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Shiv Pillai and colleagues show that in

acute COVID-19, there is a striking loss of

germinal centers in lymph nodes and

spleens and depletion of Bcl-6+ B cells

but preservation of AID+ B cells. A

specific block in germinal center type Bcl-

6+ T follicular helper cell differentiation

may explain the loss of germinal centers

and the accumulation of non-germinal-

center-derived activated B cells. These

data suggest an underlying basis for the

lower quality and lack of durability of

humoral immune responses observed

during natural infection with SARS-CoV-2

and have significant implications for

expectations of herd immunity.
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SUMMARY
Humoral responses in coronavirus disease 2019 (COVID-19) are often of limited durability, as seen with other
human coronavirus epidemics. To address the underlying etiology, we examined post mortem thoracic
lymph nodes and spleens in acute SARS-CoV-2 infection and observed the absence of germinal centers
and a striking reduction in Bcl-6+ germinal center B cells but preservation of AID+ B cells. Absence of germinal
centers correlated with an early specific block in Bcl-6+ TFH cell differentiation together with an increase in T-
bet+ TH1 cells and aberrant extra-follicular TNF-a accumulation. Parallel peripheral blood studies revealed
loss of transitional and follicular B cells in severe disease and accumulation of SARS-CoV-2-specific ‘‘dis-
ease-related’’ B cell populations. These data identify defective Bcl-6+ TFH cell generation and dysregulated
humoral immune induction early in COVID-19 disease, providing a mechanistic explanation for the limited
durability of antibody responses in coronavirus infections, and suggest that achieving herd immunity through
natural infection may be difficult.
INTRODUCTION

Adaptive immunity is initiated in secondary lymphoid organs and

is influenced by the milieu generated by the initial activation of

the innate immune system. Longitudinal studies on humoral im-

munity in coronavirus disease 2019 (COVID-19) as well as

studies in convalescent subjects indicate that humoral immunity

is often short lived and that most SARS-CoV-2 antibodies exhibit

limited somatic hypermutation (Brouwer et al., 2020; Long et al.,

2020; Robbiani et al., 2020). Understanding how the adaptive im-

mune system is modulated in severe COVID-19 disease thus re-

quires interrogation of secondary lymphoid organs in the acute
phase of infection, where these responses are generated, but

most studies to date have largely focused on peripheral blood

samples.

SARS-CoV-2 infection results in a broad spectrum of clinical

manifestations from asymptomatic to rapidly fatal, but the rea-

sons for this heterogeneity are not known. Severely ill patients

experience a life-threatening acute respiratory distress syn-

drome, and even in an advanced care setting, some patients

sustain severe lung damage and succumb early (Zhu et al.,

2020; Zhou et al., 2020). Virus is found in the lungs and airways

early in infection, but not as the disease progresses (Schaefer

et al., 2020). Damage-associated molecular patterns (DAMPs)
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released by infected pneumocytes likely combine with viral

pathogen-associated molecular patterns (PAMPs) to activate

innate immunity (Vardhana and Wolchok, 2020). The cytokine

milieu thus generated would be predicted to influence the in-

duction of lymphocyte activation by antigen conveyed directly

in the lymph or by dendritic cells to draining lymph nodes.

Viremia likely also leads to the initiation of immune responses

in the spleen.

Many of the features of severe human coronavirus disease in

COVID-19 and in severe acute respiratory syndrome (SARS)

are strikingly similar. Progressive lymphopenia has been

described in SARS-CoV-2 infection (Guan et al., 2020) and the

degree of lymphopenia has been correlated with increases in

circulating interleukin-6 (IL-6) and IL-8 (Zhang et al., 2020). Lym-

phopenia was also observed in SARS at the peak of active dis-

ease, which was also characterized by cytokine storm and acute

respiratory distress (Perlman and Dandekar, 2005). Autopsy

studies in SARS showed atrophy of lymphoid organs, including

lymph nodes, spleen, and Peyer’s patches, and loss of germinal

centers (Gu et al., 2005). Autopsy studies in COVID-19 have also

identified splenic white pulp atrophy (Xu et al., 2020; Buja et al.,

2020) and lymphocyte depletion in spleen and lymph nodes (Lax

et al., 2020). However, numerous viral and non-viral infections do

give rise to cytokine storm, acute respiratory distress, and lym-

phopenia (Tisoncik et al., 2012). Splenic white pulp atrophy has

also been histo-pathologically demonstrated in Ebola and Mar-

burg disease (Martines et al., 2015; Rippey et. al., 1984) and in

H5N1 influenza (Gao et al., 2010; Lu et al., 2008). These data,

taken together, suggest that many different viral and infectious

triggers can contribute to a similar constellation of immunolog-

ical phenomena that may drive pathology.

In persons with COVID-19, the magnitude and durability of

antibody responses are greater in those with more severe dis-

ease (Ju et al., 2020; Amanat et al., 2020) but are often of low

magnitude (Robbiani et al., 2020) and appear to lack durability

(Long et al., 2020). This may be similar to SARS and Middle

East respiratory syndrome (MERS), where humoral responses

were generally not durable except in a subset of individuals

(Mo et al., 2006; Zumla et al., 2015). Impaired infection-induced

protective immunity has also been documented by repeated in-

fections with the human coronaviruses CoV 229E, NL63, OC43,

and HKU1 in patients with less severe respiratory tract infections

(Galanti et al., 2019). Reinfection could be possibly attributed to

viral strain subtypes, but the reason/s for the general lack of du-

rable humoral immune responses to coronaviruses has never

been established.
Figure 1. Early Loss of Germinal Centers and Bcl-6-Expressing B Cells

(A) Hematoxylin-eosin staining of lymph nodes from early (left) and late (right) CO

(B) Low-power images of CD3 (red), CD19 (green), Bcl-6 (orange), andDAPI (blue)

thoracic lymph node (right).

(C) Representative multi-color immunofluorescence images of CD3 (red), CD19 (g

and late (middle) COVID-19 patients and a non-COVID-19 lymph node (right).

(D and E) Absolute numbers of CD19+ B cells (D) and CD3+ T cells (E) in lymph no

n = 6). COVID-19 samples include early (purple, n = 5) and late (red, n = 6) COVI

(F and G) Absolute numbers and relative proportion of Bcl6+ B cells (F) and AID+ B

(purple, n = 11) and non-COVID-19 patients (blue, n = 6).

COV-19, COVID-19; LN, lymph node. Mann-Whitney U test was used to calculat

Figure S1 and Tables S1 and S2.
A better understanding of alterations to components of the hu-

moral immune system, especially in secondary lymphoid organs,

provides an opportunity to decipher why natural infections with

coronaviruses often do not provide durable immunity. A granular

analysis of B and T lymphocytes in draining lymph nodes and

spleens of SARS or MERS patients was never reported, leaving

the underlying basis for the lymphopenia and the general lack of

durability of antibody responses in those diseases unresolved.

Because COVID-19 disease most significantly affects the lungs,

we undertook an analysis of thoracic lymph nodes, examining

lymphoid architecture and lymphocyte populations using multi-

color immunofluorescence, multispectral imaging, and cell-cell

interaction analyses from the time of disease onset in persons

with diverse disease outcomes. Given that viremia has been

observed in this illness (Zheng et al., 2020; Lescure et al.,

2020), we also interrogated spleens both in the acute- and

late-disease settings and complemented these studies with ex-

amination of peripheral blood samples in a separate cohort,

wherein convalescence could also be studied. Our results iden-

tify a striking absence of lymph node and splenic germinal cen-

ters and Bcl-6-expressing B cells, defective Bcl-6+ T follicular

helper cell generation and differentiation, and dysregulated

SARS-CoV-2-specific humoral immunity early in COVID-19 dis-

ease, providing a mechanistic explanation for the limited dura-

bility of humoral immunity and the less robust somatic hypermu-

tation seen in this disease following natural infection.

