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Abstract

The immune system undergoes a progressive functional remodeling with age. Understanding how
the age bias shapes anti-tumor immunity is essential in designing effective immunotherapies,
especially for pediatric patients. In this manuscript we explore anti-tumor CD8* T cell responses
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generated in young (prepubescent) and adult (pre-senescent) mice. Using an MHCI-deficient
tumor model, we observed that tumor-reactive CD8* T cells expanded in young tumor-bearing
(TB) mice acquired a terminally differentiated phenotype characterized by overexpression of
inhibitory receptors and the transcription factor Tox1. Furthermore, tumor-infiltrating CD8*

T cells from young tumors yielded a poor cytokine response compared to CD8* T cells
infiltrating adult tumors. Young migratory dendritic cells (migDC) from the draining lymph
nodes (dLNs), and mononuclear phagocytic cells (MPCs) infiltrating young tumors, were more
competent in capturing and cross-presenting tumor antigen, leading to enhanced priming of
CD8™ T cells in dLNs, and their subsequent terminal differentiation in the tumors. Notably,
single-cell transcriptional profiling of tumor infiltrating MPCs demonstrated that young MPCs
are polarized toward an inflammatory, effector phenotype. Consistent with our observations in
young vs adult TB mice, analysis of immune infiltrates from pediatric solid tumors showed a
significant correlation between tumor-infiltrating CD8* T cells with an exhaustion phenotype and
the frequency of PD-L1-expressing monocytes/macrophages. Collectively, these data indicate that
a young tissue microenvironment contributes to the generation of an immune response skewed
toward a less pliable terminal effector state, thus narrowing the window for immunotherapeutic
interventions.
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Introduction

The specialized microenvironments where T cells differentiate and exert their effector
functions undergo dynamic changes with age. The developmental plasticity of CD8* T
cells allows them to adapt to these age-associated environmental changes in such a way
that minimizes pathologic effects to the host. Communication of CD8* T cells with their
microenvironment requires interaction of T cells with antigen-presenting cells (APCs) to
ensure antigenic specificity. The strength of this interaction (TCR-pMHC), which is fine-
tuned by the engagement of several accessory receptors and the presence of soluble factors,
plays a central role in the differentiation of CD8* T cells (1, 2).

CD8* T cell differentiation in the context of chronic antigen exposure results in the
generation of a heterogenous population of exhausted CD8* T cells (Tex) in terms of
self-renewal and developmental plasticity (3-6). This cellular diversity is maintained by a
pool of progenitor Tex cells characterized by increased expression of the transcription factor
Tcf7 and decreased cytolytic activity (5, 7, 8). Persistent and strong TCR stimulation of

the progenitor Tex cells triggers their expansion and differentiation toward a terminal state
characterized by increased expression of several inhibitory receptors. The heightened level
of inhibitory signals in the terminally differentiated CD8" T cells ensures their survival at
the expense of their functionality. Tox1 has been identified as one of the major players in

the generation and maintenance of exhausted CD8* T cells (9-13) that acts by mediating the
TCR-induced expression of inhibitory receptors. Chronic stimulation epigenetically imprints
the Tox locus for transcriptional activation, contributing so to the irreversible commitment of
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CDS8™ T cells to the exhausted state (12, 13). Notably, a subset of infiltrating CD8* T cells
among various human cancers retain high levels of Tox expression (9-13). Based on these
findings, Tox1 is currently considered a hallmark of T cell exhaustion.

Functional and numerical decline of T cells during advanced age is attributed not only to
cell-intrinsic changes but also to extrinsic factors, including impaired function of dendritic
cells in aged individuals that contribute to the poor stimulation of T cells (14-16). These
findings would predict a superior immune function in children. While this seems to hold
true in acute infections, as it is well established for the efficacy of vaccination (17), results
from clinical trials in young cancer patients treated with immune checkpoint inhibitors
(ICB) show inferior outcomes in this age group (18). The lack of responsiveness has been
attributed to their low tumor mutational burden (TMB) compared to adult cancers (19, 20).
However, this idea has been challenged by studies reporting that even a small number of
neoantigens can trigger an efficient anti-tumor immune response (21, 22), suggesting that
alternative mechanisms may restrict the endogenous T cell responses in children.

In this work, we explored how the differential ability of young and adult tumor-bearing
hosts to cross-present tumor antigens affects CD8* T cell differentiation and function.

We focused on the transition from childhood to adulthood to avoid confounding factors
associated with the overall cellular and tissue degeneration observed in individuals of
advanced age (23). To this end, we established an MHCI-deficient tumor model that
expresses the GP33 LCMYV epitope coupled to mCherry, enabling detailed analysis of
anti-tumor T cell responses and characterization of antigen-presenting cells in the context

of young versus adult hosts. We identified age-related changes in antigen uptake and cross-
presentation that restrict polyfunctionality of CD8* T cells in tumor bearing young mice

and skew their differentiation toward a terminally differentiated state. Finally, we analyzed
immune infiltrates from human pediatric solid tumors and demonstrate that despite their low
TMB pediatric solid tumors are enriched in antigen-experienced (PD1M9") CD8* T cells.
Importantly, the exhaustion phenotype of these CD8* T cells (%PD1"Tim3*) correlates with
the frequency of PD-L1* myeloid cells in the TME of these tumors.

Acquisition of a dysfunctional CD8 T cell state is enforced in the tumor microenvironment.

Tumors represent a distinct immunologic niche that can modulate the developmental
trajectory of infiltrating effector CD8* T cells. Signals generated by the tumor cells or
tumor stroma are relayed to CD8* T cells in an MHCI-restricted manner (24). To evaluate
the effect of signals originating from the tumor microenvironment we used a transplantable
mouse tumor model (MC38 cells) genetically modified to express a well-characterized
T-cell epitope (GP33) and a fluorescent protein (mCherry) that enabled us to monitor
tumor-specific T cell responses and antigen-bearing cells respectively.

Subcutaneous transplantation of MC38-GP33 tumor cells into immunocompetent, syngeneic
hosts resulted in a massive expansion of the endogenous antigen-specific CD8* T cells (fig.
S1, A-E) that are highly functional in peripheral lymphoid tissues (spleen and dLN) as
manifested by the high percentage of cells capable of co-expressing IFNy and IL-2 or TNFa

Sci Immunol. Author manuscript; available in PMC 2022 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Moustaki et al.

Page 4

during an ex vivo 4-hour restimulation assay with cognate peptide (GP33). However, the
capacity of tumor-infiltrating GP33-specific CD8* T cells to recall expression of effector
cytokines was significantly impaired. This tumor-associated suppression of CD8" T cells
was observed in different tumor models (B16F10) and for different antigen specificities
(NP396) (fig. S1F).

To assess whether the dysfunction of tumor-infiltrating CD8* T cells results from

the selective infiltration of clonotypes with reduced functionality, we monitored the
differentiation of a single GP33-specific T cell clone in an environment free of other
competing clonotypes. For this study, we utilized Ragl™~ mice as TB hosts, and P14
transgenic CD8™" T cells that express a TCR specific for the GP33 peptide (25) as tumor-
specific T cells. MC38-GP33 tumors were established in Rag1 ™'~ mice, and once they
reached 200-300 mm3 in volume, 5000 congenically marked (CD90.1*) naive P14 CD8*
T cells were adoptively transferred into the TB mice (Fig. 1A). Similar to the endogenous
response, we observed that tumor-infiltrating P14 cells were impaired in their ability to
produce effector cytokines compared to the P14 cells from the spleens of the same mice
(Fig. 1, B-D). These results confirmed the tumor-specific suppression of CD8* T cell
function.

