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COVID-19 survival associates with the immunoglobulin
response to the SARS-CoV-2 spike receptor
binding domain
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BACKGROUND. Serological assays are of critical importance to investigate correlates of response and protection in coronavirus
disease 2019 (COVID-19), to define previous exposure to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
populations, and to verify the development of an adaptive immune response in infected individuals.

METHODS. We studied 509 patients confirmed to have COVID-19 from the San Raffaele Hospital of Milan and 480 samples
of prepandemic organ donor sera collected in 2010-2012. Using fluid-phase luciferase immune precipitation (LIPS) assays,
we characterized IgG, IgM, and IgA antibodies to the spike receptor binding domain (RBD), S1+S2, nucleocapsid, and ORF6
to ORF10 of SARS-CoV-2, to the HCoV-0C43 and HCoV-HKU1 betacoronaviruses spike S2, and the HIN1Ca2009 flu virus
hemagglutinin. Sequential samples at 1and 3 months after hospital discharge were also tested for SARS-CoV-2 RBD
antibodies in 95 patients.

RESULTS. Antibodies developed rapidly against multiple SARS-CoV-2 antigens in 95% of patients by 4 weeks after symptom
onset and IgG to the RBD increased until the third month of follow-up. We observed a major synchronous expansion of
antibodies to the HCoV-0C43 and HCoV-HKU1 spike S2. A likely coinfection with influenza was neither linked to a more severe
presentation of the disease nor to a worse outcome. Of the measured antibody responses, positivity for IgG against the SARS-
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CoV-2 spike RBD was predictive of survival.

BioB). ClinicalTrials.gov identifier: NCT04318366.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has spread rapidly worldwide since it was confirmed as the caus-
ative agent of coronavirus disease 2019 (COVID-19) (1). Accu-
mulating evidence highlights the development of antibodies to
the virus in patients with COVID-19 (2-10). Accordingly, sero-
logical assays are of critical importance to investigate correlates
of response and protection, to define previous exposure to SARS-
CoV-2in populations, and to verify the development of an adap-
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CONCLUSION. The measurement of antibodies to selected epitopes of SARS-CoV-2 antigens can offer a more accurate
assessment of the humoral response in patients and its impact on survival. The presence of partially cross-reactive antibodies
with other betacoronaviruses is likely to impact on serological assay specificity and interpretation.
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tive immune response in infected (and in the future also vacci-
nated) individuals (11).

To date, many commercial companies and research institutes
have developed serological assays to detect SARS-CoV-2 antibod-
iesin a patient’s serum or plasma (12-14). The performances of the
assays were assessed mostly in small cohorts (14). Usually, these
assays detect binding to single coronavirus antigens, mainly the
SARS-CoV-2 spike protein, which is exposed on the virion surface,
and the nucleocapsid protein, a major virus structural component.
The receptor binding domain (RBD), located within the S1 portion
of the spike protein, has also attracted particular interest because
of its crucial role in cell entry (15, 16).

Although early studies prove that seroconversion is detect-
able in infected individuals after symptom onset, the complexity
of the humoral response in COVID-19 is not fully elucidated and
the relevance of the SARS-CoV-2 antibody response for long-
term clinical outcome or viral clearance is still lacking. Similarly,
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the relationship between preexisting humoral responses against
other endemic coronaviruses (e.g., HCoV-OC43 or HKU]I) or oth-
er seasonal respiratory viruses (e.g., influenza) and the outcome
of COVID-19 is still unclear. In particular, it is still unconfirmed
whether infection with endemic coronaviruses produces antibod-
ies cross-reactive with SARS-CoV-2 antigens (17, 18), as previously
observed for SARS-1 and MERS (19-22), and whether this cross-
reactivity has any impact on disease severity. Moreover, recent
exposure to influenza virus in patients and the presence of a flu
protective humoral response during SARS-CoV-2 infection needs
to be defined, since these may have implications on susceptibility
to SARS-CoV-2 infection and disease severity, as suggested by the
described significant upregulation of ACE2 mRNA expression in
alveolar epithelial cells after influenza A virus infection (23).

Using newly developed, highly specific, and sensitive mea-
surement of antibodies by fluid-phase luciferase immunoprecipi-
tation system (LIPS) assays, we conducted an extended analysis of
the antibody response in a large cohort of patients with COVID-19
admitted to the emergency or clinical departments of the San
Raffaele Hospital in Milan, Italy, between February 25 and April
19, 2020, at the peak of the local pandemic. In 509 patients with
COVID-19 infection and prospectively followed for clinical out-
come, we characterized the IgG, IgM, and IgA response to multi-
ple antigens of SARS-CoV-2 and of beta coronavirus HCoV-OC43
and HKUI, as well as to influenza hemagglutinin (HA).

