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Maintenance of broad neutralizing antibodies and
memory B cells 1 year post-infection is predicted by
SARS-CoV-2-specific CD4+ T cell responses
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e SARS-CoV-2-specific humoral immunity is sustained at

12 months post-infection

e Severe disease is associated with more durable immune

responses

e Immune responses are equivalent to a vaccine protective

efficacy of 45%-76%

e Early CD4 T cell responses predict durable neutralization and

memory B cells
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In brief

One year after SARS-CoV-2 infection,
despite declining antibody titers,
Balachandran et al. report a disease-
severity-associated maintenance of
antibody functions and memory B cell
magnitudes. The convalescent serum
could neutralize most VOCs, and the
initial CD4 T cell levels predict the
antibody neutralization breadth and
memory B cell durability.
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SUMMARY

Understanding the long-term maintenance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) immunity is critical for predicting protection against reinfection. In an age- and gender-matched cohort of
24 participants, the association of disease severity and early immune responses on the maintenance of hu-
moral immunity 12 months post-infection is examined. All severely affected participants maintain a stable
subset of SARS-CoV-2 receptor-binding domain (RBD)-specific memory B cells (MBCs) and good neutral-
izing antibody breadth against the majority of the variants of concern, including the Delta variant. Modeling
these immune responses against vaccine efficacy data indicate a 45%-76% protection against symptomatic
infection (variant dependent). Overall, these findings indicate durable humoral responses in most participants
after infection, reasonable protection against reinfection, and implicate baseline antigen-specific CD4+ T cell
responses as a predictor of maintenance of antibody neutralization breadth and RBD-specific MBC levels at
12 months post-infection.

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has
continued to spread globally, with an estimated 259 million peo-
ple naturally infected and an overlapping 7.5 billion now vacci-
nated 18 months after the infection first appeared (Center for
Systems Science and Engineering, and JHU.edu, 2021). The
cost and logistics of the vaccine rollouts and boosters, com-
bined with the likely heterogeneity of immune responses in

Gheck for
Updates

vulnerable groups and the emergence of new variants, suggests
that some subpopulations will remain susceptible for some time
to come, especially in low-middle-income countries. Immunity
from natural infection may become an important component of
achieving herd immunity, which is estimated to be at least
70% of the population (Anderson et al., 2020; McDermott,
2021). However, the susceptible population will be greatly
increased if protective immunity after infection or immunization
wanes rapidly.
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Table 1. Characteristics of COSIN participants (n = 24)

Infection severity

Total study Mild Moderate Severe
population n=9) (n=28) n=7)
Age, median (range) 61.5 (35-87) 61 (46-82) 62 (35-67) 62 (36-87)
Days post-symptom onset, median (range)
Visit 1 76.5 (39-152) 73 (57-81) 67 (42-86) 93 (39-152)
Visit 2 149.5 (106-253) 141 (106-247) 134 (114-238) 228 (156-253)
Visit 3 358 (312-424) 353 (339-424) 363 (312-415) 357 (334-396)
Gender, n (%)
Female 12 (50) 5 (55.6) 4 (50) 3 (42.9)
Male 12 (50) 4 (44.4) 4 (50) 4(57.1)

The presence of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2)-specific neutralizing antibodies, even at low ti-
ters, has been associated with protection from severe disease
(Dan et al., 2021; Dispinseri et al., 2021; Lau et al., 2021; Mumoli
et al., 2020; Stephens and McElrath, 2020). These antibodies act
by binding to the receptor-binding domain (RBD) on the virus Spike
glycoprotein and by blocking access to the angiotensin-converting
enzyme 2 (ACE2) receptor on host cells (Letko et al., 2020; Pandey
et al., 2021). Beyond neutralization, the Fc portion of the antibody
also mediates additional functions such as antibody-dependent
cellular phagocytosis (ADCP), which has been reported to have a
protective effect in SARS-CoV-2 infection (Adeniji et al., 2021;
Atyeo et al., 2020; Bartsch et al., 2021). Following acute infection,
neutralizing antibody titers decline significantly during the conva-
lescent phase and continue to slowly decline 3-8 months post-
infection (Abayasingam et al., 2021; Sakharkar et al., 2021; Seow
et al., 2020). Encouragingly, a recent paper reported that the initial
steep decline in antibody titers after natural infection is followed by
a relatively stable maintenance phase lasting up to 12 months
post-infection (Petersen et al., 2021). This plateau has been puta-
tively attributed to the generation of long-lived plasma cells local-
ized in the bone marrow (Turner et al., 2021).

Our group, and others, have shown that a robust RBD-specific
memory B cell (MBC) repertoire is also maintained despite the
decline in antibody titers in most individuals 6-8 months post-infec-
tion (Abayasingam et al., 2021; Dan et al., 2021; Sakharkar et al.,
2021). One study reported an evolving population of RBD-specific
MBCs at 1 year post-infection with selective retention of broad and
potent antibody-encoding MBC clones that expanded dramatically
post-vaccination (Wang et al., 2021). Maintenance of stable T cell
immunity and RBD-specific MBCs has been reported 1 year after
mild SARS-CoV-2 infection (Garcia Valtanen et al., 2021). Upon
re-exposure, MBCs have the capacity to divide, undergo germinal
center (GC) reactions, and differentiate into antibody-secreting
cells (ASCs), leading to a subsequent wave of protective antibody
production. It is well established in influenza that the type of help
B cells receive from CD4+ T follicular helper (Tfh) cells during the
acute phase of infection influences the quality of neutralizing anti-
bodies and the magnitude of B cell responses that lead to differen-
tiation into short- and long-lived plasma cells secreting high titers of
neutralizing antibodies and MBCs (Grifoni et al., 2020; Juno et al.,
2020; Koutsakos et al., 2019). Similar data in SARS-CoV-2 infection
also suggest that CD4+ Tfh responses are key (Adeniji et al., 2021;
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Boppana et al., 2021; Seow et al., 2020; Zhang et al., 2019). How-
ever, the characteristics of these Tth responses at, or soon after,
infection have not been related to the MBC and antibody responses
for SARS-CoV-2 1 year after infection.

Although B cells and CD4+ Tfh cells interact within the GC, a
subset of CXCR5-expressing CD4+ Tth cells are found in circu-
lation (cTfh) and are often studied as a representative of the
lymphoid-derived Tth cells (Morita et al., 2011). Subpopulations
of CXCR5+ Tth cells are defined by the expression of CXCR3 and
CCR6 as Th1 (CXCR3+ CCR6-), Th2 (CXCR3- CCR6-), Th17
(CXCR3- CCR6+), and Th1/Th17 (CXCR3+ CCR6+). cTfth Th2
and Th17 cells are known to help naive B cells (Morita et al.,
2011), while cTfh Th1 provide help to the MBCs (Bentebibel
et al., 2013; Koutsakos et al., 2019).

One limitation of the studies evaluating longitudinal responses
to SARS-CoV-2 infection is the overrepresentation of participants
with mild or moderate iliness (Juno et al., 2020; Rodda et al.,
2020). Given the very different levels of immune activation and
immune subset profiling in acute severe infection, it is likely that
the longevity of protective immunity will also vary with disease
severity. In this study, we evaluated longitudinal humoral immune
responses among 24 age- and gender-matched participants in
the 12 months following mild, moderate, or severe SARS-CoV-
2 infection in a setting with low rates of infection and reinfection
in Australia. The data collected were used to model correlates
of protection and identify predictors of immune longevity.

RESULTS

Cohort

Antibody and cellular assays were performed on three samples
collected longitudinally over 12 months in 24 adult participants
(12 females, median age 61.5 [range: 35-87]) stratified for mild
(n = 9), moderate (n = 8), or severe (n = 7) acute infection as
designated by NIH guidelines (https://www.covidi9treatment
guidelines.nih.gov/overview/clinical-spectrum/) and with com-
parable age and gender matching (Table 1). The median
numbers of days post-symptom onset (DPS) for visits 1 (base-
line), 2, and 3 were 76.5 (range: 39-152), 149.5 (range: 106-
253), and 358 (range: 312-424), respectively. The participants
all had RT-PCR-confirmed acute infection when the SARS-
CoV-2 614D variant was dominant in Sydney (March 6, 2020,
and September 17, 2020). At the time of collection of the
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12-month samples, Australia had had very limited community
transmission since the first wave, when these participants
were infected (NSW Government, 2021), and none of these par-
ticipants had received COVID immunization.

