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Abstract

Designing effective anti-leukemic immunotherapy will require understanding mechanisms
underlying tumor control or resistance. Here we report a mechanism of escape from immunologic
targeting in an acute myeloid leukemia (AML) patient, who relapsed one year following
immunotherapy with engineered T cells expressing a human leukocyte antigen A*02 (HLA-A2)
restricted T cell receptor (TCR) specific for a Wilms’ Tumor Antigen 1 epitope, WT1126.134,
(Ttcr-ca)- Resistance occurred despite persistence of functional therapeutic T cells and
continuous expression of WT-1 and HLA-A2 by the patient’s AML cells. Analysis of the
recurrent AML revealed expression of the standard proteasome, but limited expression of the
immunoproteasome, specifically the beta-subunit 1i (B1i), which is required for presentation of
WT1126.134- An analysis of a second patient treated with Ttcr.ca demonstrated specific loss

of AML cells co-expressing B1i and WT1. To determine if the WT1 protein continued to be
processed and presented in the absence of immunoproteasome processing, we identified and
tested a TCR targeting an alternative, HLA-A2 restricted WT137_45 epitope, that was generated
by immunoproteasome deficient cells, including WT1-expressing solid tumor lines. T cells
expressing this TCR (Tycrar-45) Killed the first patients’ relapsed AML resistant to WT112¢.134
targeting, as well as other primary AML, in vitro. Ttcrs7.45 controlled solid tumor lines

lacking immunoproteasome subunits both in vitro and in an NSG mouse model. As proteasome
composition can vary in AML, defining and preferentially targeting such proteasome-independent
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epitopes may maximize therapeutic efficacy and potentially circumvent AML immune evasion by
proteasome-related immunoediting.

One Sentence Summary:

Targeting the alternate Wilms Tumor-1 (WT1) epitope WT137.45 circumvents engineered T cell
receptor gene therapy resistance in acute myeloid leukemia.

Introduction

Allogenic hematopoietic cell transplant (HCT) can cure some patients with high-risk acute
myeloid leukemia (AML), which is largely a result of donor T cells eliminating leukemia

by recognizing minor histocompatibility antigens or less commonly leukemia-associated
antigens (1). This graft-versus-leukemia (GVL) effect is sporadic, entirely reliant on donor
immune cells recognizing differences between host and donor cells, and is not predictable
pre-HCT. Leukemic relapse post-HCT remains the leading cause of death, especially in
patients who enter HCT with features of high-risk AML, in part due to the inability to ensure
a GVL effect.

Adoptive therapy can provide T cells re-directed towards defined tumor-associated antigens.
Most notably, T cells engineered with chimeric antigen receptors (CARS) targeting surface
proteins, such as CD19 or B cell maturation antigen (BCMA\), have shown stunning clinical
results in B cell malignancies (2), but identifying AML surface proteins that are unique

or safely targetable remains a challenge (3). By contrast, T cell receptors (TCRs) can
recognize a broader set of peptides, which can be derived from intracellular and surface
proteins (4). To achieve consistent antileukemic activity, we sought to target Wilms’ Tumor
Antigen 1 (WT1), an intracellular transcription factor overexpressed in most leukemic cells
but lowly expressed in normal adult tissues (5). Although not routinely present in peptide
elution sets (6), suggesting that there may not be abundant presentation of the processed
peptide, the WT1156.134 peptide was successfully eluted from a human leukocyte antigen
(HLA)-A*02:01 leukemia, confirming presentation (7). T cells targeting WT1126.134 have
contributed to maintenance of sustained complete responses in vaccine trials and exhibited
a direct anti-leukemic effect in our group’s prior clinical study in which donor-derived
WT1-specific CD8* T cell clones were transferred into patients post-HCT (5, 8, 9).

Based on these results, we isolated a high affinity TCR (TCR-C4) restricted to HLA-
A*02:01 and specific for the WT112¢.134 epitope and cloned it into a clinically-validated
lentiviral vector. Donor Epstein Barr Virus (EBV)-specific CD8* T cells were selected

as substrates to both minimize risk of graft-versus-host disease (GVHD) and enhance
survival of therapeutic cells — EBV-specific CD8* T cells were transduced with TCR-C4
(T1cr-ca) (10) (NCT01640301). Following prophylactic administration to patients with
HLA-matched high-risk AML post-HCT, Ttcr-c4 demonstrated in vivo persistence and
sustained remissions were achieved in all patients despite risk of relapse that exceeded 50%
(10). However, a formal assessment of direct Ttcr-ca anti-tumor activity was challenging as
leukemia was undetectable at the time of Tycr.c4 transfer.

Sci Transl Med. Author manuscript; available in PMC 2022 August 09.
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By re-directing T cell recognition towards a known tumor epitope, adoptive therapy

trials offer the added benefit of limiting the tumor-T cell interaction to a defined target.
Paradoxically, the requirements for a therapeutic response can often be better elucidated
not in patients with complete sustained responses, but rather in patients whose tumors
acquire resistance to the immune intervention. This can reveal critical response and evasion
mechanisms (11).

Tumor escape after CAR T cell infusions has commonly reflected loss of the targeted
antigen epitope from the cell surface (12). For TCR-mediated interventions, this is best
paralleled by loss of expression of the targeted antigen or the HLA-restricting-allele (13).
HLA loss has rarely been associated with post-HCT relapse in AML (13) and WT1 mutation
was not a major contributor to immune escape in patients with AML who received WT1
peptide vaccination (14) or infusions of clonal WT1-specific T cells in our previous study
(9). Instead, and specific to targeted TCR-T cell therapy, presentation of the targeted

epitope can be impacted by proteasome processing (15). Indeed, the TCR¢4-targeted epitope
(WT1126-134) is reliant on the immunoproteasome (IP) (16), the dominant isoform in
hemopoietic cells (17).

To investigate potential mechanisms of AML resistance to Ttcr-ca, ONe patient was
identified who relapsed after a second transplant. This patient experienced an apparent
sustained remission after receiving Ttcr-ca, but then relapsed one year later despite large
numbers of persistent transferred Tcr.c4 cells. We performed high-dimensional analysis of
the persistent T cells and recurrent AML, which confirmed Tycgr-c4 Were functional and that
AML continued to express both restricting HLA Class | allele (HLA-A*02) and unmutated
WTL. Further in-depth analysis and observations in a second patient who received Ttcr-c4
with circulating WT1* AML point to a previously undescribed mechanism of in vivo

AML escape from a targeted T cell response, involving changes in antigen-processing

of the targeted epitope. We then pursued an alternative HLA-A*02:01-restricted epitope,
WT137.45, which is less susceptible to the observed mechanism of resistance and thus
represents a promising TCR-T cell immunotherapy target. Our data underscore the necessity
of elucidating acquired resistance mechanisms to inform rational design of more effective
TCR-T cell therapies not only for AML, but for immunotherapy more broadly.

