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SUMMARY

The implementation of cancer immunotherapies has seen limited clinical success in head and neck squa-
mous cell carcinoma (HNSCC). Interleukin-2 (IL-2), which modulates the survival and functionality of lympho-
cytes, is an attractive target for new immunotherapies but one that is limited by presence of regulatory T cells
(Tregs) expressing the high-affinity IL-2Ra.. The bispecific immunocytokine PD1-IL2v preferentially delivers
IL-2 signaling through IL-2RBy on PD-1-expressing cells. Selectively targeting the intermediate-affinity IL-
2RpBvy can be leveraged to induce anti-tumor immune responses in effector T cells and natural killer (NK) cells
while limiting the negative regulation of IL-2Ra activation on Tregs. Using radiation therapy (RT) in combina-
tion with PD1-IL2v improves local tumor control and survival, and controls metastatic spread in orthotopic
HNSCC tumor models. PD1-IL2v drives systemic activation and expansion of circulating and tumor-infil-
trating cytotoxic T cells and NK cells while limiting Treg-mediated immunosuppression. These data show

that PD1-L2v induces durable systemic tumor control in HNSCC.

INTRODUCTION

The advent of cancer immunotherapy has revolutionized the way
oncologists manage and treat cancer, increasing response rates
and the overall survival of patients. However, the success of im-
munotherapies, most notably immune checkpoint inhibitors, is
not all-encompassing, with varying levels of efficacy between
cancer types or even among patients with the same malignancy.
Head and neck squamous cell carcinomas (HNSCCs) are among
the most prevalent malignancies worldwide® and can be charac-
terized by their immunologically cold tumors and high resistance
to therapy, ultimately resulting in poor treatment outcomes.® Radi-
ation therapy (RT) is used as standard of care in many cases and,
in addition to direct tumor cell kill, helps sensitize the tumor micro-
environment (TME) to immunotherapy.” Despite these efforts, the
development of acquired resistance to combination radioimmu-
notherapy invariably occurs, with full understanding of the under-
lying mechanisms yet to be determined.

The immune system plays a fundamental role in disease pro-
gression and treatment response in HNSCC.** Although RT in-
duces an influx of pro-inflammatory immune cells into the
TME,* this effect is transient, ultimately being dampened by the

influx of immunosuppressive regulatory T cells (Tregs).*® Tregs
have been identified as key regulators of resistance to radioim-
munotherapy’~® and, among other mechanisms, can indirectly
suppress effector immune function through the sequestration
of interleukin-2 (IL-2). Ablation of Tregs using «CD25 can result
not only in the activation of CD4 and CD8 T cells but also natural
killer (NK) cells, a process that is mediated by IL-2 signaling
through IL-2RBy.'%"" NK cells, a class of innate lymphoid cells,
play a prominent role in tumor surveillance and direct cytotoxic
cell kill both locally and on the periphery.'®'® Furthermore, NK
cells are reliant upon IL-2 signaling for modulating much of their
homeostatic and cytotoxic potential,’"'® making them an
enticing target for IL-2-directed immunotherapy.

Immune exhaustion is another confounding factor of acquired
resistance.'® High intratumoral surface expression of pro-
grammed cell death protein 1 (PD-1) on lymphocytes coupled
with the upregulation of programmed cell death ligand 1 (PD-
L1) on tumor cells and suppressive immune cells ensures that
tumor-infiltrating lymphocytes are incapable of achieving a
sustained anti-tumor response.*®'” While PD-1 blockade has
been shown to restore PD-1* T effector functionality, it also pos-
sesses the dichotomous effect of amplifying Treg-mediated
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immunosuppression among PD-1* Tregs.'®'® Therefore, the re-
activation of PD-1" effector T cells with aPD-1 therapy may only
be achievable through the subsequent depletion of Tregs.

Here, we investigate the use of PD1-IL2v, a bispecific immuno-
cytokine that activates immune cells via IL-2RBy signaling on PD-
1-expressing cells,”® concurrently with a non-IL-2 blocking
2CD25 antibody and RT. This, we reasoned, would allow effector
T cells to retain functionality without the competitive presence of
Tregs, which sequester IL-2 as a means of immunosuppression
and can be activated by blockade of PD-1."®?" The absence of
active Tregs and the increased availability of IL-2 may also serve
to activate NK cells via IL-2RBy."° As NK cells function as critical
mediators for immunosurveillance of circulating cancer cells,?*>*
this combination, we hypothesized, could also reduce the forma-
tion of distant metastases, a notion of which would hold tremen-
dous therapeutic and translational relevance.

RESULTS

The clinical expression of PD-1 and IL-2 receptors in
head and neck cancer

The expression of surface markers on immune cell types helps
dictate the subsequent response to immunotherapy.'® Clinically,
the variable expression patterns of immune markers have been
well described, with classical exhaustion markers such as PD-1
and CTLA-4 often exhibiting higher prevalence in non-responsive
patients.'® Therapies that can overcome exhaustion and repro-
gram the TME from an exhausted immunocompromised state
to one that is immunocompetent is the next step in developing
more efficacious treatments. Examination of PD-1 expression us-
ing single-cell RNA sequencing databases of human HNSCG?*%°
(Figures S1A and S1B) reveals PD-1 to be highly clustered on
effector CD4 and CD8 T cells, both of which are known to be
necessary for effective tumor clearance.® At the same time,
PD-1 is highly expressed on Tregs (Figures 1A and 1B).

IL-2 receptor signaling is an essential mediator of T cell and NK
cell activity and consists of IL-2Ra (CD25), IL-2Rp (CD122), and
IL-2Ry (CD132), forming a heterotrimeric receptor.'**” While
IL-2 preferentially signals through the high-affinity IL-2 receptor
containing IL-2Ra, signaling through the intermediate-affinity
receptor IL-2RBy functions heavily in IL-2-mediated activation
of effector T cell and NK cell populations.’® Introduction of an
2CD25 antibody has been shown to increase T cell and NK activ-
ity, resulting from the depletion of Tregs, which can suppress
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NK function directly or indirectly through the sequestration of
IL-2.1218:21:28:29 Examining the IL-2 receptor subunit distribution
across immune cell types shows that expression of IL-2Ra is
clustered predominantly on Tregs (Figure 1C). IL-2Rp, however,
is more widely distributed among lymphocyte populations, being
heavily expressed on CD8 and NK cells (Figure 1D). Meanwhile,
IL-2Ry, which is the common subunit for several type 1 cytokine
receptors,*® is expressed across most cell types (Figure 1E).
When assessing the expression among clinical responders and
non-responders in a recently completed phase I/Ib clinical trial
using neoadjuvant stereotactic body RT (SBRT) with durvalu-
mab,®’ we found that patients exhibited higher frequency of
PD-1 expression in post-treatment tumor samples than at the
baseline, pre-treatment samples (Figure S1C), with the magni-
tude of increase being 3-fold higher in non-responders than re-
sponders (Figure S1D). Evaluating the PD-1 expression on CD8
T cells revealed significantly higher expression on non-re-
sponders at baseline (Figure 1F).

Pathway analysis of RNA sequencing revealed a significant in-
crease in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) cytokine-cytokine receptor interaction pathway at
baseline in responsive patients (Figure 1G), and a corresponding
increase in the KEGG JAK/STAT signaling pathway (Figure 1H),
a downstream component of IL-2 receptor signaling.'* As
increased IL-2 signaling in patients could account for superior
response to therapy via enhanced effector T cell function, and
for the observed increase in JAK/STAT pathway activity, we
examined the levels of soluble IL-2 in plasma from patients and
observed significantly increased IL-2 availability in responders
versus non-responders, both overall and when comparing pre-
and post-treatment levels (Figures 11 and 1J). Analyzing expres-
sion of IL-2Ra. and IL-2Rp also revealed higher expression of
IL-2Ra. in non-responders (Figure 1K). Additionally, superior
T cell activation was observed in responders, signified by higher
levels of zeta chain of T cell receptor associated protein kinase
(ZAPT70) (Figure S1E). These data collectively suggest that dual
targeting of PD-1 and IL-2RBy could promote the expansion
and survival of effector cells within the TME, helping to overcome
acquired resistance and providing therapeutic advantage.

