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Abstract

Cancers eventually kill hosts even when infiltrated by cancer-specific T cells. We examined
whether cancer-specific T cell receptors of CD4* T cells (CD4TCRs) from tumor-bearing hosts
can be exploited for adoptive TCR therapy. We focused on CD4TCRs targeting an autochthonous
mutant neoantigen that is only presented by stroma surrounding the MHC class-11 negative cancer
cells. The 11 most common tetramer-sorted CD4TCRs were tested using TCR-engineered CD4*
T cells. Three TCRs were characterized by convergent recombination for which multiple T cell
clonotypes differed in their nucleotide sequences but encoded identical TCR a- and p-chains.
These preferentially selected TCRs destroyed tumors equally well and halted progression through
reprogramming of the tumor stroma. TCRs represented by single T cell clonotypes were similarly
effective only if they shared CDR elements with preferentially selected TCRs in both a- and
B-chains. Selecting candidate TCRs based on these characteristics can help identify TCRs that are
potentially therapeutically effective.

One-sentence summary:

Selecting candidate TCRs based on convergent recombination can help identify TCRs with
potential therapeutic efficacy.

INTRODUCTION:

Somatic mutations cause cancer and therefore are found in all types of malignancies (1).
Many of these mutations represent non-synonymous single nucleotide variants (nsSSNVs)

in tumor DNA, absent from the germline genome. These nsSNVs cause single amino acid
substitutions, are the basis of individually distinct (“unique”) tumor-specific antigens (2,

3) and are targetable by adoptive transfer of mutation-specific T cells (2). These mutation-
encoded, tumor-specific antigens are now usually referred to as “neoantigens”. Findings
from patients treated with immune checkpoint inhibitors (ICI) or adoptively transferred
tumor infiltrating lymphocytes (TIL) support the notion that these neoantigens are effective
T cell targets in humans (4). Unfortunately, such immunotherapies achieve long-term
survival only in a fraction of patients with certain types of cancers, and relapse remains
common (5, 6). ICI and TIL therapies seem to rely on converting the endogenous tumor-
specific T cells into an active, tumor-killing state. However, reactivated T cells may return to
an inactive state once re-exposed to the cancer cells and the tumor microenvironment (7, 8).

An alternative approach, now also being applied in humans (9, 10), is to isolate T cell
receptors (TCRs) from neoantigen-specific CD8" T cells (CD8TCRs) and express these
CD8TCRs in healthy T cells from peripheral blood for adoptive transfer. Indeed, neoantigen-
specific CD8TCR-engineered T cells can eliminate large, established solid tumors in mice
after adoptive T cell transfer (11, 12). However, the targeted neoantigen needs to be
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artificially overexpressed for eradication whereas cancer cells expressing the unmanipulated
autochthonous neoantigen regularly escape immune-mediated destruction (11).

Some clinical data using neoantigen-specific TILs suggest the potential use of CD4*

T cells in immunotherapy (13-15). TIL populations usually consist of various effector
cells, and it has been unclear from clinical studies whether one or multiple TCRs of

tumor infiltrating CD4* T cells (CD4TCRs) are sufficient for effective immunotherapy.

We have shown recently that a single CD4TCR expressed by engineered CD4* T cells

can destroy established tumors when targeting an unmanipulated autochthonous neoantigen
(16). However, it remains unclear how to predict therapeutic efficacy of CD4TCRs from a
polyclonal T cell response of a tumor-bearing host (mouse and human), and how effective
CDATCRs mediate tumor destruction when used in adoptive therapy settings.

Here, we use the autochthonous and syngeneic UV-induced cancer cell model 6132A (17)

to explore the selection of therapeutically effective neoantigen-specific CD4ATCRs isolated
from tumors and/or peripheral blood of cancer-bearing mice. Among the 11 most frequently
occurring CD4ATCRs, three TCRs were each made by multiple T cell clonotypes (18)
differing in their a- and B-chain nucleotide sequences but encoding identical amino acid
sequences, which is also referred to as convergent recombination (19). Adoptive transfer

of T cells engineered with either one of these preferentially selected TCRs (20) resulted in
destruction of aggressively growing tumors and the reprogramming of its stroma. This effect
was dependent solely on stroma recognition, and not on direct cancer cell targeting. The
other eight TCRs, represented by single T cell clonotypes were only effective therapeutically
when they shared CDR elements with at least one preferentially selected TCR in both
chains. Thus, our study identifies characteristics of neoantigen-specific CD4TCRs that can
help to predict therapeutic efficacy against progressing solid tumors.

Hosts with progressing tumors respond with multiple CD4* T cell receptors to an
immunodominant neoantigen.

6132A cancer cells harbor an immunodominant L47H mutation in the ribosomal protein L9
(mL9) which is presented on the MHC class 11 haplotype I-EK (2). To understand whether
tumor-bearing hosts generate a response to this unmanipulated autochthonous neoantigen,
we used a mL9-1-EX-tetramer to analyze tumors and spleens from normal syngeneic mice
bearing 6132A tumors that had grown for over 2 weeks (Fig. 1A). Indeed, 6132A tumors
were infiltrated with mL9-1-EX-tetramer-binding CD4* T cells (median frequency 1.4%)
(Fig. 1B and Fig. S1). Single cell TCR sequencing of mL9-tetramer-binding CD4* T
cells showed the relative frequencies of TCRs (Fig. 1C). On average, we obtained 162 T
cells from a tumor sample harboring 45 different TCRs and 202 T cells from a spleen
sample harboring 55 different TCRs (Table S1). Our aim was to determine which of these
CDA4TCRs could be utilized for adoptive transfer of TCR-engineered CD4" T cells, and if
any, by which mechanisms these TCRs mediate anti-tumor activity.
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Convergent recombination by multiple T cell clonotypes indicates TCRs preferentially
selected by hosts with autochthonous or transplanted progressive tumors.

We analyzed the 11 most common TCRs found in tumors and spleens of six mice (Fig. 1C).
The two most frequent TCRs (H6 and H9) from mouse #1, #2, #3 and #5+6 were found

in tumor and spleen tissue. Interestingly, the amino acid sequences of the CDR3s of the
H6- and H9-TCR were generated by multiple different T cell clonotypes as determined

by different N-nucleotides between the V(D)J joints (Fig. 1D). Seven different T cell
clonotypes in at least four different mice encoded the H6-TCR while six different T cell
clonotypes in at least three different mice encoded the H9-TCR (Fig. 1E). This convergent
recombination by multiple T cell clonotypes encoding identical TCRs is in agreement with
preferential selection. Compellingly, even though mouse #4 had only very few mL9-1-EK-
tetramer-binding T cells, we still detected in the spleen a less frequent TCR (H13) that
was again characterized by recombinational convergence of multiple T cell clonotypes. Six
different T cell clonotypes found in at least four different mice encoded TCR H13 (Fig.

1D and 1E). Furthermore, H13 was also among the TCR-response detected in the spleen
of the 6132 mouse that developed the original 6132A tumor, indicating that convergent
recombination was not restricted to mice with transplanted tumors (Fig. S2).

Convergent recombination defined therapeutically effective TCRs.

All three preferentially selected TCRs were cloned into retroviral vectors and transduced
into splenic T cells from C3H CD87- mice. TCR-engineered CD4™* T cells were adoptively
transferred into C3H Rag™~ mice bearing large and established solid 6132A tumors (Fig.
2A). Strikingly, TCR H6 destroyed tumors within 10 days after transfer, (Fig. 2B). Transfer
of amL26-TCR T cells, a CDATCR T cell targeting the irrelevant mutant ribosomal protein
L26 (21) (found in another UV-induced C3H tumor, 6139B) had no effects since 6132A
tumors progressed similarly to untreated controls (Fig. 2B). TCRs H9 and H13 had similar
therapeutic efficacies as H6 (Fig. 2C), even though 5 out of 8 mice treated with H13 relapsed
after 50 days.

TCRs from single clonotypes can also be therapeutically effective when sharing CDR
elements in both TRA and TRB with TCRs identified by convergent recombination.

We also cloned all eight TCRs represented by single T cell clonotypes (Fig. S3) into
retroviral vectors and used again TCR-transduced CD4* T cells for adoptive transfer into
C3H Rag™- mice bearing large, established solid 6132A tumors. Interestingly, only H12 was
as effective as H6 and H9 while H11, H14, H15 and H16 also destroyed tumors, but the
majority of mice relapsed more rapidly. TCRs H7, H8 and H10 had almost no anti-tumor
effects (Fig. 2C).

When further evaluating the amino acid sequence of TCRs made by single T cell clonotypes,
we discovered that some TCRs share CDR elements with preferentially selected TCRs (Fig.
2D): the V(D)J-elements of H11 and H14 are almost identical to H6 except for a single
amino acid difference in the a-chains and a single amino acid difference in the B-chains
precisely at the site of V(D)J rearrangement. TCR H12 uses the identical B-chain of H6

and an a-chain in which the V region from H6 was recombined with the J region of H9.
TCR H15 is almost identical to H13 except for two amino acid differences in the a-chain,
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precisely at the site of V(D)J rearrangement. TCR H16 uses the same a-chain V gene as
H6 combined with a different J gene and the same B-chain V gene as H13 combined with

a different J gene. Notably, the therapeutically failing TCR H7 shared the identical B-chain
with H6 but had a unique a-chain. TCRs H8 and H10 had completely unique V(D)J-usages
and thus completely different amino acid sequences in their respective a- and p-chains.

