hydroxide was added for 10 s, water was added for 1 min, 0.5% eosin was added for 30 s, 75% ethanol was added for 10 s, 95% ethanol was added for 10 s twice, ethanol was added for 10 s twice, and xylene was added for 10 s twice.




2.9. Immunohistochemistry (IHC)


The sections of paraffin-embedded tissue were deparaffinized in xylene, rehydrated in a graded series of ethanol, and rinsed with double-distilled water. The sections were incubated with rabbit anti-N antigen of SARS-CoV-2 (Sino Biological, Beijing, China) for 1 h after heat-induced epitope retrieval. Antibody labeling was visualized by the development of DAB. Digital images were captured and evaluated by a histological section scanner (Pannoramic MIDI, 3D HISTECH, Budapest, Hungary).




2.10. RNAscope-Immunofluorescence (IF) Codetection


The RNAscope-Immunofluorescence (IF) codetection was detected using the RNAscope® Multiplex Fluorescent v2 Assay combined with immunofluorescence-integrated co-detection (ACD). Paraffin-embedded tissue sections were labeled with an anti-SARS-CoV-2 N protein antibody (Sino Biological) at a 1:500 dilution overnight at 4 °C. Then, ISH probes, including V-nCoV2019-S (ACD) and V-nCoV2019-S-sense (ACD), were hybridized to RNA, followed by the amplification of the signal operation, and the RNAscope® Multiplex Fluorescent v2 Assay was run to visualize SARS-CoV-2 N protein antigens by FITC-conjugated goat anti-rabbit IgG (Abcam, ab6717, Cambridge, UK) at a 1:500 dilution. The images were captured by a Leica TCS SP8 laser confocal microscope.




2.11. Inflammatory Cytokine and Chemokine Quantifications by RT-Real-Time PCR


The mRNA abundance of inflammatory cytokines and chemokines in the nasal mucosa and lungs was detected by RT-real-time PCR and normalized to the β-actin housekeeping gene. Eight types of inflammatory cytokines and chemokines were measured: RANTES, IFN-α, MIP-1-α, IFN-γ, IL-6, IP-10, TNF-α, and IL-1-β. The primer sequences are presented in Table S3.




2.12. ELISA


The levels of IgA and IgG in nasal mucosa, lung, and serum were detected by a Syrian hamster IgA or IgG ELISA detection kit (MEIMIAN, Yancheng, China). One hundred milligrams of nasal mucosa and lung tissue were homogenized in 500 µL of PBS and diluted twentyfold, and the sera were diluted one-thousandfold. The diluted samples were added to the precoated antibody plate for half an hour at 37 °C, and in the end, the data were detected at OD450.




2.13. Statistical Analysis


The data were analyzed by one-way ANOVA using SPSS PASW statistical software v.18.0. * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, and *** p ≤ 0.001.





3. Results


3.1. Specific Neutralizing Antibodies Were Promoted during Reinfection but Could Not Control SARS-CoV-2 Shedding from the Upper Respiratory Tract


During the primary infection, the hamster weights decreased from 4 dpi to 7 dpi and were lowest at 5 dpi, but during reinfection, their weights continued to increase after rechallenging with SARS-CoV-2 (Figure 1B). Obvious viral shedding was found in the nasal washes and oropharyngeal swabs, and shedding lasted continuously for 10 dpi during reinfection (Figure 1C and Figure S1). We further found the infectivity of the virus from upper respiratory tract shedding in cell culture (Figure 1D) and in hamster infection tests from the nasal washes (Figure S2). The virus titers on the nasal shedding were obvious at 2 dpi of reinfection (Figure 1D). Meanwhile, we did not observe obvious morphological changes in viral particles by TEM in the shedding of nasal washes between the primary infection and reinfection (Figure 1E). We sequenced the SARS-CoV-2 S1 gene in the shedding from the upper respiratory tract, and we found no difference in the S1 gene sequence of SARS-CoV-2 from the nasal washes between the primary infection and reinfection (Figure S3). In addition, the shedding levels between the two reinfection groups were similar and lower than those in the primary infection group (Figure 1C,D and Figure S1). Neutralization antibodies were detected from 5 dpi and reached 1:100 to 1:251 on 14 or 21 dpi against different infectious isolates, KMS1/2020 (native isolates) (Figure 1E) and USA/Kunming_kms-6/2020 (isolate with D614G) (Figure 1F). During secondary infection, the levels of the neutralizing antibody response increased quickly, peaking at approximately 1:608 at 10 dpi. According to the viral shedding, we speculated that the high level of neutralizing antibodies in serum could not prevent viral infection and proliferation in the nasal mucosa.




