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Does functional SARS-CoV-2 specific immune memory form and persist after
mild COVID-197?
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Summary:

The SARS-CoV-2 virusis causing a global pandemic and cases continueto rise. M ost
infected individuals experience mildly symptomatic coronavir us disease 2019 (COVID-19),
but it isunknown 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 determineif they develop and sustain multifaceted SARS-CoV-2-
specificimmunological memory. Recover ed individuals developed SARS-CoV -2-specific
IgG antibodies, neutralizing plasma, memory B and memory T cellsthat persisted for at
least three 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, while memory B cells expressed receptors
capable of neutralizing virus when expressed as monoclonal antibodies. Therefore, mild
COVID-19 dicits memory lymphocytes that persist and display functional hallmar ks of

antiviral immunity.
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I ntroduction:

The rapidly spreading SARS-CoV-2 betacoronavirus infected millions of people and killed
hundreds of thousands worldwide in 2020. Infectianses the disease COVID-19, which ranges
in presentation from asymptomatic to fatal. Thet vasjority of infected individuals experience
mild symptoms that do not require hospitalizatid®u(and McGoogan, 2020). It is critically
important to understand if SARS-CoV-2-infected vidiials who recover from mild disease
develop functional immune memory cells capable rotgrtion from subsequent SARS-CoV-2

infections, thereby reducing transmission and COYfdisease.

Immunological memory is primarily mediated by celi§ the adaptive immune system. In
response to most acute viral infections, B and [l§ ¢kat can bind viral proteins through their
antigen receptors become activated, expand, diffiete and begin secreting effector molecules
to help control the infection. Upon resolution ofdction, approximately 90% of these virus-
specific “effector cells” die, while 10% persist lang-lived “memory” cells (Ruterbusch et al.,
2020). Immune memory cells can produce a continsupply of effector molecules, as seen
with long-lived antibody-secreting plasma cells RES). In most cases, however, quiescent
memory lymphocytes are strategically positionedagudly reactivate in response to re-infection
and execute effector programs imprinted upon themnd the primary response. Upon re-
infection, pathogen-specific memory B cells (MBGbat express receptors associated with
antigen experience and the transcription factore@ flapidly proliferate and differentiate into
protective IgG antibody-secreting plasmablasts (PBs) (Kim et 2019; Knox et al., 2019;

Nellore et al., 2019). Reactivated T-bet—expressimgmory CDZ T cells proliferate, “help”



activate MBCs and secrete cytokines (including {§Ne activate innate cells (Ruterbusch et al.,
2020). Meanwhile, memory CD& cells also secrete cytokines and Kkill virus-inéec cells
directly through the delivery of cytolytic molecsle(Schmidt and Varga, 2018). These
guantitatively and qualitatively enhanced virusefi@ memory populations coordinate to
quickly clear the virus, thereby preventing diseassé reducing the chance of transmission. It is
therefore critical to assess the full cadre of SARS/-2-specific immune memory responses to

determine if mild infection induces a multilayemdefense that lasts.

To infect cells and propagate, SARS-CoV-2 reliestba interaction between the receptor
binding domain (RBD) of its spike (S) protein antymtensin converting enzyme 2 (ACE2) on
host cells (Hoffmann et al., 2020). Multiple stugllgave shown that the majority of SARS-CoV-
2 infected individuals produce S- and RBD-speaintibodies during the first two weeks of the
primary response, and that RBD-specific monoclamiibodies can neutralize the virumsvitro
andin vivo (Long et al., 2020; Robbiani et al., 2020; Shilet2020). Therefore, RBD-specific
antibodies would likely contribute to protection nesponse to reinfection if maintained in the

plasma by LLPCs or rapidly expressed by MBCs.

We therefore assessed SARS-CoV-2-specific immusgoreses at one and three months post-
symptom onset in individuals that had experiencéd @0VID-19. We found that a multipotent
SARS-CoV-2-specific immune memory response forms a& maintained in recovered
individuals for the duration of our study. Furthem®, persistent memory lymphocytes display
hallmarks of protective antiviral immunity, includj a numerically increased population of

virus-specific memory B cells capable of expresSARS-CoV-2 neutralizing antibodies.



Results:

Return to immune homeostasis after mildly symptomatic COVID-19

To determine if immune memory cells form after ryildymptomatic COVID-19, we collected
plasma and peripheral blood mononuclear cells (PBM&m 15 individuals recovered from
mild COVID-19 (CoVZ) (UW IRB 00009810). The CoV2group had a median age of 47 and
reported mild symptoms lasting a median of 13 dable 1). The first blood sample (Visit 1)
was drawn at least 20 days after a positive PCRdeSARS-CoV-2 and a median of 35.5 days
post-symptom onset. We expect the primary respooske contracting and early memory
populations to be generated at this time pointji@s load is cleared approximately 8 days post
symptom onset (Wolfel et al., 2020). Participamtuimed for a second blood draw (Visit 2) a
median of 86 days post-symptom onset so we cowlgsashe quantity and quality of the long-
lived memory populationd=(gure 1A). We compared these samples to samples collettesa
time points representing a similar sampling intemaa group of 17 healthy controls (HCs). All
HCs were considered to have no prior SARS-CoV-2ambn based on having no detectable
plasma SARS-CoV-2 RBD- or S-specific antibodiesvahitree standard deviations (SDs) of the

mean of historical negative (HN) plasma samplesdrarior to 2020 Eigure S1).

Populations of activated innate and adaptive immoeks expand in the blood during the
primary response to SARS-CoV-2 infection (Mathevalet2020). When an acute viral infection
is cleared, the majority of these highly inflammsgtaells either die or become quiescent
memory cells such that the proportions and phemstypf total immune cells are

indistinguishable from those seen in pre-infectdmod samples. Consistent with resolution of



the primary response, we found no differences eguency of total monocytes, monocyte
subsets or plasmacytoid dendritic cells among PBME&sveen CoV2 and HC individuals
(Figure S2). We also found no differences+f or o CD3" T cell frequencies (CD4or CDS§),

cell cycle status, expression of molecules assettiatith activation, migration, function or
proportions of various CD45RAmemory T cell subsetd=igure S3A-H). We also found no
differences in frequency of CD1® cells (Figure S31). Together, these data demonstrate that
the inflammatory response associated with acueziitn had resolved by the Visit 1 time point

and the early immune memory phase had commenced.

Mild COVID-19 induces persistent, neutralizing anti-SARS-CoV-2 | gG antibody

Humoral immune responses are characterized by sa Wave of short-lived, low-affinity
antibody-secreting PBs followed by a subsequennugel center (GC) response that generates
high-affinity MBCs and antibody-secreting LLPCs. RCs can maintain detectable plasma
antibody titers for months to many years, dependipgn the specific viral infection (Slifka and
Ahmed, 1996). PBs are formed during acute SARS-Coiection, but are no longer present in
recovered individuals at approximately one montkt{symptom onsefMathew et al., 2020).
This suggests that antibodies measured at Visitay mclude significant contributions from
short-lived PBs that are no longer present, buedasn calculations of antibody half-life
(approximately 23 days (Cohen and Freeman, 19@0)y an estimated 6% of PB-derived
antibodies present at Visit 1 would be retaineWiait 2. At Visit 2, LLPCs are therefore likely
contributing the majority of antibodies and maintag the level of RBD-specific antibodies in
the blood. We therefore examined the levels of SARS-2-specific IgG, IgM and IgA

antibodies in plasma at Visit 1 and Visit 2 (Maakt 2020). At Visit 1, all of CoV2individuals



had plasma anti-RBD IgG levels three standard dievis. above the mean of HCs, as measured
by ELISA area under the curve (AUC), in accordaneéh studies showing 100%
seroprevalence by day 14 (Long et al., 20Fyre 1B). Additionally, the majority of CoV2
individuals had anti-RBD IgM and anti-RBD IgA abotls negative threshold and possessed
IgG, IgM, and IgA anti-spike antibodies above theeshold at Visit 1 as welF{gure $4A).
Levels of anti-RBD and anti-spike binding were hygborrelated for all isotyped={gur e $4B).

At Visit 2, all CoVZ' individuals maintained anti-RBD IgG levels abote hegative threshold,
but fewer CoV2 individuals maintained anti-RBD IgM and IgAigure 1B). Anti-RBD IgG
levels decreased only slightly among CéWadividuals between time points suggesting the 1gG
antibody levels are being stabilized by the foromatof antibody-secreting LLPCs. Anti-RBD
IgM and IgA, however, decreased substantially frdisit 1 to Visit 2, suggesting expression

from early PBs that is not maintained by LLPEg(re 1C).