Treatment with PD1-IL2v results in tumor growth delay
in HNSCC tumors

To test the hypothesis that targeting both PD-1 and IL-2
signaling concurrently would increase treatment efficacy, we

Figure 1. Clinical expression of PD-1 and IL-2 receptors on lymphocytes in head and neck cancer

(A and B) Cell mapping of HNSCC datasets from TISCH single-cell RNA sequencing database.

(C) Single-cell RNA sequencing of TISCH HNSCC datasets showing PD-1 expression being localized primarily on T cells.

(D) Heatmap showing differential expression of PD-1 across immune cell types gathered from TISCH single-cell RNA sequencing databases.

(E) Single-cell RNA sequencing of IL2 receptor subunit expression on immune cells. Expression is localized to: IL2RA (Treg), IL2RB (CD8, NK cell), and IL2RG (all

immune cells).

(F) Expression of PD-1 by CD8 T cells of non-responders (NR) and responders (R) pre-treatment.

(G and H) Enrichment curves for KEGG (G) CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION and (H) KEGG JAK_STAT_SIGNALING_PATHWAY from RNA
sequencing data in responder vs. non-responder tumors treated with neoadjuvant SBRT and durvalumab. RNA sequencing on tumors was performed on tumors
taken at baseline, pre-treatment time point.

(I and J) Soluble IL-2 expression in pg/mL (I) from human plasma in responders and non-responders and (J) between pre- and post-neoadjuvant and surgery in
responders and non-responders.

(K) Normalized RNA sequencing expression of IL2RA and IL2RB in responders and non-responders. Human samples were obtained from 21 patients pre- and
post-treatment. Data are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001.
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utilized the immunocytokine PD1-1L2v, which blocks PD-1 while
simultaneously binding IL-2RBy on the same cell. The mutated
IL2v binding domain is unique in that it is specific to IL-2Rpy, al-
lowing it to bypass IL-2Ra-mediated Treg activation.®*** How-
ever, Tregs can also express IL-2RBy, and past work has
demonstrated that depletion of Tregs helps to overcome radio-
resistance and improve treatment response. Considering this,
we used an «CD25 antibody,*® optimized to interact with acti-
vating Fc receptors to facilitate enhanced depletion of intratu-
moral Tregs. This approach, we hypothesized, would allow for
greater depletion of tumor-infiltrating Tregs while selectively ex-
panding and activating CD25-deficient cells, namely CD8 T cells
and NKs.*®

Consistent with our previous work, the combination of RT and
aCD25 eradicated LY2 tumors in approximately 70% of mice.
While PD1-IL2v with RT did indeed delay tumor growth, this ulti-
mately did not translate to a significant effect on tumor eradica-
tion unless aCD25 is added (Figures 2A, 2B, and S1F). The
MOC2 model, on the other hand, was afforded limited, although
transient, benefit from «CD25 immunotherapy.'%*® Given that
this tumor model has been historically shown to be dependent
on adaptive immunity, particularly CD8 T cells,”® we sought to
investigate the impact of PD1-IL2v on tumor growth and survival
in MOC2 tumors. We observed significant reduction in tumor
growth with the addition of PD1-IL2v to RT, with the addition of
aCD25 failing to improve survival (Figures 2C, 2D, and S1G).
Confirming these data, we further tested these treatments in
the metastatic P029 tumor model. The combination of RT with
PD1-IL2v exhibited tumor growth delay (Figures 2E, 2F, and
S1H), and survival analysis demonstrated that PD1-IL.2v com-
bined with RT provided significant benefit over RT alone or
RT + oCD25. Again, the addition of «CD25 to RT + PD1-IL2v
did not harbor any additional therapeutic benefit, demonstrating
that while tempting, stacking immunotherapies may not neces-
sarily improve overall treatment efficacy. Dissecting the individ-
ual components of PD1-IL2v using an «PD-1 antibody and
DP47-IL2v (a non-targeted version of the IL2v moiety) revealed
that either therapy on its own or in combination failed to elicit
any therapeutic benefit (Figures 2E, 2F, and S1H).

Radiation therapy enhances the therapeutic benefit of
PD1-IL2v

To isolate the contribution of RT to therapeutic efficacy of PD1-
IL2v, we examined the effect of each of the therapeutic arms
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without RT in LY2, MOC2, and P029 tumors (Figures S1l and
S1L). PD1-IL2v without RT did result in tumor growth delay in
LY2 and MOC2 models, although the effect lacks durability
and the tumors eventually regrow (Figures S1l and S1J). On
the other hand, P029 tumors are unresponsive to any form of
immunotherapy in the absence of RT (Figures S1K and S1L).
Based on these data, we show that RT is required to unlock
the full therapeutic benefit of PD1-IL2v in our tumor models.

PD1-IL2v remodels the immune TME and promotes the
expansion of effector lymphocytes

Based on the findings that treatment with RT and PD1-IL2v
delays growth, with low levels of eradication, we sought to un-
derstand the mechanism by which our combination therapy in-
fluences the immunological makeup of the TME. We observed
significant alterations in three distinct effector populations within
the TME of MOC2 tumors when administering PD1-IL2v with RT
(Figures 3A-3F). First, we observed an increase in CD4 T cell infil-
tration into the tumor (Figure 3A), in addition to significant in-
creases in IL-2, interferon-y (IFNvy), and CD44 (Figure 3B). We
also observed an increase in LFA-1 among tumor-infiltrating
CD4s, which in addition to its role in T cell trafficking helps
tune CD4 responses and polarization toward T helper 1 pheno-
types (Figure S2B).*” CD3¢ is a cytoplasmic signaling com-
ponent of the T cell receptor (TCR) complex that becomes
phosphorylated upon TCR engagement.®® Levels of phosphory-
lated CD3( significantly increased as a consequence of treat-
ment with PD1-IL2v (Figure 3C). Concordant with the improved
effector function, we also observed increased production of
IFNy by Tregs, suggestive of Treg dysfunction (Figure S2C).%%*°
Next, we saw similar influx and activation of CD8 T cells, with in-
creases in granzyme B, IFNy, and CD44 (Figures 3D and 3E).
Lastly, NK cells, previously described as playing an important
role in mediating the response to HNSCC,'° showed significant
upregulation of the activating receptors DNAM-1 and NKG2D,
along with IFNy and granzyme B (Figure 3F).

To establish that the effects of PD1-IL2v were not model spe-
cific, we further assessed the immunomodulatory effects of PD1-
IL2v in the metastatic P029 model. These results paralleled what
we observed in MOC2 tumors (Figures S2D-S2F). Notably,
elevated expression of CD44 and granzyme B indicates that
effector cells in the TME of P029 tumors are more activated
and cytotoxic after treatment with PD1-IL2v (Figures 3G and
3H). To reinforce the importance of CD8 T cells in mounting an

Figure 2. Treatment with «CD25 and PD1-IL2v results in tumor growth delay in HNSCC tumor models

(A) Tumor growth curves for mice implanted with LY2 tumors.

(B) Kaplan-Meier survival curve of mice implanted with LY2 tumors and experimental timeline. LY2 tumors were established and treated with either «CD25, PD1-
IL2v, «CD25 and PD1-IL2v, or no treatment beginning 1 day prior to RT. RT was delivered as a single dose of 10 Gy. Antibodies were administered weekly via
intraperitoneal (i.p.) injection for the duration of the study.

(C) Tumor growth curves for mice implanted with MOC2 tumors.

(D) Kaplan-Meier survival curve of mice implanted with MOC2 tumors and experimental timeline. MOC2 tumors were established and treated with either «CD25,
PD1-IL2v, «CD25 and PD1-IL2v, or no treatment beginning 1 day prior to RT. RT was delivered in three fractions of 8 Gy, with 3-4 days between fractions.
Antibodies were administered weekly via i.p. injection for the duration of the study.