Having established that the dysfunction of tumor-specific CD8* T cells is a universal
feature that occurs very early on during tumor development, we proceeded to investigate

the cellular mechanisms involved in TME-associated CD8* T cell suppression. It is well
documented that the suppression of tumor infiltrating CD8" T cells is antigen-specific

(24). Apart from the tumor cells, tumor-infiltrating macrophages and DCs can also present
tumor-derived antigens primarily through cross-presentation, in which extracellular antigens
are internalized, processed, and loaded on MHCI molecules___. Indeed, using our mCherry*
reporter tumor model, we identified a large proportion of the tumor immune infiltrates
(almost entirely CD11b* myeloid cells) displaying mCherry fluorescence (fig. S2A),
indicating that these cells had engulfed tumor-derived material and leading us to refer to
them collectively as mononuclear phagocytic cells (MPCs). mCherry*CD11b* MPCs were
able to cross-present tumor antigen and activate naive P14 CD8* T cells in an ex vivo
antigen presentation assay as demonstrated by the upregulation of CD25 and CD69 markers
(fig. S2, B and C).

The importance of the interaction between CD8* T cells and tumor-infiltrating MPCs has
been shown in mouse tumor models where the efficacy of anti-PD-L1 immunotherapy is
dependent on the expression of PD-L1 on host cells but not the tumor cells (26, 27). To
focus on the interaction of CD8* T cells with the tumor-infiltrated antigen-presenting cells,
we eliminated the crosstalk between CD8" T cells and tumor cells by knocking out the B2m
gene in tumor cells (fig. S2, D and E). Despite the inability of the tumor cells to present
antigen, the induction of the endogenous CD8* T cell response was comparable of that of
the MHCI-proficient tumor cells (Fig. 1E). Abrogation of direct antigen presentation by
tumor cells failed to restore the function of tumor-specific CD8* T cells in the TME (Fig.
1F, suggesting that cross-presentation of tumor antigens by non-tumor cells is sufficient to
suppress CD8* T cell function.
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Young TME promotes differentiation of terminally differentiated CD8* T cells

Age-associated differences in the function of DCs have been shown to affect adaptive
immune responses against acute infections (14-16). However, the impact of aging innate
immune cells in the context of persistent antigen exposure, observed during chronic
infections and cancer, is not well-studied. Having established the contribution of TME in
suppression of CD8* T cell function, we hypothesized that the age of the TME differentially
affects the development of tumor-specific CD8" T cells.

To address our question, we compared differentiation of CD8* T cells generated in
prepubescent young mice (4-weeks old) to CD8* T cells generated in mature-adult but

not immune senescent mice (24-weeks old). To control for the age of the tumor-specific
CD8* T cells we adoptively transferred naive P14 CD8* T cells (8-12 weeks old) to

both experimental groups prior to tumor challenge. The use of MHCI-deficient tumor cells
ensured that only antigen presenting cells from the host can interact with the T cells (Fig.
2A). We refer to the P14 CD8* T cells generated in the young or adult TB hosts as
“young-primed” or “adult-primed” respectively.

P14 CD8™ T cells transferred into the young TB hosts expanded (Fig. 2B) and upregulated
inhibitory receptors (PD1 and Tim3) (Fig. 2C) to a greater extent compared to P14 T

cells transferred into adult hosts. The increased expression of inhibitory receptors indicates
stronger TCR activation in the young hosts. Furthermore, measuring the expression of
transcription factors downstream of TCR signaling (Nur77, Nfatcl, Irf4) provided additional
evidence that the young-primed T cells received greater stimulation. To further assess the
developmental trajectory of the P14 cells in the young versus adult animals, we measured
the expression of Tox1. Young-primed P14 CD8* T cells expressed higher level of Tox1
(Fig. 2C), consistent Tox1 mediating the transduction of TCR signal to reduce expression
of inhibitory receptor genes, a process that is crucial for the survival of the functionally
exhausted CD8* T cells (9-13).

Subsequently, we assessed whether the age-related discrepancies in the activation of CD8*
T cells were translated to changes in the effector function of these tumor-specific CD8* T
cells. Our work showed that the microenvironment of even a newly established tumor can
suppress the ability of CD8* T cells to secrete effector molecules though these cells are
highly functional in peripheral lymphoid organs (Fig. 1; fig. S1). While this tumor-specific
suppression was observed in both young and adult mice, the age of the host greatly
impacted the functionality of the tumor-infiltrating CD8" T cells: P14 cells isolated from
adult tumors demonstrated a higher ability to produce IFNg along with IL-2 and/or TNFa,
when compared to cells from young tumors (Fig. 2D). We also confirmed that the enhanced
activation and expansion of the young-primed P14 CD8* T cells also occurred in the less
immunogenic B16-F10 melanoma tumor model (fig. S3B). These results indicate that the
adult TME establishes a setting that is less immunosuppressive for tumor-specific T cells
relative to a young TME.

To validate whether the observed age-associated differences also occur in other contexts of
chronic antigen exposure, we analyzed the early differentiation of naive P14 CD8" T cells in
young vs adult mice chronically infected with LCMV CI13 (fig. S4A). Similar to the tumor
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model, the young-primed P14 cells upregulated expression of Tox1 and PD1 to a greater
extent (fig. S4B). Interestingly, the excessive activation of T cells in the young mice was
coupled with a sharp contraction of the splenic T cell compartment as manifested by the
pronounced cell death of total splenocytes and specifically of the P14 CD8* T cells in the
young hosts (fig. S4, C and D). Consistent with increased activation-induced cell death, the
number of total P14 cells was significantly reduced in the spleens of young mice compared
to the adult (fig. S4E). Like the tumor-specific T cells, the young-primed P14 cells exhibited
an impaired cytokine response upon ex vivo stimulation with the cognate peptide (fig. S4F),
which was associated with higher viral titers in the plasma of the young mice (fig. S4G).
The results from the viral infection model support the idea that the hyperactive CD8* T
cells generated in young hosts rapidly acquire a terminally differentiated phenotype with a
reduced capacity to express effector cytokines.

The results from the above-described models demonstrate that age-associated differences
are established early during CD8* T cell development in the peripheral lymphoid tissues.
To determine if these age-associated changes impact on the T cell’s effector potential, we
tested the T cell’s ability to respond to secondary antigenic challenge in two different
models. Initially, we adoptively transferred young- or adult-primed splenic P14 CD8* T
cells from TB mice (day 7) to naive secondary hosts of the same age (8-weeks old) (fig.
S5A), which were subsequently challenged with an acute LCMYV infection. The systemic
LCMV challenge ensures high antigen load throughout the internal organs of the mice. We
observed that the young-primed P14 cells retained their proliferative advantage compared
with the adult-primed cells (fig. S5B). Next, to test their ability to control tumor growth,
we transferred young- or adult-primed splenic P14 cells into NSG mice bearing established
MC38-GP33 tumors (fig. S5C). Immunodeficient mice were used to avoid the endogenous
anti-tumor response which is stronger compared to the transferred P14 effector cells. While
P14 cells from both age groups were initially able to expand and control the rate of tumor
growth, the adult-primed P14 cells exhibited greater control after a longer period (fig. S5,
D-G).

Collectively our data demonstrate that antigen-specific CD8" T cells generated in the
peripheral lymphoid organs of young hosts show a hyperactivated, effector phenotype that
is coupled to an exacerbation of their functional exhaustion in the context of high antigen
load (i.e., in the tumor). To gain insight into the underlying mechanisms of these age-related
differences, we subsequently focused on the innate arm of the immune system, which is
crucial for initiation and maintenance of the adaptive immune responses. We explored the
properties of the MPCs that mediate the initial priming of antigen-specific CD8" T cells in
the draining lymph nodes, as well as the MPCs that reside in the established tumors.

Heightened antigen cross-presentation by young migratory DCs is associated with
enhanced priming of CD8* T cells in the tumor dLNs

The initial priming of CD8* T cells has a profound effect on the magnitude of CD8* T

cell expansion and their subsequent differentiation (28, 29). Successful activation of T cells
depends on the functional maturation of APCs, a process that is marked by expression of
co-stimulatory molecules following internalization of antigens (30, 31). Efferocytosis, the
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removal of apoptotic cells by MPCs, is the primary process by which tumor antigens spread
to the draining lymph nodes and trigger systemic anti-tumor immunity (32).