3.2. Replication of SARS-CoV-2 Was Observed in the Upper Respiratory Tracts during Reinfection with SARS-CoV-2 but Not Obviously in the Lungs


The sgRNA-E gene and gRNA-E gene were detected in various tissues, including the upper respiratory tract (nose: the tissues with nares and no cartilage, and nasal mucosa: the mucous tissue attached to cartilage), lower respiratory tract (trachea and lungs), bulbus olfactorius, cerebrum, and jaw (Figure 2), indicating SARS-CoV-2 replication. The replication of SARS-CoV-2 depends on the transcription of negative-sense RNA intermediates that serve as templates for the synthesis of gRNA and multiple different sgRNAs [24], and the sgRNA provides evidence of replicative intermediates of the virus, rather than residual viral RNA [25]. Importantly, during reinfection, sgRNA could only be detected in the upper respiratory tract, while no sgRNA was detected in the lower respiratory tracts, and many sgRNAs at 3 dpi were detected in the two reinfection groups (Figure 2A, Table S1). We found that increasing viral loads were only present in the upper respiratory tracts, while the viral loads decreased slowly in the lower respiratory tracts from 0 dpi to 10 dpi (Figure 2B, Table S1). During primary infection, the dynamics of viral loads and viral replication were basically the same, and the levels of gRNA and sgRNA in each tissue were highest at 3 dpi (Figure 2). At the same time, viral loads were detected at 14 and 21 dpi in various tissues; however, few or no sgRNAs could be detected in the upper respiratory tracts, and no sgRNA could be detected in the lower respiratory tract and other tissues (Figure 2). Syrian hamsters could be reinfected by SARS-CoV-2 with mild symptoms or asymptomatic in the stage of recovery from primary infection; however, obvious viral shedding and replication were observed in the upper respiratory tract, and no viral replication was observed in the lower respiratory tract (Figure 1 and Figure 2, Table S1). We speculated that viral replication in the upper respiratory tracts would be the source of viral shedding during reinfection.




3.3. SARS-CoV-2 Replication and Virion Particles Were Mainly Present in the Upper Respiratory Tracts during Reinfection


The distribution of viral particles in the nasal mucosa of hamsters demonstrated SARS-CoV-2 replication during reinfection. SARS-CoV-2 N-proteins were detected by IHC (Figure 3A) and IF (Figure 4), we revealed S-mRNA-positive strands and S-mRNA-negative strands by RNAscope (Figure 4), and we also observed virions by TEM (Figure 3B). Viral replication was confirmed by RNAscope and viral particle assembling observation besides sgRNA detection. At 3 dpi, N-protein, SARS-CoV-2 S-mRNA-positive strands, S-mRNA-negative strands, and virions were present in the local nasal mucosa during reinfection. Comparably, we found that large amounts of the N-proteins, SARS-CoV-2 S-mRNA-positive strands, S-mRNA-negative strands, and virions were distributed in most areas of the nasal mucosa during primary infection at 3 dpi. While SARS-CoV-2 viruses were still detected in the necrotic area at 7 dpi of the primary infection, replication was not obvious during reinfection (Figure 3 and Figure 4). In the lower respiratory tract (Figure 5 and Figure 6), except for a few N-proteins and SARS-CoV-2 S-mRNA-positive strands being present in the lung, no S-mRNA-negative strand was detected at 3 and 7 dpi of reinfection. However, we observed large amounts of the N-proteins, SARS-CoV-2 S-mRNA-positive strands, and negative strands distributed in most alveolar cells during primary infection. In addition, no obvious SARS-CoV-2 virion was observed in the lung in any group.




3.4. No Enhanced Pathological Changes in the Lung during the Reinfection of Hamsters Recovering from Severe Lung Damage from the Primary Infection


Severe damage was observed from 3 dpi to 7 dpi during primary infection, and the pathological damage to the lungs began to improve at 7 dpi; however, some damage persisted until 10 dpi. At 5 dpi, large areas of alveolar septal thickening with some substantial lesions as well as large areas of alveolar structure disappearance were found. Along with alveolar cell degeneration necrosis, numerous inflammatory cell infiltrations were found. Similar to the bronchus and bronchioles, numerous mucosal cells were detached, and part of the lumen was blocked. No severe damage to the pulmonary vasculature occurred during SARS-CoV-2 infection, and edema developed locally with a small amount of inflammatory cell infiltration. In the two reinfection groups, slight pathological damage was always present from 0 dpi to 10 dpi, but no enhanced damage appeared after recovery from the primary infection, and the damage slowly improved during reinfection (Figure 7). Together with the results of the neutralizing antibody response, we speculated that sera protection was the main benefit for lung recovery and resulted in symptom relief from COVID-19.




