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SUMMARY

Immune rejection of allogeneic cell therapeutics remains a major problem for immuno-oncology and regen-
erative medicine. Allogeneic cell products so far have inferior persistence and efficacy when compared with
autologous alternatives. Engineering of hypoimmune cells may greatly improve their therapeutic benefit. We
present a new class of agonistic immune checkpoint engagers that protect human leukocyte antigen (HLA)-
depleted induced pluripotent stem cell-derived endothelial cells (iECs) from innate immune cells. Engagers
with agonistic functionality to their inhibitory receptors TIM3 and SIRPa effectively protect engineered
iECs from natural killer (NK) cell and macrophage killing. The SIRPa engager can be combined with truncated
CD64 to generate fully immune evasive iECs capable of escaping allogeneic cellular and immunoglobulin G
(IgG) antibody-mediated rejection. Synthetic immune checkpoint engagers have high target specificity and
lack retrograde signaling in the engineered cells. This modular design allows for the exploitation of more
inhibitory immune pathways for immune evasion and could contribute to the advancement of allogeneic

cell therapeutics.

INTRODUCTION

One of the most demanding challenges remaining for the field of
regenerative medicine is the protection of allogeneic stem cell-
derived therapeutics from immune rejection.” Hypoimmune
induced pluripotent stem cell (iPSC)-derived pancreatic beta
cells for the treatment of type 1 diabetes mellitus are currently
being developed and initial proof of concept has been estab-
lished.”® Also, after initial success of autologous chimeric anti-
gen receptor (CAR) T cells for the treatment of hematologic
CD19" cancers, next-generation allogeneic immune therapeu-
tics are currently being developed.*” For regenerative and im-
mune-oncology products, gene-engineered immune evasion
could make cell therapeutics fully resistant to immune rejection,
thus turning them into universal off-the-shelf products at lower
cost for larger patient populations.

The development of iPSC differentiation protocols for cell ther-
apeutics markedly facilitates large-scale manufacturing of well-
defined and quality-controlled products. To prevent T cell-medi-
ated allograft rejection, several groups have successfully
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depleted cells of human leukocyte antigen (HLA) class | and I
molecules.”® ' In line with the “missing self” theory, this strat-
egy requires additional immune edits to silence innate immune
cells, which naturally attack cells not expressing HLA class I.
Innate immune cells have several inhibitory pathways that can
be exploited to inhibit the killing of HLA class I-deficient cells.
Overexpression of cognate ligands for such inhibitory receptors
has been described for CD47,° HLA-E,"" HLA-G,"? and HLA-C."®
Additionally, the knockout (KO) of PVR, a concomitantly ex-
pressed ligand for the activating receptor DNAM-1, was shown
to contribute to reducing natural killer (NK) cell cytotoxicity.®
However, the expression of full-size proteins may induce un-
wanted retrograde signaling in the engineered cells with pertur-
bations of their physiology or may alter the differentiation poten-
tial of engineered iPSCs. Immune edits for the purpose of
generating hypoimmune cells should ideally only have out-
ward-facing immune inhibitory efficacy without retrograde intra-
cellular signaling. Also, most natural ligands lack specificity for
their inhibitory immune cell receptors and have additional bind-
ing partners or functions, which could obscure their net efficacy.
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Figure 1. Synthetic immune cell checkpoint engagers
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(A) The use of the immune cell receptors LILRB1, LILRB3, TIM3, PD-1, and SIRP« for the protection of cell therapeutics against innate immune cell killing comes

with different challenges related to their natural ligands.

(B and C) The expression of LILRB1, LILRB3, TIM3, PD-1, and SIRPa on primary human NK cells and macrophages is shown (representative flow cytometry
histograms, B; mean + SD, n = 5, C). The percentage of positive cells is presented.

(D) Synthetic immune cell checkpoint engagers with agonistic function were designed for LILRB1, LILRB3, TIM3, PD-1, and SIRPa. All engagers have specific
binding domains for the immune cell receptors, are membrane-bound, and lack intracellular domains.

Additional edits need to be added to protect cell therapeutics
from cytotoxic immunoglobulin G (IgG) antibodies, and two
different approaches have recently been presented.'*'> We
herein describe the engineering of a new class of highly specific
synthetic immune cell checkpoint engagers and their use for the
engineering of completely immune-protected cell therapeutics.

RESULTS

Designing synthetic immune cell checkpoint engagers

Inhibitory innate immune cell receptors include LILRB1, LILRB3,
TIM3, PD-1, and SIRPa'®"" (Figure 1A). LILRB1 is broadly ex-
pressed by myeloid cells and a subset of NK cells'® and binds to
HLA class | proteins, with the highest affinity for HLA-G."® On
HLA class | and Il KO (double KO [DKO]) hypoimmune cells,
LILRB1 has no ligand, and this pathway remains unused for addi-
tional inhibitory immune signals. LILRBS is restrictively expressed
on myeloid cells, and like LILRB1, it belongs to the immunorecep-
tor tyrosine-based inhibitory motif (ITIM)-containing LILRB fam-
ily.?° Since no LILRB3 ligand has yet been identified, this pathway
has not been used for hypoimmune editing. TIM3 is constitutively
expressed by all mature NK cells and is also found on myeloid

cells.?! Although it has no characteristic inhibitory signaling motifs
in its cytoplasmic domain, TIM3 has been shown to form hetero-
dimers with CEACAM1, which contains conical ITIMs.?? Numerous
ligands have been proposed for TIM3, including galectin-9, phos-
phatidylserine, HMGB1, and CEACAM1, and although it is widely
regarded as an inhibitory receptor, under some circumstances
TIM3 may serve as an activating receptor.?®> Uncertainty around
its ligands and their unresolved contrasting functional behaviors
have so far prevented the utilization of the TIM3 pathway for im-
mune editing. PD-1 has been extensively studied in T cells, and
overexpression of its ligand PD-L1 on human islet-like organoid
xenografts protected them from rejection in immune-competent
diabetic mice.?* However, PD-1 is not frequently expressed at
relevant levels on NK cells,*° and its use for inhibiting innate im-
mune cells is questionable. CD47 is a complex molecule that binds
to SIRPa in cis and trans interactions and has thrombospondin as
additional binding partner. It further engages in lateral interactions
with other signaling receptors, and several of these interactions are
perturbed by ligand binding to CD47.?° CD47 has been shown to
be involved in Ca®" signaling, cell adhesion, migration, and
apoptosis.”” A synthetic ligand for immune cell SIRPa lacking
retrograde signaling only has outward function.
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Human peripheral blood macrophages and interleukin (IL)-2-
activated NK cells were assessed for their expression of those
immune checkpoints (Figures 1B and 1C). TIM3 and SIRPa«
were expressed on the majority of both NK cells and macro-
phages, with SIRPa appearing to be the most robustly ex-
pressed checkpoint receptor. LILRB1 and LILRB3 showed
high expression on all macrophages but were only expressed
on a fraction of NK cells. PD-1 was expressed on a minority of
NK cells and on no macrophages.