Maintenance of highly functional RBD-specific serum
antibodies

The anti-RBD immunoglobulin G (IgG) endpoint titers (EPTs) in
the serum were determined by ELISA for all 24 participants
across all three timepoints. All participants mounted and main-
tained detectable levels of anti-RBD IgG antibodies during the
first two visits, with only one participant having undetectable
anti-RBD IgG antibodies at visit 3 (Figure 1A). The EPTs declined
significantly between visits 1 and 2 (V1: 2,040 [range: 108-
25,538], V2: 709 [range: 68-4,614], p < 0.0001) and between
visits 2 to 3 (V3: 468 [range: 0-2,848], p < 0.0001). The partici-
pants with severe disease generated and maintained higher ti-
ters of anti-RBD IgG antibodies at visit 3 than did those with
mild disease (severe: 1,281 [range: 251-2,848], mild: 222 [range:
22-1,104], p = 0.0311) (Figures 1D and S1B).

ADCP activity was measured by incubating participant
plasma with fluorescent beads labeled with recombinant Spike
before the measurement of phagocytosis by THP-1 cells. The
phagocytosis (P) scores against Spike were consistent
throughout the course of all three visits (Figure 1B). At visit 1,
the severe group had significantly higher P scores than the
mild group (severe: 287 [range: 94-1,212], mild: 98 [range:
51-367], p = 0.031). However, during subsequent visits, there
were no significant differences between disease severity
groups, and the level of ADCP activity remained stable over
time (Figures 1E and S1C).

To determine the longevity and breadth of neutralizing activity
in the serum, the infective dose (ID)so was generated for each
sample using a live virus assay against four SARS CoV-2 vari-
ants, D614G, Alpha, Beta, and Delta, in HEK-ACE2/TMPRSS
cells. A slow decline in neutralizing activity against D614G was
observed from visit 1 to visit 2 (V1: IDsg 149.85 [range: O-
709.4], V2: IDsq 36.21 [range: 0-281.5], p < 0.0001), followed
by a plateauing from visit 2 to visit 3 (Figures 1C and S1E). The
visit 3 neutralization activity was still significantly lower than visit
1 but not visit 2 (V3: ID5 53.64 [range: 0-333.7], p = 0.0007). The
disease severity was not associated with the neutralizing activity
against D614G at visit 3 (Figure 1F) despite being significantly
different between mild and severe disease at visits 1 and 2 (V1:
mild 1D5o 59.08 [range: 15.85-277.9] and severe IDso 202.5
[range: 140-370] p = 0.0311; V2: mild D5 18.06 [range: 0-160]
and severe IDsg 102.6 [range: 21.06-281.5] p = 0.002).

Cell Reports

Neutralizing activity against the other three variants was still
present in 23 of 24 participants (96%) at 12 months (Figure 1G).
As expected, the mean ID5so was higher in the Alpha variant
(V1: IDso: 172.05 [range: 19.6-658.1], V3: IDsq: 102.6 [range:
11.3-236.9]) and lower in the Delta variant (V1: IDso: 72.7
[range: 0-400.8], V3: IDso: 52.96 [range:4.1-151.9]) (Figures
1G, S1F, and S1G). The mean ID5q against the Beta variant
was lowest among all the variants (V1: IDso: 34.36 [range: 0—
253.7], V3: IDso: 27.4 [range: 0-66.2]) (Figures 1G and S1H).
At visit 1, the severe group had significantly higher neutralizing
activity than the mild group for Alpha (mild IDsy 58.1
[range:19.61-404.1] and severe IDso, 284.2 [range: 168.1-
658.1] p = 0.031), Delta (mild ID5q 38.7 [range: 0-148.3] and
severe |IDsg 107.6 [range: 63.2-191.7] p = 0.016), and Beta
(mild IDsg 23.7 [range:0-66.57] and severe IDsq 81.05 [range:
20.8-149.4] p = 0.0079). At visit 2, the severe group had signif-
icantly higher neutralizing activity than the moderate and the
mild for Alpha (severe IDsq 160 [range: 107.9-213.9], moderate
IDsp 58.99 [range: 7.881-166.2], and mild ID5o 28.08 [range:
0.7-160] p = 0.04 and p = 0.002), Delta (severe IDsg 70.69
[range: 42.4-160.1], moderate IDsy 25.93 [range: 0-82.1],
and mild IDsg 12.15 [range: 0-110.1] p = 0.04 and p =
0.003), and Beta (severe IDsq 37.3 [range: 19.34-132.3], mod-
erate IDso 17.16 [range: 0-64.27], and mild IDsg 12.89 [range:
0-44.8] p = 0.02 and p = 0.003). However, at visit 3, disease
severity did not associate with the neutralizing activity for
these variants, similar to the D614G variant.

Using a scoring system similar to that used for HIV (Mishra
et al., 2020), neutralization at greater than 50% at 1/40 dilution
was defined as significant. For each sample, observations of
significant neutralization against each of the four variants
were summed and expressed as a percentage score (i.e., a
score of 25% or 1 out of 4 for each of the four variants neutral-
ized at 50% or greater at a dilution of 1/40). A comparison of
this score between timepoints and disease severity groups re-
vealed that more severe disease was associated with broader
neutralizing activity at visit 1, which was then followed by a
non-significant decline by visit 3. For participants with mild
and moderate disease, only half the variants could be neutral-
ized at a 1/40 dilution, and this remained stable over time (Fig-
ures 1H and S1D). Overall, these results indicated that despite
a decline in antibody titers, antibody functions were retained in
most participants through 12 months post-infection.

Estimating the level of protection at 12 months
Two studies to date have provided numerical estimates for
levels of protection from COVID vaccines (Feng et al., 2021;

Figure 1. SARS-CoV-2 antibody analysis

(A-C) Longitudinal (A) anti-RBD IgG antibody titer calculated from technical duplicates, (B) ADCP activity, and (C) neutralization IDsq trend for D614G variant at

visits 1, 2, and 3 calculated from technical duplicates.

(D-F) Impact of disease severity at visit 3 on (D) anti-RBD IgG antibody titer, (E) ADCP activity, and (F) neutralization IDso for D614G variant.
(G) Neutralization IDsq for all variants of concern calculated from technical duplicates across three visits.

(H) Breadth of neutralization across three visits stratified by disease severity.

(I and J) Estimated protective efficacy of convalescent serum against symptomatic reinfection based on (l) anti-RBD IgG antibody levels at visit 3 (dotted line
indicates the estimated 60% vaccine efficacy against symptomatic infection) and (J) neutralization titers at visit 3 as a proportion of early convalescent titers
plotted on a logistic model developed for comparing vaccine efficacy studies (purple line indicates best fit for the logistics model, and pink shading indicates the
95% prediction interval) (Mean and SD indicated; ***p < 0.0001; ***p between 0.0001 and 0.001; **p between 0.001 and 0.01; *p between 0.01 and 0.05).

Also see Figures S1 and S2.
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Figure 2. Class-switched RBD-specific MBC analysis
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S

(A and B) Longitudinal (A) classical MBC levels (dotted line indicates the healthy control threshold) and (B) trends of classical MBC levels across three visits

stratified by disease severity.
(C) Impact of disease severity on classical MBCs at visit 3.

(D) Number of class-switched RBD-specific MBCs per million B cells in each subset per visit.
(E) Percentages of MBC subsets within the class-switched RBD-specific MBC group across three visits stratified by disease severity (mean + SD of participants).
AM, activated memory; RM, resting memory; IM, intermediate memory; TLM, tissue-like memory (**p between 0.001 and 0.01;*p between 0.01 and 0.05).

Also see Figures S1-S3 and Table S1.

Khoury et al., 2021). We applied these estimates to our natural
immunity data to estimate the level of protection that might be
expected at 12 months post-infection. Both studies used
values that can be universally applied. The first study associ-
ated the binding antibody titers (BAU/mL) with vaccine effi-
cacy against symptomatic breakthrough infections following
ChAdOx1 vaccination (Feng et al.,, 2021). In this analysis,
62.5% of participants had binding titers above the 60% vac-
cine efficacy level (50 BAU/mL anti-RBD IgG), indicating that
a similar efficacy of protection against symptomatic disease
from natural immunity may be expected in the participant
group reported here. Since these titers were measured against
the Wuhan variant RBD, the percentage of participants pro-
tected may be expected to be slightly lower for the other var-
iants (Figure 11).

