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SUMMARY
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus is causing a global pandemic, and
cases continue to rise. Most infected individuals experience mildly symptomatic coronavirus disease 2019
(COVID-19), but it is unknown whether this can induce persistent immune memory that could contribute to
immunity. We performed a longitudinal assessment of individuals recovered from mild COVID-19 to deter-
mine whether they develop and sustain multifaceted SARS-CoV-2-specific immunological memory. Recov-
ered individuals developed SARS-CoV-2-specific immunoglobulin (IgG) antibodies, neutralizing plasma, and
memory B and memory T cells that persisted for at least 3 months. Our data further reveal that SARS-CoV-2-
specific IgG memory B cells increased over time. Additionally, SARS-CoV-2-specific memory lymphocytes
exhibited characteristics associated with potent antiviral function: memory T cells secreted cytokines and
expanded upon antigen re-encounter, whereas memory B cells expressed receptors capable of neutralizing
virus when expressed as monoclonal antibodies. Therefore, mild COVID-19 elicits memory lymphocytes that
persist and display functional hallmarks of antiviral immunity.
INTRODUCTION

The rapidly spreading severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) betacoronavirus has infected millions

of people and killed hundreds of thousands worldwide in 2020.

Infection causes the coronavirus disease 2019 (COVID-19),

which ranges in presentation from asymptomatic to fatal. The

vast majority of infected individuals experience mild symptoms

that do not require hospitalization (Wu and McGoogan, 2020).

It is critically important to understand if SARS-CoV-2-infected in-

dividuals who recover from mild disease develop functional im-

mune memory cells capable of protection from subsequent

SARS-CoV-2 infections, thereby reducing transmission and

COVID-19 disease.

Immunological memory is primarily mediated by cells of the

adaptive immune system. In response to most acute viral infec-
tions, B and T cells that can bind viral proteins through their an-

tigen receptors and become activated, expand, differentiate,

and begin secreting effector molecules to help control the infec-

tion. Upon resolution of infection, approximately 90%of these vi-

rus-specific ‘‘effector cells’’ die, whereas 10% persist as long-

lived ‘‘memory’’ cells (Ruterbusch et al., 2020). Immune memory

cells can produce a continuous supply of effector molecules, as

seen with long-lived antibody-secreting plasma cells (LLPCs). In

most cases, however, quiescent memory lymphocytes are stra-

tegically positioned to rapidly reactivate in response to re-infec-

tion and execute effector programs imprinted upon them during

the primary response. Upon re-infection, pathogen-specific

memory B cells (MBCs) that express receptors associated with

antigen experience and the transcription factor T-bet rapidly pro-

liferate and differentiate into protective immunoglobulin (Ig)G+

antibody-secreting plasmablasts (PBs) (Kim et al., 2019; Knox
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Table 1. Study Cohort

CoV2+ HCs

Number of participantsa 15 17

Age (years) 47 (28–71) 42 (24–57)

Sex 27% male,

73% female

47% male,

53% female

Number of symptomsb,c 5 (1–7) NAd

Symptom duration (days) 13 (2–31) NA

Time from symptom onset

to Visit 1 (days)

35.5 (19–44) NA

Time from symptom onset

to Visit 2 (days)

86 (73–110) NA

Time from SARS-CoV-2 positive

PCR test to Visit 1 (days)

28 (20–35) NA

Time from SARS-CoV-2 positive

PCR test to Visit 2 (days)

77.5 (64–97) NA

Time from Visit 1 to Visit 2 (days) 46 (39–69) 47 (40–61)

Previously SARS-CoV-2-infected (CoV2+) and HC volunteers were con-

sented and enrolled for this study. Values are reported as the median

with the range in parentheses.
aBlood drawn from 14CoV2+ and 13 HCs at Visit 1 and Visit 2. One CoV2+

and 2 HCs were only drawn with Visit 1. Two HCs were only drawn with

Visit 2.
bAll CoV2+ individuals reported symptoms. Nine HCs reported symp-

toms, and 2 HC had negative SARS-CoV-2 PCR results.
cThe symptoms surveyed were fever, chills, cough, runny nose, fatigue,

muscle ache, and difficulty breathing.
dNA = Not applicable.
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et al., 2019; Nellore et al., 2019). Reactivated T-bet-expressing

memory CD4+ T cells proliferate, ‘‘help’’ activate MBCs, and

secrete cytokines (including interferon [IFN]-g) to activate innate

cells (Ruterbusch et al., 2020). Meanwhile, memory CD8+ T cells

also secrete cytokines and kill virus-infected cells directly

through the delivery of cytolytic molecules (Schmidt and Varga,

2018). These quantitatively and qualitatively enhanced virus-

specific memory populations coordinate to quickly clear the vi-

rus, thereby preventing disease and reducing the chance of

transmission. It is therefore critical to assess the full cadre of

SARS-CoV-2-specific immune memory responses to determine

whether mild infection induces a lasting, multilayered defense.

To infect cells and propagate, SARS-CoV-2 relies on the inter-

action between the receptor-binding domain (RBD) of its spike

(S) protein and angiotensin converting enzyme 2 (ACE2) on

host cells (Hoffmann et al., 2020). Multiple studies have shown

that the majority of SARS-CoV-2-infected individuals produce

S- and RBD-specific antibodies during the first 2 weeks of the

primary response and that RBD-specific monoclonal antibodies

can neutralize the virus in vitro and in vivo (Long et al., 2020; Rob-

biani et al., 2020; Shi et al., 2020). Therefore, RBD-specific anti-

bodies would likely contribute to protection in response to rein-

fection if maintained in the plasma by LLPCs or rapidly

expressed by MBCs.

We therefore assessed SARS-CoV-2-specific immune re-

sponses at 1 and 3 months post-symptom onset in individuals

that had experienced mild COVID-19. We found that a multipo-

tent SARS-CoV-2-specific immune memory response forms
170 Cell 184, 169–183, January 7, 2021
and is maintained in recovered individuals for the duration of

our study. Furthermore, persistent memory lymphocytes display

hallmarks of protective antiviral immunity, including a numeri-

cally increased population of virus-specific memory B cells

capable of expressing SARS-CoV-2 neutralizing antibodies.

RESULTS

Return to Immune Homeostasis after Mildly
Symptomatic COVID-19
To determine whether immune memory cells form after mildly

symptomatic COVID-19, we collected plasma and peripheral

blood mononuclear cells (PBMCs) from 15 individuals recovered

from mild COVID-19 (CoV2+) (UW IRB 00009810). The CoV2+

group had a median age of 47 and reported mild symptoms last-

ing a median of 13 days (Table 1). The first blood sample (Visit 1)

was drawn at least 20 days after a positive PCR test for SARS-

CoV-2 and a median of 35.5 days post-symptom onset. We

expect the primary response to be contracting and earlymemory

populations to be generated at this time point, as viral load is

cleared approximately 8 days post-symptom onset (Wölfel

et al., 2020). Participants returned for a second blood draw (Visit

2) a median of 86 days post-symptom onset so we could assess

the quantity and quality of the long-lived memory populations

(Figure 1A). We compared these samples to samples collected

at 2 time points representing a similar sampling interval in a

group of 17 healthy controls (HCs). All HCs were considered to

have no prior SARS-CoV-2 infection based on having no detect-

able plasma SARS-CoV-2 RBD- or S-specific antibodies above

3 standard deviations (SDs) of the mean of historical negative

(HN) plasma samples drawn prior to 2020 (Figure S1).

Populations of activated innate and adaptive immune cells

expand in the blood during the primary response to SARS-

CoV-2 infection (Mathew et al., 2020). When an acute viral infec-

tion is cleared, the majority of these highly inflammatory cells

either die or become quiescent memory cells such that the pro-

portions and phenotypes of total immune cells are indistinguish-

able from those seen in pre-infection blood samples. Consistent

with resolution of the primary response, we found no differences

in frequency of total monocytes, monocyte subsets, or plasma-

cytoid dendritic cells among PBMCs between CoV2+ and HC in-

dividuals (Figure S2). We also found no differences in gd or ab

CD3+ T cell frequencies (CD4+ or CD8+), cell cycle status,

expression of molecules associated with activation, migration,

function, or proportions of various CD45RA– memory T cell sub-

sets (Figures S3A–S3H). We also found no differences in fre-

quency of CD19+ B cells (Figure S3I). Together, these data

demonstrate that the inflammatory response associated with

acute infection had resolved by the Visit 1 time point and that

the early immune memory phase had commenced.

Mild COVID-19 Induces Persistent, Neutralizing Anti-
SARS-CoV-2 IgG Antibody
Humoral immune responses are characterized by a first wave of

short-lived, low-affinity antibody-secreting PBs followed by a

subsequent germinal center (GC) response that generates

high-affinity MBCs and antibody-secreting LLPCs. LLPCs can

maintain detectable plasma antibody titers for months to many
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Figure 1. Mild COVID-19 Induces Persistent, Neutralizing Anti-SARS-CoV-2 IgG Antibody

(A) Study timeline. Range is indicated by box and median indicated by line for each event.

(B) ELISA dilution curves and AUC for anti-RBD IgG (left), IgM (center), and IgA (right) from HC and CoV2+ plasma samples at Visit 1 (V1) and Visit 2 (V2). Dashed

line indicates mean + 3 SD of the HC AUC values.

(C) Comparing V1 and V2 AUC in HC and CoV2+ individuals for each antibody isotype. V2 AUC values were normalized to V1 samples run with V2 samples.

(D) Percent inhibition of RBD binding to ACE2 by plasma sVNT at 1:2 plasma dilution.

(E) Spearman correlation between percent RBD inhibition by sVNT at a 1:2 plasma dilution and anti-RBD IgG AUC at both visits.