RESULTS

Absence of Germinal Centers and Loss of Bcl-6+

Germinal Center B Cells but Preservation of AID+ BCells
in Lymph Nodes Early in COVID-19 Disease
We have used a human-tissue-imaging platform with quantitative

high-resolution automated slide-scanningmicroscopy, exploiting

both regular and confocal approaches andmultispectral imaging,

in order to interrogate human lymphoid and non-lymphoid organs

at the single-cell level. These approaches crucially preserve ar-

chitecture over broad swaths of tissue. Thoracic lymph nodes

in severely ill COVID-19 patients who succumbed in less than

8 days after admission (the group designated ‘‘early’’; less than

10 days from the onset of respiratory symptoms; Table S1) dis-

played a lack of germinal centers, and these were also absent

in those who succumbed later (15–36 days after admission, cate-

gorized as ‘‘late’’; Figures 1A and 1B). Controls were thoracic

lymph nodes from age-matched individuals who succumbed

from non-COVID-19 causes (Table S2). Quantitation revealed
in COVID-19 Thoracic Lymph Nodes

VID-19 patients.

staining in a lymph node from a late COVID-19 patient (left) and a non-COVID-19

reen), Bcl-6 (orange), and AID (purple) staining in lymph nodes from early (left)

des from COVID-19 patients (purple, n = 11) and non-COVID-19 patients (blue,

D-19 patients.

cells (G) in the pool of CD19+ B cells in lymph nodes from COVID-19 patients

e p value. Error bars represent mean ± SEM. **p < 0.01; ***p < 0.001. See also
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dramatic early loss of both B and T cells, absolute numbers

declining to about one-third of their non-COVID-19 controls,

and this persisted in late disease (Figures 1D and 1E), though

distinct T and B cell zones could always be clearly discerned.

Human control lymph nodes contain germinal centers possibly

because of ongoing adaptive immunity initiated by commensal

antigens. The absence of germinal centers in the thoracic lymph

nodes of acutely ill COVID-19 patients in whose lungs we have

already described very high viral loads (Schaefer et al., 2020)

was particularly surprising.

Bcl-6-expressing germinal center B cells were also markedly

reduced in COVID-19, but there was a preservation of AID-ex-

pressing B cells, although these were diffusely distributed

compared to controls (Figures 1C, 1F, and 1G).

Marked Reduction in Bcl-6+ Germinal Center B Cells in
COVID-19 Spleens
Analysis of spleens in this same group of COVID-19 patients also

revealed a preponderance of red pulp and paucity of white pulp

(Figures 2A and 2B), a marked reduction in B and T cell numbers

(Figures 2B, 2D, and 2E), and a marked reduction in Bcl-6+

germinal center B cells (Figures 2C and 2F). There was, however,

very clear and quantitative preservation of AID+ B cells in both

early and late splenic tissue (Figures 2C and 2G). Importantly,

follicular dendritic cells (FDCs) were present in both lymph nodes

and spleen in these patients, indicating that the lack of these

cells was not contributing to the lack of germinal center B cells

(Figure S1). Together, these data indicate that, early in severe

COVID-19 disease, even within 10 days of the onset of respira-

tory symptoms, there is severe attrition in B and T cell numbers

and a striking reduction in Bcl-6+ B cells in lymph nodes and the

spleen and the loss of germinal centers. Interestingly, AID+ B

cells are preserved, indicating that activated helper T cells are

still likely to be in frequent contact with antigen-specific B cells.

COVID-19-Related Reduction in CD4+CXCR5+Bcl-6+

Germinal Center T Follicular Helper Cells
To better understand the absence of germinal centers in COVID-

19, we explored the possibility that the tissue milieu might

contribute to defective T follicular helper cell differentiation. In

both the lymph nodes and spleen, in early as well as late disease,

CD4+ ICOS+ TFH cells were diminished (Figures 3A, 3C, 3E, and

3G) and CD4+ CXCR5+ TFH cells were present but reduced in

numbers (Figure S2), but the decrease in CD4+ Bcl-6+ germinal

center type TFH (GC-TFH) cells was striking (Figures 3B, 3D, 3F,

and 3H). Tissue quantitation confirmed significant differences

for both early and late disease compared to controls. Because
Figure 2. White Pulp Attrition, Early Loss of Germinal Centers, and Bc

(A) Cross-sectional view of whole spleen and hematoxylin-eosin staining from ea

(B) Low-power images of CD3 (red), CD19 (green), Bcl-6 (orange), and DAPI (blu

(C) Representative multi-color immunofluorescence image of CD3 (red), CD19 (gr

patient (left) and a control (right).

(D and E) Absolute numbers of CD19+ B cells (D) and CD3+ T cells (E) in spleens fro

n = 7).

(F and G) Absolute numbers and relative proportion of Bcl-6+ B cells (F) and AID+

patients and controls (blue, n = 7).

SP, spleen. Multiple comparisons are controlled for by Kruskal-Wallis test. Error
these changes were seen both in thoracic lymph nodes and in

the spleen, these data are consistent with the view that circu-

lating factors in severely ill COVID-19 patients may impair GC-

TFH cell differentiation and thus abrogate the generation of

germinal centers. Although, in principle, phenotypically defined

CD4+ Bcl-6+ T cells could include both TFH cells and T follicular

regulatory cells, we stained cells simultaneously with CD4,

CXCR5, FOXP3, and Bcl-6 among other markers and used mul-

tispectral imaging to establish that, although there were FOXP3+

T reg cells present, there was no overlap in Bcl-6 and FoxP3

expression in COVID-19 secondary lymphoid organs, indicating

that there are very few if any T follicular regulatory cells in COVID-

19 (Figure S3A). Although there is a developmental role for tumor

necrosis factor alpha (TNF-a) in primary lymphoid follicular

development (Pasparakis et al., 1996; Körner et al., 1997),

germinal center loss has been described in the context of

cytokine storm in mouse models, reversed by TNF-a blockade

(Ryg-Cornejo et al., 2016; Popescu et al., 2019), and also linked

genetically to an abundance of TNF-a (Popescu et al., 2019). We

therefore also examined activated secondary lymphoid tissues

from controls and COVID-19 lymph nodes for TNF-a expression.

In this case, we used tonsils from non-COVID-infected patients

as a control for activated lymphoid tissue. Although TNF-a is ex-

pressed at low levels in the follicle in controls, in COVID-19, it is

expressed very abundantly both inside and outside the follicle

(Figures S3C and S3D). These data indicate that the differentia-

tion of activated CD4+ T cells into GC-type Bcl-6+ TFH cells is

specifically blocked in COVID-19. Given the information ob-

tained from the above animal models (Popescu et al., 2019;

Ryg-Cornejo et al., 2016), it is possible that the aberrant and

exuberant synthesis of TNF-a at the site of TFH differentiation

in COVID-19 lymph nodes may contribute to the lack of germinal

centers and the impaired quality and durability of the antibody

response to SARS-CoV-2 in this disease.

Increased Frequency of Secondary Lymphoid Organ TH1

Cells in Severe COVID-19
We hypothesized that the reduction in GC-TFH cell numbers

likely reflects a block in differentiation and next sought to deter-

mine whether this reduction was specific to this particular CD4+

T cell subset. We quantitated CD4+ T cell subsets in the lymph

nodes and spleens using the well-established transcription fac-

tors T-bet, GATA-3, RORgt, and FOXP3 as key markers. In

contrast to the reduced GC-TFH cell numbers, TH1 cells were

consistently increased early and late in both the lymph nodes

and spleen, whereas an increase in TH17 cells was more variable

(Figure 4). In contrast, a consistent reduction in TH2 cells was
l-6-Expressing B Cells in COVID-19 Spleens

rly (left) and late (right) COVID-19 patients.

e) staining in a spleen from a late COVID-19 patient (left) and a control (right).

een), Bcl-6 (orange), and AID (purple) staining in spleens from a late COVID-19

m early (purple, n = 4) and late (red, n = 6) COVID-19 patients and controls (blue,

B cells (G) in spleens from early (purple, n = 4) and late (red, n = 6) COVID-19

bars represent mean ± SEM. *p < 0.05. See also Tables S2 and S3.
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observed (Figure 4). Late in the disease, FOXP3+ T reg cells

made up a large part of the population of CD4+ T cells. Overall,

there was an increase in secondary lymphoid organ CD4+

T cells relative to CD8+ T cells in COVID-19 secondary lymphoid

organs, though this was variable (Figure S4). These data indicate

that the defect in GC-type TFH cell differentiation is specific and

suggest that this defect may be indirectly linked to the strong TH1
response seen in this disease.

