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ABSTRACT

Carcinoembryonic antigen (CEA) is a cell surface antigen highly expressed in various cancer cell types and
in healthy tissues. It has the potential to be a target for chimeric antigen receptor (CAR)-modified T-cell
therapy; however, the safety of this approach in terms of on-target/off-tumor effects needs to be
determined. To address this issue in a clinically relevant model, we used a mouse model in which the T
cells expressing CEA-specific CAR were transferred into tumor-bearing CEA-transgenic (Tg) mice that
physiologically expressed CEA as a self-antigen. The adoptive transfer in conjunction with
lymphodepleting and myeloablative preconditioning mediated significant tumor regression but caused
weight loss in CEA-Tg, but not in wild-type mice. The weight loss was not associated with overt
inflammation in the CEA-expressing gastrointestinal tract but was associated with malnutrition, reflected
in elevated systemic levels of cytokines linked to anorexia, which could be controlled by the
administration of an anti-IL-6 receptor monoclonal antibody without compromising efficacy. The apparent
relationship between lymphodepleting and myeloablative preconditioning, efficacy, and off-tumor toxicity
of CAR-T cells would necessitate the development of CEA-specific CAR-T cells with improved signaling
domains that require less stringent preconditioning for their efficacy. Taken together, these results
suggest that CEA-specific CAR-based adoptive T-cell therapy may be effective for patients with CEA™ solid
tumors. Distinguishing the fine line between therapeutic efficacy and off-tumor toxicity would involve
further modifications of CAR-T cells and preconditioning regimens.
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Introduction

The adoptive transfer of T cells genetically modified to express
an artificial receptor consisting of the variable fragment of an
antibody specific for a cell surface molecule linked to T-cell sig-
naling molecule, termed chimeric antigen receptor (CAR), is
emerging as a promising approach for cancer immunotherapy.
CAR consists of a single-chain variable fragment (scFv) as an
ectodomain, a short hinge, a transmembrane domain, and an
endodomain with one (first generation), two (second genera-
tion), or three (third generation) signaling domains derived
from CD3¢ and costimulatory molecules. CAR-T cells have
advantages over T-cell receptor (TCR)-modified T cells in that
they recognize tumor cells without major histocompatibility
complex (MHC) restrictions, allowing for improved patient tar-
geting and overcoming tumor escape mechanisms of MHC loss
and altered peptide processing, which is an issue commonly

observed in human carcinomas.' Recent clinical trials of adop-
tive therapy with CAR-T cells targeting CD19 have shown an
impressive efficacy in patients with hematologic malignan-
cies,”® which leads to the expectations that this approach could
be extended to include treatment for solid tumors. Although
the efficacy of CAR-T-cell therapy for the treatment of hemato-
logical malignancies cannot be doubted, substantial risks and
toxicities in response to CD19 CAR therapy include B-cell
aplasia, cytokine release syndrome (CRS), and tumor lysis syn-
drome.” Although B-cell aplasia as a consequence of “on-tar-
get/off-tumor” toxicity ® has been well tolerated and is treatable
with immunoglobulin replacement therapy,” this type of toxic-
ity may have adverse consequences if the target antigen is
expressed in non-replaceable organs. Therefore, when this
approach is applied to solid tumors, on-target/off-tumor
toxicity should be always considered in selecting target antigens
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and tested in preclinical studies using appropriate animal mod-
els, wherein the target antigen should be expressed as a self-
antigen and spatiotemporally similar to expression in humans.

