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SUMMARY
SARS-CoV-2 infection causes diverse outcomes ranging from asymptomatic infection to respiratory distress
and death. A major unresolved question is whether prior immunity to endemic, human common cold corona-
viruses (hCCCoVs) impacts susceptibility to SARS-CoV-2 infection or immunity following infection and vacci-
nation. Therefore, we analyzed samples from the same individuals before and after SARS-CoV-2 infection or
vaccination. We found hCCCoV antibody levels increase after SARS-CoV-2 exposure, demonstrating cross-
reactivity. However, a case-control study indicates that baseline hCCCoV antibody levels are not associated
with protection against SARS-CoV-2 infection. Rather, higher magnitudes of pre-existing betacoronavirus
antibodies correlate with more SARS-CoV-2 antibodies following infection, an indicator of greater disease
severity. Additionally, immunization with hCCCoV spike proteins before SARS-CoV-2 immunization impedes
the generation of SARS-CoV-2-neutralizing antibodies in mice. Together, these data suggest that pre-exist-
ing hCCCoV antibodies hinder SARS-CoV-2 antibody-based immunity following infection and provide insight
on how pre-existing coronavirus immunity impacts SARS-CoV-2 infection, which is critical considering
emerging variants.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

induces highly variable disease ranging from very mild or no

symptoms to severe respiratory distress and death. Certain co-

morbidities contribute to the diverse outcomes; however, these

factors do not account for all the heterogeneity observed be-

tween infected individuals. A major unresolved question is

whether susceptibility to SARS-CoV-2 infection and disease

severity after infection are impacted by immunity to human com-

mon cold coronaviruses (hCCCoVs) that were circulating prior to

the SARS-CoV-2 pandemic. Four hCCCoVs that are prevalent

worldwide have been endemic in humans for decades and typi-

cally induce mild upper respiratory disease and account for

�30% of ‘‘common colds’’ (Forni et al., 2017). HKU1 and
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OC43 are betacoronaviruses, as is SARS-CoV-2, which are

evolutionarily distinct from the alphacoronaviruses, 229E and

NL63. Despite dramatic difference in disease severity induced

by the viruses, SARS-CoV-2 and the endemic hCCCoVs share

�30% homology within the spike proteins (Hicks et al., 2021).

Studies identified cross-reactive antibodies that bind both

SARS-CoV-2 and hCCCoVs (Ladner et al., 2020; Ng et al.,

2020; Wec et al., 2020). However, it is unclear how pre-existing

hCCCoV antibodies impact the immune response against

SARS-CoV-2 infection (Sealy and Hurwitz, 2021). Prior hCCCoV

infections could augment SARS-CoV-2 immunity if hCCCoV an-

tibodies are sufficiently cross-reactive with SARS-CoV-2 to be

induced through immunological recall or ‘‘back-boosting’’ and

support viral clearance (Fonville et al., 2014). Conversely, pre-ex-

isting hCCCoV humoral immunity could hinder the generation of
nuary 12, 2022 ª 2021 The Author(s). Published by Elsevier Inc. 83
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effective SARS-CoV-2-specific antibodies by expanding cross-

reactive antibodies that do not neutralize SARS-CoV-2. Further,

existing hCCCoV immunity may exacerbate disease by facili-

tating viral entry into Fc receptor (FcR)-expressing cells to cause

antibody-dependent enhancement of disease (Arvin et al., 2020;

Iwasaki and Yang, 2020). Since hCCCoV immunity could influ-

ence the outcome of SARS-CoV-2 infection in several ways, it

is critical to ascertain the impact of pre-existing hCCCoV anti-

bodies on immunity to SARS-CoV-2 infection.

Reports investigating whether antibodies specific for

hCCCoVs are boosted following SARS-CoV-2 infection yielded

conflicting results. Some data suggested antibodies specific

for hCCCoVs were not boosted following SARS-CoV-2 infection

(Dugas et al., 2021a, 2021b; Loos et al., 2020), while others re-

ported a boost only in OC43-specific antibodies (Anderson

et al., 2021; Guo et al., 2021; Nguyen-Contant et al., 2020; Pré-

vost et al., 2020). Additional studies found a boost in both HKU1

and OC43 antibodies (Aydillo et al., 2021; Cohen et al., 2021;

Gouma et al., 2021; Westerhuis et al., 2021) or in antibodies spe-

cific for all four hCCCoVs following SARS-CoV-2 infection (Ng

et al., 2020; Shrock et al., 2020). Yet, other reports surprisingly

found a boost predominantly in antibodies specific for the alpha-

coronaviruses (Becker et al., 2021; Ortega et al., 2021). A major

factor contributing to these inconsistencies is that prior studies

did not examine the level of hCCCoV antibodies in the same in-

dividual before and after SARS-CoV-2 infection.

Assessing whether prior hCCCoV immunity impacts SARS-

CoV-2 disease susceptibility has also yielded inconsistent re-

sults (Sealy and Hurwitz, 2021). While some studies reported

that the levels of hCCCoV antibodies did not correlate with dis-

ease severity or likelihood of becoming infected (Anderson

et al., 2021; Gombar et al., 2021; Loos et al., 2020), others

concluded that higher levels of hCCCoV antibodies were associ-

atedwithmilder disease (Becker et al., 2021; Dugas et al., 2021a,

2021b; Henss et al., 2021; Ortega et al., 2021; Sagar et al., 2021;

Shrock et al., 2020) or with a shorter duration of symptoms

(Gouma et al., 2021). Conversely, others found higher levels of

hCCCoV antibodies correlated with increased SARS-CoV-2 dis-

ease severity (Aydillo et al., 2021; Guo et al., 2021; Prévost et al.,

2020; Westerhuis et al., 2021). The health status varied greatly in

the cohorts tested in the previous studies, and most of these

studies did not test samples from the same individual before

and after SARS-CoV-2 infection, which likely contributes to the

discrepancy in conclusions. Thus, the impact of pre-existing

hCCCoV immunity on susceptibility to SARS-CoV-2 infection re-

mains unresolved.

Here, we measured hCCCoV immunoglobin (Ig) G, IgM, and

IgA antibodies in samples obtained from the same individual

before and after PCR-confirmed SARS-CoV-2 infection. We

observed significant increases of betacoronaviruses IgG anti-

bodies; however, high levels of hCCCoV antibodies were not

associated with protection against SARS-CoV-2 infection.

Conversely, a greater increase in hCCCoV antibodies correlated

with higher antibody levels to SARS-CoV-2 following infection,

which were associated with increased disease severity. More-

over, mice immunized with hCCCoV spike proteins prior to

SARS-CoV-2 spike exhibited a profound decrease in SARS-

CoV-2-neutralizing antibodies relative to mice only immunized

with SARS-CoV-2 spike. Overall, these data suggest that pre-ex-
84 Cell Host & Microbe 30, 83–96, January 12, 2022
isting hCCCoV IgG antibodies may hinder the immune response

to SARS-CoV-2.

RESULTS

Common hCCCoV antibody isotypes associate with age
and direct patient contact
We established a prospective, longitudinal cohort (St. Jude

Tracking of Viral and Host Factors Associated with COVID-19

study, SJTRC) of St. Jude employees who provided a baseline

blood sample at enrollment and underwent weekly nasal swab

screening for SARS-CoV-2 infection by PCR (Table S1). Individ-

uals who tested positive during the study provided samples at

two time points following infection. Additionally, participants

who did not become infected gave samples after vaccination.

