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ABSTRACT

The modeling of chimeric antigen receptor (CAR) T cell therapies has been mostly focused on immuno-
deficient models. However, there are many advantages in studying CAR-T cell biology in an immuno-
competent setting. We generated a fully murine CAR targeting CD105 (endoglin), a component of the
TGFp receptor expressed on the surface of certain solid tumors and acute leukemias. CD105-targeted CAR-
T cells can be grown from various murine backgrounds, tracked in vivo by congenic marks, and be
activated by CD105 in isolation or expressed by tumor cells. CD105-targeted CAR-T cells were toxic at
higher doses but proved safe in lower doses and modestly effective in treating wild-type B16 melanoma-
bearing mice. CAR-T cells infiltrating the tumor expressed high levels of exhaustion markers and exhibited
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metabolic insufficiencies. We also generated a human CD105 CAR, which was efficacious in treating
human melanoma and acute myeloid leukemia in vivo. Our work details a new murine model of CAR-T cell
therapy that can be used from immunologists to further our understanding of CAR-T cell biology. We also
set the foundation for further exploration of CD105 as a possible human CAR-T cell target.

Introduction

Years of foundational work by cancer immunologists cul-
minated in recognition of cancer immunotherapy as the
fourth pillar of cancer treatment in 2013." This recognition
came after the advent of checkpoint blockade, which dras-
tically changed the treatment landscape of many
malignancies.” In addition to checkpoint blockade, the
FDA approved chimeric antigen receptor (CAR) T cells in
2017, paving the road for cure in patients with refractory
B cell malignancies.’

CAR-T cells are T cells isolated from patients and engi-
neered through a variety of techniques (ie retroviral trans-
duction, lentiviral transduction or other methods) to
express a CAR. The CAR has a single-chain variable frag-
ment (scFv) that binds to an antigen such as CDI19.
Following transduction, the cells are re-infused in the
patient.’ After binding, the receptor activates the T cell
through the CD3{ domain and a costimulatory domain,
typically 4-1BB or CD28, ultimately leading to activation
and target cell death. CAR-T cells have exhibited high and
sustained responses in patients with B cell malignancies and
myeloma leading to FDA approval for multiple
indications.*”® However, some cases of acute lymphoblastic
leukemia will eventually relapse, and half of the patients
with diffuse large B-cell lymphoma will see their disease
progress quickly after treatment.””® Furthermore, the results

of CAR-T cell therapy against solid tumor malignancies
have been so far disappointing.’

To further improve on our current CAR-T cell arma-
mentarium we need efficient and representative modeling.
Unfortunately, preclinical modeling of human CAR-T cells
is expensive and laborious. The ‘gold standard’ approaches
generally utilize NOD.scid.Il2rg (NSG) mice bearing tumors
generally derived from cell lines, and typically the transfer
of non-MHC matched CAR-T cells. While these CAR-T
cells can recognize tumor antigen in vivo and mediate
tumor killing, they also can mediate allogeneic responses
to the tumor and xenogeneic responses to murine tissues,
ultimately resulting in GVHD. In addition, the NSG model
does not allow us to study CAR-T cells in an immunocom-
petent environment and precludes in vivo stimulation of
these cells from healthy tissue antigens. An important solu-
tion to this problem that could complement the NSG model
is fully murine CAR-T cells targeting a naturally occurring
tumor surface antigen. However, this avenue has only been
explored for very few targets in the purview of biotech
industry.'%™'¢

In this study, we detail the identification, design, and
engineering of a fully murine CAR targeting CD105, a cell
surface receptor typically expressed by activated endothe-
lium but highly overexpressed on a broad array of tumor
types including melanoma and acute myelogenous leukemia
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(AML)."”'® We show this murine CAR produces all of the
‘problems’ associated with CAR-T cells: despite remarkable
killing efficiency in vitro, CD105 CAR-T cells are weakly
effective in vivo and carry the potential for toxicity. This
fully murine CAR-T system can be used to identify regula-
tory mechanisms and reprogramming strategies that will
broadly enable cellular therapies for cancer. Further, we
demonstrate feasibility of creating human CAR-T cells tar-
geting CD105 based off an antibody already in use for
clinical trials.

Results

CD105 is a Surface Target on B16 Melanoma Targetable
With Murine CAR-T Cells

As there are no available fully murine CAR-T cell models
that directly target B16 melanoma, the widely used tumor
model used in immunology research, we sought to find
a suitable target. Consistent with other groups, we found
high endoglin (CD105) expression in B16 melanoma
(Figure la). We investigated further the B16 tumor
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Figure 1. Generation of a fully murine chimeric antigen receptor (CAR) to CD105, a natural murine tumor surface target. (a) CD105 expression of B16 & C1498 (b)
Comparison of CD105 expression in the B16 microenvironment and the lymph nodes (c) Schematic of engineering of the fully murine CD105-targeted CAR (d) Schema
of murine CAR-T cell generation using a retroviral expression construct in C. Thy1.1 and Myc staining are shown confirming transduction and surface expression of the
CD105-specific CAR. (e) Flow cytometric analysis of the murine CD105-targeted CAR product at the end of expansion (day 7). The data in figure (b) are from one
experiment which included four different mice, each with one B16 tumor. Each point on D, E represents expansion of CAR-T cells from a different mouse donor.