In order to examine the antigen-presenting potential of host MPCs___, we inoculated young
and adult mice subcutaneously with apoptotic MHCI-deficient MC38-GP33 tumor cells, and
the next day assessed the presence of mCherry™ cells in the inguinal dLNs (Fig. 3A). The
vast majority of cells that were positive for tumor-derived mCherry at 18h after tumor cell
injection were migratory DCs (migDCs; Lin"Ly6G~CD11c"MHCIIN) (Fig. 3B) in both age
groups; however, we observed an increase in the percentage of inflammatory monocytes
(iMo; Lin"CD11b*Ly6G Ly6C*MHCII*) in the adult cohort most likely reflecting direct
lymphatic delivery of tumor antigens in the older mice (fig. S6A). The mCherry* migDCs
from the dLNs of the young mice expressed higher levels of the LN-homing receptor Ccr7
(33) and lower levels of the B2-integrin CD11c, which has been shown to anchor DCs

at the site of inflammation (34) (Fig. 3D; fig. S6B). This suggests decreased migratory
potential of the DCs from the periphery to the LN, which is consistent with the lower
number of mCherry* cells in the dLNs of the adult mice (Fig. 3C). Moreover, young
migDCs had a more activated and mature phenotype as demonstrated by higher expression
of co-stimulatory molecules (CD80, CD86) and MHCII surface molecules (Fig. 3D; fig.
S6B). In contrast, the adult mCherry™ migDCs exhibited a less mature phenotype and also
expressed higher levels of the ligand for the T cell inhibitory receptor PD1 (PD-L1), which
has been shown to inhibit proliferation of T cells (35, 36).

Similar results were obtained when we assessed the capture and transfer of soluble antigen
in young mice. Subcutaneous administration of CFA-adjuvanted fluorescent OVA protein
revealed four main cell populations in the dLNs that had captured antigen: neutrophils,

iMo, resident DCs (rDC; Lin~ Ly6G~CD11chMHCIIIN), and migDC, with iMo and migDCs
being the predominant cell types (fig. S6C). The expression density of maturation markers
(MHCII, CD86 and CD40) was higher on the surface of migDCs from young dLNs (fig.
S6E). These results indicate that not only is there an antigen abundance in the dLN of

young mice, but the young DC subsets have a phenotype indicative of greater potential to
cross-present antigen and activate T cells.

To further characterize cross-presentation of tumor antigens in young mice, we monitored
the proliferation of P14 CD8" T cells during their early encounter with tumor antigen in the
dLNs. P14 cells were labeled with cell trace violet dye and adoptively transferred into mice,
which were subsequently challenged with MHCI-deficient MC38-GP33 cells. Notably, three
days post-tumor challenge, proliferating P14 CD8* T cells were exclusively detected in the
dLNs. The precursor frequency of P14 cells that divided at least once, and the average
number of successful divisions completed by the proliferating cells, were significantly
higher when the T cells were activated in the young hosts (Fig. 3E). Moreover, the undivided
fraction of the young-primed P14 cells expressed higher level of inhibitory receptors (PD1
and Tim3), Nfat, Irf4, CD25 and CD69 (Fig. 3F), indicating that the transferred cells
experienced greater TCR-mediated stimulation. Once the young-primed P14 cells entered
the cell cycle, they differentiated further down the effector developmental path as manifested
by the decreased density of TCR complexes on their surface, the rapid downregulation of
CD69. The same enhanced proliferation of P14 cells was observed in the dLN of young
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mice challenged with B16F10-BKO-GP33 tumor cells (fig. S3A). Overall, these results
document that age-associated differences in activation and maturation of MPCs can have a
profound effect in stimulation and expansion of CD8* T cells.

Tumor infiltrating MPCs from young mice are more efficient in cross-presenting tumor
antigen to CD8* T cells

The above-described difference in the initial priming of T cells does not fully account for
the reduced functionality of tumor infiltrating T cells in young hosts, since CD8" T cells

in peripheral tissues of both age groups were highly functional (fig. S7A). Therefore, we
hypothesized that age-related differences in the MPCs residing in the tumors are also likely
linked to the increased suppression of CD8" T cells in the young mice.

We identified tumor-infiltrating mononuclear cells as the main cell population that uptake
tumor proteins (fig. S7B). A significant percentage of MPCs expressed the Ly6C marker
indicative of their monocytic lineage. Indeed, tumors recruit BM-derived monocytes

that upon infiltration in the tumor tissue acquire an inflammatory phenotype [iMo:
inflammatory monocytes; also referred to as TipDC (TNF and iNOS producing DCs)

or iDCs (inflammatory DCs)] and further differentiate into macrophages (37). Similar
developmental stages were observed in our tumor model, where the transition of monocytes
to macrophages was characterized by an increase in tumor antigen uptake and surface
expression of PD-L1 (Fig. S7D). We didn’t observe any age-related perturbation of this
differentiation process as indicated by the comparable percentage of tumor infiltrating MPCs
and their similar cellular composition between the young and adult TB hosts (Fig. S7E).

However, tumor infiltrating MPCs from young mice were more proficient in taking up
tumor proteins, as evidenced by the increased frequency of mCherry™ cells and the higher
intensity of mCherry marker at the single-cell level (Fig. 4A). Similarly, this was observed
in our B16F10-BKO-GP33 tumor model, although the melanoma cells appeared to be
more resistant to phagocytosis, as evidenced by the lower frequency of mCherry+ cells
and reduced MFI (fig. S3C). Young MPCs demonstrated a more mature phenotype with
increased expression of MHC molecules, activation, and maturation markers (Fig. 4B; fig.
S7C). However, the young MPCs also co-expressed higher levels of the ligand for the
inhibitory receptor PD1 (PD-L1).

To directly test if the young tumor-infiltrating MPCs are more efficient at cross-presenting
antigen, we used CD11b*cells isolated from young and adult MC38-BKO-GP33 tumors

to stimulate naive P14 CD8* T cells ex vivo, after normalizing for the number of
mCherry*CD11b" cells (Fig. 4C; fig. S7F). Young MPCs were able to better activate P14
cells, as shown by the increased frequency of cells expressing CD25 and CD69 (Fig. 4D).
Moreover, these activated cells showed higher expression levels of TCR downstream target
molecules (PD1, Nfatcl, Nur77) when cocultured with young MPCs (Fig. 4D). However,
we didn’t observe any difference in the proliferation of P14 cells 3 days after ex vivo
stimulation (fig. S7H), presumably due to inherent limitation of the assay that doesn’t allow
for prolonged antigen exposure, as shown by the rapid turnover of the TCR after the second
division (fig. S71I).
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The host age diversifies the tumor infiltrating MPCs into distinct activation states.

To further profile tumor-infiltrating MPCs, we isolated total mCherry* cells from MC38-
GP33-BKO tumors established in young or adult mice and analyzed their transcriptomes
at the single-cell level (Fig. 5A). Unsupervised gene expression analysis of mCherry* cells
broadly revealed clusters that corresponded to tumor cells (3.94%), neutrophils (3.09%),
lymphocytes (1.5%), and a composite of MPCs (84.43%) (Fig. 5B and 5C). Comparison
of cells obtained from young versus adult hosts showed a uniform mixing among the
tumor cells; however, MPCs demonstrated substantial heterogeneity in gene expression
signatures that largely corresponding to host age (Fig. 5D). Gene ontology and pathway
enrichment analysis indicated that, relative to those from the adult host, MPCs from

the young TB hosts upregulated processes involved in cross-presentation of extracellular
proteins including the endosomal/vacuolar pathway, the ER-Phagosome pathway, antigen
presentation, trafficking, and processing of endosomal Toll-Like Receptors (Fig. 5E). This
gene signature is consistent with the more stimulatory phenotype we observed in the young
MPCs (Fig. 4B).