This design allowed analysis of samples from the same individ-

uals taken before and after SARS-CoV-2 infection or vaccina-

tion. Importantly, weekly nasal swab screening identified asymp-

tomatic infections throughout the study period. To assess

hCCCoV immunity prior to SARS-CoV-2 infection, we analyzed

1,202 baseline samples for antibodies specific for the spike pro-

teins of OC43, HKU1, 229E, and NL63 by ELISA. To control for

plate-to-plate variability, the same positive control samples

were tested on each plate, and the normalized optical density

(OD) for each sample was presented. Although antibody levels

varied among individuals, IgG antibodies specific for all four of

the hCCCoV spike proteins were identified in nearly all partici-

pants (Figures 1A and 1D). hCCCoV IgM antibodies were less

prevalent than IgG and IgA, with IgA antibodies exhibiting the

greatest variability (Figures 1A–1D). Interestingly, there were

stronger correlations between antibody isotypes rather than

specificity to a particular virus (Figure 1E). For example, individ-

uals with high levels of HKU1 IgM were more likely to have IgM

antibodies specific for the other three hCCCoVs rather than

HKU1 IgG and IgA. Further, individuals with high levels of

HKU1 IgG did not necessarily have high levels of HKU1 IgA

and IgM. Together, these data indicate that nearly every individ-

ual had antibodies specific for all four hCCCoVs prior to SARS-

CoV-2 infection or vaccination. Moreover, the stronger correla-

tions with antibody isotype compared to virus type suggest there

is cross-reactivity among hCCCoV-specific antibodies, with a

higher degree of promiscuity in the IgM response followed by

IgA then IgG, consistent with previous studies (Becker et al.,

2021; Poston et al., 2021).

We next examined whether the level of hCCCoV antibodies at

baseline correlated with age, sex, race, or direct patient contact.

We compared antibody levels in individuals above and below the

median age at the time of enrollment, which was 43 years of age

(Table S1). We found that older individuals had significantly

higher levels of IgA against HKU1, 229E, and NL63 (Figure 2A).

Conversely, younger individuals had significantly higher IgM

levels reactive with all four of the hCCCoVs compared to older

individuals. We also found that females had higher levels of all

four hCCCoV IgM antibodies and higher OC43 IgA antibodies

compared to males (Figure S1A). Additionally, IgG and IgA anti-

body levels differed across race/ethnicity groups in approxi-

mately 10% of the analyses (Figure S1B). Since the study partic-

ipants are employees at a pediatric hospital and interactions with

children may increase exposure to hCCCoVs, we assessed the



A

D E

CB

Figure 1. Wide variation in baseline hCCCoV antibody levels

(A–C) Samples from 1,202 individuals taken prior to SARS-CoV-2 infection were analyzed by ELISA for (A) IgG, (B) IgM, and (C) IgA antibodies specific for spike

proteins of OC43, HKU1, 229E, and NL63. Normalized ODs are presented, which is the percent ratio of the sample OD relative to the OD of the positive control of

the plate. Negative control samples from young individuals in the FLU09 cohort are shown on the left for each antigen.

(D) The percent of individuals with a positive value for each isotype as determined by a normalized OD greater than three times the average of the negative

controls.

(E) Clustered heatmap of Spearman’s correlation coefficients between the hCCCoV antibodies in baseline samples (n = 1,202). Asterisks indicate significant

correlations after adjustment for multiple comparisons with the Bonferroni correction (*p < 0.05).
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correlation between hCCCoV antibodies and direct patient con-

tact. Individuals with direct patient contact had higher levels of

IgM antibodies specific for all four hCCCoVs, as well as OC43

IgA (Figure 2B). Together, these data indicate that in the SJTRC

cohort, younger, female participants with direct patient contact

were more likely to have elevated levels of hCCCoV IgM.

Since the SJTRC cohort did not include individuals younger

than 20 years of age, we also analyzed hCCCoV antibody levels

in samples collected from a previous study, the FLU09 cohort,

that included a wider age range of participants. Similar to previ-

ous reports (Selva et al., 2021), we found higher levels of most

of the hCCCoV IgG antibodies and all of the IgA antibodies in

older individuals compared to younger individuals (Figures

S2A–S2I). Unexpectedly, the levels of IgM antibodies for most

of the hCCCoVs were low in young individuals, peaked around

20 years of age, and then declined with age (Figures S2B and

S2E). Therefore, we examined whether there was a correlation

with antibody levels and age in individuals 0–14 (Figures S2J–

S2L) or 17–54 years of age (Figures S2M–S2O). We found that

most IgG and IgA antibody levels increased with age during the

younger years (Figures S2G and S2I) and then remained stable

(Figures S2M and S2O). Conversely, there was not a significant
association with IgM and age in the younger group (Figure S2K),

but a significant decline in IgMwas foundwith age for participants

17–54 years of age (Figure S2N). The decline in IgM in the 17–54

age group is consistent with the SJTRC cohort where we found

higher levels of hCCCoV IgM in younger individuals (20–43 years

of age) compared to older participants (Figure 2A). These data

indicate that IgG and IgA hCCCoV antibodies begin to accumu-

late very early in life. It is intriguing that IgM levels tend to peakbe-

tween 10–30 years of age rather than declining linearly with age.

As younger individuals are more likely to be recently exposed to

hCCCoVs and would have a higher proportion of naive IgM+ B

cells relative to older individuals, we expected to see higher

IgM levels in younger individuals. Overall, these data show the

wide degree of heterogeneity in hCCCoV immunity between indi-

viduals and demonstrate that most individuals have antibodies

specific for all four hCCCoVs from a very early age.

hCCCoV antibodies are increased after infection with
SARS-CoV-2
While studies identified cross-reactive antibodies that bind both

SARS-CoV-2 and hCCCoVs (Ladner et al., 2020; Ng et al., 2020;

Wec et al., 2020), there is significant controversy regarding
Cell Host & Microbe 30, 83–96, January 12, 2022 85



Figure 2. hCCCoV IgM levels inversely correlate with age and are higher in individuals with direct patient contact

(A) hCCCoV-normalized ODs were compared between younger (<43 years) versus older (343 years) individuals based on median age of the cohort.

(B) Participants self-reportedwhether they had direct, indirect, or no patient contact. Statistical significancewas determined by theWilcoxon–Mann–Whitney test

with Bonferroni adjustment (ns, not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 3. Antibodies specific for OC43 and HKU1 increase following SARS-CoV-2 infection

(A and B) Samples taken from individuals during the (A) acute (1–20 days) or the (B) convalescent (>20 days) phase after PCR-confirmed infection were analyzed

by ELISA for IgG, IgM, and IgA antibodies specific for spike proteins of OC43, HKU1, 229E, and NL63. The percent change of the normalized OD in the sample

after infection relative to the baseline is depicted in the heatmap.

(legend continued on next page)
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whether hCCCoV antibodies are boosted after SARS-CoV-2

infection (Anderson et al., 2021; Aydillo et al., 2021; Becker

et al., 2021; Dugas et al., 2021a, 2021b; Gouma et al., 2021;

Guo et al., 2021; Loos et al., 2020; Ng et al., 2020; Nguyen-Con-

tant et al., 2020; Ortega et al., 2021; Prévost et al., 2020; Shrock

et al., 2020; Westerhuis et al., 2021). If pre-existing hCCCoV-

specific antibodies cross-react to SARS-CoV-2, the levels of

hCCCoV-specific antibodies would increase following SARS-

CoV-2 infection. Alternatively, if antibodies specific for hCCCoVs

do not cross-react to SARS-CoV-2, the levels of hCCCoV anti-

bodies would not change after infection. We analyzed samples

taken before and at two time points after confirmed SARS-

CoV-2-infection. The first sample after infection was collected

during the acute phase (1–20 days) (Figure 3A), and a subse-

quent sample was taken during the convalescent phase

(>20 days) (Figure 3B). Interestingly, several individuals exhibited

reduced hCCCoV antibody levels shortly after SARS-CoV-2

infection relative to baseline, indicated by a negative percent

change of baseline (Figures 3C–3E and S3A–S3C; Table S2).