Based on therapeutic success and representation by either multiple or single clonotypes, the
11 TCRs fell into three groups (Fig. 2E). Group 1 encompasses the preferentially selected
TCRs (H6, H9 and H13). Each of these TCRs was therapeutically effective but has its

own unigue amino acid sequence characterized by convergent recombination of multiple
clonotypes. Group 2 (H11, H12, H14, H15 and H16) is composed of TCRs that are also
therapeutically effective but derived from single T cell clonotypes. Remarkably, all TCRs in
group 2 share CDR elements in both chains with the preferentially selected TCRs (group
1). Group 3 TCRs (H7, H8 and H10) are also derived from single clonotypes but fail
therapeutically. These group 3 TCRs lack CDR elements of group 1 TCRs in either one or
both chains. Interestingly, therapeutic success was similar between mice treated with TCRs
from group 1 and 2 (Fig. 2E), except that relapse occurred earlier with TCRs from group

2 (Fig. 2F). By contrast, mice treated with TCRs from group 3 had no significant survival
improvements compared to mice treated with the control TCR amL26 (Fig. 2E).

These results using H6 (preferentially selected, therapeutically effective), H10 (single
clonotype, lacking elements, therapeutically failing), H12 (single clonotype, with shared
elements, therapeutically effective) and the control TCR amL26 were confirmed in another
UV-induced tumor model 4102 (17) which was engineered to express the mL9 neoantigen
(Fig. S4).

Strikingly, we found that the well-studied model antigen moth cytochrome ¢ (MCC)

also induces a CDATCR response that consists of TCRs characterized by convergent
recombination and TCRs from single clonotypes with shared elements (22) (Fig. S5).

When introducing MCC into 6132A and 4102, mice treated with TCRs characterized by
convergent recombination (group 1) showed again a significant (p = 0.005) therapeutic
advantage over mice treated with either TCRs from single clonotypes with shared elements
(group 2) or mice treated with the control TCR amL26 (p = 0.0001, Fig. S6). Thus, in

two distinct tumor systems targeting autochthonous neoantigen or model antigen, convergent
recombination identified TCRs that mediated superior anti-tumor immunity upon adoptive
transfer.

CDATCRs cause destruction of tumor vessels but not of preexistent vasculature.

To determine how neoantigen-specific CD4TCRs caused tumor shrinkage, we used the
tumor window technology and longitudinal confocal microscopy (23) to follow the cellular
and vascular events that occurred in the first three weeks after CDATCR T cell transfer.
Window frames were implanted into a dorsal skinfold of mice. A circular hole of 1 cm
diameter was dissected from one side of the skin flap by removing the skin with its fascial
plane while leaving intact the opposite skin layer with its fascial plane and associated
vasculature. Cerulean-labeled 6132A cancer cells were then injected under the remaining
fascia before covering the opening with a glass pane. During the following 14 to 16
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days, tumors developed dorsal to the window. When mice were treated with H6-T cells,
DiD-labelled red blood cells were also injected to visualize the blood flow. A custom-made
precision holder was used for the window frames to be able to focus on the exact same
positions of multiple different areas in the tumors and to revisit these areas on different
days. Thus, we could examine longitudinally the progressive changes of vasculature, blood
flow, and cancer cells in a defined area over time after treatment with H6-T cells (Fig.

3A). Macroscopic regression of the tumors began about 4 to 5 days after T cell transfer
and correlated with the disappearance of the flow of the DiD-labelled red blood cells in the
tortuous tumor vessels. Quantification of the images during the early/first phase of tumor
shrinkage showed that the area covered by vessels regressed by about 50% comparing day
4 with day 6 after H6-T cell transfer while the area covered by cancer cells regressed on
average by 70% (Fig. 3B). Flow cytometric analyses revealed an increase in dead endothelial
cells in tumor tissue 6 — 8 days after transfer of H6-T cells (Fig. 3C). Furthermore, these
tumor tissues had significantly (p = 0.02) higher IFN-y and TNF values compared to the
control tumors from mice that received no or mL26-specific T cells (Fig. 3D and 3E).
During the later/second phase of tumor shrinkage, the windows appeared flooded with
unstained particles and assumed a ground-glass appearance consistent with debris resulting
from cellular destruction (Fig. 3A). Histology of tumor tissue taken at day 6 after T

cell transfer verified large areas of destroyed vessels and dead cells mainly in the tumor
center. By contrast, pre-existing vessels stayed intact in the surrounding normal tissue at
the tumor margin where cancer cells survived and T cells accumulated (Fig. S7 and Fig.
S8A). However, starting around day 10 after T cell transfer, the windows cleared, and
patches of cancer cells became visible within regular non-tortuous thinner vasculature. This
characterized the fully arrested stage in which the cancer cells remained long-term.

CDATCRs cause long-term tumor growth arrest.

Strikingly, after the bulk of the tumor mass had been destroyed and shrunken to small

sizes, the remaining tumors persisted over the entire observation periods (=75 days) (Fig.
2C). H6-T cells persisted in the peripheral blood for months (Fig. S8B), and there was no
notable decrease in the intensity of CD4* T cell infiltration even at the longest observation
time point (124 days, Fig. S8C). To determine whether the stable size was the result of

an equilibrium between cancer cell growth and death, we injected mice with BrdU for
three consecutive days. We found that proliferation of 6132A cancer cells had ceased
almost completely in the tumors remaining small after treatment with the H6-TCR (Fig. 3F,
left). Surprisingly, a large fraction of 6132A cancer cells showed cleavage of caspase 3 as
determined by flow cytometry (Fig. 3F, right). Both findings were exclusively dependent
on using the mL9-specific H6-TCR (Fig. 3G). Since the tumor stayed at a small size

even though cancer cells were non-proliferative and positive for cleaved caspase 3, we
investigated whether cancer cells could be readapted /n vitro. Indeed, when removing tumors
from the H6-T cell-treated host, cancer cells started to grow /n vitro 60 days later, and a
stable cell line was recovered which was able to induce new tumors /7 vivo and also could
be treated again with H6-T cells (Fig. S9). Since cleaved caspase 3 can also be associated
with DNA instability (24), we compared DNA damage in 6132A tumors when arrested
after H6-T cell treatment with actively growing after treatment with amL26-T cells (Fig.
3H and 3I). Interestingly, no elevated DNA damage was detected in the arrested tumor

Sci Immunol. Author manuscript; available in PMC 2024 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolf et al.

Page 7

using TUNEL-stain for either of the two situations. In addition, we determined whether
the number of mutations had changed by performing whole-exome and RNA-sequencing
(Table S2) of /n vitro readapted 6132A cancer cells from untreated, H6- or amL26-treated
tumors. The expression of nsSNVs by these three cell lines was virtually indistinguishable,
showing that growth arrest and its reversion /n vitro did not lead to any notable acquisition
of additional mutations.

Stromal recognition is sufficient for tumor destruction and long-term growth arrest.

6132A cancer cells lack expression of MHC class Il (25) and are therefore representative for
most human cancers. Thus, 6132A cancer cells are not recognized directly by H6-CD4* T
cells but H6-T cells recognize similarly well CD11b™ cells and F4/80* cells isolated from
the stroma of 6132A tumors (16) indicating that stromal dendritic cells and macrophages
become CD4* T cell targets by presenting neoantigen. To determine whether the effect of
CD4* T cells depended solely on stroma recognition, we genetically deleted the beta chain
of the I-E MHC class 1l molecule in 6132A cancer cells. H6-T cells were similarly capable
of permanently shrinking and halting tumor progression of both, parental and I-EX-deficient
6132A cancer cells (Fig. 3J).

TCR efficacy in vivo was not reliably predicted by in vitro responses of TCR transduced T

cells.

We aimed to understand whether /in vitro characterizations of our CD4TCRs correlate

with features of preferential selection and /n vivo efficacy. We stimulated all 11 CD4TCR-
engineered T cell populations /n vitro with dilutions of either mutant or wild type L9 peptide
presented by spleen cells from wild type C3H/HeN mice and compared IFN-y secretion
values (Fig. 4A). None of the 11 CD4TCRs recognized wild type L9 peptide. Within the
group of preferentially selected TCRs, H6 was able to detect very low amounts of mL9
peptide (ECsp: 0.1 nM) whereas H9 (ECg: 10 nM) and H13 (ECsp: 1 nM) needed 100x

or 10x more peptide for effective stimulation. The single clonotype TCRs H11, H12, H14,
H15 and H16, which share elements with preferentially selected TCRs, all detected low mL9
peptide amounts (ECsg: 0.5 nM) almost as well as H6 and were more sensitive than H9 and
H13. Single clonotype TCRs lacking elements from preferentially selected TCRs showed
either no IFN-y response (H7, H8) or were only stimulated by very high amounts of mL9
peptides (H10, ECsg: 1,000 nM).

