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In brief

Harrington et al., report that in adults with
mild COVID-19, IgG responses are
maintained for >6 months and are
correlated with fever. Neutralization
activity rapidly decays, correlating with
the loss of anti-S-trimer IgM titers. Thus,
neutralizing antibodies fade quickly after
mild COVID-19 infection, despite the
long-term maintenance of IgG.
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SUMMARY

The fate of protective immunity following mild severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-
2) infection remains ill defined. Here, we characterize antibody responses in a cohort of participants recov-
ered from mild SARS-CoV-2 infection with follow-up to 6 months. We measure immunoglobulin A (IgA), IgM,
and IgG binding and avidity to viral antigens and assess neutralizing antibody responses over time. Further-
more, we correlate the effect of fever, gender, age, and time since symptom onset with antibody responses.
We observe that total anti-S trimer, anti-receptor-binding domain (RBD), and anti-nucleocapsid protein (NP)
IgG are relatively stable over 6 months of follow-up, that anti-S and anti-RBD avidity increases over time, and
that fever is associated with higher levels of antibodies. However, neutralizing antibody responses rapidly
decay and are strongly associated with declines in IgM levels. Thus, while total antibody against SARS-
CoV-2 may persist, functional antibody, particularly IgM, is rapidly lost. These observations have implications

for the duration of protective immunity following mild SARS-CoV-2 infection.

INTRODUCTION

In late 2019, a novel coronavirus emerged in Wuhan, China that
has gone on to cause the worst global pandemic in >100 years.
Within months, severe acute respiratory syndrome-coronavirus-
2 (SARS-CoV-2) spread rapidly, reaching all regions of the globe.
To date, SARS-CoV-2, the causative agent of coronavirus
disease 2019 (COVID-19) iliness, has infected nearly 104 million
people and is responsible for >2.2 million deaths.' Almost imme-
diately, the global scientific community mobilized to begin to un-
derstand and counter the threat and countries deployed public
health countermeasures to stem the rate of infection. Numerous
potential long-term countermeasures, such as vaccines and ther-
apeutics, are undergoing rapid development and clinical testing,?
with several vaccines now approved for emergency use. Howev-
er, in the absence of wide access to vaccines, much attention has
been focused on whether natural infection may lead to durable
protection from reinfection, potentially affecting herd immunity
and personal behavior. Key to understanding this is an accurate
characterization of the kinetics of total and functional antibody
response following infection. Notably, while most infections are
mild and do not require hospitalization, these mild infections are
the least studied with regard to humoral immune responses.

Gheck for
Updates

Others have shown that SARS-CoV-2 infection induces vary-
ing degrees of humoral immunity. Immunoglobulin M (IgM) anti-
bodies appear in 5-10 days but wane quickly, whereas IgG and
IgA appear 14-21 days post-infection.®> ' The magnitude of IgG-
binding titers is highly variable and appears to be associated with
disease severity, stage of infection, and age.”'° Neutralizing an-
tibodies (NAbs) develop in >98% of participants®'%'>'® and
develop concurrently with IgG-binding antibodies. They are
detectable within the first 2 weeks and increase in potency for
at least 4 weeks post-infection.® The development of NAbs has
been confirmed by the isolation and characterization of
numerous monoclonal antibodies that potently neutralize the vi-
rus.'* " NAbs have been shown to target multiple epitopes on
the Spike protein (S), with the receptor-binding domain (RBD)
mediating exceptional potency.®'*'"'9 Interestingly, NAbs
with little or no somatic mutation potently neutralize the virus,
indicating that extensive B cell maturation is not requisite for
NAb development.'”:'®

The durability of anti-SARS-CoV-2 humoral immunity remains
ill-defined and is crucial to effectively guiding public health stra-
tegies. Studies from SARS-CoV and Middle East respiratory syn-
drome (MERS)-CoV suggest that humoral immunity lasts for at
least 1 year,?>?® with some responses detectable after a decade
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Table 1. Cohort features: demographic characteristics and
disease features of the cohort and the samples included in this
study

Characteristics

Gender
Female, n (%) 26 (77%)
Male, n (%) 8 (23%)
Age, y (range) 41 (24-74)
Fever, n (%) 16 (47 %)
Days with fever (range) 3(1-7)
Cough, n (%) 25 (71%)
Days with cough (range) 6 (2-20)
Time points No. Symptom days
Early 21 24 (14-41)
2 months 22 63 (43-82)
4 months 8 97 (86-139)
6 months 12 154 (140-181)

or more.”* While IlgG-binding antibodies persist past acute infec-
tion, their neutralizing functional activity over time remains un-
clear. Studies on SARS-CoV-2 serological responses have
been reported with follow-up up to 3 months, with some studies
reporting sporadic sampling out to 7 months.' %272 Studies
initially focused on the kinetics and durability of anti-S-binding
IgG, observing reasonable durability at 3 months post-infection.
However, viral neutralization is likely the key factor for which
long-term durability must be maintained, and while NAbs have
been detected as far out as 6-7 months,'%'%2° the kinetics of
these responses remain less clear following asymptomatic or
mild infection.

Here, we assessed plasma antibody responses in a cohort
recovered from mild COVID-19, with follow-up for as long as
6 months. We found that IgG-binding titers to viral antigens
remain durable over time, and avidity studies provide evidence
of B cell maturation. Humoral responses were associated with
fever, but not other clinical variables. However, neutralizing ac-
tivity rapidly contracted 2-3 months following infection, despite
the overall maintenance of IgG-binding antibody levels. Notably,
neutralization was most strongly correlated with anti S-trimer
IgM, rather than IgG or IgA, offering a possible explanation for
the apparent paradox between stable IgG and waning neutrali-
zation. Our findings indicate that despite the overall maintenance
and durability of humoral immune responses after infection,
neutralizing activity waned rapidly as IgM titers decayed. Overall,
these findings imply that mild infections may not generate lasting
protection and highlight the urgent need for the rapid deploy-
ment of effective vaccines to stem the spread of SARS-CoV-2.

