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Advances in targeting CAR-T
therapy for immune-mediated diseases
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In recent years, genetically engineered cell therapies based on chimeric
antigen receptor (CAR) technology have transformed the cancer treat-
ment landscape. The groundbreaking success of CD19-specific CAR-T
cell therapies in inducing lasting remissions of previously refractory B
cell neoplasms has stimulated increasing interest in evaluating the po-
tential of CAR technology to extend beyond cancer to induce safe and
durable remissions of immunologic diseases. This review will highlight
recent preclinical advances in targeting cytotoxic and regulatory CAR-T
therapy to autoimmune and alloimmune disease indications, including
pemphigus vulgaris, Factor VIl inhibitors, and HLA-mediated trans-
plant rejection.
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In 2017, the United States Food
and Drug Administration (FDA)
approved two genetically engi-
neered cellular immunotherapies
for the treatment of B cell leuke-
mias and lymphomas, representing
the first gene therapies approved
in the United States, as well as the
first therapies based on chimeric
antigen receptor (CAR) technology.

CARs consist of an extracellular
antigen-binding  domain, trans-
membrane domain, and a CD3{
cytoplasmic domain, which induces
T cell activation in an MHC-in-
dependent manner and directs po-
tent cytolytic activity against cells
expressing the antigen targeted by
the CAR extracellular domain. Sec-

ond and third generation CARs
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incorporate CD28 and/or CD137
intracellular  costimulatory  sig-
naling domains, which have been
shown to prevent T cell exhaustion
and promote persistence of memo-
ry CAR-T cells [1]. The remarkable
success of anti-CD19 CAR-T cell
therapy [2-6] in effecting lasting
cures of previously refractory B cell
cancers has stimulated widespread
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interest in broadening of the appli-
cations of CAR technology beyond
cancer to immunologic diseases.
Autoimmunity occurs when the
immune system mistakenly attacks
self, rather than foreign pathogens.
Alloimmunity results from immu-
nologic reactions to transplant-
ed organs or protein replacement
therapies, which can endanger
their normal physiologic function.
Current therapies for immune-me-
diated diseases largely depend on
immunosuppressants  that  glob-
ally dampen immune responses.
Chronic immune suppression is
typically required to maintain dis-
ease control, increasing the risk of
life-threatening infections and oth-
er complications over time. Thus,
developing strategies to specifically
eliminate pathogenic autoimmune
or alloimmune reactions while spar-
ing desirable immune functions rep-
resents the “holy grail” for therapy,
but until recently, feasible strategies
for such precision therapeutics have
been unattainable. Due to the spec-
ificity and potency of CAR-mediat-
ed targeting, CAR technology offers
the unprecedented opportunity to
engineer the immune system to per-
manently correct its own mistakes.
Here, we review recent preclinical
data on the application of CAR
technology to autoimmune and al-
loimmune disease indications.

BEYOND CAR-T: “DOU-
BLE A” CAAR-T CELLS FOR
AUTOIMMUNE DISEASE
THERAPY

Autoimmunity represents a sig-
nificant disease burden affecting
up to 8% of the population, and
its incidence is rising [7]. Pemphi-
gus vulgaris (PV), an autoimmune
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blistering disorder that causes dev-
astating and life-threatening de-
nudation of the skin and mucous
membranes, is a paradigm for an-
tibody-mediated autoimmune dis-
ease due to the clear causative role
of anti-desmoglein antibodies in
inducing epithelial blisters [8]. Des-
moglein 3 (Dsg3) autoantibodies
directly interfere with desmoglein
intermolecular adhesive interac-
tions, disrupt desmosome assem-
bly and/or disassembly pathways,
and can modulate keratinocyte
adhesion signaling pathways, in a
complement- and Fc-independent
manner [8,9]. Most anti-Dsg3 an-
tibodies target the extracellular
cadherin (EC) 1 and 2 domains
[10], where residues important for
Dsg3 trans- and cis-adhesion reside
[11,12].