Results

Study cohorts. From February 25 to April 19, 2020, 1031 consec-
utive adult patients with suspected COVID-19 pneumonia were
admitted to the emergency or clinical departments at the Istituto di

y

l

COVID-19 sampled after
week 3 of symptom onset
n=143

A A

Ricovero e Cura a Carattere Scientifico (IRCCS) San Raffaele Hos-
pital (24, 25). Serum samples obtained at a time close to diagnosis
were available for 582 patients. A confirmed infection (defined as a
SARS-CoV-2-positive real-time reverse-transcriptase polymerase
chain reaction [RT-PCR] from a nasal/throat swab and/or signs,
symptoms, and radiological findings suggestive of COVID-19
pneumonia) was present in 509 of 582 (87.4%) cases (Figure 1 and
Supplemental Table 1; supplemental material available online with
this article; https://doi.org/10.1172/JCI142804DS1). The median
age of these patients was 63 years (range 54-75 years); sex was
66.2% male and 43.8% female; ethnicity was 84.1% White, 10.0%
Hispanic or Latino, 3.1% Black, and 2.8% Asian. With the excep-
tion of 29 patients, the date of symptom onset was identified. The
median time from symptoms to admission was 7 days (range 4.5-
10 days). The median time from symptoms to blood sampling was
10 days (range 7-16 days). As of May 25, 2020, median time from
symptoms to last follow up was 59 days (95% CI: 58-60 days).
The median time from symptoms to swab negativization was 40
days (95% CI: 38-42 days). A total of 452 patients (88.8%) were
hospitalized and 79 were admitted to the ICU with a median time
from hospitalization of 1 day (0-5.25 days). Out of 451 hospital-
ized patients, 93 died (20.6%) (30 of whom died after entering the
ICU). Twenty-three (5.1%) patients were still hospitalized as of
May 25, 2020, and 335 (74.3%) had been discharged. The median
length of stay from hospitalization to discharge was 14 days (95%
CI: 13-15 days), while the median time from hospitalization to
death was 12 days (range 6-21 days). For patients who were still
hospitalized, the median time from hospitalization to last follow
up was 55 days (range 48-64 days). In addition, we included 8 pau-
cisymptomatic subjects with confirmed SARS-CoV-2 infection but
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Figure 2. Kinetics of SARS-CoV-2 spike RBD antibody development. Antibody levels in COVID-19 patient (n = 575) and control (n = 480) sera were strat-
ified by the symptom duration (weeks 1, 2, 3, >4) at serum sampling and by IgM, IgA, IgG immunoglobulin class (A-C, respectively). For each assay and
time point are shown the percentage and count of antibody positive sera, the arbitrary units measured in each sample (circles), their probability density
estimate (with the half violin plots upscaled to maximum width for better visualization), a box plot showing median, IQR, and whiskers extending to 1.96
times the median. The dashed vertical lines correspond to the threshold for positivity. Fill colors correspond to an antibody-positive (magenta) or -negative
(light blue) score. A schematic depiction of the recombinant antigen is shown on top.

with mild symptoms, no history of hospital admission, a median
age of 54 years (range 39-62 years), of which 4 (50%) were males,
and 480 sera samples from organ donors collected from 2010 to
2012 as control samples (Supplemental Table 1).

Recombinant antigen production and evaluation of antibody bind-
ing. We explored the IgG binding in LIPS to a panel of recombinant
antigens (Supplemental Figure 1) in COVID-19 using patient sera
collected at least 3 weeks after the disease onset and control sera
collected between 2010 and 2012. The ROC-AUC analysis showed
the absence of COVID-19-specific IgG antibodies against ORF7a,
ORF8, and ORF10 proteins. A potentially antigen-specific reac-
tivity was present against ORF6 and ORF9b proteins in a minor
fraction of patients (Supplemental Figure 2). Regarding the reac-
tivity against major SARS-CoV-2 antigens, an alternative version of
the spike glycoprotein S1 RBD recombinant antigen (SARS-CoV-2
RBD) exhibited large differences in antigenicity (Supplemental Fig-
ure 3). Upon selection of the construct with best assay performance,
we could detect strong and SARS-CoV-2-specific antibody binding
in LIPS against an N-terminally luciferase tagged monomeric RBD
construct (AUC = 1), a trimeric SARS-CoV-2 S1+S2 spike glycopro-
tein (SARS-CoV-2 S1+S2) (AUC = 1), and a monomeric nucleocapsid
protein (SARS-CoV-2 NP) (AUC = 1) (Supplemental Figures 3-5).

Antibody responses to SARS-CoV-2 spike RBD stratified by time
from symptom onset and Ig class. We analyzed by LIPS 480 patients
with COVID-19 in which available information allowed the stratifica-
tion according to time from symptom onset (weeks 1, 2, 3, > 4) and 95
follow-up samples after hospital discharge (Supplemental Table 2).

SARS-CoV-2 RBD IgM antibodies increased in prevalence
from week 1 (43.4%) to week 3 after symptom onset (87.9%) fol-
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lowed by a small decline thereafter (Figure 2 and Figure 3). In
prepandemic controls, the SARS-CoV-2 RBD-IgM LIPS showed
a specificity of 98.5% (7/480). In antibody-positive patients, the
IgM level peaked at week 2 and was followed by a decline thereaf-
ter (P < 0.0217, Supplemental Table 2).

SARS-CoV-2 RBD IgA antibodies increased in prevalence
from week 1 (34.3%) to week 4 or later (87.4%) (Figure 2 and Fig-
ure 3). The RBD-IgA test specificity was 94.8% (25/480). The RBD
IgA level increased modestly from week 1 to week 3 followed by a
marginal decline (P =0.0002).

SARS-CoV-2 RBD IgG antibodies increased in prevalence
from week 1 (25.9%) to week 4 or later (96.5%) after symptom
onset. The specificity of the RBD IgG LIPS test was 100% (0/480)
(Figure 2 and Figure 3). In antibody-positive cases, the IgG level
increased over time from week 1to week 4 (P <107?).

