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SUMMARY

Emergence from the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has been
facilitated by the rollout of effective vaccines. Successful vaccines generate high-affinity plasma blasts
and long-lived protective memory B cells. Here, we show a requirement for T follicular helper (Tfh) cells
and the germinal center reaction for optimal serum antibody and memory B cell formation after
ChAdOx1 nCoV-19 vaccination. We found that Tth cells play an important role in expanding antigen-spe-
cific B cells while identifying Tfh-cell-dependent and -independent memory B cell subsets. Upon second-
ary vaccination, germinal center B cells generated during primary immunizations can be recalled as
germinal center B cells again. Likewise, primary immunization GC-Tfh cells can be recalled as either Tth
or Th1 cells, highlighting the pluripotent nature of Tfh cell memory. This study demonstrates that

ChAdOx1 nCoV-19-induced germinal centers are a critical source of humoral immunity.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic has resulted in over 6 million confirmed
deaths, 620 million confirmed infections, and significant global
healthcare and economic disruption. The rapid development,
mass production, and deployment of safe and effective
SARS-CoV-2 vaccines has curtailed pandemic impact, signifi-
cantly reducing coronavirus 2019 disease (COVID-19) morbidity
and mortality. The ChAdOx1 nCoV-19 vaccine (AZD1222) has
had two billion doses supplied to more than 170 countries,
and, importantly, two thirds of these doses have been made
available to low- and middle-income countries, making it a
key global vaccine.” The ChAdOx1 nCoV-19 vaccine is an effi-
cacious vaccine that has been demonstrated to reduce the
severity of infection,® limit the transmissibility of the virus in
those who become infected,” prevent symptomatic infection,®
and, most importantly, prevent hospitalization and death
caused by variants of concern.®

Gheck for
Updates

ChAdOx1 nCoV-19 is a replication-deficient simian adeno-
viral vectored vaccine that encodes the SARS-CoV-2 spike
protein and stimulates both cellular and antibody-mediated
immunity.”~'? In humans, neutralizing antibodies and antibody
titers to both the SARS-CoV-2 spike protein and its receptor-
binding domain (RBD) are associated with protection from
symptomatic infection after ChAdOx1 nCoV-19 immunization,
consistent with the majority of vaccines currently in use.'®'*
In support of the protective role of humoral immunity to
COVID-19, real-world observational studies of a SARS-
CoV-2 outbreak on a fishing vessel and a longitudinal study
of vaccinated healthcare workers has associated break-
through infections with lower serum antibody titers.'®'®
Moreover, animal studies have shown that transferring
SARS-CoV-2-specific antibodies can provide direct protec-
tion against infection, demonstrating a causal link between
antibodies and protection.'”'® Therefore, the successful pro-
duction of humoral immunity is a key function of COVID-19
vaccines.
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The humoral immune response consists of antibody-
secreting cells and memory B cells, which can be quickly reac-
tivated into plasma cells upon antigen reencounter either by
natural infection or vaccination. Antibody-secreting cells and
memory B cells can be generated through two pathways: either
through the germinal center (GC) reaction or the extrafollicular
response.”’”?' GCs are microstructures that are generated in-
side secondary lymphoid tissues following antigen exposure
and that provide a specialized niche for B cell proliferation
and differentiation.”® Within the GC, antigen-specific B cell
clones interact with T follicular helper (Tfh) cells, being cyclically
selected and expanded based on antigen affinity. Successful
delivery of Tfh-cell-derived help to GC B cells results in the for-
mation of high-affinity, class-switched antibody-secreting cells
as well as long-lived memory B cells.???? B cell differentiation
can also occur in a GC-independent manner, and this process
is an important source of humoral immunity. The extrafollicular
response allows for more rapid clonal expansion of antigen-
specific B cells, resulting in a burst of short-lived antibody-
secreting cells as well as memory B cells,”® and can be
supported by Tfh cells acting outside the B cell follicle.>* As a
result of the differing kinetics of the two responses—the extra-
follicular response dominating early and the GC response per-
sisting longer term—it has largely been assumed that both the
GC response and Tfh cells are essential for long-lasting humor-
al immunity to SARS-CoV-2. However, upon SARS-CoV-2
infection, neutralizing antibodies can be formed without Tth
cells and a GC reaction,”® similar to what has been previously
reported for influenza A virus infection.”® Likewise, the forma-
tion of both immunoglobulin M (IgM)* and class-switched
memory B cells can form in animals that lack Tfh cells and
GC B cells,” 2 clearly demonstrating redundancy in the mech-
anisms by which humoral immunity can be made.

Here, the aim of our study was to determine the cellular path-
way(s) required for humoral immunity after ChAdOx1 nCoV-19
administration. High-dimensional flow cytometry identifies
multiple subsets of RBD-binding B cells, with the majority of
cells having a GC phenotype, which, at later time points, tran-
sitions into a mix of class-switched (IgD™) GC B cells and mem-
ory cells. Immunization of Tfh-cell-deficient mice showed a
near absence of RBD-binding B cells and reduced titers of
anti-spike and anti-RBD antibodies, with a particular defect in
IgG1. The delivery of Tfh cell help to B cells depends upon
CD40L, and patients with loss-of-function CD40L mutations
have decreased Tfh cell numbers.>°~*? In a patient with primary
immune deficiency due to a mutated CD40L gene, RBD-bind-
ing memory B cells and SARS-CoV-2-specific antibodies are
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undetectable in their circulation, demonstrating that in humans,
as in mice, T cell help to B cells is essential for ChAdOx1 nCoV-
19-induced humoral immunity. As Tfh cells can also support B
cells outside the B cell follicle, we tested the specific require-
ment for the GC response in facilitating humoral immunity.®%>*
Genetic ablation of GC B cells results in a 10-fold loss of RBD-
binding B cells, which corresponded with a log-fold reduction in
IgG serum antibody levels and neutralizing antibody titers and
fewer memory B cells 6 weeks after vaccination. Genetic fate
mapping of GC-derived memory B cells and GC-Tfh cells
showed that both were recalled after a second immunization,
with GC B cells giving rise to antibody-secreting cells and re-
seeding new GCs. Memory Tfh cells were recalled as
both Tfh and Th1 cells, highlighting the pluripotent nature of
GC-derived Tfh cells. Together, this demonstrates that the
GC reaction and Tth cells are critical for high-titer antibody re-
sponses and for efficient expansion of RBD-specific B cells
following ChAdOx1 nCoV-19 immunization, without which hu-
moral immunity is severely restricted.

RESULTS

The class-switched, antigen-specific B cell response
evolves following ChAdOx1 nCoV-19 immunization
A successful humoral response to vaccination has two outputs:
the formation of plasma cells that secrete pathogen-binding an-
tibodies and the generation of memory B cells that can mount
rapid recall responses upon (re)infection or booster immuniza-
tion. The anti-SARS-CoV-2 antibody response to ChAdOXx1
nCoV-19 has been well described previously.®'%'?3° To charac-
terize the antigen-specific B cell response to ChAdOx1 nCoV-19
vaccination, we immunized adult C57BL/6 mice with ChAdOx1
nCoV-19 or ChAdOx1 OVA by intramuscular injection (Fig-
ure S1A). Both vaccines induced a GC response that peaked
at day 14 (Figures S1B and S1C). IgD™ B cells specific for the
RBD of the SARS-CoV-2 spike protein were only detected in
ChAdOx1 nCoV-19-immunized mice. These increased in num-
ber and frequency from day 7 post-immunization (Figures 1A
and 1B), as did the number and frequency of RBD-binding GC
B cells (Figures S1D and S1E). This demonstrates that
ChAdOx1 nCoV-19 vaccination induces an RBD-specific GC B
cell response in the draining medial iliac lymph node (mILN).
To characterize the RBD-specific B cell response in detail,
we used high-dimensional spectral flow cytometry coupled
with t-distributed stochastic neighbor embedding (tSNE)
and FlowSOM analysis of IgD~ RBD* B cells. Six tSNE
clusters were identified across a 42-day ChAdOx1 nCoV-19

Figure 1. ChAdOx1 nCoV-19 immunization generates a mix of RBD-specific GC and memory B cells in the draining medial iliac lymph node

B) Total number and relative frequency of IgD~ RBD* B cells.

