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Abstract

A range of current candidate AIDS vaccine regimens are focused on generating protective HIV
neutralizing antibody responses. Many of these efforts rely on the rhesus macaque animal model.
Understanding how protective antibody responses develop and how to increase their efficacy are
both major knowledge gaps. Germinal centers (GC) are the engines of antibody affinity
maturation. GC T follicular helper (GC Tfh) CD4 T cells are required for GCs. Studying vaccine-
specific GC Tfh cells after protein immunizations has been challenging, as antigen-specific GC
Tth cells are difficult to identify by conventional intracellular cytokine staining (ICS). Cytokine
production by GC Tfh cells may be intrinsically limited in comparison to other T helper effector
cells, as the biological role of a GC Tth cell is to provide help to individual B cells within the GC,
rather than secreting large amounts of cytokines bathing a tissue. To test this idea, we developed a
cytokine-independent method to identify antigen-specific GC Tfh cells. RNAseq was performed
using TCR stimulated GC Tth cells to identify candidate markers. Validation experiments
determined CD25 (IL2Ra) and OX40 to be highly upregulated activation induced markers (AlM)
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on the surface of GC Tth cells after stimulation. In comparison to ICS, the AIM assay identified >
10-fold more antigen-specific GC Tth cells in HIV Env protein immunized macaques (BG505
SOSIP). CDA4 T cells in blood were also studied. In sum, AIM demonstrates that antigen-specific
GC Tfh cells are intrinsically stingy producers of cytokines, which is likely an essential part of
their biological function.
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INTRODUCTION

The vast majority of vaccines are effective by inducing protective antibody responses (1).
The induction of high quality antibody responses is strongly dependent on the germinal
center response. A number of current HIV vaccine candidates being tested in macaques aim
to generate protective antibody responses against HIV/SHIV, with broadly neutralizing
antibodies (bnAbs) being the most lofty goal (2). HIV bnAbs are extensively somatically
mutated Abs by affinity maturation, implying a central role of germinal centers in bnAb
development (3, 4). Germinal centers are sites of intricate B cell and T cell interaction
necessary for the development of antibody affinity maturation and affinity matured memory
B cells (5). For vaccine development, a greater understanding of T follicular helper (Tfh)
CDA4 T cells and germinal center biology is needed (6-10). In the germinal center, GC B
cells bind antigen in proportion to the affinity of each B cell receptor for that antigen and
present it to GC Tth cells. A GC Tfh cell then provides ‘help’ in the form of survival,
proliferation, and/or differentiation signals to instruct a GC B cell (8, 11). In this way, higher
affinity B cells are selected by the GC Tfh cells to drive affinity maturation to the antigen.

Tth help to B cells is antigen-specific. However, most analysis of GC Tfh cells is not done in
an antigen-specific manner (12-17). In both humans and non-human primates, it is
extremely difficult to quantify antigen-specific GC Tfh cells (18-20). GC Tth cells generally
do not express Thl, Th2, or Th17 cytokines (21-23). GC Tfh cell production of IL-21, IL-4,
CXCL13, and CD40L are important mitogenic and differentiation factors provided to GC B
cells. Each of these factors are induced in GC Tfh cells at the mRNA level upon non-specific
stimulation (e.g. PMA/ionomycin), but robust cytokine protein expression after antigen
stimulation of GC Tfh cells has generally not been observed. Approximately, 0.1% or fewer
of GC Tth cells are generally identified as specific for the antigen of interest (19, 20). The
difficulty in identifying GC Tth cells by measuring cytokine production may be a
consequence of germinal center biology. To create competition among GC B cells, GC Tth
cells must discriminately provide ‘help’ signals only to GC B cells in a one-on-one manner.
It is this direct competition between the GC B cells for GC Tfh cell help which drives the
rapid evolution of affinity maturation in germinal centers. This biology is unlike other
effector T helper subsets, such as Thl or Th17 cells, which are frequently tasked to produce
large amounts of cytokines such as IFNy or IL-17 to recruit pro-inflammatory cells over
long distances. Therefore, we considered that perhaps GC Tth cells are intrinsically stingy
cytokine producers.
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MATERIALS AND METHODS

Macaque immunization

Macaques were immunized subcutaneously with HIV BG505 SOSIP.v5.2 [a version of
BG505 SOSIP.664 (2) that has been stabilized (24) and then further modified (Steven W. de
Taeye and R.W.S., manuscript in preparation)], or SIVgggo gp140 Env protein in Iscomatrix
or MPL (monophosphoryl lipid A) and R848 encapsulated PLGA [poly(lactic-co-glycolic
acid)] nanoparticles (25). A full description of the results of both vaccine trials will be
published elsewhere (C.H.-D. and S.C., manuscript in preparation; S.K. and B.P., manuscript
in preparation). All rhesus macaque study procedures were performed in accordance with
Emory School of Medicine Institutional Animal Care and Use Committee approved
protocols.