Neutralization is another correlate of vaccine efficacy, and a
recent study used the reported convalescent titers as an internal
standard to enable a comparison between vaccine studies
(Khoury et al., 2021). Following this approach, the 12-month ti-
ters for each variant were standardized against the neutralization
titer determined for the D614G variant at visit 1. Based on this
observation, the findings predict that 76.5% (95% confidence in-
terval [CI]: 72.7-80.3), 68.0% (95% CI: 63.0-73.2), 61.4% (95%
Cl: 55.0-67.7), and 45.8% (95% ClI: 36.9-54.7) of the participants
in the present study would have a 50% protective efficacy
against symptomatic infection with the Alpha, D614G, Delta,
and Beta variants, respectively (Figure 1J).

Severe disease was associated with maintenance of
RBD MBCs at 12 months

Longitudinal SARS-CoV-2-specific MBC responses (RBD-spe-
cific MBCs) were analyzed from stored peripheral blood mono-
nuclear cells (PBMCs). B cells were stained for flow cytometry,
and the CD19+ CD20+ CD10 population was analyzed for RBD
binding and the expression of CD27, CD21, IgD, and IgG surface
phenotypes. The threshold of detection of RBD-specific MBCs
was set at mean +2 x standard deviation of the values obtained
from 6 healthy donor PBMCs (representative figure in Fig-
ure S3A). Of the 24 participants, 20 (83%) had responses above
the detection threshold for RBD-specific CD27+ IgG+ MBCs at
visit 1. Furthermore, similar to reports in other studies (Rodda
et al., 2020; Sakharkar et al., 2021), the number of RBD-specific
CD27+ IgG+ MBCs increased significantly from visit 1 to visit 2
(V1: 211 [range: 7-3,562], V2: 289 [range: 7-2,761], p =
0.0214). No significant change from visit 2 to visit 3 (V3: 344
[range: 0-2,979]) was observed (Figure 2A). Of the 20 partici-
pants who had detectable responses at visit 1, 16 (80%) still
had detectable responses at visit 3. Interestingly, two partici-
pants who did not have responses above the threshold of detec-
tion at visit 1 did have just above detection threshold responses
at visit 3, while a third participant who did not have detectable re-
sponses at visit 1 mounted a well-above-threshold response at
visit 3. This participant was not a vaccine recipient, and since
the study had been conducted in a low-prevalence setting, rein-
fection was highly unlikely. In four participants, despite being
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recorded at high frequencies at visit 1, the MBC responses drop-
ped below the detection threshold at visit 3. Overall, class-
switched classical memory (CD27+ IgG+) B cells specific to
RBDs were identified in 19 of the 24 participants (79%)
12 months post-infection (Figure 2B).

When stratified by disease severity, individual RBD-specific
MBC trajectories were quite varied, particularly between visits 2
and 3 (Figures 2B and S1A). At visit 1, 100% (7/7) of participants
in the severely ill group, 88% (7/8) participants in the moderately
illgroup, and 67 % (6/9) participants in the mildly ill group mounted
aclass-switched RBD-specific classical MBC response. At visit 2,
100% of the severe (7/7) and the moderately ill (8/8) groups and
67 % (6/9) of the mildly ill groups maintained the response. At visit
3, 100% (7/7) of the severe, 75% (6/8) of the moderate, and 67 %
(6/9) of the mildly ill groups had retained detectable MBC re-
sponses. In the mildly and moderately ill groups, two participants
from each, despite maintaining an above-threshold response for
the first two visits, lost this response at visit 3. Conversely, two
participants in the mildly ill group who did not have detectable re-
sponses at visit 1 had low but detectable responses at visit 3.

The severely ill group had higher levels of RBD-specific CD27+
IgG+ MBCs at 12 months post-infection compared with the
mildly ill group (severe: 736 [range: 173-1,947], mild: 56 [range:
0-2,979], p = 0.0223) (Figure 2C). Representative flow plots are
shown in Figure S3A. Participant age and gender did not influ-
ence these levels (Figures S2A and S2B).

Disease severity is associated with expansion of non-
classical MBC subsets

The RBD-specific IgG+ B cell subpopulations, including acti-
vated memory (AM) (CD21- CD27+), resting memory (RM)
(CD21+ CD27+), intermediate memory (IM) (CD21+ CD27-),
and tissue-like memory (TLM) (CD21- CD27-), were also exam-
ined over time (Moir et al., 2008). As expected, a significant
decline in the AM subset was observed from visit 1 to visit 3,
while the RM population showed a significant expansion from
visit 1 to visit 2. The TLM subset decreased significantly from visit
1 to visit 2, followed by a significant increase from visit 2 to visit 3.
There were no significant changes in the IM subset over time
(Figure 2D). Examining the various subsets as a percentage of
the total RBD-specific IgG+ MBCs at each visit across the
different disease severity groups revealed a significant enrich-
ment of the TLM subset in the severely ill group compared with
in the mild and moderate disease groups at visit 1 (mild: 0%
[range: 0%-8%], moderate: 0% [range: 0%-8%], severe: 3%
[range: 0%-11%)], p = 0.0253 and p = 0.0441) (Figure 2E).
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Early levels of CD4+ T cell subsets, antibodies, and
MBCs correlate with neutralizing breadth and MBC
magnitude 12 months after infection

As maintenance of broadly neutralizing antibodies in the serum
and RBD-specific MBCs are key features of long-lived protective
immunity, the features of the early immune response after infec-
tion resolution (visit 1) were examined to determine if they were
predictive of a sustained humoral immune response at 12 months
(visit 3). As CD4+ T cells have a key role in the generation of anti-
body and B cell responses, SARS-CoV-2-specific CD4+ T cell
responses were measured at visit 1 with an activation induced
marker (AIM) assay using peptide pools against the SARS-
CoV-2 nucleoprotein (NP), Spike-excluding RBD (SN), RBD
only (SR), and influenza (Flu, as a control). Exhaustion markers
Tim-3+ and PD-1+ were also determined ex vivo on total CD4+
T cell subsets. Antigen-specific OX40+ CD4+ T cells (CD134+
CD25+) cells were detected in 100% of participants (Figure 3A),
and the frequencies of cTth cells (CXCR5+) identified were
similar to other studies (Rydyznski Moderbacher et al., 2020).
As previously reported (Shuwa et al., 2021), severe disease
was associated with a general reduction in CD4+ OX40+
CXCR5+ cTfh across all four antigens tested but was only signif-
icantly different between mild and severe disease for the Spike
(SN) (r = 0.0115) and Flu (r = 0.0036) antigens (Figure 3B). The
cTfh cells were enriched for Th17 cells (CXCR3- CCR6+), as pre-
viously reported (Juno et al.,, 2020; Rydyznski Moderbacher
et al., 2020), but also for the cTth Th2 subset (CXCR3- CCR6-)
(Figure 3C).

In order to determine if the magnitude of the CD4+ T cell and hu-
moral (antibody and B cells) responses at visit 1 predicted the
magnitude of the EPT titer, neutralizing breadth, neutralizing
IDs0, and RBD-specific resting MBCs (RM) at 1 year (visit 3), the fre-
quency of the bulk and antigen-specific CD3+ CD4+ PD-1+ Tim3x,
0OX40+ (CD134+ CD25+), cTth (CXCR5+), and cTfh subsets (Th1:
CXCR3+ CCR6—; Th2: CXCR3- CCR6—; Th17: CXCR3- CCR6+;
Th1/Th17: CXCR3+ CCR6+) were compared with the magnitude
of the humoral response measurements at visits 1 and 3 (Fig-
ure 3D). The different humoral immune response measurements
shared a strong positive correlation within visit 1 and between visits
1and 3, as may be expected. In particular, the IDsg and neutralizing
breadth at visit 1 positively correlated with the ID5o and neutralizing
breadth at visit 3 (IDsq V1 and IDsq V3, r = 0.67, p = 0.0004; breadth
V1 and breadth V3, r = 0.67, p = 0.0004). The magnitude of the
different B cell memory subsets at baseline also correlated with
the magnitude of RBD-specific IgG+ CD27+ MBCs at 12 months
(visit 3) (AM: r = 0.71, p < 0.0001; RM: r = 0.70, p = 0.0001; IM:

Figure 3. T cell subset analysis
(A) Antigen-specific OX40+ CD4+ T cells in the 24 participants at visit 1.

B) Percentage of OX40+ CXCR5+ cTth cells of total CD4+ T cells examined by disease severity and antigen: Flu, Spike (SN), RBD (SR), and nucleocapsid protein

NP).

C) Proportion of cTfh Th1 (CXCR3+ CCR6-), Th2(CXCR3- CCR6-), Th17 (CXCR3- CCR6+), and Th1/Th17 (CXCR3+ CCR6+) subsets by antigen.