A) Median flow cytometry plots for IgD~ RBD* B cell staining, pre-gated on live, single, CD19* B220" cells.

C) tSNE analysis of IgD~ RBD™ B cells separated by time point. FlowSOM analysis was used to identify 6 clusters of cells.

D) Heatmap showing mean fluorescence intensity (MFI) of each marker used in (C) for clustering analysis.

E) Flow cytometry gating of 5 IgD~ RBD* subpopulations based on a concatenated sample of all IgD~ RBD* B cells shown in (C).
F) Pie charts showing relative frequency of subpopulations identified in (E) for each of the 4 time points.

(G and H) Line graphs showing relative frequency (G) and quantification (H) of subpopulations identified in (E).
Error bars show mean and standard deviation. For each time point and condition, n = 5 or 6 per group. For (B), multiple Mann-Whitney tests per row were used,
with p values corrected for multiple comparison analysis with the Holm-Sidak method. Data are representative of two individual experiments.
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immunization time course (Figures 1C and 1D), five of which
could be subsequently identified by manual gating (Figure 1E).
As was expected during the first 42 days after vaccination, the
largest cluster (tSNE cluster 1) corresponded to the GC B cells,
having the highest expression of BCL6 and KI67. Cluster 2 also
resembled GC B cells, with decreased expression of CD138
and CD86 compared with cluster 1 (Figure 1D). Despite this,
these two clusters were not separable by conventional biaxial
flow cytometry analysis using these markers, thus we grouped
these two clusters together in further analysis (henceforth called
RBD* GC B cells). Cluster 3 expressed CD44 and CD11c, a
phenotype corresponding to atypical memory B cells®® or age-
associated B cells®” (CD11c* RBD™ cells). Cluster 6 was closely
related to cluster 3 by hierarchical clustering, with high expres-
sion of CD44, but lacked expression of CD11c; this population
also increased over time (Figures 1F-1H), indicating that it is
likely to be a pool of RBD-specific memory B cells (CD44*
RBD™ B cells). Clusters 4 and 5 were the rarest two subsets
and were primarily found at day 7 after vaccination
(Figures 1F—1H). Cluster 4 was enriched for CD62L, CD38, and
IgM, indicative of a recently activated pool of B cells (CD62L*
RBD* B cells). Cluster 5 had low expression of CD38 and ex-
pressed Kl67, being hierarchically most similar to the two GC
clusters (Figure 1D, clusters 1 and 2), likely representing early
proliferating B cells and possible GC B cell precursors (KI67*
non-GC B cells). The spleen is also a reactive lymphoid organ
following intramuscular ChAdOx1 nCoV-19 vaccination,” % "°
and we identified similar populations of RBD-binding B cells in
the spleen after immunization (Figures S2A-S2E).

For each of the four time points analyzed, we elucidated
the composition, frequency, and total number of the RBD*
IgD™ B cell pool’s constituent subsets using the manually gated
subsets identified by tSNE analysis (Figures 1F-1H and S2F-
S2H). The GC B cell population was the dominant population
at all time points analyzed, indicating that the majority of RBD-
binding B cells participate in the GC reaction. The CD62L* and
KI67* non-GC RBD™ B cell subsets were present primarily at
day 7 after immunization and declined to very low numbers
42 days after immunization, indicative of an early-activated
B cell phenotype. The CD44" RBD* B cell subset was present
at a higher frequency both before and after the GC peak at
days 7 and 42, respectively, and its retention at day 42 indicates
a memory phenotype (Figures 1G, 1H, S2G, and S2H). Likewise,
the CD11c* RBD™ B cell population is retained at day 42, consis-
tent with an atypical memory B cell phenotype. Collectively,
these data demonstrate that after immunization, the antigen-
specific B cell pool evolves over time, with the GC being the
dominant compartment of RBD-binding B cells with memory
B cell populations observed at later time points.

Tfh cells are required for antigen-specific GC B cell
formation and serum immunity

The production of vaccine-reactive memory B cells and anti-
bodies can be dependent on help from Tfh cells. Tth cells can
support the B cell response outside the GC, for example in facil-
itating class-switch recombination and memory B cell forma-
tion,?*? and within the GC, where they support the positive
selection and clonal expansion of GC B cells. To test the role
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for Tfh cells in generating antibodies and RBD-binding B cells
upon ChAdOx1 nCoV-19 immunization, Bcl6™™ Cd4°®* mice
were analyzed 14 and 42 days post-vaccination. Tth cells formed
in littermate control Bc/6™™ mice but not in Bel6™ Cd4°™+ ani-
mals (Figures 2A and 2B), and the absence of Tth cells was
coupled with a near absence of RBD-specific GC B cells
(Figures 2C and 2D). The combined loss of Tfh cells and GC
B cells resulted in an order-of-magnitude-reduced titer of anti-
RBD and anti-spike IgG 42 days after immunization (Figure 2E).
Analysis of the subclasses of anti-RBD IgG that did form upon
immunization revealed a defect in the formation of anti-RBD
IgG1 in Bel6™ Cd4°"®’* mice, indicating a particular importance
for Tth cells in supporting class switch to IgG1 upon ChAdOXx1
nCoV-19 immunization (Figure 2F). Consistent with a reduced
titer of RBD-binding antibodies, we observed an impaired ca-
pacity of serum from Bcl6™" Cd4°®/* mice to neutralize pseudo-
typed SARS-CoV-2 infection in vitro (Figure 2G).

We next employed our RBD probes and multidimensional
flow cytometry to understand the importance of Tfh cells in
the generation of individual RBD-binding B cell subsets, spe-
cifically to understand which subsets, if any, were Tfh cell
dependent. Mice lacking Tfh cells had a 90x decreased fre-
quency of class-switched (IgD™), RBD-binding B cells at day
14 and 170-fold decreased frequency at day 42 in the mILN
(Figures 3A and 3B). We then profiled the individual subsets
of non-GC IgD™ RBD-binding B cells using the same gating
strategy as Figure 1E. Fourteen days after immunization, all
non-GC RBD-binding B cell subsets in the mILN were reduced
in mice lacking Tfh cells, with a deficit in CD44* memory
B cells 6 weeks after immunization (Figure 3C). In contrast
to the mILN, splenic RBD-binding non-GC B cells were not
significantly reduced in Tfh-cell-deficient mice, despite a clear
loss of splenic GC B cells (Figures S3A-S3C). This was due to
an increase in IgM* IgD~ RBD-binding B cells that were more
abundant in the spleen than the mILN after immunization.
These data collectively demonstrate that Tfh cells play an
important role in the generation of anti-SARS-CoV-2 anti-
bodies upon immunization. Within the mILN, Tfh cells are
critical for most RBD-binding B cell subsets. In the spleen,
however, a higher proportion of RBD-binding B cells are
measured across various non-GC phenotypes independent
of Tth cell activity (Figure S3).