Macaque lymph node, spleen, and blood processing

Previously cryopreserved macaque LN, spleen or PBMC were used. Excisional LN biopsies
of inguinal LNs were conducted three weeks post immunization. Splenic tissue was obtained
at necropsy. LN or spleen were ground through 70 um strainers and washed with PBS.
Samples were centrifuged and treated with Ammonium-Chloride-Potassium (ACK) lysing
buffer (Lonza), if needed, and washed with R10. Blood was collected in EDTA tubes for
PBMC and plasma isolation by gradient centrifugation.

Human tonsil tissue

Previously cryopreserved human tonsil were used. Non-identifiable discarded tonsil tissue
was obtained from Rady Children’s Hospital, San Diego. Tonsil tissue was processed as
previously described (21). Informed, written consent was obtained from all human study
participants before enrollment in the human studies listed above and approved by the La
Jolla Institute Internal Review Board, the Institutional Review Board at Rady Children’s
Hospital, and the UCSD Institutional Review Board.

Flow cytometry

GC Tfh cells were characterized by flow cytometry as previously described in human tonsil
(21) or macaque lymph node (26). Cells were acquired on a BD Fortessa Analyzer using
FACSDiva™ software and analyzed with FlowJo v9.9. See Supplemental Table 1 for
antibody panels. A BD FACSAria was used for the cell sorting experiment in Figure 2.

RNA sequencing

Total draining LN cells from immunized macaques were either left unstimulated with no
exogenous antigen (n=3) or stimulated with 1 pg/ml SEB (Staphylococcal Enterotoxin B,
n=2) at 37°C for 6 hours. 2x10* to 5x10* CXCR5NPD-1M CD4* GC Th cells were sorted
from each sample. Total RNA was purified using miRNAeasy Mini Kit (Qiagen). Standard
quality control steps were included to determine total RNA quality using Agilent 2100
Bioanalyzer (RNA integrity number (RIN) >8.5; Eukaryote Total RNA Pico Kit, Agilent,
USA) and quantity using a nanoliter spectrophotometer (Nanodrop, Thermofisher, USA).
For each sample, 500 pg of total RNA was prepared into mRNA libraries. According to
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manufacturer’s instructions Clontech Ultralow HV Kit was used for cDNA synthesis,
followed by Illumina NexteraXT DNA Kit for library preparation. The resulting libraries
were deep sequenced using the Illumina HiSeq1000 system. Each sample was split into 2,
sequenced, and then pooled to obtain between 20 to 23 millions single-end reads per library.
Reads were aligned to the Norgren rhesus reference (UNMC_v7.6). RPKM values were
filtered by setting a cutoff value of 0.5 and a heat map generated with GenePattern (Broad
Institute). Fold change was calculated for the SEB stimulated group value over the
unstimulated group value and “qg” significance values (p values corrected for multiple
corrections) were determined.

Activation Induced Marker (AIM) assay

After thawing, cells were treated with DNase I (100 pg/ml, Stem Cell Technologies) for 15
minutes at 37°C and then rested at 37°C for 3 hours. After resting, the cells were separated
into three groups of 1x10° cells each: no exogenous stimulation (“—), antigen stimulation
(5 pg/ml BG505 Env protein and 5 pg/ml of each 15mer peptide of a peptide pool spanning
BG505 Env), or SEB (1 pug/ml) and incubated for 18 hours at 37° C. AIM-V serum-free
media (Gibco™ by ThermoFisher Scientific) was used for all steps above. Following
stimulation, the cells were stained for 1 hour: CD4 (L200 or OKT-4), CD5RA (5H9), OX40
(L106), CD20 (2H7), PD-1 (EH12.2H7), CD25 (BC96), CXCR5 (MU5UBEE) and
APCe780 fixable viability dye (see Supplemental Table 1). For PBMC samples, CD14
(61D3) and CD16 (eBioCB16) were included to gate out monocytes. For staining of human
tonsilar cells, PD-L1 (29E.2A3), CD83 (HB15e), and CD304 (12C2) were also used. The
cells were then washed, fixed with 1% formaldehyde, and acquired the same day. The
antigen-specific CD4 T cell frequency was determined by subtracting the frequency of
CD2570X40* cells in the no exogenous stimulation (“—") condition from the Env antigen
stimulation condition. Samples from animals receiving only adjuvant were used to set the
baseline response. A two-fold increase over the average response from the ‘adjuvant only’
animals was considered positive.

