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A T cell receptor β chain–directed antibody fusion
molecule activates and expands subsets of T cells to
promote antitumor activity
Jonathan Hsu1†, Renee N. Donahue2†, Madan Katragadda1, Jessica Lowry1, Wei Huang1,
Karunya Srinivasan1, Gurkan Guntas1, Jian Tang1, Roya Servattalab1, Jacques Moisan1,
Yo-Ting Tsai2, Allart Stoop1, Sangeetha Palakurthi1, Raj Chopra1, Ke Liu1, E. John Wherry3,4,
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Despite the success of programmed cell death-1 (PD-1) and PD-1 ligand (PD-L1) inhibitors in treating solid
tumors, only a proportion of patients respond. Here, we describe a first-in-class bifunctional therapeutic mole-
cule, STAR0602, that comprises an antibody targeting germline Vβ6 and Vβ10 T cell receptors (TCRs) fused to
human interleukin-2 (IL-2) and simultaneously engages a nonclonal mode of TCR activation with costimulation
to promote activation and expansion of αβ T cell subsets expressing distinct variable β (Vβ) TCR chains. In sol-
ution, STAR0602 binds IL-2 receptors in cis with Vβ6/Vβ10 TCRs on the same T cell, promoting expansion of
human Vβ6 and Vβ10 CD4+ and CD8+ T cells that acquire an atypical central memory phenotype. Monotherapy
with a mouse surrogate molecule induced durable tumor regression across six murine solid tumor models, in-
cluding several refractory to anti–PD-1. Analysis of murine tumor-infiltrating lymphocyte (TIL) transcriptomes
revealed that expanded Vβ T cells acquired a distinct effector memory phenotype with suppression of genes
associated with T cell exhaustion and TCR signaling repression. Sequencing of TIL TCRs also revealed an in-
creased T cell repertoire diversity within targeted Vβ T cell subsets, suggesting clonal revival of tumor T cell
responses. These immunological and antitumor effects in mice were recapitulated in studies of STAR0602 in
nonhuman primates and human ex vivo models, wherein STAR0602 boosted human antigen-specific T cell re-
sponses and killing of tumor organoids. Thus, STAR0602 represents a distinct class of T cell–activating molecules
with the potential to deliver enhanced antitumor activity in checkpoint inhibitor–refractory settings.
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INTRODUCTION
T cells play a central role in immune responses to cancer as evi-
denced by the clinical activity of antibody therapies targeting
immune checkpoints, such as cytotoxic T lymphocyte–associated
protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1)
(1), and the treatment of hematological malignancies with T cell en-
gagers and adoptive T cell therapies (2, 3). Despite these encourag-
ing results, treatment of solid tumors with T cell–directed therapies
has limitations (4), and most patients fail to respond or progress
after checkpoint inhibitor (CPI) treatment (5). Correlates of re-
sponse to CPIs in solid tumors converge on factors associated
with tumor immunogenicity and T cell activity (6), such as tumor
mutation burden (TMB), degree of T cell infiltration, interferon-γ
(IFN-γ) signatures, and PD-1 ligand (PD-L1) expression (7, 8).
Therefore, to enhance immunotherapy in patients with solid
tumors, including those with low T cell infiltration and neoantigen
burden (immunologically “cold” tumors), there is an urgent need to
develop therapies that improve the quantity and quality of T cell re-
sponses to augment a successful antitumor immune response.

Foremost among the interactions that govern T cell recognition
and killing of cellular targets is the recognition and binding of pep-
tides presented to the T cell receptor (TCR) comprising the variable
α and β chains. TCR αβ heterodimers lack their own signaling
domain and interact with CD3 ɛ, γ, δ, and ζ subunits and CD4 or
CD8 co-receptors to mediate the primary T cell activation signal
(“signal 1”). T cell activation and proliferation are further enhanced
through the engagement of costimulatory receptors such as CD28
(“signal 2”) and cytokines (“signal 3”) (9). The affinity and avidity of
TCR engagement exerts a strong influence on fate commitment of
peripheral T cells and whether they mature into short-lived effec-
tors, acquire durable systemic or tissue-resident memory pheno-
types, or differentiate to become an exhausted lineage of cells
(10). However, attempts to artificially stimulate αβ T cells through
the TCR complex using agonist anti-CD3 antibodies that activate all
T cells frequently result in massive cytokine release, activation of
predominantly short-lived effector T cells, and exhaustion of resid-
ual T cells. None of these effects is desirable in the setting of tumor
immunotherapy, and therefore investigation of alternative mecha-
nisms that activate T cells through the TCR is warranted.

Although the TCR generates clonal responses to diverse peptide
antigens predominantly through the hypervariable complementar-
ity determining region 3 (CDR3), the foundation of human TCR
repertoire diversity is created by polymorphic CDR1 and CDR2
domains within the germline-encoded repertoire of Vα and Vβ
genes. Of the 48 Vβ genes in humans, approximately 30 are func-
tional and define the “germline TCR repertoire” of T cell subsets
that exist at varying frequencies ranging from about 0.1% to
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about 10% of T cells. Sequencing of TCRs in tumor-infiltrating lym-
phocytes (TILs) across diverse cancers suggests that the most fre-
quently used Vβ genes (e.g., TRBV20-1, TRBV5-1, and TRBV6-5)
define T cell subsets that exist in both TILs and circulating T cells at
frequencies of 6 to 10% and are common to all cancers (11).

Whereas the TCR is generally considered an adaptive modality,
αβ TCRs can also act as an innate receptor, engaging nonclonal
ligands at germline-encoded sites (12). This is the case for superan-
tigen (SAg) proteins expressed by some bacteria and viruses that
bind to specific germline-encoded Vβ sequences, driving potent ac-
tivation and proliferation of subsets of Vβ T cells. Previously, puri-
fied SAgs (13) and fusion proteins that target SAgs to tumor cells
have shown antitumor activity in animal models as a result of the
activation and expansion of distinct germline Vβ T cell subsets (14).
However, the therapeutic utility of SAgs in humans is limited by the
risk of overactivation of T cells, in addition to the rapid develop-
ment of neutralizing antibody responses to these highly immuno-
genic proteins (15).

Here, we describe the design and testing of a fully human bifunc-
tional antibody fusion molecule (STAR0602) comprising an anti-
body that binds the germline Vβ6 and Vβ10 TCRs of human αβ
T cells fused with a native human interleukin-2 (IL-2) cytokinemol-
ecule. In chronic infection models, native IL-2 [and not IL-2
muteins with reduced binding to IL-2 receptor (IL-2R) α (CD25)]
drives the development of CD8+ T cells with high effector potentials
in a CD25-dependent manner (16). Moreover, in vitro stimulation
of human T cells with anti-Vβ6/Vβ10 antibodies also promotes in-
duction of CD25 (17). Thus, by fusing an anti-Vβ6/Vβ10 antibody
to a native IL-2 molecule, STAR0602 achieves selective activation
and expansion of CD8+ and CD4+ Vβ6/Vβ10 T cells by simultane-
ously engaging a distinct mode of TCR activation with IL-2R
binding and activation in cis on the same cell. STAR0602 and a
murine surrogate molecule showed potent single-agent antitumor
activity in multiple CPI-refractory human organoid tumor and
murine syngeneic models with acceptable tolerability and limited
cytokine release in monkeys and mice. Durable antitumor respons-
es, with long-term protection from tumor rechallenge, were associ-
ated with de novo expansion and tumor infiltration of targeted Vβ T
cell subsets with an effector memory gene signature and an increase
in CDR3 repertoire diversity. Collectively, these data support the
potential of STAR0602 to drive robust T cell responses to solid
tumors through a distinct mechanism of action to CPIs, which
may offer a safe and effective therapy for patients who have pro-
gressed after CPI treatment.