infiltrate for expression of CD105. CD105 expression was
retained in B16 cells in vivo and was also highly expressed
in activated tumor vasculature (Figure 1b). In contrast, it
was undetectably or modestly expressed in most hemato-
poietic cells in the tumor or lymph nodes (Figure 1b).
Given that CD105 has also been targeted in mice with
a monoclonal antibody without toxicities,'” we engineered
a CAR against CD105. We sequenced the variable heavy-
and light-chain regions of the MJ7/18 hybridoma and con-
structed a single chain variable fragment (scFv) which we
inserted in a MSGV-based retroviral backbone consisting of
murine hinge and transmembrane (HTM) CD28 domain,
followed by murine CD28 costimulatory and murine CD3z
domain as previously reported in a murine CD19-targeted
CAR (Figure 1¢)."° The murine CD3z domain has all three
immunoreceptor tyrosine-based activation motifs (ITAMs)
intact. We added a myc tag on the N-terminus of the CAR
and a Thyl.l bicistronic tag to the construct to facilitate
detection of cell surface expression and transduction,
respectively. Transduction with this construct in bulk mur-
ine C57/BL6J T cells led to consistently high expression of
the CAR (Figure 1d). At the end of expansion (day 7 from
activation) the murine CD105-targeted CAR-T cells con-
sisted mainly of CD8" central memory (CD44'CD62L")
T cells and expressed low levels of inhibitory receptors
(Figure le). The low expression of inhibitory receptors are
indicative of low levels of tonic signaling.

Murine CD105 CAR-T Cells are Active Against CD105*
Tumors

Next, we investigated whether this murine CAR signaled
and functioned appropriately. Murine CD105-directed
CAR-T cells were activated by the plate-bound CD105 but
not by PBS as evidenced by upregulation of CD44, CD69,
CD25 and downregulation of CD62L (Figure 2a). In addi-
tion, they produced high amounts of cytokines (IFN-y,
TNF-a, Granzyme B, IL-2) (Figure 2b) and initiated pro-
liferation (Figure 2c). Mock-transduced T cells were not
activated by plate-bound CD105 or PBS, demonstrating
specificity for CD105 reactivity. Next, we sought to inves-
tigate if the murine CAR can be activated by antigen-
expressing tumors. Indeed, after overnight incubation with
B16-F10, which expresses high levels of CD105 at steady
state, CAR-T cells were activated (Figure 2d) and actively
producing cytokines (Figure 2d). To explore the specificity
of the CAR function, we employed a murine leukemia cell
line (C1498) that lacks CD105 expression at baseline, and
a variant of this line that we transduced with CD105
(Figure la). Co-culture of murine CD105-targeted CAR-T
cells with either the wild-type C1498 or CDI105-
overexpressing C1498 cell line revealed activation only by
the cell line expressing CD105, confirming the specificity of
the CAR (Figure 2e and f). Finally, we examined the killing
capacity of the murine CD105-targeted CD105 CAR utiliz-
ing luciferase killing assays. The murine CDI105-targeted
CAR-T cells killed B16 and C1498 CD105" in vitro but
exhibited no killing capacity against wild-type (CD1057)
C1498 (Figure 2g).
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High Doses of Murine CD105 CAR-T Cells Induce Toxicity in
the Lymphodepleted Setting

We next sought to determine the efficacy of CD105-targeted
murine CAR-T cells in vivo. Initially, we injected 3 million
CD105-targeted murine CAR-T cells without prior condition-
ing, observing no toxicity in the mice (Figure 3a). However,
most patients receive lymphodepletion before their CAR-T cell
infusion to aid engraftment. Thus, we repeated the experiment
with cyclophosphamide pre-conditioning (Figure 3b), which
led to rapid weight loss (Figure 3c). Analysis of serum cyto-
kines two days after CAR-T cell injection revealed a profound
increase in many inflammatory and type I cytokines, consistent
with a cytokine storm (Figure 3d). In addition, a necropsy
performed after sacrificing the mice due to morbidity showed
lymphocytic infiltrates around vessels in the lungs and the liver
(Figure 3e). No other lesions were observed. We followed-up
this finding with immunofluorescence of healthy lung and liver
tissue and we found expression of CD105 on healthy vessels
(Figure 3f). This finding was not consistent with previous
literature, which suggested that CD105 is only present in acti-
vated vasculature, although this claim has been mostly investi-
gating in humans.”® In our effort to reduce the toxicity
observed in the mice we performed a dose titration and we
showed that by decreasing the CAR-T cell dose to 500,000 cells,
we were able to rescue the mice from toxicity (Figure 3g). To
confirm that the absence of toxicity was not because of minimal
engraftment due to the lower T cell dose we assayed the blood
of the mice 14 days after CAR-T cell infusion. The cohort that
received the lower dose of murine CAR-T cells after cyclopho-
sphamide had significant engraftment, consisting of about 16-
20% of all CD45" circulating cells (Figure 3h). We assayed this
engraftment serially up to day 50 post-infusion and we found
that it remained stable (Sup. Figure 1A).