3.5. Cytokine/Chemokine Responses in the Nasal Mucosa during Reinfection Were Similar to Those during Primary Infection


To better understand the immunopathogenesis of SARS-CoV-2 infection and reinfection, we investigated the mRNA expression levels of cytokines and chemokines in the nasal mucosa and lung during SARS-CoV-2 infection (Figure 8). The mRNA levels of infection-related cytokines and chemokines were increased in the nasal mucosa during the primary infection and reinfection, but they responded in the lung only during primary infection. In the primary infection, the mRNA levels of cytokines and chemokines including RANTES, IFN-α, MIP-1-α, IFN-γ, IL-6, IP-10, TNF-α, and IL-1-β were increased in the nasal mucosa (Figure 8A) and lung (Figure 8B), except IL-1-β, which was not increased in the lung (Figure 8B). The cytokine and chemokine mRNA levels were highest at 3 dpi or 5 dpi, except for the abundance of TNF-α in the nasal mucosa, which was highest at 7 dpi. These results suggested a host response to SARS-CoV-2 infection, indicating viral invasion and replication. The expression of most cytokines and chemokines recovered to normal, except for the mRNA abundance of TNF-α and IL-1-β in the nasal mucosa, which was still high at 10 dpi. Notably, nearly the same pattern of cytokine/chemokine responses was found in the nasal mucosa during reinfection. The RANTES, IFN-α, MIP-1-α, and IFN-γ mRNA levels during reinfection were similar to the levels in the primary infection group; the levels of IL-6, IP-10, TNF-α, and IL-1-β were increased during reinfection but were lower than those during primary infection. However, few responses were detected in the lung during the second infection, except the levels of TNF-α and MIP-1-α, which increased after reinfection. In addition, no obvious change in the level of IgA in the nasal mucosa, lung, and serum was found by ELISA during the whole infection or reinfection (Figure 8C). These findings suggest the important roles played by cytokine/chemokine responses in inflammatory responses and tissue injuries but also imply mild symptoms in the lung with stealth viral replication in the upper respiratory tract during reinfection.





4. Discussion


Current data from published cases raise the possibility of SARS-CoV-2 reinfection [12], which may be more transmissible and usually displays stealth in patients. Reinfection with SARS-CoV-2 displayed the characteristics of asymptomatic/mild COVID-19, making notification more important than ever. Meanwhile, the pathophysiology and immunopathogenesis of SARS-CoV-2 reinfection are also essential to predicting the course of the COVID-19 pandemic. Nonhuman primates [18,26], ferrets [27], Ace2-transgenic mice [28], and Syrian hamsters [21] have been reported as animal models for SARS-CoV-2 study, but their reinfection statuses are different. Our results indicated that the Syrian hamster is a suitable animal model for investigating reinfection by SARS-CoV-2, with few injuries in the lung but viral shedding in the nasal mucosa.



Consistent with previous data [20,21], during the primary infection, the infected Syrian hamsters started to recover after 7 dpi. At 14 days post-primary infection, no infectious virus was detected. Therefore, we set 14 dpi and 21 dpi after the primary infection as the two initial time points for evaluating reinfection progress in the recovery stages. In these two reinfection groups, viral replication was confirmed by sgRNA and RNAscope in the nasal mucosa, and viral particle assembling was observed under TEM. Importantly, in our manuscript, the sgRNA levels detected by real-time PCR were consistent with the SARS-CoV-2 S-negative levels detected by RNAScope in the nasal mucosa and lung during primary infection and reinfection, and both the sgRNA and S-negative strands represent SARS-CoV-2 replication (Figure 2, Figure 4 and Figure 6). Although fewer virions were observed in the nasal mucosa than in primary infection, this result suggested that viral replication in the upper respiratory tract would be the source of viral shedding during reinfection.



Importantly, we found that there was infectivity of the virus shedding from the upper respiratory tract, and Vero cells were cytopathic with high titer levels (Figure 1D). Healthy Syrian hamsters were infected by nasal washes with increasing viral loads in the nasal mucosa and lung and weight loss (Figure S2), and the pathological damage in the lung was similar to that seen during primary infection (not shown). In our previous experiments, Syrian hamsters were challenged with 104 or 105 CCID50 SARS-CoV-2 per 100 g, and we found that the total levels of viral load, viral distribution, injuries in various tissues, and weight loss were similar between the 104 and 105 CCID50-challenged groups; thus, we speculated that the 105 CCID50-challenged dose was high, and a higher dose would not cause much damage, especially in the reinfection groups. Mild infection in the upper respiratory tract was dominant, with a high level of neutralizing antibody in the serum. In addition, we found that the SARS-CoV-2 shedding in the nasal washes during reinfection was not an escape mutant, and there were no differences in the S1 gene sequence of SARS-CoV-2 from the nasal washes between the primary infection and reinfection (Figure S3). We did not observe morphological changes in viral particles by TEM in the nasal mucosa (Figure 3B) and nasal washes (Figure 1E).



Previous reports have shown that primary SARS-CoV-2 exposure protected against subsequent reinfection in rhesus macaques by enhanced neutralizing antibody and immune responses [17], and the presence of neutralizing antibodies could prevent infection and disease (such as lung pathology) and attenuate viral replication in the airway epithelia [29,30]. In our results, no obvious pathological damage appeared in the lungs of the reinfected hamsters, indicating that neutralizing antibodies function to prevent lung damage. However, these neutralizing antibodies in serum were not sufficient to prevent viral infection in the nasal mucosa, in which viral replication and shedding were displayed continuously with lower copies. Notably, the levels of IgA in the nasal mucosa, lung, and serum did not respond during infection and reinfection, and we speculated that the mucosal immune response may not play a role against SARS-COV-2 infection. Serum protection was the main benefit for lung recovery and resulted in symptom relief from COVID-19.