E) Representative Spearman’s correlation plots.

F) PCA comparing all immune components and certain clinical or immunological characteristics.

G-J) A loading plot indicates the impact of the different variables on the clustering. Column graph comparing the influence of (G) OX40 CD4+ T cells, (H) OX40+
CXCR5+ T cells, () cTfh Th2 CD4 T cells, and (J) age on maintenance versus decline of MBC levels at visit 3, significance was tested with a logistic regression
(Mean and SD indicated; **p between 0.001 and 0.01; *p between 0.01 and 0.05).

Also see Figures S2 and S3 and Table S1.

(
(
(
(D) Spearman’s correlation matrix comparing immune cell frequencies. Boxed area indicates comparison with the visit 3 immune measurements.
(
(
(
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r=0.52, p=0.009; TLM: r=0.73, p < 0.0001) (Figure 3D). Disease
severity correlated strongly with the magnitude of the EPT titer (r=
0.45, p = 0.03) and RBD-specific resting MBCs (RM) (r = 0.59, p =
0.002) at 12 months (visit 3).

The different CD4+ T cell response measurements at visit 1
correlated positively between most of the different CD4+ T cell
subsets at visit 1. One notable exception was that the ex vivo
CXCR5+ Tim-3+ PD-1+ exhausted CD4+ T cell subset inversely
correlated with most antigen-specific CD4+ T cells detected
(SN: r = —0.60, p = 0.0019; SR: r = —0.54, p = 0.067). Several
Spike (SN)- and RBD (SR)-specific cTfh subsets measured at
visit 1 positively correlated with some of the humoral immune re-
sponses measured at visit 3. In particular, the breadth of neutral-
ization at visit 3 correlated positively with all Spike and RBD cTth
subsets, with several reaching statistical significance. These
included SN CXCR5+ cTfh (r = 0.48, p = 0.02); SN cTth Th17
(r = 0.57, p = 0.004); SN cTth Th1/Th17 (r = 0.62, p = 0.001);
SN cTfh Th2 (r = 0.49, p = 0.02); SR cTfth Th17 (r = 0.43, p =
0.04); and SR cTfh Th1/Th17 (r = 0.55, p = 0.006) (Figure 3E).
Interestingly, the breadth of neutralization at visit 3 did not corre-
late with the NP cTfh antigen. IDsq at visit 3 had a comparable
profile to neutralizing breadth and was significantly correlated
with SN CXCR5+ cTfh (r = 0.45, p = 0.03); SN cTth Th1/Th17
(r = 0.57, p = 0.004); SN cTfh Th17 (r = 0.53, p = 0.008); SN
cTfh Th1 (r = 0.45, p = 0.03)’ SR cTfh Th1/Th17 (r = 0.48, p =
0.02); and SR cTfh Th17 (r = 0.43, p = 0.04). The classical resting
MBC responses at visit 3, the RBD+ CD27+ CD21+ IgG+ RM B
cells, showed no significant correlation with the SARS-CoV-2-
specific cTth subsets but instead correlated with the SN CD4+
OX40+ (r = 0.43, p = 0.04) (Figure 3E) and bulk CD4+ CXCR5+
Tim-3- PD-1+ (r = 0.43, p = 0.04) subsets. The EPT at visit 3
correlated with the CD4+ T cell subsets SR CXCR5+ Th1/Th17
(r=0.47, p = 0.02) (Figure S2C), CD4+PD-1+Tim-3- (r = 0.41,
p = 0.05), and CXCR5+ Tim-3- PD-1+ (r = 0.43, p = 0.03).

MBCs are a source of rapid production of high titer antibodies
upon reinfection. As a dichotomy in the maintenance of the MBC
responses was observed over time in the cohort, the participants
were divided based on whether the magnitude of the MBC re-
sponses were maintained or declined over the 12 months (Fig-
ure S2D) (with decline defined as a decrease in the response
that was 2-fold greater than the coefficient of variation of the
assay). Based on this criterion, 10 out 24 participants (41.67 %)
were categorized into the “declines” category. In order to inves-
tigate whether immune parameters at visit 1 were associated
with the maintenance versus decline of the RBD+ IgG+ MBC
response at visit 3, a principal-component analysis (PCA) was
performed on the visit 1 immunological variables and revealed
clustering based on either maintained or declined MBC re-
sponses (Figure 3F). Interestingly, no clustering based on the
disease severity was observed. A loading plot identified several
variables that were positively associated with the maintenance
of RBD+ IgG+ MBCs, which were then confirmed with logistic
regression. These included CD4+ OX40+ T, cTfh, and Th2 cells.
In general, the CD25+ OX40+ CD4+ T cell frequencies were
higher against all three antigens in the group that maintained
their MBC responses and were significant for the SN (p =
0.0305), SR (p = 0.0221), and NP (p = 0.0293) antigens (Fig-
ure 3G). Within the SARS-CoV-2 reactive subset (OX40+), the
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group that maintained their responses generally had a lower pro-
portion of cTfh cells, with this trend being consistent across all
three antigen groups though not reaching statistical significance
(Figure 3H). However, within the cTth subset, the group that
maintained responses were enriched for the Th2 subset, this
trend was observed for all SARS-CoV-2 antigens, but not the
Flu antigen, and was significant for the RBD (SR) antigen (p =
0.0221) (Figure 3I).

In summary, these data suggest that the maintenance of high
titer and broad neutralizing antibodies was associated with
strong cTfh responses, in particular the Th1/Th17 subset
(CXCR3+ CCR6+), whereas maintenance of MBCs was associ-
ated with a strong general Spike- and RBD-specific CD4+
T cell responses.

DISCUSSION

It is becoming increasingly evident that achieving herd immunity
against SARS-CoV-2 infection through vaccination alone is hard,
but should a durable natural immune response to infection be
generated, this could become a key contributor to this goal.
Further, maintenance of a high-quality protective response is
becoming increasingly important with ongoing development
and transmission of new variants of concern (VOCs). In this
study, we report several findings, some of which confirm key
findings reported by other groups regarding the duration of the
different components of the humoral immune response during
convalescence after SARS-CoV-2 infection. At 12 months,
despite declining anti-RBD IgG antibody titers, the majority of
participants maintained ADCP and neutralizing activity. The
retention of neutralizing breadth against most VOCs, including
the currently circulating Delta variant, is especially encouraging.
RBD-specific MBC responses were also maintained in just over
half of the participants. In this study, we found that the frequency
of the antigen-specific CD4+ T cell subsets at baseline predicted
the maintenance of the MBC subsets at 12 months.

There was a sharp decline in the anti-RBD antibody titers dur-
ing the initial convalescent phase followed by stabilization out to
12 months consistent with previous reports (Li et al., 2021;
Turner et al., 2021). As reported by others in early infection
(Chen et al., 2020), the antibody levels in our study remained
significantly higher in participants with severe disease when
compared with those with mild disease even out to 12 months
post-infection in our age- and gender-matched subcohorts.
This is an important finding, as in most studies, the severe dis-
ease group is biased toward an older population. This finding
in our cohort therefore suggests that the antibody level is specif-
ically associated with disease severity. During SARS-CoV-2
infection, the rapid differentiation of some B cells into short-lived
plasma cells, under the influence of activated cTth (CD4+
CXCR5+ PD1+) cells, leads to an initial influx of antibodies, which
declines during convalescence. The stabilization of antibody
levels is reported to be attributable to long-lived plasma cells
in the bone marrow sustaining low-circulating levels of anti-
bodies (Turner et al., 2021). In this study, the overall maintenance
of the neutralizing activity and breadth, as well as ADCP func-
tions, despite the decline in overall magnitude, suggest that
the quality of the antibodies being generated is improving over
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time, consistent with repeated GC cycling and affinity matura-
tion. This finding is concordant with a recent report of continued
maturation in the circulating MBC population over 12 months
post-SARS-CoV-2 infection (Wang et al., 2021).

We also observed that most of the convalescent sera had
detectable neutralizing activity against the VOCs, with higher
neutralizing activity against the D614G and Alpha variants than
against the Delta followed by the Beta variants (Bates et al.,
2021; Cele et al., 2021; Gallais et al., 2021; Xiang et al., 2021).
The retention of neutralizing activity in the majority of the partic-
ipants against the current Delta variant, albeit at a lower level, is
promising and has been reported by other groups (Edara et al.,
2021; Liu et al., 2021). Although the precise titer of neutralizing
antibodies required to infer protection is unclear, even low titers
of neutralizing antibodies in humans have been associated with
protection against severe disease (Dispinseri et al., 2021; Lau
et al., 2021).