As spike protein, and specifically the RBD, is Key viral entry into the cell, antibodies that
target the RBD can be potent inhibitors of infect{®obbiani et al., 2020; Shi et al., 2020). To
determine whether CoVandividuals form and maintain neutralizing antiies] we tested for
SARS-CoV-2 neutralization indirectly using a cetd assay of RBD-ACE2 binding inhibition
(surrogate virus neutralization test, SVNT) ancedily in a plaque reduction neutralization test
(PRNT) (Tan et al., 2020). CoVadlasma inhibited RBD binding to ACE2 significantiyore
than HC plasma by sVNT and RBD inhibition correthstrongly with anti-RBD IgG levels at
both time points Kigure 1D and 1E). Further, CoV2 plasma RBD inhibition capacity was
maintained from Visit 1 to Visit 2Hjgure 1F). Neutralization by PRNT correlated strongly with

RBD inhibition at both time points={gure 1G) and was similarly maintained between visits



(Figure 1H). The majority of CoV2 plasma achieved at least 50% neutralization by PRN\a
1:160 dilution at both time points. By the latdste point in our study, the majority of CoV2
individuals still had better RBD-inhibiting plasnmend better neutralizing plasma than HCs.
These data are consistent with the emergence of RBD-specific LLPCs that maintain

detectable neutralizing anti-SARS-CoV-2 antibodgtdeast three months post-symptom onset.

Mild COVID-19 induces a sustained enrichment of RBD-specific |gG" memory B cells.

The presence of SARS-CoV-2-neutralizing antibodi@®e months post-symptom onset in
CoV2' individuals suggests that GC-derived LLPCs havenéal. GCs also produce long-lived
MBCs which play a critical role in the formation bigh-affinity antibody secreting PBs upon
antigen re-exposure and can be long-lived. We therdested whether SARS-CoV-2-specific
MBCs were formed and maintained in CdM@dividuals throughout the study time course. We
generated RBD tetramer reagents and used enrichstrategies to identify and phenotype rare
RBD-specific B cells that are otherwise undeteagBlrishnamurty et al., 2016). We tested the
specificity of our reagent in RBD immunized mice dW¥ et al., 2020) and then used it to
identify, enumerate and phenotype rare, RBD-speéficells in PBMCs from HC and CoV2
individuals. Gates used to phenotype RBD-specific B cells weséndd on total B cell

populations [Eigur e SbA).

At Visit 1, RBD-specific B cells were expanded in\2" individuals compared to HCs and their
numbers in CoV2individuals increased significantly from Visit & Wisit 2 (Figure 2A and
2B). As expected, we found very few CD@D38" RBD-specific antibody-secreting cells (PBs

or PCs) in the blood of HC or CoVandividuals at either time point supporting theadthat



LLPCs, likely in the bone marrow, are producing thajority of RBD-specific antibody at Visit
2 (Figure 2C). Expression of CD21 and CD27 distinguishes CIGI127 naive B cells from
CD21'CD27" classical MBCs and CDZID27" activated MBCs (Weisel and Shlomchik,
2017). The majority of RBD-specific B cells in CoVihdividuals were CD2CD27" classical
MBCs while the majority of RBD-specific B cells #C individuals were naivé~igure 2D and
2E). The number of RBD-specific MBCs in CoV2amples were on average significantly
greater than in HCs and increased even furtherisat ¥ (Figure 2F). Class-switching of B cell
receptors (BCRs) from IgM and IgD to IgG, IgA orElgis associated with BCR affinity
maturation usually needed to form high affinity tralizing antibodies (Weisel and Shlomchik,
2017). CoV2 RBD-specific MBCs were enriched for I§®BCs while the smaller number of
HC RBD-specific MBCs were predominantly unswitchiggM™ and IgD) (Figure 2G, 2H and
S5B). Most strikingly, the increased numbers of TgRBD-specific MBCs seen in CoV2
individuals as compared to HC individuals at Visitwere even further enhanced at Visit 2
(Figure 21). Relatively few of the CoV2RBD-specific MBCs expressed IgA, but their number

was significantly higher than in HC individualstatth time pointgFigure S5B).

An additional measure of antiviral MBC functiontiee expression of T-bet (Knox et al., 2017a).
MBCs that express T-bet are associated with rajfigérentiation into secondary PBs that
produce high affinity, viral-specific antibodiesrthg a secondary infection (Knox et al., 2017b).
We found on average a higher number of T-lRBD-specific MBCs in CoV2 individuals
compared with HCs at Visit 1 and the higher numhlveese maintained at Visit Z{gure 2J).

Together these data demonstrate that’ IBBD-specific classical MBCs not only form and



persist in response to mild COVID-19, but their tn@rs continue to increase from one to three

months post-symptom onset.

SARS-CoV-2 infection induces durable, functional spike-reactive memory CD4" T cells

The presence of T-dependent fge@BD-specific MBCs suggested that antigen-speaifeanory

T cell responses were also present in Cowglividuals. To enumerate SARS-CoV-2-specific
CD4" memory T cells, total PBMCs from HC or CoViddividuals were incubated with vehicle
control or spike protein and activation marker eggion was assessed 20 hours |@Eegure
3A) (Bentebibel et al., 2013; Reiss et al., 2017). \ivet focused on the activation-induced
expression of members of specific T-B receptordaj@airs including ICOS and CD40L. CD4
T cells from CoVZ2individuals at both Visit 1 and 2 demonstrated eed expression of ICOS
and CDA40L after re-activation with spike proteimygzared to vehicle controF{gure 3B). Small
numbers of spike-responsive activated CD4ells could also be found in a few HC individsjal
but on average these were not significantly inedamcross the HC cohofurthermore, there
were no significant differences in the numberseasfponding cells in CoV2ndividuals between
Visit 1 and Visit 2, demonstrating that spike-sfiecmemory CD4 T cells were maintained
throughout the study~{gure 3B). In addition, greater numbers of CXCR5-expressingulating

T follicular helper (cTfh) cells (Vinuesa et alQI6) capable of migrating to B cell follicles were
seen in restimulated samples from CoWlividuals than from HC individuals and maintained
between visitg§Figure 3C). Together these data demonstrate that SARS-Cqye@Htc memory
CD4' T cells are maintained, and some retain the captxcjprovide B cell help, at three months

post-symptom onset.
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Antigen-specific memory CD4T cells proliferate to re-seed the memory pool gederate
effector cells upon antigen re-exposure (Sallustalge 1999). To formally demonstrate that
spike-specific CD4 T cells in CoVZ individuals were of a memory phenotype prior to re-
stimulation, we measured the proliferative capaoitypre-sorted memory or naive subsets in
response to spike restimulation. For this, we so@®45RA naive, CD45RACCR7 central
memory (Tv) and CD45RACCR7 effector memory (#v) T cells from HC or CoV2
individuals and cultured them for 5-6 days withalogjous CD14 monocytes and recombinant
spike protein Figure S6A). We next determined the frequency of cells thatiferated and
therefore diluted a cell proliferation dye (CPD}eaf5-6 days of cultureF{gure 3D). We
additionally examined the expression of CCRéssociated with IL-17-producing Th17 cells),
and CXCR3 (associated with IFN-producing Thl cells) as Thl and Th17 subsets baea
associated with protection from other respiratomalvinfections (Sallusto, 2016). In CoV2
individuals, a small population of proliferated @B CXCR3CD4" Thi cells emerged from
sorted naive cells after 5 days of culture, perh@psesenting contaminating memory cells, as
these were not seen in HC individudfsgure 3E). Sorted Ey cells from all CoV2 individuals
tested displayed significantly higher frequenci€<CXCR3'CPD° T cells that proliferated in
response to spike in comparison to HC samples.oAfh substantial proliferative responses
were observed ingly cells in some CoV2individuals, this was more variable across the ZoV
group than what was seen in thgyTcells. Together these data demonstrate that,diniduals
that have recovered from mild COVID-19, predomihar@XCR3-expressing spike-specific
Tewm, and in some individuals CXCR3-expressingy,Tpersist and have the ability to proliferate

