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Abstract

Chronic antigen stimulation is thought to generate dysfunctional CD8 T cells. Here we identify

a CD8 T cell subset in the bone marrow tumor microenvironment that, despite an apparent
terminally exhausted phenotype (Tpnex), expressed granzymes, perforin, and IFNy. Concurrent
gene expression and DNA accessibility revealed that genes encoding these functional proteins
correlated with BATF expression and motif accessibility. IFNy* Tpyex effectively killed myeloma
with comparable efficacy to transitory effectors, and disease progression correlated with numerical
deficits in IFNy* Tpyex. We also observed IFNy* Tpyex within CD19-targeted chimeric antigen
receptor T cells, which killed CD19* leukemia cells. Importantly, an IFNy* Tpyex gene signature
was recapitulated in Tgx cells from human cancers, including myeloma and lymphoma. Here we
characterize a Tgy subset in hematological malignancies that paradoxically retains function and is
distinct from dysfunctional Tgx found in chronic viral infections. Thus, IFNy* Tpyex represent a
potential target for immunotherapy of blood cancers.

One sentence summary:

A subset of CD8 T cells with a terminally exhausted epigenetic profile expressed IFNy,
granzymes and perforin in bone marrow.

Introduction:

The characterization and understanding of CD8 T cell exhaustion is constantly evolving

due to the discovery of several transcription factors associated with exhausted T cell

(Tex) phenotypes. The gain of expression of TOX and NR4A family transcription factors
and the loss of TCF-1 expression have recently been associated with a Tgx phenotype

in mice and humans.1~> Maintenance of TCF-1 expression marks a precursor exhausted
population (Tpgx) with stem-like properties and the ability for self-renewal, which is crucial
for sustaining an immune response to chronic infection and tumors.5-8 Despite debate
surrounding the overall relevance of exhaustion signatures driven by chronic viral infection
to the tumor microenvironment (TME), there is consensus that terminally exhausted CD8

T cells are dysfunctional in both settings.1~3° However, there is increasing complexity of
transcriptional networks (e.g. BATF, IRF4, NFAT)19-14 that, dependent on the context and
timing of expression, have been shown to drive either a cytotoxic effector or exhausted
phenotype. This suggests that broad use of the terminology ‘dysfunctional’ to describe CD8
T cells with a surface marker and transcriptional profile classically associated with terminal
exhaustion may not capture functional nuances. Additionally, there is considerable variation
in the composition of TMEs associated with cancer subtype and anatomical site, particularly
between solid and hematologic malignancies, 1518 that may further impact the functionality
of Tex.
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The recent description of ‘intermediate’ stages of exhaustion in CD8 T cells has added
further complexity to the field.1” Firstly, CD8 T cells with a ‘restrained’ phenotype that
exhibit features of both T cell exhaustion and effector function have been described in
autoimmunity!8 and PD-1* T cells expressing granzyme B have been described in a murine
model of lung cancer.1® Secondly, ‘transitory’ CD8 T cells, that express exhaustion markers,
including TIM-3 and TOX, while maintaining expression of effector cell markers such as
CX3CR1 and T-BET, have been described in cancer and chronic infection models and

in response to immune checkpoint blockade in humans.1720-22 Thirdly, TOX-expressing
effector memory T cells have been described in the context of circulating viral-specific

T cells in humans.23 It is important to note, that these described subsets likely represent
intermediate stages of exhaustion as they retain expression of several markers for effector
T cell differentiation and do not display hallmarks of terminal exhaustion. Together, these
data highlight the heterogeneity that exists within CD8 T cells that are committed to the
exhaustion pathway.

In this study, we sought to characterize terminal exhaustion trajectories within CD8 T cells
in hematological malignancies using murine models of myeloma relapsing after autologous
stem cell transplantation (ASCT) and leukemia relapsing after CD19-directed chimeric
antigen receptor (CAR) T cell therapy. These immunocompetent, orthotopic murine models
provide critical insight into tumor-immune cell interactions in the bone marrow (BM)

TME after clinically relevant therapies. We used single cell multi-omic sequencing with
confirmatory flow cytometry and identified distinct terminal Tgx subsets in the BM of mice
with relapsed myeloma. One Tgx subset was analogous to dysfunctional cells described in
solid tumors and chronic viral infection with reduced expression of effector molecules, while
the other was characterized by co-expression of Haver2and Cd28and had high expression
of IFNy, perforin and granzymes in mice with progressive disease. The Tgy subset that
expressed interferon gamma despite having a phenotype consistent with terminal exhaustion
(IFNy* TphEex), exhibited increased Batf, Cd28and Ly6a expression with enhanced
accessibility in the Batfmotif binding domain. In mice, loss of tumor control was associated
with an outgrowth of myeloma cells relative to IFNy* Tpyex, rather than T cell dysfunction
per se, since IFNy* Tpyex effectively killed myeloma targets ex vivo. IFNy* Tpygx also
differentiated within CD19 CAR T cells in response to B cell acute lymphaoblastic leukemia
(B-ALL) and Killed B-ALL cells ex vivo, highlighting the capacity of these T cells with a
terminally exhausted phenotype to retain functional capacity. An analogous IFNy* Tppex
signature was associated with BATF expression in tumor-infiltrating lymphocytes in patients
with myeloma and analogous TIM-3*CD28*CX3CR1~ CD8 T cells were expanded after
ASCT.

Myeloma generates distinct Tgx sighatures in the bone marrow tumor microenvironment

The majority of studies exploring mechanisms of T cell exhaustion in cancer have been
performed in solid tumor murine models, in which tumors often universally relapse or
regress in response to interventions. Here we describe a tumor model in which some mice
relapse whereas other mice maintain long-term tumor control after autologous stem cell
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transplantation (SCT). SCT is the clinical standard-of-care for patients with myeloma and,
as faithfully recapitulated in our murine model, only a small subset of patients achieve long-
term progression-free survival. SCT promotes a polyclonal myeloma-specific effector T cell
response that is largely mediated by CD8 T cells.24 We used single cell RNA sequencing to
capture key stages of CD8 T cell differentiation in the BM of mice with relapsed myeloma
7 weeks after SCT (Fig. 1A). Briefly, we sorted CD8 T cells into three populations based
on CD38 and CD101 expression (CD38"CD101~ = naive; CD38"CD101™ = activated;
CD38*CD101" = exhausted)?® and re-pooled these cells at an adjusted ratio (Fig. 1A).

In this dataset, we identified 4 populations of exhausted T cells (Tgx) characterized by
expression of 7oxand loss of 7cf7, which were distinguished by expression of Mki67,

Maf, Ly6a, Havcr2, Ca28 and/or distinct cytotoxic profiles (Fig. 1A and Fig. S1A). RNA
velocity analysis?® suggests a common trajectory from a precursor exhausted (Tpgx) cluster
towards the Tgx clusters in our dataset (Fig. 1A), which also resembles described pathways
of Tgx differentiation in chronic infection and solid tumors.6=8 Interestingly, we observed
three clusters of cells with hallmarks of terminal exhaustion in our dataset that could be
differentially distinguished by expression of Ly6a, Cd28and Haver2 (Fig. S1A). The Cd28
expressing cluster had very high expression of genes encoding co-inhibitory molecules,
IFNy, perforin, granzyme B, in addition to exhaustion-associated markers 7ox, Nr4aZ,
Eomes, Ctla4, and Entpdl (Fig. 1A) and are referred to as IFNy™ Tphex. A second

cluster expressed intermediate levels of 7ox, Nr4a2, Eomes, Ifng and high levels of Jun
and are referred to as Jun* Tgx. Notably, in the third cluster, loss of Ly6aand Cad28was
associated with reduced /fng and Gzmb expression and increased expression of Gzma.