(legend continued on next page)
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years, depending upon the specific viral infection (Slifka and

Ahmed, 1996). PBs are formed during acute SARS-CoV-2 infec-

tion but are no longer present in recovered individuals at approx-

imately 1 month post-symptom onset (Mathew et al., 2020). This

suggests that antibodies measured at Visit 1 might include sig-

nificant contributions from short-lived PBs that are no longer pre-

sent, but based on calculations of antibody half-life (approxi-

mately 23 days; Cohen and Freeman, 1960), only an estimated

6% of PB-derived antibodies present at Visit 1 would be retained

at Visit 2. At Visit 2, LLPCs are therefore likely contributing the

majority of antibodies and maintaining the level of RBD-specific

antibodies in the blood. We therefore examined the levels of

SARS-CoV-2-specific IgG, IgM, and IgA antibodies in plasma

at Visit 1 and Visit 2 (Ma et al., 2020). At Visit 1, all of CoV2+ indi-

viduals had plasma anti-RBD IgG levels 3 SDs above themean of

HCs, as measured by ELISA area under the curve (AUC), in

accordance with studies showing 100% seroprevalence by

day 14 (Long et al., 2020) (Figure 1B). Additionally, the majority

of CoV2+ individuals had anti-RBD IgM and anti-RBD IgA above

this negative threshold and possessed IgG, IgM, and IgA anti-

spike antibodies above the threshold at Visit 1 as well (Fig-

ure S4A). Levels of anti-RBD and anti-spike binding were highly

correlated for all isotypes (Figure S4B). At Visit 2, all CoV2+ indi-

viduals maintained anti-RBD IgG levels above the negative

threshold, but fewer CoV2+ individuals maintained anti-RBD

IgM and IgA (Figure 1B). Anti-RBD IgG levels decreased only

slightly among CoV2+ individuals between time points, suggest-

ing the IgG antibody levels were being stabilized by the formation

of antibody-secreting LLPCs. Anti-RBD IgM and IgA, however,

decreased substantially from Visit 1 to Visit 2, suggesting

expression from early PBs that is not maintained by LLPCs

(Figure 1C).

As spike protein, and specifically the RBD, is key for viral entry

into the cell, antibodies that target the RBD can be potent inhib-

itors of infection (Robbiani et al., 2020; Shi et al., 2020). To deter-

mine whether CoV2+ individuals form and maintain neutralizing

antibodies, we tested for SARS-CoV-2 neutralization indirectly

by using a cell-free assay of RBD-ACE2 binding inhibition (surro-

gate virus neutralization test, sVNT) and directly in a plaque

reduction neutralization test (PRNT) (Tan et al., 2020). CoV2+

plasma inhibited RBD binding to ACE2 significantly more than

did HC plasma by sVNT, and RBD inhibition correlated strongly

with anti-RBD IgG levels at both time points (Figures 1D and 1E).

Further, CoV2+ plasma RBD inhibition capacity was maintained

from Visit 1 to Visit 2 (Figure 1F). Neutralization by PRNT corre-

lated strongly with RBD inhibition at both time points (Figure 1G)

and was similarly maintained between visits (Figure 1H). Thema-

jority of CoV2+ plasma achieved at least 50% neutralization by

PRNT at a 1:160 dilution at both time points. By the latest time

point in our study, the majority of CoV2+ individuals still had bet-

ter RBD-inhibiting plasma and better neutralizing plasma than
(F) Percent RBD inhibition at 1:2 plasma dilution at V1 and V2, paired by sample

(G) Spearman correlation between percent RBD inhibition by sVNT at a 1:2 plasm

(H) CoV2+ percent virus neutralization by PRNT at a 1:160 plasma dilution norma

Statistics for unpaired data determined by 2-tailed Mann-Whitney tests and, for p

significance cutoff at FDR = 0.05 is p value < 0.05. Error bars represent mean an

See also Figures S1 and S4.
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did HCs. These data are consistent with the emergence of

IgG+ RBD-specific LLPCs that maintain detectable neutralizing

anti-SARS-CoV-2 antibody to at least 3 months post-symp-

tom onset.
Mild COVID-19 Induces a Sustained Enrichment of RBD-
Specific IgG+ Memory B Cells
The presence of SARS-CoV-2 neutralizing antibodies 3 months

post-symptom onset in CoV2+ individuals suggests that GC-

derived LLPCs have formed. GCs also produce long-lived

MBCs that play a critical role in the formation of high-affinity anti-

body-secreting PBs upon antigen re-exposure and can be long-

lived. We therefore tested whether SARS-CoV-2-specific MBCs

were formed andmaintained in CoV2+ individuals throughout the

study’s time course. We generated RBD tetramer reagents and

used enrichment strategies to identify and phenotype rare

RBD-specific B cells that are otherwise undetectable (Krishna-

murty et al., 2016). We tested the specificity of our reagent in

RBD-immunized mice (Walls et al., 2020) and then used it to

identify, enumerate, and phenotype rare, RBD-specific B cells

in PBMCs fromHC and CoV2+ individuals. Gates used to pheno-

type RBD-specific B cells were defined on total B cell popula-

tions (Figure S5A).

At Visit 1, RBD-specific B cells were expanded in CoV2+ indi-

viduals in comparison with HCs, and their numbers in CoV2+ in-

dividuals increased significantly from Visit 1 to Visit 2 (Figures 2A

and 2B). As expected, we found very few CD20�CD38+ RBD-

specific antibody-secreting cells (PBs or PCs) in the blood of

HC or CoV2+ individuals at either time point, supporting the

idea that LLPCs, likely in the bone marrow, are producing the

majority of RBD-specific antibody at Visit 2 (Figure 2C). Expres-

sion of CD21 and CD27 distinguishes CD21+CD27� naive B cells

from CD21+CD27+ classical MBCs and CD21�CD27+/� acti-

vated MBCs (Weisel and Shlomchik, 2017). The majority of

RBD-specific B cells in CoV2+ individuals were CD21+CD27+

classical MBCs, whereas the majority of RBD-specific B cells

in HC individuals were naive (Figures 2D and 2E). The number

of RBD-specific MBCs in CoV2+ samples were on average

significantly greater than in HCs and increased even further at

Visit 2 (Figure 2F). Class switching of B cell receptors (BCRs)

from IgM and IgD to IgG, IgA, or IgE is associated with BCR af-

finity maturation usually needed to form high-affinity neutralizing

antibodies (Weisel and Shlomchik, 2017). CoV2+ RBD-specific

MBCs were enriched for IgG+ MBCs, whereas the smaller num-

ber of HC RBD-specific MBCs were predominantly unswitched

(IgM+ and IgD+) (Figures 2G, 2H, and S5B). Most strikingly, the

increased numbers of IgG+ RBD-specific MBCs seen in CoV2+

individuals as compared to HC individuals at Visit 1 were even

further enhanced at Visit 2 (Figure 2I). Relatively few of the

CoV2+ RBD-specific MBCs expressed IgA, but their number
.

a dilution and percent virus neutralization by PRNT at a 1:160 plasma dilution.

lized and paired as in (C).

aired data, by 2-tailed Wilcoxon signed-rank tests. Multiple testing correction

d SD.
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Figure 2. Mild COVID-19 Induces a Sustained Enrichment of RBD-Specific IgG+ Memory B Cells

(A) Representative gating of live CD3–CD14–CD16– cells for SARS-CoV-2 RBD-specific cells (RBD tetramer+decoy tetramer–) from CoV2+ and HC PBMCs at V1

and V2.

(B) Number of RBD-specific B cells (RBD tetramer+decoy tetramer–CD20+) per 1 3 106 PBMCs.

(C) Representative flow cytometry plots and number of RBD-specific PBs (RBD tetramer+decoy tetramer�CD20�CD138hi) (na = could not be calculated because

all values 0).

(legend continued on next page)
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was significantly higher than in HC individuals at both time points

(Figure S5B).

An additional measure of antiviral MBC function is the expres-

sion of T-bet (Knox et al., 2017a). MBCs that express T-bet are

associated with rapid differentiation into secondary PBs that

produce high-affinity, viral-specific antibodies during a second-

ary infection (Knox et al., 2017b). We found on average a higher

number of T-bet+ RBD-specific MBCs in CoV2+ individuals than

in HCs at Visit 1, and the higher numbers weremaintained at Visit

2 (Figure 2J). Together these data demonstrate that IgG+ RBD-

specific classical MBCs not only form and persist in response

to mild COVID-19, but their numbers continue to increase from

1 to 3 months post-symptom onset.

SARS-CoV-2 Infection Induces Durable, Functional
Spike-Reactive Memory CD4+ T Cells
The presence of T-dependent IgG+ RBD-specific MBCs sug-

gested that antigen-specific memory T cell responses were also

present in CoV2+ individuals. To enumerate SARS-CoV-2-spe-

cific CD4+ memory T cells, total PBMCs from HC or CoV2+ indi-

viduals were incubated with vehicle control or spike protein,

and activation marker expression was assessed 20 h later (Fig-

ure 3A) (Bentebibel et al., 2013; Reiss et al., 2017). We first

focused on the activation-induced expression of members of

specific T-B receptor-ligand pairs including ICOS and CD40L.

CD4+ T cells from CoV2+ individuals at both Visit 1 and 2 demon-

strated enhanced expression of ICOS and CD40L after re-activa-

tion with spike protein in comparison with vehicle control (Fig-

ure 3B). Small numbers of spike-responsive activated CD4+

T cells could also be found in a fewHC individuals, but on average

these were not significantly increased across the HC cohort.

Furthermore, there were no significant differences in the numbers

of responding cells in CoV2+ individuals between Visit 1 and Visit

2, demonstrating that spike-specific memory CD4+ T cells were

maintained throughout the study (Figure 3B). In addition, greater

numbers of CXCR5-expressing circulating T follicular helper

(cTfh) cells (Vinuesa et al., 2016) capable of migrating to B cell fol-

licles were seen in re-stimulated samples from CoV2+ individuals

than from HC individuals, and this was maintained between visits

(Figure 3C). Together these data demonstrate that SARS-CoV-2-

specificmemoryCD4+ T cells aremaintained, and some retain the

capacity to provide B cell help, at 3 months post-symptom onset.

Antigen-specific memory CD4+ T cells proliferate to re-seed

the memory pool and generate effector cells upon antigen re-

exposure (Sallusto et al., 1999). To formally demonstrate

that spike-specific CD4+ T cells in CoV2+ individuals were of a

memory phenotype prior to re-stimulation, we measured the
(D) Representative gating of RBD-specific B cells for naive B cells (CD21+CD27

in green).

