





Figure 4 E3K CAR-T cells limit 4T1 tumor progression in BALB/c mice. (A) BALB/c mice were inoculated subcutaneously
with 2.5x10° 4T1 tumor cells and sacrificed 13 days later. Shown is a representative tumor section stained for endosialin
(green), endomucin (red) and counterstained with DAPI (blue). Scale bar, 125pum. (B) ACT experimental timeline. Cd248"" and
Cd248%° mice were inoculated subcutaneously with 2.5x10° 4T1 cells or left tumor-naive. After 12 days, when the tumors
were 20-200mm? in volume, mice were subjected to 5 Gy whole body X-irradiation 18 hours prior to intravenous injection with
2.5x10° BALB/c Mock or E3K CAR-T cells. Mice were sacrificed 9days post-ACT. Cd248™T tumor-bearing (Mock n=5, E3K
CAR n=7), Cd248"" naive (n=4); Cd248X° tumor-bearing (n=3), Cd248*° naive (n=4). (C) Circulating combined hCD34*CD4*
and hCD34*CD8* CAR-T cells monitored in venous blood. Samples from Mock-T cell treated mice were used as negative
controls (mean values+SEM, three-way ANOVA). (D) Tumor volume (left panel) and tumor weight (right panel) at endpoint (mean
values+SEM, two-way ANOVA). (E) Upper panels, tumor necrosis quantified from H&E-stained section (mean values+SEM,
two-way ANOVA). Lower panels, representative images of tumor sections stained for the cell viability marker nucleophosmin
illustrating loss of tumor cell viability in E3K CAR-T cell treated Cd248"" mice. Scale bar, 2.5mm. (F) Quantification endosialin®
(left panel) and endomucin® (center panel) areas in viable tumor tissue (mean values+SEM, unpaired t-test). Right panel,

representative images of tumor sections showing absence of endosialin staining in Cd24

8° mice and loss of endosialin staining

in E3K CAR-T cell treated Cd248"™ mice. Scale bar, 2.5mm. (G) Quantification of lung metastatic burden from H&E-stained
sections (mean values+SEM, two-way ANOVA). Right panel, representative images, arrowheads indicate metastatic lesions.
Scale bar, 250 pm. (H) Representative images of bladder and skin sections from Cd248"" tumor-bearing mice treated with Mock
or EBK CAR-T cells and stained for endosialin (green) and counterstained with DAPI (blue). Scale bar, 250 um. ACT, adoptive
cell transfer; ANOVA, analysis of variance; CAR, chimeric antigen receptor; DAPI, 4',6-diamidino-2-phenylindole; hCD34, human

CD34.

supplemental figure 7G) and declining health status in
the E3K CAR-T cell treated cohort.

To further characterize the antitumor effects, as well as
any associated toxicity, of E3K CAR-T cells in the BALB/c
model, a second study was performed using tumor-
bearing and tumor-naive mice and with Cd248"° mice as