Positivity for RBD antibodies of more than one class progres-
sively expanded over time, with patients simultaneously pos-
itive for 2 or 3 Ig classes increasing from 30% at week 1 to 95%
at week 4 (Figure 3). In the first week, antibody-positive subjects
had immunoglobulins of all 3 classes in 30% of cases (24,/80), of
2 classes in 25% (20/80), and of a single class in 45% (36/80) that
were predominantly IgM or IgA (Figure 3).

In patients, a partial correlation was present between SARS-
CoV-2 RBD antibody levels of different Ig class that peaked in
samples collected 2 weeks after symptom onset (R%: 0.474-0.694)
and decreased thereafter (Supplemental Figure 6).

SARS-CoV-2 RBD antibody levels after hospital discharge. We
collected sera from 95 patients at the 1 month visit after hospital
discharge. All samples tested positive for SARS-CoV-2 RBD IgG
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Figure 3. Assay performance of the SARS-CoV-2 spike RBD LIPS in COVID-19. Antibody levels in COVID-19 patient (n = 575) and control (n = 480) sera were
stratified by symptom duration (weeks 1, 2, 3, 24) at serum sampling and IgM, IgA, IgG immunoglobulin class. Left panels: ROC curve analysis of LIPS
assays measuring either IgM, IgA, or IgG at 1 week to 4 weeks or later after symptom onset. Shown are the total ROC-AUC and the pAUCS5. Middle panels:
Venn diagrams of spike RBD antibody-positive or -negative score combinations (shown as count and percentages) for different immunoglobulin classes at
the same time points. Right panels: ROC-AUC, pAUCS5, sensitivity, specificity, positive, and negative predictive values of an algorithm combining results
from IgG and IgM immunoglobulin class-specific LIPS assays at the same time points.

antibodies. For a subset of 35 patients, samples were available
from the first hospital admission and from visits 1 month and 3
months after discharge. In all patients, SARS-CoV-2 RBD IgG
antibodies continued to rise until month 3, with levels converging
toward the upper limit of the assay range (P < 107°) (Figure 4 and
Supplemental Table 3).

The SARS-CoV-2 RBD IgM and IgA levels showed a more
variable profile during follow-up. IgM levels decreased in most
patients and seroconverted to negative in 60% (21/35) at month 3.
IgA antibodies showed a trend toward a reduction in patients with
a longer disease duration at baseline that did not reach statistical
significance (Figure 4 and Supplemental Table 3).

Antibody responses to SARS-CoV-2 SI+S2 stratified by time from
symptom onset and Ig class. SARS-CoV-2 S1+S2 IgM antibody prev-
alence increased in patients with COVID-19 from week 1 (62.2%)
through week 3 (91.9%) followed by a decline. IgM levels peaked
in week 2 and declined thereafter (P < 107°) (Supplemental Figure
7 and Supplemental Table 2).

IgA antibody prevalence ranged from 62.9% in week 1 to
95.8% in week 4 or later with levels increasing modestly from up to
week 3 followed by a marginal decline (P = 0.007) (Supplemental
Figure 7 and Supplemental Table 2).

IgG prevalence progressively increased from week 1 (34.3%)
to week 4 or later (97.2%) accompanied by a continuous rise in
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Figure 4. SARS-CoV-2 spike RBD antibody titer after hospital discharge. The line plots show the titer of IgG (orange), IgM (purple), and IgA (blue)
according to time from development of symptom onset in sequential samples from the same patients (n = 35). Samples were collected at baseline and at
follow-up visits 1 and 3 month after hospital discharge. The dashed lines indicate the cutoff of the IgG and IgM (black) and IgA (blue) assays.

antibody levels (P < 107°) (Supplemental Figure 7 and Supple-
mental Table 2).

SARS-CoV-2 S1+S2 assays showed an overall lower specificity
compared with the SARS-CoV-2 RBD LIPS, in particular for the
IgM and IgA tests (IgM: 76.4%; IgA: 87.1%; IgG: 98.8%).

Positivity for SARS-CoV-2S1+S2 antibodies of more than one
class progressively expanded over time, with patients being simul-
taneously positive for 2 or 3 classes increasing from 51% in week
1 to 95% in week 4 (Supplemental Figure 8). The correlation of
S1+S2 antibody levels of different Ig class was partial and peaked
in samples collected 2 weeks after symptom onset (R? from 0.626-
0.671) (Supplemental Figure 9).

Overall, we observed a correlation of SARS-CoV-2 S1+S2
and RBD antibodies of all antibody classes. This was highest
for IgG immunoglobulins (R? = 0.866) followed by that of IgM
and IgA antibodies (R? = 0.714 and 0.692, respectively) (Sup-
plemental Figure 10).

Antibody response to SARS-CoV-2 NP stratified by time from
symptom onset. The SARS-CoV-2 NP IgG prevalence was 53.1%
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in week 1 and peaked at 93.7% at week 4, while in prepandem-
ic controls the LIPS test had a specificity of 95% (26/480). The
SARS-CoV-2 NP IgG levels increased in patients with COVID-19
throughout the study from week 1 to week 4 (P < 10™?) (Supple-
mental Figure 11 and Supplemental Table 2).

Diagnostic performance of SARS-CoV-2 antibody assay and their
combination in COVID-19. After patient stratification according
to time from symptom onset, we evaluated the diagnostic perfor-
mance of each LIPS assay by determining the ROC-AUC, the par-
tial ROC-AUC after imposing a 95% specificity (pAUC95), sensi-
tivity, specificity, positive, and negative predictive values (Figure 3
and Supplemental Figures 8, 12, 13).