An unusual clinical course warrants deeper investigation.

A 27-year-old patient developed recurrent AML with both extramedullary chloromas and
minimal residual disease (MRD) in the bone marrow 7 months after receiving a second
matched, unrelated donor HCT for relapsed refractory disease (Fig. 1A and Supplementary
Methods). The patient was treated with local radiation and systemic salvage chemotherapy,
which achieved remission as evidenced by no evaluable disease (NED), and then received
an infusion of donor-derived Ttcr-c4 0On this study (10). Based on the history of relapsing
after a second allo-HCT, he was at extremely high risk of early relapse and death, as AML
relapse post-HCT is associated with a median survival of about 3 months (18). Surprisingly,
the patient remained in remission without further therapy for 368 days before exhibiting
recurrent AML with both a bladder chloroma and flow-cytometric evidence of MRD (0.04%
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AML cells) in the bone marrow. He then received reinduction chemotherapy followed by

a second TycRr-ca infusion on day 471 after the 15t infusion with T cells derived from the
same pool of transduced cells originally infused, but the leukemia continued to relentlessly
progress. This unusual clinical course with a long 1-year remission after multiple relapses
led us to investigate potential immunologically related mechanisms of remission and relapse.

Phenotypically similar, functional Ttcr.c4 persist through remission and relapse.

Both infusions of 1010 T1cr.ca/m? (on days 0 and 471) were administered without prior
lymphodepleting chemotherapy. Ttcr-c4 in peripheral blood reached peak frequencies of
8.2% and 56% of CD8" T cells after the 15t and 2" infusion, respectively (Fig. 1B and
Supplementary Methods). Overall, Ttcr-c4 frequency remained above 3% with sustained,
robust absolute Tycr.ca counts (fig. SLA). Comparable high Ttcr-c4 frequencies were
observed in the bone marrow at days 28 and 368 (Fig. 1B, green circles). These high
proportions of persistent transferred Ttcr-ca are analogous to results obtained in patients
who received Ttcgr.ca post-HCT prophylactically to prevent relapse (10). Both infusion
products were expanded immediately prior to infusion from identical pre-infusion aliquots.
Infusions primarily (>75%) consisted of a single expanded clonotype that also comprised
majority of persistent Ttcr.ca after both infusions (Fig. 1C and fig. S1B). Ttcr-c4 Surface
expression of memory-associated markers (CD45R0O, CD27, CD28, and CD62L (19))
remained similar after both Ttcgr.c4 infusions (Fig. 1D, fig. S2A). Ex vivo analysis of
recovered Trcr-c4 revealed the cells were functional, maintaining cytokine production in
response to targets presenting the cognate WT1496.134 peptide during the period of apparent
remission (day 114) and in the context of progressive AML (day 70 or day 541 after the 2"d
or 18tinfusion, respectively) (Fig. 1E, fig. S2B).

Single-cell RNA sequencing revealed that the Ttcr.cs4 transcriptome during remission was
compatible with recent activation.

To investigate if transcriptomes of circulating Ttcr.c4 differed between clinical remission
and relapse, single-cell RNA sequencing (scRNAseq) (20) was performed on available
peripheral blood mononuclear cells (PBMCs) 100 days after the 15t Ttcg.c4 infusion
(remission) and 110 days after the 2"d infusion (relapse), which represents 581 days after the
18t infusion (Fig. 1B, dotted red lines). Data were generated from a single sequencing run
containing both samples, reads were aggregated together, and clusters were delineated (Fig.
2A, fig. S3) and then visualized separately, based on barcodes unique to the timepoint (Fig.
2B). Surprisingly, during clinical remission, CD8* cells grouped into 2 separate and distinct
clusters in an unsupervised transcriptional profile analysis (Fig. 2C, light blue and purple
clusters), but the light blue cluster was nearly absent at relapse (Fig. 2D). During remission,
96% of Ttcr-ca as identified by TCR-C4 transgene expression, were grouped in the light
blue cluster whereas endogenous CD8* T cells grouped in the purple cluster (Fig. 2E). In
contrast, during relapse in the presence of circulating blasts, 91% of Ttcr.ca grouped with
the purple endogenous CD8* cells (Fig. 2F). To probe for differences between Ttcgr.ca at
remission and relapse, an unsupervised differential gene expression analysis was performed.
The top 10 significantly differentially expressed genes (p<0.05 and logFC >llog,(1.5)1)
showed Ttcgr-c4 cells at remission had higher expression of genes associated with T cell
activation, including lymphotoxin-p [L75], granzyme K [GZMK], human leukocyte antigen
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(HLA)-DR [HLA-DR)] and CD74 [CD74], which mediates assembly and trafficking of HLA
class Il complexes (Fig. 2G) (21-24). Gene set analysis of effector cytokine/chemokine
genes (25) (interferon (IFN)-y [/FNG], C-X-C motif chemokine receptor 1 [CX3CR1],

C-C motif chemokine ligand 5 [ CCL5] and tumor necrosis factor alpha (TNF-a) [ 7/VA]),
cytolytic effector genes (25) (granzymes A [ GZMA], B [GZMB] and H [GZMH] and
perforin [ PRFI]), activation/proliferation genes (26) (Jun proto-oncogene [JUN], Fos proto-
oncogene [FOS], CD69 [CD69], nuclear receptor subfamily 4 group A member 1 [NR4A1],
interleukin (IL)-2 receptor subunit gamma [/L2RG], and IL-2 receptor subunit alpha
[/L2RA]) and activation/exhaustion genes (programmed cell death receptor-1 [PDCD1], T-
Cell immunoreceptor with Ig and ITIM domains, [ 7/G/7], lymphocyte activating 3 [LAG3],
and cytotoxic T-lymphocyte associated protein 4, [ CTLA4]) were significantly enriched in
Trcr-ca at remission versus relapse (p=2.98 x 1078, p=3.25 x 1073, p=2.11 x 102 and
p=1.87 x 1074 respectively) (Fig. 2H), suggesting repetitive stimulation or activation during
remission. Although not every gene in each composite gene-set was individually statistically
significant, each of the total gene-sets were significantly different. For example, expression
of IFN-y and TNF-a assessed individually did not achieve statistical significance (p >0.01,
p >0.01 respectively) but were significant as part of the effector cytokine/chemokine gene-
set (p =2.98 x 1078), which may reflect both the known decline in expression of these genes
after dissociation from the activating signal (27) and potential decline of polyfunctionality
from repetitive activation events.

Furthermore, comparison of endogenous CD8" T cells from the same sample to remission
Trcr-c4 transcriptomes again revealed significant enrichment for the effector cytokine/
chemokine, activation/proliferation, and activation/exhaustion gene-sets in Ttcr-c4 (p=4.89
x 1072, p=4.89 x 1072 and p=0.007 respectively) (fig. S4), suggesting the profile represents
antigen-specific events rather than global T cell activation in the host. As previously
evidenced, Ttcr-c4 remained functional at both timepoints (Fig. 1E), consistent with the

T cells being in an activated but not exhausted state. The differences in gene expression
(log2-fold change) observed at remission between Ttcr.c4 and endogenous cells were lost
at relapse (fig. S5).