Synthetic immune cell checkpoint engagers were generated
from highly specific antibodies against LILRB1, LILRB3, TIM3,
PD-1, and SIRPa. for which agonistic function had been described
(Figure 1D). Antibody single-chain variable fragments (scFvs) were
attached to the CD8a hinge sequence, the platelet-derived growth
factor receptor (PDGFR) transmembrane domain, and lacked any
intracellular domains to rule out retrograde signaling. The engager
sequences were cloned into lentiviral particles that also included
an RFP tag. B2M~'~ CIITA™~ (DKO) iPSC-derived endothelial
cells (iECs) were transduced with one of the 5 engager lentiviruses
to generate DKO-engager pools. Fully edited DKO-engager cells
were then sorted using the RFP tag.

Immune checkpoint engagers inhibit innate

immune cells

First, the functionality of the engagers was assessed using highly
sensitive in vitro impedance cytotoxicity assays with IL-2-acti-
vated NK cells or macrophages as effector cells in different
effector-to-target cell ratios (E:T ratios). Target cells were DKO
iECs and the 5 DKO-engager iECs. The target cells were plated
on electrode plates, and the cell index was normalized at steady
state. In this assay, any cytotoxicity that disturbs the target cell
covering of the electrodes leads to a decrease of impedance,
and the cell index drops. Target cells were also transduced to ex-
press firefly luciferase so that cytotoxicity could additionally be
quantified through the drop of their ATP-dependent biolumines-
cence signals after the addition of effector cells. DKO iECs were
killed increasingly rapidly with increasing E:T ratios of NK cell or
macrophage effector cells (Figures 2A and S1A). The two engag-
ers for TIM3 and SIRPa were both successful in fully protecting
the HLA-depleted cells from innate killing (Figures 2B, 2C, S1B,
and S1C). That correlated well with the high expression levels of
their checkpoint receptors on both innate immune cell popula-
tions. LILRB1 and LILRBS3, however, were only broadly expressed
on macrophages but not on NK cells, and the DKO--F81E and
DKO"'RE3-E cells were only protected against macrophage killing
(Figures S1D, S1E, S2A, and S2B). PD-1 was only expressed on a
very small NK cell population but not on macrophages, and the
PD-1 engager did not protect against either cell population
(Figures S1F and S2C). However, the efficacy of the PD-1 en-
gager could be demonstrated when only PD-1* NK cells were
sorted and used for the cytotoxicity assay (Figure S2D). In this
case, DKO"P'"E cells were protected even against high PD-1*
NK cell E:T ratios. Since PD-1 is an established immune check-
pointin T cells, we tested the activity of the PD-1 engager to pro-
tect HLA-A2-replete wild-type (WT) iECs against HLA-A2-reactive
CD8T cells (Figures S1G-S1K). While the WT iECs were killed in a
T cell-typical kinetic, the WTFP-'E cells were protected. CD47 has
shown reliable efficacy against NK cell and macrophage killing in
previous studies. We therefore generated DKO®P#’ cells and

1540 Cell Stem Cell 30, 1538-1548, November 2, 2023

Cell Stem Cell

confirmed their protection against innate immune Killing
(Figures S3A-S3C). Together, these results show that the two
synthetic engagers for TIM3 and SIRP« were able to fully prevent
innate immune killing induced by HLA deficiency.

Engagers bind immune cell checkpoints

The binding of the 2 engagers for TIM3 and SIRPa to their
respective receptors was assessed. We found both selected en-
gager molecules were highly expressed in the sorted DKO-en-
gager populations (Figure S3D). To test the binding capacity of
these synthetic engagers, we performed flow cytometry binding
assays with recombinant SIRP« and TIM3 (Figure S3E). Both en-
gager cells showed very good binding to their respective recep-
tor proteins. Some minor binding of recombinant SIRP« to DKO
could be attributed to their basal CD47 expression (Figure S3F).
Next, we wanted to investigate whether certain expression
threshold levels for the engagers were required to provide im-
mune protection. DKO cells were transduced with one of the len-
tiviruses carrying the TIM3 engager or SIRPa engager and low-,
medium-, and high-expressing subpopulations were sorted
(Figures S4A and S4B). In bioluminescence imaging (BLI) killing
assays, the low-expressing engager populations were killed,
while the medium- and high-expressing populations were pro-
tected (Figures S4C and S4D). None of the engagers required
very high expression levels that would be difficult to achieve in
cell products. An antibody binding the G4S linker in the SIRPa.
engager construct was used next to evaluate surface expression
and potential downregulation upon binding to SIRPa
(Figures S4E-S4H). A small downregulation was observed
when the DKOS'RP*E cells were incubated with human recombi-
nant SIRPa protein or macrophages constitutively expressing
SIRPa. Since incubation with cells expressing the immune
checkpoints seemed more physiologic, we incubated
DKOYLRBTE cells with macrophages and DKO™3E cells with
NK cells, which constitutively express these receptors
(Figures S41-S4L). Overall, the downregulation of all engagers
was very subtle considering the wide range of effective expres-
sion levels shown above. Since SIRPa seemed the most robust
immune checkpoint in innate immune cells, we chose to further
advance this engager. To confirm that direct binding of the
SIRPa engager to its receptor SIRPa was mechanistically neces-
sary for the observed protection from innate cell killing, we per-
formed cytotoxicity assays with an abundance of free SIRPa
protein that could saturate the engagers and prevent their direct
interactions with immune cells (Figures S4M and S4N). When
incubated with 1 pg/ml recombinant SIRPa, the DKOS'RP*E cells
were expeditiously killed by both NK cells and macrophages.
This confirmed the necessity for direct cell-cell contact between
engager cells and SIRPa on immune cells to inhibit their activa-
tion and thus their mechanism of action. When tested in C57BL/6
(B6) mouse DKO cells in vitro, the SIRPa engager reliably pro-
tected against NK cell and macrophage killing from both B6
mice and from humans (Figures S5A-S5C). We then injected
WT, WTS'RPE DKO, and DKOS'RP*E cells from B6 into fully allo-
geneic BALB/c recipients and performed ELISpot assays with
splenocytes after 7 days (Figure S5D). As expected, there was
a strong allogeneic immune response against B6 WT and
WTSIRPeE cells (Figure S5E). The SIRPa engager, however, did
not show any immunogenicity in DKO cells.
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Figure 2. Engagers for TIM3 and SIRP« protect cells from NK cell and macrophage cytotoxicity
(A) DKO iECs were susceptible to NK cell and macrophage cytotoxicity and were killed increasingly quickly with increasing E:T ratios (mean + SD per time point,

n=3).

hours

(B and C) DKO iECs additionally expressing the synthetic engager for TIM3 (B) or SIRP«. (C) were fully protected against both NK cell and macrophages killing

(mean + SD per time point, n = 3).