This decrease was most evident in samples taken within the first

20 days after infection. The decrease in hCCCoV antibodies

shortly after SARS-CoV-2 infection highlights the caveat of not

analyzing hCCCoV antibodies in paired samples collected prior

to SARS-CoV-2 infection. Similar to associations prior to infec-

tion, individuals exhibiting an increase in IgM antibodies to one

subtype of hCCCoVs typically showed increases in IgM reactive

to all hCCCoVs (Figures 3A and 3B). In contrast, IgA antibodies

specific for both betacoronaviruses typically increased concur-

rently. Interestingly, HKU1 IgG levels increased the most after

SARS-CoV-2 infection compared to the other hCCCoV IgG anti-

bodies, while OC43 IgA showed the greatest increase of the IgA

antibodies (Figures 3A and 3B; Table S2). Overall, HKU1 and

OC43 IgG and IgA antibodies showed the highest and most

consistent increase over baseline levels compared to antibodies

specific for the alphacoronaviruses (Figures 3A–3H; Table S2),

which is consistent with greater homology among the betacoro-

naviruses. Importantly, hCCCoV antibody levels did not change

in individuals infected with influenza virus (Figures S3D–S3F),

demonstrating that the increase in hCCCoV antibodies reflected

cross-reactivity with SARS-CoV-2 infection rather than a non-

specific consequence of infection.

The increase in hCCCoV antibodies following SARS-CoV-2

infection could be due to activation of pre-existing memory B

cells that were generated after prior hCCCoV infection. Alterna-

tively, the elevated levels of hCCCoV antibodies after SARS-

CoV2 infection could be due to the generation of new antibodies

that cross-react to hCCCoVs in response to SARS-CoV-2. To

distinguish these possibilities, we measured antibody levels in

samples collected at various times after SARS-CoV-2 diagnosis.

We reasoned that an increase in hCCCoV antibodies due to a
(C–E) The percent change of (C) IgG, (D) IgM, and (E) IgA antibodies relative to the b

CoV-2 infection. Asterisks indicate significant difference compared to no fold cha

Yekutieli method.

(F–H) Proportion of individuals with greater than a 20% increase in (F) IgG, (G) IgM

samples compared to baseline samples are reported in Table S2.

(I–L) Normalized OD of (I and K) SARS-CoV-2 RBD IgG and (J and L) spike IgG in sa

(I,J) normalized OD of HKU1 IgG in the same sample or the (K,L) boost in HKU1

method is shown. Dashed lines indicate cut-offs for positive values.
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boost of pre-existing memory B cells would be detected rapidly

following diagnosis, while an increase in hCCCoV antibodies re-

sulting from newly generated antibodies would be evident later.

Remarkably, the levels of HKU1 IgG rapidly increased in several

individuals within the first 5 days after SARS-CoV-2 diagnosis

(Figures 3C and 3F), and OC43 and HKU1 IgA levels increased

within 10 days in over 50% of individuals (Figures 3E and 3H).

The early rise in betacoronavirus hCCCoV IgG and IgA anti-

bodies suggests that infection with SARS-CoV-2 activates pre-

existing memory B cells to boost antibodies generated during

prior hCCCoV infections. Further, if the increase in hCCCoV an-

tibodies was due to newly generated antibodies in response to

SARS-CoV-2 infection, then we would expect these antibodies

to also be SARS-CoV-2-specific. Therefore, we examined

whether individuals with high levels of HKU1 IgG antibodies

within 5 days of diagnosis also had antibodies that recognized

SARS-CoV-2 spike or the receptor binding domain (RBD) of

the spike. While a few individuals had positive levels of SARS-

CoV-2 spike and RBD IgG within 5 days of diagnosis (Figures

3I–3L and S4), there was no correlation between the level of

SARS-CoV-2 spike or RBD IgG and HKU1 IgG (Figures 3I and

3J) or a correlation between SARS-CoV-2 spike or RBD IgG

and the increase of HKU1 IgG (Figures 3K and 3L). Interestingly,

IgM antibodies specific for the SARS-CoV-2 proteins were not

typically observed prior to IgG or IgA (Figure S4), which would

be expected after exposure to a novel virus or vaccine (Li

et al., 2014; Wolf et al., 2011). Thus, the antibody response to

SARS-CoV-2 displays a pattern similar to what would be ex-

pected after boosting of a memory response. Together, these

data are consistent with the notion that SARS-CoV-2 activates

pre-existingmemory B cells to boost antibodies that were gener-

ated after prior hCCCoV infection. The hCCCoV antibodies de-

tected at later time points are likely a combination of boosted,

pre-existing antibodies and newly generated antibodies that

cross-react to hCCCoVs. If the pre-existing antibodies recognize

epitopes on SARS-CoV-2, they could reduce infection severity

by promoting viral clearance. Alternatively, if the antibodies do

not bind SARS-CoV-2 with sufficient avidity, these antibodies

could delay the generation of effective antibodies specific for

SARS-CoV-2 by competing with naive B cells for antigen and cy-

tokines. The fact that individuals with an early increase or high

levels of hCCCoV antibodies within 5 days of SARS-CoV-2 diag-

nosis did not have SARS-CoV-2-specific antibodies at this time

suggests that the hCCCoV antibodies do not bind SARS-CoV-2

with sufficient avidity to be detected by ELISA.

hCCCoV antibodies do not impact the probability of
becoming infected with SARS-CoV-2
Since hCCCoV-specific antibodies cross-react with SARS-CoV-

2 as demonstrated by the early increase after infection and prior
aseline sample was calculated for samples at indicated times following SARS-

nge determined by Wilcoxon signed-rank test with the Benjamini, Krieger, and

, or (H) IgA. Fold change of hCCCoV antibodies for all acute and convalescent

mples collected within 5 days of SARS-CoV-2 diagnosis were compared to the

IgG in the sample relative to baseline. The r value computed by the Spearman



Figure 4. Baseline hCCCoV antibody levels do not correlate with protection from SARS-CoV-2 infection

Baseline hCCCoV-normalized ODs were compared between individuals that became infected (n = 121) during the study to individuals that remained SAR-CoV-2

negative (n = 1,081) using the Wilcoxon-Mann-Whitney test and adjusted with Bonferroni method (ns, not significant).
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studies (Ladner et al., 2020; Ng et al., 2020), we performed a

large, case-control study to test whether pre-existing hCCCoV

IgG, IgM, and IgA antibodies were different between individuals

who became infected during the study compared to individuals

that remained negative. It is important to note that all individuals

underwent weekly nasal swab screening, which allowed us to

identify asymptomatic infections and confirm all SARS-CoV-2 in-

fections by PCR. We assessed baseline hCCCoV antibodies in

121 individuals that subsequently became positive during the

study and compared them to baseline samples of 1,081 individ-

uals that remained uninfected. Even though hCCCoV antibodies

exhibit sufficient cross-reactivity with SARS-CoV-2 to increase

after infection, baseline levels of hCCCoV antibodies were not

different between individuals that became infected compared

to those that remained SARS-CoV-2 negative during the study

period (Figure 4; Table S3). These data imply that prior infection

with hCCCoVs does not protect against infection with SARS-

CoV-2, which is consistent with the inability of hCCCoV-specific

antibodies to neutralize SARS-CoV-2 (Aguilar-Bretones et al.,

2021; Legros et al., 2021; Poston et al., 2021).