As Ttcr-c4 also contains an endogenous EBV-specific TCR, the patient was screened for
evidence of EBV reactivation as a potential explanation for T cell activation. Very few
copies of the EBV viral genome was detected immediately after the first Tycr.c4 infusion
(10), but none were detected by day 7 or at serial timepoints thereafter (table S1). The results
suggest Ttcr-c4 May have lysed and eliminated an EBV reservoir shortly after infusion.
The possibility of a low degree of EBV antigen presentation leading to signaling through
the endogenous EBV-specific TCR cannot be eliminated and could explain T cell activation
during the prolonged period of clinical remission. However, the latter appears unlikely, as
Ttcr-c4 nO longer exhibited evidence of activation at relapse, a time when systemic illness
might be more likely to lead to EBV reactivation. This further infers that Tycr.c4 at relapse
were not responding to leukemia or a low degree of EBV antigen. Consequently, we next
evaluated the antigenicity of the patient’s leukemia.

Sci Transl Med. Author manuscript; available in PMC 2022 August 09.
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AML during relapse expressed both unmutated WT1 and HLA-A*02:01.

AML samples for immunohistochemistry (IHC) were obtained from a bone marrow aspirate
during relapse after the first allo-HCT and prior to the first Ttcr-ca infusion (Fig. 3A and
B), from a bladder chloroma at the time of relapse after the 15t Ttcg.c4 infusion (Fig. 3A
and C), and from a bone marrow aspirate 71 days after the 2" Tcr_c4 infusion (Fig. 3A
and D). All specimens showed abundant WT1 protein expression in the majority (>90%)
of leukemic blasts (Fig. 3B to D). Clinical-grade next-generation sequencing performed

at relapse after Ttcgr.ca (day 58 after the 214 Trcg_c4 infusion) found no WT1 sequence
mutations (see Supplementary Methods). However, CD8* T cells were not enriched in the
chloroma (Fig. 3C), consistent with the lack of an effective T cell response at relapse. To
assess potential differences in epitope presentation, HLA class | protein expression was
evaluated. On AML prior to the second HCT, IHC could be performed only for total HLA
class | expression, which was positive (Fig. 3B). HLA-A expression was evaluable in the
cervical chloroma at relapse before any Tcr.c4 infusions, using bulk RNA sequencing

on residual clinical material from an archival formalin fixed, paraffin embedded (FFPE)
specimen. As a control, HLA-A was also analyzed from PBMC obtained 110 days after
the 2"d T1cR.ca infusion (the same sample on which scRNAseq was performed). HLA-A
expression was detected in these samples (Fig. 3E), both of which contained greater than
89% AML. As a note, the NanoString platform utilized permitted only probing for HLA-A
and not for a specific allele (see Supplementary Methods). However, HLA-A2 expression
was directly evaluable on relapsed AML cells present in PBMCs obtained 110 days after
the 2"d T1cg-ca infusion (Fig. 3F). The presence of HLA class | at all time points,

and specifically of HLA-A2 at the last relapse, suggests that HLA-A*02:01 expression
was retained throughout the disease. The expression of both unmutated target protein and
restricting HLA allele at late relapse excludes antigen loss or mutation as well as restricting
HLA loss or downregulation as the cause of AML immune escape in the presence of
abundant, potentially reactive, functional Ttcr-ca.

scRNAseq revealed relapsed AML after Ttcr.c4 infusions had low expression of
immunoproteasome subunits.

We next investigated antigen processing components in relapsed AML after Ttcr-ca
infusions to account for the presumed failure of recognition. Evaluation by scRNAseq of the
top 100 significant differentially expressed genes (p<0.05 and logFC>Ilogy(1.5)1) in AML
versus non-AML hematopoietic cells (in the same sample) revealed that the AML cells had
significantly (p<0.01 and logFC=-0.99) lower expression of the immunoproteasome subunit
gene Bli [PSMBY) (Fig. 3G, red arrow), which was confirmed by very low to undetectable
B1i protein incorporation in relapsed AML (fig. S6).

Due to the absence of a viably frozen pre-treatment AML sample, it was difficult to
directly assess if this patient’s leukemia expressed the immunoproteasome before Ttcr.ca
targeting WT1126.134 Were initially infused. Therefore, we used residual clinical material
from the cervical chloroma FFPE specimen (before the 15t Ttcr.c4 administration) and
PBMCs obtained 110 days after the 2" T1cg.c4 infusion (Fig. 3E) to assess changes in
proteasome subunit expression. Compared to pre-Ttcr-ca, AML post-Ttcr.c4 had more
transcripts encoding proteins ubiquitously present in the caps of all 26S proteasomes

Sci Transl Med. Author manuscript; available in PMC 2022 August 09.
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(ATPase 2 [PSMCZ] and non-ATPase 7 [PSMD?]) (Fig. 3H, black bars), suggesting
comparatively increased total proteasome in AML post-Ttcr-ca (15). However, AML
post-Ttcr-ca had less transcripts associated with the immunoproteasome subunits, B5i
[PSMBSE] (fold change —0.14) and B1i [PSMBY] (fold change —0.67), which would

restrict immunoproteasome formation. Although B2i [PSMB10] was not decreased (fold
change +0.25), its incorporation into an immunoproteasome requires B1i, as its presence
alone cannot drive immunoproteasome formation (Fig. 3H, blue bars) (28). In contrast,
although 1 was unavailable for assessment (see Supplementary Methods), an increase in 2
[PSMB?] (fold change +0.63) and minimal change in g5 [PSMB5] (fold change —-0.1) was
detected, suggesting that the AML may have preferentially formed the standard proteasome
(Fig. 3H, purplebars). The decrease in p1i resulted in minimally detectable transcripts in
the post-Trcr-ca specimen (Fig. S6), confirmed by absent B1i protein expression (fig. S7).
Furthermore, expression of transcripts encoding proteins constituting the active proteolytic
site of the immunoproteasome (B5i [PSMBS], pli [PSMBY, and B2i [PSMB10]) were
significantly (p<0.01) decreased, whereas those constituting the active proteolytic site of
the standard proteasome (B5 [PSMB3], B1 [PSMB6] and B2 [PSBM?]) were significantly
increased (p<0.01) in the AML cells compared to other hematopoietic cells (Fig. 3I).
Likewise, the frequency of cells expressing immunoproteasome subunits pli [PSMBY), and
B2i [PSMB10] were markedly lower in the relapsed AML, whereas the frequency of cells
expressing standard proteasome subunits B5 [PSMBS5], p1 [PSMB6] and B2 [PSBM7] was
increased compared to other hematopoietic cells. Immunoproteasome subunit B5i [PSMBS],
however, opposed this trend with 50% of relapsed AML cells expressing the transcript
compared to 28% of other hematopoietic cells. Reduced [PSMBY] expression was not a
result of gene mutation, as whole exome sequencing on the relapsed AML did not reveal
any pathogenic mutations in PSMB9I (See Supplementary Methods). Moreover, the relapsed
AML retained similar expression of IFN-y response genes as other cells in the PBMCs,
suggesting cytokine responsiveness remained intact (fig. S8).

