Check for
updates

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

TUMOR IMMUNITY

CD4™ T cells with convergent TCR recombination
reprogram stroma and halt tumor progression in

adoptive therapy
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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 surround-
ing the MHC class lI-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 f chains. These preferentially
selected TCRs destroyed tumors equally well and halted progression through reprogramming of the tumor stro-
ma. TCRs represented by single T cell clonotypes were similarly effective only if they shared CDR elements with
preferentially selected TCRs in both a and § chains. Selecting candidate TCRs on the basis of these characteristics

can help identify TCRs that are potentially therapeutically effective.

INTRODUCTION
Somatic mutations cause cancer and therefore are found in all types of
malignancies (1). Many of these mutations represent nonsynonymous
single nucleotide variants (nsSNVs) in tumor DNA, absent from the
germline genome. These nsSNV's cause single-amino acid substitu-
tions, 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 (ICIs) or adoptively trans-
ferred tumor-infiltrating lymphocytes (TILs) support the notion that
these neoantigens are effective T cell targets in humans (4). Unfortu-
nately, 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 (CDS8TCRs) and express these CD8TCRs in healthy T
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cells from peripheral blood for adoptive transfer. Neoantigen-specific
CD8TCR-engineered T cells can eliminate large, established solid tu-
mors in mice after adoptive T cell transfer (11, 12). However, the tar-
geted neoantigen needs to be 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 popu-
lations usually consist of various effector cells, and it has been un-
clear from clinical studies whether one or multiple TCRs of
tumor-infiltrating CD4* T cells (CD4TCRs) are sufficient for effec-
tive immunotherapy. We have shown recently that a single CD4TCR
expressed by engineered CD4™ T cells can destroy established tu-
mors when targeting an unmanipulated autochthonous neoantigen
(16). However, it remains unclear how to predict therapeutic effica-
cy of CD4TCRs from a polyclonal T cell response of a tumor-
bearing host (mouse and human) and how effective CD4TCRs
mediate tumor destruction when used in adoptive therapy settings.
Here, we use the autochthonous and syngeneic ultraviolet (UV)-
induced cancer cell model 6132A (17) to explore the selection of
therapeutically effective neoantigen-specific CD4TCRs isolated
from tumors and/or peripheral blood of cancer-bearing mice.
Among the 11 most frequently occurring CD4TCRs, three TCRs
were each made by multiple T cell clonotypes (18) differing in their
a and P chain nucleotide sequences but encoding identical amino
acid sequences, which is also referred to as convergent recombina-
tion (19). Adoptive transfer of T cells engineered with either one of
these preferentially selected TCRs (20) resulted in destruction of ag-
gressively 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 complementarity-determining region (CDR) elements
with at least one preferentially selected TCR in both chains. Thus,
our study identifies characteristics of neoantigen-specific CD4TCRs
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that can help to predict therapeutic efficacy against progressing
solid tumors.

RESULTS

Hosts with progressing tumors respond with multiple CD4*
TCRs to an immunodominant neoantigen

6132A cancer cells harbor an immunodominant L47H mutation in
the ribosomal protein L9 (mL9) that is presented on the ma]or hlS-
tocompatibility complex (MHC) class IT haplotype I-EX (2). T
understand whether tumor-bearing hosts generate a response to thlS
unmanipulated autochthonous neoantigen, we used an mL9-I-E*~
tetramer to analyze tumors and spleens from normal syngeneic
mice bearing 6132A tumors that had grown for more than 2 weeks
(Fig. 1A). 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 differ-
ent TCRs (table S1). Our aim was to determine which of these
CDA4TCRs could be used for adoptive transfer of TCR-engineered
CDA4" T cells, and, if any, by which mechanisms these TCRs mediate
antitumor activity.

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 mice #1, #2, #3, #5, and #6 were found in tumor and
spleen tissue. 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)] joints
(Fig. 1D). Seven different T cell clonotypes in at least four different
mice encoded the H6-TCR, whereas 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 selectlon Compel-
lingly, even though mouse #4 had very few mL9-1- EX_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. 1, D and E). Fur-
thermore, 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 vec-
tors and transduced into splenic T cells from C3H CD8™'~ mice.
TCR- englneered CD4" T cells were adoptively transferred into C3H
Rag™'™ mice bearing large and established solid 6132A tumors
(Fig. 2A). TCR H6 destroyed tumors within 10 days after transfer
(Fig. 2B). Transfer of amL26-TCR T cells, a CD4TCR T cell targeting
the irrelevant mutant ribosomal protein L26 (21) (found in another
UV-induced C3H tumor, 6139B) had no effects because 6132A
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tumors progressed similarly to untreated controls (Fig. 2B). TCRs H9
and H13 had therapeutic efficacies similar to that of H6 (Fig. 2C),
even though five of eight 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 clono-
types (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. Only H12 was as effective as
H6 and H9, whereas H11, H14, H15, and H16 also destroyed tu-
mors, but most of the mice relapsed more rapidly. TCRs H7, H8, and
H10 had almost no antitumor effects (Fig. 2C).

When further evaluating the amino acid sequence of TCRs made
by single T cell clonotypes, we found that some TCRs share CDR
elements with preferentially selected TCRs (Fig. 2D): The V(D)] ele-
ments of H11 and H14 are almost identical to those of H6 except for
a single-amino acid difference in the o chains and a single-amino
acid difference in the p chains precisely at the site of V(D)] rear-
rangement. TCR H12 uses the identical f chain of H6 and an «
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 « chain, precisely at the site of V(D)]
rearrangement. TCR H16 uses the same a chain V gene as H6 com-
bined with a different J gene and the same P chain V gene as H13
combined with a different J gene. The therapeutically failing TCR
H?7 shared an identical § chain with H6 but had a unique o chain.
TCRs H8 and H10 had completely unique V(D)] usages and thus
completely different amino acid sequences in their respective o and
f chains.

On the basis of 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 unique 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. 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 sin-
gle clonotypes but fail therapeutically. These group 3 TCRs lack CDR
elements of group 1 TCRs in either one or both chains. Therapeutic
success was similar between mice treated with TCRs from groups 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 statistically significant survival improvements compared to
mice treated with the control TCR amL26 (Fig. 2E).

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

We found that the well-studied model antigen moth cytochrome
¢ (MCQC) also induces a CD4TCR 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
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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 subcutaneously into C3H/HeN mice. Six mice are shown that developed tumors after fragment injection (55%, 11 of 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 tumors and spleens
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 (T cell receptor
alpha locus) and TRB (T cell receptor beta locus) 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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by convergent recombination (group 1) showed again a significant
(P = 0.005) therapeutic advantage over mice treated with 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 me-
diated superior antitumor immunity upon adoptive transfer.

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 and C) Spleens
from C3H CD8™/~ mice were used as a 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 indi-
cated by the arrowhead. Total number of
mice (n) is indicated. (B) Average tumor sizes
were 0.558 + 0.122 cm® SD at day of treat-
ment. Data are summarized from three in-
dependent experiments. (Left) Treatment
was performed with H6-T cells (n = 6). (Mid-
dle) 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 + 0.156 cm® SD at day of
treatment. Data are summarized from two
independent experiments. Treatment with
different TCR-engineered CD4™ T cells is in-
dicated 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 = 8), H14
(n=6),H15(n=6),and H16 (n =6). (D) The
11 TCRs fell into three groups on the basis of
therapeutic failure or efficacy (defined by
>25% shrinkage of tumor volume) and
whether they were generated by multiple
or single clonotypes. Color coding indicates
whether CDR elements were shared in TRA
and/or TRB with preferentially selected TCRs.
(E and F) TCR treatment group 1: H6, H9, H13
(total n = 16). Group 2: H11, H12, H14, H15,
and 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,
##kPp < 0,001 significance, n.s., not signifi-
cant). Log-rank test was used to determine
significance indicated in black, whereas sig-
nificance 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
##xP < 0.001 significance determined using
a two-tailed Fisher’s exact test.
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CDA4TCRs 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 3 weeks after CD4TCR T cell transfer.
Window frames were implanted into a dorsal skinfold of mice. We
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dissected a circular hole of 1-cm diameter 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 in-
jected under the remaining fascia before covering the opening
with a glass pane. During the following 14 to 16 days, tumors de-
veloped dorsal to the window. When mice were treated with H6-T
cells, DiD (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyan
ine,4-chlorobenzenesulfonate salt)-labeled 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 disap-
pearance of the flow of the DiD-labeled red blood cells in the tortu-
ous tumor vessels. Quantification of the images during the early/
first phase of tumor shrinkage showed that the area covered by ves-
sels regressed by about 50% comparing day 4 with day 6 after H6-T
cell transfer, whereas the area covered by cancer cells regressed on
average by 70% (Fig. 3B). Flow cytometric analyses revealed an in-
crease in dead endothelial cells in tumor tissue 6 to 8 days after
transfer of H6-T cells (Fig. 3C). Furthermore, these tumor tissues
had significantly (P = 0.02) higher interferon-y (IFN-y) and tumor
necrosis factor (TNF) values compared with the control tumors
from mice that received no or mL26-specific T cells (Fig. 3, D and
E). 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 de-
struction (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 (figs. S7 and S8A).
However, starting around day 10 after T cell transfer, the windows
cleared, and patches of cancer cells became visible within regular
nontortuous thinner vasculature. This characterized the fully arrested
stage in which the cancer cells remained long term.

CDA4TCRs cause long-term tumor growth arrest

After the bulk of the tumor mass had been destroyed and shrunken
to small sizes, the remaining tumors persisted over the entire obser-
vation period (>75 days) (Fig. 2C). H6-T cells persisted in the pe-
ripheral blood for months (fig. S8B), and there was no notable
decrease in the intensity of CD4™ T cell infiltration even at the lon-
gest 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 5-bromo-2’-
deoxyuridine (BrdU) for 3 consecutive days. We found that prolif-
eration of 6132A cancer cells had ceased almost completely in the
tumors remaining small after treatment with the H6-TCR (Fig. 3E
left). Unexpectedly, 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). Because the tumor stayed at a small
size even though cancer cells were nonproliferative and positive
for cleaved caspase 3, we investigated whether cancer cells could be
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readapted in vitro. When removing tumors from the H6-T cell-
treated host, cancer cells started to grow in vitro 60 days later, and a
stable cell line was recovered that repeatedly induced tumors in vivo
and also could be treated again with H6-T cells (fig. S9). Because
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 damage when actively growing after treat-
ment with amL26-T cells (Fig. 3, H and I). No elevated DNA damage
was detected in the arrested tumor using terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) stain for either of the two situations. In addition, we de-
termined whether the number of mutations had changed by per-
forming whole-exome sequencing and RNA sequencing (RNA-seq;
table S2) of in vitro readapted 6132A cancer cells from untreated,
Heé-treated, or amL26-treated tumors. The expression of nsSNVs by
these three cell lines was nearly indistinguishable, showing that
growth arrest and its reversion in 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 II (25) and are
therefore representative of most human cancers. Thus, 6132A can-
cer 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 den-
dritic cells and macrophages become CD4* T cell targets by present-
ing neoantigen. To determine whether the effect of CD4" T cells
depended solely on stroma recognition, we genetically deleted the
chain of the I-E MHC class II molecule in 6132A cancer cells. H6-T
cells were similarly capable of permanently shrinking and halting tu-
mor progression of both parental and I-E*deficient 6132A cancer
cells (Fig. 3]).

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
CDA4TCRs correlate with features of preferential selection and
in vivo efficacy. We stimulated all 11 CD4TCR-engineered T cell
populations in vitro with dilutions of either mutant L9 (mL9) or
wild-type L9 (wtL9) 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 wtL9 peptide. Within the group
of preferentially selected TCRs, H6 was able to detect very low amounts
of mL9 peptide [median effective concentration (ECsp), 0.1 nM]
whereas H9 (ECsg, 10 nM) and H13 (ECso, 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
(ECs0, 0.5 nM) almost as well as H6 and were more sensitive than
H9 and H13. Single-clonotype TCRs lacking elements from prefer-
entially selected TCRs either showed no IFN-y response (H7 and
H8) or were only stimulated by very high amounts of mL9 peptides
(H10; ECs0, 1000 nM).

