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SUMMARY

Despite SARS-CoV-2 being a “novel” virus, early detection of anti-spike IgG in severe COVID-19 patients may
be caused by the amplification of humoral memory responses against seasonal coronaviruses. Here, we
examine this phenomenon by characterizing anti-spike 1gG responses in non-hospitalized convalescent indi-
viduals across a spectrum of COVID-19 severity. We observe that disease severity positively correlates with
anti-spike 1gG levels, 1gG cross-reactivity against other betacoronaviruses (B-CoVs), and FcyR activation.
Analysis of IgG targeting B-CoV-conserved and non-conserved immunodominant epitopes within the SARS-
CoV-2 spike protein revealed epitope-specific relationships: IgG targeting the conserved heptad repeat (HR)
2 region significantly correlates with milder disease, while targeting the conserved S2'FP region correlates
with more severe disease. Furthermore, a lower HR2-to-S2'FP IgG-binding ratio correlates with greater disease
severity, with ICU-hospitalized COVID-19 patients showing the lowest HR2/S2'FP ratios. These findings sug-
gest that HR2/S2'FP IgG profiles may predict disease severity and offer insight into protective versus delete-

rious humoral recall responses.

INTRODUCTION

During the first waves of the coronavirus disease 2019 (COVID-19)
pandemic, approximately 80% of individuals experienced asymp-
tomatic or mild disease, 15% experienced moderately severe
pneumonia, and 5% required hospitalization with severe acute
respiratory distress syndrome (ARDS) (Wu and McGoogan,
2020). Studies conducted in patients with severe COVID-19
commonly observed a hyperimmune activation state (Del Valle
et al., 2020; Tang et al., 2020; Ye et al., 2020), which coincided
with the onset of adaptive immunity. In particular, several studies
correlated early detection and higher anti-spike protein immuno-
globulin G (IgG) titers with more severe disease (Long et al,,
2020; Qu et al., 2020; Young et al., 2020; Zhang et al., 2020;
Zhao et al., 2020), suggesting that humoral immunity may exacer-
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bate COVID-19. Altogether, these findings have led several re-
searchers to hypothesize that adaptive antibody (Ab) immunity
may exacerbate disease severity through Ab-dependent
enhancement (ADE) of disease (lwasaki and Yang, 2020; Larsen
et al., 2020; Lee et al., 2020; Ricke, 2021).

As a category, ADE refers to the processes by which pathogen-
specific Abs increase virus replication (Ab-dependent enhance-
ment of infection) and/or proinflammatory mediators (Ab-depen-
dent immune enhancement [ADI]), both of which can enhance
the severity of disease (lwasaki and Yang, 2020). The effects of
ADE have been observed in the context of several viral infections,
including dengue, respiratory syncytial virus (RSV), and even other
coronaviruses (Bournazos et al., 2020; Halstead, 2014; Smatti
etal., 2018). Studies examining dengue-induced ADE have identi-
fied IgG-FcyR interactions as one of the primary factors governing
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increased disease severity (Mohsin et al., 2015; Thulin et al., 2020;
Wangetal., 2017). Fcy receptors (FcyRs) are a family of IgG-bind-
ing receptors that trigger a diverse array of non-neutralizing
effector functions, such as Ab-dependent cellular cytotoxicity
(ADCC), Ab-dependent cellular phagocytosis (ADCP), dendritic
cell (DC) maturation and antigen presentation, and effector cyto-
kine production (Forthal and Moog, 2009; Pincetic et al., 2014;
Vogelpoel etal., 2015). Though FcyR activation is of critical impor-
tance in controlling viral infections in vivo, in the context of patho-
gens that induce ADE, high IgG-mediated FcyR activation has
been shown to be detrimental. Notably, several studies have re-
ported ADE/ADI effects during severe acute respiratory syndrome
coronavirus 1 (SARS-CoV-1) infections in vitro and in vivo (Jaume
etal.,, 2011; Liu et al., 2019; Wang et al., 2014; Yip et al., 2014). In
contrast, vaccine studies in hamsters demonstrated that despite
FcyR-lgG-mediated cellular uptake of virus, vaccinated animals
were protected in viral challenge experiments (Kam et al., 2007).
Therefore, the contribution of FcyR-IgG in the resolution of severe
coronavirus infection remains unclear.

In most instances of virus-induced ADE, immunological mem-
ory responses from a previous infection become activated and
mount inefficient and detrimental responses to a similar but
distinct heterologous strain. While SARS-CoV-2 has now evolved
variant strains that could act like heterologous strains, these
strains arose only several months after the initial outbreak and
cannot account for any ADE-like effects observed early in the
pandemic. However, seasonal human coronaviruses (shCoVs),
which are ubiquitous (Gorse et al., 2010), share some regions of
high sequence identity with the SARS-CoV-2 spike protein, the
primary viral antigen targeted by neutralizing Abs. In particular,
the S2 subunit of the SARS-CoV-2 spike contains regions of
high sequence conservation with shCoVs. In contrast, the recep-
tor-binding domain (RBD)-containing S1 subunit, which interacts
with host angiotensin-converting enzyme 2 (ACE2) receptor,
bears far less sequence similarity to shCoVs. Importantly, several
studies have shown that Abs targeting the RBD region mediate
potent neutralization of SARS-CoV-2 in vitro and in vivo (Rogers
et al., 2020; Wang et al., 2020b; Wec et al., 2020; Zost et al.,
2020). Indeed, recent studies have found that pre-pandemic
and SARS-CoV-2-naive samples possess IgG directed against
the S2, but not the S1, subunit of the spike protein (Anderson
etal., 2021; Ng et al., 2020; Nguyen-Contant et al., 2020). Notably,
these sera are non-neutralizing and display high reactivity against
the shCoV, OC43 (Anderson et al., 2021). In addition, other studies
have observed that cross-reactive Ab responses against OC43
are elevated after SARS-CoV-2 infections (Shrock et al., 2020;
Wang et al., 2020c). However, the contribution of shCoV cross-
reactive 1gG to the humoral response against SARS-CoV-2 re-
mains unclear, with different studies showing both positive and
negative correlations with severity (Anderson et al., 2021; Shrock
et al., 2020; Wang et al., 2020c).

Beyond the characterization of IgG S1- versus S2-binding,
other studies have conducted peptide walks to identify the linear
epitopes targeted by humoral responses against the spike pro-
tein. These studies have identified several immunodominant re-
gions that overlap or flank several functional features, such as
the S1/S2 furin cleavage site (51/S2), the S2’ fusion peptide re-
gion (S2’'FP), and the heptad repeat (HR) 1 region and HR2 sites
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(Lietal., 2021; Mishra et al., 2021; Wang et al., 2020a; Zamecnik
et al., 2020). Interestingly, some of these immunodominant re-
gions possess high sequence identity with shCoVs (Ladner
et al., 2021; Shrock et al., 2020). These findings—coupled with
IgG recognition of the S2 region in naive individuals and the
elevated levels of OC43 cross-reactive IgG in convalescent indi-
viduals—suggest that preexisting recall responses against
shCoVs likely contribute to the humoral response against
SARS-CoV-2. However, the contribution of these cross-reactive
Abs to the evolution of effective humoral immunity, disease
severity, and outcomes remains unclear. In this study, we exam-
ined how anti-spike 1gG responses correlate with disease
severity, FcyR activation, and epitope targeting in a cohort of
non-hospitalized SARS-CoV-2 convalescent donors, as well as
in intensive care unit (ICU)-hospitalized COVID-19 patients.