In patients infected with SARS-CoV-2 [31,32], higher levels of the proinflammatory cytokines IL-1β, IL-6, IL-8, IL-13, IL-17, RANTES, and IFN-γ were found, and these increased cytokines and chemokines mediated the infection immunopathogenesis and played important roles in the progression of COVID-19. In our results, cytokines and chemokines also responded in the nasal mucosa and lung during SARS-CoV-2 infection, and their mRNA levels obviously increased in the nasal mucosa but few in the lung during reinfection, which was consistent with the mild phenotype. In the second round of SARS-CoV-2 infection in hamsters, we found the same pattern of cytokine/chemokine responses, including elevated RANTES, IFN-α, MIP-1-α, and IFN-γ mRNA levels, in the nasal mucosa as in primary infection. Meanwhile, the mRNA levels of IL-6, IP-10, TNF-α, and IL-1-β were increased during reinfection but were lower than those during primary infection. These cytokines/chemokines represent inflammatory cell migration and exhibit a variety of proinflammatory activities during infections [32,33,34,35,36]. We found that, in line with the viral replication kinetics, the chemokine/cytokine mRNA profile in the lungs of the SARS-CoV-2-infected animals also exhibited a time-dependent trend of gene expression peaking at 3 dpi or 5 dpi and resolving at 7 dpi or 10 dpi. During the second infection, the levels of viral loads were obviously lower than in the primary infection, but the shedding period lasted for more than 10 days, suggesting that cytokine/chemokine responses played important roles in the inflammatory responses and tissue injuries, but also implied mild symptoms in the lung with stealth viral replication in the upper respiratory tract during reinfection.



In our research, we chose the SARS-CoV-2-KMS1/2020 strain for reinfection research. First, SARS-CoV-2-KMS1/2020 was the native strain of SARS-COV-2 and the most common strain in the early stage of COVID-19. Importantly, SARS-CoV-2-KMS1/2020 had a high fatality rate, and reinfection by SARS-CoV-2-KMS1/2020 is worthy of attention. Second, most COVID-19 vaccines that are currently in circulation were prepared from the native strain, therefore, research on SARS-CoV-2-KMS1/2020 reinfection would be useful in the immunological and protective evaluation of vaccines. In addition, reinfections were validated in homologous and heterologous VOC variants, including B.1.1.7 (Alpha), B.1.351 (Beta), and Delta variants [22,23]. Importantly, we demonstrated that nasal mucosa is exploited by SARS-CoV-2 for replication and shedding during reinfection.



In summary, Syrian hamsters could be reinfected by SARS-CoV-2 with no severe symptoms. However, obvious viral shedding was found in nasal washes, and the nasal mucosa was exploited by SARS-CoV-2 for replication and shedding during reinfection. This type of reinfection may be more transmissible and usually displays stealth in people who have recovered from COVID-19 or the vaccinated population. In the current pandemic, with the continuing increase in COVID-19 infection cases [5], both convalescent and vaccinated patients should be wary of the transmission and infection of SARS-CoV-2.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v14081608/s1. Figure S1: Viral shedding in 1 mL nasal washes from 0 dpi to 10 dpi in the primary infection and reinfection groups. Figure S2: The infectivity in healthy Syrian hamsters of the shedding from the upper respiratory tract in the primary infection and reinfection. Figure S3: No difference in the S1 gene sequence from the nasal washes between the primary infection and reinfection. Table S1: p-value among viral loads in various tissues in the primary and secondary infection by SPSS PASW statistical software v.18.0. Table S2: Histology score standards of the lung damage. Table S3: Sequences of primers for real-time RT–qPCR detection of mRNA gene expression of host cytokines.





Author Contributions


L.L. presided over the development of this project. L.L. and H.L. (Heng Li) designed the studies, analyzed the data, and prepared and wrote the manuscript. H.L. (Heng Li), X.Z., Y.Z. (Yurong Zhao), Y.L. and W.J. performed the experiments. J.L. conducted the virologic assays. H.Z. and F.Y. performed the virus loads detection. J.Y. and H.L. (Haiting Long) participated in the histopathology experiments. J.Z. participated in the ultrathin section TEM detection. H.S., Y.C., Y.Z. (Yuanyuan Zuo) and Q.L. participated in discussions and manuscript preparation. All the authors discussed the results and commented on the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (32070923), the Yunnan Applied Basic Research Projects (202201AT070239), the Yunnan Provincial Science and Technology Department (202002AA100009), and CAMS Innovation Fund for Medical Sciences (2021-I2M-1-043).




Institutional Review Board Statement


All animal experiments were conducted under prior approval from the Animal Ethics Committee of the Institute of Medical Biology, CAMS, permit number DWSP202102030, according to the National Guidelines on Animal Work in China.




Informed Consent Statement


Not applicable.




Data Availability Statement


All the data generated or analyzed during this study are included in this published article, and the additional files are available from the corresponding author upon reasonable request.




Acknowledgments


We thank the Kunming National High-level Biosafety Primate Research Center for its support.




