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To effectively improve treatment for acute myeloid leukemia
(AML), new molecular targets and therapeutic approaches
need to be identified. Chimeric antigen receptor (CAR)-modi-
fied T cells targeting tumor-associated antigens have shown
promise in the treatment of some malignancies. However,
CAR-T cell development for AML has been limited by lack of
an antigen with high specificity for AML cells that is not present
on normal hematopoietic stem cells, and thus will not result in
myelotoxicity. Here we demonstrate that leukocyte immuno-
globulin-like receptor-B4 (LILRB4) is a tumor-associated anti-
gen highly expressed on monocytic AML cells. We generated a
novel anti-LILRB4CAR-T cell that displays high antigen affinity
and specificity. These CAR-T cells display efficient effector func-
tion in vitro and in vivo against LILRB4+ AML cells. Further-
more, we demonstrate anti-LILRB4 CAR-T cells are not toxic
to normal CD34+ umbilical cord blood cells in colony-forming
unit assays, nor in a humanized hematopoietic-reconstituted
mouse model. Our data demonstrate that anti-LILRB4 CAR-T
cells specifically target monocytic AML cells with no toxicity to
normal hematopoietic progenitors. This work thus offers a
new treatment strategy to improve outcomes for monocytic
AML, with the potential for elimination of leukemic disease
while minimizing the risk for on-target off-tumor toxicity.
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INTRODUCTION
Acute myeloid leukemia (AML) is the most common acute leukemia
of adults and a common pediatric cancer. Currently, AML treatment
involves intensive cytotoxic chemotherapy often followed by myeloa-
blative conditioning and stem cell transplant. Despite treatment,
relapsed and refractory disease remains a significant problem for
both adults and children with AML, with survival rates of less than
15% in the relapsed setting.1–3 Monocytic AML (FAB M5) is a com-
mon subtype encountered in AML patients, accounting for 20% of
AML cases in children and greater than half in infants with AML.4

Clinical studies also suggest that monocytic AML carries a greater
risk for marrow and extramedullary relapse after stem cell transplant
compared with non-monocytic subtypes.5 Novel treatment strategies
are therefore needed to improve the poor outcomes of patients with
relapsed or refractory monocytic AML.
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Chimeric antigen receptor (CAR)-modified T cells targeting tumor-
associated antigens have shown promise in the treatment of some
cancers. The engineered CAR combines the specificity of antigen
recognition by an antibody with co-stimulatory and activation do-
mains of the T cell receptor complex. This receptor, when expressed
on the surface of a patient’s T cells, is then able to redirect the CAR-T
cell to a target antigen on tumor cells, leading to T cell activation and
tumor cell death.6 Treatment with CAR-T cells directed against CD19
in patients with B cell malignancies has been demonstrated to result
in sustained disease remission and prolonged survival.7–13

Ongoing efforts to develop CAR-T cells for AML are targeting anti-
gens such as CD33, CD123, Lewis Y, folate receptor b, FLT3, and
CLL-1. These CAR-T cells eliminate leukemic disease in in vitro
and in vivo models;14–16 however, CAR-T cells directed against these
antigens result in on-target off-tumor elimination of hematopoietic
stem and progenitor cells (HSPCs), leading to severe myelosuppres-
sion or myeloablation, increased susceptibility to infection, and
significant morbidity or mortality in preclinical models.14,17,18 There-
fore, in order to effectively utilize CAR-T cells against monocytic
AML, an antigen expressed on monocytic AML cells, but not on
normal HSPCs, needs to be identified and targeted.

We recently showed that several members of the leukocyte immuno-
globulin-like receptor-B (LILRB) family are expressed on AML
cells.19–21 LILRB4 (also referred to as ILT3, CD85k) has the most
restricted expression pattern among LILRBs. It is uniquely expressed
on normal monocytic cells beginning at the promonocyte stage of
development.22,23 In AML, expression of LILRB4 is more specific,
being able to differentiate monocytic AML (M5) from AML
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Figure 1. LILRB4 Is a Specific Marker for Monocytic AML that Displays Restricted Expression to Cells of Monocyte Lineage

(A) Flow cytometry plot of representative patient sample for monocytic AML (M5), gated frommid to large FSC, low to mid SSC and CD45-dim, demonstrating that LILRB4 is

expressed in the full population of leukemia blasts. (B) Quantification of LILRB4 expression in 69 patients with AML demonstrating that LILRB4 is expressed on greater than

