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SUMMARY
Coronavirus disease 2019 (COVID-19) is associated with a wide spectrum of disease presentation, ranging
from asymptomatic infection to acute respiratory distress syndrome (ARDS). Paradoxically, a direct relation-
ship has been suggested between COVID-19 disease severity and the levels of circulating severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)-specific antibodies, including virus-neutralizing titers.
A serological analysis of 536 convalescent healthcare workers reveals that SARS-CoV-2-specific and virus-
neutralizing antibody levels are elevated in individuals that experience severe disease. The severity-associated
increase in SARS-CoV-2-specific antibody is dominated by immunoglobulin G (IgG), with an IgG subclass ratio
skewed toward elevated receptor binding domain (RBD)- and S1-specific IgG3. In addition, individuals that
experience severe disease showelevatedSARS-CoV-2-specific antibodybinding to the inflammatory receptor
FcɣRIIIa. Based on these correlational studies, we propose that spike-specific IgG subclass utilization may
contribute to COVID-19 disease severity through potent Fc-mediated effector functions. These results may
have significant implications for SARS-CoV-2 vaccine design and convalescent plasma therapy.
INTRODUCTION

The novel coronavirus severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) is the causative agent of coronavirus

disease 2019 (COVID-19), a disease responsible for more than

2.6 million deaths in the span of approximately 1 year. The

case incidence based on virus detection estimates over 164

million cases globally to date. However, if population-based

serological surveys of SARS-CoV-2 are taken into account, the

infection rate of SARS-CoV-2 is likely much higher.1,2 This

discrepancy highlights the variability of COVID-19 disease pre-

sentation in the human population. The severity of disease

caused by SARS-CoV-2 infection ranges from an asymptomatic

presentation to acute respiratory distress syndrome (ARDS) and

death. Risk factors, such as age, gender, and underlying dis-

ease, are known to be associated with COVID-19 disease

severity; however, a subset of patients with severe disease are

younger without obvious comorbidities. The immunological fea-
Cell R
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tures associated with severe COVID-19 disease include high

levels of inflammatory cytokines, low lymphocyte counts, high

neutrophil to lymphocyte ratios, and increased serum proteins,

such as C-reactive protein (CRP), ferritin, and D-dimer.3-6 In

addition, several studies have shown that SARS-CoV-2-specific

antibodies and neutralizing titers are increased in patients who

exhibit more severe disease.7-10 Therefore, it is important to

consider that SARS-CoV-2-specific antibodies may play multi-

ple roles in COVID-19 pathogenesis, including control of viral

infection, disease resolution, and immunopathology.

The humoral response to SARS-CoV-2 is primarily directed to-

ward the viral nucleocapsid (N) protein and the spike protein that

decorates the surface of the virus. The N protein is an RNA-bind-

ing protein composed of an N-terminal RNA binding domain and

a C-terminal oligomerization domain that are essential for viral

RNA transcription and replication.11 The spike protein is a

multi-domain trimeric glycoprotein composed of two distinct

subunits. The S1 subunit is composed of four domains, including
eports Medicine 2, 100329, July 20, 2021 ª 2021 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Study cohort of convalescent healthcare workers

All Male Female Unknown

Count 536 154 (29%) 370 (69%) 12 (2%)

Mean age (years) 40 40 40 40

Days post-onset 41 40 41 42

% mild disease 40.5% 44.2% 38.9% 41.7%

% moderate disease 40.1% 35.0% 42.1% 41.7%

% severe disease 9.1% 10.4% 8.7% 8.3%

% unknown severity 10.3% 10.4% 10.3% 8.3%
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the receptor binding domain (RBD) of the spike glycoprotein.12

The S2 domain forms the stalk-like portion of the full-length

trimeric protein and is responsible for viral fusion with the host

cell membrane. Antibody responses directed at the spike protein

and RBD in particular have been identified as the main neutral-

izing component of the SARS-CoV-2 antibody response.13-15 A

recent study found that distinct antibody signatures could be

linked to different disease outcomes in hospitalized COVID-19

patients. Specifically, early spike-specific responses were asso-

ciated with a positive outcome (convalescence), while early N-

specific responses were associated with a negative outcome

(death). Moreover, the Fc-associated functions of the antibody

response, such as antibody-mediated phagocytosis, cytotox-

icity, and complement deposition, were critical for disease reso-

lution.16 In a follow-up study, Zohar et al.17 showed slow matu-

ration of the SARS-CoV-2 antibody response, characterized by

reduced levels of spike-specific immunoglobulin G (IgG) and

Fc receptor (FcR)-mediated functions in non-survivors of

COVID-19. However, more work is needed to characterize the

antibody isotypes and subclasses generated in response to

SARS-CoV-2 throughout the full spectrum of COVID-19 patho-

genesis. In this study, we analyzed the humoral immune

response to SARS-CoV-2 in a cohort of 536 convalescent

healthcare workers that were stratified by COVID-19 disease

severity. This cohort provided us with a snapshot of the SARS-

CoV-2-specific antibody profile at convalescence as a window

to previous disease pathogenesis. We found a significantly

increased SARS-CoV-2-specific antibody response in severe

COVID-19 patients when compared to patients who experienced

mild and moderate disease symptoms. This severity-associated

antibody increase was dominated by IgG, with a dispropor-

tionate IgG subclass response dominated by IgG3 and

increased FcɣRIIIa binding.

RESULTS

Study cohort
A total of 536 COVID-19 serum specimens from convalescent

healthcare workers (HCWs) were received by the Wadsworth

Center for SARS-CoV-2 serology testing. The sera were ob-

tained from individuals who had tested positive by RT-PCR

and had illness consistent with SARS-CoV-2 infection. Table 1

provides basic patient demographic information stratified by

self-reported COVID-19 disease severity. The gender distribu-

tion of the study cohort was biased toward females (29% male

and 69% female, with 2% gender unknown), reflecting the
2 Cell Reports Medicine 2, 100329, July 20, 2021
gender disparity within the HCWs. The mean age and days

post-onset of symptoms (DPOs) were roughly the same in all

gender categories. Approximately 10% of the study cohort

experienced severe disease, 40% moderate disease, 40%

mild disease, and 10% with uncharacterized disease. The

average age of each group in our cohort increased with disease

severity, as did the percentage of males within each group. In

fact, the representation of males (65%) in the severe group

was more than double that of the mild group (31%), illustrating

a clear gender bias in COVID-19 disease severity (Table 1).

Relationship of antibody production and virus
neutralization capability withCOVID-19 disease severity
Serum samples were assessed for SARS-CoV-2-specific anti-

bodies using a clinical microsphere immunoassay (MIA) to

detect total antibody directed against N protein or RBD of

SARS-CoV-2. We used the median fluorescence intensity (MFI)

of phycoerythrin (PE)-labeled anti-human Ig to antigen-coupled

beads as a qualitative measure of SARS-CoV-2-specific anti-

body abundance in donor serum. ‘‘Cutoff’’ values for each anti-

body isotype and antigen combination were defined as 3 stan-

dard deviations above the mean MFI, as determined by a

panel of 94 pre-COVID-19 (2009) human serum specimens. Clin-

ically positive antibody reactivity was defined as 6 standard de-

viations above the mean MFI (emergency use authorization:

https://www.fda.gov/media/137541/download). We found that

total serum antibody specific to the N protein and RBD of

SARS-CoV-2 were increased with increasing disease severity

(Figure 1A). To evaluate the relationship between overall anti-

body levels and protective antibody, we measured viral neutral-

ization using a plaque reduction neutralization test (PRNT),

where the highest dilution of sera providing 50% (PRNT50) or

90% (PRNT90) viral plaque reduction relative to a virus only con-

trol was reported as the neutralizing titer. Both PRNT50 and

PRNT90 measurements identified a concomitant increase in vi-

rus-neutralizing titers with disease severity (Figure 1B). RBD-

specific responses were strongly correlated with virus neutrali-

zation, as revealed through a Spearman’s correlation analysis

with PRNT90 values and MFI values. The correlation with

PRNT90 titers was greater for RBD-specific Ig than N-specific

Ig (r = 0.68 and 0.53, respectively; Figure 1C). Because the func-

tion of the RBD is host cell attachment through ACE-2 binding,

our data suggest that the neutralization activity of SARS-CoV-

2-specific antibodies in our PRNT assay is primarily based on

the ability to block viral attachment and uptake by host cells.13-15

Isotype and antigen distribution of the SARS-CoV-2-
specific antibody profile across COVID-19 disease
severities
To better resolve the SARS-CoV-2 humoral immune response

across COVID-19 severity groups, we tested additional anti-

body isotypes and specificities in our clinical MIA assay. To

normalize our antibody measurements across antigens and iso-

types, index value measurements were calculated by dividing

the raw MFI by the cutoff value (3 standard deviations) as

determined by the average MFI from a panel of pre-pandemic

normal human serum specimens. In addition to N and RBD,

we included the S1 and S2 subunit domains as antibody

https://www.fda.gov/media/137541/download


Figure 1. Relationship of antibody production and virus neutraliza-

tion capability with COVID-19 disease severity

Serum specimens from convalescent COVID-19 donors were analyzed for

reactivity to SARS-CoV-2 antigens and neutralization capacity.

