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Cross-protective HCoV immunity reduces symptom 
development during SARS-CoV-2 infection
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ABSTRACT Numerous clinical parameters link to severe coronavirus disease 2019, 
but factors that prevent symptomatic disease remain unknown. We investigated the 
impact of severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) and 
endemic human coronavirus (HCoV) antibody responses on symptoms in a longitudi
nal children cohort (n = 2,917) and a cross-sectional cohort including children and 
adults (n = 882), all first exposed to SARS-CoV-2 (March 2020 to March 2021) in 
Switzerland. Saliva (n = 4,993) and plasma (n = 7,486) antibody reactivity to the four 
HCoVs (subunit S1 [S1]) and SARS-CoV-2 (S1, receptor binding domain, subunit S2 
[S2], nucleocapsid protein) was determined along with neutralizing activity against 
SARS-CoV-2 Wuhan, Alpha, Delta, and Omicron (BA.2) in a subset of individuals. Inferred 
recent SARS-CoV-2 infection was associated with a strong correlation between mucosal 
and systemic SARS-CoV-2 anti-spike responses. Individuals with pre-existing HCoV-S1 
reactivity exhibited significantly higher antibody responses to SARS-CoV-2 in both 
plasma (IgG regression coefficients = 0.20, 95% CI = [0.09, 0.32], P < 0.001) and saliva 
(IgG regression coefficient = 0.60, 95% CI = [0.088, 1.11], P = 0.025). Saliva neutralization 
activity was modest but surprisingly broad, retaining activity against Wuhan (median 
NT50 = 32.0, 1Q–3Q = [16.4, 50.2]), Alpha (median NT50 = 34.9, 1Q–3Q = [26.0, 46.6]), and 
Delta (median NT50 = 28.0, 1Q–3Q = [19.9, 41.7]). In line with a rapid mucosal defense 
triggered by cross-reactive HCoV immunity, asymptomatic individuals presented with 
higher pre-existing HCoV-S1 activity in plasma (IgG HKU1, odds ratio [OR] = 0.53, 95% 
CI = [0.29,0.97], P = 0.038) and saliva (total HCoV, OR = 0.55, 95% CI = [0.33, 0.91], P = 
0.019) and higher SARS-CoV-2 reactivity in saliva (IgG S2 fold change = 1.26, 95% CI = 
[1.03, 1.54], P = 0.030). By investigating the systemic and mucosal immune responses 
to SARS-CoV-2 and HCoVs in a population without prior exposure to SARS-CoV-2 or 
vaccination, we identified specific antibody reactivities associated with lack of symptom 
development.

IMPORTANCE Knowledge of the interplay between human coronavirus (HCoV) 
immunity and severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) 
infection is critical to understanding the coexistence of current endemic coronavi
ruses and to building knowledge potential future zoonotic coronavirus transmissions. 
This study, which retrospectively analyzed a large cohort of individuals first exposed 
to SARS-CoV-2 in Switzerland in 2020–2021, revealed several key findings. Pre-exist
ing HCoV immunity, particularly mucosal antibody responses, played a significant 
role in improving SARS-CoV-2 immune response upon infection and reducing symp
toms development. Mucosal neutralizing activity against SARS-CoV-2, although low in 
magnitude, retained activity against SARS-CoV-2 variants underlining the importance of 
maintaining local mucosal immunity to SARS-CoV-2. While the cross-protective effect of 

February 2024  Volume 15  Issue 2 10.1128/mbio.02722-23 1

Editor Satya Dandekar, University of California, Davis, 
Davis, California, USA

Address correspondence to Irene A. Abela, 
irene.abela@usz.ch.

H.F.G. reports having received honoraria from Gilead 
Sciences, Merck, ViiV, GSK, Janssen, Johnson and 
Johnson, and Novartis for serving on DSMB and/or 
advisory boards and has received a travel grant 
from Gilead Sciences. In addition, he has received 
grants from the Swiss National Science Foundation 
(SNSF), the Swiss HIV Cohort Study, the Yvonne 
Jacob Foundation, and the NIH and unrestricted 
research grants from Gilead Sciences, all paid to 
the institution. A.T. has received honoraria from 
Roche Diagnostics for consultant activity, grants 
from the SNSF, the Swiss HIV Cohort Study, and 
the Pandemiefonds of the UZH foundation, and 
unrestricted research grants from Gilead Sciences. 
I.A.A. has received honoraria from MSD and Sanofi, a 
travel grant from Gilead Sciences, and a grant from 
Promedica foundation. R.D.K. has received grants 
from SNSF, the National Institutes of Health, and 
Gilead Sciences. C.P. has received a grant from the 
Collegium Helveticum.

See the funding table on p. 17.

Received 5 October 2023
Accepted 15 December 2023
Published 25 January 2024

Copyright © 2024 Abela et al. This is an open-access 
article distributed under the terms of the Creative 
Commons Attribution 4.0 International license.

https://crossmark.crossref.org/dialog/?doi=10.1128/mbio.02722-23&domain=pdf&date_stamp=2024-01-25
https://doi.org/10.1128/mbio.02722-23
https://creativecommons.org/licenses/by/4.0/


HCoV immunity was not sufficient to block infection by SARS-CoV-2, the present study 
revealed a remarkable impact on limiting symptomatic disease. These findings support 
the feasibility of generating pan-protective coronavirus vaccines by inducing potent 
mucosal immune responses.