This cluster is referred to as GzmA™ Tgx_ By using the UMAP transform function, we
found that these cells were transcriptionally similar to a previously described terminally
exhausted, dysfunctional population of SV40-specific T cells that recognize solid tumors
expressing SV40 large T antigen (Fig. 1B, Fig. S1A).! To draw additional parallels to
published datasets of exhausted T cells, we used CD8 T cells from a melanoma model
(Yummer1.7)2 as a reference dataset and found that a cluster of cells (cluster 1) were
transcriptionally similar to IFNy* Tpyex cells using multinomial logistic regression (Fig.
1C). We next co-embedded our data with CD8 T cell data from mice infected with LCMV,
either Armstrong (acute infection) or clone 13 (chronic infection) (Fig. 1D and Fig. S1B).17
The effector, cell-cycling, Tpgx, and naive T cell clusters readily co-localized across
datasets, indicating similarity in gene expression across similarly labelled cells in these

two datasets. Lending further validation to these findings, Tpex, identified by co-expression
of Ly108 and PD-1, were TOX" and TCF-1* in our model, in line with published data

(Fig. S1C).528 Several transitional and cytotoxic lymphocyte populations were specific to
the LCMV dataset, however these clusters were largely found in mice infected with acute
but not chronic LCMV and were absent from our myeloma dataset (Fig. S1B).17 Strikingly
however, the IFNy™ Tpyex cluster from our dataset did not imbricate with any T cell
clusters from LCMV-infected mice despite the other terminally exhausted T cell subsets
showing close co-localization (Fig. 1D). To determine which genes were uniquely expressed
in IFNy™ Tpnex, we compared differentially expressed genes in this subset to the other
Tex clusters in our dataset and generated a IFNy™* Tpyex signature (Fig. S2A and Data
File S1). Genes associated with natural killer cells (K/rd1, Kirk1, Klrel) were differentially
expressed in other Tgx whereas Ccl5, Malatl, ler3, Maf, Cd28, 1d2, Gzmb and Havcr2 were
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differentially enriched in IFNy* Tpyex. The latter genes have been associated with T cell
persistence, recruitment of lymphocytes to the TME, and memory differentiation.29-32

We next used a reference of our previously published gene-expression and TCR-sequencing
data from CD8 T cells isolated from the BM of Vk*MYC MM-bearing mice at 4 weeks
post-SCT to explore clonality and draw parallels to the Tgx cells in our data.33 Using
multinomial linear regression, we were able to identify a clearly defined IFNy* Tppex
cluster in the reference (Fig. 1E). Given the degree to which these cells and other
‘exhausted’ cells were clonally expanded in the reference, and our prior work showing

that SCT generates myeloma-specific T cell memory in this model,24 we hypothesized that
IFNy* Tpyex were tumor specific. In further support of tumor-reactivity, our IFNy* Tppex
cells displayed enrichment for gene signatures from terminally exhausted and tumor-specific
T cells in humans (Fig. 1F-G).343%

TIM-3* CD8 T cells with a terminally exhausted phenotype produce cytotoxic molecules
and IFNy in vivo

Based on the high expression of Haver2within the IFNy* Tpyex cluster, we next used
surface expression of PD-1 and TIM-3, measured by CITE-seq,38 to broadly subset Tgx
cells. We observed enhanced expression of Arfl, Gzmband /fngin TIM-3*PD-1* compared
to PD-1*TIM-3" cells (Fig. 2A-B). We confirmed these findings at the protein level with
flow cytometry and found that all PD-1* CD8 T cells expressed TOX but that cytotoxic
molecules were largely found in the TIM-3* subset (Fig. 2C). TIM-3* cells identified in our
model lacked Cx3cri, Ki67, and Tbx21 (T-BET ) expression and therefore are distinct from
already described proliferating transitory cells and other intermediate exhaustion subsets
(Fig. 1A and Fig. S1A).20.37 The Tggr cluster in our dataset likely include these transitory
cells based on the overlap between the “Exh-int”17 subset from chronic LCMV infection and
the Tegee cluster identified here (Fig. 1D).

To validate the transcriptome data for cytokine production, we next utilized a triple-reporter
mouse (IL-10-GFP x IFNy-YFP x FoxP3-RFP) to measure cytokines without the use of

ex vivo restimulation. The IFNy reporter mice38 use a bicistronic mRNA such that the
fluorescent protein is only produced when the IFNy mRNA is translated into protein.
Briefly, the enhanced-YFP reporter cassette was inserted between the translational stop
codon and 3’ untranslated region (UTR)/polyA tail using an internal ribosome entry sites
(IRES)-based vector. The use of IRES to generate bicistronic mMRNA does not impact
post-transcriptional regulation of upstream genes through the 3’UTR.3% This IFN+y reporter
mouse has been validated by Reinhardt et al. and reporter protein closely correlated with
IFNy protein production in CD4 T cells.%% To confirm these findings, we show that memory
CD8 T cells from spleen and BM exhibit comparable expression levels of IFNy-YFP and
IFNy protein in response to PMA/ionomycin stimulation (Fig. S3A-B).

In our myeloma model, the majority of PD-1* T cells expressed IFNy-YFP with the greatest
amount of in vivo IFNy being produced by TIM-3* cells (Fig. 2D-E and Fig. S4A).
Interestingly, PMA/ionomycin stimulation did not recapitulate this effect as all subsets
similarly produced IFNvy, consistent with rapid responses of memory T cells to broad
stimulation in a polyclonal T cell pool (Fig. S4B). Half of the TIM-3* cells also produced
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IL-10-GFP in vivo (Fig. 2D). We then measured expression of CD101 and CX3CRL1 on
TIM-3*PD-1* T cells to determine whether these cells expressed previously described
exhaustion (CD101) or effector (CX3CR1) markers at the protein level (Fig. 2F).20.25 The
majority of TIM-3*PD-1* cells were CD101*CX3CR1", confirming that these cells had

a terminally exhausted rather than an effector phenotype. Importantly, IFN+y production
was similarly high in IFNy* Tpyex compared to CX3CR1* transitory Ty, highlighting
that the amount of IFN+y produced by IFNy* Tpnex is physiologically relevant (Fig.

2G). Additionally, IFN+y secretion was expected in CX3CR1* cells,2%-21 which provided

a robust internal control for the IFNy—YFP signal in our model. The expression of Ly6A
at the protein level only, identified the most functional TIM-3*PD-1" cells that had high
expression of IFN-y and granzyme B but not granzyme A (Fig. 2G—-H). To interrogate these
cell subsets in a myeloma model with an antigen-specific T cell, we transferred MataHari
CD8 T cells (HY-specific TCR)#142 into female Rag2/112rg™~ mice that were naive or
injected with HY-antigen-expressing Vk*MYC myeloma (Vk58) (Fig. 21). MataHari T cells
expressed TIM-3, PD-1, TOX and CX3CR1 in Vk58-bearing mice but not naive mice

(Fig. 2J-K). Tgx cells were expanded in tumor-bearing mice, including IFNy* Tprex
(PD-1*TIM-3*CX3CR1") and transitory Tgx (PD-1*TIM-3*CX3CR1"), which had higher
expression of Ly6A, perforin, granzyme B and IFNy compared to PD-1"TIM-3~ cells
(Fig. 2L-N). We also injected MataHari or WT T cells into recipients bearing female
VK*MY C to demonstrate that the myeloma TME itself did not drive the expression of
PD-1 or TIM-3 independently of tumor antigen (Fig. S5A). Notably, PD-1 and TIM-3
expression were completely absent on MataHari CD8 T cells in the absence of HY-antigen
expression on myeloma (Fig. S5B). In sum, these data identify a PD-1*TIM-3*CX3CR1"~
T cell subset, IFNy* Tpyex, that produces both IFNy and cytotoxic molecules with a
terminally exhausted phenotype in the TME.

IFNy* Tpuex cells are marked by increased accessibility at the BATF motif

To interrogate epigenetic signatures associated with T cell control of myeloma, we
performed concurrent RNA and ATAC single cell sequencing (multi-ome) on CD8 T cells
from the BM of an expanded cohort of transplanted mice who either (1) were never injected
with myeloma (MM-free), (2) controlled myeloma post-transplant (MM-controlled), and
(3) had progressive disease (MM-relapsed) at 6 weeks post-transplant (Fig. S6A). Firstly,
we broadly identified cells across stages of T cell differentiation to measure changes in
expression of functional genes within the three groups (Fig. 3A). Tgx cells had increased
expression of /fng, Lyé6a, 1110, and Eomes with reduced expression of 76x21 (Fig. S6B).
High expression of the gene encoding the IL-10R (//10ra, Fig. S6B) in Tgx was notable
given the recently described role of IL-10 signaling in maintaining Tgx cell function

in the TME.4344 Next we linked gene expression to changes in chromatin accessibility
using an algorithm capable of correlating these events in single cells.*> We found that

Tex had greater accessibility in /fngand //10linked peaks with an associated increase in
gene expression (Fig. S6C). Interestingly, previously identified loci2® that showed reduced
accessibility across the /fng locus in TOX* cells did not exhibit high levels of correlation
with /fng gene expression in our datasets (Fig.S6C). Notably, expression of Ly6aonce
again correlated with /fng expression (Fig. S6B). We next identified a pseudotime trajectory
from Ty to Tgx cells to identify transcriptomic and epigenetic differences across these
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transitioning cell states (Fig. 3B and Fig. S7A). Naive and stem-like genes were highly
expressed and accessible at early points in the trajectory (BachZ2, Lefl). Thereafter, we
observed a loss of stemness and gain of chromatin accessibility within terminal/exhaustion
markers and transcription factors ( 7ox, Pdcd1, HaverZ, Nr4aZ, Eomes) (Fig. STA-B).
Motif analysis across the psuedotime trajectory also identified NFATC1 as a regulator of
exhaustion in our model (Fig. S7B). Together, these data highlight that Tgy in our dataset
have a canonically exhausted epigenetic signature. Yet, we again observed high expression
of and accessibility within genes encoding cytotoxic molecules (Prfl and Gzmb) and /fng
in the Tgyx cells found in MM-relapsed mice, which corresponded to ~75 on the pseudotime
scale (Fig. 3A-C).