DKOSIRPa-E,CD64t

cytotoxic IgG

In solid organ transplantation, the relevance of antibody-medi-
ated rejection became increasingly clear as cellular rejection
could be managed more reliably with advanced immunosup-
pressive drug combinations. Allogeneic cell therapeutics are ex-
pected to face similar antibody problems when they are admin-
istered for long-term survival and in more immunocompetent
patients. Expression of truncated CD64 (CD64t), a modified

iECs are additionally protected from

FcyRl receptor, was recently shown to capture cytotoxic IgG an-

tibodies and protect the cells from both antibody-dependent

cellular cytotoxicity (ADCC) as well as from complement-depen-
dent cytotoxicity (CDC)."® CD64t itself did not protect from NK
cell killing (Figures 3A and 3B). We therefore aimed to combine
antibody protection with the cellular immune evasion strategy
by transducing the DKOS'F"*E iECs with lentiviral particles car-
rying the CD64t transgene. We first assessed whether the addi-
tional CD64t transgene would interfere with the SIRPa engager
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Figure 3. DKO iECs expressing the SIRPa engager and CD64t are fully protected from NK cells, ADCC, and CDC
(A and B) DKO iECs (A) and DKO®P#t iECs (B) are both susceptible to NK cell killing (mean + SD per time point, n = 3).
(C) DKOSRP=-ECDB4t iECs are protected from NK cell cytotoxicity, showing that the additional expression of CD64t does not mitigate the SIRPa immune

checkpoint engager function (mean + SD per time point, n = 3).

(D) A human IgG1 anti-MICA antibody was added to the assay to show that DKOS'RP*E:CDé4t iECs are protected from NK cell cytotoxicity and NK cell ADCC. In
contrast, DKOS'"P*E iECs lacking CD64t are susceptible to NK cell ADCC (mean = SD per time point, n = 3).
(E) Human serum was added to the assay and DKOS'RP*ECD84t iEGs remained protected against NK cell cytotoxicity, NK cell ADCC, and also CDC. DKOSRP~+E

iECs were killed (mean + SD per time point, n = 3).
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function to protect the cells from NK cell killing (Figure 3C). We
found that DKOSIRP*E.CD84t iECs were still resistant to NK cell
killing in vitro. We then added a human IgG1 antibody against
the constitutively expressed major histocompatibility complex
(MHC) class I-related sequence A (MICA) to induce ADCC. As
expected, DKOS®P*E |ECs were killed increasingly quickly
with increasing NK cell E:T ratios, but DKOSRP*ECDé4t jECs
were fully protected against antibody-mediated NK cell killing
(Figure 3D). To additionally allow for CDC, we added serum to
the assay (Figure 3E). DKOSIRP*-E.CD64t iE s \yere still protected
against both ADCC and CDC, whereas DKO®'RP*E {ECs under-
went killing. CD64t expression was therefore confirmed to pro-
tect engineered cells from cytotoxic IgG without interfering
with the SIRPa engager function.

We next assessed the feasibility to engineer immune evasion
using non-viral editing in a different iPSC line. Since iPSCs do
not express HLA class Il unless stimulated, we only targeted
the B2M gene with Cas9 and guides and one HDR donor
for both CD64t and the SIRPa engager (Figure S6A). The
edited pool was then sorted for HLA I|-depleted iPSCs with
(B2M-KQSIRPe-ECDE4Y o without (B2M-KO) transgene expres-
sion (Figure S6B). The B2M-KO iPSCs were rapidly killed
by both activated NK cells and macrophages, while the B2M-
KQSIRP=-E.CD84t ipgCs were protected (Figure S7A). In ADCC
and CDC assays, unedited WT iPSCs were killed with different
concentrations of a humanized anti-SSEA4 IgG1 antibody
(Figures S7B and S7C). B2M-KQS'RP#-ECD84t ipgGs were pro-
tected from both types of antibody-mediated killing. These
data show the simplicity to engineer iPSCs with effective im-
mune evasion features.

DKOSIRP=-E.CDEé4t jE G5 are protected against allogeneic
cellular and antibody responses

The potential of DKOSIRP#ECD84t iECs 10 survive the harshest
allogeneic immune conditions was finally tested in maximally
stringent immune environments. Engineered allogeneic cell ther-
apeutics will eventually have to evade all of a patient’s adaptive
and innate immune attacks to allow for persistent efficiency. The
FDA-approved anti-CD52 IgG1 antibody alemtuzumab (Cam-
path) is well known for its high cytotoxicity and was chosen for
in vitro testing because it was considered the highest bar to
reach. To make our target cells susceptible to alemtuzumab,
we used lentiviral particles to additionally express the alemtuzu-
mab target CD52, which is not constitutively expressed on endo-
thelial cells. The WTCP®2 [ECs were challenged with NK cells and
macrophages and showed expedited kiling whenever anti-
CD52 IgG1 was added (Figure 4A). To allow for T cell allograft
rejection, fresh peripheral blood mononuclear cells (PBMCs)
from an HLA-A2-negative donor were primed in vitro with the
HLA-A2* WTCP®2 iECs for 14 days. Then, CD8" T cells
were sorted and used for adaptive T cell cytotoxicity assays.
We saw the typical in vitro T cell allo-rejection curve, which is
slower than that for innate kiling. When anti-CD52 IgG1
was added, T cell ADCC killed the WTCP®2 targets more
quickly. The WTCP52 |ECs were additionally susceptible to CDC
killing and were Kkilled expeditiously when incubated in
serum supplemented with anti-CD52 IgG1. In contrast, the
DKQSIRP-E.CDB4LCDS2 jEGg \ere protected from all allogeneic
cellular immune responses as well as from ADCC and CDC (Fig-
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ure 4B). We then tested the cells in a stringent allogeneic in vivo
model. NSG-SGM3 mice were reconstituted with allogeneic
CD34* hematopoietic stem cells and showed >40% of human
CD45* cells among the overall CD45" population and >3% hu-
man CD3* cells among human CD45* cells when included in
the study (Figure S5F). These humanized mice were additionally
supplemented with one million human NK cells and three 1-mg
doses of anti-CD52 IgG1 antibody (Figure 4C). The NK cells
and the first dose of alemtuzumab were mixed and injected sub-
cutaneously, together with 5 x 10 firefly luciferase* target cells,
to maximize the cytotoxic potential of the antibody. All cell
transplants were followed by BLI. The WTCP%2 grafts vanished
in just 1 day, most likely attributed to the highly cytotoxic nature
of the anti-CD52 IgG1 and NK cells (Figure 4D). The
DKOSIRP=-ECDB4LCDS2 grafts  however, showed unobstructed
survival and thus confirmed their full protection from all alloge-
neic cellular and antibody responses (Figure 4E). Additionally,
we tested immune evasiveness using a humanized IgG1 anti-
body against MICA. We injected 5 x 10* firefly luciferase* WT
or DKOSRP=E.CD84t iECs mixed with 1 x 10° human NK cells
and 1 mg anti-MICA human IgG1 subcutaneously (Figure 4F).
Another 1-mg dose of the anti-MICA human IgG1 was injected
into the same site 2 days later. The WT grafts vanished over
approximately 2 weeks, most likely due to the weaker cytotoxic
potential of the anti-MICA antibody and the induction of the
allogeneic adaptive rejection response (Figure 4G). The
DKQSIRP#-E.CD84t grafts were again protected from cellular allo-
immunity as well as from antibody-mediated killing (Figure 4H).