In addition, we evaluated alternative combinations of inde-
pendent tests to select the best-performing algorithm to identify
early seroconversion in patients with COVID-19. The combination
of the SARS-CoV-2 RBD IgM and IgG LIPS showed the best posi-
tive predictive value at both week 1 (91%) and week 2 (96%) from
symptom onset (Figure 3 and Supplemental Figure 14), a sensitivi-
ty of 48% in week 1, 83% in week 2, and a 99% specificity.
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Figure 5. Hazard ratios for death, ICU admission, and nasopharyngeal swab SARS-CoV-2 viral RNA RT-PCR negativization in patients with COVID-19.
The forest plots show the corresponding hazard ratios for each variable at the time of antibody sampling. The univariable Cox regression analysis was
adjusted for sex and age and stratified for the duration of symptoms at serum sampling. Antibody positivity was considered as a time-dependent covari-

ate. Dots represent the HR, filled dots indicate P < 0.05.

Antibody responses to SARS-CoV-2 and clinical outcome.
Patients were classified into 6 groups based on increasing disease
severity: discharged without hospitalization (57/509, 11.2%); hos-
pitalized 7 days or fewer (78/509, 15.3%); hospitalized more than 7
days (232/509, 45.6%); hospitalized and admitted to ICU and sur-
vived (49/509, 9.6%); hospitalized and died after admission to the
ICU (30/509, 5.9%); hospitalized and died without admission to
the ICU (63/509, 12.4%). The baseline characteristics, laboratory
testing, and antibody prevalence at blood sampling of the patients
with COVID-19 according to disease severity are summarized in
Supplemental Table 4.

Going from best to worst outcome we saw an increase in age,
prevalence of comorbidities, and male sex. Furthermore, among
laboratory values determined at or in proximity to the time of sam-
pling, the disease severity was associated with an increase in the
neutrophils/white blood cells count and biomarkers of inflamma-
tion (CRP, IL-6, ferritin, platelet count), tissue damage (LDH, AST,
ALT), coagulatory cascade activation (D-Dimer), and a decrease
of hemoglobin values and lymphocyte count.

We then performed a time-dependent covariate Cox regres-
sion analysis of antibody responses (adjusted for sex and age

and stratified for symptom duration at the time of sampling) on
the time to death, time to ICU, and time to swab negativization
(Figure 5 and Supplemental Table 5). The development of SARS-
CoV-2 RBD IgG antibodies was associated with improved patient
survival in regression analysis with a hazard ratio (HR) for time to
death of 0.45 (95% CI 0.26-0.78, P = 0.0141). A trend was also
present for the development of IgG to the SARS-CoV-2 S1+S2 (HR
and 95% CI for time to death 0.6, 0.35-1.02, P = 0.057). Neither
the response to the nucleocapsid protein nor the responses to the
same antigens of other immunoglobulin classes were linked to
survival. Similarly, when SARS-CoV-2 RBD-specific IgG and other
antibodies or antibody classes responses were combined the asso-
ciation with the survival did not improve.

A multivariable analysis using 2 different models confirmed
the positivity for SARS-CoV-2 RBD IgGs (HR and 95% CI: 0.47
[0.25-0.87]; P = 0.016 and 0.42 [0.19-0.97]; P = 0.041, respec-
tively) as an independent predictor of patient survival (Figure 6A).
None of the evaluated antibody responses were associated with
ICU admission. A trend for a positive association between the
development of SARS-CoV-2 S1/S2 IgA antibodies and the time to
swab negativization was observed in the univariable analysis (HR
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Figure 6. Multivariable hazard ratios for anti-SARS-CoV2 spike antibodies and time to death or to swab RT-PCR negativization in patients with
COVID-19. (A) Forest plots of hazard ratios for time to death obtained with 2 models of multivariable Cox regression analysis using SARS-CoV-2 RBD
IgG-positive score and the shown variables measured at the time of antibody sampling. (B) Forest plot of the hazard ratio of a multivariable model

for time to nasopharyngeal swab SARS-CoV-2 RNA RT-PCR negativization based on SARS-CoV-2 51+52 IgA-positive score and the shown variables. A
higher hazard ratio corresponds to a decreased time to swab negativization. The multivariable Cox regression analysis was adjusted for sex and age
and stratified for the duration of symptoms at serum sampling. Antibody positivity was considered as a time-dependent covariate. Dots represent the

HR, filled dots indicate P < 0.05.

and 95% CI:1.37 [0.97-1.93]; P= 0.074) that was confirmed as sta-
tistically significant in the multivariable analysis (HR and 95% CI:
1.74 [1.1-2.7]; P = 0.017) (Figure 6B).

Antibody responses to HA flu in COVID-19. We measured IgM
and IgG antibodies against the HA1 antigen of the HIN1 Ca2009
virus in the COVID-19 patient and prepandemic control cohorts.
The results showed that an average of 22.6% of patients with
COVID-19 were HA1 IgM antibody positive in March and April
as compared with 8.9% of prepandemic controls collected in the
same months of years 2010 to 2012 (Supplemental Figure 15A
and Supplemental Table 6). No differences were observed across
patients in HA IgM prevalence after stratification according to
disease severity (P = 0.475) (Supplemental Figure 15B). In light
of the ubiquitous presence of HA IgG antibodies, we titrated the
sera and stratified the levels into terciles. We observed no differ-
ences in high titer HA IgG (defined as those falling in the upper
tercile) prevalence across patients with different disease severity
(P = 0.919) (Supplemental Figure 15C). Flu antibodies were not
correlated with those against SARS-CoV-2 antigens, as indicated
by both regression and PCA analyses (Supplemental Figure 16).
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Antibody responses to HCoV-OC43 and HCoV-HKUI antigens in
COVID-19. In both COVID-19 patients and prepandemic controls,
IgG antibody binding to the HCoV-OC43 spike RBD was low, did
not correlate with SARS-CoV-2 RBD IgG antibodies, and increased
modestly from week 1 to week 3 after symptom onset (ANOVA P <
0.001) (Supplemental Figure 17 and Supplemental Table 2).

