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ABSTRACT

Background Chimeric antigen receptor (CAR) T cell
therapy targeting B cell maturation antigen (BCMA) on
multiple myeloma (MM) produces fast but not long-lasting
responses. Reasons for treatment failure are poorly
understood. CARs simultaneously targeting two antigens
may represent an alternative. Here, we (1) designed and
characterized novel A proliferation inducing ligand (APRIL)
based dual-antigen targeting CARs, and (2) investigated
mechanisms of resistance to CAR T cells with three
different BCMA-binding moieties (APRIL, single-chain-
variable-fragment, heavy-chain-only).

Methods Three new APRIL-CARs were designed and
characterized. Human APRIL-CAR T cells were evaluated
for their cytotoxic function in vitro and in vivo, for their
polyfunctionality, immune synapse formation, memory,
exhaustion phenotype and tonic signaling activity. To
investigate resistance mechanisms, we analyzed BCMA
levels and cellular localization and quantified CAR T
cell-target cell interactions by live microscopy. Impact

on pathway activation and tumor cell proliferation was
assessed in vitro and in vivo.

Results APRIL-CART cells in a trimeric ligand binding
conformation conferred fast but not sustained antitumor
responses in vivo in mouse xenograft models. In vitro trimer-
BBC CART cells were more polyfunctional and formed
stronger immune synapses than monomer-BBC CAR T cells.
After CAR T cell-myeloma cell contact, BCMA was rapidly
downmodulated on target cells with all evaluated binding
moieties. CAR T cells acquired BCMA by trogocytosis, and
BCMA on MM cells was rapidly internalized. Since BCMA
can be re-expressed during progression and persisting
CART cells may not protect patients from relapse, we
investigated whether non-functional CAR T cells play a role
in tumor progression. While CAR T cell-MM cell interactions
activated BCMA pathway, we did not find enhanced tumor
growth in vitro or in vivo.

Conclusion Antitumor responses with APRIL-CAR T cells
were fast but not sustained. Rapid BCMA downmodulation
occurred independently of whether an APRIL or antibody-
based binding moiety was used. BCMA internalization
mostly contributed to this effect, but trogocytosis by CAR
T cells was also observed. Our study sheds light on the
mechanisms underlying CAR T cell failure in MM when
targeting BCMA and can inform the development of
improved treatment strategies.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Chimeric antigen receptor (CAR) T cell therapy for
multiple myeloma (MM) mostly targets B cell mat-
uration antigen (BCMA) as a single antigen. While
very good responses are achieved, durability is
limited, and most patients experience relapse. A
proliferation inducing ligand (APRIL)-CARs have
been designed for dual antigen targeting and over-
coming BCMA loss, but APRIL-CAR T cell therapy
using @ monomeric APRIL binding moiety was not
successful in a clinical trial. Trimeric APRIL provides
a better binding to both target antigens than mo-
nomeric APRIL when incorporated into a CAR. While
trimeric APRIL CAR T cells produced fast responses
in preclinical models, durability of response was not
assessed.

WHAT THIS STUDY ADDS

= This study identified the molecular determinants in
monomeric and trimeric APRIL CAR designs that are
associated with CAR T cell performance. BB APRIL
CAR T cells with a trimeric binding moiety formed
stronger immune synapses than monomeric BBC
CARs. APRIL CAR T cells produced fast antitumor
responses in vivo in mouse xenograft models, but
responses were not sustained. Contact of CAR T
cells with tumor cells led to rapid downmodulation
of BCMA on target cells and occurred with all three
binding moieties evaluated. BCMA downmodulation
was mostly due to internalization by myeloma cells,
but also trogocytosis by CAR T cells. Non-functional
CART cells activated BCMA pathway through loose
interactions but did not promote tumor progression.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study sheds light on the mechanisms underly-
ing CAR T cell failure in MM when targeting BCMA
and can inform the development of improved treat-

ment strategies for the future.

INTRODUCTION
Chimeric antigen receptor (CAR) T cell
immunotherapy for multiple myeloma (MM)
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is currently becoming standard of care in advanced MM."?
Most approaches currently focus on targeting B cell matu-
ration antigen (BCMA) as a single target because BCMA
is critical for maintaining tumor cell phenotypes and
expression is limited to the B and plasma cell lineage.”
While fast and deep antitumor responses are consistently
reported across clinical trials, the duration of response is
quite limited and most patients experience relapse and
progression.” '” The reasons for treatment failure are not
well understood, but likely involve several mechanisms:
(1) antigen escape under immune pressure, (2) insuffi-
cient function or exhaustion of circulating CAR T cells,
(8) limited CAR T cell migration and persistence, and (4)
immune suppression in the MM bone marrow microenvi-
ronment. Finally, it is not known whether non-productive
binding of persisting exhausted or non-functional CAR T
cells to MM target cells could stimulate BCMA pathway
activity and contribute to protumorigenic events in residual
tumor cells fueling rapid tumor progression. Complete
antigen loss has only been described in two patients so far
and does not seem to be a frequent event.” ' *

A proliferation inducing ligand (APRIL) is the natural
high affinity ligand for two receptors expressed on MM,
BCMA and transmembrane activator and CAML inter-
actor (TACI). APRIL-based CARs can overcome BCMA
antigen escape in preclinical models,” '* but an early
phase clinical trial with a CAR using an APRIL monomer
as a ligand binding moiety did not confirm efficacy in
patients.'* Preclinically, a trimeric APRIL configuration
yielded better polyfunctionality and short term antitumor
function of CAR T cells than monomeric APRIL,13 but
information on long term in vivo tumor control, sustain-
ability of responses and possible mechanisms of resistance
is lacking.