DISCUSSION

The new area of engineered cells that will be used as living ther-
apeutics is just beginning and expected to change the way we
treat diseases. Immuno-oncology therapies have advanced the
furthest and have shown encouraging early successes with
autologous CAR-engineered primary T cells against hematologic
cancers. Next-generation T cell products for solid tumors will
require more extensive editing to increase their fitness and
persistence and their homing capabilities and to improve their
target specificity.?® This will most likely require editing of iPSCs
with subsequent differentiation of CD8a.3 CAR- or T cell receptor
(TCRY)-T cells, which has recently been achieved.”® Since these
induced pluripotent stem starter cells will be allogeneic, they
will additionally require immune editing to make them fully im-
mune evasive, which adds to the overall scope of gene engineer-
ing. We herein report an optimized and comprehensive immune
evasion strategy that protects the engineered cells from all allo-
geneic adaptive and innate immune cells and antibody-mediated
ADCC and CDC. Because of the full immune evasive nature of
DKOSIRP-E.CDB4t o||s cancer patients may not require lympho-
depleting preconditioning at the currently used level or at all.

In autologous CAR T cell trials, cellular immune responses
against the complementarity-determining and framework re-
gions of the CAR variable domains®’ and retroviral vector epi-
topes have been observed and correlated with a lack of
response.’’ The emergence of CAR-specific CD8" T cells®
and of unique TCR Vp gene clonotypes have been described.**
Additionally, antibody responses against the CAR were detected
in many patients in autologous CAR T cell trials against multiple
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Figure 4. DKO iECs expressing the SIRP« engager and CD64t are fully protected against all allogeneic cellular and IgG responses

(A) WTCP®2iECs were challenged in increasingly hostile in vitro immune conditions. Effector immune cells were NK cells, macrophages, or allogeneic PBMCs that
were primed against WT iECs. In some assays, serum was added to supply complement factors. In some assays, alemtuzumab was added to enable ADCC and
CDC (mean = SD per time point, n = 3). The WTCP%2EC targets were rejected by the primed PBMCs and were killed in all assays including alemtuzumab (mean +
SD per time point, n = 3).
(B) DKOS!RP#E.CD84.CDS2 jE s were protected from all tested immune conditions and were thus protected from all allogeneic immune cells and cytotoxic IgG-
mediated ADCC and CDC (mean + SD per time point, n = 3).

(C) Luc* WTCP%2 [ECs and DKQS!RP#E.CD84.CDS2 jE G were injected into allogeneic humanized mice supplemented with human NK cells and receiving 3 doses of
the anti-CD52 IgG1 antibody alemtuzumab. All cells and antibody injections were administered into the subcutaneous tissue.

(D) The BLI signals for WTCP52 jECs vanished in just 1 day (all 5 mice are shown).

(E) The BLI signal for DKQS'RP#E.CDB4.CDS2 iE g remained stable for the entire study (all 5 mice are shown).

(F) Luc* WT iECs and DKOS'RP*ECD84t iECs were injected into allogeneic humanized mice supplemented with human NK cells and receiving 2 doses of a
humanized anti-MICA IgG1 antibody. All cells and antibody injections were administered into the subcutaneous tissue.

(G) The BLI signals for WT iECs vanished over approximately 16 days (all four mice are shown).

(H) The BLI signal for DKOS'RP*E.CD84t iECs remained stable for the entire study (all 4 mice are shown).
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myeloma,** colorectal cancer,® and renal cell carcinoma.®' The
persistence of the CAR T cells in patients that developed anti-
bodies against the CAR was low and patients relapsed. Repeat
infusions of the same CAR T cell product increased the likelihood
for antibody responses, and no patient with de novo antibodies
against the CAR showed expansion of the CAR T cell product
in the blood.' The first two trials using allogeneic anti-CD19
CAR T cells showed that more aggressive lymphodepletion
was necessary to allow any proliferation of the CAR T cell prod-
uct, but the persistence was still limited and efficacy inferior to
comparable autologous products.®® Extensive preconditioning
increased the morbidity unacceptably and clearly shows that
allogeneic immune-oncology products require immune evasion
strategies to achieve efficacy and safety.

Regenerative medicine using allogeneic pluripotent stem cell-
derived products is still mostly in preclinical phases but will face
the same immune hurdle that solid organ transplants and CAR
T cell products experience. Immune surveillance for allogeneic
peptides is extremely thorough with rejection responses against
cells with minor-*", allo-8, or neoantigens.®° While a minor antigen
mismatch was sufficient to reject homozygous MHC-matched
iPSC-derived cardiomyocytes subcutaneously’® and iPSC-
derived neurons in the brain,*’ MHC-matched iPSC-derived
retinal pigment epithelial cells transplanted into the subretinal
space of the eye survived without any immune cell infiltrates.*
Fully allogeneic iPSC-derived cardiomyocytes*® or neurons®*’
get vigorously rejected without heavy immunosuppression. Im-
mune evasion edits could circumvent the allo-rejection problem
for clinical translation. Diseases with an additional autoimmune
component like Hashimoto’s thyroiditis with pathognomonic
autoantibody response require immune editing that includes pro-
tection from autoantibody IgG. Our concept presented herein
comprehensively protects engineered cells from all immune cells
and IgG.

Using synthetic immune cell checkpoint engagers with
agonistic function, we were able to utilize inhibitory innate im-
mune checkpoints not previously exploitable for the lack of spe-
cific natural ligands. Using a surface receptor molecular back-
bone with agonistic scFv, we could demonstrate binding
capacity to their immune receptors and an inhibitory function in
NK cells and macrophages that correlated with their receptor
expression. The SIRPa engager effectively inhibited mouse
and human NK cells and macrophages and is therefore not spe-
cies restricted like SIRPa’s natural ligand CD47."” Importantly,
there was no measurable immune response against the SIRPa.
engager in DKO cells. In a previous study, our group similarly
showed that no T cell responses can be induced when allogeneic
proteins are expressed in MHC class |- and lI-deficient cells.*®
Another recent study on hypoimmune human CAR T cells
showed that administration of allogeneic HLA class I- and |l-defi-
cient CAR T cells does not prime T cells in vivo, and there is no
cytotoxic response against CAR T populations with or without
HLA.” The PD-1 engager was effective against T cells in this
study and thus mitigated the adaptive immune response. The
high fraction of PD-1 expressing cytotoxic T cells in our T cell ex-
periments most likely contributed to the favorable results. The
PD-1 engager was largely ineffective against innate immune
cells, except for a sorted PD-1-expressing NK cell population.
The LILRB1 engager in this study was similarly ineffective
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against NK cells as the natural ligand HLA-G in a recent publica-
tion.? Both LILRB family engagers successfully inhibited macro-
phage killing. The TIM3 engager is especially promising given its
great efficacy in vitro and the high TIM3 expression levels on
innate immune cells. This engager allows for the exploitation of
an inhibitory immune checkpoint that is difficult to utilize via nat-
ural ligands. Mechanistically, our data show that direct engager-
receptor interaction is necessary for the agonistic scFv to induce
immune cell inhibition. Therefore, ectodomain shedding could
mitigate immune checkpoint activation. There are reports of
SIRPa shedding, but mainly from myotubes into motor axon syn-
apses, where SIRPo acts as a presynaptic organizing mole-
cule.** Shedding of the TIM-3 ectodomain has been described
for human monocytes and T cells under certain inflammatory
conditions.*>**® Interestingly, TIM3 cannot be efficiently cleaved
in the absence of an additional intracellular signaling event, and
its overall biological significance is not fully understood. There
have been no reports on LILRB1 or LILRB3 shedding.