RESULTS

Non-hospitalized SARS-CoV-2 convalescent individuals
display a spectrum of COVID-19 symptom severity
To obtain a better understanding of the humoral responses
generated against SARS-CoV-2, a total of 48 blood donors
were recruited during the first wave of the COVID-19 pandemic
in the spring of 2020. The cohort was separated into two groups
based on the history of a positive or negative SARS-CoV-2 test
(PCR or serology): convalescent donors (positive test; convales-
cent) and negative controls (negative test; naive). The negative
control group was composed of age- and sex-matched SARS-
CoV-2-naive donors (Table S1). Importantly, in convalescent do-
nors, the median time from the onset of symptoms to the time of
blood draw was 43 days, ensuring that anti-SARS-CoV-2 I1gG
levels were sufficiently high for pathogen-specific IgG analysis.
To assess the relative severity of disease, we surveyed the
symptom history of each convalescent donor, including the inten-
sity and duration of each symptom. This information was used to
calculate both an average severity score for each symptom
(Table S2) and a composite symptom severity score for every
convalescent donor. In doing so, we observed that the convales-
cent group presented a wide range of symptoms and severity
ranging from mild to more severe COVID-19. Moreover, we
observed two categories of convalescent donors: those who expe-
rienced milder symptoms (n = 13), with composite severity scores
below 45, and those with more severe disease (n = 15), with scores
above 45. For simplicity, these two groups are henceforth referred
to as mild and severe, respectively, as they reflect these two ends
of the non-hospitalized COVID-19 spectrum, with the acknowl-
edged caveat that all of the donors represent non-hospitalized,
non-fatal COVID-19 cases. Despite not being hospitalized, individ-
uals with the highest severity scores (>45) commonly experienced
high fevers (>37.8°C) for more than 1 week, severe myalgia, head-
aches, and difficulty breathing. In addition, two severe patients
experienced weight loss of >15% of body weight.

COVID-19 severity correlates with higher anti-spike Ab
titers in SARS-CoV-2 convalescent individuals

Next, we quantified the levels of IgG directed against the SARS-
CoV-2 spike protein in convalescent donors by ELISA (Okba
et al., 2020). We detected significantly higher levels of anti-spike
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Figure 1. Anti-spike IgG levels in convalescent donors correlate with COVID-19 severity
(A) Anti-spike IgG titers in SARS-CoV-2 convalescent (CoV-2%) and naive (CoV-27) donors, as quantified by ELISA (n = 28 and 20, respectively).
(B) Levels of anti-spike IgG in convalescent (CoV-2*) donors, as quantified by ELISA. Red line represents 3-fold above the mean anti-spike levels of naive (CoV-2")

donors, as quantified by ELISA.

(C) Comparison of ELISA-based anti-spike IgG titers versus CoV-2* composite severity scores.
D-F) Levels of anti-spike IgG in naive (CoV-2") and CoV-2* donors, as quantified using a cell-based assay (CBA).

(

(D) Levels of anti-spike IgG titers in CoV-2~ and CoV-2* donors.

(E) Levels of anti-spike titers in CoV-2* donors, as quantified by CBA.
(

F) Comparison of CBA anti-spike IgG titers versus CoV-2" composite severity scores. The SEMs of N = 3 experiments are shown.

IgG in the convalescent versus SARS-CoV-2-naive donors (Fig-
ure 1A). Among the convalescent donors, we observed a range
of anti-spike IgG levels, which differed by approximately
30-fold between the lowest and highest samples (Figure 1B).
Interestingly, 2 donors who tested positive for SARS-CoV-2
infection by PCR possessed no detectable anti-spike titers and
8 additional convalescent donors possessed titers that were
less than 3-fold above background, which was comparable to
the anti-spike levels observed in some SARS-CoV-2-naive do-
nors. In comparing anti-spike IgG levels against convalescent
donor severity scores, we observed a significant positive corre-
lation (Figure 1C). In line with these findings, several studies have
found similar correlations between anti-spike IgG and COVID-19
severity in hospitalized patients (Liu et al., 2020; Qu et al., 2020;
Young et al., 2020; Zhang et al., 2020).

In addition to neutralization, non-neutralizing effector IgG re-
sponses against virus-infected host cells involve the recogni-
tion of viral antigens expressed on the surface of host cells
(Forthal and Moog, 2009). Therefore, we quantified the levels
of anti-spike IgG binding to cell surface-expressed forms of
the SARS-CoV-2 spike in 293T endothelial cells transfected
to express the SARS-CoV-2 spike. In this system, the levels
of anti-spike IgG are quantified using a binding index that ac-

counts for both the percentage and median fluorescence inten-
sity (MFI) of IgG bound to spike-expressing cells. We have pre-
viously used this method to discern viral antigen-specific IgG
levels in convalescent donors (Alvarez et al., 2014, 2017; Gar-
rido et al., 2018). The benefit of this composite metric is that
both the frequency and density of IgG-antigen binding are
captured, as both parameters contribute to the activation of
non-neutralizing effector functions. In addition, cell surface-ex-
pressed spike protein likely retains a tertiary structure and
glycosylation that are consistent with natural infection, poten-
tially capturing a greater range of paratopes (i.e., higher
sensitivity).

Using this cell-based assay (CBA), we detected an approx-
imately 1.5-log difference in anti-spike IgG titers between
naive and SARS-CoV-2 convalescent donors, and a further
2-log difference among the convalescent donors (Figures 1D
and 1E). Interestingly, the two PCR-positive SARS-CoV-2 do-
nors whose anti-spike IgG levels were undetectable by ELISA
had detectable, albeit low, anti-spike IgG levels in the cell-
based assay. These levels were 1 log above the values
obtained with IgG from naive donors, demonstrating greater
resolution of the cell-based assay compared to ELISA. In
addition, anti-spike IgG levels were readily detectable above
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Figure 2. FcyR activation correlates with
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negative control (naive) IgG levels in the eight convalescent
donors who possessed low-to-negative anti-spike 1gG levels
using the ELISA assay (Figure S1A). Other studies have simi-
larly observed higher sensitivity with cell-based detection as-
says (Fafi-Kremer et al., 2020; Grzelak et al., 2020), which may
be attributable to the display of conformational epitopes that
are dependent on the tertiary or quaternary structure of the
natively folded trimeric spike protein. Altogether, we observed
a strong positive correlation between anti-spike IgG levels and
disease severity (R? = 0.27, p < 0.0001) (Figure 1F), with se-
vere donors possessing significantly higher anti-spike IgG
levels (Figures S1B and S1C).

4 Cell Reports 39, 110904, May 31, 2022

a strong positive correlation between
severity scores and both FcyRlla and
FcyRllla activation across convalescent
donors (Figures 2B, 2D, S2C, and S2D), with higher overall
FcyR signaling in severe versus mild donors (Figures 2A and
2C). Only background levels of FcyR activation were detected
in response to SARS-CoV-2-naive donor IgG (Figure 2A). Inter-
estingly, the majority of IgG from mild donors did not induce
greater FcyRlla activation than SARS-CoV-2 naive IgG (Fig-
ure 2A). In contrast, both mild and severe convalescent donors
induced FcyRllla signaling levels that were at least 2-fold above
naive control IgG (Figure 2C).

Next, we evaluated the relationship between FcyR activation
and the levels of anti-spike IgG. We observed a significant pos-
itive correlation with both FcyRlla and FcyRllla signaling and the
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Figure 3. Higher B-coronavirus cross-reactive IgG titers are correlated with COVID-19 severity

(A-H) Graphs compare the level of IgG binding to spike proteins of (A and E) SARS1, (B and F) OC43, (C and G) NL63, and (D and H) 229E coronavirus as assessed
by CBA and detected by flow cytometry. Graphs (A-D) compare the level of anti-spike IgG in SARS-CoV-2-naive versus -convalescent donors. Graphs (E-H)
compare the levels of anti-spike IgG among donor groups separated by SARS-CoV-2 status and COVID-19 severity scores, n = 13 mild, 15 severe. The

SEMs of N = 3 experiments are shown.

levels of anti-spike IgG in all convalescent donors, using both
ELISA and CBA anti-spike IgG-binding assays (Figures 2E-2H
and S2E-S2H). However, anti-spike IgG levels as quantified by
CBA were much more highly correlated with the levels of
FcyRllla signaling (R% = 0.66) (Figure 2F) compared to anti-spike
titers obtained by ELISA (R? = 0.48) (Figure 2H). Altogether, these
data show a strong positive correlation between anti-spike 1gG
titers, the levels of FcyR activation, and COVID-19 severity in
non-hospitalized individuals.