To confirm that PSMB3 is required for WT1496.134 processing and Tycr-ca

recognition, Ttcr-ca Were co-cultured with cells lines genetically modified to express

the immunoproteasome, standard proteasome, an intermediate proteasome with a

single immunoproteasome subunit (B5i, B1, B2, (sIP)), or an intermediate with two
immunoproteasome subunits (B5i, B1i, B2, (dIP)) (29). Indeed, Tycr-c4 Were found to only
recognize cell lines expressing proteasome isoforms containing p1i (Fig. 3J).

To assess whether low PSMB9 may be present in other AML specimens, which would
suggest this may be a more common phenomenon, we compared the relapsed leukemia to
data from six normal-donor mobilized peripheral blood stem cell samples and 38 enriched
primary AML blast samples obtained from the Fred Hutch-University of Washington
Hematopoietic Diseases Repository. PSMBI (B1i) RNA expression in this patient’s relapse
AML was markedly lower compared to other AML specimens, but this reduction was not
rare, as eight other AMLs also had low PSMB9expression (Fig. 3K). With the caveat

that adequate AML cells prior to the final relapse were unavailable for detailed analysis,
these data suggests that the absence of B1i in this patient’s AML at relapse may have
compromised recognition by Ttcr-cas-

Sci Transl Med. Author manuscript; available in PMC 2022 August 09.
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T1cr-ca preferentially eliminates WT1* AML blasts co-expressing PSMB9.

A second patient (Patient 2) on this trial was identified who received Ttcr-c4 and had
blasts available before and after T cell infusion (Fig. 4A and Supplementary Methods). This
patient’s AML constituted 70.2% of PBMC:s at the time of Tycgr.c4 infusion. Although the
absolute blast count moderately decreased immediately after infusion, the AML eventually
progressed despite persistence of Ttcr.ca at greater than 3% of peripheral CD8* T

cells, and he succumbed to progressive disease 15 days after transfer (Fig. 4B, fig. S9).
ScRNAseq on PBMCs obtained before Ttcr-c4 infusion showed the AML blasts were
heterogenous and formed seven leukemic clusters (Fig. 4C, fig. S10), all expressing one or
more of the AML-associated genes CD34, CCND1, CDK®6, FLT3, NPM1 and RUNXI(Fig.
4D, Fig. S11). Five days after infusion, clusters “AML Blasts 2” and “AML Blasts 3”
decreased whereas clusters “AML Blasts 1” and “monocytic AML1"” expanded (Fig. 4E).
The expression of AML-associated genes was unchanged (fig. S11). HLA-A also remained
expressed (Fig. 4F). However, the frequency of WT1-expressing cells decreased from 27%
to 2.5% after Ttcr-ca €xposure, with the most noticeable reduction in the two clusters that
expressed the highest abundance of WT1 (Fig. 4G, top, corresponding to “AML Blasts

2” and “MAL Blasts 3” in Fig. 4C and E) WT1 loss was confirmed by IHC (Fig. 4G,
bottom). PSMB3-expressing AML cells were detected after Ttcr-c4 (Fig. 4H). In all blast
populations expressing WT1 and B1i, but especially in the expanding clusters (*AML Blasts
1” and “monocytic AMLL1"), only the proportion of cells that co-expressed WT1 and B1li
(PSMBY) was reduced after Ttcr-c4 exposure (25.1% to 1.3% or a 19-fold reduction),
whereas the proportion of cells that only expressed WT1 remained proportionately similar
(24.6% to 28.6%) (Fig. 41 and J). These data support the hypothesis that Tycr.c4 €xposure
only efficiently eliminates WT1* blasts that also express p1li.

Targeting WT137.45 can overcome an absence of WT1 immunoproteasome processing and
expand therapeutic potential to solid tumors.

Identifying epitopes not requiring a specific proteasome isoform might avoid potential
immunotherapy resistance and thereby broaden the clinical translation of targeting WT1.
We therefore investigated whether targeting alternative HLA-A*02:01-restricted WT1
epitopes could have a therapeutic potential towards AML with low proteasome expression,
presumed resistant to Ttcr-c4, or solid tumors that generally lack immunoproteasome
processing. We generated T cell lines from 15 healthy donors (two shown) recognizing
eight previously described HLA-A*02:01-restricted WT1 epitopes (Fig. 5A) (30). Our
screen identified WT137_45 (also identified by Ruggiero et al.(31)) and WT1535.043 as
promising immunogenic candidates. Cell lines targeting WT137.45 and WT1535.043 Were
sorted on tetramer positivity (Fig. 5B) and assessed for reactivity towards the HLA-A*02:01
transfected, WT1* K562 cell line which primarily expresses the standard proteasome

and is not lysed by T cells targeting WT1126.134 (Fig. 5C and D) (16). A high affinity
TCR reactive to WT137.45 (TCR37.45) was isolated from the cell lines and inserted into

a lentiviral backbone (see Supplementary Methods). CD8* T cells expressing TCR37.45
(TTcRr37-45) recognized (fig. S12) and lysed HLA-A2- and WT1-transduced HEK-293

cell lines (endogenous standard proteasome expression) engineered or not to express the
immunoproteasome (Fig. 5E and F, see Supplementary Methods) (29). Of note, WT1
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expression was not uniform in the cells from the WT1-transduced immunoproteasome
and standard proteasome cell lines (Fig. 5F), which limited the maximal lytic activity
achieved in this assay. CD8" T cells expressing either TCR¢4 or TCR37.45 lysed HLA-
A2*WT1*primary AML cells (Fig. 5G), but only TCR37.45 induced caspase 3 cleavage in
the first patient’s relapsed, Ttcr-ca-resistant AML (Fig. 5H). Furthermore, only TCR37.45
reduced growth of the WT1 expressing solid tumor cell lines PANC-1 (32) and HLA-
A*02:01-transduced MDA-MD-683 (33) in a live tumor visualization assay (Fig. 51, see
Supplementary Methods). Exposing the PANC-1 cell line to IFN-+y for 48 hours increased
B1i expression (fig. S13A) and enhanced recognition by TCR¢4 (fig. S13B).

