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Extrafollicular B cell responses correlate with
neutralizing antibodies and morbidity in COVID-19
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A wide spectrum of clinical manifestations has become a hallmark of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) COVID-19 pandemic, although the immunological underpinnings of diverse disease outcomes remain to be
defined. We performed detailed characterization of B cell responses through high-dimensional flow cytometry to reveal sub-
stantial heterogeneity in both effector and immature populations. More notably, critically ill patients displayed hallmarks of
extrafollicular B cell activation and shared B cell repertoire features previously described in autoimmune settings. Extrafollicular
activation correlated strongly with large antibody-secreting cell expansion and early production of high concentrations of
SARS-CoV-2-specific neutralizing antibodies. Yet, these patients had severe disease with elevated inflammatory biomarkers,
multiorgan failure and death. Overall, these findings strongly suggest a pathogenic role for immune activation in subsets of
patients with COVID-19. Our study provides further evidence that targeted immunomodulatory therapy may be beneficial in

specific patient subpopulations and can be informed by careful immune profiling.

n 2019, a novel single-stranded RNA coronavirus (SARS-CoV-2)

emerged and caused the worldwide COVID-19 pandemic. A

defining feature of SARS-CoV-2 infection is the diversity of
clinical manifestations and outcomes ranging from asymptomatic
disease to acute respiratory distress syndrome (ARDS), multior-
gan failure and death. Severe manifestations are strongly associated
with an overactive inflammatory response; multiple reports show
associations with interferon (IFN)-y-regulated cytokine interleukin
(IL)-6 and chemokine CXCL10 (also known as IP-10)', and others
in the development of cytokine storms’. Modulating inflamma-
tion through corticosteroids has substantial clinical benefit and is
now the standard of care. More targeted approaches to modulat-
ing cytokine-induced inflammation through single or combination
therapies continue to be investigated despite the failure of anti-IL-6
studies to meet their primary endpoints™>.

Despite the critical role of the inflammatory response in
COVID-19 infection, specific immunological underpinnings of
different clinical outcomes remain to be understood. Neutralizing
antibodies have been a natural avenue of investigation with studies
identifying rapid antigen-specific responses in patients with severe
disease® and robust viral-specific responses capable of in vitro virus

neutralization in patients who recovered from COVID-19 (refs.
7). Yet, anti-SARS-CoV-2 antibody responses may have limited
longevity, and rapid decay may characterize asymptomatic patients
that effectively control the infection>'’. Taken together, these find-
ings strongly suggest important differences in the nature and regu-
lation of the effector B cell responses associated with mild versus
severe disease, and indicate the need to dissect the B cell origins
of the antibody-secreting cells (ASCs) responsible for different
antibody responses.

Effector B and T cell responses control acute viral infections and
provide the foundation for the subsequent development of specific
immunological memory. In contrast to extensive T cell studies,
human effector B cell responses remain poorly understood beyond
the expansion of ASCs. In mice, early primary antiviral responses
are mediated by extrafollicular (EF) differentiation of naive B cells
into short-lived ASCs independent of traditional germinal center
incorporation''. While EF responses in different models are hetero-
geneous in their requirement for T cell help, it is now established
that mouse EF B cell responses can undergo affinity maturation and
generate both memory and long-lived plasma cells even under T cell
independent conditions'>". Driven by IFN-y and IL-21, Toll-like
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receptor (TLR) 7-dependent EF B cells express high levels of T-bet*
and CD11c and play critical roles in viral clearance in mouse mod-
els'. Of note, this same pathway is also highly inflammatory, and
pathogenic in models of autoimmunity'*'°.

However, studies of EF B cell responses in human protective and
pathogenic responses were long hampered by lack of proper pheno-
typic identification of their cellular components. We described these
components and their contribution to the generation of pathogenic
autoreactive ASC responses in human systemic lupus erythemato-
sus (SLE)". Exploiting the vigorous ASC responses characteristic
of active SLE, we reported that human EF effector B cell responses
are mediated by the expansion of a unique population of CD11c*
activated naive (aN) B cells that differentiate into effector cells lack-
ing naive (IgD) and memory (CD27) markers or ‘double-negative’
(DN) B cells'®. The fraction of DN B cells lacking CXCR5 and CD21
(DN2 cells) is greatly expanded in patients with active SLE, and this
expansion correlates with increased disease activity and poorer out-
comes. We also showed that DN2 cells are induced through IFN-y-
IL-21 in a TLR7-dependent fashion', correlate with IL-6 and IP-10
serum concentrations'” and are epigenetically poised for ASC dif-
ferentiation through T-bet-driven networks®.

Here, we show that critically ill patients with COVID-19 dis-
played hallmarks of EF B cell responses similar to those we have
previously reported in autoimmune settings'®. EF activation cor-
related strongly with class-switched ASC expansions, high concen-
trations of SARS-CoV-2-neutralizing antibodies and poor clinical
outcomes.

Results

High-dimensional B cell phenotyping of acute COVID-19. The
identification of new human B cell subsets'®*** and their inte-
gration in a coherent classification” enable the application of
high-dimensional flow cytometry (FCM) to accurately identify B cell
profiles while providing functional context to understand infection
response course. To this end, we studied 17 patients with confirmed
COVID-19 infection using 24 marker FCM panels (plus non-B cell
dump and viability staining) that accurately identify B cell popula-
tions, assess activation status and indicate homing potential through
integrin and chemokine receptor modulation (Supplementary Table
1). Of the COVID-19 cohort, 10 patients were critically ill and
required intensive care unit (ICU) admission (severe COVID-19;
ICU-C), and 4 of the 10 patients died (Supplementary Table 2). This
group was compared to 7 outpatients with milder illness (outpatient
COVID; OUT-C) and 17 healthy donors (HD).

Despite reports of lymphocytopenia®, patients with COVID-19
displayed elevated numbers of peripheral blood mononuclear cells
(PBMCs), with CD19* B cells significantly increased relative to HDs
(Extended Data Fig. 1). B cell profiling with high-dimensional FCM
identified primary cell populations (transitional (Tr), naive (N), DN,
memory (M) and ASCs), which could be then fractionated into 14
nonredundant, secondary B cell populations of established signifi-
cance (Fig. la-f and Table 1)*. The three clinical groups displayed
distinct B cell profiles characterized by either expansions of ASCs
and DN2 cells (ICU-C) or transitional cells (OUT-C; Fig. la—f).