KEYWORDS SARS-CoV-2, pre-exisiting immunity, cross-immunity, respiratory infection, 
HCoV, children

I nfection with severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) can 
lead to highly diverse manifestations ranging from asymptomatic infection, severe 

forms of coronavirus disease 2019 (COVID-19), to death and long COVID syndrome (1–
7). While numerous clinical conditions have been associated with disease severity (1, 
8–10) and an increasing number of risk factors are linked to long COVID syndrome 
(5, 6, 11), parameters that define asymptomatic and mild outcomes have not been 
ascertained (12, 13). The high prevalence of asymptomatic and mild infections early in 
the pandemic (1, 2, 14, 15), when the virus encountered a SARS-CoV-2-naive population, 
is particularly intriguing, underlining that genetic and/or pre-existing immune factors 
may exist that partially restrict SARS-CoV-2 infectivity. Definition of these parameters will 
be important to prepare for future zoonotic coronavirus transmissions to humans and 
to evolve effective cross-protecting coronavirus vaccines (16–18). Although SARS-CoV-2 
is not closely related to endemic human coronaviruses (HCoVs), sequence homologies 
exist and give rise to both cross-reactive antibody and T cell responses (18–26). Indeed, 
research from others and us has highlighted that pre-existing immunity to HCoVs may 
limit disease severity either directly (27) or by supporting the development of SARS-
CoV-2-specific humoral (22, 27–29) and cellular (21) responses. Cross-reactive HCoV T 
cell responses (21, 30) and cross-reactive HCoV antibodies (31, 32) have been postulated 
to underlie the milder presentation of COVID-19 in children. Despite growing evidence, 
the impact of HCoV immunity on SARS-CoV-2 infection remains to be determined as 
it has not been observed in all settings (29, 33, 34). The disparity may have several 
reasons. Cross-reactivity can be assumed to be less effective than the later developing 
specific immunity and may thus depend on a high anti-HCoV activity which may only be 
maintained for a short period after an HCoV infection. Similarly, the effects of different 
HCoVs may vary, and geographic and temporal shifts in HCoV prevalence (29, 35–37) 
may influence HCoV immunity to SARS-CoV-2 infection, necessitating tightly controlled 
study settings to unravel and confirm cross-talks. Binding and neutralizing SARS-CoV-2 
antibody levels in plasma provide strong correlates of vaccine efficacy (38–41); however, 
localized mucosal antibodies present at the port of entry may provide the most rapid 
and effective measure in limiting virus acquisition (42–46). Indeed, monitoring salivary 
SARS-CoV-2 antibodies during acute and convalescent stages of COVID-19 (44, 47–49) 
and after vaccination (48, 50–52) has highlighted the magnitude of the antibody 
response in saliva but its impact on disease severity remains to be resolved. However, 
if and how HCoV-specific antibodies in saliva contribute to the control of SARS-CoV-2 
infection has not been resolved. Unraveling the protective effects of HCoV immunity 
against SARS-CoV-2 infection is generally complex due to the known cross-reactivity and 
co-stimulation of SARS-CoV-2 and HCoV immune responses (22, 28, 53–55),

Here, we studied coronavirus antibody activity in plasma and saliva in the initial 
SARS-CoV-2 infection wave in 2020–2021 in Switzerland through periods of low and 
high SARS-CoV-2 prevalence in two independent cohorts, a longitudinal children cohort 
and a cross-sectional mixed adult-children cohort. This setting allowed us to pinpoint 
individuals who encountered SARS-CoV-2 for the first time and, through this to explore 
the role of saliva antibodies to HCoV and SARS-CoV-2 in protecting against SARS-CoV-2 
infection and progression.
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RESULTS

Temporal resolution of systemic and mucosal antibody responses to SARS-
CoV-2

We analyzed the HCoV and SARS-CoV-2 antibody titers using the multiplex ABCORA 
test (28, 56–63) in plasma and saliva of children and adults from two independent 
cohort studies conducted in Zurich, Switzerland, at the start of the pandemic and 
before the availability of SARS-CoV-2 vaccines for children and adults in Switzerland 
(March 2020 to March 2021) (56–59, 64) (see Table S1 for an outline of the study 
populations and the study design). The screen included concurrent saliva (n = 4,993) and 
plasma (n = 7,486) samples repeatedly collected during three different rounds (June–
July 2020, October–November 2021, and March–April 2021) in a longitudinal seropreva
lence children cohort, the Ciao Corona study (56–59) (referred to as longitudinal cohort 
hereafter; nchildren = 2,917, aged 6–17 years; Fig. 1A through C; Fig. S1A; Table S2), in 
which SARS-CoV-2 was diagnosed retrospectively based on serological testing with the 
multiplex bead assay ABCORA (28). We further included saliva from adults and children 
collected in November 2020 through a cross-sectional test center cohort (64) (n = 882, 
aged 11–98 years; Fig. 1A, B, and D; Table S3). In this cross-sectional cohort, SARS-CoV-2 
infection was diagnosed by polymerase chain reaction (PCR) in saliva and nasopharyng
eal swabs.

Analysis of plasma (Fig. 1C) and saliva (Fig. 1D) in the longitudinal cohort revealed a 
lower but detectable SARS-CoV-2 antibody activity in saliva (Fig. S1B). Salivary anti
body levels in the cross-sectional cohort (range of all median fluorescence intensities 
normalized for empty beads control [fold over empty beads] [MFI-FOE] = [−1.24, 2.44]) 
and the longitudinal cohort (range of all MFI-FOE = [−0.99, 2.44]) were in a similar range, 
suggesting comparability between the two cohorts.