We then correlated transcription factor (TF) expression with its motif enrichment in
accessible DNA to infer highly utilized TFs across the dataset. As expected, previously
described regulators of T cell exhaustion and stemness pathways had high correlation scores
across the dataset: Nr4aZ, Eomes, Tcf7 (Fig. 3D). This analysis also highlighted Batfas

an important transcription factor, which exhibited co-expression with 7oxand /fng (Fig.
3E). Furthermore, Tgyx cells with the highest level of /fng expression exhibited increased
accessibility at the Batfmotif (Fig. 3F). Interestingly, terminally differentiated cells from
MM-free and MM-controlled mice were found within the broad Tgx cluster, however these
cells had lower levels of 7oxexpression (Fig. 3E) and likely differentiated in response to
inflammatory signals during stem cell transplantation.*® Notably, there was accessibility

in, but not active transcription of functional genes (/fng, Prfl, Gzmb) in these cells (Fig.
3C). Using a method capable of linking motif enrichment with target gene expression in
single cells,*” we identified target genes of Batf. which included those highly expressed in
IFNy™* Tpnex cells, such as Pdcdl, HaverZ, Prfland /fng (Fig. 3G). Together, these data
demonstrated that Tgx cells in myeloma exhibit hallmarks of an exhausted phenotype and
express BATF, a transcription factor that can be associated with effector function.1! High
accessibility within the BATF motif may thus contribute to the retained production of IFNy
and granzyme B within IFNy* Tpyex.

Next, to specifically identify IFNy* Tpyex cells in the multi-ome data, we focused on

a re-embedding of just the MM-relapsed dataset (Fig. 3H). We then used the IFNy™*

TpHEX Signature from our sScRNA seq data from the initial relapsed cohort (Fig. 1) to
identify an analogous cluster (Fig. S8A). The IFNy™ Tpyex cluster identified in this dataset
also had high expression of Havcr2, Ifng, Gzmb, Prfl, Ly6aand Batf(Fig. S8B). To

again draw parallels to other datasets of exhausted T cells, we projected ATAC data from
chronic LCMV and solid tumor models onto our multiomic dataset. As expected, we found
colocalization between our Tgx and IFNy* Tpyex clusters with the terminally exhausted
clusters identified in these models (Fig. 31). We next performed unsupervised latent time
analysis and observed a similar differentiation of CD8 T cells from Tpgx and Tggg clusters
towards Tgyx subsets (Fig. 3J), which validated our supervised pseudotime trajectory (Fig.
3B). This was also consistent with the RNA velocity analysis in Fig. 1A. Accessibility

was similarly reduced within stemness genes and increased within exhaustion-associated
genes over latent time (Fig. 3J). We next compared differentially accessible motifs between
IFNy* TpHex and the other Tex clusters in our relapsed dataset (Fig. 3K).4” Batfand Fos
were significantly more accessible within IFNy* Tpyex while Gm4881 was more accessible
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in other Tgx clusters. Together, these data suggest that although IFNy* Tpyex exhibit a
chromatin accessibility profile that is largely similar to Tgx previously described in solid
tumors and chronic LCMYV infection, they express functional genes which are strongly
linked to changes in chromatin accessibility at Batfbinding sites and to the expression of
BATF itself.

Myeloma progression is associated with a reduced ratio of IFNy* Tpygx and Tpgx to tumor

burden

To determine why tumor control was lost, despite the presence of highly functional T

cell subsets, we delineated the relationship between IFNy* Tppex and tumor burden by
phenotyping CD8 T cells at 6-7 weeks post-transplant in MM-free, MM-controlled, and
MM-relapsed mice. We have previously shown increased expression of single inhibitory
receptors on CD8 T cells at myeloma relapse*8 and here we confirm that T cells co-
expressing PD-1 and TIM-3 were significantly expanded in MM-relapsed mice (Fig.

4A). All PD-1* T cells expressed CD39, a marker for tumor-specificity in humans (Fig.
S9A).49 We observed increased frequency of Tpgx in MM-relapsed mice compared to
MM-controlled and MM-free mice (Fig. 4B). In line with the described functionality of
TIM-3* T cells in our model, IFN+y, perforin and granzyme B production was highest

in MM-relapsed mice although MM-controlled mice produced more IFNvy and perforin
compared to MM-free mice (Fig. 4C-E). Non-terminal bone marrow aspirates (BMA) at 3
weeks post-transplant revealed the presence of TIM-3* cells in mice prior to frank relapse
(Fig. S9B). The cytokine profile of TIM-3* T cells in MM-controlled mice was comparable
to MM-relapsed mice (Fig. S9C vs Fig. 4C). Next, to confirm that the generation of IFNy*
Tpyex Was not a transplant-specific phenomenon, we analyzed CD8 T cells from the BM of
our triple-reporter mice with advanced myeloma that had not been transplanted (Fig. S9D).
We observed a similar frequency of TIM-3* T cells within CD8 T cells compared to mice
that relapsed after SCT, which also produced both IFN-y and IL-10 in vivo (Fig. SOE-F).
These data demonstrate that IFNy* Tpex cells differentiated in response to tumor and that
the presence of these cells in the BM preceded frank disease relapse.

We next performed multispectral imaging to confirm that T cells infiltrated myeloma lesions
in the BM. Both TOX* and TCF1* CD8 T cells were sparsely seen within myeloma lesions
in relapsed mice post-SCT (Fig. 4F). Moreover, myeloma cells greatly outnumbered T cells
within myeloma lesions. Due to technical limitations of nuclei detection in BM sections, we
used flow cytometry to quantify the total number of myeloma cells and TIM-3* T cells in
MM-controlled and MM-relapsed mice (Fig. 4G). We next correlated the number of TIM-3*
T cells with MM cell number and found a positive correlation only in MM-controlled mice
(Fig. 4H). Therefore, although the total number of TIM-3* T cells was increased at relapse,
mice with controlled myeloma had a significantly higher ratio of both TIM-3* and Tpgx
cells to myeloma cells (Fig. 41). Indeed, while the number of MM cells increased ~20 fold,
the number of TIM-3* Tgx only increased ~5 fold in mice with relapsed MM compared

to those with controlled disease (Fig. 4J). Furthermore, freshly isolated IFNy* Tpyex from
MM-relapsed mice killed Vk*MYC myeloma cells ex vivo with comparable efficacy to
CX3CR1-expressing effector cells (Fig. 4K and Fig. SLI0A-B). In contrast, PD-1" cells

did not have anti-myeloma activity. These data highlight that loss of immune control in
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myeloma is not due to dysfunction of terminally differentiated T cells but rather, progression
is associated with numerical deficits in IFNy* Tpygx, which may be due in part to the lack
of accessible chromatin within stem-like genes in these cells.

CD11c" cells and IL-6 signaling promoted IFNy* Tpyex differentiation

We next sought to determine which signals contributed to IFNy* Tpyex differentiation
and/or function in myeloma. Firstly, the role of dendritic cells (DCs) was assessed using
CD11cDOG mice, whereby CD11c-expressing cells are deleted after exposure to diphtheria
toxin (DT). DT treatment began at 4 weeks post-SCT and BM was harvested after 2

weeks of treatment. Using non-lethal bone marrow aspirates, IFNy* Tpex frequency and
function was recorded prior to DT injection to control for possible differences in tumor
burden across mice (Fig. 5A). In PBS-treated mice, the frequency of IFNy* Tpyex within
CDB8 T cells increased between timepoints (Fig. 5B). In DT-treated mice, further IFNy™*
Tpnex differentiation was inhibited, while IFN+y production within IFNy* Tppex was only
marginally inhibited (Fig. 5B). At the end of treatment, there was no difference in myeloma
burden between PBS and DT treated mice, likely due to the initiation of treatment late in the
disease course (Fig. 5C). There were fewer CD8 T cells in the BM of DT-treated mice, and
this was due to a selective reduction in all Tgy subsets downstream from Tpgx (Fig. 5D-E).
Production of granzymes and perforin within IFNy* Tpex was not impaired by depletion
of CD11c* cells (Fig. 5F). These data are consistent with CD11c-expressing cells broadly
promoting Tgx differentiation within the myeloma TME.

We next explored the potential role of cytokines in promoting either the differentiation

or function of IFNy™* Tpyex, We first employed our multi-ome dataset to assess changes

in expression of IFN-y-related cytokine receptors throughout Tgx differentiation using
pseudotime (Fig. 5G-H). //10ra, I/15raand //2rb increased while //12rb, Il6raand //18r1
decreased during Tgx differentiation. We focused on IL-6 and IL-10, which are known to
be dysregulated in the myeloma microenvironment.®0-51 In this model, we have previously
shown that expression of the IL-10R on CD8 T cells was not required for TIM-3* T

cell differentiation.#® Given the recently described role of IL-10 signalling in augmenting
metabolism in exhausted CD8 T cells in the TME*4, we measured expression of gene
signatures associated with glycolysis and the OXPHOS pathway in our relapsed dataset. We
found enrichment for both signatures in the IFNy* Tpygex and Cycling clusters, consistent
with high //70rexpression in Tgx cells (Fig. 5H-J). Therefore, although IL-10 signalling
is not required for the differentiation of IFNy* Tpnex cells, IL-10 may impact metabolism
within these cells. On the other hand, IL-6R deletion using CD4cre* x IL-6R™/f mice
resulted in reduced frequency of IFNy* Tphex cells within CD8 T cells specifically within
IL-6R KO transgenic T cells and not within the paired WT T cells in the same animal

(Fig. 5K-L). Tpex frequency and granzyme B production within IFNy* Tppex Were not
impacted (Fig. 5M-N). Together these data provide additional insights into the cytokines
driving differentiation of IFNy* Tpex in the myeloma microenvironment.
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CD19-targeted CAR T cells with an IFNy* Tpyex phenotype are functional in the bone

marrow.

