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C O R O N A V I R U S

Systemic and mucosal immune profiling in asymptomatic 
and symptomatic SARS-CoV-2–infected individuals 
reveal unlinked immune signatures
Supriya Ravichandran†, Gabrielle Grubbs†, Juanjie Tang†, Youri Lee†, Chang Huang, 
Hana Golding, Surender Khurana*

Mucosal immunity plays a key role in prevention of SARS-CoV-2 virus spread to the lungs. In this study, we evalu-
ated systemic and mucosal immune signatures in asymptomatic SARS-CoV-2–infected versus symptomatic 
COVID-19 adults compared with RSV-infected adults. Matched serum and nasal wash pairs were subjected to 
cytokine/chemokine analyses and comprehensive antibody profiling including epitope repertoire analyses, anti-
body kinetics to SARS-CoV-2 prefusion spike and spike RBD mutants, and neutralization of SARS-CoV-2 variants of 
concern. The data suggest independent evolution of antibody responses in the mucosal sites as reflected in dif-
ferential IgM/IgG/IgA epitope repertoire compared with serum. Antibody affinity against SARS-CoV-2 prefusion 
spike for both serum and nasal washes was significantly higher in asymptomatic adults compared with symptom-
atic COVID-19 patients. Last, the cytokine/chemokine responses in the nasal washes were more robust than in 
serum. These data underscore the importance of evaluating mucosal immune responses for better therapeutics 
and vaccines against SARS-CoV-2.

INTRODUCTION
Mucosal immunity plays an important role in control of respiratory 
viral infections. In addition to systemic immune responses against 
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
more emphasis is required to study of mucosal immunity in the na-
sal cavity, which is the route of virus infection and site of early virus 
replication. Mucosal antibody response may be important in the fight 
against infections in the upper respiratory tract, including those by 
coronaviruses, and could block virus infection of epithelial cells (1). 
Recent publications suggested detection of spike-specific immuno-
globulin A (IgA) in saliva and nasal washes of symptomatic corona-
virus disease 2019 (COVID-19) patients, but the levels were much 
lower than in the serum and correlated with viral loads and disease 
severity (2–4).

Enzyme linked immunosorbent assay (ELISA) and neutralization 
tests have primarily been used to characterize antibody responses in 
human plasma following SARS-CoV-2 infection but provide mini-
mal insight into the diversity and quality of polyclonal antibody re-
sponses across the SARS-CoV-2 spike in COVID-19 patients (5, 6). 
Moreover, there is limited knowledge about the mucosal antibody 
repertoire of post–SARS-CoV-2 infection, especially in asymptom-
atic individuals who may be the driver of the ongoing COVID-19 
pandemic (7). Therefore, in-depth immune profiling of systemic 
versus mucosal antibody responses in asymptomatic versus symp-
tomatic SARS-CoV-2–infected individuals compared with age-matched 
respiratory syncytial virus (RSV)–infected adults is important for a 
better understanding of the host humoral immune response at the 
site of SARS-CoV-2 exposure and initial viral replication, which 
could inform risk mitigation strategies and development and evalu-
ation of vaccines and therapeutics against SARS-CoV-2.

We used the unbiased, comprehensive approach of Genome Frag-
ment Phage Display Library (GFPDL) technology that was earlier 
used to elucidate both linear and conformational antibody epitope 
repertoire following vaccination or infection with viruses including 
SARS-CoV-2, influenza virus, Zika virus, RSV, and Ebola virus (8–12). 
In a recent study of RSV-infected individuals, we observed substantial 
differences in the specificity of antibodies, antibody isotypes distri-
bution, and antibody affinity between nasal washes and serum anti-
bodies (13). Therefore, it is important to compare the immune 
responses at the mucosal sites with systemic antibody responses to 
better understand the kinetics, specificity, and antibody affinity fol-
lowing SARS-CoV-2 infection in asymptomatic versus symptomatic 
COVID-19 adults and to compare them with RSV-infected adults.

In the current study, we performed comprehensive evaluation of 
SARS-CoV-2 humoral immune response in 15 paired serum/nasal 
wash samples obtained from SARS-CoV-2 polymerase chain reac-
tion (PCR)–confirmed asymptomatic adults versus time-matched 
11 paired serum/nasal wash samples obtained from SARS-CoV-2 
PCR-confirmed symptomatic COVID-19 adults (10 days after PCR 
confirmation) and, as controls, age-matched 15 serum/nasal wash 
samples from RSV-infected adults. IgM/IgG/IgA antibody epitope 
repertoires were identified using SARS-CoV-2 spike GFPDL. Sur-
face plasmon resonance (SPR) was used to measure the antibody 
binding kinetics of paired sera and nasal washes to the stabilized 
SARS-CoV-2 prefusion spike and spike receptor binding domain 
(RBD) representing original strain USA-WA1/2020 (WA-1) as well 
as RBD mutants engineered to express key amino acid mutations 
from the variants of concern (VOCs).

To probe the innate response to SARS-CoV-2 infection, we mea-
sured the cytokine milieu in the serum and nasal washes of these 
asymptomatic versus symptomatic SARS-CoV-2–infected individuals 
versus RSV-infected adults. Our findings underscore the importance 
of evaluating the mucosal immune profile in addition to the systemic 
immune response following SARS-CoV-2 infection to obtain a better 
understanding of the respiratory tract immune status, which could 
inform strategies to control the COVID-19 disease manifestations.
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RESULTS
Cytokine and chemokine profiling of serum and nasal 
washes matched pairs from asymptomatic versus 
symptomatic SARS-CoV-2– and RSV-infected adults
In the current study, three sets of paired serum and nasal washes 
were evaluated: 15 asymptomatic SARS-CoV-2–infected males (age 
ranging from 21 to 55 years) who were diagnosed as SARS-CoV-2 
PCR positive on 29 July 2020, samples were collected 10 days later 
(9 August 2020), all of them were still asymptomatic; 11 symptom-
atic hospitalized COVID-19 males (age ranging from 26 to 71 years) 
who were diagnosed as SARS-CoV-2 PCR positive in August to 
November 2020, and serum/nasal wash paired samples were col-
lected 10 days after the day of PCR confirmation. As controls, we 
used paired serum/nasal washes from 15 age-matched symptomatic 
RSV-infected nonhospitalized normal males (age ranging from 21 
to 57 years) collected in 2015 (table S1).

