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Cutting Edge: SARS-CoV-2 Infection Induces Robust
Germinal Center Activity in the Human Tonsil

Hyon-Xhi Tan,* Kathleen M. Wragg,* Hannah G. Kelly,* Robyn Esterbauer,*

Benjamin J. Dixon," Jillian S. Y. Lau,*® Katie L. Flanagan,

CIL#, %%

Carolien E. van de Sandt,* Katherine Kedzierska,* James H. McMahon,**
Adam K. Wheatley,* Jennifer A. Juno,* and Stephen J. Kent®¥

Understanding the generation of immunity to SARS-
CoV-2 in lymphoid tissues draining the site of infec-
tion has implications for immunity to SARS-CoV-2.
We performed tonsil biopsies under local anesthesia in
19 subjects who had recovered from SARS-CoV-2
infection 24-225 d previously. The biopsies yielded
>3 million cells for flow cytometric analysis in 17 sub-
jects. Total and SARS-CoV-2 spike-specific germinal
center B cells, and T follicular helper cells, were readily
detectable in human tonsils early after SARS-CoV-2
infection, as assessed by flow cytometry. Responses
were higher in samples within 2 mo of infection but
still detectable in some subjects out to 7 mo following
infection. We conclude the tonsils are a secondary lym-
phoid organ that develop germinal center responses to
SARS-CoV-2 infection and could play a role in the
long-term development of immunity.  The Journal of
Immunology, 2022, 208: 2267-2271.

nfection from SARS-CoV-2 generates immune memory

in the form of neutralizing Abs (a strong correlate of pro-

tective immunity [1]) and memory T and B cells. Under-
standing how adaptive immune responses to SARS-CoV-2 are
generated is critical for informing approaches to control the
COVID-19 pandemic. Effective humoral immunity to viral
infection is primarily generated through interactions between B
and T follicular helper (Tth) cells in the germinal centers
(GCs) of lymphoid tissues. The GC reaction drives the accu-
mulation of somatic mutations in Ab genes, selecting high-

affinity B cell clones and potent serum Ab responses. Although
highly relevant to the generation of high-quality and durable
immunity to SARS-CoV-2, this has not been well studied in
subjects recovering from SARS-CoV-2 infection.

Ab and memory T cell responses in the blood wane relatively
rapidly after acute SARS-CoV-2 infection before approaching sta-
ble maintenance (2—4). However, we and others find that SARS-
CoV-2-specific memory B cells (MBCs) gradually accumulate in
the circulation, approaching 1% of total MBCs several months
postinfection (3, 5). SARS-CoV-2-specific MBCs might provide
a mechanism to reduce the severity of reinfection (6). Ig genes in
the blood-resident SARS-CoV-2—specific MBC population have
been reported to continue to accumulate somatic mutations over
months, with isolated monoclonal human Abs demonstrating
affinity maturation (4, 7, 8). This suggests that continued GC
activity in lymphoid tissues may be occurring, leading to a contin-
uous maturation of the humoral response to SARS-CoV-2.

SARS-CoV-2 is acquired through the respiratory tract and is
associated with multiple upper respiratory symptoms. The pala-
tine tonsils are a specialized pharyngeal lymphoid organ that
responds to upper respiratory tract infections, accessible to
biopsy under local anesthetic. Tonsils may therefore likely com-
prise a lymphoid organ responding to SARS-CoV-2 infection.
Tonsillectomy samples from children and adolescents are com-
monly studied, but such enlarged or inflamed samples may not
recapitulate the normal tonsillar immunity. To our knowledge
normal tonsils have not been previously studied outside of tonsil-
lectomies for clinical reasons to assess lymphoid tissue immunity
to respiratory pathogens. We recruited subjects convalescent
from SARS-CoV-2 infection to undergo a tonsil biopsy to study
GC B and Tth cells.
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Materials and Methods