ICS Assay

Frozen cells were thawed, washed with AIM-V serum-free media, and treated with DNase
for 15 minutes at 37°C. The cells were then rested in AIM-V media at 37°C for 3 hours.
After resting, the cells were separated into three groups of 1x10° cells each: no exogenous
stimulation (“—"), antigen stimulation (5 pg/ml Env protein plus 5 pg/ml of each 15mer
peptide of an overlapping peptide pool spanning BG505 Env; each peptide overlapped by 10
amino acids), or SEB (1 pg/ml) and incubated for a total of 6 hours at 37°C. The
experiments shown in Figure S1 used a consensus Clade C Env peptide pool for stimulation
(NIH Aids Reagents Program). The final 4 hours of incubation were in the presence of 2
ug/ml Brefeldin A (Sigma). As a positive control, cells were stimulated with 25 ng/mL PMA
and 1 pg/mL ionomycin in the presence of brefeldin A for 4 hours. Previous experiments
determined that extending the incubation time from a total of 6 to 18 hours did not
substantially improve antigen-specific CD4 T cell detection by ICS. Following stimulation,
the cells were stained for surface markers CXCR5 (MU5SUBEE), CD4 (L200 or OKT-4),
CD20 (2H7), CD45RA (5H9), PD-1 (EH12.2H7), and APCe780 fixable viability dye for 30
minutes at 4°C (see Supplemental Table 1). The cells were fixed with 1% formaldehyde for
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Statistics

20 minutes at 4°C, permeabilized with 0.5% saponin (Sigma, S7900) buffer, and stained
intracellularly with CD40L (24-31), IL2 (MQ1-17H12), TNF (both MAb11), IL21 (3A3-
N2), and IFNy (45.B3) for 30 minutes. The cells were then washed, fixed with 1%
formaldehyde, and acquired the same day.

The two tailed Mann-Whitney test was used for evaluating differences among groups. The
Wilcoxon test was used to evaluate differences between time points for the same individuals.
The Friedmen test, considered a repeated measure non-parametric one-way ANOVA test,
was used to analyze the data in Figure 7D. Prism 5.0 (GraphPad) was used for all statistical
analyses.

RESULTS

Few antigen specific GC Tfh cells are detected by intracellular cytokine staining

Germinal center Tfh cells, together with GC B cells, are induced in draining secondary
lymphoid organs after exposure to foreign antigen. After rhesus macaques were immunized
with SIVEgggg gp140 protein and adjuvant, GC Tfh cells were found at greater frequencies in
the draining LN in comparison to the non-draining LN (Figure 1A). Proportional increases
in GC B cells were observed as well (manuscript in preparation). The large increase in GC
Tth cells in the draining LN was consistent with the likely scenario that the GC Tth cells
were specific to the gp140 immunogen. However, conventional ICS assay failed to identify
the GC Tth cells as gp140-specific. 0.1% or fewer of the GC Tth cells were identifiable as
immunogen-specific by ICS, using different combinations of CD40L and TNF, IFNy, or
IL-21 flow cytometry panels (Figure 1B). GC Tfh cells were capable of expressing CD40L,
IL-21, and TNF when stimulated with PMA and lonomycin (Figure 1B). Since GC Tth cells
help GC B cells in an antigen-specific manner and the vast majority of the GC Tfh cells
induced by immunization were not identified as antigen-specific by the cytokines analyzed
in the ICS assay, we hypothesized that the ICS assay was failing to identify immunogen-
specific GC Tth cells.

Identification of candidate markers to detect antigen-specific GC Tfh cells

GC Tfth cells provide signals to specific GC B cells in one-on-one interactions. Lack of large
scale cytokine synthesis by stimulated GC Tfh cells was unlikely to be due to lack of T cell
activation, as GC Tfh cells exhibit rapid TCR signaling upon cognate interactions with B
cells in GCs (27, 28). Therefore, we took a global approach to identify gene expression
changes induced in GC Tfh cells upon TCR stimulation. Cells from draining lymph nodes of
immunized macaques were stimulated with SEB or left non-stimulated for 6 hours and then
GC Tfh cells were isolated by multiparameter fluorescence cell sorting (Figure 2A).
RNAseq was performed on the isolated cells and gene expression of non-stimulated and
stimulated GC Tth cell populations were compared (Figure 2B). From a total of 11,733
mapped genes, we identified 288 upregulated and 174 downregulated genes in stimulated
versus unstimulated GC Tth cells (Figure 2C). Mapped RNAseq traces of CD40L, CD69,
and CD25 before and after stimulation are shown as examples of genes induced in GC Tfh
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cells by TCR stimulation (Figure 2D). In sum, GC Tth cells respond to TCR stimulation
with extensive gene expression changes.