Interestingly, genes commonly associated with the activation of macrophages toward

a pro-inflammatory (classically activated, effector macrophages) or anti-inflammatory
(alternatively activated, wound healing macrophages) state also exhibited distinct patterns
across the two age groups, with the former often expressed in greater abundances

among cells from the young host (Fig. 5E and 5F). The inducible nitric oxide synthase
(iNOS or NOS2), the hallmark enzyme of classically activated macrophages (38, 39), is
expressed mostly by young MPCs as depicted by the increased frequency of expressing
cells as well as higher expression on a per cell basis. Similarly, the hallmark enzyme

of alternatively activated macrophages, arginase (Arg), was expressed by the majority

of MPCs but at higher levels by the adult MPCs. A metabolic shift toward ribosomal
biogenesis was observed in adult MPCs as manifested by the increased expression of genes
encoding for ribosomal proteins (Fig. 5E). Although regulation of translational machinery
in macrophages is an underexplored area, polarized synthesis of rRNA has been described
in peritoneal macrophages activated toward a cytotoxic or immunosuppressive phenotype
(40). Collectively, these data suggest that persistent stimulation of CD8* T cells by pro-
inflammatory MPCs, which are characterized by enhanced phagocytic and antigen cross-
presentation activity, is associated with the functional exhaustion of the tumor-infiltrating T
cells.

CD8* T cells infiltrating pediatric solid tumors are enriched with antigen experienced

PD1hi cells.

Cumulatively, the studies described thus far document a strong difference in T cell
differentiation that is coupled to the age of the TB hosts. This observation prompted

us to look for evidence of a comparable mechanism for CD8* T cell suppression in
human pediatric tumors. We examined a collection of 83 pediatric solid tumor specimens,
comprising 34 different tumor types, from children and adolescent patients enrolled in the
MAST protocol (41). Whole exome sequencing data were available for a subset (n=23)
of these samples and were used to calculate the mutation rate (Fig. 6A). As expected,

the mutation rate of the samples used in this study were comparable to common pediatric
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tumors previously published as a part of the Pediatric Cancer Genome Project(42). Based
on their low mutation burden, pediatric tumors are conceived to be poorly immunogenic.
However, immunophenotypic characterization of these tumors revealed that the infiltrating
CD8" T cells showed an effector-memory phenotype (CCR7-CD45R0O*/") (Fig. 6D) that
was associated with a wide range of PD1 expression among all tumor types (Fig. 6B).
Compared to CD8* T cells from the peripheral blood (PB) of healthy individuals, almost all
tumor samples were enriched with PD1i"t and PD1M CD8* T cells (Fig. 6C), suggesting

the persistent presence of their cognate antigen (43). To indirectly assess whether the
enrichment for a PD1M phenotype in these tumors occurs via an antigen-dependent manner,
we evaluated the diversity of the T cell receptor (TCR) repertoire of CD8* T cells with

high (co-expressing TIM3), intermediate, and low PD1 expression levels by using single-cell
TCR sequencing (fig. S8B). CD8* TILs co-expressing PD1 and TIM3 were enriched in
clonally expanded TCRap clonotypes, suggesting that T cells undergo a hierarchal clonal
selection as they commit to more differentiated cell states. The presence of dominant
clonotypes (i.e., the same TCR shared among many T cells) has been previously associated
with expansion of neoantigen-specific CD8* T cells (44, 45). Overall, these results indicate
that pediatric solid tumors can trigger anti-tumor immune responses, generating a pool of
antigen-experienced CD8* T cells that could be a potential target for immunotherapy.

The frequency of PD-L1-expressing macrophages from pediatric solid tumors is coupled
to CD8* T cell exhaustion phenotype.

Following our observations from mouse tumor models, we sought to explore whether the
magnitude of antigen cross-presentation by the tumor infiltrating MPCs is linked with
exhaustion of CD8* TILs. The coexpression of inhibitory receptors by CD8* TILs is
commonly used to describe exhausted CD8* T cells. However inhibitory receptors are not
expressed exclusively during the exhaustion phase of T cell differentiation: PD1, TIM3 and
CD39 are similarly upregulated during the acute phase of an infection in effector CD8*

T cells, which are highly functional. To assess whether pediatric PD1M9" CD8* TILs had
acquired features of T cell exhaustion, we assessed the expression of TOX1 and TCF7, two
transcription factors that regulate differentiation and maintenance of exhausted CD8" T cells
(5, 7, 10-13). TOX1 was highly upregulated in PD1MI"CD39* CD8* TILs while the PD1iM
and PD1'o% CD8* TILs retained a lower level of TOX1 expression comparable to naive
CDS8™* T cells from peripheral blood (PB) of healthy donors (HD) (Fig. 6E). In contrast, the
expression of TCF7 followed a reverse pattern with the PD1M9"CD39* CD8* TILs showing
pronounced downregulation compared to naive CD8" T cells, further confirming that CD8*
TILs with a high density of inhibitory receptors on their cell surface are skewed toward a
terminal differentiation stage. Additionally, we found that the human TOX1 gene locus is
demethylated in PD1* tumor-infiltrating CD8* T cells, while it is completely methylated in
PD1~ CD8* TILs and naive CD8* T cells isolated from HD-PB (Fig. 6F). Demethylation
of the Tox1 locus has been reported to enforce persistent gene expression during chronic
viral infection (13). Collectively, our phenotypic and epigenetic data indicate that pediatric
PD1MCD39* TILs undergo developmental changes that drive them toward a state of T cell
exhaustion that has limited developmental potential.
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Lacking a feasible methodology to directly measure antigen cross-presentation in human
tumors, we exploited our previous observation on the mouse tumor model that the ability of
tumor infiltrating MPCs to capture antigens is directly correlated with the surface expression
of the PD-L1 inhibitory ligand (fig. S7C). Using PD-L1 as a surrogate marker for identifying
MPCs, we initially noted that PD-L1 expression was predominantly limited to the CD45*
fraction of the cells (Fig. 6G), and that monocytes and macrophages were the major cell
types with high levels of PD-L1 expression (Fig. 6H), consistent with prior reports (46).
Clustering of pediatric samples based on the frequency of the PD1M39" CD8* T cells that
co-express TIM3 identified a significant correlation with the expression of PD-L1 by the
macrophages. Specifically, tumors containing CD8* T cells with high TIM3 expression
(>20% among PD1M9") were more likely to be enriched for myeloid cells that express high
level of PD-L1 (Fig. 61). To explore the possibility of an age bias in the establishment of the
exhausted phenotype we focused on neuroblastoma samples, which spread across a wider
age spectrum. We observed that the exhausted phenotype (%TIM3* PDSh CD8* TILs) and
the phagocytic activity of tumor stroma (% PD-L1 expressing macrophages) was trending
higher in the 2-10 years old age group (fig. S7D), however a larger dataset is needed to
power this analysis for statistical conclusions. These results support our observations in mice
that the interaction between CD8* TILs and the myeloid cells in the tumor stroma represent
a potential mechanism that skews CD8* T cells toward a fully exhausted differentiation
program.

Collectively our findings indicate that the “immature” microenvironment of an actively
developing individual favors the terminal differentiation of CD8* T cells under conditions
of persistent antigen exposure. In tumor settings, the exacerbated functional exhaustion
of CD8™ T cells in young individuals likely contributes to the weakened anti-tumor
immunity observed in children. Our findings provide insights not only in our fundamental
understanding of the immune system during aging but also for our efforts to optimize
immunotherapeutic interventions.