CD105-Targeted Murine CAR-T Cells are Active Against
B16 Melanoma in vivo

Next, we evaluated the efficacy of the CD105-targeted murine
CAR-T cells. We injected B16 melanoma-bearing C57BL/6
mice with 500,000 CAR-T cells after lymphodepletion
(Figure 4a) and we observed a significant reduction in tumor
growth which resulted in doubling of survival (Figure 4b). Of
note, when we performed the same experiment using 3 million
CD8 HTM/4-1BB co-stimulatory domain mouse CAR-T cells
we observed no toxicity, but no efficacy as has happened in
prior literature (Sup. Figure 1B)."* As the tumors were not
cleared from the CD28-based CAR-T cells, we sought to inves-
tigate potential underlying mechanisms, including lowered
persistence, ineffective infiltration, T cell intrinsic dysfunction
(exhaustion), and impaired signaling of the CAR. We analyzed
the tumor-infiltrating leukocytes (TIL) of intradermal B16
tumors 14 days after injection. First, the transferred CAR-T
cells were the predominant T lymphocyte found inside the
tumor, ruling out impaired trafficking to the tumor
(Figure 4c). Despite the CAR-T cells being predominantly
(~90%) CD8" on injection, the infiltrate in the lymph node
had equal amounts of CD4" and CD8" CAR" T cells, whereas
the tumor harbored mainly CD8" CAR-T cells (Figure 4d).
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Figure 2. Murine CD105-targeted CAR-T cells are activated through CD105 and exhibit CD105-dependent killing activity. (a) Surface activation markers after overnight
incubation of the murine CAR-T cells with 2 ug/ml of plate-bound CD105 (pbCD105). (b) Intracellular cytokines after overnight incubation of the murine CAR-T cells with
2 ug/ml of plate-bound CD105. (c) Ki-67 expression after overnight incubation of the murine CAR-T cells with 2 ug/ml plate-bound CD105. (d) Activation markers after
overnight incubation of murine CAR-T cells with B16 melanoma at 1:1 ratio. (e) Activation markers after overnight incubation of murine CAR-T cells with wild-type C1498
murine leukemia at 1:1 ratio. (f) Activation markers after overnight incubation of murine CAR-T cells with CD105* C1498 murine leukemia at 1:1 ratio. (g) Luciferase
killing assays after overnight incubation of murine CAR-T cells with target cell lines, normalized to the mock-transduced killing activity. All experiments were repeated
with 3 different mouse donors and data from these experiments were pooled. MFI shift was defined as MFI of T cells co-incubated with target cell lines minus MFI of cells
in regular culture conditions. Statistics are either unpaired t-test or Wilcoxon rank sum test depending on the observed data distribution. *p < .05, **p < .01 ***p < .001.
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*p < 01, **p < 001.

Furthermore, central memory CAR-T cells established in the
lymph nodes, whereas most CAR-T cells in the tumor were
effector memory T cells (Figure 4e). Similar to our findings in
the TCR-Tg system,”’ murine CAR-T cells experienced inabil-
ity to compete for the glucose tracer 2-NBDG compared to
endogenous T cells (Figure 4f) as well as a loss of mitochondrial
mass in the tumor microenvironment (Figure 4g).

Murine CAR-T cells both in the tumor and the lymph nodes
expressed high levels of inhibitory receptors indicating that
either some of the CAR-T cells exhausted in the tumor circu-
lated back to the lymph nodes or were receiving antigenic
stimulation in the lymph node microenvironment as well
(Figure 5a). This was corroborated with high levels of TOX
but also TCF-1" within the CAR-T compartment, a phenotype
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Figure 4. mCD105-targeted CARs are effective in slowing the growth of murine B16 melanoma in vivo. (a) Schematic of the therapeutic experiment with murine CAR-T
cells against B16 (b) Growth tumor curve and survival of B16-bearing mice treated with 200 mg/kg of cyclophosphamide (CTX) and 0.5 million murine CAR-T cells (c)
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distribution. *p < .05, **p < .01, ***p < .001.

only existing in the lymph node (Figure 5b). To investigate
whether this was happening in non-tumor bearing mice, we
analyzed CAR-T cells in the tissue 14 days after infusion. The
CAR-T cells exhibited high PD-1 expression but minimal Tim-
3 expression, indicating that the presence of the tumor was
important for the phenotype of terminal exhaustion observed
in the LN (Sup. Figure 1C).