Here, we used molecular modeling and developed
and characterized three distinct new APRIL CARs, one
monomer and two trimer based. We deeply character-
ized their properties when expressed in human T cells
in functional assays in vitro and in vivo. We identified
the molecular determinants in monomeric and trimeric
APRIL CAR designs that are associated with CAR T cell
performance. APRIL CAR T cells with a trimeric binding
moiety formed stronger immune synapses and were more
polyfunctional than the monomer-based CAR with the
BB endodomain. In vivo, trimer BB{ CAR T cell therapy
produced fast antitumor responses, but tumors recurred
in the follow-up.

Second, we investigated mechanisms of CAR T cell
failure in preclinical MM model systems by comparing
a clinically used single chain variable fragment (scFv)
based CAR (11D5-3),> " a human heavy-chain-only
(FHVHS33) based CAR under clinical development,16 and
our newly designed APRIL CARs. After contact of CAR
T cells with myeloma cells, we found rapid BCMA down-
modulation on target cells independently of the targeting
moiety used. Both CAR T cells and MM cells were actively
involved in this process with trogocytosis by CAR T cells
and BCMA internalization in MM cells.

Hence, our study provides a better understanding of
the function of APRIL CAR T cells and critical insights
into determinants of CAR T cell therapy failure in MM
when targeting BCMA.

METHODS

A detailed description of all methods is provided in the
online supplemental materials document, including
molecular modeling, immunophenotyping and cell
sorting, Image Stream analysis, enzyme-linked immuno-
sorbent assay (ELISA), Mesoscale Discovery (MSD) assay,
proliferation assay, mouse models, immunofluorescent
staining, confocal imaging and light sheet live microscopy.

Cell lines

MM.1S cells were purchased from the American Type
Culture Collection. K562 (chronic myeloid leukemia)
and NCI-H929 (MM) were purchased from the German
Cell Culture Collection. KG-1a (acute myeloid leukemia)
cells were a gift from Dr. Stephen Gottschalk, Center
for Cell and Gene Therapy, Baylor College of Medicine,
Houston, USA. All lines were maintained according to
the suppliers’ instructions. Cell lines were authenticated
in January 2022 by short tandem repeat (STR) profiling
(Microsynth).

Generation of retroviral vectors

Plasmids encoding for human truncated APRIL (115—
250 a.a, Uniprot 075888, excluding the heparan sulfate
proteoglycan binding sites of APRIL),"” " full-length
BCMA (Uniprot Q02223), full-length TACI (Uniprot
014836), 11D5-3 single chain variable fragment (scFv)®
and the human heavy-chain-only FHVH33'® were codon-
optimized and synthesized by GeneArt (Thermo Fisher
Scientific). Retroviral constructs encoding APRIL CARs,
11D5-3 and FHVH33 CARs, BCMA, TACI and BCMA-
Emerald were generated using the In-Fusion HD Cloning
Kit (Takara, #638933) and expressed in the pSFG retro-
viral backbone.

Peripheral blood mononuclear cells from healthy human
donors

Buffy coats from deidentified healthy human volunteer
blood donors were obtained from the Center of Interre-
gional Blood Transfusion SRK Bern (Bern, Switzerland).

Generation of CAR T cells and transgenic cell lines

Peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats by density gradient centrifu-
gation (Lymphoprep, StemCell #07851). PBMCs were
activated on plates coated with anti-CD3 (1 mg/mlL,
Biolegend, #317347, clone: OKT3) and anti-CD28 (1
mg/mL, Biolegend, #302934, clone: CD28.2) antibodies
in T cell medium (RPMI containing 10% FBS, 2 mM
L-Glutamine, 1% Penicilin-Streptomycin) with IL-15 and
IL-7 (Miltenyi Biotec, 10 ng/mL each, #130-095-362 and
#130-095-765, respectively) (online supplemental table
1). The day before transduction, a non-tissue culture
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treated 24-well plate (Grener Bio one, #662102) was
coated with retronectin (Takara Bio, #T100B) in PBS
(7 pg/mL, 1 mL per well), and incubated overnight at
4°C. Three days after activation, retronectin was removed
and the plate was blocked with T cell medium for 15
min at 37°C. Then, media was removed, and retroviral
supernatant was centrifuged onto the retronectin coated
plate at 2000 g for 1 hour at 32°C. Retroviral supernatant
was gently removed and activated T cells were added at
0.15x10° cells/mL. The plate was centrifuged at 1000 g
for 10 min at 21°C. Cells were then incubated at 37 °C/
5% CO, for 3 days. After 48 to 72 hours of transduction,
T cells were harvested and further expanded in T cell
medium containing IL-7 and IL-15. In selected experi-
ments, CAR T cells were positively selected with a CD271
selection kit (EasySep, #17849) to enrich for transduced
T cells. The same protocol was used for the generation of
transgenic tumor cell lines. After expansion in the appro-
priate medium, transduction efficiency was checked by
flow cytometry for BCMA and/or TACI, or GFP expres-
sion, and transgenic cells were purified by fluorescence
activated cell sorting (FACS).

Sequential coculture assay

Target cell lines expressing or not GFP-FFLuc were cocul-
tured with T cells in replicate wells at an effector to target
(E:T) ratio of 1:1 (200,000 cells each in a 48-well plate).
After 3—4 days, residual tumor cells and T cells were quan-
tified by FACS combining antibody staining and absolute
counting beads (CountBright Beads, Life Technologies
#C36950). Fresh tumor cells were added back to replicate
wells when >85% of tumor cells were killed at the analysis
timepoint. Otherwise, the killing was considered incom-
plete and T cells were not rechallenged with fresh tumor
cells.