TCR induced genes in antigen-specific GC Tfh cells

Among upregulated genes, we observed TCR stimulation dependent increases in known
activation induced genes CD69 and CD40L, supporting the potential identification of GC
Tth activation markers useful for detecting antigen-specific GC Tth cells. Candidate targets
(shown in Table I) were selected based on a combination of four criteria: 1) highest fold
change between stimulated and unstimulated conditions (Figure 2E), 2) high absolute
expression by RPKM (Reads Per Kilobase Million) after stimulation, 3) secreted or surface
molecule, and 4) availability of a monoclonal antibody for flow cytometry analysis.

RNA of multiple cytokine genes were upregulated more than 2.0-fold in GC Tth cells after
TCR stimulation, including TNF, IL-2, IFNy, and IL-21 (Table I). Compared to TNF, IFNy
was minimally expressed after PMA/ionomycin (Figure 1B). Of the few IFNy* cells within
the GC Tfh gate (CXCR5" PD-1M), most were closer in phenotype to a mantle Tfh
(CXCR5INt PD-1int) phenotype, indicating that these IFNy* cells are not representative of
GC Tfh cells (data not shown). While differential expression of IL-2 was detected by RNA-
seq, IL-2 protein production came from 2% of SEB stimulated GC Tth cells (Figure S1).
Since cytokine genes differentially expressed by RNAseq were not reliable identifiers of
TCR stimulated GC Tth cells, we investigated whether TCR activation-induced surface
molecules may be more reliable identifiers of antigen-specific GC Tth cells.

For many differentially expressed genes identified by RNAseq, antibodies suitable for NHP
flow cytometry were not available for validation of protein expression. Therefore, initial
validation screening was done analyzing human GC Tfh cells from tonsils, a lymphoid tissue
rich in germinal centers and GC Tth cells. CD69 was identified in the RNAseq as one of the
top upregulated genes, and is widely used as a T cell activation marker. Effector CD4 T cells
(CXCR5") in the tonsil are CD69!° and markedly upregulated the protein after TCR
stimulation. However, GC Tfh cells already expressed high levels of CD69 prior to
stimulation, and little change in CD69 expression at the protein level was detected after
stimulation (Figure 3A), precluding its use as an activation marker to identify antigen-
specific GC Tth cells /n vitro. CD200, an immunoregulatory molecule used to identify
mouse, human, and macaque GC Tfh cells (12, 29), was excluded for the same reason
(Figure 3B). These surface molecules already present on GC Tth cells were not sufficiently
up-regulated after activation to accurately distinguish antigen-specific GC Tfh cells.

Surprisingly, we observed up-regulation of the IL2a receptor, CD25, on GC Tth cells after
TCR stimulation (q < 0.005, Figure 2C). IL-2 is an inhibitor of murine Tfh differentiation,
and CD25 is minimally expressed on differentiating Tfh cells ex vivo (30-33). Surface
expression of CD25 protein on GC Tfh cells activated /n vitro was minimal at 6 hours after
stimulation, but showed large increases at =18 hours (Figure 3C). At 18 hours post
stimulation, a robust 2 log increase in MFI was observed with ~60% of the GC Tth cells
expressing CD25 (Figure 3C and D). CD25 protein expression was also up-regulated on
CXCRS5" PD-1n follicular mantle Tfh (mTfh) and CXCR5™ effector CD4 T cells from
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both lymphoid tissue and PBMC, with similar kinetics (Figure S2). In summary, CD25 was
validated as an /n vitro marker of GC Tfh cell activation.

Additional proteins potentially responsive to GC Tfh cell TCR stimulation were examined.
PD-L1 was one such candidate (11.1-fold increase, q < 0.005; Fig 2C, Table I). As GC Tfh
cells are high expressers of PD-1, expression of the ligand PD-L1 by T cells after
stimulations was unexpected. PD-L1 expression by GC Tth cells progressively increases to
~35% after 18 hours of stimulation, with a 1 log MFI increase (Figure 3C and D). PD-L1
was co-expressed with CD25 on activated GC Tth cells (Figure 3C).

More heterogeneous increases in CD83*, a Siglec binding protein, and NRP-1* (CD304), a
Tth associated gene (34), were observed on GC Tth cells after TCR activation (Figure 3C
and 3D). Few cells co-expressed CD83 and NRP-1, while virtually all CD83* or NRP-1*
positive cells co-expressed CD25 (data not shown). A separate study of human GC Tfh cell
activation revealed OX40 as an additional candidate marker (35). OX40 was not identified as
a candidate molecule in the macaque RNAseq, possibly due to the relatively short 6 hr
stimulation used (36, 37).