and re-populate the memory pool upon antigen rexamter.
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Memory T cells rapidly express a wide variety ofakynes to engage, recruit or activate innate
cells or other adaptive lymphocytes. We next pentt a detailed analysis of the cytokine
profiles of spike-responsive memory T cells thatsiged at Visit 2 in CoV2and HC
individuals to gain a better understanding of SARS/-2-specific memory cell function.
Production of specific cytokines by CDLXCR5 memory Tfh cells can influence B cell
activation and class switching, while CD@XCR5 T effector (Teff) cells express high levels of
cytokines to engage antiviral programs. Cytokinesegated by a variety of T helper subsets
were examined (IFN; IL-2, IL-4, IL-17) and staining was confirmed dPMA/ionomycin
activated CD69Y cells (representative plots shown Fiigure S6B). Activated CD69 CD4
memory cells were further subset by CCR6 and CXER&ession, as predominant populations
of spike-specific CCR&XCRS' cTfh were recently described early after SARS-Cavfaction
(Juno et al., 2020 igure S6C). After spike restimulation, the CoVZamples demonstrated
significant numbers of activated, cytokine-prodgctells compared to vehicle controls, while
some HC samples exhibited small numbers of activatgtokine-producing cell@igure 3F).
The cytokine production in the CoVaamples was dominated by the expression of IL& an
IFN-y, with less frequent IL-17A production and no sfg@int IL-4 production was noted
(Figure 3G and S6D). Spike-responsive CCR&ubsets expressed higher frequencies of IL-2 and
IFN-y than CCR® cells, while the few IL-17 producers present espeel CCR6 as expected.
Together these data demonstrate that functionake-specific memory CXCR5cTfh and
CXCR5 Teff cells persist three months after symptom brteat predominantly make Thl

cytokines, with a small IL-17A-producing population
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While much recent work has focused on antibodies Bncells, memory CDBT cells are
uniquely positioned to kill virus-infected cellsrttugh their directed expression of cytokines and
cytolytic molecules. We therefore interrogated pinesence of functional CD8nemory T cells

in the same cytokine reactivation assays and sangascribed above. Spike-specific memory
CDS8' T cells that persisted for three months after i@i@VID-19 disease could be identified by
expression of the activation marker CD69 and exgioesof the cytokine IFN-after incubation
with SARS-CoV-2 spike for 20 hour@igure 3H). Unlike CD4 memory T cells however,
activated cytokine-expressing CDB cells were significantly increased in number other cells
incubated with vehicle in both HC and CoV@roups (Figure 3I). Together, these data
demonstrate that Thl CD4SARS-CoV-2-specific cTfh and non-Tfh memory T sehre
maintained and able to produce effector cytokineiser aestimulation three months post-
symptom onset in mildly symptomatic COVID-19 indluials. These data further suggest that a

population of IFNy-producing, cross-reactive CD¥ cells exist in healthy controls.

SARS-CoV-2-specific MBCs can express neutralizing antibodies.

Since SARS-CoV-2 RBD-specific MBC and S-specific £xTfh were enriched in CoV2
individuals after three months, we asked whethes¢éhMBCs had the potential to produce
neutralizing antibodies if reactivated by a secopdafection. To this end, we index sorted
single RBD-specific B cells and sequenced the B&&s three CoV2 individuals at both time
points Figure S7A and 4A). We sequenced all IgGRBD-specific classical MBCs
(CD21°'CD27), cloned paired heavy and light chain sequenced were obtained, and
expressed them as IgG1l monoclonal antibodies.téh, tihis comprised 19 antibodies from Visit

1 and 16 from Visit 2.
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These antibodies were first expressed in smallescailtures for screening. Transfection
supernatants were assessed for antibody exprdsgitgG ELISA Figure S7B and S7D) and
specificity by RBD ELISA, where all but 1 antibody each timepoint showed strong binding to
RBD (Figure 4B and 4D). Antibodies were then assessed for their capaocitinhibit RBD
binding to the ACE2 receptor by sVNT assay. Eightighteen antibodies cloned from subjects
at Visit 1 (44%) and 7 of 15 from Visit 2 (47%) weable to inhibit RBD binding to ACE2
(Figure 4C and 4E). While 2 of the Visit 1 antibodies showed lowewéls of inhibition, the
others showed levels of inhibition similar to aosigly neutralizing alpaca nanobofiyanke et
al., 2020). These antibodies were then expressedlarger scale and purified for more detailed
analysis. The specificity of the purified antibalilor RBD was again confirmed by ELISA
(Figure S7C and S7E), and all Visit 2 inhibitors, the majority of Visl inhibitors and several
non-inhibitors were assayed for SARS-CoV-2 newadion capacity by PRNT assay. All of the
inhibitory antibodies were able to strongly neumalthe virus, with IC50 values ranging from
7.15 to 49.61 ng/miRigure 4F and 4G). This was comparable to a previously published
strongly neutralizing mouse antibody (2B04) whicaswncluded as a positive control (IC50 =
3.6 ng/ml)(Alsoussi et al., 2020). Two of the non-inhibitagtibodies (#205 and #211) were
unable to inhibit virus infection as expected, &mito a non-neutralizing mouse antibody
(2C02) and an irrelevarlasmodium-specific human antibody (MSP-003). Interestinglye
other 2 non-inhibitory antibodies tested (#203 &807) were able to neutralize live virus, with
#203 having an IC50 comparable to the strong itdribi(15.4 ng/ml), suggesting that the sSVNT
assay does not detect all monoclonal RBD-spedifitbadies capable of neutralizing live virus.

More than 50% of the antibodies tested showediacty one or both of these methods.

14



This set of antibodies utilized a wide variety adalny and light chains, had all undergone
somatic hypermutation (SHM) and were all uniqgueneb{T able 2 and S1). SHM levels in both
heavy and light chains increased on average betWes#ihl and Visit 2, but these differences
were not statistically significarfFigure S7F and S7G). Thus, RBD-specific MBCs induced by
SARS-CoV-2 infection are capable of producing detgrof neutralizing antibodies against the

virus and could contribute to protection from asetexposure.

Recover ed individuals formed multifaceted SARS-CoV-2-specific immune memory.

In response to human viral infections such as meagolio and hepatitis A, the amount and
function of virus-specific 1gG antibodies, IgG MBCs, CD4 memory T cells and CD8
memory T cells have been correlated with long-lipedtection (Amanna et al., 2007; Plotkin,
2010). Though we do not yet know which componeritsranune memory are sufficient for
protection from a second exposure to SARS-CoV-@seélhcomponents should synergize to form

a multi-layered defense.

To determine if the CoV2individuals in our cohort each formed and mairgdimultiple
immune memory components, we assessed each indivadtoss components of SARS-CoV-2-
specific functional immune memory that were sigwfitly different in CoV2 individuals at
Visit 2 and, thus, might influence protection framsecond exposure. The HCs and CoV2
individuals were grouped by infection status arel talues for independent metrics of immune
memory at Visit 2 were reported in a heatnfgpure 5). Since we do not yet know what a

protective threshold is for each of these metries set one standard deviation above the mean of
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the values from HCs for each metric (row) as asho&d (white on the color scale). This allows
us to see which CoV2ndividuals had responses above those detectétCim All 14 CoV2
individuals in our cohort formed and sustained ipldtcomponents of immune memory at Visit
2 at levels above those found in HCs. All but o/’ individual (CoVZ 8) had higher RBD-
specific 1gG antibody titers, improved plasma inhibition of RBICE2 binding and higher
numbers of RBD-specific IgG MBCs than HCs. Most CoV2individuals (11/14) also
maintained higher numbers of spike-responsive Qbdmory T cells that could rapidly produce
effector cytokines (IL-2, IFN-and/or IL-17A) than HCs. A few CoVandividuals (5/14) also
had higher numbers of spike-responsive, lproducing CD8 memory T cells than HCs.
Together these data demonstrate that all of the2Cawlividuals in our cohort formed and

maintained multiple components of functional, adepimmune memory.

Discussion

While a vaccine is needed to safely reach herd imty@against SARS-CoV-2, understanding if
natural infection induces viral-specific immunologli memory that could influence transmission
and disease severity is critical to controllingstpiandemic. We therefore investigated whether
individuals that experienced mild COVID-19 develdpend sustained multilayered, functional
immune memory. We found that three months aftedigngymptomatic COVID-19, recovered
individuals had formed an expanded arsenal of SBRS-2-specific immune memory cells that
exhibited protective antiviral functions. Recoveredlividuals had increased neutralizing
antibodies, 1gG classical MBCs with BCRs that formed neutralizengfibodies, Th1 cytokine-
producing CXCRS5 circulating Tfh and CXCR5non-Tfh cells, proliferating CXCR3CD4"
memory cells and IFN-producing CD8 T cells. These components of immune memory have

all been associated with protection from other sa&1in humans (Ahmed and Gray, 1996;

16



Amanna et al.,, 2007; Morita et al., 2011). Togethtbese data demonstrate that all of the
recovered individuals in our cohort formed a maltéted defense, which suggests attenuated
virus vaccines are likely to be similarly succetsfueliciting a functional immune memory

response.

