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SUMMARY

While gaining interest as treatment for cancer and infectious disease, the clinical
efficacy of VY9V32 T cell-based immunotherapeutics has to date been limited. An
improved understanding of yd T cell heterogeneity across lymphoid and non-
lymphoid tissues, before and after pharmacological expansion, is required.
Here, we describe the phenotype and tissue distribution of VY9V32 T cells at
steady state and following in vivo pharmacological expansion in pigtail ma-
caques. Intravenous phosphoantigen administration with subcutaneous rhiL-2
drove robust expansion of Vy9V32 T cells in blood and pulmonary mucosa, while
expansion was confined to the pulmonary mucosa following intratracheal antigen
administration. Peripheral blood Vy9V32 T cell expansion was polyclonal, and
associated with a significant loss of CCR6 expression due to IL-2-mediated recep-
tor downregulation. Overall, we show the tissue distribution and phenotype of
in vivo pharmacologically expanded Vy9V32 T cells can be altered based on the
antigen administration route, with implications for tissue trafficking and the clin-
ical efficacy of Vy9Vd2 T cell immunotherapeutics.

INTRODUCTION

Vy9V32 T cells have garnered significant interest as immunotherapeutics for both cancer and infectious dis-
ease. These cells recognize prenyl pyrophosphate antigens (“phosphoantigens”) derived from microbial
pathogens or host cells during times of stress. Vy9V32 T cells have a diverse functional repertoire including
direct cytolysis, proinflammatory cytokine production, and antigen presentation.” Vy9Va2 T cells can be
readily expanded pharmacologically, with their MHC-unrestricted nature opening the possibility for “off-
the-shelf” therapeutic products.’*~ Multiple studies in preclinical animal models have reported promising
results for both in vivo Vy9V82 T cell immunotherapy and adoptive transfer. However, clinical efficacy in
small human trials has been limited to date."® Improving this efficacy will likely require a multifactorial
approach, including refinement of treatment protocols to selectively expand clinically effective subsets
of the bulk Vy9V3d2 T cell population, and an improved understanding of Vy9V3d2 T cell tissue trafficking
and retention.

While Vy9V32 T cells uniformly respond to phosphoantigens, they exhibit substantial phenotypic and func-
tional heterogeneity. Distinct human Vy9V32 T cell subsets can be defined based on expression of CCRé,
CD26, CD94, and granzyme B (GzmB), which differentiate cytokine-responsive cells from cytotoxic sub-
sets.””” Whether distinct subsets can be selectively expanded in vitro or in vivo is poorly understood. Simi-
larly, there are gaps in understanding of the tissue distribution and retention of pharmacologically
expanded Vy9Vd2 T cells. In humans, Vy9Vd2 T cell expansion in the blood has been well documented
following in vivo stimulation,'®"> while in-vitro-expanded Vy9V52 T cells can be found in the blood
following adoptive transfer.'®?" In contrast, reports of Vy9V52 T cell trafficking to other tissue sites in hu-
mans are sparse. Nonhuman primate (NHP) studies have provided some evidence for Vy9Vd2 T cell tissue
trafficking to the lungs,””?’ gingival mucosa,”” and rectal mucosa” after expansion or adoptive transfer. It
is likely that successful Vy9Va2 T cell-based immunotherapy will require trafficking of expanded cells to tis-
sue sites of disease, and retention for a sufficient amount of time to exert a therapeutically beneficial effect.

4')

o

"Department of Microbiology
and Immunology, University
of Melbourne, at the Peter
Doherty Institute for Infection
and Immunity, Melbourne,
VIC 3000, Australia

?Monash Animal Research
Platform, Monash University,
Clayton, VIC 3800, Australia

3Melbourne Sexual Health
Centre and Department of
Infectious Diseases, Alfred
Hospital and Central Clinical
School, Monash University,
Melbourne, VIC 3004,
Australia

“Lead contact

*Correspondence:
jennifer.juno@unimelb.
edu.au

https://doi.org/10.1016/j.isci.
2023.106269

Creskor iScience 26, 106269, March 17, 2023 © 2023 The Authorf(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:jennifer.juno@unimelb.edu.<?show $132#?>au
mailto:jennifer.juno@unimelb.edu.<?show $132#?>au
https://doi.org/10.1016/j.isci.2023.106269
https://doi.org/10.1016/j.isci.2023.106269
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106269&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

rt

CD45 —p
SSC-A—p

Live/Dead —P

75 P

FSC-A—p

CD20 —p
B Vy9+V52+ T-cells (o
Vy9V52* T-cells
Total CD3* T-cells —_ ® Vy9+Va2+
] 100 H * ] Vy9V52*T-cells 100 ° v§9-vs2-
P | E Vy9V52- T-cells 2 80+
. [} 10 ° = [
] L ? ] 4 i $ °
A ] systeest 1 F 0 kx| .
1 ] 1 el ; ; fa
3 .- V‘ .,(‘_) ® | o o E ' (&) 40 °
" . 201 o | - © S s °° o
] AR : P 27 Iy
o SE— 0.01 T - T T © v R T T
v ’ ) ) Q Q R
KGRIl AR RS
&£ & F PP
3 Y
(I:b x
S P ®
SIS oY
D Human NHP E *kk
] ] y9*V§2* T-cells 100 k %k
3 3 v9'V82- T-cells ® =
3 80 °
IL ol®
?K\J‘ 60 (A
5404 , o 8
- L]
=
5 20 ;r? ;:{.:
=013 2
I I I I
¥ ¥ oF
xélg & élg lgre CD26*NKG2A-
© q:c", qS3 © CD26*NKG2A*
TSP CD26'NKG2A*
CD26-NKG2A-
F Vy9V52-

% of max count
#
% of max count
P
% of max count
%
% of max count
F
% of max count
>

CXCR3 IL-18R "DNAM
100 % 1500 kXK 100 *
80 - . . 804 ° a
b ° ™ -
& 60 [ = 1000 T . 604 " $ g
%40 & ; % z 40
= ° I 500 o ',‘ = °
20 ¢ L ,I, 20 o
0 1 1 T 7 0 1 1 1 1 0 1 1 1 1
COBCT S o S el - v
KK F K P F
CEEE @@ E CE@EE
N RS A AN D
0‘7/ ’]33 Q"fzb Q’ffb Q"/ ‘19 orls) Qq"b er‘:o Q° 0’1:0 0,19
FPPFO PP O PSSO

2 iScience 26, 106269, March 17, 2023



iScience ¢? CellPress
OPEN ACCESS

Figure 1. Peripheral blood VY9V32 T cell frequencies and phenotypes

(A) Representative flow cytometry gating strategy to identify CD3" Vy9V32 T cells in cryopreserved PTM samples.

(B) Representative FACS plot and frequencies of V32" T cells, Vy9*V32" T cells, and VY9 V32" T cells, as a percentage of the total CD3" T cell population in
peripheral blood mononuclear cells from adult male pigtail macaques (Macaca nemestrina). The FACS plot shows Vy9*V32* T cells (magenta), VY9 V32"
T cells (cyan), and total CD3" T cells (black).

(C) Representative FACS plot and frequencies of naive (Ty; CD287CD957), central memory (Tcy; CD287CD95%), and effector memory (Tgy; CD28~CD95™)
T cells. Plot shows Vy9*V32" T cells (magenta) and VY9 V32 T cells (black).

(D) Representative FACS plots illustrating CD26 expression with CD94 (human) or NKG2A (pigtail macaque) expression, on peripheral blood Vy9V32 T cells.
(E) Frequencies of CD26/NKG2A expression on peripheral blood Vy9V32 T cells in pigtail macaques.

(F) CCR5, CCR6, CXCR3, IL-18R, and DNAM-1 expression on peripheral blood Vy9V32 T cells relative to CD26 and NKG2A co-expression.

Each point on the graphs represents an individual animal for each blood sample. Lines and error bars indicate median and interquartile range. All analysis
was performed on cryopreserved PBMC samples (n = 8-12 animals from 6 to 7 independent experiments). Statistics assessed by two-tailed Wilcoxon test
(B and C), Friedman test with Dunn’s multiple comparisons correction (E), or Kruskal-Wallis test with Dunn’s multiple comparisons correction (F). *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

A better understanding of Vy9Vd2 T cell tissue trafficking, and how different expansion protocols may
impact tissue trafficking, will aid in developing novel Vy9V32 T cell immunotherapies with improved clinical
efficacy.