additional controls (figure 4B). In this subsequent study,
food accessibility and hydration were enhanced in an
attempt to alleviate toxicity symptoms however, as before,
the mice were sacrificed early (day 9 post-ACT) due to
declining health status in the Cd248"", tumor-bearing,
E3K CAR-T cell treated cohort, with no adverse effects
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observed in the other cohorts (online supplemental
figure 8A). E3K CAR-T cells expanded in Cd248"" tumor-
bearing mice and persisted at constant levels in all other
groups (figure 4C). As in the preliminary experiment, at
this early endpoint there were no significant differences
in primary tumor volume or weight at necropsy between
the groups (figure 4D). By contrast, when compared
with the Mock-T cell-treated Cd248"" mice, tumors in
E3K CAR-T-treated Cd248"" mice displayed a signifi-
cant increase in tumor necrosis (figure 4E), likely due
to depletion of endosialin” cells and loss of endomucin®
endothelial cells in the tumor stroma (figure 4F), and
significantly reduced metastatic burden (figure 4G). In
the Cd248"° mice treatment with E3K CAR-T cells had
no impact on tumor necrosis or metastatic burden,
with immunostaining confirming the lack of endosialin
expression (figure 4E-G). In post-mortem analysis the
notable difference in the tumorbearing Cd248"" ESK
CAR-T cell treated BALB/c mice compared with all
other groups was presence of pale livers with darkened
gallbladders, with livers showing abnormal histology in
H&E staining (online supplemental figure 8B,C). In the
clinic, the most common adverse event associated with
CAR-T cell therapy is cytokine release syndrome (CRS),
characterized by elevated serum interleukin (IL)-6 levels.
When compared with Mock-T cell treated controls, circu-
lating IL-6 was significantly elevated in tumor-bearing
Cd248"", E3K CAR-T cell treated mice (online supple-
mental figure 8D). In a separate cohort of Cd248""
4T1 tumor-bearing mice, E3K CAR-T cell treated mice
were paired with Mock-T cell treated controls and pairs
were sacrificed when the E3K CAR-T cell treated mouse
displayed signs of toxicity. Again, serum IL-6 was signifi-
cantly elevated in E3K CAR-T cell treated mice, although
with lower concentrations than observed in the previous
experiment. Measurement of additional serum inflam-
matory markers associated with CRS revealed a signifi-
cant elevation in serum ferritin, but not tumor necrosis
factor-o. (TNF-ot) (online supplemental figure 8E). It has
previously been reported that patients with macrophage
activation syndrome (MAS)-like manifestations following
CAR-T cell therapy have elevated serum ferritin, but
decreased serum C reactive protein (CRP).*® Here, we
observed decreased serum CRP in E3K CAR-T cell treated
mice, suggesting that E3K CAR-T cell associated toxicity is
linked to macrophage activation. Further, MAS has been
reported to affect liver function and histology.” *’

The lack of CAR-T cell activity in the tumor-bearing
Cd248*° mice and against endosialin” cells indicated
that toxicity did not result from off-target cross-reactivity.
Although endosialin expression is strongly upregulated
in the tumor stroma, scattered endosialin® fibroblasts are
detected in normal tissues (online supplemental figure
1), however, no visible differences in endosialin-staining
were observed in bladder and skin tissues between E3K
CAR and Mock-T cell treated tumor-bearing Cd248""
mice (figure 4H). Similarly, in a BALB/c mouse wound
healing assay, which results in the accumulation of

endosialin” cells during wound closure, treatment with
E3K CAR-T cells had no impact on the rate of wound
closure, did not result in any notable depletion of endo-
sialin” cells at the wound site or in normal skin on the
opposite flank and did not result in any toxicities (online
supplemental figure 9A-D). These findings indicate that
E3K CAR-T cells have little or no on-target, off-tumor
CAR-T cell activity and that the observed toxicities were
related to on-target, on-tumor activity.

E3K CAR-T cells exhibit antitumor efficacy and are well-
tolerated in syngeneic FVB/N and C57BL/6 mammary tumor
models

To determine whether the toxicities observed in the
4T1-tumor bearing mice is specific to the BALB/c back-
ground and to test the E3K CAR-T cells in independent
models we first assessed CAR-T cell activity in FVB/N
mice inoculated with the ER" HRM1 mouse mammary
carcinoma cells.?° BALB/c and FVB/N mice have a
similar CD4-heavy CD4:CD8 T cell ratio (figure 2C)
and FVB/N and BALB/c E3K CAR-T cells have compa-
rable activity against endosialin” cells in vitro (online
supplemental figures 6 and 10). Like 4T1 tumors,*
HRM1 tumors have abundant endosialin® pericytes
and CAFs (figure 5A). We confirmed that whole-body
X-irradiation in FVB/N mice resulted in lymphodeple-
tion (online supplemental figure 11A) and performed
a pilot experiment (online supplemental figure 11B)
using 2.5-10x10° FVB/N Mock-T and E3K CAR-T cells
to identify a safe and efficacious E3K CAR-T cell dose.
E3K CAR-T cells persisted with evidence of expan-
sion 7-13 days post-ACT in tumor-bearing mice and
decreased tumor growth following E3K CAR-T cell
treatment was observed (online supplemental figure
11C,D). None of the mice exhibited signs of E3K
CAR-T cell toxicity (online supplemental figure 11E).
Given these results, we proceeded to treat cohorts
of HRMI tumor-bearing mice or non-tumor-bearing
controls with 7.5x10°FVB/N E3K CAR-T or Mock-T
cells (figure 5B). Again, in tumor-bearing mice, E3K
CAR-T cells persisted and expanded in vivo 5-7 days
post-ACT (figure 5C), accompanied by a significant
decrease in primary tumor growth and weight at
endpoint (figure 5D), a significant increase in tumor
necrosis (figure 5E), depletion of endosialin” pericytes
within the tumor stroma (figure 5F) and a trend for
decreased metastases in E3K CAR-T cell treated mice
(figure 5G). As with the pilot experiment, there was
no evidence of E3K CAR-T cell-mediated toxicity with
the mouse weights for all groups remaining stable and
no detectable abnormalities in the organs at necropsy
(online supplemental figure 11F,G).