Sustained production of neutralizing [§@irus-specific antibodies is a frequent correlafe
protection from viral infection (Amanna et al., Z00Some studies examining the longevity of
the antibody response to coronaviruses have st antibodies wane rapidly (Seow et al.,
2020; Tang et al.,, 2011; Wu et al., 2007). Our wtums well as other recent studies, has
examined memory time points when only LLPCs, ant shwrt-lived PBs, are thought to be
producing circulating antibodies. Together, we destate elevated IgGRBD-specific plasma
antibodies and neutralizing plasma are generatddnaaintained at elevated levels for at least
three months post-SARS-CoV-2 infection (Isho et 2020; Perreault et al., 2020; Ripperger et
al., 2020; Wajnberg et al., 2020).What level oflzody is needed to contribute to protection and
whether that level will be maintained in the lomgm will require studies of later time points.
While we detected IgARBD-specific antibodies early, the levels had gep significantly by
three months suggesting that the early IgA wasvddrirom short-lived PBs. IgA-producing
LLPCs either do not form or are sequestered issaué such that antibodies are not secreted into

the blood.

Functional virus-specific memory B and T cells key mediators of protective immune memory
(Plotkin, 2010) and, unlike LLPCs, can be direatigasured. Although previous studies have

described the emergence of SARS-CoV-2-specific MEisin a month of infection (Grifoni et
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al., 2020; Juno et al., 2020), (Wilson et al., 2026 characterized SARS-CoV-2-specific MBCs
at one and three months from symptom onset indhgedndividuals to determine whether this
population is maintained. Our study also analyzdditeonal attributes of MBCs that have been
associated with anti-viral protection. Our studyea&ed a prominent population of RBD-specific
IgG"CD27'CD21" MBCs, which, in other infections, has been assediavith germinal center
(GC)-derivation, rapid differentiation into antibpdecreting PBs upon re-exposure (Nellore et
al., 2019) and effective antiviral responses (Rowa et al., 2013). Not only was this population
maintained from one to three months, the numbemeased significantly. We also found that
these cells express BCRs capable of neutralizinBS&0V-2 when expressed as monoclonal
antibodies. Approximately half of the antibodiegided from the IgG MBCs analyzed were
able to neutralize the virus vitro. The BCRs all exhibited SHM, and the number of rorte
from Visit 1 BCRs was similar to those previousiported from samples obtained at a similar
time point(Robbiani et al., 2020). SHM modestly increasetath heavy and light chains from
Visit 1 to Visit 2, which could reflect additionalffinity maturation in the GC, but further
analysis of a larger numbers of samples is neeligken together, these data suggest that upon
re-exposure with SARS-CoV-2, these individuals viilve MBCs that can rapidly generate

neutralizing SARS-CoV-2 antibody titers and helptcol the infection.

Memory CD4 T cells can help reactivate MBCs through theirrespion of key molecules
associated with T-B interactions including CXCREQIS, CD40L and a variety of cytokines
(Vinuesa et al., 2016). SARS-CoV-2-specific CO¥demory T cells in recovered individuals in
our cohort exhibited the capacity to express allttedse molecules and to undergo robust

proliferation upon re-exposure to spike proteintdidy, spike-specific CD4memory T cells
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from CoVZ' individuals rapidly displayed increased leveld@DS and CD40L on CXCR%and
CXCRS5 cells after stimulation as well as expression of-Tand Th17- associated cytokines.
These results are consistent with other recentrtepd SARS-CoV-2- specific cTth cells (Juno
et al., 2020), although they detected a high fraqueof Th17-like cTfh cells, which could be
due to the earlier time point they were examiniagh17 cells can develop into Th1l cells late in
an immune response (Lee et al., 2009). The exomressi IFNy and IL-17 by cTfh cells is
notable as these cytokines are associated withs-slagching to IgG and IgA isotypes,

respectively (Hirota et al., 2013; Peng et al.,200

We also likely found cross-reactive memory B andells in healthy controls. In response to a
viral infection, B cells that could recognize aatiantigen, but did not enter a GC, predominantly
form IgM* and IgD" MBCs which tend to be low affinity and do not i form PBs upon re-
exposure, but might be able to recognize a vaoénhe viral protein (Weisel and Shlomchik,
2017). Since we detected RBD-specific [ghhd IgD MBCs in HCs, we hypothesize that some
of these may be cross-reactive MBCs generatedsporese to a previous human coronavirus
infection as recent work suggests (Song et al.0R0&e also found a small number of spike-
responsive CD4memory T cells in HCs, which other groups haveilaihy attributed to cross-
reactive memory T cells potentially associated watlprevious human coronavirus infection
(Braun et al., 2020; Grifoni et al., 2020; Sekineak, 2020; Sette and Crotty, 2020). We also
found SARS-CoV-2-specific CO8memory T cells in equal numbers in HCs and CoV2
individuals. This finding suggests cross-reactiviiyhin a population of IFN+ producing CD8
memory cells in our HC samples and raises the pitisgithat our inability to interrogate CD8

resident memory cells in the lungs may mask the &xpansion of this compartment in Cév2
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individuals. How these cross-reactive cells contiebto the SARS-CoV-2 memory response in
recovered individuals is difficult to discern witlioknowledge of each individual’'s SARS-CoV-
2-specific BCR and TCR repertoires prior to infenti However, we can conclude that mild
COVID-19 induces an expanded population of MBCs @Bdi’ memory T cells with markers of

increased functionality compared to the cross-reagtool present in our controls.

It is currently impossible to perform controlled B8-CoV-2 reinfection studies to test the
protective capacity of the SARS-CoV-2-specific meyntymphocytes we have described in
humans. However, previous studies of human coromse$ have shown protection from
homologous rechallenge that correlated with antjittérs (Callow et al., 1990). While studies
of SARS-CoV-2 have confirmed rare second exposm@sths after the first, they suggest prior
exposure can be protective (Abu-Raddad et al., 2080t al., 2020). Additional studies have
supported this finding including evidence from shing vessel where 85% of the crew became
infected, yet three previously exposed individuaith neutralizing antibodies did not get sick
(Addetia et al., 2020). More recently, during artboeak at an overnight camp, none of the
attendees that were seropositive (16% ) prior tending the camp, tested positive for infection,
while 91% of the remaining susceptible populatiesteéd positive for infection (Pray et al, CDC
MMWR, 2020). Animal studies provide additional sopp as macaques infected with SARS-
CoV-2 were protected from rechallenge (Chandraghekaal.,, 2020). While these studies
support the role of immune memory contributing totection from SARS-CoV-2 re-exposure,
future studies will require data on the SARS-Co¥g&cific immune memory compartment

prior to re-exposure to assess a correlation tteption.
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It is also important to note that different levefseverity of COVID-19 may be associated with
different levels of immune memory and subsequentume protection. We focused on the
immune memory response to mild COVID-19, but whetimailar memory populations form
after severe COVID-19 is still unclear. In one Eyghistological study of post-mortem tissues
from patients that succumbed to severe COVID-18)dhk of GC formation or the generation
of CD4’ Tth lymphocytes required for an optimal immune roeyrresponse suggested that
forming immune memory may be difficult (Kaneko &t 2020). However, as these patients died
of acute disease, it is impossible to determirgerminal centers were transiently disrupted due
to acute inflammation as has been seen in othahhigflammatory diseases like malaria
(Keitany, Cell Reports, 2016). While additionaldies are needed to determine how long
memory to SARS-CoV-2 infection lasts, our work segfg that mild COVID-19 induces
persistent, multifaceted immune memory. These fanat antiviral memory lymphocytes are
poised for a coordinated response to SARS-CoV&xpssure that could contribute to immunity

and help to curtail the pandemic.

Limitations:

First, our cohort is of relatively small size pratiag us from identifying patient characteristics
that correlate with maintained immune memory. Welldmeed a larger cohort with a diverse
racial make-up as well as details on disease ctearstics to achieve this. Second, we restricted
our cohort to individuals recovered from mildly sgptmmatic COVID-19. Thus, these data do
not describe the immune memory response after asyngic or severe disease. Studying a
larger cohort of individuals with a spectrum ofedise severity would allow this extension of our

data. Third, we found SARS-CoV-2-specific immunemoey was maintained at 3 months post-
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symptom onset, but we do not know if SARS-CoV-2edieimmune memory will be
maintained for a year or longer. Repeating thaséiess at later time points will yield these data.
Finally, we demonstrate that SARS-CoV-2-specifioiome memory is maintained and
functionalin vitro, but our data cannot say whether these individwdl$e protected from
disease upon a second exposure and, if they arehawhms of immune memory correlate with
protection. Addressing this will require study oélividuals before and after a natural re-
exposure event. Large epidemiologic studies toroete if the rate of symptomatic re-infection
in previously exposed individuals is different thamaive individuals will also help address
whether previous exposure and immune memory geaenaiay be protective from

symptomatic re-infection.
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Table 1: Study Cohort

Previously SARS-CoV-2 infected (CoVj2and healthy control (HC) volunteers were consiénte

and enrolled for this study. Values are reportethasnedian with the range in parentheses.
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Figure 1: Mild COVID-19 induces persistent, neutralizing anti-SARS-CoV-2 I gG antibody.
(A) Study timeline. Range indicated by box and medialicated by line for each event.