(A) Median fluorescence intensity (MFI) of total Ig (IgM, -A, and -G) reactivity to

SARS-CoV-2 nucleocapsid and RBD as determined by a microsphere

immunoassay on convalescent COVID-19 serum specimens, grouped by

disease severity (n = 481). Statistical significance was determined by the non-

parametric Kruskal-Wallis test, where *p < 0.05, **p < 0.001, ***p < 0.0001,

and ****p < 0.00001 adjusted for multiple comparisons by Dunn’s test.

(B) Reciprocal plaque reduction neutralization titer (PRNT) 50 and 90 dilutions

based on a live virus assay on convalescent COVID-19 individuals, grouped by

disease severity (n = 481). The relative size of each pie slice represents the

percentage of specimens with a given titer. The center number represents the

number of specimens in each group.
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targets, allowing us to incorporate all the potential epitopes

from the spike protein and to assess the contribution of each

domain to the overall antibody response. In general, we found

that antibody reactivity to SARS-CoV-2 antigens differed

dramatically between isotypes. As expected, IgG was the

dominant isotype generated in response to SARS-CoV-2 infec-

tion, with antibodies from 97% to 98% of serum specimens

yielding positive recognition of all antigens and antigenic sub-

units tested (Figure 2A; Table S1). IgM and IgA were primarily

reactive toward the spike S1 subunit, including the RBD—

with 73% and 79% positivity, respectively. The presence of an-

tigen-specific IgM at this convalescent time point is notable

(�day 40), as IgM is generally considered a biomarker of

acute-phase infection. IgM and IgA with specificity to the nucle-

ocapsid were rare, with only 22% of specimens testing positive

for each isotype, respectively. IgM antibodies with specificity

for the spike S2 subunit were even more rare (5%), while IgA

responses displayed a 36% positivity rate. As shown in Fig-

ure 1, we observed that total SARS-CoV-2-specific antibody

increased with disease severity. We next examined individual

isotype distributions across disease categories. There was an

increase in IgG generated in the severe COVID-19 group as

compared to mild, against all antigens tested (N [1.3-fold; p <

0.001]; RBD [1.7-fold; p < 0.0001]; S1 [1.8-fold; p < 0.0001];

and S2 [1.7-fold; p < 0.0001]). In addition, IgM specific to the

N protein had a 1.6-fold increase in the severe group, as

compared to mild, with little or no change in other antigens.

Finally, IgA generated against the N protein and the S1 subunit

resulted in significant increases (2.4, p < 0.0001, and 2.0, p =

0.02, respectively)—the largest fold changes observed be-

tween mild and severe disease categories (Figure 2B; Table

S2). The significant increase in N-specific IgA is consistent

with the observation that exceptionally high levels of serum

IgA were associated with ARDS.18 Furthermore, the observed

correlation of IgM and IgA specific for the N protein increasing

with disease severity is reminiscent of the early N-dominated

response in deceased individuals reported by Atyeo et al.16

Our results illustrate that, although total SARS-CoV-2-specific

antibody levels increase with COVID-19 severity, this change

is not equal among antibody specificities or isotypes. The in-

crease in total N-specific antibody and spike-specific IgG sug-

gests there are enhanced levels of viral antigens and corre-

sponding increases in T-cell-dependent B cell responses

during severe COVID-19.

IgG subclass and antigen distribution of the SARS-CoV-
2-specific antibody profile across COVID-19 disease
severities
IgG is the classic antibody isotype involved in T-cell-dependent

B cell responses, resulting in durable humoral memory. In hu-

mans, IgG can be further divided into four functional sub-

classes—IgG1, IgG2, IgG3, and IgG4. Each subclass has

unique properties and effector functions that are primarily

driven by the Fc portion of the antibody molecule, including
(C) PRNT50 and PRNT90 titers plotted against SARS-CoV-2 nucleocapsid or

RBD MFI. Graphs and Spearman’s correlations are based on the full cohort

(n = 536) patient specimens.
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Figure 2. Isotype and antigen distribution

of the SARS-CoV-2-specific antibody

response

Serum specimens from convalescent COVID-19

donors were analyzed for reactivity of IgM, IgA,

and IgG specific to the SARS-CoV-2 nucleo-

capsid, RBD, S1 subunit, or S2 subunit. Index

values represent the raw MFI divided by the cutoff

value (3 standard deviations above the mean)

determined by the average MFI of a panel of 94

pre-pandemic normal human serum specimens

(cutoff = dashed line).

(A) Index values for IgM, IgA, and IgG reactivity to

SARS-CoV-2 antigens on the full cohort (n = 536).

(B) Index values for the IgM, IgA, and IgG reactivity

to SARS-CoV-2 antigens separated by COVID-19

disease severity (n = 481). Statistical significance

was determined by the non-parametric Kruskal-

Wallis test, where *p < 0.05, **p < 0.001, ***p <

0.0001, and ****p < 0.00001 adjusted for multiple

comparisons by Dunn’s test.

See also Table S2.
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complement activation, FcR binding, and serum half-life. In

particular, the ability of an antibody to bind and signal through

FcR on effector cells can have profound effects on disease res-

olution in many models of infectious disease. Therefore, we

sought to characterize the IgG subclass usage of the SARS-

CoV-2 antibody response. We found that IgG1 and IgG3 were

the dominant IgG subclasses produced in response to SARS-

CoV-2 infection (Figure 3A). The responses to nucleocapsid,

RBD, and S1 subunit were each dominated by IgG1, with

over 90% of specimens testing positive (Table S3). Strikingly,

the IgG response toward the S2 subunit was dominated by

the IgG3 subclass, with 94% of specimens yielding a positive
4 Cell Reports Medicine 2, 100329, July 20, 2021
clinical result. IgG2 responses were

moderate, with a positivity rate ranging

from 8% to 21%. Finally, IgG4 re-

sponses were especially rare with a clin-

ical positivity rate of 0%–9% (Figure S1;

Table S3). Next, we asked whether the

IgG subclass representation changes in

relation to COVID-19 disease severity.

A small yet significant increase in N-spe-

cific IgG2 (1.5; p = 0.002) was associ-

ated with disease severity, while RBD-

specific IgG2 trended downward with

disease severity (Figure S1; Table S4).

We observed significant increases in

both IgG1 and IgG3 with increasing

COVID-19 severity, specific for all anti-

gens tested (N, RBD, S1, and S2). The

largest difference was seen with the

IgG3-specific response toward the RBD

and S1 subunit with 6.8-fold (p <

0.0001) and 5.5-fold (p < 0.0001) in-

creases in the mean index ratio between

the mild and severe groups, respectively

(Figure 3B; Table S4). Together, these
results highlight distinct differences in the SARS-CoV-2-

specific antibody profile among convalescent individuals

that experienced mild, moderate, or severe symptoms of

COVID-19.

Identification of variables associated with COVID-19
disease severity
We sought to determine a minimal set of criteria that could best

distinguish between individuals with different disease severities

without overfitting. A training subset of the data was used to

create an initial ordered probit regression model that

included all potentially predictive variables, including antibody



Figure 3. IgG subclass and antigen distribu-

tion of the SARS-CoV-2-specific antibody

profile across COVID-19 disease severities

Serum specimens from convalescent COVID-19

donors were analyzed for reactivity of IgG1 and

IgG3 specific to the SARS-CoV-2 nucleocapsid,

RBD, S1 subunit, or S2 subunit. Index values

represent the raw MFI divided by the cutoff value

(3 standard deviations above the mean) deter-

mined by the average MFI of a panel of 94 pre-

pandemic normal human serum specimens (cut-

off = dashed line). Reactivity of IgG1, IgG2, and

IgG3 to SARS-CoV-2 nucleocapsid, RBD, S1

subunit, or S2 subunit of the full patient cohort (A)

or grouped by disease severity (B) is shown. Index

value represents the raw MFI divided by the

background cutoff value determined by a panel of

94 normal human serum specimens. Statistical

significance was determined by the non-para-

metric Kruskal-Wallis test, where *p < 0.05, **p <

0.001, ***p < 0.0001, and ****p < 0.00001 adjusted

for multiple comparisons by Dunn’s test. See also

Figure S1 and Table S4.
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reactivities, gender, age, DPOs, and neutralizing antibody titers.

