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Engineered T cells are effective therapies against a range of malignancies, but current
approaches rely on autologous T cells, which are difficult and expensive to manufacture.
Efforts to develop potent allogeneic T cells that are not rejected by the recipient’s immune
system require abrogating both T- and NK-cell responses, which eliminate foreign cells
through various mechanisms. Here, we engineered a receptor that mediates deletion of
activated host T and NK cells, preventing rejection of allogeneic T cells. Our alloimmune
defense receptor (ADR) selectively recognizes 4-1BB, a cell surface receptor temporarily
upregulated by activated lymphocytes. ADR-expressing T cells resist cellular rejection by
targeting alloreactive lymphocytes /n vitroand in vivo, while sparing resting lymphocytes.
Cells co-expressing chimeric antigen receptors (CAR) and ADR persisted in mice and
produced sustained tumor eradication in two mouse models of allogeneic T-cell therapy of
hematopoietic and solid cancer. This approach enables generation of rejection-resistant “off-
the-shelf” allogeneic T-cell products to produce long-term therapeutic benefit in
immunocompetent recipients.
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Autologous therapeutic T cells, such as chimeric antigen receptor (CAR) T cells and T cell
receptor (TCR) engineered T cells, have successfully treated malignancies and infectious
diseases in many patientsl-3 but require complex patient-specific manufacturing, which
limits scalability and can result in therapeutic products with unpredictable potency®. Well
characterized, banked therapeutic cells pre-manufactured from healthy donors could address
these limitations, offering immediate availability and high potency at a reduced cost. To
achieve full therapeutic benefit, unwanted graft-versus-host and host-versus-graft activities
promoted by infusion of allogeneic T cells must be mitigated*. Potential graft-versus-host
reactivity of allogeneic T cells can be minimized by disrupting TCR expression® or by
selecting T cells with defined specificity to non-self (i.e., viral) antigens19-12, However,
alloimmune rejection by host lymphocytes and the development of alloimmune memory
may limit the persistence of infused cells and minimize the benefit of additional cell doses.

Initial stimulation of resting T and NK cells via the TCR and other receptors produces a
transient activation state characterized by acquisition of cytotoxic mechanisms and other
effector functions. Activated lymphocytes temporarily upregulate several surface receptors,
such as 4-1BB (CD137), that can provide additional costimulation3. After activation
subsides, many of these molecules are rapidly downregulated and thus can serve as markers
distinguishing activated cytotoxic effector cells from unstimulated populations. We
hypothesized that selective elimination of 4-1BB-expressing activated T and NK cells by
allogeneic therapeutic T cells may suppress cellular rejection and extend their functional
activity without ablating non-alloreactive host lymphocytes.

Here, we engineered a chimeric 4-1BB-specific alloimmune defense receptor (ADR) that
enables therapeutic T cells to selectively target activated T and NK cells. We show that
ADR-expressing T cells spare resting T and NK cells and evade immune rejection by
eliminating alloreactive lymphocytes, and co-expression of ADR with CARs in T cells
promote durable anti-tumor activity in mouse models of allogeneic T-cell therapy of cancer.

4-1BB-specific ADR enables T cells to selectively recognize activated T and NK cells

Cellular immune rejection is mediated by activated alloreactive T and NK cells of the
host14-17. We hypothesized that selective depletion of cytotoxic lymphocytes in the transient
state of activation will suppress immune rejection of infused therapeutic cells. 4-1BB is
upregulated on the cell surface of activated CD4" and CD8* T cells, as well as NK cells
(Supplementary Fig. 1a, b), marking these subsets for selective recognition.
Immunohistochemistry analysis showed no 4-1BB expression in hormal human tissues apart
from tonsils, a site of continuous immune activation (Supplementary Fig. 2a, b). We
engineered a 4-1BB-specific chimeric alloimmune defense receptor (ADR) consisting of a
4-1BBL-derived recognizing fragment connected via spacer and transmembrane regions to
the intracellular CD3( chain covalently fused with a fluorescent tag mEmerald (Fig. 1a).
Following gammaretroviral transduction, ADR was expressed on the cell surface of primary
human T cells and did not abrogate subsequent T-cell expansion (Fig. 1b, ¢). ADR-
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expressing T cells specifically eliminated 4-1BB-expressing cells but not 4-1BB-negative
controls (Fig. 1d, Supplementary Fig. 1c, d). We observed no reactivity of ADR T cells
against freshly isolated resting CD4* and CD8* T cells and NK cells (Fig. 1e, f). In contrast,
ADR T cells were cytotoxic against pre-activated T- and NK cells (Fig. 1e, f) and
demonstrated higher potency against activated CD8* T cells, likely due to their increased
expression of 4-1BB (Supplementary Fig. 1a). ADR T cells produced minimal degranulation
in the absence of target cells but degranulated upon coculture with activated allogeneic T
cells (Supplementary Fig. 3a-c). Target cell killing by ADR T cells was mediated by both the
Fas-dependent and granzyme B/perforin-dependent pathways (Supplementary Fig. 3d).

ADR-armed T cells are protected from T- and NK-cell mediated rejection in vitro

We used mixed lymphocyte reaction (MLR) models to evaluate the ability of ADR T cells to
eliminate alloreactive cytotoxic lymphocytes and resist immune rejection /in vitro. To model
an “off-the-shelf” T-cell product with minimal graft-versus-host reactivity, we disrupted
surface expression of TCR using genome editing (TCRKOC T cells). HLA-A2* T cells were
TCR-edited by electroporation with Cas9 complexed with a CD3e-specific sgRNA. TCR
expression was disrupted in >90% of cells that were further enriched to >99% purity using
magnetic beads (Supplementary Fig. 4). TCRXO T cells from HLA-A2* donors were co-
cultured with a 10-fold excess of peripheral blood mononuclear cells (PBMC) from HLA-
mismatched recipients (Fig. 2a). In this model, recipient T and NK cells expanded and
eliminated donor T cells within 9-12 days (Fig. 2b-d). Expression of ADR protected donor T
cells from elimination and promoted their expansion in response to ADR stimulation. ADR
T cells controlled the expansion of recipient lymphocytes, enabling the coexistence of both
donor and recipient effector populations (Fig. 2c, d).

To further dissect the activity of ADR against alloreactive cytotoxic lymphocytes, we
cocultured control non-transduced and ADR-expressing T cells with NK-depleted PBMC
where alloimmune rejection was mediated primarily by recipient T cells (Fig. 2e). While
unmodified T cells were rejected after 9-12 days of coculture, ADR-modified T cells were
protected from elimination and controlled the expansion of recipient T cells for the duration
of the experiment (Fig. 2f-h). Further, ADR expression protected donor T cells from
rejection by purified alloreactive recipient T cells previously primed with irradiated donor T
cells (Fig. 2i-1) indicating ADR T cells act directly against targeted T cells.