At a time when iPSC-derived CD8a T cells,*” pancreatic beta
cells,*® and retinal pigment epithelial cells*® are ready for clinical
translation, this immune evasion concept could contribute to
their successful use in humans.

Limitations of the study

Although the SIRPa pathway in innate immune cells has been
studied extensively and has repeatedly proven to be very effec-
tive for inhibiting cytotoxicity, the LILRB and TIM3 pathways are
less well studied and understood. It remains unclear whether any
of the theoretical mechanistic advantages of the SIRPa« engager
over CD47 are relevant in the context of immune evasion. Both
have provided complete innate immune cell inhibition in this
study and prior work. Also, different cell types have different
levels of inherent immunogenicity, and implant locations come
with their distinct local immune microenvironments for which
certain engagers may be better suited than others or may require
different expression levels. The fine-tuning of the immune
evasion strategy needs to be performed on the specific cell
products.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

humanized anti-CD52 1gG1 ichorbio Cat# ICH4002

humanized anti-MICA IgG1
APC mouse anti-human CD3 antibody
isotype-matched control APC mouse IgG1k antibody

Creative Biolabs
BD Biosciences
BD Biosciences

Cat# TAB-0799CL
clone SP34-2, Cat# 557597; RRID:AB_398626
clone MOPC-21, Cat# 550854; RRID:AB_398467

BV421 mouse anti-human CD8 antibody Biolegend clone SK1, Cat# 344748; RRID:AB_2629583
isotype-matched control BV421 mouse IgG1k antibody Biolegend clone MOPC-21, Cat# 400157; RRID:AB_10897939
Bacterial and virus strains
Lentiviruses for the engagers GenTarget Custom orders
Lentivirus for firefly luciferase GenTarget Cat# LVP325
Chemicals, peptides, and recombinant proteins
Human VEGF PeproTech Cat# 100-20
Human FGFb PeproTech Cat# 100-18B
Y-27632 Sigma-Aldrich Cat# Y0503, CAS
129830-38-2
SB 431542 Sigma-Aldrich Cat# S4317, CAS
301836-41-9
Human IL-2 PeproTech Cat# 200-02
Human M-CSF PeproTech Cat# 300-25

biotinylated human SIRPa protein

AcroBiosystems

Cat# SIA-H82A3

biotinylated human LILRB1 protein AcroBiosystems Cat# CDJ-H82F7
biotinylated human TIM3 protein AcroBiosystems Cat# TM3-H82E7
APC Streptavidin Biolegend Cat# 405207
Experimental models: Cell lines

Human Episomal Cas9 iPSC Cell Line Gibco Cat# A33124

Experimental models: Organisms/strains

NOD.Cg-Prkdcs@ ji2rgtm Wi
Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ

Jackson Laboratories

Strain 013062

Ff-101s04 QHJI iPSC Kyoto University N/A
Recombinant DNA

HDR donor template Genscript N/A
Software and algorithms

RTCA software ACEA N/A
Prism GraphPad v9.5.1
Aura Image software Spectral Instruments N/A
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University.
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Data and code availability
This manuscript did not generate any new code. All data reported in this paper will be shared by the lead contact upon request. Any
additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Female humanized NSG-SGM3 (NOD.Cg-Prkdcs 112rg"™" "/ Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ, 013062) reconstituted with
human CD34" hematopoietic stem cell were purchased from the Jackson Laboratories (Sacramento, CA). Humanized mice were
not thymectomized, received human CD34" cells at 12 weeks of age, and were included into study groups 6 — 8 weeks after human-
ization. The number of animals used in the experiments is presented in each figure. Mice received humane care in compliance with
the Guide for the Principles of Laboratory Animals. Mice were housed in 12-hour light-dark cycles with humidity between 30-70% at
ambient temperature of 20-26 degrees Celsius. The study and control animals were housed in the same room. The animal facility is a
specific pathogen-free facility. Animal experiments were approved by the University of California, San Francisco (UCSF) Institutional
Animal Care and Use Committee and performed according to local guidelines.

METHOD DETAILS

iPSC-derived ECs (iECs)

DKO endothelial cells were differentiated from B2M™~ CIITA™~ iPSCs as described previously.® Then, iECs were maintained in Endo-
thelial Cell Basal Medium 2 (PromoCell, Heidelberg, Germany) plus supplements, 10% FCS hi (Gibco), 1% pen/strep, 25 ng/ml VEGF
(PeproTech), 2 ng/ml FGFb (PeproTech), 10 uM Y-27632 (Sigma-Aldrich), and 1 uM SB 431542 (Sigma-Aldrich). TrypLE (Gibco) was
used for passaging the cells 1:3 every 3 to 4 days. For luciferase transduction, 1 x 10° iECs were plated in a 6-well and grown over-
night at 37° C with 5% CO,. Medium was changed the next day and 200 pl of Fluc lentiviral particles expressing luciferase Il gene
under re-engineered EF1a promotor (Gentarget) was added. After 36 h, 1 ml of cell medium was added. After another 24 h, complete
medium change was performed. Two days later, luciferase expression was confirmed by adding D-luciferin (Promega, Madison, WI).
Signals were quantified in p/s/cm?/sr.

NK cell culture

Human primary NK cells were purchased from Stemcell Technologies (70036, Vancouver, Canada) and were cultured in RPMI-1640-
GlutaMax (Gibco) plus 10% FCS hi, 1x non-essential amino acids (HyClone), and 1% pen/strep before performing the assays. NK
cells were stimulated with IL-2 (Peprotech) 1pg/mL overnight before and during assays.

Macrophage cell culture
Human primary macrophages were purchased from Stemcell Technologies (70042, Vancouver, Canada) and were cultured in RPMI-
1640-GlutaMax (Gibco) plus 10% FCS hi and 1% pen/strep before performing the assays.

iPSC cell culture

The Ff-101s04 iPSCs were provided by Kyoto University. iPSCs were cultured in StemFit Basic04 complete (amsbio) on cellware
coated with iMatrix-511 silk (lwai North America). Cells were lifted with 0.5x TrypLE Select (Gibco) or Accutase (Innovative Cell Tech-
nologies) and 10pM Y-27632 (FujiFilm WAKO) was included for 24h post-subculture.