Carcinoembryonic antigen (CEA) is a glycosylphosphati-
dylinositol-anchored 180-kDa glycoprotein that is highly
expressed on the cell surfaces of many human tumors of
epithelial origin, including carcinomas of the colon, stomach,
pancreas, ovaries, and lungs.” Although CEA is also
expressed on the normal epithelial cells of pulmonary and
gastrointestinal tracts, its expression is restricted to the apical
surface of the epithelial cell membranes facing the lumen in
normal adult tissues so that it is invisible to immune cells."’
After neoplastic transformation, luminal epithelial cells lose
the apical polarity of CEA expression,'' resulting in CEA
gaining access to blood capillaries resulting in increased
serum levels of soluble CEA, where it can be used as an
excellent marker to identify CEA™ carcinomas.'” This clear
contrast of the localization pattern makes CEA a plausible
tumor-associated antigen target for immunotherapy of can-
cer.'>' Although a study using T cells transduced with TCR
against CEA was halted after all patients developed severe
transient colitis caused by the destruction of normal epithe-
lial cells,”” it seems a logical sequence given that the non-
polarized expression of MHC Class I molecules bound to
CEA peptides on CEA-expressing healthy epithelial cells'®
and the cross presentation by stromal cells that do not
express CEA. Thus, CEA still remains a plausible target in
CAR-T-cell therapy, but the on-target/off-tumor toxicity and
the efficacy of CAR-T-cell therapy in a clinically relevant
animal model that mimics the human situation should be
tested before being applied to humans. In the present study,
we addressed these issues in a clinically relevant mouse
model using CEA-transgenic (CEA-Tg) mice, which closely
mimics the human situation regarding the physiological
expression of CEA as a self-antigen on epithelial cells of vari-
ous organs including the gastrointestinal tract. Our results
support the feasibility of CAR-T-cell therapy targeting CEA
but also underscore potential risks of developing liver toxic-
ity in addition to CRS.

Results

Mouse T cells transduced with CEA-specific CAR target
CEA™, but not CEA~, tumors

Mouse T cells were engineered to express a CAR composed of
anti-CEA scFv F11-39 in the ectodomain and CD28 and CD3¢
signaling endodomains using lentiviral vectors (Fig. 1A). Both
CD4" and CD8" T cells expressed CAR that could bind CEA
on the cell surfaces (Fig. 1B). Phenotypic analysis revealed that
CAR™ T cells did not express CD127 and consisted of CD62L
positive and negative cells, indicating they were mixtures of
early effectors that would become memory cells and mature
effectors (Fig. 1B)."” CAR-T cells also demonstrated CEA-spe-
cific lysis upon co-incubation in vitro with CEA* MC32a
tumor cells, but not with the parental CEA™ MC38 tumor cells
(Fig. 1C). This CEA-specific lysis by CAR-T cells was accompa-
nied by an increase in the levels of IL-2-, IFNy-, TNF«-, and
CD107a-expressing cells (Fig. 1D).

Adoptive therapy with CEA-specific CAR-T cells induced
tumor regression in a CEA-dependent manner

Having confirmed the functionality of CAR-T cells in vitro, we
proceeded to evaluate the therapeutic potential and safety of
CAR-T cells in a clinically relevant mouse model using mice
transgenic for human CEA (CEA-Tg mice) that physiologically
express CEA.'® CEA-Tg mice transduced with the complete
gene for CEA, including the flanking regulatory elements, were
fully immunocompetent and showed cell-type-specific expres-
sion of CEA, reflecting the human situation (Fig. S1A and B),
which is consistent with previous studies.'®'? CEA-Tg mice
bearing 7-d-old CEA™" tumors (MC32a), some of which also
received lymphodepleting or myeloablative preconditioning,
were adoptively transferred with CAR-T cells expressing the
congenic marker CD45.1 (Fig. 2A). As shown in Fig. 2B, CAR-
T cells exerted potent antitumor effects in CEA-Tg mice, as
well as in WT mice, especially in those that received precondi-
tioning. This antitumor effect was CEA-specific, since the
growth of the CEA™ tumor MC38, a parental cell line of
MC32a, was completely unhampered by the transfer. The mar-
ginal, if any, antitumor effect of CAR-T cells seen in mice that
did not receive preconditioning was closely associated with
rapid disappearance of transferred CAR-T cells in the periph-
eral blood (Fig. 2C).

Adoptive transfer with CEA-specific CAR-T cells induced
severe weight loss without overt inflammation in the
gastrointestinal tract in CEA-Tg mice, but not in WT mice