In anticipation of targeting WT137_45 for future clinical translation in both solid and liquid
tumors, we sought to maximize the clinical efficacy by also modeling the engagement

of both CD4* and CD8™ T cells, as has proven efficient for CAR T cells approaches

with a 1:1 ratio CD8*:CD4™" (34). Antigen-specific CD4* T cells, restricted by HLA

class 11, enhance CD8" T cell survival, proliferation and function (35). As HLA class

Il expression is not always expressed by tumors (36), an alternative is to impart tumor
recognition to CD4* T cells through expression of a class I-restricted TCR that would
co-localize engineered CD8* and CD4* T cells on the same tumor target without requiring
HLA class 1l expression. Although high affinity TCRs can engage CD4* T cells without
CD8ap binding, TCRs with such high affinity are rarely detectable, especially for targeting
self-proteins such as WT1 (37). To engineer functional CD4* T cells targeting WT137.45
we incorporated CD8ap along with TCR37.45 into a lentiviral vector (see Supplementary
Methods). Transduction with this vector generated cells with additional CD8 on the surface
yielding ‘enhanced’ CD8* T cells (eCD8%) and CD4" T cells co-expressing CD8 and

CD4 (double positive CD4*, dpCD4%). We next assessed the relative contribution of the
CD8af to the function of CD8" and CD4™* T cells individually and in combination by
intentionally decreasing the effector to target ratio from 10:1 to 4:1 and repetitively adding
tumor cells to “stress” the engineered T cells. Increased expression of CD8af did not
substantially improve tumor control by eCD8" cells compared to TCR-transduced CD8*

T cells (Fig. 5J), but dpCD4* did mediate a sustained antitumor response, whereas CD4*

T cells transduced with the TCR alone were ineffective (Fig 5K). Furthermore, a 1:1
mixture of eCD8*/dpCD4" Ttcra7-45 cells more effectively controlled both solid tumor cell
lines, PANC-1 and HLA-A*02:01-transduced MDA-MB-468, than either eCD8* or dpCD4*
Ttcrs7-45 cells alone (Fig. 5L). Of note, none of these combinations were effective in
clearing PANC-1 targets when CD8af3 was added to TCR¢4 in CD4* and CD8* T cells,
suggesting the addition of CD8ap does not rescue reactivity in the context of limited antigen
processing (fig. S14). DpCD4* T cells, when compared to eCD8* T cells alone, generally
secreted abundant inflammatory cytokines (IFN-y, TNF-a, IL-2), cytokines associated with
a helper function (IL-6, IL-17, and IL-21) or a Th2 response (IL-4, IL-13) and limited
IL-10 associated with regulatory function (38). Although co-cultures of eCD8*/dpCD4*
resulted in less abundant cytokines compared to dpCD4* T cells alone, all cytokines, except
for IL-6, were significantly (p <0.01) greater for eCD8*/dpCD4* than for eCD8* T cells
alone suggesting cytokines secreted by dpCD4" in co-culture may have provided support
for the effector function of eCD8* T cells (fig. S15). Together, these in vitro data suggest
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TCRs targeting WT137.45 might be efficient against AMLSs and solid tumors with limited
immunoproteasome expression (15).

In a murine model, Ttcr37-45 cells but not Ttcr-c4 cells reduced the tumor burden of
PANC-1, a solid tumor with limited B1i.

We next investigated whether eCD8*/dpCD4* T7cr37.45could reduce the burden of
established PANC-1 tumors, which incorporate limited p1i into the proteasome without
prolonged exposure to IFN-y (fig. S13A). We used a NOD-scid IL2Rgamma™!! (NSG)
mouse model with established PANC-1 tumors to compare the activity of eCD8*/dpCD4*
With T1cRra7-45 OF TTcr-ca OF irrelevant control ( 7rcg_i,) (Fig. 6A). Indeed, eCD8*/dpCD4*
TrcRra7-45 effectively reduced detectable tumor in 4 of 5 mice, but Tycr.c4 and Ttcrairr

did not (Fig. 6B and C). Thus, Ttcrs7-45 Was the only transduced T cell that significantly

(p =0.03) reduced PANC-1 tumor compared to tumor alone (Fig. 6D). Moreover, eCD8*/
dpCD4* T1cRr-37-45 T cells also controlled PANC-1 tumor outgrowth (P<0.0001) in a
‘preventive’ NSG mouse model (fig. S16).

Discussion

Here, we show evidence pointing to a previously undescribed mechanism of AML resistance
to immunologic targeting that is proteasome-dependent. Proteasomes are responsible for the
degradation of proteins into peptides subsequently presented by HLA class | molecules, and
the enzymatic composition of the proteasome can determine precisely which peptides are
presented (39). In our first clinical case, escape under the immunologic pressure of a focused
antigen-specific T cell response may have resulted in selection of leukemic cells with altered
protein processing machinery that abrogated presentation of the targeted epitope.

The standard proteasome is expressed in all somatic cells and contains a catalytic core
composed of three enzymatic subunits (1, B2, and p5). The immunoproteasome, by
contrast, is expressed in hematopoietic cells and can be induced in most somatic cells by
IFN-y. It has a different catalytic core comprised of distinct enzymatic p-subunits (B1i, f2i,
and B5i). The immunoproteasome and standard proteasome each produce a broad spectrum
of peptides, including many identical peptides, but the immunoproteasome produces a more
diverse set of peptides that are generally considered more immunogenic (39). Proteasomes
assemble in a cooperative fashion. Subunits f2i and p1i are mutually incorporated into

the pro-form of the proteasome and promote subsequent incorporation of g5i to form a
functional immunoproteasome (28). In the absence of B2i and B1i, B2 is incorporated which
inhibits p2i incorporation and prompts standard proteasome formation through incorporation
of B5 then p1 (40). Formation of immunoproteasome is more efficient and takes precedence
over standard proteasome formation, which is evident by the dominant presence of intact
immunoproteasomes in cells that express the catalytic components of both proteasome types
(40, 41). Unlike solid tumors that preferentially express the standard proteasome, AML and
other hematopoietic cells generally express the immunoproteasome predominantly, and thus
largely display peptides that have been processed by the immunoproteasome (42). As the
WT106.134 Peptide appears to be exquisitely dependent on the presence of 1i as an integral
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part of the immunoproteasome, processing of this epitope would be severely hampered
following loss or downregulation of p1i

The proteolytic machinery of tumor cells has been shown to impact the outcome of
epitope-specific immunotherapies, and immunoproteasome deficiency is a feature of limited
response to immunotherapy in solid tumors (43, 44). For example, a MAGE-A3 HLA-B40
restricted peptide was previously shown to be exclusively presented by immunoproteasome-
expressing tumor cells (45), and the targeted WT1426.134 €pitope was shown to be poorly or
not presented by solid tumor lines (16). By contrast, efficient presentation of the melanoma-
antigen 1 (MARTL) epitope, MART15¢.35, and of a renal cell carcinoma antigen, depends on
standard proteasome processing and is obstructed by induction of the immunoproteasome,
which no longer produces these epitopes and thus paradoxically can allow tumors to evade
elimination by antigen-specific T cells that are producing IFN-y following target recognition
(46). Alternative processing defects can also be responsible for tumor evasion. In mice that
lack expression of the endoplasmic reticulum aminopeptidase 1 (ERAP1), a component of
the antigen processing machinery that trims peptides in the ER to fit in the binding groove of
HLA class | molecules, HLA class I-positive, IFN-y-responsive tumors progressed despite
the presence of functional, antigen-specific cytotoxic T lymphocytes due to failure to present
trimming-dependent epitopes (47). Consistent with our results, these findings highlight how
changes in a tumor cell’s antigen processing machinery can disrupt immune recognition,
particularly if a single epitope is targeted.