Conflicts of Interest


The authors declare no competing financial interests.




References


	



Chia, P.Y.; Ong, S.W.X.; Chiew, C.J.; Ang, L.W.; Chavatte, J.M.; Mak, T.M.; Cui, L.; Kalimuddin, S.; Chia, W.N.; Tan, C.W.; et al. Virological and serological kinetics of SARS-CoV-2 Delta variant vaccine breakthrough infections: A multicentre cohort study. Clin. Microbiol. Infect. 2022, 28, 612.e611–612.e617. [Google Scholar] [CrossRef]

	



Colavita, F.; Meschi, S.; Gruber, C.E.M.; Rueca, M.; Vairo, F.; Matusali, G.; Lapa, D.; Giombini, E.; De Carli, G.; Spaziante, M.; et al. Virological and Serological Characterisation of SARS-CoV-2 Infections Diagnosed After mRNA BNT162b2 Vaccination Between December 2020 and March 2021. Front. Med. 2021, 8, 815870. [Google Scholar] [CrossRef]

	



Evans, S.J.W.; Jewell, N.P. Vaccine Effectiveness Studies in the Field. N. Engl. J. Med. 2021, 385, 650–651. [Google Scholar] [CrossRef] [PubMed]

	



Pulliam, J.R.C.; van Schalkwyk, C.; Govender, N.; von Gottberg, A.; Cohen, C.; Groome, M.J.; Dushoff, J.; Mlisana, K.; Moultrie, H. Increased risk of SARS-CoV-2 reinfection associated with emergence of Omicron in South Africa. Science 2022, 376, eabn4947. [Google Scholar] [CrossRef]

	



Elrashdy, F.; Aljaddawi, A.A.; Redwan, E.M.; Uversky, V.N. On the potential role of exosomes in the COVID-19 reinfection/reactivation opportunity. J. Biomol. Struct. Dyn. 2021, 39, 5831–5842. [Google Scholar] [CrossRef] [PubMed]

	



Wolter, N.; Jassat, W.; Walaza, S.; Welch, R.; Moultrie, H.; Groome, M.; Amoako, D.G.; Everatt, J.; Bhiman, J.N.; Scheepers, C.; et al. Early assessment of the clinical severity of the SARS-CoV-2 Omicron variant in South Africa: A data linkage study. Lancet 2022, 399, 437–446. [Google Scholar] [CrossRef]

	



Chan, P.K.S.; Lui, G.; Hachim, A.; Ko, R.L.W.; Boon, S.S.; Li, T.; Kavian, N.; Luk, F.; Chen, Z.; Yau, E.M.; et al. Serologic Responses in Healthy Adult with SARS-CoV-2 Reinfection, Hong Kong, August 2020. Emerg. Infect. Dis. 2020, 26, 3076–3078. [Google Scholar] [CrossRef] [PubMed]

	



Van Elslande, J.; Vermeersch, P.; Vandervoort, K.; Wawina-Bokalanga, T.; Vanmechelen, B.; Wollants, E.; Laenen, L.; Andre, E.; Van Ranst, M.; Lagrou, K.; et al. Symptomatic Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Reinfection by a Phylogenetically Distinct Strain. Clin. Infect. Dis. 2021, 73, 354–356. [Google Scholar] [CrossRef]

	



To, K.K.; Hung, I.F.; Ip, J.D.; Chu, A.W.; Chan, W.M.; Tam, A.R.; Fong, C.H.; Yuan, S.; Tsoi, H.W.; Ng, A.C.; et al. COVID-19 re-infection by a phylogenetically distinct SARS-coronavirus-2 strain confirmed by whole genome sequencing. Clin. Infect. Dis. 2020, 73, e2946–e2951. [Google Scholar] [CrossRef]

	



Tillett, R.L.; Sevinsky, J.R.; Hartley, P.D.; Kerwin, H.; Crawford, N.; Gorzalski, A.; Laverdure, C.; Verma, S.C.; Rossetto, C.C.; Jackson, D.; et al. Genomic evidence for reinfection with SARS-CoV-2: A case study. Lancet Infect. Dis. 2021, 21, 52–58. [Google Scholar] [CrossRef]

	



Selvaraj, V.; Herman, K.; Dapaah-Afriyie, K. Severe, Symptomatic Reinfection in a Patient with COVID-19. R. I. Med. J. 2020, 103, 24–26. [Google Scholar]

	



Babiker, A.; Marvil, C.E.; Waggoner, J.J.; Collins, M.H.; Piantadosi, A. The Importance and Challenges of Identifying SARS-CoV-2 Reinfections. J. Clin. Microbiol. 2021, 59, e02769-20. [Google Scholar] [CrossRef]

	



Kiyuka, P.K.; Agoti, C.N.; Munywoki, P.K.; Njeru, R.; Bett, A.; Otieno, J.R.; Otieno, G.P.; Kamau, E.; Clark, T.G.; van der Hoek, L.; et al. Human Coronavirus NL63 Molecular Epidemiology and Evolutionary Patterns in Rural Coastal Kenya. J. Infect. Dis. 2018, 217, 1728–1739. [Google Scholar] [CrossRef] [PubMed]