Considering the high level of inhibitory receptors, we pro-
ceeded to evaluate function. Despite the high levels of inhibitor
receptors, the CAR-T «cells were highly proliferative
(Figure 5¢). In addition, re-stimulation with either PMA/iono-
mycin or anti-CD3/CD28 led to marked increase in cytokine

production (Figure 5d), suggesting no inherent dysfunction or
exhaustion within these cells. However, re-stimulation with
CD105 protein showed a significant reduction in cytokine
production (Figure 5d) compared to what we observed
in vitro. (Sup. Figure 1D). To investigate further, we assessed
the presence of the CAR on the surface, which we had tagged
with the Myc antigen. Although Thyl.1", which marks trans-
duction, was seemingly present in all CAR-T cells, Myc was
notably repressed, indicating internalization of the CAR, which
was exacerbated in the tumor microenvironment (Figure 5e).
We further explored this by activating CAR-T cells in vitro,
which showed the CAR internalizes rapidly after overnight
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Figure 5. mCD105-targeted CARs are functional despite the expression of inhibitory receptors. (a) Surface exhaustion markers of murine CAR-T cells (b) TCF-1/TOX
expression of murine CAR-T cells (c) Ki-67 expression of murine CAR-T cells (d) Cytokine production of murine CAR-T cells after restimulation via TCR, murine CAR or PMA
& lonomycin (e) murine CAR surface expression of murine CAR-T cells (f) In vitro expression of surface murine CAR after overnight stimulation through the CAR versus the
TCR. All experiments were repeated with 3 different donors. All TIL analysis (a-e) was performed 14 days after CTX & murine CAR infusion in a design exactly like 4A. For
the TIL analysis, the data from the 3 donors were pooled. Statistics are Wilcoxon matched-pairs signed rank test or paired t-test depending on the data distribution.

*p < .05, **p < .01.

activation with CD105 but not when activated with anti-CD3
and CD28 Figure 5f). Indeed, the robust activation of CAR-T
cells through their antigen receptor rapidly drove high expres-
sion of PD-1 and Tim-3, showing that the expression of these
markers is likely evidence of activation and not necessarily
exhaustion (Sup. Fig. 1E). Thus overall, cell-intrinsic reasons
behind the inability of the cells to clear the tumor during the
first 14 days post-infusion are probably due to metabolic defi-
ciencies, which we have shown can impair adoptive cell therapy
efficacy, and the downregulation of the CAR itself.”"** Of
course, there are many other immunosuppressive factors in
the tumor microenvironment that may ultimately impair the
function of cell therapies, which we believe this model will help
address.

CD105 is a Potential Target of Human CAR-T Cells

The promising results obtained from the murine CAR-T cells
led us to consider forward translation toward a human CAR-T
product. We assayed human cell lines for CD105 expression,
and we found several solid tumor and leukemia cell lines

expressing it apart for the T cell lymphoblastic leukemia
Jurkat (Figure 6a). Furthermore, the literature supported that
CD105 is frequently expressed in acute myeloid and lympho-
cytic leukemias as well as in several solid tumors and tumor
vasculature.'®*® Since CD105 has been targeted before in the
clinic with the monoclonal antibody carotuximab with mini-
mal side-effects,”® we used the binding region of carotuximab
to design a human scFv, which we incorporated into a human
CAR backbone (Figure 6b). Since the murine CAR was not
efficacious in vivo with a CD8 hinge domain and there was
published evidence that CD8 hinge domains might be interfer-
ing with synapse formation we chose a CD28 hinge domain for
the human CAR.** However, we used a 4-1BB co-stimulatory
domain as it was shown before in human CAR-T cells that it
can increase persistence without a detriment in function.**
Using a retrovirus (MSGV), we transduced peripheral blood
mononuclear cells from healthy donors. The transductions
were moderate (Sup. Figure 2A), so for most experiments we
sorted the cells to achieve purity. The phenotype of the cells at
the end of expansion (day 10 from activation) varied among
donors but usually the CD4" CAR-T cells outnumbered the
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Figure 6. CD105-targeted human CAR T cells exhibit CD105-specific activation and are active in vivo. (a) CD105 expression of human cell lines (b) Engineering of human
CD105-targeted CAR from TRC105 (c) Surface activation markers after overnight incubation of human CD105-targeted CAR-T cells with Colo829 at 1:1 ratio (d) Cytokines
after 6-hour incubation of human CD105- targeted CAR-T cells with Colo829 at 1:1 ratio (e) Luciferase killing assays after overnight incubation of human CD105-targeted
CAR-T cells with target cell lines, normalized to the mock-transduced killing activity. (f) Schematic of the Colo829 in vivo experiment (g) Tumor growth curve of Colo829-
bearing NSG mice treated with human CAR T cells (h) Survival curve of B (i) schematic of the MOLM- 14 in vivo experiment (j) Bioluminescence of MOLM-14 engrafted
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CD8" CAR-T cells and most cells were CD45RO" (Sup.
Figure 2b).

We next sought to examine if the human CAR can be
activated by the cell lines expressing CD105. We found sig-
nificant activation (Figure 6c) and cytokine production
(Figure 6d) after overnight co-culture with the Colo829 cell
line that expresses high levels of CD105. Apart from the activa-
tion, the human CD105-targeted CAR-T cells also exhibited
efficient killing of cell lines expressing the target (Figure 6e).
Importantly, there was no killing against Jurkat cells, but upon
overexpression of CD105 via lentivirus, major killing activity
was noted. Thus, we decided to investigate whether the human
CD105-targeted CAR-T cells can be active in vivo against solid
and liquid malignancies. NSG mice cohorts bearing either
Colo829 melanoma tumors (Figure 6f) or engrafted with
MOLM-14 acute myeloid leukemia (Figure 6i), were treated
with 10 million human CD105-targeted CAR-T cells or mock-
transduced human T cells. The human CAR-T cells slowed the
growth of both the melanoma (Figure 6g) and the acute mye-
loid leukemia (Figure 6j) leading to prolonged survival in both
cohorts (Figure 6h and k). These data suggest that not only is
CD105 a useful target for understanding the activity of func-
tion of CAR-T cells in murine models, but also a potentially
important target for human CAR-T cells.