The IFN-y response in combination with other cytokines might
more reliably predict the in vivo efficacy of our CD4TCRs. There-
fore, we also determined cytokine values of TNEF, interleukin-2
(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
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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 reduc-
tion (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 to E) Tumor tissue was analyzed on days 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 indepen-
dent 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 concentrations in tumor tissue were determined (total n = 8). (F to
1) 6132A-ECFP was used for injection into C3H Rag™~ mice. (F and 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 3 consecutive days before tumor tissue was isolated at days 20 to 25 after T cell transfer. (F) A representative flow cy-
tometry 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* and 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 analysis of variance (ANOVA) with *P < 0.05. Results are compiled from three independent experiments. (H
and I) Tumors were treated either with H6- or amL26-T cells. Tumor tissue was isolated at days 20 to 22 after T cell transfer. (H) Live 6132A-ECFP cancer cells were analyzed
by TUNEL staining 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 staining 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 with 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 arrowhead. Spleens from C3H CD8 ™/~ mice were used as a CD4™ T cell source for TCR engineering. Average
tumor sizes were 0.530 + 0.170 cm? SD 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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the TCRs H11, H12, H14, H15, and H16, which have shared ele- seems to be true for IL-10. The preferentially selected TCR H13 also
ments, reliably produced as much TNE, IL-2, IL-17, and IL-22 as T induces a stronger release of IL-10 and is associated with even-
cells engineered with the preferentially selected TCRs H6 and H13,  tual relapse in vivo that is in contrast to H6 and H9. Furthermore,
whereas H9 always led to secretion of low cytokine values. However, H11 and H12 as single-clonotype TCRs with shared elements also
there seems to be a difference in release of IL-4 and IL-10. The pref-  resulted in only low values of IL-4 and IL-10. Yet, tumors treated
erentially selected TCRs secreted almost no IL-4, which is in con-  with H12 stay in long-term growth arrest, whereas tumors treated
trast with single-clonotype TCRs with shared elements. The same  with H11 relapse regularly within 25 days after T cell transfer. In
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addition, TCRs H11, H14, H15, and H16 outperformed TCR H9 in
the comprehensive cytokine analysis in 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 in vitro
assays because the endogenous TCR may influence the strength of
the response (26). Therefore, we made use of the TCR-negative
580"~ CD4" T cell hybridoma (27) to normalize the peptide L9 T
cell response in vitro and generated 11 TCR-engineered 58a™ f~
CD4" T cell lines (fig. S10). We first determined the strength of TCR
signaling by phosphorylation of extracellular signal-regulated ki-
nase (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 phosphor-
ylated ERK when stimulated with mL9 peptide in comparison with
wtL9 peptide. We did not observe a consistent increase in MFI of
phosphorylated ERK in the TCRs H7 and H8. In addition, we also
analyzed the ability of the 11 TCR-engineered 58~ CD4* T cell
lines to secrete IL-2 (Fig. 4D). As before, none of the TCR-engineered
580 B~ cells recognized wtL9. 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.

Because in vitro assays using peptide seem to be inconsistent for
the understanding of in vivo efficacy of CD4TCRs, we investigated
the cytokine response of TCR-engineered CD4 ™" T cells when stimu-
lated 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, whereas H9 only showed high release of
IL-10, small secretion of IFN-y 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 ele-
ments) 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 correlat-
ed as poorly as responses to peptide with in vivo efficacy.

CDATCR efficacy correlates with ability to reprogram TAMs

Because in vitro stimulation of TCR-transduced T cells unreliably
predicts in 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 mi-
croenvironment were F4/80% TAMs (fig. S11A). Thus, we examined
which effect the different CD4TCRs might have on TAMs. Stromal
recognition of TAMs by CD4TCRs was not associated with an in-
creased death rate of TAMs because the number of nonviable TAMs
did not differ significantly between untreated, H6-treated, 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 are immu-
nosuppressive, whereas M1-TAMs are proinflammatory and tissue
damaging (29). Therefore, we examined 6132A-TAM:s for pheno-
typic changes in response to T cell transfer. Tumors were isolated at
days 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).
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We observed an increase in MHC class IT I-EX in almost all TAMs by
day 20 after T cell transfer. However, this up-regulation was not an-
tigen specific because it was similar after transfer of either H6- or
amL26-T cells (fig. S12). In addition, the fraction of TAMs express-
ing arginase also increased by day 20, but this again occurred inde-
pendent of the antigen specificity of the transferred T cells. Instead,
H6-T cell transfer resulted in significant (P = 0.0001) induction of
nitric oxide (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 therapeutically effective, preferen-
tially selected TCRs H6, H9, and H13; the single clonotype and
therapeutically effective TCR H12; or the single clonotype but thera-
peutically failing TCR H10 using the amL26-specific TCR as con-
trol (Fig. 5B). We only observed a significant (P = 0.0001) change in
NO production of TAMs from 6132A tumors treated with therapeu-
tically 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, whereas the therapeutically failing TCR H10, which also
performed poorly in our in vitro stimulations, faltered. For further
understanding of the TAM subpopulations, we analyzed the
I—Ek—expressing TAM:s for their NO and arginase proportions. We
found that TAMs from tumors treated with therapeutically effective
TCRs consisted on average of 41% NO-producing TAMs, whereas
this cell population was minor (6%) in TAMs from mice treated
with failing or control TCRs (Fig. 5, C and D). This indicates that
most TAMs present in an arrested tumor are of the M1 phenotype,
whereas TAMs found in growing tumors are mostly M2. However,
TAMs that are double positive for NO and arginase were also de-
tected in arrested tumors (28% versus 5% in growing tumors),
showing that M2-TAMs are capable of producing NO without los-
ing their M2-type identity. Thus, reprogramming of TAMs to
produce NO correlated with therapeutically effective CD4TCRs.

DISCUSSION

In this study, we show that selecting candidate TCRs on the basis
of convergent recombination can help identify TCRs that are ther-
apeutically 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 o and
B chains with the TCRs characterized by convergent recombina-
tion. 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 in-
dependently multiple times in vivo. Thus, convergent recombina-
tion 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 recombina-
tion in bulk TCR B chain sequencing only (31-33). However, pres-
ence of convergent recombination only in TCR p 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 f
chain analyses.
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Fig. 5. NO expression in 6132A TAMs is induced by T cells when transduced with therapeutically effective CD4TCRs. (A to D) Spleens from C3H CD8~/~ mice were
used as a CD4* T cell source for TCR engineering. (A) TCR-engineered CDA4* T cells were cocultured for 24 hours with threefold dilutions of TAMs (F4/80% cells) isolated from
6132A tumors grown in C3H Rag™~ mice. Supernatants were analyzed for various cytokines by flow cytometry. Data are means + SD and were compiled from two inde-
pendent experiments. (B to D) C3H Rag‘/‘ mice bearing 6132A tumors were treated with 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 days 20 to 22 after T cell transfer. Tumors were analyzed by flow cytometry for
frequency of life CD11b* and F4/80% 6132A TAMs 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 = 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. Data were compiled from two independent
experiments. (C) MHC class Il I-Ek—positive TAMs were further analyzed by their frequency of expressing either arginase, NO, both, or none. Data were compiled from three
independent experiments (D) Frequency of NO-and I-E*-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 were compiled from two independent experiments.
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Currently, the focus is on finding in vitro assays that can predict
which TCR will be successful for immunotherapeutic interventions
(34). Our in vitro analyses did not reliably predict the in vivo out-
come. Both CD4TCRs 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 in vitro activity
could fail in 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 be-
tween preferentially selected TCRs and TCRs generated by single T
cell clonotypes. However, this reductionist approach also has limita-
tions because it does not examine how the efficiency of our T cell
therapy might be affected by preconditioning regimens in immuno-
competent mice (37).

Most human epithelial cancers do not express MHC class II and
do not allow for direct recognition by CD4™ T cells, as observed in our
tumor models (25) even though melanoma represents a notable ex-
ception (38-40). Nevertheless, adoptive transfer of CD4" T cells has
been shown to eradicate disseminated Friend virus-induced erythro-
leukemia, and these cancer cells were found to be MHC class II nega-
tive (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 is a common cause of relapse after immune
therapy with CD8* T cells (42). In our model, relapse after CD4TCR
therapy retained the targeted neoantigen (16). Although the CD4T-
CRs 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 vari-
ants 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 of essential genes is increasingly being
recognized as an underestimated potent class of cancer-specific tar-
gets (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 CD4TCR-T cells. Af-
ter tumor destruction, the surviving cancer cells persisted at tumor
margins nourished by the pre-existent nontumor vasculature that is
resistant to IFN-y and TNF (51). The tumor microenvironment is
widely considered to be tumor promoting (52), immunosuppressive
(53), and a barrier for effective CD8" T cell therapy. A part of stromal
TAMs in untreated or control TCR-treated mice expressed arginase,
but few expressed NO, consistent with an immunosuppressive envi-
ronment (54, 55). Changes in MHC II expression on TAMs in tumors
treated with nonspecific T cells were observed, which is consistent
with bystander infiltration and activation of nonspecific T cells in
cancer and viral diseases (56-58). Nonetheless, we observed antigen-
specific reprogramming of M2-type TAMs together with appearance
of M1-type TAMs. Therefore, our approach of identifying and using
CDA4TCRSs 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
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TNF signal TAM:s 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 nonproliferating cancer cells forming a “stale-
mate” 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 ob-
served 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 antiapoptotic regulator of caspase 3 activity in 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 accumu-
lation of mutations is errors during DNA replication (69). Because the
cancer cells in our model are growth arrested, no DNA replication
occurs, and thus the acquisition of new mutations is hindered. 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 con-
vergent 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

Objective 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 subcutaneously in
the shaved backs of mice. Tumor volumes were measured along
three orthogonal axes every 2 to 3 days and were calculated as (a X
b X ¢) + 2. Mice were treated around 3 weeks after cancer cell injec-
tion when tumors were established. The number of TCR* T cells
was calculated on the basis of transduction rate (determined by
TCR VB stain, on average ~ 30%) on the day of treatment before T
cell transfer. Per recipient, 2 X 10° TCR* CD4" T cells were injected
intraperitoneally. 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 cm” or mice appeared hunched
and weak. Relapsing tumors were allowed to reach 1.5 cm® before
mice needed to be euthanized. TCRs were defined as being thera-
peutically 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.

Mice

Three- to 8-month-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
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guidelines. C3H/HeN mice were obtained from Envigo [Huntingdon,
Cambridgeshire, UK, research resource identifier (RRID):
MGI:2160972]. C3H Rag2™'~ (C3H.12986-Rag2"™" ™) mice were
obtained from D. Hanahan (University of California, San Francisco,
CA, USA). C3H CD8'~ (C3H.12952-Cd8a™™%) mice were gen-
erated in house by crossing C3H/HeN mice with C57BL/6 CD8 ™'~
mice purchased from the Jackson Laboratory (B6.12982—Cd8atmlMak,
RRID: MGI:3789587) and then backcrossed with C3H/HeN for
20 generations. Spleens of C3H CD8™'~ mice were used as T cell
sources for TCR engineering.

Cell lines

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 frag-
ments 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 tu-
mor induction in vivo. The 6132A-ECFP was generated by using
retroviral transduction with the pMFG-ECFP vector as described
before (23). 6132A-Cerulean was described before (70). Knockout
of the H2-Eb1 gene results in I-E f chain loss and therefore loss of
MHC class II expression. The 6132A-H2-Eb1 knockout cell line was
generated using CRISPR-Cas9. Single guide RNAs (sgRNAs) target-
ing exon 1 of the murine C3H H2-Eb1 gene were designed using the
sgRNA design tool from the Broad Institute. The corresponding
sense and antisense DNA oligomers (IDT, Coralville, IA, USA) were
compared with other publications that also targeted H2-Eb1 to gen-
erate murine MHC class II knockout cancer cell lines. The DNA
oligomers were annealed and cloned over a Bbs I side into PX458.
The sgRNA 5'-AGGAGACACGAGAGTCAGAG-3’ was success-
fully used to generate 6132A-H2-Eb1 ™~ cancer cells, which were
verified by Sanger sequencing to have an indel and frameshift in
exon 1. The 25-mer of 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 fol-
lowed by fluorescence-based cell sorting (FACS) (FACSAria II, BD
Biosciences, San Jose, CA, USA) derived highly green fluorescent
protein (GFP) fluorescent cell lines that were cloned for homoge-
neous expression. The B cell hybridoma LK35 (71) was provided by
A. Sant from the University of Rochester and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, and 0.1 mM nonessential
amino acids and cultured at 10% CO; in a 37°C dry incubator. Can-
cer cells were maintained in DMEM supplemented with 5% FBS
(Gemini Bio-Products) and 2 mM L-glutamine (Life Technologies,
Carlsbad, CA, USA) and cultured at 10% CO, in a 37°C dry incu-
bator. Plat-E packaging cells (72) used for TCR gene transfer and
Phoenix ampho used for gene transfer of neoantigens were main-
tained in DMEM supplemented with 10% FBS, 2 mM L-glutamine,
puromycin (1 pg/ml), and blasticidin (1 mg/ml; Invivogen, San Diego,
CA, USA) and cultured at 5% CO; in a 37°C dry incubator. The
580" B~ CD4* T cell hybridoma was provided by D. Kranz from
the University of Illinois Urbana-Champaign (27), and its TCR-
engineered variants were maintained in RPMI 1640 (Corning,
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Corning, NY, USA) 10% FBS (Gemini, Sacramento, CA, USA), 2
mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, penicillin (100 U/ml), streptomycin (100 pg/ml; all
purchased from Life Technologies, Carlsbad, CA, USA), 50 uM
2-mercaptoethanol (Thermo Fisher Scientific, Waltham, MA, USA),
and gentamicin (50 pg/ml; 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 coculture 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.