(E) Proportion of RBD-specific B cells that are naive (CD21+CD27�), classical
proportion that are MBCs.

(F) Number of RBD-specific MBCs (classical and activated).

(G) Representative gating of RBD-specific MBCs for BCR isotype (IgD, IgM, IgA,

(H) Proportion of RBD-specific MBCs expressing the BCR isotypes IgD, IgM, IgA

(I) Number of RBD-specific IgG+ MBCs.

(J) Representative gating of RBD-specific MBCs for T-bet expression and numb

Statistics for unpaired data determined by 2-tailed Mann-Whitney tests and, for p

significance cutoff at FDR = 0.05 is p value < 0.04. Error bars represent mean an
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proliferative capacity of pre-sorted memory or naive subsets

in response to spike re-stimulation. For this, we sorted

CD45RA+ naive, CD45RA–CCR7+ central memory (TCM) and

CD45RA–CCR7– effector memory (TEM) T cells from HC or

CoV2+ individuals and cultured them for 5–6 days with autolo-

gous CD14+ monocytes and recombinant spike protein (Fig-

ure S6A). We next determined the frequency of cells that prolif-

erated and therefore diluted a cell proliferation dye (CPD) after

5–6 days of culture (Figure 3D). We additionally examined the

expression of CCR6+ (associated with IL-17-producing Th17

cells), and CXCR3+ (associated with IFN-g producing Th1 cells),

as Th1 and Th17 subsets have been associated with pro-

tection from other respiratory viral infections (Sallusto, 2016). In

CoV2+ individuals, a small population of proliferated (CPDlo)

CXCR3+CD4+ Th1 cells emerged from sorted naive cells after

5 days of culture, perhaps representing contaminating memory

cells, as thesewere not seen in HC individuals (Figure 3E). Sorted

TCM cells from all CoV2+ individuals tested displayed signifi-

cantly higher frequencies of CXCR3+CPDlo T cells that prolifer-

ated in response to spike than did HC samples. Although sub-

stantial proliferative responses were observed in TEM cells in

some CoV2+ individuals, this was more variable across the

CoV2+ group than what was seen in the TCM cells. Together

these data demonstrate that, in individuals that have recovered

from mild COVID-19, predominantly CXCR3-expressing spike-

specific TCM, and in some individuals CXCR3-expressing TEM,

persist and have the ability to proliferate and re-populate the

memory pool upon antigen re-encounter.

Memory T cells rapidly express a wide variety of cytokines to

engage, recruit, or activate innate cells or other adaptive lym-

phocytes. We next performed a detailed analysis of the cytokine

profiles of spike-responsivememory T cells that persisted at Visit

2 in CoV2+ and HC individuals to gain a better understanding of

SARS-CoV-2-specific memory cell function. Production of spe-

cific cytokines by CD4+ CXCR5+ memory Tfh cells can influence

B cell activation and class switching, whereas CD4+ CXCR5� T

effector (Teff) cells express high levels of cytokines to engage

antiviral programs. Cytokines generated by a variety of T helper

subsets were examined (IFN-g, IL-2, IL-4, IL-17), and staining

was confirmed on PMA/ionomycin activated CD69+ cells (repre-

sentative plots shown in Figure S6B). Activated CD69+

CD4+ memory cells were further subset by CCR6 and CXCR5

expression, as predominant populations of spike-specific

CCR6+CXCR5+ cTfh were recently described early after SARS-

CoV2 infection (Juno et al., 2020) (Figure S6C). After spike re-

stimulation, the CoV2+ samples demonstrated significant

numbers of activated, cytokine-producing cells in comparison
�) and MBCs (CD21+CD27+/CD21–CD27+/CD21–CD27– populations outlined

MBCs (CD21+CD27+), or activated MBCs (CD21�CD27+/�), statistics for the

and IgG) expression.

, and IgG. Statistics are for the proportion that are IgG+.

er of RBD-specific T-bet+ MBCs.

aired data, by 2-tailed Wilcoxon signed-rank tests. Multiple testing correction

d SD. Data from 2 experiments per visit. See also Figure S5.



A B

C

D E

F
G

H I

(legend on next page)

ll

Cell 184, 169–183, January 7, 2021 175

Article



ll
Article
to vehicle controls, whereas some HC samples exhibited small

numbers of activated, cytokine-producing cells (Figure 3F). The

cytokine production in the CoV2+ samples was dominated by

the expression of IL-2 and IFN-g, with less frequent IL-17A pro-

duction and no significant IL-4 production noted (Figures 3G and

S6D). Spike-responsive CCR6� subsets expressed higher fre-

quencies of IL-2 and IFN-g than CCR6+ cells, whereas the few

IL-17 producers present expressed CCR6 as expected.

Together these data demonstrate that functional, spike-specific

memory CXCR5+ cTfh and CXCR5� Teff cells persist 3 months

after symptom onset that predominantly make Th1 cytokines,

with a small IL-17A-producing population.

Although much recent work has focused on antibodies and B

cells, memory CD8+ T cells are uniquely positioned to kill virus-in-

fected cells through their directed expression of cytokines and

cytolytic molecules. We therefore interrogated the presence of

functional CD8+ memory T cells in the same cytokine reactivation

assays and samples described above. Spike-specific memory

CD8+ T cells that persisted for 3 months after mild COVID-19 dis-

ease could be identified by expression of the activation marker

CD69 and expression of the cytokine IFN-g after incubation

with SARS-CoV-2 spike for 20 h (Figure 3H). Unlike CD4+memory

T cells, however, activated cytokine-expressing CD8+ T cells

were significantly increased in number over the cells incubated

with vehicle in both HC and CoV2+ groups (Figure 3I). Together,

these data demonstrate that Th1 CD4+ SARS-CoV-2-specific

cTfh and non-Tfh memory T cells are maintained and able to pro-

duce effector cytokines after re-stimulation 3 months post-symp-

tom onset in mildly symptomatic COVID-19 individuals. These

data further suggest that a population of IFN-g-producing,

cross-reactive CD8+ T cells exist in healthy controls.

SARS-CoV-2-Specific MBCs Can Express Neutralizing
Antibodies
Because SARS-CoV-2 RBD-specific MBC and S-specific CD4+

cTfh were enriched in CoV2+ individuals after 3 months, we
Figure 3. SARS-CoV-2 Infection Induces Durable, Functional Spike-Re

(A) Representative flow cytometry plots of ICOS and CD40L expression on antig

PBMCs from HC and CoV2+ individuals at V1 and V2 with vehicle or SARS-CoV-

(B) Number of antigen-experienced ICOS+CD40L+CD4+ T cells per 1x106 CD4+ T c

at both time points (right) and calculated number of spike-responsive CD4+ T cells

compared across time points (left).

(C) Number of antigen-experienced CXCR5+ICOS+CD40L+CD4+ T cells (cTfh) per

S at both time points (right) and calculated number of spike-responsive cTfh cells

compared across time points (left).

(D) Representative flow cytometry plots of sorted CD4+ naive (CD45RA+CCR7+),

PBMCs after 5–6 days of co-culture with SARS-CoV-2 spike-protein-pulsed auto

(E) SARS-CoV-2 spike-specific expansion of sorted CD4+ naive T, TCM, and TEM c

cells after incubation with spike minus frequency after incubation with vehicle.

(F) Number of cytokine-producing, antigen-experienced CD69+CD4+ T cells per 1

of spike-responsive, cytokine-producing CD4+ T cells (number after incubation w

(G) Frequency of antigen-experienced CD69+CD4+ T cell subsets, CCR6+/� Te

effector cytokines after incubation with spike for 20 h.

(H) Representative flow cytometry plots of CD69 and IFN-g expression on antig

incubation with vehicle or SARS-CoV-2 spike.

(I) Number of antigen-experienced IFN-g+CD69+CD8+ T cells per 1 3 106 CD8+

spike-responsive CD8+ T cells (number after incubation with spike minus numbe

Statistics for unpaired data determined by 2-tailed Mann-Whitney tests and, for p

significance cutoff at FDR = 0.05 is p value < 0.05. Error bars represent mean an
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askedwhether theseMBCs had the potential to produce neutral-

izing antibodies if reactivated by a secondary infection. To this

end, we index sorted single RBD-specific B cells and sequenced

the BCRs from 3 CoV2+ individuals at both time points (Figures

S7A and 4A). We sequenced all IgG+ RBD-specific classical

MBCs (CD21+CD27+), cloned paired heavy and light chain se-

quences that were obtained, and expressed them as IgG1

monoclonal antibodies. In total, this comprised 19 antibodies

from Visit 1 and 16 from Visit 2.

These antibodies were first expressed in small scale cultures

for screening. Transfection supernatants were assessed for anti-

body expression by IgG ELISA (Figures S7B and S7D) and spec-

ificity by RBD ELISA, where all but 1 antibody at each time point

showed strong binding to RBD (Figures 4B and 4D). Antibodies

were then assessed for their capacity to inhibit RBD binding to

the ACE2 receptor by sVNT assay. Eight of 18 antibodies cloned

from subjects at Visit 1 (44%) and 7 of 15 from Visit 2 (47%) were

able to inhibit RBD binding to ACE2 (Figures 4C and 4E).