The most promising candidate markers were then reassessed with rhesus macaque GC Tth
cells from immunized animals. Detectable increases in the expression of CD25, CD83, and
OX40 were observed after rhesus GC Tfh cell stimulation, although CD83 MFI increases
were limited (Figure 3F). No increase was detected for PD-L1 and CD304 on rhesus GC Tfh
cells post stimulation (data not shown). Lack of PD-L1 detection on activated GC Tfh cells
was likely due to poor cross-reactivity of available anti-PD-L1 mAb to rhesus macaque PD-
L1, as minimal PD-L1 was detectable on any cell type (data not shown). Using CD25 and
CD83 as activation markers, we were able to identify a population of HIV Env-specific GC
Tth cells from the draining LN of immunized macaques in preliminary experiments (data
not shown). However, the most robust and reproducible detection of TCR stimulated GC Tth
cells was observed for OX40 and CD25. Thus, utilizing OX40 and CD25 co-expression may
function as an activation induced marker (AIM) technique to detect antigen-specific GC Tth
cells in NHPs in a cytokine-independent manner.

Comparison of AIM and conventional ICS assays in NHP

The AIM technique was then assessed for detection of antigen-specific GC Tfh cells. Eight
LN samples were tested from a new cohort of rhesus macaques immunized with BG505
SOSIP HIV Env trimers. By AIM assay, robust populations of Env-specific GC Tfh cells
were detected in response to BG505 Env stimulation (CD25%0X40*, Figure 4A). SEB
stimulation was used as a positive control (Figure 4A). By ICS, CD40L*IFNay* BG505
Env-specific GC Tfh cells were undetectable (Figure S3A). A small population of antigen-
specific GC Tfh cells were detectable as CD40L*TNF* (Figure 4A and 4B). The magnitude
of the GC Tfth cell responses detected using AIM were >10-fold higher than the responses
detected by conventional ICS (Figure 4B). Thus, the majority of antigen-specific GC Tfh
cells in protein immunized macaques do not make sufficient cytokine to be detectable based
on conventional cytokine staining.
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In some LN samples, low frequencies of CD25*0X40" GC Tth cells were also detected in
the absence of exogenous antigen (‘—*) condition (Figure 4A). Given that ongoing GCs
depend on antigen, these GC Tth cells may be antigen-specific cells responding to antigen
residually present in the LN preparation. Consistent with this conclusion, such signals in the
absence of exogenous antigen were not observed when peripheral blood cells were used,
wherein no antigen is present (see below). Nevertheless, as a conservative calculation of
antigen-specific GC Tfh cells, the frequency of AIM* cells in the absence of exogenous
antigen was subtracted as potentially background signal. Raw results are shown in
Supplementary Figure 3B.

Antigen-specific GC Tfh cells in the primary draining lymph node

We next quantified the BG505 Env-specific GC Tth cell response in 28 primary draining
lymph nodes of macaques immunized with BG505 SOSIP Env. AIM* GC Tfh cell responses
were detected in 24 of 28 LNs, based on the criterion that positive responses are two-fold
greater than the average response of ‘adjuvant only’ animals. The frequency of Env-specific
cells ranged from 1% to 15% of GC Tth cells (Figure 5A). To test the specificity of the AIM
assay, we then tested samples from the draining lymph nodes of macaques immunized with
adjuvant only (BG505 Env protein was not included in the immunization). As expected, few
GC Tfh cells were generated in these animals (data not shown). In the adjuvant-only
immunized animals, the few GC Tfh cells and the total LN CD4 T cell population showed
virtually no AIM response to BG505 Env above the control ‘no exogenous antigen’
condition (Figure 5A and 5B). Therefore, the frequency of CD2570X40* GC Tfh cells
among total CD4* T cells was dramatically higher in immunized versus adjuvant only
immunized animals (Figure 5C). In sum, AIM is both a highly sensitive and specific assay to
detect antigen-specific GC Tth cells in rhesus macaques.

Detection of non-Tfh CD4 T cells using the AIM assay

To expand the potential utility of the AIM assay, we investigated its ability to identify total
non-Tfh (CXCR5™) CD4 T cells responses in draining lymph nodes after immunization,
putatively including Thi, Th2, and Th17 cells. BG505 Env-specific CXCR5™ CD4 T cells
were detected in BG505 Env-immunized animals (Figure 6A and 6B). In some samples, the
control ‘no exogenous antigen’ condition showed a population of AIM* cells, which again
was likely due to the presence of antigen in the LN from the immunization. Thus, detection
of antigen-specific CD4 T cells among both CXCR5* and CXCR5~ CD4 T cells indicates
that AIM can be used as a cytokine-independent method to identify NHP antigen-specific
CDA T cells irrespective of T helper differentiation state.