To aid in exploration of the dataset, a composite sample was cre-
ated by representative downsampling (1,000 cells per patient) of
FCM results obtained from HD (n=12), OUT-C (n="7) and ICU-C
(n=10) patients using an identical staining panel (Methods; FCM
panel V2), and results were recombined for combined analysis. A
uniform manifold approximation and projection (UMAP) algorithm
for dimensionality reduction® was applied to the composite sample
for all assessed fluorescence parameters, and cells from the compos-
ite sample were mapped in Cartesian space (Fig. 2a). Overlaying a
90% equal probability contour from each cohort revealed clear phe-
notypic B cell separation in the three clinical groups (Fig. 2b). Three
major cell clusters are visually apparent in the projection (Fig. 2a—c).
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Cluster 1 is highly diverse, predominantly composed of transitional,
naive and IgM* memory B cell subsets (Fig. 2¢,d). Cluster 2 is more
homogeneous, consisting of DN populations 1—-3 and the switched
memory (sM) compartment (Fig. 2c¢,d). Importantly, in keeping
with our previous identification of close transcriptional similarity
between DNI1 and sM cells'®, there is a clear overlay between these
populations, while DN2 B cells formed a distinct cluster within the
larger DN density (Fig. 2c,d). Of note, these projections indicated
a split in the DN1 and DN3 compartments seemingly driven by
expression of human leukocyte antigen (HLA)-DR and CD19—an
indication of heterogeneity within these populations that requires
further interrogation (Fig. 2e). ASC populations split by the CD138
expression pattern defined cluster 3 (Fig. 2c,d). To aid in visual
exploration of the dataset, selected marker expression mapped onto
these UMAP projections are provided in Fig. 2e. Together, these
data provide unique insight into the stark transitions in the B cell
compartment following severe SARS-CoV-2 infection.

Increased DN2 B cells and ASCs correlate with severe COVID-
19. By overlaying disease states onto the composite sample and
subtracting overlapping densities, differential cellular signatures
became visually apparent (Fig. 3a), with three main regions of inter-
est (ROIs) distinguishing ICU-C and OUT-C patients, both from
each other and from HD. Region 1 highlights an area of high CD11c
expression by the ICU-C cohort demarcating aN and DN2 popula-
tions (Fig. 3b), which were significantly enriched in ICU-C patients
(Fig. 3¢,d). In accordance with previous studies'®, both aN and DN2
cells expressed the highest levels of CD11c and the IFN-y-inducible
transcription factor T-bet (Fig. 3e,f). Region 2 comprises ASCs, a
population whose expansion was readily observed following vac-
cination and other instances of acute infection’>””. In COVID-19
infection, robust ASC formation correlated with negative disease
outcomes, with ICU-C patients presenting with significantly higher
frequencies of ASCs than other groups (Fig. 3g). Notably, ASC
responses in ICU-C patients were highly enriched in more mature
CD138* cells relative to both OUT-C and HDs—a response feature
previously observed in SLE" (Fig. 3h,i). Finally, region 3 mapped
neatly to the CD21" Tr subset (Fig. 3a), which was significantly
increased in OUT-C patients. Overall, transitional cells constituted
more than 10% of the total B cell compartment in OUT-C patients,
with CD21" cells making up more than half of the overall frequency
gain (Fig. 3j,k). CD21" Tr cells expressed higher levels of markers
of the early transitional compartment (IgM, CD24, CD10), but less
CD21 and CXCR5 (Fig. 31), than CD21hi cells. Of note, in compari-
son with similarly identified cells from the HD cohort, CD21" Tr
cells from OUT-C patients exhibited higher expression of CD138, a
marker whose expression is typically considered to be restricted to
ASCs (Fig. 31). Altogether, these data suggest a robust activation of
effector B cells in severe COVID-19, unmatched by the responses
observed in more mild disease courses.

Severe COVID-19 drives SLE-like extrafollicular responses. The
use of secondary population frequencies as features for the hier-
archical clustering of patients with COVID-19 demonstrated a
near-perfect separation between the ICU-C and OUT-C cohorts,
driven primarily by a coordinated increase in the more severe group
of both aN and DN2 cell populations (Fig. 4a). A novel DN popula-
tion (DN3), previously unreported in other conditions and defined
by the absence of both CD21 and CD11c, consistently fell along-
side aN and DN2 populations (Fig. 4a). Their association with these
EF constituents and similarly reduced expression of CD21 suggests
relevance to this effector pathway (Fig. 4a and Extended Data Fig.
2a,b). Increased frequency of all three activated CD21- populations
was highly correlated with the ASC expansion described above (Fig.
4a), forming a population cluster that defined the responses within
the critically ill patients. EF pathway activation was not a reflection
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Fig. 1| B cell characterization in acute COVID-19 infection by high-dimensional FCM. a-f, PBMCs from HD (n=17), OUT-C (n=7) or ICU-C (n=10)
patients were analyzed by FCM. Representative patient samples were selected for display (OUT-C: day 4 after symptom onset; ICU-C: day 7 after
symptom onset). a, Primary population gating of representative patient samples. b, ASC sub-gating (CD138* ASC and CD138~ ASC) of representative
patient samples. ¢, Transitional B cell sub-gating (CD21° Tr and CD21" Tr) of representative patient samples. d, Double-negative B cell sub-gating (DN1,
DN2 and DN3) of representative patient samples. e, Naive B cell sub-gating (resting naive (rN) and aN) of representative patient samples. f, Memory B
cell sub-gating (mM, usM, dM and sM) of representative patient samples displayed a decrease in usM in ICU-C. dM, IgD-only memory; mM, IgM-only

memory; usM, unswitched memory.

of infection duration as both EF-high (CoV-A) and EF-low (CoV-B)
clusters were sampled at similar times after symptom onset (Fig. 4b).