The IFN-7y response in combination with other cytokines might more reliably predict the
in vivo efficacy of our CD4ATCRs. Therefore, we also determined cytokine values of TNF,
IL-2, IL-4, IL-10, IL-17 and IL-22 after stimulation with different amounts of mL9 peptide
(Fig. 4B). Again, T cells engineered with the TCRs H11, H12, H14, H15 and H16, which
have shared elements, reliably produced as much TNF, IL-2, IL-17 and 1L-22 as T cells
engineered with the preferentially selected TCRs H6 and H13 while H9 always led to
secretion of low cytokine values. However, there seems to be a difference in release of
IL-4 and IL-10. The preferentially selected TCRs secreted almost no IL-4, which is in
contrast to single clonotype TCRs with shared elements. The same seems to be true for
IL-10. Interestingly, the preferentially selected TCR H13 also induces a stronger release
of 1L-10 and is associated with eventual relapse /n vivowhich is in contrast to H6 and
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H9. Furthermore, H11 and H12 as single clonotype TCRs with shared elements, also
resulted in only low values of IL-4 and IL-10. Yet, tumors treated with H12 stay in
long-term growth arrest while tumors treated with H11 relapse regularly within 25 days
after T cell transfer. Additionally, TCRs H11, H14, H15 and H16 outperformed TCR H9
in the comprehensive cytokine analysis /n vitro, yet in vivo, treatment with H11, H14,

H15 and H16 was fraught with early relapse. The TCR-engineering of bulk T cells from
the spleen can bias /n vitro assays since the endogenous TCR may influence the strength
of the response (26). Therefore, we made use of the TCR-negative 58a"p~ CD4* T cell
hybridoma (27) to normalize the peptide L9 T cell response /n vitro and generated 11
TCR-engineered 58a "B~ CD4* T cell lines (Fig. S10). We first determined the strength

of TCR-signaling by phosphorylation of ERK, which is an indicator for T cell activation,
(28) using flow cytometry (Fig. 4C). Preferentially selected TCRs (H6, H9 and H13) and
single clonotype TCRs with shared elements (H11, H12, H14, H15 and H16) as well as
the TCR H10 (lacking elements), all had increased mean fluorescent intensity (MFI) values
of phosphorylated ERK when stimulated with mL9 peptide in comparison to wtL9 peptide.
We did not observe a consistent increase in MFI of phosphorylated ERK in the TCRs H7
and H8. Additionally, we also analyzed the ability of the 11 TCR-engineered 58a "B~ CD4*
T cell lines to secrete IL-2 (Fig. 4D). As before, none of the TCR-engineered 58a."p" cells
recognized wild type L9. Yet again, the single clonotype TCRs H11, H12, H14, H15 and
H16 demonstrated a strong IL-2 response and only the preferentially selected TCR H6
worked comparably well in vitro.

Since /n vitro assays using peptide seem to be inconsistent for the understanding of /n

vivo efficacy of CD4TCRs, we investigated the cytokine response of TCR-engineered CD4*
T cells when stimulated with 6132A-tumor associated macrophages (TAMs) isolated from
established tumors (TAMs, Fig. 5A). The preferentially selected TCRs H6 and H13 released
high amounts of IFN-y, IL-2 and IL-10, and some degree of IL-17, while H9 only showed
high release of IL-10, small secretion of IFNvy and IL-17, and almost no IL-2. Single
clonotype TCRs with shared elements (H11, H12, H14, H15 and H16) responded similarly
well to TAMs as H6 and H13. High secretion of IFN-y, IL-2 and IL-10 and some degree

of IL-17 were detected. The single clonotype TCRs H7, H8 and H10 (lacking elements)
failed to release any cytokines except for IL-10 at amounts that were comparable to the
preferentially selected TCRs. Overall the cytokine response of TCR-transduced T cells to
TAMs correlated as poorly as responses to peptide with /in vivo efficacy.

CDATCR efficacy correlates with ability to reprogram TAMs.

Since /n vitro stimulation of TCR-transduced T cells unreliably predict /n vivo efficacy
of CD4TCRs, we focused on the interaction between stroma and CD4* T cells required
for tumor shrinkage and growth arrest. More than 80% of all CD11b™* cells in the

6132A microenvironment were F4/80" TAMs (Fig. S11A). Thus, we examined which
effect the different CD4TCRs might have on TAMs. Stromal recognition of TAMs by
CDA4TCRs was not associated with an increased death rate of TAMSs since the number

of non-viable TAMs did not differ significantly between untreated, H6- or amL26-treated
tumors (Fig. S11B). Two different TAM phenotypes, M1 and M2, have been described

in the tumor microenvironment (29). In general, M2-TAMs promote tumor growth and
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are immunosuppressive while M1-TAMs are proinflammatory and tissue damaging (29).
Therefore, we examined 6132A-TAMs for phenotypic changes in response to T cell transfer.
Tumors were isolated at day 0, 6 and 20 after transfer of either H6- or amL26-T cells,

and TAMs were found to express the M2-type protein arginase (Fig. S12). Interestingly,

we observed an increase of MHC class 11 1-EK in almost all TAMs by day 20 after

T cell transfer. However, this upregulation was not antigen-specific since it was similar

after transfer of either H6- or amL26-T cells (Fig. S12). Additionally, the fraction of

TAMs expressing arginase also increased by day 20 but this again occurred independent

of the antigen-specificity of the transferred T cells. Instead, H6-T cell transfer resulted in
significant (p = 0.0001) induction of NO expression in almost all TAMs by day 20. This
antigen-specific NO expression was absent when tumors were treated with amL26 control
T cells (Fig. S12). For a more comprehensive analysis on how phenotypic changes in TAMs
predict the outcome of treatment, we analyzed TAMs for the expression of arginase, CD40,
CD163, CD204, CD206, IDO, IL-10, IL-12, NO and TNF around 20 days after transfer of
either therapeutically effective, preferentially selected TCRs H6, H9 and H13, or the single
clonotype and therapeutically effective TCR H12, or the single clonotype but therapeutically
failing TCR H10 using the amL26-specific TCR as control (Fig. 5B). We only observed a
significant (p = 0.0001) change in NO production of TAMSs from 6132A tumors treated with
therapeutically effective TCRs (72% of all TAMs are NO positive). Even the therapeutically
effective TCR H9, which performed poorly in all of our in vitro stimulations, was able

to induce NO production in TAMs while the therapeutically failing TCR H10, that also
performed poorly in our /in vitro stimulations, faltered. For further understanding of the
TAM subpopulations, we analyzed the 1-EK-expressing TAM for their NO and arginase
proportions. We found that TAMSs from tumors treated with therapeutically effective TCRs
consisted on average of 41% NO-producing TAMs while this cell population was minor
(6%) in TAMs from mice treated with failing or control TCRs (Fig. 5C and 5D). This
indicates that most TAMs present in an arrested tumor are of the M1-phenotype while TAMs
found in growing tumors are mostly M2. However, TAMs that are double positive for NO
and arginase were also detected in arrested tumors (28% versus 5% in growing tumors)
showing that M2-TAMs are capable of producing NO without losing their M2-type identity.
Thus, reprogramming of TAMSs to produce NO correlated with therapeutically effective
CDATCRs.

DISCUSSION:

In this study, we show that selecting candidate TCRs based on convergent recombination can
help identify TCRs that are therapeutically effective. Not only the TCRs made by multiple

T cell clonotypes but also TCRs made by a single T cell clonotype had therapeutic value
when they shared CDR elements in paired a.- and p-chains with the TCRs characterized by
convergent recombination. Identical TCRs encoded by different nucleotide sequences have
been considered to be “preferentially selected” (20), because different T cell clonotypes
expressing the same TCR developed independently multiple times /n vivo. Thus, convergent
recombination adds an important host-generated quality indicator for a “best-fit” TCR

(30). Beneficial clinical outcome has been linked statistically to the increased occurrence

of convergent recombination in bulk TCR B-chain sequencing only (31-33). However,
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presence of convergent recombination only in TCR pB-chain sequences did not distinguish
the therapeutically effective TCR H6 from the failing TCR H7. Therefore, predicting a
therapeutic TCR depended on finding convergence in T cell clonotypes by paired a.- and
[B-chain analyses.

Currently, the focus is on finding /in vitro assays that can predict which TCR will be
successful for immunotherapeutic interventions (34). Our /n vitro analyses did not reliably
predict the in vivo outcome. Both CD4ATCRs H6 and H9 caused long-term growth arrest
after tumor destruction although H6 responded well and H9 poorly to peptide or TAMs
that present the tumor antigen. However, we do not know whether TCRs from single T cell
clonotypes with strong responses to the mutant peptide or other types of /n vitro activity
could fail /n vivo. Using mice that lacked endogenous T cells was essential to exclude the
participation of such T cells (35, 36) and to evaluate stromal reprogramming as well as
long-term outcome between preferentially selected TCRs and TCRs generated by single T
cell clonotypes. However, this reductionist approach has also limitations because it does
not examine how the efficiency of our T cell therapy might be affected by pre-conditioning
regimens in immunocompetent mice (37).