Prospective sampling in the longitudinal cohort between June 2020 and April 2021 
provided an ideal setting to resolve temporal associations of systemic and mucosal 
antibody responses. Because identification of SARS-CoV-2 infection in this cohort is 
based solely on retrospective detection of SARS-CoV-2 serum antibodies (56–59) and the 
exact time of infection is not known, we indirectly estimated the recency of infection by 
considering first detection of plasma SARS-CoV-2 antibodies in each individual and local 
epidemiological data, which was closely monitored by authorities, providing precise 
epidemiological information of SARS-CoV-2 prevalence in the canton of Zurich (Fig. 1B; 
Fig. S1A). We used this combined information to assign individuals from the longitudi
nal cohort to sub-cohorts depending on the inferred recency of infection (Fig. 2A). 
Sub-cohort A comprises individuals who were diagnosed as SARS-CoV-2 seropositive 
in the first sampling round; sub-cohort B comprises those diagnosed as SARS-CoV-2 
negative in the first sampling round and positive in the second; sub-cohort C comprises 
those diagnosed as SARS-CoV-2 negative in the first and second sampling round and 
positive in the third (Fig. 2A; Fig. S2). For each of the sub-cohorts A–C, we analyzed 
specimens collected at the different sampling rounds (A1-2, B1-2, C1-3; Fig. 2A). Positive 
SARS-CoV-2 serology in June–July 2020, as seen in cohort A, most likely indicates 
infection during the first wave of the pandemic in Switzerland in March 2020, a period 
followed by a 6-week lockdown during which incidence rates declined rapidly (65). 
We thus inferred that sub-cohort A comprises individuals approximately 3–4 months 
post-infection (A1, n = 56). Follow-up of these individuals in the second sampling round 
in October–November 2020 (A2, n = 52) accordingly represents samples approximately 
7–8 months post-infection. After two modest SARS-CoV-2 waves in spring and summer 
2020, Switzerland experienced a high third wave in autumn 2020 (Fig. 1B; Fig. S1A) that 
overlapped with the second sampling round. Considering the low level of community 
transmission in-between first and second sampling timepoints in Switzerland, individuals 
that were first diagnosed seropositive at the second sampling (sub-cohort B) are thus 
most likely recent infections. We thus inferred that sub-cohort B at sampling round 2 (B2, 
n = 85) comprises individuals 0–1 months post-infection. Individuals who seroconverted 
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by the third collection campaign in March–April 2021 were assigned to sub-cohort C (n = 
209). Again, considering the local epidemiological data (Fig. 1B; Fig. S1A), seroconverters 
included in sub-cohort C were likely infected during the third wave that lasted from 
December 2020 to February 2021. We thus inferred that sub-cohort C, at sampling 
timepoint 3 (C3; n = 209), comprises samples collected 1–4 months post-infection.

This temporal resolution into different infection recency clusters was strongly 
reflected by distinctive characteristic IgG, IgA, and IgM patterns in plasma (Fig. 2B; Fig. 
S2) (28, 49). The early infection plasma samples at B2 showed the highest IgM and 

FIG 1 Multifactorial seroprofiling in a longitudinal cohort of children and a cross-sectional diagnostic cohort. (A) Schematic of serology sampling during three 

sampling rounds in the longitudinal cohort and one round in the cross-sectional cohort. Information is provided on the type of sampling for serology studies 

(plasma or saliva). (B) Sampling dates of the longitudinal (dark blue) and cross-sectional (light blue) cohorts. (C) Antibody measurements in the multiplex 

SARS-CoV-2 ABCORA in plasma in children from the longitudinal cohort with serology measurements at all three visit rounds (n = 1,967). Depicted are 

median fluorescence intensity (MFI) signals normalized for empty bead controls (fold over empty beads, MFI-FOE). Individuals in light gray stayed seronegative 

throughout the three visit rounds. Individuals in blue showed seroconversion. (D) Antibody measurements in the multiplex SARS-CoV-2 ABCORA in saliva on all 

children from the longitudinal cohort with serology measurements at the first two visit rounds (n = 2,806) and on individuals from the cross-sectional cohort (n = 

882). SARS-CoV-2 positivity is determined by blood seropositivity in the longitudinal cohort (dark blue) or PCR positivity in the cross-sectional cohort (light blue). 

SARS-CoV-2 negative individuals (serology or PCR) are depicted in light gray.
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IgA reactivity to receptor binding domain (RBD) and subunit S1 (S1) (IgA RBD median 
[1Q, 3Q] in B2 = 1.72 [1.19, 2.01] [n = 85] versus 1.10 [0.85, 1.33], 1.00 [0.62, 1.29], and 
0.60 [0.43, 1.34] in C3 [n = 209], A1 [n = 56], and A2 [n = 52], respectively; Fig. 2B 
and C; Fig. S2). IgG reactivity was highest in B2 and C3 (0–1 [n = 85] and 1–4 [n = 
209] months of infection; IgG RBD median [1Q, 3Q] = 1.87 [1.11, 2.34] and 1.94 [1.59, 
2.18] respectively) and declined thereafter in A1 and A2 (3–4 [n = 56] and 7–8 [n = 52] 

FIG 2 Inference of infection recency sub-cohorts based on multifactorial seroprofiling. (A) IgG receptor binding domain (RBD) MFI-FOE signals in sub-cohorts 

with different recency of infection, inferred using seropositivity assessment date and epidemic waves (see Fig. 1A). Sub-cohort A contains those seropositive in 

the first round (June–July 2020): measurements in June–July 2020 were realized 3–4 months after infection (A1, n = 56) and measurements in October–Novem

ber 2020 were realized 7–8 months after infection (A2 = 52). Sub-cohort B contains those seronegative at the first round and seropositive at the second round. 

Measurements in October–November 2020 were realized within 1 month of infection (B2, n = 85). Sub-cohort C contains those seronegative at the first two 

rounds and seropositive at the last round (March–April 2021). Measurements in March–April 2021 were realized between 1 and 4 months post-infection (C3, 

n = 209). (B) Antibody measurements in the multiplex SARS-CoV-2 ABCORA in plasma of children in the different sub-cohorts. Depicted are MFI-FOE signals. 

(C) Heatmap representing Z-score of the MFI-FOE values of plasma samples in the different sub-cohorts. (D) Principal component analysis of plasma samples 

taken from the different sub-cohorts. (A, B, C, D) Sub-cohorts: B2: 0–1 month, orange; C3: 1–4 months, pink; A1: 3–4 months, light purple; A2: 7–8 months, dark 

purple.
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months of infection; IgG RBD median [1Q, 3Q] = 1.44 [0.79, 2.20] and 1.07 [0.46, 1.82] 
respectively), with a faster reduction in nucleocapsid protein (N) (fold change in A2 [n 
= 52] versus C3 [n = 209] = 0.42) than RBD reactivity (fold change = 0.60) as previously 
reported (28, 66). The analysis of the differential time-dependent clustering based on this 
seroprofiling confirmed the observations and showed a clear clustering of the assigned 
cohorts by their infection recency (Fig. 2C and D). From these analyses, we conclude that 
the assignment of SARS-CoV-2 infection recency in the longitudinal cohort is sufficiently 
accurate to allow combined analyses of saliva from the longitudinal cohort and saliva 
from the PCR-confirmed SARS-CoV-2 infections collected in the cross-sectional cohort at 
consecutive steps of the analysis.