Cell sorting, single-cell sequencing, and isolation

of TCR genes

After harvesting tumor and spleen tissue between days 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, respec-
tively, before viable tetramer binding CD4" T cells were sorted
(FACSAria II, BD Bioscience, Franklin Lakes, NJ, USA). Samples
from different mice were stained with TotalSeq-C Hashtag antibod-
ies #4, #6, and #8 (Biolegend, San Diego, CA, USA) and combined
before sorting. The 10x Genomics (10x Genomics, Pleasanton, CA,
USA) Chromium controller and the single-cell 5" dual index plat-
form was used to generate TCR libraries following the manufactur-
er’s protocol. Next-generation sequencing was performed at the
University of Chicago Genomics facility using NovaSeq 6000 (Illu-
mina, San Diego, CA, USA). TotalSeq-C Hashtag antibodies were
used to demultiplex the different mice. Therefore, only four data
points are shown in fig. S1B. These data points are from tetramer
sorts of mice #1, #2, #3, #4, #5, and #6. Unfortunately, the TotalSeq-
C Hashtag procedure failed for mice #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 Not I-and Eco
RI-flanked restriction sides as described (73). The control TCR
amL26 was isolated from a T cell clone specific for the H96Y muta-
tion in the ribosomal protein L26 that was identified in 6139B can-
cer cells and has been characterized before (16, 21). In addition, 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-HS,
pMP71-H7, pMP71-H8, pMP71-H9, pMP71-H10, pMP71-H11,
pMP71-H12, pMP71-H13, pMP71-H14, pMP71-H15, pMP71-
H16, pMP71-5c.c7, pMP71-AND, pMP71-M2.3, pMP71-M4.3, or
pMP71-amL26. Potential mispairing of transduced TCRs (75) was
prevented by using a P2A element in TCR-vector designs. Plat-E
packaging cells were transfected with pMP71-H6, pMP71-H7,
pMP71-H8, pMP71-H9, pMP71-H10, pMP71-H11, pMP71-H12,
pMP71-H13, pMP71-H14, pMP71-H15, pMP71-H16, pMP71-5¢.
c7, pMP71-AND, pMP71-M2.3, pMP71-M4.3, or pMP71-amL26
by calcium phosphate precipitation. Forty-two hours after trans-
fection, virus supernatant was removed and filtrated through a
0.45-pm syringe filter (VWR, Radnor, PA, USA). Spleens were isolated,
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and erythrocytes were lysed for 3 min with 0.017 M tris and 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 nonessential amino acids, penicil-
lin (100 U/ml), streptomycin (100 pg/ml; all purchased from Life
Technologies, Carlsbad, CA, USA), 50 pM 2-mercaptoethanol (Ther-
mo Fisher Scientific, Waltham, MA, USA), and gentamicin (50 pg/
ml; VWR, Radnor, PA, USA) and were supplemented with recombi-
nant human IL-2 (40 U/ml; PeproTech, Rocky Hill, NJ, USA). The
cell suspension was transferred into a 24-well plate (Greiner Bio-
One, Kremsmuenster, Austria) coated with «CD3 (1.4 pg/ml; Uni-
versity of Chicago, Frank W. Fitch Monoclonal Antibody Facility,
clone 145-2C11.1) and aCD28 (0.2 pug/ml; clone 37.51, Biolegend,
San Diego, CA, USA) at a concentration of 3 x 10° cells/ml. On the
subsequent day, 0.5 ml of corresponding virus supernatant contain-
ing protamine sulfate (8 pg/ml; Sigma-Aldrich, St. Louis, MO,
USA) was added per well, and cells were spinoculated (800g, 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 of virus supernatant (3000g, 90 min, 4°C) on
the next day. The virus supernatants were removed, and 5 x 10° of
CD4" T cells in complete medium containing IL-2 (40 U/ml) were
transferred to the virus-coated 12-well plate and followed by spin-
oculation (800g, 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 adop-
tive transfer. For in vitro analyses, TCR-engineered CD4" T cells
were maintained in complete medium with IL-2 (40 U/ml) and used
after 4 days.

TCR engineering of the 58af~ CD4* T cell hybridoma

Plat-E packaging cells were transfected with pMP71-H6, pMP71-
H7, pMP71-H8, pMP71-H9, pMP71-H10, pMP71-H11, pMP71-
H12, pMP71-H13, pMP71-H14, pMP71-H15, and pMP71-H16 by
calcium phosphate precipitation. Forty-two hours after transfection,
virus supernatant was removed and filtrated through a 0.45-pm sy-
ringe filter (VWR, Radnor, PA, USA). A 24-well plate was coated
overnight with RetroNectin [500 pl per well; 12.5 pg/ml (TaKaRa)].
The coated plate was centrifuged with 0.5 ml of virus supernatant
(3000g, 90 min, 4°C). Supernatant was removed, and 2 X 10° 580"~
cells in RPMI 1640 (1 ml per well; Corning, Corning, NY, USA) 10%
FBS (Gemini, Sacramento, CA, USA), 2 mM L-glutamine, 1 mM
sodium pyruvate, 0.1 mM nonessential amino acids, penicillin
(100 U/ml), streptomycin (100 pg/ml; all purchased from Life Tech-
nologies, Carlsbad, CA, USA), 50 pM 2-mercaptoethanol (Thermo
Fisher Scientific, Waltham, MA, USA), and gentamicin (50 pg/ml;
VWR, Radnor, PA, USA) were added. The plate was centrifuged at
800g for 30 min and 32°C. On the subsequent day, 0.5 ml of corre-
sponding virus supernatant containing protamine sulfate (8 pg/ml;
Sigma-Aldrich, St. Louis, MO, USA) was added per well, and cells
were again spinoculated (800g, 90 min, 32°C). Three days later,
580~ cells were stained for TCR  chain and sorted using FACSAria
11 (BD Bioscience, Franklin Lakes, NJ, USA). After cells recovered
in vitro, the level of expression of the TCRs among the different
TCR-engineered 58a” ™ cells was determined by TCR B chain
staining using flow cytometry with NovoCyte Quanteon (Agilent,
Santa Clara, CA, USA).
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Cancer cell injection in mice

For generation of tumor-bearing C3H/HeN wild-type mice, 6132A
fragments were generated and injected subcutaneously as previous-
ly described (76). For treatment of established 61324, 6132A-MCC-
GFP, 4102-mL9-GFP, or 4102-MCC-GFP tumors, 1 X 10 cancer
cells were injected subcutaneously into the shaved backs of C3H
Ragz_/_ 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 antigen-presenting cells (APCs), were removed, and
single-cell suspensions were generated by enzymatic digestion (77).
Tumors were minced, collagenase D (2 mg/ml) and deoxyribonu-
clease I (100 U/ml; both Roche, Indianapolis, IN, USA) were added,
and suspension was incubated for 20 min at 37°C in RPMI 1640 on
a horizontal shaker. After the addition of trypsin in Hanks balance
salt solution (MP Biomedicals LLC, Solon, OH, USA) to a final con-
centration 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-pum 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 the manufacturer’s protocol.
Successful isolation was confirmed by FACS before both cell popula-
tions were used for T cell stimulation.

Tumor tissue analysis

At days 6, 7, and 8 after AT'T, tumors were isolated, and about 100 mg
was homogenized using Polytron (Kinematica, Lucern, Swiss) and
spun down. Supernatants were used for determination of cytokines
by flow cytometry using Legendplex according to the manufac-
turer’s protocol (Biolegend, San Diego, CA, USA). For endothelial
cell analysis, single-cell suspension from tumor tissue was gener-
ated as described in the “Tumor preparation and isolation of
CD11b"* and F4/80™ cells” section. 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 58 B~ cells were co-
cultured for 24 hours with APCs to determine specificity and sensi-
tivity. In brief, 1 X 10° T cells were added to 1 X 10° stromal cells
isolated from tumor. For TCR-independent stimulation, xCD3 (8 pg/
ml; University of Chicago, Frank W. Fitch Monoclonal Antibody
Facility, clone 145-2C11.1) and «CD28 (2 pg/ml; clone 37.51, Biolegend,
San Diego, CA, USA) was used. In addition, T cells were also cocul-
tured with spleen cells isolated from C3H/HeN mice and 26-mer
mL9, wtL9, or MCC peptides at various concentrations indicated in
the figure legends. After 24 hours, supernatants were removed and
tested for IFN-y or IL-2 concentrations by enzyme-linked immuno-
sorbent 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, super-
natants were used for determination of various cytokines by flow
cytometry using Legendplex according to the manufacturer’s proto-
col (Biolegend, San Diego, CA, USA).
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Analysis of TCR signaling by phosphorylation of ERK

To measure strength of TCR signaling, 1 x 10°> TCR-engineered
58 B~ T cell hybridomas were cocultured with 1 x 10° LK35 cells.
The LK35 cells were cultured overnight with 1 pM mL9 or 1 pM
wtL9 peptide in 96-well U-bottom plates. TCR-engineered 58a ™
cells were live/dead-stained with fixation-resistant dye 510 (BD Bio-
science, Franklin Lakes, NJ, USA) before addition to LK35 cells.
Cocultures were stopped at 0, 5, 10, 15, 20, 25, and 30 min after ad-
dition of TCR-engineered 58 3~ cells. Plates were centrifuged for
20 s at 400g 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 400g for 4 min, supernatants were dis-
carded, and cells were immediately fixed with ice-cold 10% formalin
solution (containing 4% formaldehyde) (100 pl per well) for 15 min
on ice. Phosphate-buffered saline (PBS) (100 pl per well) was added,
cells were centrifuged for 4 min at 400g, and supernatants were dis-
carded. Cells were then permeabilized with ice-cold 90% methanol
(100 pl per well) for 15 min on ice. PBS (100 pl per well) was added,
cells were centrifuged for 4 min at 400g, and supernatants were dis-
carded. Cells were then FcR-blocked [anti-FcR clone 2G4 (50 pl per
well) in PBS] for 10 min at 4°C, washed, and stained at a 1:50 dilu-
tion intracellularly for phosphorylated ERK1/2 and at a 1:100 dilu-
tion for the I-EX and TCR f chain to distinguish LK35 cells from
TCR-engineered 58 ™ cells for 30 min at room temperature, be-
fore resuspending in PBS and analyzing phosphorylated ERK1/2 by
flow cytometry. The MFI of TCR-engineered 58~ 3~ cells stimulated
by wtL9 peptide was averaged from all time points and considered
background. The time point that showed the peak response to mL9
peptide was used, and background was subtracted from both samples
(stimulation with wtL9 or mL9).

Analysis of TAMs

6132A tumor tissue was harvested at days 0, 6, and 20 after transfer
of T cells. Single-cell suspensions were prepared as described in
the “Tumor preparation and isolation of CD11b* and F4/80 cells”
section and incubated with 4-amino-5-methylamino-2',7"-difluor
orescein (DAF-FM) diacetate (Life Technologies, Carlsbad, CA, USA)
following the manufacturer’s protocol for detection of NO. The via-
bility dye 780 (BD Bioscience, Franklin Lakes, NJ, USA) was used
for detection of live/dead cells following the manufacturer’s protocol.
Afterwards, cells were fixed and permeabilized using Cytofix/
Cytoperm solution (BD Bioscience, Franklin Lakes, NJ, USA) follow-
ing the manufacturer’s protocol followed by 1 pg of Fc receptor block.
At the end, intracellular stain was performed together with «CD11b,
and aF4/80 antibodies and TAMs were analyzed by flow cytometry
using NovoCyte Quanteon (Agilent, Santa Clara, CA, USA).

BrdU injection and cleaved caspase 3

6132A-ECFP-labeled cancer cells were used. Mice were injected in-
traperitoneally twice a day with 100 pl of BrdU (Sigma-Aldrich,
Burlington, MA, USA) at a concentration of 10 pg/pl for three con-
secutive days. Mice were euthanized, and tumors and spleens were
taken out as described in the “Tumor preparation and isolation of
CD11b* and F4/80" cells” section. BrdU stain was performed using
the BD BrdU Flow kit (BD Bioscience, Franklin Lakes, NJ, USA)
following the manufacturer’s protocol. In addition, dye 780 (BD
Bioscience, Franklin Lakes, NJ, USA) was used for detection of live/
dead cells. The rabbit antibody clone 9661 (Cell Signaling Technol-
ogy, Danvers, MA, USA) was used for detection of cleaved caspase
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3, and anti-rabbit immunoglobulin G clone 79408 [R-phycoerythrin
(PE), Cell Signaling Technology, Danvers, MA, USA] was used for
detection by flow cytometry. Furthermore, «aCD11b and aF4/80 an-
tibodies were used to detect TAMs, and aCD3, a«CD4 antibodies
together with mL9-tetramer were used to detect TILs.