Next, we examined a C57BL/6 model inoculating
mice with the poorly metastatic MMTV-PyMT tumor-
derived AT-3 murine mammary carcinoma line. As in
the other models, early stage (day 17) AT-3 tumors
display strong endosialin staining on pericytes and
closely associated CAFs, however, in contrast to other
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Figure 5 E3K CAR-T cells limit HRM1 tumor growth and metastasis in FVB/N mice. (A) FVB/N mice were inoculated
orthotopically with 2x10° HRM1 tumor cells and sacrificed 14 days later. Shown is a representative tumor section stained for
endosialin (green), endomucin (red) and counterstained with DAPI (blue). Scale bar, 100um. (B) ACT experimental timeline.
Cd248"™ FVB/N mice were inoculated orthotopically with 2x10° HRM1 cells or left tumor-naive. After 13 days when the
tumors were 80-280 mm?® in volume, mice were subjected to 5 Gy whole body X-irradiation 18 hours prior to intravenous
injection with 7.5x10°Mock or E3K FVB/N CAR-T cells. Mice were sacrificed 13 days post-ACT. Tumor-bearing (Mock n=13,
E3K CAR n=9), tumor-naive (Mock n=3, E3K CAR n=3). (C) Circulating combined hCD34*CD4" and hCD34"CD8"* CAR-T cells
monitored in venous blood from a subset of mice (mean values+SEM, two-way ANOVA). (D) Left panel, tumor growth curves
(mean values+SEM, two-way ANOVA); center panel, fold change in tumor volume from day -1 to endpoint (mean values+SEM,
unpaired t-test); right panel, tumor weight at endpoint (mean values+SEM, unpaired t-test). (E) Quantification of tumor necrosis
from H&E-stained sections (mean values+SEM, unpaired t-test). Lower panel, representative H&E-stained sections. Scale

bar, 5mm. (F) Percent endosialin* blood vessels quantified in a subset of tumors stained for endosialin (green), endomucin
(red) and counterstained with DAPI (blue) (mean values+SEM, Mann-Whitney U test). Right panel, representative images.
Scale bar, 100um. (G) Quantification of lung metastatic burden in sections stained for the tumor cell marker Hmga?2 (red) and
counterstained with DAPI (blue) (mean values+SEM, unpaired t-test). Right panel, representative images. Scale bar, 250 um.
ACT, adoptive cell transfer; ANOVA, analysis of variance; CAR, chimeric antigen receptor; DAPI, 4',6-diamidino-2-phenylindole;

hCD34, human CD34.

models which display a chaotic vasculature with
immature vessels, the vascular architecture in AT-3
tumors is dominated by large well-structured vessels
(figure 6A). Having confirmed that 5 Gy X-irradiation
leads to effective lymphodepletion in C57BL/6 mice
(online supplemental figure 12A), a pilot study was
conducted (online supplemental figure 12B) in which
AT-3 tumor—bearin% CH7BL/6 mice were treated with
Mock-T cells (1x10°, n=2) or one mouse each received

9.5, 5 or 7.5x10%° E3K CAR-T cells. All doses were
well tolerated, with body weights remaining stable
throughout the study and no signs of toxicity (online

supplemental figure 12C). There was an indication of

reduced tumor growth with doses of 5x10°or greater
E3K CAR-T cells (online supplemental figure 12D).
Following these promising results, we conducted a full
study to assess E3K CAR-T cell efficacy against AT-3
tumor progression in C57BL/6 Cd248"" and Cd248*°
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Figure 6 E3K CAR-T cells limit AT-3 tumor growth in C57BL/6 mice. (A) C57BL/6 mice were inoculated subcutaneously with 8
2.5x10° AT-3 tumor cells and sacrificed 17 days later. Shown is a representative tumor section stained for endosialin (green), Z
endomucin (red) and counterstained with DAPI (blue). Scale bar, 125 pm. (B) ACT experimental timeline. Cd248"" and Cd248%° &
mice were inoculated subcutaneously with 2.5x10° AT-3 cells or left tumor-naive. After 16 days, when the tumors were 20— =