Mouse xenograft experiments

All animal studies were conducted in accordance with
a protocol approved by the Veterinary Authority of the
Swiss Canton of Vaud and performed in accordance with
Swiss ethical guidelines (authorization VD3390). NOD-
SCID-YC’/ " (NSG) mice were bred and maintained at the
animal facility of the University of Lausanne. Animals
were 7-11 weeks old at the start of the experiments, both
males and females were used, and experimental groups
were randomized based on animal weight at start of
experiment. Specific information for each model used is
provided in online supplemental materials.

Statistical analysis

Descriptive statistics were used to summarize data. For
continuous variables, normality distribution was analyzed,
and comparisons were made by t-test. When normality
testing failed, pair-wise comparison of conditions was
performed using Mann-Whitney U-test. Area under the
curve comparisons were analyzed with unpaired t-test
and Welch’s correction (T cell expansion in vitro), or
unpaired Mann-Whitney test (non-parametric t-test) (in

vivo bioluminescent imaging). Sequential co-cultures and
survival of mice were analyzed by Kaplan-Meier method
and significance assessed with log-rank (Mantel-Cox)
test. Multiple comparisons (eg, BCMA cell surface levels,
analysis of sSBCMA, T cell phenotypes) were performed
by repeated measures one-way analysis of variance
(ANOVA) with Tukey’s multiple comparison. Analyses
were performed in GraphPad Prism V. 8.1.2 or higher.
Differences in T cell polyfunctionality was analyzed by
dependent t-test for paired samples using Python scipy.
stats package (V.1.5.4), where cells co-expressing three
or more evaluated markers simultaneously were consid-
ered to be polyfunctional. P values <0.05 were considered
significant, and the levels of significance are indicated in
the figures and legends.

RESULTS

APRIL CARs recapitulate physiological target recognition of
BCMA and TACI and can be efficiently expressed in human T
cells

To investigate the optimal configuration of APRIL CARs
to target MM, we performed molecular modeling of
monomer (m) and trimer (t) APRIL CARs in contact
with their natural target receptors BCMA and TACI and
compared their binding interface to soluble human
APRIL (figure 1A,B for BCMA and online supplemental
figure 1A,B for TACI). A potentially important role for
the histidine residues in position 115 of APRIL is illus-
trated in the trimer model, as the histidines form close
contacts with each other and stabilize the trimer struc-
ture around a metal ion (figure 1C). From a structural
point of view, the tCAR better recapitulates the physiolog-
ical target recognition than the mCAR because optimal
monomer binding requires binding support of some
residues from a second monomer (figure 1D). Absence
of a second monomer results in a loss of interaction
surface area close to 200 A2 (online supplemental text 1).
Moreover, exposing to solvent some non-polar residues
normally buried inside binding interfaces could weaken
the stability of the mCAR (online supplemental text 2 and
figure 1C). Because our modeling suggested a more phys-
iological binding interface for tCARs than for mCARs,
we designed the glycine-serine linker between APRIL
monomers with a length that accommodates optimal
trimer folding. We used a five amino acid linker with
the sequence GGGGS between each truncated APRIL
monomer and between the last APRIL. monomer and the
CD8a hinge and transmembrane sequence. APRIL mCAR
and tCAR retroviral vector constructs were generated,
including non-signaling control A and second generation
28( and BB{ CARs (figure 1E). Our tBB{ CAR construct
is significantly different from the previously reported
TriPRIL CAR (online supplemental figure 2)." Primary
human activated T cells were efficiently transduced with
all our constructs, expanded, and CARs detected on the
cell surface (figure 1F).
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Figure 1 Molecular design and expression of APRIL CARs on human T cells. (A-D) Computational models of monomeric

(m) and trimeric () APRIL ligand binding domains in CAR format. (A) left: mBB{ CAR, right: tBB{ CAR, compared with (B) left:
human soluble APRIL monomer, right: human soluble APRIL trimer, interacting with BCMA (pink). (C) Close-up view on histidine
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expressed in the pSFG retroviral vector. (F) Left: Bar charts represent summary of transduction efficiencies of APRIL CARs in
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mean=SD). Right: representative FACS plots from one donor, after CD271 selection. APRIL, a proliferation inducing ligand;
BCMA, B cell maturation antigen; CARs, chimeric antigen receptor; FACS, fluorescence activated cell sorting.
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APRIL CAR T cells are cytotoxic in vitro and in vivo