Tumor infiltration and peripheral blood analysis

Blood was taken by buccal bleeding between days 45 and 75 as indi-
cated in the figure legends with a 5-mm animal lancet (Medipoint
Inc., Mineola, NY, USA). Blood (100 pl) was collected in tubes con-
taining 50 pl of 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 live/dead cells and for CD3, CD4, and V6 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 im-
planted on the shaved backs of C3H Rag™'~ mice. 6132A-cerulean
cancer cells were injected at three different sites 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 lon-
gitudinal in vivo imaging, mice were anesthetized and positioned
on a custom-made stage adaptor. The three screws used to hold the
window frame also fixed the mouse onto the stage adaptor. A mo-
torized microscope XY scanning stage and Leica LAS-AF software
allowed recording of individual three-dimensional positions per
field of view and returning to them later with high precision (stated
accuracy, +3 pm; reproducibility, <1.0 pm). Blood vessels were
used as “landmarks” and could be located within 50 pm on the
same day and within 100 pm on the next day. Data were acquired
using a Leica SP5 II TCS tandem scanner two-photon spectral
confocal microscope [long-working distance 20X/numerical aper-
ture (NA) 0.45 and 4x/NA 0.16 dry lenses, Olympus]. Tumor blood
flow was visualized by retro-orbital injection of 100 pl of red blood
cells labeled with DiD (Thermo Fisher Scientific, Waltham, MA, USA).
To determine the fraction of area occupied by vessels or cerulean fluo-
rescent cancer cells, acquired images were analyzed using Fiji software
(Laboratory for Optical and Computational Instrumentation; Uni-
versity of Wisconsin-Madison, WI, RRID: SCR_002285).

Flow cytometry and antibodies

Fc receptor block (1 pg; anti-mouse 2.4G2) was added to samples,
and cells were incubated with 50 pl of PBS containing 0.2 pg of indi-
cated 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).
The following fluorophores were used: 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). The following antibodies were used: 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),
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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),
TGEp (TW7-20B9, PE, PerCp/Cy5.5, RRID: AB_10720866), TCR f
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), and TCR
Vb8.3 (1B3.3, PE, RRID: AB_2800699). Unless indicated otherwise,
antibodies were purchased from Biolegend (San Diego, CA, USA).
Tetramers (I-E*-mL9 and I-E*~CLIP) were provided by the NIH
Tetramer Core Facility. Samples were stained with tetramer (1.4 pg/
ml) for 1 hour at 4°C in RPMI 1640 (Corning, NY, USA) containing
10% FBS (Gemini, Sacramento, CA, USA). For live/dead distinc-
tion, Sytox Blue (Helix NP Blue, Biolegend, San Diego, CA, USA) or
fixation-resistant dye 510 or 780 (BD Bioscience, Franklin Lakes,
NJ, USA) was used. Gating strategy for Fig. 1B is included in fig. S1.
Gating strategies for Figs. 3 to 5 and supplementary figures are ex-
plained in the first part of the Supplementary Materials.

Histology and immunohistochemistry

Tumor-bearing and/or moribund mice were euthanized by cervical
dislocation and were subjected to a full necropsy. Tissue samples
were fixed for 24 hours 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. Tis-
sues were processed and paraffin-embedded, and 5-pm sections
mounted on glass slides were subsequently stained with hematoxylin
and eosin. Histopathological analysis was performed blinded and in-
dependently 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 (QImaging) 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 anti-
gen retrieval solution (Leica Biosystems, AR9961). Anti-CD3 anti-
body (1:100) was applied on tissue sections for 60-min incubation at
room temperature, and the antigen-antibody binding was detected
with the Bond Polymer Refine Detection HRP detection system (Leica
Biosystems, DS9800) without postprimary antibody amplification.
The peroxidase reaction was developed using liquid diaminobenzidine
brown substrate chromogen provided in the kit. Sections were coun-
terstained 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 subcutaneously in
the backs of C3H Rag2™'~ mice and around 40 days later treated
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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 the “Tumor preparation and isolation of CD11b* and
F4/807 cells” section). Samples were stained with the viability dye
780 (BD Bioscience, Franklin Lakes, NJ, USA). TUNEL staining was
performed using APO-BrdU TUNEL Assay Kit (Life Technologies/
Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. Cells were fixed and permeabilized as described in TCR
signaling. Detection of live, TUNEL-positive 6132A-ECFP cancer
cells was done by flow cytometry using NovoCyte Quanteon (Agile-
nt, Santa Clara, CA, USA). For detection of TUNEL-positive cells by
immunohistochemistry, formalin-fixed, paraffin-embedded 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 X40 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 com-
mand cellranger multi; the provided config csv files contain the in-
formation of the mm10 reference genome, vdj GRCm38 reference,
and TotalSeq-C surface markers. The output from cellranger multi
contains the TCR diversity metric that includes clonotype frequency
and barcode information.

Whole-exome sequencing and RNA-seq of cancer cells

Both genomic DNA and total RNA were extracted from in vitro
readapted 6132A cell lines, using AllPrep DNA/RNA mini kit
(Qiagen, Venlo, Netherlands). For whole-exome sequencing, 3 pg
of genomic DNA was subjected to library construction using Sure-
SeletXT Mouse All Exon V1 (Agilent Technologies, Santa Clara,
CA, USA). RNA-seq libraries were prepared from 1 pg of total
RNA using TruSeq Stranded Total RNA Library Prep kit (Illumina,
San Diego, CA, USA). The prepared whole-exome-sequencing
and RNA-seq libraries were quantified by 2200 Tape Station
(Agilent Technologies, Santa Clara, CA, USA) and then sequenced
by 150-bp paired-end reads on NextSeq 500 Sequencer (Illumina, San
Diego, CA, USA).

Statistics

All statistical analyses, including survival data, were performed us-
ing GraphPad Prism software (GraphPad, San Diego, CA, USA,
RRID: SCR_002798). Data points either indicate means of biologi-
cal duplicates of a representative experiment or are experimental
replicates summarized as means + SD. An unpaired, two-tailed Stu-
dent’s ¢ test was used to determine significance between TUNEL-
positive and TUNEL-negative samples. In all other experiments, the
method used to present the statistical significance of the data is in-
dicated in the figure legend. In all experiments, statistical signifi-
cance was indicated as follows: n.s., not significant with P > 0.5,
*P <0.5,**P <0.01, and ***P < 0.001.

Supplementary Materials
The PDF file includes:

Figs.S1to S12

Tables S1 and S2
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Other Supplementary Material for this manuscript includes the following:
Data file S1
MDAR Reproducibility Checklist
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Fig. S1. Progressively growing 6132A tumors are heavily infiltrated by T cells. (A - B) 6132A
tumors grown in C3H/HeN mice were analyzed by flow cytometry for CD3* tumor infiltrating
lymphocytes (left, all TILs), proportion of (middle) CD4* TILs and (right) mL9-specific CD4"
TILs. (A) Gating strategy of sample shown in Fig. 1B. (B) Results summarized from a total of n
= 4 mL9-tetramer sortings in four independent experiments.
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Fig. S2. The spleen of the original 6132-tumor bearing mouse contained a preferentially
selected TCR. (left) Depiction of the generation of the 6132A cancer cell line. The spleen of the
original 6132 mouse, that developed the autochthonous 6132A cancer after exposure to UV-light,
was taken out, frozen and stored in liquid nitrogen as cell suspension. (right) The spleen was
thawed and CD3*, CD4* and mL9-1-EX-tetramer™ cells were sorted and used for single cell TCR
analysis which identified the preferentially selected TCR H13.



CDR3 amino acid sequences of mL9-tetramer sorted single T cell clonotypes

TCR TRA TRB
CDR3 CDR3
H7 [R,-CAAG]|GF[NTGNYKYVFGAGTRLKVIAHITRAC ~ [R,-CASS|GTGGNERLFFGHGTKLSVLEJTRBC
TRAV19 TRAJ40 TRBV19 TRBD1 TRBJ1-4
CDR3 CDR3
H8  [R-CAA]G[GSGCKLILGAGTRLQVNID]TRAC  [R-CAS|RD[SVNSPLYFAAGTRLIVIEJTRBC
TRAV4-3 TRAJ44 TRBV13-3 TRBJ1-6
CDR3 CDR3
H10 [R,-CAM]SR[NTGNYKYVFGAGTRLKVIAHITRAC [R-CASSD]AA[GEYNSPLYFAAGTRLIVIEJTRBC
TRAV16N TRAJ40 TRBV13-1 TRBD2  TRBJ1-6
CDR3 CDR3
H11 [R,CAAJAVGGSGNKLIFGTGTLLSVKPNJTRAC  [R,-CASS|M[GTGGNERLFFGHGTKLSVLE|TRBC
TRAV4-4/DV10 TRAJ32 TRBV19 TRBD1 TRBJ1-4
CDR3 CDR3
H12 [R CAAEJR[TSSGOKLVFGQGTILKVYLHITRAC ~ [R,-CASSIGTGGNERLFFGHGTKLSVLEJTRBC
TRAV4-4/DV10 TRAJ16 TRBV19 TRBD1 TRBJ1-4
CDR3 CDR3
H14 [R,CAAJA[VGGSGNKLIFGTGTLLSVKPN]TRAC ~ [R-CASS|T[GTGGNERLFFGHGTKLSVLE]TRBC
TRAV4-4/DV10 TRAJ32 TRBV19 TRBD1 TRBJ1-4
CDR3 CDR3
H15 [R-CAJAR[GGSNYKLIFGKGTLLIVIPN}TRAC  [R,-CAWS]LW[GEVAEQFFGPGTRLTVLE]TRBC
TRAVS-1 TRAJ53 TRBV31 TRBD2  TRBJ2-1
CDR3 CDR3
H16  [R,CAAEJA[GNYKYVFGAGTRLKVIAHITRAC [R;-CAW]DI[NODTQYFGPGTRLLVLE]TRBC
TRAV4-4/DV10 TRAJ40 TRBV31 TRBJ2-5

Fig S3. TCR sequences of single T cell clonotypes found in 6132A-tumor bearing mice. Amino
acid CDR3 sequences of paired TCR - and B-chains of the (A) single T cell clonotype TCRs H7,
H8, H10, H11, H12, H14, H15 and H16 which were frequent among tumor and spleen in the six
analyzed 6132A-tumor bearing mice.
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Fig. S4. CD4ATCRs therapeutic in the 6132A tumor model are also effective in a second UV-
induced tumor model. (A) Vector design to introduce the neoantigen mL9 as a trimeric 25mer,
separated by the proteasomal cleavage side AAY and linked over a P2A element to eGFP, into the
UV-induced cancer cell line 4102. (B) The 4102-mL9-GFP cancer cells were injected s.c. on the
back of C3H Rag” mice. Around 32 days later, established tumors were treated with TCR-
engineered CD4* T cells. (C) 4102-mL9-GFP bearing C3H Rag” mice were treated with CD4* T
cells from the spleen of C3H CD8”" mice that were TCR-engineered with either H6 (n = 6), H10
(n =6), H12 (n = 6) or the mL26-specific (n = 6) control TCR. TCRs H6 and H12 caused 4102
tumor destruction followed by long-term growth arrest, while the TCR H10 failed, which is a
similar outcome as observed in the 6132A tumor model. Mice treated with the mL26-specific
TCR-engineered CD4" T cells were used as outgrowth controls. Number (n) indicates total number
of mice used. Data are compiled from two independent experiments.