(E) Tumor growth curves for mice implanted with P0O29 tumors.

(F) Kaplan-Meier survival curve of mice implanted with P029 tumors and experimental timeline. P029 tumors were established and treated with either «CD25,
PD1-IL2v, «CD25 and PD1-IL2v, «PD-1, PD47-IL2v, or «PD-1 and DP47-IL2v, or no treatment beginning 1 day prior to RT. RT was delivered in three fractions of 8
Gy, with 5 days between fractions. Antibodies were administered weekly via i.p. injection for the duration of the study.

n =7-21 mice per group and represented by multiple pooled experiments. Data are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001.
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Figure 3. PD1-IL2v alters the composition of the TME

(A) Abundance of CD4 T cells in the tumor of MOC2-tumor-bearing mice. Tumors were treated with RT and combination «CD25, PD1-IL2v, or aCD25 and PD1-
IL2v and harvested 5 days after final fraction of RT.

(B) Expression IL-2, IFNy, and CD44 among CD4 T cells in the tumor.

(C) Frequency of phosphorylated CD3¢ expression in CD4 T cells.

(D) Abundance of CD8 T cells in the tumor.

(legend continued on next page)
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effective anti-tumor response, pharmacological depletion of
CD8s resulted in accelerated tumor growth (Figures 3l and S2G).

PD1-IL2v drives a robust systemic immune response

Given the substantial effect on lymphocyte infiltration and activa-
tion within the TME after treatment with PD1-IL2v and RT, we
next sought to understand the effect PD1-IL2v has systemically.
Examination of lymphocytes taken from the blood of MOC2-tu-
mor-bearing mice revealed a dramatic shift in the frequency
and diversity of T cell and NK cell populations (Figures 4A and
S3A). Both CD4 and CD8 T cells displayed enhanced activation
and proliferation, as evidenced by expression of CD44, IFNy,
granzyme B, LFA-1, and Ki-67 (Figures 4B-4D). Additionally,
increased p-STAT5, a downstream transcription factor in the
IL-2 signaling pathway, demonstrated the potency of PD1-IL2v
in activating signaling via IL-2RBy on effectors (Figure S3B).

The effect on T cell populations in mice bearing P029 tumors
after treatment with PD1-IL2v was consistent with the MOC2
model (Figures 4E and S3C), with both CD4 and CD8 T cell pop-
ulations displaying increased effector function and proliferation,
denoted by CD44, IFNvy, and Ki-67, respectively (Figures 4F and
4G). Systemic levels of IL-2, IFNy, and tumor necrosis factor
(TNF) all significantly increased upon treatment with PD1-IL2v,
coinciding with a trending decrease in IL-10 (Figures S3D and
S3E), signifying a systemic shift toward a pro-inflammatory im-
mune response and decreased levels of tolerance. Interestingly,
while aCD25 effectively depletes CD25" Tregs (Figure S3F), we
observed an increase in circulating CD25~ Foxp3* regulatory
T cells (Figure S3G). These Tregs, however, also displayed
elevated secretion of IFNy (Figure S3H). Of note, circulating im-
mune populations treated with «PD-1 and DP47-IL2v increased
the frequency of both CD8 T cells and Tregs, alongside signifi-
cantly increased IL-10 production by Tregs (Figures S3I and
S3J). These data provide further evidence that the combined ac-
tions of RT and IL-2RBy agonism specifically on PD-1* cells are
critical for superior therapeutic effect,®® with removal of either
arm being detrimental to overall survival.

The first step in the development of systemic anti-tumor im-
munity is represented by antigen presentation and T cell priming
in the tumor-draining lymph nodes (dLNs).*' Consistent with
their intratumoral and circulating counterparts, we observed
similar trends in immune activation in the dLNs in both P029
and MOC2 tumor models. Analysis of dLNs from tumor-bearing
mice revealed extensive activation of CD4 and CD8 T cells
(Figures 4H-4L and S4A). The increased abundance of cDC1
dendritic cells which directly influence the magnitude of CD8
T cell responses (Figure 4M), alongside elevated phosphory-
lated-ZAP70 (Figure S4B), suggests improved antigen presenta-
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tion and TCR engagement, hallmarks of an antigen-specific im-
mune response.®® Although Foxp3* Tregs were present at higher
frequencies in the dLNs they once again expressed IFNy when
exposed to PD1-IL2v, further hinting at dysregulation (Figures
S4C and S4D). Taken together, these data describe the potent
potential of PD1-IL2v to induce robust multi-compartmental im-
munity when used in combination with RT.

Radiation therapy and PD1-IL2v reduces lung

metastasis

Owing to the predilection of widespread metastasis in the P029
tumor model and given the increased systemic activation of
circulating lymphocytes, we investigated the functional implica-
tion of increased immunity on systemic tumor spread. We
examined lung tissue collected from orthotopically implanted
P029 tumors, harvested at the time of sacrifice (Figure 5A).
Groups receiving PD1-IL2v had reduced incidence of lung me-
tastases (Figures 5B and 5C). H&E staining was performed to
check for microlesions within lung tissue and, consistent with
gross examination, revealed reduced overall presence of lung
metastases in the groups receiving PD1-IL2v (Figure 5D). Exam-
ination of lungs harvested from «PD-1 and DP47-IL2v treatment
groups showed no additional benefit in reducing metastasis
when compared to RT alone. As before, RT + aPD-1 + DP47-
IL2v appeared unfavorable, with a proportionally higher number
of mice exhibiting lung metastases compared to RT alone (Fig-
ure S5A). Cancer cells which break off from the primary tumor
can enter circulation seed tumors at distant sites.”* Analysis of
circulating tumor cells (CTCs) showed that the percentage of
CD45™ cells expressing EpCAM and cytokeratin, both markers
of CTCs, were significantly reduced in the groups receiving
PD1-IL2v in contrast to RT alone and RT + «CD25 monotherapy
(Figures 5E, S5B, and S5C). These data suggest that PD1-IL2v
assists in preventing metastatic spread and formation of distant
lesions by decreasing the amount of tumor cells in circulation,
even in the context of local tumor progression.

Enhanced NK activity correlates with diminished
metastatic spread
With the understanding that PD1-IL2v is linked to a reduction in
lung metastasis, we next sought to evaluate potential target cells
which function to reduce lung metastasis when activated by
PD1-IL2v. NK cells have an established role in the immunosur-
veillance of CTCs in various pre-clinical tumor models,?>*? and
the observed activation of NKs within the TME made them a
likely target.

When treated with RT and PD1-IL2v, we observed a significant
increase in total NK frequency and absolute counts in the blood

E
F

(
(
(
(

Expression of granzyme B, IFNy, and CD44 among CD8 T cells in the tumor.

Expression levels of DNAM-1, NKG2D, granzyme B, and IFNy in NK cell populations in the tumor.
G) Frequency of CD44 expressed on CD4 and CD8 T cells from P029-tumor-bearing mice.

H) Expression of granzyme B in CD8 and NK cell of P029-tumor-bearing mice.

(I) Tumor growth curves of P029 tumors treated with RT and PD1-IL2v, with a combination of aCD4 and/or aCD8 to deplete CD4 and CD8 T cells, respectively.
Tumors were established in C57bl/6 mice and treated with 8 Gy RT at day 7 post implantation. PD1-IL2v was administered weekly via i.p. injection, aCD4 and
aCD8 were administered twice weekly via i.p. injection.

One-way ANOVA was used for statistical analysis unless stated otherwise. n = 5-7. Data are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.0001.