Because Tth cells can act both within and outside the GC, we
next sought to understand the abundance of GC-Tth cells after
ChAdOx1 nCoV-19 immunization. We employed an S1PR2-
inducible RFP fate-mapper system in which GC-Tfh cells can
be labeled upon tamoxifen administration.®* Between 7% and
10% of mILN Tfh cells are RFP labeled after ChAdOx1 nCoV-
19 vaccination when tamoxifen was given at days 8 and 10
post-vaccination (Figures 3D and 3E). Consistent with a GC
Tfh phenotype, these RFP* Tfh cells had higher expression of
CXCR5 and PD1 than the RFP™ Tfh cells from the same animal
(Figure 3F). We also used confocal microscopy in order to
confirm that S1PR2-RFP fate-mapped cells were found primarily
within LN secondary follicles (Figures 3G and S4). We show that
RFP-expressing cells are found within both the light zone of the
GC (demarcated by CD35* follicular dendritic cells) and the dark
zone of the GC (Figure 3H). The GCs also contained CD3* T cells
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Figure 2. Tfh cells are required for efficient RBD-specific GC B cell generation and serum immunity

Bcl6™" Cd4*"* and Bcl6™" Cd4°™+ mice were immunized with ChAdOx1 nCoV-19 intramuscularly, with tissues taken for analysis at indicated time points.

(A) Day 14 median flow cytometry plots for mILN Tfh cell staining, pre-gated on live, single, CD4* FOXP3~, CD44* CD62L" cells.

(B) Total number and relative frequency of mILN Tfh cells after immunization at indicated time points.

(C) Day 14 median flow cytometry plots for mILN RBD* GC B cell staining pre-gated on live, single, CD19* B220* cells.

(D) Total number and relative frequency of mILN RBD* GC B cells after immunization at indicated time points.

(E) Serum anti-spike and anti-RBD IgG antibodies at day 42 post-immunization.

(F) Pie charts indicating the mean abundance of each IgG antibody subclass in the serum at the indicated time points after immunization.

(G) SARS-CoV-2 neutralizing antibody titers in sera were determined by micro-neutralization test, expressed as reciprocal serum dilution to inhibit pseudotyped
virus entry by 80% (IC80). Dashed lines represent upper and lower detection limits.

For each time point and condition, n = 4-6, respectively, per group. For (B), (D), and (F), multiple Mann-Whitney tests per row were used, with p values corrected
for multiple comparison analysis with the Holm-Sidak method. For (E) and (G), a Mann-Whitney test was used. In bar graphs, each symbol represents a biological
replicate, bar height the mean, and the error bars the standard deviation. Data are representative of two individual experiments.

that had internal RFP signals, although not all GC CD3" T cells  vaccination, with their loss leading to a reduction in all antigen-
were fate mapped using this approach (Figure 3l). Tfh cells there-  specific B cell subsets, which may occur inside or outside
fore support effective humoral response to ChAdOx1 nCoV-19  the GC.
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Human CD40L deficiency results in absence of RBD-
specific circulating B cells and humoral immunity after
ChAdOx1 nCoV-19 vaccination

To determine whether, like in the mouse, Tfh cell help is
required for humoral immunity upon ChAdOx1 nCoV-19 vacci-
nation, we examined the role of Tth cells in a cohort of human
volunteers. We longitudinally collected peripheral blood mono-
nuclear cells (PBMCs) and serum from healthy controls (HCs),
as well as a patient with primary immunodeficiency as a result
of CD40L deficiency, after they received their second of
two ChAdOx1 nCoV-19 vaccinations. We compared this
patient and the HCs with a healthy control group who instead
received the MenACWY vaccine. RBD-specific IgD™ B cells
were readily detectable in healthy controls vaccinated with
ChAdOx1 nCoV-19 up to 182 days post-vaccination and
were entirely absent in the person with CD40L deficiency
(Figures 4A and 4B). Consistent with this observation, only
serum from healthy controls vaccinated with ChAdOx1 nCoV-
19 had SARS-CoV-2-neutralizing capacity and high RBD-spe-
cific IgG titers (Figures 4C and 4D). Thus, in both humans
and mice, T cell help to B cells supports the generation of
class-switched, RBD-binding B cells and antibody-mediated
immunity to the ChAdOx1 nCoV-19 vaccine.

Loss of GC B cells compromises antibody and memory B
cell formation after ChAdOx1 nCoV-19 immunization

As our data indicated that GC B cells are the dominant RBD-
binding subset but that only a proportion of Tfh cells are GC
localized after immunization, we wanted to determine the
contribution of GC B cells to the antibody- and RBD-binding
B cell response to ChAdOx1 nCoV-19 immunization. In order
to generate mice that cannot form GC B cells upon immuniza-
tion, we reconstituted irradiated Rag2*/* recipient mice with
Cd23°* Bcl6™ bone marrow (Figure 5A). Bcl6 is absolutely
essential for GC B cell formation,**=*° and therefore Cd23°*
Bel6™" mice do not form GC B cells due to B cells’ intrinsic
lack of BCL6 (Figures 5B and 5C). This is coupled with a
near absence of Tfh cells, because of the interdependence
of Tfh and GC B cells (Figures 5D and 5E). In Cd23°*/* Bcle™"
mice, GC-containing secondary lymphoid follicles were ab-
sent, leading to a scattering of KI67* B cells, suggesting
that any remaining Tfh cells in these animals act in an extrafol-
licular manner®* (Figures 5F and S5). Serum analysis showed
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that the anti-spike IgG, anti-RBD IgG, and neutralizing anti-
body response was almost completely dependent on the GC
reaction (Figures 5G and 5H), highlighting the importance of
this structure for generating antibody-mediated immunity
upon vaccination.

In cases where antibody titers are low, memory B cells can act
as a second source of antibody-producing cells upon infection or
booster immunization.*’**> To determine which RBD-specific
B cell populations can exist in the absence of a GC reaction,
we assessed the RBD-binding B cell subsets identified in Fig-
ure 1 in the mILN and spleen of Cd23°®"* Bc/6"™ mice 14 and
42 days after ChAdOx1 nCoV-19 immunization. The inability to
mount a GC B cell response resulted in a 10-fold reduction in
the frequency and number of IgD~ RBD-binding B cells in the
mILN (Figures 6A and 6B), with all non-GC RBD* B cell subsets
being reduced in Cd23°®* Bcl6™™ mice (Figure 6C). Likewise, in
the spleen, we observed a reduction in the numbers of RBD-
binding B cells in the Cd23°®"* Bcl6"™ mice compared with con-
trols (Figures S6A and S6B). The CD44~ subsets (KI67" CD62L*
and CD62L~ KI67 ") were more abundant in the early phases of a
vaccine response (Figures 1G and S1G) but were not signifi-
cantly different between the Cd23°®* Bcl6™" and Cd23**
Bel6™™ mice, suggesting that they do not need a functioning
GC B cell population to form in the spleen. Unlike in the mILN,
the CD11c* atypical B cell population was not significantly
different between the two groups, indicating that splenic
CD11c* memory B cells are not absolutely dependent upon
the GC for their formation. By contrast, the CD44" memory B
cell population was significantly reduced, suggesting that these
cells are likely progeny of the GC reaction (Figure S6C). To
further characterize the GC-derived memory B cells, we used
the S1PR2 genetic fate-labeling strategy that marks GC B cells
upon tamoxifen administration; after a primary immunization,
around 5% of B cells were S1PR2 fate mapped (Figure 6D).
The majority of RBD-binding B cells were found within the
S1PR2 fate-mapped B cell pool (Figure 6E), and these S1PR2-
labeled RBD* B cells were primarily of GC (GL7* CD38") or
CD44* memory phenotype (Figures 6F and 6G). Thus, loss of
GC B cells results in a significant reduction in antibody produc-
tion and a loss of class-switched, RBD-binding B cells following
vaccination. Despite this, some antigen-specific B cells are still
produced; for example, CD11c* atypical B cells within the spleen
are still generated, albeit at reduced numbers, indicating that not

Figure 3. Tfh cells are required for all IgD~ RBD-specific B cell subsets, except CD11c* B cells in the draining medial iliac lymph node
(A) Day 14 median flow cytometry plots for IgD staining of RBD* B cells, pre-gated on live, single, CD19* B220*, RBD" cells.
(B) Total number of RBD* B cells at indicated time point, p value shown is from comparison of the number of IgD~ RBD™ cells, bar height shows the mean, and the

error bars the standard deviation.