RESULTS

Clinical characteristics

The cohort consisted of 34 individuals (Table 1). Participants pre-
sented for their initial recovered visit 14-82 days after symptom
onset (median 33 days). They were 77% female and ranged in
age from 24 to 74 (median 41) years. All but one participant
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was mildly symptomatic. The single participant who was hospi-
talized required supplemental oxygen but not additional support.
In total, 47% reported fever, which lasted between 1 and 7 days
(median 3 days). A total of 71% reported cough, which lasted be-
tween 2 and 60 days (median 6 days). The presence of fever was
not associated with age or gender; however, among those who
reported fever, men experienced a longer duration (4 days
versus 2 days for women, p = 0.05). Women were more likely
to report cough (81% versus 43% for men; adjusted odds ratio:
7.20, p = 0.04), and among those with cough, women reported a
longer duration (16 days versus 3 days for men, p < 0.001). Older
individuals had a trend toward increased duration of cough (1
increased day per year increase in age, p = 0.1). Fever and cough
were disassociated, with 12/18 without fever reporting cough
and 12/16 with fever reporting cough (p = 0.6).

Thirteen participants contributed a single time point, 12
contributed 2 time points, 8 contributed 3 time points, and 1
contributed 4 time points. When grouped by time since symptom
onset, 21 participants contributed an early sample (<2 months),
22 contributed a 2-month sample, 8 contributed a 4-month sam-
ple, and 12 contributed a 6-month sample (Table 1).

IgG is durable and associated with fever

We evaluated the development of IgG antibody responses longi-
tudinally after infection. We tested IgG-binding endpoint titers to
recombinant S trimer, to the RBD subdomain on S1 (the site of
angiotensin I-converting enzyme-2 [ACEZ2] receptor attachment),
and to nucleocapsid protein (NP) (Figure S1). Of 34 participants,
31 (91%) developed anti-S trimer IgG antibodies. At entry point
into the study, we observed a wide range of endpoint IgG titers
to trimer, from 1:232 to 1:26,863 (Figure 1A). Similarly, 32 of 34
participants (94 %) developed anti-RBD IgG, and endpoint titers
ranged from 1:135 to 1:28,488 (Figure 1A). A total of 32 of 34 par-
ticipants (94%) developed anti-NP titers, with titers that ranged
from 1:50to 1:111,192 (Figure 1A). Anti-S trimer and anti-RBD ti-
ters were highly correlated (R? = 0.80, p < 0.001), as were anti-S
trimer and anti-NP titers (R? = 0.56, p < 0.001) and anti-RBD and
anti-NP titers (R® = 0.65, p < 0.001) (Figure 1B). However, several
participants were discordant for antibodies across the three an-
tigens. Two participants had detectable NP antibodies despite
undetectable 1gG binding to S trimer, whereas one participant
lacked measurable binding to NP despite anti-S titers >1:500.
A single participant did not seroconvert against any antigen. At
the early time point, NP titers were higher than anti-trimer titers
(delta: 0.34, p = 0.02) or anti-RBD titers (delta: 0.43, p = 0.004);
anti-trimer and anti-RBD titers were not different from each
other. At all other time points, titers against the three antigens
were similar.

In longitudinal models, fever was associated with higher anti-S
trimer 1gG (delta: 0.46, p < 0.001), anti-RBD IgG (delta: 0.48, p =
0.002), and anti-NP IgG (delta: 0.82, p < 0.001) (Figures 1B-1E).
Among those with fever, the duration of fever was positively
associated with the level of anti-trimer IgG (delta per day fever:
0.15, p < 0.001) and anti-NP IgG (delta per day fever: 0.07, p =
0.001), but not anti-RBD IgG. Although there was no association
with presence of cough and antibody levels, among those who
reported cough, the duration of cough was associated with the
level of anti-S IgG (delta per day cough: 0.009, p = 0.04) and
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Figure 1. Comparison of IgG responses to SARS-CoV-2 antigens in recovered participants after COVID-19 with versus without fever
Plasma IgG titers were determined for S, RBD, and NP at all available time points. Lines represent linear regression best-fit lines. Each point represents the
average value from 2 replicate assays, each containing 2 technical replicates. Black lines: all participants, blue dots/lines: participants without fever, red dots/

lines: participants with fever. Dotted lines: 95% confidence band.

(A) Participants with fever developed higher IgG titers against all 3 antigens (anti-S delta: 0.46, p < 0.001, anti-RBD IgG delta: 0.48, p = 0.002, and anti-NP IgG

delta: 0.82, p < 0.001).

(B) Correlations between anti-S, anti-RBD, and anti-NP titers including data from all time points. NP titers were higher at the early time point, relative to S trimer

(delta: 0.34, p = 0.02) or RBD (delta: 0.43, p = 0.004).

(C-E) Decay rates for IgG over time by fever status. Anti-S trimer IgG did not decay over time (delta per month: -0.02, p = 0.5). Anti-RBD IgG slowly decayed over
time (delta per month: —0.04, p = 0.07), whereas anti-NP IgG significantly decayed over time (delta per month: —0.15, p < 0.001). In addition, those with fever had a
faster rate of decay for anti-RBD and anti-NP IgG despite having higher titers at the early time points, such that by 6 months, antibody titers were similar between

those with and without fever for all 3 antigens.

anti-RBD IgG (delta per day cough: 0.01, p < 0.001), but not anti-
NP IgG. Male gender was associated with higher anti-NP 1gG
only (delta: 0.34, p = 0.04). Thus, participants who reported
more severe symptoms, or longer persistence of symptoms,
tended to develop higher levels of IgG-binding antibodies.