Cell Reports Medicine 4, 101150, August 15, 2023 7



¢? CellPress

OPEN ACCESS

RT + aCD25

RT + PD1-IL2v

Cell Reports Medicine

RT + aCD25 + PD1-IL2v

] ] | &3
4 i . Activated CD8
J E 4 N
1 L S 1 B«
o~ el ﬁ 57 ~ [ Activated i
gl § =~ g+ 1 *
s s ’ ¢
=5 L 51 . Other T Cell
1 . 1 Il otver
- I oy g 1 . Other
T T T T T T T T T T T L T T T T T T T T T T T T T T
UMAP_1 UMAP_1
B MOC2 MOC2 D
CD4 Markers CD8 Markers
& —— = RT
100g T
s =t ) e - B RT+aCD25
= — —— — o B3 RT+PD1-IL2v
& w ° . B - 2 B RT +aCD25 + PDT-L2v
Q . . 3 o° . Q
> S
20° - x
[}
X
CD44 IFNy Ki-67 CD44 IFNy Ki-67 Granzyme B
e RT e RT+aCD25e RT+PD1-IL2v e RT+aCD25 + PD1-IL2v CcD4 cD8
E All Samples RT RT + aCD25 RT + PD1-IL2v RT + aCD25 + PD1-IL2v
P029 cos Activated
~ ~ ~ ~
z z z z
o~
w
o
0
b4}
tSNEL tSNE1 tSNEL tSNE1
F P029 G P029
CD4 Markers CD8 Markers
tSNE1
CD44 IFNy Ki-67 CD44 IFNy Ki-67 L2
H | MOC2 J
MOC2 CD8 Markers
CD4 Markers —_— RT
25 proms iy RT+aCD25
+ i 100 3 H RT + PD1-IL2v
20- —_— L] . a
e RT + aCD25 + PD1-IL2v
gL d H % @
Q . . 3 s ., —_— - %
=x 10 ° . = —l—‘“ N . w
s o . . X
m 1PNy e CcDa4 IFNy Ki-67 Granzyme B
K P029 L P029 M
CD4 Markers CD8 Markers
30 - . — .
R . o
5 20
Q
Q
R s o 8
10 L]
° L3
CD44 Ki-67 CD44 IFNy Ki-67 L2
e RT e RT+aCD25e RT+PD1-IL2v e RT+aCD25 + PD1-IL2v

8 Cell Reports Medicine 4, 101150, August 15, 2023

(legend on next page)



Cell Reports Medicine

(Figures 6A and S6A). Circulating NK cells exhibited significantly
increased activation in both P029 and MOC2 tumor models. In
the presence of PD1-IL2v, NKs display improved effector and
proliferative function, with increases in granzyme B, IFNy, and
Ki-67, along with the activating receptor DNAM-1, downregula-
tion of which negatively impacts metastatic burden*® (Figures
6B and 6C). Furthermore, surface expression of LFA-1, which
helps improve cytotoxicity by strengthening the immunological
synapse, and NKG2D, another activating receptor of crucial
importance in detecting aberrant cells, are both significantly
increased by PD1-IL2v?*** (Figure 6D). Interestingly, a cluster
of CD8" NK cells was identified after treatment with PD1-IL2v
(Figures S6B and S6C). These NK cells have been previously
described in the literature as a highly cytotoxic, polyfunctional
subpopulation and are associated with delayed disease pro-
gression in chronic HIV-1 infection.*>*®

Unbiased clustering of peripheral NK cells revealed a pheno-
typic shift from resting inactive NKs to highly active, cytotoxic
NKs (Figures 6D and S6D). These data point to NK cells as play-
ing a critical role in controlling the spread of metastasis, and we
hypothesized that depletion of NK cells would accelerate metas-
tasis even in the presence of PD1-IL2v. To test this hypothesis,
P029 tumors were established and treated with PD1-IL2v, with
or without NK cell depletion. Pharmacological depletion of NK
cells using aNK1.1 had minimal impact on local tumor growth
but resulted in increased frequency of CTCs (Figures 6F and
SBE-S6G). Assessment of lung histology confirmed that ablation
of NK cells removes the beneficial effect of PD1-IL2v on the
development of lung metastases, with NK-cell-depleted mice
showing significantly higher tumor burden in the lung (Figures
6G and S6H-S6J).

CD8 T cells and NK cells undergo functional changes in
response to PD1-IL2v

Given that both CD8 T cells and NK cells were significantly
activated by PD1-IL2v, we wished to better understand the
large-scale effects of PD1-IL2v on these populations. Proteomic
analyses revealed that PD1-IL2v had a significant impact on the
NK and CD8 T cell proteomes (Figures 7A, S7A, and S7B). CD8
T cells showed significant increases in the TCR signaling compo-

¢ CellP’ress

OPEN ACCESS

nents CD3¢ and ZAP70 (Figure 7B), which is consistent with the
increased phosphorylated CD3¢ and ZAP70 observed earlier.
Likewise, TCF1 showed a marked increase in groups receiving
PD1-IL2v, denoting a population of stem-like, antigen experi-
enced CD8 T cells®® (Figure S7C).

Cellular metabolism governs the functional state of NK cells,
and changes in metabolic processes are closely tied to their cyto-
toxic activity.*”*“® IL-2 signaling in NK cells increases glycolysis
and oxidative phosphorylation, prominent processes that are
important for production of IFN-y and granzyme B.*"™*° Key
metabolic enzymes of glycolysis (glyceraldehyde 3-phosphate
dehydrogenase, lactate dehydrogenase A [LDHA]) and the Krebs
cycle (succinate dehydrogenase [SDHA]) were found to be signif-
icantly upregulated in NK cells following PD1-IL2v treatment
(Figure 7C).

PD1-IL2v drives an enrichment of NK-activating
receptors, augmenting metastatic tumor cell kill

NK cell cytotoxicity is regulated by a series of activating and
inhibitory receptors that integrate the expression of ligands on
the target cell surface.'®??°%°! Anincrease in expression of acti-
vating receptors can provide the necessary signals for NK cells
to exert their cytotoxic potential on tumor cells.®>>* Therefore,
we wished to understand how the repertoire of activating recep-
tors on the NK cell surface changes during treatment. NK cells
display increased activating receptor diversity upon treatment
with PD1-IL2v (Figure 7D). To functionally assess whether
PD1-IL2v-stimulated NK cells are more cytotoxic, we conducted
an in vitro cytotoxicity assay®” to assess NK cell capacity for
cytotoxic cell kill. Isolated NK cells treated with PD1-IL2v in vivo
showed significantly higher tumor-cell-directed cytotoxicity
when compared to NK cells from untreated control mice (Fig-
ure 7E), a process visualized by employing the use of Image-
stream cytometric analysis (Figure 7F). Taken together, these
data show that PD1-IL2v alters the proteomic landscape of NK
cells, enhancing the utilization of numerous metabolic pathways,
and upregulating the expression and diversity of activating re-
ceptors on the NK cell surface. These altered cellular dynamics
increase NK cell cytotoxic potential, ultimately enhancing the
clearance of CTCs.

Figure 4. PD1-IL2v induces robust systemic immune activation

(A) Uniform manifold approximation and projection plots of circulating lymphocytes in mice with established MOC2 tumors (n = 5). Treatment was carried out as

described in Figure 3.

(B) Analysis of CD44, IFNYy, and Ki-67 expression in CD4 T cells.

(C) Expression of CD44, IFNy, Ki-67, and granzyme B in CD8 T cells.
(D) LFA-1 expression in CD4 and CD8 T cells among treatment groups.

(E) Visual stochastic neighbor embedding (ViISNE) analysis of immune cell clusters from blood of P029-tumor-bearing mice, treated with combination RT and
2CD25, PD1-IL2v, or «CD25 and PD1-IL2v. Blood was harvested, and flow cytometry was performed 4 days after final fraction of RT. RT was delivered as three
fractions of 8 Gy. All samples combined (left panel); combined samples from individual groups (right panels).

(F and G) Flow-cytometric analysis of activation markers in (F) CD4 and (G) CD8 immune populations in the blood of P029-tumor-bearing mice.

(H) Expression of CD44, IFNvy, and IL-2 in CD4 T cells in the tumor-draining lymph node of MOC2-tumor-bearing mice.

(I) Expression of CD44, IFNYy, Ki-67, and granzyme B in CD8 T cells in the tumor-draining lymph node of MOC2-tumor-bearing mice.

(J) LFA-1 expression in CD4 and CD8 T cell populations in the tumor-draining lymph nodes.