Backward stepwise selection by Akaike information criterion

(AIC) was performed on this model to determine the optimal

set of features. When this model’s performance was measured

on a testing subset of the data, it displayed higher accuracy

(60%; Table S5) than both the initial all-inclusive model and

any individual univariate model. The combined model that best

discriminates betweenmild, moderate, and severe COVID-19 in-

cludes age, RBD-specific IgG1, and S1-specific IgG3. As shown

in Figure 4A, the severe group clusters at high IgG1 RBD, IgG3

S1, and age measurements. In contrast, the mild and moderate

groups cluster toward lower IgG1 RBD, IgG3 S1, and age mea-

surements. In order to account for the confounding effects of

age, a similar series of ordered probit regression models were

created that included age as a covariate. All variables that

were significantly associated with disease severity in the previ-

ous models retained their significant association with disease

severity except S2-specific IgG1 (Table S6).
Cell Re
Based on the results of the ordered

probit regression model, we sought to

define the relative contribution of both

IgG1 and IgG3 to the overall SARS-

CoV-2-specific pool of IgG. To this end,

we calculated a ratio based on the index

value of each IgG subclass divided by

the total IgG index value of the same an-

tigen (IgGsubclass/IgGtotal). No change was

observed in N-specific IgG1 and IgG3

subclass ratios between COVID-19 dis-

ease severity groupings. We detected

modest yet significant increases in the

IgG1 subclass ratio to both the S1 and

S2 subunits between mild and severe

groups (1.4-fold, p = 0.0002 and 1.9-

fold, p = 0.0004, respectively). A pro-
nounced increase with the RBD-specific and S1 specific IgG3

subclass ratios was identified with increasing COVID-19 disease

severity. Specifically, we measured 3.3-fold (p = 0.005) and 3.4-

fold (p = 0.002) increases in the RBD-specific IgG3 subclass ratio

between the moderate and severe groups as compared to the

mild group. We also measured a 2.2-fold increase in the S1-spe-

cific IgG3 subclass ratio between the moderate and severe

groups (p = 0.0002) and the mild and severe groups (p <

0.0001; Figure 4B; Table S7).

To confirm the severity-associated increase in IgG3, we tested

a validation cohort (VC) of 32 acutely ill COVID-19 patients hos-

pitalized due to the severity of their condition and were clinically

positive for RBD-specific IgG. All serum samples were acquired

at time of hospital admission (Table S8). The optimal three-vari-

able ordered probit model predicted COVID-19 disease severity

with 34.4% accuracy (95% confidence interval [CI] 0.186 and

0.532). The low predictive value of our model when tested on

the VC is likely due to the sampling time point (convalescent
ports Medicine 2, 100329, July 20, 2021 5



Figure 4. Identification of variables associated

with COVID-19 disease severity

(A) Three-dimensional scatterplot depicting the

optimal feature set of disease-severity-associated

features (age, log10-transformed index values [MFI/

cutoff] for S1-specific IgG3, and RBD-specific IgG1)

as determined by ordered probit regression and

backward stepwise selection by Akaike information

criterion. Data are displayed as the distribution of mild

(yellow), moderate (orange), and severe (red) disease

severities across variables in 478 patients.

(B) Serum sample index ratios for IgG1 and -3 specific

to the N, RBD, S1, and S2 subunits were calculated by

dividing the IgG subclass index value by the paired

total IgG index value (IgGsubclass/IgGtotal) for each an-

tigen. Index ratios were grouped by disease by dis-

ease severity (n = 481). Statistical significance was

determined by the non-parametric Kruskal-Wallis test,

where *p < 0.05, **p < 0.001, ***p < 0.0001, and ****p <

0.00001 adjusted for multiple comparisons by Dunn’s

test.

See also Tables S5–S7.
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versus acute) and significantly lower levels of IgG (Figure S3). In

contrast, whenwe compared the RBD- and S1-specific index ra-

tios of the VC to the convalescent cohort, we observed similar re-

sults. The mean IgG3 index ratio specific to the RBD (0.666) of

the validation cohort was similar to the severe group (0.544),

with a 2.7-fold increase (p = 0.004) over the mild group. Further-

more, the mean IgG3 subclass ratio of the VC specific to the S1

subunit (1.103) was significantly higher than all groups in the

HCW cohort, with a 4.8-fold increase (p < 0.0001) over the mild

group. In addition to high IgG3 index ratios to the spike proteins,
6 Cell Reports Medicine 2, 100329, July 20, 2021
we also observed significant increases in the

IgG1 index ratio for the spike protein (RBD,

S1, and S2), with 1.9- (p < 0.0001), 3.8-

(p < 0.0001), and 3.8-fold (p < 0.0001) in-

creases, respectively. These data highlight

the utility of using index ratios where the

IgG subclass is normalized to the level of to-

tal IgG and can be used across various

stages during disease. In summary, these

data show that a disease-severity-associ-

ated increase in total spike-specific IgG is

accompanied by a proportional increase of

IgG3 within the antibody pool.

Correlation of antibody
measurements and COVID-19 clinical
features
A correlation network was created to

examine the relationship between antibody

isotypes, subclasses, antigen specificity,

viral neutralization, and clinical features of

the HCW dataset. The network was based

on a comprehensive correlation matrix (Fig-

ure S2) and stringently gated on only the

strongest associations, with a Spearman’s

coefficient above 0.65. As expected, S1
and RBD measurements were highly correlated, as were IgG

and corresponding IgG subclasses. A dominant network cluster

was formed between N-specific IgG, S1-specific IgG (including

the RBD domain), and viral-neutralizing titers (Figure 5). N-spe-

cific IgG/IgG1/IgG3 formed its own mini-cluster on the edge of

the highly inter-related IgG response to S1 and RBD. In addition,

PRNT50 and PRNT90 measurements were very strongly corre-

lated with each other (rs = 0.848), and the PRNT90 measurement

was strongly correlated (0.5 % rs % 0.7) with IgG, IgG1, anti-

bodies targeting the S1 domain, and RBD of the spike protein.



A Figure 5. Correlation of antibody measure-

ments and COVID-19 clinical features

(A) Correlation network displaying strongly corre-

lated (Spearman’s rs > 0.65) variables. Edge thick-

ness represents the magnitude of the correlation

between variables. Node size represents eigen-

vector centrality, showing the influence of each

node on the network. Node color represents

whether that variable corresponds to an antibody

targeting the nucleocapsid (orange), S1 (blue), S2

(green), or RBD (gray) regions or to neutralizing

antibody titers (pink). Black borders around nodes

correspond to variables with a significant correla-

tion with severity determined by ordered probit

regression modeling, while controlling for age as a

confounding variable. All displayed correlations are

statistically significant (Benjamini and Hochberg

adjusted p < 0.05).

See also Figure S2.
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This cluster was also significantly correlated with disease

severity, as determined by ordered probit regression (Table

S5). IgM, IgA, and IgG2 responses to S1 and RBD were also

highly correlated yet separate from the central cluster. Taken

together, our results reveal a shift in the proportional spike-spe-

cific IgG response toward the highly inflammatory IgG3 sub-

class19 that is linked to COVID-19 disease severity and not

with increases in viral neutralizing activity.

Association of FcR binding toCOVID-19 disease severity
To demonstrate a functional relationship between proportional

IgG subclass differences and disease severity, we developed a

spike-specific microsphere-based FcR binding assay (STAR

Methods). FcɣRIIIa (CD16a) is a type I activating FcR expressed

on natural killer (NK) cells, subpopulations of macrophages and

monocytes, and rare populations of T cells.20,21 IgG3 and spe-

cific glycosylation states of IgG1 (e.g., afucosylation) bind

FcɣRIIIa with higher affinity than other subclasses.19 FcɣRIIIa is

the sole FcR expressed on NK cells, where engagement of this

receptor by immune complexes leads to inflammatory pro-
Cell R
cesses, such as antibody-dependent

cellular cytotoxicity (ADCC) and down-

stream secretion of enzymes and inflam-

matory cytokines.22 As expected, a panel

of 94 pre-pandemic normal human serum

specimens showed minimal CD16a bind-

ing to full-length (FL)-spike-bound serum.