To confirm that terminally differentiated cells can display features of both exhaustion and
effector function in an additional model, we analyzed CD19 CAR T cells from mice with
relapsing B-ALL. At 9 days post-CAR T cell transfer, the majority of the CD8 CAR T

cells were CX3CR1*CD39*PD-1* however, a subset of CAR T cells had a Tgx phenotype
and were CX3CR1"CD39PD-1*TIM-3* (Fig. S11A). These Tgx cells did not express
Ly108, expressed high levels of Ly6a, and produced the same amount of IFNy as CX3CR1*
counterparts (Fig. S11B-C). Furthermore, analogous to polyclonal T cells from myeloma-
bearing mice, higher expression of IFN+y, perforin and granzyme B was seen in TIM-3*
CD19 CAR T cells (Fig. S11C-F). All CAR T cells were TOX* by 9 days post-transfer (Fig.
S11E). To increase the frequency of terminally exhausted CAR T cells within the CAR T
cell pool, we performed a secondary adoptive transfer of CD19 CAR T cells isolated from
BM of mice with controlled B-ALL 25 days after initial CAR T cell transfer (Fig. S12A).
CAR T cells isolated from BM of primary recipients were largely CD44*CD62L~ and had
higher CD39 expression compared to spleen yet maintained IFNy secretion (Fig. S12B-C).
After secondary transfer, the TIM-3*CX3CR1™ subset now made up >35% of CD19 CAR T
cells in the BM at 19 days post-transfer (Fig. 6A). TIM-3"CX3CR1~ T cells produced more
IFNy and had increased CD101, CD39 and PD-1 MFI relative to TIM-3" subsets; all subsets
had high expression of Ly6a (Fig. 6B—C and Fig. S12D). Interestingly, CD101 expression
did not impact IFNvy secretion in TIM-3* cells that were either CX3CR1~ or CX3CR1*
likely due to the maintenance of high Ly6a expression across all subsets in this model (Fig.
6D). Single cell RNA sequencing revealed 6 clusters within CD19 CAR T cells, including a
IFNy™* Tpnex cluster with expression of Havcr2, Prfl, Ifng, Toxand Batf (Fig. 6E-F). We
used 5" TCR sequencing to assess overlap of clonotypes across clusters and observed shared
clonotypes between Tpex and all Tgx clusters, including IFNy* Tprex (Fig. 6G). Indeed,
there was an overlap of clonotypes across all clusters in this dataset, consistent with CD19
CAR T cells differentiating through multiple stages of T cell exhaustion in response to
signaling via the CD19 CAR. Importantly, sort purified TIM-3*CX3CR1™ (IFNy* Tprex)
CAR T cells (Fig. S12E) effectively killed B-ALL target cells in an ex vivo killing assay
(Fig. 6H). Furthermore, IFNy* Tpyex CAR T cells killed a higher fraction of B-ALL

cells compared to unfractionated CAR T cells at all tested effector:target ratios (Fig. 6H).
Together, these data demonstrate that IFNy* Tpyex is a functional subset of CD19 CAR T
cells able to effectively kill leukemia cells.

IFNy* Tpuex are found in patients and are expanded following autologous stem cell
transplantation for multiple myeloma

To determine whether IFNy* Tpex Were found in patients, we analysed BM samples

from patients with myeloma across two centers at the following timepoints: (1) prior to
ASCT (n = 23), (2) after ASCT (n=17) and (3) at progressive disease (n = 20) (Fig. 7A).
Using flow cytometry and FlowSOM to perform unbiased clustering of cells®2, a population
analogous to the mouse IFNy* Tphex phenotype was identified, where TIM-3* CD8 T cells
were seen that expressed PD-1, TOX, CD28 and intermediate levels of granzyme B but
were negative for CX3CR1 (Fig. 7A-B). In the absence of a reporter or known myeloma
antigens to restimulate with, we were unable to verify IFN-y production in this subset by

Sci Immunol. Author manuscript; available in PMC 2024 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Minnie et al.

Page 11

flow cytometry. Notably, this subset was expanded following ASCT and at myeloma relapse
compared to pre-ASCT samples in patients (Fig. 7C). Focusing on patients who had paired
samples at each timepoint (n =8), the frequency of TIM-3*GzmB* cells increased after
ASCT and did not further increase at disease relapse (Fig. 7D). Similar to our mouse model,
the frequency of TIM-3*GzmB* cells did not correlate with myeloma burden at relapse (Fig.
7E).

To bring additional clinical relevance to our findings, we interrogated SCRNA seq data from
a publicly available pan-cancer dataset, which included patients with myeloma.>3 First, in
the marrow of myeloma patients, we found that expression of 70X, HAVCRZ2, GZMB,
IFNG, PRF1and CD28was associated with high expression of BATFin the Tex.CXCL13
cluster in this dataset (Fig. 7F). Next, to generate a human gene signature, we looked at
differentially expressed genes in BATFexpressing Tgx cells (Fig. 7G and Data File S2).
We then compared this signature to the list of differentially expressed genes in our mouse
IFNy* Tpnex cluster and generated a ‘conserved IFNy™ Tphex signature’ consisting of 70
genes across mouse and human myeloma (Fig. 7H and Data File S3). Finally, we applied our
conserved IFNy* Tpyex signature to the pan cancer dataset from Zheng et al. and cells with
the highest gene score were again largely found within the Tex.CXCL13 cluster (Fig. 71 and
Fig. S13). When we quantified expression of the conserved IFNy* Tphex signature in this
cluster across cancer types, we found that myeloma, renal carcinoma, and B cell lymphoma
had the highest expression of IFNy* Tpex associated genes (Fig. 7J). Together, these data
highlight that IFNy* Tpyex is a clinically relevant Tgx phenotype that is found across a
broad range of human cancers and is expanded following ASCT for myeloma.

Discussion:

Here we describe highly functional polyclonal CD8 T cells and CD19 CAR T cells in the
bone marrow TME that displayed hallmarks of terminal T cell exhaustion, yet effectively
killed myeloma and B-ALL target cells, respectively. Spatial imaging and flow cytometry
analysis of the BM TME demonstrated that loss of T cell-mediated control in our model
was underpinned by a reduced ratio of functional T cells to tumor cells rather than
dysfunction of tumor-infiltrating T cells per se. It is important to highlight that while

these cells can mediate anti-tumor activity, they have reduced chromatin accessibility within
self-renewability genes and are therefore unlikely to generate sustained anti-tumor immunity
without maintenance of Tpgx populations.”:8 These data further emphasize the importance
of targeting Tpex populations and suggest that identifying immunotherapies that can expand
Tpex and/or promote T cell differentiation down the IFNy* Tphex trajectory identified
here, rather than a dysfunctional exhaustion trajectory, could greatly improve treatment of
hematological malignancies. We demonstrate that IFNy* Tpyex differentiation was reduced
after depletion of CD11c-expressing DCs, although this effect was partial. Notably, the
requirement of DCs for tumor entry in myeloma has recently been described in humans.>*
High expression of Cad28in the IFNy™ TpyEex subset relative to the dysfunctional Tgx
subset in our model, and in IFNy* Tpex-like cells in humans, suggests that T cell
interactions with other antigen presenting cells, including perhaps myeloma itself, likely
also plays a role in maintaining this highly functional subset and represents another avenue
for further investigation.>®
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The dogma in the T cell exhaustion field, that effector cytokine production is severely
limited in terminally exhausted T cells, is largely built on data generated through ex

vivo re-stimulation with Tgx cells from solid tumor and chronic infection models.1~3:6
This discrepancy between high cytokine secretion in vivo, reported here, versus low
cytokine secretion ex vivo following restimulation is possibly driven by differences in
microenvironments and combinations of transcription factors regulating heterogenous Tgx
subsets. Differences in cytokine production could also be driven by defects in PMA/
ionomycin response elements, that are bypassed in vivo where physiological IFN+y responses
are primarily determined by I1L-2/1L-12/1L-18 signaling.5” Specifically, we observed Nfatc
motif accessibility in Tgx and it is known that Nfatc2-driven effector function is negatively
regulated by Dap/I in an ionomycin-dependent manner in Tgx.>8 This regulatory network
may underpin the lack of responsiveness of TIM-3-expressing cells to broad ex vivo
restimulation. Furthermore, although TIM-3 signaling is said to inhibit effector function,
in our model, NFAT1 was likely undergoing competent activation in IFNy* Tphex

as concurrent ATAC and RNA sequencing showed subsequent transcription of NFAT1-
regulated effector genes including Prf1, Gzmband /fng in cells with increased Nfatcl
motif accessibility.5® Others have identified CD8 T cells with features of both exhausted
(TOX, TIM-3, PD-1) and effector cells (CX3CR1, T-bet, KLRG1) in chronic infection

and autoimmunity that represent intermediate stages of exhaustion.17:18:23 Together with
our data, these studies highlight the heterogeneity of functional capacity within T cells at
intermediate and now terminal stages of exhaustion.

