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among exhausted CD8T cells in tumors
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Undescribed functional axes may intersect with the trajectory of T cell exhaustion (Tgx) to contribute to the anti-
tumoral functions of CD8T cells. By leveraging fluorescent transcriptional reporting of the T cell activation marker
Cd69, we defined a classifier for potent versus suboptimal CD69™ activation states arising from T cell stimulation.
In tumors, this delineation provided an additional functional readout among Tgx subsets, marked by enhanced
effector molecule production. The more potent Cd69-TFP state was the most prominentin aT cell-mediated tumor
clearance model, displaying increased engagement and superior tumor cell killing. Simultaneous analysis of gene
and protein expression in human head and neck tumors enabled a similar strategy to identify Cd69RNAMCD69*
cells with enhanced functional features compared with Cd69RNA'°CD69 cells among intratumoral CD8T cell sub-
sets. Thus, refining the T cell functional landscape in tumors potentiates the identification of rare, potent effectors

that could be leveraged for improving cancer treatment.

INTRODUCTION

Within broadly immunosuppressive tumor microenvironments
(TMEs), pockets of rare reactive immunity have been discovered,
such as those containing conventional type 1 dendritic cells (cDCls)
that support CD8 T cells through antigen presentation (1-4). T
cells, which integrate their encounters with antigens over their life-
time (5-7), require potent antigen stimulation for antitumor func-
tion. Yet, chronic stimulation by persistent antigen in the TME
conversely drives precursor CD8 T cells to dysfunctional or ex-
hausted (Tgx) states (8), driven by the transcription factor (TF)
TOX (9, 10). This undesirable path to T cell exhaustion is increas-
ingly well understood, including its distinct developmental stages
(11-13); molecular markers (10, 14-18); and transcriptional, epi-
genetic (9, 10, 15, 19-21), and microenvironmental drivers (22-25).
Although such knowledge has been critical to shape our under-
standing of T cell dysfunction in tumors, explicit strategies to delin-
eate potent cytotoxic CD8 T cells within this exhausted milieu are
not well established.

Tissue-resident memory T cells (Try cells) expressing CD69 and/
or CD103 are one possible class of T cells (26, 27) with augmented
effector function (28) that might diverge from the lineage of Tgx
differentiation. Although cells bearing these markers have been im-
plicated in strong antitumor responses (29, 30), their degree of ho-
mogeneity and divergence from exhaustion are not fully understood
(28, 31). Efforts to identify potent effector functions under chronic
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stimulation conditions have led to identification of their TCF1™
progenitors and their contribution to responses to immune check-
point blockade (17, 32, 33). Such progenitor-like CD8 T cells can
produce divergent trajectories of Tgx cells, including those biased
toward effector-like states (34).

Previous studies have mapped Tgx trajectories that lead to termi-
nally exhausted Tgx (Tex ™), notably identifying intermediates de-
fined by KLR expression (Tex™®) (12, 13) or associated with better
viral control and cytotoxicity (35) and a population of Ly108"CD69™
intermediate Tgx (36) derived and distinct from the progenitor sub-
sets that are Ly108* (11) and driven by TCF1 and MYB (17). Such
intermediate phenotypes likely also retain some plasticity to be di-
rected away from terminal differentiation (12, 35, 36).

Evidence that effector function may not be fully wired at the on-
set of Tgx differentiation derives from studies of key TFs, such as
suppression of progenitor-associated factors TCF1 (19) and MYB (17)
expression, and overexpression of the AP-1 TFs JUN (37), STAT5A
(36), and BATF (38). Down-regulation of early activation gene tran-
scripts including Jun and Nr4al occurs in response to stimulation in
T and B cells (39, 40). Conversely, AP-1 TF overexpression counter-
acts the effects of TOX-mediated T cell dysfunction (36, 37).

A key marker related to T cell function is the protein CD69,
which has been used both to define Tgy cell identity and as a mark-
er for early activation. T cells have posttranscriptional regulatory
mechanisms for this “early-response” gene, which dissociate its
transcription [associated with AP-1 (39, 40) and therefore likely to
decrease with repetitive stimulation] from its protein levels (41, 42).
This dissociation of RNA and protein, which is broadly known to
occur in T and B cells (43, 44), offers an opportunity to study T cell
states via comparisons of transcript levels related to history, separate
from the CD69 protein levels, indicating recent activation or long-
term residency.

Here, we report the generation of a transcriptional reporter of
Cde69 that, together with paired analysis of CD69 protein, provides a
different view of the relationships between previous T cell activation
history and current capacity as cytotoxic and cytokine-producing ef-
fectors. The ability to mark such a dimension of effector states provides
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an additional layer of functional information beyond that of the estab-
lished differentiation trajectories of exhaustion.

RESULTS

Cd69 transcriptional reporter mice enable tracking of T cell
stimulation history in vivo

Although cell surface expression of CD69 has historically been used
to indicate both T cell stimulation and tissue retention (45), bioin-
formatics analysis of multiple datasets showed that transcription of
the Cd69 gene is inversely correlated with a history of chronic stim-
ulation. Cd69 mRNA itself is higher in naive versus effector and
early progenitor versus terminally exhausted CD8 T cells (fig. S1, A
to C) and in T cells in tumor-adjacent normal areas versus those
within paired colorectal [colorectal cancer (CRC)] tumors (fig. S1D).
Furthermore, expression of the TFs regulating Cd69 (46) were also
differentially higher in naive versus exhausted CD8 T cells (fig. S1E).

In contrast, CD69 protein expression, driven by T cell receptor
(TCR) stimulation or other stimuli such as interferons (IFNs) (47),
is often uncoupled from this transcriptional activity as a result of
strong 3’ untranslated region (3'UTR)-mediated posttranscription-
al regulation (41, 42, 48). We thus reasoned that tracking Cd69 RNA
alongside its protein might together provide a useful approach to
differentiate the potency of activation states in T cells.

To explore this idea, we generated mice in which DNA encoding
the teal fluorescent protein (TFP) CreER™ and a polyA site was
inserted at the 5’ end of the Cd69 locus (hereafter referred to as
Cd69-TFP) (Fig. 1A). In lymph nodes of unchallenged Cd69-TFP
mice, most (~80%; Fig. 1B) of the CD8 T cells were TFPM without
expressing surface CD69 protein, as measured by antibody staining
(hereafter Q1 or TFPh‘CD69_). We validated that the measured TFP
levels reflected Cd69 RNA expression at steady state (Fig. 1, B and
C), consistent with previous studies showing the presence of Cd69
mRNA that remain translationally repressed until stimulation
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Fig. 1. Distinct expression of Cd69 transcriptional reporter and CD69 protein in CD8 T cells. (A) Design of the TFP-2A-CreER™2-WPRE-pA reporter knocked into the
5’'UTR of the Cd69 locus for transcriptional reporting. (B) TFP and surface CD69 expression in homeostatic LN CD8 T cells; color-coded boxes indicate sorted TFP LO, MID,
and HI cell populations assayed for (C) Cd69 mRNA expression by qPCR. (D) Histograms of TFP expression from sorted TFPM (top 20%), TFP™ (middle 30%), and TFP" (bot-
tom 20%) of splenic and lymph node—-derived CD8T cells at 0 and 24 hours postsort, resting in IL-7. (E) Representative histograms of TFP expression in splenic CD8 T cells
of different phenotypes (as indicated in the figure panel) from an unchallenged Cd69-TFP reporter mouse. (F) Flow cytometry plots of TFP and CD69 in sorted TFP' effec-
tor (CD44*CD62L7) and TFP" memory (CD44*CD62L*) homeostatic CD8 T cells without stimulation (No Stim), 3-hour aCD3 + «CD28 stimulation + DMSO (3 h Stim +
Vehicle), or actinomycin D (5 pg/ml; 3 h Stim + Act. D) and (G) CD69 MFI of the same across conditions. TFP and CD69 expression on (H) skin-resident CD447CD103* CD8
T cells in 6-month-old unchallenged WT control and Cd69-TFP reporter mice. (I) Endogenous and adoptively transferred OT-I; Cd69-TFP reporter CD8T cells in PyMTchOVA
(53) tumors 12 days postadoptive transfer and (J) corresponding quantification of the percentage of cells in Q2 (TFPM'CD69™) and Q4 (TFP'°CD69™) states in the same. Plots
show means + SEM.TFP negative gates derived from corresponding WT controls. Null hypothesis testing in (C) and (G) by one-way and two-way ANOVA, respectively, with
post hoc Fisher’s LSD (least significant difference) and by unpaired t test in (J); n = 3 [(C) and (G)] and n = 4 (J) biological replicates representative of at least two indepen-
dent experiments. *P < 0.05; **P < 0.01; ****P < 0.0001; n.s., not significant.
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(42, 49, 50). In addition to this majority population, a small portion
of TFP" CD8 T cells expressed CD69 protein on their cell surfaces
(~5%, Q2: TFPMCD69™), possibly representing recently stimulated
cells, and a third population (~15% Q3: TFP°CD69~) was low for
both TFP and CD69 (Fig. 1B). Both TFP and CD69 protein levels
rose substantially in the context of robust stimulation during the
early and intermediate stages of thymic positive selection (fig. S2, A
to D) (51) and during the first 3 to 16 hours of stimulation of iso-
lated peripheral CD8 T cells with anti-CD3/CD28 beads (fig. S2G).
CD69 protein-positive cells in both of these settings appeared pre-
dominantly in the Q2 quadrant (fig. S2, B and D). We found that
expression patterns for CD69 protein were similar in reporter and
wild-type (WT) mice in both cases (fig. S2, F and I), although sur-
face CD69 levels by mean fluorescence intensity (MFI) were rou-
tinely about 50% lower (fig. S2, E and H). These differences were
stable when CD8 T cells were sorted by TFP expression and cultured
in interleukin-7 (IL-7) overnight, suggesting that they were inde-
pendent of recent TCR stimulation (Fig. 1D).