RESULTS
STAR0602 binding is selective for Vβ6/Vβ10 T cell subsets
On the basis of publicly available data, we chose to target the Vβ6
TCR T cell subset because it exists at a high prevalence relative to
other Vβ subsets in TILs and is common across all cancers (11). To
confirm this finding at the protein level, we assessed the prevalence
of Vβ6-5 TCRs (the most common member of the Vβ6 family) in
TILs from primary tissue collected from patients with a range of
solid tumors. As measured by flow cytometry, Vβ6-5 T cells com-
prised between 2 and 8% of TILs across tested tumors, with similar
frequencies observed in donor-matched peripheral blood mononu-
clear cells (PBMCs) and healthy donor PBMCs (Fig. 1A). On the
basis of this finding, we designed STAR0602 as a bifunctional

antibody fusion molecule comprising an affinity-matured anti–
Vβ6-5 Fab and a native IL-2 molecule fused by its C terminus to
the Fc domain (Fig. 1B). The immunoglobulin G1 (IgG1) Fc
domain of STAR0602 contains knob-in-hole mutations to
promote Fc heterodimerization and an N297A mutation to abro-
gate effector functions.

Using a surface plasmon resonance (SPR) binding assay,
STAR0602 binds with high affinity [dissociation constant (KD)] to
purified human Vβ6-5 (1.7 nM), IL-2Rα (45 nM), IL-2Rβγ (3.8
nM), and the high-affinity trimeric IL-2R (0.1 nM), which is
similar to the affinity of both recombinant human IL-2 (rhIL-2)
and the “in-format” anti–RSV–IL-2 Fab control molecule (IL-2
control) for the IL-2R subunit chains (table S1). Using flow cytom-
etry, we confirmed that STAR0602 binds to CD4+ and CD8+ T cells
and affinities for both cell types were similar, with a half-maximal
effective concentration (EC50) of 0.21 ± 0.03 nM in CD4+ T cells and
0.52 ± 0.2 nM in CD8+ T cells (Fig. 1C). Low expression of IL-2R on
naïve T cells prohibits accurate cellular IL-2 binding studies;
however, in a cellular assay of IL-2 bioactivity using the detection
of phosphorylated signal transducer and activator of transcription
5 (pSTAT5), both STAR0602 and the IL-2 control molecule showed
attenuated (100-fold lower) IL-2 bioactivity compared with rhIL-2
(Fig. 1D). These data suggest that presentation of the IL-2 moiety in
the bifunctional STAR0602 format contributes to a reduction in its
bioactivity, possibly due to steric hinderance in binding of IL-2 to its
cognate receptors.

To further explore the mode of STAR0602 binding, four human
T cell populations were created in vitro using a combination of flow
cytometry sorting methods and cycles of T cell stimulation and rest
to generate populations of cells with contrasting amounts of
STAR0602 target expression corresponding to the extremes of pos-
sible Vβ6-5+ and CD25+ T cell frequencies (fig. S1A). Binding of
STAR0602 to these manipulated T cell populations over a wide con-
centration range was then measured at a single-cell level using flow
cytometry. In untreated T cells isolated from healthy human
donors, STAR0602 bound to 3 to 5% of T cells over a pharmacolog-
ically relevant concentration range, reflecting binding to the expect-
ed proportion of Vβ6-5 T cells in a physiologically normal state (Fig.
1E). In manipulated T cell populations comprising 98% Vβ6-5 T
cells, STAR0602 bound to both CD25low and CD25high cells, with
higher affinity binding to CD25high Vβ6-5 T cells (1.3 nM) com-
pared with CD25low Vβ6-5 T cells (10 nM). In unsorted, in vitro
stimulated T cells comprising 3 to 5% Vβ6-5 T cells and >98%
CD25high T cells (an uncommon state for the human T cell com-
partment), STAR0602 bound with much lower affinity (62 nM).
Furthermore, when we evaluated STAR0602 binding to established
T cell lines that exclusively coexpress CD25 and either Vβ6-5 (P12-
Ichikawa) or an unrelated Vβ chain TCR (HSB-2 cells expressing
Vβ5-1) (fig. S1B), STAR0602 bound only to the Vβ6-5 P12-Ichika-
wa cells, whereas HSB-2 cells showed minimal to no binding (fig.
S1C). Collectively, these data suggest that STAR0602 preferentially
binds its targets in cis on the same cell in an anti-Vβ–dependent
manner with higher affinity to T cells that coexpress Vβ6-5 and
IL-2R, possibly due to a higher avidity interaction on these cells.

Finally, to assess the functional selectivity of STAR0602, PBMCs
from healthy donors were stimulated in vitro with STAR0602, and
the relative abundance of all Vβ T cell subsets was assessed by TCR
sequencing. Among the 48 known germline-encoded Vβ chains,
STAR0602 promoted the expansion of predominantly Vβ6 T cell
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Fig. 1. Vβ6-5 T cells are detected in TILs, and STAR0602 binds with high affinity and selectivity in human T cells. (A) Prevalence of Vβ6 TCR T cells in isolated TILs
and PBMCs from patients with cancer (n = 43) and from healthy donor PBMCs (n = 20, data are presented as mean ± SEM). (B) Schematic of STAR0602. (C) Binding curves
for STAR0602 and control molecules to human CD4+ and CD8+ T cells (representative donor of n = 3). (D) pSTAT5 activity comparing IL-2 bioactivity for STAR0602, RSV-IL-2
control, and rhIL-2 (representative donor of n = 3, data are presented asmean ± SEM of technical duplicates). (E) STAR0602 binding to unstimulated and stimulated-sorted
T cell populations (pan-T cells or Vβ6-5–sorted T cells comprising either high or low expression of CD25 after anti-CD3/CD28 stimulation or resting of cells, respectively)
(representative donor of n = 3, data are presented as mean ± SEM of technical triplicates). (F) Pie chart of relative frequencies of human T cell Vβ6 (purple)– and Vβ10
(blue)–encoding transcripts before and after in vitro stimulation with STAR0602 at 10 nM (n = 3, data are presented as mean). Experiments in (E) and (F) were performed
two times with similar results.
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subsets (expressing TRBV6-1, 6-2, 6-3, 6-4, and 6-5 gene tran-
scripts), in addition to some limited expansion of Vβ10 T cells (ex-
pressing TRBV10-1, 10-2, and 10-3 gene transcripts) (Fig. 1F and
fig. S2), reflecting the close sequence homology between these
two V gene families. However, STAR0602 predominantly expands
Vβ6 T cells, with this subset comprising >60% of T cells after
STAR0602 stimulation, suggesting selectivity for Vβ6 TCRs.

STAR0602 activates and expands Vβ6/Vβ10 T cells with a
central memory phenotype
Next, the kinetics of in vitro human Vβ6/Vβ10 T cell expansion by
STAR0602 was investigated by enumerating Vβ6/Vβ10 T cells using
flow cytometry. In healthy donor PBMCs, Vβ6 T cells comprise on
average 5.2% of CD4+ T cells, 6.8% of CD8+ T cells, and 5.6% of
CD4+ FoxP3+ regulatory T cells (Tregs) (table S2). As shown in
Fig. 2A, Vβ6/Vβ10 T cells incrementally increased over time with
frequencies rising from a baseline of 9% of T cells to 27%, 38%,
47%, 50%, and 52% on days 4, 5, 6, 7, and 8, respectively, after stim-
ulation. The magnitude of in vitro activation of both CD4+ and
CD8+ T cells by STAR0602 was concentration dependent (Fig.
2B), although differences in EC50 values (5.16 ± 6.04 nM for
CD4+ T cells and 1.98 ± 1.81 nM for CD8+ T cells) suggest prefer-
ential activation of CD8+ over CD4+ T cells (table S3). Control mol-
ecules showed minimal to no activation of T cells. To further
investigate differential in vitro expansion of human CD8+ versus
CD4+ T cells, cell counts normalized to unstimulated samples
were compared from the same donor. Here, STAR0602 increased
the number of CD8+ T cells to a threefold greater extent than
CD4+ T cells, although the magnitude of this effect varied across
donors (Fig. 2C). Thus, although both CD4+ and CD8+ T cells
are activated by STAR0602, the expansion of CD8+ T cells is
more pronounced. To explore whether this expansion and activa-
tion of T cells is dependent on engagement of both arms of
STAR0602, purified T cells were incubated for 5 days with a fixed
concentration of STAR0602 (10 nM) and increasing amounts of
competing soluble IL-2R, Vβ6-5 antigen, or a mixture of both.
The addition of these competitors elicited a dose-dependent inhibi-
tion of T cell activation (as measured by acquisition of CD25 expres-
sion) and expansion (fig. S3), suggesting that both arms of
STAR0602 are required for activity.