Together with expression of TIM-3, CD28, and TOX, the transcription factors Maf and
BATF corresponded with polyfunctionality within IFNy* Tpyex in mice with relapsed
myeloma. In a mouse model of lung cancer, T-follicular helper cells produced IL-21

and supported PD-1* granzyme B* CD8 T cells in the tumor microenvironment.19 A

role for IL-21 in promoting the function of effector T cells and transitory Tgx cells in
chronic LCMV infection has been described37:60.61 and interestingly, through STAT3, IL-21
signaling induced expression of BATF.52 BATF has been described as a driver of either
effector function or exhaustion in different biological contexts.1112.63 Qur data suggest
that these phenotypes are not mutually exclusive and that rather, Batfexpression correlates
with enhanced functionality in T cells with an otherwise phenotypically exhausted protein,
transcriptomic, and epigenetic profile in mice and humans. In murine models of melanoma,
Maf expression was associated with a Tgx phenotype and T cell dysfunction.54.85 Notably,
these studies largely utilized bulk RNA sequencing approaches to characterize the role of
Maf expression in Tgx, which does not allow for interrogation of discrete Tgy subsets. In
melanoma-specific T cells, IL-6 and TGFp, which are highly expressed in the myeloma
TME,86 induced Maf expression in antigen-stimulated CD8 T cells in vitro.54 1L-6 and
TGFB inhibited effector function in these in vitro experiments,54 however IL-6 signaling to
TIM-3* Tgx did not impact granzyme B expression in our model, likely due to the reduction
in //6ra expression during Tgx differentiation. A wide range of cytokines and molecules
can modulate STAT3, MAF, and BATF and determining which pathways are involved in
maintaining the function of IFNy* Tppgx in the TME is an important avenue for further
investigation.
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Expression of some markers observed in our mouse myeloma model (i.e. Ly6A, Maf) may
be impacted by differences in protein versus gene expression and species-specific genes
(e.g. LyBA is not expressed in humans). To aid in the broad identification of IFNy* Tpyex
in clinical datasets, we generated a conserved IFNy* Tpyex signature across mouse and
human myeloma. We applied this signature to a pan-cancer dataset and identified several
human cancers with CD8 T cells that were enriched for this phenotype. We recognize

that the lack of known tumor antigen is a limitation of the Vk*MYC model, however,

the induction of a naturally occurring, polyclonal T cell response to tumors is likely more
representative of the heterogeneity within T cell responses generated against human cancers.
Furthermore, using this same model, we observed substantial clonal expansion within
polyclonal CD8 T cells with a Tgx phenotype and have demonstrated that SCT generates
myeloma-specific T cell responses.?4:33 Here, we provided evidence for the existence of a
IFNy* Tpyex phenotype within antigen-specific cells using two model systems including
a Hy-antigen-expressing myeloma with MataHari HY-specific TCR transgenic T cells and
a CD19-expressing B-ALL with CD19 CAR T cells. Subsequent studies are needed to
determine the differentiation stage at which this functional vs dysfunctional trajectory is
programmed (i.e., Tpex Vs transitory/intermediate Tgx).

In conclusion, we have identified TIM-3*CX3CR1~ CD8 T cells with hallmarks of
exhaustion that remain highly functional (termed IFNy* Tpyex) in the TME. In patients
with myeloma, ASCT expanded TIM-3* T cells and incorporation of immunotherapy early-
posttransplant may augment this effect. Specifically, identification of the signaling pathways
that drive differentiation of this functional, rather than dysfunctional, Tgx phenotype

may inform approaches to broadly optimize immunotherapy. Furthermore, the function

of T cells, or lack thereof, in the TME cannot be inferred by measuring expression

of inhibitory receptors or even exhaustion-associated transcription factors. These data

have implications for studies investigating CD8 T cell phenotypes in tumor settings,
particularly as this phenotype was observed in human TILs from diverse cancers. Finally,
our data are consistent with the importance of targeting Tpgx, to expand downstream Tgy
subsets with retained anti-tumor function, as a means of generating sustained responses to
immunotherapies.

Study Design

This study was designed to characterize T cell differentiation in the bone marrow tumor
microenvironment. We interrogated CD8 T cell phenotypes in the bone marrow of
polyclonal and antigen-specific murine models using flow cytometry and multi-ome single
cell RNA/ATAC sequencing approaches. We then performed confirmatory analysis of BM T
cells in a myeloma patient cohort and a publicly available human pan-cancer dataset. Mice
were randomly assigned to groups in all experiments without investigator blinding. All 7
values reflect biological replicates unless otherwise stated and numbers of mice per group
are included, with the statistical test performed, in the legend for each figure.
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Mice
C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and
Rag2x112rg™~ mice were purchased from Taconic Biosciences (La Jolla, CA, USA).
PTPxC57 (CD45.1/CD45.2), HULK (IFN-y-YFP x IL-10-GFP x FoxP3-RFP) reporter,
CDA4cre x IL-6R/fl, and MataHari#! mice were bred in house at Fred Hutchinson Cancer
Research Center (Seattle, WA, USA). All individual reporter strains in the HULK line
were either generated on a B6 background or were backcrossed more than 10 generations
(IFNy-YFP40; 1L-10-GFP JAX #:008379; FoxP3-RFP JAX #:008374). Mice were housed in
sterile microisolator cages, fed normal chow, and given autoclaved pH 2.5 water. All animal
procedures were performed in accordance with protocols approved by the institutional
animal ethics committee. All recipient mice were female at 8-12 weeks of age at the
initiation of experiments.

Human Samples

The use of human bone marrow samples for research in the USA was approved by

the Fred Hutchinson Cancer Research Center IRB. Samples from Melbourne Australia
were approved by the Alfred Hospital Human Research Ethics Committee. All samples
were from respective biorepositories of myeloma patients who provided written informed
consent. Samples were taken prior to autologous stem cell transplantation, at 3 months
post-transplantation, and at disease progression.

Antibodies

The following antibodies for flow cytometry were purchased from: eBiosciences; CD101
(Moushi101), c-MAF (symOF1), TIM3 (CD366; RMT3-23), FOXP3 (FJK-16s), TOX
(TXRX10) and from Biolegend; Perforin (S16009A), CD319 (SLAMF7; 4G2), PD-1
(CD279; RMPI-30, 29F.1A12), CD38 (T10), CD39 (Duha59), CD90.2 (53-2.1), CD49d
(R1-2), Granzyme B (QA16A02), CD69 (H1.2F3), CD226 (DNAM-1; TX42.1), CD3 (145
2C11) and from BD Bioscience; CD122 (TM-p1), Granzyme B (GB11), CD44 (IM7),
TIGIT (1G9), CD62L (MEL-14), CD45 (30-F11), CD45.1 (A20), CD4 (GK1.5), LY108
(13G3), PD-1 (CD279; J43), CD8 (53-6.7).

Myeloma model and stem cell transplantation

Mice were injected intravenously with k12653, Vk12598, or Vk28158 (1x108 cells; MM-
bearing mice), which originated from Vk*MYC transgenic mice.57:68 \Vk28158 expresses
the male Hy-antigen and was generously provided by Marta Chesi. For transplantation
experiments, recipients were injected with VK*MYC two weeks, or were naive (MM-free),
prior to lethal irradiation split across two doses 3 hours apart (1000cGy, 137Cs source).
Recipients were transplanted the following day with 10 x 108 BM and 5 x 10° T cells

via tail vein injection as described previously.48:69 PTPxC57 recipients were utilized in all
experiments with HULK reporter donors to allow for the exclusion of reporter negative
recipient T cells from downstream analysis. Rag2/I12rg™'~ mice were used for all Vk28158
experiments. Serum samples were collected every two weeks from MM-bearing recipients
and M-band was quantified using serum protein electrophoresis (HYDRASY'S 2 Scan) as
previously described.6” Recipients were monitored daily and sacrificed when clinical scores
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reached =6 or hind limb paralysis was observed. In experiments using CD11cDOG mice, all
groups were treated with diphtheria toxin three times per week, for two weeks, at 160ng per
dose I.P.