99% (SD = 1.25) of leukemia cells in all patients with monocytic AML. (C) Representative flow cytometry plot demonstrating that a sub-population of AML-M5 leukemia cells

co-express LILRB4 and CD34. (D and E) Expression profile of LILRB4 in normal tissue at protein (D) and RNA (E) level was assessed by utilizing publicly available databases

for mass-spectrometry proteomic analysis (Human Proteome Map: LILRB4; http://www.humanproteomemap.org/query.php) and gene expression (human body index-

transcriptional profiling,GSE7307: 210152_at), respectively. (F) Representative images examining human LILRB4 expression by immunohistochemistry of liver (left) and brain

tissue (right) (n = 8 samples/tissue). Sections of THP-1 AML tumor implants were used as positive (wild-type) and negative (LILRB4-knockout) control. Scale bars, 250 mm

(top panels); 100 mm (bottom panels). (G) Flow cytometry analysis of LILRB4 expression (red) and isotype control (blue) on AML cell lines MV4-11, THP1, and MOLM13. Data

are represented as mean ± SE.

Molecular Therapy
M1-M3 more accurately than CD14, HLA-DR, or CD11c.24 Addi-
tionally, LILRB4 is expressed on cells at all stages of AML cell
maturation, including CD34+/c-kit+ cells that are likely enriched for
leukemia stem cells.24

LILRB4 therefore represents an attractive target for CAR-T cell-
directed therapy for monocytic AML because both leukemia blasts
and associated leukemia stem cells will be eliminated by targeting
this antigen. Here we demonstrate that a novel CAR-T cell directed
against LILRB4 displays efficient cytotoxic ability against AML cells
in vitro and reduces leukemia burden in in vivo mouse xenograft
models, whereas sparing healthy HSPCs that we demonstrate do
not express LILRB4. This research indicates that anti-LILRB4
CAR-T cells have the potential to improve the poor outcomes for pa-
tients with refractory or relapsed monocytic AML. Additionally, we
demonstrate that targeting specific subtypes of AML based on normal
2488 Molecular Therapy Vol. 26 No 10 October 2018
HSC-sparing restricted immunophenotype represents an effective
treatment strategy that may minimize off-target toxicity against vital
healthy cells including HSCs and progenitors.

RESULTS
LILRB4 Is a Specific Marker for Monocytic AML

Primary patient-derived samples of AML from the University of
Texas Southwestern were analyzed by flow cytometry for expression
of LILRB4. Cells were gated with low to medium side scatter (SSC),
medium to large forward scatter (FSC), and CD45-dim. All cases of
monocytic AML (M5, n = 17) showed that the complete population
(99%, 1.25) of these leukemia cells displayed surface expression of
LILRB4 (Figures 1A and 1B). Myelomonocytic AML (M4) displayed
expression of LILRB4 on a partial population of leukemia blasts,
whereas all other subtypes were negative (Figures S1A and S1B). Of
significance, we also found a sub-population of LILRB4+ monocytic
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Figure 2. Anti-LILRB4 CAR-Transduced Primary Human T Cells Demonstrate Binding Specificity to Target LILRB4 Protein

(A) CAR construct with CD8a leader, humanized anti-LILRB4 scFv, CD8a hinge and transmembrane domain, intracellular 41BB co-stimulatory domain, and intracellular

CD3z activation domain. The CAR construct was subcloned into a lentivirus expression plasmid following the EF1a promoter and utilizing GFP co-expression driven by an

IRES to enable cell selection. (B) Parent anti-LILRB4 humanized monoclonal antibody (mAb) binds specifically to LILRB4, but not to other members of the LILRB and LILRA

family as determined by ELISA. (C) Anti-LILRB4 CAR expressed on transfected 293T cells utilizing the scFv derived from the parent anti-LILRB4 monoclonal antibody

demonstrates specific binding to LILRB4 with no off-target binding to the other members of the LILRB or LILRA family as determined by flow cytometry. (D) Efficient lentiviral

transduction of primary human T cells encoding anti-LILRB4 CAR, with similar CD4/CD8 ratios in control and CAR transduced T cells. (E) Anti-LILRB4 CAR-T cells