Pre-existing HCoV mucosal immunity shapes SARS-CoV-2 antibody response 
upon infection

The extent to which pre-existing immunity to endemic HCoVs influences susceptibility 
and severity of SARS-CoV-2 infection has been controversially debated (22, 26–28, 67). 
Previous work by us and others strongly suggests a beneficial effect of HCoV immunity 
in reducing SARS-CoV-2 acquisition and disease severity (21, 22, 25, 27, 28), while other 
studies found no or little effect (33, 34). Here, we considered that the discrepancy 
in results may in part be due to a different relative timing of SARS-CoV-2 and HCoV 
infections in individual cohorts, as HCoV infections have a pronounced seasonality 
with the four HCoV strains fluctuating annually and geographically (29, 36, 37). We 
concluded that a pairwise analysis of pre-infection samples and early post-infection 
SARS-CoV-2 seropositive samples in a population from the same geographic region 
during the same time period is needed to provide a controlled framework for studying 
the impact of HCoV immunity on SARS-CoV-2 antibody responses. The above-defined 
sub-cohorts B and C comprised sampling at pre-infection (B1 and C2, respectively) and 
early after seroconversion (B2 and C3, respectively), providing specimens that fulfilled 
these criteria. We re-measured plasma of these cohorts with the ABCORA 5 test that 
records IgG, IgA, and IgM responses to S1 to all four HCoVs (HKU1, NL63, 229E, and 
OC43) next to SARS-CoV-2 antigens (28). Using a linear regression model adjusted for age 
and sex, we found that a higher pre-existing systemic HCoV plasma antibody response 
was significantly associated with higher systemic SARS-CoV-2-specific antibody response 
upon infection (n = 281, P < 0.001 for IgG, IgA, and IgM, regression coefficient = 0.20, 
95% CI = [0.09, 0.32]; 0.23, 95% CI = [0.12, 0.33] for IgG and IgA, respectively; 0.88, 
95% CI = [0.79, 0.98] and 0.21, 95% CI = [0.034, 0.38] for IgM in sub-cohorts C and 
B, respectively; Fig. 3A), corroborating the impact of pre-existing HCoV immunity on 
SARS-CoV-2 antibody development we noted previously (28).

Mucosal immunity is a critical first line of defense against respiratory viruses (45, 68–
70). Analysis of saliva from sub-cohorts A and B for antibodies to SARS-CoV-2 and the 
four HCoVs showed increasing correlation of SARS-CoV-2-specific antibody-binding 
reactivities in serum and saliva with inferred recency of infection (B2, n = 85, 0–1 month 
inferred recency of infection, IgG S1 cor = 0.54, 95% CI = [0.37, 0.67], P < 0.001; A1, n = 56, 
3–4 months inferred recency of infection, IgG S1 cor = 0.40, 95% CI = [0.15, 0.60], P = 
0.002; A2, n = 52, 7–8 m inferred recency of infection, IgG S1 cor = −0.16, 95% CI = [−0.41, 
0.12], P = 0.27; Fig. 3B). Monitoring saliva responses to SARS-CoV-2 and HCoV longitudi
nally in sub-cohort B (n = 76, pre-infection B1, seroconverted B2), we observed that high 
pre-existing mucosal HCoV antibody responses were associated with high mucosal SARS-
CoV-2 antibody response upon infection (IgG regression coefficient = 0.60, 95% CI = 
[0.088, 1.11], P = 0.025; not significant for IgA and IgM with regression coefficients = 0.20, 
95% CI = [−0.023, 0.42], P = 0.084 and 0.19, 95% CI = [−0.063, 0.45], P = 0.14, respectively; 
Fig. 3C). These patterns suggest that high IgG mucosal HCoV immunity favors stronger 
mucosal SARS-CoV-2 IgG response.
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Early induction of SARS-CoV-2 neutralizing activity in saliva

Rapid induction of neutralizing antibodies in the respiratory tract may allow suppression 
of SARS-CoV-2 infection preventing systemic spread and disease progression (38, 39). 
To explore the development of mucosal neutralizing antibodies in recent infection, 
we examined the neutralizing activity in saliva and plasma of the sub-cohort B early 
after seroconversion (B2, 0–1 month inferred recency of infection; Fig. 2A) against the 
Wuhan-Hu-1 strain, whose sub-lineages were prevalent when the sub-cohort B was 
infected (Fig. 1B; Fig. S1A). Neutralization activity against Wuhan-Hu-1 pseudovirus was 
frequent among B2 plasma samples (n = 73/85, 86%) and associated with spike IgG, IgA, 
and IgM but not N binding activities in tobit-regression models adjusted for age and sex 
(Fig. 4A). Notably, although low in magnitude, 77% of B2 saliva samples (n = 65/84) also 
neutralized Wuhan-Hu-1 pseudoviruses and this activity was most strongly linked with 
IgA responses followed by IgM and, to a lesser extent, by IgG (Fig. 4B).

As SARS-CoV-2 neutralization activity evolves gradually with prolonged affinity 
maturation of antibody responses even beyond virus clearance (71–74), plasma neutrali
zation activity is commonly low early in primary infection (61, 75). To elucidate the 
dynamics of the neutralizing response in saliva and plasma during the earliest stages of 
disease, we used information from SARS-CoV-2 plasma antibody profiling to stratify sub-
cohort B participants by infection recency at B2. Clustering based on plasma seroprofiles 
(Fig. 4C) identified two groups with distinct SARS-CoV-2 IgG reactivity. As plasma IgG 

FIG 3 Pre-existing mucosal HCoV immunity shapes SARS-CoV-2 antibody response upon infection. (A) Linear regression analysis to define association between 

the total of SARS-CoV-2 antibody titers upon infection and the total of HCoV antibody titers before infection in plasma. Solid line indicates linear regression 

prediction (adjusted on age and sex) of individuals who tested positive at the second round (B2, orange, n = 85) and those who tested positive at the third round 