Most human epithelial cancers do not express MHC class 11 and do not allow for direct
recognition by CD4* T cells, as observed in our tumor models (25) even though melanoma
represents a notable exception (38—40). Nevertheless, adoptive transfer of CD4* T cells
has been shown to eradicate disseminated Friend virus-induced erythroleukemia, and these
cancer cells were found to be MHC class Il negative (41). A decrease in targeted lesions
and growth control of the persistent cancer has also been achieved in patients after transfer
of in vitro-expanded mutation-specific CD4* TIL populations (13, 14). Loss of antigen or
MHC are common causes of relapse after immune therapy with CD8* T cells (42). In

our model, relapse after CD4TCR therapy retained the targeted neoantigen (16). Although
the CDATCRs targeted the neoantigen only on stroma, spatial restriction in the tumor
environment can favor the escape of antigen-loss variants (43). Therefore, another reason
why we did not observe antigen loss variants might be that we targeted an antigen essential
for cell survival and growth that is characterized by genetic loss of the wild-type allele
(21). Loss of heterozygosity (LOH) of essential genes is increasingly being recognized

as an underestimated potent class of cancer-specific targets (21, 44, 45) and can become

a paradigm shift for cancer therapy (46). Previous reports showed destruction of tumor
vessels followed by ischemic necrosis of large areas of solid tumors by effects of IFN-y
and/or TNF (47-50) which we also observe through antigen-specific release of IFN-y and
TNF by tumor-infiltrating CDATCR-T cells. After tumor destruction, the surviving cancer
cells persisted at tumor margins nourished by the pre-existent non-tumor vasculature that
is resistant to IFN-y and TNF (51). The tumor microenvironment is widely considered

to be tumor-promoting (52), immuno-suppressive (53) and a barrier for effective CD8* T
cell therapy. Indeed, a part of stromal TAMs in untreated or control-TCR treated mice
expressed arginase but only few expressed NO consistent with an immunosuppressive
environment (54, 55). Changes in MHC Il expression on TAMs in tumors treated with
non-specific T cells were observed which is consistent with bystander infiltration and
activation of non-specific T cells in cancer and viral diseases (56-58). Nonetheless, we
observed antigen-specific reprogramming of M2-type TAMs together with appearance of
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M1-type TAMs. Therefore, our approach of identifying and utilizing CD4TCRs for adoptive
T cell transfer gives evidence for the concept that the immunosuppressive, tumor-promoting
microenvironment can be targeted and reprogrammed by tumor-infiltrating neoantigen-
specific CD4* T cells.

NO is known for its reversible cytostatic effect on cancer cells (59), and previous studies
showed that CD4* T cells producing IFN-y and TNF signal TAMs to activate nitric oxide
synthase (60, 61), thereby preventing the outgrowth of cancer cell inocula. This is in line
with our observation that effective T cells secreting IFN-y and TNF occur together with
TAMs that produce NO. Histochemistry showed T cells densely infiltrating non-proliferating
cancer cells forming a “stalemate” with T cells maintaining cancer cells in growth arrest
without eradicating them. Thus, growth arrest was not due to an equilibrium of growth and
death of cancer cells as in previous studies targeting tumor stroma with CD8" T cells (62,
63). The reversibility we observed also appears to exclude growth arrest due to CD4* T
cell-induced senescence (64). Instead, we found that cleaved caspase 3 positive arrested
cancer cells without damaged DNA could recover. This has been reported in other studies
(65), is consistent with NO being an anti-apoptotic regulator of caspase 3 activity /n vivo
(66) and is now referred to as “anastasis” (67, 68). It also had been proposed that cleaved
caspase 3 could cause genetic instability and might be involved in carcinogenesis (24, 65).
However, one reason for accumulation of mutations are errors during DNA replication (69).
Since the cancer cells in our model are growth arrested, no DNA replication occurs and thus
the acquisition of new mutations is hindered. Indeed, we found no significant increase in
mutations, which is consistent with lack of DNA damage, in cancer cells readapted after
treatment.

Together, our study shows that the clonally diverse CD4* T cell response in progressive
cancers harbors some CD4TCRs that are of therapeutic value in adoptive therapy settings.
We suggest that convergent recombination in paired TCR chains can be used to identify
these therapeutically effective CD4TCRs and that this strategy can become applicable when
treating human cancers.

Materials and Methods

Study design

Obijective of the study was to determine therapeutically effective TCRs used for adoptive
transfer of TCR-engineered CD4* T cells against established solid tumors. Animal
experiments were approved by The University of Chicago Institutional Animal Care and
Use Committee (IACUC). Cancer cells were injected s.c. in the shaved back of mice. Tumor
volumes were measured along 3 orthogonal axes, every 2 — 3 days and were calculated as
(ax b xc)+ 2. Mice were treated around 3 weeks after cancer cell injection when tumors
were established. The number of TCR* T cells was calculated based on transduction rate
(determined by TCR V-stain, on average ~ 30%) on the day of treatment prior to T cell
transfer. Per recipient, 2x10% TCR* CD4* T cells were injected /0. Mice were randomized
into different treatment groups on the day of adoptive T cell transfer. Mice were euthanized
when tumor sizes reached more than 2 cm3 or mice appeared hunched and weak. Relapsing
tumors were allowed to reach 1.5 cm3 before mice needed to be euthanized. TCRs were
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defined as being therapeutically effective when tumor volume shrunk by more than 25%
within 12 days after T cell transfer, otherwise TCRs were defined as therapeutically failing.
Therefore, the control amL26 TCR was also included in the therapeutically failing TCR
group. Experimental replicates are included in figure legends.

3 to 8 months old female and male mice were used in this study. Mice were

bred and maintained in a specific pathogen-free barrier facility at The University of

Chicago according to IACUC guidelines. C3H/HeN mice were obtained from Envigo
(Huntingdon, Cambridgeshire, United Kingdom, RRID:MGI:2160972). C3H Rag2™’
(C3H.129S6-Rag2!™1Fwa) mice were obtained from Douglas Hanahan (University of
California, San Francisco, CA, USA). C3H CD8- (C3H.12952-Cd8amIMaky mice were
generated in house by crossing C3H/HeN mice with C57BL/6 CD8- mice purchased from
the Jackson Laboratory (B6.12952-Cd8aimMak RRID:MGI:3789587) and then backcrossed
with C3H/HeN for 20 generations. Spleen of C3H CD8”~ mice were used as T cell sources
for TCR-engineering.

6132A and 4102 cancer cell lines originated from UV-treated C3H/HeN mice and were
generated in our laboratory together with heart-lung fibroblasts as autologous normal tissue
controls for each cancer cell line (17). The original primary tumors were minced and
fragments were used to establish uncloned primary cultures of 6132A and 4102 cancer

cells. These primary tumor cell cultures were only minimally expanded, and used for

cell culture experiments and tumor induction /n vivo. The 6132A-ECFP was generated

by using retroviral transduction with the pMFG-ECFP vector as described before (23).
6132A-Cerulean was descripted before (70). Knockout of the H2-Eb1 gene results into I-E
beta chain loss and therefore loss of MHC class Il expression. The 6132A-H2-Eb1 knockout
cell line was generated using CRISPR-Cas9. Single guide (sg) RNAs targeting exon 1 of

the murine C3H H2-Eb1 gene were designed using the sg RNA design tool from the Broad
Institute. The corresponding sense and antisense DNA oligomers (IDT, Coralville, 1A, USA)
were compared to other publications that also targeted H2-Eb1 to generate murine MHC
class 11 knockout cancer cell lines. The DNA oligomers were annealed and cloned over

an Bbsl side into PX458. The sg RNA 5° - AGGAGACACGAGAGTCAGAG - 3’ was
successfully used to generate 6132A-H2-Eb1~ cancer cells which were verified by Sanger-
sequencing to have an indel and frameshift in exon 1. The 25mer of moth cytochrome

¢ (MCC) and mL9 was cloned into the retroviral vector pMP71 (pMP71-mL9-P2A-eGFP
and pMP71-MCC25-P2A-eGFP) and used to generate 6132A-MCC-GFP as well as 4102-
MCC-GFP and 4102-mL9-GFP cell lines. Phoenix-ampho cells were transfected by calcium
phosphate precipitation. Repeated rounds of transduction of either 6132A or 4102 with viral
supernatants followed by fluorescence-based cell sorting (FACS Aria Il, BD Biosciences,
San Jose, CA, USA) derived highly GFP fluorescent cell lines which were cloned for
homogeneous expression. The B cell hybridoma LK35 (71) was provided by Dr. Andrea
Sant from the University of Rochester and maintained in DMEM supplemented with 10%
FBS, 2 mM L-glutamine and 0.1 mM non-essential amino acids and cultured at 10% CO> in
a 37 °C dry incubator. Cancer cells were maintained in DMEM supplemented with 5% FBS
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(Gemini Bio-Products) and 2 mM L-glutamine (Life Technologies, Carlsbad, CA, USA) and
cultured at 10% CO> in a 37 °C dry incubator. Plat-E packaging cells (72) used for TCR
gene transfer and Phoenix ampho used for gene transfer of neoantigens were maintained in
DMEM supplemented with 10% FBS, 2 mM L-glutamine, 1ug/mL Puromycin and 1mg/mL
Blasticidin (Invivogen, San Diego, CA, USA) and cultured at 5% CO» in a 37 °C dry
incubator. The 58a "B~ CD4" T cell hybridoma was provided by Dr. David Kranz from

the University of Illinois Urbana-Champaign (27) and its TCR-engineered variants were
maintained in RPMI 1640 (Corning, Corning, NY, USA) 10% FBS (Gemini, Sacramento,
CA, USA), 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino

acids, 100 U/mL penicillin, 100 pg/mL streptomycin (all purchased from Life Technologies,
Carlsbad, CA, USA), 50 uM 2-mercaptoethanol (Thermo Fisher Scientific, Waltham, MA,
USA) and 50 pg/mL gentamicin (VWR, Radnor, PA, USA) and cultured at 5% CO, in a