Transduction and sorting of iECs

In a pre-coated 12-well plate, human DKO iECs were plated at a density of 5 x 10%in cell-specific media and then incubated overnight
at37°C at 5% CO.. The next day, cells were incubated overnight at 37°C, 5% CO, with lentiviral particles carrying a transgene for one
of the 5 engager molecules (Gentarget, custom products) at a multiplicity of infection of 10 (Table S1). Protamine sulfate (1pg/ml) was
added to the media and the plate was centrifuged at 200 g for 30 min prior to the overnight incubation. Cell populations were sorted
on FACSAria (BD Biosciences) using RFP fluorescence.

Flow cytometry analysis

To assess binding capacity of DKO-Engager cells with their respective immune checkpoint receptors, biotinylated human SIRPa. pro-
tein with mouse IgG2a Fc and Avitag (Cat.no. SIA-H82A3, AcroBiosystems), biotinylated human LILRB1 protein with Fc and Avitag
(Cat.no. CDJ-H82F7, AcroBiosystems), biotinylated human TIM3 protein with Avitag (Cat.no. TM3-H82E7, AcroBiosystems) were
used with APC Streptavidin (Cat.no. 405207, Biolegend). DKO iECs served as controls. Cells were analyzed on the LSR Fortessa
(BD Bioscience) and results were expressed as fold-change to APC Streptavidin.

Flow cytometry analysis for expression dynamics of the immune checkpoint engagers upon ligand binding
To assess the expression upon ligand binding of SIRP« engager on iEC DKOS'RPaE cells, iEC DKOSRP2E cells were incubated 3h with
biotinylated human SIRPa« protein with mouse IgG2a Fc and Avitag (Cat.no. SIA-H82A3, AcroBiosystems), or human macrophages
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and the expression of the SIRPa engager was determined before and after ligand binding. To assess the expression upon ligand
binding of LILRB1 engager on iEC DKO"-RB1E cells, DKO-'-RB'-E cells were incubated 3h with human macrophages and the expres-
sion of the LILRB1 engager was determined before and after ligand binding. Similarly, DKO™?SE cells were incubated 3h with human
NK cells and the expression of the TIM3 engager was determined before and after ligand binding. Engager surface expression was
quantified using AF-647 anti-rabbit G4S linker antibody (Cat.n0.69782, Clone E70O2V, Cell Signaling) and matching AF-647 isotype
control rabbit IgG (Cat.no.02-6102, Thermo Fisher). Cells were analyzed on the LSR Fortessa (BD Bioscience).

Flow cytometry analysis of human immune cell reconstitution in humanized mice

Splenocytes from female humanized NSG-SGM3 mice were stained for human CD45 with PE anti-human CD45 antibody (cat.no.
304039, Clone HI30, Biolegend) and matching isotype control PE Mouse IgG1, k (cat.no. 981804, clone MOPC-21, Biolegend);
PerCP conjugated anti-human CD19 (cat.no. 302228, clone HIB19, Biolegend) and matching isotype control PerCP Mouse IgG1,
k (cat.no. 400148, clone MOPC-21, Biolegend); AF488 anti-human CD3 (cat.no. 300415, clone UCHT-1, Biolegend) and isotype con-
trol AF488 Mouse IgG1, k (cat.no. 400129, clone MOPC-21, Biolegend); BV605 anti-human CD33 (cat.no. 366612, clone P67.6, Bio-
legend) and isotype control BV605 Mouse I1gG1, k (cat.no. 400162, clone MOPC-21, Biolegend); PerCP/Cy5.5 anti -human CD56
(cat.no. 304626, clone MEM-188, Biolegend) and matching isotype control PerCP/Cy5.5 Mouse 1gG2a, k (cat.no. 400251, clone
MPOC-173, Biolegend). Cells were analyzed on the LSR Fortessa (BD Bioscience) and results were expressed as fold-change to
isotype controls.

XCelligence killing assays

Real-time killing assays were performed on the XCelligence SP platform and MP platform (ACEA Biosciences, San Diego, CA.). Spe-
cial 96-well E-plates (ACEA Biosciences) coated with 0.1% gelatin (Sigma-Aldrich) were used for iECs, and Easy iMatrix-511 Silk
(Iwait North America) for iPSCs. A total of 4 x 10* human iECs or 2 x 10* human iPSCs were plated in 100 pl medium. After the
cell index reached stable levels >0.7, human NK cells, macrophages, or PBMCs were added at different E:T ratios. Alternatively,
50 pl blood-type compatible human serum was added. For ADCC or CDC assays, the following antibodies were used and added
after mixing with the NK cells in 50 ul medium or in the serum as indicated: humanized anti-CD52 IgG1 (alemtuzumab, ichorbio,
cat.no. ICH4002), humanized anti-MICA IgG1 (Creative Biolabs, cat.no. TAB-0799CL) or humanized anti-SSEA-4 IgG1 (Creative Bio-
labs, cat.no. HPAB-N0258-YC). As a negative control, cells were treated with 2% Triton X-100 in medium. Data were standardized
and analyzed with the RTCA software (ACEA).

Ex vivo T cell priming

Blood from an HLA-A2-negative donor was collected and PBMCs were obtained after Ficoll separation. The PBMCs were primed by
co-culturing 5 x 10° HLA-A2-positive wt iEC cells and 1 x 10° PBMC in a gelatin-coated flasks. The media, which consisted of a 1:1
mixture of endothelial cell medium and PBMC medium, was changed every 3 days. After 14 days, the cells in suspension were har-
vested and sorted using an APC mouse anti-human CD3 antibody (clone SP34-2, catalog no. 557597, BD Biosciences, conc.
0.01 mg/ml) together with the isotype-matched control APC mouse IgG1k antibody (clone MOPC-21, catalog no. 550854, BD Bio-
sciences, conc. 0.01 mg/ml), and a BV421 mouse anti-human CD8 antibody (clone SK1, catalog no. 344748, Biolegend, conc.
0.005 mg/ml) together with the isotype-matched control BV421 mouse IgG1k antibody (clone MOPC-21, catalog no. 400157, Bio-
legend, conc. 0.005 mg/ml). The CD3*CD8" cells were sorted using a FACS Aria flow cytometer (BD Biosciences) and used for real-
time XCelligence killing assays.

Survival analysis of human iECs using BLI

A total of 5 x 10* wt or engineered iECs were injected subcutaneously into humanized NSG-SGM3 mice mixed together with one
million human NK cells that were stimulated with IL-2 1ug/ml for 24 h before being injected into the animals and 1 mg of alemtuzumab
or anti-MICA 1gG1. On the one (anti-MICA) or two (alemtuzumab) subsequent days, 1 mg doses were injected subcutaneously into
the vicinity of the cell transplants. All injected cells were Luc*. For imaging, D-luciferin firefly potassium salt (375 mg/kg; Biosynth AG,
Staad, Switzerland) was dissolved in PBS (pH 7.4, Gibco) and 250 ul was injected intraperitoneally in anesthetized mice. Animals
were imaged in the AMI HT (Spectral Instruments Imaging). Region of interest (ROI) bioluminescence was quantified in units of
maximum photons per second per centimeter square per steradian (p/s/cm?/sr). The maximum signal from an ROl was measured
using Aura Image software (Spectral Instruments).