(C3, pink, n = 196). Shaded areas correspond to the 95% confidence intervals. (B) SARS-CoV-2 antibody response in saliva (MFI-FOE) against SARS-CoV-2 antibody 

response in plasma (MFI-FOE) from different infection recency sub-cohorts (B2: 0–1 month, orange, n = 85; A1: 3–4 months, light purple, n = 56; A2: 7–8 months, 

dark purple, n = 52). Spearman correlation coefficients are indicated. Non-significant coefficients (P > 0.05) are marked “n.s.” (C) Linear regression analysis to 

define association between the total SARS-CoV-2 antibody titers upon infection and the total HCoV antibody titers before infection in saliva. Solid line indicates 

linear regression prediction (adjusted on age and sex) of individuals who tested positive at the second round (B2, orange, n = 85). Shaded areas correspond to 

the 95% confidence intervals.
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FIG 4 Mucosal antibodies display broad neutralizing activity. (A and B) Heatmap of association coefficients between neutralization titers (NT50) against 

Wuhan-Hu-1 pseudotype and IgG, IgA, and IgM SARS-CoV-2 antibody titers in plasma (n = 85) (A) and saliva (n = 85) (B) obtained with tobit-regression analyses 

adjusted on age and sex to define association. Levels of significance are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001. (C and D) Heatmap representing 

(Continued on next page)
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responses require time to develop after infection (76), individuals with low plasma SARS-
CoV-2 IgG were designated as very recent infection (n = 27), and individuals with a more 
developed SARS-CoV-2 IgG response were designated as intermediate early infection (n 
= 58). Notably, saliva seroprofiles did not reproduce this clustering (Fig. 4D), suggesting 
different dynamics of the antibody response in saliva.

In the identified very recent and intermediate early clusters, we found clear associa
tions between neutralizing and spike-binding antibodies in plasma and saliva, suggest
ing that a low but rapidly established neutralizing response is active in the airway 
mucosa early in infection (Fig. 4E and F; Fig. S3A and B).

We further measured neutralization activity against Alpha, Delta, and Omicron (BA.2) 
in both B2 saliva and plasma samples (nplasma = 85, nsaliva = 84; Fig. 4G and H) 
and compared it to neutralization activity against Wuhan-Hu-1. Neutralization activity 
in plasma showed the characteristic pattern: no or low neutralization activity against 
Wuhan-Hu-1 was detectable among individuals in the very recent infection cluster, but 
markedly increased in the intermediate early cluster (median Wuhan-Hu-1 NT50 [1Q, 3Q] 
in the very early = 153 [100, 616] versus 1,195 [793, 2,320] in the intermediate early, P < 
0.001; Fig. 4G). Neutralization activity against the variants was significantly lower in both 
the very recent and intermediate early infection groups (P < 0.001 for Alpha, Delta, and 
Omicron BA.2 versus Wuhan-Hu-1) in a decreasing manner again following commonly 
seen trends (77–79).

Patterns of neutralization activity in saliva were strikingly different (Fig. 4H). 
Neutralizing activity against Wuhan-Hu-1, Alpha, and Delta in saliva (n = 84) was 
equivalent in the very recent and intermediate early infection groups (median Wuhan-
Hu-1 NT50 [1Q, 3Q] in the very early = 31.9 [16, 61.6] versus 32.0 [17.0, 49.2] in the 
intermediate early, P = 0.78; median Alpha NT50 [1Q, 3Q] in the very early = 34.9 
[26.4, 43.0] versus 35.1 [25.2, 50.0] in the intermediate early, P = 0.78; median Delta 
[1Q, 3Q] in the very early = 30.0 [23.7, 44.7] versus 27.3 [18.4, 39.9] in the intermediate 
early, P = 0.60), indicating a very rapid response that does not expand as infection 
becomes established. Equally striking, saliva neutralization against Alpha (median = 34.9, 
1Q–3Q = [26.0, 46.6]) and Delta (median = 28.0, 1Q–3Q = [19.9, 41.7]) was maintained 
at almost the same level as against Wuhan-Hu-1 (median = 32.0, 1Q–3Q = [16.4, 50.2], 
P = 0.85 for Alpha, P = 0.26 for Delta) but was significantly decreased in Omicron BA.2 
(median = 16.0, 1Q–3Q = [16.0, 16.0], P < 0.001). We conclude that salivary neutralizing 
activity is decoupled from the systemic response and is signified by a rapid induction 
of neutralizing activity that is maintained at a low level. As expected from the different 
dynamics, we found no (Wuhan-Hu-1 and Alpha) or only modest (Delta) correlation 
between neutralization in saliva and in plasma (Fig. S3C).

Mucosal SARS-CoV-2 antibody response is associated with lower frequency of 
symptoms

We next used the cross-sectional cohort (n = 882; Fig. 1A and C) in which the presence 
of symptoms was recorded at the time of saliva sampling in addition to SARS-CoV-2 
PCR data in saliva (64) to study the effect of saliva antibodies on symptoms. In this 
cohort, SARS-CoV-2 antibody levels in PCR-confirmed cases (n = 177) were low, as 
expected from an early stage after infection (Fig. 5A). We previously observed that 
SARS-CoV-2 antibodies in plasma are inversely related to SARS-CoV-2 virus loads in 

FIG 4 (Continued)

MFI-FOE values of plasma (C) and saliva (D) samples of the cohort B2 (0–1 month, n = 85) and defining two subgroups of individuals: those very early after 

infection (no IgG response yet, orange, n = 27) and those intermediate early (IgG response detected, red, n = 58). (E and F) Association between neutralization 

titer (NT50) and total SARS-CoV-2 binding in plasma (E) and saliva (F) assessed in a tobit-regression model with all individuals grouped together (n = 85) and 

adjusted on age and sex. (G and H) Neutralization titers (NT50) against Wuhan-Hu-1 pseudotype, Alpha, Delta, and Omicron (BA.2) in plasma (G) and saliva (H) 

of individuals very early (orange circles, n = 27) and intermediate early (red triangles, n = 58) after infection. Dashed lines correspond to the limit of detection. 