One major limitation to studying Vy9Va2 T cells is the lack of relevant animal models, largely due to the lack
of functional V9, V32, and/or relevant butyrophilin genes in most laboratory animal models.”® NHPs are a
well-suited animal model to study Vy9Vd2 T cells in vivo since they naturally develop Vy9V32 T cells and
there is a growing sophistication in reagents and resources available for NHP immunology research. How-
ever, characterization of the NHP Vy9V32 T cell population remains sparse, including identifying phenotyp-
ically and functionally distinct subsets analogous to humans.

In the present study, we evaluate the phenotype and clonality of Vy9Vd2 T cells in pigtail macaques
(Macaca nemestrina; PTM) at steady state and following in vivo pharmacological expansion. PTMs are valu-
able preclinical animal models for multiple infectious diseases that are relevant for Vy9Vd2 T cell-based
therapies, including influenza,”” " HIV/Mycobacteria tuberculosis (Mtb) co-infection,** and malaria.*
We find that phosphoantigen delivery to the airways can target in vivo Vy9Vd2 T cell expansion in the lungs,
with minimal changes in peripheral blood Vy9V82 T cell frequencies. In addition, we show that phosphoan-
tigen and recombinant human IL-2 (rhIL-2)-mediated in vivo expansion is associated with a loss of CCRé
expression in peripheral blood Vy9V82 T cells while maintaining Vy9Vd2 T cell clonal diversity.

RESULTS

Circulating PTM and human Vy9V32 T cells are phenotypically similar

While NHP Vy9V32 T cells are known to be phosphoantigen-reactive,® it is unclear the extent to which
circulating PTM Vy9V32 T cell populations recapitulate the phenotypic and functional diversity of human
cells.” To assess this, we analyzed Vy9V82 T cell frequencies and phenotype in cryopreserved peripheral
blood mononuclear cells (PBMCs) from 8 to 12 adult PTMs (Figure 1A). Peripheral blood V32" T cell fre-
quencies were variable at 0.08%-11.5% (median: 1.19%, interquartile range [IQR]: 0.6-2.72%) of the total
CD3™ T cell population (Figure 1B). As expected, the majority of V32" T cells co-expressed Vy9 (median:
1.04% of CD3" T cells, IQR: 0.51%-2.17%), with a less frequent Vy9 V32" T cell population (median:
0.09% of CD3" T cells, IQR: 0.07%-0.2%, p = 0.0425) (Figure 1B). The low frequency of VY9 V32" T cells,
relative to Vy9*V82* T cell frequencies, is consistent with human peripheral blood V82" T cell patterns.®>¢
PTM peripheral blood Vy9V32 T cells primarily exhibited a central memory-like (Tcp; CD287CD95*; me-
dian: 67.9%, IQR: 35.5%-75.7%) or effector memory-like phenotype (Tgp; CD287CD95; median: 31.2%,
IQR: 19.5%-52.9%), with a minimal naive population (Figure 1C). These patterns are analogous to human
Vyovs2 T cells.”-3728

Key phenotypic and functional Vy9Va2 T cell subsets can be defined based on CD26/CD94 co-expression in
humans (Figure 1D),” and we therefore investigated if similar phenotypic subsets could be identified in
PTMs. Although antibodies to detect CD94*” in NHPs are not available, we utilized an antibody to
NKG2A as a surrogate marker, which dimerizes with CD94 on human Vy9Va2 T cells.” PTM Vy9Va2 T cells
were predominately CD26*NKG2A* (median: 55.7% of Vy9Vd2 T cells, IQR: 48.7%~75.4%; Figure 1E).
In humans, CD26/CD9%4 expression on peripheral blood Vy9Vd2 T cells is variable and donor dependent,
though the CD26"CD94" subset tends to predominate in adults (comprising ~38% of the total Vy9Va2
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Figure 2. Frequencies and phenotypes of pigtail macaque tissue VY9V32 T cells

Vy9Vd2 T cell frequencies and phenotypes were evaluated in peripheral blood mononuclear cells (PBMC), inguinal lymph nodes/tracheobronchial lymph
nodes (ILN/TBLN), mesenteric lymph nodes (MLN), spleen, thymus, lung, liver, small intestine (SI), and large intestine (LI).

(A) Representative VY9Vd2 T cell frequencies in paired cryopreserved PBMC and tissue samples from an adult male pigtail macaque. CD3" Vy9V32 T cells
were identified based on the flow cytometry gating strategy illustrated in Figure 1A. FACS plots show Vy9V32 T cell (magenta) and bulk CD3* T cells (black).
(B) Frequencies of CD28"CD95™ (naive; Ty), CD28"CD95" (central memory; Tenm), CD287CD95™ (effector memory; Tev), and CD28 CD95~ Vy9Vs2 T cells in
peripheral blood and tissue sites.

(C) Frequencies of CD26 and NKG2A expression of peripheral blood- and tissue-derived Vy9V32 T cells.

(D) Representative histograms and frequencies of CD69 expression on peripheral blood- and tissue-derived Vy9Vd2 T cells.
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Figure 2. Continued

(E) Representative histograms and frequencies of TNFa and IFNy expression in peripheral blood- and tissue-derived Vy9V32 T cells, following a 16 h in vitro
stimulation with HMB-PP. In vitro stimulation was performed as described in the method details. Cytokine production frequencies were calculated following
background subtraction using paired unstimulated control samples.

(F) Representative histograms and median fluorescence intensities (MFI) of granzyme B (GzmB) expression in peripheral blood- and tissue-derived Vy9Va2 T
cells at steady state. Additional tissue phenotyping data presented in Figure S1.

Each point on the graphs represents an individual animal for each tissue sample. Lines and error bars indicate median and interquartile range. All analysis
was performed on cryopreserved samples (n = 2-6 animals depending on tissue availability and cell recovery, from 2 to 5 independent experiments).
Statistics assessed by Kruskal-Wallis test with Dunn’s multiple comparisons correction (Aa dn D-F). *p < 0.05, **p < 0.01.

population).” Consistent with observations in human cohorts,” CD26*NKG2A*~ Vy9Va2 T cells expressed
higher levels of the cytokine and chemokine receptors CCR5, CCR4, CXCR3, and IL-18R, relative to
CD26"NKG2A*~ Vy9Va2 T cells (Figure 1F). In contrast, expression of DNAM-1, a cell adhesion molecule
associated with cytotoxicity, was highest in CD26"NKG2A™ Vy9V32 T cells. In general, we find the pheno-
typic features of human peripheral blood Vy9V32 T cells are largely conserved across PTMs and humans.

Tissue distribution of PTM Vy9V32 T cells

While VY9Vd2 T cells predominately reside in the peripheral blood, they can traffic to inflamed tissue
sites.”” However, information on Vy9V32 T cell frequencies and phenotypes across different tissue sites
is limited. We evaluated the frequency and phenotype of PTM Vy9V82 T cells in PBMCs and paired tissues
from 2 to 6 PTMs, including lymph nodes, spleen, thymus, lung, liver, small intestine, and large intestine.
Vy9Va2 T cell frequencies were highest in the liver (median: 2.9% of CD3" T cells, IQR: 1.5%-4.0%), lung
(median: 0.99% of CD3™ T cells, IQR: 0.4%-2.7%), and spleen (median: 0.8% of CD3" T cells, IQR: 0.2%—
1.7%) (Figure 2A). In contrast, low Vy9Vd2 T cell frequencies were found in the small intestine (median:
0.0% of CD3"* T cells, IQR: 0.0%-0.2%), large intestine (median: 0.04% of CD3" T cells, IQR: 0.0%-0.3%),
and thymus (median: 0.2% of CD3" T cells, IQR: 0.06%-0.5%).