Elevated plasma levels of proinflammatory cytokines were re-
ported for symptomatic COVID-19 patients (14, 15). Therefore, to 
probe the local mucosal and systemic innate immunity, we investi-
gated the levels of cytokines/chemokines in the serum and nasal 
washes from the asymptomatic and symptomatic SARS-CoV-2– 
infected individuals in comparison with similar matched sample 
pairs from RSV-infected adults. Serum samples from symptomatic 
COVID-19 patients demonstrated higher levels of interleukin-8 
(IL-8), eotaxin, fms-related tyrosine kinase 3 (FLT3) ligand, and 
fractalkine compared with the asymptomatic SARS-CoV-2 serum 
samples (Fig. 1A, tables S2 and S3, and fig. S1).

The nasal washes in all groups demonstrated overall high levels 
of cytokines and chemokines (Fig. 1B, tables S2 and S3, and fig. S1). 
IL-1 and granulocyte colony-stimulating factor (G-CSF) were ele-
vated in the nasal washes of asymptomatic individuals. On the other 
hand, nasal washes from symptomatic COVID-19 patients contained 
higher levels of interferon- (IFN-), IL-6, IL-8, monocyte chemo-
attractant protein-1 (MCP-1), macrophage inflammatory protein-3 
(MIP-3), FLT3 ligand, fractalkine, interferon gamma-induced 
protein 10 (IP-10), platelet-derived growth factor AA (PDGF-AA), 
and tumor necrosis factor–related apoptosis- inducing ligand (TRAIL) 
(was also elevated in nasal washes of symptomatic RSV patients) com-
pared with nasal washes from asymptomatic SARS-CoV-2–infected 
individuals (Fig. 1B, tables S2, and fig. S1). These results suggest a 
robust local cytokine/chemokine response in the upper respiratory 
tract of SARS-CoV-2–infected patients, resembling RSV patients that 
are involved in recruitment of inflammatory cells (neutrophils and 
macrophages) and promotion of local inflammation and cell 
apoptosis at the mucosal site of SARS-CoV-2 replication.

IgM, IgG, and IgA antibody epitope repertoires in paired 
serum and nasal washes from asymptomatic versus 
symptomatic SARS-CoV-2–infected adults using SARS-CoV-2 
spike GFPDL
To elucidate the antibody epitope repertoire in an unbiased man-
ner, the matched serum-nasal wash paired samples were analyzed 
with a highly diverse SARS-CoV-2 spike GFPDL displaying epi-
topes of 18– to 500–amino acid residues with >107.1 unique phage 
clones across the SARS-CoV-2 spike. As part of GFPDL characteriza-
tion, we mapped the conformation-dependent epitopes of monoclo-
nal antibodies targeting SARS-CoV-2. Previously, we demonstrated 
that SARS-CoV-2 GFPDL recognizes linear, conformational, and 
neutralizing epitopes following SARS-CoV-2 infection in humans 

(12, 16) and postvaccination rabbit sera (11). Moreover, in the 
current study, we subjected pooled sera and pooled nasal washes to 
adsorption with the SARS-CoV-2 spike GFPDL and demonstrated 
>95% removal of spike-binding IgM/IgG/IgA antibodies in an ELISA 
(fig. S2). Therefore, the SARS-CoV-2 spike GFPDL, which expresses 
both large and short sequences, is capable of presenting epitopes 
recognized by most of the spike-specific antibodies. However, this 
SARS-CoV-2 spike GFPDL is not likely to display rare quaternary 
epitopes formed by cross-protomers on spike trimer or glycosylation- 
dependent epitopes.

Equal volumes of pooled human serum samples or nasal washes 
were used for GFPDL panning followed by anti-Ig selection in-solution 
using anti-IgM, protein A/G (IgG), or anti-IgA specific affinity 
resins as previously described (8–13). Two independent panning of 
pooled sera and nasal washes from symptomatic versus asymptom-
atic patients were conducted in a blinded fashion. The antibody- 
bound phages by isotype-specific reagents (IgM, IgG, and IgA) and 
the individual phages were sequenced and aligned to the SARS-CoV-2 
spike to map the global pattern of epitope recognition following 
SARS-CoV-2 infection (Fig. 2 and figs. S3 and S4 for asymptomatic 
and symptomatic SARS-CoV-2 cohort, respectively).

In asymptomatic individuals, similar number of phages were 
bound by serum and nasal wash IgA antibodies (~2 × 104), while the 
IgM- and IgG-bound phages by the pooled nasal washes (7 × 103 and 
1.9 × 103, respectively) were 5- to 100-fold lower compared with 
serum IgM and IgG antibodies (~2 × 104 and 2 × 105, respectively) 
(fig. S3A). In the case of asymptomatic nasal washes, IgA bound 
much higher phages than either IgM or IgG antibodies (fig. S3A).