We have previously observed that EF pathway activation, partic-
ularly the increased frequency of DN2 B cells, was accompanied by
concordant reductions in the DN1 compartment'”'®*. Direct com-
parison of the CoV-A cluster to patients with active SLE revealed
highly similar DN features (Fig. 4c) with strong skewing toward
the ASC-associated DN2 subset in both groups (Fig. 4d,e). Thus,
DN2:DN1 ratios, an important reflection of EF to follicular response
dynamics, were significantly higher in both CoV-A and active SLE
groups (Fig. 4f). This phenotype was associated with a contraction
of unswitched memory cells, a feature consistently observed in SLE
and other autoimmune diseases'”*** (Fig. 4g). In keeping with an
EF nature, chemokine receptor analysis in patients with COVID-
19 showed a decrease in follicular homing predisposition through
CXCR5 and a corresponding increase in CXCR3—a mediator of
homing to tissue undergoing IFN-y-driven inflammation (Fig. 4h).
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An important consideration in this study cohort was the heavy
skewing of the ICU-C cohort toward African American (AA)
patients, while HD and OUT-C groups included more patients of
European ancestry. As AA patients have been previously shown to
have higher baseline B cell responsiveness, and EF responses spe-
cifically’, it was important to understand if this activation signature
was attributable to baseline demographic differences. Hence, we
evaluated a retrospective cohort of AA HDs (n=24), by FCM, to
assess ASC response, DN2:DNI1 ratio and usM reduction, relative to
HD, OUT-C and ICU-C groups (Extended Data Fig. 3). In all three
metrics, AA HDs were slightly skewed from our current HD cohort,
but significantly different from the ICU-C cohort, giving confi-
dence that the responses identified in the ICU-C cohort were not
due to changes in baseline B cell composition across demographics.
Accordingly, these data confirm that patients with severe COVID-
19 display many of the hallmarks of dominant EF responses previ-
ously reported in SLE (Extended Data Fig. 4).
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Table 1| Standard B cell definitions

B cell type Primary population Secondary populations

Transitional Tr: CD19+ CD27-  €D21° Tr: CD24" CD21-
CD38™ CD24+ CD21" Tr: CD24" CD21+

Naive N: CD19+ CD27- aN: CD11c*
CD38-CD24~ 1gD* \N: cD11c-

DN: CD19+ CD27 -
CD38-CD24- IgDh-

DN1: CD11c- CD21+
DN2: CD11c* CD21~
DN3: CD11c- CD21-

Double negative

Memory M: CD19+ CD27+ mM: IgM* |gD-
CD387* dM: IgM- IgD*
usM: IgM+ IgD+
sM: IgM- IgD~
ASCs ASC: CD19+ CD27+ CD138"¢ ASC: CD138~

CD3s" CD138%* ASC: CD138*

Germline clonotypes dominate the COVID-19 ASC repertoire.
To understand the nature of the repertoire in severe COVID-19,
ASCs from a critically ill patient from the CoV-A cluster (Fig. 4a)
was analyzed by single-cell V(D)] repertoire sequencing. Isotype
analysis revealed that ASCs utilized a balanced IgM, IgGl and
IgA1l signature (Fig. 5a). Moreover, a large fraction of all the clo-
notypes identified (>3% of all clonotypes and 60% of the top 15
clonotypes) displayed contemporaneous connections between IgM
and IgG1 or IgAl, demonstrating ongoing isotype switching (Fig.
5b). Also consistent with ongoing maturation and antigen selec-
tion, the ASC V(D)] repertoire was characterized by the presence
of oligoclonal expansions, with the top ten clonotypes making up
more than 12% of the overall repertoire (#=2,017 clonotypes; Fig.
5¢). Bulk V(D)J sequencing of CD138-enriched ASCs from two
additional ICU-C patients demonstrated similar oligoclonality, but
with more pronounced clonotype expansions, individually con-
tributing 1-8% of the total repertoire (Fig. 5c). This observation
was similar to previous studies characterizing ASCs in both flar-
ing SLE and in response to influenza or tetanus vaccination'. In
addition, single-cell sequencing identified individual multimember
clonal lineages, including the two largest clonotypes, with complex
branching patterns, class switching and broad ranges of somatic
hypermutation (SHM) indicative of robust antigen selection (Fig.
5¢,d). Nevertheless, a majority of the clonotypes identified in this
patient had remarkably low mutation frequencies, especially clono-
types making up the IgA1 and IgG1 compartments (Fig. 5¢). Indeed,
more than half of the clonotypes obtained expressed germline V
genes (Fig. 5f). This pattern is consistent with the presence of newly
recruited EF clones, as we previously reported in SLE".

Another hallmark of the SLE repertoire is defective tolerance
resulting in increased frequencies of disease-specific IgHV4-34 B
cells and VH4-34-encoded 9G4-idiotype autoantibodies. These
antibodies display intrinsic autoreactivity against a variety of
self-antigens (nucleic acids and blood-group antigens among oth-
ers), which is mediated by a hydrophobic patch encoded in the
germline framework 1 (FR1)*. In healthy individuals, elimination
of the FR1 patch through somatic mutation allows the expression of
non-autoreactive, protective IgHV4-34 antibodies (clonal redemp-
tion)*'. In contrast, the FR1 patch was present in 85% of all VH4-
34-expressing clonotypes from the single-cell sequencing, including
expanding lineages with evidence of SHM (Fig. 5g). In keeping with
the sequencing data, ICU-C patients expressed significantly higher
concentrations of serum 9G4 antibodies whose detection relies on
the preservation of the VH4-34 FR1 patch (Fig. 5h). These data sug-
gest that, in addition to effector pathway activation, perturbations
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in the ASC repertoire are highly consistent with those previously
characterized in EF-driven responses.

Robust extrafollicular responses correlate with neutralizing anti-
body titers. EF response characterization has identified the path-
way as peripherally focused, inflammatory, and highly associated
with IL-6 and IP-10 (refs. '*?**?). Both of these factors have now
been identified as biomarkers of poor prognosis in the COVID-19
literature' and could be identified at increased expression in the
CoV-A cluster (Fig. 6a,b). In keeping with those studies, four of the
five patients with the highest concentrations of IL-6 did not survive
(Fig. 6b). C-reactive protein (CRP), an acute phase reactant in the
IL-6 pathway commonly used as a biomarker of COVID-19 severity,
was also increased in the ICU-C cohort (Fig. 6¢) and correlated with
IL-6 and IP-10 concentrations in patients with COVID-19 (Fig.
6d,e). Importantly, the DN2 magnitude within the DN compart-
ment was also significantly associated with CRP concentrations,
indicating that the extent of EF activation may serve as a correlate of
disease severity (Fig. 6f).