We additionally considered the decay rate of antibody
response against the three antigens. There was no significant
decay of anti-S trimer IgG over time (delta per month: —0.02,
p = 0.5); however, anti-RBD antibody showed a trend toward
slight decay over time (delta per month: —0.04, p = 0.07), and
anti-NP significantly decayed over time (delta per month:
—0.15, p < 0.001). Fever did not modify the rate of decay for
anti-S trimer antibodies; however, those with fever had a faster
rate of decay of anti-RBD antibodies (interaction term: p =
0.05; delta per month with fever: —0.06, p = 0.01, delta per month
without fever: 0.01, p = 0.6) and anti-NP antibodies (interaction
term: p < 0.001; delta per month in fever: —0.20, p < 0.001; delta
per month without fever: —0.05, p = 0.1). There was evidence of
effect modification in the rate of anti-S trimer decay by gender,
where the levels decayed in males but not females (interaction
term: p = 0.07; delta per month in males: —0.15, p = 0.06; delta
per month in females: 0.01, p = 0.8), but not the other antigens.

There was no evidence of effect modification by age or cough.
Despite having higher initial titers, the faster rate of decay of
RBD and NP titers in participants with fever led to titers similar
to those without fever by 6 months after symptom onset. Overall,
anti-S trimer antibodies appear to be durable out to at least
6 months, regardless of clinical features.

Viral neutralization rapidly decays over time

Neutralizing antibodies are thought to be a critical component of
the antiviral antibody response and are a correlate of protection
for numerous licensed vaccines. Neutralization is the capacity of
antibodies to bind the virus and prevent entry into target cells
and are differentiated from non-neutralizing antibodies that
bind the viral antigens but do not prevent infection. While the cor-
relates of protective antibody immunity against SARS-CoV-2 are
not clearly understood, it is likely that neutralizing antibodies will
be a critical component of protective immunity after infection and
vaccination. We measured the ability of plasma antibodies to
neutralize SARS-CoV-2 in a lentiviral pseudovirus assay, in
which mature S is pseudotyped onto a viral backbone with a re-
porter gene and entry measured in HEK293T/hACE2 cells®®
(summarized in Figure S2).
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A B Figure 2. Assessment of neutralizing anti-
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participants demonstrating a rapid loss of neutral-
izing titers over time.

(D) IDsy titers for the only participant in the study
who showed increased neutralization over time.

elicits durable immunity capable of medi-
ating protection from reinfection.

Avidity of IgG to S and RBD increases
over time

10—
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Considering the early and 2-month time point from symptom
onset, 29 of 33 participants (88%) demonstrated a neutralizing
response, which ranged from 1:80 to nearly 1:3,000 with a me-
dian NAb 50% inhibitory dose (IDsp) titer of 1:370. At the 4-
and 6-month time points, 23 of 33 participants (70%) exhibited
a neutralizing response, which ranged from 1:50 to 1:1,135,
with a median NAb titer of 1:250, whereas 6 participants had
lost detectable neutralization. Declines were evident even in in-
dividuals with initial high neutralizing capacity. For example,
one participant’s NAbs declined from D5 titers of 1:2,732 to
1:354 over the course of 3 months and another declined from
1:2,087 to 1:64 over the course of 4 months.

In our longitudinal model, fever was associated with higher
NADb (delta: 0.36, p = 0.01) (Figure 2A). Unlike anti-S trimer and
RBD IgG, NAb activity rapidly declined over time (delta per
month: —0.10, p = 0.001) (Figures 2B and 2C), with the exception
of a single participant who showed increasing NAb activity over
time (Figure 2D). The rate of decay was modified by gender and
age where the rate was faster among men (interaction term: p <
0.001; delta per month in men: —0.30, p < 0.001; delta per month
in women: —0.05, p = 0.03) and older individuals (interaction
term: p = 0.06, delta per month in <40 years: —0.07, p = 0.05;
delta per month in 340 years: —0.14, p = 0.02). Thus, although
the majority of participants developed NAbs in response to infec-
tion, neutralization ID5 titers were relatively modest and waned
quickly over time, calling into question whether mild COVID-19
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Days Post Symptom Onset

To understand B cell maturation over time,
we measured the relative avidity of IgG re-
sponses to S trimer and RBD in a chaot-
rope-modified ELISA, which provides a
measure of the strength of antibody bind-
ing and serves as a surrogate for ongoing B cell maturation.®’
We assessed avidity throughout the follow-up period, observing
a wide range of avidity indices, as low as <0.2 and as high as
>0.9, which were similar between S trimer and RBD. In longitudi-
nal models, similar to antibody titers, fever was associated with
higher anti-S trimer avidity (delta: 0.09, p = 0.04) (Figure 3A)and a
trend toward higher RBD avidity (delta: 0.06, p = 0.1) (Figure 3B).
Among those with fever, the duration of fever had a trend toward
association with S trimer avidity (delta per day fever: 0.04, p =
0.08), but not RBD avidity. Although there was no overall associ-
ation with the presence of cough, among those with cough, the
duration trended toward association with RBD avidity (delta
per day: 0.002, p = 0.07), but not S trimer avidity. Avidity was
not associated with age or gender. When assessed over time,
we observed a strong association between avidity and day since
symptom onset for both S trimer (delta per month: 0.06, p <
0.001) and RBD (delta per month: 0.06, p < 0.001) (Figures 3A
and 3B). The avidity of S trimer increased faster among those
with cough (interaction term: p = 0.08, with cough delta per
month: 0.07, p < 0.001; without cough delta per month: 0.04,
p < 0.001), whereas the avidity of RBD increased faster among
those without fever (interaction term: p = 0.08; with fever delta
per month: 0.05, p < 0.001; without fever delta per month:
0.08, p < 0.001).