Although 2 of the Visit 1 antibodies showed lower levels of inhi-

bition, the others showed levels of inhibition similar to a strongly

neutralizing alpaca nanobody (Hanke et al., 2020). These anti-

bodies were then expressed on a larger scale and purified for

more detailed analysis. The specificity of the purified antibodies

for RBD was again confirmed by ELISA (Figures S7C and S7E),

and all Visit 2 inhibitors, the majority of Visit 1 inhibitors, and

several non-inhibitors were assayed for SARS-CoV-2 neutraliza-

tion capacity by PRNT assay. All of the inhibitory antibodies were

able to strongly neutralize the virus, with IC50 values ranging from

7.15 to 49.61 ng/mL (Figures 4F and 4G). This was comparable

to a previously published strongly neutralizing mouse antibody

(2B04) which was included as a positive control (IC50 = 3.6 ng/

mL) (Alsoussi et al., 2020). Two of the non-inhibitory antibodies

(#205 and #211) were unable to inhibit virus infection as ex-

pected, similar to a non-neutralizing mouse antibody (2C02)

and an irrelevant Plasmodium-specific human antibody (MSP-

003). Interestingly, the other 2 non-inhibitory antibodies tested
active CD4+ T Cells

en-experienced (non-CD45RA+CCR7+) CD4+ T cells 20 h after incubation of

2 spike.

ells fromHCandCoV2+ samples after incubationwith vehicle (Veh.) or spike (S)

(number after incubationwith spikeminus number after incubation with vehicle)

13 106 CD4+ T cells from HC and CoV2+ samples after incubation with Veh. or

(number after incubation with spike minus number after incubation with vehicle)

TCM (CD45RA�CCR7+), or TEM (CD45RA�CCR7�) T cells from HC and CoV2+

logous monocytes and measuring proliferation by CPD dilution.

ells from V1 (circles) and V2 (squares) reported as frequency of CXCR3+CPDlo

3 106 CD4+ T cells after incubation with Veh. or S (right) and calculated number

ith spike minus number after incubation with vehicle) (left).

ff (CXCR5�), and CCR6+/� cTfh (CXCR5+) producing IL-2, IFN-g, and IL-17A

en-experienced CD8+ T cells from HC and CoV2+ PBMCs at V2 after 20 h of

T cells after 20 h of incubation with Veh. or S (right) and calculated number of

r after incubation with vehicle) (left).

aired data, by 2-tailed Wilcoxon signed-rank tests. Multiple testing correction

d SD. Data from 2 experiments per visit. See also Figure S6.
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(#203 and #207) were able to neutralize live virus, with #203 hav-

ing an IC50 comparable to the strong inhibitors (15.4 ng/mL), sug-

gesting that the sVNT assay does not detect all monoclonal

RBD-specific antibodies capable of neutralizing live virus.

More than 50% of the antibodies tested showed activity by

one or both of these methods.

This set of antibodies utilized a wide variety of heavy and light

chains, had all undergone somatic hypermutation (SHM) and

were all unique clones (Tables 2 and S1). Somatic hypermutation

(SHM) levels in both heavy and light chains increased on average

between Visit 1 and Visit 2, but these differences were not statis-

tically significant (Figures S7F and S7G). Thus, RBD-specific

MBCs induced by SARS-CoV-2 infection are capable of produc-

ing a variety of neutralizing antibodies against the virus and could

contribute to protection from a second exposure.

Recovered Individuals Formed Multifaceted SARS-CoV-
2-Specific Immune Memory
In response to human viral infections such asmeasles, polio, and

hepatitis A, the amount and function of virus-specific IgG+ anti-

bodies, IgG+ MBCs, CD4+ memory T cells, and CD8+ memory

T cells have been correlated with long-lived protection (Amanna

et al., 2007; Plotkin, 2010). Although we do not yet know which

components of immune memory are sufficient for protection

from a second exposure to SARS-CoV-2, these components

should synergize to form a multi-layered defense.

To determine if the CoV2+ individuals in our cohort each

formed and maintained multiple immune memory components,

we assessed each individual across components of SARS-

CoV-2-specific functional immune memory that were signifi-

cantly different in CoV2+ individuals at Visit 2 and, thus, might in-

fluence protection from a second exposure. The HC and CoV2+

individuals were grouped by infection status, and the values for

independent metrics of immune memory at Visit 2 were reported

in a heatmap (Figure 5). Because we do not yet knowwhat a pro-

tective threshold is for each of these metrics, we set one SD

above the mean of the values from HCs for each metric (row)

as a threshold (white on the color scale). This allows us to see

which CoV2+ individuals had responses above those detected

in HCs. All 14 CoV2+ individuals in our cohort formed and sus-

tained multiple components of immune memory at Visit 2 at

levels above those found in HCs. All but one CoV2+ individual

(CoV2+ 8) had higher RBD-specific IgG+ antibody titers,

improved plasma inhibition of RBD-ACE2 binding, and higher

numbers of RBD-specific IgG+ MBCs than HCs. Most CoV2+ in-
Figure 4. SARS-CoV-2-Specific MBCs Can Express Neutralizing Antib

(A) Representative flow plots of index-sorted RBD-tetramer specific B cells (gati

(B) Anti-RBD ELISA of culture supernatants from cells transfected to express one

trans). Antibodies that did not bind RBD are shown in orange.

(C) Inhibition of RBD binding to ACE2 by Visit 1 monoclonal antibody supernatan

antibody (Ty1). Red indicates strong inhibitors, blue moderate inhibitors and blac

(D) Anti-RBD ELISA of culture supernatants from cells transfected to express one o

in orange.

(E) Inhibition of RBD binding to ACE2 by Visit 2 monoclonal antibodies measured

(F) Neutralization capacity of purifiedmonoclonal antibodies asmeasured by PRN

antibodies, respectively, and MSP-003 is an irrelevant Plasmodium-specific anti

(G) IC50 values calculated from PRNT. Dotted line represents the limit of detectio

See also Figure S7.
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dividuals (11/14) also maintained higher numbers of spike-

responsive CD4+ memory T cells that could rapidly produce

effector cytokines (IL-2, IFN-g, and/or IL-17A) than HCs. A few

CoV2+ individuals (5/14) also had higher numbers of spike-

responsive, IFN-g-producing CD8+ memory T cells than did

HCs. Together these data demonstrate that all of the CoV2+ in-

dividuals in our cohort formed and maintained multiple compo-

nents of functional, adaptive immune memory.

DISCUSSION

Although a vaccine is needed to safely reach herd immunity

against SARS-CoV-2, understanding if natural infection induces

viral-specific immunological memory that could influence trans-

mission and disease severity is critical to controlling this

pandemic. We therefore investigated whether individuals that

experienced mild COVID-19 developed and sustained multilay-

ered, functional immune memory. We found that 3 months after

mildly symptomatic COVID-19, recovered individuals had

formed an expanded arsenal of SARS-CoV-2-specific immune

memory cells that exhibited protective antiviral functions.

Recovered individuals had increased neutralizing antibodies,

IgG+ classical MBCs with BCRs that formed neutralizing anti-

bodies, Th1 cytokine-producing CXCR5+ circulating Tfh and

CXCR5� non-Tfh cells, proliferating CXCR3+ CD4+ memory

cells, and IFN-g-producing CD8+ T cells. These components of

immune memory have all been associated with protection from

other viruses in humans (Ahmed and Gray, 1996; Amanna

et al., 2007; Morita et al., 2011). Together, these data demon-

strate that all of the recovered individuals in our cohort formed

a multifaceted defense, which suggests attenuated virus vac-

cines are likely to be similarly successful in eliciting a functional

immune memory response.

Sustained production of neutralizing IgG+ virus-specific anti-

bodies is a frequent correlate of protection from viral infection

(Amanna et al., 2007). Some studies examining the longevity of

the antibody response to coronaviruses have suggested that an-

tibodies wane rapidly (Seow et al., 2020; Tang et al., 2011; Wu

et al., 2007). Our study, as well as other recent studies, has

examined memory time points when only LLPCs, and not

short-lived PBs, are thought to be producing circulating anti-

bodies. Together, we demonstrate elevated IgG+ RBD-specific

plasma antibodies and neutralizing plasma are generated and

maintained at elevated levels for at least 3 months post-SARS-

CoV-2 infection (Isho et al., 2020; Perreault et al., 2020;
odies

ng scheme in Figure S7A). BCRs cloned from cells are shown in red.

of the Visit 1 monoclonal antibodies or supernatant from untransfected cells (no

ts measured by sVNT assay, compared to a known RBD-specific neutralizing

k non-inhibitors.

f the Visit 2monoclonal antibodies. Antibodies that did not bind RBD are shown

by sVNT assay. Red indicates strong inhibitors and black non-inhibitors.

T. 2B04 and 2C02 are previously identified strong and weak neutralizing murine

body.

n.



Table 2. Neutralizing Monoclonal Antibody Information

mAb ID Heavy Chain Light Chain Heavy Chain Junction AA Sequence Heavy Chain Mutation # Light Chain Mutation #

202 IGHV 3-66 IGLV 1-40 CARGGEEPLPFDPW 7 0

203 IGHV 1-69 IGLV 1-40 CARDEAQTTVNTNWFDPW 11 6

206 IGHV 3-66 IGKV 1-39 CARGDGSYYRAFDYW 6 3

207 IGHV 3-23 IGlV 1-21 CAKDPGTVTTYEYFQHW 3 6

210 IGHV 3-53 IGKV 1-39 CARDASSYGIDW 5 3

228 IGHV 3-66 IGKV 1-33 CARGVKDNIW 6 3

234 IGHV 3-53 IGKV 3-20 CARAFGGDYMDVW 5 4

239 IGHV 3-23 IGLV 1-40 CAKAGGRDYYDRSGTLNVGAWNFQHW 5 2

278 IGHV 1-46 IGKV 1-39 CARANSGSYHYYDYW 12 4

277 IGHV 4-59 IGKV 3-20 CARSWLRPHNWLDPW 12 18

284 IGHV 1-69 IGKV 1-39 CAGREKRWFGELNWDDGMDVW 14 6

297 IGHV 3-9 IGKV 1-39 CAKGHDPFHYYYYGMDVW 11 7

300 IGHV 1-69 IGKV 1-39 CASVSHYYDGSGYPTGFDPW 10 1

305 IGHV 3-53 IGKV 1-NL1 CARGPGVIIDW 3 3

309 IGHV 3-53 IGKV 1-12 CARELSSYYDLW 5 10

Heavy and light chain gene usage, somatic hypermutation rate, and VDJ junction sequence of neutralizing antibodies.
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Ripperger et al., 2020; Wajnberg et al., 2020).What level of anti-

body is needed to contribute to protection and whether that level

will be maintained in the long term will require studies of later

time points. Although we detected IgA+ RBD-specific antibodies

early, the levels had dropped significantly by 3 months, suggest-

ing that the early IgA was derived from short-lived PBs. IgA-pro-

ducing LLPCs either do not form or are sequestered in a tissue

such that antibodies are not secreted into the blood.