(C) IgD~ RBD™ B cell subsets were enumerated using the gating strategy as shown in Figure 1E.
(D) Schematic of experimental setup: S1pr25RT2-°® Rosa2651°P-10xRFP mice were immunized with ChAdOx1 nCoV-19 intramuscularly, followed by tamoxifen oral

gavage at 8 and 10 days post-immunization.
(E) Relative frequency of S1PR2-RFP fate-mapped Tth cells at day 14.

(F) CXCR5 and PD1 MFI of S1PR2-RFP~ and S1PR2-RFP* fate-mapped Tfh cells, respectively.
(G) Day 14 confocal microscopy from S7pr2fRT2-cr¢ Rosa26510P- 10X RFP ang S1pro*/* Rosa265toP-1oxRFP mice,
(

H) 40x objective zoom of highlighted area of (G).

(I) Zoom of highlighted area of (H) showing RFP and CD3 channels together and RFP/CD3 channels individually.
For (B) and (C), multiple Mann-Whitney tests per row were used, with p values corrected for multiple comparison analysis with the Holm-Sidék method. For (F),
Mann-Whitney tests were used. In dot plots, each symbol represents a biological replicate and the bar height the mean. Data are representative of two individual

experiments.
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Figure 4. Tfh-cell-mediated CD40L signaling is required for circulating RBD* B cells and serum immunity in humans

PBMC and serum were collected from a patient with a loss-of-function CD40L mutation (ACD40L) or from 3 healthy controls (HCs) after their second ChAdOx1
nCoV-19 vaccination or from 3 healthy controls who received their second MenACWY (Nimenrix) vaccine at indicated timepoints.

(A) Median flow cytometry plots for circulating RBD* IgD~ B cell staining, pre-gated on live, single, CD19* B220* cells at indicated time points for respective

groups.
(B) Frequency of IgD~ RBD™ B cells in the blood.

(C) SARS-CoV-2 neutralizing antibody titers in sera were determined by micro-neutralization test, expressed as reciprocal serum dilution to inhibit pseudotyped

virus entry by 80% (IC80). Dashed line represents lower detection limit.
(D) Serum anti-RBD IgG antibodies were quantified by ELISA.

In (B)-(D), symbols represent the mean, and error bars represent the standard deviation for the healthy controls that received either ChAdOx1 nCoV-19 (black) or

MenACWY (blue) vaccines.

all vaccine-reactive B cell subsets are dependent on the suc-
cessful formation of the GC.

GC B cells can be recalled into secondary GCs and GC-
Tfh cells can be recalled as Th1 cells following ChAdOx1
nCoV-19 prime-boost immunization

To determine how these GC-derived memory B cells are re-
called upon booster immunization, we assessed the fate of
S1PR2 fate-mapped cells after a prime-boost immunization
strategy (Figure 7A). One week post-boost, RFP* B cells were
detectable (Figure 7B) and unlike the primary immunization, in
which most of the GC B cells were RFP labeled, this was not
the case —suggesting that the secondary GC is indeed primar-
ily seeded by “new” cells (Figure 7C), consistent with previous
reports.*® It should be noted, however, that the majority of RFP-
labeled B cells present at day 49 did take on a GC B cell pheno-
type (Figure 7D), suggesting although most of the cells forming
secondary GCs are not rerecruited cells, the main fate of mem-
ory B cells that do not differentiate into plasma cells is to reenter
the GC. The RFP-labeled RBD* IgD~ B cell subsets consisted
of GC and CD44* CD11¢c™~ GC-derived memory B cell subsets
after both prime and boost vaccinations (Figures 7E and 7F).

8 Cell Reports Medicine 3, 100845, December 20, 2022

We also explored the generation of STPR2-RFP* plasma cells
and found that in the spleen, a significantly greater proportion
of plasma cells were RFP™ after boost compared with primary
immunization (Figure 7G). This suggests that memory cells
that were produced during the primary response play an impor-
tant role generating plasma blasts in subsequent responses,
facilitating the rapid production of antibodies upon booster im-
munization. The S1PR2 fate-mapping system enabled us to
track ex-GC-Tfh cells and determine their contribution to
booster immunization; =0.4% of all CD4" Foxp3~ cells were
S1PR2 fate mapped, with a similar proportion maintaining la-
beling during the recall response (Figure 7H). The majority of
Foxp3~ CD4 T cells labeled in the primary response were Tfh
cells (Figure 71), while in the secondary response, these were
recalled as either Tfh or as Th1 cells, indicating that GC-Tth
cells form multipotent memory cells that can be recalled
(Figures 7J and 7K).

DISCUSSION

In this study, we used a combination of antigen-specific B cell
staining and analysis of serum following ChAdOx1 nCoV-19
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vaccination to demonstrate that a functional GC is required for
effective humoral immunity to ChAdOx1 nCoV-19 immunization.
When either Tfh or GC B cells are removed, RBD-specific cells
are greatly reduced in frequency, and the functional capacity
of the resultant serum is diminished by two orders of magnitude.
These observations in mice were recapitulated in humans; a
patient with CD40L null mutation had no detectable RBD-spe-
cific B cells or serum neutralizing activity following vaccination;
this supports the concept that Tth cell functionality is required
for humoral immunity to ChAdOx1 nCoV-19. Genetic fate-map-
ping experiments showed the recall of both GC B and GC-Tth
cells in subsequent booster vaccinations. The majority of
S1PR2" GC B cells are recalled as GC B cells once again or
are differentiated into antibody-secreting plasma cells, while
GC-Tfh cells were recalled in a pluripotent capacity as either
Tfh cells again or as Th1 cells. Together, this study identifies
the key role for Tth cells and GC B cells as central mediators of
humoral immunity upon vaccination.

Tfh cells are thought to be essential for GC formation and
normal antibody responses following immune challenges.**
However, recent reports for SARS-CoV-2 infection, mRNA-
based vaccination for SARS-CoV-2, and work using influenza
A virus infection have shown the successful production of anti-
body in a Tfh-cell-deficient setting, calling into question their
indispensability.”>*® Such antibodies are likely produced
through the extrafollicular pathway, and the B cells responsible
may derive their T cell help from Th1 cells, as has been shown
for viral infection in the lung.*® Here, we likewise observe that
splenic IgM* RBD-binding B cells can form in the absence of
Tfh cells. Our data, in both humans and mice, demonstrate
that Tfh cells promote the selection and ampilification of B cells
specific for the immunogenic RBD domain required for SARS-
CoV-2 cell entry.”® Thus, our work builds on that of Chen
et al.,”®> demonstrating that after immunization, although a Tth-
cell-independent antibody can be generated, it is of a lower titer
compared with an antibody produced in Tfh-cell-competent
mice and thus provides less neutralizing capacity in our in vitro
assays. We further demonstrate that Tfh cells are required to
expand IgD~ RBD-binding B cells after vaccination.