We next assessed whether avidity predicted neutralization.
When we considered only the early time point, there was a

T
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Figure 3. Anti-S avidity increases over time
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non-significant positive association between both S trimer
(delta = 0.55, p = 0.4) and RBD avidity (delta = 1.24, p = 0.2)
and neutralization. In longitudinal models that adjusted for
days from symptom onset, S trimer avidity did not predict
neutralization (delta: —0.02, p = 1.0) (Figure 3C); however, there
was a non-significant positive association between RBD avidity
and neutralizing effect (delta: 0.76, p = 0.15) (Figure 3D). These
findings imply that although avidity may be a determinant of
the neutralizing effect at early time points, increasing the avidity
of serum IgG via somatic hypermutation may not lead to
increased neutralization, suggesting selection, maturation, and
maintenance of predominantly non-neutralizing B cell clones.

Anti-S trimer IgM and IgA are present in most subjects
To further explore the apparent paradox between relatively sta-
ble anti-S trimer IgG and rapid loss of neutralization, we
measured anti-S trimer IgM and IgA in our subjects. Overall, 29
of 34 (85%) subjects were ever positive for IgM, with endpoint ti-
ters ranging from 1:23 to 1:2,180. Four of the 5 negative subjects
entered the study late (52-82 days from symptom onset), while
the single subject who entered early (17 days) was also IgG
negative to all of the antigens tested. In longitudinal models, fe-
ver was associated with increased levels of IgM (delta: 0.28, p =
0.02) (Figure 4A). IgM decayed over time (delta per month:
—0.11, p < 0.001) (Figure 4B), with the rate of decay faster among
men (interaction: p = 0.003; men delta per month: —0.21, p <
0.001, women: —0.09, p < 0.001).

Overall, 31 of 34 (91%) subjects were positive for IgA at any
time point, with titers ranging from 1:25 to 1:1,283. The three
subjects who were negative for IgA were among those who
were negative for IgM, and one was also negative for all IgGs.
In longitudinal models, fever was associated with higher IgA

cough trended toward higher IgA (delta:
0.13, p = 0.1). Among those with cough,
duration was associated with increased
IgA (delta per day: 0.01, p = 0.001). Older
age was associated with a trend toward
lower IgA (delta per year: —0.01, p = 0.02), and men had higher
IgA levels (delta: 0.36, p = 0.02). IgA had a slow decline over
time (delta per month: —0.08, p < 0.001) (Figure 4C), and the
rate of decay did not vary significantly by any factor.

10000

1000
Neutralization Log10 ID50

Association between anti-S trimer IgM, IgA, and IgG and
neutralization

To understand whether neutralization was principally driven by
anti-S trimer IgM, IgA, or IgG, we assessed the relationship be-
tween inverse titer and neutralization in longitudinal models
that adjusted for time from symptom onset. There was a strong
association between IgM and neutralization (delta per log in-
crease: 0.80, p < 0.001) (Figure 4D), with less significant positive
associations for IgA (delta per log increase: 0.38, p = 0.05) (Fig-
ure 4E) and IgG (delta per log increase: 0.39, p = 0.004) (Fig-
ure 4F). Despite being correlated (IgM and IgA: R% = 0.38, p =
0.002; IgM and IgG: R? = 0.31, p = 0.02; IgA and IgG: R? =
0.20, p = 0.1), when all three antibody titers were included in
the model together, they each were independently associated
with neutralization, although IgM continued to have the strongest
effect (IgM delta per log increase: 0.71, p < 0.001; IgA delta per
log increase: 0.28, p < 0.001; IgG delta per log increase: 0.19, p =
0.02). These findings suggest that neutralization may be pre-
dominantly driven by anti-S trimer IgM, with more limited contri-
butions from IgA or IgG. This observation may explain the
apparent paradox of relatively stable IgG levels but rapid loss
of neutralization concomitant with the decay of IgM titers.

DISCUSSION

The consequences of naturally acquired SARS-CoV-2 immu-
nity remain ill-defined, particularly following mild cases,
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Figure 4. Plasma S trimer IgM and IgA are associated with fever and decrease over time, and IgM strongly correlates with neutralization
Plasma S trimer IgM and IgA were measured at all available time points. Each point represents the average value from 2 replicate assays, each containing 2
technical replicates. Lines represent linear regression best-fit lines. Black lines: all participants, blue dots/lines: participants without fever, red dots/lines: par-

ticipants with fever. Dotted lines: 95% confidence band.

(A) Both IgM (delta: 0.28, p = 0.02) and IgA (delta: 0.20, p = 0.05) were higher in those with fever than those without fever.

(B) S trimer IgM rapidly declined over time (delta per month:—0.11, p < 0.001).
(C) S trimer IgA declined slowly over time (delta per month: —0.08, p < 0.001).

(D-F) Association between S trimer IgM, IgA, and IgG and IDs, (adjusted effects: IgM delta per log increase: 0.71, p < 0.001; IgA delta per log increase: 0.28, p <

0.001; IgG delta per log increase: 0.19, p = 0.02).

representing most infections. A number of recent studies
describe the development of antibodies in COVID-19-recov-
ered participants, with a focus on severe or hospitalized
cases.®” Relatively less emphasis has been placed on the
evaluation of humoral immunity to mild or asymptomatic dis-
ease. There are varying estimates for what proportion of infec-
tions involve either few or no symptoms, but recent studies
indicate that as many as 50%-90% of infections are asymp-
tomatic or undiagnosed.'"?>*® Thus, defining the features
and durability of humoral immunity following mild COVID-19
is of importance, as it may profoundly affect both public
health policy and counseling of individuals regarding the risk
of reinfection and disease following recovery. Here, we as-
sessed the development, kinetics, and durability of antibody
responses to SARS-CoV-2 in the setting of mild COVID-19.
We observed that following mild COVID-19, nearly all of the
participants in our cohort developed antibodies and that anti-S
trimer and anti-RBD IgG persisted relatively unchanged through
at least 6 months. Initially, NP IgG titers were higher in magnitude
than anti-S antibodies, but NP antibodies decayed more quickly
and reached similar levels to those of S antigens by 6 months of
follow-up. Others have reported that the development of humor-
al immunity is associated with disease severity.> The presence
of fever was associated with higher IgG titers to S trimer, RBD,
and NP, as well as higher IgM and IgA to S trimer, suggesting
that even in mild disease, an immune response that causes sys-
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temic symptoms may initially result in higher initial antibody
response. Notably, despite initially higher titers, the rate of IgG
decay was more marked in those with fever, such that antibody
titers were similar in magnitude in those with and without fever by
4-6 months post-initial onset of symptoms. We additionally
found that some antibody titers were higher in men, which is
consistent with a recent report.® Thus, regardless of clinical fea-
tures, I1gG levels to S trimer, RBD, and NP appear to reach a sta-
ble setpoint that was sustained through at least 6 months. Anti-S
trimer IgA had a similar slow rate of decline, whereas IgM more
rapidly declined across the follow-up of our study.