Assessment of PTM Vy9V32 phenotype across tissue sites

Across the peripheral lymphoid tissues, thymus, lung, and liver, PTM Vy9V32 T cells predominately ex-
pressed a Tcy surface phenotype (Figure 2B). In addition, Vy9V3d2 T cells in the lymph nodes, thymus,
lung, and liver were predominately CD26"NKG2A", like peripheral blood Vy9Vd2 T cells (Figure 2C).
Similar to blood Vy9Vd2 T cells, VY9Vd2 T cells across all the tissue sites exhibited high expression of
CCRS5, CCR6, CXCR3, and IL-18R; an exception being CCR6" Vy9V32 T cell frequencies in the lungs (median
CCR6 expression 50.5% of Vy9Vd2 T cells, IQR: 20.5%-55.5%), which were reduced relative to the other tis-
sue sites, but not statistically different (Figure STA). PTM Vy9Vd2 T cells from all tissue sites expressed high
frequencies of the transcription factor PLZF, which is associated with human Vy9V52'*" and other uncon-
ventional T cells**** (Figure S1B). As expected, CD&9 expression was lowest on peripheral blood and
lymph node Vy9Vd2 T cells, while pulmonary and hepatic-derived Vy9Vd2 T cells expressed high levels
of CD&9, consistent with its role in identifying tissue-resident lymphocytes (Figure 2D).**** Despite reports
of T follicular helper (Tgy)-like CXCR5™ Vy9V32 T cells in blood and peripheral lymphoid tissues of hu-
mans,* we found minimal evidence for CXCR5* Vy9V32 T cells in PTMs (Figure S1C). PTM Vy9Vd2 T cells
also exhibited low Bclé expression, the canonical Tey transcription factor.*” Thymic Vy9Va2 T cell Bclé
expression was relatively increased compared to the other tissue sites, which may be a necessity for thymic
Vy9Vd2 T cell development as with invariant natural killer T cells and mucosal-associated invariant T cells
(MAIT cells).*

Functional capacity of tissue-specific VY9Vd2 T cells

Given that PTM Vy9Va2 T cells express both CXCR3 (a T1-associated marker) and CCRé6 (a Ty17-associ-
ated marker),”” we next assessed cytokine production profiles across tissue sites via in vitro phosphoanti-
gen stimulation. PTM Vy9V32 T cells showed high TNFa and IFNy expression following (E)-1-Hydroxy-2-
methyl-2-butenyl 4-pyrophosphate (HMB-PP; 20 ng/mL) stimulation (Figure 2E) with minimal IL-17A or
GM-CSF expression (Figure S1D), which is consistent with previous Vy9V52 T cell studies in humans®”>?
and NHPs.?%%%°2 Across all sites, Vy9Va2 T cells expressed high levels of Eomes, with variable T-bet expres-
sion (Figure STE); these two transcription factors are associated with Ty 1 conventional T cell differentiation,
consistent with the observed TNFa and IFNy expression.”” Altogether, PTM Vy9V32 T cells express high
levels of cytokine and chemokine surface receptors, as well as a Ty1 cytokine profile following phosphoan-
tigen stimulation. This surface receptor and cytokine profile is consistent with an “innate-like effector”
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transcriptional profile present in human Vy9Va2 T cells.*’ Additionally, unlike conventional Ty17 cells, we
see dissociation between CCR6 and IL-17A expression.

DNAM-1°%%> and GzmB’ are both important markers for mediating cytotoxic activity against target cells
and may be relevant in the context of Vy9V32 T cell-based immunotherapies. DNAM-1 expression in
PTM Vy9V32 T cells was variable across the tissue sites and between individuals (Figure STF). Pulmonary
(median: 13.7% of Vy9Vd2 T cells, IQR: 6.0%-18.0%) and thymic (median: 14.1% of Vy9Vd2 T cells, IQR:
9.3%-22.1%) Vy9Vd2 T cells exhibited reduced DNAM-1 expression relative to other anatomic sites, which
could indicate reduced cytolytic function of steady-state Vy9Vd2 T cells in these tissue sites. Likewise,
GzmB expression was markedly reduced in all tissue-derived Vy9Vd2 T cells relative to peripheral blood
Vy9Va2 T cells (Figure 2F).

Antigen administration route influences the tissue distribution of in-vivo-expanded Vy9V32 T
cells

Given the steady-state presence of Vy9Vd2 T cells across multiple tissues, we next evaluated the impact of
in vivo pharmacological expansion in a small (n = 7) macaque study designed to probe the phenotype and
function of expanded Vy9Vd2 T cells across multiple sites, with an emphasis on pulmonary tissue trafficking.
Adult male PTMs were treated with 1 of 4 different antigen treatment protocols (n = 1-2 per group; Fig-
ure 3A, Table 1) along with recombinant human IL-2 (rhIL-2) to stimulate in vivo VyY9Vd2 T cell expansion.
The group 1 treatment protocol (Zoledronic acid monohydrate [Zol] intravenous [IV]) models commonly uti-
lized in vivo Vy9V32 T cell expansion protocols in previous human clinical trials.”***” The group 3 treat-
ment protocol (HMB-PP IV and intratracheal [IT]) was designed to give the highest probability of in vivo
Vy9Va2 T cell expansion in the airway mucosa, by utilizing a phosphoantigen that very potently activates
Vy9V52 T cells administered systemically and directly in the respiratory tract.”” Groups 2 (Zol IT) and 4
(IPP IT) were included to evaluate if antigens that are less potent at activating Vy9Vd2 T cells, relative to
HMB-PP, can induce in vivo Vy9V32 T cell expansion in the pulmonary mucosa when instilled directly in
the respiratory tract. Whole blood, bronchoalveolar lavage (BAL) fluid, lymph node biopsies, and rectal
mucosal biopsies were collected at regular time intervals and compared to baseline samples to evaluate
the change in VY9V32 T cell phenotype and function (Figure 3A; gating strategy to identify Vy9V32 T cells:
Figure 3B).

Significant Vy9Vd2 T cell expansion was observed at day 4 post antigen administration in the blood
(range: 12.2%-28.0% of CD3" T cells across groups 1 and 3) compared to pre-expansion frequencies
(range: 0.27%-1.25% of CD3" T cells across groups 1 and 3) and was primarily restricted to animals
that received intravenous antigen (Figure 3C). This was preceded by a transient decrease in Vy9Vd2 T
cell frequencies at day 2, similar to what has been observed in in vivo expansion studies with anti-butyr-
ophilin 3A (BTN3A) monoclonal antibody immunotherapy.®’ This decrease may reflect redistribution from
the blood to other tissue sites, or may be due to activation-induced T cell receptor (TCR) downregula-
tion.®” By day 8 post antigen administration, peripheral blood Vy9V32 T cell frequencies had returned to
baseline levels, indicating that the pharmacological expansion in the peripheral blood was relatively
transient.

In tissue sites, VY9V32 T cell expansion was identified in the BAL fluid of all 4 groups at day 8 post antigen
administration (Figure 3D). The magnitude of change in Vy9Vd2 T cell frequency was considerably variable
across the groups, with group 3 having the largest increase in VY9Vd2 T cell frequencies (range: 10.81%—
14.86% of CD3" T cells at day 8 compared to 3.95%-6.81% at day 7), and group 2 having the smallest
increase (range: 3.25%-7.72% of CD3" T cells at day 8; 2.23%-6.09% at day 7). In addition, pulmonary
Vy9Vd2 T cell frequencies remained elevated in 4/7 macaques out to day 22 post antigen administration,
suggesting a level tissue retention not observed in the peripheral blood. In contrast to the respiratory tract,
no significant change in Vy9V32 T cell frequencies was observed in the peripheral lymph node or rectal
mucosa with any of the treatment groups (Figure 3E). Vy9Vd2 T cell frequencies were low in all animals’
pre-treatment (Lymph node: 0.08%-0.87% of CD3" T cells at day 7; Rectal mucosa: 0.04%-0.45% of
CD3" T cells at day 7) and remained consistently low throughout the observation period. These results
show that changes to the antigen and route of administration can alter Vy9V32 T cell tissue distribution,
with the potential for lung retention. In addition, we see that robust VY9V32 T cell expansion in the blood
does not necessarily translate to distribution in tissue sites, an important consideration for Vy9Va2 T cell
immunotherapies.
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Figure 3. In vivo VY9V32 T cell expansion following antigen and rhiL-2 treatment

(A) 7 pigtail macaques were treated with 1 of 4 different antigen treatment regimens along with rhIL-2 (0.8 x10° IU subcutaneously 24 h for 5 days) to
stimulate in vivo Vy9V32 T cell expansion (1-2 animals per antigen treatment group). Peripheral blood mononuclear cells (PBMC), bronchoalveolar lavage
fluid (BAL), rectal mucosal biopsies (Rectal Bx), and inguinal lymph node biopsies (LN Bx) were collected at the indicated timepoints pre- and post-antigen
administration. Diagram created with BioRenderer.com.

(B) CD3" VY9V32 was identified from fresh PBMC and tissue samples using the indicated gating strategy.

(C) Representative FACS plots (Group 1) and frequencies of peripheral blood Vy9V32 T cells pre- and post-antigen and rhIL-2 treatment.

(D) Representative FACS plots (Group 1) and frequencies of Vy9V32 T cells in the BAL pre- and post-antigen and rhIL-2 administration.

(E) VY9Vd2 T cell frequencies in rectal mucosa and inguinal lymph node biopsy samples pre- and post-antigen and rhiL-2 treatment.