To model NK-cell mediated rejection, we ablated the expression of beta-2 microglobulin
(B2m) on donor T cells, which results in a loss of surface MHC class | molecules,
suppressing recognition by T cells but promoting activation of NK cells”-18.19_ Indeed, p2m-
edited control T cells were completely eliminated by allogeneic PBMC within 6 days,
resulting in an expansion of recipient NK cells (Fig. 3a-d). In contrast, p2m-edited ADR T
cells resisted immune rejection and suppressed NK-cell expansion. Further, we co-cultured
B2m-edited T cells with purified allogeneic NK cells at a 1:1 cell ratio, which resulted in
rejection of T cells within 2-3 days. Expression of ADR on p2m-edited T cells prevented
this rejection, maintaining the initial effector-to-target ratio (Fig. 3e-h). Therefore, the
expression of ADR enables T cells to resist alloimmune rejection mediated by T- and NK
cells.
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ADR protects T cells from alloimmune cellular rejection in vivo

Next, we established /n vivo models of alloimmune rejection by engrafting sublethally
irradiated NSG mice with HLA-A2* (recipient) T cells intravenously followed by
intravenous administration of HLA-A2~ (donor) T cells 4 days later (Fig. 4a and
Supplementary Fig. 5-6). In this model, donor T cells were eliminated in all animals by day
18. To confirm immune rejection of donor T cells, we re-challenged animals with a 1:1 mix
of CFSE-labeled recipient (HLA-A2*) and donor (HLA-A27) T cells and analyzed the ratio
of CFSE™ donor and recipient cells in peripheral blood and spleen 48h later. Donor T cells
were selectively depleted in mice that previously received T cells from the same donor, but
not in control mice that had not received donor T cells prior (Supplementary Fig. 5). These
results demonstrate the development of alloreactive memory specific to HLA-A2™ cells.
Notably, arming donor T cells with ADR enabled them to withstand allogeneic rejection and
expand in the presence of allogeneic T cells (Fig. 4b, c), mirroring the behavior observed in
MLR models. Again, ADR T cells did not eliminate all recipient T cells but instead co-
engrafted in mice and established long-term persistence alongside the allogeneic population
(Fig. 4d). To evaluate whether the persisting recipient T cells retain alloreactivity against
donor cells, HLA-A2* recipient T cells were purified from spleens of mice on day 81 after
ADR T-cell injection and co-cultured for 72h with a 1:1 mix of TCRXO T cells from the
same donor-recipient pair (Fig. 4e and Supplementary Fig. 6a). Whereas control recipient T
cells previously primed by HLA-A2~ donor cells selectively ablated donor T cells, we
observed no selective reactivity by recipient T cells isolated from four individual mice
against HLA-A2~ T cells at the end of co-culture indicating absence of donor-specific
alloreactivity in persisting recipient T cells (Fig. 4e). Recipient T cells retained TCR-driven
cytotoxic function as reflected by elimination of K562 cells expressing an anti-CD3 single-
chain variable fragment (K562.0KT3) (Supplementary Fig. 6b).

In order to assess both T- and NK-cell responses, we substituted allogeneic recipient T cells
with whole PBMC in this mouse model. To reduce graft-versus-host reactivity of human
cells, we engrafted recipient human PBMC into mice lacking MHC class I and class |1
genes?C followed by intravenous administration of donor T cells (Fig. 4f). Similar to the
previous model, unmodified donor T cells were rejected by expanding recipient PBMC
within 2 weeks whereas ADR T cells proliferated, persisted, and suppressed the expansion
of recipient PBMC (Fig. 4g-i). Collectively, these results indicate ADR-expressing T cells
suppress cellular alloimmune rejection.

T cells co-expressing ADR and CD19 CAR retain specific activity via both receptors

Expression of ADR on allogeneic CAR T cells could suppress host immune rejection and
extend their anti-tumor activity. In order to test whether ADR- and CAR-expressing T cells
retain independent anti-rejection and anti-tumor functions, we co-expressed ADR with a
second-generation CD19 CAR on T cells (Fig. 5a) by co-transducing them with separate
gammaretroviral vectors encoding CAR and ADR. We evaluated the ability of these
CAR.ADR T cells to eliminate tumor cells (via CAR) and activated T cells (via ADR) in
vitro. T cells expressing both CD19 CAR and ADR were highly cytotoxic against CD19*
NALMBG cells, similar to positive controls expressing CD19 CAR alone (Fig. 5b). Likewise,
co-culture with activated T cells resulted in a comparable decrease in target cell counts by
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ADR-only and CAR.ADR T cells (Fig. 5¢). Next, we assessed the ability of CAR.ADR T
cells to exert function through both receptors simultaneously. Co-culture of CAR.ADR T
cells with NALMBG6 and activated T cells in the same dish resulted in a significant reduction
of both types of targets, to the same extent as the single-receptor control T cells (Fig. 5d).
These results indicate ADR and CAR preserve their independent anti-rejection and anti-
tumor activities when co-expressed in T cells.

CD19 CAR.ADR T cells overcome immune rejection and eliminate leukemia in vivo

We evaluated the function of CAR.ADR T cells in a mouse model of disseminated B-cell
leukemia in which CAR T cells must resist immune rejection from allogeneic T cells while
protecting mice against cancer progression. We adapted our previous mouse model to
engraft CD19* NALM®6 B-ALL cells, one day after the administration of recipient T cells
(RTC, Fig. 6a). To avoid nonspecific allogeneic rejection by T cells, we deleted MHC class |
expression from tumor cells. Three days later, mice received a single dose of 2x108 donor
CD19 CAR and/or ADR-expressing T cells intravenously (Fig. 6a).

In the absence of recipient T cells, CD19 CAR T cells eliminated pre-established tumors and
persisted long-term in many animals (Fig. 6b, d, e; green lines). However, in the presence of
recipient T cells, CD19 CAR T cells were rapidly rejected in 19 out of 20 mice (Fig. 6b; red
lines) resulting in expansion of recipient (HLA-A2") T cells in peripheral blood (Fig. 6c).
The kinetics of recipient T-cell expansion was delayed in mice receiving less cytoablation
(0.8Gy; open circles), likely due to reduced initial engraftment and increased competition
with donor CAR T cells (Fig. 6c). Early loss of CD19 CAR-T cells resulted in only transient
anti-tumor activity, ultimately leading to fatal relapses in all mice (Fig. 6d, e). T cells
expressing ADR alone were able to suppress the expansion of recipient T cells and resist
immune rejection but failed to protect the mice against systemic leukemia (Supplementary
Fig. 7). In contrast, co-expression of ADR on CD19 CAR T cells resulted in their systemic
expansion and persistence (Fig. 6b; purple lines) alongside recipient T cells (Fig. 6¢). This
expansion was not autonomous as CAR- and ADR-expressing T cells failed to expand in
mice in the absence of their respective target antigens (Supplementary Fig. 8). Notably,
long-term expansion of CAR.ADR T cells exceeded that of CD19 CAR T cells in the
absence of RTC. This difference was especially evident in animals receiving a higher dose of
pre-treatment cytoablation (1.2Gy; solid circles) that promoted more robust expansion of
recipient T cells, suggesting dual stimulation through both CAR and ADR is beneficial for
in vivo proliferation and survival. As a result, sustained eradication of leukemia was
observed in 17 out of 19 animals (Fig. 6d), translating to long-term survival in most
CAR.ADR-treated mice (Fig. 6e).