While mouse EF responses can effectively undergo antigen-driven
affinity maturation'’, and human SLE EF responses are enriched for
autoreactivity even in clones with low frequency of SHM", we won-
dered whether such responses would be associated with low titers
of SARS-CoV-2-specific serum antibodies in COVID-19 infection.
Instead, serum antibody responses against the receptor-binding
domain (RBD) of the SARS-CoV-2 spike protein were higher in
the more severe group (Fig. 6g). Consistent with the B cell antigen
receptor-sequencing data, SARS-CoV-2-specific responsiveness
was broad, with participation of IgM, IgA and IgG antibodies (Fig.
6g). Importantly, and in accordance with previous findings®, ICU-C
responses were higher than outpatient responses and occurred very
early in the infection course with significantly elevated titers by day
5 after symptom onset (Fig. 6h). To understand if these elevated
titers were capable of neutralization, selected serums were tested
using an in vitro neutralization assay. Concordant with anti-RBD
activity, CoV-A cohort serums were consistently higher in neutral-
ization capacity than CoV-B or HD serums, thereby confirming
antibody functionality (Fig. 61). In total, these data suggest that high
concentrations of neutralizing antibodies are correlated with robust
EF response activation but are insufficient to resolve the disease
course in severe COVID-19.

Discussion
SARS-CoV-2 infection presents major challenges with its spectrum
of illness severity and seemingly maladaptive immune response™.
An abundance of evidence indicates that immune response qual-
ity may contribute to heterogeneous clinical manifestations and
adverse outcomes. By and large, this model stems from the study of
soluble inflammatory mediators and the cellular correlates of severe
disease, while their mechanistic underpinnings remain poorly
understood’****. Here, we report that, in COVID-19, disease sever-
ity and poor clinical outcomes are closely correlated with intense
activation of the EF B cell pathway despite the presence of high
titers of anti-SARS-CoV-2 RBD antibodies with serum-neutralizing
activity. This model is validated by recent work identifying a lack
of germinal center formation in the spleens and lymph nodes of
patients that have succumbed to COVID-19*. The immunologi-
cal landscape associated with this effector B cell mobilization in
COVID-19 is highly similar to the one observed in patients with
active autoimmune processes, and in particular with active SLE.
Although detailed antigen-specific studies are needed, meaningful
similarities between these groups extend beyond the cellular B cell
profile and also include the molecular properties of the B cell anti-
gen receptor repertoire expressed by the responding ASCs.

A striking feature of severe COVID-19 is the strong expan-
sion of the ASC compartment relative to milder disease, a finding
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that could be explained in several, non-mutually exclusive ways.
Perhaps the most straightforward interpretation is that greater
ASC expansions reflect more severe infection with higher viral
load/antigen burden. In this model, the high number of ASCs
represents a productive humoral response that, for reasons that
are yet unclear, fails to resolve the disease course despite pro-
longed, elevated, neutralizing antibody titers across multiple
isotypes. It would suggest that, for a subset of patients, robust

1510

humoral immune responses are insufficient to provide protec-
tion from severe disease. Elucidating whether our results may
be explained by a direct relationship between viral load and the
intensity of downstream immunological events would require
precise longitudinal measurements of antigenic load in multiple
sites, including the lung. However, mitigating this possibility are
reports of similar viral loads in respiratory samples at early time
points following infection between mild and severe patients and
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by the observation that asymptomatic patients may fail to gener-
ate a sustained antibody response despite having high viral loads’.

Alternatively, the distinct B cell response in severe COVID-19
could be consistent with a direct pathogenic role, or reflective of the
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upstream activation of T cells or innate immune responses™*>*"%, In
the latter scenario, disease-associated B cell profiles would represent
a proxy for the associated pathogenic mechanisms. In either case,
distinct B cell responses in patients with COVID-19 might serve as
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biomarkers of disease severity and outcome, a possibility that needs
to be formally established through larger prospective studies.
Direct B cell pathogenesis has been demonstrated across
multiple disease states, through both antibody-dependent and
antibody-independent mechanisms*~*2. Antibody-independent B
cell functions are well established in infections and autoimmunity,
and can be mediated through multiple mechanisms, including the
generation of inflammatory cytokines such as IFN-v, IL-6, GM-CSF
and tumor-necrosis factor (TNF)-a, a cytokine now implicated in
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the lack of germinal center formation in COVID-19 (ref. *). In
addition to B cells, production of proinflammatory cytokines can
also be carried out by ASCs***, potentially explaining the correla-
tion between the expansion of these cells and severe COVID-19
infection. The production of pathogenic cytokines by ASCs and/or
EF B cells in COVID-19 remains to be experimentally addressed.
Antibody-mediated pathogenesis can also be mediated by multi-
ple mechanisms, including the induction of tissue damage through
the activation of inflammatory macrophages, as recently described
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in COVID-19 (ref. ). It is also possible that antibodies generated
through enhanced EF B cell responses could be pathogenic on the
basis of autoreactivity, as previously demonstrated in human SLE'"*.
Our work has demonstrated that, in active SLE, this pathway is
greatly enriched in disease-specific autoreactive cells that contrib-
ute a major fraction of contemporaneous serum autoantibodies.
Low mutation IGHV4-34 ASCs, known contributors of autoreactive
antibodies in SLE, are enriched in severe COVID-19 and, as in SLE,
are closely correlated with both disease severity and AA ancestry.
Thus, our data are broadly consistent with defective enforcement of
B cell tolerance both in severe COVID-19 and active SLE resulting
in significant increases of autoreactive serum 9G4 autoantibodies.
Whether defective B cell tolerance is a general feature of sustained

1514

EF responses remains to be determined. It also unknown whether
autoantibodies play a pathogenic role in acute severe COVID-19
infection; however, this model would be supported by the previous
description of cross-reactivity between anti-spike antibodies and
the lung epithelial marker Annexin 2 in SARS-CoV-1 infection®
and the reported relationship between anti-phospholipid antibodies
and COVID-19 severity***.

A parsimonious explanation of the data might include features
of several models. A lack of viral control at the infection site for
a variety of reasons might result in germinal center suppression
and skewing toward an EF response. While capable of functional
antibody production, intense or prolonged activation could result
in pathogenic B cell responses, whether through autoantibody pro-
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duction, antigen presentation, cytokine production or abnormal
follicular helper T cell modulation®*2. Murine CD11c*T-bet* B
cells can contribute to autoimmunity through all four of these func-
tions'>*?, and we have shown the contribution of these cells to
autoantibody production in human SLE'®*'. It will be important to
understand if EF effector pathways might contribute, at least in part,
to the more severe COVID-19 courses observed in AA patients due
to the known hyperresponsiveness within the T-bet* B cell com-
partment™ and the much higher prevalence of severe SLE in this
minority population'®.