Each point on the graphs represents an individual animal from each timepoint. Dotted red lines indicated the start of antigen and rhiL-2 treatment. Data
collected from 1 experiment. IV; Intravenous, IT: Intratracheal.
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Table 1. Animal and treatment group information for in vivo expansion trial

Animal ID Age (yrs) Weight (kg) Antigen rhiL-2
Group 1 NM11 16 18.6 Zoledronic acid monohydrate (0.2 mg/kg 1V) 0.8x10° IU SC, q24 h for 5 days
NM89 14 211
Group 2 NM88 14 13.6 Zoledronic acid monohydrate (0.5 mg, IT)
NM283 7 11.1
Group 3 NM251 9 13.8 HMB-PP (1 mg/kg IV + 0.25 mg IT)
NM295 7 8.6
Group 4 NM269 8 12.0 IPP (0.5 mg IT)

Loss of CCR6 expression on in-vivo-expanded peripheral blood Vy9V32 T cells

We next evaluated if our in vivo expansion protocols caused significant changes in peripheral blood and
pulmonary Vy9Vd2 T cell phenotype. A reduction in Teu-like VY9V82 T cells was observed across all 7
animals in the study between day 4 and day 8 (p = 0.0334), with a concurrent increase in Tgy phenotype
(p = 0.015) (Figure 4A). This shift corresponds with contraction of the peripheral blood Vy9V32 T cell pop-
ulation in groups 1 and 3 animals. A transient increase in CD69 expression was observed at day 2 post an-
tigen administration (Figure 4B), which likely reflects T cell activation following antigen and rhiIL-2 admin-
istration and is consistent with findings from other Vy9V32 T cell expansion trials.®"** While CCR5 and
CXCR3 expression remained high throughout the observation period, there was a very substantial
loss of CCR6 expression within the expanded peripheral blood Vy9Vd2 T cells at day 4 (range: 10.4%—
28.6% of Vy9Vd2 T cells) across groups 1 and 3 compared to pre-expansion frequencies (range: 86.3%—
90.1% of Vy9V82 T cells at day 0) (Figure 4C). This effect was relatively transient, as most cells regained
CCR6 expression by day 15 post antigen administration. In addition, a transient loss of CCRé expression
was also seen in the group 2 animals at day 4 (range: 13.1%-28.3% of Vy9Vd2 T cells; 77.3%-84.0% at
day 0), despite a lack of robust expansion in the blood, suggesting the loss of CCRé expression is not
dependent on expansion. Likewise, a transient increase in GzmB expression was observed in expanded
Vy9Va2 T cells relative to baseline levels (Figure 4D).

In the BAL, expanded Vy9Vd2 T cells had a mixed Tcm/Tem expression pattern, with considerable intra-in-
dividual variability across the groups (Figure S2A). In all animals, antigen administration was associated
with a mild, progressive increase in Ty Vy9Vd2 T cell frequencies, with a corresponding decrease in
Tem VY9V32 T cells (p = 0.0485). Similar to the peripheral blood Vy9Va2 T cells, increased CD69 expression
was observed in expanded BALVY9V32 T cells, which was maintained throughout the observation period in
6/7 animals (Figure S2B), corresponding with the observed tissue retention within the pulmonary tree.
In contrast to circulating Vy9Vd2 T cells, BAL-derived cells maintained relatively constant expression of
CCR5, CXCR3, CCR4, and GzmB (Figures S2C and S2D). Both CCRé6 (range: 38.3%—72.6% of VY9Vd2 T cells
at day 7) and GzmB (median fluorescence intensities [MFI]: 89.9-116 at day 7) expression were reduced in
BAL Vy9Vd2 T cell compared to paired peripheral blood samples, with no significant or consistent change
following antigen administration. In summary, we see that in vivo pharmacological expansion can cause
significant phenotypic changes in peripheral blood Vy9V32 T cells, which may impact effector functions
in a therapeutic setting. Furthermore, we see evidence of persistently increased tissue-resident
Vy9Vd2 T cells in the airway mucosa following both IV and IT antigen administration, with no persistent
changes in their phenotypic profiles from pre-expanded samples. These changes may be important
when considering trafficking and functionality in different tissues.

Comparable in vitro expansion of CCR6* and CCR6" Vy9V32 T cells

Given that CCRé defines a functionally and transcriptionally distinct Vy9Vd2 T cell population in hu-
mans,””** we explored whether the phenotypic changes of in-vivo-expanded cells were due to preferential
proliferation of the CCRé" subset. To address this question, we performed in vitro expansions with sort-pu-
rified CCR6" or CCR6 PTM VY9V32 T cells cultured with autologous, V32-depleted PBMCs (Figures 5SA-5C,
sort gating strategy: Figure S3). Between 2,865 and 209,300 sorted CCR6" and CCR6™ Vy9V32 T cells were
cultured for 13 days with Zol (15 uM), rhIL-2 (1 x10% 1U/mL), and Vd2-depleted autologous PBMCs, to eval-
uate differences in expansion capacity and phenotype. Paired unsorted PBMCs were also expanded under

identical conditions as controls. Similar to other NHP studies,®® there was considerable inter-individual
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Figure 4. Phenotype of in-vivo-expanded Vy9V32 T cells in the blood
Phenotyping was performed on freshly isolated peripheral blood mononuclear cells (n = 7 animals; 1-2 per treatment group).

(A) Representative FACS plot and frequencies of central memory (Tcy; CD28"CD95") and effector memory (Tgy; CD287CD95") Vy9Va2 T cells pre- and
post-antigen administration. Expanded Vy9Vd2 T cells (Day 4) are plotted in magenta, while pre-expanded Vy9Vd2 T cells (Day 0) are plotted in cyan.
Vy97Vd2 T cells are plotted in black.
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Figure 4. Continued

(B) Representative histograms and frequencies of CD69 expression on Vy9V32 T cells pre- and post-antigen administration.

(C) Representative histograms and frequencies of CCR5, CCR6, and CXCR3 on Vy9Vd2 T cells pre- and post-antigen administration.

(D) Representative histograms and median fluorescence intensities (MFI) of granzyme B (GzmB) expression in Vy9Vd2 T cells pre- and post-antigen
administration.

Each point on the graphs represents an individual animal from each timepoint. Data collected from 1 experiment. Statistics assessed by Friedman test with
Dunn’s multiple comparisons correction across all 4 groups (A). *p < 0.05.

variability in Vy9V32 T cell expansion capacity. However, the fold change was comparable between CCR6"
(median: 7.369, IQR: 4.1-203.1) and CCR& Vy9V32 T cells (median: 7.942, IQR: 0.3-23.5) at the end of the
expansion period, indicating that both populations expand in response to phosphoantigen and rhiL-2
stimulation (Figure 5D). Furthermore, GzmB and CCRé expression frequencies were equivalent between
the CCR6" and CCRé™ cultures, as well as with autologous-expanded Vy9V32 T cells from whole PBMCs
(Figure 5E). Both sorted cultures and whole PBMC cultures maintained high CXCR3 expression, like the
observed in vivo changes (Figure 5E). Overall, these data suggest the dominant CCR6™ phenotype of in-
vivo-expanded Vy9Vd2 T cells likely reflects receptor downregulation rather than preferential expansion
of the minor CCRé™ population. Other contributing factors may include CCR6" Vy9V32 T cell trafficking
into tissue compartments, as well as CCR6™ Vy9Vd2 T cell egress from tissue compartments into the blood.

Cytokine and antigen exposure influences CCR6 and GzmB expression on PTM Vy9V32 T cells
in vitro

We next evaluated the impact of different antigen and cytokine treatment stimuli on PTM Vy9V32 T cell
phenotype to understand the mechanism of apparent CCR6 downregulation. PTM V32" T cells expanded
with rhiL-2 (1 x10% IU/mL) and Zol (15 pM), HMB-PP (20 ng/ml), or isopentenyl pyrophosphate (IPP;
4 pg/ml) had equivalent changes in CCR6 and GzmB expression patterns, as well as comparable TNFa
and IFNy responses to mitogenic stimulation (Figure S4A), indicating the antigen type does not signifi-
cantly influence the phenotypic changes or cytokine production capacity of expanded PTM V32 T cells.
In contrast, altering rhIL-2 concentrations (0.1, 0.5, or 1 x10% IU/mL) caused a titratable shift in expanded
V32 T cell phenotypes, where rhlL-2 concentration inversely correlated with CCRé expression frequency,
and directly correlated with GzmB expression frequency (Figure 6A and 6B). V82 T cell recoveries were
equivalent between expansions with high, medium, and low rhiL-2 concentrations, suggesting the changes
in rhIL-2 concentration did not significantly impact V32 T cell proliferation of survival (Figure S4B). In-vitro-
expanded V32 T cells consistently express TNFa and IFNy following mitogenic stimulation with minimal
GM-CSF and IL-17A expression, indicating their Tyl-predominate cytokine expression profile is not
affected by rhiL-2 concentrations (Figure S4C). Overall, our findings suggest that GzmB and CCR6 expres-
sion during antigen stimulation can be directly influenced by rhlL-2 concentrations.