To probe the cytotoxic activity of the different CAR
constructs, we selected several MM cell lines and assessed
cell surface BCMA and TACI expression by flow cytom-
etry (figure 2A). NCI-H929 expressed BCMA only, while
MM.1S expressed low levels of both BCMA and TACI.
The myeloid cell lines KG-la and K562 were negative
for both antigens. We engineered K562 cells to express
either antigen alone or in combination and confirmed
their cell surface expression levels (figure 2A). To assess
antitumor function and expansion of APRIL CAR T cells
in vitro, we performed a sequential co-culture stress-test.
T cells were challenged with fresh tumor cells up to five
times, and residual tumor and T cells were quantified
3—4 days after each tumor challenge (figure 2B,C). Both
mCAR and tCAR T cells produced significant antitumor
activity against NCI-H929 and MM.1S cells. The mBB(
CAR T cells were the most potent in this assay with the
bestin vitro T cell expansion capacity (figure 2C). Similar
results were obtained when performing the sequential
co-culture assay with the engineered K562 targets (online
supplemental figure 3). Analysis of the T cell differentia-
tion and activation/exhaustion phenotype revealed that
CD4+ 128 CAR T cells differentiated faster to an effector
memory (T,,) state compared with mBB{ and tBB{ CAR
T cells even at baseline in the absence of target antigen,
while CD8+ mBB{ CAR T cells were more enriched in
central memory (T_,) phenotype cells compared with
control (online supplemental figure 4A). In addition,
LAGS3 levels were significantly higher on all except tBB{
CD4+ CAR T cells compared with ACARs and on mBB{
CD8+ CAR T cells at baseline. PD1 and TIM3 levels were
comparable among groups (online supplemental figure
4B). APRIL CAR T cells did not spontaneously secrete
significant amounts of IL-2 and did not proliferate in the
absence of target antigen (online supplemental figure 5).
Overall, these observations indicate absent to low tonic
signaling activity of APRIL CARs which was least evident
with the tBB{ CAR. Lastly, we evaluated the in vivo anti-
tumor function of APRIL CAR T cells in a mouse xeno-
graft model with NCI-H929 cells (figure 2D). mBBC, t28(
and tBB{ CAR T cells significantly delayed tumor growth
(mA vs mBBC: p=0.02, mA vs t128C: p=0.008, mA vs tBB_:
p=0.008, n=5) (figure 2E-G), but only tBB{ CAR T cells
significantly enhanced overall survival of mice (mA vs
tBBL: p=0.003, mBB{ vs tBB{: p=0.01, n=5) (figure 2H).
The second CAR T cell infusion on Day 20 did not signifi-
cantly delay disease progression with any of the CARs
evaluated.

tBB( CAR T cells are more polyfunctional and form stronger
immune synapses than mBB( CAR T cells

By intracellular cytokine staining (figure 3A) and analyses
of the immune synapse (figure 3B-E), we assessed CAR
T cell polyfunctionality and the strength of T cell-target
cell interaction. In both CD4+ and CD8+ CAR T cells,
polyfunctionality was enhanced when comparing mBB{
to tBBL CARs (figure 3A and online supplemental figure

6) despite considerable donor variability. To further inves-
tigate the differences between mBB{ and tBB{ CARs, we
performed confocal microscopy and analyzed features
of the engineered immune synapse (figure 3B). While
actin accumulation at the T cell-target cell interface
was comparable between mBB{ and tBB{ CAR T cells,
the microtubule organization center (MTOC) localized
significantly closer to the synapse in tBB{ compared with
mBB{ CAR T cells (figure 3C-E), suggesting the forma-
tion of stronger immune synapses with the tBB{ CAR.

CAR T cells mediate BCMA downmodulation on target cells by
trogocytosis and internalization

We next investigated possible mechanisms of resistance
when MM cells are exposed to CAR T cells, evaluating
APRIL CARs and two different well-studied BCMA-
targeting CARs (FHVH33 and 11D5-3) (figure 4A).* %101
First, we analyzed BCMA levels on target cells after contact
with the different CAR T cells. MM. 1S cells expressed low
levels of BCMA that remained stable in the presence of
mA and tA CAR T cells, but decreased significantly after
contact with mBB(, tBB{ as well as FHVHS3A, 11D5-3A,
FHVH33BB({ and 11D5-3BB{ CAR T cells (figure 4B).
BCMA reduction on target cells was not due to an
increased BCMA shedding as soluble BCMA (sBCMA)
levels in the culture supernatants were also reduced in the
presence of mBB{, tBB{, FHVH33A and 11D5-3A CAR
T cells (figure 4C). However, we detected an increase of
BCMA on the cell surface of mBB( and tBB{ CAR T cells
compared with mA and tA (figure 4D), a process known
as trogocytosis.”’ NCI-H929 cells expressed high levels of
BCMA on the cell surface that rapidly decreased in the
presence of FHVH33A and 11D5-3A CAR T cells, but
BCMA levels were restored after 24 hours with all ACARs
(figure 4E). Similar to MM.1S cells, NCI-H929 cells did
not downmodulate cell surface BCMA levels after contact
with mA and tA CAR T cells. However, we detected signif-
icant BCMA reduction on residual tumor cells within 6
and 24 hours of co-culture with all BB CAR T cells and
MM.1S cells, but only at 24 hours with NCI-H929 cells
(figure 4B,E, and online supplemental figure 7A). sBCMA
levels were decreased with both cell lines (figure 4C,F).
We also detected BCMA uptake from NCI-H929 cells by
mBB{ and tBB{ CAR T cells consistent with trogocytosis
(figure 4G and online supplemental figure 7B). In addi-
tion, FHVH33A and 11D5-3A CAR T cells had high levels
of BCMA on their cell surface after co-culture with NCI-
H929 (figure 4G and online supplemental figure 7B) that
were higher than in MM.1S co-cultures (figure 4D). This
may be explained by the overall much higher levels of
BCMA on NCI-H929 compared with MM.1S. Since treat-
ment with y-secretase inhibitors (GSI) has been shown by
others to be a potential strategy to increase BCMA cell
surface levels on target cells by reduction of BCMA shed-
ding,”" we investigated addition of the GSI LY3039478
during co-culture. When LY3039478 was added at initi-
ation of co-culture, 1.Y3039478 treatment could not
prevent BCMA downmodulation in both MM.1S and
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curves in the top row depict probability of tumor control in the rechallenge co-culture stress test, n=6 donors, log-rank test
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Whitney-U test (non-parametric t-test) on AUC. (H) Survival of mice as defined by humane end-point criteria. Log-rank test. (C,
G, H) Definition of significance levels: ns=not significant, *p<0.05, **p<0.01, **p<0.001. APRIL, a proliferation inducing ligand;
AUC, area under the curve; CAR, chimeric antigen receptor; BLI, bioluminescent imaging.