Follicular and Extra-follicular T-B Conjugates and
Activated IgD�CD27� Double-Negative B Cells in
COVID-19 Lymph Nodes and Spleens
The preservation in COVID-19 of AID+ B cells and the relatively

large proportions of CD4+ CXCR5+ TFH cells (that do not express

Bcl-6) and TH1 cells, both known to express CD40L, led us to hy-

pothesize that, even though there were no germinal centers,

there may be frequent T-B conjugates in COVID-19 within folli-

cles as well as in extra-follicular locations. The absence of

germinal centers (most germinal center B cells are immunoglob-

ulin D [IgD]�CD27�Bcl-6+AID+CXCR5+ CD19+ cells) offered the

opportunity to directly ask whether many of the scattered acti-

vated AID+ B cells inside and outside follicles in COVID-19 sec-

ondary lymphoid organs were also IgD�CD27� ‘‘double-nega-

tive’’ B cells. These cells are often observed in chronic

infectious contexts, including in viral infections as well as in auto-

immunity (Portugal et al., 2017; Jenks et al., 2019). They are

considered to be ‘‘disease-related’’ cells and are generally

described as ‘‘extra-follicular,’’ implying they are not derived

from the germinal center reaction but are frequently class

switched and have the hallmarks of having been induced in a

T-dependent manner without germinal-center-based selection.

At extra-follicular and follicular sites, these double-negative B

cells may be less capable of inducing the differentiation of the

Bcl-6+GC-TFH cells that are required to induce germinal centers.

By applying computational tools to systematically quantitate

the area of cytoplasmic overlap between sets of two cells of

two different cell types, and using pre-determined cutoffs to

assess true cell-cell interaction, we quantified the degree and in-

timacy of plasma membrane contacts between cells and

observed the presence of numerous T-B conjugates in COVID-

19 lymph nodes and spleens (Figure S5). The presence of

IgD�CD27� double-negative cells both within and outside folli-

cles in COVID-19 lymph nodes and spleens was clearly evident
Figure 3. Loss of Germinal Center Type Bcl-6+ T Follicular Helper Cell

(A) Representative multi-color immunofluorescence image of CD4 (red), ICOS (gr

COVID-19 patients and a non-COVID-19 control (right). Arrows indicate CD4+ IC

(B) Representative multi-color immunofluorescence images of CD4 (red), Bcl-6 (w

COVID-19 patients and a non-COVID-19 control (right). Arrows indicate CD4+ Bc

(C) Representative multi-color immunofluorescence images of CD4 (red), ICOS

COVID-19 patients and a control (right).

(D) Representative multi-color immunofluorescence images of CD4 (red), Bcl-6

COVID-19 patients and a control (right).

(E and F) Absolute numbers and relative proportions of CD4+ ICOS+ TFH cells (E) a

(purple, n = 11) and non-COVID-19 patients (blue, n = 6). COVID-19 samples inc

(G andH) Relative proportions of CD4+ ICOS+ TFH cells (G) and CD4+ Bcl-6+ GC-ty

n = 7). COVID-19 samples include early (purple, n = 4) and late (red, n = 6) COVI

Mann-Whitney U test used to calculate p value. Error bars represent mean ± SEM

S1, S2, and S3.
(Figure S5). IgG-expressing class-switched plasmablasts were

prominent within both the follicular and extra-follicular areas

(Figure S3B). These data indicate that, in the absence of germinal

center formation in COVID-19, an extra-follicular type of class-

switched B cell response, more typical of disease rather than

of long-lasting protection, predominates in secondary lymphoid

organs.

Decreases in Early Transitional and Follicular B Cells in
Severe COVID-19 Patients Correlate with Systemic
Inflammation
Although the interrogation of secondary lymphoid organs from

autopsies helps provide snapshots regarding the sites of the in-

duction of the immune response, we sought to obtain informa-

tion from patients at different stages of the disease, including

convalescence and ongoing severe illness, by the use of

extended flow cytometry panels by examining peripheral blood

from patients. Given the observed accumulation of activated

non-germinal-center-derived B cells, such as IgD�CD27� dou-

ble-negative B cells, in COVID-19 lymphoid organs, we exam-

ined whether similar activated B cell populations with binding

specificity for SARS-CoV-2 could be found in the circulation in

persons with disparate disease severity.

Patients were divided into gradations of severity that included

asymptomatic convalescence and active severe illness requiring

hospitalization that was further subdivided by intermediate

(CRP < 200 mg/L; ‘‘CRP int’’) and high (CRP > 200 mg/L;

‘‘CRP hi’’) levels of maximum inflammatory marker elevation

(Table S4). Studies on freshly isolated PBMCs revealed

that the proportions and absolute numbers of total CD19+

B cells in addition to naive (IgD+CD27�), early transitional T1

and T2 (IgD+CD27�CD10+CD45RB�), and CXCR5+ follicular

(IgD+CD27�CD10�CD73+; Farmer et al., 2019) B cell subsets

were markedly reduced in severely ill COVID-19 patients with

high CRP levels as compared to convalescent patients and

healthy controls (Figures 5A, 5B, S6, and S7). The relative loss

of these naive B cells correlated with the maximum level of

CRP elevation (Figure 5C) and with the clinical parameters of

symptom duration at the time of blood draw and total days of

hospital admission for loss of early transitional B cells, specif-

ically (Figure 5D). These data suggest a direct association be-

tween these B cell phenotypic changes in blood and patient clin-

ical morbidity from COVID-19. They indicate that, in the milieu of
s in COVID-19 Lymph Nodes and Spleens

een), and DAPI (blue) staining in lymph nodes from early (left) and late (middle)

OS+ TFH cells.

hite), and DAPI (blue) staining in lymph nodes from early (left) and late (middle)

l6+ GC-type TFH cells.

(green), and DAPI (blue) staining in spleens from early (left) and late (middle)

(white), and DAPI (blue) staining in spleens from early (left) and late (middle)

nd CD4+ Bcl-6+ GC-type TFH cells (F) in lymph nodes from COVID-19 patients

lude early (purple, n = 5) and late (red, n = 6) COVID-19 patients.

pe TFH (H) in spleens fromCOVID-19 patients (purple, n = 10) and controls (blue,

D-19 patients.

. *p < 0.05; **p < 0.01; ***p < 0.001. See also Figures S2, S3, and S4 and Tables
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Figure 4. TH1 Cells Are Expanded in Comparison to Other CD4+ T

Cell Subsets in COVID-19 Thoracic Lymph Nodes and Spleens

(A) Representative multi-color staining showing TH1, TH2, TH17, and T reg

cells in lymph nodes form early (left) and late (middle) COVID-19 patients

and a non-COVID-19 control (right; TH1: CD4
+ [red] T-bet+ [light blue]; TH2:

CD4+ [red] GATA3+ [purple]; TH17: CD4
+ [red] RORg+ [yellow]; T reg cell:

CD4+ [red] FOXP3+ [green]).

(B) Absolute numbers and relative proportions of TH1, TH2, TH17, and T reg

cells in lymph nodes and spleens (purple) from early (purple, lymph nodes:

n = 5; spleens: n = 4) and late (red, n = 6) COVID-19 patients and controls

(blue, lymph nodes: n = 6; spleens: n = 7).