In addition to evaluating cytokine and antigen exposure influence on expanded PTM Vy9Vd2 T cells, we
also evaluated the phenotype of short-term Vy9Va2 T cell stimulations. Cryopreserved PTM splenocytes
were stimulated for 72 h with rhlL-2 or recombinant rhesus macaque IL-12 (rmIL-12) and IL-18 (rmIL-18),
with or without phosphoantigen, to drive phenotypic changes in the Vy9V32 T cell population. Compared
to unstimulated control samples, stimulation with rhlL-2 alone caused no significant changes in CCRé
expression (Figure 6C). However, CCR6 expression decreased in samples co-stimulated with rhlL-2 and an-
tigen, or rmlIL-12/rmIL-18 with or without antigen. Similarly, GzmB (Figure 6D) and IL-18R (Figure S5)
expression was enhanced by stimulation with antigen and/or rmIL-12/rmlIL-18. Overall, we find that both
antigen-dependent and -independent activation of Vy9V32 T cells drives concurrent phenotypic changes,
including the downregulation of CCR6 and upregulation of GzmB. Notably, rhiL-2 concentration appeared
to be the primary factor influencing CCRé downregulation, suggesting that subtle changes in Vy9V32 stim-
ulation protocols can impact the resulting therapeutic product or in vivo outcome.

Peripheral blood Vy9V32 T cells maintain clonal diversity following in vivo expansion

While Vy9Vd2 T cells uniformly recognize phosphoantigens, they still undergo V(D)J recombination and
generation of different clonotypes identical to conventional T cells. These different clonotypes have
different functional binding avidities to target cells®> and likely respond to different pathogenic stimuli.®
To evaluate if our phosphoantigen/rhlL-2 in vivo expansion protocols selectively expanded specific clono-
types, we performed paired, single-cell TCR sequence analysis of peripheral blood Vy9Vd2 T cells pre-
expansion (day 14) and during peak expansion (day 4) in 4 animals (Groups 1 and 3) (Table 2). Between
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Figure 5. In vitro expansion of CCR6-sorted V32* T cells

CCR6* and CCR6 CD3*V32" T cells were sort purified from cryopreserved pigtail macaque splenocytes, and expanded for 13 days in autologous, V32-
depleted PBMCs with Zol (15 uM) and rhIL-2 (1x10% IU/mL) (n = 5 animals from 3 independent experiments).

(A) Schematic of in vitro CCRé-sorted V32" T cell expansion with V32-depleted PBMCs. Diagram created with BioRenderer.com.

(B) Representative histogram of sorted CCR6" (magenta) and CCR6™ (cyan) V32" T cells. V32" T cells are plotted in black. Sort gating strategy presented in
Figure S3.

(C) FACS plots illustrating MACS-based V32" T cell depletion from autologous PBMCs.

(D) Fold change in expanded CCRé-sorted Vy9V32 T cells from baseline levels, calculated as described in the method details.

(E) Granzyme B (GzmB), CCR6, and CXCR3 expression on in-vitro-expanded, CCR6-sorted Vy9V32 T cells or whole PBMCs.

Each point on the graphs represents an individual animal for each condition. Lines and error bars indicate median and interquartile range. Statistics assessed
by two-tailed Wilcoxon test (D) or Friedman test with Dunn’s multiple comparisons correction (E). *p < 0.05.

99 and 147 (median: 109.5) paired TRDV2/TRGV9 sequences were recovered across all 4 animals and both
timepoints for analysis (Table S1). TCRD and TCRG CDR3 length distributions remained similar between
pre-expanded and expanded Vy9Vd2 T cells populations (Figures 7A and 7B). J-chain usage within the
TCRD and TCRG also remained constant between the pre-expanded and expanded cells, with peripheral
VY9Vd2 T cells predominately expressing the TRDJ1*01 and TRGJ1-2*01 alleles in all 4 PTMs (Figure S6A).
Surprisingly, the PTM peripheral blood Vy9V32 T cell population was very diverse at both steady state and
following expansion, with no evidence of clonal selection occurring in vivo (Figures 7C-7E, Table S1). Be-
tween 68 and 100 unique TCRD sequences were recovered across all 4 animals and both timepoints, of
which 15.0%-35.1% were identified in pre-expanded and expanded peripheral blood samples from the
same animals (Figure 7F, Table S1). As expected, the total number of unique TCRG sequences was reduced
relative to the TCRD sequences, with 27.7%-50.0% of the unique TCRG sequences being shared between
pre-expanded and expanded samples in individual animals. Paired TCRG/TCRD had the highest number
or unique clones with the lowest frequency of intra-individual sharing across timepoint due to the presence
of "pseudoclonotypes”, which is well established within human Vy9Vd2 T cells where the germline-en-
coded CDR3Y9 chain pairs with multiple CDR332 chains (Figure S6B, Table $1).°% In summary, we see
that the PTM peripheral blood Vy9V82 T cells are clonally diverse under steady-state condition, despite
a biased V- and J-chain usage. Furthermore, the polyclonality of this population is not significantly per-
turbed by the substantial in vivo expansion driven by phosphoantigen/rhIL-2 observed. This finding is rele-
vant to human applications as clonal selection could impact Vy9Vd2 T cell immunotherapeutic efficacy
against certain diseases.

Since Vy9V82 T cells public clonotypes have been well established in humans®®® and NHPs,®” we next
looked at TCRD and TCRG sequence sharing between individual animals. Within TCRD, TCRG, and paired
TCRD/TCRG sequences, the majority of unique CDR3 sequences were identified in individual animals at a
single timepoint, or in a single animal pre-expansion and during peak expansion (Figures S6C-S6E). Nine-
teen unique TCRD CDR3 sequences were identified in more than 1 PTM, between the 2 timepoints (Fig-
ure S6C). However, a conserved TCRD CDR3 sequence was not found in all 4 PTMs. In contrast, the
TCRG sequences were far more conserved between individuals, with 55 unique CDR3 sequences identified
in at least 2 PTMs (Figure S6D). Among these, 2 TCRG CDR3 sequences (CALWEVQQFGRKVKLF and
CALWEVRQFGRKVKLF) were identified in all 4 animals at both time points, and an additional 5 sequences
(CALWEAQQFGRKVKLF, CALWEGQQFGRKVKLF, CALWESQQFGRKVKLF, CALWEVRLSGRKVKLF, and
CALWEVLQFGRKVKLF) were identified in all 4 animals at 1 timepoint minimum. This robust inter-individual

Table 2. Primers from single-cell RT-PCR

Name Sequence

External Primers macTCRDV2- External CAT CTATGG CCCTGG TTT CA
macTCRDC- External TGG CAG TCA AGA GAA AAT TG
macTCRGV9- External AGA CCT GGT GAA GTC ATAC
macTCRGC- External GTT GCT CTT TTC TTG CC

Internal Primers: TCRD macTCRDV2- Internal CAG AGA GAG ATG AAG GGT CTT AC
macTCRDC- Internal CAC TGG GAG AGA CGA CAATAG

Internal Primers: TCRG macTCRGV9- Internal CCT GGT GAA GTC ATACAG TTC C
macTCRGC- Internal AAT AGT GGG CTT GGG TGA AAT A
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Figure 6. Phosphoantigen and rhiL-2 driven phenotypic changes in pigtail macaque Vy9Vd2 T cells
Cryopreserved PBMCs (n = 8 from 4 independent experiments) were expanded in vitro for 13 days with Zol (15 pM) and
rhIL-2 (0.1x10%, 0.5x10% or 1.0x10® IU/mL).

(A) Representative FACS plots illustrating the shiftin CCR6 and granzyme B (GzmB) expression in in-vitro-expanded V32"
T cells with increasing concentrations of rhiL-2, relative to baseline frequencies.

(B) CCR6 (%) and GzmB (MFI) expression frequencies in in-vitro-expanded V32" T cells with increasing concentrations of
rhiL-2, relative to baseline frequencies.

(C and D) Representative histograms and frequencies of CCR6 (C) and GzmB (D) expression on splenic-derived Vy9V32
T cells, following 72 h in vitro stimulation as described in the method details (n = 4-7 per group from 3 independent
experiments). Additional data presented in Figures S4 and S5.