6 Camviel N, et al. J Immunother Cancer 2022;10:¢005091. doi:10.1136/jitc-2022-005091



A K562 BCmA+ K562 TAcl+
mA mBB( BB mA mBBg BB
N SN N S =3.
o B &)id) b @ )
\ \ g
. ’
— Z — N
. ns (p= 0.091) ns
ns (p= 0.060)
= - N = =
. o S - ¢
- (@) & @® (@) & &)
i
N 4 J N
ns (p= 0.098) ns
K562 BCMA* TACH K562
mA mBB( tBB¢ mA mBB{ BB
UN = = .. E Y
) B2 B T B\ B
o & &) » D &
— N Y — ~ N
i )
ns (p= 0.059) * ns ns

Pie legend
W 5 markers [ 4 markers [] 3 markers [l 2 markers
[l 1 marker D 0 markers

Arc legend
B CD107a [ Granzyme B [ IFN-y  EEE Perforin [ TNF-a

B visual field T cell - tumor cell pairs

Merge

T cell
DNA

F-actin

Hoechst/(DNA)

tumor cell

No synapse Synapse

tumor
cell
. .
— \
T cell
tumor
cell
10pum

% cell pairs with F-actin
accumulation at synapse

m

No F-actin X T

accumulation F-actin accumulation

a-tubulin/
GFP

% cell paris with

MTOC localized
“close” to synapse

MTOC close

Figure 3 Analysis of polyfunctionality and immune synapses of APRIL CAR T cells. (A) Polyfunctionality by intracellular
cytokine staining. Pies depict all different combinations of populations expressing 5, 4, 3, 2, 1 or 0 markers, and arcs around
pies indicate the analyte detected. Pies represent mean of n=6 donors. Dependent t-test for paired samples was used to
compare populations of CAR T cells expressing at least three markers. (B-E) Fixed cell confocal microscopy for GFP (green,
tumor cell), a-tubulin (green, showing the microtubule organizing center (MTOC), centrosome), F-actin (red) and DNA (blue,
Hoechst). (B) Left panel: Representative confocal microscopy field of view showing NT T cells and MM.1S-GFP-FFLuc tumor
cells, scale bar 30 um. Middle panel: enlarged inset of left panel, arrows marking T cell - tumor cell pairs, scale bar 30 ym,
Inset: enlarged view of one T cell (upper cell)-tumor cell (lower cell) pair, scale bar 10 um. Scheme on the right explains the
immunofluorescence. (C) Left column: representative confocal microscopy images for T cell-tumor cell pair without features of
an immunological synapse. Right column: representative images with features of an immunological synapse. First row: Merged
images. Second row: F-actin, left: no F-actin accumulation at the cell-cell interface, right: F-actin accumulation at the synapse.
Third row: alpha-tubulin and GFP. Arrows are pointing toward the centrosome, the MTOC. Scale bars 10 pm. (D) Quantification
of % cell pairs with F-actin accumulation at the cell-cell interface. Each data point corresponds to one field of view, mean+SD,
Mann-Whitney-U test. (E) Quantification of % cell pairs with the centrosome close to the cell-cell interface. Each data point
corresponds to one field of view, mean+SD, Mann-Whitney-U test. (A, D, E) Definition of significance levels: ns=not significant,
*p<0.05, **p<0.001. APRIL, a proliferation inducing ligand; CAR, chimeric antigen receptor; GFP, green fluorescent protein.

Camviel N, et al. J Immunother Cancer 2022;10:¢005091. doi:10.1136/jitc-2022-005091 7



Open access

D 6h
6
E
288 ¢
o
28528 . s
el
= 1.
2% 05
0.0
& Do oD o>
S &g 8;3 o5
& N
ns
ns G
24h s 6h
80000 S e 6 -
. £,
60000 g 884
3
40000 I 8c
o 58, —— -
20000 < EL
5
2
0
R R S S &P TPy o
PO OL &Sy
*® &N RN

A FHVH33A IRES ACD271
5LTR cD3; IRES ACD271 - 3LTR
FHVH33 BB d CD8a hinge and
B 6h 24h 24n
6000
2 g l ] o 2
S g 4000 s e p
2 = 1500 e an
(5} ns =
2 1000 ﬁ s 3
oLy e T ] 7 t
@ L PP Qb o> @ L o ofn o i
/\°°\\ &Y & ®2&%o":b <& ‘:&Z%Q’to"fz'a&
Z o
® *© &N ® Qi @Q\ \\,\o
6h Gxe2 24h
8000: = ns
: g —— s
g%6000 ns ns DS = ® s s §§.
£ < 4000 4 g E4
R TR is
zQ i Z3
@ 2000 2
& ]
PERLS %@t&v&v oL &v&& %@:\@v&v & é\&@&”&”@‘ﬁ“
A <« X N A QD Q%>
& PR SN S & SERNE
& N
H LY3039478 I Lvsosears
6h .
300007 —pe———
ns
S
20000 NS ns _ns

== oS

y

K

IRES ACD271

BCMA-Emerald

-

l  MM.1S-BCMA-
2 Emerald + NT

=]
3

®
3
) ‘

% Co-localization
IS
8

Emerald - PE (BCMA)
>
3

N
o o

o co-loc
loc

s
Emerald - PE (BCMA)