(K) Expression of CD44 and Ki-67 on CD4 T cells in the tumor-draining lymph nodes of P029-tumor-bearing mice.

(L) Expression of CD44, IFNy, Ki-67, and IL-2 in the tumor-draining lymph node of P029-tumor-bearing mice.

(M) Frequency of cDC1 dendritic cells in the lymph node, defined as CD3~ CD11c*™ MHC II*, CD8*.

Statistical analysis was performed using one-way ANOVA unless stated otherwise. n = 5. Data are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005,

***p < 0.0001.

Cell Reports Medicine 4, 101150, August 15, 2023 9




¢? CellP’ress Cell Reports Medicine

A aCD25 (1x week) Harvest:
Tumor Cell PD1-IL2v (1x week) Lung
(5 x 1049 RT Tumor
implantation 8 Gy Serum
il I 1 v RT + aCD25
Days (post TR T -
implantation) | I | |
0 S 6 11 16
B Incidence of Lung Metastasis
100
B3 Yes
= No

% Incidenc of Lung Metastases
g
L

S S
& éxq o{ﬁaxq
RS
&
D Area of Lung Mets
6- *
e RT
§’ * o e RT+aCD25
§ 4] e RT+PD1-IL2v
P e RT +aCD25 + PD1-IL2v
o
3 2
<
R °
0—
E Circulating Tumor Cells
037 — 1.01 x
- : e RT
08 * e RT+0aCD25
o ® 0.6- * RT+PD1-IL2v
> = °
3 3 e RT +aCD25 + PD1-IL2v
X X 0.4
° [ ]
0.2
0.0-
EpCAM* Cytokeratin® EpCAM”*

(legend on next page)

10 Cell Reports Medicine 4, 101150, August 15, 2023



Cell Reports Medicine

DISCUSSION

Despite advancing options in the realm of cancer therapeutics,
overall response to immunotherapy in poorly immune infiltrated
“cold” tumors remains low. In this work, we investigated the ef-
fects of PD1-IL2v in modulating the immune landscape of multi-
ple pre-clinical HNSCC tumor models. We demonstrated that
when used in conjunction with RT, PD1-IL2v invigorates CD4
and CD8 T cell immunity across multiple immunologic compart-
ments, promoting infiltration into the TME and generating dura-
ble tumor control. We also identified a role for PD1-IL2v in
reducing the rate of metastatic spread through the activation
of NK cells. Together, these three populations work in concert
to control and lower the tumor burden system wide.

IL-2 signaling is a key immune cell regulator, leading to activa-
tion and proliferation in NK cells and T cells.”*?” However, the
pleiotropic nature of IL-2 means that it consequently induces
activation in immunosuppressive Tregs as well. The unique ac-
tivity of the IL2v moiety allows PD1-IL2v to specifically target
the intermediate-affinity IL-2 receptor IL-2RBy, bypassing IL-
2R, which is preferentially expressed on Tregs.?%**=*° The abil-
ity to bypass IL-2Ra and thus negate the activation of Tregs re-
linquishes IL-2 that under normal circumstances would be
consumed by Tregs, making it available for utilization by NK cells
and effector T cells.'®*° However, to maintain immunological
tolerance, excessive activation of effector T cells typically results
in upregulation of exhaustion markers such a PD-1,°¢ blunting
responses through progressive loss of T cell function.®” Using
PD1-IL2v was ideal to expand and activate immune effectors
by stimulating IL-2 signaling while sustaining function and pre-
venting T cell exhaustion through the blockade of PD-1. Codarri
Deak and colleagues describe the induction and expansion of a
highly cytotoxic CD8 T cell population upon treatment with PD1-
l12v. This population was demonstrated to have robust effector
function in models of chronic viral infection and pancreatic
cancer,’® recapitulating similar qualities we observed in our tu-
mor models.

PD-1 on effector immune cells acts as an immunological “off
switch,” and blockade of PD-1 can restore effector function.
However, Kumagi et al. have reported that interfering with the
PD-1/PD-L1 axis can amplify the immunosuppressive capacity
of PD-1-expressing Tregs.'®'® We observed that PD1-IL2v
increased the frequency of Foxp3-expressing CD4 T cells.
However, PD1-IL2v induced IFNy production by Tregs and
decreased the expression of IL-10, suggestive of Treg fragility.
The notion of Treg dysfunction or “fragility” centers on their
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loss of immunosuppressive functionality while still retaining
expression of Foxp3. The underlying mechanisms behind the
induction of a fragile Treg phenotype are not fully understood,
yet it appears that the functional state of Tregs is an often over-
looked aspect of the responsiveness to immunotherapy.®° Loss
of NRP1 on Tregs was found to be a necessary component of
response to «PD-1 therapy in models of colon cancer.*® This
led to production of IFNy by Tregs and induction of a fragile
phenotype with reduced immunosuppressive potential, ulti-
mately rendering the tumors susceptible to therapy.> Similarly,
our past work has shown that combination radioimmunother-
apy can induce a state of Treg fragility to help overcome ac-
quired resistance, reprogramming Tregs from immunosuppres-
sive to cytotoxic.>® Additionally, a study by Drerup et al.
showed that stimulating IL-2 signaling using an IL-2 complex
that similarly targets IL-2RBy not only yielded improved effector
T cell function, but also reduced Treg function by inducing Treg
fragility.*®

Tregs are recognized as a significant barrier in establishing
anti-tumor immunity, with higher levels of intratumoral Tregs be-
ing a detriment to therapeutic response and correlating with poor
prognosis in various cancers.’>®? The ablation of Tregs is an
attractive option to negate the detrimental effects of IL-2
signaling while providing selective activation of effector T cell
populations. However, similar to our current findings, and with
the exception of the LY2 model, depletion of Tregs has only
seen modest success in pre-clinical and clinical settings, casting
doubt on its true viability as a treatment option. PC-61, the most
commonly used clone of aCD25, does not effectively penetrate
the TME, leading to ineffective depletion of intratumoral
Tregs.*>°® While this can be circumvented in pre-clinical models
by administering «CD25 prior to or shortly after tumor implanta-
tion,? this strategy is neither clinically nor biologically relevant.
Our findings demonstrate that even with an «CD25 antibody
able to deplete tumor-infiltrating Tregs, depletion failed to
enhance survival in most models. This emphasizes that PD1-
IL2v itself may be sufficient to override the immunosuppressive
activity of Tregs.

Although the rate of distant metastasis in HNSCC is relatively
low compared to other cancer types, affecting approximately
10%-15% of patients, those presenting with metastasis at the
time of diagnosis or who develop metastases as the disease pro-
gresses have substantially reduced mortality and overall survival
outcome.®*®° There is extensive literature demonstrating that
NK cells play a prominent role in the control of distant meta-
stases and destruction of CTCs. The ability of NK cells to

Figure 5. Radiation therapy and PD1-IL2v abrogates lung metastasis

(A) Schematic describing experimental design. P029 tumors were established in C57BI/6 mice and treated with RT and a combination of «CD25, PD1-IL2v,
«CD25 and PD1-IL2v, or no immunotherapy. RT was delivered as three fractions of 8 Gy RT, 5 days apart. Antibodies were administered weekly via i.p. injection
beginning 1 day prior to RT.

(B) Incidence of mice that displayed gross lung metastasis at the time of sacrifice. n = 7-8.

(C) Representative mouse lungs from each treatment group showing the difference in gross lung lesions.

(D) Representative H&E staining and quantification of lungs taken from tumor-bearing P029 mice at the time of sacrifice. Three to four lungs were stained per
group.

(E) Frequency of circulating tumor cells (CTCs) in the blood of tumor-bearing P029 mice. CTCs are defined as CD45~ EpCAM™ and CD45~ EpCAM* pan-cy-
tokeratin®.