Each point on the graphs represents an individual animal for each condition. Lines and error bars indicate median and
interquartile range. Statistic assessed by Kruskal-Wallis test with Dunn’s multiple comparisons correction (B-D). *p < 0.05,
**p < 0.01.

sequence conservation is likely partially due to the germline-encoded Vy9 CDR3.%“° When TCRD and
TCRG sequences were analyzed as pairs, the unique clonotypes were overwhelming confined to individ-
uals, with only 3 unique sequence pairs being found in more than 1 PTM (Figure S6E). This further empha-
sizes the degree of clonal diversity within the bulk Vy9V32 T cell population both at steady state and
following expansion, despite the presence of individual Vy9 and V32 CDR3 sharing between animals.

DISCUSSION

Fine-tuning the specificity of Vy9Vd2 T cell expansion protocols to produce clinically efficacious yd T cell
immunotherapies requires a detailed understanding of the heterogeneity and antigen reactivity of this
unique T cell subset. NHP models provide an opportunity to probe yd T cell immunotherapy conditions
and obtain multiple tissue samples. Here, we provide a comprehensive phenotypic analysis of Vy9Vs2 T
cells in PTMs, a relevant preclinical animal model for Vy9Vd2 T cell research. At steady state, we found
that PTM Vy9V32 T cells are predominately PLZF*, CCR5", CCR6", CXCR3", and IL-18R"* across periph-
eral blood and tissue sites. This expression pattern is comparable with CD26"'CD94" Vy9V52 T cells and
MAIT cells in humans,” as well as MAIT cells in PTMs.*® Analogous to humans and other NHPs, PTM
Vy9Vd2 T cells are also biased toward a Ty1 cytokine response at steady state and following in vitro phar-
macological expansion with phosphoantigen and rhIL-2. Following pharmacological expansion, PTM
VyY9Vd2 T cells lose CCRé expression both in vivo and in vitro, which is dependent on antigen and
IL-2 stimulation.

PTM Vy9V32 T cell frequencies rapidly but transiently increased in the peripheral blood following IV HMB-
PP or Zol, consistent with previous in vivo expansion trials in humans'®'#? and NHPs.?>>%“* Furthermore,
intravenous antigen administration resulted in Vy9Vd2 T cell expansion in the pulmonary mucosa, which
could be targeted specifically to the pulmonary tract with IT antigen administration. Targeted Vy9Vd2
T cell delivery to the lungs may be beneficial therapeutically for pulmonary-based diseases like Mtb,
against which Vy9V82 T cells have demonstrated antimicrobial activity.””’° Both in-vivo-expanded®* and
adoptively transferred” Vy9V32 T cells have been shown to reduce Mtb disease burden in NHPs, under-
scoring their utility as immunotherapeutics. Our results highlight how antigen delivery routes can influence
the tissue distribution of expanded Vy9V32 T cells.

The rapid downregulation of CCR6 expression on expanded Vy9V32 T cells may have implications for tissue
trafficking/retention of these cells during immunotherapy, as well as provide insight into the development
and differentiation of CCR6™ Vy9Vd2 T cells. CCR6 downregulation was also observed with in-vitro-
expanded PTM Vy9V32 T cells, indicating these same tissue trafficking implications may also apply to ex-
vivo-expanded Vy9Vd2 T cells for adoptive transfer. CCR6 mediates immune cell trafficking and retention
in multiple anatomical and microanatomical sites, including gut-associated lymphoid tissues,”"™* lymph
node subcapsular sinuses,”” liver,”*’” and lung.”®’? Pharmacological CCR6 downregulation on expanded
Vy9Va2 T cells may have hindered distribution to some sites in the present study, such as the rectal mucosa
and lymph node. Expanded Vy9Vd2 T cell retention in the airway mucosa is likely due to other chemotactic
receptors that were expressed throughout the expansion period, like CCR5 and CXCR3. Although Ali et al.?”
identified expanded Vy9Vd2 T cells in the rectal mucosa of cynomolgus macaques (Macaca fascicularis)
following IV HMB-PP treatment, differences in HMB-PP dosages, timing between antigen administration
and rectal mucosal sampling, and NHP species may explain the differences in these studies.
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Figure 7. Clonality of in-vivo-expanded Vy9V32 T cells in pigtail macaques

Clonality was assessed by paired gamma and delta chain sequencing from peripheral blood Vy9V32 T cells pre-expansion (day 14) and during peak
expansion (day 4) (n = 4 animals from 1 experiment).

(A) Representative TCRD and TCRG CDR3 amino acid length distributions in peripheral blood Vy9V32 T cells from a group 1 animal (NM11) and a group 3
animal (NM295).

(B) TCRD and TCRG CDR3 amino acid length distributions across all 4 PTMs pre-expansion (day 14, red) and during peak expansion (day 4, purple).

(C) TCRD and TCRG clonal diversity and clonotype sharing within each individual animal pre-expansion and during peak expansion. Gray bar segments
represent individual clonotypes that were identified at 1 timepoint, while colored segments illustrate clonotypes that were shared between both timepoints.
(D) Sequence logos generated from all TCRD or TCRG CDR3 amino acid sequences from 1 animal (ClustalW alignment algorithm). Narrower bars in the
logos represent gaps in the sequence. Individual amino acids are colored according to the RasMol amino color scheme.

(E) Simpson diversity index for Vy9Vd2 T cell TCRD, TCRG, and paired TCRD/TCRG clonotypes.

(F) Unigue clonotype frequencies (richness) for Vy9Vd2 T cell TCRD, TCRG, and combined TCRD/TCRG chains. Individual points on the graphs represent an
individual animal at each timepoint. p values for diversity and richness changes are presented in Table S1, and additional sequencing data are presented in
Figure S6.

The impact of IL-2 concentration on CCR6 downregulation during in vitro y3 T cell expansion highlights the
underappreciated impact of cytokine co-stimulation on Vy9Vd2 T cell phenotype. Several studies have
demonstrated that human neonatal Vy9V32 T cell populations are dominated by CCR6*CD26" cells,”®
despite the fact that this population typically forms a minority of the Vy9V32 T cell repertoire in adults.
Whether recurrent in vivo activation and exposure to cytokines such as IL-2 drives differentiation away
from a CCR6" phenotype is currently unknown, but should be explored in future studies.

Similar to human Vy9V32 T cells, we found that CD26 and NKG2A co-expression was associated with
increased cytokine and chemokine receptor expression. However, PTM Vy9Vd2 T cells were strongly
biased toward the CD26"NKG2A™ Vy9V32 T cells in blood and tissue sites, in contrast to humans where
CD26 and CD9%4 expression on peripheral blood Vy9V32 T cells is more heterogeneous and donor depen-
dent.” CD26 expression delineates a distinct, IL-23-responsive Vy9Vd2 T cell subset in humans, which are
phenotypically and transcriptionally similar to MAIT cells.” In addition, CD26 binding to adenosine deam-
inase enhances TCR-independent Vy9V52 T cell activation.” Altogether, these findings indicate that PTM
Vy9Va2 T cells exhibit key characteristics of human Vy9Vd2 T cell subpopulations, but do not fully recapit-
ulate the Vy9Vd2 T cell subpopulation diversity seen in humans. However, PTMs maintain the same pre-
dominate Vy9V32 T cell subpopulation as most adult humans (CD26*CD94M), highlighting their value as
models to study Vy9V32 T cell immunotherapies. Within PTMs, biased CD26"NKG2A" Vy9V32 T cell fre-
quencies may reflect species-specific differences or be a result of husbandry practices. While phosphoan-
tigen-reactive Vy9V52 T cells have been identified in multiple NHP species,”***%%" data on Vy9V52 T cell
subsets across different NHP species are lacking.

Peripheral blood Vy9V32 T cells were polyclonal following expansion with intravenous HMB-PP or Zol,
consistent with previous studies looking at the clonality of phosphoantigen- and aminobisphosphonate-
expanded human Vy9Va2 T cells in vitro.®*®? While Vy9V32 T cells uniformly recognize phosphoantigens,®®
Vy9Va2 T cell clonotypes may be important in determining responsiveness to certain diseases. Multiple
studies have reported oligoclonal Vy9Vd2 T cell selection in response to both infectious and non-infectious
diseases.®®®*%> BCG-mediated in vitro VY9V52 T cell expansion selects for a subset of the human periph-
eral Vy9Va2 T cell repertoire compared to IPP.%? The impact of Vy9V52 T cell clonality on immunothera-
peutic efficacy requires further investigation. However, our results indicate that in vivo pharmacological
expansion with phosphoantigens or aminobisphosphonates does not selectively expand specific subsets
of the Vy9V32 T cell clonal population.