Discussion

Fully murine models of CAR-T cells are scarce despite their
significance. We present in this study a fully murine CAR
which can target the heavily utilized B16 melanoma model
and can be tracked efficiently using congenic markers.
Although CD105 CAR-T cells were effective in treating B16
melanoma, they did not eradicate it, which provides a platform
to design improvement strategies targeted around various
readouts. Importantly, the toxicity observed with this model
allows the investigators to concentrate on how to improve the
function of the murine CAR-T cells in the tumor microenvir-
onment without worsening the systemic toxicity. In addition,
our murine CAR-T cells replicated many biologic phenomena
shown previously with either TCR-Tg cells (i.e. loss of mito-
chondrial mass)?! and human CARs (i.e. receptor
downregulation).”* Importantly, these murine CAR-T cells
can be used on immunocompetent backgrounds, allowing for
the study of questions related to the interaction of CAR-T cells
with the immune microenvironment. Further, the murine
model can also help inform upon the design of strategies that
may overcome the need for lymphodepletion, an unfortunate
requirement of current cellular therapies.

Previous studies exhibited similar need for lymphodepletion
in various murine CAR systems not usually required for TCR-
Tg cells.”' Kochenderfer et al. showed the murine CD19 CAR-
T cells infused after sublethal irradiation could effectively con-
trol 38c13 lymphoma'® whereas Davila et al. showed that
murine CD19 CAR-T cells infused after cyclophosphamide
treatment could eradicate Eu-ALLO1 leukemia.'’ Chinnasamy
et al. showed that anti-VEGFR-2 CAR-T cells require lympho-
depletion as well to slow down the growth of several tumor
lines via targeting their vasculature."> Of note, several degrees
of toxicity with murine CAR-T cells have been described before
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and they were universally dependent on
lymphodepletion.'>'*!'® In the Moghimi et al. study the toxi-
city was also dependent on the hinge and co-stimulatory
domains used, which was exactly what happened in our
model as well.'"* We believe that this is likely secondary to the
ineffective CD8 hinge domain rather than the co-stimulatory
domain.**

TCR-Tg T cells are frequently used as a model for CAR-T
cells in mice, generally as effector T cells expanded in vitro.
While our data suggest murine CAR-T cells resemble murine
TCR-Tg in some respects, there were other features of T cell
biology that define the two, most notably that CAR-T cells
retained intrinsic functionality during timepoints at which
TCR-Tg T cells would be rendered dysfunctional. Our data
highlight that care should be taken in equating results obtained
with TCR-Tg T cells in cancer therapy to what may be observed
in CAR-T cells.

Apart from the murine CD105 CAR-T cell system, we show
here that CD105 can also be targeted by human CAR-T cells.
CD105 is a promising target for the clinic as it has been
targeted with the monoclonal antibody carotuximab with
minimal side-effects.”” Importantly, CD105 is expressed in
the activated vasculature of many solid tumors and also in
many acute myeloid leukemias, providing several important
targets beyond the tumor cell itself."®** Neither solid tumors
nor AML have effective CAR-T cell therapies. CD105 is over-
expressed in 30% of AML and has been associated with worse
long-term outcomes.”®”” Like other antigens in AML, CD105
is not expressed in all blasts; not all blasts have leukemogenic
potential. Importantly, Dourado et al showed that for a few
patients with CD105-expressing AML blasts, only CD105-
positive cells were able to engraft in mice, suggesting that
CD105 is a marker of leukemia stem cells in a subset of
AML.”® This is further supported by the observation that
targeting AML with carotuximab reduced engraftment of
AML in mice, indicating that CD105 could be a useful target
for the stem-like population in AML. Indeed, human anti-
CD105 CAR-T cells prolonged the survival of NSG mice carry-
ing either MOLM-14 AML or Colo829 melanoma. Despite
these encouraging results, our CAR-T cell showed moderate
activity which could be due to a variety of factors (aggressive
cell lines, human donors, low affinity of the CAR to its target
antigen) and needs to be further optimized. Of note, recently,
another team reported activity of anti-CD105 CARs against
hepatocellular carcinoma as well.*

Although carotuximab was safe in clinical trials, there are
some concerns about safety for human CD105-targeting CARs.
CD105 is expressed in committed erythroid progenitors and
the vessels of healing wounds and indeed in the monoclonal
antibody trials hypoproliferative anemia and problems with
wound healing were encountered.?>*%3! Of course, these diffi-
culties are easier to manage than complete bone marrow abla-
tion as a result of CD33 or CD123-targeted CARs.>> Also, the
toxicity observed in the mouse, although mitigated with the
lower cell dose, raises the concerns for similar phenomena
occurring in humans. However, the human protein atlas, did
not find any expression of CD105 in the lungs or the liver by
immunohistochemistry.”> They did find though CD105
expression in the kidneys. Kidney injury was not reported as
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a common occurrence in the clinical trials with carotuximab
though.”® Notably, the same concern existed with the murine
RORI1 CAR, but when nonhuman primates were used to test
the potential toxicity for humans, no toxicity was observed.**
A similar avenue could be explored for the human CD105 CAR
to ensure safety before considering a phase I trial.