Many antibody-mediated dis-
eases are treated with rituximab, an
anti-CD20 monoclonal antibody
(mAb) originally approved for B
cell lymphoma [13]. Such an ap-
proach targets all B cells, causing
toxicities from generalized immune
suppression, but at the same time
does not effectively eliminate all B
cells, resulting in disease relapses
that require repetitive rituximab
infusions to regain disease control.
In pemphigus, chronic rituximab
therapy is associated with a 5.4%
annualized risk of grade 3 or higher
infectious adverse events [14] and
a 1.3-1.9% lifetime risk of fatal
infection [15,16]. Thus, the ideal
therapy would target only the dis-
ease-causing autoimmune cells to
avoid the risks of general immune
suppression.

The striking long-term remis-
sions of otherwise refractory B cell
leukemias and lymphomas with an-
ti-CD19 CAR-T therapy inspired
us to re-engineer this powerful




technology for targeted therapy of
autoimmunity, using PV for pre-
clinical proof of concept. Whereas
CARs employ an antibody against
a cell surface antigen to direct T
cell cytotoxicity, a chimeric auto-
antibody receptor (CAAR) displays
the autoantigen as the extracellular
domain of the chimeric immuno-
receptor to focus T cell cytotoxici-
ty on the pathogenic autoimmune
B cells, which in PV express Dsg3
autoantigen-specific B cell receptors
(BCRs). The published preclinical
data demonstrating the efficacy and
safety of Dsg3 CAAR-T cells in in-
ducing disease remission in a mouse
model of PV has previously been re-
viewed [17,18].

Comparing CAAR-T  thera-
py of autoimmunity with CAR-T
therapy of cancer, there are both
similarities and differences in the
opportunities and challenges of
translating these gene-engineered
cellular immunotherapies to human
clinical use. Taking clinical experi-
ence from anti-CD19 CAR-T trials
in B cell leukemias and lymphomas
as a precedent, CAAR-T therapy
of autoimmunity offers similar op-
portunity for potent efficacy and
long-term engraftment to provide
durable disease remissions, a po-
tential one-time curative treatment.
CAAR-Ts offer the additional ben-
efit of being highly targeted to the
disease-causing B cell population,
a precision medicine approach that
would eliminate only the autoan-
tigen-specific B cells while sparing
the remainder of the B cell reper-
toire, thereby avoiding the risks of
generalized immune suppression as-
sociated with current autoimmune
disease treatments. Early relapses
from anti-CD19 CAR-T therapy
are often due to mutation or down-
regulation of CD19 on the cancer

cell surface [19]. However, such
escape mechanisms are unlikely in
antibody-mediated disease, because
downregulating the BCR would
hinder B cell activation and hence
maturation into an antibody-secret-
ing cell, and BCR mutation to no
longer bind the autoantigen would
render the B cell irrelevant to dis-
ease. Thus, the BCR is an obligate
marker of the disease-causing cell
population in antibody-mediated
diseases.

Regarding challenges, CAAR-T
poses the novel clinical scenario in
which the therapeutic will be in-
fused into patients with pre-existing
autoimmunity to the therapy. The
pathogenic autoantibody popula-
tion in PV is IgG4 [20,21], which
typically does not fix complement
and binds poorly to activating
Fc-gamma receptors. In preclinical
studies, Dsg3 CAAR-T cells were
effective in eliminating anti-Dsg3 B
cells, even in the presence of soluble
anti-Dsg3 antibodies, both iz vitro
and 77 vivo. By testing Dsg3 CAAR
function against polyclonal PV se-
rum as well as a panel of anti-Dsg3
mAbs that target diverse epitopes
with varied binding affinities, it was
found that some antibodies inhibit,
some have no apparent effect, and
some potentiate CAAR-T cytolytic
activity, the latter being associated
with interferon-gamma release and
CAAR-T proliferation. In addition,
pulse-chase cell surface labeling
studies with anti-Dsg3 mAbs indi-
cate that CAAR synthesis contin-
ually replenishes CAAR molecules
on the T cell surface. Based on the
ability of CAAR-T cells to prolifer-
ate in response to soluble anti-Dsg3
antibodies and to synthesize new
CAAR molecules, the iz vitro data
suggests that anti-Dsg3 antibod-
ies should not prevent and may
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actually enhance CAAR-T func-
tion. Accordingly, in a PV hybrid-
oma mouse model, Dsg3 CAAR T
cells effectively eliminated anti-Dsg3
BCR" cells, despite circulating poly-
clonal anti-Dsg3 antibodies that
could have activated Fc-mediated
clearance mechanisms in the NSG
model, as has previously been de-
scribed [22].