Discussion

Several studies in the past decade have established that generation of a heterogenous
population of CD8* T cells during chronic pathogenic threats is important in maintaining a
long lasting — although functionally impaired — immunity (5, 7, 10-13). In light of these
findings, exploring the factors that modulate the fate of CD8" T cell development is
important in understanding and overcoming the limitations of our immune system. Here
we show how the age of an organism can greatly influence the cell fate potential of
antigen-specific T cells as they undergo effector differentiation. We emphasize that changes
even within a narrower developmental window, like that between adolescence and early
adulthood, can have a profound effect on how our immune system is primed and adapts to
infections or transformed cells.

Although innate immunity is indispensable for activation and maintenance of adaptive
immune responses, the effects of an ageing innate immune system on the development of
T cells haven’t been explored proportionally. However, several studies have concluded that
the function of APCs (either DC or macrophages) declines with advanced age (16, 47, 48):
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impaired phagocytosis and responsiveness to external stimuli lead to reduced expression of
MHC molecules and several co-stimulatory proteins. Our results from adult mice indicate
a similar reduction in the ability of migDCs in the dLNs and MPCs in the tumors to take
up and cross-present tumor antigens. However, we demonstrate that in settings of persistent
antigen exposure the enhanced stimulation of CD8 T cells by myeloid cells leads to their
rapid exhaustion and terminal differentiation.

More specifically, tumor-reactive CD8* T cells expanding in young TB hosts acquire a
terminally differentiated phenotype and exhibit a pronounced exhaustion profile in the
presence of high antigen load such as the one that occurs in the TME or certain chronic

viral infections. We observed that the antigen-bearing (mCherry*) MPCs from adult tumors
were polarized toward an immunosuppressive M2-like phenotype, while MPCs from young
tumors were polarized toward a pro-inflammatory M1-like phenotype. Immunosuppressive
macrophages have long been considered to exert their pro-tumorigenic effects among others
by suppressing CD8* T cell function (49). Surprisingly though, CD8" T cells infiltrating
adult tumors demonstrated an increased cytokine response compared to CD8* TILs from
young tumors despite the presence of macrophages with a more immunosuppressive
phenotype. The observed discrepancy in the polarization of MPCs and the functionality

of tumor-specific-CD8* T cells could be explained by the greater ability of young MPCs

to uptake tumor proteins compared to the adult cells, which is consistent with the fact

that M1-macrophages are highly phagocytic (50). The abundance of tumor antigen cross-
presented by the young MPCs results in excessive activation of CD8* T cells, forcing T cells
further down the exhaustion differentiation pathway. Accordingly, the low availability of
MHCI-presented tumor antigen in the adult tumors is associated with increased functionality
of CD8* T cells.

Moreover, our data suggest that the fate of CD8* T cells can be skewed before they infiltrate
the tumors. Young-primed CD8" T cells from the dLNs were highly proliferative and
activated even before entering the systemic circulation (day 3 after tumor challenge). This
was associated with the increased activation and maturation profile of migratory DCs in the
young hosts. While the enhanced effector profile acquired during the initial priming of CD8*
T cells might lead to a rapid clonal expansion, at the same time restrains their developmental
potential toward a terminal state in the context of persistent antigen exposure. These results
suggest that the innate arm of a young immune system skews the differentiation of CD8* T
cells toward a terminal stage with limited developmental plasticity. While the generation of
less plastic cells may seem counterintuitive for the establishment of immunological memory,
from an evolutionary point of view, we can speculate that a powerful effector T cell response
early in life, although less pliable, confers a survival advantage for the host who encounters
a plethora of pathogens for the first time. Later in life, predominance of type-2 immunity,
which counteracts the immunopathology caused by the effector/cytotoxic (type-1) responses,
is considered beneficial for the host.

There are examples in the literature that corroborate the hypothesis of the age-bias on
the differentiation niche of CD8" T cells. For instance, it has been shown that neonatal
CD8™ T cells expand more rapidly and give rise to terminally differentiated effector
cells, when challenged with L/steria monocytogene (LM), an intracellular bacterium that
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causes acute infection (51). Another example in support of the Th1 immune bias in young
individuals comes from an experimental model of multiple sclerosis (MS), where it was
shown that the susceptibility to experimental autoimmune encephalomyelitis (EAE) in
mice drops dramatically after 4 weeks of age (puberty) despite the fact that the numbers
of myelin-specific CD4 T cells and the amount of antigen remains stable after 4 weeks
(52). The polarization of the immune response based on age was more recently reported
in patients with classical Hodgkin lymphoma (cHL); a tolerogenic TME comprised of
M2-macrophages and Tregs was predominant in cHL patients older than 10 years, whereas
M1-type macrophages were prevalent in cHL patients younger than 10 years (53). More
importantly, the pro-inflammatory phenotype of macrophages in the younger pediatric
patients was associated with an increased percentage of Granzyme B positive cells.

Finally, by profiling the immune infiltrates from pediatric solid tumors we provide evidence
that a similar mechanism of premature exhaustion of T cells may restrict the endogenous
anti-tumor T cell responses in children. Initially, we established that pediatric solid tumors
are enriched in antigen-experienced CD8* T cells despite their low TMB. This observation
is in line with a report on ALL where the authors could detect tumor-associated CD8* T
cells reactive to 86% of predictive neo-epitopes for each tumor tested (21). However, in our
dataset we observed that tumors enriched in CD8" T cells with an exhausted phenotype are
more likely to have a high percentage of PD-L1* myeloid cells, which reflected phagocytic
myeloid cells in our mouse models. This suggest that tumor infiltrating APCs are associated
with and could promote CD8* T cell dysfunction in pediatric tumors.

Although we cannot draw definitive conclusions from the human pediatric cohort due to the
diverse origin of tumor types and the rare occurrence of pediatric tumors, our data highlight
the need for clinical trials designed to address age-related differences in anti-tumor adaptive
and innate immunity. A side-by-side comparison of adult vs pediatric tumors controlled

for confounding factors (e.g. tumor type or tissue of origin, mutational burden, treatment
regimen) would provide more compelling evidence on the role of immune intrinsic factors
in anti-tumor immunity. This, evidently, will require collaboration of multiple pediatric
centers in order to gather a sample size with significant statistical power. Another limitation
highlighted by our studies is that investigation of T cell biology in human subjects relies

on expression of surrogate markers even though T cell differentiation is TCR-centered,
MHC-restricted, and antigen-specific. This is mainly due to lack of methodologies for
identifying and validating tumor antigens in a time- and cost-efficient manner. Given the
remarkable success of T-cell based immunotherapies in the past decade, we would like to
urge the research community to prioritize functional studies of T cells in clinical trials.

Broadly, the results described here emphasize the age of an individual as an important
factor in the design of immunotherapeutic approaches. Understandably, current T cell-based
immunotherapy approaches are based largely on our knowledge of the adult immune
system, however given the relatively limited investigation of the pediatric immune system,
interpretation of results that come from pediatric immunotherapy studies may need to

be tempered. While a full understanding of the mechanisms that favor the terminal
differentiation of anti-tumor T cells in pediatric solid tumors remains to be elucidated,
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our work provides a conceptual foundation for exploring the specific characteristics of the
pediatric immune system and their role in shaping the antitumor T cell response in children.

Material and Methods

Study design

The objective of this study was to investigate the role of age of the host APCs on the
interaction of CD8" T cells with the APCs. For this we evaluated (a) the CD8 T cell
response (activation, proliferation differentiation, and function), and (5) the ability of APCs
to cross-present tumor antigen and their overall maturation state, during (¢) the early
activation phase (day 3) that takes place in the dLNs, and (d) late differentiation of T

cells in the tumors. The mouse studies were complemented by immunophenotyping of CD8
T cells infiltrating pediatric solid tumors. The sample size for mouse experiments with no
previous experience was determined using statistical power analysis (GPower 3.1 tool) (54,
55). TB mice used in the rechallenge experiments (fig. S5C) were distributed into the 2 age
groups based on a randomized block design after removal of outliers (ROUT method). All
mouse experiments were performed with 5-10 biological replicates per experimental group.
All experiments were repeated at least twice unless otherwise stated.