Mann-Whitney U test was used to calculate p value. Error bars represent

mean ± SEM. *p < 0.05; **p < 0.01. See also Figures S5, S6, and S7 and

Tables S1, S2, and S3.
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Figure 5. Decreased Early Transitional and Follicular B Cells in the Peripheral Blood of Patients with Severe COVID-19

(A and B) Quantitation of (A) total CD19+ B cells and (B) naive, early transitional (T1/2), and follicular (FO) B cell subsets in the peripheral blood of patients with

COVID-19 at states of convalescence (n = 39), severe illnesswith an intermediatemaximumCRP level during hospitalization (<200mg/L; severe [CRP int]; n = 10),

and severe illness with a high maximum CRP level during hospitalization (>200 mg/L; severe [CRP hi]; n = 15) as defined by the clinical criteria listed in Table S4

and compared to healthy controls (n = 4). Quantitation is shown by B cell level for each individual patient with mean, standard deviation, and significance by one-

way ANOVA of log % B cell value indicated (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Representative COVID-19 contour plots shown (B) with healthy

control contour plots and full B cell flow cytometry gating strategy outlined (Figure S6).

(C and D) Association of peripheral blood B cell frequency with maximum CRP level (C) and the clinical parameters of symptom duration at blood draw and total

length of hospital stay (D) in all symptomatic COVID-19 patients (n = 29) with moderate to severe illness as defined by the clinical criteria listed in Table S4.

Correlation is shown by linear regression with individual patients, 95% confidence bands, R2, and p values shown.

See also Figures S6 and S7 and Table S4.
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severe COVID-19, B cells either develop very inefficiently in the

bone marrow or are possibly generated but acquire an activated

phenotype and are lost. This results in a marked reduction in

early transitional and follicular B cells and likely further com-

pounds defects in humoral immunity.

Increased Proportions of Activated Naive B Cells,
IgD�CD27�CXCR5� B Cells, and Plasmablasts in
Severely Ill COVID-19 Patients Correlate with Systemic
Inflammation and Are Specific for SARS-CoV-2
Within the CD27+ memory B cell compartment, total switched

memory (IgD�) B cells, including activated (CD21lo) switched

memory B cells, and plasmablasts were significantly elevated

(as a proportion of all B cells) in severely ill COVID-19 patients

with high CRP levels as compared to convalescent COVID-19

patients and healthy controls (Figures 6A and 6B), though in
terms of absolute numbers, these relative increases were blunt-

ed by the greater degree of B cell lymphopenia (Figure S7).

Within the IgD+CD27� compartment, severely ill patients with

COVID-19 and high CRP levels, specifically, showed an increase

in a number of disease-related presumed non-germinal-center-

derived activated B cells as compared to convalescent patients.

These include activated naive B cells (IgD+CD27�CD21loCD11-
chi; Kaminski et al., 2012) as well as atypical late transitional B

cells (IgD+CD27�CD10�CD73�CXCR5�; Figure 6C). Addition-

ally, IgD�CD27�CXCR5� B cells that include populations

described by Kaminski et al. based on the expression of

CXCR5 and CD11c were expanded in severely ill COVID-19 pa-

tients with high CRP levels, specifically, as compared to conva-

lescent patients and healthy controls (Figure 6D). The sum accu-

mulation of these activated B cells was markedly higher in the

severely ill COVID-19 patients with high versus intermediate
Cell 183, 143–157, October 1, 2020 151
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CRP levels and also in comparison to convalescent patients and

healthy controls (Figure 6E). Paralleling the trends observed with

the loss of early transitional B cells, the gain in circulating acti-

vated B cells correlated with higher CRP levels and increased

patient morbidity as measured by symptom duration and length

of inpatient hospitalization (Figure 6F).

Although recent studies have also documented circulating

activated B cell populations in COVID-19 patients (Mathew

et al., 2020; Kuri-Cervantes et al., 2020; Woodruff et al., 2020),

the antigen specificity of these cells was not evaluated. We

tested whether the activated B cell populations we had identified

were specific for the SARS-CoV-2 spike receptor binding

domain (RBD) using recombinant RBD labeled separately with

allophycocyanin (APC) and phycoerythrin (PE) fluorophores.

Cells that stained with both labeled probes were considered

authentic RBD-specific B cells (Figure 7A). This probe contains

a very small fraction of all the potential antibody epitopes in

SARS-CoV-2 but is highly specific for this particular virus (Pre-

mkumar et al., 2020). All the activated and mainly disease-

related populations of relevance in COVID-19 contain SARS-

CoV-2-specific cells (Figures 7A and 7B), establishing that they

were expanded as a result of an adaptive immune response to

this virus. In particular, the presence of antigen-specific dou-

ble-negative B cells, switchedmemory B cells, and plasmablasts

is consistent with an extra-germinal center/extra-follicular type

class-switched antibody response to SARS-CoV-2. These data

establish that the aberrant non-germinal-center-type-activated

B cells that accumulate in tissues also accumulate in the blood

of severely ill and convalescent COVID-19 patients, and these

include virus-specific B cells. Given that they bear the hallmarks

of not being from germinal centers, they are therefore unlikely to

provide optimal or durable humoral immunity.

DISCUSSION

Long-lasting B cell memory and the highest affinity pathogen-

specific antibodies are derived within germinal centers in sec-

ondary lymphoid organs. Germinal centers are anatomically

structured to facilitate the selection of high-affinity B cell with

long lifespans (Victora and Nussenzweig, 2012). Longevity of

such responses exceeds decades for some infectious diseases

and, when a substantial portion of a population is infected, can

contribute to herd immunity. In contrast, antibody responses to

SARS-CoV-2 appear to be similar to other human coronaviruses

in being short lived in a large fraction of individuals (Long et al.,

2020). Understanding the reasons for this decline in responses

requires architectural studies of lymphoid organs from patients

coupled with cell-cell interaction analyses, as well as ap-

proaches to reliably identify, quantify, and physically locate the

diverse immune cell types that contribute to antibody induction.

Using quantitative multi-color immunofluorescence combined

with multispectral imaging and cell-cell interaction analyses of

autopsy specimens as well as analyses of peripheral blood sam-

ples in parallel cohorts with acute SARS-CoV-2 infection, we

show evidence for dysregulated humoral immune induction early

in COVID-19, including a striking absence of germinal centers in

the earliest stages of infection, defective Bcl6+ TFH cell genera-

tion, and aberrant lymphoid TNF-a production.
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The absence of Bcl-6+ T follicular helper cells (and the

consequent absence of germinal centers) in COVID-19 sec-

ondary lymphoid organs provides an explanation for a phe-

nomenon anecdotally observed in autopsies of many different

severe viral infections. These findings also provide a mecha-

nistic basis for the recent descriptions of non-durable humoral

immune responses, impaired humoral immunity, and the low

levels of somatic hypermutation in antibodies from convales-

cent COVID-19 patients (Long et al., 2020; Robbiani et al.,

2020; Brouwer et al., 2020). The alteration of the cytokine

milieu in secondary lymphoid organs in this disease likely re-

flects a continuum across the spectrum of disease. Although

T-dependent B cell activation, class switching, and some

low-level somatic hypermutation do occur in COVID-19, the

germinal center reaction is sub-optimal or totally absent,

and this will likely, in due course of time, be reflected in

less-durable class-switched antibody responses similar to

those seen in SARS and MERS. These findings have some

bearing on concepts such as herd immunity and immunity

passports following natural infection with SARS-CoV-2. They

strongly underscore the need and relevance of vaccination

approaches to the prevention of COVID-19.