CD19 CAR T cell model

Construct of the CD19 CAR (m1928E) has been described previously which encodes a
mouse CD19 CAR with CD28 co-stimulation domain and an EGFRt selectable marker.”0
Retrovirus was produced by transfection of Platinum-E packaging cells with CD19 CAR
expressing plasmid using Calcium Phosphate Transfection kit (Takara) per manufacturer’s
protocol. Retroviral supernatant was harvested, filtered through 0.45uM filters (Millipore)
and frozen down at —80°C for future use. Mouse CAR T cells were generated as previously
described with modifications.”® Briefly, CD4* and CD8* T cells were isolated from
spleens of B6 donors (H2DP, CD45.2%) with magnetic activated cell sorting or MACS
(Miltenyi) and stimulated with plate-bound anti-CD3 (clone 2C11, 1pg/ml) and anti-CD28
(clone N37.51, 1pg/ml) for 20 — 30 hours in IMDM complete medium.”! Retrovirus was
thawed, loaded onto Retronectin (Takara) coated non-tissue culture treated plates, spun at
3000g at 32°C for 2 hours and then removed. Stimulated T cells were mixed with CD3/
CD28 Dynabeads (Giboco) at 1:1 ratio, loaded onto the retrovirus-coated plates, incubated
overnight and subsequently transferred to fresh medium. The cells were cultured in the
presence of rhiL-2 (Miltenyi, 100U/ml) for the first 3 days, washed out and cultured in
rmIL-15 (PeproTech, 50ng/mL) for another 4 days. After 7 days of culture, transduced T
cells were harvested, cleared of Dynabeads with magnet, labelled with anti-human EGFR PE
(clone AY13, Biolegend), followed by MACS selection with anti-PE microbeads (Miltenyi)
resulting in highly pure products (>98% EGFR*). CD4* and CD8" cells were mixed

at 1:1 ratio before adoptive transfer. PTP X C57 (H2DP, CD45.1*, CD45.2*) recipients
were transplanted with TCD BM (H2DP, CD45.1*) and acute lymphocyte leukemia cells
(H2DP, CD45.2*) which harbor the transgenes Arf/~ MSCV-BCR-ABL 1-ires-luciferase and
MSCV-1K6-ires-GFP.72 CD4* and CD8" CAR T cells were adoptively transferred on day
+3 after transplant. Relapse is this model was defined by >50% GFP* tumor cells in bone
marrow or blood and/or a white blood cell count about 50 x10%/ml.

For the secondary transfer experiment, EGFR* CD19 CAR T cells were isolated from BM
25 days after initial adoptive transfer. CAR T cells were pooled from 10 primary CAR

T cell recipients and a total of 1 x 108 CAR T cells were injected into each secondary
B-ALL-bearing recipient. After 19 days, CAR T cells were harvested from BM of secondary
recipients for flow cytometry phenotyping and an ex vivo killing assay. Briefly, isolated
CAR T cells were sorted based on CX3CR1 and TIM-3 expression (CX3CR1~ TIM-3*) or
were left unsorted prior to being cultured at 37 °C with B-ALL cells for 18 hours at CAR T:
B-ALL ratios of 1:1, 1:3 and 1:10. Target lysis was measured using Annexin V and 7AAD
staining according to the manufacturer’s protocol (BD Biosciences).

Flow Cytometry

Mice were sacrificed at time points indicated in Figure Legends and BM was flushed
with media (RPMI + 1% FCS) to harvest T cells. For bone marrow aspirates, mice were
anesthetized and treated with a local analgesic (0.5% lidocaine) followed by injection
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of 30 uL of PBS into the femur to allow up to 10 puL of marrow to be aspirated. For

analysis of human BM, samples were thawed and up to 5 x 10° total cells were stained

for surface markers prior to fixation for intracellular staining. For all FACS analysis, whole
BM was incubated with Fc-block prior to staining with fluorescently tagged antibodies

on ice for 30 minutes. For intracellular staining, cells were permeabilized after surface
staining (Foxp3 Staining Buffer Kit; eBioscience) prior to incubation with intracellular
antibodies for 60 minutes at room temperature. To measure restimulated IFN-y production,
cells were stimulated with PMA (500 ng/mL) and ionomycin (50 ng/mL) (Sigma-Aldrich)
with Brefeldin A (BioLegend) for 4 hours at 37°C. The ex vivo killing assay in the myeloma
model was performed as described above in the CAR T cell model, with additional sort
purification of CX3CR1*PD-1* and PD-1" subsets. All samples were acquired on a BD
FACSymphony A3 (BD Biosciences) and analyzed using FlowJo software (v10). FlowSOM,
which used a Self-Organizing Map method of data visualization, analysis was performed on
concatenated samples, which included 5000 CD8 T cells per patient sample.52

Single-cell RNA sequencing

For all sequencing experiments, BM was harvested from femurs and T cell populations were
FACS sorted prior to sample preparation according to 10x Genomics protocols. In some
experiments, individual mice or purified T cell populations were stained with BioLegend
Hashtag TotalSeqB/TotalSeqC reagents, and cell surface markers (including PD-1, TIM-3,
CD4 and CD8), according to manufacturer’s protocol to allow pooling of samples for
capture. T cells (gene expression) or nuclei (multiome, also herein referred to as cells) were
captured and libraries were generated according to manufacturer’s specifications. Libraries
were sequenced using an Illumina NovaSeq 6000 or NextSeq 2000 targeting a depth of
25,000 reads per cell per library and 5,000 reads per cell for TCR libraries.

Single cell RNA sequencing of MM-relapsed CD8 cells

Illumina BCL reads were demultiplexed with cellranger count. We log-normalized antibody
features and removed cells with reads not meeting the positive threshold criteria HTO1

>5, HTO2 > 5.2, HTO3 > 5 in more than one hashtag oligo were removed. Cells with

over 5% mitochondrial RNA were considered likely dead and removed. Satellite cell
clusters expressing Cd4a, Itgam, Cd19, or low Cd8a were identified as contamination and
eliminated. Iterative LSI reduced RNA counts. Cell types were identified through Louvain
and expert annotation of top marker genes. We categorized cells into CD38-CD101-,
CD38+CD101-, and CD38+CD101+ gates based on HTO1, HTO2, and HTO3 expressions.
Bimodal PD1 and TIM3 surface expression thresholds identified double positive, negative,
and single positive cells.

Loom files were created with velocyto and analyzed with scvelo.26:73 We calculated bulk
RNA projections using a modified LSI projection method for RNA counts.” IFNy*

TpHEX Signatures in polyclonal and myeloma infiltrating CD8s were measured with

softmax regression using the viewmastR package (https://github.com/furlan-lab/viewmastR).
We compared relapsed CD8s to a previously published LCMV model through Seurat
integration. Single cell TCR data was analyzed with scRepertoire.”> We computed average
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expression scores for published gene-sets with AddModuleScore(). The IFNy* Tphex gene
signature was derived by comparing IFNy* Tpyex to other cell types with FindMarkers().

Single cell RNA and ATAC sequencing of MM-free, MM-controlled, and MM-relapsed CD8

cells

Illumina BCL reads were demultiplexed using cellranger ARC. MACS276 peak calls and
filtered feature matrices were used to create a Seurat object. We retained cells based on
specific criteria: percent.mt <= 15, 3 <= log_ATAC <=5, 3 <= log_RNA <=4.5, and Frip >=
0.4. RNA counts were normalized with SCT transform. ATAC counts were normalized using
term-frequency inverse-document-frequency, singular value decomposition, and Harmony.””
An integrated RNA and ATAC UMAP was generated using FindMultiModalNeighbors().
Cell types were identified via top marker analysis with expert annotation. A complementary
ArchR object was created for further analysis.”® ATAC fragments and RNA matrices

were processed through the ArchR workflow, and UMAP coordinates were transferred

from Seurat. We calculated supervised pseudotime trajectories with addTrajectory().

Single cell motif enrichment was computed using addDeviationsMatrix() with the “cisbp”
motif set. Transcription factor expression and motif accessibility were evaluated using
correlateMatrices(). Target genes of transcription factors were inferred with FigR.4”

Relapsed cells were re-embedded and analyzed as above. Single cell and bulk ATAC datasets
were projected onto ATAC UMAP coordinates using projectBulkATAC(). Unsupervised
latent time was calculated with multivelo. Cell cluster annotation overlap among single cell
RNA signatures of CD38/101 sorted CD8 cells was determined with viewmastR. The IFNy™*
TpHEX Signature was assessed using AddModuleScore().

Single cell sequencing analysis of CD19 CAR-T CD8 cells

BCL Illumina reads were demultiplexed and filtered with cellranger multi. We retained
cells meeting these thresholds: rna_Cd4 <=0, rna_Cd8a > 0, adt CD8 > 1.5,
HTO_classification.global == Singlet, 3.25 < log_RNA < 4.25, percent.mt < 5. RNA counts
were normalized with SCT transform, and ADT counts underwent CLR normalization.