A similar GFPDL analysis was conducted on the matched pooled 
sera and nasal washes from symptomatic COVID-19 patients (Fig. 2 
and fig. S4). Again, 10-fold more phages were bound by serum IgG 
(3.5 × 105) compared with IgM and IgA serum antibodies (~2.0 × 
104). Unexpectedly, the number of phages bound by IgG in the nasal 
washes of symptomatic patients was 100-fold higher than IgA-bound 
clones (2 × 104 versus 2 × 102, respectively) (fig. S4A). In contrast, 
serum samples from RSV infections bound very few SARS-CoV-2 
spike GFPDL phages (fig. S5). The complete mapping of the phage 
clones bound by IgM, IgG, and IgA in the pooled sera and nasal 
washes from the asymptomatic versus symptomatic SARS-CoV-2 
infections is depicted in Fig. 2 and figs. S3B and S4B, respectively. 
Mucosal IgA in pooled nasal wash from asymptomatic individuals 
bound 68-fold higher phage clones than IgA in pooled nasal wash in 
symptomatic COVID-19 patients (fig. S3A versus fig. S4A), sug-
gesting a robust local IgA response in asymptomatic SARS-CoV-2–
infected individuals.

The IgM, IgG, and IgA antibodies in serum and nasal washes of 
asymptomatic and symptomatic COVID-19 adults (10 days after 
SARS-CoV-2 confirmation) demonstrated a diverse epitope reper-
toire spanning the entire spike protein including N-terminal do-
main (NTD) and RBD in S1 and the fusion peptide (FP), -rich 
connector domain, heptad repeat 1 (HR1), and HR2 in S2 (Fig. 2 
and figs. S3 and S4). In contrast, the very few phage clones bound by 
pooled sera from RSV patients (fig. S5) primarily recognized the 
S1-NTD, C terminus of S1, and N terminus of S2, which may repre-
sent antibodies against conserved regions between seasonal corona-
viruses and SARS-CoV-2 spike (17, 18).

Most of the antigenic sites identified following SARS-CoV-2 in-
fection (length ranging from 36– to 249–amino acid residues) were 
recognized by antibodies in both serum and nasal wash. However, 
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Fig. 1. Cytokine and chemokine profiles in sera and nasal washes from asymptomatic and symptomatic COVID-19 patients and RSV-infected adults. (A and 
B) Cytokine/chemokine profiling of serum samples versus nasal washes from SARS-CoV-2 and RSV-infected individuals. Heatmap of 26 cytokines/chemokines in SARS-
CoV-2 asymptomatic (Asymp.) individuals (n = 15), SARS-CoV-2 symptomatic (Symp.) patients (n = 11), and symptomatic RSV-infected nonhospitalized normal males 
(n = 15). The color scale on the right represents concentration of each protein in picograms per milliliter. All serum/nasal wash samples were diluted fourfold and analyzed 
via a Bio-Plex Pro Human Cytokine Panel 17-Plex and R&D Systems individual human cytokine kits as per the manufacturer’s instructions. The cytokine assay was per-
formed in duplicate (two independent experiments by research fellow in the laboratory who was blinded to sample identity). Similar cytokine levels were observed in the 
two assays. Differences among groups were performed using R. The differences were considered statistically significant with a 95% confidence interval when the P value 
was less than 0.05 (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001). Raw data are presented in tables S2 and S3. Additional comparisons between serum and nasal 
washes are shown in fig. S1. n.s., not significant.
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Fig. 2. SARS-CoV-2 antibody epitope repertoires recognized by serum and nasal wash antibodies of SARS-CoV-2–infected asymptomatic individuals versus 
symptomatic COVID-19 patients. IgM, IgG, and IgA antibody epitope repertoires recognized in sera and nasal washes from SARS-CoV-2–infected adults with asymptomatic 
or symptomatic infections, using SARS-CoV-2 spike GFPDL analysis. The schematic representation on top shows various domains in the SARS-CoV-2 spike. The raw data 
are shown in figs. S3 and S4. Epitope coverage map shows alignment position (amino acid position) on the x axis and coverage (phage clone frequency) of each position 
on the y axis defined by epitopes recognized by IgG, IgM, and IgA in asymptomatic patients’ nasal wash (cyan) or serum (blue) versus symptomatic patients’ nasal wash 
(pink) or serum (red), respectively. y axis is phage clone frequency in range of 0 to 200 for IgM, 0 to 500 for IgG, or 0 to 100 for IgA selections with serum. In nasal wash, the 
clone frequency ranges were 0 to 26 for IgM and IgG clones. IgA clones ranged from 0 to 100 for asymptomatic and from 0 to 8 for symptomatic patients. Samples were 
assayed fresh and not freeze-thawed. All samples were run in one batch at the same time for each assay. The GFPDL affinity selection was performed in duplicate (two 
independent experiments by research fellow in the laboratory, who was blinded to sample identity). Similar numbers of bound phage clones and epitope repertoire were 
observed in the two GFPDL panning. These data are further analyzed in figs. S3 to S6. NW, nasal wash.
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the frequencies of antigenic sites bound by IgG and IgA in serum 
and nasal washes revealed some significant differences between 
asymptomatic and symptomatic SARS-CoV-2 patients that mapped 
to NTD, RBD, FP, and S2 domain (Fig. 2 and fig. S6). Some of these 
differential epitopes are shown on the trimeric structure of the spike 
in figs. S7 and S8 for nasal washes and serum samples, respectively. 
These findings suggest that serum-derived IgG and IgA antibodies 
can transudate into the mucosal spaces, but in addition, local B cell 
activation in the mucosal associated lymph nodes (especially IgA) 
contributes to the anti–SARS-CoV-2 spike responses as previously 
reported (4).