Statistical analysis was performed using one-way ANOVA unless stated otherwise. Data are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.0001. Scale bar = 500 uM for 4x image and 100 uM for inset image.
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discriminate and recognize altered cancerous cells, without
prior sensitization, makes them uniquely suited to rapidly elimi-
nate tumor cells in circulation, thereby limiting their ability to
disseminate and seed at distant sites.’>*>*? Upon treatment
with PD1-IL2v, we observed significant increases in NK cell acti-
vation, proliferation, and cytotoxicity, coinciding with a signifi-
cant decrease in metastasis to the lungs and frequency of
CTCs. These changes coincided with an increased expression
and diversity of NK-activating receptors. Previous studies have
demonstrated that mice genetically deficient in NKp46, also
referred to as NCR1, have an impaired ability to clear metastases
in models of metastatic melanoma.®®®” In contrast, the overex-
pression of NKp46 on NK cells leads to enhanced clearance of
metastatic melanoma lesions,®® whereas deficiencies in
NKG2D lead to increased incidences of prostate cancer and
accelerated growth in lymphomas.®® Clinically, high expression
of both NKp46 and NKG2D in the primary tumor is linked to
decreased metastasis in patients with prostate carcinomas’®
and underscores the importance of functional NK cells in regu-
lating metastatic disease.

Our proteomic analysis uncovered that PD1-IL2v alters the dy-
namics of NK metabolism, and the critical role that cellular meta-
bolism plays in helping shape an effective immune response is
an underappreciated facet of immunobiology.*”"" Upon activa-
tion, NK cells heavily utilize glycolysis to fuel increased metabolic
demands to carry out their effector and cytolytic functions.””
However, both glycolytic and oxidative phosphorylation path-
ways are imperative for optimal NK cell function.*”4%72."3
LDHA, a component of glycolysis, has been shown to support
NK cell anti-tumor function and when disrupted NK cells had
impaired proliferation, activating receptor signaling, and cyto-
toxicity.”* Furthermore, high expression of SDHA acts as a prog-
nostic factor in multiple myeloma, demonstrating the value of
monitoring components of metabolic pathways as potential
biomarkers.”®

In summary, our data establish PD1-IL2v as an attractive and
promising therapeutic addition to the oncologic armamentarium
and support its potential use in combination with RT in the treat-
ment of head and neck cancer, particularly in patients presenting
with locoregional or distant metastases.

Limitations of the study
While PD1-IL2v was extensively studied in multiple murine
models of the head and neck, this therapy was not tested using
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human immune cells. IL-2 agonism has historically been accom-
panied with severe side effects in humans; however, these met-
rics and adverse events are much more difficult to assess in
mouse models than they are in human patients. Furthermore,
the use of syngeneic mouse models does not accurately mimic
the natural heterogeneity of clinical tumors.
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Figure 6. PD1-IL2v decreases metastasis by enhancing NK-mediated immune surveillance

(A) Frequency of NK cells in blood of P029-tumor-bearing mice treated with combination RT and «CD25, PD1-IL2v, or «CD25 and PD1-IL2v. Blood was har-
vested, and flow cytometry was performed 4 days after final fraction of RT. RT was delivered as three fractions of 8 Gy.

B) Expression of NK cell activation markers DNAM-1, granzyme B, IFNy, and Ki-67 from P029-tumor-bearing mice across treatment groups.

C) Expression of NK cell activation markers DNAM-1, granzyme B, IFNy, and Ki-67 from MOC2-tumor-bearing mice across treatment groups.

E) viSNE analysis and FlowSOM clustering of circulating NK cells among different treatment groups.

(
(
(D) Expression of LFA-1 and NKG2D on NK cells of MOC2-tumor-bearing mice across treatment groups.
(
(

F) Tumor growth curves of P029 tumors treated with PD1-IL2v, with or without NK cell depletion and with or without RT. Tumors were established in C57bl/6 mice
and treated with 8 Gy RT at day 7 post implantation. PD1-IL2v was administered weekly via i.p. injection, and «NK1.1 was administered twice weekly via i.p.

injection to deplete NK cells. NK cell depletion was verified via flow cytometry.

(F) Representative lungs from groups treated with RT and PD1-IL2v with and without NK cell depletion.
(G) Quantification of H&E staining showing the percentage of total that is tumor. Three to four were stained per group.
Statistical analysis was performed using one-way ANOVA unless stated otherwise. Data are presented as mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005,

****p < 0.0001.
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Figure 7. CD8 T cells and NK cells undergo functional changes in response to PD1-IL2v

(A) Heatmaps of NK and CD8 T cells showing the top 75 most expressed proteins. Tumors were established in C57BI/6 mice and treated with RT and combination
of aCD25, PD1-IL2v, «CD25 and PD1-IL2v, or no immunotherapy. Tumors were treated with three fractions of 8 Gy RT given 5 days apart. Antibodies were
administered 1 day prior to beginning RT. Tumors were harvested 4 days after the final dose of RT, and NK cells were isolated using NK cell isolation kit and cell
sorting. n = 3.

(legend continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratories Strain Code: 000664

Mouse Balb/C Charles River Strain Code: 028

Software and algorithms

Flowjo (v10.8.1) BD Bioscience https://www.flowjo.com

Grahpad Prism (v9) Dotmatics https://www.graphpad.com

Amnis IDEAS (v6.2) Luminex https://www.Luminexcorp.com

Cytobank Beckman Coutler https://premium.cytobank.
org/cytobank

R (version 4.0) The R Foundation https://www.r-project.org

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Sana D. Karam (sana.karam@
cuanschutz.edu).

Materials availability
This study did not generate any new, unique reagents.

Data and code availability
@ CD8 and NK cell proteomics dataset generated for this manuscript has been deposited in the ProteomeXchange Consortium
via jJPOST Repository’® (jPOST: PXD043109, jPOST: PXD043110)
® This paper does not report any original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Cell lines

MOC2 (female), LY2 (male), and P029 (female) murine squamous cell carcinoma cells lines were used for the in vivo studies. Cell lines
were cultured in appropriate media; DMEM-F12 with 10% FBS and 1% primocin/fungin for LY2 and P029, and a 1:2 mixture of
DMEM-F12/IMDM supplemented with 10% FBS and 1% primocin/fungin, 1.75 ng EGF, 20ug hydrocortisone, and 0.1% insulin
for MOC2, as previously reported. P029 cell line was provided in collaboration with XJ Wang at University of Colorado Anschutz Med-
ical Campus, Department of Pathology.”’”

Mouse models

C57BI/6 and Balb/c mice were obtained from the Jackson Laboratory (Bar Harbor, Maine, USA) and Charles River (Wilmington, MA,
USA) respectively and were used for MOC2, P029, and LY2 in vivo studies. For experimentation, mice were 6-8 weeks old, and age/
gender matched when appropriate. Mice were housed under pathogen free conditions with a maximum of 5 per cage, with all pro-
tocols for animal models were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Colorado
Anschutz Medical Campus.

Tumor studies

Murine MOC2, LY2, and P029 were implanted orthotopically into the buccal mucosa as previously described.” Mice were appropri-
ately age matched and were randomized into groups, with treatment beginning when tumor volume was approximately 150 mm>.
Tumor measurements were conducted twice weekly using digital calipers, with tumor volume was calculated as V= (AxB?)/2. A is
measured as the short diameter and B as the long diameter. For tumor studies the following cell numbers were implanted into the
buccal mucosa: MOC2 cell line 1 x 10° cells were implanted per mouse, LY2 1 x 10° cells were implanted per mouse, and for
P029 5 x 10* cells were implanted per mouse. Primary tumor, serum, and lungs were harvested at the time of sacrifice. In vivo ex-
periments were independently repeated and verified to validate results.
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Human patient samples

Human samples were obtained from HNSCC patients from a completed phase I/Ib clinical trial (NTC:03635164) at the University of
Colorado Denver. Samples were obtained from 21 patients, from 43 to 84 years of age, with an average age of 61 years. Of the
enrolled patients seven were female, and 14 were male, with a life expectancy >24 weeks, and diagnosed with intermediate and
high-risk p16-negative, stages Ill and IV, nonmetastatic HNSCC cancer that was deemed resectable or borderline resectable by
an Otolaryngology surgeon. Diagnosis was confirmed as stage Il or IV head and neck squamous cell carcinoma of oral cavity, hy-
popharynx, oropharynx, or larynx before enrollment in the trial as reported in Darragh et al.>' Tumor tissue collected from the initial
biopsy and time of surgery was used for RNA sequencing. Blood taken from patients was processed to collect PBMC’s and plasma.
Written, inform consent was obtained from all participants prior to performing any procedures.