Multiple T cell clonotypes encoding identical MCC-specific TCRs (convergent recombination)

TRA N region diversity
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Fig. S5. The immune response against moth cytochrome c induces TCRs encoded by multiple
or single T cell clonotypes. Nucleotide sequences of the TCRs were reported by McHeyzer-



Williams et. al. (22). (A) TCRs M2.3 and M4.3 are each encoded by two different T cell clonotypes
based on N nucleotide (nt) sequence diversity in the TRA and TRB V(D)J joints. (B) CDR3 amino
acid sequences of the single T cell clonotype TCRs AND and 5c.c7 as well as (C) the control TCR
amL26. (D) Based on representation by either multiple or single T cell clonotypes, the four MCC-
specific TCRs fell into two groups. Group 1: TCRs M2.3 and M4.3 are each characterized by
convergent recombination of multiple T cell clonotypes. Group 2: TCRs AND and 5c.c7 are each
represented by single T cell clonotypes. Control group: Control TCR amL26. Color coding
indicates whether CDR elements were shared in TRA and/or TRB between the different TCR
groups.
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Fig. S6. Comparing the therapeutic effects of MCC-specific TCRs encoded by multiple T cell
clonotypes with MCC-specific TCRs from single T cell clonotypes. (A) Comparison of the
25mer peptide sequence of mouse and moth cytochrome ¢ (MCC). Differences in the amino acid



sequence are highlighted in red. (B — F) We ordered the four different_moth cytochrome c
(MCC) specific TCRs and cloned them into the retroviral vector pMP71. Spleens of C3H CD8™"
were used as CD4* T cell source for TCR-engineering. (B) TCR-engineered CD4" T cells were
used for co-cultures with C3H/HeN spleen cells as APCs and various concentrations of the MCC
25mer peptide. Supernatants were analyzed for IFN-y by ELISA. Shown is one representative
out of two independent experiments. (C) Vector design to introduce the neoantigen MCC as a
trimeric 25mer, separated by the proteasomal cleavage side AAY and linked over a P2A to
eGFP, into the UV-induced cancer cell lines 6132A and 4102. (D) 6132A- or 4102-mL9-GFP
cancer cells were injected s.c. on the back of C3H Rag™ mice. Around 34 days later, established
tumors were treated with TCR-engineered CD4" T cells. (E — G) Data are compiled from two
independent experiments. Number (n) indicates total number of mice used. (E) 6132A-MCC-
GFP bearing C3H Rag” mice were treated with TCR-engineered CD4* T cells: M2.3 (n = 6),
M4.3 (n = 6), 5¢.c7 (n = 5), AND (n = 5), amL26-TCR (n = 4). (F) 4102-MCC-GFP bearing
C3H Rag” mice were treated with TCR-engineered CD4* T cells: M2.3 (n = 6), M4.3 (n = 6),
5c¢.c7 (n =5), AND (n = 5), amL26-TCR (n = 3). (G) Mice from both tumor models (6132A-
MCC and 4102-MCC) were combined and analyzed for long-term survival. Group 1: Mice
treated with TCRs characterized by convergent recombination M2.3 and M4.3 (n = 24). Group 2:
Mice treated with single clonotype TCRs with shared elements 5c¢.c7 and AND (n = 20). Control
group: Mice treated with control TCR amL26 (n = 7). Mice treated with TCRs from group 1
(M2.3 or M4.3) survived significantly longer (**p < 0.01) than mice treated with TCRs from
group 2 (5c.c7 or AND) or the control group (***p < 0.001). Mice treated with TCRs from group
2 (5c.c7 or AND) survived longer (**p < 0.01) than mice treated with the amL26 TCR (control
group). Statistical significance was determined using log-rank test.



Fig. S7. Destruction of tumor vessels but not of pre-existent vasculature after T cell transfer.
Histological analysis of a 6132A-tumor grown in C3H Rag” mice 6 days after adoptive transfer
of H6-engineered CD4" T cells. Multiple H&E stained slides were analyzed. Shown are
representative examples. (A) Slide of the entire tumor with an area at the tumor margin in the upper
left delineated with “B” and further magnified in (B). (B) A higher magnification outlines the areas
C,D,EandF. (C) Large clogged and destroyed vessels within the tumor. (D) Healthy, intact tissue
with functional vessels along the panniculus carnosus which indicates the rim of the tumor. At this
location, healthy cancer cells can be detected. Black arrows indicate pre-existing vessels with
intact epithelia. (E) Shown is an example of blocked blood flow by a thrombus within the tumor.
(F) Healthy margin showing smaller intact vessels encircled by undamaged endothelia at the tumor
margin.
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Fig. S8. Persistent detection of T cells in the original 6132A tumor as well as transplanted
6132A tumors. (A) CD3 stain of slides from 6132A-tumors grown in C3H Rag” mice 6 days
after adoptive transfer of either H6- or amL26-TCR-engineered CD4" T cells. Spleens of C3H
CD8” mice were used as CD4" T cell source for TCR-engineering. Additionally, the
original autochthonous 6132A tumor was also analyzed by CD3-stain. Multiple sections were
evaluated and a representative location is shown. Left panels: H6-treated tumor. Accumulation
of T cells forming a line at the tumor rim where cancer cells survived. Fewer T cells can be
detected inside the destroyed tumor. Middle panels: amL26-treated tumor. Lower
magnification of the tumor




margin (upper middle panel) fails to reveal a rim of dense T cell infiltration. Very few of the
control T cells infiltrated the 6132A-tumor at this stage (lower middle panel). Right panels: The
original 6132A tumor. The upper right panel (lower magnification) fails to show a distinctive rim
of T cell infiltration at the tumor margin. The structures in the upper part of the section represent
the skin overlaying the auricicular cartilage of the ear from which the cancer originated. Despite
failing to show a distinctive rim of T cell infiltration, the original autochthonous 6132A tumor was
diffusely and heavily infiltrated with CD3* T cells (lower right panel). (B — C) C3H CD8” mice
were used as CD4* T cell source. 6132A tumor-bearing C3H Rag” mice were treated with H6-
engineered T cells. (B) Left panels: Timepoints of T cell transfer and analysis of peripheral blood
are indicated by the arrow heads. Right panels: The H6-T cell population was detected by flow
cytometry via aVB6 and aCD4 stain in peripheral blood several weeks after T cell transfer.
Percentages are of V36" and CD4" positive cells are indicated. Upper right panel: 43 days after T
cell transfer. Shown is one out of three independent mice where blood was analyzed 40 to 50 days
after T cell transfer. Bottom right panel: 75 days after T cell transfer. Shown is one out of two
independent mice where peripheral blood was analyzed 70 to 80 days after T cell transfer. (C)
Histochemical demonstration of persisting (CD3" stained) T cells infiltrating the growth-arrested
remaining 6132A tumor tissue 89 days (top) and 124 days_(bottom) after transfer of H6-T cells.
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Fig. S9. Non-proliferative, growth-arrested 6132A cancer cells can be recovered in vitro and
form again treatable tumors in vivo. 6132A-ECFP was injected into a C3H Rag” mouse and the
tumor was treated with H6-T cells. The mouse was injected with BrdU twice a day for three
consecutive days before tumor tissue was isolated at day 20 (circled red) after T cell transfer.
Arrested 6132A-ECFP cancer cells were analyzed by flow cytometry for frequency of BrdU
incorporation and tumor fragments were taken in culture on the same day. 60 days later, a stable
cell line was recovered which was analyzed by flow cytometry for ECFP expression and then
transferred into another C3H Rag™ mouse to determine whether these cells can still form a tumor.
A tumor developed (indicated in red) and after 25 days fragments were transferred into two
additional C3H Rag” mice (indicated in black) to analyze whether the developed tumor was still
transplantable. Aggressively growing tumors were formed again. Lastly, established tumors (total
n = 6) which developed from the recovered 6132A-ECFP cancer cell line, were treated with H6-T
cells which caused again tumor destruction followed by long-term growth arrest. This process,
readaption of growth-arrested tumor fragments in vitro, recovering of a 6132A-ECFP cancer cell
line and H6-T cell retreatment of established tumors developed by the in vitro recovered cell line,
was repeated in a second independent experiment. Both in vitro recovered 6132A-ECFP cancer
cell lines were used for whole-exome sequencing as indicated in Table S2.
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Fig. S10. The TCR-engineered 58a'p- CD4* T cell hybridomas express the different
CD4TCRs similarly. The 58a 3" CD4* T cell hybridoma was used to generate 11 different cell
lines, each expressing one TCR: H6, H7, H8, H9, H10, H11, H12, H13, H14, H15 or H16. Cell
lines were sorted for similar TCR expression. (A) TCR expression was determined using an
antibody recognizing a part of the constant region of the TCR B-chain. (B) Mean fluorescent
intensity (MFI) of the TCR B-chain showing similar expression between the 11 generated TCR-
engineered 58a - CD4" T cell hybridoma cell lines. Parental 583 CD4" T cell hybridoma which
lacks TCR expression was used as control.
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Fig. S11. Proportion of dead stromal macrophages is similar in growing and arrested tumors.
(A) Proportion of F4/80" cells of bulk CD11b" cells isolated from a representative 6132A tumor
grown in C3H Rag™ mice analyzed by flow cytometry. (B) Spleens from C3H CD8” mice were
used as CD4* T cell source for H6- or amL26-TCR engineering. C3H Rag” mice bearing 6132A
tumors were treated 21 to 23 days after cancer cell injection. TAMs (CD11b*, F4/80") were
analyzed by flow cytometry. Tumors were left untreated (n = 4) or treated with either H6- (n = 4)
or amL26-T cells (n = 4). Tumor tissue was isolated at day 20 — 25 after T cell transfer. Frequency
of dead TAMs is indicated. Significance (n.s. — not significant) was determined using a multiple
comparison one-way ANOVA test. Number (n) indicates total number of analyzed tumors from
independent mice. Data are compiled from three independent experiments.



6132A tumor-associated macrophages (TAMs, CD11b* and F4/80*)

A Arginase I-EX NO
a0 A Tumor sample (d20)
<§i = No treatment
. —~ TCR amlL26
X , ] ;
0 —_— A\ - Isotype-stained
10° 10° 107 10% 10° 107 10 10° 10:
Fluorescent intensity g
B T cell transfer: e None oH6 oomL26
2 100 | rgnese] s =
-
(&)
& 50| ﬁﬂ L
>
S
= 0 6 20

Days after TCR-CD4* T cell transfer

Fig. S12. Production of NO is selectively induced in TAMs following treatment with the
therapeutically effective and preferentially selected TCR H6. By contrast, there were no
significant differences in the upregulation of MHC Class Il or arginase in TAMs from tumors
treated with either the H6-TCR or amL26 control TCR. (A — B) Spleens from C3H CD8” mice
were used as CD4* T cell source for TCR engineering. C3H Rag” mice bearing 6132A tumors
were treated 21 to 23 days after cancer cell injection. TAMs (CD11b*, F4/80%) were analyzed by
flow cytometry. Tumors were treated with either H6- (n = 3) or amL26-T cells (n = 3) or left
untreated (n = 3). Number (n) indicates total number of tumors analyzed from independent mice.
Tumor tissue was isolated at day 0, 6 or 20 — 22 after T cell transfer. Tumor single cell
suspensions were analyzed by flow cytometry for frequency of TAMSs expressing arginase, I-EX
and NO. (A) Representative flow cytometry analysis at day 20 after T cell transfer. (B) Change
of TAMs expressing arginase, I-EX and NO over time after T cell transfer. Significance was
determined using an unpaired, two-tailed Student’s t-test (***p < 0.001, n.s. — not significant).
Data are compiled from two independent experiments.



Table S1. Number of sorted mL9-tetramer” CD4" T cells and identified TCRs
based on CDR3 amino acid sequences among tumor and spleen from 6132A
tumor-bearing mice.

Tumor Spleen

Number of  Number Number Number

Mouse T cells of TCRs of Tcells of TCRs
1 63 25 104 41
2 175 74 99 o4
3 25 14 285 95
4 7 7 372 83
5+6 543 108 149 42

Average 162.6 45.6 201.8 55




Table S2. Analysis of expressed
6132A tumors.

nsSNVs in reisolated progressing or arrested

6132A Treatment® mL9 expression  Expressed nsSSNV
reisolate” (RNA FPKM)  (RNA FPKM > 5)
#4718 None 548.493 1779
#4719 H6 466.526 1769
#7855° H6 625.942 1710
#4720 amL26 619.572 1768
#7854 amL26 570.551 1705

AAIl 6132A reisolates were from mice injected with tumor cells 45 days earlier
BTCR-engineered CD4* T cells were transferred 21 days after cancer cell injection
“Readapted from mouse shown in Fig. S9, indicated by the red circle in the far left panel

PExperimental repeat of #4719
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(see Statement of Task: doi:10.31222/0sf.io/9sm4x.). The MDAR checklist is a tool for authors, editors, and others seeking to adopt
the MDAR framework for transparent reporting in manuscripts and other outputs. Please refer to the MDAR Elaboration Document
for additional context for the MDAR framework.
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availability statement" providing transparent
Y 1Aty . p. . viaing P Materials and data availablility statement included on
disclosure about availability of newly created
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materials including details on how materials can be
accessed and describing any restrictions on access.
Antibodies indicate where provided: page no/section/legend) n/a
For commercial reagents, provide supplier name, RRID are provided under “material and methods”,
catalogue number and RRID, if available. sections: “mice” page 15, “longitudinal confocal
imaging” page 20 — 21, “flow cytometry and antibodies”
page 21, “TCR sequencing analysis” page 22 and
“statistics” page 23.
DNA and RNA sequences indicate where provided: page no/section/legend) n/a
Short novel DNA or RNA including primers, probes: | Sequencing dat are deposited at Sequence Read Archive
Sequences should be included or deposited in a (SRA). Project ID’s are included in the data availability
public repository. statement on page 32.
Cell materials indicate where provided: page no/section/legend n/a
Cell lines: Provide species information, strain.
Provide accession number in repository OR supplier Provided under material and methods, section “cell
name, catalog number, clone number, OR RRID. lines”, page 16.
Primary cultures: Provide species, strain, sex of Provided under material and methods, section “TCR-
origin, genetic modification status. engineering of primary CD4" T cells”, pages 17 — 18
Experimental animals indicate where provided: page no/section/legend) n/a
Laboratory animals or Model organisms: Provide
species, strain, sex, age, genetic modification status. . . C unai
P . . 8% & . . . Provided under material and methods, section “Mice”,
Provide accession number in repository OR supplier age 15
name, catalog number, clone number, OR RRID. pag
Animal observed in or captured from the field:
Provide species, sex, and age where possible. n/a
Plants and microbes indicate where provided: page no/section/legend) n/a
Plants: provide species and strain, ecotype and
cultivar where relevant, unique accession number if
available, and source (including location for collected n/a
wild specimens).
Microbes: provide species and strain, unique
. . . n/a
accession number if available, and source.
.. indicate where provided: page no/section/legend) or
Human research participants . . .p 5 / /leg ) n/a
state if these demographics were not collected
If collected and within the bounds of privacy
constraints report on age, sex and gender or n/a

ethnicity for all study participants.
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Design:

Study protocol indicate where provided: page no/section/legend) n/a
If study protocol has been pre-registered, provide
DOL. For clinical trials, provide the trial registration
number OR cite DOI. n/a
Laboratory protocol indicate where provided: page no/section/legend) n/a
Provide DOI OR other citation details if detailed step-
by-step protocols are available. n/a
Experimental study design (statistics details)
For in vivo studies: State whether and how the indicate where provided: page no/section/legend. If it W
following have been done could have been done, but was not, write not done
Sample size determination
n/a
Randomisation Mice were randomized on the day of adoptive TCR-T
cell transfer. Described in material and methods, under
“study design” page 15
Blindi
inding n/a
Inclusion/exclusion criteria
n/a
Sample definition and in-laboratory replication indicate where provided: page no/section/legend n/a
State number of times the experiment was Each experiment was replicated at least twice, some
replicated in laboratory. even a third time. Number of replicates are included in
figure legends, pages 33 — 36.
Define whether data describe technical or biological All data are biological replicates, described in “material
replicates. and methods” section “statistics”, page 23.
Ethics indicate where provided: page no/section/legend n/a
Studies involving human participants: State details
of authority granting ethics approval (IRB or
. . . n/a
equivalent committee(s), provide reference number
for approval.
Studies involving experimental animals: State Animal experiments were approved by The University
details of authority granting ethics approval (IRB or of Chicago according to Institutional Animal Care and
equivalent committee(s), provide reference number Use Committee (IACUC), included in material and
for approval. methods, under “study design” page 15.
Studies involving specimen and field samples: State
if relevant permits obtained, provide details of
. . . . n/a
authority approving study; if none were required,
explain why.
Dual Use Research of Concern (DURC) indicate where provided: page no/section/legend n/a
If study is subject to dual use research of concern
regulations, state the authority granting approval n/a

and reference number for the regulatory approval.




Analysis:

Attrition

indicate where provided: page no/section/legend

n/a

Describe whether exclusion criteria were
preestablished. Report if sample or data points were
omitted from analysis. If yes report if this was due to
attrition or intentional exclusion and provide
justification.

n/a

Statistics

indicate where provided: page no/section/legend

n/a

Describe statistical tests used and justify choice of
tests.

Figure legends include which statistical tests were used,
pages 33 —36.

Data availability

indicate where provided: page no/section/legend

n/a

For newly created and reused datasets, the
manuscript includes a data availability statement
that provides details for access or notes restrictions
on access.

Materials and data availablility statement included on
page 32

If newly created datasets are publicly available,
provide accession number in repository OR DOl OR
URL and licensing details where available.

Sequencing data are deposited at Sequence Read
Archive (SRA). Project ID for TCR-sequencing
PRINA1113628. Project ID for whole-exome-sequencing
PRJNA1113704

If reused data is publicly available provide accession
number in repository OR DOI OR URL, OR citation.

n/a

Code availability

indicate where provided: page no/section/legend

n/a

For all newly generated custom computer
code/software/mathematical algorithm or re-used
code essential for replicating the main findings of
the study, the manuscript includes a data availability
statement that provides details for access or notes
restrictions.

n/a

If newly generated code is publicly available, provide
accession number in repository, OR DOI OR URL and
licensing details where available. State any
restrictions on code availability or accessibility.

n/a

If reused code is publicly available provide accession
number in repository OR DOI OR URL, OR citation.
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Reporting

MDAR framework recommends adoption of discipline-specific guidelines, established and endorsed through community
initiatives. Journals have their own policy about requiring specific guidelines and recommendations to complement MDAR.

Adherence to community standards indicate where provided: page no/section/legend n/a
State if relevant guidelines (e.g., ICMJE, MIBBI, The ARRIVE guidelines were followed when animal

ARRIVE) have been followed, and whether a checklist experiments were described in material and methods,

(e.g., CONSORT, PRISMA, ARRIVE) is provided with section “Study design” and section “Mice”, page 15. A
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Fig. 2A

Treatment overview
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Fig. 2B

Treatment
in C3H Rag
2-/- Mice
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Fig. 2C

Treatment
in C3H Rag
2-/- Mice

O~NOO O P, WN O -

AR BRADBDOOLOWWWWWWWWNDNDNDDNDNDDNDNDNDDNNN=_ 2 A A A aaAa A A
WN 2000 NODAOPRWN 00O NOODAPRRWON-_000NOOAPNMWN-OOO

227

367

512

535

680

836

891

912

960

1170

1228

1430

1800

210

273

364

367

409

472

577

918

1071

1470

1485

2024



44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

Fig. 2D
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\JINM\TUY,

CRABS 7906 33

7905 33
H8 Code: 7921 25
CRA-65, 6934 28
CRA-67 7923 32
H10 Code: 6901 49
6902 25
CRA-58,
CRA-65 7995 21
7987 21
12.2 Code: 7922 27
4779 27
CRA-48,
4776 25
CRA-49,
CRA-65 4778 19
4767 21
Outgrowth 36 14
) 878 12
Code:
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CRA-12,
A4777 21
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CRA-49,
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7935 24
Mouse Death after T cell transfer
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6962 69
H13 Code: 6961 91
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CRA-69, 6959 52
CRA-70 7902 102
6993 75
6991 124
7993 98
H9 Code: 7985 70
CRA-58, 7984 108
CRA-61 7982 115
7980 98
609 125
H6 Code: 851 63
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CRA-12, 37 69
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167 72
7996 32

H12 Code: 7990 98



Relapse
Fig. 2F after T cell
transfer
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Relaspe defined as tumor growth in 3

consecutive measurrements D40 Convergent D40 Converegent D40 Non-

Relapse Day 40 Relapse Day 80 TCRs elements Convergent

No No 0/19 10/24 11/11

No Yes 0 41.7 100

No Yes

No Yes D80 Convergent D80 Converegent D80 Non-

No Yes TCRs elements Convergent

No No 6/19 13/24 11/11

No Yes 31.5 54.2 100
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amL26, CRA-48, CRA-49 No treatment, CRA-12, CRA-13, CRA-49

Mouse Mouse
H#ATT6 #4778 #4767 #036 #878 #881 #ATTT
0 0 0 0 0
0 0
0
0 0
0 0 4
0 4 4 0
4 4 6
4 20 20 4
28
30 30 25
64 63
28 30 30 54
120
60 45
160 168 220
175 122 70 140
315
288 315 192 189
285 616 364
315 315
378 392 792 315 350
630 490 504 441
1300 480
528 572
676 510 1470
805 624 1080 720
819 756 2145
966 816
1008 864 2242
1104 1170 1500 936
2400
1275 980 2448
1288 1309 2431 1064
1615 1176 1568

1440 1280
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p value =0.0011**
p value = 0.0009***

p value =0.2169
p value = 0.0068**

Fishers Exact Test two-tailed

**p

*k*

<=0.05
<=0.01
<=0.001
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TCR H14, CRA-72, CRA-73
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TCR H15, CRA-72, CRA-73
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TCR H16, CRA-72, CRA-73
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Fig 3A Code WI-8 Mouse #7517 |
Cancer area
Mouse Day 4 Day 5 Day 6
#594 100 32,08 25,08
. #591 100 20,46 20,49
Fig 3B Code WI-7 and WI-8 4578 100 5513 26,64
#7517 100 13,87 15,06
#7247 100 30,26 13,48
#7510 (control) 100 58,8 120,92
H6 12,2
26,8 4,35
13,9 4.8
Fig. 3C Code CRA-39 and CRA-42 20,3
Dead endothelial cells 145
321
15,5
31,8
H6 12,2
6,49 0,72
6,49 0,06
2,28 0,84
Fig.3p  °% I?:\IA'?’g and RA42 pnalyzedinMA-18 8,61
ginng/mg 9.60
1,86
1,57
6,23
H6 12,2
213 0,94
3,82 0,57
2,2 0,64
Fig. 3¢ CUeCRA-39and CRA-42 -\ 1 cdinMA-18 328
TNF in ng/mg
3,71
1,41
1,44
3,71
Mouse Treatment  Cell type BrdU %
Cancer cell 11
#7945 12,2 TAM /
T cell 19,4
#7943 No treatent Cancer cell 49,7
TAM /
Cancer cell 54,6
#7938 12,2 TAM /
T cell 58,8



47947 No Cancer cell 54,2
treatment TAM /
Cancer cell 4,94
#7977 H6 TAM /
T cell 14,9
. Code CRA-52 for 3F, CRA- 47078 " Ca”TcAe':/lce” 1’71
Fig.3F and 63, CRA-56 and CRA-52 T cell 625
3G BrdU and cleaved !
Caspase 3 for Fig. 3G #7942 HE Car]rcAel:/lceII 2'/93
T cell 5,71
Cancer Cell 23,4
#7841 12,2 TAM /
T cell 23,4
#7840 No Cancer Cell 38,1
treatment TAM /
Cancer Cell 6,99
#4720 12,2 TAM /
T cell 27,9
Cancer Cell 0,3
#4719 H6 TAM /
T cell 7,17
#4718 No Cancer Cell 8,98
treatment TAM /
TUNEL negative TUNEL positive
H6 amL26 H6 amL26
411 392 2 4
351 410 3 5
542 385 5 5
508 493 6 7
531 473 0 5
424 463 3 6
Fig 3H and Code CRA-77 for 3H and 548 388 4 8
3l CRA-53 for Fig. 3l 451 407 4 5
471 298 1 3
406 283 3 3
430 343 3 6
382 284 1 2
427 352 4 4
493 354 3 6
390 361 6 0
373 356 1 5
Days after cancer
injection #4704 #4724 wlo #4723
-48 0 0 0
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Fig. 3

Code CRA-47 and CRA-55
Treatment of 6132A MHC
Il KO
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16-T cell transfer
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Vessel area

/

Day 4 Day 5 Day 6
100 15,66 9,77
100 57,59 36,09
100 67,69 60,24
100 38,04 21,46
100 66,58 58,92
100 107,17 104,28

cCsp3 %

0,1

0,08
/

0,2

0,04

1,62

0,003




0,24
0,002
24,1
7,09

27,3
1,41

14,1
5,21

1,87
6,54

0,93
1,79
13,5
2,09

49,9
10,4

7,64
0,84

Tumor volume of each mouse
#4722 #4721 #7853 #7852 #7851 #7850 w/o #7849
0 0
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Concentration in (nM)
mutant L9 (L9)

H6, Code T-33, T-36

None 11,8 14,8
0,001 30,2 38,7
0,01 39 26,5
0,1 50,6 48,7
1 82,5 79,8
10 100,7 93
100 100,8 96,1
. 1,000 101,5 92,6
. moandwtlg  Helative IFN: 10,000 94,2 93,6
Fig. 4A . . . g release
peptide stimulation %)
(% wild type L9 (wtL9) H6, Code T-33, T-36
None 6 1,6
0,001 4 4
0,01 7.4 6,8
0,1 8,2 12
1 12 104
10 6,3 7,6
100 6,7 6,7
1,000 4 10,3
10,000 12,5 11,3
Concentration in (nM)
TNF H6, Code R-3¢
None 2 1
0,001 2 1
0,01 2 2
0,1 3 1
1 5 3
10 15 10
100 19 23
1,000 18 21
10,000 17 18
IL-2 H6, Code R-3E
None 4 3
0,001 3 2
0,01 3 3
0,1 3 2
1 5 3
10 17 9
100 27 33
1,000 30 39
10,000 29 36



Fig. 4B

mL9 peptide
stimulation

Relative
Cytokine
release (%)