Serum and nasal wash antibody specificity against stabilized 
prefusion spike, RBD mutants, and neutralization of  
SARS-CoV-2 variants
To determine the spike and RBD-binding antibodies for individual 
pairs of serum and nasal washes, we performed SPR that allows for 
real-time kinetics measurements of antibody-antigen interactions. 
Furthermore, in our studies, the SARS-CoV-2 proteins were captured 
at a low density under conditions that ensure conformation integri-
ty of the proteins (fig. S9), as previously described (11, 12, 19, 20). 
Total antibody binding [resonance units (RU)] against the SARS-
CoV-2–stabilized prefusion spike derived from the early circulating 
strain in the United States (WA-1) was measured for each of the 
matched serum/nasal wash pairs from the 15 SARS-CoV-2 asymp-
tomatic adults, 11 acute symptomatic COVID-19 patients, and 15 
RSV-infected adult controls (Fig. 3A). As expected, negligible anti–
SARS-CoV-2 spike antibody reactivity was observed for either se-
rum or nasal wash from the 15 symptomatic RSV-infected control 
samples (collected in 2015). Most of the asymptomatic and symp-
tomatic SARS-CoV-2–infected adults had modest serum antibodies 
against the prefusion S with mean RU values of 106 and 70, respec-
tively (Fig. 3A). In comparison with sera, the nasal washes from the 
same individuals showed lower RU values ranging from 6 to 100 
(Fig. 3A). In light of the recently emerging VOCs around the world 
(21–25), we next measured binding of the paired serum and nasal 
washes to recombinant wild-type RBD domain derived from WA-1 
(RBD-wt) and to two RBD mutants engineered to express key mu-
tations in the South African (SA) variant, K417N (RBD-K417N) 
and E484K (RBD-E484K), that potentially affect antibody binding 
and virus neutralization (Fig. 3B). Antibody binding of sera from 
both asymptomatic and symptomatic SARS-Cov-2–infected indi-
viduals to the RBD-wt was robust in both groups, with significantly 
lower (4- to 10-fold) antibody binding for nasal washes. Total bind-
ing to RBD-K417N was very similar to the binding to RBD-wt for 
serum and nasal wash samples in both cohorts. In contrast, the 
binding of sera and nasal washes to the RBD-E484K was significant-
ly reduced for both serum and nasal wash compared with RBD-wt 
(Fig. 3, B and C). Fold reduction of antibody binding to RBD-E484K 
mutant was higher in serum and nasal wash from symptomatic 
COVID-19 patients (3.45- and 2.81-fold, respectively) compared 
with reduction in binding in asymptomatic serum and nasal wash 
(2.1 and 1.91, respectively), but these differences did not reach sta-
tistical significance (Fig. 3C). These findings confirm the important 
role of amino acid E484K, located in the receptor binding motif, as 
target of antibodies, while K417N seems to play a minimal role in 
immune escape in both systemic and mucosal antibody response of 
symptomatic COVID-19 patients as well as asymptomatic SARS-
CoV-2–infected adults.

In addition to measuring total antibody binding, the SPR real- 
time kinetics allowed us to compare the dissociation kinetics of 
antibody bound to the SARS-CoV-2 prefusion stabilized spike as a 
surrogate of antibody affinity. Slower antibody-antigen dissociation 
rates (off-rates) represent higher affinity antibodies. Unexpectedly, 
we observed that the affinity of prefusion spike bound antibodies in 
either sera or nasal washes from asymptomatic individuals were sig-
nificantly higher than for sera and nasal washes from symptomatic 
SARS-CoV-2–infected individuals (Fig.  3D). Yet, in both groups, 
the affinity of nasal washes antibodies for the prefusion spike was 
~5-fold lower than the paired serum samples (Fig. 3D).

Virus neutralization was measured against SARS-CoV-2 WA-1, 
UK VOC (B.1.1.7, Alpha), and SA VOC (B.1.351, Beta) strains us-
ing pseudovirus neutralization assay (PsVNA). Very broad range of 
neutralization titers was observed in the serum samples from either 
asymptomatic adults or symptomatic COVID-19 patients against the 
WA-1 strain (Fig. 3E). In these assays, no virus neutralization (titers < 
20) was measured in nasal washes from either cohort (fig. S10). 
Mean twofold reduction in serum titers against the UK VOC (B.1.1.7) 
was observed in asymptomatic adults, while fourfold reduction was 
observed in mean serum titers of symptomatic COVID-19 patients 
(Fig. 3F). Greater reduction in serum neutralization titers was ob-
served against the SA VOC (B.1.351), with mean 3.7-fold reduction 
for asymptomatic individuals with 100% seropositivity versus mean 
9.3-fold reduction for symptomatic COVID-19 patients with sero-
positivity reduced to 73% (Fig. 3, E and F). These trends between 
asymptomatic versus symptomatic individuals within the SARS-
COV-2 strain did not reach statistical significance.

DISCUSSION
Mucosal immunity (innate and adaptive) may play a key role in the 
early stages of upper respiratory tract infections contributing to 
control of the replicating virus after exposure and prevention of fur-
ther virus spread to the bronchi and lower respiratory tract (1, 7). 
Hence, efforts are under way to develop vaccines for mucosal delivery 
(26). Recent reports on mucosal versus systemic immunity focused 
on saliva samples (2, 3) and one recent report on nasal fluids (4). 
However, there is limited knowledge on SARS-CoV-2 immune pro-
file, especially antibody epitope diversity and antibody affinity at 
the mucosal sites, and their relation to serum immune response, 
especially in asymptomatic individuals who presumably control the 
viral infection in the upper respiratory tract.