Our study has limitations and raises questions that warrant future elucidation. We only
observed one such ‘resistant’ case in this small initial trial and no additional HLA-A2*,
WT1*, PSMBJ°" primary AMLs could be obtained from our repository. Thus, no
conclusions can be derived as to the frequency of this mechanism either under natural
immunologic pressure or as a result of immunotherapy. The infused Ttcr-ca also contained
their endogenous EBV-specific TCR, and signaling through this receptor cannot be formally
excluded as an explanation for the activation signature observed at remission. The timing

of the clinical sampling for the first patient and the unavailable ‘fresh” leukemia prior to
Ttcr-c4 infusion, hampered the ability to unequivocally demonstrate the recurrence was
due to B1li loss. Although we observed a roughly 60% reduction in PSMB9transcripts post
Ttcr-ca (Fig. 3H, Supplementary Methods), the unavailability of ‘fresh’ leukemia before
Ttcr-c4 infusion did not allow for a direct comparison of incorporated proteasome subunits
before and after Ttcr.c4 by immunoblot. The presence of other leukemias with low Bli
and the progression of the second patient’s AML with reduced WT1/B1i co-expression
after Ttcr-c4 Suggests there are many other potential obstacles to efficacy with engineered
T cells. Establishing a murine model that can recapitulate loss of pli as a result of
immunological pressure or more generally the study of AML in the presence of T cell
infusions to investigate escape mechanisms is warranted, especially as TCR gene therapy
becomes more common.

The results underscore the importance of epitope selection for T cell therapy or vaccination
strategies, in which the goal is to enhance the magnitude of T cell responses to selected
epitopes (48). In particular, epitopes commonly identified in public databases reflect
responses to epitopes expressed by target cells in inflammatory conditions or presented by
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professional antigen-presenting cells, both of which likely express the immunoproteasome,
which can lead to selection of potentially sub-optimal targets. In the face of tumor
heterogeneity, strategies targeting multiple proteins or epitopes using engineered T cells
will likely be necessary. Targeting epitopes efficiently processed by both the standard
proteasome and immunoproteasome may also increase the chances of circumventing
proteasome-dependent immune-evasion (15). We pursued the latter strategy in searching
for an epitope not exclusively dependent on the immunoproteasome. Our results suggest
that selecting T cells/TCRs recognizing WT137.45 (See also, Ruggiero et al.(31)) rather
than WT11,6.134 should assure that changes in the relative immunoproteasome expression
cannot abrogate presentation of WT1-expressing cells and allow for immune evasion, thus
promoting successful clinical translation both for vaccines and TCR-engineered T cell
therapies.

Materials and Methods:

Study Design.

The goal of this study was to uncover the molecular mechanisms underlying observed
clinical relapse for two patients treated with Ttcr-c4 in arm two of this clinical trial
(NCT1640301) (10). Both patients presented with circulating AML in the presence of
persisting therapeutic Ttcr.c4 T cells. First, SSRNAseq was performed on both patients at
two time points relevant to their respective clinical courses (as materials allowed). This
facilitated simultaneous investigation of immune cells and leukemic cells for potential
mechanisms of evasion in an unbiased fashion. Patient 1 showed a marked decrease in
PSMB9 expression, a subunit of the immunoproteasome complex known to be necessary for
generation of the WT1126.134 peptide suggesting a probable mechanism of immune-evasion.
Subsequent experiments were aimed at validating this hypothesis and determining which
immunoproteasome B-subunits were critical for generating WT1126.134. We then sought

to find an alternative TCR not reliant on immunoproteasome subunits for presentation.
Additional peptides were screened for immunogenicity from fifteen donors and candidate
TCRs were tested for ability to lyse the immunoproteasome deficient, WT1* leukemia line,
K562. The resulting TCR recognized WT137.45 (TTcr37-45)- Next, we tested the ability of
TtcRr37-45 t0 recognize Patient 1’°s relapsed leukemia. Finally, we investigated the efficacy
of Ttcrs7-45 in an immunoproteasome deficient solid tumor model, in vitro and in vivo.
Female, NSG (Jackson Laboratory, 005557) mice six to eight weeks of age were used in
our in vivo studies. Mice in our preventative model (n = 10, n=5 in each group) were
randomly assigned a treatment group prior to Ttcrs7-45 infusion, which was administered
by researchers in our group. Mice enrolled in our treatment study (n = 32) were randomly
assigned a treatment group after tumor was detected. Our pre-established exclusion criteria
excluded mice without detectable tumor leaving 18 mice included in our study, which were
randomly divided in to four groups. Tumor burden was measured in each group prior to
infusion to confirm there was no significant difference between groups (p = 0.64) and
assessed each week thereafter. T cell infusions were administrated by core facility in this
blinded study. Fold change in tumor was calculated by dividing the total flux detected on
week eight by the total flux detected on week two immediately prior to T cell infusion.
ARRIVE guidelines were followed for in vivo studies.
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Statistical Analysis.

A variety of statistical methods were used in this investigation requiring a specific

test depending on the data type. Each test is described in the respective section of

the supplementary materials where the technique was used. Briefly, all non-sequencing
statistical analyses were done using GraphPad Prism. For in vitro comparisons of TCRs
(Ttcr-c4, TTCR37-45 TTCR-Irr- Versus tumor/AML alone), a one-way analysis of variance
(ANOVA) with Tukey multiple comparisons was used after normal data distribution was
determined by a Shapiro-Wilk test. For our mouse model in vivo comparisons of TCRs
(Ttcr-c4, TTCR37-45, TTCR-Irr- Versus tumor/AML alone), a one-way ANOVA with Tukey’s
multiple comparison test was used to confirm there was no significant difference between
the groups prior to infusion and, post-therapy, a Kruskal-Wallis test for non-parametric data
was used. For comparisons of Ttcr37-45 to tumor alone, a two-tailed t test was used. For
scRNAseq, significance thresholds were set a priori at a threshold of false discovery rate of
5% and positive or negative fold change > log2(1.5).