Extrafollicular responses are seen in patients with chronic
autoimmunity, and patients with severe SARS-CoV-2 infection
also show evidence of increased extrafollicular B cell activity.*’
These patients are characterized with having an expansion of
CD11c* B cells; such cells are seen to have anti-viral properties

Cell Reports Medicine

in mouse models and are similarly expanded during advanced
age.®**® CD11¢* memory B cells are likely part of the normal
B cell response to vaccination, being present in both healthy in-
dividuals as well as those with malaria.’® RBD-specific CD11c* B
cells were present, in reduced numbers, in both Cd4°®"* B/
and Cd23°"** Bcl6™™ murine models described here, indicating
it is possible for these cells to be of extrafollicular origin despite
a previous report that these cells are Tfh cell dependent.®® Our
S1PR2-fatemapping studies also show CD11c* memory B cells
can derive from GC B cell precursors, consistent with our recent
human infleunza vaccination study.®' Taken together, these find-
ings demonstrate that CD11c+ memory B cells can arise from
both the extrafollicular and GC pathways. These cells were
also present in the spleen, suggesting that these atypical mem-
ory B cells may be disseminating through the circulation and
accumulating in the spleen, as reported in aged mice."?

In this study, we used an ipsilateral boost, and consistent with
another recent report, we found that primary-vaccination-
induced GC B cells can be recalled into secondary GCs.** Pre-
vious publications have shown that while memory B cells can
reseed GCs during subsequent challenges,® primary GC B cells
reentering a secondary GC is a relatively rare occurrence.* Our
data corroborate this; here, while a majority of labeled primary
GC B cells were recalled as secondary GC B cells, they repre-
sented a minority of total secondary GC B cells. Thus, the major-
ity of cells seeding the GC were new to the GC environment, and
memory B cells are rapidly recalled to become antibody-
secreting cells upon booster immunization.

In summary, our data suggest that the GC is indispensable
for the selection and proliferation of antigen-specific B cells
following ChAdOx1 nCoV-19 vaccination. Tfh cells support
this GC process, and loss of a Tfth-supported GC results in a
lowered serum titer and neutralization capacity in both mice
and humans. Genetic fate mapping demonstrates that GC
B cells from primary vaccination are recalled again as GC
B cells, GC-derived memory B cells, or plasma cells, while
GC-Tfh cells are recalled as either Tfh or Th1 cells. Together,
this demonstrates that the production of humoral immunity
to ChAdOx1 nCoV-19 requires effective GC activation in which
antigen-specific cells are selected and expanded. Thus,
further vaccine development should aim to optimize GC re-
sponses, for example through use of adjuvants®® and the
use of vaccine vectors, which produce long-lived persistent
memory responses.

Figure 5. GC B cells are required for effective serum immunity following ChAdOx1 nCoV-19 vaccination

(A) F.’ag2’/’ recipient bone marrow chimera mice experiment overview.

(B) Day 14 median flow cytometry plots for mILN GC B cell staining (gated as KI67* CD38"), pre-gated on live, single, CD19* B220* cells.
(C) Total number and relative frequency of mILN GC B cells after immunization at indicated time points.

(D) Day 14 median flow cytometry plots for mILN TFH cell staining, pre-gated on live, single, CD4* FOXP3~, CD44" CD62L" cells.

(E) Total number and relative frequency of mILN TFH cells after immunization at indicated time points.

(F) Day 14 confocal microscopy of mILNs from Cd23** Bcl6™" and Cd23°"®* Bcl6™" mice.

(G) Serum anti-spike and anti-RBD IgG antibodies at day 42 post-immunization.

(H) SARS-CoV-2 neutralizing antibody titers in sera were determined by micro-neutralization test, expressed as reciprocal serum dilution to inhibit pseudotyped
virus entry by 80% (IC80). Dashed lines represent upper and lower detection limits.

For each time point and condition, n = 5-7, respectively, per group. For (C) and (E), multiple Mann-Whitney tests per row were used, with p values
corrected for multiple comparison analysis with the Holm-Sidak method. For (G) and (H), Mann-Whitney tests were used. In bar graphs, each
symbol represents a biological replicate, bar height the mean, and the error bars the standard deviation. Data are representative of two individual
experiments.
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Figure 6. GC B cells are required for IgD~ RBD* B cell amplification and can be S1PR2 fate mapped

(A) Day 14 median flow cytometry plots for IgD staining of mILN RBD* B cells, pre-gated on live, single, CD19* B220*, RBD* cells.

(B) Total number of RBD™ B cells at indicated time points. p value shown is from comparison of the number of IgD~ RBD* cells, bar height shows the mean, and the
error bars the standard deviation.

(C) IgD~ RBD* B cell subsets were enumerated using the gating strategy as shown in Figure 1E.

(D) Day 14 median flow cytometry plot and relative frequency of S1PR2-RFP* fate-mapped B cells.

(E) Median flow cytometry plots of RBD staining and quantification of RBD* B cells in S1PR2-RFP* fate-mapped and S1PR2-RFP~ fate-mapped populations,
respectively.

(F) Median flow cytometry plots of RBD* S1PR2-RFP* fate-mapped B cell subsets.

(G) Mean frequency of RBD* S1PR2-RFP™ fate-mapped B cell subsets.

For each time point and condition, n = 5-7, respectively, per group. For (B) and (C), multiple Mann-Whitney tests per row were used, with p values corrected for
multiple comparison analysis with the Holm-Sidak method. For (E), a Mann-Whitney test was used. In dot plots, each symbol represents a biological replicate and
the bar height the mean. Data are representative of two individual experiments

Limitations of the study contribution vaccine-induced effector CD8 T cells make to viral
A limitation of the work presented here is the lack of viral chal-  clearance following subsequent infection. Rather, here, we mea-
lenge following vaccination to test vaccine efficacy. We are un-  sure antibody titer and function as a readout of humoral immunity
able to measure vaccination response metrics such as the as this is the focus of this study.
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Figure 7. S1PR2 fate-mapped GC B cells and GC Tfh cells are recalled in boost immunization as GC B cells, GC-derived CD44" memory B
cells and plasma cells, or Tfh and Th1 cells, respectively

(A) S1pratRT2-cre Rosa2651°P-loxRFP mice recall experiment overview.

(B) Relative frequency of S1PR2-RFP* fate-mapped mILN B cells at day 49.

(C) Relative frequency of S1PR2-RFP* fate-mapped mILN GC B cells.

(D) Relative frequency of GC phenotype within S1PR2-RFP* fate-mapped mILN B cells.

(E) Median flow cytometry plots of RBD* S1PR2-RFP* fate-mapped mILN B cell subsets.

(F) Relative frequency of RBD* S1PR2-RFP* fate-mapped mILN B cell subsets at days 14 and 49, respectively.

(G) Relative frequency of S1PR2-RFP* fate-mapped plasma cells.

(H) Relative frequency of S1PR2-RFP* fate-mapped CD4* FOXP3™ cells.

(I) Day 49 median flow cytometry plots of S1PR2-RFP* fate-mapped mILN FOXP3~ CD4* cell subsets.

(J) Relative frequency of S1PR2-RFP* fate-mapped mILN FOXP3~ CD4" cell subsets.

(K) Relative frequency of STPR2-RFP* fate-mapped mILN Th1 (TBET* CXCR3* CXCR5~ PD1~ CD44* CD62L~ FOXP3~ CD4") cells.