In contrast, a major toxicity of
CAR-T therapy of cancer, cytokine
release syndrome (CRS), may not
apply to CAAR-T therapy of auto-
immunity. CRS is closely correlated
with tumor cell burden [23,24], and
autoantigen-specific B cells usually
comprise less than 1% of the total B
cell repertoire [25]. CRS could theo-
retically occur if CAAR-T cells en-
countered strongly activating soluble
antibody, but presumably these ef-
fects would be tempered by the mix
of inhibitory and activating antibod-
ies present in each individual patient.

Phase 1b CAAR-T clinical trials
in pemphigus are expected to open
in 2019, which will offer the exciting
opportunity to determine the safety
and curative potential of CAAR-T
for autoimmune disease therapy.

RAISING THE BAR: BAR
T CELLS FOR ALLOAN-
TIBODY-MEDIATED
DISEASES

Similar to CAARs, BARs (B-cell
antibody receptors) have been
engineered to target Factor VIII
(FVIII)-specific  alloimmune B
cells in hemophilia A by express-
ing the alloantigen as the extracel-
lular domain of the chimeric im-
munoreceptor  [26]. Hemophilia
A is an X-linked bleeding disorder
caused by mutations in FVIII, a
critical component of the blood
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coagulation cascade that localizes
to sites of vascular injury to allow
Factor IXa protease to catalyze the
activation of Factor X. The disorder
can be treated with recombinant
or plasma-derived FVIII replace-
ment therapy; however, up to 30%
of patients receiving FVIII develop
an anti-drug alloantibody response
that can inactivate or clear the re-
placement therapy and places the
patient at risk of life-threatening
bleeding events [27]. FVIII com-
prises domains Al, A2, B, A3, C1,
and C2. The C2 domain is respon-
sible for maintaining the serum
half-life of FVIII via binding to von
Willebrand factor, and in a mutual-
ly exclusive fashion, binds to phos-
phatidylserine on activated platelets
and endothelial cells [28-30]. The
A2 and to a lesser extent the A3 do-
main are responsible for Factor IXa
binding [31-33]. Most inhibitory
antibodies accelerate FVIII clear-
ance, or block or delay clotting by
targeting A2 and C2 domains of
FVIII [34].

The standard of care in patients
that develop neutralizing alloanti-
bodies is immune tolerance induc-
tion [35], consisting of repetitive
FVIII injection to eliminate or re-
duce inhibitory antibody titers, but
this approach works for only 30-
60% of cases and the cumulative
expense for such an approach can
cost millions per patient [36]. Alter-
natively, FVIII inhibitory antibod-
ies can be bypassed by agents such
as activated factor VII, activated
prothrombin complex concentrate,
or more recently, emicizumab, a
bispecific antibody that bridges
Factors IXa and X [37,38], but these
approaches also require chronic and
hence costly therapy [39]. A pre-
liminary report has indicated that
expression of immunodominant




A2 or C2 FVIII epitopes in the
extracellular domain of a BAR en-
ables cytotoxic BAR-T cells to kill
FVIII-specific B cells expressing
IgM and IgG receptors that rec-
ognize the corresponding FVIII
conformational epitopes [26]. BAR
expressing cytotoxic T cells lysed
C2- and A2-specific hybridomas iz
vitro and in vive, resulting in inhi-
bition of the antibody response to
FVIII in vivo.