In summary, we have detailed a novel fully murine CAR-T
cell system that will support the exploration of many questions
in the CAR-T cell field in an immunocompetent setting. The
murine CAR-T cells described herein are easy to produce,
administer and track in vivo. They recapitulate various findings
from both TCR-Tg systems and human CARs, indicating that
there is a high degree of correlation between the systems and
suggests findings with the murine CAR will be likely transla-
table to other fields. Finally, we showed that CD105 can be
targeted with human CARs as well, which are active in vivo
against human malignancies that have no currently FDA-
approved CAR-T cell products.

Materials and methods
Mice

All animal work was done in accordance with the University of
Pittsburgh Institutional Animal Care and Use Committee,
certified by the Association for Assessment and Accreditation
of Laboratory Animal Care. Procedures were performed under
their guidelines. C57BL/6 ] mice were bred in-house, at
a Charles Rivers facility (starting October 2020) or obtained
from the Jackson Laboratory. NOD.Cg-Prkdc scid 1l2rg
tm1Wjl /Sz]/Arc (NSG) mice were obtained from the Jackson
Laboratory.

Cell lines

B16, MOLM-14, THP-1, Nalmé6 and Jurkat cell lines were
cultured in R10 media (RPMI, 10% FBS, 2 mM L-glut,
100 U/ml PenStrep, 1x NEAA, 1 mM sodium pyruvate,
5 mM HEPES, p-ME). C1498, Plat-E, 293 GP, Colo829 cell
lines were cultured in D10 media (DMEM, 10% FBS, 2 mM
L-glut, 100 U/ml PenStrep, 1x NEAA, 1 mM sodium pyruvate,
5 mM HEPES, p-ME).

The Colo829 cell lines was originally obtained from ATCC
from Dr. Kirkwood who gifted it to our lab. It has not been
further authenticated, but it formed appropriate tumors in
NSG mice. The MOLM-14/THP-1 cell lines were obtained
from Dr Theresa Whiteside. They were not authenticated
further but expressed myeloid markers as expected (ie CD33).
The THP-1 cell line grew much slower in culture as described
already in the literature. The Nalmé6 cell lines was a gift from
TCR2 therapeutics. It expressed CD19 as expected. Jurkat cells
were obtained from Dr Larry Kane who had previously authen-
ticated them by staining with C305, a clonotypic Ab against the
Jurkat TCR-beta chain.

Murine CAR-T Cell Generation

Lymph node and spleen T cells were isolated from 6- to
8-week-old C57BL/6 ] mice and mechanically disrupted.

T cells were isolated using Biolegend’s Mojosort Mouse CD3
T cell isolation kit. The T cells were then activated for 24 hours
using plate-bound anti-CD3 (5ug/ml, Biolegend clone 145-
2C11), soluble anti-CD28 (2ug/ml, Biolegend clone 37.51)
and 50 U/ml murine IL-2 (Peprotech). Prior to the T cell
isolation, the viral vectors were transiently transfected into
Platinum-E (Plat-E) Retroviral Packaging Cell Line.
Retroviral supernatants were harvested, filtered, and flash-
frozen at —80°C. After 24 h of murine T cell activation, the
viral sups were thawed and 5ug/ml of polybrene was added.
Next, the murine T cells were spin-transduced with the retro-
viral supernatant for 120 min at 2,000 rpm. The cells were left
to rest for another 2 hours at 37C in the viral supernatant and
then the media was changed to regular R10. The T cells were
then expanded with 50 U/ml IL-2 for up to 8 days.

Human CAR-T Cell Generation

X-Vivo 15 media (Lonza) supplemented with 5% human AB
serum (Valley Biomedical), 10 mM HEPES buffer and 2 mM
GlutaMAX (Gibco) were used for in vitro culture of human
CAR-T cells. Frozen PBMCs were thawed and T cells were
isolated with the Biolegend Mojosort human CD3 isolation kit.
The T cells were then activated with TransAct (Miltenyi Biotec,
1:100) in the presence of 200IU/mL human IL-2 (Cellgenix) for
48 hours, followed by retroviral transduction. Briefly, the retro-
virus was pre-loaded through spin-transduction (2 hours,
2000 g) on a non-tissue culture retronectin-coated plate.
Then T cells were added and were briefly spun down. The
T cells were incubated for 48 hours and then were FACS sorted.
After sorting, the T cells were transferred to a G-Rex 6 M Well
Plate (Wilson Wolf) for expansion. Cells were then harvested
on day 10 for further analysis or adoptive transfer.