In unchallenged mice, TFP expression in CD8 T cells varied with
differentiation state. CD44°CD62L" naive cells expressed higher
TFP at baseline than CD44"CD62L"° effector CD8 T cells (Fig. 1E).
CD44"CD62L" central memory T cells (memory) demonstrated higher
levels still, which may be related to higher AP-1 TF activity (52). CD-
44°CD62L" cells expressed the lowest average level of TFP among
the populations. When TFPM memory and TFP® effectors were sorted
from unchallenged mice and stimulated with anti-CD3/anti-CD28
beads for 3 hours, TFP" cells generated more CD69 surface protein
as compared with TFP' cells, an effect also observed in the presence
of actinomycin D treatment to block new transcription (Fig. 1, F and
G). Both groups maintained their preexisting TFP status during this
short stimulation, demonstrating how T cells occupying Q4: TFP°CD69*
cells may be generated from Q3: TFP°CD69™ cells (Fig. 1F). Last, we
found that the Q4: TFP°CD69" quadrant was modestly represented in
skin-resident CD447CD103" CD8 Tgry cells from 6-month-old mice
(Fig. 1, H and J) and dominant in ovalbumin (OVA)-specific OT-1 T
cells in the spontaneous mammary tumors in PyMTchOVA mice
(53) 12 days after adolg_tive transfer (Fig. 1, I and J). The opposite was
true for the Q2: TFPYCD69" quadrant (higher in Tgry than tumor
cells) (Fig. 1, H to J). Together with our informatic data, this result
supported the association between TFP levels and a history of encoun-
ters in CD8 T cells.

To further explore this possible relationship of TFP" cells with a
history of repeated stimulation, we set up repetitive “chronic” stimu-
lation cultures using purified CD8 T cells from Cd69-TFP mice.
Cells were subjected to three cycles of 48-hour stimulation with 1:1
anti-CD3/anti-CD28 beads, followed by 72-hour rest under either
hypoxia (1.5% O,) (54) or ambient oxygen levels (normoxia), in the
presence of low concentrations of IL-2 after the first cycle (Fig. 2A
and fig. S3A). Cd69-driven TFP levels at the end of each cycle were
lower than the previous, an effect that culminated in about 50 and
30% reduction under hypoxia and normoxia after three cycles, re-
spectively (Fig. 2, A to C, and fig. S3, A and B). Repeated stimulation
concurrently up-regulated exhaustion-associated markers, such as
PD1, CD38, and Tim-3, accentuated under hypoxia (54) (Fig. 2F and
fig. 3, D and E). Addition of IL-2 without TCR stimulation (fig. S3F)
did not induce differentiation (fig. S3G), a decline in TFP expression
(fig. S3H), or acquisition of exhaustion-associated markers (fig. S3I).
Whereas both Cd69 mRNA (Fig. 2D and fig. S3C) and the upstream
AP-1 TF Jun (Fig. 2E) decreased with repeated stimulation, a faster
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initial decay was observed when compared with the TFP reporter,
likely because of the longer half-life of TFP.

Analyzing the 24-hour time point in each cycle indicated a pro-
gressively lower magnitude of reporter expression by MFI from cy-
cle 1 to cycle 3 (fig. S3]), contrasting with CD44, whose peak levels
increased in every cycle (Fig. 2A and fig. S3A). However, at 24 hours
poststimulation, %TFP" had reverted to ~100% in each cycle
(Fig. 2A). To test whether TFP levels are dependent on the history
(cycle number), we further sampled stimulated cells at each cycle at
3-, 6-, and 18-hour time points (Fig. 2G). Both in terms of MFI as
well as %TFP", we observed progressively lower levels of TFP ex-
pression at these intermediate time points (Fig. 2G). Therefore,
more stimulation is necessary in later cycles to reach the same levels
of TFP, demonstrating the inherent hysteresis in the system.

To test whether low TFP levels reflect different functionality,
we sorted TFP™ versus TFP' cells from cycle 3-0h and assayed
cytokine and granzyme B (GzmB) production after overnight
(16 hours) phorbol 12-myristate 13-acetate (PMA)/ionomycin
stimulation. A higher proportion of TFP™ cells and coexpressed
tumor necrosis factor-o (TNF-o) and IFN-y tended to be positive
for GzmB compared with TFP' counterparts (Fig. 2H). A net model
based on this set of experiments (Fig. 2I) proposes that, in the
CD69:TFP space, trajectories of CD8 T cell state are not retraced
during subsequent activation events—rather, TFP levels decrease
with repeated stimulation. These experiments suggest that Q2:
TFPMCD69" cells in this reporter system are T cells that were re-
cently activated yet have not been subject to chronic and exhaustive
stimulation.

Chronic antigen exposure leads to a decline in TFP
expression among intratumoral CD8T cells

To study this reporter in the context of in vivo tumor biology, we
adoptively transferred Cd69-TFP reporter—positive OVA-specific
CD8 T cells from CD45.1; OT-I TCR transgenic mice into WT mice
bearing subcutaneously injected B78chOVA (OVA and mCherry ex-
pressed in B78) tumors (Fig. 3A). B78 is an amelanotic B16 variant,
which we have previously described as unresponsive to OT-I treat-
ment where adopted T cells are progressively rendered dysfunction-
al in the tumor (22). Recovered OT-Is from these tumors were ~90%
PD1" CD44" (fig. S4A) and largely found in Q1 and Q2 of the reporter
system on the first day they were detected [day 4 (d4)] (Fig. 3B).
Although we found low levels of CD69" among recently arrived T
cells, consistent with the required down-regulation of CD69 to emi-
grate from the draining lymph node (dLN) (55), by d6 to d7, ~70%
of cells were TFP"'CD69* (Q2; Fig. 3, B and D). By d14, recovered
cells were dominantly TFPCD69~ (Q3) and TFP°CD69* (Q4)
(Fig. 3, B and D). Consistent with our previous work using this (22)
and other models (53), this shift to TFP" states was accompanied
with increased differentiation toward chronic stimulation-driven
exhaustion, here measured by PD1¥CD38" (15, 22) among OT-Is
(fig. S4B), which also tracked with TOXMTCF7* phenotypes (fig. S4C).
Similar trends in intratumoral OT-Is were observed in a spontane-
ous breast carcinoma tumor model (PyMTchOVA) (53) with adop-
tive transfer, albeit with a less prominent transient increase in Q2
(fig. S4, D to F).

When the dLN was analyzed, in contrast with the tumor, we
found that the vast majority of cells remained TFP" throughout the
experiment (Fig. 3, C and E), suggesting that the observed changes
relied on the TME. To address the role of the TME more directly, we

30f17

GZ0Z ‘2T Jequeldss uo 0osioUelH Ues eiulojie) 10 AseAiun e 610'90us 105" mmmy/sdny Wwod) pepeoumod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A

Cycle1-0h Cycle2-0h Cycle3-0h
L_ IStir;nul‘lantioln vvlith I1:1 ?nti—CDI3; alnti—ICD?8 bleadls o 10t {o1% 1829%. 1 50%
Time (h) 0 24 48 R 0 24 48 R 0 24 48 Rest Endpoint I 103]
(%
Cycle-1 est Cycle-2 est Cycle-3 (EP) 2 o4 ] 5
+IL-2 hypoxia —— s 3
100 103718% 16% 148%
+ ** R R T I TR T I T [V I T R T
2 CD69 PE-Cy7
@) C D E F
(W) 1009 = <159 , < 1.5 %%%% 40 %
o HHK =z —_
O\ o ° 4 s o“(‘) .
Z 4 € x ¥ &30
[ 1.0 €404 a
[ © < O
= > . S . + 20
100 ® * S E 5 ns
60 = 20570 oosns. 2057 a 49l X
e B e 8 B
wll LA goolll0nA e ollemf omﬂ
= L KL T SL K
o K ONeIaed VR’ A
|_
° G stimulation<24h H cycle 3-0n Sort I
) —e-Cycle 1-#-Cycle2  16h PMA/iono Stim
_ _10%]+-cycles . 8071 ---Trajectory in CD69:TFP
LEL = i T 604 space with successive
< a z \ stim (») and rest (>) cycles
< = # T c
a 010%¢7w4 S 404 S
v = T .
: £ 2 23
& = g3
1024+———7— o—F .é ‘E
. 0.05 5 3
Q \ J CD69
8 —— Current stimulation
i‘ (hours to days)
(@]
a
X
I
0 6 12 18 N 3°
Time (h) &L L