We noticed that the CEA-Tg mice, but not the WT mice,
that were preconditioned and transferred with CAR-T cells
showed debilitation and suffered from severe weight loss
(Fig. 3A). It was possible that CAR-T cells prepared from T
cells of WT mice that were not tolerant to CEA might react
to CEA expressing tissues and caused weight loss. To rule
out this possibility, CAR-T cells were prepared from T cells
of CEA-Tg mice (Fig. S2A) and transferred into tumor-bear-
ing CEA-Tg mice that also received fludarabine, cyclophos-
phamide, and total body irradiation. As shown in Fig. 3B,
adoptively transferred CAR-T cells from CEA-Tg mice and
WT mice induced weight loss with equal kinetics and to
indistinguishable levels. The efficacy of tumor growth inhibi-
tion by these T-cell preparations was also similar (Fig. S2B).
On the other hand, CEA-Tg mice transferred with mock-
transduced T cells from WT mice did not show any signs of
deliberation nor suffered from severe weight loss (Fig. 3B,
open circle). Next we sought to determine whether the pre-
conditioning might have allowed the transferred CAR-T cells
to access normal cells expressing CEA and induced inflam-
mation. Hematoxylin and eosin (H&E) staining revealed that
there was inflammation in the lungs of CEA-Tg and WT
mice to which CAR-T cells had been transferred, but the
severities were comparable to each other (Fig. 4A). On the
other hand, there was no overt inflammation in the tissues
other than the lungs that expressed CEA. We went on to fur-
ther determine whether the transferred CAR-T cells infil-
trated into those tissues in a manner dependent on CEA
expression. Because we could not detect CAR-T cells by
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Figure 1. Design and characterization of a CEA-specific CAR. (A) Schematic representation of the retroviral vector encoding CEA-specific CAR and its introduction into T
cells. (B) Phenotypic analysis of CEA-specific CAR-T cells. CEA-specific CARs on mouse T cells transduced using retroviral vectors were analyzed after staining with biotiny-
lated-CEA followed by staining with anti-CD4", CD8*, CD62L, and CD127. (C) Cytotoxic activity of CEA-specific CAR-T cells against CEA~ (MC38) and CEA* (MC32a) gastric
tumor cell lines in 6-h >'Cr-release assays. (D) Cytokine production profile of CEA-specific CAR-T cells cultured with MC38 and MC32a tumor cell lines in 6-h intracellular
cytokine staining assays.

using biotinylated-CEA possibly due to loss of binding ability = surrogate for CAR-T cells infiltrating into the corresponding
of CAR to CEA upon tissue fixation, CD45.1" cells, about tissues. This was indeed the case in that the CAR-T cells
27% of which express CAR (Fig. 2B), were used as a infiltrated into the lungs, small intestines, and large
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Figure 2. Adoptive transfer of CEA-specific CAR-T cells eradicated established tumors in an antigen-specific manner. (A) Schematic representation of the adoptive transfer
experiment using CEA-specific CAR-T cells. (B) Tumor growth curves of mice transferred with CAR-T cells. WT and CEA-Tg mice bearing 7-d-old MC38 or MC32a tumors
were transferred with CEA-specific CAR-T cells. Some mice also received lymphodepleting preconditioning as indicated. Tumor volumes were measured by a calliper using
the formula (length x width) at the indicated time points (n = 5). *p < 0.05, **p < 0.01. (C) In vivo persistency of transferred CAR-T cell in tumor-bearing CEA-Tg mice.
Peripheral blood of CEA-Tg mice as in (A) was collected at day 17 after tumor inoculation by retro-orbital bleeding, pooled (n = 5), and subjected to flow cytometry
analysis.
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Figure 3. Increased efficacy of tumor growth suppression by CEA-specific CAR-T cells in preconditioned mice is associated with severe weight loss and eventual death of
CEA-Tg mice, but not WT mice. (A) Body weight changes of CEA-Tg and WT mice from Fig. 2 were analyzed at the indicated time points (n = 5). (B) CAR-T cells prepared
from CEA-Tg and WT mice and those mock-transduced T cells from WT mice were transferred into MC32a tumor-bearing CEA-Tg mice that also received fludarabine,
cyclophosphamide, and total body irradiation. Body weight changes of CEA-Tg were analyzed at indicated time points. *p < 0.05, “*p < 0.01.

intestines of CEA-Tg and, to a lesser extent, WT mice that
had received fludarabine, cyclophosphamide, and total body
irradiation (Fig. 4B). However, the degree of infiltration did
not correlate with the severity of inflammation and there
were no signs of tissue destruction.