While the correlates of protection from SARS-CoV-2 infection
are not yet fully established, it is likely that antibody-mediated
neutralization of the virus is a key determinant. Here, we found
neutralizing antibodies in 88% of participants but that the NAb
activity waned quickly in most participants and became unde-
tectable during follow-up in 30% of the cohort. As with binding
antibodies, 1Dsg NAD titers initially were higher in those who re-
ported fever but also decayed at a greater rate than in those
without fever. The titer of plasma NAbs required to protect
from SARS-CoV-2 infection is not yet established in humans,
and thus we cannot predict whether the NAb levels developed
after mild infection would be protective.'> However, the rapid
contraction of NAb activity over time raises the specter that
even if the initial NAb levels are sufficient to provide protection,
they may rapidly decay below the protective threshold and leave
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the individual susceptible to infection. Neutralization capacity
was most strongly associated with anti-S trimer IgM, although
both IgA and IgG appeared to contribute to the total response,
which is consistent with a recent report.>° This observation offers
a compelling explanation for the apparent paradox between sta-
ble IgG levels and declining neutralization capacity. Furthermore,
these findings are consistent with other recent reports demon-
strating an important role for non-IgG immunoglobulins in
neutralizing SARS-CoV-2 and have potentially important impli-
cations for the design of therapeutics for COVID-19 based on
recovered plasma or monoclonal antibodies.***%*” |n addition,
the rapid loss of anti-S trimer IgM over time may leave recovered
individuals susceptible to reinfection.

There is significant heterogeneity regarding the interpretation
of SARS-CoV-2 antibodies detected in recovered individuals
among recent studies. Multiple studies reported significant de-
cays in humoral immunity over the first 3-5 months post-infec-
tion.®10:33:38-40 Other studies concluded that humoral immunity,
including neutralization, is stable out to 7 months.'>?%*" Qur
findings that IgG responses to S reach a durable setpoint and
persist to at least 6 months agree with the latter studies, as
does our finding that IgG avidity increases over time. Similarly,
the role for IgM in neutralization and its association with declines
in neutralization agree with a recent report.’” Despite the
contraction in neutralizing activity seen across our cohort as a
whole, NAb titers were detected in 70% of participants out to
6 months, similar to recent reports that concluded that NAbs
are durable over time.'>?®%> However, as we observed here,
these studies also reported marked decreases in neutralization
potency over time.'>?® Thus, the key issue is not whether
NAbs persist, but whether the levels that are maintained are suf-
ficient to protect from reinfection and provide sterile immunity or
diminish secondary disease. Our findings indicate that after re-
covery from mild COVID-19, NAbs wane quickly, and that this
contraction may permit SARS-CoV-2 reinfection. However,
other arms of adaptive immunity likely contribute to the protec-
tion and modulation of disease severity, and thus the effect of
waning humoral immunity is likely to be nuanced.

This study provides a detailed assessment of the kinetics of
humoral immunity after mild COVID-19 infection. While it is
encouraging that IgG responses appear to be durable for at least
6 months, our findings suggest caution in interpreting this dura-
bility as immunity from reinfection, as other Igs appear to have a
significant role in neutralizing the virus. Rather, infection-induced
humoral immunity may only provide a limited duration of protec-
tion, particularly for those with asymptomatic or mild disease.

Limitations of study

The serological readouts described in this study were generated
with in vitro assays, including the binding and neutralization as-
says. Binding was measured against several viral antigens that
were produced in HEK293 cells and purified with affinity tags,
and therefore may have subtle differences from native antigens
that could affect binding. The S trimers also have several modi-
fications that differentiate it from the native S, including deletion
of the protease cleavage site, stabilizing proline mutations, and
an exogenous T4 fibritin trimerization motif. Thus, the antibody
recognition of native viral antigens may have subtle differences
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from what we observe here. Similarly, viral neutralization was
measured not against native SARS-CoV-2 virus, but in a pseudo-
virus system that places the native S protein on the surface of an
HIV-1 virion lacking its endogenous envelope and measures sin-
gle round viral entry. Viral infection is measured in HEK293 cells
engineered to overexpress human ACE2. Thus, the neutraliza-
tion assay, while standard among studies, represents an artificial
surrogate that may have differences in activity compared to
native SARS-CoV-2 virus and target cells. The assays described
above are used uniformly across the field for diagnostic and
research purposes, and thus do not represent difficulty for
cross-study comparisons. However, the direct link between
the surrogate neutralization assays to native viral neutralization
and in vivo protection is not yet well established, and caution is
urged on interpreting the potential effect of the rapid decline in
neutralizing antibodies seen here.