Fig. 2. Repeated TCR stimulation suppresses Cd69 transcription and the reporter TFP in CD8 T cells. (A) %CD69™, %TFP", CD44 MFI, and %PD17CD38* of freshly
isolated CD8T cells through successive cycles of 48-hour stimulation and 72-hour resting in hypoxia + IL-2 (n = 3 biological replicates. (B) Representative flow cytometry
plots showing relative TFP (TFP normalized to WT control) and CD69 expression at the beginning of cycles 1, 2, and 3 and end point (EP). (C) %TFP", (D) Cd69 mRNA and
(E) Jun mRNA by gPCR, and (F) %PD1*CD38" at the same time points. (G) TFP expression by MFI and %TFP" with 0-, 3, 6-, and 18-hour stimulation at cycle 1,2,and 3.
(H) Cytokine and GzmB expression in sorted TFP" and TFP' cells from the cycle 3-0h condition restimulated 16 hours with PMA/ionomycin. (I) Schematic showing the tra-
jectory of CD8T cells within the TFP:CD69 states (quadrants) with successive stimulation and rest, providing a reading of the history of stimulation (color gradients repre-
sent chronic and current stimulation levels). Null hypothesis testing by one-way ANOVA with Tukey’s post hoc test [(A) and (C) to (F)] and two-way ANOVA with Tukey'’s test
post hoc in (G) comparing between pairwise cycles at the same time point, paired t tests in (H). *P < 0.05; **P < 0.01; **#P < 0.001; ****P < 0.0001; n.s., not significant;

#P < 0.001in (G).

modified a tumor slice overlay protocol (56) where a selection of T
cells encountered the isolated TME at the same time (Fig. 3F). In
this setting, the progression of phenotypes through CD69:TFP
quadrants (Fig. 3G and fig. S5A) and the acquisition of exhaustion
markers (fig. S5, B to D) recapitulated in vivo data. Slice cultures
also allowed analysis of proliferation in the slice-infiltrating OT-I T
cells over time using violet proliferation dye (VPD) (fig. S5E). VPD
dilution accompanied the general decrease in TFP expression with
each division, exemplified at d3 (fig. S5F). Q4 cells at d8 had under-
gone more division (fig. S5G) and were more PD17CD38" than
those from Q2 (fig. S5H), suggesting that they were further along
the Tgx differentiation trajectory. Analyzing the level of VPD within

Ray et al., Sci. Inmunol. 10, eadt3537 (2025) 11 July 2025

cells in the four CD69:TFP quadrants at each time point reinforced
the trajectory of transition from TFP™ Q1 and Q2 states to TFP® Q3
and Q4 states (fig. S5I).

To further assess the conversion of T cells among these CD69:TFP
states in the context of tumors, we sorted OT-Is d12 posttransfer by
their CD69:TFP phenotypes from B78chOVA tumors (Q2 to Q4)
and the dLN (Q1), restimulated these cells in vitro with anti-CD3/
CD28 beads, and tracked the resultant quadrant transitions after 3 days
(Fig. 3, Hand I). Q1 cells transitioned to Q1 and Q2 and partially to
Q3, whereas Q2 converted to Q2 and Q4, with small percentages
in Q1 and Q3 (Fig. 3, H and I). Sorted Q3 and Q4 cells both re-
mained predominantly (~70 to 80%) within the Q3 and Q4 states,
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Fig. 3. Chronic antigen exposure in tumors leads to a decline in TFP expression in CD8T cells. (A) Experimental schematic to track antigen-specific T cells in B78chO-
VA tumors over time. d, days. Flow cytometry plots showing TFP and CD69 expression of (B) adoptively transferred OT-I T cells and endogenous CD8T cells from B78chO-
VA tumors and (C) OT-IT cells in corresponding tumor-dLNs over time. Corresponding CD69:TFP quadrant (Q1 to Q4) distribution for the same OT-I T cells in the (D) tumor
and (E) tdLN. (F) Schematic representation of long-term tumor slice culture setup; preactivated: 48-hour stimulation with «CD3 + «CD28 followed by 48-hour rest in IL-2.
(G) CD69:TFP quadrant distribution of slice-infiltrating OT-I T cells over time. (H) Representative flow cytometry plots and (1) quantification of resultant quadrant distribu-
tion of OT-I T cells sorted by their Cd69:TFP quadrants from B78chOVA tumors (Q2 to Q4) or dLN (Q1) 12 days postadoptive transfer and restimulated with anti-CD3/anti-
CD28 for 3 days. (J) Experimental schematic of tumor injection and contralateral vaccination with distinct antigen specificities (OT-l and P14; P14 cells are 20 to 25% less
TFP* than OT-Is at baseline before injection). (K) Flow cytometry plots showing TFP and CD69 profiles of OT-I, P14 T cells in the OVA* tumor and P14 T cells at the gp33-41
vaccination (vacc.) site. (L) CD69:TFP quadrant distribution of the same and (M) PD1, CD38, and CD39 expression among the same three groups. Representative data from
two or three independent experiments; three to five mice; or five or six slices, time points, or experiments. Preslice overlay samples in duplicate. Plots show means + SEM.
*P < 0.05, ¥*P < 0.01, ***P < 0.001, and **¥#*P < 0.0001 for null hypothesis testing using one-way ANOVA for each quadrant with selected pairwise multiple comparisons
between time points using the post hoc Holm-Sidék test in (D), (E), and (G), two-way ANOVA with Tukey post hoc test between all pairwise input conditions (I), two-way
ANOVA with post hoc Sidéak’s test for selected pairwise comparisons (L), and one-way ANOVA with Tukey’s post hoc test in (M).
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suggesting a propensity to interconvert between these states (Fig. 3,
H and I). Of note, both Q3 and Q4 cells retained some ability to
convert to TFP™ Q2 upon strong stimulation, although this propen-
sity was substantially lower than those of Q1 and Q2 cells (Fig. 3,
H and I). .

To determine how this progression from TFP" to TFPY states is
related to antigen stimulation and the corresponding microenviron-
ment, we isolated CD8 T cells with a nontumoral specificity [lym-
phocytic choriomeningitis virus (LCMV)-specific P14; Cd69-TFP]
and assessed their state both within a tumor that did not express
their antigen and within a vaccination site, as compared with OT-I
T cells from an OVA-expressing tumor (Fig. 3]). When the P14;
Cd69-TFP cells were coinjected with CD45.1; OT-I; Cd69-TFP T cells
into B78chOVA tumor-bearing mice that then received a priming
gp33-41 peptide vaccination distal to the tumor (Fig. 3J), we found
that they expressed higher TFP levels in the tumor than OT-Is (Fig. 3, K
and L). P14 T cells at the contralateral vaccination site also remained
substantially TEP™ with a five times increase in the frequency of Q2
cells (Fig. 3, K and L) compared with tumor OT-Is. These differences
in CD69:TFP quadrant distributions aligned with the expression of
surface markers PD1, CD38, and CD39, which are associated with
exhaustion (Fig. 3M). Overall, these surface proteins were highest in
the intratumoral OT-Is, intermediate in the P14s at the vaccination
site, and comparatively low in the nonspecific intratumoral P14s
(Fig. 3M). Hence, exposure to the TME alone did not lead to loss of
a Q2 state, and presentation of antigen at a different site also did not
lead to decreases in TFP level. Overall, these data support that
chronic antigen-specific stimulation of T cells specifically in a TME
can drive a TFP°CD69" (Q4) phenotype.

TFPMCD69* (Q2) marks a state of relative functional potency
in intratumoral Tex cells
We next sought to establish whether Q4 and Q2 cells were also func-
tionally different and determine how this related to Tgx cell differen-
tiation in tumors, as highlighted in single-cell sequencing (12, 57, 58).
We thus pooled OT-I; Cd69-TFP T cells from eight B78chOVA tu-
mors 12 days after adoptive transfer, sorted for CD69:TFP quadrants,
barcoded each population separately, and performed single-cell RNA
sequencing (scSeq) (Fig. 4A). From 13,352 cells, nine computationally
derived clusters were identified (Fig. 4B), driven largely by previously
identified canonical markers and with similar predicted differentia-
tion trajectories (fig. S6, A to C). Strong associations were observed
between the %ene expression patterns corresponding to Tex ™8, TEXE‘EE,
Tex O™ Tex 0, and Tex“"® subsets in our dataset and those that pre-
viously established this nomenclature (12) (fig. S6E). Some differences
exist, such as in the Tex™ and Trx"*™ subsets, and may be attributable
to variability between tumor-derived subsets here and prior LCMV-
derived ones.

Barcoding of sorted cells by CD69:TFP states allowed mapping
of quadrant distributions of these post-Tgx cell subsets (12) (Fig. 4,
B and C, and fig. S6D). Tex 78 cells were barcoded as coming from
Q1 or Q2 states, and more terminally differentiated subsets of Tex™,
Tex ™ were predominantly derived from Q3 and Q4 barcoded cells
(Fig. 4C). Tex"™ B, previously the most likely candidates to have
high effector function, were heterogeneous, expressing barcodes in-
dicative of either Q2 or Q4.