Anorexia induced by increased levels of pro-inflammatory
cytokines caused weight loss in CEA-Tg mice, but not in WT
mice, treated with CAR-T cells

Adoptive cell therapy using CAR-modified T cells is often
associated with CRS,*® which is closely linked to sickness
behaviors including anorexia that leads to weight loss.”!
Because the CEA-Tg mice that received myeloablative

preconditioning suffered from the most severe weight loss
that led eventual death, the sera of this group of mice were
subjected to cytokine bead arrays in order to explore the
underlying mechanisms. As shown in Fig. 5A, serum levels
of IL-1¢, IL-6, and TNFa, most of which have been shown
to cause anorexia in humans as well as in mice,**** signifi-
cantly increased in CEA-Tg mice, but not in WT mice.
Furthermore, this was associated with anorexia and malnu-
trition as judged by food consumption and serum levels of
total protein, albumin, and glucose (Fig. 5B and C).
Although both WT and CEA-Tg mice exhibited anorexia up
until day 10, which was possibly caused by preconditioning,
the WT mice recovered from anorexia thereafter, whereas
the CEA-Tg mice continued to suffer from anorexia.
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Figure 4. Severe weight loss and the eventual death of CEA-Tg mice transferred with CEA-specific CAR-T cells were not associated with inflammation in CEA-expressing tis-
sues. Cryostat sections of organs collected from mice as in Fig. 2A at 17 day after tumor inoculation were subjected to H&E staining (A) and CD45.1 immunohistochemistry (B).

CEA-Tg mice partially recovered from anorexia by
administration of anti-IL-6 receptor antibody and escaped
from eventual death without compromising the efficacy of
CAR-T-cell therapy

Clinical trials of adoptive T-cell therapy with CAR-modified T
cells targeting hematological malignancies revealed that the
humanized anti-IL-6 receptor (anti-IL-6R) monoclonal anti-
body, tocilizumab, can successfully control CRS without
compromising the efficacy of adoptive T-cell therapy.*® There-
fore, we next sought to determine whether the administration
of anti-IL-6R antibody is effective in controlling anorexia in
CEA-Tg mice bearing solid tumors. We treated CEA-Tg mice

with the anti-IL-6R monoclonal antibody starting on day 10,
when the WT mice recovered from anorexia. This treatment
resulted in an increase in food consumption (Fig. 6A) and the
correction of malnutrition (Fig. 6B), which was associated with
a partial recovery from weight loss (Fig. 6C) and completely
escaped from eventual death. Moreover, the efficacy of CAR-T
cells against CEA™ tumors was unaffected by the administra-
tion (Fig. 6D).

Ectopic expression of CEA in the liver

We noticed that the CEA-Tg mice that received precondi-
tioning and were transferred with CAR-T cells displayed
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Figure 5. Weight loss seen in preconditioned CEA-Tg mice transferred with CEA-specific CAR-T cells was caused by anorexia. (A) Increased serum levels of cytokines asso-
ciated with anorexia. Pooled serum samples from mice (n = 5) were collected at day 17 after tumor inoculation and subjected to analysis by cytokine beads arrays. (B)
Reduced diet consumption of preconditioned CEA-Tg mice transferred with CEA-specific CAR-T cells. Diet consumption of CEA-Tg and WT mice were measured at the indi-
cated time points and the measured quantity was divided by the number of mice to determine the quantity of consumed food by each mouse. (C) CEA-Tg mice, but not
WT mice, suffered from malnutrition and liver function of CEA-Tg and WT mice. Pooled serum samples (n = 5) were subjected to serum chemistry analysis.

abnormal liver functions (Fig. 5C). It has been shown that
CEA was expressed in the apical cytoplasm and along the
luminal surface of bile duct epithelial cells in normal
human liver tissues, indicating that CEA accumulates in
and is excreted by bile ducts.’® Accordingly, we observed

that the livers of CEA-Tg mice expresssd CEA not
restricted to bile duct epithelial cells but interspersed with
the stroma (Fig. S3A). This was associated with CAR-T cell
infiltration (Fig. S3B) and focal inflammatory cell infiltra-
tion (Fig. S3C).
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Figure 6. Administration of anti-IL-6R antibody successfully controlled cytokine releasing syn

tion of CEA-Tg mice treated with MR16-1 or control rat IgG was measured at the indicated ti

Body weight changes of CEA-Tg mice treated with MR16-1 or control rat IgG were analyzed

together with or without anti-IL-6R (n = 5) are shown. “p < 0.05, **p < 0.01.