Detection of antigen-specific CXCR5" CD4 T cells in peripheral blood

GC Tfh cells and GC B cells do not circulate in blood. However, there is a population of
CXCR5* CD4 T cells present in peripheral blood. These blood CXCR5" CD4 T cells can be
broadly divided into two groups: resting memory Tfh cells and activated CXCR5™ cells
induced upon immune activation (38-41). While memory Tfh cells express low or
intermediate levels of PD-1 and low levels of ICOS, the activated CXCR5™ cells are
identifiable by high expression of both PD-1 and ICOS. This population of activated
CXCR5* cells is likely heterogeneous, consisting of recently activated Tfh cells coming
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from or transiting to the LN, and recently activated cells only transiently expressing CXCR5
(8, 39, 42).

We assessed whether antigen-specific CXCR5* CD4 T cells in the blood could be detected
in immunized macaques using AIM. No CXCR5* CD4 T cell responses were detected to
BG505 Env using baseline blood samples taken before immunization (Figure 7A). AIM
identified antigen-specific CXCR5" CD4 T cells in blood, one week after a booster
immunization (Figure 7A and B). In a group of 11 immunized animals, antigen-specific
responses were detectable in the majority of animals (81%), with a range of 0.2 to 4% of
CXCR5* CD4 T cells identified as Env-specific (Figure 7B). Total CD4* T cells BG505
Env-specific responses were also quantified using the AIM assay (Figure S3C and D). The
AIM assay outperformed ICS in a head-to-head comparison for detection of antigen specific
CDA T cells in PBMC (Figure 7C and 7D). Therefore, in addition to the detection of
antigen-specific GC Tfh and non-GC Tfh CD4 T cell in lymphoid tissue, AIM can also be
used to detect CXCR5™ and total CD4™" antigen-specific CD4 T cells in blood.

DISCUSSION

Tth cells are recognized as critical contributors to immune responses generated in the
settings of immunization, infectious disease, allergy, and autoimmunity. However, the means
to specifically identify and quantify antigen-specific GC Tfh cells has been elusive. The non-
human primate experimental animal model is an essential tool for understanding primate
immunology, and HIV vaccine research depends heavily on the rhesus macaque model (10,
43). Previous NHP studies have generally had difficulty detecting antigen-specific GC Tth
cell responses after immunization or infection when using a standard ICS assay and
quantifying antigen-specific cell by cytokine production. Here we show that antigen-specific
GC Tfh cells are “stingy” cytokine producing cells, likely focusing small amounts of
cytokines and other help signals to individual GC B cells. Therefore, we have developed a
cytokine-independent AIM assay to identify and quantify antigen-specific GC Tth cells by
upregulation of CD25 and OX40.

The AIM assay detects far more antigen specific GC Tfh cells than conventional ICS in
macaques immunized with HIV Env. This indicates that after immunization, antigen-specific
GC Tfth cells are far more abundant than previously shown and that this is likely due to
meager cytokine production by GC Tfh cells after TCR stimulation. Even the AIM assay is
likely to underestimate the true frequency of antigen-specific GC Tth cells, considering the
numerous negative regulators of TCR activation expressed by GC Tfh cells. PMA and
lonomycin stimulation, by-passing the TCR, induces large frequencies of cytokine
production by GC Tfh cells. This suggests that cytokine production by GC Tth cells is more
restrained in response to TCR signaling than other T cell populations. To identify antigen-
specific GC Tth cells, a more sensitive assay was needed.

The AIM methodology can be used to monitor vaccine-specific responses from both GC Tth
cells and other CD4 T cell populations. Importantly, human tonsil sorting experiments
showed that CXCR5 and PD-1 expression profiles were maintained on GC Tfh cells and
mTfh cells (35). The AIM assay can also be used to identify antigen-specific CXCR5* cells
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circulating in blood. Subsets of blood CXCR5* CD4 T cells have been associated with
autoimmune antibodies (41), anti-influenza Ab responses after vaccination (40), and the
ability of rare HIV* individuals to generate broadly neutralizing antibodies against HIV
(39). Memory CXCR5* Tth cells found in circulating blood are resting cells. When assayed
in vitro, these resting memory cells are much more capable of producing detectable
quantities of cytokines than GC Tth cells isolated from ongoing germinal centers. Indeed,
cytokine production was observed to a greater extent by macaque memory CD4 T cells in
blood, 6 weeks after the final vaccination. Nevertheless, the AIM assay still identified higher
frequencies of antigen specific circulating memory Tth cells than conventional ICS. Thus,
we have confirmed that upregulation of CD25 and OX40 can be used to quantify antigen
specific CD4 T cells in NHP blood (44), and that this method can be extended to also
quantify blood CXCR5* Tfh cells. Furthermore, the AIM assay can also be used to study
human blood samples, as CD25*0X40* antigen-specific CD4 T cells have been identified
against numerous antigens in human blood (45). Pairing immunogen-specific detection of
Tth cells in the blood with quantitation of plasma CXCL13, a biomarker of lymphoid tissue
germinal center activity (26), could potential greatly aid in the evaluation and understanding
of vaccine induced antibody responses in macaques and humans.