37 °C dry incubator. Before use, cancer cell lines were authenticated by sequencing and/or
co-culture with antigen-specific T cells and by morphology. All cell lines were shortly
passaged after thawing of the initial frozen stock to generate master cell banks. Working
batches were passaged no longer than 4 weeks.

single cell sequencing and isolation of TCR genes

After harvesting tumor and spleen tissue between day 18 and 28 after injection of cancer
cell fragments, single cell suspensions were prepared and stained for Sytox Blue (Helix
NP Blue, Biolegend, San Diego, CA, USA, life/dead stain), CD3, CD4 and tetramer
respectively, before viable tetramer binding CD4" T cells were sorted (FACSAriall, BD
Bioscience, Franklin Lakes, NJ, USA). Samples from different mice were stained with
TotalSeq™ -C Hashtag antibodies #4, #6 and #8 (Biolegend, San Diego, CA, USA) and
combined prior to sorting. The 10X Genomics (10X Genomics, Pleasanton, CA, USA)
Chromium controller and the single cell 5’ dual index platform was used to generate
TCR-libraries following manufacture protocol. Next generation sequencing was performed
at the University of Chicago Genomics facility using NovaSeq 6000 (Illumina, San Diego,
CA, USA). TotalSeq™-C Hashtag antibodies were used to demultiplex the different mice.
Therefore, only 4 data points are shown in Fig. S1B. These data points are from tetramer
sorts of mouse #1, #2, #3 + #4 and #5 + #6. Unfortunately, the TotalSeq™-C Hashtag
procedure failed for mouse #5 and #6. Therefore, the two mice could not be separated.
Obtained TCR sequences were codon optimized (GeneArt, Thermo Fisher Scientific,
Waltham, MA, USA) and integrated into the pMP71 vector using Notl and EcoRI flanked
restriction sides as described (73). The control TCR amL26 was isolated from a T cell
clone specific for the H96Y mutation in the ribosomal protein L26 which was identified in
6139B cancer cells and has been characterized before (16, 21). Additionally, the TCR H6
isolated from tumor-bearing mice is identical to a TCR identified in immunized mice (2, 16).
MCC-specific TCR sequences 5c.c7, AND, M2.3 and M4.3 have been described before (22)
and were also codon optimized and integrated into the pMP71 vector.

TCR-engineering of primary CD4* T cells

TCR-engineering was conducted as previously described (74). A separate retroviral vector
was generated for each TCR: pMP71-H6, -H7, -H8, -H9, H-10, H-11, -H12, -H13, -H14,
-H15, -H186, -5c.c7, -AND, -M2.3, -M4.3 or -amL26. Potential mispairing of transduced
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TCRs (75) was prevented by using a P2A element in TCR-vector designs. Plat-E packaging
cells were transfected with pMP71-H6, -H7, -H8, -H9, H-10, H-11, -H12, -H13, -H14, -H15,
-H16, -5c¢.c7, -AND, -M2.3, -M4.3 or -amL 26 by calcium phosphate precipitation. 42 h
after transfection, virus supernatant was removed and filtrated through a 0.45 pm syringe
filter (VWR, Radnor, PA, USA). Spleens were isolated and erythrocytes were lysed for 3
min with 0.017 M TRIS, 0.14 M ammonium chloride (both Sigma-Aldrich, St. Louis, MO,
USA). Cells were cultured in complete medium containing Roswell Park Memorial Institute
medium (RPMI 1640, Corning, Corning, NY, USA) 10 % FBS (Gemini, Sacramento, CA,
USA), 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 100
U/mL penicillin, 100 pug/mL streptomycin (all purchased from Life Technologies, Carlsbad,
CA, USA), 50 uM 2-mercaptoethanol (Thermo Fisher Scientific, Waltham, MA, USA),

50 pg/mL gentamicin (VWR, Radnor, PA, USA) and were supplemented with 40 U/mL
recombinant human IL-2 (Peprotech, Rocky Hill, NJ, USA). The cell suspension was
transferred into a 24-well plate (Greiner Bio-One, Kremsmuenster, Austria) coated with

1.4 yg/mL a.CD3 (University of Chicago, Frank W. Fitch Monoclonal Antibody Facility,
Clone 145-2C11.1) and 0.2 ug/mL o CD28 (Clone 37.51, Biolegend, San Diego, CA, USA)
at a concentration of 3x10° cells/mL. On the subsequent day, 0.5 mL of corresponding

virus supernatant containing 8 pg/mL protamine sulfate (Sigma-Aldrich, St. Louis, MO,
USA) was added per well and cells were spinoculated (800 x g, 90 min, 32 °C). Overnight,
a 12-well plate (Greiner Bio-One, Kremsmuenster, Austria) was coated with RetroNectin
[12.5 pg/mL (TaKaRa)] and centrifuged with 1.5 mL virus supernatant (3000 x g, 90 min,

4 °C) on the next day. The virus supernatants were removed and 5x108 of CD4* T cells

in complete medium containing 40 U/mL IL-2 were transferred to the virus coated 12-well
plate and followed by spinoculation (800 x g, 90 min, 32° C). Transduction rate was
confirmed by flow cytometry using NovoCyte Quanteon (Agilent, Santa Clara, CA, USA)
and T cells were used 3 days after transduction for adoptive transfer. For /n vitro analyses,
TCR-engineered CD4* T cells were maintained in complete medium with 40 U/mL IL-2 and
used after 4 days.

TCR-engineering of the 58a"p” CD4" T cell hybridoma

Plat-E packaging cells were transfected with pMP71-H6, -H7, -H8, -H9, H-10, H-11, -H12,
-H13, -H14, -H15 and -H16 by calcium phosphate precipitation. 42 h after transfection,
virus supernatant was removed and filtrated through a 0.45 pm syringe filter (VWR, Radnor,
PA, USA). A 24-well plate was coated overnight with 500 pL per well RetroNectin [12.5
pg/mL (TaKaRa)]. The coated plate was centrifuged with 0.5 mL virus supernatant (3000

x g, 90 min, 4 °C). Supernatant was removed and 2x10° 58" cells in 1 mL/well RPMI
1640 (Corning, Corning, NY, USA) 10 % FBS (Gemini, Sacramento, CA, USA), 2 mM L-
glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 100 U/mL penicillin,
100 pg/mL streptomycin (all purchased from Life Technologies, Carlsbad, CA, USA),

50 uM 2-mercaptoethanol (Thermo Fisher Scientific, Waltham, MA, USA), 50 pg/mL
gentamicin (VWR, Radnor, PA, USA) were added. The plate was centrifuged at 800 x g

for 30 min and 32 °C. On the subsequent day, 0.5 mL of corresponding virus supernatant
containing 8 pg/mL protamine sulfate (Sigma-Aldrich, St. Louis, MO, USA) was added per
well and cells were again spinoculated (800 x g, 90 min, 32 °C). Three days later, 58a "
cells were stained for TCR B-chain and sorted using FACSAriall (BD Bioscience, Franklin
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Lakes, NJ, USA). After cells recovered /n vitro, the level of expression of the TCRs among
the different TCR-engineered 58a B~ cells was determined by TCR B-chain staining using
flow cytometry using NovoCyte Quanteon (Agilent, Santa Clara, CA, USA).

Cancer cell injection in mice

For generation of tumor bearing C3H/HeN wild type mice, 6132A-fragments were generated
and injected s.c. as previously described (76). For treatment of established 6132A, 6132A-
MCC-GFP, 4102-mL9-GFP or 4102-MCC-GFP tumors, 1x107 cancer cells were injected
s.c. into the shaved back of C3H Rag2”/- mice.

Tumor preparation and isolation of CD11b* and F4/80* cells

6132A tumors, either grown in C3H/HeN mice for isolation of tetramer-binding CD4*

T cells or grown in C3H Rag2~ mice for isolation of APCs, were removed and single

cell suspensions were generated by enzymatic digestion (77). Tumors were minced, 2
mg/mL Collagenase D and 100 U/mL DNAse | (both Roche, Indianapolis, IN, USA) were
added and suspension was incubated for 20 min at 37 °C in RPMI 1640 on a horizontal
shaker. Following the addition of trypsin in Hanks’ Balance Salt Solution (HBSS, MP
Biomedicals LLC, Solon, OH, USA) to a final concentration of 0.025%, cell suspension
was incubated for additional 15 min at 37 °C on a horizontal shaker. Tumor cell suspension
was filtered over a 40 um cell strainer (Thermo Fisher Scientific, Waltham, MA, USA)

and used subsequently. For the isolation of APCs, CD11b* and F4/80" cells were collected
by magnetic cell sorting (Miltenyi, Bergisch Gladbach, Germany) following manufacturer’s
protocol. Successful isolation was confirmed by FACS before both cell populations were
used for T cell stimulation.