drome-like symptoms caused by on-target/off-tumor toxicity of CEA-specific
CAR-T cells without compromising the antitumor efficacy. CEA-Tg mice bearing 7-d-old MC32a tumors that received myeloablative preconditioning and CAR-T cells were
treated with the anti-IL-6R antibody (MR16-1) weekly starting on day 10. (A) Recovery from anorexia of CEA-Tg mice treated with the anti-IL-6R antibody. Diet consump-
me points and the quantity of consumed food by each mouse was obtained
as in Fig. 5B. (B) Recovery from malnutrition, but not liver function, of CEA-Tg mice treated with the anti-IL-6R antibody. Pooled serum samples collected from mice (n =
5) at day 17 after tumor inoculation were subjected to serum chemistry analysis. (C) Recovery from body weight loss in CEA-Tg mice treated with the anti-IL-6R antibody.
at the indicated time points (n = 5). *p < 0.05, **p < 0.01. D: Treatment of
CEA-Tg mice with the anti-IL-6R antibody did not compromise the antitumor efficacy of CAR-T cells. Tumor growth curves of CEA-Tg mice treated with CAR-T cells




Discussion

Recent clinical trials of adoptive cell therapy using CAR-modi-
fied T cells targeting CD19 have shown remarkable efficacy in
patients with hematologic malignancies. *® In contrast, the
effect of CAR-T cells on solid tumors has been demonstrated to
be limited, **° with one clinical trial using first-generation
CAR-T cells specific for GD2 in patients with neuroblastoma
and showing prolonged complete remission.”’ In addition to
CRS, which is often associated with the clinical efficacy of
CAR-T cell therapy for hematologic malignancies,*® two clini-
cal trials with CAR-T cells targeting solid tumors have revealed
considerable toxicity toward normal tissues; **** the so-called
on-target/off-tumor toxicity may have dreadful consequences
when the target antigen is expressed in non-replaceable organs.
In this regard, studying the efficacy and safety of CAR-T cells
in animal models is still imperative for the validation of CAR
constructs under therapeutic settings in the treatment of solid
tumors. Many studies performed in immunodeficient mice
bearing human cancer xenografts treated with human CAR-T
cells,”?* or in immunocompetent mice bearing syngeneic
tumor cells ectopically expressing human tumor associated
antigens treated with mouse CAR-T cells,”*** have demon-
strated the potential benefits of the CAR-T-cell approach. How-
ever, the contribution of the xenogeneic incompatibility in the
former and immunogenicity of human antigen to which the
hosts are non-tolerant in the latter may unfaithfully reflect the
ability of CAR-T cells to control tumor growth. Moreover,
these models hardly addressed the safety issues. In the present
study, we overcame these disadvantages and reproduced the
human situation by using a CEA-Tg mouse that expressed
CEA as a self-antigen in a manner similar to the human coun-
terpart '® and was tolerant to CEA,* into which mouse T cells
transduced with second-generation CAR consisting of CEA-
specific scFv in the ectodomain, and CD28 and CD3¢ in the
signaling endodomain were adoptively transferred.

Systematic comparison of the various trials is difficult due to
differences in the constructs and vectors of the CAR and the
dose of CAR-T cells. However, a consensus view has been
reached that lymphodepletion or myeloablation prior to CAR-
T cell infusion is mandatory to shape a desirable environment
for the adoptively transferred T cells.*” In supporting this
notion, our results also demonstrated that the adoptive transfer
of CEA-specific CAR-T cells in conjunction with, but not with-
out, these preconditioning manipulations mediated significant
regression of CEA™, but not CEA™, tumors in CEA-Tg mice.
As expected, this was associated with the persistence of the
adoptively transferred CAR-T cells, which is a key factor for
efficient antitumor activity.”>*"*?