ENGINEERING IMMUNE
TOLERANCE: CAR AND
BAR REGULATORY T CELLS

An additional strategy for applying
CAR technology to the treatment
of immune-related disease is to ge-
netically engineer regulatory T cells
that can more broadly suppress
immune responses, rather than cy-
totoxic T cells that specifically lyse
the targeted cells. Regulatory T cells
(Tregs) are a subset of CD4" T cells
that are most commonly defined
by their high expression levels of
interleukin (IL-2) receptor o chain
CD25 and the transcription fac-
tor FOXP3. Tregs play an essential
role in maintaining self-tolerance
and have been shown to suppress
both humoral and cellular immune
responses  toward  self-antigens
[40,41]. Moreover, many autoim-
mune diseases show a dysfunction
in Tregs [42], and both mice and
humans with nonfunctional Tregs
develop autoimmunity [43,44].
These data on the critical role of
Tregs in preventing autoimmunity
underlie the rationale for engineer-
ing Tregs for therapeutic benefit.
Antigen-specific Tregs should have
increased potency when compared
to polyclonal Tregs because of their
ability to be directed toward desired

antigens, meaning that fewer anti-
gen-specific Tregs would be need-
ed to achieve the same suppressive
effect and could lower the risk of
off-target suppression [45]. How-
ever, endogenously occurring an-
tigen-specific Tregs are extremely
rare, can be difficult to isolate, and
need to undergo significant iz vitro
expansion to reach therapeutically
relevant doses, which is challenging
to achieve without loss of specificity
and function [46]. Thus, using chi-
meric immunoreceptors to engineer
antigen specificity into Tregs is a
novel approach to overcome these
limitations.

Previously, mouse Tregs were en-
gineered to express antibody-based
CARs specific for the hapten
2,4,6-trinitrophenol (TNP)
[47,48]. These anti-TNP-CAR
Tregs were shown to mediate anti-
gen-specific suppression of effector
T cells in vitro, and resistance to
colitis in a dose-dependent man-
ner in vivo. Similarly, mouse CAR
Tregs specific for another model
antigen, carcinoembryonic antigen
(CEA), have been shown to home
to the location of autoimmune ac-
tivity and suppressed the severity
of disease in a colitis disease mod-
el [49]. In addition, CARs specific
for myelin oligodendrocyte glyco-
protein (MOG) have been devel-
oped [50]. MOG is a pathogenic
autoantigen for the induction of
experimental autoimmune enceph-
alomyelitis (EAE), which serves as
a disease model for multiple sclero-
sis (MS), although a wider array of
autoantigens has been implicated
in human MS [51-53]. Mouse T
cells were engineered to ectopically
express FOXP3 to enforce the Treg
phenotype as well as an anti-MOG
CAR. Anti-MOG CAR Tregs sup-
pressed anti-CD3/IL-2-stimulated
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T cell expansion in vitro and lo-
calized to the brain after intranasal
delivery, associated with dimin-
ished symptoms of EAE in vivo.
Collectively these studies provided
proof-of-concept for CAR Tregs as
a therapeutic strategy that could be
further developed for human im-
mune diseases.

Preclinical studies of gene-en-
gineered Tregs have explored their
therapeutic potential to induce
transplantand Factor VIII inhibitor
tolerance. HLA-A2 is a commonly
mismatched antigen in transplan-
tation, and HLA-A mismatching
is associated with poor outcomes
after transplantation [54]. Tregs ex-
pressing antibody-based CARs spe-
cific for HLA-A*02:01 (HLA-A2)
were evaluated for their ability to
regulate alloreactive T cells that can
cause rejection in hematopoietic
stem cell transplantation (HSCT)
and solid organ transplantation
[55-57]. Use of CARs to direct an-
tigen-specific Treg activity avoids
problems associated with enriching
antigen—speciﬁc Tregs ex vivo, in-
cluding the rarity of antigen-spe-
cific Tregs and consequent need
for significant expansion, which
may compromise subsequent Treg
survival, as well as the require-
ment for donor antigen-presenting
cells.  Anti-HLA-A2 CAR Tregs
demonstrated increased prolifera-
tion when stimulated via the CAR
as compared to the endogenous T
cell receptor (TCR), maintained
their expected phenotype and
suppressive function despite the
relatively strong CAR-mediated
activation and expansion, and did
not exhibit significant cytolytic ac-
tivity. CAR-stimulated Tregs were
significantly better at preventing
xenogeneic GVHD in a human-
ized mouse model than Tregs that
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only received stimulation through
the endogenous TCR [55]. Addi-
tional studies have demonstrated
that anti-HLA-A2-CAR Tregs sup-
press alloimmune responses better
than polyclonal Tregs, or Tregs
expressing an anti-HLA-A2 CAR
without the intracellular signaling
domain (ACAR) in humanized
mouse models of HLA-A2* skin
xenografts [56,57]. Off-target im-
mune suppression with CAR Tregs
may be lower when compared to
polyclonal Tregs, because on-tar-
get efficacy can be achieved with
smaller numbers of CAR Tregs,
and Treg suppression was shown to
be contact-dependent rather than
through a general bystander effect.
Overall, the published data sug-
gests that targeting MHC class I al-
loreactivity with CAR Treg therapy
could be a promising approach for
transplant rejection, although ad-
ditional methods may be necessary
to address the humoral and cellular
components of the alloimmune re-
sponse to the full scope of MHC
I and MHC II alleles that mediate
transplant rejection. An IND fil-
ing for anti-HLA-A2 CAR Tregs is
planned for late 2018.