Baseline hCCCoV antibodies do not provide protective
immunity against SARS-CoV-2 infection
While baseline levels of hCCCoV antibodies were not different

between participants that became infected compared to those
who remained SARS-CoV-2 negative, hCCCoV antibodies could

influence the severity or duration of symptoms. Therefore, we as-

sessedwhether there was a correlation with disease severity and

baseline levels of hCCCoV antibodies. Infected individuals were

given a score of 1–5 based on an a priori ordinal scale as follows:

(1) asymptomatic, (2) mild-moderate, (3) moderate-severe

illness, (4) severe illness, and (5) critical illness. This scale allowed

us to distinguish truly asymptomatic, minimally symptomatic,

and more severely symptomatic individuals. Most participants

in this cohort had mild-moderate and moderate-severe severity

scores (severity scores 2 to 3). Since only a few individuals

were asymptomatic, severe, or critical, we compared baseline

hCCCoV antibodies between individuals that were either asymp-

tomatic or hadmild disease (severity score of 1 to 2) to individuals

that experienced moderate, severe, or critical disease (severity

score 3–5). We found no significant difference between baseline

hCCCoV antibody levels and disease severity when comparing

these two groups (Figures 5A and 5B). Moreover, symptomdura-

tion did not correlate with baseline hCCCoV antibody levels (Fig-

ures 5A and S5). These data suggest that the baseline levels of

hCCCoV antibodies do not provide significant protection against

SARS-CoV-2 infection. However, as there were few cases of se-

vere COVID-19 requiring hospitalization or critical illness in the

included participants, our ability to identify predictors of these

states is limited.
Cell Host & Microbe 30, 83–96, January 12, 2022 89



Figure 5. Baseline hCCCoV antibody levels do not correlate with disease severity following SARS-CoV-2 infection

(A) Baseline hCCCoV-normalized ODs are depicted in the heatmap along with demographic information and severity scores. Individuals were given a severity

score based on self-reported symptoms: (1) Asymptomatic (n = 8), (2) mild-moderate (n = 69), (3) moderate-severe (n = 26), (4) severe (n = 2), and (5) critical (n = 2).

(B) Comparison of baseline hCCCoV antibody between infected subjects with severity score 3–5 (n = 30) and severity score 1 to 2 (n = 77).

(C) Principal component analysis (PCA) of baseline betacoronavirus IgG-, IgA-, and IgM-normalized ODs. First two components (Dim1 and Dim2) are on the x and

y axes, and numbers in parenthesis indicate percent variation explained by each component. The size and color of each bubble represent days and severity of

symptoms for 107 SARS-CoV-2-infected subjects. The blue and red shaded areas represent 90% ellipses (Fox andWeisberg, 2019) for severity 3–5 and severity

1 to 2, respectively.
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Existing hCCCoV antibodies influence SARS-CoV-2
antibody response
Since the SJTRC cohort consists primarily of individuals with

mild-moderate disease severity and only four individuals had se-

vere or critical disease, the impact of hCCCoV antibodies on very

severe cases may not be evident in this cohort. Many studies re-

ported that the level of SARS-CoV-2 spike or RBD IgG or IgA

following infection correlated with disease severity (Aguilar-Bre-

tones et al., 2021; Becker et al., 2021; Dobaño et al., 2021; Gar-

cia-Beltran et al., 2021; Guthmiller et al., 2021; Legros et al.,

2021; Ortega et al., 2021; Shrock et al., 2020). This may be

due to the fact that individuals with more severe disease likely

have more viral replication and, therefore, greater antigen expo-

sure. Thus, the antibody response after infection may provide a

means to further stratify disease severity within the groups, inde-

pendent of self-reported symptoms. Therefore, we examined
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whether the antibody response 16–40 days following SARS-

CoV-2 infection correlated with disease severity in the SJTRC

cohort, in which most participants had mild-moderate disease

severity. Importantly, none of the infected individuals had

received a vaccine prior to collection of samples used for this

comparison or other comparisons reported here. Similar to other

studies, the level of IgG specific for SARS-CoV-2 spike, RBD,

and N protein significantly correlated with increased disease

severity scores (Figures 6A and S6). Higher spike and RBD IgM

and spike IgA levels also correlated with more severe disease.

These data indicate that, although most participants had mild-

moderate disease, the levels of SARS-CoV-2-specific IgG

and IgM correlated with severity. Consequently, we compared

baseline hCCCoV antibody levels to SARS-CoV-2 antibody

levels following infection to further assess association of base-

line hCCCoVs and a distinct correlate of disease severity.
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Figure 6. Existing hCCCoV antibody levels associatewith themagnitude of the SARS-CoV-2 antibody response after infection, but not vacci-

nation

(A) The normalized OD of antibodies in samples taken 16–40 days after SARS-CoV-2 diagnosis (n = 123) was compared to the five severity scores. Kendall rank

correlation coefficients are indicated in the heatmap. P values were corrected by false discovery rate. *p < 0.05.

(B–E) Pearson’s formulation was utilized to calculate correlation coefficients, with multiple testing correction with the TestCor package between (B) normalized

ODs of baseline hCCCoV antibodies compared to normalized ODs of SARS-CoV-2 antibody in samples collected 16–40 days after infection (n = 41), (C) the

percent change from baseline of hCCCoV antibodies compared to SARS-CoV-2 antibody in samples collected between 1 and 15 days after infection (n = 43), (D)

baseline hCCCoV-normalized ODs compared to SARS-CoV-2 antibody 20–85 days after vaccination with Pfizer/BioNTech BNT162b2 (n = 256), and (E) the

increase in hCCCoV antibodies relative to the baseline sample compared to SARS-CoV-2 antibody in samples collected after vaccination (n = 256).
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Interestingly, higher levels of OC43 IgG prior to infection corre-

lated with increased SARS-CoV-2 IgG after infection (Figure 6B),

raising the possibility that high baseline OC43 IgG may be asso-

ciated with more severe disease.

To further examine the impact of hCCCoV immunity on the im-

mune response to SARS-CoV-2, we tested whether the magni-

tude of the hCCCoV antibody increase or decrease following

SARS-CoV-2 infection impacted SARS-CoV-2 antibody levels.

The amount that the hCCCoV antibody levels increase in the

initial days after SARS-CoV-2 infection is indicative of the extent

that memory B cells are activated to produce antibody. Thus, we

calculated percent change of hCCCoV antibody in the baseline

sample to the sample taken within the first 15 days after diag-

nosis. Increases in hCCCoV antibody levels in this time frame

would reflect the extent of memory B cell activation. We
compared this change to the SARS-CoV-2 antibody levels

16–40 days after infection, as these levels correlated with dis-

ease severity in our cohort as well as several other studies. Inter-

estingly, a greater increase in betacoronavirus IgG and IgA was

associated with higher levels of SARS-CoV-2 IgG and IgM anti-

bodies after infection (Figure 6C). Since increased levels of

SARS-CoV-2 IgG and IgM are associated with greater disease

severity, these data raise the possibility that the early increase

(1–15 days after infection) in hCCCoV antibodies could be asso-

ciated with higher disease severity. Alternatively, the association

between the increase in hCCCoV antibody levels with higher

SARS-CoV-2-induced antibodies could be due to newly gener-

ated antibodies in response to SARS-CoV-2 infection that

cross-react with hCCCoVs. However, analysis of samples taken

within the first 5 days of SARS-CoV-2 diagnosis demonstrated
Cell Host & Microbe 30, 83–96, January 12, 2022 91
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that the increase in hCCCoV antibodies preceded detection of

SARS-CoV-2 antibodies (Figures 3I–3L), indicating that the early

hCCCoV-reactive antibodies do not bind SARS-CoV-2 spike.