100mm?®, mice were subjected to 5 Gy whole body X-irradiation 18 hours prior to injection with 7.5x10®Mock or C57BL/6 E3K
CAR-T cells. Mice were sacrificed on day 20 post-ACT. Cd248"T tumor-bearing (Mock n=12, E3K CAR n=12), Cd248"" naive
(Mock n=2, E3K CAR n=2); Cd248"° tumor-bearing (Mock n=4, E3K CAR n=4). (C) Circulating combined hCD34*CD4* and
hCD34*CD8* CAR-T cells monitored in venous blood (mean values+SEM, two-way ANOVA). (D) Left panel, tumor growth curves
(mean values+SEM, two-way ANOVA); upper right panel, fold change in tumor volume from day —1 to endpoint; lower right
panel, tumor weight at endpoint. For right panels, data shows mean values+SEM, two-way ANOVA. (E) Tumor sections were
stained for endosialin (green), endomucin (red) and counterstained with DAPI (blue). Quantification of endosialin® (left panel)
and endomucin® (center panel) staining in viable tumor tissue (mean values+SEM). Left panel, unpaired t-test; an outlier (with a
value of 15.01%) was identified via outlier analysis in GraphPad Prism (ROUT method, g=1%) and excluded from the analysis.
Center panel, Mann-Whitney U test. Right panel, representative images of tumor sections showing lack of endosialin staining
in Cd248%° mice and loss of endosialin staining in E3K CAR-T cell treated Cd248"" mice. Scale bar, 125pm. ACT, adoptive cell
transfer; ANOVA, analysis of variance; CAR, chimeric antigen receptor; DAPI, 4',6-diamidino-2-phenylindole; hCD34, human
CD34.

mice (figure 6B). Interestingly, in all mice E3K CAR-T  disrupt the vascular architecture. No evidence of
cells persisted but did not expand (figure 6C). Cd248""  CAR-T cell toxicity was observed in any cohort and, as
mice treated with E3K CAR-T cells showed a significant seen in the HRM1-FVB/N model, examination of the
decrease in primary tumor growth and tumor weight  tissues at necropsy revealed healthy livers in all groups
at necropsy in (figure 6D) and a significant depletion (online supplemental figure 12E,F) with no evidence
of endosialin” cells, but not endomucin® endothelial ~ of CAR-T cell-mediated depletion of fibroblasts in
cells, within the tumor stroma (figure 6E) indicating  healthy tissue (online supplemental figure 12G). E3K
that in the AT-3 tumors where the vessels are larger =~ CAR-T cells had no impact on primary tumor growth
and more mature compared with the 4T1 tumors, or tumor weight in Cd248"° mice, supporting the
depletion of endosialin® pericytes is insufficient to  on-target, on-tumor specificity of E3K CAR-T cells.
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Figure 7 E3K CAR-T cells limit Lewis lung carcinoma tumor growth and metastasis in C57BL/6 mice. (A) C57BL/6 mice were
inoculated subcutaneously with 5x10°LLC tumor cells and sacrificed 15 days later. Shown is a representative tumor section
stained for endosialin (green), endomucin (red) and counterstained with DAPI (blue). Scale bar, 125pm. (B) ACT experimental
timeline. Cd248™T C57BL/6 mice were inoculated subcutaneously with 5x10°LLC cells. After 14 days, when the tumors

were 100-200mm?®, mice were subjected to 5 Gy whole body X-irradiation 18 hours prior to injection with 7.5x10° C57BL/6
Mock (n=10) or E3K CAR (n=9) T cells. Mice were sacrificed on day 13 post ACT. (C) Circulating combined hCD34"CD4"* and
hCD34"CD8" CAR-T cells monitored in venous blood from a subset of mice (mean values+SEM, unpaired t-test). (D) Left panel,
tumor growth curves (mean values+SEM, two-way analysis of variance; center, fold change in tumor volume from day -1 to
endpoint; right panel, tumor weight at endpoint. For center and right panels, data shows mean values+SEM, Mann-Whitney U
test (center), unpaired t-test (right). (E) Quantification of tumor necrosis from H&E-stained sections (mean values+SEM, unpaired
t-test) and representative tumor sections. Scale bar 5mm. (F) Quantification of lung metastatic lesions in H&E-stained sections
(mean values+=SEM, unpaired t-test) and representative images. Arrowheads indicate metastatic deposits. Scale bar, 500 um.
ACT, adoptive cell transfer; CAR, chimeric antigen receptor; DAPI, 4',6-diamidino-2-phenylindole; hCD34, human CD34; LLC,