P-values are obtained by comparing the two groups in tobit-regression models, adjusting for age and sex. Non-significant coefficients (P > 0.05) are marked “n.s.” 

No P-value was obtained for Omicron (BA.2) as most neutralization values are left-censored.
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plasma and nasopharyngeal swabs (61) and sought to define whether salivary antibodies 
are associated with salivary viral load. Adjusting for age and sex, we found that four 
SARS-CoV-2 spike parameters, namely, IgA subunit S2 (S2), total Ig S2, IgM S1, and total Ig 
S1, were inversely associated with salivary viral load (fold change MFI-FOE = 0.27, 95% CI 
= [0.13, 0.57], P < 0.001, 0.11 [0.025,0.51], P < 0.001, 0.30 [0.11,0.81], P = 0.02, 0.15 [0.036, 
0.66], P = 0.01, respectively; Fig. 5B and C).

We next used linear regression models adjusted for age, sex, and inferred recency 
of infection to systematically assess associations of SARS-CoV-2 binding activities with 
symptom development (total n = 219, including n = 64 from the longitudinal cohort and 
n = 155 from the cross-sectional cohort divided in very early, n = 162, intermediate early, 
n = 57). These analyses revealed that symptomatic individuals had higher plasma IgG 
(RBD, S1, N) responses than those who were asymptomatic in line with a higher exposure 
to viral antigen (Fig. S4A). In contrast, asymptomatic individuals had higher IgG S2 (fold 
change MFI-FOE = 1.26, 95% CI = [1.03, 1.54], P = 0.030) and lower IgM N (fold change 
MFI-FOE = 0.87, 95% CI = [0.77, 0.97], P = 0.017) mucosal antibodies than individuals who 
were symptomatic (Fig. 6A and B). While lower mucosal IgM N levels likely reflect lower 
exposure to antigen, the elevated mucosal IgG S2 level in asymptomatic individuals are 
highly intriguing and may indicate a direct protective activity.

Pre-existing immunity to HCoVs reduces symptomatic SARS-CoV-2 infection

Local tissue responses and cross-reactive systemic humoral and cellular immunity to 
circulating HCoV have been suggested as factors influencing disease severity (21, 28, 30). 

FIG 5 Mucosal immunity in the cross-sectional cohort. (A) Assessment of the multiplex SARS-CoV-2 ABCORA in saliva of PCR-positive (black, n = 177) 

and PCR-negative (gray, n = 705) individuals from the cross-sectional cohort. Differences were assessed using a linear regression adjusted on age and sex. 

(B) Association coefficient between SARS-CoV-2 antigen reactivity (RBD, S1, S2, N) based on MFI-LFOE values and viral load in PCR-positive individuals (n = 177) 

obtained using a linear regression adjusting on age and sex. Levels of significance are indicated as follows: ns, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001. (C) Viral 

load (copies/mL) against IgA S2, IgM S1, total S2, and total S1 reactivities in saliva of PCR-positive individuals (n = 177). Solid line indicates linear regression 

prediction (adjusted on age and sex), and shaded areas correspond to the 95% confidence intervals.
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FIG 6 Cross-protective effect of HCoV immunity on symptoms. (A) Linear regression models (n = 219) adjusted on age, sex, and inferred recency of infection 

to assess the fold change in antibody reactivities in saliva (MFI-FOE) in individuals without symptoms versus individuals with symptoms. Binding activities with 

significant difference (P < 0.05) between those with and without symptoms are indicated in bold. Solid line indicates the fold change obtained from the

(Continued on next page)
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To explore the impact of pre-existing HCoV immunity on symptom development, we 
utilized the longitudinal sub-cohorts B and C and measured HCoV antibody reactivity at 
their last negative timepoint before seroconversion in both plasma (total, n = 215: B1, n 
= 64, and C2, n = 151; Fig. 2A) and saliva (total, n = 219: B1, n = 58, and C2, n = 161; Fig. 
2A). Controlling for age and sex, we found that individuals with high pre-existing plasma 
HKU1 IgG immunity reported significantly less symptoms following SARS-CoV-2 infection 
(n = 215, odds ratio [OR] = 0.53, 95% CI = [0.29, 0.97], P = 0.038; Fig. 6C; Fig. S4B). This 
was matched in the mucosal compartment, where we found that higher pre-infection 
levels in saliva for IgG HKU1, IgG 229E, and total HCoV-S1 IgG were associated with less 
frequent symptom development upon infection (n = 219, OR = 0.087, 95% CI = [0.0077,0 
.9], P = 0.047, OR = 0.38, 95% CI = [0.16, 0.89], P = 0.027, and OR = 0.55, 95% CI = [0.33, 
0.91], P = 0.019 respectively; Fig. 6D; Fig. S4C). A similar trend was observed for IgG NL63 
levels (OR = 0.14, 95% CI = [0.017, 1.20], P = 0.073). Notably, these patterns reflected 
the test positivity rate of HCoV strains observed at our local virus diagnostics unit at the 
University of Zurich in the 2 years preceding the pandemic. Among specimens sent for 
testing with a respiratory virus panel in 2019 and early 2020, 229E infections were most 
prevalent in 2019, followed by higher rates of HKU1 and NL63 cases in 2020 (Fig. 6E). 
Collectively, these observations suggest that a recent exposure to 229E in 2019 or HKU1 
in 2020 installed a cross-protective mucosal and systemic HCoV immune response in the 
investigated SARS-CoV-2 cohorts.

To explore whether the effect of pre-existing HCoV immunity on symptoms is only 
due to its role in enhancing the SARS-CoV-2 immune response upon infection, or 

FIG 6 (Continued)

linear regression model, and shaded areas correspond to the 95% confidence intervals. (B) Coefficient plot showing association of symptom development with 

mucosal IgG S2 antibody levels in univariable (gray) and multivariable (black) linear regression models adjusted on other covariables (age, sex, and inferred 

recency of infection). (C and D) Logistic regressions adjusted on age, sex, and inferred recency of infection (B2, 0–1 month or C3, 1–4 months) to assess 

association between symptom development upon SARS-CoV-2 infection and all pre-infection HCoV antibody titers in plasma (n = 215) (C) and saliva (n = 219) (D). 