(B) ELISA dilution curves and area under the curve GAlibr anti-RBD IgG (left), IgM

(center), and IgA (right) from healthy control (H&)d previously SARS-CoV-2-infected
(CoV2") plasma samples at Visit 1 (V1) and Visit 2 (VRashed line indicates mean + 3 SD of
the HC AUC values.

(C) Comparing V1 and V2 AUC in HC and CoVhdividuals for each antibody isotype. V2
AUC values were normalized to V1 samples run withs@dmples.

(D) Percent inhibition of RBD binding to ACE2 by plasswarogate virus neutralization assay
(SVNT) at 1:2 plasma dilution.

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

(F) Percent RBD inhibition at 1:2 plasma dilution at &fid V2, paired by sample.

(G) Spearman correlation between percent RBD inhibibtysVNT at a 1:2 plasma dilution and
percent virus neutralization by PRNT at a 1:16Gmia dilution.

(H) CoV2' percent virus neutralization by PRNT at a 1:16pla dilution normalized and
paired as in (C).

Statistics for unpaired data determined by tweethMann-Whitney tests and, for paired data, by
two-tailed Wilcoxon signed-rank tests. Multipletieg correction significance cutoff at FDR =
0.05 is p-value < 0.05. Error bars represent meanSD.

See also Figure S1 and S4.
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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 CO2D14CD16 cells for SARS-CoV-2 RBD-specific cells
(RBD tetramerdecoy tetramé) from SARS-CoV-2-recovered (CoVand healthy control
(HC) PBMCs at Visit 1 (V1) and Visit 2 (V2).

(B) Number of RBD-specific B cells (RBD tetrarfigecoy tetrame€D20") per 1x16 PBMCs.
(C) Representative flow cytometry plots and numtiteRBD-specific plasmablasts (PBs, RBD
tetramefdecoy tetramé€D20CD138") (na = could not be calculated because all valjies

(D) Representative gating of RBD-specific B cells faive B cells (CD2I1CD27) and MBCs
(CD21'CD27'/CD21CD27/CD21 CD27 populations outlined in green).

(E) Proportion of RBD-specific B cells that are nai@DR1'CD27), classical MBCs
(CD21'CD27") or activated MBCs (CD2CD27"), statistics for the proportion that are MBCs.
(F) Number of RBD-specific MBCs (classical and act@eht

(G) Representative gating of RBD-specific MBCs for BSBtype (IgD, IgM, IgA and IgG)
expression.

(H) Proportion of RBD-specific MBCs expressing the BiS&ypes IgD, IgM, IgA and IgG,
Statistics are for the proportion that are 1gG

(1) Number of RBD-specific IgGMBCs.

(J) Representative gating of RBD-specific MBCs for T-bepression and number of RBD-
specific T-bet MBCs.

Statistics for unpaired data determined by tweethMann-Whitney tests and, for paired data, by

two-tailed Wilcoxon signed-rank tests. Multipletieg correction significance cutoff at FDR =
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0.05 is p-value < 0.04. Error bars represent meadnSD. Data from two experiments per visit.

See also Figure S5.
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Figure 3: SARS-CoV-2 infection induces dur able, functional spike-reactive CD4" T cells.
(A) Representative flow cytometry plots of ICOS and40D expression on antigen-experienced
(non-CD45RACCRT7) CD4 T cells 20 hours after incubation of PBMCs from Ei@ CoV2
individuals at Visit 1 (V1) and Visit 2 (V2) withehicle or SARS-CoV-2 spike.

(B) Number of antigen-experienced ICT@®40L'CD4" T cells per 1x1OCD4' T cells from
HC and CoV2 samples after incubation with vehicle (Veh.) dkedS) at both time points
(right) and calculated number of spike-responsil2&CT cells (number after incubation with
spike minus number after incubation with vehicle)npared across time points (left).

(C) Number of antigen-experienced CXCRBOS CD40L'CD4" T cells (cTfh) per 1x10CD4"
T cells from HC and CoV2samples after incubation with vehicle (Veh.) dkegS) at both
time points (right) and calculated number of spigsponsive cTfh cells (number after
incubation with spike minus number after incubatigth vehicle) compared across time points
(left).

(D) Representative flow cytometry plots of sorted Chéive (CD45RACCRT), central
memory (Ttm: CD45RACCRT) or effector memory (@u: CD45RACCR7) T cells from HC
and CoVZ PBMCs following 5-6 day co-culture with SARS-CoVsgike protein-pulsed
autologous monocytes and measuring proliferationddlyproliferation dye (CPD) dilution.
(E) SARS-CoV-2 spike-specific expansion of sorted CBdive T, T and Ty cells from V1
(circles) and V2 (squares) reported as frequen&XER3 CPD° cells after incubation with
spike minus frequency after incubation with vehicle

(F) Number of cytokine-producing, antigen-experien€&b9'CD4" T cells per 1x10CD4" T

cells after incubation with vehicle (Veh.) or spil& (right) and calculated number of spike-

28



responsive, cytokine-producing CD% cells (number after incubation with spike mimusnber
after incubation with vehicle)(left).

(G) Frequency of antigen-experienced CBHED4" T cell subsets, CCRBT effector cells (Teff,
CXCR5) and CCR8" circulating T follicular helper cells (cTfh, CXCRE producing IL-2,

IFN-y and IL-17A effector cytokines following incubatievith spike for 20 hours.

(H) Representative flow cytometry plots of CD69 and 4f-Bixpression on antigen-experienced
CD8' T cells from HC and CoV2PBMCs at V2 following 20 hours of incubation witkhicle

or SARS-CoV-2 spike.

(1) Number of antigen-experienced IRRED69'CDS8" T cells per 1x19CD8' T cells following
20 hours of incubation with vehicle control (Vetr)SARS-CoV-2 spike (S) (right) and
calculated number of spike-responsive CD&ells (number after incubation with spike minus
number after incubation with vehicle)(left).

Statistics for unpaired data determined by twaethMann-Whitney tests and, for paired data, by
two-tailed Wilcoxon signed-rank tests. Multipletieg correction significance cutoff at FDR =
0.05 is p-value < 0.05. Error bars represent meadnSD. Data from two experiments per visit.

See also Figure S6.
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Figure 4. SARS-CoV-2-specific MBCs can express neutralizing antibodies.

(A) Representative flow plots of index sorted RBDdwter specific B cells (gating scheme in
Figure S7A). B cell receptors (BCRs) cloned froriscghown in red.

(B) Anti-RBD ELISA of culture supernatants from cellansfected to express one of the Visit 1
monoclonal antibodies or supernatant from untrametecells (no trans). Antibodies that did not
bind RBD are shown in orange.

(C) Inhibition of RBD binding to ACE2 by Visit 1 montmmal antibody supernatants measured
by sVNT assay, compared to a known RBD-specifiatradizing antibody (Ty1). Red indicates
strong inhibitors, blue moderate inhibitors andcklaon-inhibitors.

(D) Anti-RBD ELISA of culture supernatants from callansfected to express one of the Visit 2
monoclonal antibodies. Antibodies that did not bRBID are shown in orange.

(E) Inhibition of RBD binding to ACE2 by Visit 2 montmnal antibodies measured by sVNT
assay. Red indicates strong inhibitors and blackinhibitors.

(F) Neutralization capacity of purified monoclonalianties as measured by PRNT. 2B04 and
2C02 are previously identified strong and weak ra¢zing murine antibodies, respectively, and
MSP-003 is an irrelevamlasmodium-specific antibody.

(G) IC50 values calculated from PRNT. Dotted line repras the limit of detection.

See also Figure S7.
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Table 2. Neutralizing monoclonal antibody infor mation.
Heavy and light chain gene usage, somatic hypetionteate and VDJ junction sequence of

neutralizing antibodies.
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Figure 5. Recovered individuals formed multifaceted SARS-CoV-2-specific immune
memory.