For each time point, n = 5. For (C), (D), (H), and (K), the Mann-Whitney test was used. For (G), multiple Mann-Whitney tests per row were used, with p values
corrected for multiple comparison analysis with the Holm-Sidak method. In (B)=(D), (G), (H), and (K), each symbol represents a biological replicate and the bar
height the mean. In (F) and (J), bar heights represent mean, and error bars represent the standard deviation. Data are representative of two individual experiments.
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Antibodies

BUV661 Rat Anti-Mouse CD19

APC/Fire™ 810 anti-mouse/human CD45R/B220 Antibody
Alexa Fluor® 647 anti-mouse/human Bcl-6 Antibody
Alexa Fluor® 700 anti-mouse Ki-67 Antibody

BUV496 Rat Anti-Mouse IgD

IgM Monoclonal Antibody (I1/41)

Alexa Fluor® 594 anti-mouse CD38 Antibody

Pacific Blue™ anti-IRF4 Antibody

Brilliant Violet 510™ anti-mouse/human CD44 Antibody
Brilliant Violet 785™ anti-mouse CD185 (CXCRS5) Antibody
PE/Dazzle™ 594 anti-T-bet Antibody

PE/Cyanine5 anti-mouse CD69 Antibody

Brilliant Violet 711™ anti-mouse CD138 (Syndecan-1) Antibody
BUV737 Rat Anti-Mouse CD62L

APC anti-mouse CD184 (CXCR4) Antibody

Brilliant Violet 605™ anti-mouse CD86 Antibody
PerCP/Cyanine5.5 anti-mouse CD183 (CXCR3) Antibody
BUV395 Hamster Anti-Mouse CD11c

CD279 (PD-1) Monoclonal Antibody (RMP1-30), FITC
FOXP3 Monoclonal Antibody (FJK-16s), PE-Cyanine5.5
PE/Fire(TM) 640 anti-mouse CD4 antibody
PerCP/Cyanine5.5 anti-mouse CD38 antibody

BUV615 Rat Anti-Mouse CD279 (PD-1)

Alexa Fluor® 594 anti-T-bet Antibody

Brilliant Violet 650™ anti-mouse CD183 (CXCR3) Antibody
BUV615 Mouse Anti-Human CD19

Spark NIR™ 685 anti-human CD20 Antibody

APC/Fire™ 750 anti-human IgD Antibody

Alexa Fluor® 488 anti-mouse/human GL7 Antigen
(T and B cell Activation Marker) Antibody

PE/Fire™ 640 anti-mouse CD38 Antibody

PE/Fire™ 810 anti-mouse CD11¢ Recombinant Antibody
PerCP anti-mouse/human CD44

Alexa Fluor® 700 anti-mouse IgD Antibody

Pacific Blue™ anti-mouse CD3 Antibody

Purified anti-mouse CD279 (PD-1) Antibody

Ki-67 Monoclonal Antibody (SolA15), FITC, eBioscience™

Goat anti-Rat IgG (H + L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 647

CD21/CD35 Monoclonal Antibody (eBio8D9 (8D9)),
Biotin, eBioscience™

Goat Anti-Mouse IgG- Alkaline Phosphatase conjugate
Goat anti-mouse IgG1-Alkaline Phosphatase
Goat anti-mouse IgG2a-Alkaline Phosphatase

el Cell Reports Medicine 3, 100845, December 20, 2022

BD Biosciences
BioLegend

BioLegend

BioLegend

BD Biosciences
Thermo Fisher Scientific
BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BD Biosciences
BioLegend

BioLegend

BioLegend

BD Biosciences
Thermo Fisher Scientific
Thermo Fisher Scientific
BioLegend

BioLegend

BD Biosciences
BioLegend

BioLegend

BD Biosciences
BioLegend

BioLegend

BioLegend

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Sigma-Aldrich
Southern Biotech
Southern Biotech

RRID: AB_2870243
RRID: AB_2860603
RRID: AB_2565299
RRID: AB_2564285
Custom conjugation
RRID: AB_467582
RRID: AB_2566435
RRID: AB_2814497
RRID: AB_2650923
RRID: AB_2563981
RRID: AB_2565677
RRID: AB_313113
RRID: AB_2562571
RRID: AB_2870155
RRID: AB_2562785
RRID: AB_11204429
RRID: AB_1186017
RRID: AB_2738580
RRID: AB_465467
RRID: AB_11218094
RRID: AB_2860585
RRID: AB_2563333
RRID: AB_2875871
RRID: AB_2728474
RRID: AB_2563160
RRID: AB_2875287
RRID: AB_2860775
RRID: AB_2616988
RRID: AB_2563285

RRID: AB_2890673
RRID: AB_2904307
RRID: AB_10639933
RRID: AB_2563341
RRID: AB_493645
RRID: AB_313418
RRID: AB_11151330
RRID: AB_141778

RRID: AB_466390

RRID: AB_11212223
RRID: AB_2794425
RRID: AB_2794494
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Goat Anti-mouse IgG2b-Alkaline Phosphatase

Goat anti-mouse IgG2c-Alkaline Phosphatase

Goat anti-mouse IgG3-Alkaline Phosphatase

Goat Anti-Human IgG Antibody, Alkaline Phosphatase conjugate

Southern Biotech
Southern Biotech
Abcam
Sigma-Aldrich

RRID: AB_2794541
RRID: AB_2794461
RRID: AB_10674160
RRID: AB_92427

Bacterial and virus strains

DH5a. Competent Cells
ChAdOx1 nCoV-19

ChAdOx1 OVA

Thermo Fisher Scientific

this manuscript

this manuscript

Cati#: 18265017

Van Doremalan Nature volume 586,
pages 578-582(2020)

N/A

Chemicals, peptides, and recombinant proteins

APC streptavidin

Alexa Fluor® 647 Streptavidin

Brilliant Violet 421™ Streptavidin

PE Streptavidin

PE/Cyanine7 Streptavidin

Streptavidin, Alexa Fluor™ 750 conjugate
Biotin >99% (HPLC), lyophilized powder
Ni-NTA Agarose

Tamoxifen

Peanut oil

Fixation Buffer

Scigen O.C.T. Compound Cryostat Embedding Medium
Normal Rat Serum

Goat serum

Bovine serum albumin

TritonX-100

Hydromount

Blocker Casein in PBS

Fetal Bovine Serum

Paraformaldehyde

Sucrose

p-Nitrophenyl Phosphate Substrate Buffer
SARS-CoV-2 FL-S protein

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

Thermo Fisher Scientific
Sigma-Aldrich

Qiagen

Sigma-Aldrich
Sigma-Aldrich

BD Biosciences
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

National Diagnostics
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

this manuscript

Cat#: 405207

Cat#: 405237

Cati#: 405225

Cati#: 405204

Cat#: 405206

Cat#: S21384

CAS Number: 58-85-5
Cat#: 30210

CAS Number: 10540-29-1
CAS Number: 8002-03-7
Cat#: 554655

Cati#: 23-730-625

Cati#: R9759

Cat#: G9023-10ML

CAS Number: 9048-46-8
CAS Number: 9036-19-5
Cat#: HS-106

Cati#: 37528

Cat#: F9665-500ML
Cat#: P6148

Cat#: S0389

Cat#: 487664

Graham et al.®

Critical commercial assays

EndoFree Plasmid Mega Kit
Zenon™ Alexa Fluor™ 532 Mouse IgG1 Labeling Kit

PEI MAX® - Transfection Grade Linear
Polyethylenimine Hydrochloride (MW 40,000)

eBioscience™ Foxp3/Transcription Factor Staining Buffer Set
Avidin/Biotin Blocking Kit

HiLoad Superdex 200 pg 16/600 column

Amicon® Ultra-4 Centrifugal Filter Unit

Qiagen
Thermo Fisher Scientific
Polysciences

Thermo Fisher Scientific
Vector laboratories
Sigma-Aldrich

Merck

Cat#: 12362
RRID: AB_2736944
Cat#: 24765

Cat#: 00-5523-00
Cat#: SP-2001
GE28-9893-35
Cat#: UFC801024

Deposited data

Experimental models: Cell lines
FreeStyle™ 293-F Cells
2.4G2 Hybridoma

ThermoFisher Scientific
ATCC

RRID: CVCL_D603
ATCC HB-197™

Experimental models: Organisms/strains

C57BL/6J-Rag2em3Lutzy/J

The Jackson Laboratory

RRID: IMSR_JAX:033526
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Oligonucleotides