In summary, we provide an extensive characterization of Vy9V82 T cells in NHPs and find both that in vivo
Vy9Vd2 T cell expansion can be modulated by the route of antigen administration and that pharmacolog-
ical expansion protocols can impact Vy9Vd2 T cell phenotypes beyond cytokine and cytolytic marker
expression. This improved understanding of the phenotype, clonality, and tissue distribution of pharmaco-
logically expanded Vy9V32 T cells in macaques provides an important step toward designing studies to
most effectively target VY9Vd2 T cells, to improve disease outcomes. Further studies are needed to eval-
uate how different antigens and dosages impact Vy9Vd2 T cell frequencies, phenotype, and function,
across different antigen administration routes. Incorporating anti-BTN3A monoclonal antibodies®' or
nanoparticle-based antigen delivery®®’
sites due to differences in biodistribution, tissue retention, and BTN3A receptor usage. Improved

may help further refine Vy9Va2 T cell expansion in selected tissue
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protocols will likely need to be paired with optimized cytokine costimulatory treatments that selectively
expand the most therapeutically effective Vy9Vd2 T cell subset and permits trafficking to the tissue(s) of
interest. This deep characterization of Vy9V32 T cells in NHP provides a rational basis for designing and
testing improved Vy9V32 T cell immunotherapies.

Limitations of the study

The principal limitation of our in vivo VY9V32 T cell expansion trial is the small sample sizes per group. While
we were able to observe trends in Vy9Vd2 T cell frequencies and phenotypes over the observation period,
larger studies will be required to more conclusively optimize antigen delivery, particularly given the inter-
animal variability in VyY9V32 T cell expansion.®® We were unable to confirm if the transient CCR6 and GzmB
phenotypic changes observed in peripheral blood Vy9V82 T cells during peak expansion (day 4) also
occurred in the assessed tissue sites, due to limitations in the number and frequency of tissue samples
that could be collected. All NHPs in the trial were adult males, with variability in age and bodyweight be-
tween the groups, which may have influenced our results. Itis unknown how age, sex, and size impact tissue
trafficking and phenotype of in-vivo-expanded V32*Vy9* T cells, but these biological variables may have an
effect. Determining the clinical impact of in vivo y3 T cell expansion will require additional studies to eval-
uate cytotoxic effector functions with different pharmacological expansion protocols, and incorporating
infectious challenge with relevant pathogens, such as Mtb.

Similar to our in vivo expansion trial, our ex vivo VY9V32 T cell phenotyping is limited by tissue availability
and Vy9Vd2 T cell recovery from cryopreserved samples. In-depth characterization of tissue-specific
Vy9Vd2 T cell populations could be augmented by future studies using freshly collected samples.
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BD FACSAria Il cell sorter BD Biosciences N/A
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jennifer Juno (jennifer.juno@unimelb.edu.au).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Paired, aligned, single-cell TCRG/TCRD sequences, and associated flow cytometry sorting data, has been
deposited at Mendeley Data, and is publicly available as of the date of publication (Mendeley Data: https://
doi.org/10.17632/bpwtp?5rpw.1).All other data reported in this paper will be shared by the lead contact
upon request.

All original code has been deposited at GitHub (GitHub: https://github.com/BarberAxthelm/Vd2-Vg9_TCR_
Analysis) and is publicly available as of the date of publication.

Any additional information required to re-analyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Non-human primate studies and samples

All animal studies and associated procedures were approved by the Monash University Animal Ethics
Committee (identification no. 21659). Seven purpose-bred, experimentally naive, adult male (7-16 years
old) pigtail macaques (Macaca nemestrina) were utilized for the in vivo Vy9V32 T-cell expansion trial. All
animals were housed in indoor-outdoor housing at the Monash Animal Research Platform Gippsland
Field Station. The macaques were allocated into 1 of 4 treatment groups (1-2 animals per group; Table 1)
for the trial. In vivo Vy9Vd2 T-cell expansion treatment protocols consisted of zoledronic acid monohy-
drate (Zol; 0.2mg/kg intravenous (IV) or 0.5mg intratracheal (IT); Sigma Aldrich), (E)-1-Hydroxy-2-methyl-
2-butenyl 4-pyrophosphate (HMB-PP; 1mg/kg IV + 0.25mg IT; Sigma Aldrich), or Isopentenyl pyrophos-
phate (IPP; 0.5mg IT; Sigma Aldrich) once at day 0O, along with subcutaneous (SC) recombinant human
IL-2 (rhiL-2; 0.8x10° IU SC q24h; Peprotech) for 5 days starting at day 0. IV antigen administrations
were performed as 5-minute infusions (20mL total volume), and IT antigen administrations consisted
of 5mL instillations at the approximate level of the thoracic inlet. Blood samples were collected at day
2, 4, 8, 15, and 22 post antigen treatment, and compared to paired baseline samples collected on
day -14, -7, and 0. Bronchoalveolar lavage (BAL) fluid and rectal mucosal biopsies were collected at
day 8 and 22 post antigen treatment and compared to paired samples taken pre-treatment (day -7).
Inguinal lymph node biopsies were collected on day 8 and compared to paired samples taken pre-treat-
ment (day -7).

In vitro Vy9Vd2 T-cell expansions were performed with cryopreserved samples from juvenile pigtail ma-
caques involved in previous trials. All animals were acquired from the Australian National Macaque
Breeding Colony. Details on the previous studies the macaques were enrolled in have been published
separately.””?"71%° All studies were approved by the relevant animal ethics committees.
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Human ethics statement

Study protocols were approved by the University of Melbourne Human Research Ethics Committee (iden-
tification no. 11395), and all subjects provided written informed consent in accordance with the Declaration
of Helsinki. All associated procedures were conducted in accordance with approved guidelines.

METHOD DETAILS
Sample collection and processing

Whole blood samples were collected into sodium heparin vacutainer tubes. Peripheral blood mononuclear
cells (PBMCs) were isolated via Ficoll-Paque Plus density separation gradient (Human: 100% Ficoll; NHP:
95% Ficoll diluted with sterile PBS; Sigma Aldrich). Lymph node and rectal mucosal biopsy samples were
mechanically dissociated, passed through 70um cell strainers and resuspended in RPMI-1640 (Thermo
Fisher Scientific) supplemented with 10% fetal calf serum (FCS) and 5% penicillin/streptomycin/glutamine
(RF10)."%""%? Gastrointestinal tract samples were pre-digested in RF10 with Collagenase (0.1mg/mL; Sigma
Aldrich) and DNase (1.5U/mL; Roche) for 2 hours at 37°C and 5% CO, with agitation, prior to mechanical
dissociation. Macaque Vy9Vd2 T-cell phenotyping was performed on freshly isolated cells from PBMCs
and tissues. The remaining samples were cryopreserved in 10% DMSO/ 90% FCS, and stored in liquid ni-
trogen. Human PBMCs were cryopreserved in 10%DMSO/ 90% FCS, prior to Vy9Vd2 T-cell phenotyping.

In vitro Vy9V32 T-cell expansion and stimulation

Cryopreserved pigtail macaque PBMCs or splenocytes were utilized for in vitro V32 T-cell expansions. Bulk
PBMC, seeded at 2e° cells/mL, were cultured for 13 days in RF10 with Zol (15pM; Sigma Aldrich) and rhIL-2
(1x10% 1U/mL, unless reported otherwise, Peprotech). For some experiments, CCR6" and CCR6™ V32 T-cells
were isolated by cell sorting and expanded in autologous V32 T-cell-depleted PBMCs (1x10° cells at 2x10°
cells/mL final concentration). Cell sorting consisted of viability dye and surface staining, and washing and
resuspending the cells in PBS + 2% FCS. Samples were sorted with a BD FACS Aria lll cell sorter. V32 T-cell
depletions were performed using anti-PE microbead (Miltenyi Biotec) following initial surface staining with
unconjugated V82 antibody (15D, Thermo Fisher Scientific) and a PE conjugated goat anti-mouse second-
ary antibody (polyclonal, Thermo Fisher Scientific). Microbead labelling and MACS depletions were per-
formed according to the manufacturer’s instructions. All expansions were incubated at 37°C and 5%
CO,. Media was replaced every 3-4 days (rhIL-2 was maintained throughout the culture period), and cul-
tures were maintained at a maximum concentration of 2x10° cells/mL.