Expansion of activated CAR.ADR T cells /n vivo indicates these cells evade 4-1BB directed
self-targeting. We found activated CD19 CAR.ADR T cells have lower levels of detectable
4-1BB on their surface compared to CD19 CAR T cells, suggesting partial downregulation
or masking of 4-1BB upon ADR expression (Supplementary Fig. 9a). Indeed, expression of
a truncated non-signaling ADR on activated T cells protected them from cytotoxicity by
ADR T cells (Supplementary Fig. 9b-d) so that c/s-masking of 4-1BB by ADR likely
contributes to fratricide resistance of activated ADR T cells.
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GD2 CAR.ADR T cells eradicated systemic neuroblastoma and resisted alloimmune

rejection

We used a mouse xenograft model of metastatic GD2* neuroblastoma?! where mice
received CHLA-255 cells and T cells expressing GD2 CAR and/or ADR. Unarmed GD2
CAR T cells were rejected by pre-engrafted recipient T cells, and mice developed early
relapses but also severe xenogeneic GVHD that required early euthanasia of all animals
(Supplementary Fig. 10). In contrast, a single administration of donor GD2 CAR.ADR T
cells resulted in long-term T-cell expansion and sustained eradication of neuroblastoma
(Supplementary Fig. 10).

Prevention of both graft-versus-host and host-versus-graft activities by combining ADR
with TCR deletion

To model an off-the-shelf T-cell product, we expressed CD19 CAR on TCR-edited T cells
and evaluated whether ADR expression would protect these cells from allogeneic rejection.
Co-transduction of TCRKO T cells with gammaretroviral vectors encoding CD19 CAR and
ADR resulted in >75% of cells co-expressing both chimeric receptors (Supplementary Fig.
11). TCR-edited CD19 CAR T cells alone controlled NALM6 leukemia, although in most
mice the cells became undetectable after 30 days, coinciding with late leukemia relapses in
some animals (Fig. 6f, g, i; green lines). As expected, the presence of allogeneic recipient T
cells curtailed the persistence and activity of unarmed TCRKC CD19 CAR T cells, resulting
in rapid relapses and shortened survival in 22 out of 23 mice (Fig. 6g-j; red lines). Arming
TCRKO CD19 CAR T cells with ADR significantly increased their expansion and
persistence in peripheral blood, while limiting the expansion of recipient T cells, eradicating
leukemia in 20 out of 21 animals (Fig. 6g-j; purple lines), and prolonging tumor-free
survival.

Discussion

We show that T cells armed with a 4-1BB specific alloimmune defense receptor selectively
target activated alloreactive T and NK cells and suppress immune rejection /n vitroand in
vivo. Similarly, CAR T cells co-expressing ADR resist immune rejection and retain potent
anti-tumor activity in mouse xenograft models of human hematological and solid
malignancies. These results support the development of off-the-shelf ADR.CAR T-cell
products resistant to host immune rejection.

Several strategies have been developed to limit immune recognition of engineered cell
products. Surface expression of chimeric receptors, particularly with non-human derived
(e.g., murine) sequences, was shown to elicit B-cell mediated responses in some patients that
promoted the generation of human anti-mouse antibodies?2:23, These B-cell responses can
be suppressed in patients receiving CAR-T cells targeting B-cell antigens, such as CD19.
Further “humanization” of chimeric receptors by grafting murine antigen-binding sequences
onto human framework regions or by using fully human-derived targeting moieties can
reduce xenogeneic B- and T-cell responses?4. However, preventing cellular rejection of
allogeneic, MHC-mismatched cells by host T and NK cells requires additional engineering
strategies.
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Disrupting the expression of MHC Class | alleles by knocking out the B2m gene, which is
required to stabilize the expression of all MHC class | molecules on the cell surface, is one
such strategy that has been widely evaluated in preclinical models’+18, This approach alone,
or in combination with targeting MHC Class 1l alleles, reduces T-cell recognition of
allogeneic cells but potentiates activation of NK cells through the multitude of activating
receptors not counteracted by inhibitory signals from MHC-sensing inhibitory molecules®®.

Due to the heterogeneity of NK-cell subsets expressing a broad repertoire of activating and
inhibitory receptors, designing a molecular system with a broad, pan-NK cell inhibitory
function can be difficult. For example, forced expression of HLA-E18:25 a non-classical
MHC class | molecule, was shown to inhibit NK cells by binding to NKG2A/B
receptors26-28, However, this approach would be effective only against a subset of NK cells
expressing the respective receptors and may also stimulate some NK cells via activating
receptor NKG2C26, Non-specific elimination of host lymphocytes by alemtuzumab can
suppress cellular rejection of the infused product but leads to severe immunosuppression and
requires additional genetic disruption of the gene encoding CD52, a target antigen of
alemtuzumab, to protect the adoptively transferred T cells®.

In contrast, ADR redirects cytotoxic therapeutic T cells to eliminate alloreactive T- and NK
cells in their transient activation state. Moreover, ADR T cells retain normal expression of
MHC, which may reduce NK-cell activation compared to MHC-deleted T cells. Because
activated B-cells22:30, follicular DCs®! and follicular helper T cells32 also express 4-1BB
transiently, future studies may evaluate whether 4-1BB ADR-armed T cells suppress
unwanted alloimmune B-cell responses specific to donor HLA or other allogeneic target
molecules.

While 4-1BB expression was not detected in non-lymphoid tissues, the molecule is reported
to be transiently upregulated upon activation on subsets of monocytes??, eosinophils33, and
mast cells3#, potentially exposing them to ADR T cells. These non-critical myeloid cells are
continuously replenished and therefore their transient depletion should be tolerable and
would contribute to suppressing alloimmune priming and dampen anti-donor cytotoxic
response. It is also possible that ADR activity may result in a temporary suppression of
productive systemic T-cell responses (e.g., tumor- or pathogen-specific). While we cannot
rule out this unwanted activity, the extent of suppression will likely be limited by the
following factors. First, some pathogen-specific memory cell subsets, such as effector
memory3° and tissue-resident memory36:37 T cells, do not require transitioning to an
activated state prior to exerting effector functions. Coculture of multivirus-specific T cells
(VST) with ADR T cells decreased VST counts in an ADR-T:VST cell ratio-dependent
manner but did not abrogate VST cytotoxicity against autologous lymphoblastoid cell lines
pulsed with viral peptides (Supplementary Fig. 12). Second, not all activated T cells may
stably upregulate 4-1BB, as evidenced by the presence of activated T cells resistant to ADR
cytotoxicity in our /n vitroand in vivo assays, as well as by the fact that ADR T cells have
very limited fratricide and eventually become resistant to self-directed killing. Third, while
cellular rejection requires co-localization of allogeneic cells and activated alloreactive
lymphocytes, pathogen-specific host T-cell responses may be spatially separated from ADR
T cells and would thus be spared. Indeed, clinical studies of CAR T cells specific to CD30
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— another marker upregulated on activated T cells — show no evidence of systemic
immunosuppression or increased frequency of infections38. Limitations of mouse models
used in this study did not allow fully investigating the effect of ADR T cells on concurrent
immune responses. Ultimately, safety and efficacy of ADR-expressing allogeneic effector
cells will be assessed in dose-escalation clinical studies with access to all mitigating
strategies to manage potential dose-limiting toxicities commonly occurring with other CAR
T-cell products.