Using flow cytometry to mark the differentiation trajectory simi-
larly, we found that progenitor (TCF1*) OT-1 cells were predomi-
nantly associated with Q1 and Q2, putative “effectors” (CD94t:
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CD9%4 or KLRDI is the gene product of Kirdl, one of the markers
of the TR Eff subset) predominantly were Q2 and Q4 (with
Q2 > Q4), and “exhausted” (PD17CD38") cells were enriched in Q4
and Q2 (Q4 > Q2) (Fig. 4, D to F), trends also recapitulated in spon-
taneous mammary PyMTChOVA tumors (fig. S7, A to C). The dis-
tribution of key TF and other canonical marker expression also
supported this broad relationship between T cell differentiation and
CD69:TFP distributions (Fig. 4G). Transcripts for progenitor markers
primarily concentrated in QI1, with AP-1 factors in Q1 and Q2,
whereas exhaustion-related markers largely occupied Q3 and Q4
states. Effector lineage and function-associated Batf, Tbx21, and
Ifng were highest in Q2 (Q2 > Q4), along with signatures of nonca-
nonical enhanced effectors derived from STAT5A overexpression
(36) or MYB knockout (KO) (17) (Fig. 4G). Try markers Prdml
and 1d2 (27) tended to be higher in TFP® Q4 than TFP" Q2 in this
context (Fig. 4G). A core tissue residency signature (59) was split
between Q2 and Q4 (Q2 > Q4) (fig. S6F), whereas an orthogonal
circulatory gene signature (59) was concentrated in Q1 and Q2
(fig. S6F). Identifying Try-like cells by CD103 and CD69 expres-
sion by flow cytometry, we found their relative abundances in the
Q2 and Q4 states to be similar (fig. S6G), although the frequency of
such cells among intratumoral OT-Is in this relatively short time of
residence was only around 1% on average (fig. S6H). A gene signature
associated with checkpoint blockade-associated CD101 ™ Tim3™ tran-
sitory effectors was highest in Q2 and that of its CD101*Tim3™ ter-
minally exhausted counterpart (13) was highest in Q4 followed by
Q3 (Fig. 4G).

Within all OT-I cells, we found enhanced expression of the intra-
cellular cytokines TNF-a, IFN-y, and cytotoxicity-associated GzmB
in intratumoral Q2 cells as compared with their Q4 counterparts,
both after restimulation postsorting (Fig. 4, H and I, and fig. S7D)
and at baseline (Fig. 4] and fig. S7, F and G). Q1 cells were compara-
bly cytokine- and granzyme-positive upon restimulation as Q2,
whereas Q3 cells were similarly less responsive as Q4 (Fig. 41 and
fig. S7D). Without restimulation, Q2 cells produced more cytokine
and granzyme than Q1 cells, and the same was true for Q4 and Q3
cells (fig. S7E). We next interrogated Q2 as compared with Q4 cells
from distinct differentiation states to determine whether there
were variations in functional potency within each given classifica-
tion. We gated further on subsets that were split between the Q2 and
Q4 states, namely, an early progenitor Ly108TCD69* (11) (56% Q2
and 44% Q4; Fig. 4K), effector-like CD9%4% (33% Q2 and 46%
Q4; Fig. 4L), and terminal exhaustion-like PD17CD38" (23% Q2
and 53% Q4; Fig. 4M) subsets, appearing at different junctures of the
Tex differentiation trajectory. Within the Ly108"CD69" (Fig. 4K)
subset, cells in the Q2 state produced more TNF-a and IFN-y
(but not GzmB) than those in Q4. Of note, a second progenitor
Lyl108"CD69~ population (11), split between Q1 and Q3, showed no
significant difference between Q1 and Q3 in the same metrics
(fig. S7H). Furthermore, within CD94* (Fig. 4L) and PD17CD38"
subsets (Fig. 4M), cells in the Q2 state consistently showed higher
expression of these cytotoxic molecules in most cases than the Q4
counterparts. The Ly108 CD69" terminal subset aligned with the
PD17CD38" subset (fig. S71) and therefore demonstrated similar Q2
versus Q4 differences in cytokine and granzyme expression (fig. S7J).
Thus, this delineation of Cd69 transcription (by TFP) among CD69*
cells provides an additional layer indicative of relative functionality
of CD8 T cells beyond the established trajectory of an intratumoral
Tgx differentiation landscape.
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Fig. 4. TFP"'CD69* (Q2) marks a potent functional state of antigen-specific CD8 T cells within tumors. (A) Experimental schematic for single-cell transcriptomic
profiling of intratumoral OT-I T cells sorted by CD69:TFP quadrants. (B) Uniform Manifold Approximation and Projection (UMAP) representation of the scSeq data color-
coded by computationally derived clusters. (C) Heatmap showing the percentage of cells that belong to the four CD69:TFP quadrants Q1 to Q4 within each cluster. Distri-
bution of the percentage of cells bearing (D) progenitor (TCF1%), (E) effector (KLRD1 or CD94™), or (F) terminal exhaustion (PD17CD38") markers within each CD69:TFP
quadrant. (G) Heatmaps (color scale represents normalized mRNA expression) showing the distribution of transcripts (canonical progenitor, AP-1/effector, exhaustion,
and tissue-resident memory-related genes) and transcriptomic signatures [corresponding to Stat5a overexpressing effectors (36), Myb KO (17), CD1017Tim3™, and
CD1017Tim3* (13) exhausted CD8 T cells] in the four CD69:TFP quadrants. (H) Flow cytometry plots showing representative GzmB and cytokine expression in Q2 versus
Q4 intratumoral OT-Is from B78chOVA tumors 12 days postadoptive transfer, which were sorted and then restimulated for 3 hours in PMA/ionomycin, and (I) correspond-
ing bar graph quantification of the same. (J) Cytokine and GzmB expression in intratumoral OT-I T cells at baseline (d12 postadoptive transfer) in the Q2 versus Q4 activa-
tion state. Cytokine and GzmB expression of Q2 versus Q4 OT-I T cells within (K) Ly108*CD69™" (77), (L) CD94", and (M) PD1*CD38" intratumoral OT-I subsets with the inset
pie chart showing the percentage of cells in each quadrant within the corresponding subsets. Bar plots show means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and
##ikp < 0.0001 for null hypothesis testing by ratio paired t test [(J) to (M); regular paired t tests used where the ratio test was undefined because of at least one data point
being zero] and repeated-measures one-way ANOVA followed by Tukey’s post hoc test [(D) to (F) and (I)].
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TFP"CD69* (Q2) CD8 T cells display increased functionality
during tumor regression

We next asked whether CD8 T cells in this Q2 activation state would
be more prominent during a productive antitumor response such as T
cell-mediated tumor control. To do this, we investigated subcutane-
ously injected MC38chOVA [MC38 CRC cell line modified with the
same chOVA construct as PyMTchOVA (53) and B78chOVA] tumors
that are actively controlled in response to the adoptive transfer of

OVA-specific OT-I T cells, whereas B78chOVA are not (Fig. 5A).
Cd69-TFP;OT-1 T cells in regressing MC38chOVA tumors retained
their predominantly Q2 (TFP"CD69") phenotype even at d12 post-
adoptive transfer, in contrast with those in the growing B78chOVA
tumors (Fig. 5B and fig. S8A). Conversely, the chronic activation-
induced Q4 (TFPIOCD69+) subset was less prominent in MC38chOVA
compared with B78chOVA (Fig. 5B). However, the relatively high
TFP" proportion (at least 60% at all time points) in the corresponding
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Fig. 5. TFPMCD69* (Q2) CD8 T cells display increased functionality during tumor regression. (A) Tumor growth curves of B78chOVA and MC38chOVA with and
without OT-I transfer 5 days after tumor injection, as indicated by arrows (n = 4 or 5 per group). (B) Quantification of the percentage of Q2 and Q4 cells at d5 and d12
postadoptive transfer in the two tumor models. (C) Typical CD94 expression in intratumoral OT-Is in B78chOVA and MC38chOVA tumors d12 postadoptive
transfer and (D) corresponding quantification. (E to G) Flow cytometry plots showing (E) intracellular cytokine and (F) GzmB expression in OT-I T cells in the Q2 versus Q4
state d12 postadoptive transfer in MC38chOVA tumors and (G) quantification of the same at d5 and d12. (H) Representative tumor slice image showing cell migration
tracks associated with TFP"° (red) and TFP" (yellow) CD2dsRed;OT-I T cells and corresponding quantification of (1) cell speed and (J) persistence of migration. (K) In vitro
killing of MC38chOVA cells by OT-IT cells sorted by CD69:TFP quadrants from MC38chOVA tumors 8 days after adoptive transfer. Bar plots show means + SEM; *P < 0.05,
#£P < 0,01, #P < 0.001, and *#**P < 0.0001 for null hypothesis testing two-way ANOVA with post hoc Sidak’s test for comparisons among treatments/tumor models in (A)
and (B), unpaired t test [(D), (I), and (J)], ratio paired t tests (G), and repeated-measures one-way ANOVA with post hoc Holm-Sidék test (K).
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dLNs was similar in both [MC38chOVA (fig. S8B) and B78chOVA
(Fig. 2, Cand D)].