Antibody-induced TCR activation generally requires receptor
clustering and cross-linking using a solid support. In an earlier
study (18), treatment of human PBMCs or purified T cells with
plate-coated anti-Vβ antibodies was shown to induce expansion
of Vβ6/Vβ10 CD8+ T cells with a central memory (CD95+ CCR7+
CD45RA−) T cell phenotype (TCM). Here, we show that STAR0602
in solution (not presented on a solid surface) recapitulates this TCM
phenotype, presumably by orchestrating coclustering of TCRs with
IL-2Rs on the surface of Vβ6 and Vβ10 T cells (Fig. 2D). This shift
to a TCM phenotype was consistently observed in both CD4+ and
CD8+ T cells across multiple donors (Fig. 2E) and was not observed
for control molecules (anti-Vβ6/Vβ10 monovalent Fab or IL-2
control) in solution.

To confirm that STAR0602 activates signaling pathways down-
stream of both the TCR and IL-2R, phosphorylated extracellular
signal–regulated kinase (pERK), phosphorylated SH2 domain–con-
taining leukocyte protein of 76 kDa (pSLP76), and pSTAT5 (prox-
imal regulators of TCR and IL-2 signaling) were measured from
cellular lysates. In STAR0602-stimulated human CD8+ T cells,

pERK was increased 3.9-fold, and pSLP76 (Tyr145) was 2.1-fold
higher than control molecules (Fig. 2F). In these experiments,
plate-coated anti-Vβ6/Vβ10 Fab (no IL-2) also activated pERK
and pSLP76 to similar degrees as STAR0602 in solution, confirming
the specificity of these markers for Vβ6/Vβ10 TCR activation and
implicating TCR clustering as an important component of
STAR0602 mechanism of action. Finally, pSTAT5 was increased
up to 20-fold after treatment with STAR0602 and the IL-2 control
molecule, but not by the anti-Vβ6/Vβ10 monovalent antibody,
either in solution or when plate-coated (overlapping curves in
Fig. 2F). Consistent with the impact of plate-coated anti-Vβ6/
Vβ10 Fab on primary T cells (18), we observed a marked up-regu-
lation of cells coexpressing CD25, intracellular granzyme B, and
IFN-γ in STAR0602-stimulated human CD8+ T cells, implying
that STAR0602 induces an atypical TCM phenotype with concomi-
tant expression of cytotoxic effector molecules (Fig. 2G).

mSTAR1302 promotes antitumor activity across multiple
murine syngeneic tumor models
Because a homolog of the Vβ6 gene does not exist in mice, a surro-
gate molecule (mSTAR1302) comprising the same human IL-2 an-
tibody fusion design as STAR0602 and that targets and expands the
most abundant murine Vβ T cell subset (Vβ13) was developed.
Consistent with in vitro assessments of STAR0602 in human
PBMCs, in vitro stimulation of mouse splenocytes with
mSTAR1302 resulted in the activation and expansion of both
CD4+ and CD8+ Vβ13 T cells in a concentration-dependent
manner (fig. S4A), with similar potency to STAR0602 (EC50, 12 ±
13 nM for CD4+ T cells and 0.4 ± 0.6 nM for CD8+ T cells).

After administration of a single intraperitoneal dose in BALB/c
mice, mSTAR1302 showed rapid clearance in serum (fig. S4B) yet
induced robust expansion of Vβ13 CD8+ T cells and, to a lesser
extent, Vβ13 CD4+ T cells in peripheral blood, without expanding
Tregs (fig. S4C). Additional details of mSTAR1302 pharmacokinetics
are shown in table S4. In BALB/c EMT6 tumor–bearing mice,
mSTAR1302 distributed extensively into peripheral tissues, includ-
ing tumor, spleen, liver, kidney, and lung tissue, up to 48 hours after
dosing (fig. S4D).

To investigate the potential for idiosyncratic IL-2–mediated tox-
icity, such as vascular inflammation and injury, BALB/c mice were
dosed weekly withmSTAR1302 (0.5 to 1.5 mg/kg, intraperitoneally)
or phosphate-buffered saline (PBS), or rhIL-2 at a dose regimen de-
signed (19) to recapitulate high-dose aldesleukin use in humans (a
9-day course of 8mg/kg twice daily rhIL-2). In blood, targeted Vβ13
CD8+ T cells were expanded in mice dosed with mSTAR1302 (fig.
S5A) but not with PBS or rhIL-2. In the lungs and livers of mice
dosed with rhIL-2, pronounced perivascular leukocytic infiltration
was observed surrounding sinusoidal liver vessels and pulmonary
vessels (fig. S5, B and C), consistent with early signs of vascular
injury (19). Similar to the effects of aldesleukin in humans, mice
dosed with rhIL-2 also showed changes in liver enzyme markers
of hepatic injury (fig. S5D). In contrast, no perivascular inflamma-
tion or liver enzyme changes were observed in mice administered
mSTAR1302 once per week at doses up to and including 1.5 mg/
kg. This is reassuring because the optimal efficacious mSTAR1302
dose in tumor-bearingmicewas demonstrated to be 1mg/kg weekly
(fig. S6A).

The antitumor activity of mSTAR1302 was assessed in six
murine syngeneic solid tumor models with differing degrees of T
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cell infiltration, different tumor microenvironment (TME) condi-
tions, and varying responsiveness to CPI therapy (20). In dose-
finding studies of mSTAR1302 in the EMT6 breast cancer model,
four consecutive 1 mg/kg doses given once weekly were determined
as optimal in relation to antitumor activity (fig. S6A); however, in
subsequent scheduling studies, just a single 1 mg/kg dose of
mSTAR1302 was shown to elicit similar tumor regression (fig. S6B).

In mice treated with mSTAR1302 as a single agent, tumor
growth inhibition was observed in all six syngeneic models, with
complete tumor regression in the EMT6 model. Tumor growth in-
hibition compared with the PBS-treated group was calculated to be
98% in CT26 (day 24, a time point where the tumors from the PBS
group exceed 2000 mm3), 70% in MC38 (day 17), 66% in RENCA
(day 20), 57% in RM1 (day 12), and 86% in the highly refractory

Fig. 2. STAR0602 activates Vβ6/
Vβ10 T cells in vitro with prefer-
ential expansion of CD8+ T cells
with an atypical central memory–
like phenotype. (A) Expansion of
human Vβ6/Vβ10 T cells with 10 nM
STAR0602 over 8 days (representa-
tive donor of n = 3). FSC, forward
scatter. (B) Activation (CD25+) of
human CD4+ (top) and CD8+

(bottom) T cells after a 5-day stim-
ulation with STAR0602 (n = 20, data
are presented as mean ± SEM) or
controls. (C) Direct cell counts of
human CD4+ and CD8+ T cells after
a 5-day stimulation with STAR0602
(10 nM) (n = 4, data are presented as
mean ± SEM). (D) Representative
flow cytometry plots showing the
differentiation of Vβ6/Vβ10 CD8+ T
cells to a central memory (CD95+

CD45RA−CCR7+) phenotype after a
7-day culture with STAR0602 (10
nM) or controls. (E) Summary anal-
ysis for CD4+ (left) and CD8+ (right)
Vβ6/Vβ10 central memory T cells as
a percentage of total Vβ6/Vβ10 T
cells in (D); n = 5, data are presented
as mean ± SEM. (F) Assessment of
TCR and IL-2R signaling in purified
CD8+ T cells stimulated with
STAR0602 or controls by quantify-
ing pSLP76, pERK, and pSTAT5
(representative donor of n = 3, data
are presented as mean ± SEM of
technical replicates). (G) Percentage
CD25+, IFN-γ+, and granzyme B+

triple-positive CD8+ T cell subsets
by flow cytometry after a 5-day
stimulation with STAR0602 (10 nM)
or controls; n = 4, data are present-
ed as mean ± SEM. Experiments in
(B) are from six independent
studies, and those in (C) and (E) are
from two studies. Experiments in
(G) were performed two times with
similar results.