Although CEA-specific CAR-T cells exerted potent antitu-
mor activities toward CEA™ tumors with equal efficiency in
CEA-Tg and WT mice, only CEA-Tg mice suffered from severe
weight loss that led to eventual death. Our results that adoptive
transfer of CAR-T cells prepared from T cells from CEA-Tg
mice as well as WT mice that were non-tolerant to CEA equally
induced weight loss in CEA-Tg mice clearly indicate that the
specificity of CAR was responsible for this adverse effect.
Therefore, this weight loss may be due to targeting healthy tis-
sues that express CEA by the adoptively transferred CAR-T
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cells, since the CEA-Tg mice used in this study expressed CEA
in a manner that was parallel to the human situation, i.e., in
normal epithelial cells of the lungs and gastrointestinal tract
with polarized expression at the luminal side and prominent
expression on highly differentiated epithelial cells in upper
colonic crypts. Indeed, immunohistochemical analysis revealed
that the adoptively transferred CAR-T cells infiltrated into the
lungs, small intestines, and colons of CEA-Tg mice. However,
H&E staining revealed that these tissues were of healthy mor-
phology without signs of extensive inflammation. The infiltra-
tion of adoptively transferred CAR-T cells seemed to have been
caused by preconditioning, which led to antigen-nonspecific
infiltration of CAR-T cells into those tissues, since the WT
mice also exhibited such infiltration to a slightly lesser extent. It
was possible that underlying mechanisms by which CAR-T
cells infiltrate into tissues include specificity of CAR to CEA,
reactivity of intrinsic TCR to CEA, and non-specificity to CEA.
Nevertheless, those CAR-T cells that infiltrated into CEA™ tis-
sues in CEA-Tg mice and CEA™ tissues in WT mice showed no
indication of extensive activation. We showed that the weight
loss was due to, at least partly, malnutrition caused by anorexia
as judged by food consumption and serum chemistry analysis.
Serum levels of cytokines linked to anorexia were increased in
CEA-Tg mice transferred with CAR-T cells, reminiscent of
CRS seen in patients treated with CD19-CAR.*® Since the
transferred CAR-T cells did not induce CRS-like symptoms in
WT mice bearing CEA™ tumors undergoing tumor destruction,
a causal relationship between CAR-T cells and tumors seemed
unlikely. It is possible that preconditioning may have allowed
CAR-T cells to infiltrate into various tissues and, in the case of
CEA-Tg mice, react with CEA on healthy tissues to express
CD40L and activate local macrophages to produce inflamma-
tory cytokines including IL-6. In line with this, the treatment of
anti-IL-6R antibody resulted in an increase in food consump-
tion and the correction of malnutrition, which was associated
with recovery from weight loss and complete escape from even-
tual death without compromising the efficacy of CAR-T cells in
killing CEA™ tumors.

Our results are partially inconsistent with those of previous
studies using the same CEA-Tg mice, which did not suffer
from any weight loss upon adoptive transfer with CAR-T cells
after non-myeloablative lymphodepletion preconditioning,*>**
whereas we repeatedly observed weight loss in the CEA-Tg
mice receiving lymphodepletion and CAR-T cells, albeit of a
less severe nature than was observed in the CEA-Tg mice
receiving myeloablation and CAR-T cells. In the former study,
the authors used SCA431 CAR consisting of CD3¢ and CD28
signaling domains similar to our F39-11 CAR but with a mod-
erate affinity to CEA (SCA431: 37 nM vs. F39-11: 0.55 nM). It
is possible that our high affinity CAR reduced the activation
threshold of T cells, manifesting adverse impacts. However,
there seemed to be no causal relationship between weight loss
and colitis, and our high affinity CAR-T cells did not induce
overt inflammation in the colonic tissues of CEA-Tg mice
receiving myeloablative preconditioning. On the other hand,
CD4" T cells expressing SCA431 CAR induced severe colitis
upon adoptive transfer into different CEA-Tg mice with CEA-
expression levels equivalent to those of humans (i.e., lower than
our CEA-Tg mice)*’ after 5-Gy total-body irradiation.*®
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Although the reasons for these discrepancies remain unknown,
they could involve the differences in populations of commensal
bacteria found in mice housed in different institutions. It
appears that increasing the strength of preconditioning mani-
fested on-target/off-tumor toxicity irrespective of affinities of
CARto CEA.