Activation Assays

For murine CAR-T cell activations assays, murine CAR-T cells
were incubated overnight with plate-bound anti-CD3 (5ug/ml,
Biolegend clone 145-2C11) & soluble anti-CD28 (2ug/ml
Biolegend clone 37.51) or plate-bound CD105 (2ug/ml,
abcam 54339) or PMA (100 ng/ml, Sigma) & Ionomycin
(1ug/ml, ThermoFisher). For surface activation markers, the
cells were directly stained for flow cytometry in the morning.
For cytokines, GolgiPlug (BD, 1:1000) was added in the morn-
ing for 6 hours before staining. For activation with target cells,
the murine CAR-T cells were co-incubated for the same period
of time at a 1:1 ratio with target cells.

For human CAR-T cell activation cytokine assays, human
CAR-T cells were incubated with target cells at 1:1 ratio for
6 hours at the presence of GolgiPlug (BD, 1:1000) and then
stained for cytokines. For surface activation markers, human
CAR-T cells were incubated with target cells at 1:1 ratio over-
night and then stained for flow cytometry.

Killing assays

For killing assays, the CAR-T cells were co-cultured with target
cells expressing luciferase at different ratios overnight. In the
morning, 0.2 mg/ml of luciferin was added to each well and the



luminescence was read by a plate reader. The % killing activity
was normalized to the level of signal from the wells that target
cells were co-cultured with mock-transduced T cells [%kill-
ing = 100*(signal from mock-TD T cell well - signal from
CAR-T cell well)/ signal from mock-TD cell well].

In vivo Therapeutic CAR-T Cell Experiments

For murine CAR-T cell experiments, 100k B16 murine mela-
noma cells were injected intradermally into C57BL/6 ] mice.
Once tumors became palpable or visible (1-4 mm?), cyclopho-
sphamide 200 mg/kg was injected intraperitoneally. The
following day, the mice were randomized based on the tumor
sizes. The one group received 0.5 million (unless reported
otherwise) murine CAR-T cells intravenously via the retro-
orbital approach whereas the other group received mock-
transduced T cells. The number of murine CAR-T cells was
always adjusted based on % transduction of the product. The
tumor growth was monitored 2-3 times per week. A survival
event was recorded when tumors ulcerated, surpassed 1.5 cm
in diameter or mice died.

For human CAR-T cell experiments with Colo829, 1 million
Colo829 cells were injected intradermally into NSG mice. Once
tumors reached ~50mm?, the tumors were measured and ran-
domized between two groups. One group received 10 million
human CAR-T cells via tail vein injection and the other group
received mock-transduced T cells. The tumor growth was
monitored 2-3 times per week. A survival event was recorded
when tumors ulcerated, surpassed 1.5 cm in diameter or mice
died.

For human CAR-T cell experiments with MOLM-14,
0.5 million luciferase-expressing MOLM-14 cells were injected
intravenously (through the tail vein) into NSG mice. The mice
were then imaged 3 days afterward with IVIS and randomized
into two groups. The one group received 10 million human
CAR-T cells intravenously via tail vein injection and the other
group received mock-transduced T cells. The leukemia burden
was monitored with IVIS weekly, whereas morbidity and mor-
tality were monitored daily starting at day 14. A survival event
was recorded when mice exhibited morbidity or died.

Tumor-Infiltrating CAR-T Cell Analysis

Lymph nodes and tumors were harvested from C57BL/6 ] mice
14 days after murine CAR-T cell transfer. To obtain single-cell
suspensions, lymph nodes were mechanically disrupted. Whole
tumors were injected using syringes with 2 mg/mL collagenase
type IV, 2 U/mL hyaluronidase (Dispase), and 10 U/mL DNase
I in serum-free RPMI and incubated for 20 min at 37°C.
Tumors were then disrupted and filtered for flow cytometric
analysis. Single-cell suspensions were stained and run on BD
LSR Fortessa

Flow Sorting and Cytometric Analysis

Staining for murine proteins was performed with anti-mouse
specific antibodies obtained from the following companies:
Biolegend anti-CD105 (clone M]J7/18), anti-CD4 (clone
GK1.5), anti-CD8 (clone 53-6.7), anti-Thyl.1 (clone OX-7),,
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anti-PD-1 (clone 29 F.1A12), anti-Tim-3 (clone RMT3-23),
anti-CD44 (clone IM7), anti-CD62L (clone MEL-14), anti-
CD69 (clone H1.2F3), anti-CD25 (clone PC61), anti-IFN-y
(clone XMG1.2), anti-TNF-a (clone MP6-XT22), anti-IL-2
(clone JES6-5H4), anti-Granzyme B (clone GB11), anti-CD45
(clone 30-F11), anti-Ki67 (clone 16A8). Anti-TOX was pur-
chased from eBioscience (clone TXRX10). Anti-TCF-1 was
obtained from Cell Signaling (clone C63D9). Anti-Myc was
purchased from Millipore Sigma (clone 4A6). 2-NBDG was
obtained from Cayman and Mitotracker Deep Red FM was
obtained from Invitrogen.

Staining for human proteins was performed with anti-
human specific antibodies obtained from following companies:
Biolegend anti-CD4 (clone OKT4), anti-CD8 (clone HIT8a),
anti-CD44 (clone BJ18), anti-CD62L (clone DREG-56), anti-
CD69 (clone EN50), anti-CD25 (clone M-A251), anti-IFN-y
(clone 4S.B3), anti-TNF-a (clone Mabll), anti-Granzyme
B (clone QA16A02). Anti-CD105 was obtained from
eBioscience (clone SN6).