Recombinant DNA

SARS-CoV-2 Spike BioBasic Wuhan strain QHR63290.2

BirA plasmid this manuscript N/A

RBD-avi-His plasmid this manuscript N/A

pcDNAS.1 Invitrogen Cat#: V79020

p8.91 plasmid (encoding for HIV-1 gag-pol) this manuscript N/A

CSFLW (lentivirus backbone expressing a firefly this manuscript N/A

luciferase reporter gene)

Human Angiotensin-converting enzyme 2 (ACE2) Addgene Plasmid#1786; RRID: Addgene_1786

expression plasmid

Software and algorithms

FlowJo v10.7 TreeStar RRID: SCR_008520
R (version 4.0.2) https://www.R-project.org/ RRID: SCR_001905
GraphPad Prism GraphPad RRID: SCR_002798
Glomax-Multi detection system Promega RRID: SCR_015575
Leica Application Suite X (LAS X) Leica RRID: SCR_013673
SOFTmax PRO Molecular Devices RRID: SCR_014240
Imaged v1.53 https://imagej.nih.gov/ij/ RRID: SCR_003070

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Michelle
Linterman (Michelle.Linterman@babraham.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report the original code.
® Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Human sample collection
Recruitment of the patient with CD40L deficiency was approved by the National Research Ethics Committee and Health Research
Authority (East of England — Cambridge Research Ethics Committee (““NIHR BioResource’ 17/EE/0025)).

Healthy controls were recruited as part of the COV001 and COV002 clinical trials, with all samples coming from the standard dose/
standard dose arm of the trials.® Briefly, healthy adult participants were enrolled after screening to exclude those with pre-existing
health conditions. Participants were randomly assigned 1:1 to receive ChAdOx1 nCoV-19 at a dose of 5 x 10'° viral particles
(standard dose), measured using spectrophotometry, or meningococcal group A, C, W, and Y conjugate vaccine (MenACWY) as
control.

Mouse housing and husbandry

C57BL/6 mice and genetically modified mice on the C57BL/6 background used in this study were derivatives of the following:
Rag2~'~ (The Jackson Laboratory, Stock No. 033526), Cd4°™°° Bcl6"™°" Tg(Fcer2a®®)®® and S1PR2ERT2-Ce%9 strains. Mice were
bred and maintained in the Babraham Institute Biological Support Unit. No primary pathogens or additional agents listed in the
FELASA recommendations were detected during health monitoring surveys of the stock holding rooms. Ambient temperature
was 19-21°C and relative humidity 52%. Lighting was provided on a 12 h light: 12 h dark cycle including 15 min ‘dawn’ and
‘dusk’ periods of subdued lighting. After weaning, mice were transferred to individually ventilated cages with 1-5 mice per cage.
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Mice were fed CRM (P) VP diet (Special Diet Services) ad libitum and received seeds (e.g. sunflower, millet) at the time of cage-clean-
ing as part of their environmental enrichment. All mouse experimentation was approved by the Babraham Institute Animal Welfare
and Ethical Review Body. Animal husbandry and experimentation complied with existing European Union and United Kingdom
Home Office legislation and local standards (PPL: PAD4AF812). All mice were immunised at between 8 and 12 weeks old, except
for bone marrow chimera experiments, for which mice were reconstituted between 8 and 12 weeks old, and immunised at
16-20 weeks old respectively.

Immunisation, tamoxifen gavage and tissue sampling

Mice were immunised in the right quadriceps femoris muscle with 50uL of either 108 infectious units of ChAdOx1 nCoV-19 or
ChAdOx1 OVA in phosphate buffered saline (PBS). Where indicated, mice were given an oral gavage of Tamoxifen dissolved in
ethanol, emulsified in peanut oil for a final concentration of 50 mg/mL, administered as 4 uL of tamoxifen per 1g of bodyweight.
At the indicated timepoints post vaccination, blood, the right mILN and spleen were taken for analysis.

Generation of fluorescent RBD-specific B cell probes

Biotinylated SARS-CoV-2 RBD monomers were generated as follows; BirA and RBD-avi-His plasmids were subcloned in DH5a
Competent Cells (Invitrogen™, Cat# 18265017) and purified using EndoFree Plasmid Mega Kit (Qiagen, Cat# 12381) following man-
ufacturer’s protocols. Then, biotinylated SARS-CoV-2 RBD with C-terminal Avi and hexahistidine tags was expressed by transient
co-transfection of RBD-avi-His and BirA expression plasmids in FreeStyle™ 293-F Cells (ThermoFisher Scientific Cat# R79007) us-
ing PEI MAX (Polysciences Cat# 24765). 1.2L of culture at a density of 1.0 x 10° cells/mL was supplemented with 175 mM biotin
(Sigma-Aldrich Cat# B4501) and transfected with 600 ng total DNA at a 4:1 ratio (RBD:BirA) using 12 mL PEI MAX (1 mg/mL). Culture
medium was harvested 6 days post-transfection and protein purified using Ni-NTA agarose beads (Qiagen Cat# 30210). Eluted pro-
tein was further purified by size-exclusion chromatography on a HiLoad Superdex 200 pg 16/600 column (Cytiva Cat# 28989335)
equilibrated in 1X PBS. Peak fractions were pooled, concentrated in a 10 kDa MWCO centrifugal filter (Merck Cat# UFC801024)
and snap frozen in liquid nitrogen.

RBD monomers were combined with fluorescently labelled streptavidin (BioLegend) at a 3.95:1 molecular ratio, to ensure complete
tetramerisation of streptavidin molecules. RBD was added to streptavidin in 10% increments, with a 10-min interval between each
addition, and was gently mixed throughout the tetramerisation process. Tetramerisation was carried out at room temperature, before
storage at 4°C.

Cell preparation and flow cytometry

A single cell suspension was prepared from cryopreserved human peripheral blood mononuclear cells (PBMC) samples as follows:
1 mL PBMC samples were defrosted in a 37°C water bath, and then immediately diluted into 9 mL of pre-warmed RPMI+10% Fetal
Bovine serum (FBS). Cells were washed twice with 10 mL of FACS buffer (PBS containing 2% FBS and 1 mM EDTA). Cells were then
resuspended in 500 pL of FACS buffer and cell numbers and viability were determined using a Countess™ automated cell counter
(Invitrogen). 5x10° viable cells were transferred to 96-well plates for antibody staining.

For murine flow cytometric staining a single cell suspension was prepared from either the mILN or half the spleen by pressing the
tissues through a 70 pm mesh and washing through with FACS buffer. Cell numbers and viability were determined using a CASY TT
Cell Counter (Roche). 2x10° cells were transferred to 96-well plates for antibody staining.

Cells were then washed once with FACS buffer, and stained with 100 pL of surface antibody mix (including RBD probes) for 2 h at
4°C. Cells were then washed twice with FACS buffer, and fixed with the eBiosciences Foxp3/Transcription Factor Staining Buffer
(#00-5323-00) for 30 min at 4°C. For experiments with S1PR2-RFP reporter mice, cells were instead fixed with 1% Paraformaldehyde
for 20 min at room temperature. Cells were then washed with 1x Permeabilisation buffer (eBioscience #00-8333-56) twice and
stained with intracellular antibody mix in permeabilisation buffer at 4°C overnight. For mouse cell staining, the permeabilisaton buffer
was supplemented with 20% 2.4G2 hybridoma (ATCC hb-197) tissue culture supernatant. Following overnight staining, samples
were washed twice with 1x permeabilisation buffer and once with FACS buffer and acquired on a Cytek™ Aurora. Cells for single
colour controls were prepared in the same manner as the fully stained samples. The antibodies used for surface and overnight stain-
ing are listed in the Key Resources Table.