Finally, it will be important to understand whether
infection-induced autoreactive B cell responses may persist after
infection. The potential for EF responses to generate memory
in humans is strongly supported by recent studies of vaccine
responses to yellow fever, another single-stranded RNA virus,
where antigen-specific EF pathway constituent persistence was
comparable to CD27* memory cells 1 year after vaccination™. Our
COVID-19 study confirms the engagement of EF responses dur-
ing the acute phase of a primary viral infection in humans. Should
these B cells and/or autoantibodies also persist for prolonged peri-
ods after infection, it would be important to ascertain whether auto-
immunity may contribute to the increasingly recognized entity of
COVID-19 ‘long-haulers, where patients manifest symptoms com-
monly observed in chronic autoimmune disease long after the virus
has been cleared™.

Our study is complicated by unavoidable confounding factors
created by the nature of the pandemic, including time-sensitive
clinical imperatives. Critical illness could have induced non-
specific immunological changes, thereby skewing the profil-
ing results. This concern, however, is mitigated by the fact that
expansions of ASCs and activation of EF response pathways are
not regularly observed in patients with sepsis*. Careful longitu-
dinal assessment of critical illness in other infectious diseases will
be required to fully elucidate the contribution of different com-
ponents of the B cell response to determine whether it is just a
feature of severe disease or could also represent a predictor and
inducer of disease course. Should that be the case, B cell pro-
files could be used to guide targeted therapies to prevent disease
progression®. In addition, immunological features could also be
modified by the timing of sampling and by the use of immuno-
modulatory therapies. In our study, 50% of the ICU-C cohort was
treated with hydroxychloroquine, a drug that would be expected
to dampen SLE-like B cell responses and whose use did not cor-
relate with enhanced responses. Moreover, as this dataset was
obtained before corticosteroids became the standard of care for
patients with COVID-19 who are mechanically ventilated or have
respiratory failure but are not yet intubated, it will serve as an
important reference to evaluate the impact of immunomodulators
on acute disease course®’.

Finally, clinical restrictions and the importance of quickly
studying patients in the early phases of the pandemic precluded
the inclusion of larger, demographically matched cohorts of
patients and HDs. While the incorporation of matched histori-
cal controls helps address the impact of this variable, additional
studies during the current surge will permit us to rigorously con-
trol for the effect of ethnicity and investigate in additional detail
the mechanisms underlying the disproportionate rate of mortality
in AA and other minorities in general and the contribution of
skewed B cell responses in particular. Importantly, the data here
suggest that disease heterogeneity, and specifically the strong
activation of the EF pathway previously associated with AA
cohorts, may result in immunomodulatory therapy having discor-
dant effects on different patient groups. This consideration will
be particularly consequential given the increasing interest in the
use of immunomodulatory therapies in the treatment of severe
COVID-19 infection®.
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Methods

Human participants. All research was approved by the Emory University
Institutional Review Board (Emory IRB nos. IRB00058507, IRB00057983 and
IRB00058271) and was performed in accordance with all relevant guidelines

and regulations. Written informed consent was obtained from all participants

or, if they were unable to provide informed consent, from designated healthcare
surrogates. Healthy individuals (n=36) were recruited using promotional materials
approved by the Emory University Institutional Review Board. Individuals with
COVID-19 (n=19) were recruited from Emory University Hospital, Emory
University Hospital Midtown and Emory St. Joseph's Hospital (all Atlanta, USA).
All non-healthy individuals were diagnosed with COVID-19 by PCR amplification
of SARS-CoV-2 viral RNA obtained from nasopharyngeal or oropharyngeal swabs.
Individuals with COVID-19 were included in the study if they were between

18 to 80 years of age, were not immunocompromised and had not been given

oral or intravenous corticosteroids within the preceding 14 d. Peripheral blood

was collected in either heparin sodium tubes (PBMCs) or serum tubes (serum;
both BD Diagnostic Systems). Baseline individual demographics are included in
Supplementary Table 2. Study data were collected and managed using REDCap
electronic data capture tools hosted at Emory University®.

Peripheral blood mononuclear cell isolation and plasma collection. Peripheral
blood samples were collected in heparin sodium tubes and processed within 6h of
collection. PBMCs were isolated by density gradient centrifugation at 1,000g for
10min. Aliquots from the plasma layer were collected and stored at —80 °C until
use. PBMCs were washed twice with RPMI at 500¢ for 5 min. Viability was assessed
using trypan blue exclusion, and live cells were counted using an automated
hemocytometer.

Flow cytometry. Isolated PBMCs (2 x 10°) were centrifuged and resuspended

in 75 pl FACS buffer (PBS +2% FBS) and 5 pl Fc receptor block (BioLegend, no.
422302) for 5min at room temperature. For samples stained with anti-IgG, it was
observed that Fc block inappropriately interfered with staining, so a preincubation
step of the anti-IgG alone for 5min at 22 °C was added before the addition of

the block. Next, 25 pl of antibody cocktail (Supplementary Table 3) was added
(100 pl staining reaction), and samples were incubated for 20 min at 4°C. Cells
were washed in PBS, and resuspended in a PBS dilution of Zombie NIR fixable
viability dye (BioLegend, no. 423106). Cells were washed and fixed at 0.8%
paraformaldehyde (PFA) for 10 min at 22°C in the dark before a final wash and
resuspension for analysis.

For intracellular staining, the 0.8% PFA fixation step was omitted, and
an additional wash was added following viability staining. Fixation and
permeabilization of the cells were carried out per the manufacturer’s instructions
using the True-Nuclear Transcription Factor Buffer Set (BioLegend, no. 424401).
Following permeabilization, cells were stained with antibodies for intracellular
cytokine staining (ICS) and diluted in permeabilization buffer (Supplementary
Table 3).

Cells were analyzed on a Cytek Aurora flow cytometer using Cytek SpectroFlo
software. Up to 3x 10° cells were analyzed using FlowJo v10 (Treestar) software
with DownSample (v3.3) and UMAP (V3.1) plugins for UMAP generation and
visualization (see below).