demonstrate specific binding to LILRB4-Fc fusion protein as assessed by flow cytometry. Data are represented as mean ± SE.
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leukemia cells co-express CD34, which may be enriched for leukemia
stem cell activity (Figure 1C). Review of gene and protein expression
from publicly available databases demonstrated that LILRB4 expres-
sion is restricted only to cells of the monocytic lineage and is not iden-
tified on normal tissue from major organ systems (Figures 1D and
1E). Additionally, we found no expression of LILRB4 by immunohis-
tochemistry, when specifically examining liver and brain tissue where
specialized tissue resident macrophages reside (Figure 1F). To iden-
tify target cells in our study, we examined the expression of LILRB4
on AML cell lines and observed positive expression on the monocytic
AML cell lines MV4-11, THP-1, and MOLM-13 (Figure 1G).

Characterization of Anti-LILRB4 CAR Construct and Efficient

Transduction of Primary Human T Cells

We generated a novel anti-LILRB4 CAR lentivirus vector incorpo-
rating a 41BB co-stimulatory domain and CD3z activation domain
(Figure 2A). The single-chain variable fragment (scFv) was derived
from a novel humanized rabbit anti-human antibody that has high af-
finity and specificity for LILRB4. Parent anti-LILRB4 monoclonal
antibody (mAb) (Figure 2B) and the scFv incorporated into the
anti-LILRB4 CAR derived from this mAb (Figure 2C) demonstrated
specific binding to LILRB4 with no off-target binding to other mem-
bers of the LILRA or LILRB family. Primary human T cells were acti-
vated and then transduced with lentivirus encoding anti-LILRB4
CAR and GFP genes, with transduction efficiencies of GFP+/CAR+

ranging from 35% to 50%. Similar CD4-to-CD8 ratios were seen
between anti-LILRB4 CAR-transduced and control (untransduced)
T cells (Figure 2D). GFP+ anti-LILRB4 CAR-T cells specifically bound
to LILRB4-Fc fusion protein as demonstrated by flow cytometry (Fig-
ure 2E), indicating efficient transduction and surface expression of
anti-LILRB4 CAR on primary human T cells. GFP+/CAR+ cells
were sorted by FACS and expanded in culture for 14–21 days.

Anti-LILRB4 CAR-T Cells Are Cytotoxic to LILRB4+ Cells and

Display Specific Cytokine Release When Stimulated by LILRB4+

AML Cells

To determine whether the anti-LILRB4 CAR-T cells are cytotoxic
to AML cells, we co-cultured control (untransduced) T cells or
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Figure 3. Anti-LILRB4 CAR-T Cells Demonstrate

Potent In Vitro Cytotoxicity and Specific Cytokine

Release When Stimulated by LILRB4+ AML Cells

(A) Anti-LILRB4 CAR-T cells display efficient cytotoxicity

against multiple LILRB4+ AML cell lines. AML cell lines

were co-cultured with control T cells (blue) or anti-LILRB4

CAR-T cells (red) for 4 hr at E:T ranging from 1:1 to 10:1.

Cytotoxicity was determined using a flow cytometry-

based assay. (B) Anti-LILRB4 CAR-T cells display effi-

cient cytotoxicity against LILRB4+ primary AML samples

and LILRB4+ normal monocytes. (C) Supernatant was

collected after 24-hr co-culture of anti-LILRB4 CAR-T

cells (red) or control T cells (blue) with MV4-11 cells (E:T,

1:1) and assayed for interferon g (IFNg) and tumor ne-

crosis factor alpha (TNF-a) release by ELISA. Anti-LILRB4

CAR-T cells demonstrate significantly increased cytokine

release when activated by MV4-11 AML cells, compared

with control T cells. *p < 0.05; ***p < 0.001. Data are

represented as mean ± SE.
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anti-LILRB4 CAR-T cells for 4 hr at various effector-to-target (E:T)
ratios with LILRB4+ human AML cell lines MV4-11, THP-1, and
MOLM-13. Flow-based cytotoxicity assays demonstrated strong
in vitro cytotoxicity toward all LILRB4+ AML cell lines, whereas con-
trol T cells did not induce significant cell killing (Figure 3A). Anti-
LILRB4 CAR-T cells were also tested against two LILRB4+ primary
AML samples in addition to normal LILRB4+ primary monocytes
(Figure S2) and displayed similar significant cytotoxicity against these
samples (Figure 3B). Additionally, anti-LILRB4 CAR-T cells demon-
strated significantly increased effector cytokine release of both IFN-g
and TNF-a when activated by MV4-11 AML cells, compared with
control T cells (Figure 3C).