Tumor tissue analysis

At day six, seven and eight after ATT, tumors were isolated and about 100 mg were
homogenized using Polytron (Kinematica, Lucern, Swiss) and spun down. Supernatants
were used for determination of cytokines by flow cytometry using Legendplex according

to manufacture protocol (Biolegend, San Diego, CA, USA). For endothelial cell analysis,
single cell suspension from tumor tissue was generated as described under “Tumor
preparation”. Tumor single cell suspensions were analyzed for dead CD31* and CD146*
cell populations with Sytox Blue (Helix NP Blue, Biolegend, San Diego, CA, USA) by flow
cytometry.

T cell stimulation and cytokine analysis

TCR-engineered T cells or TCR-engineered 58a."p" cells were cocultured for 24 h with
APCs to determine specificity and sensitivity. In brief, 1x10° T cells were added to 1x10°
stromal cells isolated from tumor. For TCR independent stimulation, 8 pg/mL aCD3
(University of Chicago, Frank W. Fitch Monoclonal Antibody Facility, Clone 145-2C11.1)
and 2 pg/mL o CD28 (Clone 37.51, Biolegend, San Diego, CA, USA) was used. In addition,
T cells were also cocultured with spleen cells isolated from C3H/HeN mice and 26mer
mL9, wtL9 or MCC peptides at various concentrations indicated in the figure legends.
After 24 h, supernatants were removed and tested for IFN-y or IL-2 concentrations by
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enzyme-linked immunosorbent assay (ELISA, Ready-SET-Go!, eBioscience, San Diego,
CA, USA), following the manufacturer’s protocol. Light absorbance at 450 nm was read
with the microplate reader VERSAmax (Molecular Devices LLC, San Jose, CA, USA)
respectively. Furthermore, supernatants were used for determination of various cytokines by
flow cytometry using Legendplex according to manufacture protocol (Biolegend, San Diego,
CA, USA).

Analysis of TCR signaling by phosphorylation of ERK

For measuring strength of TCR signaling, 1x10° TCR-engineered 58a"p" T cell hybridomas
were co-cultured with 1x10° LK35 cells. The LK35 cells were cultured prior overnight with
1 uM mutant L9 (mL9) or 1 pM wild type L9 (wtL9) peptide in 96-well U-bottom plates.
TCR-engineered 58a."p" cells were life/dead stained with fixation resistant dye 510 (BD
Bioscience, Franklin Lakes, NJ, USA) prior to addition to LK35 cells. Co-cultures were
stopped at 0, 5, 10, 15, 20, 25 and 30 min after addition of TCR-engineered 58a."p" cells.
Plates were centrifuged for 20 sec at 400 g after each T cell addition to initiate contact and
placed in a 37 °C humidified incubator at 5% CO,. After the last time point, the plate was
centrifuged at 400 g for 4 min, supernatants were discarded, and cells were immediately
fixed with 100 pL/well ice-cold 10 % formalin solution (containing 4 % formaldehyde) for
15 min on ice. PBS (100 pL/well) was added, cells were centrifuged for 4 min at 400 g,

and supernatants were discarded. Cells were then permeabilized with 100 pL/well ice-cold
90 % methanol for 15 min on ice. PBS (100 pL/well) was added, cells were centrifuged

for 4 min at 400 g, and supernatants were discarded. Cells were then FcR-blocked (50
pL/well of anti-FcR clone 2G4 in PBS) for 10 min at 4 °C, washed and stained at a 1:50
dilution intracellularly for phosphorylated ERK1/2 and at a 1:100 dilution for I-EX and
TCR B-chain to distinguish LK35 cells from TCR-engineered 58a."p" cells for 30 min at
room temperature, before resuspending in PBS and analyzing phosphorylated ERK1/2 by
flow cytometry. The MFI of TCR-engineered 58a."Bcells stimulated by wtL9 peptide was
averaged from all time points and considered background. The time point which showed the
peak response to mL9 peptide was used and background was subtracted from both samples
(stimulation with wtL9 or mL9).

Analysis of tumor-associated macrophages (TAMS)

6132A tumor tissue was harvested at day 0, 6 and 20 after transfer of T cells. Single

cell suspensions were prepared as described under (Tumor preparation) and incubated with
DAF-FM (Life Technologies, Carlsbad, CA, USA) following manufacturer protocol for
detection of NO. The viability dye 780 (BD Bioscience, Franklin Lakes, NJ, USA) was used
for detection of life/dead cells following the manufacture protocol. Afterwards, cells were
fixed and permeabilized using cytofix/cytoperm solution (BD Bioscience, Franklin Lakes,
NJ, USA) following the manufacture protocol followed by 1 ug Fc receptor block. At the
end, intracellular stain was performed together with aCD11b and aF4/80 antibodies and
TAMs were analyzed by flow cytometry using NovoCyte Quanteon (Agilent, Santa Clara,
CA, USA).
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BrdU injection and cleaved caspase 3

6132A-ECFP labeled cancer cells were used. Mice were injected /.p. twice a day with

100 pL BrdU (Sigma-Aldrich, Burlington, MA, USA) at a concentration of 10ug/uL for
three consecutive days. Mice were sacrificed and tumor and spleen were taken out as
described under tumor preparation and T cell cultures. BrdU stain was performed using
the BD BrdU Flow kit (BD Bioscience, Franklin Lakes, NJ, USA) following manufacturer
protocol. In addition, dye 780 (BD Bioscience, Franklin Lakes, NJ, USA) was used for
detection of life/dead cells. The rabbit antibody clone 9661 (Cell Signaling Technology,
Danvers, MA, USA) was used for detection of cleaved caspase 3 and anti-rabbit 1gG clone
79408 [R-Phycoerythrin (PE), Cell Signaling Technology, Danvers, MA, USA] was used
for detection by flow cytometry. Furthermore, aCD11b and aF4/80 antibodies were used to
detect TAMSs and aCD3, a.CD4 antibodies together with mL9-tetramer was used to detect
TILs.

Tumor infiltration and peripheral blood analysis

Blood was taken by buccal bleeding between day 45 and 75 as indicated in the figure
legends with a 5 mm animal lancet (Medipoint Inc, Mineola, NY, USA). Blood (100 uL) was
collected in tubes containing 50 pL heparin (80 U/mL, Pfizer, New York, NY, USA). Red
blood cells were lysed and remaining peripheral blood cells were stained with Sytox Blue
(Helix NP Blue, Biolegend, San Diego, CA, USA) for life/dead cells, and for CD3, CD4 and
V/B6 before being analyzed by flow cytometry with the NovoCyte Quanteon (Agilent, Santa
Clara, CA, USA).

Longitudinal confocal imaging

The method was described previously (63). Windows were implanted on the shaved back
of C3H Rag”" mice. 6132A-cerulean cancer cells were injected at 3 different sites in
between the fascia and dermis of the rear skin layer. Mice were treated 15 days after
window implantation with H6-engineered CD4* T cells. For longitudinal /n vivoimaging,
mice were anesthetized and positioned on a custom-made stage adaptor. The three screws
that are used to hold the window frame also fixed the mouse onto the stage adaptor. A
motorized microscope XY scanning stage and Leica LAS-AF software allowed recording
individual 3-dimensional positions per field-of-view and returning to them later with high
precision (stated accuracy + 3 um; reproducibility < 1.0 pm). Blood vessels were used as
“landmarks” and could be located within 50 um on the same day and within 100 um on

the next day. Data were acquired using a Leica SP5 Il TCS tandem scanner two-photon
spectral confocal microscope (long-working distance 20x/NA 0.45 and 4x/NA 0.16 dry
lenses, Olympus). Tumor blood flow was visualized by retro-orbital injection of 100 uL red
blood cells labelled with DiD (1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine,4-
chlorobenzenesulfonate salt, Thermo Fisher Scientific, Waltham, MA, USA). To determine
the fraction of area occupied by vessels or cerulean fluorescent cancer cells, acquired
images were analyzed using Fiji software (Laboratory for Optical and Computational
Instrumentation; University of Wisconsin-Madison, WI, RRID:SCR_002285).
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Flow cytometry and antibodies

1 pg Fc receptor block (anti-mouse 2.4G2) was added to samples and cells were

incubated with 50 uL PBS containing 0.2 pg of indicated anti-mouse antibodies for

20 min at 4°C. Then samples were washed twice with PBS and acquired using

NovoCyte Quanteon (Agilent, Santa Clara, CA, USA). Data analysis was performed using
FlowJo software (TreeStar, Ashland, OR, USA, RRID:SCR_008520). Used fluorophores:
Allophycocyanin (APC), Fluorescein isothiocyanate (FITC), Peridinin chlorophyll protein-
Cyanine5.5 (PerCp/Cy5.5), Allophycocyanin-Cyanine7 (APC/Cy7), Brilliant Violet 421
(BV421), R-Phycoerythrin (PE) and Alexa Fluor 647 (AF647). Antibodies: arginase