We found that CEA-Tg mice expressed CEA in the livers,
albeit at a very low level as compared to in the colons. This
ectopic expression of CEA seen in livers of CEA-Tg mice did
not seem to be an artifact of transgene insertion, since low but
non-negligible levels of CEA mRNA were detected in human
livers, and bile duct epithelial cells have been shown to express
CEA.*® The expression of CEA in the liver raises a concern
about the risks of liver toxicity. Accordingly, in association
with the infiltration of CAR-T cells into the liver, CEA-Tg mice
transferred with CAR-T cells exhibited increased levels of
aspartate aminotransferase, alanine transaminase, and lactate
dehydrogenase, and decreased levels of choline esterase in the
serum, which was never reported in preclinical mouse mod-
els.*** Tt is noteworthy that treatment with the anti-IL-6R
antibody failed to correct the liver dysfunction induced by
CAR-T cells. It remains possible that these toxicities seen in
CEA-Tg mice may be an overestimation in that the expression
levels of CEA in CEA-Tg mice used in the present study are 3-
to 10-fold higher than in healthy humans; '® however, those
adverse events shown in the present study need to be watched
when applying CEA-specific CAR-T-cell therapy in clinic.

The CAR-T cells used in our and other studies favor lympho-
depleting/myeloablative preconditioning for prolonged in vivo
persistency and clinical efficacy.’*"** The apparent relationship
between the preconditioning, efficacy, and off-tumor toxicity of
CAR-T cells would necessitate the development of CEA-specific
CAR-T cells with improved signaling domains that do not require
preconditioning for their efficacy, given the type of signals deliv-
ered by CAR greatly affects the in vivo persistency and resistance
of CAR-T cells to immunosuppression by tumors. Taken as a
whole, these results suggest that CEA-specific CAR-based adoptive
T-cell therapy may be effective for patients with CEA™ solid
tumors. Distinguishing the fine line between therapeutic efficacy
and off-tumor toxicity would include further modifications of
CAR-T cells and preconditioning regimens.

Materials and methods
Animals

C57BL/6 mice obtained from Japan SLC, Inc., C57BL/6
(CD45.1) congenic mice (in house), and CEA transgenic
mice (C57BL/6 background; kindly provided by Dr. W.
Zimmermann'®) were fed with a standard diet, housed
under specific pathogen free conditions, and used at 5-8
weeks of age. All animal experiments were conducted under
protocols approved by the Animal Care and Use Committee
of Mie University Life Science Center.

Antibodies and reagents

The following antibodies were used for cell surface and intracel-
lular stainings: APC-conjugated anti-CD8" (53-6.7), PerCP-

Cy5.5-conjugated anti-CD4* (RM4-5), and APC-Cy7-conju-
gated anti-TNFo (MP6-XT22) were purchased from BD Bio-
sciences; PE-conjugated-anti-IL-2 (JES6-5H4), PE-CD107a-
conjugated (1D4B), and PE-Cy7-conjugated anti-CD45.1
(A20) were purchased from BioLegend; FITC-conjugated-anti-
IENy (XMG1.2) was purchased from eBioscience. A rat anti-
mouse IL-6 receptor mAb (MR16-1) was kindly provided by
Chugai Pharmaceutical Co.

Cell lines

Murine colon carcinoma MC38 cells and MC38 cells expressing
human CEA (designated MC32a) by retroviral transduction
with CEA cDNA were kindly provided by Dr. Greiner.*” These
cell lines were cultured in RPMI-1640 supplemented with 10%
FCS, 5 x 107> M 2-mercaptoethanol, 100-z.g/mL streptomy-
cin, and 100-U/mL penicillin.

Vector construction and preparation of virus solutions

A scFv of monoclonal antibody (mAb) F39-11 specific to CEA
in the VL-VH orientation,*® along with a CD8« hinge, CD28
transmembrane domain, plus CD3¢ and CD28 signaling
domains were cloned into a pMS3 retroviral vector.*” The
murine stem cell virus LTR was used to drive CAR expression.
The vesicular stomatitis virus G-pseudotyped (VSV-G) retrovi-
ruses were transiently obtained by conventional methods using
G3T-hi cells (Takara Bio, Shiga, Japan). The GP+E86 cells
(ATCC® CRL 9642TM) were transduced with transiently pro-
duced VSV-G retroviruses to produce ecotropic retroviruses.