ELISpot assays

For uni-directional ELISpot assays, splenocytes of BALB/c recipient were isolated 7 days after cell injections, and splenocytes were
plated on ELISpot plates as recipient cells. Donor cells were treated with mitomycin (50 ug/ mlfor 30 min, Sigma-Aldrich) and used as
stimulator cells. A total of 1 x 10° stimulator cells were incubated with 1 x 10° recipient responder PBMCs for 24 h, and IFN-vy spot
frequencies (BD Biosciences) were enumerated using an ELISpot plate reader.

iPSC engineering
Guide RNA targeting the B2M locus was purchased from Synthego (Redwood City, CA), and resuspended in TE at a concentration of
100 uM, aliquoted and stored at -80 °C. Knock-in donor template plasmid was synthesized by Genscript (Piscataway, NJ), and
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resuspend in TE at a final concentration of 1 png/ul. To make RNP, 20 pmol Cas9 from Aldeveron (Fargo, ND) and 100 pmol gRNA was
mixed in complete nucleofection buffer P3 (Lonza, Basel, Switzerland), and incubated at room temperature for 10 min prior to adding
0.5-1 pg of donor template. Immediately prior to electroporation, Ff-I01s04 iPSCs were dissociated into single cell suspension and
resuspended in complete nucleofection buffer P3 (Lonza) using 10 pl buffer per 0.5-1x10° viable cells. Cells were mixed with RNP
and electroporated in a Lonza 4D-Nucleofector with program CA-137. Immediately after electroporation, 80 pul of cell culture medium
was added to the well, and cells were recovered at 37 °C for 5 min. Edited iPSC cells were replated in culture medium with 10 uM
Y-27632 (FujiFilm, Minato City, Japan) and 0.25 png/cm? iMatrix-511 SILK (Amsbio, Cambridge, MA). B2M-KO iPSCs were selected
by depleting B2M positive cells from edited iPSC using an anti-B2M antibody (cat.no. 316306, Biolegend, PE conjugated) and anti-PE
microbeads (cat.no. 130-048-801, Miltenyi) per manufacturer protocol. B2M-KQSIRP+-E:CDE4 ipgCs were sorted on FACSAria (BD
Biosciences) using the following antibodies under manufacturer instructions: anti-human B2M-PE-Cy7 (cat.no. 400126, Biolegend),
anti-human CD64-PE (cat.no. 305008, Biolegend), anti-myc tag-Alexa Fluro 647 (cat.no. ab223895, Abcam). The edited iPSCs were
further phenotyped using flow cytometry with the above antibodies, and also a custom biotinylated anti-G4S-linker F(ab’)2 antibody
(Cell Signaling Technologies, custom order) with Streptavidin-Brilliant Violet 711 (cat.no. 405241, Biolegend). B2M-KO without trans-
gene expression and B2M-KOS!IRP#-E.CDB4t \yith transgene expression were used in assays.

QUANTIFICATION AND STATISTICAL ANALYSIS
All data are expressed as mean + SD. The two-tailed Student’s t test was used to compare two groups and statistical analyses of
three or more groups were performed using a one-way ANOVA followed by the Bonferroni post hoc test. GraphPad Prism 9 was

used for all analyses. Animals were randomly assigned to experimental groups. The number of animals per experimental group is
presented in each figure.
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MALPVTALLLPLALLLHAARPEQKLISEEDLDIQMTQSPSSLSASVGDRVTITCQA
SQSPNNLLAWYQQKPGKAPKLLIYGASDLPSGVPSRFSGSGSGTDFTLTISSLO
PEDFATYYCONNYYVGPVSYAFGGGTKVEIKGGGGSGGGGSGGGGSQVQLY
QSGAEVKKPGASVKVSCKVSGYSLSKYDMSWVRQAPGKGLEWMGIIYTSGYT
DYAQKFOGRVTMTEDTSTDTAYMELSSLRSEDTAVYYCATGNPYYTNGFNSW
PD-1 GQGTLVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACRPAAAVHTRGLDFACDA
engager | AVLVLLVIVIISLIVLVVIW

MALPVTALLLPLALLLHAARPEQKLISEEDLEQSLEESGGGLVKPGASLTVTCAV
SGFSLNSYAITWVRQAPGKGLEYIGYIDTGASITDYASWAKGRFTISKTSSTTVTL
EMTSLTDADTATYFCARGFSMFKLWGPGTLVTISSGGGGSGGGGSGGGGSEL
DLTQTPSSVSAAVGGTVTISCQASQSVYGNNRLAWYHQKPGQPPKRLIYLASTL
DSGVPSRFKGAGSGTQFTLTISDLECDDAATYYCAGGYAGNFNAFGGGTEVEI
LILRB1 KTTTPAPRPPTPAPTIASQPLSLRPEACRPAAAVHTRGLDFACDAAVLVLLVIVIIS
engager | LIVLVVIW

MALPVTALLLPLALLLHAARPEQKLISEEDLQMQLVQSGGEVKKPGASVKVSCK
TSGYRFTSYGISWVRQAPGQGLEWMGWISGYNGETNYAETLQGRLTLTTDTST
STAYMELGSLRPDDTAVYYCTRDGHSPYFDYWGQGTLVTVSSGGGGSGGGG
SGGGGSQAVLTQPASVSGSPGQSVTISCTGTSSDVGGYNYVSWYQQHPGKAP
KLMIYEVSKRPSGIPERFSGSNSGNTATLTISRVEAGDEADYYCQVWDSSSDH
TIM3 WVFGRGTKLTVLTTTPAPRPPTPAPTIASQPLSLRPEACRPAAAVHTRGLDFAC
engager | DAAVLVLLVIVIISLIVLVVIW

MALPVTALLLPLALLLHAARPEQKLISEEDLQVQLVESEGGLVQPGGSLRLSCAA
SGFTFSSYEMNWVRQAPGKGLEWVSYISSSGSTIYYADSVKGRFTISRDNAKN
SLYLQMNSLRAEDTAVYYCAREAKGYYYGMDVWGQGTTVTVSSGGGGSGGG
GSGGGGSQPVLTQSPSVSVSPGQTASITCSGDKLGDTYACWYQQKPGQSPVL
VIYQDTKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDSSTVVFG
SIRPa GGTKLTVLTTTPAPRPPTPAPTIASQPLSLRPEACRPAAAVHTRGLDFACDAAVL
engager | VLLVIVIISLIVLVVIW

MALPVTALLLPLALLLHAARPEQKLISEEDLEVQLLESGGGLVQPGGSLRLSCAA
SGFTFSSYAMSWVRQAPGKGLEWVSAISGSGGSTYYADSVKGRFTISRDNSKN
TLYLQMNSLRAEDTAVYYCARRKKRERGFSGNDPVGAIDVWGQGTLVTVSSG
GGGSGGGGSGGGGSQSVLTQPPSASGTPGQRVTISCTGSSSNIGAGYDVHW
YQQLPGTAPKLLIYGNTNRPSGVPDRFSGSKSGTSASLAISGLRSEDEADYYCS
LILRB3 AWDDSLSGVVFGGGTKLTVLGTTTPAPRPPTPAPTIASQPLSLRPEACRPAAAV
engager | HTRGLDFACDAAVLVLLVIVIISLIVLVVIW

Table $1: Sequences of immune checkpoint engagers, related to STAR Methods.
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Figure S1: Different engagers affect different effector cell populations. Related to Figure 2.
(A) Luc DKO iECs were susceptible to NK cell and macrophage cytotoxicity and were killed within 24
hours (mean + SD, n=3).