IgG antibody binding to the S2 antigen of both HCoV-OC43
and HCoV-HKU1 was instead strong and generalized in both case
and control sera. We confirmed the specificity of this binding using
monoclonal antibodies to irrelevant antigens (insulin and 1A-2),
that showed a signal overlapping with the assay background (Sup-
plemental Figure 18). After serum titration and stratification of the
S2 antibody reactivities into terciles, we observed that high titer
IgG antibodies to the HCoV-OC43 or the HCoV-HKU1 S2 antigens
progressively increased in prevalence and level in patients from
week 1 to week 4 or later (P < 107" for both antigens) (Figure 7, A
and B; and Supplemental Table 2).

In patients, a partial but clear correlation between HCoV-OC43
and HCoV-HKU1 S2 IgG antibodies was present that extended also
to SARS-CoV-2 S1+S2 IgG antibodies (R?= 0.616-0.786) (Figure 7C).
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Figure 7. HCoV-0C43 and HUK1 S2 IgG antibodies in patients with COVID-19. (A, B) Kinetics of HCoV-0C43 and HKU1 S2 IgG expansion in COVID-19 (n =
575) and control (n = 480) sera stratified by the duration of symptoms at serum sampling. For each sample are shown the measured arbitrary units (cir-
cles), the probability density estimate (with the half violin plot upscaled to maximum width for better visualization), box plot displaying median, IQR, and
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percentile in patients with COVID-19. Shown are the percentages and count of subjects with AU greater than the 66th percentile. (C) Correlation of SARS-
CoV-2, HCoV-0C43, and HCoV-HKU1 spike 1gG in symptomatic COVID-19 sera. Shown are the linear regression (black lines) of log-transformed AU (circles),
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untagged SARS-CoV-2 S1+52 protein.

We then conducted an inhibition of antibody-binding exper-
iment using the SARS-CoV-2 S1+S2 antigen as competitor and a
selection of sera from symptomatic patients with COVID-19 and
paucisymptomatic subjects with a proven SARS-CoV-2 infection

and high titer SARS-CoV-2 spike antibodies (Figure 7D). All sera
were diluted to bring the antibody binding within the linear range
of the assay. The results showed that IgG binding to the cognate
antigen sNLuc-SARS-CoV-2 S1+S2 was reduced up to 90% in all
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symptomatic and paucisymptomatic COVID-19 sera (median per-
centage of inhibition of binding: 86% and 81%, respectively). The
IgG binding to the HCoV-OC43 S2 antigen was instead only par-
tially competed by SARS-CoV-2 S1+S2 in symptomatic (5/6, medi-
an binding reduction: 9%, IQR 3%-16%) and paucisymptomatic
COVID-19 (8/9, median binding reduction: 36%, IQR 6%-49%).

The prevalence of serum samples with high levels of HCoV-
0OC43 S2 IgA increased from week 1 through week 3 followed by
a modest decline (Supplemental Figure 19C). The S2 IgA levels
in COVID-19 increased over time from week 1 to week 3 after
symptom onset (P < 107 but were only modestly greater than in
prepandemic controls (Supplemental Figure 19A). No correlation
was observed between HCoV-OC43 S2 and SARS-CoV-2 IgA lev-
els (Supplemental Figure 19B).

Discussion

The dynamics of the antibody response against SARS-CoV-2 is
currently under intense investigation, as antibodies are consid-
ered a potent tool to complement RT-PCR-based diagnostics and
to perform an immune response tracking that is in high demand
for the development of improved preventive and therapeutic
approaches (26). It is thus not surprising that numerous reports
have focused on the measurement and description of antibodies
in COVID-19, but the design, size and implementation of most
of these studies, adopting a variety of technical approaches, do
not provide solid qualitative and quantitative information on the
SARS-CoV-2 humoral response (14).

For this study, we leveraged our prior expertise (27-31) to
develop novel LIPS liquid phase immunoassays, a format that has
already been applied to the study of antibody responses to patho-
gens (32-34). LIPS assays have also found extensive application in
autoimmunity, where they demonstrated the ability to measure
with high sensitivity and specificity autoantibody responses, often
varying by orders of magnitude across patients, and to detect anti-
body binding to conformational epitopes on antigens undergoing
posttranslational modifications and with complex tertiary struc-
tures (28, 31, 35, 36). To our knowledge, at least 3 recent reports
presented data on antibodies in COVID-19 measured by LIPS
in small cohorts of patients and controls using different SARS-
CoV-2 antigens (37-40). We analyzed hundreds of COVID-19 and
prepandemic sera samples using independent measurements by
LIPS of IgG, IgM, and IgA to the SARS-CoV-2 spike, either whole or
just its RBD, and nucleocapsid proteins. Our observations showed
a progressive expansion of SARS-CoV-2 antibodies in terms of tar-
geted antigens/epitopes and of immunoglobulin class diversifica-
tionin the course of the disease, already detectable during the first
week after symptom onset.