At this stage, there is no study that has directly correlated anti-
body titers at the time of exposure and protection. Among peo-
ple who received the ChAdOx1 vaccine, antibodies were
measured at approximately 28 days after the second dose and
then correlated with the risk of symptomatic infection in partici-
pants in the subsequent 4-6 months (Feng et al., 2021). As anti-
body titers are likely to decline after immunization, the titers at
the time of infection were likely to have been lower than those
present when measured at the peak of the response. In our
study, antibody titers at 12 months were similar to those associ-
ated with a vaccine efficacy of 60% against mild disease; there-
fore, we believe our estimated correlate of protection is quite
conservative, and our cohort may have a protective efficacy
against symptomatic disease that is greater than 60%. Our anal-
ysis of the neutralizing titers against the different variants pre-
dicts that this level of protection will be impacted by the variant
of the infecting strain, with a low level of protection predicted for
the known immune escape variant, Beta. Encouragingly, the pre-
dicted level of protection against symptomatic disease from the
currently circulating Delta virus was higher, at approximately
60%. In concordance with new modeling that was published
recently, we speculate that boosting our cohort with one immu-
nization dose will lead to increased protection (Cromer et al.,
2021).

The neutralizing breadth of the antibodies at 12 months in our
cohort generally correlated with baseline Spike- and RBD-spe-
cific cTfh subsets. Similar to other reports in early convalescence
(Boppana et al., 2021), we confirm the presence of a robust cTth
subset even at late convalescence and that the CXCR3+ cells
are responsible for enhanced neutralization breadth (Zhang
et al., 2019). Importantly, in this study, the early baseline mea-
surements predicted the later 12-month neutralization activity
and MBCs. Specifically, the neutralization breadth was pre-
dicted by the levels of cTth Th1/Th17 (CXCR3+ CCR6+) and
cTfh Th17 (CXCR3- CCR6+) present during the early convales-
cent phase. Broad neutralizing activity has been associated
with both CXCR3+ and CXCR3-cTfh subsets in people with
HIV infection (Locci et al., 2013; Martin-Gayo et al., 2017) but
only with CXCR3+ in people with hepatitis C virus (HCV) infection
(Zhang et al., 2019) and following influenza (Bentebibel et al.,
2013) and human papillomavirus (HPV) (Matsui et al., 2015) vac-

¢ CellP’ress

cinations. CCR6 expression on cTfh has not previously been
associated with breadth of neutralization. In SARS-CoV-2 infec-
tion, the secretion of the Th17 cytokine, interleukin (IL)-17a, was
not observed in the cTfh Th17 subset, hence the CCR6+ expres-
sion is inferred to be a lung-homing indicator (Rydyznski Moder-
bacher et al., 2020). A possible explanation for the CCR6 asso-
ciation in our study is that CCR6 expression on cTfh has been
shown to increase during convalescence (Dan et al., 2021),
whereas influenza-specific cTth Th1 have been reported to
peak quite early and then decline (Juno et al., 2020; Koutsakos
et al., 2019). In this context, differences in sampling times may
effect a direct comparison of cTth cells; in the influenza study,
which reported an association of cTth Th1 (CXCR3+ CCR6-),
the baseline data were collected at around 1 month post-infec-
tion (Juno et al., 2020), while the baseline data reported here
were obtained around 2.5 months. However, since the GCs for
SARS-CoV-2 persist to 6 months post-infection (Gaebler et al.,
2021), understanding the evolving kinetics of the CD4+ T cell
subsets longitudinally is important. One additional difference in
our study in comparison to two other similar studies is that we
had a larger representation of severe disease (29% versus
10%-12%) (Juno et al., 2020; Wang et al., 2021), and this group
was age matched, thereby minimizing age-associated biases in
the immunological analysis, allowing a more focused look at the
long-term immunological impact of severe disease.

The rationale behind reporting the RBD-specific MBCs instead
of the more commonly reported Spike-specific MBCs was that
the latter tend to be more cross-reactive against other common
coronaviruses. However, a strong correlation between the RBD-
specific and the Spike-specific MBC numbers was observed at
visit 3 (Figure S2E). The initial increase in MBC levels from visit
1 to visit 2 was followed by a relative stabilization at 12 months,
in line with another analysis (Wang et al., 2021). As the second
line of defense, the maintenance of the magnitude of the MBC
repertoire is critical for mounting an anamnestic response in
the event of reinfection.

The magnitude of the RBD-specific MBC responses at each
visit correlated with the anti-RBD IgG antibody levels at that visit
(Figure S2F). The initial anti-RBD IgG antibody levels also corre-
lated with the RBD-specific MBC levels at 12 months (Fig-
ure S2G). The severity of the disease had a significant impact
on the magnitude of the MBC subset, with those recovering
from severe COVID having higher levels of RBD-specific MBCs
than the mild or moderate disease groups, indicating that a small
proportion of these two groups may benefit from COVID-19
vaccination at 12 months. The increased levels of the atypical
or TLM (CD21- CD27-) RBD-specific MBCs observed in the se-
vere disease group in the present study confirms previous find-
ings (Oliviero et al., 2020; Pusnik et al., 2021). This subset then
normalized over time, as observed by Wildner et al. (2021). The
MBC analysis also identified a declining trend in the CD27+
IgD+ RBD-specific MBCs (Figure S2H), implying an ongoing
recruitment of this repertoire into the IgG+ compartment. This
persistent contraction of the unswitched CD27+ IgD+ MBC sub-
set has been reported by others as well (de Campos-Mata et al.,
2021).

In addition to the magnitude, the maintenance of the re-
sponses is critical. Interestingly, in this study, participants that
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maintained their responses were enriched for total antigen-spe-
cific CD4+ T cell subsets (CD25+ OX40+) and had a lower pro-
portion of SARS-CoV-2-specific cTth cells recognizing epitopes.
Examination of cTfh subsets revealed that the Th2 subset was
positively associated with maintenance across all SARS-CoV-2
antigens, but not influenza, and was significant for the SR
antigen. The observation that cTfh Th2 cells during early conva-
lescence associate with the maintenance of MBCs may be
attributed to the B cell proliferation and growth induced by the
IL-4 secretion by the Th2 cells (Vazquez et al., 2015). Overall,
the data from this study support the proposed model that B cells
that receive limited help from Tfh cells will differentiate into
MBCs, whereas those with a higher level of help will re-enter
the GC reaction for further maturation and potential differentia-
tion into antibody-secreting cells.

In conclusion, the quality of the virus-specific humoral re-
sponses and the magnitude of the cellular responses are well
maintained through to 12 months post-SARS-CoV-2 infection.
In concordance with other reports, the antibody titers declined,
but the convalescent sera maintained ADCP responses and
had detectable neutralizing responses against the VOCs tested.
A vast majority of our cohort (96%) still had detectable neutrali-
zation activity against the Delta variant at 12 months, and based
on our modeling, 61.4% of our cohort would have a 50% protec-
tive efficacy against symptomatic infection with the Delta variant.
The maintenance of serum neutralization breadth suggests that
most individuals will be protected from severe disease in the
event of reinfection 1 year after primary infection. This ongoing
enhancement of antibody functions, even in the mildly infected
participants, can be attributed to ongoing somatic hypermuta-
tion. Further, the high magnitude of RBD-specific MBCs, espe-
cially in the severe group, should provide this population with
an additional level of protection against reinfection. Among peo-
ple with prior mild or moderate acute SARS-CoV-2 infection, the
variability of these correlates suggests that a benefit may be
derived from vaccination. The association between the mainte-
nance of the B cell responses with the early CD4+ T cell subsets
reported by us may prove to be useful markers for predicting
vaccine longevity and for our general understanding of the rela-
tionship of CD4+ T cell subsets with different components of the
humoral immune response.