Solid line indicates odds ratio estimation and shaded areas correspond to the 95% confidence intervals. Binding activities significantly associated with symptom 

development (P < 0.05) are indicated in bold. (E) Bar graph depicting prevalence of each HCoV among all HCoV cases diagnosed in 2018–2020 from the virus 

diagnostics unit at the University of Zurich.

FIG 7 Cross-protective HCoV immunity has a direct impact on symptom development independent of the effect of SARS-CoV-2 antibody response. (A) 

Schematic depicting of mediation analysis investigating the direct effect of pre-existing HCoV antibody response in plasma on symptoms and its mediated effect 

through SARS-CoV-2 plasma antibody response upon infection. (B) Coefficients from the mediation analysis (n = 219), estimating the direct effect of pre-existing 

HCoV antibody response in plasma, and the indirect effect through SARS-CoV-2 plasma antibody response.
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whether additional mechanisms (potentially including the direct role of HCoV antibodies 
on viral clearance) are at play, we used the framework of mediation analysis in plasma 
(total, n = 226: B1–B2, n = 64, C2–C3, n = 162) and saliva (B1–B2, n = 58) (Fig. 7A). Owing 
to the small sample size, the analysis of saliva was not conclusive. However, intriguingly, 
we found that individuals with higher pre-infection plasma IgG HKU1-S1 levels are less 
likely to report symptoms [n = 226, direct effect OR = 0.87, 95% CI = [0.74, 0.98], P = 
0.024; Fig. 7B). In contrast, SARS-CoV-2 plasma antibody titers (total IgG) observed upon 
infection did not mediate that effect (P = 0.15) (Fig. 7B). Overall, these observations 
suggest that cross-protective HCoV immunity has at least in part a direct impact on 
symptom development upon the first acquisition of SARS-CoV-2 infection independently 
of specific SARS-CoV-2 antibodies.

DISCUSSION

Determining the impact of specific and cross-reactive HCoV immunity on SARS-CoV-2 
infection remains of great interest for understanding the interplay of current endemic 
viruses and providing insight for future zoonotic transmission of coronaviruses (24–26, 
80, 81). Here, we studied the effect of HCoV antibody responses in a population first 
encountering SARS-CoV-2, thereby restricting the layers of immune cross-stimulation to 
the initial boost in SARS-CoV-2-specific antibody activity.

In line with mucosal antibody responses providing a strong defense barrier against 
other respiratory infections (45, 68–70, 82–84), we observed a strong impact of HCoV- 
and SARS-CoV-2-specific responses in saliva on early SARS-CoV-2 infection. Pre-existing 
HCoV antibodies enhanced the development of SARS-CoV-2-specific activity and were 
linked with reduced disease severity (28). As evident from the diagnostic cross-sec
tional cohort, SARS-CoV-2 antibody responses in saliva were, although low in magni
tude, present early after infection and inversely correlated with viral load levels in 
the nasopharynx, indicating a pronounced capacity to restrict local virus replication. 
Individuals with high SARS-CoV-2-specific IgG S2 antibody levels in saliva less frequently 
developed symptoms, providing further evidence that S2-specific B and T cell respon
ses contribute to protection (54, 85–88). Neutralizing activity in saliva was low but 
surprisingly maintained some breadth against Alpha and Delta and was most strongly 
linked to IgA spike activity. Taken together, these findings underscore the potential of 
mucosal immunity to locally reduce the spread of SARS-CoV-2 infection and thereby limit 
the development of symptoms. As with systemic responses, maintaining high levels of 
mucosal SARS-CoV-2 antibody activity after vaccination is challenging and, to current 
knowledge, levels decline even after multiple vaccinations (89–91). Investing in novel 
vaccine strategies specifically designed to induce long-lasting mucosal responses is 
therefore warranted (92–97).

Cross-protection conferred by immunity to endemic HCoVs, as we report here for high 
pre-existing mucosal HCoV antibody reactivity, has been observed by several (21–23, 28, 
98–100) but not all studies (33, 34). Protective immunity to HCoV is not long-lived (101–
103). Based on our observations, similar dynamics are likely to apply to cross-reactive 
HCoV responses. The effect may be more pronounced if HCoV exposure occurred in a 
window of 1 to 2 years before a first infection with SARS-CoV-2, consistent with the 
relatively rapid waning of HCoV immunity also estimated to occur between 1 and 2 years 
(104, 105). The relative timing of SARS-CoV-2 and HCoV infection and the timepoints at 
which the respective antibody levels are measured may lead to substantially different 
outcomes, explaining the partially conflicting observations reported in the literature. 
Time-controlled comparisons, as conducted in the present study, taking into account 
the infection waves of both endemic HCoVs and SARS-CoV-2 and the relative temporal 
distances of the sampling times to them, are therefore critical to resolve HCoV cross-pro
tective effects.

HCoV antibody responses that we measure here may directly act against 
SARS-CoV-2 or constitute a surrogate measure for other protective immune 
responses such as cytotoxic T cells (21, 24, 25).  Next to a direct effect  of 
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cross-reactive antibodies on SARS-CoV-2 (22, 25, 28, 106), cross-reactive antibodies 
may mature to SARS-CoV-2 specificity  (53, 55) and cross-reactive helper T cells may 
promote early SARS-CoV-2 antibody induction, consistent with the observation that 
high HCoV antibody responses promote higher SARS-CoV-2 antibody responses upon 
infection (22, 25, 28, 106).