Recent studies have also applied
BAR and CAR technology to in-
duce Treg tolerance for hemophilia
A inhibitors. Tregs were engineered
to be antigen-specific by expressing
a Factor VIII alloantigen-based BAR
[58] or an anti-FVIII CAR (ANSS8
CAR) [59]. Alloantigen-expressing
FVIII BAR Tregs have been report-
ed to prophylactically suppress the
antibody response to FVIII when
injected into FVIII-deficient mice
[58], an approach that aims for tar-
geted suppression of FVIII inhib-
itor production by B cells. Broader
targeting strategies have employed
ANSS, an scFv antibody fragment
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that recognizes the A2 domain of
FVIII. ANS8 CAR-transduced cells
recognized free FVIII but more ef-
fectively proliferated to membrane
or plate bound FVIII. ANS8 CAR
Tregs not only suppressed the pro-
liferation of FVIII-specific T effector
cells, but also suppressed antibody
responses to FVIII both in vitro and
in vivo. Suppression of the humor-
al immune response by ANS8 CAR
Tregs in vivo lasted up to 8 weeks, but
the suppression was lost after re-chal-
lenge with FVIII, presumably due to
rejection of the human Tregs. ANS8
CAR Tregs, despite being targeted
toward the FVIII A2 domain, were
also able to suppress FVIII C2-spe-
cific T effector cell proliferation in
the presence of full-length FVIII,
as well as proliferation of T effector
cells targeted against the irrelevant
antigen myelin basic protein (MBP)
in the presence of MBP and FVIII
[59]. Thus, despite antigen targeting
through the CAR, in these studies
genetically engineered Tregs were
shown to exert more broadly immu-
nosuppressive effects, also known as
bystander or linked suppression [60].
In the context of transplantation re-
jection and hemophilia A, bystander
suppression might also be benefi-
cial by suppressing a broader array
of MHCI- and MHClI-targeted T
and B cell responses after HLA-mis-
matched transplantation, or could
induce tolerance toward large pro-
teins such as FVIII that otherwise
might not be targetable through a
single BAR.
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TRANSLATIONAL INSIGHT

In summary, novel strategies utiliz-
ing chimeric immunoreceptor tech-
nology in cytotoxic and regulatory T
cells have recently shown promising
preclinical results for immune-medi-
ated diseases. CAAR and BAR cyto-
toxic T cells aim for targeted B cell
depletion of the pathogenic autoim-
mune or alloimmune B cell popula-
tion, without risking the generalized
immune suppression caused by total
B cell depletion. CAR Tregs utilize
an antibody against a target antigen
to suppress immune responses at the
site of antigen expression, whereas
BAR Tregs express the alloantigen
itself to suppress alloantigen-specific
B cell responses. The next decade will
offer exciting opportunities to bring
these novel technologies forward to
human clinical trials to determine
whether CAR-T based approaches
can offer safe and lasting remissions
for immune-mediated diseases.
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