Human samples

Blood samples: De-identified blood samples were obtained as plateletpheresis byproducts
from healthy individuals through the St Jude Blood Donor Center. Peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll-Hypaque (GE Healthcare) density
centrifugation using standard procedures.

Tumor samples: De-identified, freshly resected surgical specimen were obtained from
pediatric patients consented to participate in the MAST protocol (NCT01050296), in
agreement with local institutional ethical regulations and institutional review board approval
(IRB protocol XPD09-234). All tumor samples were processed and analyzed fresh.

Somatic coding mutation analysis

Animals

Somatic mutations were curated for MAST tumors as part of the St. Jude Children’s
Research Hospital Clinical Genomics process. Whole-exome sequencing and subsequent
analysis was performed on both germline and tumor sample from each patient as described
by Rusch et al 2018 (56). Mutation rates were calculated relative to the number of sequenced
coding bases with at least 10x coverage per sample in each germline-tumor pair. For
comparison to other pediatric tumors, mutation rates were also included from published data
obtained from the St. Jude Children’s Research Hospital/Washington University Pediatric
Cancer Genome Project (PCGP) (42).

C56B1/6J mice were purchased from The Jackson Laboratory (Jax; Stock No: 000664).
The immunodeficient Rag1KO mice (Stock No: 002216), NSG (Stock No: 005557) and the
B2mKO mice (Stock No: 002087) were purchased from Jax and bred in house. The P14
TCR transgenic mouse line, a generous gift from Dr David Masopust, was backcrossed into
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a C57BI/6 Thyl.1 background (Jax Stock No: 000406). For all /n7 vivo experiments, except
the ageing studies, 8-12-weeks old mice were used. Mice allocated to different experimental
groups were sex-, age-, and housing-matched. Female mice were used throughout the study.
All animal studies were performed in accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals (the Guide) of the National Institutes of Health.
Animal protocols were approved on an annual term by the Institutional Animal Care and

Use Committee (IACUC; protocol #: 598-100569) at St. Jude Children’s Research Hospital.

Cell lines and generation of transgenic cell lines

The mouse colon adenocarcinoma cell line, MC38 (H-2b haplotype), curtesy of Dr. Hongbo
Chi (SJCRH), was maintained in high glucose DMEM medium (Gibco) supplemented with
10% FBS (Hyclone) and antibiotics (Gibco, penicillin 200U/mL, streptomycin 100 pg/mL).
The mouse melanoma cell line, B16F10 (H-2b) was purchased from ATCC (CRL-6475)
and was maintained in ATCC-modified RPMI 1640 medium (Gibco) supplemented with
10% FBS and Pen/Strep. The HEK293T cell line was purchased from ATCC (CRL-3216)
and maintained in high glucose DMEM medium (Gibco) supplemented with 10% FBS and
Pen/Strep. All cell lines were maintained at 37°C in humidified air with 5% CO».

The immunogenic cell lines were generated by lentiviral transduction and subsequent FACS
sorting of mCherry* cells spreading within a narrow window of fluorescence intensity

(low CV). All transgenic cell lines used in this study are polyclonal to dilute-out potential
artifacts due to insertional mutagenic effects.

To knock out the B2m gene, MC38 cells were transiently transfected with the Crispr

vector. Crispr/Cas9 edits were introduced through the non-homologous end joining pathway
targeting 3 different gene regions (crRNAL: ATTTGGATTTCAATGTGAGGCGG, crRNA2:
AGTATACTCACGCCACCCACCGG, crRNA3: GACAAGCACCAGAAAGACCAGGG).
Successfully edited cells were FACS sorted as MHCI non-expressing cells upon a 48-hour
induction period with rmIFN-y (R&D Systems, 20 ng/mL).

Tumor challenge experiments

Tumor cells were cultured at 80% confluency before being dissociated using TrypLE
(Gibco) enzyme mixture, washed, counted, and resuspended in PBS. Each mouse was
injected subcutaneously in the lower back with 100 L of cell suspension containing

the appropriate number of cells (see each experiment for details). Tumor volume were
determined according to the formula (57): V = 0.4 x L x W2, where L=length, W=width of
the tumor as measured by calipers.

Vector design and LV production

Immunogenic vectors: Minigenes encoding for viral epitopes (GP33:
aaagctgtgtacaatttcgccaccatg; NP396: ttccaaccacaaaatgggcaatttata) were subcloned into a
modified self-inactivating (SIN) and insulated lentiviral vector (CL20i4w-EF1a-GFP) under
the control of the EF1a internal promoter. A stable monomeric form of mouse ubiquitin
was attached directly upstream of the minigene to facilitate targeting of the peptide to the
proteasomal pathway (58). The sequence encoding for the mCherry protein was attached
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downstream of the minigene through a P2A sequence to prevent the premature degradation
of the fluorescent marker. VSV-G-pseudotyped viral particles were produced by using a 3'd
generation packaging system as previously described (59).

Crispr vector: The S. pyogenes Cas9 gene and the sgRNA sequence were cloned into the
CL20SF2-Cherry backbone plasmid under the internal control of the hybrid SF2/CMV and
U6 promoters, respectively.

Dissociation and single cell preparation of human and mouse tumors.

The tumor tissue was mechanically minced into small pieces (2-3 mm), and subsequently
subjected to enzymatic digestion by Collagenase 4 (Worthington Biochemical Co., 2
mg/mL) and Turbonuclease (Accelagen, 25 U/mL) for 30 min in RPMI 1640 medium
supplemented with 5% FBS. Digested tumors were further dissociated by vigorous pipetting
using wide bore tips and strained through a 70-pm cell strainer. The single cell suspension
was depleted of RBC by using ammonium chloride isotonic lysis solution. The number of
live cells is determined using a hemocytometer after exclusion of dead cells by Trypan blue
dye.

Adoptive cell transfer

For most experiments that required analysis of P14 cells at day 7: Total
splenocytes containing 5000 GP33*CD90.1*CD8" live T cells — isolated from naive
P14 CD90.1*/* mice, 8-10 weeks old, sex matched with the recipients — were injected
intravenously via the retro orbital route into recipient mice at the indicated time points.

For priming experiment: Total CD8* T cells from naive P14 C57BI6 mice were
negatively selected using magnetic beads (Miltenyi). Cells were then labeled with CTV
(Invitrogen) at 5 uM final concentration for 5 min at RT. One-hundred thousand of live
CTV-labeled CD8* T cells were adoptively transferred to each mouse.

Flow cytometry

Cell surface antigen staining was performed in FACS buffer (1xPBS supplemented with
2%FBS, 1-2mM EDTA, and 0.1% NaN3) for 10-15 min at room temperature (RT).
Subsequently cells were washed and finally fixed in 1% paraformaldehyde (PFA).

Tetramer generation: Monomers were obtained from the Yerkes NIH tetramer
core facility and subsequently tetramerized using excess streptavidin-APC (Invitrogen),
according to the protocol suggested by the tetramer core.

Flow cytometric analysis: Experimental flow data were acquired on a BD LSRII
instrument operated through the BD FACSDiva V8 software. The raw flow data were
analyzed using FCS Express 6 (De Novo Software). Immunophenotypic analysis of human
tumor samples was based on samples that generated at least 100 cells/events on the parental
gate represented on each graph, except for %TIM3 CD8* TILs for which the cutoff was set
to 50 PD1M9" CD8* TILs.
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Ex vivo antigen stimulation of T cells and Intracellular cytokine staining (ICS) assay

To assess the ability of CD8* T cells to readily secrete effector cytokines, single cell
suspensions from the indicated tissues were incubated with cognate peptide (1 uM) for

4 hours, at 37°C in a humidified CO, incubator. To enhance the signal of the produced
cytokines, the protein transport inhibitors monensin and brefeldin A (BD biosciences;
GolgiStop and GolgiPlug) were added at the start of culture at the recommended
concentration by the manufacturer. The ex vivo stimulated cells were then stained for cell
surface markers, fixed and permeabilized using CytoFix/CytoPerm kit (BD biosciences)
as per the manufacturer’s instructions, and finally stained with anti-IFN+y, anti-TNFa, and
anti-1L-2 antibodies.