UMATP visualization of flow cytometric data. Contour plots were generated

using ‘contour’ visualization in Flow]Jo (equal probability contouring). For UMAP
projections, all samples stained with panel 2 were downsampled to 1,000 cells using
the DownSample plugin (v3.3) available on the FlowJo Exchange. All samples were
concatenated to create a single, 29,000-cell composite, and a UMAP algorithm

for dimensionality reduction was applied using the UMAP plugin (v3.1) available
on the FlowJo Exchange. The composite sample then was re-gated as indicated

for all primary and secondary populations (Table 1) to aid in visual overlays in
exploration of the UMAP projections. Density plots with levels set to 10% of gated
populations were then projected onto the UMAP coordinates, with the outermost
density representing 90% of the total gated cells (Fig. 2c,d). Alternatively, 90%
densities were identified from total B cells from HD, OUT-C or ICU-C cohorts
(Fig. 2b). These densities and underlying UMAP projections were exported to be
superimposed and processed for display in Adobe Illustrator. Overlapping densities
were removed using Adobe Illustrator’s intersection tools to reveal only densities
occupied by OUT-C or ICU-C groups (Fig. 2a).

Analysis software. Computational analysis was carried out in R (v3.6.2; release

12 Dec 2019). Heat maps were generated using the pheatmap library (v1.0.12),
with data prenormalized (log-transformed z-scores calculated per feature) before
plotting. Clustering was carried out using Ward’s method. Custom plotting, such as
antigen-specific response curves, was performed using the ggplot2 library for base
analysis, and then post-processed in Adobe Illustrator. Circos plotting was carried
out using Circos software (v0.69-9). Lineage trees were calculated using GLaMST
(Grow Lineages along Minimum Spanning Tree) software-*%, run on MATLAB
and then visualized in R using the iGraph package (v1.2.4.2). Exported trees then
were post-processed in Adobe Illustrator. Statistical analyses were performed
directly in R, or in GraphPad Prism (v8.2.1).
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Flow cytometry and sorting of B cell subsets for repertoire sequencing. Frozen
cell suspensions were thawed at 37 °C in RPMI+ 10% FCS and then washed and
resuspended in FACS buffer (PBS+2% FCS). The cells were incubated with a mix
of fluorophore-conjugated antibodies for 30 min on ice. The cells were washed in
PBS and then incubated with the live/dead fixable aqua dead cell stain (Thermo
Fisher) for 10 min at 22 °C. After a final wash in FACS buffer, the cells were
resuspended in FACS buffer at 107 cells per ml for cell sorting on a three-laser BD
FACS (BD Biosciences).

For single-cell analysis, total ASCs were gated as
CD3-CD14-CD16-CD19*CD38+*CD27* single live cells, whereas naive B cells were
gated as CD3-CD14-CD16-CD19*CD27-IgD*CD38* single live cells.

For bulk sequencing preparations, B cells were enriched using StemCell’s
Human Pan-B Cell Enrichment Kit (no. 19554; negative selection of CD2, CD3,
CD14, CD16, CD36, CD42b, CD56, CD66b and CD123). CD138* ASCs were
enriched further using CD138* selection beads according to the manufacturer’s
instructions (Miltenyi Biotec, no. 130-051-301).

V(D)] repertoire library preparation and sequencing. Single-cell sequencing
analysis. Cells were counted immediately using a hemocytometer and adjusted

to 1,000 cells per pl to capture 10,000 single cells per sample loaded in the 10x
Genomics Chromium device according to the manufacturer’s standard protocol
(Chromium Next GEM Single Cell V(D)J Reagent Kits, v1.1). The 10X Genomics
v2 libraries were prepared using the 10x Genomics Chromium Single Cell 5’
Library Construction Kit per the manufacturer’s instructions. Libraries were
sequenced on an Illumina NovaSeq (paired-end; 2 X 150 bp; read 1:26 cycles;

i7 index: 8 cycles, i5 index: 0 cycles; read 2: 98 cycles) such that more than 70%
saturation could be achieved with a sequence depth of 5,000 reads per cell.

Bulk sequencing. RNA was extracted from enriched cells using Qiagen’s RNeasy
Mini Kit according to the manufacturer’s protocol. First-strand cDNA synthesis
was performed using the iScript cDNA synthesis kit and 8 pl of RNA following the
manufacturer’s recommended protocol. First-round amplification of IgG, IgA and
IgM was performed with previously described primer sets'?, with amplification
conditions as follows; PCR1 conditions were: 95°C for 3 min; 40 cycles of: 30s at
95°C, 30s at 58°C, 30s at 72°C; and 72 °C for 5min. Samples were then ligated in
a second-round PCR with Nextera Index kit (Illumina). PCR2 conditions for this
reaction were: 72 °C for 3min; 98 °C for 30s; and 5 cycles of: 98°C for 105, 63°C
for 30s and 72 °C for 3 min. Products were purified with Agencourt AMPure XP
beads (Beckman Coulter), and the resulting products were run on 1.2% agarose
gels (Lonza) to verify amplification. Libraries were denatured using 0.2 N NaOH,
and then quenched with cold illumine HT1 hybridization buffer according to
manufacturer’s recommended workflow (Illumina). Libraries were mixed with
20% PhiX (Illumina) as a quality control and loaded onto a 600-cycle V3 MiSEQ
cartridge (Illumina) for paired-end sequencing.

Cytokine immunoassays. Plasma concentrations of IL-6 were quantified with
ELISA using a Human IL-6 Quantikine ELISA Kit according to the manufacturer’s
instructions (R&D Biosystems, no. HS600C). CRP was measured in a singleplex
immunoassay (MilliporeSigma) in a Luminex-200 platform following
manufacturer’s protocol (25 pl of 1:40,000 dilution in duplicates).

Carbodiimide coupling of microspheres to SARS-CoV-2 antigens. Two
SARS-CoV-2 proteins were coupled to MagPlex Microspheres of different

regions (Luminex). Nucleocapsid (N) protein expressed from Escherichia coli
(N-terminal His6) was obtained from Raybiotech (230-01104-100) and the

RBD of spike (S) protein expressed from HEK293 cells was obtained from the
laboratory of J. Wrammert®* at Emory University. Coupling was carried out at 22°C
following standard carbodiimide coupling procedures. Concentrations of coupled
microspheres were confirmed by Bio-Rad T20 Cell Counter.