In contrast, we detected a robust CD16a

binding signal from COVID-19 patients,

which included 43 randomly selected

specimens from the mild HCW group, all

49 specimens from the severe HCWgroup,

and the 32 VC specimens. We detected

significantly increased FL-spike-specific

CD16a binding in the severe (3.2-fold; p =

0.0009) and VC (2.9-fold; p = 0.001)

groups, as compared to the mild group

(Figure 6A). Pearson’s correlation analyses
revealed strong, significant correlations between both S1-spe-

cific IgG1 and IgG3 with CD16a binding in all groups. In general,

levels of IgG1 were better correlated with CD16a binding than

IgG3 (Figure 6B). This difference was most noticeable in the

‘‘mild’’ group, where rp = 0.79 for IgG1 and rp = 0.53 for IgG3,

which is likely due to the low levels of IgG3 in this group. In

conclusion, the increased CD16a binding that we observed in

the severe group and hospitalized validation cohort reveals a po-

tential inflammatory component of the SARS-CoV-2 antibody

response that correlates with COVID-19 disease severity.

DISCUSSION

In viral infections, blockade of cell attachment and direct viral

neutralization are thought to be the primary effector mechanisms

through which antibodies contribute to host protection. Howev-

er, antibodies also facilitate other mechanisms of pathogen

clearance through the conserved Fc portion of the molecule.

Fc effector functions include antibody-dependent complement

deposition (ADCD), antibody-dependent cellular phagocytosis
eports Medicine 2, 100329, July 20, 2021 7



Figure 6. Association of Fc receptor binding to COVID-19 disease

severity

Serum specimens from 94 pre-pandemic normal human serum specimens, 43

specimens from the mild group, all 49 specimens from the severe group, and all

32 acute hospitalized specimens from the validation cohort were tested for

CD16a (FcɣRIIIa)binding to trimeric full-lengthspike (FL-spike)-specificantibody.

(A) MFI of FL-spike-specific CD16 binding as determined by a microsphere

immunoassay. Statistical significance was determined by the non-parametric

Kruskal-Wallis test, where *p < 0.05, **p < 0.001, ***p < 0.0001, and ****p <

0.00001 adjusted for multiple comparisons by Dunn’s test.

(B) Pearson’s correlation comparing the log10-transformed MFI of CD16a

binding to the log10-transformed MFI of S1-specific IgG1 or IgG3.
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(ADCP), antibody-dependent neutrophil phagocytosis (ADNP),

and ADCC and can be important for disease resolution. For

example, ADCP and ADCC were shown to be critical mecha-

nisms for vaccine-mediated protection against HIV.23,24 Anti-

body-mediated effector functions have also been shown for

COVID-19 disease resolution, where spike-specific ADCP,

ADNP, and ADCD were enhanced in COVID-19 survivors.16 In

humans, IgG1 and IgG3 are the most common subclasses eli-

cited by viral infections.25 Although IgG1 is the most abundant

subclass in the serum, IgG3 is particularly effective at inducing

effector functions through higher affinity interactions with com-

plement proteins and activating type 1 Fc receptors.

In the present study, we performed a comprehensive analysis

of the serum antibody response to SARS-CoV-2 in a cohort of

536 recovered HCWs who experienced varying degrees of

COVID-19 severity. In general, we found that age, total SARS-

CoV-2-specific antibody, and viral-neutralizing activity were

increased in individuals who experienced severe disease. The

serological profile for those who experienced severe COVID-19

was characterized by both a global increase in N-specific anti-

bodies, as well as an increase in spike-specific IgG and SARS-

CoV-2-neutralizing titers. Paradoxically, high-titer neutralizing

antibodies are known to be protective and a biomarker of immu-

nity in many viral infections.26,27 To rectify the disconnect be-

tween increased antibodies, increased neutralization, and

increased disease severity, we performed a thorough analysis

of the IgG subclass response to SARS-CoV-2. Our analysis re-

vealed a substantial difference in the spike-specific IgG subclass

composition, where a greater proportion of S1 and RBD-specific

IgG3s were associated with COVID-19 severity in both a conva-

lescent and acutely ill hospitalized cohort. Further analyses of

the convalescent cohort found that spike-specific IgG1 and not

IgG3 wasmost closely correlated with in vitro viral neutralization.

Moreover, those with severe disease (including the validation

cohort of hospitalized patients) showed increased spike-specific

binding to FcɣRIIIa as compared to patients who experienced

mild disease. Together, our data suggest that excess IgG3

may play an inflammatory role in the pathogenesis of COVID-

19 in some individuals. Therefore, we hypothesize that an unbal-

anced IgG response enriched in inflammatory subclasses may

promote excess inflammation, exacerbating the pathology of

COVID-19.

An explanation for the overall increase in SARS-CoV-2-spe-

cific antibody in severe patients is simply increased viral loads

and inflammatory signals, driving increased antigen presenta-

tion and stimulatory signals for humoral responses. However,

many published studies support the hypothesis that imbal-

anced antibody responses to SARS-CoV-2 infection may

contribute to severe disease. First, Liu et al.28 showed that

anti-spike IgG promoted acute lung injury in humans and

macaques infected with SARS-CoV-1 through macrophage po-

larization to an inflammatory phenotype. More recently, Garcia-

Beltran et al.10 have shown the most severe COVID-19 patients

have a significantly lower proportion of neutralizing titers within

the total SARS-CoV-2 IgG antibody pool (neutralization po-

tency; NT50/total IgG) than those with less severe disease—

suggesting an accumulation of potentially disease enhancing,

non-neutralizing antibodies. Increases in afucosylated IgG1
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and a corresponding enhancement in FcɣRIIIa interactions have
also been linked to COVID-19 disease severity.29,30 Increases in

inflammatory forms of IgG1 may explain the significant propor-

tional increases in IgG1 seen in the hospitalized validation

cohort. In fact, Larsen et al.30 report that levels of IgG1 afucosy-

lation changed as the antibody response matured, which high-

lights a key difference between our convalescent and acute

validation cohort. Although some FcR-mediated effector func-

tions, such as ADCP and ADCD, have been correlated with

COVID-19 survival, spike-specific antibodies that promoted

Fc-mediated NK cell activities were expanded in non-survi-

vors16—highlighting the potential role for FcɣRIIIa-mediated

functions in pathologic inflammation in severe COVID-19. Our

data support this observation, as FcɣRIIIa is the only Fc recep-

tor expressed on NK cells and has heightened affinity for IgG3.

There is precedence for antibody and FcɣRIIIa-mediated

inflammation causing detrimental effects in other viral infec-

tions. For example, secondary Dengue virus infection can

lead to Dengue hemorrhagic fever or Dengue shock syndrome

through antibody-dependent enhancement, where the pres-

ence of afucosylated IgG1 and FcɣRIIIa engagement was

shown to be predictive of disease severity.31 In the context of

these data, it is tempting to speculate that an increased propor-

tion of spike-specific IgG3 may be predictive of long-term

COVID-19 symptoms frequently seen during SARS-CoV-2

convalescence. Further studies are needed to address the

true contribution of IgG subclasses and Fc effector functions

to COVID-19 disease resolution or pathology. Although recent

data suggest that ADCD plays a protective role in COVID-

19,16 antibody-dependent pathways should not be ruled out

as a potential driver of inflammation and disease pathology.32

In conclusion, we recommend that the potential contribution

of S1 and RBD-specific IgG3 to COVID-19 disease severity

should be a strong consideration for SARS-CoV-2 vaccine

design, monoclonal antibody therapeutics, and convalescent

plasma therapy.