Subjects and tonsil bigpsies

We recruited 19 adults with confirmed prior SARS-CoV-2 infection
(24-225 d after symptom onset) to donate blood and a tonsil biopsy
(Supplemental Table I). Key exclusion criteria included elevated pro-
thrombin time, thrombocytopenia, anticoagulaton (with the exception
of low-dose aspirin), prior tonsillectomy, current throat infection, or a
hyperreactive gag reflex. Of 24 subjects screened, 5 failed due to a hyper-
reactive gag reflex. Subjects provided written informed consent and the
studies were approved by the University of Melbourne (approval
2056689) and the Alfred and Epworth hospitals in Melbourne (appro-
vals 180/20 and 406/20). Topical 10% lidocaine (10 mg/100 pl) was
applied directly to the tonsils to provide local anesthesia and reduce the
gag reflex. A small 3- to 5-mm incisional biopsy was taken after grasping
the tonsillar lymphoid tissue with Blakesley forceps. As controls, we also
analyzed mononuclear cells from the tonsils of healthy children or ado-
lescents with enlarged tonsils and sleep apnea undergoing tonsillectomy

prior to the COVID-19 pandemic (» = 6, Supplemental Table II).

Spike-specific B cells in PBMCs

Recombinant SARS-CoV-2 spike fluorescent probes were used to
identify spike-specific B cells as previously described (9). For PBMCs,
thawed cells were stained with Aqua viability dye (Thermo Fisher
Scientific) and then surface stained with an S probe, CD19 ECD
(J3-119) (Beckman Coulter), CD20 Alexa Fluor 700 (2H7), IgM
BUV395 (G20-127), IgD PE-Cy7 (IA6-2), IgG BV786 (G18-145),
streptavidin BV510 (BD Biosciences), CD14 BV510 (M5E2), CD3
BV510 (OKT3), CD8a BV510 (RPA-T8), CD16 BV510 (3G8), and
CD10 BV510 (HI10a) (BioLegend). Cells were washed twice with
PBS containing 1% FCS and fixed with 1% formaldehyde (Polyscien-
ces). Single MBCs were sorted and recombined H chain Ig gene
sequences recovered as previously described (9).

Flow cytometry of tonsil bigpsies

For the tonsil biopsies, single-cell suspensions were generated by pas-
sage through 70-um filters within 2—6 h of biopsy. Fresh tonsil cell
suspensions and donor-matched PBMCs and frozen mononuclear cells
from healthy tonsils were stained with Aqua viability dye (Thermo
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Fisher Scientific), followed by surface staining with S probe, PD-1
BV421 (EH12.2H7; BioLegend), IgD AF488 (polyclonal; Southern-
Biotech), CD3 AF700 (SP34-2; BD), CD4 BV605 (L200; BD), IgG
BV786 (G18-145; BD Biosciences), CD20 allophycocyanin-Cy7
(2H7; BioLegend), CXCR5 PE-Cy7 (MU5UBEE; Life Technologies),
CD14 BV510 (M5E2; BioLegend), CD8a BV510 (RPA-T8; BioLe-
gend), CD16 BV510 (3G8; BioLegend), CD10 BV510 (HI10a;
BioLegend), and streptavidin BV510 (BD Biosciences). Cells were
washed and permeabilized with a transcription factor buffer set (BD
Biosciences) prior to BCL6 AF647 (IG191E/A8; Biolegend) and
Ki-67 BUV395 (B56; BD Biosciences) staining. Cells were washed
twice and resuspended in PBS containing 1% FCS. Samples were
acquired on a BD LSRFortessa using BD FACSDiva.

Results and Discussion
Spike-specific MBCs in blood maintained over time

We first studied blood spike-specific (S™) MBCs and Ab somatic
hypermutation to confirm extended generation of S* MBCs and
changes in Ab genes in our cohort of SARS-CoV-2 convalescent
subjects. S* MBCs in PBMCs were identified by flow cytometry
as shown in Fig. 1A. We previously found that SARS-CoV-2 S*
MBC frequencies accumulate in blood during the course of
150 d in a cohort of individuals recovered from mild or moderate
SARS-CoV-2 infection (3), shown in gray in Fig. 2A. We now
extend our longitudinal blood sampling from a subset of these
subjects who underwent tonsil biopsies and found that S™ MBCs
in blood are stably maintained within the circulation at high fre-
quencies out to at least day 225 postinfection, shown in red in
Fig. 2A. The extended maintenance of MBCs at high levels is sug-
gestive of robust lymphoid GC reactions.