S C I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E

Hsu et al., Sci. Transl. Med. 15, eadi0258 (2023) 29 November 2023 5 of 18

D
ow

nloaded from
 https://w

w
w

.science.org on D
ecem

ber 04, 2023



Fig. 3. mSTAR1302 induces tumor regression and survival across multiple murine syngeneic solid tumor models. (A) Tumor cell lines were implanted by sub-
cutaneous injection. When tumors reached 80 to 150mm3, four or five intraperitoneal doses of mSTAR1302were administered at a concentration of 1mg/kg (CT26, EMT6,
B16F10, MC38, and Renca) once weekly or 1.5 mg/kg (RM1) twice weekly. The individual tumor volumes were monitored by caliper measurements over time to a thresh-
old of 2000 mm3, which was the study endpoint; n = 8 to 10 mice per group as indicated. Arrowheads indicate dosing days. (B) Survival curve for each tumor model.
Significancewasmeasured by log-rankMantel-Cox test (****P < 0.0001). Studies with CT26 and EMT6were performed three times, and thosewith MC38 and B16F10 were
performed two times with similar results.
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B16F10 model (day 21) (Fig. 3A). The antitumor activity of
mSTAR1302 also increased survival in all six tumor models evalu-
ated (Fig. 3B). The activity of mSTAR1302 was directly compared
with a mouse anti–PD-1 antibody in a subset of CPI-refractory
models (MC38, Renca, and RM1), and in all cases, mSTAR1302 im-
proved survival compared with PBS and anti–PD-1 treatment
(fig. S7).

mSTAR1302 promotes durable antitumor activity that is
dependent on Vβ13 CD8+T cells
To further investigate the mechanism of action of mSTAR1302,
more detailed assessments were performed in the EMT6 mouse
model. In this model, mSTAR1302 induced potent tumor regres-
sion compared with control molecules, demonstrating the require-
ment for both anti-Vβ Fab and IL-2 arms of mSTAR1302 (Fig. 4A).
Compared with mice receiving PBS, mice receiving mSTAR1302
showed a marked accumulation of both CD8+ T cells and granzyme
B+ cells in tumors as determined by immunohistochemistry stain-
ing (Fig. 4B). Flow cytometry phenotyping of isolated EMT6 TILs
also highlighted mSTAR1302 dose-related increases in the frequen-
cies of total CD8+ T cells, Vβ13 CD8+ T cells, and granzyme B+

CD8+ T cells in addition to an increase in the CD8:Treg ratio (Fig.
4C). No treatment-related changes in natural killer or B cell fre-
quencies in EMT6 tumors were observed (fig. S8A). Treatment
with mSTAR1302 also increased total CD4+ T cells, Vβ13 CD4+ T
cells, and the CD4:Treg ratio, without altering Tregs at doses up to 1
mg/kg (fig. S8B). Furthermore, TILs isolated from IL-2 control mol-
ecule–treated mice at doses of 1 mg/kg did not show increases in
total CD8+ T cells, Vβ13 CD8+ T cells, or granzyme B+ CD8+ T
cells (fig. S8C), in line with the lack of tumor growth inhibition
with the IL-2 control molecule in the EMT6 breast cancer model.

We found that selective depletion of Vβ13 T cells before treat-
ment completely abrogated the antitumor activity of mSTAR1302
in the EMT6 model (Fig. 4D), confirming the importance of the
de novo expansion of Vβ13 T cells. Similarly, depletion of either
CD8+ T cells or, to a lesser extent, CD4+ T cells also resulted in a
loss of mSTAR1302 antitumor activity. To investigate whether the
accumulation of Vβ13 T cells in tumors also promoted long-term
protective immunity, mSTAR1302-cured EMT6 mice were rechal-
lenged 100 days after initial challenge. In all cured EMT6 mice, no
tumor regrowth with EMT6 rechallenge was observed through 28
days without further mSTAR1302 treatment (Fig. 4E). In contrast,
cured EMT6 mice did not reject a simultaneous de novo challenge
with CT26 tumors in the opposite flank. These data suggest that
mSTAR1302 promotes T cell–mediated immunity and long-term
protection that is tumor specific. Moreover, the observed protective
immunity appeared to be CD8+ T cell dependent because depletion
of CD8+ T cells before tumor rechallenge resulted in EMT6 tumor
growth (Fig. 4E).

mSTAR1302 induces the expansion of Vβ13 effector
memory TILs with a distinct gene signature
To better understand the immune mechanisms that promote tumor
clearance by expanded Vβ13 T cells, we performed a comprehen-
sive, unbiased analysis of the EMT6 TIL transcriptome at the
singe-cell level. CD4+ and CD8+ gene expression (fig. S9A) was
weighted to assist for UMAP (Uniform Manifold Approximation
and Projection) Seurat clustering and cell type annotations. As illus-
trated in the UMAP plot (Fig. 5A), compared with TILs from PBS-

treated EMT6 mice, mSTAR1302 treatment remodeled the TIL
compartment with increases in CD8+ effector memory T cells
(TEM), CD8+ naïve T cells (TN), CD8+ effector T cells (TEFF), and
CD4+ T helper (TH) cells. In contrast, reductions in Tregs and CD8+
exhausted T cells were apparent after mSTAR1302 treatment. Of
note, most Vβ13 T cells [inferred here through expression of
Trbv13-2 and Trbv13-3 transcripts (fig. S9B)] mapped to the
CD8+ TEM cluster (fig. S9C), and quantification of cell numbers
further highlighted the remodeling of TILs in mSTAR1302-
treated mice (Fig. 5B). Consistent with flow cytometry data,
single-cell RNA sequencing (scRNA-seq) data showed increased
CD8:Treg ratios, CD8:CD4+ T cell ratios, and nonexhausted to ex-
hausted CD8+ T cell ratios in mice treated with mSTAR1302 com-
pared with PBS (Fig. 5C).