Antigen presentation assay

In Fig. S2: 100K CD11b*mCherry™ FACS purified myeloid cells from tumors were mixed
with total naive splenocytes containing 200K P14 CD8* T cells in a 96-well U-bottom cell
culture plate, and co-incubated for 4 hours at 37°C in a CO5 incubator.

In Fig. 4: CD11b* myeloid cells, that were positively selected using magnetic beads
(Miltenyi) from young or adult tumors, were used ad APCs. The number of APCs was
normalized to 100K mCherry* cells per well, in a 96-well flat-bottom cell culture plate.
CD8™ T cells from naive P14 mice that were negatively selected using magnetic beads
(Miltenyi) were used as responders at the indicated APC-to-P14 ratio. For proliferation
assay shown in Fig. S6G, the purified CD8" T cells were labeled with CTV at 5 M final
concentration. Cells were incubated for 1 or 3 days as described at 37°C in a CO5 incubator.

After the incubation period cell aggregates were disrupted and detached from the plate by
adding 2 mM EDTA for 10 min at RT. The single cell suspension was stained for the
indicated cell surface or intracellular markers and analyzed by flow cytometry. As positive
control, naive CD8* T cells were stimulated with 1 pM GP33 synthetic peptide.

Immunization

Soluble antigen (OVA protein): Young (4 weeks) or adult (24 weeks) mice were
immunized with 20 pg OVA-AF488 (Invitrogen) emulsified in Complete Freund's Adjuvant
(CFA; Sigma-Aldrich) at a 1:1 v/v ratio. Each mouse was injected subcutaneously (s.c.)
with 100 pL of the protein emulsion. The draining lymph nodes (inguinal) were harvested
18 hours later and digested with collagenase IV and turbonuclease (see tumor dissociation
protocol) to obtain a single cell suspension.

Intracellular antigen (apoptotic cells): Apoptosis was induced by incubating the tumor
cells with 1uM staurosporin (Sigma) for 6 hours at 37°C in a humidified incubator. Ten
million apoptotic cells were injected s.c. to each mouse, and the mCherry uptake by the
APCs in the inguinal dLN was assessed the next day.

Single cell TCR repertoire analysis

For single cell TCR repertoire analysis cells were FACS index-sorted into a 96 well PCR
plate preloaded with 2.5 pL of reverse transcription mixture per well (0.5 pL 5X VILO
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Reaction Mix, 0.25 pL 10X SuperScript Enzyme Mix (Invitrogen), 0.25 pL of 1% Triton
X-100 (Sigma-Aldrich), and 1.5 pL nuclease free water). The CDR3a and B regions of each
cell were amplified and sequenced using a nested, single-cell, multiplex PCR approach as
previously described (60, 61). Sequences were parsed and characterized using the TCRdist
pipeline (62).

DNA Methylation analysis

WGBS: Genomic DNA (gDNA) was extracted from the indicated sorted cells using a
commercially available kit (Macherey-Nagel). Subsequently, less than 500 ng of gDNA was
bisulfite (BS) treated to convert free cytosines to uracils using the EZ DNA Methylation-
Gold (Zymo Research). The converted BS-DNA served as template to generate a DNA
sequencing library using the TruSeq DNA Methylation Kit (Illumina). The library was
sequenced using the Illumina HiSeq 2500 Sequencing System.

scRNA sequencing

Single-cell gene expression libraries were generated using the Chromium Single Cell 3’

v2 kit (10X Genomics) with target outputs of 7,000-10,000 cells per library. Sequencing
was performed on the Illumina NovaSeq platform with sufficient sequencing for at least
50,000 mean reads per cell. Raw sequencing data from each library were processed and
aggregated using CellRanger (v3.0.2), normalizing for sequencing depth across libraries
based on the median number of confidently mapped reads per cell. The subsequent
feature/barcode matrices were then analyzed using Seurat (v3.1.0), controlling for potential
variation owed to cell-specific variation including the number of uniqgue RNA molecules,
percent of mitochondrial gene expression, and inferred cell cycle state (63). Principal
Component Analysis (PCA) was conducted on variable genes (detected using the standard
‘vst” method), significant PCs were detected using random permutation, and those PCs
were then leveraged for dimensional reduction and subsequent visualization using Uniform
Manifold Approximation and Projection (UMAP) (64). To compare cells from distinct

age groups, differential gene expression analysis was conducted using default parameters,
and significantly up- or down-regulated genes for each condition were assessed for GO
biological processes (v2020-07-16) and Reactome (v65) pathway enrichment using the
PANTHER Overrepresentation Test (65).

Statistical analysis

Statistical analysis was performed using Prism V8 (GraphPad). The normal distribution of
variables was calculated using Shapiro-Wilk test. The continuous variables with normal
distribution are presented as mean + standard deviation (SD), while variables with

skewed distribution as median with interquartile range (IQR). Population means were
calculated within a 95% confidential interval. Null hypothesis between means with normal
distribution between the groups was tested by Student’s t-test or one-way Anova parametric
tests. Comparison of means without a normal distribution between the groups was done
using Mann-Whitney U-test or Kruskal-Wallis nonparametric tests. Two-way Anova was
performed to compare multiple categorical groups of 2 independent variables (factors). A
two-tailed p-value of <0.05 is regarded as statistically significant, and different levels of
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significance are represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P
<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Antigen cross-presentation by the TME is sufficient to enfor ce the tumor-associated
dysfunctional state of CD8* T cells.

(A) Schematic experimental design for panels (B-D): 5000 naive P14 CD8* T cells were
adoptively transferred to TB Rag1~/~ mice (n=10), and their functionality was analyzed one
week after transfer.

(B) Representative flow cytometry dot plots from the indicated tissues of TB mice showing
the expression of GP33-specific TCRs on the surface of adoptively transferred P14 CD8*

T cells (upper row), and their potential to produce cytokines upon ex vivo stimulation with
cognate peptide (2 bottom rows).

(C) statistical analysis of the cytokine profile shown in (B). Percent polyfunctionality is
calculated as the percentage of IFN+y producing P14 cells that also co-produce TNFa or
IL-2. Mean £SD; paired Welch t-test.

(D) Functional composition of CD8* T cells is summarized in the pie charts, which are
color-coded according to the polyfunctionality of CD8* T cells.

(E) Representative flow cytometry density plots showing the frequency of endogenous
GP33-specific CD8* T cells in the spleen, dLN, and tumors from MC38-GP33 (MHCI-
proficient) and MC38-GP33-BKO (MHCI-deficient) TB mice at effector stage (day 7). The
absolute cell counts of GP33-specific CD8" T cells isolated from the indicated tissues of TB
mice (n=5 per experimental group) are plotted on the right. Mean +SD; multiple unpaired
Welch t-test.
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(F) Impaired cytokine response of tumor infiltrating CD8* T cells generated against MC38-
GP33 tumor cells deficient or sufficient in MHCI expression (n=5). Mean £SD; two-way
Anova with Tukey correction.

A p-value of <0.05 is regarded as statistically significant, and different levels of significance
are represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 2. Increased frequency of terminally differentiated antigen-specific CD8' T cellsin young

TB hosts.

(A) Schematic experimental design: Five thousand naive CD90.1* P14 CD8* T cells were
adoptively transferred into young (4-weeks old; n=8) and adult (24-weeks old; n=8) C57BI6
mice. One day later all mice were subcutaneously challenged with MC38-GP33-BKO cells.
Phenotypic and functional analysis was performed 7 days post tumor challenge.

(B) Summarized data showing the expansion of transferred P14 CD8* T cells as total cell
count in the indicated organs. Mean £SD; multiple unpaired Welch t-test.