We expected that expression of 4-1BB on activated ADR T cells would cause fratricide and,
indeed, we saw a transient reduction in numbers of ADR T cells upon coculture with target
cells /n vitroand in our in vivo models. However, this self-directed cytotoxicity was always
transient, with a fratricide-resistant population of functional ADR T cells expanding and
persisting. Activation-induced upregulation of 4-1BB on ADR T cells can be partially
masked from surrounding cells by binding ADR in c¢/son the cell surface. A similar
mechanism was recently demonstrated in CD19* B-cell leukemia expressing a CD19
CAR39. Such cisengagement of 4-1BB in ADR T cells may promote additional
costimulatory signaling in T cells to increase their proliferation and survival, as was shown
in other preclinical models#0-42, These processes likely contribute to emergence of a
fratricide-resistant population of ADR T cells.

Targeted elimination of pathogenic lymphocytes can be beneficial in certain autoimmune
conditions, solid organ rejection, and GvHD. The effect of targeting 4-1BB and other T-cell
activation markers using ADR T cells in those indications can be evaluated separately.

In conclusion, we developed a first-in-class alloimmune defense receptor targeting 4-1BB
for selective elimination of the pathogenic T and NK cells that mediate cellular rejection of
allogeneic therapeutic T cells. This chimeric receptor may prolong the persistence and
antitumor function of off-the-shelf T cells in non-immunocompromised patients without
ablating the lymphocyte compartment. Overall, our approach provides a simple yet effective
alternative to other methods of cell engineering directed at reducing recognition of
therapeutic cells by host cellular immunity.

Ligand-binding fragment of human 4-1BBL was PCR-amplified from human cDNA library
and fused with a backbone containing a custom spacer, transmembrane region and CD3z
domain covalently linked with mEmerald*3 using InFusion cloning (Takara Bio) and verified
using Sanger sequencing. Amino acid sequence of the 4-1BBL-based ADR binder is
indicated in Supplementary Fig. 13. The AADR construct was cloned by removing
intracellular domains of the full-length ADR using InFusion cloning. A second-generation
CD19.BBz CAR, consisting of a CD19-specific scFv (FMC63), 1gG hinge, CD28
transmembrane domain, a 4-1BB costimulatory domain, and a CD3( chain, was previously
developed and evaluated in the lab. The second-generation GD2.BBz CAR, consisting of a
GD2-specific scFv (14g2a), CD8a spacer and transmembrane domain, a 4-1BB intracellular
signaling domain, and a CD3( chain, is a gift from the laboratory of Dr. Cliona M Rooney.
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Cells and culture conditions

CHLAZ255 cell line expressing GFP and firefly luciferase (GHLA255-GFP.FFluc) is a gift
from Dr. Leonid Metelitsa and was engineered using CRISPR/Cas9 to knock out the 2m
gene. K562 cell line expressing costimulatory ligands (K562-CS) and lymphoblastoid cell
lines (LCLs) were a gift from the laboratory of Dr. Cliona M Rooney. NALM6 cell line
expressing GFP and firefly luciferase (a gift from Dr. S Gottschalk) was engineered using
CRISPR/Cas9 to knock out the f2m gene. K562 expressing OKT3 scFv (K562.0KT3) was
previously generated in the laboratory. Other cell lines were obtained from ATCC. All cell
lines were maintained in culture conditions recommended by ATCC. All cell lines have been
routinely tested for mycoplasma.

Peripheral blood mononuclear cells (PBMC) were isolated from healthy donors’ peripheral
blood using Lymphoprep (Axis-Shield PoC AS) after informed consent on protocol
(H-15152) approved by the Institutional Review Board at the Baylor College of Medicine,
and conducted in accordance with the Declaration of Helsinki, the Belmont Report, and U.S.
Common Rule. Both male and female donors (age range 20-40) were recruited.

To obtain activated T cells, isolated PBMC were plated in 24-well non-tissue culture-treated
plates coated with OKT3 (1 mg/mL; Ortho Biotech) and NA/LE anti-human CD28
antibodies (1 mg/mL; BD Pharmingen) at a density of 1 x 108 cells per well. Primary human
T cells were cultured in complete CTL medium containing 45% RPMI-1640 media
(Hyclone Laboratories), 45% Click’s medium (Irvine Scientific), 10% heat-inactivated FBS
(Hyclone Laboratories), 100U/mL Pen Strep (Gibco by Life Technologies), and 2 mmol/
glutaMAX (Gibco by Life Technologies) supplemented with recombinant human IL-7 (10
ng/mL) and IL-15 (10 ng/mL).

Multivirus-specific T cells (VST)

To generate VST, human PBMC were plated in complete CTL medium with the following
viral peptide mixtures (pepmix) at 1 ng/uL (10 ng per pepmix per 108 PBMC): Hexon,
Penton, pp65, IE-1, EBNA-1, LMP1, and LMP2. The cells were cultured for 9 days before
secondary stimulation. For secondary stimulation, cells were mixed with irradiated
autologous activated T cells pulsed with viral pepmix (30 Gy) and irradiated K562-CS (100
Gy) at a cellular ratio of 1:1:3. On day 7 after secondary stimulation, cells were used for
downstream experiments.

For tri-cultures of VST, LCLs and ADR T cells, VST were labeled with Cell Proliferation
Dye eFluor™ 450 (1 uM; Invitrogen). LCLs were first incubated with the above 7-peptide
mixture (10 ng per pepmix per 108 LCLs) for 1 hour in the incubator and then labeled with
Cell Proliferation Dye eFluor™ 670 (1 uM; Invitrogen). At each time point, cells were
harvested, and the remaining cell counts were quantified by flow cytometry using
CountBright™ Absolute Counting Beads (Invitrogen).