From d5 to d12, transferred OT-Is in MC38chOVA tumors
showed a decline in Ly108 expression and a concomitant increase in
exhaustion-associated coexpression of PD1 and CD38, although the
percentage of the latter was lower than that in B78chOVA [MC38hOVA
(fig. S8C) and B78chOVA (fig. S4B)]. Further investigation revealed
the OT-I cells in the MC38chOVA tumors were ~80% CD94 (KLRD1)*
at d5, which rose to >90% at d12 (fig. S8C). This was significantly
higher compared with about 25% in the B78chOVA model (Fig. 5, C
and D), indicating a dominant KLR-effector phenotype in the
MC38chOVA (35). Once again, the CD103" subset of the transferred
OT-Is was only around 1% (fig. S8C), therefore ruling out Try-like
cells as the dominant potent effectors in this context. Among these
largely CD94* OT-1 T cells in MC38chOVA, those in the Q2 state
again tended to express higher levels of TNF-o and IFN-y and GzmB
than Q4 counterparts (Fig. 5, E to G). These trends were already
prevalent at d5 but showed a stronger divergence of phenotypes at
d12 (Fig. 5G). Further evidence of in situ functional engagement of
TFP" cells was obtained by live two-photon microscopy where those
cells could be identified by analysis of TFP levels over non-TFP con-
trols (fig. S8D). This analysis demonstrated enhanced cell arrest of
the TFPM (mostly ~75% Q2) cells within MC38chOVA tumor slices
harboring adopted OT-Is, with lower speed (Fig. 5, H and I), direc-
tional persistence (Fig. 5]), and overall motility (fig. S8E). In both
mouse (60) and human (56) tumors, these features are associated
with lower levels of exhaustion. In addition, among the OT-I cells
sorted from MC38chOVA tumors by CD69:TFP quadrants, those in
the Q2 state also showed the highest killing capacity when exposed
to MC38chOVA cells in vitro (Fig. 5K). These data support the use of
TFP and CD69 to mark a potent activation state of intratumoral CD8
T cells in mice.

Demarcation of Cd69 RNA levels enables functional
delineation of exhausted T cell subsets in head and neck
squamous cell carcinoma

We next sought to independently identify similar CD8 T cell activa-
tion states in human tumors using multimodal CITE-Seq (cellular in-
dexing of transcriptomes and epitopes by sequencing) on CD45"
enriched cells to analyze tumor biopsies from patients with head and
neck squamous cell carcinoma (HNSC) (Fig. 6A). Within tumor-
derived cell populations initially from a pooled sample of two patients,
we gated on CD8 T cells using antibody-tagged markers (fig. S9A),
and simultaneous readouts of Cd69 mRNA and surface CD69 protein
expression allowed CD8 T cells to be gated into four quadrants (fig. S9B).
Unbiased combined protein-RNA-driven weighted nearest neighbor
determination grouped CD8 T cells into seven major clusters and two
minor, atypical clusters (MT" and CXCL2") (Fig. 6B). On the basis of
the differentially expressed genes (DEGs) and overlaying exhaustion
and naive markers (Fig. 6C), we identified one naive (Tn), one memo-
ry (Tem), and five exhaustion-associated clusters, including a prolif-
erative and a CXCL13" subset (Fig. 6B and fig. $9, C and D). In contrast
with the naive and exhaustion scores, expression of progenitor- and
effector-associated genes previously identified in chronic infection in
mice (12) revealed diffuse expression in the major clusters (fig. SOE).
This may be expected because the trajectory of differentiation and
typical subset identities in human tumors are not identical to the Tgx
differentiation trajectories in mice. Therefore, we used scSeq data cor-
responding to a recently published pan-cancer human CD8 T cell atlas
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(61) and overlaid the DEGs for each major cluster in our dataset onto
the established nomenclatures in the published atlas (fig. S9, F and G).
This analysis supported the classification of the five Tgx clusters as
early, intermediate or “int;” late, cycling or “cyc,” and CXCL13, whereas
Tn and Tem signatures corresponded directly to naive and memory
clusters in the atlas (fig. S9G). As in mice, Q2 (Cd69RNAh'CD69pro—
teint) and Q4 (Cd69RNAl°CD69protein+) states in this human tumor
sample also spanned several clusters (Fig. 6D). A majority of the ex-
hausted CD8 T cells existed in the Q4 state, as indicated by the coinci-
dence of the exhaustion score (based on protein expression) and the
Q4 cells (Fig. 6, C and D). Representation of the Q2 state was skewed
toward the Tn, Tem, and Trx"™” and that of Q4 toward the Tgx™™,
TEXCXCL13 subsets and the Tgx™ cluster (Fig. 6E).

Having classified both the Tgx cell subsets and the QI to Q4
quadrants within these intratumoral CD8 T cells, we then investi-
gated the patterns of functional gene expression between the Q2 and
Q4 states. Using the CITE-Seq data in a patient-by-patient analysis
for a total of seven patients (fig. SOH), we found that Q2 cells ex-
pressed higher levels of the AP-1 TFs Jun and FOS (Fig. 6F). En-
hanced expression of IFNG and a decreased exhaustion score in Q2
compared with Q4 cells (Fig. 6G) indicated similar, functionally di-
vergent activation states, mirroring those elucidated in mice. As in
the murine scSeq data, Try-like cells delineated by CD103 protein
expression were represented both in Q2 and Q4 states (fig. S9I). We
next interrogated the features of this delineation within the Ty
and Trx™™© cell subsets, with sufficient representation (using a
threshold of 50 cells in a given subgroup) in three and four patients,
respectively, as biological replicates. Even within these distinct Tgx
cell subsets, the same trends of enhanced Jun and IFNG expression
and decreased exhaustion were observed (Fig. 6G), indicating a sim-
ilar axis of effector function beyond the Tgx differentiation trajectory.

A CD69"CD69" (Q2) transcriptomic signature is associated
with antitumor effector function across human cancers

To the extent that transcriptomic signatures can capture the multi-
modal delineation of T cell state offered by our reporter and CITE-
Seq, these are useful in their applicability to existing transcriptomic
data on human tumors. With this objective, we identified DEGs be-
tween Q2 and Q4 states from CITE-Seq. The Q2 signature included
not only CD69 but also its upstream TFs, Jun, FOS, and NR4Al,
whereas the Q4 signature largely comprised actin-related genes and
CD74 (Fig. 7A). We then overlaid the expression of the Q2 and Q4
gene signatures onto the pan-cancer CD8 T cell atlas described
above (61) (Fig. 7B). We arranged the well-represented clusters in
decreasing order of the naive gene expression score (SELL, IL7R,
TCF7, LEF1, and CCR?) (Fig. 7C). As expected, the exhaustion gene
expression score [gene list as previously described (62)] in the same
clusters displayed approximately the opposite (increasing) order
(Fig. 7C). The Q2 score was prominent in the intermediate natural
killer-like CD8 T cells expressing effector markers, whereas the Q4
signature associated highly with GZMK- and CXCL13-expressing
Tgx cell subsets (Fig. 7C).

We also included previously identified Tgx cell subsets in addition
to our CD69 RNA-based delineations in this analysis. Transcriptomic
signatures reported for phenotypically opposing Ly108*CD69* versus
LleS_CD69Jr (11) and CD101" Tim3" versus CD101"Tim3™ subsets
(13) using human ortholog genes were examined. Cell-by-cell expres-
sion of Ly108"CD69" and CD101*Tim3" signatures (both associated
with terminal exhaustion) moderately correlated with each other
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Fig. 6. Simultaneous analysis of CD69 RNA and protein expression by CITE-Seq delineates intratumoral CD8 T cell activation states in head and neck squamous
cell carcinoma. (A) Schematic description of human HNSC tumor CITE-Seq analysis. (B) UMAP showing weighted nearest neighbor (WNN)-determined clusters by mul-
timodal RNA and protein analysis of 5002 CD8 T cells from pooled sequencing of biopsies from two patients. (C) Overlay of naive and exhaustion score and (D) that of Q2
and Q4 cells (determined by gating on CD69 protein and RNA) on the same WNN-UMAP. (E) Stacked bar plot showing the relative contribution of the various subsets to
the Q2 and Q4 states, as defined by CD69 RNA and CD69 surface protein. Patient-by-patient expression of (F) JUN and FOS; (G) IFNG and exhaustion markers in Q2 and Q4
CD8T cells; and (H) JUN, IFNG, and exhaustion markers between Q2 and Q4 within individual Tex™" and Tex™'€ subsets. *P < 0.05; **P < 0.01; n.s., not significant by paired

t tests [(F) to (H)], n =7 patients in (F) and (G) and n =3 or 4 in (H).