For intracellular cytokine stimulations, cryopreserved PBMCs or tissue samples were stimulated with HMB-
PP (20ng/mL, Sigma Aldrich) or paired unstimulated controls for 16hrs. In vitro expanded V82 T-cells were
mitogenically stimulated with Phorbol 12-Myristate 13-Acetate (0.025pg/mL, Abcam) and lonomycin
(0.04pg/mL, Sigma Aldrich) for 6 hours prior to antibody labelling, with paired unstimulated controls.
GolgiStop and GolgiPlug (BD) were added after 1 hour to both stimulations and unstimulated controls.
72-hour cytokine stimulations were performed with rhiL-2 (1x1 0% 1U/mL, Peprotech), or recombinant rhesus
macaque IL-12 (rmIL-12; 50ng/mL; R and D Systems) and recombinant rhesus macaque IL-18 (rmIL-18;
50ng/mL; R and D Systems) in RF10. Where indicated, Zol (15uM; Sigma Aldrich), HMB-PP (20ng/mL, Sigma
Aldrich), or IPP (4mg/mL; Sigma Aldrich) were included in the stimulations. All stimulations were performed
at 37°C and 5% CO,.

Single-cell TCR sequencing

Vy9*V32"CD3"CD20 Live/Dead” T-cells were dry-sorted into 96-well PCR Microplates (Axygen) with a BD
FACSAria lll cell sorter, and immediately sealed and stored at -20°C. cDNA synthesis was completed with a
25ul reaction volume consisting of: 5x First strand buffer (1x working concentration, 50mM Tris-HCI, 75mM
KClI, 3mM MgCl,, pH 8.3; Thermo Fisher Scientific), RNasin Plus® RNase inhibitor (8 units, Promega), dithio-
threitol (DTT; 5mM; Thermo Fisher Scientific), igepal (0.25%; Sigma Aldrich), random hexamer primers
(bng/ul; Meridian Bioscience), dNTPs (0.8mM each; Bio Line), Superscript Il (40 units, Thermo Fisher
Scientific), and molecular grade water (Sigma Aldrich). Reverse transcription reactions were completed
with the following thermal cycler profile: 42°C, 10min; 25°C, 10min; 50°C, 60min; 94°C, 5min. Amplification
of the TRDV2/TRGV9 TCR chains was accomplished with a multiplex, nested PCR, similar to what has been
previously described for aBTCR sequencing analysis.'”* "% Both initial and nested PCR reactions were
completed with a 50ul reaction volume consisting of: 10x PCR buffer (1x working concentration, 15mM
MgCl,, pH 8.7; Qiagen), dNTPs (0.2mM each; Bio Line), the appropriate forward and reverse primers

¢? CellPress

OPEN ACCESS

iScience 26, 106269, March 17, 2023 27




¢? CellPress

OPEN ACCESS

(0.2uM each, Integrated DNA Technologies), HotStarTag Plus DNA Polymerase (2.5 units; Qiagen), and
molecular grade water (Sigma Aldrich). 5x Q solution (1x working concentration, Qiagen) was included
in the nested PCR reactions. Initial and nested PCR reactions were completed with the following thermal
cycler profile: 95°C, 5min (hot start); 94°C, Tmin (denaturation); 56°C, 1min (annealing); 72°C, 1min
(extension); and a final extension step (72°C, 10min) after 40 cycles were completed. PCR products were
visualized on an agarose gel (1.5% agarose in 1x TAE, 1:10,000 SYBR Safe DNA gel stain; Thermo Fisher
Scientific) to confirm the presence of an appropriately sized products, and samples were subsequently sub-
mitted for capillary electrophoresis sequencing (Macrogen, Inc).

PCR primer design

Previously published DNA oligonucleotide primers for macagque TRDV2, TRDC, TRGV9, and TRGC were
utilized for the initial PCR reactions.®® Nested DNA oligonucleotide primers were designed based on pub-
lished macaque sequences within the initial PCR product (Table 2). The final PCR products contained a
segment of the TRDV2/TRGV? regions, the entire CDR3 region, and a segment of the TRDC/TRGC regions
(TRDV2 amplicon length: 267bp; TRGVY amplicon length: 282bp).

Antibodies and flow cytometry

To characterize macaque lymphocytes following in vivo or in vitro expansion, samples were washed 1x with
PBS, and stained with LIVE/DEAD viability dye (Aqua, Blue, or Green; Thermo Fisher Scientific) to exclude
dead cells. Samples were then incubated for 30-min at 4°C in the dark with various combinations of surface
antibodies: V32 FITC or unconjugated (15D, Thermo Fisher Scientific), VY9 FITC (7A5, Thermo Fisher Sci-
entific), NKG2A APC (2199, Beckman Coulter), CD%4 APC (HP-3D9, BD), CXCR3 Alexab47 or Alexa700 or
PE-Dazzle594 (GO25H7, Biolegend), CD3 Alexa700 or BUV805 (SP34.2, BD), CD69 APC-Fire750 (FN50, Bio-
legend), CCR5 BV421 (J418F1, Biolegend), DNAM/CD226 BV605 (11A8, Biolegend), CD28 BV711 (CD28.2,
BD), CCRé BV785 (GO34E3, Biolegend), CD20 BV510 or BUV805 or PE-CF594 (2H7, BD), EpCam/CD326
PE-CF594 (EBA-1, BD), CD26 Biotin (Clone5, in-house), CXCR5 PE-eFluor610 (MUSUBEE, Thermo Fisher
Scientific), Vd1 PE-Cy7 (TS8.2, Thermo Fisher Scientific), IL-18Ra PE-Vio770 (H44, Miltenyi Biotec), CD45
BUV395 or PE-Cy7 (D058-1283, BD), and CD95 BUV737 or PE-Cy7 (DX2, BD). When the unconjugated
V32 antibody was utilized to identify macaque Vy9Vd2 T-cells, the samples were pre-incubated with the un-
conjugated antibody for 30min, followed by a 30min incubation with a PE goat anti-mouse secondary anti-
body (polyclonal, Thermo Fisher Scientific), prior to surface staining. An in-house developed anti-CD26
antibody was utilized to identify macaque CD26™ Vy9V32 T-cells (Jiang et al. Manuscript in preparation).
CD26 antibody biotinylation was completed using a Type A Biotin Conjugation Kit (Abcam) per the manu-
facturer recommendations. Following surface staining with the biotinylated CD26 antibody, samples were
incubated with a PE-TR Streptavidin secondary (Thermo Fisher Scientific). Samples were washed with PBS +
2% FCS following each surface incubation and fixed with BD Cytofix Fixation Buffer after surface staining.
To evaluate transcription factor expression, cells were permeabilized with the BD Transcription buffer
staining kit according to the manufacturer’'s recommendations, and subsequently labelled with transcrip-
tion factor antibodies: Eomes PerCP-eFluor710 (WD1928, Thermo Fisher Scientific), Bclé Alexab47 (IG191E/
A8, Biolegend), T-bet BV421 (4B10, Biolegend), and PLZF PE-CF594 (R17-809, BD). To evaluate cytokine or
cytotoxic granule production, cells were permeabilized with BD Cytofix/cytoperm according to the manu-
facturer's recommendations, prior to intracellular antibody labelling: TNFo. APC-Cy7 (Mab11, Biolegend),
GM-CSF BV421 (BVD2-21C11, BD), Granzyme B BV510 (GB11, BD), IL-17A BV605 (BL168, Biolegend), and
IFNy BUV395 (B27, BD). All samples were analyzed on a BD LSRFortessa cell analyzer using BD FACSDiva.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data from in vitro and in vivo experiments are presented as individual data points from individual
animals +/- bars for the median and interquartile range (IQR). All associated statistical analysis and data presen-
tation was performed using Prism (v9.4.1, GraphPad Software). Flow cytometry data was analyzed in FlowJo
(v10.8.1, FlowJo LLC). Statistical analysis was completed with the indicated non-parametric tests in the figure leg-
ends. Fold change for cell expansions was calculated as a ratio of the final cell count divided by the initial cell
count. In vitro Vy9Vd2 T-cell counts following expansion were calculated from total lymphocyte counts acquired
with a CellDyn Emerald hematology analyzer (Abbott Laboratories), multiplied by the frequency of Vy9V82 T-cell
as a percentage of the total lymphocyte population. TRDV2/TRGV9 sequences were processed using the MiXCR
software package (v3.0.13; species: Macaca mulatta),®’ including sequence alignment and filtering to only
include productive, paired TRDV2/TRGV9 CDR3 sequences for downstream analysis. All subsequent TCR
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analysis and figure development was completed in R studio (v4.1.3; RStudio: Integrated Development Environ-
ment for R. RStudio, PBC) with the associated packages (Table S2) and code (https://github.com/
BarberAxthelm/Vd2-Vg9_TCR_Analysis). Randomization tests were utilized to determine significance in diversity
and richness differences between pre-expanded and in vivo expanded Vy9V32 T-cell populations in individual
animals (n = 10,000 random distributions).'®® For all statistical tests, p<0.05 was considered statistically
significant.
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