Luminex proteomic assays for measurement of anti-antigen antibody.
Approximately 50 pl of coupled microsphere mix was added to each well of 96-well
clear-bottom black polystyrene microplates (Greiner Bio-One) at a concentration
of 1,000 microspheres per region per well. All wash steps and dilutions were
accomplished using 1% BSA, 1x PBS assay buffer. Sera were assayed at 1:500
dilutions and surveyed for antibodies against N or RBD. After a 1-h incubation

in the dark on a plate shaker at 800 r.p.m., wells were washed five times in 100 pl
of assay buffer, using a BioTek 405 TS plate washer, then applied with 3 ug ml™!
PE-conjugated goat anti-human IgA, IgG and/or IgM (Southern Biotech). After
30min of incubation at 800 r.p.m. in the dark, wells were washed three times in
100 pl of assay buffer, resuspended in 100 pl of assay buffer and analyzed using a
Luminex FLEXMAP 3D instrument (Luminex) running xPONENT 4.3 software.
MFI using combined or individual detection antibodies (anti-IgA, anti-IgG or
anti-IgM) was measured using the Luminex xPONENT software. The background
value of assay buffer was subtracted from each serum sample result to obtain MFI
minus background (MFI-B; net MFI).

Quantification of 9G4-idiotype IgG in serum. Polysorp 96-well plates
(Thermo Fisher, no. 475094) were coated overnight with 0.5 pg ml™' rat
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anti-human 9G4 IgG diluted in PBS. SuperBlock (Thermo Fisher, no. 37515)
was used as blocking reagent. Serum samples were then incubated for 60 min at
22°C at a dilution of 1:8,000 (9G4* IgG) followed with three twofold dilutions.
Positive 9G4 IgG sera were detected by AP-conjugated goat anti-human IgG

(Fc specific) at a dilution of 1:15,000 (Sigma, no. A9544). The reaction was
visualized by the addition of 100 pl KPL BluePhosO Microwell Phosphatase
Substrate System (SeraCare, no. 5120-0059). The ELISA OD 9G4 IgG results
were quantified with a human 9G4* monoclonal IgG standard curve. Plates were
washed three times with washing buffer (PBS (pH 7.4) containing 0.1% (vol/vol)
Tween 20) after each step.

Focus-reduction neutralization test. Indicated dilutions of plasma were incubated
with 102 focus-forming units (FFU) of SARS-CoV-2 for 1h at 37°C. Antibody-
virus complexes were added to indicated cell monolayers in 96-well plates and
incubated at 37°C for 1h. Subsequently, cells were overlaid with 1% (wt/vol)
methylcellulose in MEM supplemented with 2% FBS. Plates were harvested 30 h
later by removing overlays and fixed with 4% PFA in PBS for 20 min at 22°C.
Plates were washed and sequentially incubated with 1 mg ml™' of CR3022 anti-S
antibody®"* and HRP-conjugated goat anti-human IgG in PBS supplemented
with 0.1% saponin and 0.1% BSA. SARS-CoV-2-infected cell foci were visualized
using TrueBlue peroxidase substrate (KPL) and quantified on an ImmunoSpot
microanalyzer (Cellular Technologies). Data were processed using Prism software
v8.0 (GraphPad).

Statistical analysis. Statistical analysis was carried out using Prism (GraphPad).
For each experiment, the type of statistical testing, summary statistics and
levels of significance can be found in the figures and corresponding legends. All
measurements displayed were taken from distinct samples.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All FCM and sequencing data presented here are publicly available in alignment
with current requirements for public disclosure before peer review. All FCM data
presented and analyzed in this manuscript (Figs. 1-3) are publicly available in the
FlowRepository at http://flowrepository.org/id/FR-FCM-Z2XF/. Single-cell V(D)

J sequencing (Fig. 4) is available in the Sequence Read Archive at https://www.ncbi.
nlm.nih.gov/bioproject/642962/.
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Extended Data Fig. 1| Cellularity of COVID-19 patient blood samples. a, Calculated total PBMC yield per mL of patient blood from HD, or donors with
COVID-19. b, Frequency of CD19+ B cells of CD45+ cells in HD vs donors with COVID-19.
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Extended Data Fig. 2 | DN3 cells are expanded in the ICU-C cohort. a, CD38 expression by DN3 cells in two ICU-C patients. b, DN3 frequency of total
CD19+ B cells in HD, OUT-C, and ICU-C cohorts.
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Extended Data Fig. 3 | COVID-19 infection comparisons with African American HD cohorts. Critical indicators of EF response activation were compared
between the current HD cohort (recruited for this study), historically collected HD cohorts of AA descent (AA-HD), and patients groups as in [Figs. 2 and
3]. a, ASC frequency of total CD19+ B cells in HD, AA HD, OUT-C, and ICU-C cohorts. b, usM frequency of total CD19+ B cells in HD, AA HD, CoV-B, and
CoV-A cohorts. (a) DN2:DNT ratios in HD, AA HD, CoV-B, and CoV-A cohorts.
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Software and code
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Data collection Patient data was collected using RedCAP data capture software. Flow cytometry data was collected on a Cytek Aurora flow cytometer using
Cytek SpectroFlo software. Luminex data (including antigen specific data) was analyzed using a Luminex FLEXMAP 3D® instrument (Luminex;
Austin, TX, USA) running xPonent 4.3 software

Data analysis Computational analysis was carried out in R, version 3.6.2 (release 12.12.2019). Heatmaps were generated using the pheatmap library
(version 1.0.12), with data pre-normalized (log-transformed z-scores calculated per feature) prior to plotting. Clustering was carried out using
Ward’s method. Custom plotting such as Ag-specific response curves was performed using the ggplot2 library for base analysis, and then post-
processed in Adobe Illustrator. Circos plotting was carried out using Circos software, version 0.69-9. Lineage trees were claculated using
GLaMST (Grow Lineages along Minimum Spanning Tree) software36, run on matlab, and then visualized in R using the iGraph package, version
1.2.4.2. Exported trees were then post-processed in Adobe Illustrator. Statistical analyses were performed directly in R, or in Graphpad Prism,
version 8.2.1.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All flow cytometry and sequencing data presented here are publically available in alignment with current requirements for public disclosure prior to peer review. All
flow cytometry data presented and analyzed in this manuscript (Figures 1-4) have been made public in the FlowRepository, and are available here: http://
flowrepository.org/id/FR-FCM-Z2XF. Single cell VDJ sequencing (Figure 5) is available on the sequence read archive here: https://www.ncbi.nlm.nih.gov/
bioproject/642962.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size was pre-selected. Samples from patients with COVID-19 were collected on an ongoing basis until clear patterns emerged in
flow cytometric data capable of statistically distinguishing patients with critical SARS-CoV-2 infection from healthy donors.