Limitations of the study
The convalescent time point at which this study was conducted

allowed us to capture a large cohort that was with well-associ-

ated disease severity classifications. The size of our patient

cohort enabled a robust analysis of the antibody response to

SARS-CoV-2 in individuals with self-reported mild, moderate,

or severe disease. However, self-reporting disease severity

can be subjective and may contribute to some overlap seen be-

tween the severity groupings. The late time point (day 40 post

onset) of this study weakens the predictive capacity of our anal-

ysis for earlier points during infection. In addition, samples from

the full spectrum of COVID-19 presentation, including asymp-

tomatic individuals and non-survivors, would significantly

strengthen our study. Overall, this study is correlational and

would be strengthened by additional and comprehensive func-

tional studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat Anti-Human IgM-PE Southern Biotech Cat# 2020-09; RRID: AB_2795606

Goat Anti-Human IgA-PE Southern Biotech Cat# 2050-09; RRID: AB_2795707

Goat Anti-Human IgG-PE Southern Biotech Cat# 2040-09; RRID: AB_2795648

Mouse Anti-Human IgG1 Fc-PE Southern Biotech Cat# 9054-09; RRID: AB_2796628

Mouse Anti-Human IgG2 Fc-PE Southern Biotech Cat# 9070-09; RRID: AB_2796639

Mouse Anti-Human IgG3 Hinge-PE Southern Biotech Cat#9210-09; RRID: AB_2796701

Mouse Anti-Human IgG4 Fc-PE Southern Biotech Cat# 9200-09; RRID: AB_2796693

Mouse Anti-6X His Southern Biotech Cat# ab72467; RRID: AB_1267596

Bacterial and virus strains

SARS-CoV-2, isolate USA-WA1/2020 BEI Resources Cat#NR18152281

Biological samples

COVID-19 Human Serum Specimens Wadsworth Center, New York State

Department of Health

N/A

COVID-19 Human Serum Specimens Albany Medical Center N/A

Chemicals, peptides, and recombinant proteins

MicroPlex Microspheres, Region 006 Luminex Corp. Cat#LC10006

MicroPlex Microspheres, Region 019 Luminex Corp. Cat#LC10019

MicroPlex Microspheres, Region 061 Luminex Corp. Cat#LC10061

MicroPlex Microspheres, Region 071 Luminex Corp. Cat#LC10071

SARS-CoV-2 Nucleoprotein, His-Tag

(E.coli)

The Native Antigen Company Cat#REC31812

SARS-CoV-2 Spike S2, Sheep Fc-Tag

(HEK293)

The Native Antigen Company Cat#REC31807

SARS-CoV-2 Spike protein S319-541-Myc-

His (RBD Fragment)

Mass Biologics (https://www.umassmed.

edu/massbiologics)

N/A

SARS-CoV-2 Spike protein S604-Myc-His

(S1 Fragment)

Mass Biologics (https://www.umassmed.

edu/massbiologics)

N/A

SARS-CoV-2 Spike protein S1208-Trimer-

His

Mass Biologics (https://www.umassmed.

edu/massbiologics)

N/A

Human Fc gamma RIIIA/CD16a (F176)

Protein, His Tag (SPR & BLI verified)

Acro Biosystems Cat#CDA-H5220

xMAP Antibody Coupling (AbC) Kit Luminex Corp. Cat#40-50016

ExpiFectamineTM 293 Transfection Kit Thermo Fisher Cat#A14525

QuickChangeII XL Site-Directed

Mutagenesis Kit

Agilent Technologies Cat# 200521

Experimental models: Cell lines

Vero E6 cells C1008 ATCC Cat#ATCC CRL-1586; RRID: CVCL_0574

Expi293FTM cells ThermoFisher Cat#14527; RRID: CVCL_D615

Recombinant DNA

pcDNATM 3.1(+) Mammalian Expression

Vector

ThermoFisher Cat# V79020

SARS-CoV-2 Spike Glycoprotein sequence GenBank GenBank: MN908947

(Continued on next page)
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Software and algorithms

xPONENT 4.3 Luminex Corp. https://www.luminexcorp.com/?

wpdmpro=xponent-software-version

GraphPad Prism 9 GraphPad RRID: SCR_002798

R 4.0.2 The R Foundation for Statistical Computing https://www.r-project.org/

Gephi 0.9.2 Gephi https://gephi.org/users/download/

caret R package version 6.0-86 The R Foundation for Statistical Computing https://cran.r-project.org/web/packages/

caret/index.html

MASS R package version 7.3-53.1 The R Foundation for Statistical Computing https://cran.r-project.org/web/packages/

MASS/index.html

RANN R package version 2.6.1 The R Foundation for Statistical Computing https://cran.r-project.org/web/packages/

RANN/index.html

corrplot R package version 0.84 The R Foundation for Statistical Computing https://cran.r-project.org/web/packages/

corrplot/index.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Dr. William Lee (william.lee@

health.ny.gov).

Materials availability
Resources used in this study will be made available to the scientific community upon request, and following execution of a material

transfer agreement, by contacting Dr. William Lee (william.lee@health.ny.gov).

Data and code availability
The amino-acid sequence of the SARS-CoV-2 S glycoprotein sequence can be found onGenBank (MN908947). All other data gener-

ated are included in figures and tables in this published article.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Convalescent COVID-19 serum specimens

Studies were performed on sera from 536 clinical specimens submitted to the Wadsworth Center, New York State Department of

Health for determination of antibody reactivity to SARS-CoV-2. The study population were recovered individuals who were all RT-

PCR confirmed by Roche COVAS 6800 or Cepheid XPert for the presence of SARS-CoV-2 and who had a self-reported degree

of disease severity (mild, moderate, or severe). All individuals had recovered from the disease and had defined days between the

onset of symptoms and sample collection. Specimens were stored at 4�C until clinical tested was completed (> 1 week) and trans-

ferred to �80�C for long-term storage. Aliquots were made to minimize freeze-thaw. All testing and archiving of human specimens

was approved by NYSDOH Institutional Review Board (IRB 20-021). See also Table 1.

Acute hospitalized COVID-19 serum specimens

The validation cohort included sera from 32 acute COVID-19 patients whowere admitted to AlbanyMedical Center betweenOctober

2020 and January 2021. All patients had a positive for SARS-CoV-2 test result upon admission. All patients were hospitalized

because of the severity of their illness as determined by their clinician with demographic data as reported in Table S8. Specimens

were processed on the same day of collection and placed into �80C freezer for long term storage. The study was approved by

the IRB at Albany Medical Center (protocol # 5929); all patients provided written informed consent.

METHOD DETAILS

Expression and purification of SARS-CoV-2 proteins
Spike glycoprotein expression and purification

The amino-acid sequence of the SARS-CoV-2 S glycoprotein sequence (GenBank: MN908947) were used to design a codon-

optimized version for mammalian cell expression. The synthetic gene encoding the receptor binding domain (RBD) aa319- 541))
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and S1 subunit (aa1-604) of the S glycoprotein were cloned into pcDNA 3.1 Myc/His in-frame with c-Myc and 6-histidine

epitope tags that enabled detection and purification. The cloned genes were sequenced to confirm that no errors had accumu-

lated during the cloning process. All constructs were transfected into Expi293 cells using ExpiFectamine 293 Transfection Kit

(Thermo Fisher). Recombinant proteins were purified by immobilized metal chelate affinity chromatography using nickel-nitrilo-

triacetic acid (Ni-NTA) agarose beads, eluted from the columns using 250 mmol/L imidazole, and then dialyzed into phosphate-

buffered saline (PBS), pH 7.2. Proteins were checked for size and purity by sodium dodecyl sulfate polyacrylamide gel electro-

phoresis (SDS-PAGE).

The stabilized trimer ectodomain of the SARS-CoV-2 spike glycoprotein sequence (GenBank: MN908947) residues 1-1208 was

modified by adding two proline substitutions at residues 986 and 987, a ‘‘GSAS’’ substitution at residues 682-685, a C-terminal

T4 fibritin trimerization otif, and HRV3C protease cleavage site, a TwinStrepTag and an 8x HisTag. The construct was cloned into

the mammalian expression vector pcDNA3.1. The construct was then transfected into Expi293 cells using the ExpiFectamine Trans-

fection Kit (ThermoFisher). Protein was purified using StrepTactin resin (IBA) followed by size-exlusion chromatography using a

Superose 6 10/300 column (GE Healthcare).

SARS-CoV-2 specific microsphere immunoassay (MIA)

Specimens were assessed for the presence of antibodies reactive with SARS-CoV-2 using an MIA33. Recombinant SARS-CoV-2

nucleocapsid, RBD, S1, and S2 subunits were covalently linked to the surface of fluorescent microspheres (Luminex Corporation).

Serum samples (25 mL at 1:100 dilution) and antigen-conjugated microspheres (25 mL at 5x104 microspheres/mL) were mixed and

incubated 30minutes at 37�C. Serum-boundmicrosphereswerewashed and incubatedwith phycoerythrin (PE)-conjugated second-

ary antibody. The PE-conjugated antibodies were chosen to specifically recognize, total Ig (Pan-Ig), IgM, IgA, IgG, IgG1, IgG2, IgG3,

IgG4. After washing and final resuspension in buffer, the samples were analyzed on a FlexMap 3D analyzer using xPONENT software,

version 4.3 (Luminex Corporation).