Our data indicate that some of the previously reported LIPS
measurements in COVID-19 should be interpreted with caution. We
were not able to confirm the existence of disease-specific antibodies
to several SARS-CoV-2 ORFs and, similar to previous findings (41),
we found important differences in assay performance dependent on
the type of recombinant antigen used in the immunoassay. This was
particularly true in the case of the recombinant SARS-CoV-2 spike
RBD antigen, where the identification and selection of the best anti-
gen configuration was instrumental in conferring to the correspond-
ing LIPS both remarkably high sensitivity and specificity.
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Thanks to the availability of large cohorts of clinically
well-characterized cases and controls, we were able to address
some knowledge gaps (14). First, our data indicate that strate-
gies aimed at the earliest and most sensitive detection of SARS-
CoV-2 antibodies in subjects at risk of COVID-19 disease should
be based on high specificity tests that discriminate reactivities to
multiple antigens and/or immunoglobulin classes. For instance,
in our study the distinct measurement of both IgM and IgG anti-
bodies against the SARS-CoV-2 spike RBD led to a positive predic-
tive value of the combined test comparable if not superior to that
of nasopharyngeal swabs in patients during the first week after
symptom onset (42). Second, the less-than-perfect specificity we
observed for several assays measuring antibodies to some SARS-
CoV-2 antigens suggests that more stringent criteria are needed
for confirming the positivity for SARS-CoV-2 antibodies. In par-
ticular, the independent measurement in the same sample of
responses against more than one antigen might lead to improved
discrimination of bona fide exposure to SARS-CoV-2 and poten-
tial COVID-19 disease risk. Third, of the measured SARS-CoV-2
antibodies, the IgG response against the spike RBD domain was
associated with improved patient survival independently of other
factors such as sex or age, supporting the concept that these anti-
bodies are a major contributor to the protective effect of humoral
immunity in COVID-19 (43). Also observed was a less pronounced
positive association of whole SARS-CoV-2 spike IgA with a faster
clearance of SARS-CoV-2 virus from the upper respiratory tract,
as indicated by the reduced time to nasopharyngeal swab nega-
tivization in IgA-positive patients. Fourth, unlike in some other
reports (44, 45) but consistent with recently described findings, in
our COVID-19 cohort the prevalence and levels of RBD IgG anti-
bodies in cured or paucisymptomatic patients showed a further
increase for at least 3 months after hospital discharge.

Furthermore, we investigated the antibody response to oth-
er respiratory tract viruses: the HIN1Ca2009 flu virus and the
HCoV-0OC43 and HKU1 betacoronaviruses. Regarding flu anti-
bodies, neither the presence of IgM antibodies nor the titer of the
IgG response was associated with survival or disease severity in
patients with COVID-19. The analysis of clinical data suggests that
the likely coinfection with influenza was neither linked to a more
severe presentation of the disease nor to a worse outcome.

More interestingly, in patients with COVID-19 we observed
a major expansion of the antibody response against the HCoV-
0OC43 and HCoV-HKU1 S2 antigen, a spike protein component
that shares at least 40% amino-acid identity and up to 63% con-
served residues with its SARS-CoV-2 homologue. This was not a
generalized case, since antibodies to a region of the HCoV-OC43
spike 1 carboxy terminal domain, corresponding roughly to the
location of the SARS-CoV-2 RBD albeit with little homology, were
instead rare in both patient and control sera.

While HCoV-OC43 or HCoV-HKU1 S2 IgG antibodies were
found essentially in all prepandemic controls, their titer was larg-
er in most patients with COVID-19 and progressively increased
according to disease duration, mirroring the course of the SARS-
CoV-2 humoral response. However, the HCoV-OC43 and HCoV-
HKUI S2 IgG titers were only partially correlated with the levels
of SARS-CoV-2 spike antibodies, and an antibody binding inhibi-
tion experiment, while confirming the existence of cross-reactive
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antibodies, showed a reduced ability of the SARS-CoV-2 antigen
to compete antibodies to HCoV-OC43 in LIPS.

Intriguingly, the observed heterogeneity across sera in the
competition experiment was suggestive of an increased preva-
lence of cross-reactive HCoV-OC43 antibodies (i.e., those whose
binding could be at least partially competed with SARS-CoV-2
antigen) in the small set of paucisymptomatic individuals with
confirmed SARS-CoV-2 infection compared with symptomatic
patients with COVID-19. These data are consistent with previ-
ously published findings in SARS-CoV-1-infected patients (46)
and recent reports describing immune responses to SARS-CoV-2
already present before the pandemic (47-50). They also suggest
that immunological phenomena often referred to as antigenic sin
(51), i.e., the expansion of a preexisting memory response against
partially homologous antigens of a related pathogen, might play a
role in the progression from SARS-CoV-2 infection to full blown
COVID-19 disease.

Our study encompasses some obvious limitations: the data we
generated in this study derive mostly from samples collected from
patients with COVID-19 with important symptoms, i.e., prompt-
ing hospitalization or at least a visit to the emergency room, and
at the time of the pandemic peak, i.e., before the dramatic reduc-
tion of new and symptomatic cases observed in our country. For
this reason, we should be cautious in generalizing our findings to
subjects with an asymptomatic or paucisymptomatic SARS-CoV-2
infection. Moreover, we still need to determine whether certain
antigen-specific antibodies assayed by LIPS may be surrogate
markers for the presence of neutralizing antibodies.