Functional virus-specific memory B and T cells are key medi-

ators of protective immune memory (Plotkin, 2010) and, unlike

LLPCs, can be directly measured. Although previous studies

have described the emergence of SARS-CoV-2-specific MBCs

within a month of infection (Grifoni et al., 2020; Juno et al.,

2020), (Wilson et al., 2020) we characterized SARS-CoV-2-

specific MBCs at 1 and 3 months from symptom onset in

the same individuals to determine whether this population is

maintained. Our study also analyzed additional attributes

of MBCs that have been associated with anti-viral protection.

Our study revealed a prominent population of RBD-specific

IgG+CD27+CD21+ MBCs, which, in other infections, has been

associated with GC derivation, rapid differentiation into anti-

body-secreting PBs upon re-exposure (Nellore et al., 2019),

and effective antiviral responses (Rubtsova et al., 2013). Not

only was this population maintained from 1 to 3 months, the

numbers increased significantly. We also found that these cells

express BCRs capable of neutralizing SARS-CoV-2 when ex-

pressed as monoclonal antibodies. Approximately half of the an-

tibodies derived from the IgG+ MBCs analyzed were able to

neutralize the virus in vitro. The BCRs all exhibited SHM, and

the number of mutations from Visit 1 BCRs was similar to those

previously reported from samples obtained at a similar time point

(Robbiani et al., 2020). SHM modestly increased in both heavy

and light chains from Visit 1 to Visit 2, which could reflect addi-

tional affinity maturation in the GC, but further analysis of a larger

numbers of samples is needed. Taken together, these data sug-

gest that upon re-exposure with SARS-CoV-2, these individuals
will have MBCs that can rapidly generate neutralizing SARS-

CoV-2 antibody titers and help control the infection.

Memory CD4+ T cells can help reactivate MBCs through their

expression of key molecules associated with T-B interactions

including CXCR5, ICOS, CD40L, and a variety of cytokines (Vi-

nuesa et al., 2016). SARS-CoV-2-specific CD4+ memory

T cells in recovered individuals in our cohort exhibited the capac-

ity to express all of these molecules and to undergo robust pro-

liferation upon re-exposure to spike protein. Notably, spike-spe-

cific CD4+ memory T cells from CoV2+ individuals rapidly

displayed increased levels of ICOS and CD40L on CXCR5+

and CXCR5– cells after stimulation as well as expression of

Th1- and Th17-associated cytokines. These results are consis-

tent with other recent reports of SARS-CoV-2-specific cTfh cells

(Juno et al., 2020), although they detected a high frequency of

Th17-like cTfh cells, which could be due to the earlier time point

they were examining as Th17 cells can develop into Th1 cells late

in an immune response (Lee et al., 2009). The expression of IFN-

g and IL-17 by cTfh cells is notable as these cytokines are asso-

ciated with class switching to IgG and IgA isotypes, respectively

(Hirota et al., 2013; Peng et al., 2002).

We also likely found cross-reactive memory B and T cells in

healthy controls. In response to a viral infection, B cells that

could recognize a viral antigen, but did not enter a GC, predom-

inantly form IgM+ and IgD+ MBCs which tend to be low affinity

and do not rapidly form PBs upon re-exposure, but might be

able to recognize a variant of the viral protein (Weisel and Shlom-

chik, 2017). Because we detected RBD-specific IgM+ and IgD+

MBCs in HCs, we hypothesize that some of these could be

cross-reactive MBCs generated in response to a previous hu-

man coronavirus infection as recent work suggests (Song

et al., 2020). We also found a small number of spike-responsive

CD4+ memory T cells in HCs, which other groups have similarly

attributed to cross-reactive memory T cells potentially associ-

ated with a previous human coronavirus infection (Braun et al.,

2020; Grifoni et al., 2020; Sekine et al., 2020; Sette and Crotty,
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Figure 5. Recovered Individuals Formed

Multifaceted SARS-CoV-2-Specific Immune

Memory

Heatmap of values for independent SARS-CoV2

RBD- or spike-specific immune memory compo-

nents from each HC and CoV2+ individual at Visit

2. RBD-specific IgG measured by ELISA (AUC).

Percent inhibition by sVNT calculated at 1:2

plasma dilution. Number of RBD-specific IgG+

MBCs per 1 3 106 PBMCs. Number of spike-

responsive (CD69+), cytokine-producing (IL-2/IFN-g/IL-17A), antigen-experienced CD4+ T cells calculated by number after 20 h incubation with spike minus

number after incubation with vehicle. Number of spike-responsive (CD69+IFN-g+), antigen-experienced CD8+ T cells calculated by number after 20 h incubation

with spike minus number after incubation with vehicle. The color scales are set for each metric (row) with the mean + 1 SD of the HC set to white.
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2020). We also found SARS-CoV-2-specific CD8+ memory

T cells in equal numbers in HCs and CoV2+ individuals. This

finding suggests cross-reactivity within a population of IFN-g

producing CD8+ memory cells in our HC samples and raises

the possibility that our inability to interrogate CD8+ resident

memory cells in the lungs could mask the true expansion of

this compartment in CoV2+ individuals. How these cross-reac-

tive cells contribute to the SARS-CoV-2 memory response in

recovered individuals is difficult to discern without knowledge

of each individual’s SARS-CoV-2-specific BCR and TCR reper-

toires prior to infection. However, we can conclude that mild

COVID-19 induces an expanded population of MBCs and

CD4+ memory T cells with markers of increased functionality in

comparison with the cross-reactive pool present in our controls.

It is currently impossible to perform controlled SARS-CoV-2

reinfection studies to test the protective capacity of the SARS-

CoV-2-specific memory lymphocytes we have described in hu-

mans. However, previous studies of human coronaviruses

have shown protection from homologous rechallenge that corre-

lated with antibody titers (Callow et al., 1990). Although studies

of SARS-CoV-2 have confirmed rare second exposures months

after the first, they suggest prior exposure can be protective

(Abu-Raddad, 2020; To et al., 2020). Additional studies have

supported this finding, including evidence from a fishing vessel

where 85% of the crew became infected, yet 3 previously

exposed individuals with neutralizing antibodies did not get

sick (Addetia et al., 2020). More recently, during an outbreak at

an overnight camp, none of the attendees that were seropositive

(16%) prior to attending the camp tested positive for infection,

whereas 91% of the remaining susceptible population tested

positive for infection (Pray, 2020). Animal studies provide addi-

tional support, as macaques infected with SARS-CoV-2 were

protected from rechallenge (Chandrashekar, 2020). Although

these studies support the role of immune memory contributing

to protection from SARS-CoV-2 re-exposure, future studies will

require data on the SARS-CoV-2-specific immune memory

compartment prior to re-exposure to assess a correlation to

protection.

It is also important to note that different levels of severity of

COVID-19 could be associated with different levels of immune

memory and subsequent immune protection. We focused on

the immune memory response to mild COVID-19, but whether

similar memory populations form after severeCOVID-19 is still un-

clear. In one largely histological study of post-mortem tissues

from patients that succumbed to severe COVID-19, the lack of
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GC formation or the generation of CD4+ Tfh lymphocytes required

for an optimal immune memory response suggested that forming

immunememory could be difficult (Kaneko et al., 2020). However,

as these patients died of acute disease, it is impossible to deter-

mine if germinal centers were transiently disrupted due to acute

inflammation as has been seen in other highly inflammatory dis-

eases like malaria (Keitany, 2016). Although additional studies

are needed to determine how longmemory to SARS-CoV-2 infec-

tion lasts, our work suggests that mild COVID-19 induces persis-

tent, multifaceted immune memory. These functional antiviral

memory lymphocytes are poised for a coordinated response to

SARS-CoV-2 re-exposure that could contribute to immunity and

help to curtail the pandemic.

Limitations of Study
First, our cohort is of relatively small size, preventing us from

identifying patient characteristics that correlate with maintained

immune memory. We would need a larger cohort with a diverse

racial make-up as well as details on disease characteristics to

achieve this. Second, we restricted our cohort to individuals

recovered from mildly symptomatic COVID-19. Thus, these

data do not describe the immune memory response after

asymptomatic or severe disease. Studying a larger cohort of in-

dividuals with a spectrum of disease severity would allow this

extension of our data. Third, we found SARS-CoV-2-specific im-

mune memory was maintained at 3 months post-symptom

onset, but we do not know whether SARS-CoV-2-specific im-

mune memory will be maintained for a year or longer. Repeating

these studies at later time points will yield these data. Finally, we

demonstrate that SARS-CoV-2-specific immune memory is

maintained and functional in vitro, but our data cannot say

whether these individuals will be protected from disease upon

a second exposure and, if they are, which arms of immunemem-

ory correlate with protection. Addressing this will require study of

individuals before and after a natural re-exposure event. Large

epidemiologic studies to determine whether the rate of symp-

tomatic re-infection in previously exposed individuals is different

than in naive individuals will also help address whether previous

exposure and immune memory generation could be protective

from symptomatic re-infection.
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Anti-human CD19-BV605, Clone SJ25C1 BioLegend Cat #363006; RRID: AB_2564128

Anti-human IL-4-FITC, Clone MP4-25D2 BioLegend Cat #500806; RRID: AB_315125

Anti-human IL-13-PE, Clone JES10-5A2 BioLegend Cat #501903; RRID: AB_315198

Anti-human IL17a-PE/Dazzle594, Clone BL168 BioLegend Cat #512336; RRID: AB_2564038

Anti-human IL-22-PE/Cy7, Clone 22URTI ThermoFisher Cat #25-7229-42; RRID: AB_10853346

Anti-human IFNg-Af700, Clone 4S.B3 BioLegend Cat #502520; RRID: AB_528921

Anti-human pan-gdTCR-APC/Fire75, Clone B1 BioLegend Cat #331228; RRID: AB_2650627

Anti-human CCR6-BV650, Clone OKT4 BioLegend Cat #317436; RRID: AB_2563050

Anti-human CXCR5-BB515, Clone RF8B2 BD Cat #564624; RRID: AB_2738871

Anti-human CCR10-PE, Clone 14305 R&D Cat #FAB3478P-100

Anti-human CCR4-PE/Dazzle594, Clone L291H4 BioLegend Cat #359420; RRID: AB_2564095