If the correlation between the early increase of betacoronavi-

rus antibodies and higher SARS-CoV-2 antibodies after infection

was due to newly generated antibodies in response to SARS-

CoV-2 infection that cross-react with hCCCoVs rather than an

association with disease severity, then we would predict that

the baseline hCCCoV levels or boosts would have a similar cor-

relation in response to vaccination in individuals that were not in-

fected with SARS-CoV-2. Therefore, we compared baseline

hCCCoV antibody levels in individuals before vaccination to

the level of SARS-CoV-2 antibodies after vaccination. For this

analysis, none of the vaccinated participants were previously in-

fected with SARS-CoV-2. The fact that all participants were

screened weekly by nasal swab and PCR reduced the probabil-

ity of individuals with asymptomatic infections being included in

this group. We first assessed whether hCCCoV antibodies

increased following vaccination similar to infection.We observed

an increase in HKU1 IgG after Pfizer/BioNTech BNT162b2 vacci-

nation compared to samples taken at baseline (Figure S7). How-

ever, there was not a significant increase in OC43 IgG as seen

after SARS-CoV-2 infection. Moreover, the increase in HKU1

IgG antibodies after vaccination was not as great as the increase

observed in SARS-CoV-2-infected participants. We also noted a

significant decrease in all hCCCoV IgA and IgM antibodies

following vaccination. Importantly, neither baseline levels of

hCCCoV antibodies nor an increase in hCCCoV antibodies after

vaccination correlated with increased SARS-CoV-2 antibodies

after vaccination (Figures 6D and 6E). In fact, correlations of

baseline or boost of hCCCoV antibodies and SARS-CoV-2 anti-

bodies showed strikingly distinct patterns in infected versus

vaccinated individuals (Figures 6B–6E). Interestingly, there

were significant correlations with baseline hCCCoV IgM and

SARS-CoV-2 IgM after vaccination. As IgM antibodies exhibit

greater cross-reactivity among the hCCCoVs compared to IgG

and IgA, this could reflect existing hCCCoV IgM antibodies that

cross-react with SARS-CoV-2. Alternatively, individuals with

higher hCCCoV IgM may have a higher proportion of naive B

cells capable of responding to a novel antigen. As the vaccine

does not induce a robust IgM response in most individuals, it is

currently not known whether IgM antibody levels after vaccina-

tion impact vaccine efficacy. Together, these data indicate that

pre-existing betacoronavirus IgA and IgG correlate with a higher

antibody response to SARS-CoV-2 following infection, but not

vaccination. As increased SARS-CoV-2 antibodies after infec-

tion correlated with greater disease, these findings raise the pos-

sibility that pre-existing betacoronavirus IgG and IgA negatively

impact the immune response to SARS-CoV-2, which results in

greater duration of antigen and therefore more SARS-CoV-2

antibodies.

Prior immunization with hCCCoV spike proteins limits
the antibody response to SARS-CoV-2 RBD in mice
Since most individuals have positive levels of antibodies specific

for all four hCCCoVs (Figure 1D), it is not possible to directly

examine whether prior exposure to a particular hCCCoV impacts

the antibody response to SARS-CoV-2. Therefore, we performed

a series of immunizations in mice that had no prior exposure to
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coronaviruses. C57BL/6 mice were immunized with the spike

proteins of SARS-CoV-2, OC43, HKU1, 229E, or NL63. Four

weeks later, all mice were immunized with the SARS-CoV-2

spike protein. Thus, mice either received two immunizations of

SARS-CoV-2 spike or one immunization of hCCCoV spike fol-

lowed by one of SARS-CoV-2 spike. Twoweeks following immu-

nization with SARS-CoV-2 spike, we measured RBD and spike

IgG antibodies to determine if prior exposure to hCCCoV spike

proteins impacted the antibody response to SARS-CoV-2 spike

and RBD. Prior immunization with hCCCoV spike proteins did

not significantly impact antibody levels to SARS-CoV-2 full-

length spike (Figure 7A). However, RBD IgG was significantly

decreased in mice that received a prior immunization with

HKU1 and NL63 spike proteins compared to mice only immu-

nized with SARS-CoV-2 spike protein (Figure 7B). Importantly,

prior immunization with any of the hCCCoV spike proteins in-

hibited neutralizing antibodies following SARS-CoV-2 spike

immunization as detected by a pseudo-neutralization assay (Fig-

ure 7C). These data, which are consistent with a prior study uti-

lizing a different strain of mice and adjuvant (Lapp et al., 2021),

directly demonstrate that prior exposure to hCCCoV spike pro-

teins has the potential to inhibit generation of neutralizing anti-

bodies specific for the RBD of SARS-CoV-2. Together, these

findings illustrate that prior immunity to a virus with a certain de-

gree of homology can impede the immune response to a

novel virus.

DISCUSSION

Immune imprinting refers to preferential activation of memory B

cells that were generated during a prior infection with an antigen-

ically related virus rather than naive B cells specific for the novel

virus (Guthmiller and Wilson, 2018; Henry et al., 2018; Monto

et al., 2017). This concept is well documented for influenza infec-

tions whereby humans are repeatedly exposed to antigenically

distinct viruses containing regions of homology. Imprinting can

hinder immunity to a novel virus if pre-existing antibodies against

conserved epitopes dominate the immune response but do not

neutralize the novel virus. Since pre-existing memory B cells

are present at higher precursor frequencies relative to naive B

cells and are primed to be activated, they can outcompete B

cells specific for novel epitopes and hinder immunity to the novel

virus (Cobey and Hensley, 2017). In addition, antibodies gener-

ated to a related virus could block antibodies specific for the

novel virus via steric hinderance by binding conserved epitopes

near the novel epitopes.

Humans are repeatedly infected with endemic hCCCoVs

(Edridge et al., 2020; Kiyuka et al., 2018), and our data indicate

that nearly every individual possesses antibodies specific for

all four of the endemic hCCCoVs. A recent study demonstrated

that memory B cells specific for hCCCoVs dominated the early

immune response following SARS-CoV-2 infection; however,

these antibodies did not neutralize SARS-CoV-2 (Dugan et al.,

2021). This study illustrates how hCCCoV immunity can hinder

protective immunity to SARS-CoV-2 by usurping resources to

amplify non-neutralizing antibodies. Our data are consistent

with these findings as we show correlations with the baseline

level or boost of hCCCoV antibodies and levels of SARS-CoV-

2 antibodies after infection, which correlated with greater
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Figure 7. Prior immunization with hCCCoV spike proteins limits the antibody responses to SARS-CoV-2 RBD

(A–C) C57BL/6 mice were immunized with spike proteins in CFA, interperitoneally. Four weeks later, all mice were immunized with SARS-CoV-2 spike protein.