Nevertheless, we believe that several useful lessons can be
derived from our study that might find potential application to the
current and future clinical and population settings. Our results
stress the need to improve the practice of SARS-CoV-2 antibody
measurement. Ideally, the establishment of a blinded serum
exchange and unbiased evaluation program might better inform
the decision process by public authorities regarding screening
strategies for SARS-CoV-2 infection. In addition, our data indi-
cate that the selection of assays aimed at implementing screen-
ing strategies must take into account the potential detection of
cross-reactive antibodies in some assays. Finally, our study indi-
cates that to anticipate the impact of SARS-CoV-2 antibodies
either induced by the virus or by vaccination on disease protec-
tion, viral neutralization and disease course will require a deeper
knowledge of the interaction with preexisting humoral responses
to other betacoronaviruses.

Methods

Study population and data sources. The study population consisted of
509 adult patients (= 18 years) who matched the criteria for a con-
firmed SARS-CoV-2 infection admitted between February 25 and
April 19, 2020, to the emergency or clinical departments at the IRCCS
San Raffaele Hospital, a 1350-bed tertiary care hospital in Milan, Ita-
ly. A confirmed infection case was defined as a SARS-CoV-2-positive
RT-PCR from a nasal/throat swab and/or symptoms and radiologi-
cal findings suggestive of COVID-19 pneumonia. This series includ-
ed patients for whom a serum sample was stored in the San Raffaele
institutional COVID-19 clinical-biological biobank (COVID-BioB). In
addition, we included in our study sera collected from patients return-
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ing to our center for follow-up visits at 1 month and 3 months after
hospital discharge, sera from 8 paucisymptomatic subjects with con-
firmed SARS-CoV-2 infection but with mild symptoms and no history
of hospital admission, and sera from 480 organ donors collected from
2010 to 2012 as controls.

The clinical data were collected from medical chart review or
directly by patient interview, cross-checked for accuracy by data man-
agers and clinicians, and entered in a dedicated electronic case record
form (eCRF) specifically developed on site for the COVID-BioB study.
Routine blood tests included complete blood count with differential,
renal and liver function tests, C-reactive protein (CRP), lactate dehy-
drogenase (LDH), serum ferritin, D-Dimer, and IL-6. Subject charac-
teristics are reported in Supplemental Table 1, A and B.

Cloning of recombinant nanoluciferase-tagged viral antigens. We
produced several recombinant monomeric or multimeric SARS-
CoV-2 proteins tagged with a Nanoluciferase reporter (Promega)—
the whole spike glycoprotein S1+S2, spike glycoprotein RBD, nucle-
ocapsid protein (NP), and a panel of ORFs (ORF6, ORF7, ORFS,
ORF9, ORF10) (Supplemental Figure 1). In addition, we produced
the spike RBD and spike S2 proteins of the HCoV-OC43 and HCoV-
HKU1 betacoronaviruses and the hemagglutinin HA1 protein of the
2009 HIN1 pandemic flu virus.

Modified coding sequences were designed and obtained as syn-
thetic genes (Eurofins Genomics, Eurofins Scientific Group) to facil-
itate the subcloning into modified pCMV-TnT (Promega) vectors
containing standard (NLuc) or secretory Nanoluciferase (sNLuc)
reporters. A sNLuc tagged SARS-CoV-2 whole spike antigen was
instead obtained as a derivative from a previously described trimeric
S1+S2 spike protein (52) (plasmid donated by Florian Krammer,
Department of Microbiology, Icahn School of Medicine at Mount
Sinai, New York, New York, USA).

To achieve optimal expression and improve antibody binding,
recombinant antigens were produced in alternative versions that
differed for the included span of the coding sequence, the use of a
secretory or not-secretory nanoluciferase reporter, and its placement
relative to the antigen (N- or C-terminal). To induce secretion upon
expression, recombinant antigens included the IL-6 signal peptide
while a C-terminal T4 foldon trimerization domain was added to
achieve trimerization.

Expression of recombinant antigens. Recombinant nanolucifer-
ase-tagged antigens were expressed by transient transfection of their
corresponding plasmid into Expi293F cells (Expi293 Expression Sys-
tem, Thermo Fisher Scientific Life Technologies) according to the
manufacturer’s instructions. Recombinant proteins were harvested
after 48 hours either from the supernatant or upon lysis of the cell
pellet with 0.1% dodecyl maltoside (DDM) in PBS. The recombinant
antigens were then aliquoted and stored frozen at -80°C.

High expression levels of secreted proteins were obtained for
several antigens, e.g., in the case of the monomeric sNLuc-tagged
SARS-CoV-2 spike RBD the luciferase activity yield from a single well
of a 6-well-plate transfection was 10> LU/pL supernatant with a total
antigen production sufficient to test more than 450,000 sera by LIPS.

LIPS assay. For the LIPS assay, the antigen of interest was thawed,
diluted in 20 mM Tris Buffer, 150 mM NaCl, 0.5% Tween-20, pH 7.4
(TBST) buffer, filtered with a Durapore PVDF 0.45-um Millex-HV
syringe filter (Millipore) and adjusted to achieve a luciferase activity
corresponding to a final concentration of 4 x 10¢ LU/25 pL.
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For antibody measurement, 1 pL (for IgG or IgA measure-
ments) or 5 pL (for IgM measurement) of serum was then seeded
into the well of a 96-deep-well plate (Beckman Coulter) added with
25 L of the diluted antigen preparation, and incubated for 2 hours
at room temperature.