Generation of gammaretroviral vectors and T-cell transduction

Retroviral supernatant was made from 293T cells as previously described®4.
Gammaretroviral supernatant was added to 24-well non-tissue culture-treated plates
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precoated with retronectin (Takara Bio Inc.). Co-transduction of CAR and ADR were
performed by mixing respective viral supernatants at a 1:1 volume in retronectin-coated
wells. The plates were spun down at 4,000 x g for an hour. OKT3/aCD28-activated T cells
(0.1-0.2 x 108/mL; day 2-3 after activation) resuspended in 2 mL of complete CTL medium
were added to each well and centrifuged at 1000 x g for 10 minutes. Transduced cells were
transferred to and maintained in tissue culture-treated plates or flasks with regular media
change and passaging every 2-3 days.

T-cell expansion assay

T cells were transduced on day 3 post initial activation at 0.2 x 106 per well and manually
counted on day 7 and 14 using Trypan blue.

Flow cytometry

The following antibodies (clone name, catalog number) and dyes were used in this study.
From BD Biosciences: APC-CD107a (clone H4A3, cat# 560664); FITC-HLAA2 (clone
BB7.2, cat# 551285); FITC-HLAABC (clone G46-2.6, cat# 555552); PE-HLAABC (clone
G46-2.6, cat# 555553); PerCP-CD8 (clone SK1, cat# 347314); PE-Cy7-CD19 (clone
SJ25C1, cat# 557835); PE-4-1BB (clone 4B4-1, cat# 555956); FITC-TCRa/p (clone WT31,
cat# 340883); PE-Cy7-CD4 (clone L200, cat# 560644); PerCP-CD4 (clone SK3, cat#
347324); PE-CD3 (clone SK7, cat# 347347); VV450-granzyme B (clone GB11, cat# 561151);
PE-Annexin V (cat# 556421); 7-AAD (cat# 559925); Fixable Viability Stain 700 (cat#
564997). From BioLegend: Pacific Blue-HLAAZ2 (clone BB7.2, cat# 343312); APC-4-1BB
(clone 4B4-1, cat# 309809); LEAF™ Purified anti-human CD178 (clone NOK-1, cat#
306409); PE-Cy7-NGFR (clone ME20.4, cat# 345110). From Beckman Coulter: PC5.5-
CD56 (clone N901, cat# A79388); PC5.5-CD3 (clone UCHT1, cat# A66327); APC-CD3
(clone UCHTL, cat# IM2467U); APC-A750-CD3 (clone UCHTY, cat# A66329); APC-
CD45 (clone J33, cat# IM2473U); APC-CD19 (clone J3-119, cat# IM2470U); PB-CD4
(clone 13B8.2, cat# A82789); PB-CD8 (clone B9.11, cat# A82791); KrO-CD4 (clone
13B8.2, cat# A96417); KrO-CD8 (clone B9.11, cat# B00067). From Invitrogen: Cell
Proliferation Dye eFluor™ 670 (cat# 65-0840-90); Cell Proliferation Dye eFluor™ 450
(cat# 65-0842-85); CellTrace™ CFSE dye (cat# C34554).

For detection of ADR on cell surface, an Alexa Fluor 647 AffiniPure Goat Anti-Human IgG,
Fcy fragment specific antibody was used (Jackson ImmunoResearch, cat# 109-605-098).
Samples were acquired on either Canto 11 (BD Biosciences) or Gallios (Beckman Coulter)
flow cytometer and analyzed using FlowJo 10 software (FlowJo LLC).

Cytotoxicity assays

T cells were cocultured with target cells at the specified E:T ratios in 200 pL complete CTL
medium in the absence of cytokines, in flat-bottom 96-well plates. To generate activated T-
cell targets, PBMC were activated by plate-bound OKT3 (1 mg/mL) and aCD28 (1 mg/mL)
antibodies for 48 hours and then used for coculture. To assess the effect of ADR T cells on
resting T cells, resting PBMC were used for coculture and target counts were adjusted
according to the frequency of CD3* cells for each donor. For NK-cell cocultures, resting NK
cells were isolated from fresh PBMC using CD56 MicroBeads enrichment and MS columns
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(Miltenyi Biotech). In coculture experiments with activated NK cells, effector T cells,
freshly isolated resting NK cells, and K562 cell line were mixed at a 1:1:1 cellular ratio. In
some experiments, target cells were labeled with Cell Proliferation Dye eFluor™ 670 (1-2
UM; Invitrogen). At each time point, cells were harvested and further stained for cell surface
markers to distinguish effector and target populations using flow cytometry. The remaining
target cell counts were quantified by flow cytometry using CountBright™ Absolute
Counting Beads (Invitrogen).

Degranulation assay

Allogeneic T cells (targets) were activated by plate-bound OKT3 (1 mg/mL) and aCD28 (1
mg/mL) antibodies for 48 hours and then cocultured with effector T cells at a 1:1 effector-to-
target ratio (0.2 x 10° cells each) in 200 uL media in the presence of monensin (BD
GolgiStop, BD Biosciences) and CD107a-APC antibody for 4 hours. Prior to coculture
setup, apoptotic cells were removed using the dead-cell removal kit (Miltenyi Biotech)
following manufacturer’s instruction. After incubation, cells were first stained with Fixable
Viability Stain 700 and other T-cell surface markers, then fixed and permeabilized using the
Cytofix/Cytoperm Fixation/Permeabilization Solution Kit according to manufacturer’s
instruction (BD Biosciences) and stained for intracellular granzyme B expression before
analyzed using a flow cytometer.

Blocking assays

Under normal killing conditions, target allogeneic T cells were activated by plate-bound
OKT3 (1 mg/mL) and aCD28 (1 mg/mL) antibodies for 48 hours and cocultured with
effector T cells at E:T =5:1 in 200 uL CTL medium for 4 hours. Blockade of specific
pathways were achieved by adding chemicals and blocking antibody as previously
described*4. Prior to coculture setup, apoptotic cells were removed using the dead-cell
removal kit (Miltenyi Biotech) following manufacturer’s instruction. After incubation, cells
were stained with T-cell surface markers, as well as 7-AAD and Annexin V as per
manufacturer’s instruction and analyzed by flow cytometry.

Tissue microarray staining and evaluation

Tissue microarray slides were purchased from USBiolab (FDA999-1) and Cooperative
Human Tissue Network (CHTN_NORMZ2) and stained with H&E and by
immunohistochemistry (IHC) by Baylor College of Medicine Pathology & Histology Core
according to their standard operating procedures. The primary 4-1BB antibody for IHC
(ThermoFisher, clone BBK-2, cat# MS-621-P0) was used at a 1:100 dilution. The slides
were then evaluated blind by a board-certified anatomic pathologist for immunoreactivity to
4-1BB and compared with the corresponding tissue slices stained by H&E. Images of the
H&E and 4-1BB stained slides were taken at a magnification of 100X.