Severe infections by many different human viruses result in

high levels of circulating cytokines and peripheral lymphopenia,

but few studies have examined secondary lymphoid organs

where immune responses are generated. Autopsy studies have

revealed lymphoid depletion of the spleen and lymph nodes in

Ebola, Marburg, and in H5N1 (Martines et al., 2015; Rippey

et al., 1984; Lu et al., 2008; Gao et al., 2010). In SARS, lymphoid

depletion and loss of germinal centers was also reported (Gu

et al., 2005). Autopsy studies in these severe viral infections

had not systematically examined lymphoid populations in sec-

ondary lymphoid organs. More detailed mechanistic studies of

tissues have been undertaken in murine model systems. In a

mouse model of severe malaria, germinal center responses

were defective, and this was linked to a defect in T follicular help-

er cell differentiation (Ryg-Cornejo et al., 2016) that could be

reversed by TNF-a blockade. Ehrlichia muris infection in mice

has also been associated with the loss of germinal centers,

and TNF-a blockade restored germinal centers as did the ge-

netic deletion of TNF-a (Popescu et al., 2019). A mouse immuni-

zation model that involved prior generation of specific CD4+

T cell memory prior to infection with lymphocytic choriomeningi-

tis virus generated a severe cytokine storm, splenic shrinkage,

loss of germinal centers, and bone marrow hypocellularity, sug-

gesting that lymphopenia and lymphoid organ abnormalities

may be attributed to immune mechanisms rather than being a

direct consequence of viral cytolysis (Penaloza-MacMaster

et al., 2015). These studies in mice, taken together, suggest

that significant elevation of secreted cytokines and chemokines

seen in the context of protozoan, bacterial, and viral infections

can cause the loss of germinal centers.

The studies of Ryg-Cornejo et al. in murine malaria and our

studies in COVID-19 suggest that the observed cytokine and

chemokine dysregulation may block germinal center type T

follicular helper cell differentiation. The contribution of TNF-a to

follicular development and germinal center formation (Paspara-

kis et al., 1996; Körner et al., 1997) as well as to the loss of
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Figure 6. Increased Proportions of Activated B Cell Subsets in the Peripheral Blood of Patients with Severe COVID-19

(A–E) Proportions of (A) switched memory (SM) B cells, (B) plasmablasts, (C) activated naive and CXCR5-late transitional (T3a) B cells, (D) IgD�CD27� double-

negative (DN) B cells, and (E) total (sum) activated B cells in the peripheral blood of patients with COVID-19 at states of convalescence (n = 39), severe illness with

an intermediate maximum CRP level during hospitalization (<200 mg/L; severe CRP int; n = 10), and severe illness with a high maximum CRP level during

hospitalization (>200 mg/L; severe CRP hi; n = 15), as defined by the clinical criteria listed in Table S4 and compared to healthy controls (n = 4). Quantitation is

shown by B cell level for each individual patient with mean, standard deviation, and significance by one-way ANOVA of log % B cell value indicated (*p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001). Representative COVID-19 contour plots are shown with healthy control contour plots and full B cell flow cytometry gating

strategy outlined (Figure S6).

(F) Association of activated B cell frequency in peripheral blood with maximum CRP level, symptom duration at blood draw, and total length of hospital stay in all

symptomatic COVID-19 patients (n = 29) with moderate to severe illness as defined by the clinical criteria listed in Table S4. Correlation is shown by linear

regression with individual patients, 95% confidence bands, R2, and p values shown.

See also Figures S6 and S7 and Table S4.
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germinal centers is complex and seemingly contradictory (Ryg-

Cornejo et al., 2016; Popescu et al., 2019). Local cytokine con-

centrations at the site of T follicular helper cell differentiation

likely have important consequences for the germinal center reac-

tion. The differentiation of CD4+Bcl-6�CXCR5+ pre-germinal

center TFH cells into CD4+Bcl-6+CXCR5+ GC-TFH cells likely oc-

curs extra-follicularly at the T-B interface (Kerfoot et al., 2011; Ki-

tano et al., 2011; Crotty, 2014; Vinuesa et al., 2016). Based on our

findings, we suspect that the very high local levels of TNF-a and

possibly other cytokines at this location in COVID-19 lymph no-

des, possibly induced downstream of TH1 cell activation, block

the final step in T follicular helper cell differentiation. In themurine

malaria model, IFN-g blockade also restored TFH cells and

germinal centers, consistent with TH1 cells being upstream of

the induction of TNF-a. Given that Bcl-6+ B cells, Bcl-6+ TFH
cells, and Bcl-6+ T follicular regulatory cells are all extremely

sparse or absent in COVID-19 secondary lymphoid organs, the

formal possibility that excessive TNF signaling (or excessive

signaling by some combination of cytokines in the extra-follicular

area) negatively impacts the expression ofBCL6 either transcrip-

tionally or post-transcriptionally also needs to be investigated.

Such deeper mechanistic studies can best be pursued in murine

models.

Because of our focus on the loss of germinal centers, we have

concentrated on TNF-a because of its known ability, when pro-

duced in excess, to contribute to impaired TFH cell differentiation

and germinal center loss. Many other cytokines are induced in

COVID-19 and probably contribute to some aspects of the phe-

notypes that we describe here. IL-6, for example, though it has

pleiotropic effects, is known to suppress lymphopoiesis and
Cell 183, 143–157, October 1, 2020 153
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Figure 7. Activated B Cell Subsets in the Peripheral Blood of Patients with COVID-19 Are Specific for SARS-CoV-2-RBD

(A) Representative dot plots showing positive SARS-CoV-2-RBD staining in total CD19+ B cells (left; boxed in red) and B cell subsets (right; colored in red).

(B) All CD19+ B cells binding to SARS-CoV-2-RBD shown for COVID-19 patients at states of convalescence (n = 10) and severe illness (n = 4) with summation of

total % CoV-2-RBD reactivity by indicated B cell subset and quantitated as mean ± SD with significance by Student’s t test of log % B cell value indicated (*p <

0.05). DN2 and DN3 double-negative B cells are CXCR5 low, although DN1 and DN4 B cells are CXCR5 high.

Ab-secreting, antibody secreting; DN, double-negative; MZP, marginal zone precursor; SM, switched memory; T, transitional; USM, unswitched memory. Ab-

secreting cells included both plasmablasts and plasma cell, though the latter were very rare. See also Figure S6 and Table S4.
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induce myelopoiesis (Maeda et al., 2009), and it might thus

contribute to the B lymphopenia that we document here.

Altered extra-follicular B cell activation could potentially also

contribute to a defect in T follicular helper cell differentiation

observed in SARS-CoV-2 infection. After the initial activation

of naive CD4+ T cells by dendritic cells presenting the relevant

major histocompatibility complex (MHC) class II molecule and

peptide, along with co-stimulation, these T cells activate anti-

gen-specific B cells that present the same MHC-peptide com-

plex, and extra-follicular B cell foci are generated. It is in this vi-

cinity that pre-germinal center T follicular helper cells are first

generated, and we have shown in humans (Maehara et al.,

2018), as others have in mice (Roco et al., 2019), that most iso-

type switching actually occurs at this location. In COVID-19, it is

likely that some antibody generation occurs extra-follicularly,

though we have identified IgG-expressing plasmablasts ex-

tra-follicularly as well as in the follicles bereft of germinal cen-

ters. Activated B cells expressing ICOSL provide additional dif-

ferentiation signals to activated CD4+ T cells to acquire high
154 Cell 183, 143–157, October 1, 2020
levels of CXCR5, induce the expression of Bcl-6, and migrate

into the follicles as fully differentiated germinal center type T

follicular helper cells, which set up the germinal center reaction.

Perhaps because cytokine alterations lead to the formation of

dysfunctional B cells and plasmablasts outside the follicle, acti-

vated B cells in COVID-19 may be less capable of inducing

cognate T cells to differentiate into germinal center type T follic-

ular helper cells.