Fc receptor binding assay

SARS-CoV-2 Spike-specific FcR binding was determined using a modified MIA. Trimeric full-length spike protein (FL-Spike) was

covalently coupled to the surface of fluorescent microspheres (Luminex Corporation). Serum samples (50 mL at 1:100 dilution)

and antigen-conjugated microspheres (50 mL at 5x104 microspheres/mL) were mixed and incubated 30 minutes at 37�C. Serum-

bound microspheres were washed and subsequently incubated with 50 mL recombinant CD16a-6XHis (Acro Biologics) at 20 mg/

ml for 30 minutes at 37�C. Serum/CD16a-bound microspheres were washed and incubated with 50 mL PE-conjugated anti-6XHis

tag antibody at 5 mg/ml for 30 minutes at 37�C. After washing and final resuspension in buffer, the samples were analyzed on a Flex-

Map 3D analyzer using xPONENT software, version 4.3 (Luminex Corporation), and signal was measured by median fluorescence

intensity.

Plaque reduction neutralization assay (PRNT)

For the detection of SARS-CoV-2 neutralizing antibodies, 2-fold serially diluted test serum (100 ml) was mixed with 100 mL of 150-200

plaque forming units (PFUs) of SARS-CoV-2 (isolate USA-WA1/2020, BEI Resources, NR-52281) and incubated for 1 h at 37�C, 5%
CO2. The virus:serummixture (100 ml) was applied to VeroE6 cells grown to 95%–100% confluency in 6 well plates. Adsorption of the

virus:serum mixture was allowed to proceed for 1 hour at 37�C, 5% CO2. Following the adsorption period, a 0.6% agar overlay pre-

pared in cell culture medium (Eagle’s Minimal Essential Medium, 2% heat inactivated FBS, 100 mg/ml Penicillin G, 100 U/ml Strep-

tomycin) was applied. Two days post-infection, a second agar overlay containing 0.2% neutral red prepared in cell culture medium

was applied, and the number of plaques in each sample well were recorded after an additional 1-2 days incubation. Neutralizing titers

were defined as the inverse of the highest dilution of serum providing 50% (PRNT50) or 90% (PRNT90) viral plaque reduction relative

to a virus only control. This assay has been described and is considered the standard for determination of neutralizing virus-specific

antibody titers34-36.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ordered probit regression
Subjects with known disease severity and gender were included in ordered probit regression analysis. The data was randomly

separated into training (70%) and testing (30%) subsets. Data was then centered by subtracting the mean of each predictor

from that predictor’s values, and then scaled by dividing by the standard deviation. Imputation of missing values was performed

using the k-nearest neighbors algorithm. Each created model’s accuracy was assessed by measuring its performance on the

testing subset of data. One-sided binomial tests were performed to determine if the accuracy of each model was significantly bet-

ter than the no-information rate. Variable selection for the final model was performed by backward stepwise selection by Akaike

information criterion.

Correlation matrix
Spearman’s correlations were calculated using all complete pairs of variables in the dataset. All associated p values were then

adjusted via the Benjamini and Hochberg method. The network created using these Spearman’s correlations was gated to only
e3 Cell Reports Medicine 2, 100329, July 20, 2021
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include those relationships with an rs > 0.65. Eigenvector centrality was calculated for each variable and is represented by the size of

the respective node. Edge width corresponds with the strength of each correlation. R version 4.0.2 was used for the probit regression

modeling and construction of the correlation matrix (https://www.R-project.org/).37 The caret,38 MASS,39 and RANN40 packages

were also used for the probit regression. The corrplot package was used to create the correlation matrix.41 Gephi 0.9.2 was used

in the construction of the correlation network.42
Cell Reports Medicine 2, 100329, July 20, 2021 e4
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Supplemental Table 1: Ig Isotype Average Index Values and Clinical Positivity Rate for the 1 

Convalescent Cohort (n=536), Related to Figure 2. 2 

 IgM IgA IgG 

 NP RBD S1 S2 NP RBD S1 S2 NP RBD S1 S2 

Average 
Index Value† 

1.35 6.45 9.75 0.50 1.51 3.86 6.06 3.14 8.49 12.43 19.68 23.21 

Positive‡ 22% 73% 79% 5% 22% 60% 70% 34% 97% 97% 98% 98% 

Negative 78% 27% 21% 95% 78% 40% 30% 66% 3% 3% 2% 2% 
† Index value measurements were calculated by dividing the raw MFI by 3 standard deviation cut-off value 3 
determined by a panel of 94 pre-pandemic normal human serum specimens. 4 

‡ Positivity is defined as 6 standard deviations above the mean MFI  5 

  6 



Supplemental Table 2: Ig Isotype Index Values Stratified for COVID-19 Disease Severity for the Convalescent Cohort 7 
(n=481), Related to Figure 2. 8 

 9 

  Mild   Moderate   Severe 

  N RBD S1 S2   N RBD S1 S2   N RBD S1 S2 

IgM 

Mean 0.995 5.544 7.853 0.468  1.574 7.273 11.490 0.522  1.574 7.168 11.120 0.621 

SD 1.492 6.318 10.610 0.677  2.270 8.687 17.140 0.736  1.367 6.703 10.480 0.966 

SEM 0.101 0.429 0.722 0.046  0.155 0.592 1.166 0.050  0.195 0.958 1.498 0.138 

Fold Change†  1.6** 1.3 1.5 1.1  1.6*** 1.3 1.4** 1.3 
 

               

IgA 

Mean 1.268 3.348 4.981 2.903  1.374 3.661 6.077 3.399  3.072 5.982 10.030 3.072 

SD 2.255 3.510 5.449 6.824  2.015 5.769 10.690 10.590  4.564 7.367 13.030 4.190 

SEM 0.153 0.283 0.370 0.463  0.137 0.393 0.729 0.722  0.652 1.052 1.862 0.599 

Fold Change†  1.1 1.1 1.2 1.2  2.4**** 1.8 2.0* 1.1 

                

IgG 

Mean 7.821 10.300 16.100 19.190  8.682 13.140 20.820 25.030  9.853 17.460 29.430 33.08 

SD 3.276 6.955 11.930 21.630  3.171 7.740 13.370 25.220  2.677 8.665 17.330 30.95 

SEM 0.222 0.472 0.810 1.468  0.216 0.528 0.912 1.720  0.382 1.238 2.475 4.422 

Fold Change†  1.1 1.3*** 1.3* 1.3**  1.3*** 1.7**** 1.8**** 1.7**** 
 10 

 †Fold change calculation based on the mean of the “mild” group 11 

*denotes significance where *p<0.05 **p<0.01 ***p<0.0001 ****p<0.0001 as determined by Kruskal-Wallis, adjusted for multiple 12 
comparisons with Dunn’s test.   13 



Supplemental Table 3: IgG1-4 subclass Average Index Values and Clinical Positivity Rate for the  14 

Convalescent Cohort (n=536), Related to Figure 3. 15 

 Average 
Index Value† 

Clinical 
Positive‡ 

Clinical 
Negative 

IgG1 

NP 19.03 97% 3% 

RBD 18.71 91% 9% 

S1 137.97 97% 3% 

S2 16.43 53% 47% 

IgG2 

NP 1.61 21% 10% 

RBD 1.09 10% 90% 

S1 1.69 14% 86% 

S2 3.20 8% 92% 

IgG3 

NP 4.93 64% 36% 

RBD 3.91 39% 61% 

S1 6.18 59% 41% 

S2 43.90 94% 6% 

IgG4 

NP 1.58 9% 91% 

RBD 0.61 1% 99% 

S1 0.36 1% 99% 

S2 0.24 0% 100% 
†Index value measurements were calculated by dividing the raw MFI by 3 standard deviation cut-off value 16 
determined by a panel of 94 pre-pandemic normal human serum specimens. 17 

‡ Positivity is defined as 6 standard deviations above the mean MFI  18 

  19 



Supplemental Table 4: IgG1-4 Subclass Index Values Stratified by COVID-19 Disease Severity for the Convalescent 20 

Cohort (n=481), Related to Figure 3.  21 

  Mild   Moderate   Severe 

  N RBD S1 S2   N RBD S1 S2   N RBD S1 S2 

IgG1 

Mean 16.68 14.30 103.30 10.87  20.04 20.22 147.80 19.15  23.12 29.66 239.20 31.37 