Lewis lung carcinoma.

E3K CAR-T cells limit lung carcinoma metastatic progression
in C57BL/6 mice

Finally, to confirm that E3K CAR-T cell activity is not
restricted to breast cancer models, we examined a second
C57BL/6 tumor model, the Lewis lung carcinoma
(LLC) model, reported by us and others'* ** to sponta-
neously metastasize to the lungs. Immunostaining of LLC
tumors collected at 14 days post tumor cell implantation
demonstrated a chaotic vasculature consisting mainly of
immature vessels, with abundant endosialin® pericytes
(figure 7A). Following the schedule outlined in figure 7B,
C57BL/6 Cd248"" mice bearing LLC tumors were subject
to 5 Gywhole body X-irradiation followed 18 hours later by
ACT of E3K CAR-T or Mock-T cells. Mice were sacrificed
13 days post-ACT due to tumor size restrictions. None of
the mice exhibited signs of toxicity (online supplemental
figure 13). As with the AT-3 model, E3K CAR-T cells
persisted but did not expand in vivo (figure 7C) driving
a significant decrease in primary tumor growth, a trend
towards decreased tumor weight at necropsy (figure 7D)
associated with a significant increase in primary tumor

necrosis (figure 7E) and a significant decrease in the lung
metastatic burden (figure 7F).

Together, mutiple breast and lung cancer models
demonstrate that E3K CAR-T cells are active in impairing
tumor progression in multiple mouse strains and, impor-
tantly, that toxicities are restricted to the 4T1 tumor-
bearing BALB/c mice with no toxicities observed in the
FVB/N and C57BL/6 models despite mice being infused
with 3x greater number of CAR-T cells.

DISCUSSION

The challenges of targeting solid tumors with CAR-T cells
are well documented and have resulted in alternative
CAR-T cell strategies being explored.” > The approach
taken here is to target cells in the tumor microenviron-
ment, with perivascular cells being of particular interest
due to their vascular localization such that extravasating
CAR-T cells will immediately access their target and not
have to navigate the dense immunosuppressive stroma.
Endosialin presents an exciting target due to its strong
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upregulation on pericytes and CAFs in the tumor stroma,
its lack of expression on pericytes associated with normal
tissue vasculature and the absence of phenotype associ-
ated with the Cd248*° mouse. In this study, CAR-T cells
based on two rat anti-endosialin mAbs 3K2L and 7A8F
were generated (online supplemental methods, online
supplemental figure 2). In preliminary experiments mAb
7A8F based CAR-T cells were inferior to the E3K CAR-T
cells and not pursued further. Encouragingly, transfu-
sion of E3K CAR-T cells in healthy, tumor-naive animals
was well-tolerated, with no indication of normal tissue
targeting or targeting of cells within wound healing sites,
suggesting that the density of off-tumor endosialin or its
distance from the vasculature is insufficient for CAR-T
cell recruitment and activation.