1 [AlexF5, APC, eFluor 450, eBioscience, Hatfield, GB, RRID:AB_2734833)],

anti-BrdU [3D4, FITC, RRID:AB_396304], CD3* [145-2C11, FITC, PerCp/Cy5.5,
RRID:AB_312671], CD4* [GK1.5, APC, APC/Cy7, BV421, FITC, RRID:AB_312697],
CD11b* [M1/70, APC, APC/Cy7, BV421, PE, RRID:AB_312794], CD31* [390, PE,
RRID:AB_312902], CD40 [3/23, FITC, RRID:AB_1134090], CD146" [ME-9F1, APC,
RRID:AB_2563088], CD163 [S15049F, PE, RRID:AB_2860724], CD204 [1F8C33, APC,
RRID:AB_2892311], CD206 [C068C2, BV421, RRID:AB_2562232], F4/80" [BMS,
FITC, PerCp/Cy5.5, RRID:AB_893502], IDO [mIDO-4B, PE, Invitrogen Carlsbad,

CA, USA], I-EX [14-4-4S, FITC, PerCp/Cy5.5, AF647, RRID:AB_313470], IL-10
[JES5-16E3, BV421, RRID:AB_2563240], IL-12 [C15.6, APC, RRID:AB_315369],
PERK1/2 [4B11B69, AF647, RRID:AB_2571894], TGFB (TW7-20B9, PE, PerCp/Cy5.5,
RRID:AB_10720866], TCR p-chain [H57-597, PE, RRID:AB_313430], TNF [MP6-XT22,
APC, PE, RRID:AB_315429], TCR Vb2 [B20.6, PE, RRID:AB_1227785], TCR Vb3
[KJ25, PE, BD Bioscience, Franklin Lakes, NJ, USA, RRID:AB_394709], TCR Vb6 [RR4-
7, PE, RRID:AB_10643583], TCR Vb8.1,8.2 [KJ16-133.18, PE, RRID:AB_1134109],
TCR Vb8.3 [1B3.3, PE, RRID:AB_2800699]. Unless indicated otherwise, antibodies were
purchased from Biolegend (San Diego, CA, USA). Tetramers (I-EX-mL9 and I-EX-CLIP)
were provided by the NIH Tetramer Core Facility. Samples were stained with 1.4 pg/mL
tetramer for 1 h at 4 °C in RPMI 1640 (Corning, NY, USA) containing 10% FBS (Gemini,
Sacramento, CA, USA). For life/dead distinction, Sytox Blue (Helix NP Blue, Biolegend,
San Diego, CA, USA) or Fixation resistant dye 510 or 780 (BD Bioscience, Franklin Lakes,
NJ, USA) were used. Gating strategy for Fig. 1B is included in Fig. S1. Gating strategies
for Fig. 3, Fig. 4 and Fig. 5 and supplementary figures are explained in the first part of
Supplementary Materials.

Histology and immunohistochemistry

Tumor bearing and/or moribund mice were sacrificed by cervical dislocation and were
subjected to a full necropsy. Tissue samples were fixed for 24 h in 10 % buffered formalin
(Sigma-Aldrich, Burlington, MA, USA) and then transferred to 70 % ethanol. Tissue
processing and immunohistochemistry stainings were performed by the Human Tissue
Resource Center at the University of Chicago. Tissues were processed, paraffin embedded
and 5 um sections mounted on glass slides were subsequently stained with hematoxylin
and eosin (H&E). Histopathological analysis was performed blinded and independently
by two experienced pathologists. Microscopic images were captured using an Olympus
BX43 microscope equipped with a ProgRes Speed XT core5 camera (Jenoptik) or a Leitz
Laborlux D (W.Nuhsbaum, Inc., Mc Henry, IL, USA) microscope with a Retiga 2000R
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(Qlmaging) camera and Adobe Photoshop 2014 2.2 (San Jose, CA) to compose images.
Serial sections were stained for CD3 with rabbit monoclonal antibody SP162 (abcam
ab135372). The slides were stained using Leica Bond RX automated stainer. After dewax
and rehydration, tissue section was heat treated for 20 min with antigen retrieval solution
(Leica Biosystems, AR9961). Anti-CD3 antibody (1:100) was applied on tissue sections
for 60 min incubation at room temperature and the antigen-antibody binding was detected
with Bond Polymer Refine Detection HRP detection system (Leica Biosystems, DS9800)
without post primary antibody amplification. The peroxidase reaction was developed using
liquid diaminobenzidine brown substrate chromogen provided in the kit. Sections were
counterstained with hematoxylin, dehydrated in alcohol, cleared in Xylene and mounted
in Tissue-Tek Glas Mounting Medium (Sakura Finetek Japan Co, Ltd., Tokyo, Japan) for
microscopic evaluation.

Detection of DNA damage using TUNEL

6132A-ECFP labeled cancer cells were injected s.c. on the back of C3H Rag2”~ mice and
around 40 days later treated with either H6- or amL26-engineered CD4* T cells. About

20 days after T cell transfer, tumors were isolated. For analysis of DNA damage using

flow cytometry, tumor single cell suspensions were prepared (see “Tumor preparation”).
Samples were stained with the viability dye 780 (BD Bioscience, Franklin Lakes, NJ, USA).
TUNEL stain was performed using APO-BrdU™ TUNEL Assay Kit (Life Technologies/
Invitrogen™, Carlsbad, CA, USA) according to manufacture protocol. Cells were fixed and
permeabilized as described in TCR signaling. Detection of life, TUNEL-positive 6132A-
ECFP cancer cells was done by flow cytometry using NovoCyte Quanteon (Agilent, Santa
Clara, CA, USA). For detection of TUNEL positive cells by immunohistochemistry, FFPE
slides were stained using ApopTag® plus Peroxidase in situ (Millipore, Burlington, MA,
USA) and counterstained with hematoxylin, dehydrated in alcohol, cleared in Xylene and
mounted in Tissue-Tek Glas Mounting Medium (Sakura Finetek Japan Co, Ltd., Tokyo,
Japan) for microscopic evaluation using 40X magnification.

TCR sequencing analysis

The raw sequencing data were processed using the 10x Genomics Cell Ranger Software
(v6.0.0, RRID:SCR_023221) with the command cellranger multi, the provided config csv
files contain the information of mm10 reference genome, vdj GRCm38 reference and
TotalSeq-C surface markers. The output from cellranger multi contains TCR diversity metric
which includes clonotype frequency and barcode information.

Whole-exome and RNA sequencing of cancer cells

Both genomic DNA and total RNA were extracted from /n vitro readapted 6132A cell lines,
using AllPrep DNA/RNA mini kit (Qiagen, Venlo, The Netherlands). For whole-exome
sequencing, 3 g of genomic DNA was subjected to library construction, using SureSeletXT
Mouse All Exon V1 (Agilent Technologies, Santa Clara, CA, USA). RNAseq libraries

were prepared from 1 g of total RNA using TruSeq Stranded Total RNA Library Prep kit
(Illumina, San Diego, CA, USA). The prepared whole-exome and RNAseq libraries were
quantified by 2200 Tape Station (Agilent Technologies, Santa Clara, CA, USA), and then

Sci Immunol. Author manuscript; available in PMC 2024 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolf et al.

Statistics

Page 20

sequenced by 150 bp paired-end reads on NextSeq 500 Sequencer (Illumina, San Diego, CA,
USA).

All statistical analyses, including survival data, were performed using GraphPad Prism
software (GraphPad, San Diego, CA, USA, RRID:SCR_002798). Data points indicate either
means of biological duplicates of a representative experiment or are experimental replicates
summarized as mean * standard deviation. An unpaired, two-tailed Students t-test was

used to determine significance between TUNEL positive and negative samples. In all other
experiments, the method used to present the statistical significance of the data is indicated

in the figure legend. In all experiments, statistical significance was indicated as: n.s. — not
significant with p > 0.5, *p < 0.5, **p < 0.01, and ***p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Convergent recombination of different T cell clonotypes encoding identical, preferentially
selected TCRs against the mutant neoantigen mL9.

(A) 6132A tumor fragments were injected s.c. into C3H/HeN mice. Six mice are shown
which developed tumors after fragment injection (55%, 11/20 injected C3H/HeN mice) and
were used for TCR analysis. Results were compiled from three independent experiments.
Red dots indicate day of T cell analysis. (B) An example is shown of T cells isolated from
spleen and tumor sorted for live, CD3*, CD4* and mL9-tetramer* specificity. Percentages
of mL9-tetramer positive T cells are indicated. CLIP-tetramer staining was used as negative
control. (C) Frequencies of paired TCR CDR3 amino acid sequences in mL9-teramer sorted
CD4* T cells obtained from tumor and spleen of the six analyzed mice. (D) Identification
of different T cell clonotypes encoding an identical TCR based on N nucleotide sequence
diversity in the TRA and TRB V(D)J joints. This was determined for the TCRs H6 (upper
TCR), H9 (middle TCR) and H13 (bottom TCR). (E) Frequency of the different T cell
clonotypes encoding an identical TCR (either H6, H9 or H13) among the analyzed mice.
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Fig. 2. Therapeutically effective TCRs cause tumor destruction followed by long-term growth
arrest and can be predicted by CDR elements of preferentially selected TCRs.