Heatmap of values for independent SARS-CoV2 RBD-Spike-specific immune memory
components from each HC and CdMdividual at Visit 2. RBD-specific |gG measureg b
ELISA (AUC = area under the curve). Percent inibitby sVNT calculated at 1:2 plasma
dilution. Number of RBD-specific IgGMBCs per 1x10 PBMCs. Number of spike-responsive
(CD69"), cytokine-producing (IL-2/IFNAIL-17A), antigen-experienced CDZ cells calculated
by number after 20-hour incubation with spike mimusmber after incubation with vehicle.
Number of spike-responsive (CDBBN-y"), antigen-experienced CDE cells calculated by
number after 20-hour incubation with spike minusnber after incubation with vehicle. The

color scales are set for each metric (row) withrtiean + 1 SD of the HC set to white.
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STAR Methods:

RESOURCE AVAILABILITY

L ead Contact

Requests for further information and reagents shbaldirected to Marion Pepper

(mpepper@uw.edu).

Materials Availability
Unique reagents generated in this study will beeraailable on request from Lead Contact,
but we may require a payment and/or a complete@iéds Transfer Agreement if there is

potential for commercial application.

Data and Code Availability
The published article includes all datasets geadrat analyzed during this study and no code

was generated.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement

This study was approved liye University of Washington Institutional Reviewdd (Gale Lab,
IRB 00009810). Informed consent was obtained frdraraolled participants. Samples were de-

identified prior to transfer to the Pepper Lab.

Study Participants:
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The study was conceptualized utilizing a case-obuesign. Cases and controls were identified
from a cross-sectional cohort study that recruiacorint and online advertising from the Seattle
metropolitan area (Table 1). Cases (Cb\W215) were selected based on a reported hisfay o
positive SARS-CoV-2 PCR nasal swab. Controls (nw1&%e selected based on having no prior
positive SARS-CoV-2 PCR nasal swab and having nectiEble SARS-CoV-2 RBD- or S-
specific 1IgG or IgM plasma antibodies (within meaB SD of 5 de-identified plasma samples
drawn prior to 2020 generously donated by Wesleydh Voorhis). At the time of enroliment,
information was collected from all participants aedjng recent illness symptoms and severity.
All CoV2" cases reported at least one symptom, but all elassified as mild disease, as none
required hospitalization.

METHOD DETAILS

Peripheral blood mononuclear cell (PBMC) and plasma collection

6-10 milliliters of venous blood from study voluets were collected in EDTA tubes and spun at
1500xg for 10 minutes. Plasma was collected, heattivated at 5& for 30 minutes, aliquoted
and stored at -8C. The cellular fraction was resuspended in phasphaffered saline (PBS)
and PBMC were separated from red blood cells ustepmate PBMC Isolation Tubes
(STEMCELL Technologies) according to manufacturémstruction and frozen at -80 before

being stored in liquid nitrogen. PBMCs were thawe87C and washed twice before use.

SARS-CoV-2 Protein Production and Purification
Plasmid construction
The SARS-CoV-2 $(BEI NR-52422) construct was synthesized by GepSirto pcDNA3.1-

with an N-terminal mu-phosphatase signal peptidel @ C-terminal octa-histidine tag
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(GHHHHHHHH). The boundaries of the construct arg,JRFPNs3; and Cs28KKSTs31. The
SARS-CoV-2 S-2P ectodomain trimer (GenBank: YP_@d3B0.1, BEI NR-52420; cite PMID
32155444) was synthesized by GenScript into pCMih&n N-terminal mu-phosphatase signal
peptide and a C-terminal TEV cleavage site (GSGRERQG), T4 fibritin foldon
(GGGSGYIPEAPRDGQAYVRKDGEWVLLSTPL), and octa-histigi tag (GHHHHHHHH).
The construct contains the 2P mutations (prolinesstutions at residues 986 and 987; PMID
28807998) and ansSGAGsgs substitution at the furin cleavage site. A pCAGGEcter
containing the spike protein receptor binding dom@BD) from SARS-CoV-2 (Wuhan-Hu-1

isolate) was generously provided by Florian Kramf#enanat et al., 2020).

Transient expression

Constructs were produced in Expi293F cells growrsuspension using Expi293F expression
medium (Life technologies) at 33°C, 70% humiditpda8% CQ rotating at 150 rpm. The
cultures were transfected using PEI-MAX (Polyscanwith cells grown to a density of 3.0
million cells per mL and cultivated for 3 days. 8umatants was clarified by centrifugation (5
minutes at 4000 rcf), addition of PDADMAC solutida a final concentration of 0.0375%

(Sigma Aldrich, #409014), and a second spin (5 tesiat 4000 rcf).

Purification of His-tagged proteins

Proteins were purified from clarified supernatania a batch bind method where each
supernatant was supplemented with 1 M Tris-HCI pit8 a final concentration of 45 mM and
5 M NacCl to a final concentration of ~310 mM). Tialoobalt affinity resin (Takara) was added

to the treated supernatants and allowed to incdbatEb minutes with gentle shaking. Resin was
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collected using vacuum filtration using a ua filter and transferred to a gravity column. The
resin was washed with 20 mM Tris pH 8.0, 300 mM Na@d the protein was eluted with three
column volumes of 20 mM Tris pH 8.0, 300 mM imidezo300 mM NaCl. The batch bind
process was then repeated and the first and sestotidns combined. SDS-PAGE was used to
assess purity. Purified S-2P trimer was concerdrite-1 mg/mL and dialyzed into 50 mM Tris
pH 8, 150 mM NaCl, 0.25% L-histidine, 5% glycerola hydrated 10k molecular weight cutoff
dialysis cassette (Thermo Scientific). The purifRBD protein was dialyzed into 50 mM Tris
pH 7, 185 mM NaCl, 100 mM arginine, 4.5% glycer@l75% w/v CHAPS. Due to inherent

instability, S-2P was immediately flash frozen atoled at -80°C.

Tetramer generation

Recombinant trimeric spike and the RBD domain weogh biotinylated using an EZ-Link
Sulfo-NHS-LC Biotinylation Kit (ThermoFisher), tetmerized with streptavidin-phycoerythrin
(SA-PE) (Agilent) and stored in 50% glycerol at°QGs previously describ&¥d Decoy reagent
was generated by tetramerizing an irrelevant bytdbed protein with SA-PE previously

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

ELISA

96-well plates (Corning) were coated with 2 ug/milL recombinant SARS-CoV-2 RBD or
trimeric spike protein diluted in PBS and incubagdfC overnight. Plates were washed with
PBS-T (PBS containing 0.05% Tween-20) and incubatig blocking buffer (PBS-T and 3%
milk) for 1 hour at room temperature (RT). Plasncalture supernatants or monoclonal

antibodies were serially diluted in dilution buff@®BS-T and 1% milk) in triplicate, added to
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plates, and incubated at RT for 2 hours. Secondatipodies were diluted in dilution buffer as
follows: anti-human IgG-HRP (Jackson ImmunoResdamth1:3000, anti-human IgM-HRP
(Southern Biotech) at 1:3000, or anti-human IgA-HBSButhern Biotech) at 1:1500. Plates were
incubated with secondary antibodies for 1 hour &t Ehen detected with 1X 3,3,5-
Tetramethylbenzidine (TMB) (Invitrogen) and querttheith 1M HCI. Sample optical density
(OD) was measured by a spectrophotometer at 450mh6@0nm. CR3022, a human SARS-
CoV antibody previously determined to cross-reaith MARS-CoV-2 was used as a positive
control. 1gG in culture supernatants was measussgua Human IgG ELISA Kit (Stemcell)

according to the manufacturer’s instructions. Deds analyzed in Prism (GraphPad).