In this study, we evaluated the systemic and mucosal immune 
signatures in asymptomatic adults versus symptomatic COVID-19 
patients (10 days after PCR-confirmed infection). Paired serum/nasal 
washes were subjected to multiple analyses including epitope reper-
toire analyses using GFPDL, SPR-based antibody binding kinetics, 
PsVNA against wild-type strain (WA-1) and VOCs, and cytokine/
chemokine analyses. The most important findings were (i) evidence 
for independent evolution of antibody responses in the mucosal 
sites as reflected in different ratios of IgM/IgG/IgA compared with 
serum and recognition of several unique epitopes across the spike 
(including S2); (ii) the cytokine/chemokine responses demonstrated 
differential patterns in nasal washes of symptomatic compared 
with asymptomatic individuals. Elevated IL-1 and G-CSF were 
observed in nasal washes of asymptomatic individuals, while higher 
IL-6, IL-8, IFN-, TRAIL, and multiple chemokines were found in 
symptomatic COVID-19 patients; (iii) affinity of antibodies against 
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the prefusion stabilized spike protein was significantly higher in se-
rum and nasal washes of asymptomatic individuals compared with 
symptomatic COVID-19 patients; and (iv) differential serum neu-
tralization activity against WA-1 compared with the UK (Alpha) 
and SA (Beta) VOCs in both asymptomatic and symptomatic 
individuals.

In addition to paired samples from COVID-19 patients, we ana-
lyzed serum and nasal washes from symptomatic RSV-infected but 
nonhospitalized normal adults (matched for sex and age with the 
COVID-19 patients). Because many of the early innate response 
biomarkers in the upper respiratory tract are likely to be shared 
among respiratory viral infections, it is important to include such a 
disease comparator group to fully decipher the common versus 

pathogen-specific cytokine/chemokine patterns following SARS-
CoV-2 infection. The extent of local cytokine/chemokine response 
in the nasal washes suggested a robust local innate response to in-
fection that was somewhat different between asymptomatic versus 
symptomatic SARS-CoV-2–infected individuals, especially the levels 
of chemokines including eotaxin, FLT3 ligand, fractalkine, PDGF-
AA, and TRAIL were greatly elevated in the nasal washes from 
symptomatic COVID-19 patients. These mediators are strong at-
tractants for monocytes and neutrophils and also involved in cellu-
lar apoptosis. Virus replication most likely trigger multiple innate 
cells that line the mucosal surfaces, and the chemokines attract in-
flammatory macrophages and neutrophils. IL-1 and G-CSF secre-
tion was higher in asymptomatic versus symptomatic individuals, 

Fig. 3. Serum versus mucosal antibody binding kinetics and neutralization of SARS-CoV-2 variants in sera and nasal washes from asymptomatic and symptom-
atic COVID-19 patients. (A and B) SPR-based antibody binding [maximum resonance units (RU)] of serum (S) and nasal wash (NW) pairs to purified SARS-CoV-2 prefusion 
spike (A), and RBD-wt and mutants RBD-K417N and RBD-E484K (B). Total antibody binding of 10-fold diluted samples from SARS-CoV-2 asymptomatic (n = 15, blue), 
symptomatic COVID-19 (n = 11, red), and symptomatic RSV-infected nonhospitalized (n = 15, black) individuals. Mean values for each group are shown above. (C) Fold 
decrease in antibody binding to mutants RBD-K417N and RBD-E484K of serum or nasal wash from asymptomatic (blue) or symptomatic (red) COVID-19 patients. (D) Anti-
body (Ab) affinity of serum and nasal wash pairs from asymptomatic (n = 15, blue) versus symptomatic COVID-19 individuals (n = 11, red) to prefusion spike. (E) PsVNA50 
titers of serum and nasal wash of asymptomatic (n = 15, blue), symptomatic COVID-19 (n = 11, red), and symptomatic RSV-infected nonhospitalized (n = 15, black) indi-
viduals against WA-1, UK, and SA strains. (F) Fold decrease in serum PsVNA50 against UK and SA in comparison with WA-1 strain. Statistical differences between the 
groups were determined using R and considered significant when the P value was less than 0.05 (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001). The data shown 
are average values of two experimental runs.
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while higher levels of IL-6, IL-8, and IFN- were observed in nasal 
washes of symptomatic COVID-19 patients. The pattern of mucosal 
cytokine/chemokines in the nasal wash of symptomatic COVID-19 
patients was similar to those observed in the nasal washes of the 
symptomatic RSV adult patients, suggesting a common mechanism 
of local innate responses to replicating viruses in the URT. The lev-
els of antiviral and proinflammatory cytokines and chemokines can 
determine the balance between virus control versus tissue damage 
that takes place in the nasal cavity with eventual spillover to the 
lower respiratory tract and the blood. Pierce et al. (7) recently de-
scribed a more vigorous early activation of innate immune pathways 
in the nasopharynx of children compared with adults, including 
higher levels of IFN-2, IFN-, IP10, IL-8, and IL-1, at clinical pre-
sentation with COVID-19, which inversely correlated with disease 
severity.