It is possible that our investigations may throw some light on

the mechanisms of disease progression in severe COVID-19,

although a deeper understanding will likely await the acquisi-

tion of more knowledge and the development of suitable animal

models. The evasion of the anti-viral aspects of innate immunity

and the overly aggressive activation of inflammation by the vi-

rus likely results in an altered milieu that contributes both to

the relative attenuation of CD8+ T cell immunity and prevents

the generation of Bcl-6+ T follicular helper cells. As a result of

the latter, the early development of high-affinity antibodies

that could contribute to some attenuation of viral spread may
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be compromised. Whether the increased CD4+/CD8+ T cell

ratio we observe in lymph nodes and spleens of COVID-19

patients reflects selective activation of CD4+ T cells or a prefer-

ential depletion of CD8+ T cells is unclear. Why certain individ-

uals are more prone to initial more aggressive and destructive

immune responses also remains a very difficult question to

address at this time. Based on our analyses, severe disease

does not appear to be due to a paucity of regulatory T cells in

secondary lymphoid organs at the earlier stages of the disease,

though our approaches do not interrogate T reg cell function.

The striking relative accumulation of FOXP3+ regulatory

T cells that we observe late in disease could possibly reflect a

homeostatic mechanism for the resolution of infection. More

likely, it reflects the reduced overall numbers of recirculating

T cells entering lymphoid organs and the recurring activation

of naive CD4+ T cells into activated subsets that egress these

lymphoid organs while lymphoid organ-resident regulatory

T cells perhaps do not leave these sites and therefore appear

to accumulate in lymph nodes and the spleen.

In summary, even in acutely ill COVID-19 patients, at a time

when they have extremely high viral loads and abundant virus

has been demonstrated in their lungs, there is a striking

absence of germinal centers associated with a marked reduc-

tion of germinal center B cells but preservation of AID-express-

ing B cells. Thus, though there is robust T-cell-mediated activa-

tion of B cells, germinal centers do not form. The robust

activation of non-germinal center type B cell responses does

not give rise to long-lived memory or high-affinity B cells. The

underlying basis for the loss of germinal centers is best ex-

plained by the striking failure of differentiation of Bcl-6+ T follic-

ular helper cells, likely because of dramatic changes in the ex-

tra-follicular cytokine milieu driven by TH1 cells and the aberrant

local production of TNF-a in lymphoid organs. We believe these

findings will be relevant to a range of human viral and non-viral

diseases in which there is a cytokine storm, a better under-

standing of which will require a granular function-focused anal-

ysis of the architecture and composition of lymph nodes and

spleens. We predict that a broadly applicable common mecha-

nistic basis similar to what we describe here will be elucidated

in future studies on MERS, H1N1, Ebola, Marburg, and other

viral diseases.
Limitations of Study
Our studies on secondary lymphoid organs focused by necessity

on very ill patients, and although changes in the disease may

represent a continuum, it is quite possible that patients with

less-severe disease may induce better germinal center re-

sponses. Of necessity, the numbers for thoracic lymph node

and spleen were relatively small. We used a single approach to

study lymphocyte populations in the lymph nodes and the

spleen, and the complementary use of an orthogonal approach

would have been ideal.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT SOURCE IDENTIFIER

Antibodies

Anti-CD3 BD Biosciences Clone UCHT1

Anti-CD56 BD Biosciences Clone NCAM16.2

Anti-CD19 BioLegend Clone SJ25C1; RRID: AB_2564193

Anti-CD27 BD Biosciences Clone L128; RRID: AB_2744349

Anti-IgD BioLegend Clone IA6-2; AB_2740295

Anti-CD38 BioLegend Clone HB-7; AB_2563875

Anti-CD10 BioLegend Clone HI10a; RRID: AB_2565878

Anti-CD45RB BioLegend Clone MEM-55; RRID: AB_2687314

Anti-CD21 BD Biosciences Clone B-ly4

Anti-CD73 BioLegend Clone AD2; RRID: AB_11204424

Anti-CD138 BioLegend Clone MI15; RRID: AB_2562658

Anti-CD11c BioLegend Clone Bu15; RRID: AB_2561503

Anti-CXCR5 BioLegend Clone J252D4; RRID:AB_2561813

Anti CD3 DAKO Clone A045229-2; RRID:AB_2335677

Anti-CD4 Abcam Clone EPR685; RRID:AB_2750883

Anti-CD19 Biocare Medical Clone SKU310; RRID:AB_2861287

Anti-Bcl-6 Biocare Medical Clone LN22; RRID:AB_10890175

Anti-AID Invitrogen Clone ZA001; RRID:AB_2533403

Anti-T-bet Abcam Clone ab150440; RRID:AB_150440

Anti-GATA-3 Biocare Medical Clone CM405A; RRID:AB_10895444

Anti-ICOS Cell Signaling Technology Clone 89601; RRID:AB_2800142

Anti-Rorc Abcam Clone ab212496

Anti-CXCR5 R&D Systems Clone MAB190; RRID:AB_2292654

Anti-FOXP3 Cell Signaling Technology Clone 98377; RRID:AB_2747370

Ant-CD8 Abcam Clone ab85972; RRID:AB_10674324

Anti-IgD DAKO Clone AA093; RRID:AB_578485

Anti-CD27 Abcam Clone ab131254; RRID:AB_11155136

Anti-IgG Abcam Clone ab109489; RRID:AB_10863040

Anti-TNF-a Abcam Clone ab6671; RRID:AB_305641

Anti-CD35 Abcam Clone ab25; RRID:AB_448530

Chemicals and Recombinant Proteins

Prolong Diamond Antifade Mountant

with DAPI

Invitrogen CAT#P36962

Opal Manual Multiplex IHC Kit Perkin Elmer CAT#NEK811001KT

FcR Blocking Reagent Miltenyi Biotec CAT#130-059-901

Rainbow Calibration Particles ThermoFisher CAT#A34305

LIVE/DEAD Fixable Blue Dead Cell Stain Kit ThermoFisher CAT# L23105

4% Paraformaldehyde solution Santa Cruz Biotechnology CAT#sc-281692

Streptavidin-APC conjugate Life Technologies CAT#S32362

Streptavidin-PE conjugate Life Technologies CAT#S21388

Freestyle Expression Medium Thermo Scientific CAT#123388018

Dulbecco’s Phosphate buffer saline Corning CAT#21031

Fetal Bovine Serum (HyClone) Fisher Scientific CAT#SH3007003

TALON Metal Affinity Resin Takara CAT#635652

(Continued on next page)
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Continued

REAGENT SOURCE IDENTIFIER

Experimental Models: Cell Lines

Human Expi293F Thermo Fisher CAT#A14527

Recombinant DNA

pVRC-SARS-CoV-2-RBD This study N/A

Software and Algorithms

FlowJo FlowJo https://www.flowjo.com;

RRID:SCR_008520

FACSDIVA BD Biosciences https://www.bdbiosciences.com/

en-us/instruments/research-

instruments/research-software/

flow-cytometry-acquisition/

facsdiva-software; RRID:SCR_001456

Prism 8 GraphPad Software www.graphpad.com/scientific-software/

prism/; RRID:SCR_002798

TissueQuest TissueGnostics https://www.tissuegnostics.com/

products/software/tissuequest;

RRID:SCR_014822

StrataQuest TissueGnostics https://www.tissuegnostics.com/

products/software/strataquest
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Shiv

Pillai pillai@helix.mgh.harvard.edu

Materials Availability
The SARS-CoV-2 RBD protein is made freely available through Dr. Aaron Schmidt whomay be reached through the Lead Contact or

directly.

Data and Code Availability
The published article includes all data generated or analyzed during this study, and summarized in the accompanying tables, figures

and Supplemental Information.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects
Tissue analysis Cohort

Thoracic lymph nodes and spleens samples from COVID-19 patients were obtained through the Brigham and Women’s hospital

Department of Pathology.

Sample Size Estimation: Power calculations and sample size estimation were not performed before the initiation of this studywhich

was based primarily on the availability of COVID-19 positive autopsies for analysis between March and May 2020. All cases were

retrieved from the Anatomic Pathology files of Brigham and Women’s Hospital and included 17 patients (information on age and

gender in Tables S1 and S2) including 11 with laboratory confirmed COVID-19 who underwent autopsy in 2020.