Finally, the cohort described here has limitations worth
noting. The cohort biases toward females, which make up
77% of the cohort. The gender-specific responses reported
here and previously (described above), while statistically sup-
ported, should be interpreted with caution. Furthermore, the
cohort did not have uniform sampling over time and the inter-
vals vary among subjects, due to differences in intake from
time since infection and the fact that follow-up sampling on reg-
ular intervals was not done. Thus, the temporal analysis pre-
sented here could have failed to identify important changes in
serological responses that occurred in the intervening gaps be-
tween sampling events.
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SOURCE
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Antibodies

Pacific Blue anti-human CD3 (SP34-2)
APC anti-human CD19 (HIB19)

BV570 anti-human CD20 (2H7)

BV711 anti-human CD21 (B-ly4)
BV785 anti-human CD27 (0323)
PE-Cy7 anti-human CD38 (HIT2)
BV605 anti-human IgM (G20-127)
Alexa Fluor 488 anti-human IgD (IA6-2)

SARS-CoV-2 (2019-nCoV) Spike S1
Antibody
Goat anti-human IgG Fc-HRP

BD Biosciences
BioLegend
BioLegend

BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BioLegend
Sino Biological

Southern Biotech

Cat# 558124; RRID:AB_397044
Cat# 982406; RRID: AB_2650645
Cat# 302332; RRID: AB_2563805
Cat# 563163; RRID: AB_2738040
Cat# 302832; RRID: AB_2562674
Cat# 560677; RRID: AB_1727473
Cat# 562977; RRID: AB_2737928
Cat# 348216; RRID: AB_11150595

Cat# 40150-

R007 RRID: AB_2827979

Cat# 2081-05; RRID: AB_2795784

Recombinant SARS-CoV-2 spike trimer This study N/A
protein

Recombinant SARS-CoV-2 NtNP protein This study N/A
Recombinant SARS-C0OV-2 spike RBD This study N/A
domain protein

Biological samples

Human plasma from SARS-COV-2 infected This study N/A
donors

Peripheral blood mononuclear cells This study N/A

(PBMCs) from SARS-COV-2 infected
donors or uninfected donors

Chemicals, peptides, and recombinant proteins

GE Healthcare Ficoll-Paque PLUS Media
Human BD Fc block

PEI MAX

Phosphate buffered saline (PBS)
Bovine Serum Albumin (BSA)
Fetal bovine serum (FBS)
Advanced RPMI 1640 Medium
Dimethyl sulfoxide

FreeStyle 293 Expression Medium
HisPur Ni-NTA Resin

Tween® 20 (Polysorbate)

TMB Peroxidase Substrate
Steady Glo

DMEM [+] 4.5 g/L glucose, L-glutamine,
sodium pyruvate

Penicillin-Streptomycin

Fisher Scientific
BD Biosciences
Polysciences
VWR

VWR

Gemini Bio
ThermoFisher
VWR
ThermoFisher
ThermoFisher
VWR

SeraCare Life Sciences Inc
Promega

VWR

VWR

Cat# 45001-749

Cat# 564220; RRID: AB_2869554

Cat# 24765-100
Cat# 45000-446
Cat# 97061-420
Cat# 900-208
Cat# 97061-420
Cat# 80058-040
Cat# 12338018
Cat# A32557
Cat# 97063-872
Cat# 5120-0083
Cat# E2520
Cat# 45000-306

Cat# 45000-652

Critical commercial assays

Live/dead Violet Fixable Dead Stain
Streptavidin APC Fire 750
Streptavidin-Percpcy5.5

ThermoFisher
BioLegend
BioLegend

Cat#L.34955
Cat# 405250
Cat# 405214
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Experimental models: Cell lines

FreeStyle 293-F Cells ThermoFisher Cat# R79007

293T/hACE2 cells
293T-17 cells

Dr. Jesse Bloom
ATCC

PMID: 32384820
Cat# CRL-11268

Recombinant DNA

SARS-CoV-2 trimer plasmid
full-length SARS-CoV-2 spike plasmid

Dr. Jason McLellan

Sino Biological

PMID: 32461612
Cat# VG40589-UT

RBD-encoding construct plasmid This paper N/A

SARS-CoV-2 S1 fragment construct This paper N/A

plasmid

Recombinant N-Nt This paper https://www.beiresources.org
Pseudovirus plasmids Dr. Jesse Bloom PMID: 32384820

pcDNA3.4 TOPO TA Cloning Kit ThermoFisher Cat# A14697

Software and algorithms

FlowdJo 10.7.1 Tree Star https://www.flowjo.com/
GraphPad Prism GraphPad https://www.graphpad.com
Other

BD LSR Il Flow Cytometer

BioTek ELx800 microplate reader
Fluoroskan Ascent FL luminometer
HiLoad 16/600 Superdex 200 PG

BD Biosciences
BioTek

Thermo Fisher
GE Healthcare

N/A
N/A
N/A
Cat# 28-9893-35

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, D. Noah
Sather (noah.sather@seattlechildrens.org)

Materials availability
The plasmid for SARS-CoV-2 spike RBD domain can be requested from the lead contact.

Data and code availability
All data are included in the manuscript. This study did not generate new or custom code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

The Human Subjects Protocols for this study were approved by the Seattle Children’s Institutional Review Board and written
informed consent was obtained from all participants. Adults with COVID-19 from the Seattle Children’s workforce and community
members, diagnosed by detection of SARS-CoV-2 nucleic acids in nasal specimens were offered enroliment into the Seattle Chil-
dren’s SARS2 Recovered Cohort. Additionally, our workforce and their families were offered enroliment into the Seattle Children’s
SARS2 Prospective Cohort, an observational study of new onset of SARS-CoV-2 infection detected by weekly self-collected nasal
specimens for testing by PCR. A summary of demographic parameters and timing of clinical samples collection are included in
Table 1.

HEK293 hACE2 cells

HEK293 hACE2 expressing cells were obtained from Dr. Jesse Bloom, the use of which is described elsewhere.*® These cells are
human embryonic kidney cells that have been engineered to overexpress human ACE2 on the surface, which serves as the receptor
for SARS-CoV-2 viral entry. The cells are grown in Dulbucco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 100 I.U./ml Penicillin, 100 ng/ml Streptomycin, and 4 mM L-glutamine at 37C and 5% CO2.
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HEK293T-17 cells

HEK293T-17 cells were obtained from ATCC. The cells are human embryonic kidney cells that are transfected with viral plasmids to
produce pseudovirus. The cells are grown in Dulbucco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, 100 I.U./ml Penicillin, 100 ng/ml Streptomycin, and 4 mM L-glutamine at 37C and 5% CO2.