COVID-19 disease severity is correlated with higher
anti-spike IgG cross-reactivity against other
betacoronaviruses (-CoVs)

To determine whether humoral recall responses against
shCoVs may contribute to SARS-CoV-2 anti-spike IgG re-
sponses, we measured the levels of anti-spike IgG binding
against the spike of a seasonal B-CoV, OC43, as well as two
alphacoronaviruses (a-CoVs), NL63 and 229E. In addition,
we examined the level of cross-reactivity of SARS-CoV-2
convalescent IgG against the spike protein of SARS-CoV-1
(SARS1). Since we observed more sensitive detection of anti-
spike 1gG binding using CBA versus ELISA, we quantified the
levels of hCoV anti-spike IgG binding using CBA. We observed
that the majority of SARS-CoV-2 convalescent donors
possessed IgG, which recognized the SARS1 spike protein
(Figure 3A). Moreover, IgG recognition of the OC43 spike was
significantly elevated in SARS-CoV-2 convalescent donors as

compared to SARS-CoV-2-naive donors (Figure 3B). In
contrast, IgG binding to a-CoV spike proteins NL63 and 229E
was not significantly different among SARS-CoV-2-convales-
cent and -naive donors (Figures 3C and 3D). This finding sug-
gests that IgG responses against SARS-CoV-2 did not boost
IgG responses against «-CoVs. When further explored in rela-
tion to disease severity, IgG from severe donors possessed
higher cross-reactivity to the spike protein of SARS1 and
OC43 as compared to mild donors (Figures 3E and 3F). These
findings show that infection with SARS-CoV-2 induces IgG
that are cross-reactive with other -CoVs, and higher levels of
cross-reactive IgG correlate with more severe disease.

Immunodominant regions with high 0C43 sequence
identity differentially correlate with COVID-19 severity
Recently, several groups have conducted SARS-CoV-2 peptide
walk experiments using Abs from hospitalized COVID-19 pa-
tients to identify immunodominant epitopes that correlate with
severe COVID-19 (Li et al., 2021; Mishra et al., 2020; Wang
et al., 2020a; Zamecnik et al., 2020). Notably, some of the immu-
nodominant epitopes share high sequence identity with shCoVs
(Ladner et al., 2021; Shrock et al., 2020) and overlap with func-
tional regions within the SARS-CoV-2 spike protein (i.e. S1/S2;
S2'FP, and HR regions).

To explore how epitope targeting relates to infection severity
in non-hospitalized individuals, we screened our cohort against
a panel of immunodominant SARS-CoV-2 peptides that
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Figure 4. Localization of SARS-CoV-2 spike immunodominant regions

(A) Diagram depicts SARS-CoV-2 spike protein subdomains, which include the N-terminal domain (NTD), the receptor-binding domain (RBD), S1-C terminus
domains 1 and 2 (CTD1 and -2), the furin cleavage site (S1/S2); the S2’ cleavage site and fusion protein domain (S2'FP), the heptad repeat domains 1 and 2
(HR1 and -2), the transmembrane domain (TM), and the cytosolic domain (CP). Immunodominant regions with either high or low sequence identity with 3-coro-
navirus OC43 are shown; asterisk indicates 100% sequence identity (red) and a consistency score of zero (blue) indicates no conservation of amino acid char-
acteristics. (B and C) The homotrimeric SARS-CoV-2 spike protein is shown in the (B) closed and (C) open state (PDB: 6VXX and 6VYB, respectively). In each
protomer of the spike, the protein mainchain is illustrated in white, except for the RBD, which is red. The atoms in the 6 peptide epitopes that were tested are
shown as space-filling models, colored according to peptide number. There are regions of missing density in the models, presumably due to conformational
flexibility, and these regions are omitted here; CTD1 (magenta) and S2'FP (green) are fully resolved; CTD2 (cyan), S1/S2 (orange), and 5 fHR2 (yellow) are partially

resolved; and HR2 is completely absent in the structure.

possessed high identity with shCoVs (Table S3), in particular
B-CoV OC43 (Figure 4). To contrast these conserved regions,
we also screened the levels of IgG-targeting immunodominant
regions that possessed little identity with shCoVs. In addition,
we quantified the levels of IgG targeting the RBD region, since
Abs targeting this region mediate potent SARS-CoV-2 neutrali-
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zation in vitro and in vivo (Rogers et al., 2020; Wang et al.,
2020b; Wec et al., 2020; Zost et al., 2020).

To quantify the levels of IgG targeting these regions, we devel-
oped a luciferase-based ELISA to allow for the sensitive detec-
tion of IgG binding. Using this assay, we observed a significant
inverse correlation between the levels of anti-RBD IgG and
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Figure 5. SARS-CoV-2 convalescent IgG from mild and severe donors differentially target seasonal CoV-conserved and non-conserved

SARS-CoV-2 spike protein immunodominant epitopes

(A-G) Graphs compare the levels of IgG-binding to (A) RBD, (B) S2'FP, (C) HR2, (D) 5'fHR2, (E) CTD1, (F) CTD2, and (G) S1/S2 regions in CoV-2* convalescent
donors as detected by luminescent ELISA versus severity scores (left) or total CBA anti-spike 1gG levels (right). Inverse, positive, or no correlation is indicated by
blue, red, or gray, respectively. n = 28; the SEMs of N = 3 experiments are graphed.

overall severity scores among convalescent donors (p < 0.0001)
(Figure 5A). In comparing donors with mild versus severe
disease, we observed significantly higher levels of anti-RBD
IgG targeting in donors with mild disease (Figure S3A). Next,
we quantified the levels of IgG targeting of three representative
immunodominant peptides with high sequence identity to
shCoVs. We observed a significant positive correlation between
S2'FP region IgG-binding levels and severity (Figure 5B).

In contrast, we observed a significant inverse correlation with
the levels of IgG targeting the HR2 region and severity (Fig-
ure 5C), with mild donors possessing higher IgG targeting the
HR2 region, as compared to severe donors (Figure S3E). We
also observed that IgG targeting of the HR2 region was
inversely correlated with overall anti-spike IgG titers (Figure 5C).
Lastly, we examined IgG targeting of a conserved region
located just upstream of the HR2 domain, also known as the

5’ flank HR2 (5'fHR2). Similar to direct targeting of the HR2 re-
gion, the levels of IgG binding in the 5'fHR2 region were also
inversely correlated with severity (Figure 5D); however, IgG
levels were not inversely correlated with overall anti-spike 1gG
titers (Figure 5D).

Next, we quantified the levels of IgG-targeting immunodomi-
nant regions that were not highly conserved with OC43 or other
shCoV, which include the novel furin cleavage site at the S1/S2
junction and two other regions located within the C-terminal
domain (CTD) just downstream of the RBD region (Figure 4). In
screening these regions, we observed a significant positive cor-
relation with the levels of CTD1 targeting and severity (Figure 5E),
but observed no correlation between IgG targeting of the CTD2
or S1/S2 regions and severity (Figures 5F and 5G). In comparing
binding to these OC43 non-conserved regions and overall anti-
spike levels, we detected a significant correlation between IgG
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Figure 6. Multivariable analysis identifies distinct humoral immune profiles in mild versus severe COVID-19
(A) Scatter matrix chart summarizes the Spearman’s correlation (upper) and the scatterplots (lower) between all analyzed variables using the entire cohort (n = 28).
The Spearman’s r values are shown inside the colored squares, and the scale of blue-to-red color indicates a negative-to-positive correlation. The small bar

graphs (diagonal) represent the distribution of data for each variable.

(B) Biplot shows the principal component analysis (PCA) depicting the mild-scored (n = 13) and more severe-scored (n = 15) COVID-19 patients, according to their

severity scores.