Generation of CAR-T cells

Whole spleen cells (1.5 x 107 cells/5 mL) from C57BL/6
(CD45.1) congeneic mice were stimulated with immobilized
anti-CD3 (1 pg/mL; 145-2C11) and soluble anti-CD28 (1 pug/
mL; 37.51) in one well of a six-well plate. One day after the
stimulation (on day 1), 5 x 10° cells were transduced with the
viral vector by using the RetroNectin-bound virus infection
method, wherein virus solutions were preloaded onto Retro-
Nectin (Takara Bio)-coated wells of a 24-well plate containing
1-mL culture medium as described.”® On day 3, the cells were
transferred to a 50-mL flask containing 10-mL culture medium
for expansion. On day 5, the cells were harvested and used for
experiments. Recombinant human IL-2 (Novartis) at 60 IU/mL
was added during culturing. In some experiments, CAR-T cells
were prepared using T cells from CEA-Tg mice. Recombinant
CEA (Abnova) was biotinylated using the Biotin Labeling Kit
(Dojindo) according to the manufacturer protocol and,
together with anti-CD4", anti-CD8", and anti-CD45.1, used
for the detection of CAR on CD4"/CD8™ T cells.

In vitro functional assays

Cytotoxicity was analyzed by standard chromium release assays
as previously described.”’ Briefly, CAR-T cells (1 x 10°-3 x
10° cells/0.2 mL/well) were co-cultured with tumor cells (1 x
10° cells/0.2 mL/well) for 6 h. Cytokine production was ana-
lyzed using intracellular cytokine flow cytometry as previously



described.”” Briefly, CAR-T cells (1 x 10° cells/0.2 mL/well)
were co-cultured with tumor cells (5 x 10* cells/0.2 mL/well)
for 5 h. In both cases, antigen-specific activation of CAR-T cells
was induced using MC32a tumor cells, with MC38 tumor cells
serving as the negative control.

Immunohistochemical staining

Paraffin-embedded sections of mouse tissues fixed with 10%
buffered formalin were subjected to H&E staining, and immu-
nohistochemical staining was performed according to the stan-
dard avidin-biotin immunoperoxidase complex technique
(VECTASTAIN Elite ABC kit PK-6102, Vectastain Laborato-
ries, Inc. Burlingame, CA, USA). Mouse monoclonal anti-CEA/
CD66e (CB30; Cell Signaling Technology) or CD45.1 (A20,
Abcam ab25078) was used as the primary antibodies and devel-
oped with DAB.

Tumor challenge and treatment

CEA-Tg mice and WT mice were injected subcutaneously with
2.5 x 10° MC32a or MC38 tumor cells in 200-xL PBS. Tumor-
bearing mice were randomly assigned to three groups that
received CAR-T cells only, lymphodepleting preconditioning
(intraperitoneal injection of 2.5-mg fludarabine on days 4 and
5, and 2.5-mg cyclophosphamide on day 5), or myeloablative
preconditioning (lymphodepleting preconditioning plus 4.5-Gy
total body irradiation under anesthesia with a lead shield
around the tumor on day 7 before adaptive transfer with CAR-
T cells). On days 7 and 14, those mice were injected with 5 x
10° CAR-T cells in 200-uL PBS or PBS alone intravenously. In
some experiments, tumor-bearing mice that received CAR-T
cells were also injected with 0.5-mg anti-IL-6R antibody
(MR16-1) or control rat IgG intravenously once a week starting
on day 10. Tumor growth was monitored twice a week, and
tumor size was determined as the mean length of two right-
angled diameters measured using microcallipers. Mice were
euthanized for humane reasons when tumors grew to 40 mm
in the longest diameter.

Serum measurements

Mice were anaesthetized with isoflurane and peripheral blood
samples were harvested from the orbital plexus. Serum was
obtained by centrifugation, separated into two aliquots, and
each of them stored at —80°C until use. One aliquot was
shipped to the WAKO Pure Chemical Industries (Tokyo,
Japan) for serum chemistry analysis. The other aliquot was sub-
jected to cytokine bead arrays (Bio-Plex, Multiplex Immunoas-
say, Bio-Rad Laboratories).

Statistics

Data are presented as means + SEM where error bars are
shown. Statistical analysis was performed by unpaired two-
tailed Student’s ¢-tests using Microsoft Excel. p values of less
than 0.05 were considered statistically significant. All experi-
ments were conducted at least three times and one of the repre-
sentative results is shown.
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