Control mice (none) only received CFA at both time points. Serum taken 2 weeks after the second immunization was analyzed by ELISA for reactivity to (A) SARS-

CoV-2 spike protein or (B) SARS-CoV-2 RBD. (C) Serumwas tested in a SARS-CoV-2 surrogate neutralization assay. p values calculated using Kruskal-Wallis test

and Dunn’s multiple comparisons test (*p < 0.05; **p < 0.01).
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severity following SARS-CoV-2 infection. Mouse experiments

further verified that existing hCCCoV immunity reduced neutral-

izing antibodies specific for the RBD. It is intriguing that hCCCoV

antibodies are boosted following SARS-CoV-2 infection and

show clear correlations with the SARS-CoV-2 antibody response

yet do not significantly affect the incidence of becoming infected

or symptom duration. As several factors contribute to suscepti-

bility to SARS-CoV-2 infection, including age, gender, and un-

derlying disease conditions (Fang et al., 2020), it may be difficult

to detect the impact of hCCCoV immunity on self-reported

symptoms among other confounding factors. It is important to

note that the participants in this cohort were primarily Caucasian

females with mild to moderate symptoms. Therefore, we were

not able to thoroughly assess associations with more severe dis-

ease. Regardless, our data suggest that hCCCoV immunity may

be an additional factor that can impede effective immunity to

SARS-CoV-2 infection. Considering the continued circulation

of SARS-CoV-2 variants, it will be important to further investigate

mechanisms in which pre-existing immunity impacts the immune

response to a novel, but related, virus.

Prior studies investigating whether hCCCoV antibodies

contributed to disease severity yielded particularly contradictory

results. One main reason for these divergent conclusions is that

most of the previous studies lacked baseline samples from the

same individual before and after infection. Due to wide variation

in hCCCoV antibody levels, it is not possible to accurately assess

baseline hCCCoV immunity without analyzing samples from

each individual prior to SARS-CoV-2 infection. Importantly, our

data demonstrate that hCCCoV antibody levels can increase or

decrease as early as 5 days after SARS-CoV-2 infection. Thus,

samples taken after SARS-CoV-2 infection are not indicative of

pre-existing hCCCoV immunity. Another factor contributing to

the divergent conclusions is the composition and range of

severity in the different cohorts. While most participants in the
SJTRC cohort exhibited mild to moderate symptoms, other

studies only included hospitalized individuals. Additionally, the

antigens, antibody isotypes, and type of assays varied widely

among the previous studies, which may also have influenced

the inconsistency in results.

There is extensive cross-reactivity among antibodies specific

for hCCCoVs (Ladner et al., 2020; Poston et al., 2021; Wec

et al., 2020), and our data illustrate how serology may not be

a reliable indicator of the hCCCoV to which an individual was

most recently exposed. This is evident in the greater correlation

between antibody isotypes specific for different hCCCoVs

rather than an association with high levels of IgA, IgM, and

IgG specific for a particular hCCCoV. Consistent with previous

studies, we found that in older individuals, hCCCoV immunity is

more biased toward IgA and IgG compared to IgM in younger

individuals (Selva et al., 2021). Each time an individual is

exposed to a hCCCoV, the memory B cells are further fine-

tuned through affinity maturation and clonal selection to

generate higher affinity hCCCoV-specific antibodies. Accord-

ingly, as individuals age, repeated exposure to hCCCoVs cre-

ates a more specific and less adaptable repertoire of

hCCCoV-specific memory B cells. Since SARS-CoV-2 is a

novel virus that individuals had not encountered, it was unex-

pected that IgM antibodies did not precede IgG antibodies

(Figure S3). These data are consistent with a previous report

and suggest that the early immune response to SARS-CoV-2

is dominated by reactivation of memory B cells generated dur-

ing prior hCCCoV infection (Dugan et al., 2021). We hypothe-

size that betacoronavirus IgG and IgA antibody levels are

more indicative of an individual’s cumulative response to

hCCCoVs rather than the timing of a recent infection. Accord-

ingly, higher levels of betacoronavirus IgG and IgA antibodies

imply a more narrow and less adaptable antibody repertoire,

which would be advantageous for immunity to the hCCCoV
Cell Host & Microbe 30, 83–96, January 12, 2022 93
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but detrimental to the immune response to a novel coronavirus.

Thus, although younger individuals may be exposed to

hCCCoVs more often than older individuals, the hCCCoV IgM

bias in younger participants is consistent with a more adapt-

able repertoire, which may explain why younger individuals

exhibit less disease severity than older individuals.

Although baseline hCCCoV antibody levels correlated with

SARS-CoV-2 antibody levels following infection, we did not

observe an association between baseline hCCCoV immunity

and SARS-CoV-2 antibodies after vaccination. Many factors

differ between the immune response to vaccination compared

to infection. One possibility is that pre-existing hCCCoV anti-

bodies may impede the generation of SARS-CoV-2 neutralizing

antibodies, thereby extending viral exposure and enhancing

the antibody response after infection. However, inhibition of

neutralizing antibodies would not impact antigen load in the

context of a vaccination, and therefore hCCCoV immunity would

not have a similar impact on infection and vaccination. Alterna-

tively, it is also possible that there is no correlation between

baseline hCCCoV antibody levels and antibody levels following

vaccination because the mRNA vaccines induce such a robust

immune response to the SARS-CoV-2 spike protein that the ef-

ficacy of these vaccines may override the effect of imprinting.

Interestingly, a recent report showed that imprinting also led to

divergent outcomes following influenza virus infection versus

vaccination (Dugan et al., 2020).

In summary, our data demonstrate that SARS-CoV-2 infection

and vaccination activate existing memory B cells specific for

hCCCoVs. Baseline levels of hCCCoV antibodies and themagni-

tude that these antibodies increased after infection or vaccina-

tion varied dramatically among individuals. Higher baseline

levels or an increase of betacoronavirus IgG and IgA after infec-

tion were associated with increased SARS-CoV-2 antibody

levels, which correlated with greater disease severity. These

findings suggest that, similar to influenza virus, prior exposure

to coronaviruses with sufficient homology can hinder the im-

mune response to a novel coronavirus.

Limitations of study
Limitations of our study include the low number of participants

that experienced severe disease. Thus, we performed compar-

isons of baseline hCCCoV antibody levels to disease severity

by grouping individuals with severity scores of 1 to 2 versus

3–5, which may not have revealed factors that specifically

correlate with greater disease severity. Moreover, as our cohort

consisted of employees, it did not include any individuals below

18 years of age and not many older than 65 years of age. Addi-

tionally, in the mouse immunization studies, comparisons were

made between mice immunized twice with SARS-CoV-2 spike

and mice immunized with an hCCCoV spike followed by SARS-

CoV-2 spike. It is possible that the decreased neutralizing anti-

bodies observed in mice receiving hCCCoV spike prior to

SARS-CoV-2 are due to the fact that two immunizations with

SARS-CoV-2 is required to generate neutralizing antibodies.

However, it is important to note that antibodies to the full-

length SARS-CoV-2 spike were not decreased in mice immu-

nized with hCCCoV prior to SARS-CoV-2 compared to mice

only immunized with SARS-CoV-2 spike, indicating that the

overall antibody levels are similar.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-human-IgG Invitrogen Cat# A18805; RRID: AB_2535582

Goat anti-human-IgM Invitrogen Cat# A18835; RRID: AB_253612

Goat anti-human-IgA Southern Biotech Cat# 2050-05; RRID: AB_2687526

Goat anti-mouse IgG Southern Biotech Cat# 1033-05; RRID: AB_2737432

Biological samples

Plasma from SJTRC participants St. Jude Tracking of Viral and Host Factors

Associated with COVID-19 study (SJTRC)

NCT04362995

Plasma from FLU09 participants St. Jude Children’s Research Hospital and

the University of Tennessee Health Science

Center/Le Bonheur Children’s Hospital

(Allen et al., 2017; Oshansky et al., 2014)