In the GFPDL, IgA-bound phages in nasal washes were 100-fold 
higher in asymptomatic individuals compared with symptomatic 
patients, probably indicative of an important role for mucosal IgA 
in early protection against the virus as previously suggested (4, 27, 28). 
It is expected that most of the mucosal IgA in the nasal washes was 
secretory IgA, which can form dimers and oligomers that can bind 
virions and may help in viral clearance (29). The GFPDL analyses 
identified several antigenic sites that were more frequently recog-
nized by nasal wash (IgA and IgG) antibodies compared with the 
serum antibodies (figs. S6 to S8). Among those, recognition of anti-
genic sites encompassing 260 to 331, 418 to 510, 548 to 590, 789 to 
873 (containing FP), 883 to 964, 944 to 1001, and 1115 to 1181 was 
more common in nasal wash IgA/IgG of asymptomatic compared 
with symptomatic COVID-19 individuals. This finding requires 
follow-up in future evaluation of SARS-CoV-2 infections, including 
measurements of virus shedding, that may provide immune cor-
relates of protection not only from severe diseases but also from 
transmission to secondary hosts. One of the possible limitations of 
GFPDL-based assessments is that while the phage display is likely to 
detect both conformational and linear epitopes on the SARS-CoV-2 
spike protein, they are unlikely to detect paratopic interactions that 
may require posttranslational modifications or quaternary epitopes 
formed by cross-protomers. In addition, because limited volumes 
of matched serum/nasal wash pairs available from these SARS-
CoV-2–infected individuals, elucidation of antibody epitope reper-
toire using phage display library was performed on pooled sera 
samples to get a more “global” signature of antibody repertoire gen-
erated following SARS-CoV-2 infection rather than to characterize 
antibody response in each individual. Recently, we performed spike 
gene–based GFPDL analysis on pooled versus individual serum 
samples in older COVID-19 adults (60 to 70 years of age) (12, 16). 
This GFPDL analyses demonstrated that IgG, IgM, or IgA spike an-
tibody epitope repertoire in individual sera was similar to that iden-
tified with pooled sera, suggesting that GFPDL data observed with 
pooled sera are a meaningful representation of overall antibody 
profile in individuals.

Because several intranasal SARS-CoV-2 vaccines and therapeu-
tics are in early clinical trials (including live attenuated vaccine), it 
will be important to compare the epitope profiles after vaccination 
versus after infection in the mucosal sites and explore their correla-
tion with control of virus replication and progression to severe 
disease.

In SPR, total antibody binding of nasal washes was 5- to 10-fold 
lower than for serum samples. The E484K mutation affected antibody 

binding to the RBD significantly, while the K417N had minimal 
impact. These findings are in agreement with other studies on the 
contribution of different amino acid mutations in the B.1.351 to 
loss of antibody binding (30). In our study, virus neutralization 
titers were minimal or undetectable in nasal washes despite weak/
moderate antibody binding to the SARS-CoV-2 prefusion spike and 
RBD. Other studies on mucosal antibodies in nasal washes also de-
scribed only spike-binding antibodies (but not neutralizing anti-
bodies following infection) (4, 7). It is unclear whether this reflects 
timing of sampling (early after infection) or the presence of uniden-
tified inhibitors in mucosal fluid that interfere with the neutraliza-
tion assays. On the other hand, nonneutralizing antibodies may also 
contribute to virus clearance via Fc-mediated functions like phago-
cytosis or complement fixation, as previously reported in COVID-19 
patients (31, 32).

Antibody affinity plays a key role in protective immunity and 
was shown to correlate with control of viral loads after avian influ-
enza infections in ferrets (33–35) and improved clinical outcome in 
Zika, Ebola, and influenza patients (20, 36, 37). After SARS-CoV-2 
infection, antibody affinity maturation occurs gradually over several 
months (38, 39). On the other hand, we recently observed that anti-
body affinity maturation is blunted in severe hospitalized COVID-19 
patients that did succumbed to the disease compared with surviving 
patients (12, 40) and antibody affinity maturation correlated with 
lower disease severity in hospitalized COVID-19 patients (16). In 
the current study, we found five- to eightfold lower serum antibody 
affinity against the SARS-CoV-2 prefusion spike in symptomatic 
hospitalized COVID-19 patients compared with asymptomatic in-
dividuals. A similar difference in antibody affinity was also found for 
nasal wash antibodies in the two cohorts. Evidence for blunted ger-
minal center (GC) formation in lymph nodes from severe COVID-19 
patients associated with reduced Bcl-6 expressing T follicular helper 
cells (Tfh) was recently described by Kaneko et al. (41). However, in 
our earlier studies, antibody affinity was found to be significantly 
higher in patients who survived compared with deceased individuals 
(12). Here, we measured higher affinity antibodies in asymptomatic 
individuals in both serum and nasal wash compared with symptomatic 
COVID-19 patients (including two patients who required mechanical 
ventilation) at 10 days after PCR-confirmed SARS-CoV-2 infections. 
Thus, antibody evolution including class switching and affinity 
maturation may take place early after infection in lymph nodes 
across the body including those associated with the upper and lower 
respiratory tract. Local virus replication in the upper respiratory 
tract is likely to be a strong driver of GC formation in the muco-
sal-associated lymph nodes, and affinity maturation of plasma 
cells can subsequently spread systemically. The underlining mech-
anisms of reduced GC development in more severe COVID-19 re-
quire further investigation. The specificity, affinity, and functions 
of mucosal antibodies are likely to affect virus replication, disease 
progression, and transmission.

The limitation of our study was the relatively small size of our 
cohorts that only included males. Hence, these study observations 
interpretation may not be commutable to females. It will be impor-
tant to include individuals of both sexes in subsequent studies and 
to follow patients for longer time through convalescence. Durability 
of mucosal immunity may predict the rate of reinfections following 
recovery from primary infection and following vaccination.

Together, our data suggest that studies performed with systemic 
immune responses may not fully reflect the innate and adaptive 
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immune responses at the mucosal sites in the upper respiratory 
tract, which play a critical role in early virus control, underscoring 
the importance of localized immune responses including IgG/IgA 
class switching and antibody affinity following SARS-CoV-2 
infection.

In summary, elucidating the quality of immune response in SARS- 
CoV-2–infected individuals at the site of infection in comparison 
with the systemic response could be highly beneficial for under-
standing the host immune response and could guide effective inter-
vention strategies and rational development of targeted vaccines 
and therapeutics against SARS-CoV-2.