(C) The contribution of each variable to PCA for dimension 1 and 2 is represented by bars, and its threshold is indicated as a red dotted line.
(D and E) Polar plots show the different profiles of humoral response for mild and more severe groups. Each bar in the plot represents the mean of Z scores for

each variable.

targeting of CTD2 and higher anti-spike IgG levels (Figure 5F),
but not with any other regions (Figures 5E and 5G).

Severe non-hospitalized COVID-19 correlates with high
FcyR activation and IgG targeting of the spike protein
S$2” fusion protein site

To gain insight into the associations between all of the Ab fea-
tures tested and disease severity, we performed a Spearman’s
chart correlation on all of the variables analyzed (Figure GA).
Through this correlation analysis, we observed that individuals
with more severe COVID-19 were characterized by higher anti-
SARS-CoV-2 spike IgG (R = 0.66), higher IgG cross-reactivity
to B-CoVs (SARS1 R = 0.54; OC43 R = 0.36), and higher proin-
flammatory FcyR activation (R = 0.62), along with higher levels
of IgG targeting the CTD1 (R = 0.26) and S2’FP regions (R =
0.35), as compared to mild donors (Figure 6A). These results re-
affirm the significance of all the previous findings in this study
(Figures 1-5). Notably, higher severity scores were inversely
correlated with the levels of IgG targeting the RBD and HR2 re-
gions, suggesting that in severe individuals, there is a relative
lack of IgG targeting these previously described SARS-CoV-2
neutralizing regions. Interestingly, while we observed that both
FcyRlla and FcyRllla activation were positively correlated with

8 Cell Reports 39, 110904, May 31, 2022

B-CoV cross-reactivity, the levels of FcyRlla signaling were
more highly correlated with IgG targeting the CTD1 (R = 0.42)
and S2'FP (R2 = 0.55) regions, as compared to FcyRllla signaling
(CTD1 R =0.14; S2'FP R = 0.35).

To further explore the contribution of different IgG features, we
performed a principal-component analysis (PCA) using all
convalescent donors (Figures 6B and 6C). The results of this
analysis showed that two dimensions explain the 60% of vari-
ance, and the severe individuals are clearly separated according
to dimension 1 (37.7% of variance), with a response focused on
both FcyRlla and FcyRllla signaling, B-CoV anti-spike 1gG
(including SARS-CoV-2), and IgG targeting of CTD1, CTD2,
and S2'FP regions. Interestingly, the individuals with more se-
vere COVID-19 were highly represented on this dimension, sug-
gesting that cross-reactive 1gG responses against B-CoVs,
which included the induction of high FcyRlla and FcyRllla activa-
tion that targeted CTD1, CTD2, and S2'FP regions, are predictive
of severe disease. In contrast, mild individuals possessed
different IgG responses, with lower levels on the features within
dimension 1, coupled with higher representation of dimension 2
(22.3% of variance), which was primarily represented by IgG tar-
geting of the RBD, $1/S2 furin site, HR2, and 5fHR2 regions.
This analysis suggests a differential course of disease when
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the IgG response is directed against different regions of the
SARS-CoV-2 spike.

Next, we conducted a Spearman’s chart correlation using
either mild or severe donor groups (Figures S4A and S4C). We
observed that FcyRlla activation was highly correlated with tar-
geting of CTD1, CTD2, and S2'FP regions in severe individuals
(Figure S4C), but no correlation between FcyRlla activation
and IgG targeting ofimmunodominant regions in mild individuals
(Figure S4A). In only examining the anti-spike region IgG-target-
ing profiles, we observed that individuals with milder infection
possessed anti-spike IgG levels that were inversely correlated
with the levels of S2'FP (R = —0.27) and CTD1 (R = —0.41) region
IgG targeting (Figure S4B). The converse was observed in severe
profiles, in which total anti-spike IgG levels were inversely
correlated with IgG targeting the S1/S2 (R = —0.39) and HR2
(R = —0.42) regions and positively correlated with IgG targeting
the S2'FP (R = 0.37) region (Figure S4D). Interestingly, we did
not observe a relationship between anti-RBD levels and HR2 re-
gion targeting (R = —0.077) in mild individuals.

To further elucidate the differences between the overall pro-
files of mild and severe individuals, the mean of Z score values
for each Ab feature was calculated and represented on a polar
plot graph (Figures 6D and 6E). In comparing the relative target-
ing of a- versus B-CoVs, we observed that mild individuals
expressed higher Z scores for IgG targeting a-CoVs, with the in-
verse being true for severe profiles. In support of the PCA anal-
ysis, the polar plot shows that individuals with mild disease
had lower FcyRlla and FcyRllla enrichment scores (Figure 6D),
which was coupled with relative lower enrichment of IgG target-
ing the CTD1 and S2'FP regions, both of which were significantly
correlated with elevated FcyR activity in severe individuals (Fig-
ure 6D). Crucially, despite severe donors possessing higher
overall levels of anti-spike IgG, the enrichment scores for RBD
IgG-targeting were higher in mild donors (Figures 6D and 6E),
suggesting an enrichment in neutralizing IgG. In severe individ-
uals, the inverse was observed: IgG targeting CTD1 and S2'FP
regions was enriched, and HR2 region and 5'fHR2 targeting
was decreased, relative to total anti-spike IgG (Figure 6E). Taken
together, these data suggest that the efficacy of IgG responses
and corresponding disease severity is highly dependent on the
specific epitopes targeted in the SARS-CoV-2 spike protein,
which in turn may be influenced by prior shCoV exposure.

The ratio of HR2/S2'FP IgG targeting correlates with
disease severity in non-hospitalized convalescent and
ICU-hospitalized patients

Having established that IgG targeting of the SARS-CoV-2 spike
protein was predictive of mild versus severe disease in non-hos-
pitalized patients (Figure 6), we examined whether this Ab-tar-
geting profile was recapitulated in ICU-hospitalized COVID-19
patients. For this analysis, we obtained a cohort of 17 patients
hospitalized in the ICU with COVID-19 during the first waves of
the COVID-19 pandemic in 2020. We quantified the levels of
IgG directed against the SARS-CoV-2 spike protein in ICU-hos-
pitalized individuals using our cell-based assay. We observed a
range of anti-spike 1gG levels that were significantly higher than
the anti-spike 1gG levels detected in non-hospitalized donors
(Figure 7A). Next, we examined the levels of anti-OC43 IgG in
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ICU patients. Interestingly, while the anti-OC43 IgG levels were
significantly higher in ICU patients as compared to SARS-CoV-
2-naive donors, ICU patient anti-OC43 IgG levels were in the
same range as those detected in non-hospitalized convalescent
patients (Figure 7B). In comparing the levels of SARS-CoV-2
versus OC43 IgG-binding levels in ICU patients, we detected a
positive correlation between total anti-SARS-CoV-2 and anti-
0OC43 spike titers (Figure 7C).

To define the IgG-targeting profile that best segregated mild
versus severe disease, we individually examined the ratios of
the three epitopes (RBD, HR2, 5fHR2) that were associated
with mild disease over the epitope (S2'FP) that was most highly
associated with severe disease in non-hospitalized donors.
Calculating the IgG-targeting ratio of each donor normalizes
against the higher anti-SARS-CoV-2 IgG titers detected in
more severe patients. In plotting the ratio of RBD/S2'FP, HR2/
S2'FP, and 5'fHR2/S2'FP versus severity scores, we observed
that all of these IgG-targeting ratios inversely correlated with
higher severity scores (Figures 7D-7F); however, the ratio of
HR2/S2'FP displayed the highest R? values (R® = 0.2239),
compared to either RBD/S2'FP (R? = 0.1685) or 5'fHR2/S2'FP
(R? = 0.1158). We next examined the levels of IgG targeting the
HR2 and S2'FP regions using IgG from the ICU-hospitalized
COVID-19 cohort. We observed that ICU patients possess
similar levels of IgG targeting the HR2 region as compared to
non-hospitalized convalescent donors (Figure 7G). In contrast,
we detected significantly higher levels of IgG targeting the
S2'FP region in ICU-hospitalized patients, as compared to
non-hospitalized individuals (Figure 7H). In calculating HR2/
S2'FP IgG-binding ratios, we observed significantly lower ratios
in ICU patients as compared to non-hospitalized individuals
(Figure 71).