Anti-human CD25-PE/Cy5, Clone BC96 BioLegend Cat #302608; RRID: AB_314278

Anti-human CD127-PE/Cy7, Clone hIL7Rm21 BD Cat #560822; RRID: AB_2033938

Anti-human CD69-BUV395, Clone FN50 BD Cat #564364; RRID: AB_2738770

Anti-human CD40L-FITC, Clone 24-31 ThermoFisher Cat #11-1548-42; RRID: AB_10669047

Anti-human ICOS-Percp-eF710, Clone ISA-3 ThermoFisher Cat #46-9948-42; RRID: AB_10854730

Anti-human IL-21-PE, Clone eBio3A3-N2 ThermoFisher Cat #12-7219-42; RRID: AB_1582260

Anti-human IL-17A-PE Dz594, Clone BL168 Biolegend Cat #512336; RRID: AB_2564038

Anti-human IL-4-PE Cy7, Clone MP4-25D2 BioLegend Cat #500824; RRID: AB_2126746

Anti-human IL-6-AF647, Clone MQ2-13A5 BioLegend Cat #501124; RRID: AB_2810624

Anti-human IL-2-AF700, Clone MQ1-17H12 BioLegend Cat #500320; RRID: AB_528929

Anti-human IFNg-APC H7, Clone 4S.B3 BioLegend Cat #502530; RRID: AB_10663412

Anti-mouse CD4-FITC, Clone GK1.5 BD Cat #553729; RRID: AB_395013

Anti-mouse CD8-FITC, Clone 53.67 BD Cat #553030; RRID: AB_394568

Anti-mouse B220-BV711, Clone RA3-6B2 BD Cat #563892; RRID: AB_2738470

Anti-mouse CD138-BV605, Clone 281-2 BD Cat #563147; RRID: AB_2721029

Anti-mouse CD38-AF700, Clone 90 ThermoFisher Cat #56-0381-82; RRID: AB_657740

Anti-mouse Gl7-ef450, Clone GL-7 ThermoFisher Cat #48-5902-82; RRID: AB_10870775

Anti-human IgG-HRP Jackson ImmunoResearch Cat #109-035-088; RRID: AB_2337584
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anti-human IgM-HRP Southern Biotech Cat #1020-05; RRID: AB_2794201

anti-human IgA-HRP Southern Biotech Cat #2050-05; RRID: AB_2687526

Bacterial and Virus Strains

SARS-CoV-2 WA-1 BEI resources NR-52281

Biological Samples

Human PBMC This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Live/Dead Blue-BUV450 Thermo Fisher Cat#L34962

Live/dead-ef780 ThermoFisher Cat#65-0865-14; RRID: AB_2869553

Streptavidin-BUV395 BD Cat#564176; RRID: AB_2869553

Decoy Tetreamer- PE-Cy5 This paper N/A

RBD Tetramer- PE This paper N/A

PEI-MAX Polyscience Cat#26406

PDADMAC Sigma Aldrich Cat#409014

Talon cobalt affinity resin Takara Cat#635506

EZ-Link Sulfo-NHS-LC Biotinylation Kit ThermoFisher Cat#21435

SA-PE Agilent Cat#PJRS301-1

Alexa Fluor 647 Antibody Labeling Kit ThermoFisher Cat#A20186

1X 3,30,5,50-Tetramethylbenzidine (TMB) Invitrogen Cat#00-4201-56

Avicel RC-591 FMC

anti-PE magnetic beads Miltenyi Biotec Cat#130-048-801

eBioscience FoxP3 Fix/Perm kit ThermoFisher Cat#00-5521-00

Recombinant Spike Protein (Walls et al., 2020) N/A

Recombinant RBD Protein (Walls et al., 2020) N/A

phorbol 12-myristate 13-acetate Sigma-Aldrich Cat#P8139

Ionomycin Sigma-Aldrich Cat#I9657

GolgiStop/monensin Becton Dickinson Cat#554724

Cytofix/Cytoperm Becton Dickinson Cat#554714

Brefeldin A Sigma-Aldrich Cat#B6542

Cell Proliferation Dye eFluor 670 ThermoFisher Cat#65-0840-85

recombinant human IL-2 Biolegend Cat#589104

DreamTaq Thermo Fisher Cat#EP0702

FastAP Thermo Fisher Cat#EF0651

Exonuclease I ThermoFisher Cat#EN0582

Nutridoma-SP Sigma-Aldrich Cat#11011375001

Critical Commercial Assays

Human IgG ELISA Kit Stemcell Cat#01994

SMART-Seq v4 Takara Cat#634470

In-Fusion Cloning Kit Takara Cat#638911

Experimental Models: Cell Lines

293T ATCC Cat#ACS-4500

Oligonucleotides

50-GGAAGGAAGTCCTGTGCGAGGC-30,
50-GGAAGAAGCCCTGGACCAGGC-30

(Wardemann and Busse, 2019) N/A

50-TCTTGTCCACCTTGGTGTTGCT’-30 (Smith, 2009) N/A

50-GTTTCTCGTAGTCTGCTTTGCTCA-30 (Smith, 2009) N/A

50-CACCAGTGTGGCCTTGTTGGCTTG-30 (Smith, 2009) N/A
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50-GTGGTATCAACGCAGAGTACATGGG-30 This paper N/A

Recombinant DNA

SARS-CoV-2 SB BEI Resources BEI NR-52422

SARS-CoV-2 S-2P ectodomain trimer BEI Resources GenBank: YP_009724390.1, BEI NR-52420;

cite PMID 32155444

IgG1 vector Smith et al., 2009 N/A

IgK vector Smith et al., 2009 N/A

IgL vector Smith et al., 2009 N/A

Software and Algorithms

FlowJo10 Becton Dickinson N/A

Prism GraphPad N/A

Geneious Prime Geneious N/A
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RESOURCE AVAILABILITY

Lead Contact
Requests for further information and reagents should be directed to Marion Pepper (mpepper@uw.edu).

Materials Availability
Unique reagents generated in this study will bemade available on request from Lead Contact, but wemay require a payment and/or a

completed Materials Transfer Agreement if there is potential for commercial application.

Data and Code Availability
The published article includes all datasets generated or analyzed during this study and no code was generated.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement
This study was approved by the University of Washington Institutional Review Board (Gale Lab, IRB 00009810). Informed consent

was obtained from all enrolled participants. Samples were de-identified prior to transfer to the Pepper Lab.

Study Participants
The study was conceptualized utilizing a case-control design. Cases and controls were identified from a cross-sectional cohort study

that recruited via print and online advertising from the Seattle metropolitan area (Table 1). Cases (CoV2+, n = 15) were selected based

on a reported history of a positive SARS-CoV-2 PCR nasal swab. Controls (n = 17) were selected based on having no prior positive

SARS-CoV-2 PCR nasal swab and having no detectable SARS-CoV-2 RBD- or S-specific IgG or IgM plasma antibodies (within

mean + 3 SD of 5 de-identified plasma samples drawn prior to 2020 generously donated by Wesley C. Van Voorhis). At the time

of enrollment, information was collected from all participants regarding recent illness symptoms and severity. All CoV2+ cases re-

ported at least one symptom, but all were classified as mild disease, as none required hospitalization.

METHOD DETAILS

Peripheral blood mononuclear cell (PBMC) and plasma collection
10-50mL of venous blood from study volunteers were collected in EDTA tubes and spun at 1500xg for 10min. Plasmawas collected,

heat-inactivated at 56�C for 30 min, aliquoted and stored at �80�C. The cellular fraction was resuspended in phosphate buffered

saline (PBS) and PBMC were separated from red blood cells using Sepmate PBMC Isolation Tubes (STEMCELL Technologies) ac-

cording to manufacturer’s instruction and frozen at �80�C before being stored in liquid nitrogen. PBMCs were thawed at 37�C and

washed twice before use.

SARS-CoV-2 Protein Production and Purification
Plasmid construction

The SARS-CoV-2 SB (BEI NR-52422) construct was synthesized by GenScript into pcDNA3.1- with an N-terminal mu-phosphatase

signal peptide and a C-terminal octa-histidine tag (GHHHHHHHH). The boundaries of the construct are N-328RFPN331 and
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C-528KKST531. The SARS-CoV-2 S-2P ectodomain trimer (GenBank: YP_009724390.1, BEI NR-52420; cite PMID 32155444) was

synthesized by GenScript into pCMV with an N-terminal mu-phosphatase signal peptide and a C-terminal TEV cleavage site

(GSGRENLYPQG), T4 fibritin foldon (GGGSGYIPEAPRDGQAYVRKDGEWVLLSTPL), and octa-histidine tag (GHHHHHHHH). The

construct contains the 2Pmutations (proline substitutions at residues 986 and 987; PMID 28807998) and an 682SGAG685 substitution

at the furin cleavage site. A pCAGGS vector containing the spike protein receptor binding domain (RBD) from SARS-CoV-2 (Wuhan-

Hu-1 isolate) was generously provided by Florian Krammer (Amanat et al., 2020).

Transient expression

Constructs were produced in Expi293F cells grown in suspension using Expi293F expression medium (Life technologies) at 33�C,
70% humidity, and 8% CO2 rotating at 150 rpm. The cultures were transfected using PEI-MAX (Polyscience) with cells grown to a

density of 3.0 million cells per mL and cultivated for 3 days. Supernatants was clarified by centrifugation (5 min at 4000 rcf), addition

of PDADMAC solution to a final concentration of 0.0375% (Sigma Aldrich, #409014), and a second spin (5 min at 4000 rcf).

Purification of His-tagged proteins

Proteins were purified from clarified supernatants via a batch bindmethod where each supernatant was supplemented with 1M Tris-

HCl pH 8.0 to a final concentration of 45 mM and 5 M NaCl to a final concentration of �310 mM). Talon cobalt affinity resin (Takara)

was added to the treated supernatants and allowed to incubate for 15 min with gentle shaking. Resin was collected using vacuum

filtration using a 0.2 mmfilter and transferred to a gravity column. The resin waswashedwith 20mMTris pH 8.0, 300mMNaCl, and the

protein was eluted with three column volumes of 20 mM Tris pH 8.0, 300 mM imidazole, 300 mM NaCl. The batch bind process was

then repeated and the first and second elutions combined. SDS-PAGE was used to assess purity. Purified S-2P trimer was concen-

trated to �1 mg/mL and dialyzed into 50 mM Tris pH 8, 150 mM NaCl, 0.25% L-histidine, 5% glycerol in a hydrated 10k molecular

weight cutoff dialysis cassette (Thermo Scientific). The purified RBD protein was dialyzed into 50 mM Tris pH 7, 185 mM NaCl,

100 mM arginine, 4.5% glycerol, 0.75% w/v CHAPS. Due to inherent instability, S-2P was immediately flash frozen and stored

at �80�C.