Limitations of the study

The relatively small sample size limits the scope of the findings
reported in this study. However, since our aim was to understand
the kinetics of the durability of SARS-CoV-2-specific immune re-
sponses and identify the predictors of durable responses, the
study focused on an age- and gender-matched cohort stratified
by disease severity, purposively selected from a larger cohort.
This design ensured that we were comparing disease severity
groups rather than age, which is known to impact immune re-
sponses and is proportionately enriched in those suffering se-
vere disease. This overcomes some of the limitations of other
studies that have a limited representation of severe disease in
general and younger people with severe disease specifically.
Additionally, for visit 1, three participants in the severe group
were sampled between 145 and 152 DPS, which overlapped
with the time window of visit 2 (106-253 DPS). Since our investi-
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gation was focused on analyzing the trajectory of MBCs in indi-
vidual participants, we stratified the three timepoints as visits
instead of reporting on DPS. Another limitation is the dynamic
nature of the maturing immune subsets over time, in particular
the CD4+ Tfh subsets, and we suggest that follow-up studies
exploring the findings from this study should ensure that
comparisons be closely time matched to ensure an accurate
comparison of the predictive variables. Finally, in the protective
efficacy analysis, the immunization studies often compared the
neutralization titers measured at baseline with the probability
of being infected weeks to months later, whereas we were infer-
ring the level of protection at the titers measured at 12 months,
and hence, we may have underestimated the level of protection.
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Antibodies

Streptavidin-PE ThermoFisher Scientific Cat#S21388

Streptavidin-APC

Fixable Viability Stain 700
Human Fc block

Stain brilliant buffer

B-ly4 (BV421) [Anti-CD21]
FAB-2 (BV510) [Anti-IgD]

HI10A (BV605) [Anti-CD10]
SJ25C1 (BV711) [Anti-CD19]
2H7 (APC-H7) [Anti-CD20]
G18-145 (BV786) [Anti-IgG]
N-T271 (PE-CF594) [Anti-CD27]
HIT2 (PE-Cy7) [Anti-CD38]
G46-6 (BB515) [Anti-HLA-DR]
SK7 (BB700) [Anti-CD3]
AffiniPure Goat Anti-Human IgG,
F(ab’)2 Fragment Specific

2A3 (APC) [Anti-CD25]

L106 (PE) [Anti-CD134]

RPA-T4 (Alexa 700) [Anti-CD4]
RPA-T8 (BV650) [Anti-CD8a]
4B4-1 (BV421) [Anti-CD137 or 4-1BB]
FN50 (PE-Cy7) [Anti-CD69]

A1 (FITC) [Anti-CD39]

G034 x 10° (PerCP Cy5.5)
[Anti-CD196/CCRS6]

GO025H7 (Alexa Fluor 647) [Anti-CXCR3]
MUSUBEE (SB436) [Anti-CD185/CXCR5]
UCHT1 (AF532) [Anti-CD3]

10.1 (FITC) [Anti-CD64/Fcy receptor RI]
B73.1 (PE) [Anti-CD16/FcyRIll]

M@P9 (PerCP) [Anti-CD14]

FLI8.26 (ACP) [Anti-CD32/FcyRll]

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

Jackson ImmunoResearch

BD Biosciences
BD Biosciences

Biolegend BD Biosciences

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Biolegend
Thermo Fisher
Thermo Fisher
Invitrogen

BD Biosciences
BD Biosciences
BD Biosciences

Cat#554067; RRID:AB_10050396
Cat#564997; RRID:AB_2869637
Cat#564220; RRID:AB_2869554
Cat#566349; RRID:AB_2869750
Cat#562966; RRID:AB_2737921
Cat#563034; RRID:AB_2737966
Cat#562978; RRID:AB_2737929
Cat#563036; RRID:AB_2737968
Cat#560734; RRID:AB_1727449
Cat#564230; RRID:AB_2738684
Cat#562297; RRID:AB_11154596
Cat#560677; RRID:AB_1727473
Cat#564516; RRID:AB_2732846
Cat#566575; RRID:AB_2860004
Cat#109-005-097; RRID:AB_2337540

Cat#340939; RRID:AB_400551
Cat#340420; RRID:AB_400027
Cat#557922; RRID:AB_396943
Cat#301041; RRID:AB_11125174
Cat#309819; RRID:AB_10895902
Cat#310911; RRID:AB_314846
Cat#328205; RRID:AB_940423
Cat#353406; RRID:AB_10918437

Cat#353712; RRID:AB_10962948
Cat#62-9185-4 2; RRID: AB_2724064
Cat#58-0038-4 2; RRID: AB_11218675
Cat# 11-0649-42; RRID:AB_10544395
Cat#561313; RRID: AB_10643606
Cat#340585; RRID:AB_400065
Cat#559769; RRID: AB_398665

Bacterial and virus strains

Staphylococcal Enterotoxin B from
Staphylococcus aureus

SARS-Cov-2 Virus variant B.1.319 (D614G)
SARS-Cov-2 Virus variant B.1.17 (Alpha)

SARS-Cov-2 Virus variant B.1.351 (Beta)

SARS-Cov-2 Virus variant B.1.617.2 (Delta)

Sigma-Aldrich Pty Ltd

This paper

This paper

This paper

This paper

S4881-1MG

GISAID-ID: hCoV-19/Australia/
NSW4713/2021

GISAID-ID: hCoV-19/Australia/
NSW-R0066/2021

GISAID-ID: hCoV-19/Australia/
NSW4463/2021

GISAID-ID: hCoV-19/Australia/
NSW4605/2021
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Convalescent donor blood samples

Donor blood samples

The Kirby Institute, UNSW

Australian Red Cross Lifeblood

https://kirby.unsw.edu.au/project/natural-
history-cohort-following-sars-
cov-2-infection

https://www.donateblood.com.au/

Chemicals, peptides, and recombinant proteins

TMB Chromogen Solution ThermoFisher Scientific Cat#002023
Imidazole Sigma-Aldrich Cat#l202
ExpiFectinamine ThermoFisher Scientific Cat#A14524
OptiMEM-1 ThermoFisher Scientific Cat#31985070
Phosphate buffer saline Gibco Cat#10010023
HEPES buffer Gibco Cat#15630080
Sodium azide Sigma Cat# S2002
Critical commercial assays

Biotin Protein Ligase Genecopeia Cat#BI001
Biotinylation Kit NHS-Linker ThermoFisher Scientific Cat#20217
Experimental models: Cell lines

Expi293-Freestyle cells ThermoFisher Scientific Cat#A14527
ACE2-TMPRSS2-Hek293T cells A/Prof Stuart Turville N/A

VeroE6 CellBank Australia CODE: 85,020,020206
THP-1 cells ATCC Cat#202 TIB
Recombinant DNA

pPCAGGS-SARS-CoV-2-RBD Dr Markus Hoffmann N/A
pPCAGGS-SARS-CoV-2-Spike Dr Markus Hoffmann N/A

Software and algorithms

GraphPad Prism GraphPad N/A

FlowdJo version 10.7.1 Tree Star, Inc N/A

SPSS 25 IBM N/A

R4.0.2 The R Foundation N/A

Incarta Image analysis software Cytiva N/A

Other

Streptavidin coated Alexa- Spherotech Cat# VFP-0552-5

488 microbeads

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, A/Professor Rowena Bull (r.bull@

unsw.edu.au).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The published article includes all data generated or analyzed during this study, summarized in the accompanying tables, figures
and supplemental information and are freely available from the lead contact upon request.

@ This paper does not report original code.

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

Human subjects
Convalescent COVID-19 donors
Commencing enrolment in February 2020, COSIN (Collection of COVID-19 Outbreak Samples in NSW) is an ongoing prospective
cohort study evaluating the natural history of SARS-CoV-2 infection among children and adults in Sydney, Australia. Participants
were enrolled through seven hospitals in- and outpatient departments and referring microbiology laboratories. Visits post-acute
infection were scheduled at one, four, eight, and 12-months following symptom onset or date of NAT-confirmed diagnosis (whichever
came first). Standardized clinical data and blood samples (serum, PBMCs) were collected at each visit.

COVID disease severity was classified according to NIH criteria (www.covid19treatmentguidelines.nih.gov).

® Asymptomatic: Individuals who test positive for SARS-CoV-2 using a virologic test (i.e., a nucleic acid amplification test or an
antigen test) but who have no symptoms that are consistent with COVID-19.

o Mild lliness: Individuals who have any of the various signs and symptoms of COVID-19 (e.qg., fever, cough, sore throat, malaise,
headache, muscle pain, nausea, vomiting, diarrhea, loss of taste and smell) but who do not have shortness of breath, dyspnea,
or abnormal chest imaging.

® Moderate lliness: Individuals who show evidence of lower respiratory disease during clinical assessment or imaging and who
have saturation of oxygen (SpO2) >94% on room air at sea level.

® Severe lliness: Individuals who have SpO2 <94 % on room air at sea level, a ratio of arterial partial pressure of oxygen to fraction
of inspired oxygen (PaO2/FiO2) <300 mm Hg, respiratory frequency >30 breaths/min, or lung infiltrates >50%.

o Critical lliness: Individuals who have respiratory failure, septic shock, and/or multiple organ dysfunction.