Cell types were visualized and identified using the standard Seurat workflow with expert
annotation. TCR data was analyzed with scRepertoire.”®

Single cell RNA of human tumor infiltrating CD8 cells

The human neoantigen TCR dataset was from Lowery et.al3* and was incorporated into
our data as described above. The human terminal exhaustion dataset was from Braun
et.al3® and was incorporated into our data as described. Single cell RNA counts of

human myeloma specific CD8 cells were obtained from GSE156728, specifically the
GSE156728 MM _10X.CD8.counts.txt file.>3 RNA counts were normalized and visualized
using the standard Seurat workflow. BATF-specific cells were identified through gene
expression and cluster analysis. This signature was intersected with the previously created
IFNy* Tpnex signature to form a conserved human-mouse IFNy* Tphex gene set. Single
cell RNA analysis of pan-cancer CD8 cells was downloaded from Zenodo using the
CD8.thisStudy_10X.seu.rds file. Additional analysis was performed with Seurat.
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Statistical analysis

Survival curves were plotted using Kaplan-Meier estimates and compared by Log-rank
(Mantel-Cox) test. M-bands were modeled as described previously 2448 and the M-band
relapse threshold (G/A above 0.282) has been reported.2448 Comparisons between two
groups were performed with Mann-Whitney U'test or t-test and those between three or
more groups were performed with Kruskal-Wallis and Dunn’s multiple comparisons test
or one-way ANOVA and Tukey’s multiple comparisons tests for nonparametric data and
normally distributed data respectively. All data presented as mean + SEM and p<0.05 was
considered significant.
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Figure 1: Myeloma generates distinct Tgx signatures in the bone marrow.
(A) UMAP embedding of RNA data from CD8 T cells isolated from BM of mice with

relapsed myeloma (/7= 4 mice pooled) at 7 weeks post-transplant. Cells are colored by
cluster with RNA velocity vectors depicting differentiation trajectory. Heatmaps of average
gene expression across identified clusters. (B) Pseudo single cell projection of bulk RNA
expression data from SV40 (exhausted phenotype) and OT1 (effector phenotype) T cells.
(C) Embedding of polyclonal CD8 T cells from Yummerl.7 melanoma model colored by
clusters with ViewmastR heatmap identifying cluster 1 as being analogous to IFNy* Tphex.
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(D) Co-embedding of single cell RNA expression data from CD8 T cell subsets in (A) and
from LCMV infection colored by clusters. (E) Embedding of CD8 T cells from BM of
MM-bearing mice at 4 weeks post-SCT showing clusters analogous to those identified in
(A) using ViewmastR (left) and colored by TCR clone size (right). Small = 1-5, medium
= 6-20, large = 21-100, hyperexpanded = 101-500. (F) Embedding colored by gene score
from terminally exhausted human T cells from renal carcinoma dataset. (G) Violin plot of
gene score from human neoantigen-specific CD8 T cells within each cluster from (A).
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Figure 2: CX3CR1™TIM-3* TOX* CD8 T cells produce cytolytic molecules and IFNy in vivo.
(A) UMAP embedding of RNA data from Fig. 1. Here cells are colored by subsets based

on cell surface markers expression (CITE-seq) of TIM-3 and PD-1. (B) Violin plot depicting
gene expression in TIM-3 and PD-1 subsets. (C) Expression of TOX (1= 12; Kruskal-Wallis
test with Dunn’s test), granzyme B (7= 4), and perforin (7= 6) in TIM-3 and PD-1 subsets
from BM at 7 weeks post-transplant. (D) IFN+y and IL-10 reporter protein expression in
subsets with + representative plots (7= 19; Two-Way ANOVA with Sidak’s test). (E) MFI

of IFNvy in IFNy* cells in each subset (7= 12). (F) Representative flow cytometry plot and
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quantification of CD101 and CX3CR1 expression on TIM-3* PD-1* CD8 T cells (7= 11).
(G) IFNy MFI in CD101 and CX3CR1 subsets. CX3CR1~CD101* cells were additionally
split based on expression of Ly6a (7= 11). IFNy* Tpygx are TIM-3*PD-1*CX3CR1".
(H) Histograms depicting CX3CR1, CD101 and Ly6a expression on TIM-3*PD-1" T cells
expressing granzyme B and granzyme A (GzmB* GzmA™), GzmB only, and GzmA only
(concatenated from 7= 11). (1-N) Female Rag2/IL2rg™"" mice were naive (no myeloma)
or were injected with male HY-antigen-expressing Vk28158 (myeloma). Once M-bands
were detectable, 5000 MataHari (HY-antigen specific TCR transgenic) CD8 T cells were
injected, and BM was harvested 8 days later. (I) Experimental design. (J) Representative
contour plots showing PD-1 and TIM-3 expression (left) FMO controls and (right) full stain
and (K) CX3CR1 and TOX expression on MataHari CD8 T cells from myeloma and no
myeloma mice. (L) Total number of MataHari CD8 T cells subsets based on TIM-3 and
PD-1 expression. (M) MFI of Ly6a, perforin and granzyme B in subsets. (N) Frequency
of IFNy* cells within MataHari CD8 T cell subsets after ex vivo stimulation with PMA/
ionomycin (RM One-Way ANOVA). Data is mean £ SEM. Each symbol represents an
individual mouse. One-Way ANOVA with Tukey’s test unless otherwise stated. * p< 0.05,
** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 3: Expression of functional genes in IFNy* Tpyex correlates with BATF motif
accessibility.
Mice were transplanted with BM and T cells from a genetically matched donor. Recipients

were either never injected with tumor (MM-free) or had controlled (MM-controlled) or
progressive myeloma (MM-relapsed) at 6 weeks post-transplant. BM was harvested for
analysis of CD8 T cells by concurrent single cell RNA and ATAC sequencing. (A)

WNN embedding colored by group (left) and identified CD8 T cell clusters (right). (B)
WNN embedding with Pseudotime analysis from naive (Ty) to Tgx clusters. (C) Gene
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expression (left) and chromatin accessibility (right) of functional proteins over pseudotime.
(D) Experiment wide gene regulation score of transcription factor (TFs) motifs. (E) Gene
expression of Batf, Toxand /fng. (F) Single cell accessibility of Batf binding domain
measured by ChromVAR. (G) Inferred activating (top right) and repressing (top left) TFs
of Haver2, Pdedl, Ifng, and Prfl. (H) WNN embedding of T cells from MM-relapsed mice
in (A) colored by clusters analogous to subsets identified in Fig. 1. (I) ATAC embedding
colored by myeloma dataset clusters (top) and terminally exhausted clusters from chronic
LCMV (bottom left) and solid tumors (bottom right). (J) WNN embedding colored by
latent time with heatmap showing chromatin accessibility across latent time. (K) Differential
motif accessibility of TFs in IFNy* Tpyex versus other Tey clusters. TFs of interest are
highlighted in colored boxes.
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Figure 4: Myeloma progression is associated with a reduced ratio of IFNy" Tpyex and Tpex to

myeloma cells.

Recipient C57BI/6 x PTPRCA (CD45.1/CD45.2) mice were transplanted with HULK donor
(IFNy-YFP x IL-10-GFP x FoxP3-RFP; CD45.2) grafts. Recipients were either never
injected with tumor (MM-free) or had controlled (MM-controlled) or progressive myeloma
(MM-relapsed) at 67 weeks post-transplant. BM was harvested for analysis of CD8 T cells
using flow cytometry. (A) Representative contour plots and frequency of PD-1+TIM-3™ and
PD-1*TIM-3* cells (MM-free n=8; MM-controlled /7= 10; MM-relapsed 7= 19). Kruskal-
Wallis with Dunn’s Test. (B) Representative contour plot and frequency of Tpgx (Ly108h
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PD-1%) cells. (MM-free 7=5; MM-controlled 77=9; MM-relapsed 7= 24). Kruskal-Wallis
with Dunn’s Test. (C) Representative contour plots and frequency of IFNy*IL-10" and
IFNy*IL-10* cells (MM-free n=8; MM-controlled 7= 10; MM-relapsed /= 19). One-way
ANOVA with Tukey’s test. (D) Representative contour plots and frequency of Pfp*GzmB~
and Pfp* GzmB* cells and (E) histograms and MFI of perforin in all Pfp* cells (MM-free
n=>5; MM-controlled 7= 4; MM-relapsed = 11). One-way ANOVA with Tukey’s test.

(F) Sternum was harvested at MM relapse for VECTRA multispectral imaging of myeloma
lesions in BM. White circles highlight populations of interest including TOX* and TCF1*
CD8 T cells. (G) Quantification and (H) correlation of TIM-3*PD-1* CD8 T (left) and MM
(right) cell numbers in controlled and relapsed recipients. (1) ratio of T cells to myeloma
for TIM-3*PD-1* cells and Tpgx cells (MM-controlled /7= 10; MM-relapsed /7= 24).
Mann-Whitney t test and Pearson r correlation. (J) Fold change in myeloma cell and TIM-3*
T cell number in MM-relapsed mice relative to MM-controlled mice. Mann-Whitney t test.
(K) Sort purified PD-1*TIM-3*CX3CR1™ (IFNy* Tpnex), CX3CR1", or PD-1" T cells
were cultured with myeloma cells for 17 hours followed by Annexin V and 7AAD staining.
% Killing (TAAD™) was calculated using a viability baseline from myeloma only wells.
Error bars are from 3 biological replicates (PD-1" from 2 replicates) with 5 mice pooled per
biological replicate. Data is mean + SEM. Each symbol represents an individual mouse. **
p<0.01, *** p<0.001, **** p<0.0001.