Tetramer generation
Recombinant trimeric spike and the RBD domain were both biotinylated using an EZ-Link Sulfo-NHS-LC Biotinylation Kit (Thermo-

Fisher), tetramerized with streptavidin-phycoerythrin (SA-PE) (Agilent) and stored in 50% glycerol at �20�C as previously

described17. Decoy reagent was generated by tetramerizing an irrelevant biotinylated protein with SA-PE previously conjugated

to Alexa Fluor 647 using an Alexa Fluor 647 Antibody Labeling Kit (ThermoFisher).

ELISA
96-well plates (Corning) were coated with 2 ug/mL of recombinant SARS-CoV-2 RBD or trimeric spike protein diluted in PBS and

incubated at 4�C overnight. Plates were washed with PBS-T (PBS containing 0.05% Tween-20) and incubated with blocking buffer

(PBS-T and 3%milk) for 1 h at room temperature (RT). Plasma, culture supernatants or monoclonal antibodies were serially diluted in

dilution buffer (PBS-T and 1% milk) in triplicate, added to plates, and incubated at RT for 2 h. Secondary antibodies were diluted in

dilution buffer as follows: anti-human IgG-HRP (Jackson ImmunoResearch) at 1:3000, anti-human IgM-HRP (Southern Biotech) at

1:3000, or anti-human IgA-HRP (Southern Biotech) at 1:1500. Plates were incubated with secondary antibodies for 1 h at RT,

then detected with 1X 3,30,5,50-Tetramethylbenzidine (TMB) (Invitrogen) and quenched with 1M HCl. Sample optical density (OD)

was measured by a spectrophotometer at 450nm and 570nm. CR3022, a human SARS-CoV antibody previously determined to

cross-react with SARS-CoV-2 was used as a positive control. IgG in culture supernatants was measured using a Human IgG ELISA

Kit (Stemcell) according to the manufacturer’s instructions. Data was analyzed in Prism (GraphPad).

Receptor-binding inhibition assay (sVNT)
sVNT assays were performed as previously described (Tan et al., 2020), Briefly, high-binding 96-well plates (Corning) were coated

with 5 ug/mL of recombinant human ACE2-Fc diluted in 100mM carbonate-bicarbonate buffer (pH 9.6) and incubated at 4�C over-

night. Plates were washed with PBS-T and incubated with blocking buffer (3% milk in PBS-T) for 1 h at RT. Plasma or monoclonal

antibody supernatants were serially diluted in triplicate in dilution buffer (1% milk in PBS-T) and incubated with 18ng of recombinant

SARS-CoV-2 RBD-HRP (conjugated using Abcam HRP conjugation kit) for 1 h at 37�C. Blocked plates were washed and incubated

with the pre-incubated plasma/antibody and RBD-HRP for 1 h at RT, then detected with TMB and 1M HCl. OD was measured by a

spectrophotometer at 450nm and 570nm. RBD-HRP alone and plasma with no RBD-HRP incubation were used as controls. The

percent inhibition was calculated as (1 – Sample OD value/Average Negative Control OD value) x 100. Data was analyzed in Prism

(GraphPad).

Plaque reduction neutralization test (PRNT)
PRNT assays were performed as previously described (Erasmus et al., 2020). Briefly, heat inactivated plasma was diluted 1:5 fol-

lowed by four 4-fold serial dilutions and monoclonal antibodies were diluted 1:10 followed by 4 10-fold serial dilution and mixed

1:1 with 600 PFU/mL SARS-CoV-2WA-1 (BEI resources) in PBS+0.3% cold water fish skin gelatin (Sigma). After 30min of incubation

at 37�C, the plasma/virus mixtures were added to 12 well plates of Vero cells and incubated for 1 h at 37�C, rocking every 15 min. All

dilutions were done in duplicate, alongwith virus only and no virus controls. Plates were thenwashedwith PBS and overlaid with a 1:1
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mixture of 2.4%Avicel RC-591 (FMC) and 2XMEM (ThermoFisher) supplementedwith 4%heat-inactivated FBS and Penicillin/Strep-

tomycin (Fisher Scientific.) After a 48 h incubation, the overlay was removed, plates were washed with PBS, fixed with 10% formal-

dehyde (Sigma-Aldrich) in PBS for 30 min at room temp and stained with 1% crystal violet (Sigma-Aldrich) in 20% EtOH. Percent

neutralization was calculated as (1 – # sample plaques/# positive control plaques) x 100. Data was analyzed in Prism (GraphPad)

and IC50 was calculated by sigmoidal interpolation method.

Cell Enrichment, Stimulations and Flow Cytometry
Immunophenotyping and sorting RBD-specific B cells

Thawed PBMCs were first stained with decoy tetramer and then with RBD tetramer prior to incubation with anti-PE magnetic beads

and magnetic bead enrichment (Miltenyi Biotec) as previously described.17 Bound cells were stained with surface antibodies and, if

required, were fixed/permeabilized using eBioscience FoxP3 Fix/Perm kit (ThermoFisher) for 30 min, followed by incubation with

intracellular antibodies . Stained samples were run on a LSRII flow cytometer and analyzed using FlowJo (Becton Dickinson). Sam-

pleswith less than 5 RBD-specificMBCswere removed from summary data for proportional phenotyping (surface stain V1: 2, surface

stain V2: 1, intracellular stain V1: 4, intracellular stain V2: 3). For B cells sorting experiments, single tetramer-specific B cells were

indexed sorted on a FACSAriaII cell sorter and collected in a 96-well PCR plate containing SMART-Seq v4 capture buffer (Takara Bio).

Immunophenotyping of PBMCs

For surface phenotyping, total PBMCs (innate cells) or PBMCs from the negative fraction of the antigen-specific B Cell magnetic

columns (for lymphocytes) were washed and incubated with fluorescently conjugated antibodies. Staining for cTfh analyses

were performed as follows: chemokine-receptors and transcription factors (40 min, RT), surface antigens (20 min, 4�C). Intracellular
staining was performed using eBioscience FoxP3 Fix/Perm kit (ThermoFisher). For detection of intracellular cytokine production,

PBMC were stimulated with 50 ng/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich) and 1 mg/mL Ionomycin (Sigma-Aldrich)

with 10 mg/mL Brefeldin A (Sigma-Aldrich) and 1x dose GolgiStop/monensin (Becton Dickinson) for 4 h. Permeabilization and fixation

was performed using Cytofix/Cytoperm (Becton Dickinson). Intracellular stains were performed for 30 min at 4�C . Flow cytometry

analysis of innate immune populations was done on 0.5-1 million PBMCs before fraction isolation. Data was acquired on a Cytek

Aurora or BD LSR Fortessa and analyzed using FlowJo10 software (Becton Dickinson).

Ex vivo spike Protein Stimulation of Peripheral Blood T Cells

PBMCs from the negative fraction of antigen-specific BCell magnetic columnswerewashed and resuspended to 4x106 cells/mLwith

complete RPMI with 10mM HEPES (ThermoFisher) supplemented with 10% FBS, 2-Mercaptoethanol, Pen-Strep, and L-Glutamine.

Spike-stimulated PBMCswere incubated with 2ug/mL full-length recombinant spike protein resuspended in PBS + 5% glycerol. Un-

stimulated controls received equivalent volume of PBS + 5% glycerol vehicle. Both conditions were left for 20 h at 37�C, 5%–8%

CO2, with addition of 10 mg/mL Brefeldin A (Sigma-Aldrich) and 1x dose GolgiStop/monensin (Becton Dickinson) for the final 5 h

to allow for intracellular detection of cytokines. Positive controls were stimulated with PMA/Ionomycin (see above) for 5 h in the pres-

ence of Brefeldin-A and Monensin. Staining was performed as follows: chemokine-receptors (40 min, RT), surface antigens and cy-

tokines (20 min, 4�C). Cells were run on the Cytek Aurora and analyzed using FlowJo (Becton Dickenson).

Antigen-specific T cell proliferation

Starting with PBMC from healthy control or CoV2+ individuals, cell proliferation dye (CPD)-labeled, 1.25uM (ThermoFisher5), sorted

naive or memory T cell subsets (5 3 104) were co-cultured in round-bottomed 96-well plates with irradiated autologous monocytes

(5000 rads, 53 104), and provided either full-length recombinant human spike protein (2.5ug/mL) resuspended in 5%PBS-glycerol or

vehicle control. Cultures were supplemented with 5U/mL recombinant human IL-2 (Biolegend; 589104). Cellular proliferation was as-

sessed after 5-6 days by flow cytometry as above and analyzed using FlowJo10 (Becton Dickenson). The percentage of

CXCR3+CPDlo cells (defined as cells that had undergone 3 or more divisions) represented as Spike - Vehicle is calculated by sub-

tracting the vehicle control proliferation from spike-treated proliferation.