Upregulation of CD25 and OX40 encompassed the broadest set of antigen-specific NHP GC
Tth cells in comparison to other markers, such as PD-L1, CD83, and NRP-1. Nevertheless,
the diversity of upregulated surface molecules after stimulation suggests varying functional
abilities of different subsets of GC Tfh cells. Using surface markers to identify antigen
specific GC Tth cells has the advantages of a live cell assay, in that these cells can be FACS
sorted for further downstream analyses, such as RNAseq or TCR sequencing. Antigen-
specific GC Tth cell subsets expressing various surface markers may have distinct functions
that can now be investigated. IL-2 signaling can disturb human Tth cells (46) presumably
through CD25 signaling. OX40-OX40L interactions have been associated with lupus in
humans (47). PD-L1 expression on GC Tfh cells was unexpected, but it has been observed
on activated CD4 T cells in blood from HIV* individuals (48). In the GC, given the high
concentration of GC Tfh cells in the GC light zone, PD-L1 expression by GC Tth cells after
TCR stimulation may contribute in trans to the highly-constrained proliferative phenotype of
GC Tth cells. Subsetting antigen-specific GC Tfh cells with these and other markers could
yield important insights into potential GC Tfh cell diversity and how to best to direct the GC
response during immunization regimen.

In summary, the AIM assay is an excellent method for detecting antigen-specific GC Tth
cells in non-human primates, which will provide a valuable means of monitoring the
immune responses responsible for generating protective an antibody responses by
vaccination.
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Figure 1. Failure of |CS assay to detect antigen-specific GC Tth cells
A. Lymph node cells from SIVgggg gp140 Env protein + adjuvant [PLGA (MPL and R848)]

immunized macaques 1 week after the 3rd immunization. Cells are gated on total CD4* T
cells. PD-1NCXCR5" GC Tth cell are shown in the oval gate. Representative data of 1 of 8
animals are shown. B. Cytokine expression by GC Tfh cells in an ICS assay. Cells incubated
with no exogenous antigen added are marked by “—”. Alternatively, cells were incubated
with consensus clade C ENV peptides or PMA+lonomycin. Representative data from 1 of 8
animals are shown.
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Figure 2. RNAseq of stimulated GC Tfh cellsto identify candidate activation induced markers
A. Lymph node cells from Env protein + adjuvant immunized macaques were either left

unstimulated or stimulated with SEB for 6 hours without golgi or vesicle transport
inhibitors. B. PCA analysis of unstimulated and SEB stimulated samples. C. Volcano plot
showing fold change of stimulated vs unstimulated genes with associated q values. Genes
with 2-fold change and g < 0.01 were considered positive. Example genes of interest are
labeled. D. RNAseq tracks of unstimulated and SEB stimulated samples at gene loci of
interest (from Integrative Genomics Viewer). E. The top 50 upregulated genes in SEB
stimulated vs unstimulated samples.
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Figure 3. Characterization of candidate GC Tfh cell activation markers
A. Expression of CD69 on human tonsil CD4 T cells left unstimulated (marked by “—") or

stimulated with SEB for 6 hours. A population of CXCR5™ cells upregulates CD69 after
SEB stimulation (oval gates). B. Expression of CD200 on human tonsil CD4 T cells,
unstimulated “—* or stimulated with SEB for 24 hours. C. Kinetics of PD-L1, CD25,
CD304, and CD83 surface expression on human tonsil GC Tfh cells following stimulation
with SEB over the course of 24 hours. The unstimulated “—* condition was analyzed after
24 hours of incubation; it is not an ex vivo analysis. D. Frequency of single positive CD25-,
PD-L1-, CD83-, and CD304-expressing cells in C. Data are from 2 samples, except for
CD304 (n=1). E. CD83, 0X40, and CD25 expression on GC Tfh cell-gated rhesus macaque
spleen or LN cells left unstimulated (marked by “—") or stimulated with SEB for 24 hours.
Data are from 2 samples.
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Figure 4. Comparison of ICSand AIM assaysfor detection of immunogen-specific GC Tfh cells
A. BG505 Env-immunized rhesus macaque lymph node cells were split into two groups for