Freestyle 293F cells

Freestyle 293F cells are a HEK293 cell line adapted for serum free suspension culture and were obtained from ThermoFisher. The
cells are used for transient transfection of DNA to produce spike proteins. The cells are grown in Freestyle 293 Expression Medium
at 37C and 5% CO2 with shaking.

METHOD DETAILS

Collection of samples from human cohort
Longitudinal blood samples were obtained beginning at a minimum of 14 days from symptom onset and at 2 months, 4 months, and
6 months following SARS-CoV-2 infection. The early time point was defined as < 6 weeks from symptom onset; the 2 month time
point was defined as 6-11.9 weeks from symptom onset; the 4 month time point was defined as 12-19.9 weeks from symptom onset,
and the 6 month time point was defined as 20-27.9 weeks from symptom onset

A case report form was completed for each participant that documented the day of symptom onset, day of PCR positive test, and
presence and duration of the following symptoms: fever (temperature > 100.4 F), sore throat, sneezing, cough, vomiting, diarrhea,
loss of smell/taste, headache, muscle/body aches, shortness of breath, chest tightness, and fatigue/tiredness, as well as a free
response for other symptoms.

Blood/plasma processing

Whole blood tubes were centrifuged at 400 g for 10 minutes. Plasma was harvested and aliquoted into 2ml microcentrifuge tubes and
stored at —80C. PBS was added into blood tube to bring blood to its original volume. PBMCs were isolated using standard Ficoll
gradient centrifugation. Briefly, 15ml of Ficoll-Paque gradient was pipetted into 50 mL centrifuge tubes. Diluted blood was carefully
layered over the Ficoll-Paque gradient (25 to 35 ml/tube). The tubes were centrifuged for 20 min at 800-1000 g. The cell interface layer
was harvested carefully, and the cells were washed twice in PBS (for 10 min at 400 g) and resuspended in complete RPMI 1640 me-
dium before counting. Cells were cryopreserved in freezing medium (10% DMSO, 90% fetal bovine serum) and stored in liquid ni-
trogen (5x106 or 10x106 per vial).

Protein antigen production

The SARS-CoV-2 trimer construct was generously provided by Dr. Jason McLellan (University of Texas at Austin) and Dr. Barney
Graham (National Institutes of Health).**> Codon-optimized sequence encoding full-length SARS-CoV-2 spike protein was obtained
from Sino Biological (cat. no. VG40589-UT) and used to generate the RBD-encoding construct in the pcDNA3.4 backbone (Thermo
Fisher Scientific, Waltham, MA, USA), flanked by a 5’ sequence encoding tissue plasminogen activator leader,** and a 3’ sequence
encoding an AviTag followed by an 8xHistidine tag. The RBD fragment construct was created by subcloning DNA encoding amino
acids 319-541 (UniProt:SPIKE_SARS2). The construct encoding SARS-CoV-2 S1 fragment was generated, using DNA encoding
amino acids 16-682 (UniProt:SPIKE_SARS2). Proteins were expressed in HEK293F cells in FreeStyle 293 Expression Medium at
37C, 5% CO02 (Thermo Fisher Scientific, Waltham, MA, USA), as previously described.>' Briefly, cells were transfected with plasmid
DNA using PEI MAX (Polysciences) and grown for 3-5 days at 32°C for trimer and for 5 days at 37°C for RBD or S1, all at 5% CO,. The
recombinant proteins were purified by NiNTA affinity chromatography using HisPur resin (Thermo Fisher Scientific, Waltham, MA,
USA) followed by size exclusion chromatography (SEC) on a HiLoad 16/60 Superdex 200 PG (GE Healthcare) column. Antigenicity
was verified by ELISA with commercial monoclonal antibodies (Sino Biological, cat. no. 40150-R007).

The N-terminal portion of the Nucleoprotein (UniProt:NCAP_SARS?2) contains encoding amino acids 47-173 and was produced in
E. coli by NiNTA affinity purification, followed by SEC on a Superdex 75 16/600. Recombinant N-Nt was a generous gift from Wes Van
Voorhis, Lynn Barrett, Roger Shek, Justin Craig, Logan Tillery, Julie Early, and Peter Myler of Seattle Structural Genomics Center of
Infectious Diseases (SSGCID.org), National Institute of Allergy and Infectious Diseases contract numbers HHSN272201700059C.
Samples of N-Nt protein have been deposited in the BElI Resources repository and can be acquired from https://www.
beiresources.org/.

Enzyme linked immunosorbent assay

Plasma IgG titers to SARS-CoV-2 trimer, RBD, and NP were determined using direct immobilization ELISA. Plasma was heat-inac-
tivated for 1 hour at 56°C prior to the assay and centrifuged at 17,000 x g for 10 min. Immulon 2HB 96-well plates (Thermo Scientific,
3455) were coated with fifty nanograms per well of SARS-CoV-2 trimer, RBD, or NP in 0.1M NaHCO3, pH 9.5 for 1 hour at 37°C. Plates
were washed between each ELISA step with PBS containing 0.2% Tween-20. Coated plates were blocked with PBS, 10% non-fat
milk, and 0.3% Tween-20. Following blocking, plasma samples were serially diluted over a range of 1:50 to 1:36,450 in PBS, 10%
non-fat milk, 0.03% Tween-20 and incubated for 1 hour at 37°C. Bound antibodies were detected using goat anti-human IgG Fc-
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HRP (Southern Biotech, 2081-05) at 1:2000 dilution in PBS, 10% non-fat milk, 0.03% Tween-20. Plates were developed using 50 ul of
TMB Peroxidase Substrate (SeraCare Life Sciences Inc, 5120-0083), then stopped after 3 minutes with 50 ul of 1N H,SO,4. Absor-
bance at 450 nm was determined with the BioTek ELx800 microplate reader. Endpoint titers were defined as the reciprocal of plasma
dilution at O.D. 0.1 after the subtraction of plate background. A negative serologic response was defined as < 1:50 for IgG and < 1:20
for IgA and IgM.