(B-C) Luc® DKO iECs additionally expressing the synthetic engager for TIM3 (B), or SIRPa (C) were
fully protected from NK cell and macrophages killing (mean + SD, n=3).

(D-E) Luc* DKO""RBTE jECs (D) and DKO"'"RB*E ECs (E) were killed by NK cells within 24 hours but
were protected from macrophage killing (mean + SD, n=3).

(F) Luc* DKOPP-E |ECs were susceptible to both NK cell and macrophage cytotoxicity (mean + SD,
n=3).

(G) Fresh PBMCs from an HLA-A2-negative donor were incubated with HLA-A2-positive wt iECs for 14
days. Then, cells were recovered and sorted for CD3"CD8" cells and used as effector cells in
cytotoxicity assays with HLA-A2-positive wt or wt”®- |ECs.

(H) The expression of PD-1 on CD3*CD8" cells is shown by flow cytometry (representative picture).
(I-K) While Luc+ wt iECs underwent T cell killing in an E:T ratio-dependent kinetics, wt""F iECs were
protected in impedance (l) and BLI (J and K) assays (mean + SD per time point, n=3).
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Figure S2: Engagers for LILRB1, LILRB3, and PD-1 are insufficient to protect DKO cells from both NK

cells and macrophages. Related to Figure 2.

(A-B) DKO"RB1E jECs (A) and DKOY"RB3E iECs (B) remained susceptible to NK cell cytotoxicity,
although they showed protection from macrophage killing (mean + SD per time point, n=3).



(C) DKOPP-'E iECs were susceptible to both NK cell and macrophage cytotoxicity (mean + SD per time
point, n=3).

(D) When using PD-1" NK cells as effector cells, then DKOPP-'F iECs were protected from cytotoxicity
(mean £ SD per time point, n=3).
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Figure S3: CD47 reliably protects DKO cells from NK cell and macrophage killing and the SIRP« and
TIM3 engagers show good affinity to their respective receptors. Related to Figure 2.
(A) DKO iECs transduced to express CD47 showed robust CD47 expression.

(B-C) DKO®P*" iECs were fully protected against both NK cell and macrophages killing in impedance
(B) and BLI (C) assays (mean + SD per time point, n=3).
(D) The expression of the engager molecules was assessed using a G4S antibody. The engagers for
SIRPa and TIM3 were well expressed in the sorted populations (representative flow cytometry

histograms).



(E) The binding of the DKO-engager iECs to their respective immune checkpoint receptor was
assessed in flow cytometry using recombinant human peptides (rSIRPa and rTIM3, representative flow
cytometry histogram). Both engagers showed specific binding.

(F) The binding of DKO iECs not expressing any engager were used as controls and showed minimal
binding for rSIRPa and no binding for rTIM3 (representative flow cytometry histograms).
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Figure S4: Correlation of engager expression with inhibitory function and expression dynamics upon
receptor binding. Related to Figure 2.
(A-B) iIECs were transduced with lentiviruses for the TIM3 (A) or SIRPa engager (B) and populations

with low, medium, and high expression were sorted and directly used in BLI killing assays.

(C-D) BLI killing assays with the sorted iIEC populations and NK cells or macrophages as effector cells
were performed (mean + SD, n=3).
(E-H) The surface expression of the SIRPa engager on DKOS'RP*E [ECs was assessed before and 3
hours after incubation with human rSIRPa (E) or macrophages (G, representative flow cytometry
histograms). Ligation of the SIRPa engager reduced its surface expression (mean + SD, n=3, F, H).
(I-J) The surface expression of the LILRB1 engager on DKO"-R8"E |ECs was assessed before and 3
hours after incubation with macrophages (representative flow cytometry histograms, I). Ligation of the
LILRB1 engager reduced its surface expression (mean = SD, n=3, J).



(K-L) The surface expression of the TIM3 engager on DKO™3£ |ECs was assessed before and 3 hours
after incubation with NK cells (representative flow cytometry histograms, K). Ligation of the TIM3
engager reduced its surface expression (mean + SD, n=3, L).

(M-N) DKOS'RP*E iECs were challenged with NK cells (M) or macrophages (N) in impedance cytotoxicity
assays in the presence of 1 ug/ml rSIRPa in an attempt to saturate the engager (mean + SD per time
point, n=3).
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Figure S5: The SIRP«a engager also protects DKO cells from mouse NK cells and macrophages.
Related to Figure 2.

(A-C) B6 wt (A), DKO (B), and DKO®'RP+E cells (C) were challenged with human and mouse NK cells
and macrophages in BLI killing assays (mean + SD, n=3).

(D-E) B6 DKO, DKOSRP+E wt, and wtS'"RP+E cells were injected into allogeneic BALB/c mice (D). After 7
days, splenocytes were recovered for in vitro ELISpot assays (E). ELISpot frequencies were quantified
and compared between groups (mean + SD, n=4).

(F) The reconstitution of human CD45" cells among all CD45+ cells in the humanized mice was
assessed, and further the human immune cell subpopulations among the human cells were quantified
(mean £ SD, n=18).
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Figure S6: Non-viral knock-in of SIRPa engager and CD64t into the B2M locus in iPSCs. Related to
Figure 3.
(A) The donor template for Cas9 editing was designed to create a bicistronic transcript of CD64t and

the SIRPa engager.
(B) The expression of B2M, CD64t, and SIRPa-E in B2M-KO, B2M-KQCP84SIRPa-E " gnd wt Ff-101s04
iPSCs is shown (representative flow cytometry histograms).
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Figure S7: Non-viral knock-in of SIRPa engager and CD64t protect B2M knockout iPSCs from innate
immune cells, ADCC, and CDC. Related Figure 3.

(A) B2M-KO iPSCs were killed by both NK cells and macrophages, while B2M-KQS'RP«ECDEt ipgCg
were protected (mean + SD per time point, n=3).

(B) wt iPSCs were killed in NK cell ADCC assays using the cytotoxic anti-SSEA-4 1gG1 antibody across
a wide range of concentrations, while B2M-KOS'RP«-ECP84 ipSCg resisted antibody-mediated cytotoxicity
(mean £ SD per time point, n=3).
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(C) wt iPSCs were killed in CDC assays using the cytotoxic anti-SSEA-4 1gG1 antibody across a wide
range of concentrations, while B2M-KOS!RPe-ECD84 ipSCs resisted complement-mediated killing (mean +
SD per time point, n=3).
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