Data and materials availability:

All data associated with this paper are in the paper or supplementary materials and the
clinical protocol is available upon request. All requests for raw data, code, and materials are
promptly reviewed by the Fred Hutchinson cancer Research Center to verify if the request

is subject to any intellectual property confidential obligations. WT1-specific TCRs are
available from Fred Hutchinson Cancer Research Center under a material transfer agreement
for preclinical research purposes only. Patient-related data not included in the paper were
generated as part of a clinical trial and may be subject to patient confidentiality. Any

data and materials that can be shared will be released via a Material Transfer Agreement.
PBMC scRNAseq is available at the National Center for Biotechnology Information Gene
Expression Omnibus (NCBI GEO) Accession number: GSE190501. R code used to generate
the UMAP plots and perform data analysis was performed with Seurat software packages;
this is described and referenced in the corresponding supplementary materials and methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: TTcr-c4 persist and remain functional in the presence of relapsed AML.
(A) Timeline of patient’s treatment regimens. Chemo, chemotherapy; radiation, radiation

therapy; IT, intrathecal; NED, no evidence of disease; CNS, central nervous system. (B)
Percent multimer* of CD8* T cells in PBMCs (solid circles) and bone marrow (green
circles) collected before and at defined timepoints after Ttcr-c4 infusions are shown. The
orange shaded area indicates presence of AML. Dotted red lines represent days 100 and 110
(or day 581 after the 15%) after 15t and 2" infusion respectively. (C) Pie charts representing
individual clonotypes composing the pre-infusion Ttcr-ca product (left) and at indicated
timepoints (right) after both infusions are shown. (D) Percent expression of CD45R0,
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CD27, CD28 and CD62L on infusion products (bar graphs to the left) and at days 4, 42,
114, 289, 393, 478, 508 and 542 after the 15t infusion (graphs to the right) are shown.

The three last timepoints are also days 7, 35 and 71 after the second infusion. Timing of
infusions are indicated by black arrows. (E) Percent expression of IFN-y, TNF-a and IL-2
(functional markers) in response to ex vivo stimulation WT1126.134 peptide (1nM) during
remission (day 114 after 15t infusion) and relapse (day 581 after 15t infusion, day 110 after
2"d). Maximum and minimal cytokine expression following exposure to Staphylococcal
enterotoxin B (SEB) and dimethylsufoxide (DMSO) are shown for each cytokine.
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Fig. 2: TTcr-c4 present an activated transcriptional profile during remission but not during

relapse.

(A) UMAP visualization of PBMCs from both the remission (100 days after 15t infusion)
and relapse (110 days after the second infusion or 581 days after the 1%t (red dotted

lines Fig. 1A) samples are visualized together (see Supplementary Methods). PBMCs
(n=7704) clustered into populations as indicated by labels. Clustering biostatistical analysis
is described in Supplementary Methods and representative marker genes are shown in fig.
S3. (B) UMAP visualization of the separated PBMCs obtained at remission (left) and
relapse (right). (C) Close-ups are shown for clusters containing T cells during remission
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with identification of two (light blue and purple) distinct CD8* T cell clusters based on their
transcriptional programs. (D) Close-ups are shown for clusters containing T cells during
relapse revealing the CD8* T cells are predominantly in the purple cluster. (E) Localization
of Ttcr-ca (dark blue dots) cells during remission is shown. (F) Localization of Ttcr.ca
(dark blue dots) cells during relapse is shown. Percentage of the total Ttcr-ca cells in each
cluster are indicated. (G) The heat map shows the 10 most differentially expressed genes
(DEG) comparing Ttcr-ca during remission (n=501) to those during relapse (n=33). (H)
Analysis of gene-sets representing effector cytokines, cytolytic effector genes activation,
and exhaustion genes were compared in Ttcr-c4 during remission (light blue) and relapse
(darker blue), with each transcript in the gene-set shown as a violin plot. The shape of the
violin displays frequencies of values. Model-based Analysis of Single Cell Transcriptomics
(MAST) was used to determine the significance shown above each plot. Significance
thresholds were set a priori at a threshold of false discovery rate of 5% and positive or
negative fold change > log2(1.5).
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Fig. 3: Reduced immunoproteasome expression isobserved in relapsed AML.
(A) The timeline shows occurrence of bone marrow aspirate, myeloid chloroma, or

blood obtained relative to the timeline of successive therapies. Presence of AML is

indicated in orange. (B) Pre-Ttcr-c4 AML Hematoxylin and Eosin (H&E) (top panel),
immunohistochemistry (IHC) of WT1 expression (middle panel) and HLA class | expression
(bottom panel) is shown. Scale bars are 50 um. (C) H&E (top panel), WT1 IHC expression
(middle panel) and CD3 infiltration (bottom panel) is shown for bladder chloroma obtained
early post-Ttcr-ca relapse. Scale bars are 100 um. (D) Post-Ttcr.ca AML H&E (top

panel) and WT1 IHC (bottom panel) are shown. Scale bars are 100 um. (E) Normalized
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counts (y-axis) of bulk RNA expression of HLA-A obtained from the pre-Ttcr-c4 cervical
chloroma and a post-Ttcr-ca PBMC sample are shown, both containing greater than

89% AML. (F) HLA-A2 protein expression was detected by flow cytometry of the post-
Ttcr-c4 blood. MFI, median fluorescence intensity. (G) The heat map shows the top

100 significantly differentially expressed genes (DEG) (p <0.05 and logFC>llogy(1.5)I)
comparing AML (n=2,447) during relapse after T cell therapy to other cells in the sample
(n=306). The red arrow indicates immunoproteasome (IP) subunit p1i [PSBMY] (H) The
plot shows the fold change (y axis) of transcripts encoding proteasome cap ([PSMCZ] and
[PSMD2; black bars), IP (B5i [PSMBS], Bli [PSMBY] and p2i [PSMB10]; blue bars)

and standard proteasome (SP) (B5 [PSMB5], and B2 [PSMB?; purple bars) sub-units
comparing expression in the post-Tycr.c4 obtained from PBMCs to pre-Ttcr.c4a AML
obtained from a chloroma FFPE sample. B1 [PSMB6] was not available in the commercial
RNA probe-set utilized. Bold dotted line indicates 50% change over baseline. (1) Expression
of transcripts encoding genes constituting the active proteolytic site of the IP (B5i [PSMBS],
Bli [PSMB9I]and B2i [PSMB10)) and the SP (B5 [PSMB5], B1 [PSMB6] and B2 [PSMB7))
are shown at relapse comparing AML (n=2,447, orange) and other non-malignant cells
(n=306, green) in the sample. Frequencies of cells with the detectable transcript are shown
to the right of each violin plot. P values are indicated as well as the log2 fold change.
Positive values indicate increased and negative decreased expression in AML. MAST was
used to determine significance shown above each plot. Significance thresholds were set a
priori at a threshold of false discovery rate of 5% and positive or negative fold change >
log2(1.5)). (J) TNF-a production (pg/mL) was measured from T cells expressing TCR¢4
cultured with cells expressing a specific proteasome isoform and transfected with varying
amounts of WT1 cDNA (29) or pulsed with WT14,4.134 peptide as a positive control.