Healthy unexposed donors

Healthy controls for antibody studies had a median age of 45 (range 24-73). Blood from 11 of the healthy controls were collected prior
to 2007 and the remaining 9 were collected between March and April 2020 in Sydney, Australia, where local transmission was very
low at the time. None of these 9 healthy controls had a history of COVID-19, were not close contacts of cases of COVID-19 and were
not health care workers. For the memory B cell assays stored PBMCs from two of these healthy controls and stored PBMCs from four
Australian Red Cross Lifeblood donors collected prior to 2020 were used (median age 38, range 25-48).

Ethics statement

The protocol was approved by the Human Research Ethics Committees of the Northern Sydney Local Health District and the Uni-
versity of New South Wales, NSW Australia (ETH00520) and was conducted according to the Declaration of Helsinki and International
Conference on Harmonization Good Clinical Practice (ICH/GCP) guidelines and local regulatory requirements. Written informed con-
sent was obtained from all participants before study procedures.

METHOD DETAILS

RBD and spike protein production
SARS-CoV-2 Spike RBD (residues 319-541), with an N-terminal human Ig kappa leader sequence and C-terminal Avi- and His-tags,
were cloned into pCEP4 (Invitrogen). Expi293-Freestyle cells (ThermoFisher Scientific) were cultured in Expi293 Expression Medium
(ThermoFisher Scientific) at 37°C and 8% CO.,. The plasmid was transiently transfected into Expi293-Freestyle cells as follows: 1.5 x
108 total cells (50mL transfection) were mixed with 50pg of plasmid, 160pL of Expifectamin and 6mL of OptiMEM-I and left overnight at
37°C in a shaking incubator. After 24 h, 300uL of ExpiFectamine Enhancer 1 and 3mL of ExpiFectamine Enhancer 2 was added to the
cells and left in culture for a further 48 h. After a total of 72 h in culture, the cell culture is collected and centrifuged for 20 min at 4000xg,
4°C. The supernatant was clarified by passing through a 0.22uM filter twice. A HisTrap HP Column (GE Healthcare) was used to affinity
purify the His-tagged protein from the cell supernatant and eluted with imidazole. The purified protein was buffer exchanged and
concentrated in sterile DPBS by centrifuging at 4000xg for 30 min at 4°C in a 10,000 MWCO Vivaspin centrifugal concentrator (Sarto-
rius) and stored at — 80°C. The recombinant RBD was biotinylated using the Avitag as described by the manufacturer (Genecopeia).
SARS-CoV-2 Spike, with a C-terminal His-tag, were cloned into pPCAGGS (Krammer Research Group). Expi293-Freestyle cells cell
transfection was performed same as SARS-CoV-2-RBD, with a single modification that the transfection was performed at 32°C. After
atotal of 72 hiin culture, the cell culture is collected and centrifuged for 20 min at 4000xg, 4°C. Cellular debris was clarified by passing
the supernatant twice through a 0.22uM filter. The His-tagged protein was then affinity purified from the cell supernatant using a Hi-
sTrap HP Column (GE Healthcare) and eluted with imidazole. The purified protein was then buffer exchanged and concentrated in
sterile DPBS by centrifuging at 4000xg for 30 min at 4°C in a 10,000 MWCO Vivaspin centrifugal concentrator (Sartorius). The protein
was then biotinylated with EZ-Link ™ Sulfo-NHS-LC-Biotin (Thermo-Fischer) for 2 h at 4°C, then buffer exchanged and concentrated
as above. The biotinylated recombinant SARS-CoV-2-Spike protein was stored at — 80°C.

RBD binding ELISA and limit of detection

Nunc-Immuno MicroWell plates, 96 well (ThermoFisher Scientific) were coated with recombinant SARS-2 RBD protein in DPBS at a
concentration of 5ug/mL and incubated overnight at 4°C. The plates were washed three times with PBS containing 0.05% Tween 20
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(PBS-T) and blocked with 5% non-fat milk in PBS-T for an hour at room temperature (RT). Patient serum was heat inactivated (56°C
for 30 min), serially diluted (1/20 to 1/393,660) in 5% non-fat milk in PBS-T, added to the wells in duplicates and incubated for two
hours at RT. Anti-human IgG-HRP (Jackson Immunoresearch) was added at a 1:3000 dilution to the plates for one hour at room tem-
perature. The plates were developed with TMB Chromogen Solution (ThermoFisher Scientific) for 15 min at RT, followed by 1 M HCI
to stop the reaction. CLARIOstar microplate reader (BMG Labtech) was used to measure the optical density (OD) at 450 nm. The limit
of detection for this RBD binding ELISA was determined by adding 2 SD to the mean OD450 of the highest dilution (1/20) of sera from
19 healthy unexposed individuals.

We also used the commercially available Abbot Architect based SARS-CoV-2 IgG Il Quant assay to detect the spike RBD-specific
IgG antibody levels in sera at visit 3. The results obtained in RLU (Relative Light Units) were transformed into Abbot AU/mL (Arbitrary
Units/mL). This was converted into the WHO standard of BAU/mL (Binding Antibody Units/mL) using the mathematical equation
BAU/mL = 0.142 x AU/mL (Abbott Laboratories, 2021).

SARS-CoV-2 specific antibody dependent cellular phagocytosis assay

ADCP assays were performed as previously described (Adhikari et al., 2021) with the following modifications. Streptavidin coated
Alexa 488 microbeads at a concentration of 1.5x10° beads/mL were mixed with recombinant biotinylated SARS-CoV-2 Spike pro-
tein (at 50pug/mL) in 1.5mL Eppendorf tubes and were incubated for 16 h at 4°C on a rotating chamber. Excess protein was removed
by washing the beads with 1mL lipopolysaccharide minimized cold phosphate buffer saline (PBS) at pH 7.4 (Gibco, USA) with gentle
centrifugation at 2292xg for 5 min (Beckman coulter microfuge 20R). Aliquots (50uL with 1.5 x 10° beads/uL) of the SARS-CoV-2
Spike coated beads were then incubated with 10uL of native plasma from SARS-CoV-2 patients for 2 h at 37°C or 10uL of plasma
from healthy donors to form immune complexes. THP-1 cells in PBS (1x10° cells in 50pL) were added onto 60uL of immune-com-
plex-coated microbeads in a 1.5mL Eppendorf tube and incubated for 2 h at 37°C, 5% CO2 in a final volume of 600uL assay buffer
(RPMI 1640 including 0.1% Human serum and 100mM HEPES Thermofisher, USA). After the 2-h incubation, the cell-bead cocktails
were washed once using 1mL of cold wash buffer (PBS including 0.5% Fetal bovine serum (FBS) and 0.005% of sodium azide) and
subjected to centrifugation at 335xg (Beckman coulter X-15R), for 5 min at 4°C, fixed in 400uL of 1% paraformaldehyde (Sigma, USA)
and transferred to 4°C in the dark. Cells incubated with SARS-CoV-2 Spike protein coated beads opsonized with healthy donor
plasma were used as controls. A total of 2x10* events were acquired for THP-1 cells using BD FACSCaliburTM and the proportions
of cells that phagocytosed the beads were analyzed using BD FlowdJo version 10.5.0 software. Phagocytic scores (p-score) were then
calculated as a percentage of bead positive cells multiplied by mean fluorescence intensity (MFI) divided by 1000 (Darrah et al., 2007).
We utilized p-score to compare the fold change differences of percentage positive THP-1 cells with positive and negative controls in
our assay.

To measure the THP-1 surface Fc-receptor expression, 5x10° THP-1 cells were incubated with 3uL each of Fcy receptor RI
(CD64)-FITC, FcyRIIl (CD16)-PE, CD14-PerCP, FcyRIl (CD32)-ACP and their isotype and fluorochrome matched negative control
for 20min at room temperature. The cells were then washed twice with 1mL of cold wash buffer and centrifuged at 335xg (Beckman
coulter X-15R) for 5 min, at 4°C and then fixed in 400uL of 1% paraformaldehyde until measured in BD FACSCaliburTM. A total of
2x10* events were acquired for THP-1 cells.