By comparing Vβ13 T cell subsets from mSTAR1302-treated
mice versus T cells from PBS-treated mice, we identified the
largest number of differentially expressed genes (DEGs) in CD8+
TEM cells, followed by CD8+ exhausted_1, CD4+ TH, Treg, and
CD8+ TEFF clusters (Fig. 5D). Volcano plots show individual
DEGs from these Vβ13 T cells with recurring genes labeled (fig.
S10). Analysis of genes consistently differentially expressed across
Vβ13 CD4+ and CD8+ T cell subsets identified a distinct gene sig-
nature (excluding ribosomal genes) specific for mSTAR1302 treat-
ment, as illustrated in the heatmap shown in Fig. 5E (see data file S1
for full differential gene expression details). This gene signature,
most pronounced in the CD8+ TEM cells, was characterized by
genes belonging to three distinct functional groups, including (i)
an up-regulation of T cell effector, memory, and cytotoxic genes,
principally Plac8, Il2ra, Ctla2a, Ly6c1/2, Gzma, and Gzmb; (ii)
down-regulation of genes associated with T cell exhaustion, such
as Tox, Nr4a1, Zeb2, and Rgs16 (21–23); and (iii) down-regulation
of repressors of TCR signaling, including Zfp36, Zfp36l1 (24), Cd6,
and Klf4 (25, 26) (Fig. 5F). The expression of several checkpoint
genes, such as Pdcd1, was also down-regulated in Vβ13 TILs after
mSTAR1302 treatment. To investigate the specificity of the 53-gene
signature identified in TILs frommice treated with mSTAR1302, we
compared these genes from our study with published scRNA-seq
data for IL-2, anti–PD-1 (16), and anti–PD-1–IL-2 mutein (IL-2v)
treatments (27) in comparable murine syngeneic models and in
similar CD8+ T cell subsets. Heatmaps for this 53-gene signature
across these studies illustrate the distinct nature of the
mSTAR1302-induced gene expression (fig. S11A). In a gene
overlap analysis restricted to those genes differentially expressed
(P < 0.01), only 2 of the 53 genes are regulated in the same direction
with IL-2 and 3 genes with anti–PD-1 treatment. The largest overlap
(21 genes out of 53) was observed when comparing to genes regu-
lated in CD8 “better effector” T cells in tumor-bearing mice treated
with an anti–PD-1–IL-2v bifunctional molecule (fig. S11B). Al-
though a very small decrease for one of the TCR repressor genes
(Zfp36l1) was seen in TILs isolated from tumor-bearing mice
treated with the anti–PD-1–IL-2v molecule, in general, the magni-
tude of decrease in TCR signaling repressor genes after mSTAR1302
treatment was not observed in the other published data sets (fig.
S11C). Together, these transcriptomic data suggest that
mSTAR1302 treatment induces a distinct shift in the pattern of
gene expression in Vβ13 TILs that promotes the acquisition of
highly active TEM and TEFF cell phenotypes that could be protected
from exhaustion and sensitized for TCR signaling.
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Fig. 4. mSTAR1302 induces tumor regression and protection from rechallenge in the EMT6 breast carcinoma model that is dependent on Vβ13 T cells. (A)
Antitumor activity of four treatments of mSTAR1302 (1 mg/kg once weekly) in EMT6 mice compared with control molecules (n = 8, data are presented as mean ±
SEM, significance was measured by one-way ANOVA with Brown-Forsythe and Welch tests, P < 0.0001). (B) Immunohistochemical staining of EMT6 tumors for CD8+ T
cells and granzyme B expression and (C) immunophenotyping of TILs isolated from EMT6 mice on day 14 after tumor implant. n = 4; data are presented as mean ± SEM;
significance was measured by one-way ANOVAwith Dunnett’s multiple comparisons test; ****P < 0.0001, ***P < 0.001, **P < 0.01, ns = not significant. MFI, mean fluor-
escence intensity. (D) Antitumor activity of mSTAR1302 in EMT6 mice with and without depleting anti-Vβ13, anti-CD8a (6 of 10 mice died due to immunogenicity from
depletion antibody treatment), or anti-CD4 (n = 10, data are presented as mean ± SEM, significance was measured by one-way ANOVAwith Brown-Forsythe and Welch
tests, P < 0.0001). (E) Cured EMT6 mice were rechallenged with EMT6 (orange curves) and CT26 (green curves) tumor cells in the absence of further treatment with
mSTAR1302 and monitored for 28 days (left). n = 9. The experiment in (E) was repeated in mice that were depleted of CD8+ T cells (right).
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Fig. 5. mSTAR1302 induces a distinct gene signature in CD4+ and CD8+ TILs from the EMT6 breast carcinoma model, as measured by scRNA-seq. (A) UMAP of
11,685 single CD4+ or CD8+ TILs isolated from EMT6 mice on day 14 after tumor implant after a single dose of mSTAR1302 (right) or PBS (left) from n = 5 mice pooled per
group. (B) Quantification (%) of cell subsets in EMT6 TILs from mice treated with PBS or mSTAR1302 and (C) quantification of Vβ13 T cells and indicated T cell ratios. (D)
Heatmap of the number of differentially expressed genes (DEGs) in TILs when comparing Vβ13+ subsets frommSTAR1302 versus all T cell subsets in PBS-treated mice. (E)
Heatmap of DEGs from the same samples as (D) constituting the gene signature in response to mSTAR1302 treatment compared with PBS across indicated T cell subsets.
Expression values scaled for each gene. (F) Violin plots of selected DEGs in the same samples as (D) comparing imputed gene expression for PBS- andmSTAR1302-treated
groups in CD8+ TEM cells.
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Fig. 6. mSTAR1302 increases TCR diversity in CD4+ and CD8+ Vβ TIL subsets from EMT6 breast carcinoma model. (A) The top plot shows clonal CDR3 counts for
targeted Vβ13 T cells (expressing Trbv13-2/3 transcripts) and nontargeted Vβ5 T cells (expressing Trbv5 transcripts) from EMT6 TILs. n = 4 mice pooled per group. The
lower bubble plots show total CDR3 counts and unique CDR3 sequences within the Trbv13-2/3 and Trbv5 genes in PBS- and mSTAR1302-treated groups (color indicates
clonal size; size indicates percentage of total CDR3 counts within respective Trbv genes; text within each bubble indicates number of unique CDR3 sequences). (B) TCR
diversity of TILs within Trbv13-2/3 or Trbv5 as in (A), calculated as inverse Simpson’s diversity index. (C) scRNA-seq UMAP indicating Trvb13-2/3 (red) and Trbv5 (purple) T
cells in TILs from PBS- (left) and mSTAR1302- (right) treated mice. (D) Ex vivo tumor antigen recall assay within Vβ13 CD8+ T cell splenocytes isolated from EMT6 tumor–
bearing mice that were treated weekly with 0, 0.5, 1, or 1.5 mg/kg mSTAR1302 and cocultured with EMT6 cell lysates for 16 hours to elicit T cell responses. B16F10 and
CT26 tumor cell lysates were used as negative controls. Responses were quantified by IFN-γ intracellular flow cytometry staining. n = 4 mice per group; significance was
measured by two-way ANOVA with Bonferroni’s multiple comparisons test; ***P < 0.001, **P < 0.01, *P < 0.05; data are presented as mean ± SEM.
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mSTAR1302 expands the TCR repertoire in TILs
To further understand the impact of mSTAR1302 treatment on
TCR repertoire usage in TILs, TCR sequencing of treated EMT6
TILs was performed. As shown in Fig. 6A and fig. S12A, TILs iso-
lated from PBS-treated EMT6 mice generally exhibited oligoclonal
TCRs, with a few dominant T cell clones sharing the same CDR3
sequence and most clones expressed within the Vβ5 and Vβ13
subsets. In contrast, TILs isolated from mSTAR1302-treated mice
showed an increase in the number of unique CDR3s with smaller
clonal sizes (indicating increased diversity of CDR3 repertoires)
in the expanded Vβ13 TIL population. In contrast, the non-Vβ13
T cells (e.g., Vβ5) that are not targeted by mSTAR1302 maintained
low TCR diversity with substantial single CDR3 clonal expansion.
The increase in diversity within Vβ13 T cells was also apparent
when plotting total CDR3 size versus unique CDR3 (Fig. 6A),
where counts are shown in a “bubble” plot for both Vβ13 and
Vβ5 TILs from mice treated with mSTAR1302 or PBS. TCR diver-
sity was also quantified using an inverse Simpson index that further
reflects the increased repertoire diversity associated with
mSTAR1302 (Fig. 6B). Although most Vβ13 T cells expanded by
mSTAR1302 were TEM cells, nontargeted Vβ5 cells were predomi-
nantly restricted to the CD8+ exhausted T cell cluster (Fig. 6C). To
further investigate the functional relevance of the observed increase
in TIL CDR3 TCR repertoire diversity, we performed an ex vivo
antigen recall assay on T cells isolated from spleens of EMT6
tumor–bearing mice treated with different doses of mSTAR1302.
Using naïve splenocytes as antigen-presenting cells, splenocytes
from mSTAR1302-treated EMT6 mice were cocultured with
EMT6 tumor cell lysates (B16F10 and CT26 tumor cell lysates
were used as negative controls) to explore the tumor specificity of
T cell responses using intracellular IFN-γ staining. Using this ex
vivo "recall" assay, robust T cell responses were observed in Vβ13
CD8+ T cells from mSTAR1302-treated animals challenged with
EMT6 tumor cell lysates, whereas no T cell activation was observed
in response to challenge with B16F10 or CT26 tumor cell lysates
(Fig. 6D). Consistent with the data from EMT6 TILs, TCR diversity
as determined by clonal sizes and the inverse Simpson index was
also increased substantially in Vβ13 T cells after mSTAR1302 treat-
ment of mice bearing either MC38 (fig. S12B) or CT26 tumors (fig.
S12C). This increase was not observed for mice treated with the IL-2
control molecule. Finally, to further confirm the repertoire of tumor
antigen-specific T cell responses within Vβ13 T cells, we stained
TILs isolated from mSTAR1302-treated CT26 tumors with major
histocompatibility complex (MHC) class I tetramers to the tumor
rejection antigen AH1/gp70 [a murine leukemia virus (MuLV) en-
velope protein] (28). Higher frequencies of AH1/gp70 tetramer+
CD8+ T cells were present in Vβ13 CD8+ T cells from
mSTAR1302-treated mice compared with PBS-treated mice, with
minimal frequencies of AH1/gp70-specific T cells present in non-
Vβ13 T cells (fig. S12D). Numerous antigen-specific TCR CDR3 se-
quences from AH1/gp70-specific murine T cells have been reported
previously (28, 29), and by matching these known sequences to
CDR3 sequences within the Vβ13 T cell repertoire from
mSTAR1302-treated mice, we identified 20 known AH1/gp70
CDR3 sequences that were not observed in Vβ13T cells from
PBS-treated mice (table S5). These data also support the possibility
that the observed increases in CDR3 repertoire diversity within ex-
panded Vβ13 T cells from mSTAR1302-treated mice represent an
expansion of the repertoire to dominant tumor antigens.