(rho = 0.48) (fig. S10C). The Q4 signature showed weaker (rtho = 0.27,
0.25) correlation with both aforementioned signatures, whereas Q2
was largely uncorrelated with all other signatures (fig. S10C). These
pairs of gene signatures (Q2 versus Q4, Lyl08"CD69" versus
Ly108"CD69", and CD101 Tim3" versus CD101*Tim3") were not
negatively correlated with their counterparts (fig. S10C). Therefore,
we gated on cells on the basis of the ratio of Q2/Q4 signature scores
within three distinct subsets—Gzmk™ early Tem, ZNF683* Tgy;, and
terminal Tgx—to test whether the Q2 and Q4 states represented diver-
gent functional states within and across these subsets. Overall, the Q2/
Q4 ratio™ M cells showed higher expression of effector cytokine tran-
scripts IFNG and TNF and lower exhaustion as compared with the
Q2/Q4 ratio™®" cells within these subsets, although the extent of these
differences varied (Fig. 7, D to F). In contrast, cells gated on the
value of Lyl108*CD69*/Ly108 " CD69" signature ratio were more
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often indifferent or skewed in the opposite direction with respect to
the same metrics (fig. SI0A). The CD101” Tim3*/CD101* Tim3™ ra-
tio, although more variable, showed some similarities with the trends
in the Q2/Q4 ratio (fig. S10B).

To use these gene signatures to query patient outcome data, we
stratified patients with HNSC from The Cancer Genome Atlas
(TCGA) using the same Q2 and Q4 signatures generated from HNSC
CITE-Seq into the top and bottom 30% on the basis of the expression
of the ratio of Q2/Q4 signature scores. Patients with HNSC and with
gene expression patterns skewed toward the Q2 signature showed
significantly better overall survival compared with those enriched for
the Q4 signature (Fig. 7]). Patients scoring high on the Q2/Q4 ratio
score showed significantly better overall survival in all indications com-
bined (Fig. 7G). In contrast, the Ly108*CD69*/Ly108 CD69" signature
ratio was indifferent to (Fig. 7H) and the CD 101" Tim3*/CD101 Tim3*

100f 17

GZ0Z ‘2T Jequeldss uo 0osioUelH Ues eiulojie) 10 AseAiun e 610'90us 105" mmmy/sdny Wwod) pepeoumod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A

Pan-cancer CD8 atlas Zheng et al., 2021
B C ©CD8.c01.Tn

DEG
Q2 vs Q4 6 ©CD8.c14.TCF7+Tex
©CD8.c02.IL7R+ Tm
HNSC CITE-Seq ©CD8.c05.GZMK:+ eary Tem w0 *
CD69 cD74 3 ©CD8.c15.1ISG+ Tex
cCL4L2 COTL1 Y ©CD8.c03.uncharacterized
coL4 ACTG1 &‘ ©CDB8.c09.KIR+TXK+NK-like
ZgiA]B ég\ﬁ s 0 ©CD8.c07.Temra 40
DNAJBT  GAPDH > ©CDB.c08 KIR+ Eomes+ NK-like w0
busP1 ©CDB8.c10.ZNF683+CXCR6+ Trm
v 3 ©CD8.c04.ZNF683+CXCR6- Tm
JUN ©CD8.c06.GZMK+ Tem -
HSPA1A ©CD8.c12.Terminal Tex
KLF6
NR4AT ©CD8.c11.GZMK+ Tex
-25 00 25 50 ©CD8.c13.0XPHOS- Tex 2
UMAP_1 Expression score Naive Q2score Q4 score  Exhaus.
Cells gated on  Q2/Q4"cH vs  Q2/Q4'°" signature score
D CD8.c05.GZMK+ early Tem Exhaustion score E CD8.¢10.ZNF683+CXCR6+ Trm Exhaustion Seore |2 CD8.c12.Terminal Tex Exhaustion score
IFNG TNF Comoss o al 2022 IFNG NF Gombss o a. 2022 IFNG TNE ik
0.0075 <E-09 <E-04 0.22 3 0.002 <E-15 0.16 0.46
2. 80 3 2 100.
_ 4 3 ) 75
H 4 60. R 2 75
s 1
s 1 50
g , 2 40 1 1 50
- o 20 ° ° ® o 0 25
1 P P
0 0 -1 -1 0
TCGA (top and bottom 30%) n=1291/group
G Ly108+CD69+/ CD101-Tim3+/
1.00 == Q2/Q4 Ratio"'°" Ly108-CD69+ Ratio*e" CD101+Tim3+ Ratio™o"
== Q2/Q4 Ratio-°" Ly108+CD69+/ CD101-Tim3+/
075 Ly108-CD69+ Ratio-¥ CD101+Tim3+ Ratio“*"
g
2
(30.50
g
0.25 P <0.0001 P=0.48 P < 0.0001
0.00 |
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Days Days Days
TCGA (top and bottom 30% per indication) =~ Q2/Q4 RatioH®" === Q2/Q4 Ratio-oW Sorted T cell RNA-seq
M HNSC, LIHC, KIRC,
J HNSC K LIHC SKCM LUAD, SKCM
1.00 1.00
0.75 0.75
g
2 0.50 0.50
5
(2]
n = 156/group _ = 136/ =80,79
0.25 n=111/grou| n group 025 N , /9 per group
P=0.022 P 0_0195 P P=0.03 P=0.086
0.00 0.00
[} 500 1000 1500 2000 0 500 1600 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
I. Days Days Days Days
1.00 KIRC LUAD
0.75
g
2 0.50
5
[}
025 = 159/group n=151/group
P=0.0084 P=0.032
0.00

0 500 1000 1500 2000 0 500 1000 1500 2000
Days Days

Fig. 7. A CD69"CD69" (Q2) transcriptomic signature is associated with antitumor effector function across human cancers. (A) Differentially expressed genes of cells
in Q2 versus Q4 (Javg_logFC| > 0.4, pval_adj < 0.01) from the HNSC CITE-Seq data in Fig. 6 used to generate Q2 and Q4 signature scores. (B) UMAP representation of com-
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group and P value for log-rank tests are noted in (G) to (M), and P values for the Wilcoxon test in (D) to (F) are noted. Black bars represent medians in (D) to (F).
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ratio correlated negatively (Fig. 7I) with patient survival in the same
TCGA cohort. Although these results do not diminish the value of
these previously described subsets for mapping T cell exhaustion,
they support the CD69 RNA—based delineation as a distinct addi-
tional categorization of biological and clinical relevance.

In addition to HNSC, Q2/Q4 ratio was a significant survival
prognostic in multiple indications including hepatocellular (LIHC),
melanoma (SKCM), didney (KIRC), and lung (LUAD) cancers (Fig. 7, K
and L). Other indications [bladder (BLCA), colorectal (COAD),
glioblastoma (GBM), gynecological (GYN), pancreatic (PAAD), and
sarcoma (SRC)] remained neutral to overall survival (fig. S10, D and
E). To test that this association with survival was T cell dependent,
we used a smaller bulk RNA sequencing (RNA-seq) dataset from
sorted intratumoral conventional T cells (62). Combining the above-
mentioned indications (LIHC, SKCM, KIRC, LUAD, and HNSC)
where Q2/Q4 was associated with increased survival in TCGA, we
found a distinct trend toward a similar association even in this
smaller dataset (~80 patients per group) (Fig. 7M). Also consistent
with the TCGA analysis, in this pan-cancer cohort, the T cell-specific
Q2/Q4 ratio remained neutral to overall survival in other indica-
tions (BLCA, COAD, GBM, GYN, PAAD, and SRC) combined
(fig. S10F). Although these distinct outcome cohorts may be attrib-
uted to the heterogeneity across cancer types, it is notable that, in
none of the indications, this ratio emerges as a negative prognostic.
Together, these data show that this delineation of CD69* CD8 T cells
by CD69 RNA into potent and dysfunctional activation states is rel-
evant in many human cancers. Delineating this axis of potent effec-
tor states by tracking CD69 RNA provides an additional dimension
to map the contours of the exhaustion-dominated T cell functional
landscape in tumors.

DISCUSSION

In summary, we have defined a multimodal approach using tran-
script and protein levels of CD69 simultaneously to identify potent
effector CD8 T cell states that extend beyond the exhausted T cell
lineage in tumors (fig. S11). Our data suggest that such states may be
naturally prominent in certain TMEs (MC38) and rare in others
(B78/B16), with functional consequences. By determining function-
al states associated with patterns of Cd69 RNA and protein expres-
sion, our data lend further relevance and context to the discordance
between this transcript and its protein expression in T cells (41, 42).
Associated with tissue retention (45, 55) or stimulation in general,
the relationship between CD69 protein expression and intratumoral
T cell function is ambiguous. In contrast, we show that higher ex-
pression of Cd69 RNA indicates a poised or potent activation state
and therefore indicative of greater functional potential. The system-
atic use of Cd69 transcription, along with its surface protein expres-
sion, may be similarly applicable in other contexts, including
vaccination, resident memory formation, and autoimmunity. Al-
though the fast maturation time of monomeric TFP allows concor-
dant recording of new transcription, the longer half-life of the
fluorescent protein makes it insensitive to rapid changes as a report-
er. Rather, the decline in TFP expression should be thought of as a
delayed reporting of decreasing transcription integrated over a pe-
riod of days. Furthermore, transcription and detectable mRNA may
also be different under some conditions where mRNA degradation
(42) dominates the posttranscriptional regulation. In this context,
further studies using the inducible Cre in the reporter construct to
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lineage-trace, image, or deplete activated cell states marked by the
reporter may be leveraged to further understand the nuance of
this biology.