GC interactions between B and Tth cells result in the selec-
tion of mutated Ab genes with improved Ag affinity. To study
this directly, we analyzed Ig genes expressed by circulating S*
MBC:s from three individuals at both 36—52 and 115-122 d
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Gating strategy for resolving spike-specific B cells and Tth cells. (A) Lymphocytes (forward scatter area [FSC-A] versus side scatter area [SSC-A]) in

PBMC:s were excluded for doublets (FSC-A versus FSH height [FSC-H]), and live, dump™ (CD14 CD3 CD8a CD16~ CD10  streptavidin™) CD19" B cells were
gated. Memory B cells (CD20+IgD_IgG+) were assessed for binding to a SARS-CoV-2 spike (S) probe. (B) Tonsil lymphocytes (FSC-A versus SSC-A) were excluded
for doublets (FSC-A versus FSC-H), and live, dump™ (CD14 CD8a” CD16 CD10 streptavidin™) CD20+IgD7 B cells were gated. Germinal center B cells (Ki-
67 BCLG™) were assessed for binding to a SARS-CoV-2 spike (S) probe. Tth cells were gated as CD3"CD4 " CXCR5" *PD-1"*. Experiments were performed once.
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FIGURE 2. Longitudinal assessment of circulating memory B cells among
individuals recovered from SARS-CoV-2 infection. (A) Frequencies of spike-
specific memory B cells as a proportion of CD197CD20 " IgD IgG™ B cells
in PBMC samples were assessed longitudinally (» = 38 participants). Red in-
dicates PBMCs contemporaneously sampled during tonsil biopsies; black
indicates sampling in tonsil donors prior to biopsies; and gray indicates lon-
gitudinal assessment of PBMCs in individuals without tonsil biopsies.
(B) Somatic mutation loads of spike-specific Ig genes sequenced from memory
B cells isolated from three matched participants at day 30 (595 H chain
sequences) or 120 (513 sequences) after symptom onset. For comparison,
memory B cells specific for the hemagglutinin of influenza B virus (z = 3;
519 sequences) were used. Experiments were performed once. Bar represents
median value. *p < 0.0001, Mann—Whitney U test.

following infection. Sequencing of Ig genes expressed by circu-
lating ST MBCs from three individuals at both 36-52 and
115-122 d following infection showed increased somatic
mutation over time (Fig. 2B), consistent with other reports
(4, 7). This is suggestive of enduring GC activity, although the
polyclonal diversity of B cell responses to spike did not permit
analysis at a clonal level.

Immune responses in tonsils following SARS-CoV-2 infection

We assessed whether persistent GC responses could be observed
in a secondary lymphoid organ of the upper respiratory
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mucosa, the tonsils. Biopsy samples were collected from the
tonsils of # = 19 convalescent individuals (8 female, 11 male)
at time points ranging from 16 to 225 d after symptom onset
(Supplemental Table I). One subject had longitudinal biopsies
of the left and right tonsils at separate time points postinfec-
tion. The biopsy was generally well tolerated with pain reported
in 8 of 20 (45%) procedures, graded as severe (grade 3) on two
occasions, and resolved in all participants. There were no seri-
ous adverse events, infections, or bleeding complications, sug-
gesting that this general procedure could be used in other
human immunology studies.

The fresh tonsil biopsies were dissociated, with two samples
yielding <0.5 million cells (not further analyzed), and the
remainder yielding 3—11 million cells. Five samples were used
for assay development and validation, and 13 samples (from 12
individuals) were assessed for the frequency of S* GC B cells
and Tth cells by flow cytometry (Fig. 1B). In two participants
with tonsil specimens collected at 24 and 59 d after symptom
onset, 2 ST GC B cell population representing a remarkable
~5% of all GC B cells was present (Fig. 3A, 3B). The ST GCB
cell population was variable across our subjects and generally
declined out to 7 mo postinfection, evidenced both in one indi-
vidual for whom two longitudinal biopsies were collected
(Fig. 3A, 3B) and across the cohort (Fig. 3B). To demonstrate
spike probe specificity, we show that S* GC B cells are rare or
absent in pre-pandemic tonsils surgically collected from individ-
uals with enlarged tonsils causing breathing difficulties or sleep
apnea (subject details in Supplemental Table II) (Fig. 3B).