Sci Immunol. Author manuscript; available in PMC 2024 May 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Minnie et al. Page 32
CD11cDOG or WT  IFNy-YFP P
A ¢DOG or y B . 60— % * C g
A g < "7100 =
BM Tcells o 40 v+ 0 80 é =
+ o =
™ =z . 60 &
D-14 D-1 DO D+28  D+42 o
VK*MYC 1000cGy BMT BMA BM = 20 = g 40 %)
o AR = X = 20 8
,X. — — | — °\° 0- 0 §
DT WT CD11cDOG WT CD11cDOG S
CoTTRRe or -~ Pre-DT - PostDT -+ Pre-DT - Post-DT e WT
= B
D o0 = E,\e ~1.0 E6 * 06 F %100
T T
2 =512 5 2038 B - & 80
83—’ 5- 5 4 506 @ o 4 ;.54 * + 60
© 2 i X9 * X 04 02 o g 2 e i 40
ox 5 E 3 & fo2qe 2 - t c 20
0 = o =0.0 =0 T o X 0 : :
1) GzmA* GzmA™ Pfp*
G H ] GzmB* GzmB*
|

Clusters
@® Cycling
Tn ©@Tgy
® TCM ® TEX

= N W

112rb2

v | |

PseudoTime 0:0— - . : } - . T T 1 T
0 25 50 75 100 0 25 50 75
25 50 75 100 "
PseudoTime
| Clusters J . Glycolysis OXPHOS
@IFNy Tey @ Tpey % o b o
@®GzmA*Tex @®Cyclin i3 SPos 1 §
N To ®Ton , &% sR sl
V" TpHeEx cM ,_&% 8"075 gi.os
o ©Teer Tex sy 3 &
< s Ty _1 T
5 ®T.y 2
UMAP1
CD45.1/CD452  CD452 CD45.1
K L+ 60 e + 90 LL] M|—10 NEQOO
i o 40 8 s =
A o o) a F 4
WT CD4cre* X IL-6R™  WT i o A O
BM cD8 cosncos 4078 ® 230 © B o 000
7 QD # ? 204 Ty 3 =y £
x >
D-14 D-1 DO D+42 = 20 = o ] i < 300
= = a 2 c
LoVK"MYC _ 1000cGy BMT BMharvest — P E10 o B - =
¢ 1 > o0+ s o0- X 0 G o
- — B WT B WT
CD45.1/CD45.2 ® CD4cre* A CD4cre’ xIL-6R™

Figure 5: CD11c™ cells and IL-6 signaling promoted IFNy" Tpyex differentiation in the
myeloma microenvironment.

(A-F) Recipient C57BI/6 or CD11cDOG mice were transplanted with B6. or CD11cDOG
donor BM and IFNy-YFP donor T cell grafts. BM aspirates (BMA) were taken prior

to treatment with diphtheria toxin (DT) and BM was harvested two weeks later (7=

5 — 8 per group). (A) Experimental design. (B) Frequency of PD-1*TIM-3*cells within
CD8 T cells and IFNy-YFP* cells within PD-1* TIM-3* cells in BMAs pre-DT and

in BM post-DT. Wilcoxon Test. (C) Total number of myeloma cells (CD138*CD155%)
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and (D) CD8 T cells per femur post-DT. (E) Total number per femur of T
(CD44*CD62L"), Tpex (LY108MPD-1*), transitory Tgx (PD-1*TIM-3*CX3CR1*), IFNy*
TpHex (PD-1*TIM-3*CX3CR17) and GzmA* Tgx (PD-17TIM-3-GzmA™*) post-DT. (F)
Frequency of granzyme B, granzyme A and perforin (Pfp) expressing cells in IFNy*
TpHEx- (G) Repeated embeddings of multiome data from Fig. 3A and B colored by

cluster and pseudotime trajectory. (H) Expression of genes encoding cytokine receptors over
pseudotime. Dotted lines indicate pseudotime where Tgx are found in MM-relapsed mice.
(1) Repeated embedding from Fig. 3H colored by cluster and (J) by gene set enrichment

for genes associated with glycolysis and OXPHOS pathways from Guo et al. Nat Immunol,
2021. (K-N) MM-bearing C57BI/6 x Ptprca (CD45.1/CD45.2) recipients were transplanted
with CD45.1/CD45.2 BM and CD8 T cells from WT (CD45.1) and transgenic (CD45.2)
mice. Transgenic mice were CD4cre* or CD4cre* x IL-6R/Tl. CD4 T cells were from WT
mice. Mice were sacrificed and BM was harvested at 7 weeks post-transplant (7= 13-15
from 4 experiments). (L) Frequency of PD-1*TIM-3* cells within WT and Tg T cells in

the same mice. Left graph: Tg = CD4cre* and right graph: Tg = CD4cre™ x IL-6Rfl/fl. (M)
Frequency of Tpgx within WT and Tg T cells. (N) Granzyme B MFI in PD-1"TIM-3" cells.
Student’s ttest. Data is mean £ SEM. Each symbol represents an individual mouse.*p<0.05,
**p<0.01.
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Figure 6: CD19 CAR T cells with a IFNy + Tpyex phenotype effectively kill leukemia cells.
B6 mice bearing CD19* B cell acute lymphoblastic leukemia were injected with murine

CD19 CAR T cells (HULK; B6 background). CAR T cells from BM were harvested 25
days after primary transfer and were adoptively transferred to secondary B-ALL-bearing
recipients. BM CAR T cells (human eGFR™) were harvested 19 days later and analyzed. (A)
Representative plot of CX3CR1 and TIM-3 expression and quantification of subsets within
CART cells. (B) Histogram of IFN+y-YFP expression (with reporter negative endogenous
cells as a control) and quantification of MFI within CAR T cell subsets. (C) Histograms
depicting CD101 and CD39 expression with quantification of MFI within CAR T cell
subsets. (D) Histogram and quantification of IFNy-YFP expression in TIM-3* cells split
by expression of CX3CR1 with/without CD101 co-expression. (A-D) Data is mean = SEM.
Each symbol represents an individual mouse (/7= 5). One-Way ANOVA with Tukey’s test.
(E-G) 5’ RNA sequencing was performed on CD8 CAR T cells. (E) UMAP embedding
colored by clusters. (F) Dot plot showing gene expression within each cluster. (G) Plot
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depicts clonal overlap between clusters. (H) Sort purified TIM-3* CX3CR1™ CAR T cells,
or unfractionated CAR T cells, were pooled from 5 biological replicates and cultured with
B-ALL cells for 18 hours followed by Annexin V and 7AAD staining. Representative plots
of Annexin V and 7AAD staining across effector:target ratios. The % killing was calculated
using a viability baseline from B-ALL only wells (>90%). Data is mean + SEM and error
bars are from technical replicates (7= 3-5 per condition). Student’s T-test. ** p<0.01, ****
p<0.0001.
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Figure 7: IFNy* TpyEex are found in patients with multiple myeloma and are expanded
following autologous stem cell transplantation.

(A-E) Bone marrow samples from patients prior to autologous stem cell transplantation
(ASCT; pre-ASCT), after ASCT (post-ASCT) and at disease relapse post-ASCT were

thawed and stained for analysis via flow cytometry (n = 17-23). Data represent mean +
SEM. *p<0.05. (A) Heatmap of maker expression (MFI) across FlowSOM CD8 T cells
populations. (B) Representative histograms of PD-1, CX3CR1, granzyme B and TIM-3
expression on naive T cells (grey), CX3CR1* effector cells (orange) and TIM-3*Tgx cells
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(green). (C) Frequency of TIM-3*GzmB™* cells within CD8 T cells across the three cohorts
(Kruskal-Wallis test with Dunn’s multiple comparisons test) and (D) in patients from (C)
with paired samples across all timepoints (n= 8; Friedman test with Dunn’s multiple
comparisons test). (E) Correlation of frequency of TIM-3" GzmB™ cells within CD8 T cells
and % CD138" cells by morphology in patients from (C) with relapsed myeloma (7= 15).
(F) Left: UMAP embedding of CD8 T cells from patients with multiple myeloma from
Zheng et al. Science, 2021. Top embedding colored by cluster, bottom embedding colored
by T cell location (tumor = blue, peripheral blood = red). Right: Embeddings colored

by gene expression. (G) UMAP embedding colored by gene signature associated with
BATF-expressing Tgx in humans (left) and mouse IFNy* Tpyex signature from our dataset
in Fig. 1 (right). (H) Venn diagram depicting the number of shared genes between the
human and mouse gene signatures, which formed a ‘conserved IFNy* Tpex Signature” and
embeddings of human (left) and mouse (right) myeloma datasets colored by this signature.
(1) Embedding of CD8 T cells from pan-cancer dataset from Zheng et al. Science, 2021
colored by cluster (left) and by expression of the conserved IFNy* Tpyex signature (right).
(J) Violin plot showing gene score for the IFNy* Tpyex signature within the Tex.CXCL13
cluster stratified by cancer type. Data represent mean £ SEM. *p<0.05.
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