Using multiple preclinical models we demonstrate
that E3K CAR-T cells are active against endosialin-
expressing cells in vitro and within the tumor stroma.
This is in contrast to a previous study where the activity
of CAR constructs containing different anti-endosialin
scFvs was described as modest and was not pursued in
animal models,* making our study the first to demon-
strate activity of endosialin directed CAR-T cells in vivo.
Conflicting reports have been published concerning the
effects of pericyte or CAF ablation on tumor progression.
In some cases, depletion of these cells has resulted in
accelerated disease progression,*™° however we did not
observe this phenomenon. On the contrary, we observed
significant delays in tumor progression in four syngeneic
models. Of these, the 4T1, HRM1 and LLC models are
immunologically “cold” characterized by few infiltrating
cytotoxic T cells.*”™ Despite this, E3K CAR-T cells were
effective against these tumors, supporting the notion that
targeting pericytes circumvents the physical and immu-
nosuppressive barriers to CAR-T cell activity. A limita-
tion of the present study was the inability to track E3K
CAR-T cells in the tumor environment due to the lack
of antibodies against hCD34 that work in formalin-fixed
paraffin-embedded (FFPE) material. Investigating the
spatial distribution of E3K CAR-T cells would provide
information as to whether the observed effects are solely
due to targeting of perivascular cells or whether the
CAR-T cells also target CAFs positioned more distally
from vascular structures. Further, characterization of the
E3K CAR-T cells that have homed to the tumor will be
important to determining whether they would benefit
from next generation engineering,”’ such as ablating
TGFBR2 to prevent T cell exhaustion in the transforming
growth factor-$ (TGF-B)-rich TME®' or co-expressing IL-7
and CCL19 to enhance infiltration and survival.”

In this study, E3K CAR-T cell target specific toxicity was
observed in 4T1 tumor-bearing BALB/c mice whereas
no toxicity was observed in tumor-bearing C57BL/6 or
FVB/N mice treated with equivalent or greater doses of
CAR-T cells. BALB/c strain specific CAR-T cell toxicity
has been reported by others' and has been suggested to
result from the higher proportion of CD4" CAR-T cells
in this strain."” In the present study, BALB/c derived

E3K CAR-T cells were indeed found to be majority CD4",
however this was also true of FVB /N E3K CAR-T cell prod-
ucts. In both BALB/c and FVB/N models, E3K CAR-T
cells were observed to expand in the circulation but with
greater expansion in the BALB/c model. In the clinic,
onset of CAR-T cell-related toxicities often correlates with
peak expansion in the circulation and higher expansion
levels are associated with more severe toxicity.” ** There-
fore, it is possible that greater E3K CAR-T cell expansion
is, at least in part, responsible for the toxicity observed
in the BALB/c model. To date, no correlation between
the number of CD4" CAR-T cells and toxicity severity has
been observed in the clinic. On the contrary, a correla-
tion between the number of CD8" CAR-T cells and CRS
severity has been observed in patients.”” This suggests that
the toxicity observed in BALB/c mice may be specific to
this murine strain and, although further investigation is
required, that the liver phenotype and serum profiling
in the 4T1-BALB/c model indicate an MAS-like event.
An increasing number of CAR-T cell therapies are now
translated into the clinic armed with a suicide switch
allowing depletion of CAR-T cells should toxicity arise.
For example, in the recent GD2-CARTO1 trial, the CAR-T
cells express an inducible caspase 9 suicide gene which
was activated in one patient with successful CAR-T cell
depletion." Alternatively, integration of an ON or OFF
switch CAR design has been demonstrated in preclinical
models to allow titratable remote control of CAR-T cell
function, alleviating toxicities associated with excessive
cytokine secretion or on-target off-tumor activity.”® *”

To investigate activity in the tumor stroma, we focused
primarily on models of breast cancer. Primary breast
cancers are usually surgically resected however the first
line therapy may be neoadjuvant chemotherapy to down-
size the tumor prior to surgery. E3K CAR-T cell therapy
may offer an alternative or complement to neoadjuvant
therapy to limit disease progression in these patients.
However, our data would suggest that endosialin targeting
will also be effective in other tumor types that require
more invasive surgery, such as lung cancers, and against
established metastatic disease that has recruited a func-
tional vasculature. In addition to targeting the tumor
stroma, endosialin expression is upregulated in tumor
cells of mesenchymal origin such as soft tissue sarcomas
and osteosarcomas.” Further studies will be required to
establish if the optimal value of E3K CAR-T cells, whether
for targeting the tumor stroma or endosialin” tumors, will
be in combination with other therapies.

In summary, E3K CAR-T cells represent a promising
approach to targeting the tumor stroma and limiting
metastatic spread with negligible effects on normal tissue.
In addition, the ability of the E3K CAR to recognize both
mouse and human endosialin makes it an ideal construct
for humanization and optimization, and further ther-
apeutic development. Finally, due to the wide range of
solid tumor types that display upregulated endosialin
expression in the tumor stroma, E3K CAR-T cells have the
potential to benefit a wide range of patients with cancer.
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