	



Callow, K.A. Effect of specific humoral immunity and some non-specific factors on resistance of volunteers to respiratory coronavirus infection. Epidemiol. Infect. 1985, 95, 173–189. [Google Scholar] [CrossRef]

	



Sariol, A.; Perlman, S. Lessons for COVID-19 Immunity from Other Coronavirus Infections. Immunity 2020, 53, 248–263. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Pan, Z.; Yue, S.; Yu, F.; Zhang, J.; Yang, Y.; Li, R.; Liu, B.; Yang, X.; Gao, L.; et al. Disease severity dictates SARS-CoV-2-specific neutralizing antibody responses in COVID-19. Signal Transduct. Target. Ther. 2020, 5, 180. [Google Scholar] [CrossRef] [PubMed]

	



Deng, W.; Bao, L.; Liu, J.; Xiao, C.; Liu, J.; Xue, J.; Lv, Q.; Qi, F.; Gao, H.; Yu, P.; et al. Primary exposure to SARS-CoV-2 protects against reinfection in rhesus macaques. Science 2020, 369, 818–823. [Google Scholar] [CrossRef] [PubMed]

	



Shan, C.; Yao, Y.F.; Yang, X.L.; Zhou, Y.W.; Gao, G.; Peng, Y.; Yang, L.; Hu, X.; Xiong, J.; Jiang, R.D.; et al. Infection with novel coronavirus (SARS-CoV-2) causes pneumonia in Rhesus macaques. Cell Res. 2020, 30, 670–677. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, A.; Vogel, L.; Guarner, J.; Hayes, N.; Murphy, B.; Zaki, S.; Subbarao, K. Severe acute respiratory syndrome coronavirus infection of golden Syrian hamsters. J. Virol. 2005, 79, 503–511. [Google Scholar] [CrossRef]

	



Chan, J.F.; Zhang, A.J.; Yuan, S.; Poon, V.K.; Chan, C.C.; Lee, A.C.; Chan, W.M.; Fan, Z.; Tsoi, H.W.; Wen, L.; et al. Simulation of the Clinical and Pathological Manifestations of Coronavirus Disease 2019 (COVID-19) in a Golden Syrian Hamster Model: Implications for Disease Pathogenesis and Transmissibility. Clin. Infect. Dis. 2020, 71, 2428–2446. [Google Scholar] [CrossRef]

	



Sia, S.F.; Yan, L.M.; Chin, A.W.H.; Fung, K.; Choy, K.T.; Wong, A.Y.L.; Kaewpreedee, P.; Perera, R.; Poon, L.L.M.; Nicholls, J.M.; et al. Pathogenesis and transmission of SARS-CoV-2 in golden hamsters. Nature 2020, 583, 834–838. [Google Scholar] [CrossRef]

	



Mohandas, S.; Yadav, P.D.; Shete, A.; Nyayanit, D.; Jain, R.; Sapkal, G.; Mote, C. Protective Immunity of the Primary SARS-CoV-2 Infection Reduces Disease Severity Post Re-Infection with Delta Variants in Syrian Hamsters. Viruses 2022, 14, 596. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, F.; Meade-White, K.; Clancy, C.; Rosenke, R.; Okumura, A.; Hawman, D.W.; Feldmann, F.; Kaza, B.; Jarvis, M.A.; Rosenke, K.; et al. SARS-CoV-2 reinfection prevents acute respiratory disease in Syrian hamsters but not replication in the upper respiratory tract. Cell Rep. 2022, 38, 110515. [Google Scholar] [CrossRef] [PubMed]

	



Telwatte, S.; Martin, H.A.; Marczak, R.; Fozouni, P.; Vallejo-Gracia, A.; Kumar, G.R.; Murray, V.; Lee, S.; Ott, M.; Wong, J.K.; et al. Novel RT-ddPCR assays for measuring the levels of subgenomic and genomic SARS-CoV-2 transcripts. Methods 2022, 201, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Perera, R.; Tso, E.; Tsang, O.T.Y.; Tsang, D.N.C.; Fung, K.; Leung, Y.W.Y.; Chin, A.W.H.; Chu, D.K.W.; Cheng, S.M.S.; Poon, L.L.M.; et al. SARS-CoV-2 Virus Culture and Subgenomic RNA for Respiratory Specimens from Patients with Mild Coronavirus Disease. Emerg. Infect. Dis. 2020, 26, 2701–2704. [Google Scholar] [CrossRef]

	



Zheng, H.; Li, H.; Guo, L.; Liang, Y.; Li, J.; Wang, X.; Hu, Y.; Wang, L.; Liao, Y.; Yang, F.; et al. Virulence and pathogenesis of SARS-CoV-2 infection in rhesus macaques: A nonhuman primate model of COVID-19 progression. PLoS Pathog. 2020, 16, e1008949. [Google Scholar] [CrossRef]

	