Manual gating of flow cytometry data was done using FlowJo v10.7 software (Tree Star). tSNE, FlowSOM and heatmap analysis
were performed using R (version 4.0.2) using code that has previously been described.®°

Confocal microscopy staining and acquisition

Medial iliac lymph nodes were harvested, before being fixed in BD Cytofix™ Fixation Buffer (BD Biosciences) diluted 1:3 in PBS for
5 hat 4°C. Samples were then washed 3 times, by being submerged in 2mls of PBS. Following this, samples were gently dried with a
paper towel, and dehydrated by being submerged in a 30% sucrose solution (30 g sucrose in 100 mL PBS) for 18 h. Samples were
then gently dried with a paper towel, and embedded in Scigen O.C.T. Compound Cryostat Embedding Medium (ThermoFisher) as
previously published.®’ Samples were cut to 14 pM using a Leica CM3050 cryostat (Leica Biosystems) onto Superfrost Plus micro-
scope slides (VWR). A hydrophobic barrier was drawn using an ImmEdge® Hydrophobic Barrier PAP Pen H-4000 (Vector labora-
tories). All proceeding staining was performed in the dark. Samples were stained at room temperature for 2 h with 2% normal

Cell Reports Medicine 3, 100845, December 20, 2022 e4




¢ CelPress Cell Reports Medicine

goat serum (Merck), 1% Bovine serum albumin and 10% Rat serum (Merck) in PBS to block non-specific interactions. Samples were
then washed for 5 min in PBS +0.5% Tween 20 (PBS-T), then permeabilised with 2% TritonX-100 (Sigma Aldrich) in PBS for 30 min.
Samples were then washed for 5 min in PBS-T, and endogenous biotin/streptavidin interactions were blocked using the Avidin/Biotin
Blocking Kit (Vector laboratories) before being washed in PBS-T for 5 min. PD-1 was stained for using a two-step reaction at room
temperature (1.5hrs staining with Purified anti-mouse CD279 (PD-1) Antibody (BioLegend Cat # 109101), then washed in PBS-T,
followed by Goat anti-Rat IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647 (ThermoFisher Scientific) for 1 h.
Samples were then washed with PBS-T for 5 min. The remaining antibodies (CD3, CD35, B220, IgD and KIl67) were then added,
and stained for 16 h at 4°C. Samples were then washed with PBS-T for 5 min. Finally, samples were stained with Streptavidin, Alexa
Fluor™ 750 conjugate (ThermoFisher Scientific) for 1 h at room temperature. Samples were then washed twice quickly with PBS-T
followed by PBS, before being mounted with microscope cover slips (Thermo Fisher Scientific) using Hydromount mounting medium
(National diagnostics). Slides were imaged with a Leica STELLARIS 8 microscope and Leica Application Suite X (LAS X) software
(Leica microsystems) and processed using ImagedJ v1.53.

Enzyme-linked immunosorbent assay (ELISA)
Standardised ELISA was performed to detect SARS-CoV-2 FL-S, or SARS-CoV-2 RBD - specific antibodies in sera. MaxiSorp plates
(Nunc) were coated with 100 ng/well protein overnight at 4°C for detection of IgG, prior to washing in PBS/Tween (0.05% v/v) and
blocking with Blocker Casein in PBS (Thermo Fisher Scientific) for 1 h at room temperature (RT). Standard positive serum (pool of
serum with high endpoint titre against FL-S protein), individual serum samples, negative and an internal control (diluted in casein)
were incubated for 2 h at RT for detection of specific IgG. Following washing, bound antibodies were detected by addition of AP-
conjugated goat anti-mouse IgG or AP-conjugated goat anti-human IgG (Sigma-Aldrich) for 1 h at RT and addition of pNPP substrate
(Sigma-Aldrich). An arbitrary number of ELISA units were assigned to the reference pool and OD values of each dilution were fitted to
a 4-parameter logistic curve using SOFTmax PRO software. ELISA units were calculated for each sample using the OD values of the
sample and the parameters of the standard curve.

The IgG subclass ELISA were performed according to the protocol described above. In addition, all serum samples were diluted to
1 total IgG ELISA unit and then detected with anti-mouse IgG subclass-specific secondary antibodies (Southern Biotech or Abcam).
The results of the IgG subclass ELISA are presented as pie charts using OD values instead of the ELISA units used for the total IgG
ELISA.

Micro-neutralisation test using lentiviral-based pseudotypes bearing the SARS-CoV-2 spike

Lentiviral-based SARS-CoV-2 pseudotyped viruses were generated in HEK293T cells incubated at 37°C, 5% CO, as previously
described.®? Briefly, cells were seeded at a density of 7.5 x 105 in 6 well dishes, before being transfected with plasmids as follows:
500 ng of SARS-CoV-2 spike, 600 ng p8.91 (encoding for HIV-1 gag-pol), 600 ng CSFLW (lentivirus backbone expressing a firefly
luciferase reporter gene), in Opti-MEM (Gibco) along with 10 pL PEI (1 png/mL) transfection reagent. A ‘no glycoprotein’ control
was also set up using the pcDNA3.1 vector instead of the SARS-CoV-2 S expressing plasmid. The following day, the transfection
mix was replaced with 3 mL DMEM with 10% FBS (DMEM-10%) and incubated for 48 and 72 h, after which supernatants containing
pseudotyped SARS-CoV-2 (SARS-CoV-2 pps) were harvested, pooled and centrifuged at 1,300 x g for 10 min at 4°C to remove
cellular debris. Target HEK293T cells, previously transfected with 500 ng of a human ACE2 expression plasmid (Addgene, Cam-
bridge, MA, USA) were seeded at a density of 2 x 10% in 100 uL DMEM-10% in a white flat-bottomed 96-well plate one day prior
to harvesting SARS-CoV-2 pps. The following day, SARS-CoV-2 pseudotyped viruses were titrated 10-fold on target cells, and
the remainder stored at —80°C. For micro neutralisation tests, sera were diluted 1:20 in serum-free media and 50 pL was added
to a 96-well plate in triplicate and titrated 2-fold. A fixed titred volume of SARS-CoV-2 pps was added at a dilution equivalent to
10° signal luciferase units in 50 uL DMEM-10% and incubated with sera for 1 h at 37°C, 5% CO; (giving a final sera dilution of
1:40). Target cells expressing human ACE2 were then added at a density of 2 x 10* in 100 pL and incubated at 37°C, 5% CO,
for 72 h. Firefly luciferase activity was then measured with BrightGlo luciferase reagent and a Glomax-Multi+ Detection System
(Promega, Southampton, UK). Pseudovirus neutralisation titres were expressed as the reciprocal of the serum dilution that inhibited
luciferase expression by 80% (IC80).

QUANTIFICATION AND STATISTICAL ANALYSIS

All mouse experiments were performed either twice or three times with 3-8 mice per group. Data was first tested for gaussian dis-
tribution using a Shapiro-Wilk test. Then data that was consistent with a normal distribution was analyzed with either a Student’s t test
for comparing two data set, or one-way ANOVA test for data with multiple groups. If the data did not follow a normal distribution, then
a Mann-Whitney test was used for comparing two datasets and a Kruskal Wallis test for multiple comparisons. All p values shown are
adjusted for multiple comparisons where multiple tests were performed on the same data. Analyses were performed within the Prism
v9 software (GraphPad).
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