Sample allocation to experimental groups: All patients had tested positive for SARS-CoV-2 by RT-PCR of nasopharyngeal swabs

in a laboratory during hospital admission. All cases were divided into two groups; early (less than ten days from respiratory symptoms

onsets to death, hospitalization of up to 8 days), and late (hospitalized for 15-36 days prior to death). Thoracic lymph nodes were

obtained from six age-matched non-COVID-19 patients who underwent autopsies at the Brigham and Women’s Hospital in the

same time window. In addition, seven spleens from automobile accident victims were obtained from the Ragon Institute Tissue

Core. These were histologically normal. Information on age and gender is in Table S3. Ten discarded control tonsils fromMassachu-

setts General Hospital not matched for age and gender were also used for initial titration and validation of certain antibodies and as

controls for TNF-a and CD8 staining studies,
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Peripheral Blood Cohort

Peripheral blood samples were drawn from both Outpatients and Inpatients with COVID-19 at Massachusetts General Hospital and

fresh blood was analyzed for flow cytometry using a multi-color panel.

Sample Size estimation: Power calculations were not undertaken pior to the initiation of these studies. However, the primary end-

point was the sum of activated B cells (as a % CD19+ B cells in peripheral blood). Using a two sided Student’s t test to compare log

values of convalescent and severe (CRP hi) COVID-19 patient samples, with groups of 10, we hadmore than 90%power to detect an

effect of size of 1.20 between groups based on simulation studies using 10,000 Monte Carlo samples with a type 1 error rate of 5%.

Allocation to Experimental Groups: Data is presented on B cell populations from 68 patients, including moderately ill, severely ill

and convalescent patients. Convalescence was defined as a clinically asymptomatic state on the date of blood draw, either from a

baseline asymptomatic state or recuperated from moderate clinical symptoms of COVID- 19. Moderate disease was defined as

active clinical symptoms of COVID-19 on the date of blood draw that did not necessitate a hospital admission. Severe disease

was defined as active clinical symptoms of COVID-19 on the date of blood draw that did necessitate a hospital admission. Severe

disease was further subdivided bymaximumCRP level during hospital admission as CRP < 200mg/L classified as ‘CRP intermediate

(int)’ and CRP > 200 mg/L as ‘CRP high (hi).’

Study Approval

This study was performed with the approval of the Institutional Review Boards at the Massachusetts General Hospital and the Brig-

ham and Women’s Hospital.

METHOD DETAILS

Multi-color immunofluorescence staining
Tissue samples were fixed in formalin, embedded in paraffin, and sectioned. These specimens were incubated with the following

antibodies: anti-CD3 (clone: A045229-2; DAKO), anti-CD4 (clone: EPR6855;Abcam), anti-CD19 (clone: SKU310; Biocare Medical),

anti-Bcl6 (clone: LN22; Biocare Medical), anti-AID (clone: ZA001; Invitrogen), anti-T-bet (clone: ab150440; Abcam), GATA3 (clone:

CM405A; Biocare), ICOS (clone: 89601; Cell Signaling Technology), Rorc (clone: ab212496; Abcam), CXCR5 (clone: MAB190;

R&D Systems), Foxp3 (clone: 98377; Cell Signaling Technology), anti-CD8 (clone: ab85792; Abcam), anti-IgD (clone: AA093;

DAKO), anti-CD27 (clone: ab131254; Abcam), anti-IgG (clone: ab109489; Abcam), anti-TNF-a (clone: ab6671; Abcam), and anti-

CD35 (clone: ab25; Abcam) followed by incubation with a secondary antibody using anOpalMultiplex Kit (Perkin Elmer). The samples

were mounted with ProLong Diamond Antifade mountant containing DAPI (Invitrogen).

Microscopy and Quantitative Image Analysis
Images of the tissue specimens were acquired using the TissueFAXS platform (TissueGnostics). For quantitative analysis, the entire

area of the tissue was acquired as a digital grayscale image in five channels with filter settings for FITC, Cy3, Cy5 and AF75 in addition

to DAPI. Cells of a given phenotype were identified and quantitated using the TissueQuest software (TissueGnostics), with cut-off

values determined relative to the positive controls. This microscopy-based multicolor tissue cytometry software permits multicolor

analysis of single cells within tissue sections similar to flow cytometry. In addition, multispectral images (seven-colors staining) were

unmixed using spectral libraries built from images of single stained tissues for each reagent using the StrataQuest (TissueGnostics)

software. StrataQuest software was also used to quantify cell-to-cell contact. In the StrataQuest cell-to-cell contact application,

masks of the nuclei based on DAPI staining establish the inner boundary of the cytoplasm and the software ‘‘looks’’ outward toward

the plasma membrane boundary. Overlap of at least 3 pixels of adjacent cell markers is required to establish a ‘‘contact’’ criterion.

Although the software has been developed and validated more recently, the principle of the method and the algorithms used have

been described in detail elsewhere (Ecker and Steiner, 2004).

Flow cytometry
1Million fresh PBMCswere stainedwithin 2 hours of isolation. Prior to antibody staining, Fc receptors were blocked using human FcR

blocking reagent (Miltenyi) at a concentration of 1:50 at 4�C for 10 minutes. Cells were surface stained at 4�C, protected from light,

using optimized concentrations of fluorochrome-conjugated primary antibodies for 30 minutes as well as live/dead fixable blue stain

(Thermo Fisher) at a concentration of 1:20 using the following antibody panels (clone, manufacturer).

B cell panel: CD3 (UCHT1, BD Biosciences), CD56 (NCAM16.2, BD Biosciences), CD19 (SJ25C1, BioLegend), CD27 (L128, BD

Biosciences), IgD (IA6-2, BD Biosciences), CD38 (HB-7, BioLegend), CD10 (HI10a, BioLegend), CD21 (B-ly4, BD Biosciences),

CD73 (AD2, BioLegend), CD45RB (MEM-55, BioLegend), CD138 (MI15, BioLegend), CD11c (Bu15, BioLegend), and CXCR5

(J252D4, BioLegend).

For the RBD-specific characterization, 6-7 million fresh PBMCs were stained using fluorescently labeled SARS-CoV-2 RBD in

addition to the B cell panel antibodies listed above.

Cells were thenwashed in PBS and fixed using 4%paraformaldehyde for 30minutes at at 4�C. Flow cytometry was performed on a

BD Symphony (BD Biosciences, San Jose, CA) and rainbow tracking beads (8 peaks calibration beads, Fisher) were used to ensure

consistent signals between flow cytometry batches. FCS files were analyzed, and B cell subsets were quantified using FlowJo soft-

ware (version 10).
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RBD Expression and Purification
SARS-2 RBD (GenBank: MN975262.1) was cloned into pVRC vector containing an HRV 3C-cleavable C-terminal SBP-His8X tag and

sequence confirmed by Genwiz. The construct was transiently transfected into mammalian Expi293F suspension cells for recombi-

nant expression. 5 days post-transfection, supernatants were harvested and clarified by low-speed centrifugation. The RBDwas pu-

rified by immobilized metal affinity chromatography (IMAC) using Cobalt-TALON resin (Takara) followed by size exclusion chroma-

tography on Superdex 200 Increase 10/300 GL (GE Healthcare) in PBS. Purity was assessed by SDS-PAGE analysis. The fluorescent

PE-SA (Invitrogen, Cat#12-4317-877) and APC-SA (Invitrogen; Cat#S32362) labels were added to the purified SBP-tagged RBD pro-

teins through iterative complex formation, as previously described (Weaver et al., 2016). The fluorescent SA conjugates were added

to SBP-RBD in five increments to sequentially form the complexes. In this case the final molar ratio of probe to streptavidin valency

was 1:1 (one SA-fluorophore can bind two SBP tags). After each stepwise addition of the fluorescent label, themixture was incubated

for 20 minutes and set rotating at 4C within an opaque 1.5 mL Eppendorf spin tube. Using this method, we generated fluorescent

probes at a final concentration of 0.1ug/ul. An example of SBP-RBD (31,000 g/mol) labeled with PE-SA (300,000 g/mol) is described

for a total 10 assays (0.5 ug labeled protein per assay): First, 5uL of SBP-RBD at 1ug/ul was diluted in 20.8uL PBS. Fluorescent PE-SA

at 1ug/ul was then added in five increments, with an incremental volume of 4.8 uL for a final volume of 50uL.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry, clinical correlations and tissue studies. GraphPad Prism version 8 was used for statistical analysis, curve fitting and

linear regression. A two-tailed Mann-Whitney U test was used to calculate p values for continuous, non-parametric variables.