Metabolic stains were assayed live. For extracellular only
staining, cells were either assayed live or were fixed with 4%
PFA. For intracellular staining the cells were first fixed with 4%
PFA and then were permeabilized using the FoxP3 fix/perm
buffer set (eBioscience) according to the manufacturer’s pro-
tocol. Intracellular staining was performed overnight at 4 °C
and buffer was changed in the morning. The cells were then
assayed within 1 week from fixation.

Stained cells were analyzed on an LSRFortessa (BD). Cell
doublets were excluded by comparison of side-scatter and
forward-scatter width to area. Flow-cytometry data were ana-
lyzed with FlowJo version 10 software (Tree Star) and figures
were produced in Prism version 7 (GraphPad).

Cloning

For the murine CD105-targeted CAR, a scFv was designed
based on the binding region of the M]J7/18 antibody. The
scFv was then incorporated into a murine CAR-T cell back-
bone originally designed by Steven Rosenberg’s lab (Addgene
plasmid 107226) with the exception of the localization signal
that was from murine CD8. The MSGV retroviral vector was
further modified to carry a myc tag between the CD8 signal and
the scFv as well as a Thyl.1 transduction tag which followed
the murine CAR after a T2A sequence. 30 ug of retroviral
vector and 10 ug of pCL-Eco plasmid (Addgene plasmid
12371) were transiently transfected into Platinum-E (Plat-E)
Retroviral Packaging Cell Line using Xfect (Takara) for
4 hours. Then media was changed and virus was harvested
after 36 hours.

For the human CD105-targeted CAR, a scFv was designed
based on the binding region of the carotuximab antibody that
has been tested in clinical trials. The scFv was incorporated
into a MSGV retroviral human CAR-T cell backbone which
was a gift from Jason Lohmueller’s lab. 9 ug of retroviral vector
and 4.5 ug of RD114 plasmid were transiently transfected into
293GP cells using lipofectamine 3000. After overnight incuba-
tion the media was changed and the virus was harvested after
24 hours. The 293GP cells and the RD114 plasmid were a gift
from Udai Kammula’s lab.
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All cloning was performed with Hi-Fi DNA Assembly
(NEB). Briefly, DNA fragments were produced either with
PCR (NEB Q5 master mix and Fisher primers) or with synthetic
ds-DNA fragments (gblocks from IDT). The PCR fragments
were digested with Dpnl (NEB) to remove the original plasmid
and were run through a gel to isolate (NEB Monarch DNA Gel
extraction kit) the desired band. 25ng of each DNA fragment
was added in a reaction with HiFi DNA Assembly and the result
of the reaction was transformed into bacteria (NEB C2987H).
The colonies were mini-prepped and sent for Sanger
Sequencing to Genewiz to confirm the success of the cloning
process. The bacteria carrying the desired plasmid were then
isolated with NucleoBond Xtra Midi Plus EF from Takara.

Cytokine Measurement

The murine cytokines were measured in mouse blood from the
Luminex Core laboratory of the Hillman Cancer Center using
the MILLIPLEX MAP Mouse High Sensitivity T Cell Panel -
Immunology Multiplex Assay from Millipore Sigma.

Immunofluorescence

Organs were dissected from healthy mice and frozen at —80°C in
Optimal Cutting Temperature Compound (Tissue-Tek) and sec-
tioned (Cryostat microtome). Tissue was fixed in histology-grade
acetone (Fisher) at —20°C, rehydrated in staining buffer, stained
with CD31 Alexa Fluor 647 (clone 390, Biolegend), CD105 Alexa
Fluor 594 (clone MJ7/18, Biolegend) and DAPI (Life
Technologies), and mounted with ProLong Diamond Antifade
Mountant (Life Technologies). All sections were imaged with an
Olympus IX83 microscope and analyzed with Image]J software.

Statistical Analysis

The data presented in the figures are mean + standard error
of the mean (S.E.M.). For paired data, Wilcoxon matched-
pars signed rank test or paired t-test was used. For unpaired
data, Wilcoxon rank-sum test or unpaired t-test was used.
The decision about parametric versus non-parametric test
was based on visual assessment of the data distribution.
Survival data are presented as Kaplan-Meier survival curves
and analyzed with the non-parametric log-rank test. Tumor
growth curves were analyzed with repeated measures
ANOVA. All analysis was completed with Prism v7 software
(Graphpad) and confirmed with STATA v17.0. A value of
p < .05 was considered statistically significant. All tests were
two-sided, apart from the tumor growth curves and the
survival curve where a one-sided test tested only the
hypothesis that the treatment group is better. In the figures,
standard designations of significance were given; *p < .005,
**p < .01, **p < .001. The specific analysis used per figure
in the manuscript can be found within the legends.

Study Approval

All experiments detailed in this manuscript were approved by
the University of Pittsburgh Institutional Animal Care and Use

Committee (# 20077737). The use of retroviral vectors was
approved by the Institutional Biosafety Committee.
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