DISCUSSION

Early in the pandemic, it was largely assumed that the adaptive
immune system treated SARS-CoV-2 as a novel pathogen,
despite the significant sequence overlap of the virus with
shCoVs. Although subsequent studies examined seasonal
coronavirus immune recall, immunodominant epitopes, and
COVID-19 severity individually, none looked at all three
factors together. Accordingly, the role of memory Abs in disease
pathogenesis has been unclear and clinically disregarded. Re-
searchers have noted an unusual aspect of COVID-19 disease
course; namely, some patients show IgG within days of contract-
ing SARS-CoV-2 (Liu et al., 2020; Zhang et al., 2020; Zhao et al.,
2020). This is in contrast to the 7-14 days that is usually required
for naive B cells to become activated, class switch, and begin
producing IgG (Murphy et al., 2012). Notably, these early anti-
spike IgG responses are associated with disease severity, not
protection. Higher anti-spike IgG titers, along with elevated
levels of proinflammatory cytokines, correlate with more severe
disease in hospitalized individuals (Young et al., 2020; Zhang
et al., 2020). In this study, we detected a significant positive cor-
relation between anti-SARS-CoV-2 spike IgG levels and disease
severity in a cohort of non-hospitalized convalescent individuals
with mild to severe COVID-19, as well as even higher anti-spike
IgG titers in ICU patients. Our findings substantiate previous
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Figure 7. The ratio of IgG targeting the HR2/S2'FP regions of the SARS-CoV-2 spike protein correlates with COVID-19 severity in convales-

cent and ICU-hospitalized patients

(A and B) (A) Anti-SARS-CoV-2 or (B) anti-OC43 spike IgG titers as detected by CBA in SARS-CoV-2-naive (CoV-2"), non-hospitalized convalescent (CoV-2*),
and ICU-hospitalized COVID-19 patients (n = 20 naive, 28 convalescent, and 17 ICU).

(C) Comparison of SARS-CoV-2 versus OC43 anti-spike IgG titers in ICU-hospitalized COVID-19 patients.

(D-F) The ratio of (D) HR2/S2'FP, (E) RBD/S2'FP, and (F) 5'fHR2/S2'FP in convalescent non-hospitalized donors.

(G and H) The levels of IgG binding to (G) HR2 and (H) S2'FP regions as detected by luminescent ELISA in SARS-CoV-2-naive (CoV-2"), convalescent non-hos-
pitalized donors split by mild (<45), more severe (>45), and ICU-hospitalized COVID-19 patients.

(I) The ratio of HR2/S2'FP IgG-binding levels in SARS-CoV-2-convalescent donors versus ICU-hospitalized COVID-19 patients. The SEMs of N = 3 experiments

are shown.

studies that detected high levels of anti-spike IgG in severe hos-
pitalized COVID-19 cases, and further extend this correlation to
non-hospitalized cases.

Along with higher anti-spike IgG levels, we detected that IgG
cross-reactivity to other -CoVs (SARS1 and OCA43) is positively
correlated with disease severity. Several studies have now
observed similar phenomena (Anderson et al., 2021; Shrock
et al., 2020; Wang et al., 2020c), suggesting that anti-spike IgG
responses in severe COVID-19 patients target regions of high
sequence and structural identity with other B-CoVs. Although
the time course is atypical for IgG, theoretically, these responses
could arise from rapid de novo evolution of IgG targeting these
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conserved and immunodominant regions. However, inconsis-
tent with rapid evolution, in acute severe hospitalized COVID-
19 patients, Unterman et al. (2022) observed a population of
expanded persistent B cell clones with stable somatic hypermu-
tation (SHM) that are instead more likely memory B cell lineages.
Furthermore, studies examining pre-pandemic and SARS-CoV-
2-naive plasma samples observed that some sera were able to
recognize the SARS-CoV-2 spike (Anderson et al., 2021; Ng
et al., 2020; Nguyen-Contant et al., 2020). Notably, samples pre-
dominantly bound the S2 subunit, which contains the regions of
high identity with shCoVs (Shah et al., 2021). In general, sera
containing high S2-targeting IgG has been shown to be highly
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cross-reactive against the shCoV OC43 (Anderson et al., 2021;
Nguyen-Contant et al., 2020). Considering the ubiquitous sero-
prevalence of shCoVs (Gorse et al.,, 2010)—4%—27% of the
population tests positive for any given shCoV at any given time
(Khan et al., 2021)—it is a realistic possibility that early, high
levels of cross-reactive anti-spike IgG arise from recall memory
responses against shCoVs, such as OC43. The role of these
cross-reactive recall Abs has been unclear, however, and
studies conflict as to whether they possess neutralizing activity
against SARS-CoV-2.

In addition to higher levels of anti-spike IgG and cross-reactive
IgG, we also detected higher levels of anti-spike IgG-mediated
FcyRlla and FcyRllla signaling in severe patients in the non-hos-
pitalized cohort. Other studies have shown similar findings, as
well as a correlation between severity and the afucosylated gly-
coform of anti-spike IgG, which is inherently more FcyR acti-
vating (Chakraborty et al.,, 2021; Hoepel et al., 2020; Larsen
et al., 2020). These afucosylated anti-spike IgG were shown to
activate cytokine expression from macrophages (Chakraborty
et al., 2021; Hoepel et al., 2020), suggesting anti-spike IgG can
contribute to elevated proinflammatory cytokine profiles in se-
vere COVID-19 (Del Valle et al., 2020; Tang et al., 2020; Ye
et al., 2020).

We initially hypothesized that any shCoV recall responses
amplified during acute SARS-CoV-2 infections would favor
S2—and not the novel RBD-containing S1—subunit targeting
inefficient non-neutralizing Ab responses that would lead to un-
controlled virus replication (similar to original antigenic sin),
elevated inflammation, and worse outcomes. However, we de-
tected no uniform association between high sequence identity
and severity. Instead, we observed that IgG targeting of two
highly conserved regions (HR2 region, 5fHR2) was significantly
correlated with milder infections, while targeting of another
conserved region (S2'FP) was correlated with more severe infec-
tions. All three of the immunodominant conserved regions stud-
ied were correlated with disease severity, whether inverse or
positive. In contrast, only one of the three non-homologous re-
gions had a significant relationship with disease course. HR2
and S2'FP have been previously shown to be two of the most im-
munodominant regions in the SARS-CoV-2 spike (Ladner et al.,
2021; Shrock et al., 2020). Notably, SARS-CoV-2-naive individ-
uals can have Abs that react to these regions (Ladner et al.,
2021), demonstrating that prior exposure to shCoVs could give
rise to cross-reactive memory responses against the HR2 and
S2'FP regions. Kaplonek et al. (2021) found that OC43 cross-
reactive responses were expanded in individuals who survived
infection and experienced milder infections, suggesting that
some proportion of patients leverage shCoV immunity to control
SARS-CoV-2 infection. Similarly, we observed that IgG targeting
of two OC43-conserved regions (HR2 and 5fHR2) correlated
with milder infection. It is possible that cross-reactive IgG re-
sponses targeting these regions represent effective/efficient
cross-reactive responses, possibly due to their neutralizing ac-
tivity, allowing for the early and potent control of SARS-CoV-2 in-
fections. In contrast, McNaughton et al. (2021) detected that fatal
COVID-19 outcomes are associated with Ab targeting betacoro-
navirus-conserved S2 regions in the SARS-CoV-2 spike. This
later study is consistent with our findings that higher levels of
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overall OC43 cross-reactive IgG correlate with more severe dis-
ease in non-hospitalized individuals. It is possible that high
S2'FP-targeting, with a lack of RBD and/or HR2 targeting, is an
inefficient cross-reactive memory response. In this scenario,
this inefficient recall response could abrogate or divert the hu-
moral immune response away from more effective de novo
SARS-CoV-2 responses. In addition, these S2'FP IgGs may
contribute to the actively deleterious ADE/ADI responses
recently observed in COVID-19 (Junqueira et al., 2022). Thus,
these findings highlight that the potential contribution of recall
Abs to COVID-19 disease severity isnuanced, and that the pre-
existing shCoV IgG repertoire of an individual before becoming
infected with SARS-CoV-2 may contribute to the efficiency of
Ab-mediated immune responses and COVID-19 severity in
beneficial or deleterious ways.