Data are presented as mean + standard deviation. (K) RNAseq on viable leukemic blasts
shows expression of genes constituting the active proteolytic site of the IP (B5i [PSMBS],
Bli [PSMBY]and B2i [PSMB10)) in peripheral blood stem cells obtained from healthy
donors (n=6, light gray), primary AML samples obtained from the Fred Hutch-University
of Washington Hematopoietic Diseases Repository (black, n=38) and the patient (red, n=1).
Box and whisker plot represents median, interquartile and range. Dots represent individual
patient samples.
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is shown for scRNAseq on PBMCs from both before (D+0, n=7,381) Ttcr-c4 infusion and

5 days post 15t infusion (D+5, n=3,319) (red dotted lines shown in Fig. 4B) aggregated
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into a single UMAP (top) or as individual time points (bottom, D+0 left and D+5 right).
(D to 1) UMAP of AML clusters on D+0 (left) or D+5 (right) are shown. (D) Expression
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of AML specific markers CD34, CCND1, CDK6, FLT3, NPM1, RUNX1 are shown. (E)
Relative proportions of AML clusters at D+0 and D+5 are shown. (F) Expression of the
gene encoding HLA-A is shown. (G) Expression of W71 transcripts from peripheral AML
(top panel) and immunohistochemistry (bottom panel) of WT1 protein performed on a
bone marrow biopsy (D+0) and a PBMC cell pellet (D+5) are shown. (H) Expression of
immunoproteasome gene Bli (PSMBY) is shown. (I) Co-expression of W71 and PSMB9
is shown. (J) The bar graph shows the percent of cells that express WT1 only (pink bars)
or WT1 and B1i ([PSMB9)) (purple bars) before (D+0) and after (D+5) Ttcr-c4 infusion.
Percent values are indicated above each column.
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Fig. 5: Identification of an alternate HL A-A*02:01-restricted WT1 peptide (WT137.45 ) which is
not dependent on immunoproteasome processing.

(A) Ten CD8* T cell lines from 2 HLA-A*02:01-expressing healthy donors were generated
against 8 candidate HLA-A*02:01-binding WT1 peptides (x-axis). Each cell line’s ability
to produce IFN-vy following stimulation with the immunoproteasome-deficient but WT1*
HLA-A*02:01-transduced K562 cell line at an E: T of 1:1 was assessed. Peptides were
considered to have elicited high reactivity from donor T cells as measured by MFI

(above the arbitrary threshold of 6000) for the IFN-vy positive cells. (B) Representative
flow plots show CD8* T cell lines targeting WT137.45 or WT1235.243 that were sorted
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using the corresponding tetramers. (C) Sorted T cell lines targeting WT137.45 had the
highest comparative reactivity, assessed by IFN-y MFI, when cultured with HLA A*02:01-
tansduced K562 cells. TCRs targeting WT137.45 were isolated from T cells in these lines.
Data are presented as median with the interquartile range. All data points are shown. (D)
Lysis of K562 + expression of HLA-A*02:01 by CD8* T cells from a healthy donor
transduced with TCR4 or a TCR targeting WT137.45 (TCR\wT1-37-45 #1) confirmed that
expression of the WT137_45 peptide was not dependent on IP processing. Error bars show
standard deviation of triplicate wells. (E) The immunoblot shows protein expression of
catalytic proteasome subunits in HEK-293 (endogenous SP expression) + engineering to
express the IP. (F) Percent lysis (y-axis) is shown for IP/SP-skewed HEK-293 cells lines
by CD8* T cells transduced to express either TCR¢4 (blue lines), TCR37.45 (red lines) and
untransduced CD8* T cells (black lines) at indicated effector to target (E:T) ratios (x-axis).
Inset depicts WT1 IHC of IP/SP HEK-293 cells transduced with WT1-and HLA-A*02:01.
IP/SP cell lines demonstrate heterogeneity of WT1 expression. Error bars show standard
deviation of triplicate wells. (G) Percent lysis (y-axis) of a primary leukemia by CD8" T
cells transduced to express either an irrelevant TCR (TCR;yy.; black lines), TCR¢4 (blue
lines) or TCR37.45 (red lines) is shown. (H) Percent AML cells expressing cleaved caspase 3
(cl-caspase 3, y-axis) is shown for Patient 1’s relapsed AML either alone (gray) or cultured
with CD8* T cells with the endogenous TCR removed using CRISPR-Cas9 and transduced
to express TCR;j,. (black), TCR¢4 (blue), or TCR37.45 (red). Error bars show standard
deviation of triplicate wells. (1) Growth kinetics are shown for WT1* cell lines PANC-1 and
HLA-A*02:01-transduced MDA-MD-468 in live tumor-visualization assay in the absence
(gray lines), or presence of CD8* T cells transduced to express either TCR¢4 (blue lines)
or TCR37.45 (red lines). Effector to target (E:T) ratio of 10:1 was used and arrows indicate
addition of tumor cells to culture. Standard error of triplicate wells are shown. (Jto L)
Growth kinetics are shown for WT1* cell lines PANC-1 and HLA-A*02:01-transduced
MDA-MB-468 in live tumor-visualization assay in the absence (gray lines), or presence of
TTcRr37-45 cells. (J) CD8* T cells were transduced with only TCR37.45 (light-blue line) or
a poly-cistronic construct containing TCR37.45 and CD8a (red line, eCD8*). (K) CD4* T
cells were transduced with only TCR37.45 (blue line) or a poly-cistronic construct containing
TCR37.45 and CD8ap (green line, dpCD4*). (L) A comparison of eCD8* alone (red line),
dpCD4* alone (green line) or eCD8*/dpCD4™ in combination (1:1 ratio, purple line) is
shown. For all conditions, arrows indicate addition of tumor cells to culture. Standard

error of triplicate wells are shown. 4:1 E:T ratio, total T cells was kept consistent for all
conditions.
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Fig 6: TTcRr37-45 cellsreduce PANC-1 solid tumor burden in an NSG mouse model.
(A) Schematic for NSG experimental treatment model. (N=2) Data from one of two

biological replicates is shown. (B) Bioluminescence images of mice are shown at weeks

1, 2, and 8 post PANC-1)¢, injection. All mice had detectable tumors at the time of adoptive
transfer. (C) Total flux (p/s) for each treatment group was measured over time: Tumor (No
T cells, n=5); Ttcr37-45 (0=5); T1cr-c4 (N=4) T1cr-1r- (N=4). (D) Fold change relative

to baseline (Week 1) at week 8 is shown for each treatment group. Data in (D) were
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analyzed by a Kruskal-Wallis test for non-parametric data. n.s., not significant. Horizontal
bars indicate the mean.
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