(C) Summarized data showing the expression intensity of the indicated proteins in P14
CDS8™ T cells residing in the spleens, dLNs, and tumors of young and adult hosts. Mean
+SD; multiple unpaired Welch t-test.
(D) Representative flow cytometry density plots (left) and summarized data (right) showing
cytokine production by young- and adult-primed P14 TILs upon 4h ex vivo stimulation with
GP33 peptide. Mean +SD; multiple unpaired Welch t-test.
A p-value of <0.05 is regarded as statistically significant, and different levels of significance
are represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 3. The enhanced activated phenotype of the young-primed CD8* T cellsis established
early during their stimulation in dLNs.

(A) Schematic experimental design for panels (B-D): Young (4-weeks old; n=10) and adult
(24-weeks old; n=10) C57BI6 mice were inoculated s.c. with apoptotic MC38-GP33-BKO
cells, and the APCs present in the draining lymph nodes were analyzed 18 hours later.

(B) Representative flow cytometry plots showing the mCherry* uptake by cells in the dLN
of young or adult mice.

(C) Summarized data showing the total number of mCherry* cells in dLNs and their
mCherry fluorescent intensity. Mean £SD; unpaired Welch t-test.
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(D) Summarized data showing the expression intensity of DC markers involved in
maturation and migration of mCherry* mDCs from the dLNs of young and adult mice.

The dotted line represents the autofluoresence of the corresponding channel calculated from
FMO control samples. Mean £SD; unpaired Welch t-test.

(E) CTV-labeled P14 CD8* T (100K) were adoptively transferred in young and adult mice
(n=5 per group) one day before they were challenged with MHCI-deficient MC38-GP33
cells. Proliferation of P14 cells based on CTV dilution was calculated 3 days upon tumor
challenge in the dLNs. Mean =SD; unpaired Welch t-test.

(F) Expression profiles of the indicated proteins in divided (Div.) and undivided (Undiv.)
P14 CD8™* T cells primed for 3 days in young or adult TB mice. Representative density plots
(top) and summarized data (bottom) are shown. The dotted lines on each graph representing
MFI indicate the autofluorescence of the divided (upper line) and undivided (lower line)
cells. Mean £SD; multiple unpaired Welch t-test.

A p-value of <0.05 is regarded as statistically significant, and different levels of significance
are represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 4. Young tumor infiltrating MPCs are more efficient at cross-presenting tumor antigens.
(A) Representative flow cytometry contour plots (top) and summarized data (bottom;

n=8 per group) showing the tumor mCherry uptake by tumor infiltrating mononuclear
phagocytotic cells (MPCs). Mean +SD; unpaired Welch t-test.

(B) Summarized data showing the expression intensity of MHC molecules and
costimulatory molecules on the surface of mCherry* MPCs from young and adult TB mice.
The dotted lines represent the autofluorescence calculated based on FMO control samples.
Mean +SD; unpaired Welch t-test.
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(C) Schematic experimental design of the antigen cross-presentation assay: CD11b*
myeloid cells isolated from young or adult tumors and normalized for the number of
mCherry* cells were used to stimulate naive P14 cells ex vivo. Activation of P14 cells was
assessed the next day.

(D) Summarized data (n=5 per group) showing the percentage of activated (CD69*CD25%)
P14 CD8™* T cells and the expression level of the indicated markers by the activated subset,
at different APC:P14 ratios. Mean +SD; two-way Anova with Sidak correction.

A p-value of <0.05 is regarded as statistically significant, and different levels of significance
are represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure5. Young tumor infiltrating M PCs are skewed toward a pro-inflammatory phenotype.
(A) Schematic experimental design for isolating antigen™ tumor-associated immune cells.

(B) Single-cell gene expression plot featuring log-scaled mCherry expression levels, which
clearly distinguishes tumor from non-tumor cells. Data were projected using Uniform
Manifold Approximation and Projection (UMAP) as described in the methods**** (pooled
data from 5 mice per experimental group). The experiment was repeated twice with similar

results.

(C) Single-cell gene expression analyses revealed distinct clusters corresponding to tumor

cells, neutrophils, lymphocytes, and a composite of other myeloid-derived tumor-infiltrating
cells (MPCs).
(D) Single-cell gene expression plot with individual cells colored according to the age of
their host. Although tumor cells showed no clear evidence of gene expression differences
between young and adult cells owing to host age, the majority composite of infiltrating
myeloid cells showed extreme gene expression heterogeneity as a function of host age.
(E) Gene ontology (biological processes) and pathway enrichment analysis of genes

overexpressed in young (top) or adult (bottom) MPCs. Top 10 enriched terms are presented.
(F) Dot plots representing the average expression of, and percentage of cells
expressing, markers commonly used to distinguish pro-inflammatory and anti-inflammatory
macrophages. The size of a given dot corresponds to the proportion of cells within the
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respective group expressing it in any amount, whereas color encodes average expression
scaled across all groups presented (an expression value of —1 indicates one standard
deviation below the mean).

(G) Summarized data (n=10 per group) showing the expression of proteins associated with
polarization of macrophages. Mean +SD; unpaired Welch t-test.

A p-value of <0.05 is regarded as statistically significant, and different levels of significance
are represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 6. Pediatric solid tumorsareinfiltrated by antigen-experienced CD8" T cells despite their

low mutational burden.

(A) Mutation rates of a subset (n=23) of the tumors utilized in this study for which whole
exome sequencing data were available compared to the mutation rates of common pediatric
tumors previously published as a part of the Pediatric Cancer Genome Project. Mutation
rates were calculated as the number of coding mutations per megabase of sufficiently
covered genome sequence and are plotted in log10 scale due to the extreme range observed

in some HGG tumors.
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(B) Representative flow cytometry density plots showing variable expression levels of
inhibitory receptors, PD1 and TIM3, on tumor infiltrating CD8* T cells compared to
peripheral blood CD8* T cells from a healthy donor.

(C) Summarized data for naive and memory subset phenotypes of CD8* T cells isolated
from pediatric tumors (n=78). Naive = CCR7*CD45R0O™, central memory (Tcm) =
CCR7*CD45R0", effector memory (Tem) = CCR7-CD45R0O~, Temra = CCR7"CD45R0O™.
(D) Summarized data of PD1 expression on CD8" T cells isolated from pediatric tumors
(n=78) and peripheral blood CD8* T cells from healthy donors (n=4).

(E) Histogram FACS plots showing the fluorescence intensity of TOX1 and TCF7 among
PD1h pDINt and PD1!° CD8* TIL subsets (as defined on the right density plot) from a
Neuroblastoma sample. Tnaive (CCR7*CD45R0") from the peripheral blood of a healthy
donor is used as reference (black line).

(F) WGBS nucleotide-resolution view of TOX1 locus among different subsets of CD8* TILs
isolated from a Germ cell tumor sample, and CD8* T naive cells from the peripheral blood
of a healthy donor. Each vertical line represents a single CpG cite, the red segment indicates
the percentage of methylated reads, while the blue segment indicates the percentage of
non-methylated reads for the same CpG site.

(G) Representative flow cytometry density plot (left) and summarized data (right) of the
frequency of PD-L1 expressing cells among CD45~ and CD45* immune infiltrates in
pediatric solid tumors (n=83). Mean £SD; paired nonparametric Wilcoxon test.

(H) Representative flow cytometry dot plot (left), and summarized data (right) showing

that tumor infiltrating monocytes/macrophages are the main source of PD-L1 expression in
pediatric solid tumors (n=79). Mean £SD; paired nonparametric Wilcoxon test.

() Frequency of PD-L1 expressing tumor-associated monocytes/macrophages among
tumors with low (< 20%) and high (> 20%) prevalence of TIM3* PD1M9" CD8* T cells.
Mean +SD; unpaired nonparametric Mann Whitney test.

A p-value of <0.05 is regarded as statistically significant, and different levels of significance
are represented with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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