Beyond defining the spike protein-immunodominant regions
based on their similarity to B-CoVs (OC43), these regions also
represent known functional regions within the spike protein.
Examining the IgG profiles of convalescent individuals in the
context of functional regions, we observed that IgG targeting
of RBD, HR2, and HR flanking regions significantly correlated
with lower severity scores and, in the case of HR2, also corre-
lated with lower levels of anti-spike IgG. This latter finding sug-
gests that humoral responses with a higher proportion of IgG tar-
geting the HR2 region may be highly efficient at controlling
infection, since lower anti-spike titers were independently asso-
ciated with milder infections in the present study and others
(Long et al., 2020; Young et al., 2020; Zhang et al., 2020; Zhao
et al., 2020). The HR2 region functions to mediate viral fusion
and entry into host cells through the formation of a six-helix
bundle in conjunction with the HR1 domain (Walls et al., 2017).
In previous studies examining Ab targeting of the RBD and
HR2 regions, targeting both of these regions have been shown
to mediate virus neutralization (Li et al., 2020; Rogers et al.,
2020; Wec et al., 2020; Zost et al., 2020). In addition, Ab targeting
of both the HR2 region and 5'HR2 flanking regions can mediate
neutralization of both SARS-CoV-1 and -2 in vitro (Keng et al.,
2005; Lai et al., 2005; Li et al., 2020; Lip et al., 2006; Tripet
et al., 2006). In fact, peptide-based SARS-CoV-2 fusion inhibi-
tors targeting the HR1-HR2 fusion complex within regions that
are highly conserved with OC43 were also shown to potently
inhibit virus replication (Xia et al., 2020). When we examined
the levels of anti-RBD IgG targeting in mild donors, we observed
a positive correlation with the S1/S2 furin site and 5'fHR2 IgG tar-
geting, but not with HR2 region targeting alone. Therefore, it is
possible that targeting 5'fHR2 sufficiently disrupts the interaction
between HR2 and HR1, thereby preventing viral fusion. Alto-
gether, these data show that IgG targeting in and around the
HR2 region may induce potent neutralization of SARS-CoV-2.
Furthermore, in comparing the levels of RBD and immunodomi-
nant epitope targeting in mild donors, we observed no correla-
tion between RBD and HR2 region IgG targeting, despite both
being correlated with mild disease. This raises the possibility of
at least two distinct neutralization profiles, possibly driven by
whether humoral responses are predominately recall or de novo.

We also observed IgG targeting of the non-conserved CTD2 re-
gion and the conserved S2'FP region significantly correlated with
higher severity scores in convalescent donors. In examining only
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severe donor profiles, we resolved that they were predominantly
characterized by higher levels of IgG targeting S2'FP. Function-
ally, in the context of virus entry, the fusion protein region inserts
into the host cell membrane, facilitating virus fusion into host cells
(Harrison, 2015; Kawase et al., 2019). In contrast to HR2 and
5fHR2, Abs targeting the S2’FP and CTD regions have been
less well characterized. While we did not examine IgG neutraliza-
tion activity, we did examine the capacity of IgG to induce FcyR
activation, a prerequisite for inducing non-neutralizing effector
functions such as proinflammatory cytokine release. In this anal-
ysis, we identify that increased FcyR signaling is highly correlated
with higher IgG targeting of the CTD1 and S2'FP regions and more
severe COVID-19. CTD1 had a lower R? value than S2'FP,
possibly indicating weaker association. In contrast, the levels of
HR2 or 5'HR2 IgG were not correlated with FcyR signaling. These
findings suggest that IgG targeting of the S2'FP and/or CTD1 re-
gion could indicate sites of enhanced FcyR activation. In only
examining the severe convalescent donors, we observed that se-
vere responses were not solely characterized by higher levels of
S2'FP targeting, but also the absence of IgG targeting the S1/S2
furin site and HR2 regions. Similarly, milder IgG profiles were
not only characterized by higher levels of RBD and/or HR2 target-
ing, but also lower proportions of CTD1 and S2'FP targeting in
relation to overall anti-spike titers. These findings strongly suggest
that targeting the S2'FP region, coupled with the absence of anti-
RBD and/or anti-HR2 IgG targeting, is linked with severity. S2'FP
targeting may be merely inefficient or it may actively cause dele-
terious ADE or ADI effects. Junqueira et al. (2022) recently demon-
strated that, independent of neutralization, afucosylated SARS-
CoV-2 anti-spike IgG facilitate viral entry into monocytes via
FcyRllla, leading to inflammatory cell death (pyroptosis) and
potent inflammation. Although the researchers did not directly
examine cross-reactive epitopes, strikingly, some IgG from pa-
tients with non-COVID respiratory infections also induced Ab-
dependent SARS-CoV-2 infection of monocytes, consistent with
a role for shCoV Abs. It will be important to further dissect how
cross-reactive shCoV Abs contribute to SARS-CoV-2 antiviral
response efficiency and monocyte infection, and how FcyR acti-
vation across disease course influences outcomes.

Importantly, multivariate PCA analysis showed that profiles
with higher levels of IgG targeting of HR2, 5’fHR2, and RBD re-
gions were predictive of mild disease, while higher levels of
IgG targeting the S2'FP region were predictive of severe disease
in non-hospitalized donors. In these recently convalescent indi-
viduals, the ratio of IgG targeting the HR2/S2'FP regions was
most tightly correlated with having mild versus severe disease,
as compared to the ratios of IgG targeting 5fHR2/S2'FP or
RBD/S2'FP. Specifically, lower ratios of IgG targeting the HR2/
S2'FP regions correlated with more severe disease and higher
ratios correlated with mild infections. In examining this signature
in ICU-hospitalized COVID-19 patients, we observed even lower
ratios of IgG targeting the HR2/S2'FP regions, as compared to
severe non-hospitalized donors. These data show that HR2/
S2'FP IgG targeting ratios may predict COVID-19 severity.
Therefore, determining the dominant epitope profile and associ-
ated predicted risk of severe disease of an individual could allow
earlier interventions with treatments such as monoclonal Ab
therapies and antivirals, preventing progression to ARDS.
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In addition, assessing the humoral profiles induced by vaccina-
tion will be important. Evidence has emerged that SARS-CoV-2
reinfection is possible after 3-6 months, particularly with emerging
variants (Abu-Raddad et al., 2020; Gupta et al., 2020; Selhorst
etal., 2020; Tillett et al., 2021). This is in line with shCoVs, in which
reinfection is common after 6 months (Edridge et al., 2020). More-
over, the emergence of variants able to evade current vaccines re-
mains an ongoing threat. Both SARS-CoV-2 spike and whole-vi-
rus vaccines likely boost both novel and shCoV cross-reactive
IgG responses, initially giving some level of protection, but which
could lead to higher frequencies of severe breakthrough infec-
tions over time if inefficient IgG targeting remains the predominant
response. Therefore, it will be important to examine the ratios of
RBD to other immunodominant epitope IgG and assess the
longevity of immunity and the frequency/severity of breakthrough
infections over time. Altogether, epitope profiling may be essential
to ensure long-term vaccine-induced protection. Even if vacci-
nated with current vaccines, individuals with inefficient IgG pro-
files (i.e., anti-S2'FP dominant) may require an RBD-specific or
HR2-specific vaccine to shift their targeting profiles to induce
long-lived protective humoral responses. Promisingly, HR2 offers
a good target for universal hCoV treatment and vaccine design.