SARS-CoV-2 live virus neutralization assay

HEK293T cells stably expressing human ACE2 and TMPRSS2 were generated by transducing cells with lentiviral particles. Briefly,
the ORFs for hACE2 (Addgene#1786) and hTMPRSS2a (Addgene#53887, synthetic gene fragment; IDT) were cloned into lentiviral
expression vectors pRRLsinPPT.CMV.GFP.WPRE (Follenzi et al., 2002) and pLVX-IRES-ZsGreen (Clontech) respectively. Lentiviral
particles expressing the above proteins were produced by co-transfecting expression plasmids individually with a second generation
lentiviral packaging construct psPAX2 (courtesy of Dr Didier Trono through NIH AIDS repository) and VSVG plasmid pMD2.G (Addg-
ene#2259) in HEK293T cells (Life Technologies) by using polyethyleneimine as previously described (Aggarwal et al., 2012). Two suc-
cessive rounds of lentiviral transductions were then performed to generate the HEK293/ACE2/TMPRSS2a cells; clonal selection led
to the identification of a highly permissive clone, HekAT24, which was then used to carry out SARS-CoV-2 neutralization assay as
previously described (Tea et al., 2021).

On the day of the assay, HekAT24 cells were trypsinized, stained with Hoechst-33342 dye (5% v/v) (NucBlue, Invitrogen) in sus-
pension and then seeded at 16,000 cells per well in a volume of 40uL of DMEM-5% FCS in a 384-well plate (Corning #CLS3985). Two-
fold dilutions of patient plasma samples were mixed with an equal volume of SARS-CoV-2 virus solution (4 x 10% TCIDso/ml) and
incubated at 37°C for 1 h before transferring 40uL in duplicate to the cells (final MOI = 0.05). Viral variants used included the variants
of concern; Alpha (B.1.1.7), Beta (B.1.351) and Delta (B.1.617.2), as well as control virus from the same clade with matching ‘D614G’
background (B1.319). Plates were incubated for a further 24 h following which entire wells were imaged by high-content fluorescence
microscopy and cell counts obtained with automated image analysis software. Percentage of virus neutralization was calculated with
the formula: %N = (D-(1-Q)) x 100/D, where Q = nuclei count normalized to mock controls and D = 1-Q for average of infection con-
trols as previously described (Tea et al., 2021). An average %N > 50% was defined as having neutralizing activity. The 50% inhibitory
concentration (IDsq for serum) titer was calculated using non-linear regression model of normalized data (GraphPad Prism 8). The ID5q
cutoff defined by the 19 healthy controls for the live virus was 0.6 (0.06 + 2 x 0.27), as previously published (Abayasingam et al., 2021).
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Detection of RBD and spike specific memory B cells

A tetramer bait based flow cytometry technique was used to detect the SARS-CoV-2 specific memory B cells (MBCs) (Abayasingam
et al., 2021). The tetramerization method was adapted from a previously published method used for hepatitis C virus tetramers (Wu
et al., 2019). Biotinylated RBD and Spike were incubated with Streptavidin-PE (SA-PE; Molecular probes; ThermoFisher Scientific)
and Streptavidin-APC (SA-APC; BD Pharmingen) in a molar ratio of 4:1 and 2:1 respectively. The streptavidin dyes were added in 1/
10th volume increments to the biotinylated protein, for a total of 10 times with a 10 min incubation at 4°C, in a rotating bioreactor,
protected from light.

Cryopreserved PBMCs were thawed rapidly in a 37°C waterbath and washed with pre-warmed RPMI media supplemented with
2mM L-glutamine, 501U/mL penicillin, 50ug/mL streptomycin and 10% heat inactivated fetal calf serum (Sigma). The cells were re-
suspended in DPBS and counted using the trypan blue dye exclusion technique. A maximum of 1 x 107 cells per sample were
stained with Fixable Viability Stain 700 (FVS700) (BD Bioscience in a 1:1000 dilution) and incubated at 4°C for 20 min, to exclude
the dead cells. Samples were washed twice with FACS wash buffer (DPBS +0.1% BSA), followed by incubation with 5uL Human
Fc block (BD Bioscience) per 2 x 106 cells at RT for 10 min, to block non-specific antibody binding. Following a wash, all consecutive
steps were done either at 4°C or on ice. SARS-CoV-2-specific B cells were identified by simultaneously staining with a cocktail of
RBD and Spike tetramers at a concentration of 1ug/mL each, at 4°C for 30 min followed by two washes. A staining mix of surface
marker antibodies were used to identify the MBC population. This staining mixture contained 50uL stain brilliant buffer and a titrated
combination of antibodies (all from BD Bioscience): 5uL each of CD21 BV421, IgD BV510, CD10 BV605, CD19 BV711 and CD20
APC-H7, 8uL of IgG BV786, 2uL each of CD27 PE-CF594 and CD38 PE-Cy7, 2.5uL HLA-DR BB515 and 0.5uL CD3 BB700. The cells
are incubated with the staining cocktail at 4°C for 30 min. Following two wash steps the samples were resuspended in FACS wash
buffer. ABD FACSAria™ Ill sorter was used to phenotype the samples. A minimum of 300,00 events were acquired for each sample.
The data analysis was performed using FlowdJo version 10.7.1 (TreeStar). The assay cut off was designated as mean +2 SD calculated
from 6 healthy controls.

Ex vivo phenotyping and T cell activation assay (AIM assay)

Cryopreserved PBMCs were thawed using RPMI (+L-glut) medium (ThermoFisher Scientific, USA) supplemented with Penicillin/
Streptomycin (Sigma-Aldrich, USW), and subsequently stained with antibodies binding to extracellular markers. Extracellular panel
included: Live/Dead dye Near InfraRed, CXCR5 (MU5UBEE), CD38 (HIT2) (ThermoFisher Scientific, USA); CD3 (UCHT1), CD8 (HIL-
72021), PD-1 (EH12.1), TIM-3 (TD3), CD27 (L128), CD45RA (HI100), IgD (IA6-2), CD25 (2A3), and CD19 (HIB19) (Biolegend, USA);
CD4 (OKT4), CD127 (A019D5), HLA-DR (L234), GRP56 (191B8), CCR7 (G043H7) and CD57 (QA17A04) (BD Biosciences, USA).
Perm Buffer Il (BD Pharmingen) was used for intracellular staining of granzyme B (GB11, BD Biosciences). FACS staining of 48hr acti-
vated PBMCs were performed as described previously (Zaunders et al., 2009), but with the addition of CD137 (4B4-1) to the cultures
at 24hrs. Final concentration of 10pug/mL of SARS-CoV-2 peptide pools (Genscript) were used, 1ug/mL of Fluarix tetra (Influenza vac-
cine-GSK) was used as a control antigen and SEB was used as a positive control (Thermo Fisher Scientific). In vitro activation panel
included: CD3 (UCHT1), CD4 (RPA-T4), CD8 (RPA-T8), CD39 (A1), CD69 (FN50), CXCR3 (G025H7)- all Biolegend, CD25 (2A3), CD134
(L106)- BD Biosciences, and CXCR5 (MU5SUBEE), and CCR6 (R6H1)- Thermo Fisher Scientific. Samples were acquired on an Cytek
Aurora (Biolegend, USA) using the Spectroflo software. Prior to each run, all samples were fixed in 0.5% paraformaldehyde. Data
analysis was performed using FlowdJo version 10.7.1 (TreeStar).

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive statistics of data arrays were summarized with measures of central tendency (mean or median) or dispersion (standard
deviation or interquartile range) depending on normality of distributions. Absolute cell counts were used in the analysis unless
mentioned otherwise. Statistically significant associations were explored with appropriate parametric or non-parametric tests
(e.g., Wilcoxon matched pairs signed rank test to compare between visits, Mann Whitney U test to compare between severities,
repeated measures ANOVA to compare the MBC subsets across visits and between severities), while adjusting for within (e.g.,
repeated measurements) and between host factors (e.g., disease severity, age, gender). Correlations between continuous variables
were explored with spearman’s rank correlation coefficient. For some analyses (e.qg., factors associated with maintenance of RBD +
MBC), continuous dependent variables were converted into categorical dichotomous outcomes (e.g., maintains vs declines) based
on a cut-off value, and the relationship with independent variables (e.g., CD4+ T cell subsets) were explored using a logistic regres-
sion model with R package rms. Statistical analyses were done with GraphPad Prism (v8, GraphPad Software, USA) and SPSS (v25,
IBM, USA). The Spearman’s correlation matrix was calculated using the corrplot function and the PCA was generated using the R
package factoextra with the prcomp() function by first scaling the variables to have a unit variance, the data were visualized with
the R package ggplot2 and its extension ggfortify, in Rstudio (v4.1.0 Integrated Development Environment for R, USA). Level of sta-
tistical significance was set at p < 0.05.
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