SD 11.51 13.52 114.60 30.61  12.33 17.01 138.90 49.20  10.43 19.53 190.20 71.19 

SEM 0.78 0.92 7.78 2.08  0.84 1.16 9.47 3.36  1.49 2.79 27.18 10.17 

Fold Change†     1.2* 1.4*** 1.4** 1.8*  1.4*** 2.1**** 2.3**** 2.9*** 

                

IgG2 

Mean 1.36 1.17 1.71 1.16  1.83 0.84 1.45 6.04  2.08 0.45 1.79 2.58 

SD 2.41 4.18 6.50 5.09  3.90 2.55 3.91 53.51  2.33 0.74 4.35 8.70 

SEM 0.16 0.28 0.44 0.35  0.27 0.17 0.27 3.65  0.33 0.11 0.62 1.24 

Fold Change†     1.3 0.7 0.9 5.2  1.5** 0.4 1.0 2.2 

                

IgG3 

Mean 3.51 2.31 3.69 44.91  4.84 3.06 5.74 39.44  7.96 15.68 20.44 47.85 

SD 5.18 5.57 5.85 223.10  6.83 6.24 8.14 63.01  11.28 53.41 56.03 49.77 

SEM 0.35 0.38 0.40 15.14  0.47 0.43 0.56 4.30  1.61 7.63 8.01 7.11 

Fold Change†     1.4* 1.3* 1.6** 0.9  2.3**** 6.8**** 5.5**** 1.1** 

                

IgG4 

Mean 1.15 0.50 0.35 0.27  1.86 0.79 0.43 0.24  1.85 0.61 0.40 0.27 

SD 8.00 0.27 0.20 0.61  12.91 3.52 0.71 0.15  7.41 0.32 0.26 0.28 

SEM 0.54 0.02 0.01 0.04  0.88 0.24 0.05 0.01  1.06 0.05 0.04 0.04 

Fold Change†     1.6 1.6 1.2 0.9  1.6** 1.2 1.1 1.0 
 22 

 †Fold change calculation based on the mean of the “mild” group 23 

*denotes significance where *p<0.05 **p<0.01 ***p<0.0001 ****p<0.0001 as determined by Kruskal-Wallis, adjusted for multiple 24 
comparisons with Dunn’s test.   25 



Supplemental Table 5: Ordered Probit Regression, Related to Figure 4a.  

  

UNIVARIATE PROPORTIONAL ODDS PROBIT REGRESSION MODEL PERFORMANCE ON TESTING DATA 

Variable Coefficient (SE) p-value AIC Accuracy (95% CI) p-value ACC>NIR 

DPO 0.00842029 (0.06290226) 8.94E-01 635.23 0.4214 (0.3385, 0.5077) 7.77E-01 

Age 0.1792742 (0.06333862) 4.65E-03 627.22 0.5286 (0.4425, 0.6134) 3.75E-02 

Gender (Male) -0.1172834 (0.13943004) 4.00E-01 634.54 0.4214 (0.3385, 0.5077) 7.77E-01 

PRNT90 0.1958114 (0.06226123) 1.66E-03 625.25 0.45 (0.3659, 0.5363) 5.33E-01 

PRNT50 0.1824153 (0.06318260) 3.89E-03 626.90 0.4643 (0.3797, 0.5505) 3.98E-01 

IgM N 0.1192098 (0.06165475) 5.32E-02 631.52 0.5571 (0.4708, 0.641) 7.02E-03 

IgM RBD 0.07171105 (0.06237824) 2.50E-01 633.93 0.4786 (0.3935, 0.5646) 2.76E-01 

IgM S1 0.08198261 (0.06196963) 1.86E-01 633.50 0.5 (0.4144, 0.5856) 1.35E-01 

IgM S2 0.05418636 (0.06214503) 3.83E-01 634.49 0.4214 (0.3385, 0.5077) 7.77E-01 

IgA N 0.2121957 (0.06457068) 1.02E-03 624.14 0.5 (0.4144, 0.5856) 1.35E-01 

IgA RBD 0.1038650 (0.06144069) 9.09E-02 632.39 0.4429 (0.359, 0.5292) 6.00E-01 

IgA S1 0.1057137 (0.06116121) 8.39E-02 632.27 0.4286 (0.3453, 0.5149) 7.23E-01 

IgA S2 -0.006981466 (0.06471904) 9.14E-01 635.23 0.45 (0.3659, 0.5363) 5.33E-01 

IgG N 0.2282152 (0.06524374) 4.69E-04 622.79 0.5286 (0.4425, 0.6134) 3.75E-02 

IgG RBD 0.3024209 (0.06405524) 2.34E-06 612.70 0.5214 (0.4354, 0.6065) 5.36E-02 

IgG S1 0.3205334 (0.06427497) 6.14E-07 610.04 0.5214 (0.4354, 0.6065) 5.36E-02 

IgG S2 0.1731082 (0.06260303) 5.69E-03 627.59 0.5643 (0.478, 0.6478) 4.32E-03 

IgG1 N 0.1873592 (0.06359648) 3.22E-03 626.54 0.55 (0.4637, 0.6341) 1.11E-02 

IgG1 RBD 0.3164681 (0.06377248) 6.96E-07 610.31 0.5357 (0.4495, 0.6203) 2.56E-02 

IgG1 S1 0.3069176 (0.06392332) 1.58E-06 611.87 0.5071 (0.4214, 0.5926) 1.02E-01 

IgG1 S2 0.1230611 (0.06162206) 4.58E-02 631.28 0.5071 (0.4214, 0.5926) 1.02E-01 

IgG2 N 0.09762629 (0.06173738) 1.14E-01 632.76 0.4714 (0.3866, 0.5575) 3.35E-01 

IgG2 RBD -0.07505903 (0.07014432) 2.85E-01 634.03 0.4786 (0.3935, 0.5646) 2.76E-01 

IgG2 S1 -0.0594108 (0.07129139) 4.05E-01 634.50 0.45 (0.3659, 0.5363) 5.33E-01 

IgG2 S2 0.0397431 (0.05994935) 5.07E-01 634.81 0.4643 (0.3797, 0.5505) 3.99E-01 

IgG3 N 0.2194403 (0.06429924) 6.43E-04 623.24 0.5286 (0.4425, 0.6134) 3.75E-02 

IgG3 RBD 0.2619276 (0.08327653) 1.66E-03 622.19 0.5071 (0.4214, 0.5926) 1.02E-01 

IgG3 S1 0.3560372 (0.07712245) 3.90E-06 609.82 0.5071 (0.4214, 0.5926) 1.02E-01 

IgG3 S2 0.1104608 (0.06175604) 7.37E-02 632.07 0.4571 (0.3728, 0.5434) 4.65E-01 

IgG4 N 0.007072853 (0.06156942) 9.09E-01 635.23 0.45 (0.3659, 0.5363) 5.33E-01 

IgG4 RBD 0.03380058 (0.05986258) 5.72E-01 634.93 0.45 (0.3659, 0.5363) 5.33E-01 

IgG4 S1 0.1080485 (0.06200676) 8.14E-02 632.20 0.5 (0.4144, 0.5856) 1.35E-01 

IgG4 S2 -0.03506842 (0.07450493) 6.38E-01 635.01 0.4429 (0.359, 0.5292) 6.00E-01 

All variables 
  

648.02 0.5071 (0.4214, 0.5926) 1.02E-01 

Selected variables 
  

600.80 0.6 (0.5139, 0.6818) 2.56E-04 



Supplemental Table 6: Ordered Probit Regression, Related to Figure 4a.  