Kim, Y.I.; Kim, S.G.; Kim, S.M.; Kim, E.H.; Park, S.J.; Yu, K.M.; Chang, J.H.; Kim, E.J.; Lee, S.; Casel, M.A.B.; et al. Infection and Rapid Transmission of SARS-CoV-2 in Ferrets. Cell Host Microbe 2020, 27, 704–709.e702. [Google Scholar] [CrossRef] [PubMed]

	



Bao, L.; Deng, W.; Huang, B.; Gao, H.; Liu, J.; Ren, L.; Wei, Q.; Yu, P.; Xu, Y.; Qi, F.; et al. The pathogenicity of SARS-CoV-2 in hACE2 transgenic mice. Nature 2020, 583, 830–833. [Google Scholar] [CrossRef] [PubMed]

	



Corbett, K.S.; Flynn, B.; Foulds, K.E.; Francica, J.R.; Boyoglu-Barnum, S.; Werner, A.P.; Flach, B.; O’Connell, S.; Bock, K.W.; Minai, M.; et al. Evaluation of the mRNA-1273 Vaccine against SARS-CoV-2 in Nonhuman Primates. N. Engl. J. Med. 2020, 383, 1544–1555. [Google Scholar] [CrossRef]

	



Rogers, T.F.; Zhao, F.; Huang, D.; Beutler, N.; Burns, A.; He, W.T.; Limbo, O.; Smith, C.; Song, G.; Woehl, J.; et al. Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from disease in a small animal model. Science 2020, 369, 956–963. [Google Scholar] [CrossRef]

	



Han, H.; Ma, Q.; Li, C.; Liu, R.; Zhao, L.; Wang, W.; Zhang, P.; Liu, X.; Gao, G.; Liu, F.; et al. Profiling serum cytokines in COVID-19 patients reveals IL-6 and IL-10 are disease severity predictors. Emerg. Microbes Infect. 2020, 9, 1123–1130. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Qin, L.; Zhang, P.; Li, K.; Liang, L.; Sun, J.; Xu, B.; Dai, Y.; Li, X.; Zhang, C.; et al. Longitudinal COVID-19 profiling associates IL-1RA and IL-10 with disease severity and RANTES with mild disease. JCI Insight 2020, 5, e139834. [Google Scholar] [CrossRef] [PubMed]

	



Chavez, J.H.; Franca, R.F.; Oliveira, C.J.; de Aquino, M.T.; Farias, K.J.; Machado, P.R.; de Oliveira, T.F.; Yokosawa, J.; Soares, E.G.; da Silva, J.S.; et al. Influence of the CCR-5/MIP-1 alpha axis in the pathogenesis of Rocio virus encephalitis in a mouse model. Am. J. Trop. Med. Hyg. 2013, 89, 1013–1018. [Google Scholar] [CrossRef] [PubMed]

	



Rose-John, S.; Winthrop, K.; Calabrese, L. The role of IL-6 in host defence against infections: Immunobiology and clinical implications. Nat. Rev. Rheumatol. 2017, 13, 399–409. [Google Scholar] [CrossRef] [PubMed]

	



Kak, G.; Raza, M.; Tiwari, B.K. Interferon-gamma (IFN-gamma): Exploring its implications in infectious diseases. Biomol. Concepts 2018, 9, 64–79. [Google Scholar] [CrossRef]

	



Zheng, Z.; Yang, J.; Jiang, X.; Liu, Y.; Zhang, X.; Li, M.; Zhang, M.; Fu, M.; Hu, K.; Wang, H.; et al. Tick-Borne Encephalitis Virus Nonstructural Protein NS5 Induces RANTES Expression Dependent on the RNA-Dependent RNA Polymerase Activity. J. Immunol. 2018, 201, 53–68. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 14 01608 g001 550] 