Avidity measurements by chaotrope-modified ELISA

Plasma IgG avidity to SARS-CoV-2 trimer and RBD were measured using the direct ELISA format described for determining plasma
IgG titers, with the following exceptions. Plasma samples were titrated from a range of 1:50 to 1:36,450 in quadruplicate wells, as
opposed to duplicate. Following a 1 hour incubation at 37°C, half of the sample wells were treated with PBS and the other half
with 1M NH4SCN, for 20 minutes at room temperature. Detection was then performed with goat anti-human IgG Fc-HRP as
described above. Avidity was determined by dividing the area under the curve (AUC) of the NH,SCN-treated samples by the AUC
of the untreated (PBS) samples.

Pseudovirus production and validation

Pseudovirus plasmids and 293T/hACE2 cells were generously provided by Dr. Jesse Bloom, Fred Hutchinson Cancer Research Cen-
ter. Pseudovirus was produced using 293T-17 cells (ATCC), as described previously®° with minor modifications. 293T cells were
seeded in a T225 flask in DMEM (Corning, 10-013-CM) supplemented with FBS, L-glutamine, Penicillin, Streptomycin. At 24 hours
post-seeding, cells were transfected with the pseudovirus plasmid mix and PEIl, and incubated in a 37°C, 5% CO, incubator over-
night. The following morning, media containing the transfection mixture was replaced with fresh cell media and the cells were moved
toa32°C, 5% CO, incubator. Media containing pseudovirus was harvested at 72 hours post-transfection, centrifuged at 300 x g, and
stored in aliquots at —80°C for future use. Pseudovirus was titrated over 293T/hACE2 cells to determine a dilution of pseudovirus
yielding approximately 1000-fold relative light units (RLU) over cell background RLU, and this dilution was used for all future assays.

Neutralization assay

Neutralizing antibody activity against SARS-CoV-2 pseudovirus was measured using 293T/hACE2 cells. 293T/hACE2 cells were
plated at a density of 1 x 10* per well of a 96-well plate (Falcon, 353075) 24 hours prior to the assay, and polybrene reagent was
added to the cells at 2 ug/ml thirty minutes prior to inoculation with pseudovirus. Heat-inactivated plasma was serially diluted
over a range of 1:50 to 1:109,350 and pre-incubated with pseudovirus for 60 minutes at 37°C. Following the incubation, poly-
brene-containing medium was aspirated from the 293T/hACE2 cells and the virus+plasma mixture was added to the cells. After
65 hours at 37°C, 100 ul of Steady Glo reagent (Promega, E2520) was mixed into each well. Cells were allowed to lyse for 5 minutes
at room temperature in the dark and luciferase activity was measured as RLU using a Fluoroskan Ascent FL luminometer. Percent
neutralization was calculated using the following formula: 1 - (RLUpjasma/RLUps,) X 100.

QUANTIFICATION AND STATISTICAL ANALYSIS

In order to assess the impact of demographic factors on clinical symptoms, we built multivariate logistic models that included age
and gender to predict either fever or cough. We next developed multivariate linear regression models that included age and gender to
predict number of days of fever or cough restricted to those individuals among whom the symptom was present.

For serologic evaluation, inverse antibody titers and ID50s were log transformed and then modeled as linear variables. S trimer and
RBD avidity were modeled as linear variables. All samples were considered by absolute number of days from symptom onset rather
than time blocks. Linear regression was used to model serologic outcomes at a single time point (e.g., the early time point), whereas
generalized estimating equations models with robust standard errors were used for longitudinal analysis including rates of decay.
Models were adjusted for days since symptom onset, age, gender, fever, and cough. Secondary analysis considered effect of num-
ber of days of fever or cough among those who reported each symptom. Effect modification in rate of decay was evaluated by gener-
ating an interaction term between time from symptom onset and gender, age, fever, or cough. Participants who had no detectable
total antibody titer against S trimer or RBD antigen were excluded from avidity analysis of the respective antigen. Participants who
had neither anti S trimer or RBD total antibody were excluded from ID50 analysis; the one participant responded to RBD but not S was
included in the ID50 analysis. For those who had detectable anti-S trimer or anti-RBD antibody but did not have a measurable ID50
(i.e., the lowest dilution of 1:50 yielded a neutralizing effect < 50%) the ID50 was set to 1:49. Linear regression was used to assess the
relationship between anti-S trimer IgM, IgG, and IgA and ID50, with adjustment for days from symptom onset first individually, then
modeled together. Individuals who were negative for either IgM or IgA were included in the model with an antibody titer of 1:19.

Cell Reports Medicine 2, 100253, April 20, 2021 e4




	Rapid decline of neutralizing antibodies is associated with decay of IgM in adults recovered from mild COVID-19
	Introduction
	Results
	Clinical characteristics
	IgG is durable and associated with fever
	Viral neutralization rapidly decays over time
	Avidity of IgG to S and RBD increases over time
	Anti-S trimer IgM and IgA are present in most subjects
	Association between anti-S trimer IgM, IgA, and IgG and neutralization

	Discussion
	Limitations of study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	KEY RESOURCES TABLE
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Ethics statement
	HEK293 hACE2 cells
	HEK293T-17 cells
	Freestyle 293F cells

	Method details
	Collection of samples from human cohort
	Blood/plasma processing
	Protein antigen production
	Enzyme linked immunosorbent assay
	Avidity measurements by chaotrope-modified ELISA
	Pseudovirus production and validation
	Neutralization assay

	Quantification and statistical analysis