For comparing more than one population, Kruskal-Wallis testing was used with Dunn’s multiple comparison testing. A p value

of < 0.05 was considered significant.
Cell 183, 143–157.e1–e4, October 1, 2020 e4



Supplemental Figures

Figure S1. FDCs Are Not Lost in COVID-19 Lymph Nodes, Related to Figure 1

Representative multi-color immunofluorescence images of CD19 (red), Bcl6 (white), CD35 (green) and DAPI (blue) staining in lymph nodes from late COVID-19

patient (lower panel) and controls (upper panels).
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Figure S2. Decrease in CXCR5+ T Follicular Helper Cells in COVID-19 Lymph Nodes and Spleens, Related to Figure 3

(A) Representative multi-color immunofluorescence images of CD4 (red), CXCR5 (green) and DAPI (blue) staining in lymph nodes from early (left) and late (middle)

COVID-19 patients and a non-COVID-19 lymph node (right). Arrows indicate CD4+ CXCR5+ TFH cells. (B) Representative multi-color immunofluorescence images

of CD4 (red), CXCR5 (green) and DAPI (blue) staining in spleens from early (left) and late (middle) COVID-19 patients and a control (right). (C and D) Absolute

numbers (C) and relative proportions (D) of CD4+ CXCR5+ TFH cells in lymph nodes and spleens from COVID-19 patients and non-COVID-19 lymph nodes (blue)

(n = 6) and control spleens (blue) (n = 7). COVID-19 samples include early (purple; lymph node; n = 5) (spleen; n = 4) and late (red dots) (n = 6) COVID-19 patients.

Mann-Whitney U test used to calculate p value. Error bars represent mean ± SEM. **p < 0.01; ***p < 0.001.
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Figure S3. Increased T reg Cells but No Differentiation into TFR Cells in COVID-19 Lymph Nodes, Related to Figure 3
(A) Representative multi-spectral 7 color immunofluorescence images showing CD4 (red), CD19 (green), CXCR5 (purple), Bcl6 (white), FoxP3 (yellow), IgG (light

blue) and DAPI (blue) staining of lymph nodes from late COVID-19 patients. Images in the green box show high-power images. No FoxP3+/Bcl6+ cells were seen

(white staining with no yellow overlap) in follicles.

(B) IgG+ plasmablasts are found in follicular and extra-follicular areas in COVID-19 lymph nodes. Related to Figure 3. Representative multi-color immunofluo-

rescence images of Bcl6 (white) and IgG (light blue) in lymph nodes of a late COVID-19 patient (left) and a control (right). IgG+ cells were abundant in follicular and

extrafollicular areas in both COVID-19 lymph nodes and controls.

(legend continued on next page)
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(C and D) Large increase in TNF-a production at both follicular and extra-follicular sites in COVID-19 lymph nodes, while controls have low levels of TNF-a

localized to follicles. Related to Figure 3.

(C) Representativemulti-color immunofluorescence images of TNF-a (green) and DAPI (blue) staining in lymph nodes from early and late COVID-19 patients and a

control. (D) Absolute numbers (left) and percentages (right) of TNF-a+ cells in lymph nodes from early (purple) (n = 5) and late (red; n = 6) COVID-19 patients and

controls (blue; n = 10). Multiple comparisons were controlled for by Kruskal-Wallis test. Error bars represent mean ± SEM. *p < 0.05; **p < 0.01.
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Figure S4. Increase in CD4+/CD8+ T Cell Ratio in Lymph Nodes and Spleens in COVID-19, Related to Figure 4

(A) Representative multi-color immunofluorescence images of CD4 (red), CD8 (green) and DAPI (blue) staining in lymph nodes (top 2 rows of images) and spleens

(bottom 2 rows of pictures) from early (left) and late (middle) COVID-19 patients and controls (right). (B) Relative ratios of CD4 and CD8 T cells (No./mm2) in lymph

nodes (left) and spleens (right) from early (purple) (n = 5/4) and late (red) (n = 6) COVID-19 patients and controls (blue) (n = 10/7).
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Figure S5. Follicular and Extra-follicular T-B Conjugates and IgD�CD27� B Cells in COVID-19 Lymph Nodes, Related to Figure 4

(A) Immunofluorescence staining of CD3 (red), CD19 (green) and DAPI (blue) in a lymph node (top) and a spleen (bottom) in a late COVID-19 patient. Arrows and

arrowheads indicate CD3+ T cells and CD19+ B cells respectively. T cell and B cells formed close and extensive intercellular plasma membrane contacts as

highlighted in the yellow box. (B) Immunofluorescence staining (left panels) and visualization of T-B conjugates (middle and right panels) in a lymph node from a

late COVID-19 patient using the StrataQuest cell-to-cell contact application. Masks of the nuclei based on DAPI staining establish the inner boundary of the

cytoplasm and the software ‘‘looks’’ outward toward the plasma membrane boundary. An overlap of at least 3 pixels of adjacent cell markers was required to

establish each ‘‘contact’’ criterion. Details are in the STARMethods section. Nuclei circled in red and green respectively depict CD3+ T cells and CD19+ B cells in

T-B conjugates. Each box (purple, light blue and yellow) highlights a T-B conjugate. (C) Representative multi-color immunofluorescence image of CD19 (red), IgD

and CD27 (both in green) and DAPI (blue) staining in a lymph node from an early COVID-19 patient. IgD-/CD27- double negative B cells (red staining with no green

overlap) are abundant inside the follicle and also outside. Boxed area depicts some of these cells outside the follicle. White arrows show IgD-/CD27- double

negative B cells.
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Figure S6. Analysis of Circulating B Cell Subsets by Flow Cytometry, Related to Figures 5, 6, and 7
(A) Gating strategy for COVID-19 PBMCs. (B) Representative flow plots of relevant B cell subsets from PBMCs derived from a healthy donor. Antibody-secreting

(Ab-secreting), double negative (DN), follicular (FO), marginal zone precursor (MZP), switched memory (SM), transitional (T), unswitched memory (USM).
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Figure S7. Quantitation of B Cells, Related to Figures 5 and 6

Quantitation of absolute B cell counts was undertaken in all COVID-19 patients in whom a proximal absolute lymphocyte count (ALC) was available in the

electronic medical record at states of convalescence (n = 5), severe illness with an intermediate maximum CRP level during hospitalization (< 200 mg/L; severe

(CRP int); n = 10), and severe illness with a high maximum CRP level during hospitalization (> 200 mg/L; severe (CRP hi); n = 15) as defined by the clinical criteria

listed in Table S4. Data are compared to healthy controls (n = 4), assuming a healthy control ALC of 2.9 (K/uL). Quantitation shown byB cell level for each individual

patient with mean, standard deviation, and significance by one-way ANOVA of log%B cell value indicated (*p < 0.05, **p < 0.01, ***p < 0.001) for (A) total CD19+ B

cells, (B) naive, early transitional (T1/2), and follicular (FO) B cell subsets, (C) activated and double negative (DN) B cell subsets as indicated, and (D) activated and

DN B cell subsets as a ratio to the available precursor population (naive, IgD+CD27-).
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