METHODS
Study design
Study samples were purchased from Antibody Systems Inc. Matched 
serum and nasal wash pairs were obtained from 15 asymptomatic 
SARS-CoV-2–infected males in Florida. The paired samples were 
collected at 10 days after confirmed positive SARS-CoV-2 reverse 
transcription PCR (RT-PCR) test from adult males (table S1). All 
males were asymptomatic. Age-matched and time-matched serum- 
nasal wash pairs were obtained from 11 symptomatic SARS-CoV-2–
infected males at 10 days after confirmed positive SARS-CoV-2 
RT- PCR test who became symptomatic after positive PCR test and 
were hospitalized. All symptomatic patients were hospitalized because 
of COVID-19. Two hospitalized COVID-19 patients required me-
chanical ventilation. All hospitalized COVID-19 patients recovered 
from disease and were released from the hospital. Age-matched (age 
ranging from 21 to 57 years) control serum-nasal wash pairs from 
symptomatic RSV-infected nonhospitalized normal males were ob-
tained in 2015 (table S1). Serum and respiratory samples were tested for 
SARS-CoV-2 infection by SARS-CoV-2 by PCR or RT–quantitative 
PCR using the Thermo Fisher Scientific SARS-CoV-2 RT-PCR Kit. 
Demographic, clinical, and outcome data for each individual is 
provided in table S1. Deidentified samples were tested in different 
antibody assays under exempt status approval from the U.S. Food 
and Drug Administration’s Research Involving Human Subjects 
Committee [FDA-RIHSC-2020-04-02 (252)]. Samples and assays were 
run in duplicate or triplicate. Research fellows running the antibody 
assays were blinded to the identity of the groups for assessments 
of outcomes.

Proteins
The SARS-CoV-2 spike plasmid expressing genetically stabilized 
prefusion 2019-nCoV_S-2P spike ectodomain, a gene encoding res-
idues 1 to 1208 of 2019-nCoV S fused to 8xHisTag was a gift from 
B. Graham (Vaccine Research Center, National Institutes of Health) 
(42). This expression vector was used to transiently transfect Free 
Style 293F cells (Thermo Fisher Scientific) using polyethyleneimine. 
Protein was purified from filtered cell supernatants using StrepTactin 
resin and subjected to additional purification by size exclusion 
chromatography in phosphate-buffered saline (PBS). Recombinant 
SARS-CoV-2 spike RBD and its mutants were purchased from Sino 
Biologicals (RBD-wt, 40592-V08H82; RBD-K417N, 40592-V08H59; 
and RBD-E484K, 40592-V08H84). Recombinant purified proteins 
used in the study were produced in 293 mammalian cells (prefusion 
spike and RBDs). The native receptor-binding activity of the spike 
proteins was determined by binding to the human angiotensin 
converting enzyme 2 (ACE2) protein (5 g/ml) (11, 12, 16).

Measurement of cytokine levels in serum and nasal wash
All serum/nasal wash samples were diluted fourfold in Bio-Plex Sam-
ple Diluent HB buffer. The samples were analyzed via a Bio-Plex 
Pro Human Cytokine Panel 17-Plex assay as per the manufacturer’s 
instructions. Plates were read using the Bio-Plex 200 system (Bio-Rad, 
Hercules, CA). Additional nine cytokines included measurement of 
type 1 IFN were determined using the individual human cytokine 
kits (R&D Systems, Minneapolis, MN). The cytokine assay was per-
formed in duplicate (two independent experiments by research fel-
low in the laboratory who was blinded to sample identity). Similar 
cytokine levels were observed in the two assays.

SARS-CoV-2 pseudovirus production 
and neutralization assay
Pseudovirion production and PsVNA were described in previous 
publications from our laboratory (11, 12, 16). Briefly, human 
codon-optimized cDNA encoding SARS-CoV-2 S glycoprotein of 
the WA-1 strain, UK variant (B.1.1.7 with spike mutations: H69-
V70del, Y144del, N501Y, A570D, D614G, P681H, T716I, S982A, 
and D1118H), and SA variant (B.1.351 strain with spike mutations 
L18F, D80A, D215G, L242-244del, R246I, K417N, E484K, N501Y, 
D614G, and A701V) was synthesized by GenScript and cloned into 
eukaryotic cell expression vector pcDNA 3.1 between the Bam HI 
and Xho I sites. Pseudovirions were produced by cotransfection 
Lenti-X 293 T cells with psPAX2(gag/pol), pTrip-luc lentiviral vec-
tor, and pcDNA 3.1 SARS-CoV-2–spike–deltaC19 using Lipofect-
amine 3000. The supernatants were harvested at 48  hours after 
transfection and filtered through 0.45-m membranes and titrated 
using 293 T-ACE2 cells (human embryonic kidney–293T cells that 
express ACE2 protein, as described previously (43).

For the neutralization assay, 50 l of SARS-CoV-2 S pseudovirions 
was preincubated with an equal volume of medium containing 
serum at varying dilutions at room temperature for 1 hour, and 
then virus-antibody mixtures were added to 293 T-ACE2 cells in a 
96-well plate. After a 3-hour incubation, the inoculum was replaced 
with fresh medium. Cells were lysed 24 hours later, and luciferase 
activity was measured using luciferin. Controls included cell only 
control, virus without any antibody control, and positive control 
sera. The cutoff value or the limit of detection for neutralization 
assay is 1:10. The PsVNA was performed twice, and the researchers 
performing the assay were blinded to sample identity.

SARS-CoV-2 GFPDL construction
SARS-CoV-2 spike GFPDL construction was described in previous 
publications from our laboratory (11, 12, 16). Briefly, DNA encod-
ing the spike gene of SARS-CoV-2 isolate Wuhan-Hu-1 strain 
(GenBank, MN908947.3) was chemically synthesized and used for 
cloning. A gIII display-based phage vector, fSK-9-3, was used where 
the desired polypeptide can be displayed on the surface of the phage 
as a gIII-fusion protein. Purified DNA containing spike gene was 
digested with deoxyribonuclease I to obtain gene fragments of 50– to 
1500–base pair size range (18 to 500 amino acids) and used for 
GFPDL construction, as described previously (11, 12, 16).