GC Tth cells were also readily detected in the tonsils of this
SARS-CoV-2 convalescent cohort and declined during 7 mo
across the cohort (Fig. 3C). Total GC B cells were readily
observed in most tonsil biopsy samples, with generally lower
levels at 7 mo postinfection (Fig. 3D). Frequencies of both GC
Tth and B cells were higher in “control’ tonsils obtained by
tonsillectomy (Fig. 3C, 3D) compared to biopsy of convales-
cent individuals. The high frequencies of Tth cells are consis-
tent with other reports of tonsillectomy samples (10, 11) and
are potentially related to the chronic inflammation often ob-
served in tonsillectomy samples obtained from younger cohorts.
Future studies investigating basal levels of GC Tth or B cells
could be better informed with biopsy samples from healthy
individuals and/or autopsy samples from people dying of unre-
lated conditions.

Our data demonstrate that samples of tonsils can be safely
obtained post mild-to-moderate SARS-CoV-2 infection, and
that the tonsil represents a site of GC reactions to SARS-
CoV-2. Prominent populations of S* GC B cells were ob-
served in many of the tonsil biopsy specimens, particularly
when sampled within the first months postinfection.

The extent to which tonsil GC responses contribute to Ab
responses in the plasma is unclear. We and others have observed
important relationships between circulating Tth cell and Ab
responses to SARS-CoV-2 infection (9, 12), but direct analyses of
at lymphoid sites will yield important insights. However, this ini-
tial study of 12 subjects is largely cross-sectional and limited to
individuals with mild-to-moderate SARS-CoV-2 infection. Ex-
panding into larger, more diverse cohorts will dlarify the contribu-
tion of tonsil immunity to systemic Ab responses, as well as any
impacts from age or severity of illness.

Although SARS-CoV-2 infection is typically an acute respiratory
infection, studies have described persistence of SARS-CoV-2 Ag in
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FIGURE 3. Germinal center responses in tonsils of individuals recovered from mild or moderate SARS-CoV-2 infection. (A) Representative plots of spike-spe-
cific germinal center B cells (S* Ki-67"BCL6 IgD™CD20™") from tonsils of SARS-CoV-2 convalescent individuals or control tonsils obtained prior to the
COVID-19 pandemic. (B-D) Frequencies of (B) spike-specific germinal center B cells (s* Ki-67+BCL6+IgD7CD20+) (open circles denote tonsil samples with
S™ events below the limit of detection), (C) Tth cells (PD-1"*CXCR5* "CD3"CD4"), and (D) total germinal center B cells (Ki-67"BCL6 " IgD~CD20™).

Experiments were performed once (n =13 tonsil biopsies from » = 12 individuals with SARS-CoV-2 and » = 6 tonsillectomy samples obtained prior to

COVID-19).

the nasopharynx and gut for some months (4, 13). We speculate
that persistent Ag may be one factor that maintains GC responses
and maturation of the B cell response in lymphoid tissues described
herein, and by others in response to both infection and vaccination
(14, 15). Spike-specific bone marrow—derived plasma cells can also
persist for many months following SARS-CoV-2 infection (16).
Tonsillar responses following infection are broadly similar to those
observed by fine needle biopsy of the axillary lymph nodes of sub-
jects receiving SARS-CoV-2 vaccines (15). The gradual decline in
GC B cell and GC Tth cell responses we observed over time is con-
sistent with the generalized decay in serological Ab levels and the
contraction of memory T cell populations (2, 3), although identify-
ing baseline levels of GC B cells and GC Tth cells in healthy tonsils
across an age spectrum is an important area of further study. In
summary, we provide the first description of immune responses to
SARS-CoV-2 in tonsils, highlighting a methodology for sampling
lymphoid immunity in humans and illuminating a potendal link
in the development of immunity against severe reinfection with

SARS-CoV-2.
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