Our results demonstrate that, among CD69" activated CD8 T
cells, those with higher Cd69 transcription, and associated higher
levels of AP-1 TF expression, are functionally distinct from those
with lower levels of these transcripts. These data are consistent with
separate previous reports showing the overexpression of AP-1 fac-
tors JUN, STAT5A, and BATF in CD8 T cells leading to enhanced
functional capacities (36-38). In the presence of AP-1 factors and
NFAT, BATF can promote potent effector function and counteract
exhaustion (38); our data indicate that this strategy of indirect re-
cording of AP-1, NFAT activity by Cd69 transcription illuminates
those cells in which such functional signaling is active.

Accumulating evidence suggests that exhausted CD8 T cells in
the TME continue to receive suboptimal TCR stimulation, keep-
ing them locked in a dysfunctional activation state (20, 63). With-
in and across Tgx subsets, our data support the delineation of Q2
(CA69RNAM CDé69protein*) and Q4 (CA69RNAP CDé69protein™)
as “potent” and “chronic” activation states, respectively. Conversely,
Q1 (CA69RNAM CD69protein™) represents a “poised” state, whereas
Q3 (Cd69RNAl° CD69protein™) is a quiescent state encompassing
both certain naive and bystander cells, as well as inactive exhausted
cells. In this way, these results are not meant to replace but add to the
already existing mapping of Tgx cell states. The application of this
methodology in the CITE-Seq context demonstrates the potential to
find functionally relevant activation states in human cancers. As
such, the gene signatures for the divergent activation states derived
from head and neck tumors may be further refined to be robust
across species and indications, perhaps with the aid of bulk RNA-
seq or ATAC-seq (assay for transposase-accessible chromatin using
sequencing) modalities.

The use of CD69 protein as a primary marker of specific T cell
states is a point of consideration for future studies. Our data show
that repetitive TCR stimulation and exposure to antigen-bearing
TME are sufficient for the drop in relative transcription levels and
TFP and the resultant functional differences between TFP" and TFP'
subsets. However, given other stimuli that can induce CD69 expres-
sion, it is not necessary that Q2 and Q4 cells be produced by TCR-
dependent mechanisms. It remains to be explored whether other
forms of repetitive stimulation can drive such a feedback response
associated with decreasing function. Overall, the interpretation of
CD69 protein expression as it pertains to function likely depends on
these additional measures of feedback.

Successful boosting of antitumor immunity in rare pockets of re-
active immunity (I, 64, 65) may lead to the generation of stronger
effector CD8 T cells, perhaps without entirely reversing the differen-
tiation favoring exhaustion. Atypical effector states have been am-
plified by the specific deletion or overexpression of exhaustion
lineage-defining TFs (17, 19). These and other data (35) suggest that
the Tgx cell subsets are not entirely devoid of plasticity. Although
the overarching trajectory of CD8 T cell differentiation in tumors
may be set by exhaustion lineage—defining factors, there appear to
be local and global peaks and valleys of function that may be deter-
mined by additional axes of potency.

As exploration of spatial niches of functional immunity continue
to drive the field, we posit that this approach toward directly mark-
ing the potent effectors in the TME may be an important anchoring
tool. Detecting, studying, and ultimately enhancing functional
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antitumor CD8 T cells will lead to the discovery of novel strategies
to drive better patient outcomes.

MATERIALS AND METHODS

Study design

The first part of this study was aimed at testing the utility of the
Cd69-TFP mouse model reporting of the hysteresis of Cd69 tran-
scription during T cell activation in vitro. Sample sizes of n = 3 or
4 biological replicates were used for most of these experiments. For
mapping the same onto antigen-specific T cells in tumors, we used
adoptive transfer in vivo and ex vivo tumor slices, with sample
sizes in the range of n = 5 or 6 biological replicates owing to greater
expected variability. For testing these in human CITE-Seq, we set a
minimum threshold for #n = 5 for the cohort and the final sample
size (n = 7) was determined by resource and patient sample avail-
ability. Preexisting datasets were used without significant attrition;
only the TCGA dataset was curated as described before to include
only primary tumor samples. In most experiments, mice were
randomized by cage, the experimenter was not fully blinded to
treatment groups, and each experiment reported was repeated at
least twice with the requisite biological replicates, except those
generating sequencing data, which were only performed once.
Outliers were not explicitly removed. End points in tumor studies,
especially tumor growth studies, were determined by animal use
protocol guidelines.

Mice

All mice were treated in accordance with the regulatory standards of
the National Institutes of Health and American Association of Labora-
tory Animal Care and were approved by the UCSF Institution of Ani-
mal Care and Use Committee. Cd69-TFP-CreER"? (denoted as
Cd69-TFP) mice in the C57BL/6] background were custom generated
from Biocytogen Inc. and then maintained heterozygous (bred to
C57BL/6] WT mice) at the UCSF Animal Barrier facility under specific
pathogen—free conditions. C57BL/6] (WT), C57BL/6] CD45.1 (B6.S]L-
Ptprc® Pepcb/BoyI), and OT-I [C57BL/6-Tg (TcraTcrb)1100Mjb/]]
mice were purchased for use from the Jackson Laboratory and main-
tained in the same facility in the C57BL/6] background. For adoptive
transfer experiments, CD45.1" OT-1"'; Cd69-TFP™' (denoted simply
as CD45.1; OT-I; Cd69-TFP) mice were used. Mice of either sex rang-
ing in age from 6 to 14 weeks were used for experimentation. For ex-
periments using the transgenic PyMTchOVA strain (53), mammary
tumor-bearing females in the age range of 15 to 24 weeks were used.
Adoptive transfer of T cells in these mice was done when mice devel-
oped at least two palpable tumors (>25 to 30 mm?®).

Mouse tumor processing and flow cytometry

The processing of tumors from mice to generate single-cell suspen-
sions followed previously described protocols (66). Briefly, tumors
were harvested and mechanically disintegrated on ice using razor
blades, after which enzymatic digestion with DNAse (200 pg/ml
Sigma-Aldrich), collagenase I (100 U/ml; Worthington Biochemical),
and collagenase IV (500 U/ml; Worthington Biochemical) was per-
formed for 30 min at 37°C while shaking. At the end of the digestion,
the enzymes were quenched by adding excess 1x phosphate-buffered
saline (PBS), filtered through a 100-um mesh, and centrifuged, and
red blood cells (RBCs) were removed by resuspending in RBC lysis
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buffer (155 mM NH,CI, 12 mM NaHCOs3, and 0.1 mM EDTA) and
incubating at room temperature for 10 min. The lysis buffer was quenched
with excess 1X PBS, centrifuged, and resuspended in fluorescence-
activated cell sorting (FACS) buffer [2 mM EDTA + 1% fetal calf
serum (FCS) in 1x PBS] to obtain single-cell suspensions. Similarly,
tumor-dLNs were isolated and digested with the same enzyme cock-
tail mashed directly over 100-pm filters in PBS to generate single-
cell suspensions.

For each tumor and lymph node sample, up to 2.5 million to
3 million cells per sample were stained in a total of 50 pl of antibody
mixture for flow cytometry. Cells were centrifuged and washed
with PBS prior to staining with Zombie NIR Fixable live/dead dye
(1:500) (BioLegend) for 20 min at 4°C. Next, the samples were
washed in FACS buffer followed by surface staining for 30 min at
4°C by resuspending in a mixture of directly conjugated antibodies
(table S1) diluted in FACS buffer containing 1:100 anti-CD16/32
(Fc block; BioXCell) to block nonspecific binding. Antibody dilu-
tions ranged from 1:100 to 1:400. After surface staining, cells were
washed again with FACS buffer. For intracellular staining, cells
were fixed for 20 min at 4°C either by using the IC Fixation Buffer
(eBioscience) for cytoplasmic proteins or the TF fixation buffer
(eBioscience) and washed in permeabilization buffer from the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience). Anti-
bodies against intracellular targets were diluted in permeabilization
buffer containing 1:100 Fc block, and cells were incubated for 30 min
at 4°C followed by another wash prior to readout on a BD LSRII or
Fortessa cytometer.

Processing and flow cytometry analysis of other

mouse organs

To phenotype T cells from lymphoid organs under homeostasis, the
spleen and inguinal, mesenteric, and brachial lymph nodes were
isolated and mashed over 100-pm filters and washed with 1x PBS to
generate single-cell suspension of lymphocytes. For splenic suspen-
sions, RBC lysis was performed as described above before staining
for flow cytometry.

To profile thymocytes, the thymus was isolated, cut into small
pieces with a razor blade, and minced by using a gentleMACS dis-
sociator (Miltenyi Biotec) in RPMI. Next, the mixture was spun
down and resuspended in the digestion mixture described above
and allowed to digest with shaking at 37°C for 20 min, after which
the remaining tissue was either minced again using the gentleMACS
dissociator and/or directly mashed over a 100-pm filter in FACS
buffer to generate a single-cell suspension ready to be processed for
staining and flow cytometry.