4

% Co-localization
Emerald - PE (BCMA)

Normalized frequency

Similarity
Emerald - PE (BCMA)

Figure 4 B cell maturation antigen (BCMA) downmodulation on MM cells by CAR T cell trogocytosis and BCMA
internalization. (A) Schemes of FHVH33 and 11D5-3 CAR retroviral vector constructs. (B) BCMA cell surface levels on MM.1S
cells co-cultured with CAR T cells (E:T 1:1) at indicated time points. (C) Soluble BCMA (sBCMA) levels in MM.1S co-culture

supernatant (24 hours). (D) BCMA levels on CAR T cells co-cultured with MM.1S cells, normalized to NT (6 hours). (E) BCMA cell
surface levels on NCI-H929 cells co-cultured with CAR T cells (E:T 1:1) at indicated time points. (F) sSBCMA levels in NCI-H929
co-culture supernatant (24 hours). (G) BCMA levels on CAR T cells co-cultured with NCI-H929 cells, normalized to NT (6 hours).
(H-I) Cell surface BCMA levels on MM cells co-cultured with CAR T cells (E:T 1:1) at indicated time points, in the presence of
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of BCMA-Emerald retroviral vector with ACD271 as selectable marker. (K-N) MM.1S-BCMA-Emerald cells were co-cultured
for 1 hour with NT or 11D5-3A CAR T cells (K-L) or with NT, tA or tBB{ CAR T cells (M-N). Co-localization of BCMA-Emerald
and BCMA cell surface staining (PE) was analyzed by Image Stream. (K, M) Representative images and gating. (L, N) Summary
graphs show percentage of no co-localization (no co-loc) or co-localization (co-loc) of BCMA-Emerald and cell surface BCMA
(PE) in MM.1S-BCMA-Emerald cells. n=4-5, mean+SD, paired t-test. (B-I, L, N) Definition of significance levels: ns, not
significant, *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. (B, D, E, G, H, |) BCMA cell surface levels were determined by FACS.
(C, F) sBCMA levels were determined by ELISA. CAR, chimeric antigen receptor; NT, non-transduced; ANOVA, analysis of

variance.

NCI-H929 cells (figure 4H,I, and online supplemental
figure 7C). These results led us to explore BCMA internal-
ization as a potential explanation for reduced BCMA cell
surface levels during co-culture. We encoded emerald-
tagged BCMA into a retroviral vector (figure 4]) and
generated MM.1S- and K562-BCMA-Emerald transgenic

cell lines. Co-localization of BCMA-Emerald with cell
surface BCMA staining was analyzed by Image Stream
after co-culture with T cells. Contact of 11D5-3A CAR T
cells with MM.1S cells led to a significant reduction of
BCMA co-localization on the tumor cell membrane (NT
vs 11D5-3A: 66.5+6.3% vs 35.0+16.3%, n=5, mean+SD,
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p=0.005), with a consequent increase in the fraction of
cells with no co-localization (NT vs 11D5-3A: 14.2+4.0%
vs 44.5+14.1%, n=5, mean+SD, p=0.01) (figure 4KL,
and online supplemental figure 8A). Both K562-BCMA-
Emerald and MM.1S-BCMA-Emerald cells co-cultured
with 11D5-3A CAR T cells significantly downmodulated
cell surface BCMA levels, while emerald was only slightly
reduced (online supplemental figures 8B,CF and G).
11D5-3A CAR T cells gained emerald on their surface
(online supplemental figures 8D,E,H and I) consistent
with trogocytosis. After co-culture with APRIL CAR T
cells, we found that only tBB{ but not tA CAR T cells
induced BCMA internalization in MM.1S-BCMA-Emerald
cells (figure 4M,N and online supplemental figure 9A)
or in K562-BCMA-Emerald cells (online supplemental
figure 9B). Very low but significant levels of emerald were
also detected on tA or tBB{ APRIL CAR T cells consis-
tent with trogocytosis (online supplemental figures 9C,D
and 10). Altogether, these data suggest that BCMA down-
modulation on MM cells is mediated by a combination of
trogocytosis and BCMA internalization after CAR T cell
exposure with internalization accounting for most of the
effect.

CAR T cell-tumor cell interactions trigger BCMA signaling in
MM cells

Since disease relapse with BCMA positive disease was
reported in clinical trials despite CAR T cell persistence,’**
we next assessed if BCMA directed CAR T cells have the
potential to activate BCMA signaling in MM cells. After
short co-culture of CAR T cells with MM. 1S and NCI-H929
cells, mA and tA CAR T cells induced only minimal NFxB
activation while mBB(, tBB{, FHVH33A, FHVH33-BB(,
11D5-3A and 11D5-3 BB{ CAR T cells all induced strong
NF«B activation (figure bA). To investigate if differences
in T cell-tumor cell interactions could explain differences
in NFkB pathway activation in MM.1S cells, we next inves-
tigated target cell killing and the quality of the interac-
tion (immune synapse formation, loose interactions, and
their durations) at the single cell level by live time-lapse
light sheet microscopy (figure 5B). Live imaging revealed
that both (BB and 11D5-3BB{ CAR T cells led to effi-
cient target cell killing (figure 5C) via stable immune
synapse formation (figure 5D,E). While non-signaling
tA and 11D5-3A CAR T cells did not form synapses nor
kill target cells, they formed significantly more loose
contacts with target cells than tBB{ and 11D5-3BB{ CAR
T cells, suggesting significant interactions that may lead
to BCMA pathway activation (figure 5F). The duration of
these loose contacts was longer with 11D5-3A compared
with tA CAR T cells (figure 5G), potentially explaining
why 11D5-3A CAR T cells, and not tA, activated BCMA
pathway. These results suggest that significant CAR T cell
- tumor cell interactions can take place in the absence of
killing which led us to hypothesize that those interactions
could lead to a survival advantage of residual BCMA posi-
tive tumor cells.