IL-4
None
0,001
0,01
0,1

10
100
1,000
10,000

IL-10
None
0,001
0,01
0,1

10
100
1,000
10,000

IL-17
None
0,001
0,01
0,1

10
100
1,000
10,000

IL-22
None
0,001
0,01
0,1

10
100
1,000
10,000

H6, Code R-3E
1

©HoNON -

H6, Code R-3t
3
4
4
3
4
10
16
15
15

H6, Code R-3¢
2
2
2
4
7
16
40
40
58

H6, Code R-3%
6
2
6
6
15
29
49
43
46

TCR signaling MFI

H6



of pERK after Experiment wiL9 L9 wiL9

Fig. 4C stimulation with #1 720 3237 148
either mutant L9 #2 0 499 197
(mL9 or wild type L9
(wtL9) peptide
Concentration in (nM)
mutant L9 (L9) H6, Code ~
None 0 0
0,001 0 0
0,01 0 0
0,1 0 0
1 7 3
10 37 33
100 52 52
mutan.t L9 (mL9) _ 1,000 56 46
. and wild typ(.e L9 Relative IL- 10,000 43 46
Fig. 4D (wtL9) peptide 2 release
stlmulatlon of TCR- (%) wild type L9 (wtL9) H6, Code "
engineered 58 cells N
one 0 1
0,001 0 0
0,01 0 0
0,1 0 0
1 0 0
10 0 0
100 1 1
1,000 0 1
10,000 1 1




Convergent TCRs

, R-34 H9, Code T-33, T-36 H13, Code T-36, R4-34
9,6 26,4 6,1 7,2 12 4 2
24 0,9 13,5 74,2 20 7 10

194 6 2,6 13,1 36 8 13
66,3 5,2 5,2 11,9 42 22 13
101,6 4.2 9,9 20,6 95 39 32
1331 25,6 64,4 56,2 111 77 70
112,9 75,3 82,6 132,7 103 84 80
108,9 89 90,3 84 106 79 82
107.,9 94,7 103,5 81,9 108 96 81

, R-34 H9, Code T-33, T-36 H13, Code T-36, R4-34

26,4 0 3,8 1,6 9 3 1
14,9 2.1 6,4 7 35 5 7
10,7 0 2 34 1 19 8 9
11,1 0 4.8 5,6 5 4 6
17,8 0 4.6 30,6 65 9 9
27,2 51 6,1 4 6 8 6
63 10 1,3 18,4 9 5 7
9,3 0 2,8 8,2 10 9 14
20,9 9,6 3,7 4,7 1 6 3
Convergent TCRs
) H9, Code R4-35 H13, R4-35

1 6 2 2 3 2 2

1 7 1 1 3 4 3

1 5 1 1 4 3 3

1 6 1 1 4 5 3
3 6 3 1 9 7 6
9 6 6 4 16 16 12
19 7 9 6 22 22 22
26 13 10 9 23 31 30
20 13 14 9 22 27 22

) H9, Code R4-35 H13, R4-35

3 3 2 2 4 4 3
3 2 1 2 2 13 10
2 3 1 1 3 9 11
2 3 2 1 3 13 11
3 3 3 1 11 14 14
11 4 6 4 29 28 21
30 6 9 5 43 58 47
48 13 13 8 49 79 74
35 12 15 8 42 62 52
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L9 witL9 L9 witlL9 L9 witlL9 L9
446 243 606 12 1074 226 2137
338 0 464 0 674 383 1650

Convergent TCRs
I-54, T-55 H9, Code T-49, T-54
0 0 0 0 0 0 5
0 11 0 0 0 0 0
1 3 0 0 0 0 1
0 1 0 0 0 0 0
0 1 0 0 0 0 0
0 4 0 0 0 0 4
29 46 0 0 0 0 25
70 74 0 0 0 0 56
84 100 0 0 0 0 89
I-54, T-55 H9, Code T-49, T-54
0 0 0 0 0 0 0
0 0 0 0 0 3 0
0 0 0 0 0 0 0
0 0 0 0 0 0 24
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 1 0 0 0
0 0 1 0 0 0 0
0 0 0 0 0 0 0




Single clonot

H11, Code T-33, T-36, R4-34 H12, Code T-33, T-36 H14 «
9,6 19 4 7,6 12,9 40 4
13,7 14,2 18,5 4.4 2.1 56,8 25
20,5 19,2 11 3,6 2,9 46,8 2
24,5 26,7 24,9 32,7 35,3 28,6 21
53,1 157,8 67,9 58,4 524 107.,6 59

121,3 94,5 119,8 76,3 116 136,5 88
89,6 93,7 112,6 75,4 91 187 1 93
128,9 88,2 116,1 76,3 98,7 106,3 92
91,5 94,7 114 .4 75,2 87,6 102,7 116

H11, Code T-33, T-36, R4-34 H12, Code T-33, T-36 H14 (

6 25,2 14,5 19,7 4.8 24 0

9 15,6 0,3 11,5 4.7 39,7 0
10 29,3 3,7 8,2 0 171 0

5 26,3 1,3 13,9 9,3 12,2 1

9 26,5 1,7 8,2 3.1 14,3 0

5 274 57 10,9 19,6 16,2 0

7 24,6 0,2 12,5 11 14,2 0

8 66,9 0,3 15,7 9,5 22,3 0
12 457 1,3 141 7,8 18,3 0

H11, Code R4-35 H12, Code R4-35

3 2 2 2 1 1 3

2 1 1 1 0 0 3

2 2 1 1 0 0 3

3 2 1 1 1 0 4

7 4 3 3 2 1 10
15 14 11 9 8 3 20
24 23 31 17 16 11 27
23 24 36 18 22 15 25
24 24 31 21 18 13 23

H11, Code R4-35 H12, Code R4-35

7 1 1 5 3 3 8

6 1 1 6 1 1 5

7 1 1 5 1 1 6

6 1 1 4 1 1 7

7 1 1 4 2 2 6
18 3 4 12 9 4 18
42 13 19 27 26 18 52
49 17 27 30 34 25 56
50 18 26 34 29 22 49
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witlL9 L9 witlL9 L9 witlL9 L9 witlL9
266 2906 436 849 399 669 654
457 6788 1051 2225 0 5149 321
H13, Code T-49, T-55 H-11, Code T-50, T-81
0 0 0 8 4 0 0
0 0 0 2 15 0 0
0 0 0 2 8 0 0
0 0 0 3 2 0 0
0 0 0 6 5 1 0
5 0 0 4 9 35 32
18 0 0 38 47 100 100
46 0 0 60 66 91 98
68 0 0 102 110 92 79
H13, Code T-49, T-55 H-11, Code T-50, T-81
0 0 0 0 0 88 0
0 0 0 0 3 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 3 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0




ypes with shared elements

Code R4-38, R4-40 H15 Code R4-38, R4-40 H16 Code R4-38, R
0 15 0 5 0 6 0
22 21 0 3 0 0 0
0 12 0 22 0 0 0
20 24 0 24 0 5 0
72 73 93 69 0 52 51
88 104 96 129 62 105 103
96 112 82 89 65 119 105
87 110 94 104 62 111 116
100 103 98 99 52 120 109

Code R4-38, R4-40 H15 Code R4-38, R4-40 H16 Code R4-38, R
5 20 3 0 0 1 0
0 7 0 16 0 10 1
4 15 0 17 6 6 1
0 6 0 13 4 12 0
3 11 0 36 2 0 0
0 14 0 13 12 6 2
0 2 0 9 3 5 1
0 17 0 9 0 13 9
10 7 0 0 0 22 18
Single clonotypes with shared elements

H14, Code R4-38, R4-40 H15, Code R4-38, R4-40
3 3 3 2 1 3 3
3 3 2 2 1 3 3
2 2 2 1 1 3 2
3 3 3 2 1 3 3
10 10 9 4 4 4 5
21 21 21 16 16 18 13
26 28 25 26 24 27 36
30 29 29 27 25 35 25
25 27 24 25 25 30 29
H14, Code R4-38, R4-40 H15, Code R4-38, R4-40
9 3 2 2 2 2 3
7 2 1 2 2 2 3
6 1 1 2 2 2 2
6 2 2 1 2 2 1
7 3 2 1 2 1 2
23 8 8 3 4 5 4
46 18 15 7 10 11 16
91 24 27 14 15 18 16
63 29 25 12 13 21 19



H14, Code R4-38, R4-40 H15, Code R4-38, R4-40

1 2 2 1 1 2 2
1 2 1 1 1 2 1
1 1 1 1 1 2 1
1 2 1 1 1 1 1
3 2 2 2 2 2 1
13 6 5 24 24 5 3
51 10 11 100 100 10 16
100 16 14 100 100 19 11
100 16 10 100 100 15 15
H14, Code R4-38, R4-40 H15, Code R4-38, R4-40
7 0 0 3 3 8 9
8 0 0 ) 4 6 S)
8 0 0 8 6 11 5
11 0 0 5 3 0 0
27 11 0 13 15 7 11
64 35 35 28 34 45 26
64 74 75 54 57 78 72
86 60 98 64 66 108 56
65 47 45 65 74 81 67
H14, Code R4-38, R4-40 H15, Code R4-38, R4-40
1 2 1 0 1 1 3
1 0 1 0 1 2 2
1 0 1 0 1 3 2
2 1 2 1 1 2 3
7 7 7 3 4 S} 6
15 17 17 7 9 25 15
14 28 26 14 16 36 35
32 30 49 26 27 55 54
20 40 38 26 30 67 72
H14, Code R4-38, R4-40 H15, Code R4-38, R4-40
2 5 2 1 1 7 9
1 2 1 1 2 8 6
4 2 3 1 2 8 5
S) 4 3 2 1 7 7
14 15 10 6 8 10 14
54 30 24 13 22 29 24
40 44 32 24 45 49 34
59 49 54 49 51 52 45
44 27 42 44 44 54 64

H8 H10 |



L9 wiL9 L9 wiL9 L9
1572 446 319 444 805
351 1363 2017 0 581

Single clonotypes with shared ele

H-12, Code T-54, T-55 H-14, Code T-49, T-58
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 5 0 17 0 0
0 0 0 0 0 0 0
8 4 4 0 7 8 0
24 28 10 0 31 20 25
31 30 71 51 60 38 71
23 20 96 100 66 95 78
H-12, Code T-54, T-55 H-14, Code T-49, T-58
1 0 0 0 0 0 0
0 0 0 0 55 1 0
0 0 0 0 1 4 0
0 5 0 1 1 0 0
0 0 0 0 0 0 0
1 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
1 0 0 0 0 0 0




Single clonotypes lacking shared element

14-40 H7, Code T-36, MA-34 H8, R4-38, R4-40
11 3,2 7,2 2,6 0 2 0
11 22,6 27,7 12 3,7 10,6 3
8 18,2 21,1 1,5 13,3 4,2 9
10 12,2 24 59 5 4,7 5
27 17,4 24,6 2,1 20,3 6,1 1
97 13,2 18,5 3,3 11,8 6,6 0
102 20,1 22,6 2,6 8,8 13,4 0
99 20 20,1 2 14,8 38,9 0
100 27,5 21,9 1,8 13,8 12,4 0
\4-40 H7, Code T-36, MA-34 H8, R4-38, R4-40
0 14,3 9 9,6 0 0 0
1 3.9 13,7 16,2 7,1 8,5 15
1 20,7 11,1 1,6 1,9 5,1 4
0 9,3 11,1 8,6 9,5 9,4 3
0 18,9 15,1 3,2 5,1 44 6
2 15,7 14,2 217 4,8 7,8 8
1 12,3 10,4 284 20 19,8 1
9 11 15,8 3,2 12,9 25,1 0
18 15,7 17,5 1 16,9 29,3 0
H16, Code R4-38, R4-40 H7, Code R4-35, MA-34
1 2 2 2 7 1 1
1 1 1 1 7 1 1
1 1 1 2 6 1 0
1 2 1 2 6 1 1
4 4 3 3 7 2 1
14 18 11 11 7 1 1
28 28 25 24 6 0 0
29 30 30 33 5 0 1
27 37 32 33 3 0 1
H16, Code R4-38, R4-40 H7, Code R4-35, MA-34
4 3 3 3 3 0 0
4 3 2 2 3 0 0
3 4 2 2 2 0 0
4 3 2 2 3 0 0
4 4 2 2 4 0 0
11 9 3 4 2 0 0
33 25 12 13 2 0 0
48 43 23 27 2 0 0
95 63 31 34 2 0 0



H16, Code R4-38, R4-40 H7, Code R4-35, MA-34

0 0 1 1 2 0
0 0 1 0 2 0
0 0 1 0 2 0
0 0 1 1 1 0
1 1 1 1 1 0
4 4 2 2 1 0
24 28 6 5 1 0
100 56 9 9 1 0
100 100 12 12 2 0
H16, Code R4-38, R4-40 H7, Code R4-35, MA-34
8 7 0 0 3 0
8 7 0 0 3 0
8 7 0 0 3 0
8 7 0 0 3 0
8 11 0 0 3 0
37 37 9 10 3 0
66 59 36 29 3 0
55 50 42 44 3 0
57 56 56 59 3 0
H16, Code R4-38, R4-40 H7, Code R4-35, MA-34
0 0 1 1 1 0
0 0 1 1 1 1
0 0 1 1 0 1
1 1 1 1 0 0
4 5 3 3 1 1
8 11 12 9 0 0
23 23 26 19 1 0
32 28 39 33 1 0
29 41 48 53 0 0
H16, Code R4-38, R4-40 H7, Code R4-35, MA-34
2 1 3 2 7 0
2 1 2 2 7 0
1 1 2 2 7 0
1 1 3 1 7 0
7 4 9 6 7 0
25 10 30 19 7 0
37 28 51 35 7 0
38 25 56 47 7 0
55 34 68 58 7 0