Gene knockout in T cells and cell lines

A single-guide RNA (sgRNA) specific for CD3e (target sequence:
CACTCACTGGAGAGTTCT) was designed using CRISPRscan and COSMID algorithms.
The sgRNA for 2m is a gift from the laboratory of Dr. Cliona M Rooney. SQRNAs were
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generated and gene knockout was performed as previously described®>. For single-gene
knockout, we delivered the sgRNA (0.6 pg for CD3e; 1ug for f2m) together with 1 ug of
Cas9 protein (Invitrogen) into 0.2-0.25 x 10° cells by using the Neon Transfection System
(Thermo Fisher Scientific) in 10 pL of buffer R. For double-gene knockout, we delivered
equal amount (0.375ug each) of CD3e and $2m sgRNAs, together with 1 ug of Cas9 protein
into 0.25x108 T cells in 10 pL of buffer R. For electroporation of T cells and CHLA255-
GFP.FFluc, three 1600-V 10-ms pulses were used. For NALM6-GFP.FFluc electroporation,
we used three 1410-V 10-ms pulses or one 1350-V 30-ms pulse. Both protocols resulted in >
70% target-gene knockout. Following electroporation, cells were cultured in antibiotic-free
media supplemented with 20% FBS for 2-3 days. Cells were then expanded in normal
media.

For some applications, cells were sorted using either fluorescent or magnetic based methods.
Following p2m gene knockout, CHLA255-GFP.FFluc and NALMG6-GFP.FFluc cell lines
were stained with PE-HLAABC antibody at 2 pl antibody per 106 cells and the GFPhi PE~
population were sort-purified using a SONY Cell Sorter SH800S. TCRKXO T cells were
labeled by human CD3 MicroBeads and then passed through LD columns as per
manufacturer’s instruction (Miltenyi Biotech). p2m and TCR double-knockout T cells were
first co-stained by PE-HLAABC and PE-CD3 antibodies followed by anti-PE MicroBeads,
and then passed through LD columns according to manufacturer’s instruction (Miltenyi
Biotech). Sorting efficiency routinely exceeded 99%.

Mixed lymphocyte reaction (MLR)

Donor T cells were cocultured with freshly isolated recipient PBMC or NK cells at the
specified E:T ratios in 200 pL RPMI media supplemented with 10% FBS in flat bottom 96-
well plates. NK cells were removed from PBMC using human CD56 MicroBeads and LD
columns as per manufacturer’s instruction (Miltenyi Biotech). Purity routinely exceeded
99%. To isolate NK cells from PBMC, the EasySep™ Human NK Cell Isolation Kit
(Stemcell Technologies) was used following manufacturer’s instructions. In some
experiments, NK cells were obtained by positive enrichment with human CD56 MicroBeads
(Miltenyi Biotech). Purity of isolated NK cells was 95-99%. To generate primed alloreactive
T cells, PBMC from recipients were irradiated at 30 Gy and mixed with fresh donor PBMC
at 1:1 in CTL medium supplemented with 20 U/mL recombinant human IL-2. Media was
changed to pure CTL medium without cytokine after 4 days. One week later, T cells were
isolated using human CD3 MicroBeads and MS columns as per manufacturer’s instruction
(Miltenyi Biotech). Purity routinely exceeded 99%.

For MLR assays with PBMC, cells were supplemented on day 0 with 20 U/mL recombinant
human IL-2. On day 4, media were changed to fresh RPMI + 10% FBS without cytokine.
Media was then changed every 2-3 days (without cytokine). At each time point, cells from
one well were collected and stained with anti-human CD3, HLA-ABC, HLA-A2, CD56,
CD4, and CD8 antibodies to distinguish effector and target populations for flow cytometry.
Cell counts were quantified by flow cytometry using CountBright™ Absolute Counting
Beads (Invitrogen).

Nat Biotechnol. Author manuscript; available in PMC 2021 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mo et al. Page 13

Mouse strains and study approval

Breeder pairs of NOD.Cg-Prkadcsc@ 1/2rg™mIWil/Szjmice (NSG, Stock No. 005557) and
NOD.Cg-PrkdcScid H2-Ap1eMMW 1o K 1im1Bpe pyo_pyimiBpe j[oppdmIWiSz ) mice (NSG
(MHC"!) Stock No. 025216) were purchased from The Jackson Laboratory and bred in
Baylor College of Medicine animal facility. Both female and male littermates (8 to 12-week-
old) were used for experiments. All animal experiments were conducted in compliance with
the Baylor College of Medicine IACUC (Protocol #AN-4758).

In vivo T cell-mediated rejection model

NSG mice were irradiated at 1.2 Gy on day —1, and on the following day received 7 x 106 /n
vitro expanded human T cells (day 8-10 post initial OKT3/aCD28 stimulation) from an
HLA-A2" recipient. Four days later, mice received 2 x 10° non-transduced or ADR-
expressing T cells from an HLA-A2~ donor intravenously. To track expansion of donor and
recipient T cells /n vivo, 50 pL of peripheral blood was obtained by tail-vein bleeding at
specified time points. After red blood cell lysis, samples were stained with anti-human
CD45, CD3, and HLA-A2 antibodies for flow cytometry analysis.

For re-challenge experiments, /n vitro expanded human T cells from both A2* and A2~
donors were mixed at a 1:1 ratio, labeled with CFSE dye (Invitrogen) and intravenously
injected into mice at 4 x 106 total cells per mouse. Forty-eight hours later, mice were
euthanized, blood and spleen were collected post-mortem. Blood and splenocytes were then
treated with ACK lysis buffer and stained with anti-human CD45, CD3, and HLA-A2
antibodies for flow cytometry analysis.

To evaluate residual alloreactivity of recipient T cells following ADR T-cell administration,
HLA-A2" recipient T cells were isolated >80 days after injection from spleens of mice using
Lymphoprep (Axis-Shield PoC AS) followed by magnetic based enrichment (Miltenyi
Biotech). Purified cells were >95% HLA-A2* and were cocultured with a 1:1 mix of
eFluor670 dye (Invitrogen) labeled TCRKO T cells from both donor and recipient. As a
control, purified T cells were cocultured with K562.0KT3 cells for 72 hours at E:T=2:1 for
72 hours and residual target cell counts were quantified by flow cytometry using
CountBright™ Absolute Counting Beads (Invitrogen).

In vivo PBMC-mediated rejection model

NSG (MHCKO) mice were irradiated at 1.2 Gy on day -1, and then received intravenously 5
x 100 freshly isolated PBMC from an HLA-A2* recipient on day 0; Four days later, 5 x 10°
non-transduced or ADR-expressing T cells from an HLA-A2™ donor were administered
intravenously. To track expansion of both infused populations /n vivo, 50 uL of peripheral
blood was obtained by tail-vein bleeding at specified time points. After red blood cell lysis,
samples were stained with anti-human CD45, CD3, and HLA-A2 antibodies for flow
cytometry analysis.