Non-functional BCMA-directed CAR T cells do not promote
tumor progression in vivo

Soluble APRIL is well known to promote tumor progres-
sion by activation of BCMA signaling in MM cells.”
Thus, we next investigated if APRIL, FHVH33 or 11D5-3
ACART cells mediated MM cell proliferation. We showed
that CAR T cells did not induce proliferation of MM.1S
or NCI-H929 cells in vitro (figure 6A,B). Similarly, in vivo
in two different mouse xenograft models, we found no
tumor promoting capacity of APRIL, FHVH33 or 11D5-3
ACAR T cells, neither in mice systemically engrafted with
NCI-H929 cells (figure 6C-E) nor in mice systemically
engrafted with MM.1S cells (figure 6F-H). We confirmed
fast and significant antitumor activity with tBB{ CAR T
cells in both models (figure 6C-I), with early recurrence
in the NCI-H929 model. The follow-up in the MM.1S
model could not be extended beyond day 14 due to
significant T cell receptor mediated alloreactivity against
MM.1S cells in all treatment conditions evaluated. Thus,
despite significant T cell-tumor cell interactions that acti-
vated BCMA signaling, non-functional APRIL, FHVH33
or 11D5-3 CAR T cells did not promote tumor growth in
vivo.

DISCUSSION

We show that a trimeric configuration of truncated
APRIL can be exploited as efficient binding moiety
in CARs leading to dual antigen recognition on MM.
Polyfunctionality and immune synapse formation were
superior in BB{ CAR T cells with our trimer-derived
compared with monomer-derived APRIL. The tBB{
construct was most potent in vivo in two different MM
mouse xenograft models and led to fast antitumor
responses, but responses were not sustained, and tumors
recurred in the NCI-H929 model. We identified BCMA
downmodulation as a common escape mechanism for
APRIL, scFv and FHVH-CAR T cells that was attributed
in part to trogocytosis and mostly to BCMA internaliza-
tion. Despite activation of survival pathways in residual
tumor cells and significant T cell-tumor cell interactions
via loose contacts, we demonstrate that APRIL, scFv, and
FHVH-CAR T cells cannot promote tumor cell prolifera-
tion or tumor growth in vitro and in vivo.

Truncated APRIL for the generation of natural ligand-
based CARstargeting MM has previouslyattractedattention
due to APRIL’s natural high affinity for BCMA and TACI
expressed on MM, allowing for dual antigen targeting.”
In addition, both BCMA and TACI provide survival and
proliferation signals to MM cells and are expressed on
putative MM stem or progenitor cells.” ® ** While the
APRIL monomer based CD28-OX40{ CAR showed prom-
ising preclinical activity,” the subsequent clinical trial was
terminated early due to insufficient efficacy in patients.”’
A trimeric APRIL configuration as CAR binding moiety
linked to a CD8a hinge and transmembrane and a BB{
endodomain (TriPRIL) resulted in better polyfunction-
ality compared with a monomeric APRIL BB{ CAR."
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movies. NT (dark blue), tA (dark red), tBBC (black), 11D5-3A (beige), and 11D5-3BB( (dark beige) CAR T cells with MM.1S-GFP-
FFLuc (green) target cells. T cell F-actin (SPY-actin live dye (red)), and cell death (biotracker caspase 3/7 stain, red). One image
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and target cell in minutes for loose contacts, mean+SD. (A, C-G) Definition of significance levels: ns=not significant, *p<0.05,
**p<0.01, **p<0.001, ***p<0.0001.
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(F) Scheme of the MM.1S mouse xenograft model. 1 representative experiment of 2. n=4-5 mice per group per experiment.
(G) BLI summary and quantification of total flux (p/s), mean+SD, unpaired Mann-Whitney-U test on AUC. (H) Tumor growth
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Both groups reported in their preclinical models that
APRIL CARs have the capacity to overcome BCMA nega-
tive antigen escape. Fast antitumor responses were seen
in mice-bearing BCMATACI" myeloma xenografts, but
follow-up was short in both papers, ranging from 9 to
a maximum of 21 days, and the sustainability of those
responses was not investigated. A clinical trial assessing
safety and efficacy of TriPRIL CAR T cells has recently
started.” In our study, we evaluated alternative APRIL
CAR configurations that are distinct from the previously
reported ones,” " and found that a histidine residue in
position 115 of APRIL is potentially favoring the proper
trimer folding and stabilization of the trimeric binding
module. Linker length is also critical for the stability of
the fold. Based on our models, we chose a linker for our
tBB{ CAR that is shorter than the one used in the TriPRIL
CAR. We show that immune synapse formation with our
tBB CAR is enhanced compared with mBB{ CAR T cells,
correlating with polyfunctionality by intracellular cyto-
kine staining. In vivo in the mouse xenograft models, tBB{
CAR T cells produced significantly better tumor control
than mBB{ CAR T cells, even though tumors recurred
in the follow-up in the NCI-H929 model. Overall, APRIL
is an interesting natural dual antigen binder that can be
used as a targeting moiety in CARs. Additional optimiza-
tion is most likely required to deploy its full therapeutic
potential.