 

  

PROPORTIONAL ODDS PROBIT REGRESSION WITH AGE AS A 
COVARIATE 

MODEL PERFORMANCE ON TESTING DATA 

Variable Coefficient (SE) p-value AIC Accuracy (95% CI) p-value ACC>NIR 

DPO -0.004119273 (0.06338651) 9.48E-01 629.22 0.5286 (0.4425, 0.6134) 3.75E-02 

Gender (Male) -0.1293131 (0.13987964) 3.55E-01 628.36 0.5429 (0.4566, 0.6272) 1.71E-02 

PRNT90 0.1559160 (0.06547446) 1.73E-02 623.51 0.5429 (0.4566, 0.6272) 1.71E-02 

PRNT50 0.1449436 (0.06572414) 2.74E-02 624.36 0.5214 (0.4354, 0.6065) 5.36E-02 

IgM N 0.07836274 (0.06409214) 2.21E-01 627.73 0.5214 (0.4354, 0.6065) 5.36E-02 

IgM RBD 0.01943351 (0.06557456) 7.67E-01 629.13 0.55 (0.4637, 0.6341) 1.11E-02 

IgM S1 0.02322937 (0.06622030) 7.26E-01 629.10 0.5571 (0.4708, 0.641) 7.02E-03 

IgM S2 0.05514419 (0.06216877) 3.75E-01 628.44 0.5643 (0.478, 0.6478) 4.32E-03 

IgA N 0.1710039 (0.06742154) 1.12E-02 622.63 0.5429 (0.4566, 0.6272) 1.71E-02 

IgA RBD 0.09119512 (0.06167864) 1.39E-01 627.04 0.5357 (0.4495, 0.6203) 2.56E-02 

IgA S1 0.09161639 (0.06145615) 1.36E-01 627.01 0.5143 (0.4284, 0.5996) 7.47E-02 

IgA S2 -0.0227294 (0.06522780) 7.27E-01 629.10 0.5214 (0.4354, 0.6065) 5.36E-02 

IgG N 0.1942685 (0.06750208) 4.00E-03 620.84 0.5571 (0.4708, 0.641) 7.02E-03 

IgG RBD 0.2820277 (0.06481207) 1.35E-05 610.10 0.5929 (0.5067, 0.675) 4.76E-04 

IgG S1 0.2993826 (0.06512311) 4.28E-06 607.84 0.5357 (0.4495, 0.6203) 2.56E-02 

IgG S2 0.1487403 (0.06345589) 1.91E-02 623.72 0.5857 (0.4995, 0.6683) 8.61E-04 

IgG1 N 0.1443364 (0.06732723) 3.20E-02 624.62 0.5929 (0.5067, 0.675) 4.76E-04 

IgG1 RBD 0.2937825 (0.06482250) 5.84E-06 608.46 0.5786 (0.4923, 0.6615) 1.52E-03 

IgG1 S1 0.2837305 (0.06491573) 1.24E-05 609.88 0.5214 (0.4354, 0.6065) 5.36E-02 

IgG1 S2 0.09804867 (0.06240420) 1.16E-01 626.76 0.5571 (0.4708, 0.641) 7.02E-03 

IgG2 N 0.08248615 (0.06185257) 1.82E-01 627.45 0.5286 (0.4425, 0.6134) 3.75E-02 

IgG2 RBD -0.06202069 (0.07071954) 3.80E-01 628.41 0.5357 (0.4495, 0.6203) 2.57E-02 

IgG2 S1 -0.05381328 (0.07181056) 4.54E-01 628.62 0.5357 (0.4495, 0.6203) 2.57E-02 

IgG2 S2 0.03299862 (0.06017975) 5.83E-01 628.92 0.5357 (0.4495, 0.6203) 2.57E-02 

IgG3 N 0.1925910 (0.06495653) 3.03E-03 620.21 0.5714 (0.4851, 0.6547) 2.59E-03 

IgG3 RBD 0.2625168 (0.08549222) 2.14E-03 616.70 0.5 (0.4144, 0.5856) 1.35E-01 

IgG3 S1 0.3463172 (0.07767068) 8.24E-06 605.61 0.5429 (0.4566, 0.6272) 1.71E-02 

IgG3 S2 0.1169920 (0.06213372) 5.97E-02 625.71 0.5 (0.4144, 0.5856) 1.35E-01 

IgG4 N -0.008487359 (0.06277202) 8.92E-01 629.20 0.5286 (0.4425, 0.6134) 3.75E-02 

IgG4 RBD 0.04314625 (0.06013673) 4.73E-01 628.70 0.5286 (0.4425, 0.6134) 3.75E-02 

IgG4 S1 0.1071146 (0.06217504) 8.49E-02 626.25 0.5286 (0.4425, 0.6134) 3.75E-02 

IgG4 S2 -0.02925658 (0.07612034) 7.01E-01 629.06 0.5286 (0.4425, 0.6134) 3.75E-02 



Supplemental Table 7: IgG Subclass Index Ratios, Related to Figure 4b.  

 
 IgG1/IgG   IgG3/IgG 

  

Mean SD SEM 
Fold 

Change† 
  

Mean SD SEM 
Fold 

Change† 

Mild 

N 2.925 4.475 0.304   0.256 0.399 0.027  

RBD 2.043 3.077 0.209   0.198 0.288 0.020  

S1 4.918 2.475 0.168   0.230 0.398 0.027  

S2 0.260 0.350 0.024   2.170 2.493 0.169             

Moderate 

N 2.770 2.845 0.194 0.9  0.243 0.289 0.020 0.9 

RBD 2.351 3.304 0.225 1.2  0.203 0.346 0.024 1.0 

S1 5.652 2.656 0.181 1.1  0.230 0.261 0.018 1.0 

S2 0.364 0.470 0.032 1.4  1.853 1.976 0.135 0.9            

Severe 

N 2.232 0.730 0.104 0.8  0.314 0.398 0.057 1.3 

RBD 1.504 0.523 0.075 0.7  0.666 1.842 0.263 3.4** 

S1 6.747 2.857 0.408 1.4****  0.516 1.100 0.157 2.2**** 

S2 0.494 0.545 0.078 1.9***  1.979 1.931 0.276 0.9 
           

Validation 
Cohort 

N 2.471 1.199 0.212 0.8  0.490 0.815 0.144 2.0* 

RBD 3.898 1.579 0.279 1.9****  0.544 0.757 0.134 2.7** 

S1 18.730 12.930 2.285 3.8****  1.103 1.459 0.258 4.8**** 

S2 0.993 1.960 0.346 3.8****  2.257 3.304 0.584 1.0 
 

† Fold change calculation based on the mean of the “mild” group 

*denotes significance where *p<0.05 **p<0.01 ***p<0.0001 ****p<0.0001 as determined by   Kruskal-

Wallis, adjusted for multiple comparisons with Dunn’s test 

  



Supplemental Table 8: Clinical Characteristics of the Validation Cohort, Related to STAR Methods.  

 All Male Female 

Count 32 12(37.5%) 20(62.5%) 

Mean Age (years) 60 59 61 
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Supplemental Figure 1: IgG Subclass and Antigen Distribution of the SARS-CoV-2 specific Antibody 
Profile Across COVID-19 Disease Severities, Related to Figure 3. 
Serum specimens from convalescent COVID-19 donors were analyzed for reactivity of IgG2, and IgG4 
specific to the SARS-CoV-2 nucleocapsid, RBD, S1 subunit, or S2 subunit. Index values represent the raw 
MFI divided by the cutoff value (3 standard deviations above the mean) determined by a panel of 94 pre-
pandemic normal human serum specimens (cutoff = dashed line). (a) Reactivity of IgG1, IgG2, and IgG3 
to SARS-CoV-2 nucleocapsid, RBD, S1 subunit, or S2 subunit of the full patient cohort (b) or grouped by 
disease severity. Index value represents the raw MFI divided by the background cutoff value determined by 
a panel of 93 normal human serum specimens. Statistical significance was determined by the non-parametric 
Kruskal-Wallis test where *p < 0.05 **p < 0.001 ***p < 0.0001, and ****p < 0.00001 adjusted for multiple 
comparisons by Dunn’s test. 
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Supplemental Figure 2: Correlation Matrix of Antibody Measurements and Clinical Features, Related to Figure 5.
Correlation matrix of antibody reactivities, neutralization titers, patient features, and COVID-19 disease severity. Circles 
representing Spearman’s correlations are displayed, with color and size of the circle reflecting the strength of the correla-
tion. Only correlations with p<0.05 are represented by a circle. All p-values are adjusted via the Benjamini and Hochberg 
method. 
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Supplemental Figure 3: SARS-CoV-2 specific IgG of the Validation Cohort compared to the Convalescent Co-
hort Across COVID-19 Disease Severities, Related to Figures 3, 4, and 6.
IgG reactivity to SARS-CoV-2 nucleocapsid, RBD, S1, or S2 of the convalescent cohort (n=481) grouped by disease 
severity, and compared to the validation cohort (n=32). Index values represent the raw MFI divided by the background 
cutoff value determined by a panel of 94 normal human serum specimens. Statistical significance was determined by 
the non-parametric Kruskal-Wallis test where *p < 0.05 **p < 0.001 ***p < 0.0001, and ****p < 0.00001 adjusted for  
multiple comparisons by Dunn’s test. 
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