Overall, our study suggests that humoral memory responses
contribute to COVID-19 disease severity, conferring either protec-
tion or risk, depending on epitope targeting. This may explain the
atypical bimodality of COVID-19 disease severity, an observation
that was previously obscured by aggregate data/epitope analysis.
Thus far, it has been challenging to enumerate the underlying fac-
tors that accurately predict disease outcome, even among individ-
uals with defined comorbidities. The findings reported here have
the potential to help explain the differential correlations observed
in previous studies regarding preexisting cross-reactive immunity
to seasonal coronaviruses and disease severity, as well as
improve the prediction accuracy of disease outcomes. This
epitope-based original antigenic sin immunosurveillance, or
OASIS, could be readily adapted to a clinical prognostic, offering
a novel approach for the prediction of disease severity risk, as well
as vaccine efficacy, on a patient-by-patient basis.

Limitations of the study

The limitations of this study include the limited number of
COVID-19 donors profiled, only characterizing IgG and not other
Ig classes (IgA, IgM), and only profiling the IgG targeting of
SARS-CoV-2 spike linear epitopes.
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Antibody, HRP

Goat anti-Human IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 647

F(ab’)2-Goat anti-Human IgG (H+L) Cross-Adsorbed
Secondary Antibody, HRP

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

A18811; RRID: AB_2535588

21445; RRID: AB_2535862

A24470; RRID: AB_2535939

Bacterial and virus strains

DH5-a ThermoFisher Scientific 18265017
Stbl2™ ThermoFisher Scientific 10268019
Biological samples

Serum/Plasma from donors This paper N/A
Chemicals, peptides, and recombinant proteins

Ficoll-Hypaque GE Healthcare 17-1440-03
Nunc-Immuno™ Microwell™ 96 well solid plates MERCK M9410
Falcon® 96-well Clear Round Bottom TC-treated Cell CORNING 353077
Culture Microplate

Pierce™ Streptavidin Coated High Capacity Plates, White, ThermoFisher Scientific 15502

96-Well

SARS-CoV-2 (2019-nCoV) Spike S1+S2 ECD-His Recombinant
Protein, Biotinylated

SinoBiological

40589-V08B1-B

ELISA Wash Buffer ThermoFisher Scientific N503

BSA Blocker ThermoFisher Scientific 37525
eBioscience™ TMB Solution ThermoFisher Scientific 00-4201-56
SuperSignal™ ELISA Pico Chemiluminescent Substrate ThermoFisher Scientific 37069
DMEM/High glucose without L-glutamine, sodium pyruvate Cytiva SH30081
RPMI 1640 CORNING 10-040
L-Glutamine CORNING 25-005
HyClone Penicillin-Streptomycin 100X solution Hyclone SV30010
Cosmic Calf Serum Hyclone SH30087
Fetal Bovine Serum Hyclone SH30071
Critical commercial assays

Zeba™ Spin Desalting Columns ThermoFisher Scientific 89892
Easy-Titer™ Human IgG (H+L) Assay Kit ThermoFisher Scientific 23310
Stop Solution for TMB Substrates ThermoFisher Scientific N600
PolyJet™ In Vitro DNA Transfection Reagent SignaGen SL100688
Luciferase Cell Culture Lysis 5X Reagent Promega E1531
Luciferase Assay System Promega E1500
Experimental models: Cell lines

293T cells ATCC CRL-3216
FcyRlla and FeyRllla, CD4* Jurkat reporter cell lines Promega G7010
Recombinant DNA

SARS-CoV-2 (2019-nCoV) Spike Gene ORF cDNA clone SinoBiological VG40589-CF
expression plasmid, C-FLAG tag (Codon Optimized)

Human SARS coronavirus (SARS-CoV) Spike glycoprotein SinoBiological VG40150-CF

Gene ORF cDNA clone expression plasmid (Codon
Optimized), C-Flag tag
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Human coronavirus (HCoV-OC43) Spike Gene ORF cDNA SinoBiological VG40607-CF
clone expression plasmid(Codon Optimized), C-Flag tag

Human coronavirus(HCoV-NL63) Spike Gene ORF cDNA SinoBiological VG40604-CF
clone expression plasmid(Codon Optimized), C-Flag tag

Human coronavirus(HCoV-229E) Spike Gene ORF cDNA SinoBiological VG40605-CF

clone expression plasmid(Codon Optimized), C-Flag tag

Software and algorithms

Genb

FlowJo
PRALINE multiple sequence alignment

Adobe lllustrator
GraphPad Prism
R

R Studio

Agilent

Tree Star Inc.
IBIVU

Adobe

GraphPad Software
R Foundation

R Foundation

https://www.biotek.com/products/software-
robotics-software/gen5-microplate-reader-
and-imager-software/

v10
https://www.ibi.vu.nl/programs/pralinewww/
help.php

25.41

8.4.3

4.0.4

1.4.1103

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Raymond A.
Alvarez (ralvarez@ichorbiologics.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request, unless it is protected by law.
e This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects and samples

Demographic data (age, sex, COVID-19 RT-PCR status), and collection site and date of the serum/plasma donors studied herein are
described in Table S1. COVID-19 convalescent donor samples (n = 28) and COVID-19 negative donor (n = 20) were collected at Ichor
Biologics facility in New York City, USA. SARS-CoV-2 negative donors had no history of positive SARS-CoV-2 PCR test or serology
test, and had not experienced any symptoms of infection in at least the 5 months prior to blood collection. From convalescent donors,
12 were male and 16 were female, while across naive donors, 12 were female and 8 were male. As displayed in Table S1, the median
age of convalescent and naive groups of donors was 38 years old, and the median of days since the onset of disease to blood draw
were 43 and 55.5, respectively. Blood type diversity and underlying health conditions were also presented in Table S1, showing a
broad range of biological contexts among the cohort. Blood samples were collected after obtaining signed informed consent in
accordance with institutionally approved IRB protocols (SSV ORD-2260). Convalescent COVID-19 patient samples were collected
from donors 2-10 weeks after the onset of symptoms. A history of COVID-19 symptoms and symptom intensities, along with current
medications and history of pre-existing conditions, were collected through participant questionnaires completed at the time of blood
draw. The reported symptoms were summarized in Table S2, including the average severity and duration of each one. This informa-
tion was used to calculate a severity score and to cluster donors into two categories: mild and more severe (n = 13, n = 15, respec-
tively). More severe individuals, with severity scores over 45, and also mild individuals, with severity scores bellow 45, did not require
hospitalization. Also, every donor recovered from disease. In addition, 17 individuals were recruited after being diagnosed with a se-
vere course of disease which required invasive ventilation at intensive care units (ICU) from southern Chile (Hospital Base San
José, Osorno and Valdivia). Their samples were obtained seven days after recruitment and signing of informed consents in accor-
dance with IRB Servicio Salud Valdivia ORD number 226. Lithium heparin-coated tubes were used for blood collection and plasma
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was isolated using Ficoll-Hypaque (GE Healthcare; 17-1440-03) in accordance with manufacturer’s instructions. Polyclonal IgG was
isolated from 200 pL of donor plasma using a protein A/G spin column kit, followed by desalting using Zeba spin columns according
to manufacturer’s instructions (ThermoFisher Scientific; 89892). IgG yields were quantified using an Easy-Titer Human IgG Assay Kit
(ThermoFisher Scientific; 23310). Remaining deidentified plasma samples were aliquoted and stored at —80C.

Cell lines
293T cells: This female cell line was grown in Dulbecco’s modified Eagle’s medium (DMEM) (Cytiva) supplemented with 10% cosmic
calf serum (CCS) (Hyclone), Lglutamine (Corning), and Penicillin-Streptomycin (Hyclone).