Monoclonal antibody generation
BCR sequencing and cloning

Amplification of cDNA was performed using SMART-Seq v4 (Takara Bio) at half reaction volume for each sorted cell. B cell receptor

(BCR) chains were amplified in amultiplex PCRusing half reactions of DreamTaq (Thermo Fisher) and 1.25 ul of resulting cDNAwith 3’

primers for constant regions of IgM, IgA, (50-GGAAGGAAGTCCTGTGCGAGGC-30, 50-GGAAGAAGCCCTGGACCAGGC-30, ) (Warde-

mann and Busse, 2019)IgG, IgK, IgL (50-TCTTGTCCACCTTGGTGTTGCT’-30, 50-GTTTCTCGTAGTCTGCTTTGCTCA-30, 50-CAC-
CAGTGTGGCCTTGTTGGCTTG-30, (Smith, 2009)) and a 50 primer for the template switch sequence (50-GTGGTATC

AACGCAGAGTACATGGG-30). Thermocycler conditions were 95�C for 2 min, 30 cycles of 95�C for 30 s, 57�C for 30 s and 72�C
for 1 min. Resulting PCR products were cleaned using 5 ul of PCR reaction, 1 ul FastAP (Thermo Fisher), and 0.5 ul Exonuclease I

(ThermoFisher) for 30 min at 37�C and inactivated at 75�C for 15 min. Sanger sequencing for each purified sample was performed

using each 30 primer from the previous BCR PCR amplification. Sequences were trimmed at Q30 using Geneious and submitted to

IMGT/HighV-QUEST for alignment (Alamyar, 2012). Primers were designed using 50 and 30 cDNA sequence for In-Fusion Cloning Kit

and performed according tomanufacturer’s instructions. If a 50 or 30 sequencewasmissing, then the closest matching IMGT germline
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sequence was used for primer design. Heavy chains were inserted into IgG1 vectors, kappa and lambda chains were cloned into

vectors with their respective constant regions (Smith, 2009). Cloned plasmids were sequenced and screened by ensuring sequences

of chains matched original cDNA sequence.

Expression and purification

For small scale transfections, 12 well plates of 293T cells at 80% confluence were transiently transfected with 0.5ug each of heavy

and light chain vectors using polyethylenimine (PEI). After 16 h, media was removed and replaced with serum-free media. After 3-

4 days, supernatants were harvested and cell debris was removed by centrifugation at max speed in a microcentrifuge for 1 min.

For large scale transfections, expression vectors containing paired heavy and light chains were transiently transfected into 293T cells

using PEI. Expression of recombinant full-length human IgG monoclonal antibodies were carried out in serum-free basal medium

(Nutridoma-SP, Sigma-Aldrich). Four days after transfection, cell culture medium was collected and protein was purified using Hi-

TrapTM Protein G HP column (1ml, GE Healthcare). Final IgG proteins were concentrated and buffer exchanged into 1x PBS using

Millipore concentrator (30K MWCO). IgG protein concentration is determined by Nanodrop 2000 spectrophotometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics are described in figure legends and were determined using Prism (Graphpad). All measurements within a group are from

distinct samples except technical replicates used in ELISAs as described. Statistical significance of all pairwise comparisons was

assessed by two-tailed nonparametric tests; Mann-Whitney for unpaired data and Wilcoxon signed rank tests for paired data.

Raw p values are displayed and the adjusted p value significance cutoff calculated from the Benjamini-Hochberg multiple testing

correction with FDR = 0.05 for each figure is listed in the corresponding legend.
e7 Cell 184, 169–183.e1–e7, January 7, 2021



Supplemental Figures

Figure S1. Healthy Controls Do Not Have SARS-CoV-2 RBD or Spike-Specific Antibodies, Related to Figure 1

ELISA dilution curves and area under the curve (AUC) for anti-RBD and anti-spike IgG (left) and IgM (right) in plasma collected from individuals prior to 2020 and

the SARS-CoV-2 pandemic (historical negatives, HN, black), from healthy controls (HC, at Visit 2) and from individuals that tested PCR+ for SARS-CoV-2 (CoV2+,

at Visit 1). Dashed line indicates mean + 3 SD of HN AUC values.

Statistics determined by two-tailed Mann-Whitney tests. Multiple testing correction significance cutoff at FDR = 0.05 is p value < 0.05. Error bars represent mean

and SD.
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Figure S2. PBMC Innate Populations in CoV2+ Individuals Return to Immune Quiescence by Visit 1, Related to Figure 1

(A) Flow cytometry gating for CD15-CD3-CD19-CD56-HLADR+CD14+ monocytes (purple gate), which were further divided into CD14loCD16+ (red gate),

CD14+CD16+ (blue gate), and CD14+CD16- monocytes (green gate), and CD15-CD3-CD19-CD56-CD14-CD304+CD123+ plasmacytoid dendritic cells (pDCs)

(pink gate).

(B) Percent monocytes and pDCs of live PBMCs from healthy controls (HC) and previously SARS-CoV-2 infected (CoV2+) individuals.

(C) Percent subsets of monocytes from PBMCs.

Statistics determined by two-tailed Mann-Whitney tests. Multiple testing correction significance cutoff at FDR = 0.05 is p value < 0.05. Error bars represent mean

and SD. Data from two experiments.
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Figure S3. Bulk PBMCs Return to Immune Quiescence by Visit 1, Related to Figure 1

(A and B) Representative flow cytometry plots and frequencies of ab and gd T cell subsets at Visit 1 (V1) in PBMCs from healthy control (HC) and SARS-CoV-2-

recovered (CoV2+) individuals.

(C and D) Representative flow cytometry plots and frequencies of CD4+ and CD8+ T cell effector/activation states (Ki67+, T-bet+, HLA-DR+CD38+) of total non-

naive, memory CD45RA+CCR7+/� CD4+ or CD8+ T cells at V1 in HC and CoV2+ PBMCs.

(E and F) Representative flow cytometry plots and frequencies of CD4+ memory and T-helper subsets at V1 in HC and CoV2+ PBMCs.

(G and H) Representative flow cytometry plots and frequencies of cTfh (CXCR5+CD45RA-) and cTfh activation (ICOS+PD-1+) and helper (CXCR3+/�CCR6+/�)
subsets at V1 in HC and CoV2+ PBMCs.

(I) Frequency of B cells (CD19+CD3-) at V1 in HC and CoV2+ PBMCs.

Statistics determined by two-tailed Mann-Whitney tests. Multiple testing correction significance cutoff at FDR = 0.05 is p value < 0.05. Error bars represent mean

and SD. Data from two experiments.
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Figure S4. Mild COVID-19 Induces Persistent, Neutralizing Anti-SARS-CoV-2 IgG Antibody, Related to Figure 1

(A) ELISA dilution curves and area under the curve (AUC) for anti-spike IgG (left), IgM (center), and IgA (right) from healthy control (HC) and SARS-CoV-2-

recovered (CoV2+) individuals plasma at Visit 1 (V1). Dashed line indicates mean + 3 SD of the HC AUC values.

(B) Spearman correlation of V1 anti-RBD and anti-spike IgG (left), IgM (center), and IgA (right) AUC.

Statistics determined by two-tailed Mann-Whitney tests. Multiple testing correction significance cutoff at FDR = 0.05 is p value < 0.05. Error bars represent mean

and SD.
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Figure S5. Mild COVID-19 Induces a Sustained Enrichment of RBD-Specific IgG+ Memory B Cells, Related to Figure 2
(A) Representative flow cytometry gates for phenotyping RBD-specific B cells from PBMCs in Figure 2 set on total B cells from a healthy control (HC) (surface

stain, top; intracellular stain, bottom).

(B) Number of RBD-specific IgD+, IgM+ and IgA+ MBCs (CD20+RBD tetramer+decoy tetramer- CD27+CD21+/CD27+CD21-/CD27-CD21-) from healthy control

(HC) and SARS-CoV-2-recovered (CoV2+) PBMCs at Visit 1 (V1) and Visit 2 (V2).

Statistics for unpaired data determined by two-tailed Mann-Whitney tests and, for paired data, by two-tailed Wilcoxon signed-rank tests. Multiple testing

correction significance cutoff at FDR = 0.05 is p value < 0.02. Error bars represent mean and SD. Data from two experiments per visit.
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Figure S6. SARS-CoV-2 Infection Induces Durable, Functional Spike-Reactive CD4+ T Cells, Related to Figure 3

(A) Flow cytometry sorting strategy for naive, T central memory (TCM), and T effector memory (TEM) cells from HC and CoV2+ PBMCs at Visit 1 and Visit 2 before

5-6 days of culture with autologous monocytes and SARS-CoV-2 spike protein or vehicle.

(B) Representative flow cytometry gating on PMA/Ionomycin-activated PBMCs for cytokine expression by antigen experienced (non-CD45RA+CCR7+) CD4+

T cells subset into CCR6+/� T effector cells (Teff, CXCR5-) and circulating T follicular helper cells (cTfh, CXCR5+).

(C) Representative flow cytometry gating on antigen-experienced (non-CD45RA+CCR7+) CD4+ T cells from HC and CoV2+ V2 PBMCs following incubation with

SARS-CoV-2 spike for 20 h. Gating on CD69+ CCR6+/� T effector cells (Teff, CXCR5-) and CCR6+/� circulating T follicular helper cells (cTfh, CXCR5+) for IL-2,

IFN-g and IL-17A effector cytokines expression.

(D) Number of IL-4-producing, antigen-experienced CD69+CD4+ T cells per 1x106 CD4+ T cells after incubation with vehicle (Veh.) or SARS-CoV2 spike (S) (left)

and calculated number of spike-responsive, cytokine-producing CD4+ T cells (number after incubation with spike minus number after incubation with

vehicle)(right).

Statistics determined by two-tailed Mann-Whitney tests. Multiple testing correction significance cutoff at FDR = 0.05 is p value < 0.05. Error bars represent mean

and SD. Data from two experiments per visit.
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Figure S7. SARS-CoV-2-Specific MBCs Can Express Neutralizing Antibodies, Related to Figure 4 and Table S1

(A) Gating strategy for sorting RBD-specific B cells.

(B) IgG ELISA to confirm expression of Visit 1 antibodies in transfected cell culture supernatants. Positive control is the kit standard (std) and negative control is

supernatant from untransfected cells (no trans, green).

(C) RBD ELISA of purified Visit 1 monoclonal antibodies. Negative control (green) is an irrelevant Plasmodium-specific antibody.

(D) IgG ELISA to confirm expression of Visit 2 antibodies in transfected cell culture supernatants.

(E) RBD ELISA of purified Visit 2 monoclonal antibodies.

(F) Number of mutations in variable regions of RBD-specific monoclonal antibodies.

(G) Mutation frequency of variable regions of RBD-specific monoclonal antibodies.

Statistics determined by two-tailed Mann-Whitney tests. Multiple testing correction significance cutoff at FDR = 0.05 is p value < 0.05.
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