STAR0602 selectively expands target Vβ6 T cells in
nonhuman primates
To support the characterization of STAR0602 in nonhuman pri-
mates, cross-reactivity was confirmed by measuring the binding
of STAR0602 to purified cynomolgus Vβ6 TCR and IL-2R proteins.
STAR0602 bound to cynomolgus Vβ6-2 (4.9 nM), IL-2Rα (CD25,
48 nM), and IL-2Rβγ (3.3 nM) with high affinity that was similar to
binding with human Vβ6 TCR and IL-2R proteins (table S1). The
pharmacokinetics of a single intravenous dose of STAR0602 were
characterized by rapid nonlinear clearance over the dose range
tested (Fig. 7A and table S6). Despite this rapid clearance, sustained
expansion of target Vβ6/Vβ10 CD8+ T cells (two- to threefold in-
crease over baseline) and, to a lesser extent, CD4+ T cells was ob-
served in the blood of STAR0602-treated monkeys, peaking at day
6 after infusion (Fig. 7B). Limited to no expansion of FoxP3+ Tregs
was observed over a similar timeframe to the expansion of CD8+
and conventional CD4+ T cells. This Vβ6/Vβ10 lymphocytosis
was more profound in the CD8+ T cell compartment and was pre-
ceded by transient and reversible peripheral lymphopenia due to
tissue margination of activated T cells immediately after dosing.
The magnitude of Vβ6/Vβ10 T cell expansion observed in the
blood of monkeys was consistent with the magnitute of Vβ13 T
cell expansion associated with antitumor activity of mSTAR1302
in tumor-bearing mice. To confirm engagement of the IL-2R
pathway by STAR0602, pSTAT5 and soluble CD25 (sCD25) were
assessed in PBMCs and sera from treated monkeys. As expected,
pSTAT5 increased immediately after dosing with STAR0602, indi-
cating activation of the IL-2R pathway, with sCD25 concentrations
peaking at 48 hours after infusion (Fig. 7C). Finally, only moderate
cytokine release was observed in the blood of monkeys after infu-
sion of STAR0602 (Fig. 7D). Cytokine concentrations generally
peaked around 48 hours after STAR0602, with peak concentrations
of 0.4 ng/ml for IFN-γ, 0.7 ng/ml for IL-6, and 1.0 ng/ml for tumor
necrosis factor–α (TNF-α). Peak concentrations were generally 50 to
90% lower than in published reports of cytokine release in monkeys
administered a single intravenous dose of bispecific anti-CD3 anti-
bodies (30, 31). Regarding the potential for IL-2–related toxicities,
we also observed minimal increase in peripheral IL-5 concentra-
tions and eosinophils (28, 29), markers associated previously with
IL-2 toxicity (32), in monkeys dosed with 1 mg/kg STAR0602 (Fig.
7E). Similarly, no discernible changes in serum concentrations of
liver enzyme markers of IL-2–induced hepatic injury were observed
across 0.5 to 1.5 mg/kg STAR0602 doses (fig. S13), and no serious
toxicities, body weight loss, or deaths were observed after dosing of
intravenous STAR0602 in cynomolgus monkeys.

STAR0602 promotes the ex vivo expansion of human TILs
that kill patient-derived tumor organoids and expands
antigen-specific T cells
As shown in representative images from an ex vivo human tumor
organoid culture derived from a patient with rectal cancer,
STAR0602 promoted the expansion of human TILs (blue), effec-
tively reduced tumor organoid size (red), and increased the propor-
tion of dead tumor cells (green) (Fig. 8A). The frequency of Vβ6/
Vβ10 T cells varied among the four organoidmodels tested, ranging
from 6 to 28% of autologous TILs (Fig. 8B), with three of these
models being refractory to pembrolizumab (Fig. 8C). STAR0602 ef-
fectively reduced organoid size in three of fourmodels, one of which
was sensitive to pembrolizumab and two that were refractory to
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Fig. 7. STAR0602 selectively expands target Vβ6 T cells in nonhuman primates with moderate cytokine release. (A) STAR0602 serum concentrations after single
intravenous (IV) dosing in cynomolgus monkeys. LLOQ, lower limit of quantification. n = 2 (0.5 and 1.5 mg/kg) and n = 3 (1 mg/kg); data are presented as mean ± SEM. (B)
CD8+ and CD4+ Vβ6/Vβ10 T cell and Treg frequency in blood after single STAR0602 1 mg/kg intravenous dose; n = 3, data are presented as mean ± SEM. (C) Serum
concentrations of soluble CD25 and frequencies of pSTAT5+ CD8+ T cells after a single STAR0602 0.5 mg/kg intravenous dose; n = 6, data are presented as mean ±
SEM. (D) Serum concentrations of indicated cytokines after a single STAR0602 0.5-mg/kg intravenous dose; n = 6; data are presented as mean ± SEM. (E) IL-5 concen-
trations and eosinophil counts measured before and after a single STAR0602 1 mg/kg intravenous dose. The gray shaded region indicates the normal range of eosinophil
counts; n = 3; data are presented as mean ± SEM.
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Fig. 8. STAR0602 shows antitumor activity in an ex vivo human tumor organoid model and expands antigen-specific T cells. (A) High-content image of a human
rectal cancer organoid with autologous TILs incubated with STAR0602 (3 μg/ml), anti–PD-1 (pembrolizumab, 10 μg/ml), or isotype control (3 μg/ml) for 5 days. Immune
(blue), tumor (red), and dead (green) cells are shown. (B) Baseline Vβ6/Vβ10 T cell frequency in TILs from the four organoids. (C) Summary of cancer organoid killing across
four models (n = 4; data are presented as mean ± SEM of technical quadruplets; significancewasmeasured by one-way ANOVAwith Dunnett’s multiple comparisons test;
****P < 0.0001, **P < 0.01). (D) Ex vivo activation of HPV-16–specific T cells by STAR0602 in PBMCs from healthy donors (n = 7, data are presented as mean ± SEM, *P <
0.05). Significance was measured by the Wilcoxon signed rank test. (E) Ex vivo activation of HPV-16–specific T cells by STAR0602 in PBMCs from a patient with cervical
cancer. In (D) and (E), PBMCs were treated for 1 hour with 1 nM STAR0602, the isotype control, or media and then stimulated with HPV-16 peptides or a negative control
and stained for intracellular expression of IFN-γ, TNF-α, IL-2, and CD107a; multifunctional T cells were those positive for two or more among these markers tested.
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pembrolizumab (Fig. 8C). Furthermore, reduction of organoid size
was dependent on STAR0602 concentration and was not observed
with the IL-2 control molecule (fig. S14A).