the AIM and ICS assays. Assays were compared by evaluation of no exogenous antigen
added condition (marked as “—"), an BG505 Env stimulation condition (marked as “BG505
Env”), and a SEB stimulation condition. The “BG505 Env” stimulation condition consisted
of both whole Env protein and pooled, overlapping BG505 peptides, which was previously
determined to be superior to either stimulation alone. The cells in the AIM assay were
stimulated for 24 hours; cells in the ICS assay were stimulated for a total of 6 hours. Plots
are gated on live, CD20~ CD4* PD-1" CXCR5" GC Tth cells. B. Quantitation of antigen-
specific GC Tth cells by ICS (n=3) and AIM (n=8) assays. Potential background signals
(quantified from the “—" condition) may be true antigen-specific cells responding to antigen

already present in the LN preparation from the immunization /n7 vivo, but here were

subtracted from BG505 Env responses to be conservative. Raw data are shown in Figure

S3B.
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Figure 5. Quantitation of immunogen-specific GC Tfh cellsin a cohort of BG505 Env-immunized
macaques

A. Frequency of AIM* (OX40*CD25%) BG505 Env-specific GC Tth cells from the draining
LNs of either adjuvant-only immunized or adjuvant + BG505 Env protein-immunized
macaques. Dotted line indicates two times the average response from LN of ‘adjuvant only’
animals. B. Lack of the AIM responses for BG505 Env in total CD4* cells in draining lymph
nodes from adjuvant-only immunized rhesus macaque LNs. C. Frequency of AIM*
(OX40*CD25%) BG505 Env-specific GC Tfh cells from the draining LNs of either adjuvant-
only immunized or adjuvant + BG505 Env protein-immunized macaques in panel A shown
as a percent of total CD4 T cells. Potential background signals (“—" condition) were
subtracted from BG505 Env responses.
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Figure 6. AIM assay detection of immunogen-specific non-Tfh cells
A. BG505 Env-specific responses with the AIM assay among non-Tfh (CXCR57) CD4 T

cells from LN cells of immunized animals. B. Frequency of the AIM* (OX40*CD25%)

BG505 Env-specific non-Tfh CD4 T cells as in A. Potential background signals (“—”
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condition) may be true antigen-specific cells responding to antigen already present in the LN

preparation from the immunization /n7 vivo. Data are from 23 inguinal LN samples.
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Figure 7. AIM assay detection of immunogen-specific CD4 T cellsin blood
A. BG505 Env-specific responses detected with the AIM assay among CXCR5* CD4 T cells

from PBMC of immunized animals. PBMC from a pre-immunization time point (data from
one representative animal of 3) and 1 week after the 41 immunization time point are shown
(one representative animal of 11). B. Frequency of BG505 Env-specific responses in the
AIM assay by CXCR5* CD4 T cells from macaque PBMC one week after the 4t
immunization. C. PBMC obtained from BG505 Env-immunized rhesus macaques at five
weeks after the final immunization were split into two groups for AIM assay and ICS assay
comparisons. Assays were compared by evaluation of a condition in which no exogenous
antigen was added (marked as “—), an immunogen stimulation condition (incubation with
BG505 Env whole protein and peptides, marked as “BG505 Env”), and a SEB stimulation
condition. The cells in the AIM assay were stimulated for 24 hours; cells in the ICS assay
were stimulated for 6 hours. Plots are gated on total CD4* T cells and compare the AIM
assay markers OX40*CD25* to ICS markers CD40L*IL-21". D. Quantitation of antigen-
specific total CD4™ T cells from macaque PBMC identified by the AIM assay
(OX40*CD25%) versus IL-21*CD40L*, TNF* CD40L*, or IFNy* CD40L* by ICS assay
(n=4).
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Table |

Macaque GC Tfh cell RNAseq targets of interest.

Cytokines’Chemokines

Tracking ID | SEB/nostim | RPKM
L2 14.2 173
LTA 7.8 1343
1L10 5.9 32
TNF 5.8 150
IFNG 3.8 43
1L21 29 129
CCL22 7.8 277
CCL4 6.0 587
Surface markers

TrackingID | SEB/nostim | RPKM
NRP1 14.7 27
CD274 111 97
TNFRSF9 6.9 634
CD69 4.6 475
ICAM1 34 62
CD83 34 208
IL2RA 3.1 696
CTLA4 2.6 377
TNFSF8 2.6 415
CD40LG 25 628
CD200 24 567
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