Receptor-binding inhibition assay (SVNT)

SVNT assays were performed as previously desciibad et al., 2020), Briefly, high-binding
96-well plates (Corning) were coated with 5 ug/nflrecombinant human ACE2-Fc diluted in
100mM carbonate-bicarbonate buffer (pH 9.6) anduldated at ZC overnight. Plates were
washed with PBS-T and incubated with blocking bu{®% milk in PBS-T) for 1 hour at RT.
Plasma or monoclonal antibody supernatants werallgediluted in triplicate in dilution buffer
(1% milk in PBS-T) and incubated with 18ng of redomant SARS-CoV-2 RBD-HRP
(conjugated using Abcam HRP conjugation kit) fdndur at 37C. Blocked plates were washed
and incubated with the pre-incubated plasma/anyiteoti RBD-HRP for 1 hour at RT, then
detected with TMB and 1M HCI. OD was measured bgpactrophotometer at 450nm and
570nm. RBD-HRP alone and plasma with no RBD-HRRildation were used as controls. The
percent inhibition was calculated as (1 — Samplev@lbe/Average Negative Control OD value)

x 100. Data was analyzed in Prism (GraphPad).
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Plaque reduction neutralization test (PRNT)

PRNT assays were performed as previously descrigeasmus et al.,, 2020). Briefly, heat
inactivated plasma was diluted 1:5 followed by feisfold serial dilutions and monoclonal
antibodies were diluted 1:10 followed by 4 10-faddrial dilution and mixed 1:1 with 600
PFU/ml SARS-CoV-2 WA-1 (BEI resources) in PBS+0.86td water fish skin gelatin (Sigma).
After 30 minutes of incubation at %7, the plasmal/virus mixtures were added to 12 plalies

of Vero cells and incubated for 1 hour a@7rocking every 15 minutes. All dilutions were
done in duplicate, along with virus only and naugicontrols. Plates were then washed with PBS
and overlaid with a 1:1 mixture of 2.4% Avicel RG15(FMC) and 2X MEM (ThermoFisher)
supplemented with 4% heat-inactivated FBS and RemiStreptomycin (Fisher Scientific.)
After a 48-hour incubation, the overlay was remoy@dtes were washed with PBS, fixed with
10% formaldehyde (Sigma-Aldrich) in PBS for 30 ntgsiat room temp and stained with 1%
crystal violet (Sigma-Aldrich) in 20% EtOH. Percemtutralization was calculated as (1 — #
sample plaques/# positive control plagues) x 10ftalvas analyzed in Prism (GraphPad) and

IC50 was calculated by sigmoidal interpolation noeth

Cell Enrichment, Stimulations and Flow Cytometry

Immunophenotyping and sorting RBD-specific B cells

Thawed PBMCs were first stained with decoy tetrasmed then with RBD tetramer prior to
incubation with anti-PE magnetic beads and magnatigd enrichment (Miltenyi Biotec) as
previously describetf. Bound cells were stained with surface antibogsthods: Antibodies)

and, if required, were fixed/permeabilized usingosBience FoxP3 Fix/Perm kit (ThermoFisher;
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00-5521-00) for 30 minutes, followed by incubatiowith intracellular antibodies
(Methods: Antibodies). Stained samples were run on a LSRII flow cytometed analyzed
using FlowJo (Becton Dickinson). Samples with lges 5 RBD-specific MBCs were removed
from summary data for proportional phenotyping f@cte stain V1: 2, surface stain V2: 1,
intracellular stain V1: 4, intracellular stain V3). For B cells sorting experiments, single
tetramer-specific B cells were indexed sorted dtA&SAriall cell sorter and collected in a 96-

well PCR plate containing SMART-Seq v4 capture éutiTakara Bio).

Immunophenotyping of PBMCs

For surface phenotyping, total PBMCs (innate calsPBMCs from the negative fraction of the
antigen-specific B Cell magnetic columns (for lyropiites) were washed and incubated with
fluorescently conjugated antibodies. Staining fdfhcanalyses were performed as follows:
chemokine-receptors and transcription factors (4@utas, RT), surface antigens (20 minutes,
4°C)(M ethods:Antibodies). Intracellular staining was performed using eBiesce FoxP3
Fix/Perm kit (ThermoFisher; 00-5521-Q0)ethods: Antibodies). For detection of intracellular
cytokine production, PBMC were stimulated with 5/ml phorbol 12-myristate 13-acetate
(Sigma-Aldrich) and 1 pg/ml lonomycin (Sigma-Aldnicl06434) with 10 pug/ml Brefeldin A
(Sigma-Aldrich; B6542) and 1x dose GolgiStop/momer®ecton Dickinson; 554724) for 4
hours. Permeabilization and fixation was performsithg Cytofix/Cytoperm (Becton Dickinson;
RUO 554714). Intracellular stains were performed3® minutes at % (M ethods: Antibodies).
Flow cytometry analysis of innate immune populagisras done on 0.5-1 million PBMCs before
fraction isolation. Data was acquired on a Cytekoka or BD LSR Fortessa and analyzed using

FlowJo10 software (Becton Dickinson).
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Ex-Vivo spike Protein Simulation of Peripheral Blood T Cells

PBMCs from the negative fraction of antigen-specBi Cell magnetic columns were washed
and resuspended to 4X16€ells/mL with complete RPMI with 10mM HEPES (Therfisher;
22400097) supplemented with 10% FBS, 2-MercaptoethaPen-Strep, and L-Glutamine.
Spike-stimulated PBMCs were incubated with 2ug/mll-length recombinant spike protein
resuspended in PBS + 5% glycerol. Unstimulatedrotteceived equivalent volume of PBS +
5% glycerol vehicle. Both conditions were left 0 hours at 3T, 5-8% CO2, with addition of
10 pg/ml Brefeldin A (Sigma-Aldrich; B6542) and Idose GolgiStop/monensin (Becton
Dickinson; 554724) for the final 5 hours to allowr fntracellular detection of cytokines. Positive
controls were stimulated with PMA/lonomycin (seeow) for 5 hours in the presence of
Brefeldin-A and Monensin. Staining was performed falows: chemokine-receptors (40
minutes, RT), surface antigens and cytokines (20utes, 4C) (M ethods:Antibodies). Cells

were run on the Cytek Aurora and analyzed usingvBto(Becton Dickenson).

Antigen-specific T cell proliferation

Starting with PBMC from healthy control or CoVihdividuals, cell proliferation dye (CPD)-
labeled, 1.25uM (ThermoFisher; 65-0840-85), sortatve or memory T cell subsets (5 ¥10
were co-cultured in round-bottomed 96-well platethwrradiated autologous monocytes (5000
rads, 5 x 1%, and provided either full-length recombinant huarrspike protein (2.5ug/mL)
resuspended in 5% PBS-glycerol or vehicle conttalltures were supplemented with 5U/mL
recombinant human IL-2 (Biolegend; 589104). CeHuyleoliferation was assessed after 5-6 days

by flow cytometry (Methods:Antibodies) as above and analyzed using FlowJol0 (Becton
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Dickenson). The percentage of CXCR®DP cells (defined as cells that had undergone 3 or
more divisions) represented as Spike - Vehiclealsutated by subtracting the vehicle control

proliferation from spike-treated proliferation.

Monoclonal antibody generation

BCR sequencing and cloning

Amplification of cDNA was performed using SMART-Sed (Takara Bio) at half reaction
volume for each sorted cell. B cell receptor (B@Rains were amplified in a multiplex PCR
using half reactions of DreamTaq (Thermo Fisher) 425 ul of resulting cDNA with 3’
primers for constant regions of IgM, IgA, (5-GGABAAGTCCTGTGCGAGGC-3, 5'-
GGAAGAAGCCCTGGACCAGGC-3, Wardemann and Busse, 201G, IgK, IgL (5-
TCTTGTCCACCTTGGTGTTGCT-3", 5-GTTTCTCGTAGTCTGCTTTGTCA-3’, 5'-
CACCAGTGTGGCCTTGTTGGCTTG-3’, Smith et al, 2009) aacd’ primer for the template
switch sequence (5-GTGGTATCAACGCAGAGTACATGGG-3'Thermocycler conditions
were 95°C for 2 min, 30 cycles of 95°C for 30s,&7#dr 30s and 72°C for 1 min. Resulting
PCR products were cleaned using 5 ul of PCR reactiall FastAP (Thermo Fisher), and 0.5 ul
Exonuclease | (ThermoFisher) for 30 minutes at 3&@ inactivated at 75°C for 15 minutes.
Sanger sequencing for each purified sample wasomeed using each 3’ primer from the
previous BCR PCR amplification. Sequences were nieh at Q30 using Geneious and
submitted to IMGT/HighV-QUEST for alignment (Alamyat al, 2012). Primers were designed
using 5 and 3' cDNA sequence for In-Fusion CloniKg and performed according to
manufacturer’s instructions. If a 5’ or 3’ sequemas missing, then the closest matching IMGT

germline sequence was used for primer design. Hehains were inserted into IgG1 vectors,
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kappa and lambda chains were cloned into vectdts teir respective constant regions (Smith
et al. 2009). Cloned plasmids were sequenced amgrsed by ensuring sequences of chains

matched original cDNA sequence.