Skin digestion was done as previously described (67). Briefly, mice
underwent shaving and hair removal prior to excision of the dorsal
skin. Fat was peeled off the skin and cut into small pieces with scis-
sors and razor blade in the presence of 1 ml of digest medium [col-
lagenaseIV (2 mg/ml; Roche), hyaluronidase (1 mg/ml; Worthington),
and DNase I (0.1 mg/ml; Roche) in RPMI 1640 (Gibco)], until a
paste-like consistency was achieved. The sample was then incubated
at 37°C for 45 min with shaking and intermittent vortexing with 5 ml
of additional digest solution. After being washed, the digested skin
was passed through a 70-pm strainer prior to staining. TFP high ver-
sus low gates were drawn by using a side-by-side WT control or using
endogenous CD8 T cells in the context of adoptive transfer into a
tumor-bearing mouse.
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Tumor injections and adoptive transfer of CD8 T cells

into tumors

The B78chOVA and MC38chOVA cancer cell lines were generated
by incorporating the same mCherry-OVA construct used to estab-
lish the PyMTchOVA spontaneous mouse line in our previous work
(53) and have been used as previously described (22, 66). For tumor
injections, the corresponding cells were grown to be >80% conflu-
ent in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FCS
(Benchmark) and 1% PSG (penicillin-streptomycin-glutamine,
Gibco) and harvested using 0.05% or 0.25% trypsin-EDTA (Gibco).
Cells were washed three times with PBS (Gibco) to prepare for the
tumor injections. The requisite number of cells per injection was
resuspended in PBS and mixed in a 1:1 ratio with Growth Factor
Reduced Matrigel (Corning) to a final volume of 50 pl. The ice-cold
mixture was injected subcutaneously into the flanks of anesthetized
and shaved mice using a cold 29.5-gauge insulin syringe (BD Biosci-
ences). CD8 T cells were isolated from CD45.1; OT-I; Cd69-TFP
mice using the EasySep Negative Selection Kit (Stem Cell Bio) and
resuspended in 1X PBS at 10X concentration, and 100 pl was in-
jected into each tumor-bearing mouse. One million for B78chOVA
and PyMTchOVA tumors and, for MC38chOVA tumors, 200,000
CDB8 T cells were injected retro-orbitally into each mouse either 5 days
(B78chOVA and MC38chOVA) after tumor injection or when mice
had at least two palpable tumors (PyMTchOVA). Tumor measure-
ments were done by measuring the longest dimension (length) and
approximately perpendicular dimension (width) using digital cali-
pers, rounded to one decimal place each.

Contralateral tumor injection and vaccination

Five days after B78chOVA tumor injection, equal numbers (1 million)
of CD8 T cells from CD45.1; OT-I; Cd69-TFP and P14; Cd69-TFP
mice were injected retro-orbitally into each mouse. Next day, gp33-41
subcutaneous peptide (Anaspec) vaccination was injected contralat-
erally to the tumor, with 50 pg of peptide + 50 pl of Freund’s com-
plete adjuvant (Sigma-Aldrich) along with 50 pl of PBS for a total
volume of 100 pl. The vaccination site was identified by a white,
hardened subcutaneous mass and isolated and processed similarly
to the tumor for flow cytometry.

In vitro stimulation of naive CD8T cells

CD8 T cells were isolated from Cd69-TFP or WT mice as described
above and plated in a 96-well round-bottom plate (Corning) at 80,000
cells per well in T cell media [RPMI (Gibco) + 10% FCS (Bench-
mark) + penicillin/streptomycin + glutamine (Gibco)]. TCR stimu-
lation was induced by adding anti-CD3/CD28 Dynabeads (Applied
Biosystems) at the concentration of 2 pl per 80,000 cells (1:1 ratio of
cells:beads), the plate was briefly spun down to bring cells and beads
together before incubation at 37°C for varying lengths of time. -
Mercaptoethanol (BME; Gibco) (55 pM) was added to the T cell
medium during stimulation. For repeated stimulation assays, two
wells of each sample at every time point were pooled for mRNA
isolation and quantitative reverse transcription polymerase chain
reaction (QRT-PCR), whereas two other wells were used as dupli-
cates for flow cytometry. After each cycle, beads were taken off
each well and replated for resting in T cell medium containing IL-2
(10 U/ml; PeproTech). To restart each stimulation cycle, we pooled
cells from each biological replicate and counted them, and Dyna-
beads were added at the appropriate concentration for a 1:1 ratio and
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redistributed into wells for incubation. To assay shorter stimulation
times (3, 6, and 18 hours), we carried out the same repeated stimula-
tion and rest experiment but analyzed cells by flow cytometry at
these early stimulation time points at each cycle.

For cytokine production assays, cells at the beginning of cycle 3
were sorted by TFP™ versus TFP" levels, with the nonreporter ex-
pressing control cells used to set the gate. Sorted cells were plated in
a 96-well V-bottom plate either in T cell medium or T cell medium
containing PMA (50 ng/ml; Sigma-Aldrich), ionomycin (500 ng/ml;
Invitrogen) + brefeldin A (3 pg/ml; Sigma-Aldrich), and BME (Gibco)
for 3 hours before cells were collected for surface and intracellular
staining for cytokines and GzmB.

Sorting and qPCR, resting, or restimulation of homeostatic
CD8T cells

To sort sufficient CD8 T cells from homeostatic lymphoid organs,
CD8 T cells were first isolated from spleens and inguinal, brachial,
and mesenteric lymph nodes of Cd69-TFP or WT mice using the
EasySep Negative selection kit. These cells were then sorted on TFP"
(top 15%), TFP™ (middle 30%), and TFP® (bottom 15%) from
each mouse separately and rested in T cell medium containing IL-7
(10 U/ml) in a 96-well round-bottom plate and assayed at 0, 24,
and 48 hours. Likewise, for qPCR analysis, populations high, mid,
and low for TFP were sorted into cold T cell medium, pelleted, and
subjected to RNA extraction and qPCR with primers for Cd69 and
185 rRNA as the reference gene. For the sort and restimulation
experiment, memory (CD44*CD62L") TFPM cells and effector
(CD44*CD62L"7) TFP cells were sorted and incubated in T cell
media + 55 pM BME containing 1:1 anti CD3/CD28 Dynabeads in
a 96-well round-bottom plate with either actinomycin D (5 pg/ml;
Sigma-Aldrich) in dimethyl sulfoxide (DMSO) or DMSO alone
(vehicle) for 3 hours before profiling by flow cytometry. De novo
CD69 surface expression was measured by the difference of CD69
MFI between the vehicle and actinomycin D-treated groups.

Restimulation and cytokine production of intratumoral

CD8 T cells

OT-IT cells from B78chOVA tumors were sorted on a BD FACSAria
Fusion or BD FACSAria2 (BD Biosciences) at d11 to d13 postadop-
tive transfer of CD8 T cells from CD45.1; OT-I; Cd69-TFP mice, as
described above. To prepare CD45-enriched fractions (68), we di-
gested tumors as described above into single-cell suspensions, cen-
trifuged, and resuspended in 30 ml of room temperature RPMI 1640.
Then, 10 ml of Ficoll-Premium 1.084 (Cytiva) was carefully under-
laid, and the tubes were centrifuged at 1025¢ for 20 min at room
temperature without braking. The resulting interface-localized cells
were pipetted out, diluted in equal volume RPMI, and centrifuged at
650g for 5 min to collect the cells. This constituted a CD45-enriched
fraction, which was then processed for staining and FACS. The four
CD69:TFP quadrants were sorted from each tumor sample (cells
from two or three tumor samples were pooled for a single biological
replicate) into serum-coated microcentrifuge tubes containing cold
T cell medium. These were subsequently plated in a 96-well V-bottom
plate either in T cell medium or T cell medium containing PMA
(50 ng/ml; Sigma-Aldrich), ionomycin (500 ng/ml; Invitrogen) +
brefeldin A (3 pg/ml; Sigma-Aldrich), and BME (Gibco) for 3 hours
before cells were collected for surface and intracellular staining for
cytokines and GzmB.
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To determine the conversion trajectory of CD69:TFP quadrants,
intratumoral OT-I T cells were similarly sorted by CD69:TFP gating
and restimulated with excess anti CD3/CD28 Dynabeads in a 96-
well V-bottom plate for 3 days. Because of dearth of Q1 cells in the
tumors at d12, we sorted those cells from the dLN instead. The re-
sulting restimulated cells were assayed by flow cytometry to deter-
mine converted CD69:TFP quadrant distributions from each group.

Statistical analysis

Statistical analysis was done in GraphPad Prism or in R. For testing
null hypothesis between two groups, either Student’s ¢ tests and or
the nonparametric Mann-Whitney U tests were used, depending on
the number and distribution of data points. Likewise, for testing null
hypotheses among three or more groups, analysis of variance (ANOVA)
or nonparametric tests were performed, followed by Tukey post hoc
or Holm-Sidéks test, correcting for multiple comparisons. For mul-
tivariate datasets, two-way ANOVA was used with Tukey post hoc or
post hoc SidaK’s test for multiple comparisons. For testing CD69:TFP
quadrant distributions over time, each quadrant was treated sepa-
rately because these are not independent variables, with one-way
ANOVA within each quadrant used for statistical testing. For both
one-way and two-way ANOVA, when multiple comparisons were
done across all possible pairwise comparisons, the Tukey’s test was
used, whereas the Holm-Sid4k/Sidak’s test was used for preselected
pairwise comparisons. All data except RNA-seq are representative of
at least two independent experiments.
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