Xenograft neuroblastoma model

NSG mice were irradiated at 1.2 Gy and received intravenously 7 x 10° /n vitro expanded
human T cells (day 8-10 post initial OKT3/aCD28 stimulation) from an HLA-A2" recipient
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on the following day. Twenty-four hours later, 1 x 108 CHLA255-GFP.FFluc (B2mKC) were
injected intravenously, followed by 1 x 10 non-transduced or ADR/CAR-expressing T cells
generated from an HLA-A2~ donor three days later. T-cell expansion was monitored by
blood analysis as described above. Tumor progression was measured by injecting mice
intraperitoneally with 100 puL D-luciferin (30 mg/mL, PerkinElmer Inc.) followed by
bioluminescence imaging using an IVIS Lumina Il imaging system and analyzed by Living
Image 4.5 software (Caliper Life Sciences). Mice were euthanized when developed signs of
excessive tumor burden or when weight loss exceeded 20% of baseline.

Xenograft B-cell leukemia model

NSG mice were irradiated at 0.8 Gy or 1.2 Gy, where indicated, and received intravenously
7 x 10% jn vitro expanded human T cells (day 8-10 post initial OKT3/a.CD28 stimulation)
from an HLA-A2" recipient on the following day; Twenty-four hours later, 1 x 108 NALM6-
GFP.FFluc (B2mXO) were injected intravenously, followed by 2 x 10° (wildtype) or 3 x 10°
(TCRKO) non-transduced or ADR/CAR-expressing T cells generated from an HLA-A2~
donor three days later. T-cell expansion and tumor progression was monitored as described
above. Mice were euthanized when developed signs of excessive tumor burden or when
weight loss exceeded 20% of baseline.

In vivo ADR T-cell persistence model

NSG mice were irradiated at 1.2 Gy on day —1 and received 7 x 10° jn vitro expanded
human T cells (day 8-10 post initial OKT3/a.CD28 stimulation) from an HLA-A2* recipient
on the following day. Four days later, mice received 2 x 108 ADR-expressing T cells from
an HLA-A2~ donor intravenously. To track expansion of both infused populations /n vivo,
50 pL of peripheral blood was obtained by tail-vein bleeding at specified time points. After
red blood cell lysis, samples were stained with anti-human CD45, CD3, and HLA-A2
antibodies for flow cytometry analysis.

In vivo CAR.ADR T-cell persistence model

Statistics

NSG (MHCKO) mice were irradiated at 1.2 Gy on day —1, and then received intravenously 3
x 108 FFluc labeled TCRKO CD19 CAR T cells or CD19 CAR.ADR T cells on day 5. At
specified time points, T-cell expansion was measured by injecting mice intraperitoneally
with 100 pL D-luciferin (30 mg/mL, PerkinElmer Inc.) followed by bioluminescence
imaging using an IVIS Lumina Il imaging system and analyzed by Living Image 4.5
software (Caliper Life Sciences).

Statistical significance involving two groups was determined by either paired #test (when
control and experimental T cells were generated from the same set of PBMC donors) or
unpaired Student’s t test (when T cells in two groups were not entirely donor-matched). For
comparisons in time courses or among 3 groups or more, ANOVA followed by multiple
comparisons were used and adjusted p values were calculated using Tukey’s or Sidak’s
correction, where indicated. Statistical significance in Kaplan-Meier survival curves was
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assessed by the Mantel-Cox log-rank test. All pvalues were calculated using Prism 6
software (GraphPad). Error bars show SD in all graphs.

Data availability

All data generated for this manuscript will be made available upon reasonable request to the
corresponding author.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 4-1BB-specific ADR T cells selectively eliminate activated T and NK cellsin vitro.
a, Schematic of the ADR structure. TM, transmembrane domain. b, ADR expression on the

surface of primary human T cells (ADR T, blue). Non-transduced T cells were used as
control (Ctrl, grey). Data are representative of >50 independent experiments with 12
different donors. ¢, Counts of activated human T cells following mock transduction (Ctrl T)
or gammaretroviral transduction with CD19 CAR or ADR (n=6). P value for the comparison
of Ctrl T and ADR T group on day 14 was shown and was calculated by one-way ANOVA
with Holm correction for multiple comparisons. d-f, Non-transduced (Ctrl) or ADR T cells
were cocultured with 4-1BB~ cell line NALM6 (d, left), 4-1BB* cell line HDLM2 (d, right),
autologous resting T cells (e, left), pre-activated T cells (e, right), resting NK cells (f, left),
or pre-activated NK cells (f, right) at a 1:1 effector-to-target ratio for 24 hours. Residual
target cells were quantified by flow cytometry and normalized to the target-only condition.
In d-f, data denote mean+SD with individual data points obtained from different donors
shown on each graph. Pvalues were determined by two-tailed paired #test.

Nat Biotechnol. Author manuscript; available in PMC 2021 February 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mo et al.

Page 19

a b c Ko d i -
Total PBMC (b-d) Day 0 Day 9 Donor TCR¥® T cells Recipient T cells Recipient NK cells
Do Recioi _ 200000 p<0.0001 _ 60000+ p<0.0001 o CiT  P0.0001
nor ecipient Ctrl T ADR T Ctrl T ADR T 3 = e
Ctrl/ADRT £ 100000 - CtiT 2 - CtlT 10000 ADRT
aﬁxl(/iz_ %1 101 1051 1059 i = ADRT 240000_ = ADRT —l p<0.0001
- w0ty | 0 . 0* - - / iy
gy AN g M o @ 54 S 15000 5 [/ P<0.0007 540, ;
v S al "1 ® = 8 10000- \ 8 200004~ / -
° 5 2 8 e R 4
o 0l @ o =2 g 5000- g g‘g___l—__. \g:
T = o -y
Al T et et —— —T—T +—T—T— T
0 3 6 9 12 3 6 9 12 0 3 6 9 12
Days post MLR setup Days post MLR setup Days post MLR setup
f g h
NK deplsted Donor TCRKO T cells Recipient T cells
PBM(C (f-h) Day 0 Day 9
Donor Reciplant ctri T ADR T Ctrl T ADR T s B o g p=0:0001
Tl 4 = - Ctrl T °©
Ctrl/ADRT PBMC il o | g - ADRT H - Ctrl T p<0.0001
HLA-A2 NKdepleted — * 1 ! % 100000- 1000001 = ADRT
TCRXO HLA-A2- w0y 9 ' i & £ £ i
%’ 00’ ¢ 10 e 10°7 e 01 5 5 /
. 3 8" 1 & i 12 g 15000 8 50000 /
1:10 O, @HUTH| o1 @H% = 10000 \L = % 4
_ i ] 2,
N | T we Trwae S o sod .,
HLA-A2 0 3 6 & 12 0 3 6 9 12
Days post MLR setup Days post MLR setup
i o k |
Purified alloreactive Donor TCRKC T cells Recipient alloreactive T cells
T cells (j) Day 0 Day 2 0=0.03
Donor  Recipient ctrl T ADR T ctrl T ADR T < 20000 . 5 400007 p<0.0001
2 [
Ctrl/ADRT  Alloreactive ] H 3 .1
HLA-A2- T cells 2 5 15000 5 30000
Ko A2+ i ! ] ; i o
TeR hicaz ol D | &= ’ ! y £ 10000 € 20000{ | °®
a ¥ 5 o o
@‘ 1:1,'0 o <} L o1 o 3 . .
g Ak s i 58 = 5000 = 10000
piig e e S e e 3 o S I—'_I.'—l
(oo HLA-A2 v T
s ctlT  ADRT ctiT  ADRT