Data exclusions  No patients were excluded from the analysis.

Replication Patient samples were collected, processed, and analyzed on different days and often by different personnel. The nature of this study does not
lend itself to simple replication, however all analysis presented maintained consistency over time and within technical replicates.

Randomization  No randomization was performed.

Blinding Blinding was not relevant to this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies XI|[] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOXXNX] S
OOXOOO

Dual use research of concern

Antibodies

Antibodies used Target; Fluorophore; Panel; Clone; Vendor; Cat#; Dilution (ul/100ul)
CD62L BV480v1, v2 DREG-56 BD 566174 5 ul
CD86 PerCP-Cy5.5 v1, v2 IT2.2 Biolegend 305419 5 ul
CD27 BV750v1, v2, ICS 0323 Biolegend 302849 2.5 ul
CD19 BV570v1, v2, ICS HIB19 Biolegend 302235 2.5 ul
CD45 Spark NIR 685 v2 2D1 Biolegend 368552 1.25 ul
CD1c BV510v2 L161 Biolegend 331534 1.25 ul
1gM BV711 v1, v2, ICS MHM-88 Biolegend 314539 1.25 ul
CXCR3 A647 v1, v2, ICS GO25H7 Biolegend 353711 1.25 ul

>
Q
—
C
=
(D
=
()
wn
(D
Q
=
e
o
=
(D
©
]
=
>
(e}
(%)
c
3
Q
=
<




CXCR4 PerCP-e710v1, v2 12G5 eBioscience 46-9999-41 1.25 ul
CCR7 A488 v1 G043H7 Biolegend 353205 1.25 ul

CD24 PerCP v1, v2, ICS MLS Biolegend 311113 1.25 ul

CD3 BUV 805 v1, v2, ICS UCHT1 BD 612896 0.6 ul

CD11c APC-Fire750 v1, v2, ICS S-HCL-3 Biolegend 371509 0.6 ul
CD138 APC-R700 v1, v2 MI15 BD 566051 0.6 ul

HLA-DR BV650 v1, v2 1243 Biolegend 307649 0.6 ul

CD95 BV785 v1, v2 DX2 Biolegend 305645 0.6 ul

CD14 BUV805S v1, v2 M5E2 BD 612902 0.6 ul

CD23 APC v2 EBVCS-5 Biolegend 338514 0.3 ul

CD69 BUV 737 v1, v2 FN50 BD 612817 0.3 ul

1gD BV605 v1, v2, ICS IA6-2 Biolegend 348231 0.3 ul

CD21 PE-Dazzle594 v1, v2, ICS Bu32 Biolegend 354921 0.3 ul
CD38 BB515 v1, v2, ICS HIT2 BD 564499 0.3 ul

CXCR5 PE v1, v2, ICS J252D4 Biolegend 356903 0.3 ul

CD40 A532 v1, v2 5C3 Novus NBP1-43416AF523 0.3 ul

PD-1 PE-Cy7 v1, v2 EH12.2H7 Biolegend 239917 0.3 ul

1gG BV421 v1, v2 M1310G05 Biolegend 410703 0.15 ul
CD10 PE-Cy5 v1, v2 HI10a Biolegend 312205 0.15 ul

CD25 e450 v1 BC96 eBioscience 48-0259-41 5 ul

CD1d BV510v1 51.1 Biolegend 350313 2.5 ul

ICOS-L APC v1 2D3 Biolegend 309407 5 ul

B220 Spark NIR 685 vl RA3-6B2 Biolegend 103268 2.5 ul
T-bet APC ICS 4B10 Biolegend 644814 1.25 ul

Viability Zombie NIR v1,2 NA Biolegend 423106 0.2 ul
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Validation All antibodies have been validated by the manufacturer for use in targeting human proteins as indicated above.

Human research participants

Policy information about studies involving human research participants

Population characteristics Population characteristics are fully described in Supplementary table 2 of the manuscript.

Recruitment Written informed consent was obtained from all participants or, if they were unable to provide informed consent, obtained
from designated healthcare surrogates. Healthy donors (n = 36) were recruited using promotional materials approved by the
Emory University Institutional Review Board. Subjects with COVID-19 (n = 19) were recruited from Emory University Hospital,
Emory University Hospital Midtown and Emory St. Joseph’s Hospital, all in Atlanta, GA, USA. All non-healthy donor subjects
were diagnosed with COVID-19 by PCR amplification of SARS-CoV-2 viral RNA obtained from nasopharyngeal or
oropharyngeal swabs. Subjects with COVID-19 were included in the study if they were 18 to 80 years of age, not
immunocompromised, and had not been given oral or intravenous corticosteroids within the preceding 14 days.

Ethics oversight All research was approved by the Emory University Institutional Review Board (Emory IRB numbers IRBOO058507,
IRBO0057983, and IRBO0058271) and was performed in accordance with all relevant guidelines and regulations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
IZ The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Peripheral blood samples were collected in heparin sodium tubes and processed within 6 hours of collection. PBMCs were
isolated by density gradient centrifugation at 1000 x g for 10 minutes. Aliquots from the plasma layer were collected and >
stored at -80C until use. PBMCs were washed 2 times with RPMI at 500 x g for 5 minutes. =
Instrument Cells were analyzed on a Cytek Aurora flow cytometer (V3; 16V-14B-10YG-8R) S
Software Cells were analyzed on a Cytek Aurora flow cytometer using Cytek SpectroFlo software. Up to 3 x 106 cells were analyzed

using FlowJo v10 (Treestar) software. For UMAP projections, all samples stained with panel 2 were downsampled using the
DownSample plugin (V3.3) available on the FlowJo Exchange. All samples were concatenated to create a single composite,
and a UMAP algorithm for dimensionality reduction was applied using the UMAP plugin (V3.1) available on the FlowJo




Exchange.
Cell population abundance NA

Gating strategy Gating strategy is provided in Figure 1a, rather than as a supplement, as it is a core component of the work.

& Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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