Chemicals, peptides, and recombinant proteins

hCoV-OC43 spike protein Sino Biological 40607-V08B

hCoV-HKU-1 spike protein Sino Biological 40606-V08B

hCoV-NL63 spike protein Sino Biological 40604-V08B

hCoV-229E spike protein Sino Biological 40605-V08B

SARS-CoV-2 spike protein Sino Biological 40589-V08B1

His-tag blocking peptide BioVision 3998BP

OmniblokTM non-fat milk AmericanBio AB10109-01000

OPD (o-phenylenediamine dihydrochloride) Sigma-Aldrich P8287

SIGMAFAST OPD Sigma-Aldrich P9187

Complete Freund’s Adjuvant (including

5mg/mL Mycobacterium tuberculosis)

Chondrex 7023

Critical commercial assays

SARS-CoV-2 Surrogate Virus Neutralization

Test Kit

GenScript L00847-A

Expi293� Expression Medium Thermo Fisher Scientific A1435101

ExpiFectamine 293 transfection kit Thermo Fisher Scientific A14524

Deposited data

R script used to run statistical analyses This paper https://github.com/SYL16/SJTRC-CCoV

R script used to run statistical analyses This paper https://github.com/MacauleyLockeml/St-

Jude-Trace-study-SARS-CoV-2

Experimental models: Cell lines

Expi293F cells Life Technologies Cat# A14527; RRID:CVCL_D615

Experimental models: Organisms/strains

Mouse: C57BL/6: wildtype Jackson Laboratories Cat# 000664; RRID: IMSR_JAX:000664

Recombinant DNA

SARS-CoV-2 nucleocapsid (N) protein

plasmid (from Wuhan-Hu-1 isolate)

Florian Krammer N/A

SARS-CoV-2 spike (S) protein plasmid

(from Wuhan-Hu-1 isolate)

Florian Krammer N/A

SARS-CoV-2 spike protein receptor binding

domain (RBD) plasmid (from Wuhan-Hu-1

isolate)

Florian Krammer N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R version 4.0.3 and version 3.6.2 The R Core Team https://www.R-project.org/

R package ‘‘TestCor’’ (Irene, 2020) https://cran.r-project.org/web/packages/

TestCor/index.html

R package ‘‘Psych’’ (Revelle, 2021) https://cran.r-project.org/web/packages/

psych/index.html

R package ‘‘tidyverse’’ (Wickham et al., 2019) https://cran.r-project.org/web/packages/

tidyverse/index.html

R package ‘‘vegan’’ (Oksanen et al., 2008) https://cran.r-project.org/web/packages/

vegan/index.html

R package ‘‘ComplexHeatmap’’ (Gu et al., 2016) http://www.bioconductor.org/packages/

devel/bioc/html/ComplexHeatmap.html

R package ‘‘Factoextra’’ (Kassambara and Mundt, 2017) https://cran.r-project.org/web/packages/

factoextra/index.html

R package ‘‘cluster’’ (Maechler et al., 2021) https://cran.r-project.org/web/packages/

cluster/index.html

R package ‘‘rstatix’’ (Kassambara, 2021) https://cran.r-project.org/web/packages/

rstatix/index.html

R package ‘‘corrplot’’ (Wei et al., 2017) https://github.com/taiyun/corrplot

R package ‘‘circlize’’ (Gu et al., 2014) https://cran.r-project.org/web/packages/

circlize/index.html

R package ‘‘digest’’ (Eddelbuettel et al., 2021) https://cran.r-project.org/web/packages/

digest/index.html

R package ‘‘survival’’ (Therneau and Lumley, 2015) https://github.com/therneau/survival

Python version 3.9.8 Python Software Foundation https://www.python.org/

Seaborn package (Waskom, 2021) https://seaborn.pydata.org/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Maureen

McGargill (Maureen.mcgargill@stjude.org).

Materials availability
This study did not generate unique reagents.

Data and code availability
d Data reported in the paper will be shared by the lead contact upon request.

d All original code has been deposited at https://github.com/SYL16/SJTRC-CCoV and https://github.com/MacauleyLockeml/

St-Jude-Trace-study-SARS-CoV-2 and is publicly available as of the date of publication.

d Any additional information required to reanalyze the data reported in the paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 female mice, 7-8 weeks of age were purchased from Jackson Laboratories and randomly assigned to experimental groups.

All mice were maintained under specific pathogen-free conditions at St. Jude Children’s Research Hospital, and all animal studies

were approved by the Institutional Animal Care and Use Committee.

SJTRC cohort
The St. Jude Tracking of Viral and Host Factors Associated with COVID-19 study (SJTRC, NCT04362995) is a prospective, Institu-

tional Review Board-approved, longitudinal cohort study of St. Jude Children’s Research Hospital (St. Jude) adult employees.

Participants provide written informed consent prior to enrollment and then complete regular questionnaires about demographics

(at baseline only), medical history and treatment (at baseline and every 8 weeks), and symptoms (at baseline and every 2 weeks).
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Study data are collected andmanaged using REDCap electronic data capture tools hosted at St. Jude. Participants provided a base-

line blood sample at enrollment, then underwent nasal swab screening for SARS-CoV-2 infection by PCR approximately weekly when

on campus. Study participants whowere diagnosedwith SARS-CoV-2 provided additional research blood samples within twoweeks

(acute sample) and then three to eight weeks (convalescent) after diagnosis. Participants who received SARS-CoV-2 vaccination pro-

vided an additional blood sample three to eight weeks after completion of the vaccine series. For analyses examining antibody levels

after vaccine or infection, the data were limited to individuals that were either infected, but not vaccinated yet, or vaccinated, but not

infected. Blood samples were collected in CPT tubes and separated within 24 h of collection into cellular and plasma components,

and aliquoted and frozen for future analysis. Vaccinations were administered as standard-of-care.

FLU09 cohort
The FLU09 cohort was previously described (Allen et al., 2017; Oshansky et al., 2014). Briefly, the inclusion criteria required that par-

ticipants meet the clinical case definition of influenza virus infection at the time of enrollment or be asymptomatic household contacts

of a participant with confirmed influenza infection. This study was conducted in compliance with 45 CFR46 and the Declaration of

Helsinki. The institutional review boards of St. Jude Children’s Research Hospital and the University of Tennessee Health Science

Center/Le Bonheur Children’s Hospital approved the study. Written, informed consent was acquired from participants’ parents or

guardians and written assent from age-appropriate subjects was acquired at the time of enrollment. Index cases provided nasal

swabs, nasal lavages, and blood on the day of enrollment (day 0) and days 3, 7, 10, and 28, whereas household contacts provided

nasal swabs on days 0, 3, 7, and 14 and blood and nasal lavages on days 0 and 28. The population used for these analyses was

predominantly African American (81.4%) with 18.6% Caucasian participants (n = 86). Metadata collected from this study included

information on several symptoms that were ranked daily (self-reported) according to a visual analog scale. Samples included in

the analysis of Figure S2 included individuals that were negative for influenza infection upon enrollment and became infected during

the study.

Cell lines
Expi293F cells were cultured in suspension using PETG Erlenmeyer flasks within a 37�C incubator with 380% relative humidity and

8% CO2 on an orbital shaker platform rotating at 135rpm. They were cultured in Expi293 Expression Medium (Thermo Fisher Scien-

tific; A1435101) according to the manufacturer’s instructions until transfection (described below). These cells were derived from the

HEK293 human embryonic kidney cell line, which was karyotyped as female. Cells were purchased from a commercial vendor and

not further authenticated.