The present study represents a post hoc analysis of samples collected in the frame 
of two unrelated SARS-CoV-2 studies, neither of which was designed to experimen
tally dissect the causality of the protective activity of HCoV antibodies on reducing 
symptomatic SARS-CoV-2 infection. The analysis of self-reported symptoms, especially 
in children, should be viewed with caution. Indeed, the longitudinal Ciao Corona 
study, despite closely monitoring flu-like symptoms with bi-monthly questionnaires in 
participating children, observed no clear correlation between SARS-CoV-2 seropositivity 
and the reported mild symptoms in the full Ciao Corona cohort (56–59) . Here, we used 
the same data but focused only on participants who turned SARS-CoV-2-positive during 
the observation period (sub-cohorts A, B, C, total N = 350) and for whom symptoms 
and HCoV data were also recorded. Individuals with available pre- and post-SARS-CoV-2 
timepoints of plasma (n = 226) and saliva (n = 58), symptom information, and HCoV 
antibody measurement were subjected into a mediation analysis (Fig. 7). Intriguingly, 
the mediation analysis highlighted that HCoV antibodies may have a direct effect on 
the prevention of symptoms in children. This is in agreement with previous data that 
observed an indirect link between symptoms and pre-existing HCoV antibody levels 
(28). Of note, as we solely analyzed HCoV S1 reactivity in our study, the influence of 
cross-reactivity observed must be considered as a lower limit. In particular, antibodies 
to S2, which is more conserved between HcoVs and SARS-CoV2 than S1, may further 
contribute to cross-reactivity (18).

Mucosal antibody responses, including specific early SARS-CoV-2 and cross-protec
tive HCoV antibodies, co-operate to suppress early viral replication, underscoring the 
paramount importance of promoting mucosal immunity for defense (49, 83, 84). While 
natural HCoV immunity is clearly insufficient to prevent zoonotic coronavirus transmis
sion, there may still be a cross-protective effect of HCoV immunity in limiting sympto
matic SARS-CoV-2 disease as we show here. This finding provides encouragement for the 
development of pan-protective coronavirus vaccines.

MATERIALS AND METHODS

Human specimens

Longitudinal cohort study

The protocol and the epidemiological results of the longitudinal Ciao Corona 
cohort study (ClinicalTrials.gov identifier: NCT04448717) are reported elsewhere (56–
59). Bi-monthly questionnaires with information on socio-demographics and flu-like 
symptoms (onset, type, duration) compatible with SARS-CoV-2 infection were available 
for most children. We considered children with at least one reported symptom to be 
symptomatic, while others were considered asymptomatic. Detailed information can be 
found in the supplemental material.

Definition of sub-cohorts from the longitudinal cohort

We defined sub-cohorts A, B, and C from the longitudinal Ciao Corona study as detailed 
in Fig. S2. Details are provided in the supplemental material.

Cross-sectional diagnostic cohort

The cohort comprises saliva samples from adults (n = 830) and children (n = 52) opting 
for a SARS-CoV-2 test at one of five participating test centers in the canton of Zurich, 
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Switzerland, as part of a diagnostic survey study (64). Details are given in the supplemen
tal material.

Saliva sample collection

For saliva collection, individuals of both cohorts were asked to clear their throat 
thoroughly and collect saliva into a supplied empty tube (64). Details are provided in 
the supplemental material.

Reagents and cell lines

His-tagged SARS-CoV-2-derived antigens (RBD, S1, S2, N) and S1 of the four circulating 
HCoVs (HKU1, NL63, 229E, and OC43) were purchased from Sino Biological Europe 
GmbH, Eschborn, Germany (Table S4). Sources, specifics, and concentration of detection 
and control antibodies and sera used for the ABCORA and neutralization tests are listed 
in Table S5. HEK293-T cells were obtained from the American Type Culture Collection 
(ATCC CRL-11268) (107). HeLa ACE2 cell lines were purchased from Biogene, Shirley, NY. 
Both cell lines were cultured in Dulbecco's modified Eagle medium (DMEM) containing 
10% fetal calf serum (FCS).

Antibody measurements with multiplex bead assay ABCORA

Humoral response to SARS-CoV-2 was measured in EDTA plasma using the multiplex 
bead assay ABCORA as described (28). The assay measures IgG, IgA, and IgM reactivity to 
four SARS-CoV-2 antigens RBD, S1, S2, and N (12 SARS-CoV-2 parameters) in addition to 
IgG, IgA, and IgM reactivity to S1 of HCoV-HKU1. SARS-CoV-2-positive plasma reactivity 
using the ABCORA 2.3 computational approach achieves 98.20% specificity and 99.91% 
sensitivity (28).

SARS-CoV-2 pseudo-neutralization assay

SARS-CoV-2 plasma neutralization activity against Wuhan-Hu-1 pseudoviruses was 
assessed using the HIV-1 reporter construct pHIV-1NL4-3 ΔEnv-NanoLuc (28) 
(pHIV-1Nanoluc, provided by P. Bieniasz, Rockefeller University, New York, NY, USA) 
and Human ACE2 Stable HeLa cell line (Biogene, Shirley, NY) and C-terminal truncated 
SARS-CoV-2 spike expression plasmids of strains P_CoV2_Wuhan, and Alpha, Delta, and 
Omicron BA.2. Pseudotyped viruses were produced in HEK293-T cells. Plasma and saliva 
neutralization titers causing 50% reduction in viral infectivity (NT50) in comparison with 
controls without plasma were calculated by fitting of a sigmoid dose-response curve 
(variable slope), using GraphPad Prism with constraints (bottom = 0, top = 100). If 50% 
inhibition was not achieved at the lowest plasma dilution of 1:100, a “less than” value was 
recorded. If 50% inhibition was not achieved at the lowest saliva dilution of 1:16, a “less 
than” value was recorded. All measurements were conducted in duplicate.

Routine HCoV testing

Routine diagnostic analyses of respiratory samples for the endemic HCoVs (HKU1, NL63, 
229E, and OC43) were performed in parallel with multiplex respiratory PCR panels (ePlex 
RP, Roche, or BioFire RP2.1, BioMérieux). Repetitive tests of the same patient within 20 
days of the initial positive result were excluded.

Statistical analysis

Analyses in the present study were designed and conducted retrospectively after the 
completion of the clinical studies. Summary of the different analyses that were conduc
ted and the corresponding questions that we sought to answer are available in Table S1. 
All statistics obtained for these analyses are summarized in the supplementary material. 
Statistical analyses were performed in R (Version 4.0.5). Figures were made using the 
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ggplot2 package (108). Details on the statistical analysis are provided in supplementary 
material (109–112).
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