(A) Outline of adoptive transfer using TCR-engineered T cells. (B — C) Spleens from C3H
CD8- mice were used as CD4* T cell source for TCR engineering. C3H Rag™~ mice
bearing 6132A tumors were treated with TCR-engineered CD4* T cells 21 to 25 days
after cancer cell injection as indicated by the arrow head. Total number of mice (n) is
indicated. (B) Average tumor sizes were 0.558 cm?3 + 0.122 cm? standard deviation at day of
treatment. Data are summarized from three independent experiments. (left) Treatment was
performed with H6-T cells (n = 6). (middle) Mice treated with amL26-T cells, which are
specific against an irrelevant antigen (n = 4) have the same outcome as (right) untreated
mice (n = 4). (C) Average tumor sizes were 0.378 cm?3 + 0.156 cmd standard deviation

at day of treatment. Data are summarized from two independent experiments. Treatment
with different TCR-engineered CD4* T cells is indicated from left to right, top to bottom:
H7 (n =4), H8 (n =3), H9 (n =5), H10 (n = 4), H11 (n = 6), H12 (n=5), H13 (n =
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8), H14 (n = 6), H15 (n = 6) and H16 (n = 6). (D) The 11 TCRs fell into three groups
based on therapeutic failure or efficacy (defined by >25% shrinkage of tumor volume) and
whether being generated by multiple or single clonotypes. Color coding indicates whether
CDR elements were shared in TRA and/or TRB with preferentially selected TCRs. (E — F)
TCR-treatment Group 1: H6, H9, H13 (total n = 16). Group 2: H11, H12, H14, H15, H16
(total n = 29). Group 3: H7, H8 and H10 (total n = 11). (E) The three groups were compared
in a survival analysis (*p < 0.5, ***p < 0.001 significance, n.s. — not significant). Log-rank
test was used to determine significance indicated in black while significance indicated in
red used the Wilcoxon test. (F) Probability of relapse at day 40 or 80 after start of T cell
transfer among the three TCR-treatment groups. **p < 0.01 and ***p < 0.001 significance
determined using a two-tailed Fischer’s exact test (n.s. — not significant).
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Fig. 3. Stroma recognition by CD4™ T cells is sufficient to cause tumor destruction followed by
growth arrest.

(A) Example of longitudinal microscopy in 6132A-cerulean tumor bearing C3H Rag™- mice
after transfer of H6-T cells. Tumor areas were randomly chosen before therapy and analyzed
for (B) vessel and cancer cell reduction (total n = 6). DiD-labeled erythrocytes were used

to visualize blood flow. Imaged area (in pixels) that was covered by vessels (black) or
cancer cells (blue) from day 4 was set to 100%. Following days were assigned as percentage
of maximum covered area. Indicated are an untreated control mouse (open circle) and the
H6-treated mouse (red) shown in (A). Histology of tumor and vessel destruction on day 6
are shown in Fig. S7. (C — E) Tumor tissue was analyzed on day 6, 7 and 8 after therapy

by flow cytometry. Control tumors received either no T cells (total n = 1) or amL26-T cells
(total n = 2) and were analyzed at day 8. Results are means + SD from two independent
experiments. Significance between groups was determined by a two-tailed Student’s t-test
with *p < 0.05. (C) Tumors were analyzed for dead endothelial cells (Sytox-positive,
CD146 and CD31 double-positive cell populations) (total n = 7). (D) IFN-y and (E) TNF
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concentrations in tumor tissue were determined (total n = 8). (F — I) 6132A-ECFP was
used for injection into C3H Rag™~ mice. (F — G) Tumors were left untreated (total n =

4) or treated with either H6- (total n = 4) or amL26-T cells (total n = 4). Mice were
injected with BrdU twice a day for three consecutive days before tumor tissue was isolated
at day 20 — 25 after T cell transfer. (F) A representative flow cytometry analysis is shown.
(left) 6132A-ECFP cancer cells and TILs (CD3*, CD4* and mL9-tetramer*) were analyzed
by flow cytometry for frequency of BrdU incorporation. (right) 6132A-ECFP cancer cells
and TAMs (CD11b*, F4/80%) were analyzed by flow cytometry for activation of cleaved
caspase 3. (G) Significance between groups of 6132A cancer cells was determined by an
ordinary one-way ANOVA with *p <0.05 (n.s. — not significant). Results are compiled from
three independent experiments. (H — I) Tumors were treated either with H6- or amL26-T
cells. Tumor tissue was isolated at day 20 — 22 after T cell transfer (H) Life 6132A-ECFP
cancer cells were analyzed by TUNEL-stain using flow cytometry. One representative flow
cytometry analysis is shown out of two independent experiments. (I) DNA damage on
formalin-fixed paraffin-embedded 6132A tumor slides was determined using TUNEL stain
by immunohistochemistry. Eight fields were counted per slide. Shown is the total number
of nuclei that were either stained negative or positive for TUNEL. The proportion (%) of
TUNEL positive nuclei was slightly higher (p = 0.0017) in amL26-treated control samples
(1.19 + 0.45 %) compared to H6-treated samples (0.69 + 0.39 %). (J) C3H Rag™”" mice
bearing 6132A MHC Il KO tumors (red, total n = 8) were treated with H6-T cells 31 to 35
days after cancer cell injection, indicated by the arrow head. Spleens from C3H CD8- mice
were used as CD4* T cell source for TCR-engineering. Average tumor sizes were 0.530
cm3 + 0.170 cm? standard deviation at day of treatment. Data are summarized from two
independent experiments. Shown are untreated tumors (black, total n = 2) as control.
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Fig. 4. Analysis of TCR-engineered CD4™ T cells in vitro did not reliably predict therapeutic
value in vivo.

All 11 TCRs were tested Jn vitro. (A — B) Spleens from C3H CD8”~ mice were used

as source for CD4™ T cells. TCR-engineered CD4™ T cells were co-cultured 24 h with
C3H/HeN spleen cells and various mutant or wild type L9 peptide concentrations. Data

are means + standard deviation and compiled from two independent experiments. (A)
Supernatants were analyzed for IFN-y concentrations by ELISA. (B) Supernatants were
analyzed for various cytokines by flow cytometry. (C — D) TCR-engineered 58a"p~ CD4*

T cell hybridomas were used for co-cultures together with LK35 B cell hybridoma as
antigen presenting cell (APC) of either mutant or wild type L9 peptide. (C) Phosphorylation
of ERK1/2, as a measure of TCR-signaling, was determined by flow cytometry (Mean
fluorescent intensity (MFI)). Life, TCR B-chain positive 58a."B" cells were analyzed. Shown
are both (#1, #2) independently performed experiments. (D) Co-cultures were performed
for 24 h using various mutant or wild type L9 peptide concentrations. Supernatants were
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analyzed for IL-2 by ELISA. Data are means * standard deviation and compiled from two
independent experiments.
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Cytokine release of TCR-engineered CD4* T cells after stimulation with tumor-associated macrophages (TAMs)
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Fig. 5. NO expression in 6132A tumor-associated macrophages is induced by T cells when
transduced with therapeutically effective CD4TCRs.

(A — D) Spleens from C3H CD8"- mice were used as CD4* T cell source for TCR-
engineering. (A) TCR-engineered CD4" T cells were co-cultured 24 h with 3-fold dilutions
of tumor-associated macrophages (F4/807 cells) isolated from 6132A tumors grown in C3H
Rag™" mice. Supernatants were analyzed for various cytokines by flow cytometry. Data are
means + standard deviation and compiled from two independent experiments. (B — D) C3H
Rag™" mice bearing 6132A tumors were treated with either H6- (n = 4), H9- (n = 4), H10-
(n =4), H12- (n = 4), H13- (n = 4) or amL26- (n = 4) TCR-engineered T cells 21 to 23
days after cancer cell injection. Tumor tissue was isolated at day 20 — 22 after T cell transfer.
Tumors were analyzed by flow cytometry for frequency of life CD11b* and F4/80* 6132A
tumor-associated macrophages (TAMSs) expressing M1-type (CD40, IL-12, NO and TNF) or
M2-type (arginase, CD163, CD204, CD206, IDO and IL-10) markers. TCR-Treatment was
divided into effective (H6, H9, H12 and H13, n = 16) and failing (H10 and amL26, n =

Sci Immunol. Author manuscript; available in PMC 2024 November 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolf et al.

Page 34

8) therapy groups. Therapeutically effective TCRs are able to induce tumor shrinkage by
more than >25% volume within 12 days after T cell transfer. All other TCRs are considered
therapeutically failing which also includes the control TCR amL26. Number (n) indicates
the total number of tumors analyzed from independent mice. (B) Comparison of M1-

and M2-type markers of TAMs from effective or failing TCR-T cell therapy. Significance
between groups was determined by an unpaired, two-tailed Student’s t-test with ***p <
0.001 (n.s. — not significant). Data are compiled from two independent experiments (C)
MHC class 11 I-EX positive TAMs were further analyzed by their frequency of expressing
either arginase, NO, both or none. Data are compiled from three independent experiments
(D) Frequency of NO and I-EX expressing TAMs that were either positive or negative for
arginase. Significance between groups was determined by an unpaired, two-tailed Student’s
t-test with ***p < 0.001. Data are compiled from two independent experiments.
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