METHOD DETAILS

Severity assessment
Participants who were diagnosed with SARS-CoV-2 during the study provided information four weeks after diagnosis about the

symptoms and interventions they had during the period of infection. Severity was classified on an a priori ordinal scale based on

data provided by the participants as: 1. Asymptomatic (no attributable symptoms); 2. Mild-moderate (any attributable symptoms,

other than shortness of breath, that did not require hospitalization or supplemental oxygen); 3. Moderate-severe illness with short-

ness of breath not requiring hospitalization or supplemental oxygen; 4. Severe illness requiring hospitalization or supplemental ox-

ygen for 31 h; and 5. Critical illness (requiring admission to ICU, vasopressors or hemodialysis). Weekly surveillance by nasal swab

and PCR enabled us to identify asymptomatic infections. Therefore, this scale was chosen to distinguish truly asymptomatic, mini-

mally symptomatic, and more severely symptomatic individuals.

Recombinant proteins
Expression plasmids for the nucleocapsid (N) protein, spike protein, and the spike protein receptor binding domain (RBD) from the

Wuhan-Hu-1 isolate were obtained from Florian Krammer. Proteins were transfected into Expi293F cells using a ExpiFectamine 293

transfection kit (Thermo Fisher Scientific) as previously described (Amanat et al., 2020). Supernatants from transfected cells were

harvested and purified with a Ni-NTA column. Full length spike proteins from the endemic hCCCoV (OC43, HKU1, NL63, 229E)

and SARS-CoV-2 spike protein used in murine experiments were purchased from Sino Biological.

ELISA
For hCCCoV and SARS-CoV-2 antibody detection in human serum samples, 384-well microtiter plates were coated overnight at 4�C,
with recombinant proteins diluted in PBS. Optimal concentrations for each protein and isotype were empirically determined to opti-

mize sensitivity and specificity. SARS-CoV-2 spike RBD was coated at 2 mg/mL in PBS for each isotype detection. Full-length spike

was coated at 2 mg/mL for IgG and 4 mg/mL for either IgM or IgA detection. N protein was coated at 1 mg/mL for IgG detection and

2 mg/mL for either IgM or IgA detection. The spike proteins of 229E (Sino Biological, 40605-V08B), NL63(Sino Biological, 40604-

V08B), HKU1(Sino Biological, 40606-V08B), or OC43 (Sino Biological, 40607-V08B) were coated at 1 mg/mL for IgG detection and

1.5 mg/mL for IgM and IgA detection. For all ELISAs, plates were washed the next day three times with 0.1% PBS-T (0.1%

Tween-20) and blocked with 3% OmniblokTM non-fat milk (AmericanBio; AB10109-01000) in PBS-T for one h. Plates were washed,

then incubated with plasma samples diluted 1:50 in 1% milk in PBS-T for 90 min at room temperature. Prior to dilution, plasma
Cell Host & Microbe 30, 83–96.e1–e4, January 12, 2022 e3
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samples were incubated at 56�C for 15 min. ELISA plates were washed and incubated for 30 min at room temperature with anti-hu-

man secondary antibodies diluted in 1% milk in PBS-T: anti-IgG (1:10,000; Invitrogen, A18805), anti-IgM (1:6000; Invitrogen,

A18835), or anti-IgA (1:2,000; Southern Biotech, 2050-05). The plates were washed and incubated at room temperature with OPD

(Sigma-Aldrich; P8287) for ten minutes (for hCCCoV ELISAs) or SIGMAFAST OPD (Sigma-Aldrich; P9187) for eight minutes (for

SARS-CoV-2 ELISAs). The chemiluminescence reaction was stopped by addition of 3N HCl and absorbances were measured at

490 nm on a microplate reader. To ensure the specificity of this assay, we first screened samples from a prior study that included

young children to identify samples to serve as negative controls. In addition, as a control for plate-to-plate variability, we selected

two positive samples from the SJTRC cohort that were tested on each plate and used to calculate the percent ratio, which is the

OD of each sample relative to the OD of the control samples. Samples with a percent ratio greater than three times the average

of the negative controls were considered positive for the hCCCoV. The negative control samples were identified by screening sam-

ples from the FLU09 cohort that included young participants. For the SARS-CoV-2 antigens, sampleswere considered positive if they

were greater than two times the average of the mean for all the uninfected samples.

Mouse serum sample analysis was conducted as described abovewith the secondary antibody anti-mouse IgG (Southern Biotech;

1033-05) diluted 1:6000 in 1% milk in PBS-T. Potential His-tag-specific antibodies were neutralized before addition to the coated

ELISA plate using a His-tag blocking peptide (BioVision; 3998BP) by mixing equal volume of serum samples with the peptide and

incubating at 37�C for one h. All mouse sera ELISAs utilized the SIGMAFAST OPD substrate.

Murine immunization studies
C57BL/6 female mice were purchased from Jackson Laboratories. An emulsification of Complete Freund’s Adjuvant containing

100mg M. tuberculosis with 50mg of the indicated protein was delivered interperitoneally to each mouse. Twenty-six days after the

initial immunization, mice were given a boost with SARS-CoV-2 spike protein as above. Blood samples were obtained through

the submandibular vein. Serum was isolated from the samples and stored at �80�C until analysis by ELISA.

SARS-CoV-2 surrogate virus neutralization
Detection of potential neutralizing antibodies against SARS-CoV-2 was performed using a surrogate neutralizing test according to

the manufacturer’s directions (GenScript; L00847-A). Briefly, 96-well plates were coated with ACE2 protein. Positive and negative

control antibody samples as well as mouse sera were incubated separately with HRP-tagged recombinant RBD. The resulting mix-

tures were added to the wells of the ACE2-coated plate and incubated at 37�C for 15min. Plates were washed and then TMB solution

was added to each well. After a 15-min incubation in the dark, ‘‘Stop’’ solution was added and the OD (450 nm) measurements for

each well were recorded immediately via plate reader. Inhibition was calculated as (1 - (ODsample /ODnegative control)) x 100%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive analyses were conducted on log10 transformed hCCCoV antibody concentrations, and Wilcoxon-Mann-Whitney tests

were used for pairwise comparisons with the Bonferroni correction for multiple comparisons. Wilcoxon signed rank tests were

used for paired data. Cox proportional hazardsmodels were applied to examine the association between baseline hCCCoV antibody

concentrations and cumulative incidence of SARS-CoV-2 infection. Two-sided p values less than 0.05 were considered statistically

significant. Changes in hCCoV antibody levels after SARS-CoV-2 infection relative to baseline levels were compared with Wilcoxon

signed-rank test adjusted using the Benjamini, Krieger, and Yekutieli method. The Spearmanmethod was used to compare hCCCoV

and SARS-CoV-2 antibody levels early after infection (Figures 3I–3L).

The correlation coefficients between the pre-existing hCCCoV antibodies and the post-infection or vaccination antibody response

(Figures 6B–6E) were calculated by Pearson’s formulation with multiple correlation testing correction assessed by utilization of

TestCor package (Irene, 2020). Kendall’s coefficient was applied to understand correlation between SARS-CoV-2 antibody levels

and disease severity (Figure 6A) where p- values were adjusted using false discovery rate method in Psych package (Revelle,

2021). Statistical analysis performed using R version 4.0.3, with heatmaps generated using Python programming language Seaborn

package (Waskom, 2021). R packages Tidyverse (Wickham et al., 2019), vegan (Oksanen et al., 2008), ComplexHeatmap (Gu et al.,

2016), Factoextra (Kassambara and Mundt, 2017), cluster (Maechler et al., 2021), rstatix (Kassambara, 2021), corrplot (Wei et al.,

2017), circlize (Gu et al., 2014), digest (Eddelbuettel et al., 2021), and survival (Therneau and Lumley, 2015) were utilized for data

analysis.
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