Finally, we investigated the ability of STAR0602 to expand
human antigen-specific T cells in vitro. As shown in Fig. 8D,
STAR0602 expanded human papillomavirus-16 (HPV-16)–specific
CD4+ and CD8+ T cells when stimulated with HPV-16 peptides, as
evidenced by enhanced numbers of T cells producing IFN-γ, TNF-
α, and IL-2, as well as T cells positive for CD107a, compared with
the isotype control (Fig. 8D). This expansion was not observed with
the soluble anti-Vβ6/Vβ10 antibody control (fig. S14B). STAR0602
expanded both multifunctional CD4+ and CD8+ HPV-16–specific
T cells, defined as T cells positive for two or more of the functional
markers examined. Similar findings were observed in PBMCs from
a patient with cervical cancer. Here, STAR0602 increased the
number of HPV-16 CD4+ and CD8+ T cells producing IFN-γ and
multifunctional HPV-16 CD4+ and CD8+ T cells (Fig. 8E).

DISCUSSION
Antibody targeting of the TCR is an effective strategy to activate T
cells, which can be enhanced by engaging costimulatory signals
(33). Recent in vitro studies of plate-coated anti-Vβ TCR antibodies
highlight their utility in driving selective activation and expansion
of human T cells expressing different germline-encoded Vβ TCR
chains (18). Here, we extend those studies by testing a therapeutic
T cell activator (STAR0602) that achieves activation and expansion
of germline Vβ T cell subsets in solution and promotes potent an-
titumor activity.

To support the development of a pan-tumor T cell immunother-
apy, we designed STAR0602 to target Vβ6 T cell subsets, because
based on our assessment of Vβ6 TCR expression in TILs from
patient tumors and previously published data (11), Vβ6 T cells
are enriched in TILs relative to other Vβ subsets and are present
in all cancers. By gradually expanding this smaller subset of T
cells rather than activating all T cells as with agonist anti-CD3 an-
tibodies, we also hypothesized that adverse events associated with T
cell activation (e.g., cytokine release) might be reduced.

Our studies demonstrate that the STAR0602 molecule, compris-
ing monovalent binding to Vβ6 and Vβ10 TCRs, and IL-2 binding
to IL-2Rs, selectively activates and expands human Vβ6/Vβ10 T
cells wherein both arms are necessary for T cell activation. Prior
studies of TCR-activating antibodies suggest a requirement for
TCR cross-linking with multivalent antibodies or presentation on
a solid phase (34). However, we show here that, in solution, a mono-
valent TCR binding Fab fused to a cytokine ligand can robustly
stimulate both TCR and IL-2R signaling and recapitulate the T
cell characteristics induced by plate-coated anti-Vβ6 antibodies.
The precise mode of TCR engagement by STAR0602 remains to
be defined but may involve clustering of IL-2Rs with Vβ6 TCRs
on cellular lipid rafts or, alternatively, involve an allosteric mode
of TCR activation (35). STAR0602 also shows avidity-enhanced
binding of the IL-2 moiety in cis in an anti-Vβ TCR Fab-dependent
manner. Together with the approximately 100-fold reduction in IL-
2R signaling potency of STAR0602 observed in the pSTAT5 bioac-
tivity assay, these observations suggest restricted and conditional ac-
tivity of the IL-2 moiety of STAR0602 that may limit the potential
for idiosyncratic on-target/off-tissue IL-2 toxicity (19, 32) and may

explain why STAR0602 is well tolerated in mice and nonhuman pri-
mates at doses exceeding the maximum tolerated dose of rhIL-2.

The tumor regression observed in mice treated with the murine
surrogate molecule mSTAR1302 compared with PBS was durable,
with cures maintained through >100 days and long-term protection
from tumor rechallenge that was dependent on CD8+ T cells. It has
been suggested that the responsiveness of syngeneic mouse tumor
models to immunotherapy might be affected by either the mouse
strain used or environmental factors, such as mouse housing con-
ditions, that might modulate the murine microbiome (36, 37).
However, we observed consistent antitumor activity with
mSTAR1302 across six different tumor models and in several
models that were performed at different sites and with mice from
different vendors.

The infiltration of activated CD8+ granzyme B+ Vβ13 T cells into
the usually immune-excluded EMT6 tumors (38), and the loss of
antitumor activity with depletion of these cells, implicates the de
novo expansion of memory Vβ13 T cells in the antitumor activity
of mSTAR1302. The analysis of Seurat clusters from EMT6 TILs
further highlights the mSTAR1302-induced expansion of Vβ13 T
cells in murine tumors, with profound remodeling of the TIL com-
partment characterized by a substantial increase in Vβ13 CD8+ TEM
cells and a decrease in FoxP3+ Tregs. The predominance of this TEM
T cell phenotype in murine TILs stands in contrast to the phenotype
observed in STAR0602-stimulated human T cells in vitro, where
STAR0602 induced the selective expansion of Vβ6/Vβ10 T cells
that acquired a homogenous CD95+ CCR7+ CD45RA− TCM pheno-
type that was considered atypical because of the coexpression of cy-
totoxic and effector molecules, such as IFN-γ, granzyme B, and
CD25. However, these differences in T cell memory states across ex-
periments are likely due to the influence of the TME in in vivo
studies compared with in vitro studies and differences in the
timing of sampling between in vivo and in vitro assays. It is also
notable that, although small in numbers, TCM and other precursor
T cell subsets were observed in mSTAR1302-treated mice, whereas
they were almost absent in PBS-treated mice. A deeper analysis of
the transcriptome of these expanded Vβ13 T cells revealed a gene
signature characterized by up-regulation of Plac8, along with up-
regulation of Ctla2a, Il2ra, and the T cell memory/effector gene
Ly6c1 across numerous T cell subtypes. This signature suggests re-
programming to a mixed effector/memory phenotype reminiscent
of the phenotype induced in human T cells by STAR0602.

The role of Plac8 in T cell function is poorly understood but
appears to be critical for the development of effective CD8+
memory T cell responses to viral pathogens and the control of
TH1 CD4+ T cell responses (39). Recently, a similar gene signature
of Plac8, Ctla2a, Ly6c2, and Klrd1 was also associated with restora-
tion of CD4+ effector T cell responses in a murine model of chronic
infection and T cell exhaustion (40), suggesting relevance of this sig-
nature in promoting productive effector T cell responses. In con-
trast, the expression of genes associated with stem-like CD8+ T
cells, including Tcf7 and Pdcd1 (27, 41), and transcriptional regula-
tors of T cell exhaustion, such as Tox, Rgs16, and Nr4a1 (21–23),
was decreased in the expanded Vβ13 CD8+ TEM population.

Reduced expression of several TCR regulatory genes, including
the RNA binding repressor proteins Zfp36 and Zfp36l1 (24, 42) and
other TCR signaling repressors (e.g., Cd6 and Klf4) that control the
tempo of T cell activation (25, 26), suggests that derepression of
TCR signaling by mSTAR1302 might also be a mechanism
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through which expanded Vβ TILs achieve higher effector potentials.
The regulation of these TCR signaling repressor genes appears to be
a distinct feature of the action of mSTAR1302, because few to no
changes in these genes were found in a comparative analysis of pub-
lished transcriptomic data from analogous CD8+ T cell subsets in
mouse models treated with other T cell–directed immunotherapies,
including anti–PD-1, IL-2 (16), or a bifunctional anti–PD-1–IL-2
mutein molecule (27).