For IgG antibody measurement, immunocomplexes were then
captured with 5 pL of a 50% weight/volume blocked (53) rProtein
A slurry (GE Healthcare Europe GmbH) for 1 hour at 4°C with shak-
ing. Plates were washed 5 times by sequentially dispensing 750 pL/
well of TBST, followed by centrifugation at 500¢ for 3 minutes at 4°C
and removal of the wash buffer using a micro-plate washer/dispenser
(BioTek Instruments). For IgM or IgA antibody measurements, rPro-
tein A was replaced with 5 pL goat anti-human IgM- or anti-human
IgA agarose (Merck Life Sciences), respectively.

After washing, the resin pellets were transferred to an OptiPlate
96-well plate (PerkinElmer) and upon the addition of 40 pL/well of
Nano-Glo substrate (Promega) the recovered luciferase activity was
measured over 2 seconds per well in a Berthold Centro XS3 luminome-
ter (Berthold Technologies GmbH & Co. KG). Raw data were convert-
ed to arbitrary units (AU) using either a local positive serum as index or
serial dilution of a SARS-CoV-2 spike protein antibody-positive serum
(a gift of Ezio Bonifacio, DFG Center for Regenerative Therapies
Dresden, Technische Universitit Dresden, Dresden, Germany) and
showed a median interassay coefficient of variation of 11.6% (range:
6.4%-19.3%). For antibody titrations, the sera that bound recombi-
nant antigens above the linear range of the assay were serially diluted
(1:10,1:100, 1:1000) in TBST, retested until binding fell into the linear
range, and the calculated AU corrected by multiplying for the corre-
sponding dilution factor.

Thresholds for antibody positivity were established upon a QQ
plot analysis by selecting AU values at which the distribution of calcu-
lated arbitrary units deviated from normality. For ubiquitously present
antibody responses like those against the 2009 pandemic flu HA and
the HCoV-OC43 and HCoV-HKU1 S2 spike proteins, subjects were
binned into terciles.

Antibody binding displacement experiments were performed by
adding to replicate test reactions 100 ng untagged affinity purified
RBD protein, expressed by transient transfection in Expi293F cells.

Statistics. Median values with IQRs were used to describe contin-
uous variables while frequencies in percentages and counts were used
for categorical variables. Patient-related variables were compared
using the y? or Fisher’s exact test for categorical variables, and the
Wilcoxon rank sum for continuous variables. Imputation for missing
data was not performed. Sensitivity and specificity for each assay were
calculated as the percentage of case sera reported as antibody positive
and as the percentage of control sera reported as negative, respective-
ly. Positive and negative predictive values were calculated using the
epiR R package. Assay performance in discriminating health from dis-
ease was analyzed using the area under the receiver operator charac-
teristics curve (ROC-AUC) and the partial ROC-AUC at 95% specific-
ity (pAUC95), to exclude diagnostically irrelevant ROC-AUC regions
corresponding to very low assay specificity (36, 54). The ROC-AUCs
of combination of markers were calculated by performing an initial
binary logistic regression for the biomarkers to be combined and then
using the obtained probabilities as the test variable to build a ROC
curve. Comparisons of antibody levels across groups were performed
using ANOVA with Tukey’s HSD post hoc test or the Wilcoxon signed-

jei.org  Volume130  Number12  December 2020

The Journal of Clinical Investigation

rank test as appropriate. The correlation between LIPS antibody lev-
els was assessed using linear regression upon log transformation of
the data. The time-to-events was calculated from the date of symp-
tom onset to the date of the event, or to the date of last available visit,
whichever occurred first. We calculated univariable and multivariable
Cox proportional hazards models to evaluate the association between
patient characteristics and laboratory findings with time to death, time
to intensive care unit (ICU) admission or time to swab negativization
(as defined by 2 consecutive negative RT-PCR results). The effect esti-
mates were reported as HRs with the corresponding 95% CI, estimat-
ed according to the Wald approximation. All analysis of survival and
association were stratified according to time from symptoms to blood
sampling (days < 7; days 8-14; days 15-21; days > 21) and antibody pos-
itivity was considered as a time-varying covariate. The Cox regression
analyses were estimated according to antibodies’ positivity on vali-
dated reference cutoffs (IgG, IgM, and IgA vs. SARS-CoV-2 RBD, S1/
S2, nucleocapsid protein; IgG vs. HCoV-OC43 RBD; IgM vs. A/HIN1
[flu] HA) or on the overall tercile values (IgG vs. A/HIN1 [flu] HA; IgG
vs. HCoV-OC43 S2; IgG vs. HCoV-HKU1 S2). P values less than 0.05
were considered significant. Two-tailed P values not adjusted for mul-
tiple testing are reported for Cox analyses with P value less than 0.05
considered to indicate statistical significance, with the exception of
antibody comparisons, in which due to the high degree of correlation
across antibody responses the P value was corrected for the number
of principal components analysis (PCA) that explained most of the
variance in the antibody data. All confidence intervals were 2-sid-
ed. Statistical analyses were performed with the SPSS 24 (SPSS Inc./
IBM) and the R software version 3.4.0 (R Core Team (2017) (https://
www.R-project.org/).

Study approval. This study was approved by the IRCCS Ospedale
San Raffaele IRB, protocol number 34/int/2020. Written informed
consent was obtained from patients or their guardians according to
the IRB guidelines.
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