Figure 2. ADR protects T cellsfrom T-cell mediated rejection in vitro.
a, Schematic of model setup for b-d. Non-transduced (Ctrl) or ADR-transduced donor

TCRKO HLA-A2* T cells were mixed with mismatched recipient’s whole PBMC at a 1:10
cell ratio. b, Representative flow plots showing total frequency of donor T cells on day 0 and
day 9 of coculture. c-d, Absolute counts of donor T cells (c), recipient T cells (d, left) and
recipient NK cells (d, right) during coculture. e, Schematic of model setup for f-h. Donor
TCRKXO T cells and recipient NK-depleted PBMC were mixed at a 1:10 cell ratio. Non-
transduced TCRKO T cells were used as control (Ctrl T). f, Representative flow plots
showing percentage of CD3~ HLA-A2* donor T cells within total alive cells on day 0 and
day 9 after coculture setup. g-h, Absolute cell counts of CD3~ HLA-A2* donor TCRKO T
cells (g) and recipient CD3* HLA-A2~ T cells (h) at specified days after coculture setup. i,
Schematic of model setup for j-I. Donor TCRKO T cells were mixed with primed recipient
alloreactive T cells at a 1:1 ratio. j, Representative flow plots showing percentage of donor T
cells on day 0 and day 2 of coculture. k-1, Absolute cell counts of donor T cells (k), recipient
alloreactive T cells (I) on day 2 of coculture. All data denote mean+SD. In a-h, 6 unique
donor-recipient pairs were used. Pvalues were determined by two-way ANOVA with Sidak
correction for multiple comparisons, non-significant (©>0.05) values are not shown. In k-1,
each dot represents a unique donor-recipient pair, and p values were determined by a two-
tailed paired Student’s ftest.
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Figure 3. ADR protects T cellsfrom NK-cell mediated rejection in vitro.
a, Schematic of model setup for b-d. Donor TCRXOB2mKO T cells and recipient whole

PBMC were mixed at a 1:5 ratio. b, Representative flow plots showing percentage of donor
T cells on day 0 and day 6 of coculture setup. c-d, Absolute cell counts of HLA-ABC~
donor T cells (c), recipient HLA-ABC* T cells (d, left) and recipient CD56" HLA-ABC*
NK cells (d, right) during coculture. e, Schematic of model setup for f-h. Donor
TCRKOB2mMKO T cells were mixed with freshly isolated recipient NK cells at a 1:1 ratio. f,
Representative flow plots showing total frequency of donor T cells on day 0 and day 2 of
coculture. g-h, Absolute cell counts of donor T cells (g) and recipient NK cells (h) on day 3
of coculture. All data denote mean£SD. In c-d, 5 unique donor-recipient pairs were used. P
values were determined by two-way ANOVA with Sidak correction for multiple
comparisons and non-significant (¢>0.05) values are not shown. In g-h, each dot represents
a unique donor-recipient pair, and p values were determined by two-tailed paired #test.
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Figure4. ADR T cellsare protected from allogeneic rejection in vivo.
a, Schematic of model setup for b-d (Ctrl, n=5; ADR, n=7). RTC, recipient T cells. b,

Representative flow plots showing frequencies of donor HLA-A2™ Ctrl or ADR T cells in
peripheral blood of mice on days 6 and 18. c-d, Frequencies of donor HLA-A2™ T cells (c)
and recipient HLA-A2" T cells (d) at specified time points. e, Isolated recipient T cells from
mice that had previously received ADR T cells were cocultured with a 1:1 mix of donor and
recipient TCRKO T cells at a 2:1 effector-to-target ratio for 72 hours. The donor:recipient
cell ratio was assessed at indicated times during coculture. Recipient T cells primed /n vitro
against irradiated donor cells were used as a positive control (Pos Ctrl) and a mix of targets
alone as a negative control (Neg Ctrl). f, Schematic of model setup for g-I, (Ctrl, n=4; ADR,
n=5). g, Representative flow plots showing percentage of donor Ctrl or ADR T cells in
peripheral blood on day 6 and 14. h-i, Frequencies of donor HLA-A2~ Ctrl or ADR T cells
(h) and HLA-A2* recipient PBMC (i) at specified time points. TBI, total body irradiation. In
c-d and h-i, data are mean+SD. Pvalues were determined via two-way ANOVA with Sidak
correction for multiple comparisons, non-significant (£>0.05) values are not shown.
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Figure5. T cellsco-expressing ADR and CAR retain function of both receptorsin vitro.
a, Left, schematic of a CAR.ADR T cell and its respective targets. Right, representative flow

plot showing co-expression of a second-generation CAR and ADR on T cell surface (purple)
compared to non-transduced control (Ctrl) T cells (grey). Data are representative of >20
independent experiments with 8 individual donors. b, T cells expressing either CD19 CAR
or ADR alone or co-expressing both receptors were cocultured with NALM6-GFP (2mKO)
leukemia cells (b) or autologous activated T cells (c) at a 1:2 cell ratio for 48 hours. Residual
counts of live target cells were quantified by flow cytometry at the end of coculture and
normalized to target-only condition. d, T cells expressing either or both CAR and ADR were
cocultured with a 1:1 mix of NALM6-GFP (2mKO) cells and autologous activated T cells
for 48 hours. Residual normalized counts of target cells are plotted. Data from 7 individual
donors are shown. All data denote meanSD. P values were determined by one-way
ANOVA with Tukey (b-c) or Holm-Sidak (d) correction for multiple comparisons.
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Figure 6. CD19 CAR T cells co-expressing ADR resist alloimmunerejection in vivo and retain

potent anti-tumor function.

a, Schematic of the mouse model. All cell injections were performed intravenously. b-c,
Frequencies of HLA-A2~ donor CAR T cells (b) and HLA-A2* recipient T cells (RTC) (c)
in peripheral blood after tumor injection. CAR T alone, CD19 CAR T cells were given to
leukemia-bearing mice without pre-engrafted recipient T cells d, Leukemia progression
measured using VIS imaging at specified time points. Individual lines denote data obtained
from each animal. Open circles denote mice receiving 0.8Gy TBI while solid circles denote
mice receiving 1.2Gy TBI on day -2. e, Kaplan-Meier curve showing overall animal
survival in each experimental group. f, Schematic of the mouse model for g-j. g-h,
Frequencies of donor HLA-A2~ CAR T cells (g) and HLA-A2* recipient T cells (RTC) (h)
in peripheral blood cells of individual animals. i, Tumor bioluminescence signals measured
at specified time points. j, Kaplan-Meier curve showing survival of mice in each
experimental group. P values were determined by two-sided log-rank test.
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