METHOD DETAILS

Antibodies and drugs

aCD25, PD1-IL2v, and DP47-IL2v were provided in collaboration with Roche Pharmaceuticals. «CD25 was given at a concentration
of 3 mg/kg, PD1-IL2v and DP47-IL2v were given at a concentration of 0.5 mg/kg. Antibodies were administered weekly via |.P. in-
jection beginning one day prior to the beginning of RT. For studies not utilizing radiation therapy, I.P. injections were administered
after tumor implantation, at a time point equivalent to one day before RT. aPD-1, «CD4, «CD8, and aNK1.1 were administered twice
weekly at 10 mg/kg via I.P. injections. CD8. CD4, and NK cell depletion was verified using flow cytometric analysis. All dilutions were
made using sterile DPBS.

Irradiation

Irradiation was performed using the PXi-225Cx image guided irradiator at 225kV, 20mA with a 0.3 mm Cu filter. Mice were anesthe-
tized with vaporized isoflurane and placed in the prone position, and RT was delivered at a dose rate of 5.6 Gy/min. Dose rates are
checked monthly using an ionization chamber and CBCT scans were acquired to determine accurate positioning of mice. The irra-
diation plan was based on Monte Carlo simulations of a mouse model.

Flow cytometry

Tumor, blood, and tumor draining lymph nodes were harvested and processed for flow cytometric analysis. Tumor tissue was chop-
ped and incubated in Collagenase Il (Worthington) for 30 min at 37°C. After incubation, tissue was passed through a 70um nylon cell
strainer to produce a single cell suspension. After centrifugation, red blood cells were lysed using RBC lysis buffer (Invitrogen), using
HBSS to neutralize the lysis buffer. Lymph nodes were similarly processed by mechanical separation into single cell suspension.
Blood was immediately centrifuged after collection and resuspended in RBC lysis buffer as described above. Cells were transferred
into 24 well plates and incubated with monensin and brefeldin to prevent release of cytokines, and stimulated with PMA/ionomycin
cocktail for 4 h at 37°C. Following incubation, cells were incubated in FC block (CD16/CD32 antibody, Tonbo bioscience) for 15 min at
4°C. Cells were then incubated in Live/Dead Fixable Aqua Viability Stain Kit (Invitrogen) in the dark for 20 min at 4°C. Cells were then
stained for surface markers and incubated for 20 min at 4°C. For analysis of immune cells, the following antibodies were: PerCP-
CD45 (clone: 30-F11, Biolegend), BUV805-CD3 (clone: 17A2, BD Biosciences), BUV 496-CD4 (clone: GK1.5, BD Biosciences),
BB515-CD8 (clone: 53-6.7, BD Biosciences), BV570-CD44 (clone: IM7, Biolegend), PE-Cy7-NKp46 (clone: 29A1.4, Biolegend), Su-
perbright 436-CD69 (clone: H1.2F3, eBioscience), BV605-DNAM-1 (clone: TX42.1, Biolegend), BV786-CD25 (clone: 3C7, BD Biosci-
ences), BUV395-PD-1 (clone: J43, BD Biosciences), BV650-PD-L1 (clone: MIH5, BD BioSciences), PE-Cy5-CD11c (clone: N418,
Biolegend), PE/Dazzle 594-MHC Il (clone M5/114.15.2, Biolegend), PerCP-Cy5.5-CD80 (clone: 16-10A1, Biolegend), BUV661-
CD11b (clone: M1/70, BD Biosciences), Alexa Fluor 647-Ly6C (clone: HK1.4, Biolegend), BV421-Ly6G (clone: 1A8, Biolegend), Alexa
Fluor 700-CD19 (clone: 6D5, Biolegend), BV480-F4/80 (clone: T45-2342), eFluor 450-iNOS (clone: CXNFT, eBioscience), PE-CD163
(clone: S15049F, Biolegend), APC-eFluor 780-Ki-67 (clone: SolA15, eBioscience), Alexa Fluor 532-Foxp3 (clone: FjK-16s, eBio-
science), APC-IL-2 (clone: JES6-5H4, eBioscience), BUV737-IFNy (clone: XMG1.2, BD Biosciences), FITC-Granzyme B (clone:
QA16A02, Biolegend), BV750-TNFa. (clone: MP6-XT22, Biolegend), BV711-IL-10 (clone: JES5-16E3, BD Bioscience), PE-pan-cyto-
keratin (clone: AE-1/AE-3, Novus Biologicals), BV650-EpCAM (clone: G8.8, Biolegend), Alexafluor 488-pan cytokeratin (clone: AE1/
AE3, Invitrogen) Alexafluor 700-NK1.1 (clone: S17016D, Biolegend), eFluor450-CD122 (clone: TM-b1, eBioscience), PE/Dazzle594-
CD25 (clone: C37, Biolegend), Alexafluor 647-CD11b (clone: M1/70, Biolegend), BV711-NKG2D (clone: CX5, BD Bioscience),
PerCP-eFluor 710-NKG2A (clone: 20d5, eBioscience), BUV661-Ly49H (clone: 3D10, BD Bioscience), PerCP-Cy5.5-KLRG1 (clone:
2F1, BD Bioscience), PE-LFA-1 (clone: H155-78, Biolegend), Superbright 436-CXCRS3 (clone: CXCR3-173, eBioscience), BV421-
NKG2I (clone: 854929, BD Bioscience), FITC-Ly49G2 (clone: 4D11, eBioscience), BV786-Ly49A (clone: A1, BD Bioscience), AP/
Fire 810 -CD25 (clone PC61, Biolegend), BV480-CD27 (clone LG.3A10, BD Bioscience), BV650-CD11b (clone M1/70, Biolegend),
Superbright 436-NKG2D (clone CX5, eBioscience), BUV615-PD-1 (clone RMP1-30, BD Bioscience), PerCP-eFluor710-CD107a
(clone 1D4B, eBioscience), PerCP-Cy5.5-LFA-1 (clone H155-78, Biolegend), Alexa Fluor 700-MHC Il (clone M5/114.15.2, Bio-
legend), BUV395-CD1083 (clone 2E7, BD Bioscience), eFluor 450-CXCR4 (clone 2B11, eBioscience), Alexa Fluor 647, pZAP70 (clone
17A/P-ZAP70, BD Bioscience), APC-pSTAT5 (clone SRBCZX, eBioscience), BV785-IL-2 (clone JES6-5H4, Biolegend), PE-TCF-7/
TCF-1 (clone S33-966, BD Bioscience), PE/Dazzle 594-Granzyme B (clone QA16A02, Biolegend), BV421-Tbet (clone 4B10,
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Biolegend), Alexa Fluor 488-pCD3 zeta (clone 3ZBR4S, eBioscience). After surface staining, cells were fixed and permeabilized using
the Foxp3 perm/fix kit (Invitrogen) overnight. Following incubation, cells were stained for intracellular markers and incubated for
30 min at 4°C. Samples were then run on a Cytek Aurora spectral cytometer at the University of Colorado Diabetes Research Center
Flow Cytometry Core. Fluorescence minus one control were used to determine gating strategy. Flowjo analysis software was used for
data analysis.

Immunohistochemistry and H&E staining

Lungs were harvested at time of sacrifice and fixed in 10% buffered Formalin. Tissue was submitted to University of Colorado An-
schutz Medical Campus, Gates Center for Regenerative Medicine Histology Core where slides were cut, mounted, and H&E stained.
Tissue was mounted using every 3" cut.