Affinity selection of SARS-CoV-2 GFPDL phages 
with polyclonal human serum/nasal wash
SARS-CoV-2 GFPDL-based affinity selection was performed as 
described before (11, 12, 16). Briefly, equal volumes of each of the 
human serum/nasal wash from 15 asymptomatic individuals or 
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RSV- infected adults or 11 symptomatic COVID-19 patients were 
used for GFPDL panning. Before panning of GFPDL with poly-
clonal serum/nasal wash antibodies, serum/nasal wash components, 
which could nonspecifically interact with phage proteins, were re-
moved by incubation with ultraviolet-killed M13K07 phage-coat-
ed petri dishes. GFPDL affinity selection was carried out in-solution 
with anti-IgM, protein A/G (IgG), or anti-IgA specific affinity resin.

The pooled serum/nasal wash was incubated with the GFPDL 
and the specific resin, and the unbound phages were removed by 
PBST (PBS containing 0.1% Tween 20) wash followed by PBS. Bound 
phages were eluted by addition of 0.1 N of Gly-HCl (pH 2.2) and 
neutralized by adding 8 l of 2 M tris solution per 100 l of eluate. 
After panning, antibody-bound phage clones were amplified, the in-
serts were sequenced, and the sequences were aligned to the SARS-
CoV-2 spike gene to define the fine epitope specificity in these 
polyclonal samples.

The GFPDL affinity selection was performed in duplicate (two 
independent experiments by research fellow in the laboratory who 
was blinded to sample identity). Similar numbers of bound phage 
clones and epitope repertoire were observed in the two GFPDL 
panning.

Adsorption of polyclonal human postinfection serum 
on SARS-CoV-2 GFPDL phages and residual reactivity 
to SARS-CoV-2 prefusion spike
Adsorption using SARS-CoV-2 spike GFPDL construction was de-
scribed previously (11, 12, 16). Briefly, before panning of GFPDL, 
serum and nasal wash antibodies from SARS-CoV-2–confirmed 
individuals were adsorbed by incubation with SARS-CoV-2 GFPDL 
phage-coated petri dishes. To ascertain the residual antibodies 
specificity, an ELISA was performed with wells coated with purified 
recombinant SARS-CoV-2 prefusion spike (100 ng/100 l). After blocking 
with PBST containing 2% bovine serum albumin (BSA), serial dilu-
tions of human serum (with or without GFPDL adsorption) in blocking 
solution were added to each well, incubated for 1 hour at room tempera-
ture, followed by addition of 5000-fold diluted horseradish peroxidase– 
conjugated goat anti-human IgA-IgG- IgM–specific antibody, and 
developed by 100 l of o-phenylenediamine dihydrochloride (OPD) 
substrate solution. Absorbance was measured at 490 nm.

Antibody binding kinetics of post–SARS-CoV-2 infection 
human serum/nasal wash to recombinant SARS-CoV-2 
proteins by SPR
SARS-CoV-2 antibody binding kinetics by SPR was described in 
previous publications from our laboratory (11, 12, 16, 19). Briefly, 
steady-state equilibrium binding of post–SARS-CoV-2–infected hu-
man polyclonal samples was monitored at 25°C using a ProteOn 
SPR (Bio-Rad). The purified recombinant SARS-CoV-2 proteins 
were captured to a Ni-NTA sensor chip with 200 RU in the test flow 
channels. The protein density on the chip was optimized such as to 
measure monovalent interactions independent of the antibody iso-
type (11, 12, 16, 19).

Serial dilutions (10-, 50-, and 250-fold) of freshly prepared serum/
nasal wash in BSA-PBST buffer [PBS (pH 7.4) buffer with Tween 20 
and 2% BSA] were injected at a flow rate of 50 l/min (120-s contact 
duration) for association, and disassociation was performed over a 
600-s interval. Responses from the protein surface were corrected 
for the response from a mock surface and for responses from a buffer- 
only injection. SPR was performed with serially diluted serum/nasal 

wash of each individual time point in this study. Total antibody 
binding and antibody isotype analysis were calculated with Bio-Rad 
ProteOn manager software (version 3.1). All SPR experiments were 
performed twice, and the researchers performing the assay were 
blinded to sample identity. In these optimized SPR conditions, the 
variation for each sample in duplicate SPR runs was <5%. The maxi-
mum RU data shown in the figures were the calculated RU signal 
for the 10-fold diluted serum/nasal wash sample.

Statistical analysis
All experimental data to compare differences between groups were 
analyzed using lme4 and emmeans packages in R (RStudio version 
1.1.463). Data from cytokine, antibody binding, or neutralization 
analysis (used as independent variables) were analyzed for statisti-
cal significance for serum and nasal wash among various groups 
(asymptomatic versus symptomatic versus RSV) and controlled for 
“age” that served as a covariate (predictor variable) using a linear 
regression model. To ensure robustness of the results, absolute mea-
surements were log2-transformed before performing the analysis. 
For each cytokine, antibody binding or neutralization data, the re-
spective measurement was regressed on age and the various groups 
(factor variables). The tests were two-sided tests. For comparisons 
between the various groups, pairwise comparisons were extracted 
using “emmeans” and Tukey-adjusted P values were used for de-
noting significance to reduce type 1 error due to multiple testing. 
The differences were considered statistically significant with a 95% 
confidence interval when the P value was less than 0.05 (*P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abi6533

View/request a protocol for this paper from Bio-protocol.
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