Together with the increases in CDR3 repertoire diversity, these
data suggest that mSTAR1302 antitumor activity is mediated by the
expansion of a clonally diverse population of Vβ13 CD8+ effector
memory T cells and CD4+ TH1 memory T cells. This apparent
clonal “revival” within expanded Vβ13 TILs suggests either expan-
sion of low-abundance tumor-resident T cells or clonal replacement
through expansion and infiltration of Vβ13 T cell precursors from
other T cell niches. In contrast, response to anti–PD-1 therapy in
humans is associated with limited expansion of mainly precursor
exhausted T cells (TEXP) with modest clonal revival or replacement
associated with clinical response (43, 44), suggesting that the expan-
sion of clonally enriched Vβ TEM TILs might support the potential
for improved antitumor activity of STAR0602 compared with
CPI therapy.

In tumor-bearing mice, the two- to threefold expansion of Vβ13
T cells in blood and tumor tissue was shown to be a critical deter-
minant of the antitumor activity of mSTAR1302. Thus, the selective
expansion of Vβ6/Vβ10 T cells at a similar magnitude in the blood
of monkeys dosed with intravenous STAR0602 supports the poten-
tial for translation of the antitumor activity observed in mice into
humans. Moreover, although translation of cytokine release profiles
from monkeys to humans is relatively poor, the limited and delayed
cytokine release observed inmonkeys and limited expression of bio-
markers of IL-2 toxicity suggests the potential for a more workable
therapeutic index than observed with rhIL-2 and other T cell engag-
ers (31).

Because the antitumor activity of STAR0602 is likely to be linked
to expansion and remodeling of endogenous tumor antigen-specific
T cell responses, the translational pharmacology of STAR0602 was
assessed in ex vivo human tumor organoid models with intact (au-
tologous) human TIL responses, rather than xenogeneic humanized
mouse models. In these organoids, STAR0602 effectively expanded
and converted tumor-resident, antigen-specific Vβ6/Vβ10 T cells
into more productive effectors that potently killed tumor cells to a
much greater extent than treatment with the anti–PD-1 antibody
pembrolizumab. This effect was further extended by in vitro
studies demonstrating that human HPV-16–specific T cells from
both a patient with cancer and healthy donors were boosted in
the presence of STAR0602.

Given the putative STAR0602 mechanism of activating and ex-
panding endogenous, antigen-specific T cell responses, we used im-
munocompetent (syngeneic) tumor-bearing mouse models rather
than xenogeneic models with human tumors and engrafted alloge-
neic human PBMCs. Although these syngeneic models are very
useful, they have limitations. For example, unlike advanced
tumors identified in humans, murine tumors are highly homoge-
neous and engrafted into mice with naive immune systems that
readily respond to the undefined and highly immunogenic determi-
nants on tumor cell lines. Moreover, the use of fully murine models
necessitated testing with a murine surrogate molecule,
mSTAR1302, that, although of the same design and in vitro

pharmacology to STAR0602, might have subtly different in vivo
properties by virtue of targeting murine Vβ13 T cells compared
with human Vβ6 T cells. Although the phenotypic changes to Vβ
TILs were extensively assessed, we did not explore the role of
tumor-intrinsic factors, such as the impact of changes in antigen-
presenting machinery, which warrant further study. Finally,
whether Vβ T cells are predominantly expanded within the tumor
or at other sites (e.g., tumor-draining lymph nodes or blood) and
then traffic to the tumor remains to be elucidated but is likely to
be an important component of the mechanism of action.

Using therapeutic antibodies to selectively expand Vβ T cell
subsets and thereby modulate the germline TCR repertoire is a dis-
tinct modality of T cell activation. Although, by convention, the dis-
tinct Vβ and Vα genes are thought to be semi-randomly
incorporated into TCRs (9), the observed usage of V genes across
the human TCR repertoire is not entirely stochastic, as reflected
by skewed usage of certain V genes in TILs from large cohorts of
patients with cancer (11) and in T cell responses to various infec-
tious pathogens (45). Such skewing in V gene usage likely reflects
selection bias on certain CDR1 and CDR2 sequences, because of
either linkage to MHC alleles (46) and non-MHC antigen-present-
ing molecules (47) or the direct involvement of these regions in
antigen recognition (48). Thus, in addition to the pan-tumor ap-
proach described here, the use of anti-Vβ antibody therapeutics
to modulate T cells with common V genes has broad application
across different diseases, including the possibility of modulating
germline-dominant antigen-specific T cell responses in cancer
and infectious diseases, modulating T cell subsets expressing invari-
ant and semi-invariant TCRs, and deploying combinations of anti-
Vβ therapeutics. By incorporating different costimulatory factors
into this bifunctional antibody format, further tuning of T cell re-
sponses could also be envisaged.

Because STAR0602 achieves antitumor activity through a dis-
tinct mechanism to existing immunotherapies, future studies
should be considered to determine its potential for combination
with CPIs, vaccines, chemotherapy, and other small-molecule tar-
geted therapies. However, the studies of STAR0602 in vitro, in non-
human primates, and in primary patient-derived organoids, and of
mSTAR1302 in several syngeneic murine models described here,
support further investigations of STAR0602 in humans. It is
evident that much work needs to be performed to define optimal
use of STAR0602 in humans, including dose and schedule. There-
fore, a phase 1/2 first-in-human, open-label, dose escalation and ex-
pansion study of STAR0602 (NCT05592626) in patients with
advanced metastatic cancer has recently commenced. Collectively,
our data suggest that STAR0602 may provide a well-tolerated, off-
the-shelf T cell immunotherapy with enhanced antitumor activity
in cancer patients.

MATERIALS AND METHODS
Study design
The objective of this study was to develop a bispecific antibody
fusion molecule that selectively targets certain TCR β chains and
induces T cell activation, expansion, and antitumor activity.
Using the bifunctional STAR0602molecule comprising an antibody
targeting Vβ6/10 T cells fused to human IL-2 and murine surrogate
molecule (mSTAR1302) of the same design targeting Vβ13 T cells,
we investigated the primary pharmacology, selectivity,
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immunology, and antitumor activity across a range of in vitro and in
vivomodels. All constructs were produced and purified at Marengo.
Human patient-derived organoid and syngeneic mouse models
were used to evaluate the antitumor activity of these molecules,
and scRNA-seq was performed on TILs isolated from mouse
tumors treated with mSTAR1302. Finally, the in vivo pharmacology
and immunology of single intravenous doses of STAR0602 were in-
vestigated in cynomolgus monkeys. All animal experiments were
performed in compliance with established ethical regulations and
were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) at CRADL (Charles River Accelerator & Develop-
ment Lab).

Statistical analysis
Primary data are presented in data file S2. Data were analyzed in
GraphPad Prism 9 software. Data with two groups were analyzed
by unpaired Student’s t test or Wilcoxon match-pairs signed rank
test. Data with multiple groups were analyzed by one-way analysis
of variance (ANOVA) with Brown-Forsythe Welch tests, Dunnett’s
multiple comparisons test, or two-way ANOVA with Bonferroni’s
multiple comparisons test. Survival curves were analyzed by log-
rank (Mantel-Cox) test. Data are shown as mean ± SEM. Signifi-
cance is shown as ****P < 0.0001, ***P < 0.001, **P < 0.01, *P <
0.05, or ns = not significant. Outliers were not excluded for any
of the analyses. Experiments repeated more than once in indepen-
dent experiments with similar results and symbol representations
are defined in legends. Technical replicates are indicated in
legends where used. n represents the number of biologic replicates
(animals or sample sizes).
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Materials and Methods
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