FcyRllaand FcyRllla, CD4* Jurkat reporter cell lines: This male cell line was grown in RPMI- 1640 medium (Corning) supplemented
with 10% fetal bovine serum (FBS) (Hyclone), L-glutamine (Corning) and Penicillin-Streptomycin (Hyclone).

METHOD DETAILS

SARS-CoV-2 Spike-ELISA

High binding capacity 96-well plates (Nunc) were washed and coated with 50 pL per well of 2 pg/mL of recombinant spike protein
(Sino Biological; 40589-V08B1-B), diluted in 0.1% BSA, 0.05% Tween20 TBST ELISA wash buffer (ThermoFisher Scientific;
N503). Plates were coated for 2 h at room temperature while shaking at 500 rpm on a Benchmark OrbishakerTM. Plates were
then washed twice with ELISA wash buffer to remove any excess unbound spike protein and blocked with 2% BSA
(ThermoFisher Scientific; 37,525) in ELISA wash buffer overnight at 4°C. After overnight blocking step, plates were washed twice
and incubated with 5 pg/mL of donor-derived polyclonal IgG for 1 h at room temperature. After incubation, plates were washed three
times and incubated for 30 min at room temperature with cross-absorbed goat anti-human IgG-horseradish peroxidase (HRP)-con-
jugated secondary antibody (ThermoFisher Scientific; A18811) diluted to a 1:2500 dilution in ELISA wash buffer. After being washed
again twice, 100 pL of TMB substrate solution was added to each well for 15mins and then 100 pL of 0.18M H,SO,4 (ThermoFisher
Scientific; N600) was added to stop the reaction. The optical density at 450 nm (OD450) was measured using a BioTek Powerwave
HT plate reader using Gen5 software. Assay background was established using anti-human secondary Ab alone without donor IgG,
which was subtracted from OD values of all samples tested.

Anti-spike protein IgG determination using a cell-based assay

To quantify the levels of IgG binding various coronavirus spike proteins, 293T cells were transfected with SARS-CoV-2 (Sino Bio-
logical; VG40589-CF) (Genbank: YP_009724390.1), SARS-CoV-1 (Sino Biological; VG40150-CF) (Genbank: AAP13567.1), OC43
(Sino Biological; VG40607-CF) (Genbank: AVR40344.1), NL63 (Sino Biological; VG40604-CF) (Genbank: APF29071.1), or 229E
(Sino Biological; VG40605-CF) (Genbank: APT69883.1) spike protein expression vectors. For this assay, 2 x 10° 293T cells
were plated in 10 cm plates and incubated at 37°C overnight. The next day, 4 ng of coronavirus spike expression vectors
were transfected into 293T cells using Polyjet™ transfection reagent (SignaGen; SL100688) according to manufacturer’s instruc-
tions. After 48 h, 1 x 10° 293T cells were plated per well into round bottom 96-well plates. Cells were then washed and incubated
with 10 pg/mL of convalescent donor-derived IgG or negative donor control IgG and incubated at 4°C for 45 min. After primary Ab
incubation, IgG opsonized cells were washed and incubated with 3 ng/mL of an APC-conjugated anti-human total IgG secondary
Ab (Invitrogen, catalog A21445) at 4°C for 25mins. Cells were then washed again with PBS and LIVE/DEAD™ Fixable Violet Stain
(Invitrogen; L34964A) was used to stain cells for 10 min in the dark at RT. Lastly, cells were washed twice and fixed with 1.0%
paraformaldehyde in PBS and analyzed by flow cytometry (BD LSRFortessa X-20). The data were quantified using Flow Jo soft-
ware (Tree Star, Inc). The IgG-binding index was calculated by multiplying the percentage of anti-spike IgG positive cells by the
median fluorescent intensity (MFI) of APC signal, as normalized to the average MFI of negative control IgG. To ensure that the
relative differences between patient-derived IgG were maintained, all IgG were tested in parallel on the same day for each
replicate.

Fc-gamma receptor signaling assay

FcyRlla and FcyRllla signaling was assessed using a reporter cell co-culture system that we have previous used to assess FcyR
signaling in response to viral antigens ([59, 60]). For this assay, 293T cells are transfected with SARS-CoV-2 spike expression vector
and co-cultured with either a FcyRlla, or FcyRllla, CD4* Jurkat reporter cell line, which expresses firefly luciferase upon FcyR acti-
vation. For this assay, 1 x 10° SARS-CoV-2 spike-expressing 293T cells were plated in each well of a 96-well round bottom plate. The
cells were then preincubated with a 5-fold dilution series of convalescent donor-derived IgG starting at a maximum concentration of
25 ng/mL. IgG opsonized 293T cells were then co-cultured with FcyRlla or FcyRllla reporter cells at a 2:1 reporter-to-target cell ratio
for24 h at 37°C. After 24 h, all cells were lysed with cell lysis buffer (Promega; E1531), and the levels of firefly luciferase activity deter-
mined using a luciferase assay kit according to manufacturer’s instructions (Promega; E1500). To quantify background (i.e., IgG acti-
vation-independent) luciferase production, reporter cells were co-cultured with the spike-expressing 293T cells in the absence of any
IgG. Background levels were subsequently subtracted from the signal to yield IgG-specific activation in relative light units (RLUs).
Luminescence was measured on a Cytation 3 image reader using Gen5 software.
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Immunodominant epitope IgG-binding assay

For this assay, N-terminus biotinylated peptides were synthesized by Genscript. N-terminal GSGS linker sequence was added to all
peptide sequences. The RBD peptide contained a C-terminal avitag (GLNDIFEAQKIEWHE), for biotinylation via BirA enzyme; a Pro-
tein C tag (EDQVDPRLIDGK), and a polyhisidine tag (HHHHHHHHHH), to enable immobilized metal affinity chromatography purifi-
cation. Lyophilized peptides and RBD were initially resuspended in DMSO and then used to make 5 ung/mL working dilutions in TBST
ELISA wash buffer. Pierce™ white streptavidin-coated high binding capacity 96-well binding plates (ThermoFisher Scientific; 15502)
were washed twice with ELISA wash buffer and coated with 5 pg/mL of biotiylated peptides at room temp. Plates were coated for 2 h
while shaking at 500 rpm on a Benchmark Orbi-Shaker™. After incubation, plates were washed three times and blocked with 2%
BSA blocking solution diluted in wash buffer and incubated at 4°C overnight. After incubation, plates were washed three times
and incubated with 5 ng/mL of donor-derived IgG for 1 h at room temp. After primary IgG incubation, plates were washed 3 times
and incubated for 25 mins with 100 pL of Invittogen™ cross-absorbed, F(ab’),, goat anti-human IgG secondary Ab
(ThermoFisher Scientific; A24470) diluted 1:2500 in ELISA wash buffer. Plates were then washed again three times and developed
using a SuperSignal™ ELISA Pico Chemiluminescent Substrate (ThermoFisher; Cat#37069) and the level of luminescence detected
using a Cytation 3 image reader luminometer using Gen5 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical and data analyses were performed using GraphPad Prism 8.4.3, R 4.0.4, and R Studio 1.4.1103. Graphs were generated in
Prism and R Studio and statistical differences between two groups were calculated by Mann-Whitney U-test. Statistical significance
was defined as *p < 0.05; **p < 0.01; ***p < 0.001, and ***p < 0.0001. Scatter plots, bar graphs, heatmaps, and polar plots were visu-
alized with ggplot2 (v3.3.3 R Studio). Correlation analysis (in Figures 7 and S4) were performed using the R package “correlation”
(v0.6.0) in R Studio. Polar plots represent the value of different variables normalized to the Z-score of data. Each variable was
mean-centered and then divided by the standard deviation of the variable to ensure each variable had zero mean and unit standard
deviation. Unsupervised principal components analysis (PCA) was performed in R. The completed data were scaled to unit variance
using FactoMineR (v2.4 R studio). The PCA results were extracted and visualized using factoextra (v1.0.7 R Studio). Outlier exclusion
was performed using Prism. n and N values are mentioned at figure captions.
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