Expression and purification

For small scale transfections, 12 well plates @T2@ells at 80% confluence were transiently
transfected with 0.5ug each of heavy and lightrcivaictors using polyethylenimine (PEI). After
16 hours, media was removed and replaced with séesmmedia. After 3-4 days, supernatants
were harvested and cell debris was removed byifiggdtion at max speed in a microcentrifuge
for 1 minute. For large scale transfections, exgiogsvectors containing paired heavy and light
chains were transiently transfected into 293T cadflisig PEI. Expression of recombinant full-
length human IgG monoclonal antibodies were carred in serum-free basal medium
(NutridomaSP, Sigma-Aldrich). Four days after transfecticel| culture medium was collected
and protein was purified using HiTrapProtein G HP column (1ml, GE Healthcare). Fing Ig
proteins were concentrated and buffer exchangedlixtPBS using Millipore concentrator (30K

MWCO). IgG protein concentration is determined ndrop 2000 spectrophotometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics used are described in figure legendsnaerd determined using Prism (Graphpad). All
measurements within a group in a panel are frortindissamples except technical replicates
used in ELISAs as described. Statistical signifczaaf all pairwise comparisons was assessed by
two-tailed nonparametric tests; Mann-Whitney fopained data and Wilcoxon signed rank tests

for paired data. Raw p-values are displayed and atheisted p-value significance cutoff
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calculated from the Benjamini-Hochberg multipletiteg correction with FDR = 0.05 for

comparisons grouped by figure is listed in the @gponding legend.

43



Supplemental Figuresand Table L egends:
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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 (AU& anti-RBD and anti-spike IgG (left)
and IgM (right) in plasma collected from individeaprior to 2020 and the SARS-CoV-2
pandemic (historical negatives, HN, black), frormalbiey controls (HC, at Visit 2) and from
individuals that tested PCR+ for SARS-CoV-2 (CoVat Visit 1). Dashed line indicates mean +
3 SD of HN AUC values.

Statistics determined by two-tailed Mann-Whitnest$e Multiple testing correction significance

cutoff at FDR = 0.05 is p-value < 0.05. Error bagresent mean and SD.
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Figure S2. PBM C innate populationsin CoV2" individuals return to immune quiescence by
Visit 1. Related to Figure 1.

(A) Flow cytometry gating for CDI6D3CD19CD56HLADR*CD14" monocytes (purple
gate), which were further divided into CO@D16" (red gate), CDI4D16" (blue gate), and
CD14'CD16 monocytes (green gate), and COOB3CD19CD56CD14CD304CD123
plasmacytoid dendritic cells (pDCs) (pink gate).

(B) Percent monocytes and pDCs of live PBMCs from thgatontrols (HC) and previously
SARS-CoV-2 infected (CoV?2 individuals.

(C) Percent subsets of monocytes from PBMCs.

Statistics determined by two-tailed Mann-Whitnest$e Multiple testing correction significance
cutoff at FDR = 0.05 is p-value < 0.05. Error baepresent mean and SD. Data from two

experiments.
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Figure S3. Bulk PBM Csreturn toimmune quiescence by Visit 1. Related to Figure 1.

(A and B) Representative flow cytometry plots and frequenagap andys T cell subsets at
Visit 1 (V1) in PBMCs from healthy control (HC) an8ARS-CoV-2-recovered (CoVp
individuals.

(C and D) Representative flow cytometry plots and frequesaé 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 CoV2PBMCs.

(E and F) Representative flow cytometry plots and frequencieCD4 memory and T-helper
subsets at V1 in HC and CoVPBMCs.

(G and H) Representative flow cytometry plots and frequenciesTfh (CXCR5CD45RA)
and cTfh activation (ICO®D-1") and helper (CXCR3CCR6") subsets at V1 in HC and
CoV2" PBMCs.

(1) Frequency of B cells (CD1€D3) at V1 in HC and CoV2PBMCs.

Statistics determined by two-tailed Mann-Whitnest$e Multiple testing correction significance
cutoff at FDR = 0.05 is p-value < 0.05. Error baepresent mean and SD. Data from two

experiments.
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Figure $4. Mild COVID-19 induces persistent, neutralizing anti-SARS-CoV-2 1gG

antibody. Related to Figure 1.

(A) ELISA dilution curves and area under the curve (AUor anti-spike IgG (left), IgM
(center), and IgA (right) from healthy control (H@nhd SARS-CoV-2-recovered (CoV2
individuals plasma at Visit 1 (V1). Dashed lineicates mean + 3 SD of the HC AUC values.
(B) Spearman correlation of V1 anti-RBD and anti-spd@ (left), IgM (center), and IgA (right)
AUC.

Statistics determined by two-tailed Mann-Whitnest$e Multiple testing correction significance

cutoff at FDR = 0.05 is p-value < 0.05. Error bagresent 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 phenotyg®BD-specific B cells from PBMCs in
Figure 2 set on total B cells from a healthy con(rC) (surface stain, top; intracellular stain,
bottom).

(B) Number of RBD-specific Ig) IgM* and IgA” MBCs (CD20RBD tetrameidecoy tetramér
CD27'CD21'/CD27'CD21/CD27CD21I) 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 twaethMann-Whitney tests and, for paired data, by
two-tailed Wilcoxon signed-rank tests. Multiple tiag correction significance cutoff at FDR =

0.05 is p-value < 0.02. Error bars represent meanSD. 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 cehtreemory (Tcm), and T effector memory
(Tewm) cells from HC and CoV2PBMCs at Visit 1 and Visit 2 before 5-6 days oftere with
autologous monocytes and SARS-CoV-2 spike proteirebicle.

(B) Representative flow cytometry gating on PMA/lonainyactivated PBMCs for cytokine
expression by antigen experienced (non-CD45RBR7) CD4" T cells subset into CCRBT
effector cells (Teff, CXCR% and circulating T follicular helper cells (cTI8XCR5).

(C) Representative flow cytometry gating on antiggpegienced (non-CD45RAECR7) CD4"

T cells from HC and CoV2V2 PBMCs following incubation with SARS-CoV-2 spgikor 20
hours. Gating on CDB9CCR6E" T effector cells (Teff, CXCR% and CCR&" circulating T
follicular helper cells (cTfh, CXCR3 for IL-2, IFN-y and IL-17A effector cytokines expression.
(D) Number of IL-4-producing, antigen-experienced CBED4" T cells per 1x19CD4" T cells
after incubation with vehicle (Veh.) or SARS-CoVgike (S) (left) and calculated number of
spike-responsive, cytokine-producing CDB cells (number after incubation with spike minus
number after incubation with vehicle)(right).

Statistics determined by two-tailed Mann-Whitnest$e Multiple testing correction significance
cutoff at FDR = 0.05 is p-value < 0.05. Error bagpresent 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
Figure4 and Table S1.

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

(B) IgG ELISA to confirm expression of Visit 1 antifies in transfected cell culture
supernatants. Positive control is the kit standatd) and negative control is supernatant from
untransfected cells (no trans, green).

(C) RBD ELISA of purified Visit 1 monoclonal antibces. Negative control (green) is an
irrelevantPlasmodium-specific antibody.

(D) 1gG ELISA to confirm expression of Visit 2 antiilies in transfected cell culture
supernatants.

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

(F) Number of mutations in variable regions of RBpecific monoclonal antibodies.

(G) Mutation frequency of variable regions of RBpesific monoclonal antibodies.

Statistics determined by two-tailed Mann-Whitnest$e Multiple testing correction significance

cutoff at FDR = 0.05 is p-value < 0.05.
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Highlights

Longitudinal analysis of multifaceted immune memory following mild COVID-19
Antibodies capable of neutralizing virus persist for at least 3 months in most
subjects

Virus-specific memory B and T cells display hallmarks of anti-viral immunity

MBCs increase in number and express antibodies capable of neutralizing SARS-
CoV-2

Longitudinal analysis of immune memory following mild COVID-19 elicits memory lymphocytes that persist
and display functional hallmarks of antiviral immunity.
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Figure 2
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Table 1: Study Cohort

Previously
SARS-CoV-2 Infected | Healthy Controls
(CoV2") (HC)

Number of participants? 15 17
Age (years) 47 (28 — 71) 42 (24 - 57)

27% Male, 47% Male,
Sex 73% Female 53% Female
Number of symptoms™® 5(1-7) NA®
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)

2 Blood drawn from 14 CoV2" and 13 HC at Visit 1 and Visit 2. 1 CoV2" and 2 HC were only
drawn with Visit 1. 2 HC were only drawn with Visit 2.
® All CoV2+ individuals reported symptoms. 9 HCs reported symptoms and 2 HC had negative

SARS-CoV-2 PCR results.

° The symptoms surveyed were fever, chills, cough, runny nose, fatigue, muscle ache and

difficulty breathing.
4 NA = Not applicable




Heavy Light
chain chain
mAb Heavy chain junction mutation | mutation
ID Heavy chain | Light Chain AA sequence # #
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 IGIV 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
309 IGHV 3-53 IGKV 1-12 CARELSSYYDLW 10

Table 2: Heavy and light chain gene usage, somatic hypermutation rate and VDJ
junction sequence of neutralizing antibodies.