- 2 00 200~ -~ OO OO0 O0OO0OO0OO0o O OO O0OO0OO0OO0OO0oOO0o
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'ments

H-16, Code

H-15, Code T-49, T-58

0

10

52

18
26
74
120

18
45

22
55

19
78

101

30
46

63

77

H-16, Code

H-15, Code T-49, T-58

32




34,8
0
34,6
0
19
1,4
43,8
79,8
113

O OO OoOOo

9,7
0
0
0

H10, Code T33, T36
0
4,6
6,4
6,5
6,9
14,7
42,1
77,8
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H10, Code T33, T36

0
0
5

1,6

27,2

2,1

2,7
0

0,3

16,4
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16,1
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243
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H10, Code R4-35

H8, Code R4-38, R4-40

H10, Code R4-35

H8, Code R4-38, R4-40

13
16

H10, Code R4-35

H8, Code R4-38, R4-40
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23
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Single c

H7, Code T-49, T-81

T-49, T-58

0

0

0

15

17

-70
-320

0

24
40

32
78

21

0

H7, Code T-49, T-81
0

0

T-49, T-58
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H-10, Code T-50, T-54

lonotypes lacking shared elements
H-8, Code T-49, T-81

16

0

21
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Fig. 5A

Number of TAMs
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IL-2
None
70
200
600
1800
5500
16600
50000
150000

IL-4
None
70
200
600
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T cell stimulation
with 6132A-
TAMs cytokine
panel IL-10
None
70
200
600
1800
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IL-17 H6, Code R4-36, R4-37

None 1 0 0
70 1 0 0
200 1 1 0
600 1 1 0
1800 1 1 2
5500 2 2 3
16600 4 3 5
50000 7 6 8
150000 10 10 9
IL-22 H6, Code R4-36, R4-37
None 1 0 0
70 1 1 0
200 2 1 0
600 1 1 0
1800 2 1 1
5500 3 2 3
16600 6 6 8
50000 18 13 15
150000 29 27 21
Arginase CD:
TCR Effective Failing Effective
H6 41,5 1,96
H6 71,2 0,24
H6 42 1 1,77
H6 63,6 4,32
H9 58,7 0,38
H9 69 0,78
H9 69,3 0,36
H9 43,2 0,71
H12 19,2 0,23
6132A-TAMS ’ ’
flow cytometry H12 25,2 6
. H12 56,4 0,7
Fig. 5B markers after
H12 41,2 0
TCR-therapy, CRA-
71 CRA-75 H13 57,3 0,1
’ H13 79,8 0,54
H13 58,4 0
H13 57,7 0,55
H10 81,6
H10 62,2
H10 30,3
H10 274

amL26 18,2



amL26 20,4
amL26 32,2
amL26 53
Kinetic of NO in Failing
6132A-TAMs y Day 6 Day20
flow cytometry I-Ek positive TAMs amL26 amL26 H10
Fig 5C N Arginase+ 9,7 27.83 34,1
individual TCRs
NO+ 4,1 7,43 4,56
CRA-59, CRA-60, )
CRA-71. CRA-75 NO+ and Arginase+ 1,7 5,02 565
’ Alone 84,5 59,73 55,73
TAMs NO+ and I-Ek+
Arginase + Argin
TCR Effective Failing Effective
H6 67,1 31,6
H6 45 55
H6 54,8 452
H6 15,8 5,26
H9 8,81 5,04
H9 16,1 12
H9 26 29,9
H9 21,2 13,6
NO TAM H12 4 20,5
. . H12 81 115
Fig. 5D  comparison CRA-
71, CRA-75 112 67,7 32,3
’ H12 50 50
H13 9,36 10,6
H13 50,2 451
H13 41,7 58,3
H13 29,2 30,8
H10 4,16
H10 9,51
H10 0
amL26 7,71
amL26 718
amL26 126
amL26 221
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H9, Code R4-36, R4-37 H13, Code R4-36, R4-37 H11,:
1 1 1 0 1 0 0
1 0 1 1 1 0 0
1 1 1 1 1 0 1
1 0 1 1 2 0 1
1 0 0 1 1 1 1
0 0 1 2 1 2 1
1 1 2 4 4 6 3
1 1 4 8 7 10 6
2 2 6 17 13 13 14
H9, Code R4-36, R4-37 H13, Code R4-36, R4-37 H11,:
1 1 0 1 1 0 0
1 1 0 1 1 0 0
1 1 0 2 1 0 1
1 0 0 2 2 0 1
1 1 0 3 1 1 2
0 1 0 3 2 1 4
1 1 0 8 9 10 4
1 1 2 19 16 29 20
7 6 3 38 27 31 28
163 CD204 CD206 IDO
Failing Effective Failing Effective Failing Effective Failing
92,2 15,7 83,6
95,7 12,5 38
93,6 2,47 96,9
86,7 1,82 62,9
98,9 15 954
96,8 20,8 6,86
95,6 4,04 86,6
98,4 0,33 45,6
90 1,52 62,1
91,9 11,8 8,98
92 0,42 90,6
74,2 0 35
99,1 6,09 91,8
95,7 14,2 16,2
854 0 89
97 0,88 37,9
0,28 99,7 191 97,5
0 75,8 12,1 8,64
0,53 97,9 1,07 85,2
0,75 97,8 0,51 36,8
0,8 99,6 10,5 94,6



0,68 97 .4 351 35,8
0,59 96,5 1,16 93,9
0,51 97,5 6,97 73,4
Effective
Day 6 Day 20
H6 H6 HO H12 H13
16,1 9,2 31,3 0,87 10,33
44 1 45,68 18,03 68,18 32,62
10,8 34,27 15,14 27,33 36,2
28,9 10,84 35,48 2,39 27,81
lase -
Failing
12,6
4,36
0
3,77
3,92
6,61

5,76|




Single

Code R4-36, R4-37 H12, R4-36, R4-37 H14, Code R
2 1 2 2 1 0 1
2 1 3 2 0 0 0
1 1 2 3 1 0 0
6 1 2 3 1 1 1
2 1 3 3 1 1 1
3 2 6 7 4 2 2
8 5 19 20 12 5 5
30 17 55 50 34 11 12
100 34 100 100 57 19 19
Code R4-36, R4-37 H12, R4-36, R4-37 H14, Code R
4 3 3 3 2 8 10
3 2 3 3 2 6 6
3 2 3 3 2 6 6
2 3 3 3 3 9 7
4 4 4 4 3 6 10
4 8 4 4 6 13 14
5 17 5 6 14 29 30
11 50 9 10 36 59 73
42 99 28 35 67 102 121
Code R4-36, R4-37 H12, R4-36, R4-37 H14, Code R
0 0 0 0 0 1 1
0 0 0 0 0 1 1
0 0 0 0 0 1 1
0 0 0 0 0 1 1
0 0 0 0 0 1 1
0 1 0 0 0 1 2
1 1 0 1 1 3 3
1 1 1 1 1 3 3
1 1 0 1 1 1 1
Code R4-36, R4-37 H12, R4-36, R4-37 H14, Code R
6 2 2 3 1 2 2
3 2 3 3 1 2 2
4 3 3 3 1 2 2
6 3 3 3 2 2 2
5 3 3 4 2 2 2
8 8 5 6 5 5 6
10 28 9 9 17 26 27
31 97 21 22 53 101 119
87 214 67 75 108 279 303



Code R4-36, R4-37 H12, R4-36, R4-37 H14, Code R.
0 0 0 0 0 0 0
0 0 0 0 0 1 1
0 1 0 0 0 1 1
1 1 0 1 0 1 2
0 1 1 1 0 4 4
1 3 1 1 2 12 11
2 7 2 2 4 20 17
5 11 4 3 5 29 32
12 17 8 8 7
Code R4-36, R4-37 H12, R4-36, R4-37 H14, Code R.
1 0 1 0 0 1 1
1 0 1 1 0 1 1
1 0 1 1 0 1 1
0 0 2 1 0 1 1
1 1 2 3 0 1 2
2 1 2 2 1 2 3
3 4 5 5 3 10 7
8 15 10 10 7 39 34
20 26 28 23 11 67 105
IL-10 CD40 IL-12 N
Effective Failing Effective Failing Effective Failing Effective
9,54 54,6 2,29 98,7
0,78 64,6 0,25 98,9
0,61 20,8 2 954
0,19 37 0,44 37,1
0,02 53,5 0,097 39,6
0,055 50,9 0,13 34
0,088 17,8 0,13 52,3
0,066 65,7 0,12 47,8
0,29 37,6 3,24 94,7
1,91 31,3 0,64 90,9
0,28 7,03 1,02 97,8
0 25,8 0,74 86,8
1 46,1 0,44 23,1
1,3 50,4 0,12 92,9
0,22 14,6 0,87 98,8
0 16,8 0 66
0,12 54,3 0,73
5,46 19 0,35
0,037 2,56 0,1
0,031 53,4 0,032
0,04 49,8 0,17



0,051 51,6 0,029
0,073 7,07 0,2
0,036 69 0,05
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4-37, MA-34

H15, Code R4-37, MA-34

1 1 0 0 1 1 0
1 1 0 0 1 4 0
2 2 0 0 3 2 0
4 3 0 0 3 3 1
6 8 2 2 8 8 2
13 13 4 2 9 7 6
20 21 9 11 17 17 11
26 28 14 15 28 37 15
4-37, MA-34 H15, Code R4-37, MA-34
1 1 0 0 2 2 0
2 1 0 0 1 2 0
2 2 0 0 3 5 0
2 2 0 0 7 3 0
6 5 0 0 3 5 1
11 11 2 2 10 13 2
17 17 3 2 15 10 4
27 24 12 14 25 20 13
26 30 33 23 31 40 23
0 TNF
Failing Effective Failing
1,89
9,62
18,4
444
254
423
14,3
0,33
1,5
23
14,5
18,1
8,9
8,54
13,3
2,26
9,81
19,7 2,52
9,33 16,4
0,57 0,21
134 3,79




11 0,76
15 14,3
15,5 2,2
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lonotypes lacking shared elements
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TIL Flow Cytometry, mouse #2 from Fig. 1A|

combined CD3

. analysis 36,5
Fig. S1A (%), CPA- 26
11, -17, -22, 9,82

-23 26,3

CD4
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41,7
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13,7
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Fig. 52

Schematic of Ward et al.
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Code CPA-11, CPA-17, CPA-22 and CPA-23 Sequencing data

Fig. S3 . .
Convergent TCR recombination available at SRA
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Fig. S4
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H10

5519 5518 3329 3330 3328 5524 5525
0 0 0 0 0 0 0
16 16 6 9 6 20 20
9 12 6
12 24 12
90 126 108 54
32 30 20
192 364 72 42 52 126 54
273 441 180 80 84 126 130
472 648 294 157 192 273 273
595 841 385 343
441 270 210
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TCR

H12
5516 3326 3373 3375 5527 5526 5523
0 0 0 0 0 0 0
16 9 9 9 20 20 20
21 17 9
33 20 30
64 154 105 90
45 35 75
135 120 75 110 252 200 231
195 318 132 154 288 390 273
343 540 231 260 525 462 441
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Fig. S5 MCC-TCR sec Published in McHeyzer-Williams et. al. (22).




Fig. S6A

MCC sequences

TCR
MCC peptide  AND 5c.c7 M2.3 M4.3
None 0 0 0 0
0,001 919 183 1417 1154
_ rZI:S)ZnTEIZ; , 1011 0 171 347
Fig. S6B R4-39 R4—’ 0,1 935 0 558 1365
46 1 1470 1999 2725 4713
10 2556 4207 4154 5085
100 2074 4267 3259 4481
1,000 1624 3880 2592 4311
10,000 1919 3570 2849 4764
Fig. S6C Vectr construct
Fig. S6D Treatment overview
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cell transfer 3331 3332 3366 3365
-34 0 0
-33 0 0
-32
-31
-30
-29
-28 12 12
-27
-26
-25
-24 30 30 24 24
-23
-22
-21 54 30
-20
-19
-18
-17 108 84 30 30
-16
-15
-14 108 84
-13
-12
-11
-10 168 126 84 84
-9

-8




Fig. S6E
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832 640 847 1080
616 918 607
832 720 1080 1296
572 768 441
588 504 700 1248
572 600 312
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1 - High tumor burden or relapse when died
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Fig.S7 Histology Day 6 after H6-T cell transfer, CRA-53, CRA-81
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Fig. S8B
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