Figure 1. Specific neutralizing antibodies were promoted during reinfection but could not control SARS-CoV-2 shedding from the upper respiratory tract. (A) Experimental progress chart. This project included three groups that were infected primarily and infected secondarily at 14 dpi and 21 dpi after primary infection, and the data from 0 dpi to 10 dpi in these three groups were gathered and analyzed. (B) Weight changes of the golden hamsters after SARS-CoV-2 infection and reinfection. n = 6. (C) Viral shedding in 1 mL nasal washes, and viral shedding in oropharyngeal swabs. n = 6. (D) The SARS-CoV-2 virus titers in nasal washes were detected during primary infection and reinfection. The data are shown as log10 of CCID50 per 1 mL nasal washes. (E) Transmission electron microscopy detection of SARS-CoV-2 virions in the shedding from nasal washes by Negative Staining. The scale was 100 nm. (F) The levels of neutralizing antibodies to SARS-CoV-2/human/CHN/KMS1/2020 (native isolate) in the serum of golden hamsters with primary infection and reinfection. (G) The levels of neutralizing antibodies to SARS-CoV-2/human/USA/Kunming_kms-6/2020 (D614G variant) in the serum of golden hamsters with primary infection and reinfection. n = 3 in every group. The GMT on the y-axis is the geometric mean with geometric SD, and the data are shown as log2 values. * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, and *** p ≤ 0.001. 
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Figure 2. Obvious viral replication was observed in the upper respiratory tract during reinfection, while no viral replication was observed in the lower respiratory tract. (A) The levels of the sgRNA-E gene were detected in 1 g of the nose, nasal mucosa, lung, trachea, bulbus olfactorius, cerebrum, and jaw, which represent the areas of viral replication. n = 3. (B) The levels of the virus load-E gene were detected in 1 g of the nose, nasal mucosa, lung and trachea, bulbus olfactorius, cerebrum, jaw, nasal pharyngeal lavage fluid, and bronchoalveolar lavage fluid. n = 3. The levels are shown as log10 of copies. 
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Figure 3. Viral distribution and virions were present in the nasal mucosa during reinfection, while higher levels of viral distribution and virions were observed during primary infection. (A) The distribution and abundance of SARS-CoV-2 in the nasal mucosa were detected by SARS-CoV-2-N protein-IHC, and the nasal mucosa was detected at 0 dpi, 3 dpi, and 7 dpi in the primary and secondary infection groups. (B) SARS-CoV-2 virions in nasal mucosa were detected by ultrathin section TEM. The scale is 200 nm. 
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Figure 4. Viral distribution and replication were present in the nasal mucosa in the reinfection, while higher levels of viral replication were observed during primary infection. The distribution and replication of SARS-CoV-2 S-mRNA and N-protein in the nasal mucosa were detected by RNAscope-IF codetection and were detected at 0 dpi, 3 dpi, and 7 dpi in the primary and secondary infection groups. Yellow represents the S-mRNA-negative strand, and the signals represent the level of SARS-CoV-2 replication; red represents the S-mRNA-positive strand, and the signals represent the level of SARS-CoV-2 abundance; green represents the N-protein, and the signals represent the level of SARS-CoV-2 abundance. The scale is 10 µm. 
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Figure 5. Little viral load was present in the lung in the reinfection, while high levels of SARS-CoV-2 were observed in the primary infection. The distribution and viral load of SARS-CoV-2 in the lung were detected by SARS-CoV-2-N protein-IHC, and the lungs were detected at 0 dpi, 3 dpi, and 7 dpi in the primary and secondary infection groups. 
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Figure 6. No viral replication was found, and a low viral load was present in the lung during reinfection, while high levels of SARS-CoV-2 viral load and replication were observed during primary infection. The distribution and abundance of SARS-CoV-2 S-mRNA and N-protein in the lung were detected by RNAscope-IF codetection at 0 dpi, 3 dpi, and 7 dpi in the primary and secondary infection groups. Yellow represents the S-mRNA-negative strand, and the signals represent the level of SARS-CoV-2 replication; red represents the S-mRNA-positive strand, and the signals represent the level of SARS-CoV-2 viral load; green represents the N-protein, and the signals represent the level of SARS-CoV-2 viral load. The scale is 10 µm. 






Figure 6. No viral replication was found, and a low viral load was present in the lung during reinfection, while high levels of SARS-CoV-2 viral load and replication were observed during primary infection. The distribution and abundance of SARS-CoV-2 S-mRNA and N-protein in the lung were detected by RNAscope-IF codetection at 0 dpi, 3 dpi, and 7 dpi in the primary and secondary infection groups. Yellow represents the S-mRNA-negative strand, and the signals represent the level of SARS-CoV-2 replication; red represents the S-mRNA-positive strand, and the signals represent the level of SARS-CoV-2 viral load; green represents the N-protein, and the signals represent the level of SARS-CoV-2 viral load. The scale is 10 µm.



[image: Viruses 14 01608 g006]







[image: Viruses 14 01608 g007 550] 





Figure 7. No enhanced pathological changes in the lung were observed during the reinfection of hamsters recovering from severe lung damage from the primary infection. (A) Pathological damage to the lung after SARS-CoV-2 primary infection and reinfection was detected by HE staining. (B) The scoring of histopathological changes to quantify lung injury, including pulmonary parenchyma, bronchus and bronchiole, and pulmonary vasculature. The histology score standards are shown in Table S2. n = 3 at every point, the data were analyzed using GraphPad Prism 8, and the p-values were calculated by one-way ANOVA using SPSS PASW statistical software version 18.0. * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, and *** p ≤ 0.001. 
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Figure 8. Cytokine/chemokine responses in the nasal mucosa during reinfection were similar to those during primary infection. (A,B) The mRNA expression levels of cytokines and chemokines, including RANTES, IFN-α, MIP-1-α, IFN-γ, IL-6, IP-10, TNF-α, and IL-1-β, were detected by real-time PCR in the nasal mucosa (A) and lung (B) during SARS-CoV-2 primary infection and reinfection. (C) The levels of IgA in the serum, nasal mucosa, and lung during the infection process of primary and secondary infection were detected by ELISA, there was no significant difference between primary infected group and reinfected group calculated by one-way ANOVA using SPSS PASW statistical software version 18.0. “●” in the image represents the data in every hamster, and the bars were calculated by GraphPad Prism 8 to reflect the data uniformity. n = 3 at every point. 
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