CAR T cell therapy in MM has so far mostly focused
on targeting BCMA as a single antigen. While fast and
deep responses have been consistently reported in several
clinical trials, most patients do not experience long-term
sustained remissions.'’ ***' Mechanisms of resistance to
BCMA CAR T cell therapy have not been entirely eluci-
dated yet.*® Inspired from the CD19 CAR T cell expe-
rience, tumor escape by target antigen loss was already
investigated. Indeed, rapid BCMA downmodulation on
residual plasma cells has been reported in several clinical
trials of BCMA-CAR T cell therapy, but the mechanism
is not known. Further, it is unclear if the BCMA antigen
density on persisting myeloma cells is below the antigen
sensitivity of the respective CAR T cells.”” * In most
patients, malignant plasma cells will re-express BCMA to
higher levels on their cell surface during disease progres-
sion, suggesting that BCMA downmodulation is a tran-
sient effect. Only two cases of definitive loss by genetic
deletion have been described to date,” "' '* probably
because BCMA provides crucial signals for maintaining
and expanding the malignant myeloma cell popula-
tion.”® Our data now indicate that BCMA downmodula-
tion consistently occurs in malignant plasma cells after
CAR T cell exposure, and we identified two mechanisms
that contribute to this effect. First, CAR T cells can
extract BCMA from their target cells and present it on
the T cell surface. This phenomenon is known as trogo-
cytosis and can potentially lead to CAR T cell exhaus-
tion and fratricide, and thus limit CAR T cell function,
expansion and persistence in vivo.”’ Second, plasma cells

internalize BCMA after CAR T cell exposure, leading to
a rapid reduction of BCMA cell surface levels. Similar
internalization has been observed after exposure to an
antibody-drug conjugate targeting BCMA.* Interestingly,
several clinical trials indicate that a significant propor-
tion of patients experienced disease progression despite
peripheral blood CAR T cell persistence, suggesting a
dysfunctional state of the persisting CAR T cells.”* Thus,
other mechanisms of therapy resistance may include the
limited fitness or exhaustion of persisting CAR T cells,
limited trafficking of CAR T cells to the bone marrow,
local immune suppression of CAR T cells in the tumor
microenvironment, or BCMA pathway stimulation by
continuous but insufficient CAR T cell-tumor cell inter-
actions. In preclinical models, we investigated whether
persisting non-functional mAPRIL, tAPRIL, 11D5-3, and
FHVH33-CAR T cells could stimulate the BCMA pathway
and through this interaction promote tumor growth.
Even though NFkKB signaling was activated after loose T
cell-tumor cell contacts with all CARs investigated except
with mA and tA, this stimulation did not translate into
measurable MM cell proliferation in vitro or faster tumor
progression in vivo in two mouse xenograft models. Thus,
these findings are encouraging and suggest that BCMA
targeted CAR T cells are not actively involved in tumor
progression even if they persist in vivo in a non-functional
or exhausted state. Even though soluble APRIL is a strong
survival factor involved in MM progression and high levels
in patients are associated with poor prognosis,” *’ trun-
cated APRIL presented on non-functional CAR T cells did
not promote tumor progression. A potential explanation
could be that we used a truncated sequence devoid of the
heparan sulfate proteoglycan binding (HSPG) site that is
required to engage CD138 on plasma cells and critical for
mediating the pro-proliferative and survival effects medi-
ated by soluble APRIL.*

Due to the importance of BCMA in MM cell biology,
BCMA remains a very attractive target for CAR T cell
therapy. Strategies to upregulate BCMA levels on target
cells before and early during the course of CAR T cell
therapy are investigated clinically by the use of GSI.*' *
In our study, however, when adding GSI simultaneously
with CAR T cells to the co-culture, we nevertheless found
BCMA downmodulation to a similar extent as in the
absence of GSI. A pretreatment phase with GSI seems to be
critical to achieve the desired effect on increasing BCMA
levels on target cells.”’ Another avenue for improvement
is the use of fully human binding sequences to reduce
immunogenicity of CAR T cells, as we do with APRIL
CAR T cells. In clinical trials using murine scFvs in CARs
such as the 11D5-3 scFv, anti-drug antibodies (ADAs)
were detected in a significant proportion of patients,”*
and the presence of ADAs was a risk factor for relapse
or progression after CAR T cell therapy.” Further, effi-
cacy may be increased with dual antigen targeting CARs
that combine BCMA targeting with a second antigen that
is involved in myelomgenesis but through a different
pathway. Combinatorial targets include explorations of
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GPRC5D, SLAMF7, CD38, CD19, TACI and BAFF-R."*"
Other future directions include combinatorial targeting
with CAR T cells and microenvironment modulation
or the exploration of enhanced manufacturing modali-
ties that favor the long-term function and persistence of
adoptively transferred T cells.

In summary, we show that trimeric APRIL CAR T cells
can efficiently target both BCMA and TACI on MM, and
that our tBB{ construct was most potent. However, the fast
initial antitumor responses were not sustained in the NCI-
H929 model that is mostly assessing the BCMA-targeted
component of the response. We reveal BCMA down-
modulation on tumor cells as an important mechanism
of immune evasion after CAR T cell contact mediated
by trogocytosis and BCMA internalization, independent
of the binding moiety used. Importantly, when non-
functional mAPRIL, tAPRIL, 11D5-3 or FHVH33 CAR
T cells persisted in vivo, they were not able to promote
tumor proliferation and growth in vivo. Our results shed
light on the mechanisms underlying CAR T cell treat-
ment failure targeting BCMA in MM and may help to
devise more efficient therapeutic strategies in the future.

Twitter Benita Wolf @imwolfb1, David Gfeller @GfellerD and Caroline Arber @
ArberCaroline
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