Human pathways analysis and mass cytometry analysis
Data was gathered from a recently completed phase I/lb clinical trial (NTC:03635164). Patients were treated with neoadjuvant
durvalumab and stereotactic body radiation therapy (SBRT). Tumor tissue and blood was collected pre and post treatment and pro-
cessed for bulk RNA sequencing and immunophenotyping via mass cytometry (CyTOF).

Gene set enrichment analysis on bulk RNA sequencing was performed using the full ranked list of genes by log, fold change on
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

NK cytotoxicity assay

NK cells were harvested and isolated from the blood of tumor bearing C57BL/6 mice using an NK negative selection isolation kit
(Stemcell). P029 tumor cells were stained with calcein (Thermofisher) at a concentration of 2 ng/mL in RPMI media with 10%
FBS. NK cells and P029 tumor cells were incubated together at a 2:1 ratio of NK to tumor cells and incubated at 37°C for 4 h.
After incubation plates were centrifuged and supernatant was removed and transferred to 96 well plate. Plates were read on Tecan
Infinite M plex fluorescence plate reader at 485 nm excitation and 530 nm emission. Cell lysis was calculated using the following
equation : [(Test release — spontaneous release) /(Maximum release — spontaneous release)] x 100. Maximum release was
calculated by incubating P029 tumor cells with solution of 1% Triton X-100 in RPMI and spontaneous release was calculated by incu-
bating cells in incubation media without stimulus added.

Imagestream cytometry

NK cells were harvested and isolated from spleens of tumor bearing mice. Processed into single cell suspension following above
protocol, and NK were isolated using an NK isolation kit (Stemcell) following manufacturer’s instructions. Isolated NKs were then
stained using the following antibodies: APC-EpCAM, PE/Dazzle 594- NKp46 (Biolegend), FITC-Granzyme B (Biolegend). Nuclei
were stained using 4'6-diamidino-2-phenylindole (DAPI). Following staining, cells were washed and resuspended in PBS and pro-
cessed through Amnis Imagestream X Mk Il imaging flow cytometer (Amnis, Seattle, WA). Analysis was performed using IDEAS
6.2 software (AMNIS, Seattle, WA).

Proteomics

Blood from tumor bearing mice was collected and processed into a single cell suspension as described above. After processing, CD8
and NK cells were isolated using a CD8 T cell (Stemcell) and NK cell negative isolation kits following manufacturer’s instructions. Iso-
lated cells were then stained with PE-CD8 and APC-NKp46 and then cell sorted to achieve a pure single cell population. Cell sorting
was performed using a Beckman Coulter MoFlo XDP750 (Beckman Coutler). High-throughput proteomic analysis was performed at
the University of Colorado School of Medicine Proteomics Facility on murine serum samples. The samples were digested according to
the FASP protocol using a 10 kDa molecular weight cutoff filter. In brief, the samples were mixed in the filter unit with 8 M urea, 0.1M
ammonium bicarbonate (AB) pH 8.0, and centrifuged at 14 000 g for 15 min. The proteins were reduced with 10 mM DTT for 30 min at
RT, centrifuged, and alkylated with 55 mM iodoacetamide for 30 min at RT in the dark. Following centrifugation, samples were washed
3x with urea solution, and 3x with 50 mM AB, pH 8.0. Protein digestion was carried out with sequencing grade modified Trypsin
(Promega) at 1/50 protease/protein (w/w) at 37°C overnight. Peptides were recovered from the filter using 50mM AB. A 20 ul of
each sample was loaded onto individual Evotips for desalting and then washed with 20 pL 0.1% FA followed by the addition of
100 pL storage solvent (0.1% FA) to keep the Evotips wet until analysis. The Evosep One system ((Evosep, Odense, Denmark) was
used to separate peptides on a Pepsep column, (150 um inter diameter, 15 cm) packed with ReproSil C18 1.9 um, 120A resin. The
system was coupled to the timsTOF Pro mass spectrometer (Bruker Daltonics, Bremen, Germany) via the nano-electrospray ion
source (Captive Spray, Bruker Daltonics). The mass spectrometer was operated in PASEF mode. The ramp time was set to 100 m
and 10 PASEF MS/MS scans per topN acquisition cycle were acquired. MS and MS/MS spectra were recorded from m/z 100 to
1700. The ion mobility was scanned from 0.7 to 1.50 Vs./cm?. Low-abundance precursor ions with an intensity above a threshold
of 500 counts but below a target value of 20000 counts were repeatedly scheduled and otherwise dynamically excluded for
0.4 min. The identification settings were as follows: Trypsin, Specific, with a maximum of 2 missed cleavages, up to 2 isotope errors
in precursor selection allowed for, 10.0 ppm as MS1 and 0.4 Da as MS2 tolerances; fixed modifications: Carbamidomethylation of
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C (+57.021464 Da), variable modifications: Oxidation of M (+15.994915 Da), Acetylation of protein N-term (+42.010565 Da), Pyrolidone
from peptide N-term Q or C (—17.026549 Da). Graphs were rendered using GraphPad Prism (9.3.1).

Human single cell RNA sequencing analysis

Comparative gene expression and annotated cell maps from human single cell RNA sequencing datasets were generated using the
Tumor Immune single cell hub (TISCH) database.”® Puram et al. (GEO: GSE103322)*° and Cillo et al. (GEO: GSE139324)°° were head
and neck single cell datasets included in analysis.

Dimensionality reduction algorithms and self organized mapping

Plots using viSNE or FlowSOM analysis was performed using the Cytobank analysis software (Beckman Coulter). CD45 positive cells
were identified using PerCP stain. Positive cells were downsampled to remove sample bias and concatenated into a single file.
Concatenated files for each treatment group were run through Cytobank viSNE dimensionality reduction analysis tool. After gener-
ating ViSNE, files were then separated into clusters using flowSOM clustering algorithm. Populations were assigned and identified
using depending on histogram and heatmap expression.

Cytokine quantification

IL-2 plasma concentrations of human clinical trial patients were determined using an ELISA assay (Boster Bio). Assay was performed
using manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were processed using GraphPad Prism v9. Statistical analysis was completed using one-way analysis of vari-
ance (one-way ANOVA) with Tukey correction for comparisons with 3 or more groups, and unpaired t-tests for comparisons using
only two groups. Kaplan-Meier curves were used for survival analysis, using log-ranked (Mantel-Cox) test for comparisons of all
groups. Data is represented as mean SEM, unless otherwise noted. Statistical significance is indicated as *p < 0.05, **p < 0.005,
***p < 0.0005, “**p < 0.0001.

ADDITIONAL RESOURCES

RNA sequencing in this manuscript is associated with a phase I/Ib clinical trial (NTC03635164).

e6 Cell Reports Medicine 4, 101150, August 15, 2023



	Selective targeting of IL2Rβγ combined with radiotherapy triggers CD8- and NK-mediated immunity, abrogating metastasis in HNSCC
	Introduction
	Results
	The clinical expression of PD-1 and IL-2 receptors in head and neck cancer
	Treatment with PD1-IL2v results in tumor growth delay in HNSCC tumors
	Radiation therapy enhances the therapeutic benefit of PD1-IL2v
	PD1-IL2v remodels the immune TME and promotes the expansion of effector lymphocytes
	PD1-IL2v drives a robust systemic immune response
	Radiation therapy and PD1-IL2v reduces lung metastasis
	Enhanced NK activity correlates with diminished metastatic spread
	CD8 T cells and NK cells undergo functional changes in response to PD1-IL2v
	PD1-IL2v drives an enrichment of NK-activating receptors, augmenting metastatic tumor cell kill

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject participant details
	Cell lines
	Mouse models
	Tumor studies
	Human patient samples

	Method details
	Antibodies and drugs
	Irradiation
	Flow cytometry
	Immunohistochemistry and H&E staining
	Human pathways analysis and mass cytometry analysis
	NK cytotoxicity assay
	Imagestream cytometry
	Proteomics
	Human single cell RNA sequencing analysis
	Dimensionality reduction algorithms and self organized mapping
	Cytokine quantification

	Quantification and statistical analysis
	Additional resources