Anti-LILRB4CAR-TCells Significantly Reduce Leukemia Burden

in the MV4-11 AML Xenograft Mouse Model

Next, we evaluated the efficacy of anti-LILRB4 CAR-T cells in
a human AML mouse xenograft model. Immunocompromised
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were irradiated and
on the following day (day 0) were injected with 1� 106MV4-11 lucif-
erase-expressing AML cells. On day 5, following AML cell engraft-
ment (Figure S3), mice were treated with PBS, control (untransduced)
T cells (2 � 106 cells in 200 mL of PBS), or anti-LILRB4 CAR-T cells
(2 � 106 cells in 200 mL of PBS) and monitored weekly using biolu-
minescence imaging (BLI) for leukemia development. Mice treated
with anti-LILRB4 CAR-T cells displayed significantly decreased leu-
kemia burden as demonstrated by BLI (Figures 4A and 4B) and by
flow cytometry analysis of circulating leukemia cells in peripheral
blood (Figure 4C) as compared with mice in control-treated condi-
tions. Anti-LILRB4 CAR-T cells could be found circulating in periph-
eral blood at day 28 as well (Figure 4C). Furthermore, bone marrow
obtained from mice sacrificed 28–37 days following control or anti-
LILRB4 CAR-T cell treatment demonstrated near-complete elimina-
tion of leukemic disease in anti-LILRB4 CAR-T cell-treated mice
2490 Molecular Therapy Vol. 26 No 10 October 2018
(0.34% AML) compared with mice treated with control-T cells
(26% AML) (Figure 4D). Additionally, CAR-T cell treatment pro-
longed survival compared with control mice treated with PBS (Fig-
ure 4E). These results demonstrate anti-LILRB4 CAR-T cells are
efficacious to treat LILRB4+ AML in vivo.

Anti-LILRB4 CAR-T Cells Have No Toxicity against CD34+

Hematopoietic Stem Cells

Because previous CAR-T cells directed against AML have shown
cytotoxicity to HSPCs, we first systematically analyzed expression
of LILRB4 on HSCs and multipotent progenitors (MPPs) from
both normal adult bone marrow and umbilical cord blood. HSCs
were defined by multi-color flow cytometry as previously
reported25 as low SSC, low FSC, CD45-dim, CD34+/CD38�/
CD90+/CD45RA�. When analyzed for LILRB4, both HSCs and
MPPs showed no expression (Figure 5A; Figures S4A–S4C). We
next evaluated anti-LILRB4 CAR-T cells for potential on-target
off-tumor toxicity against CD34+ umbilical cord blood cells
(UCB-CD34) using a colony-forming unit (CFU) assay. Anti-
LILRB4 CAR-T cells or control (untransduced) T cells were
co-cultured with UCB-CD34 cells for 4 hr; then CFU assay was
performed. There were no differences in BFU-erythroid (E),
CFU-granulocyte (G), CFU-monocyte (M), CFU-granulocyte-
monocyte (GM), or CFU-granulocyte-erythroid-monocyte-mega-
karyocyte (GEMM) colony numbers when cells treated with PBS,
control T cells, and anti-LILRB4 CAR-T cells were compared (Fig-
ure 5B). Next, anti-LILRB4 CAR-T cells were evaluated in a hu-
man UCB-CD34 hematopoietic reconstituted mouse model. Mice
were treated with PBS versus anti-LILRB4 CAR-T cells after hu-
man cell engraftment (>1% human CD45+ cells in peripheral blood
[PB]), and bone marrow was collected on day 28 following treat-
ment. There was no difference between PBS and anti-LILRB4
CAR-T cell-treated mice in all cell populations examined including



Figure 4. Anti-LILRB4 CAR-T Cells Significantly Reduce Leukemia Burden in the MV4-11 AML Xenograft Mouse Model

NSG mice were irradiated on day �1, injected with MV4-11 AML cells on day 0, and treated with PBS, control (untransduced) T cells, or anti-LILRB4 CAR-T cells on day 5.

(A) Weekly BLI of mice treated with PBS, control T cells, and anti-LILRB4CAR-T cells. (B) Plot of total flux (p/s) as a function of time demonstrates that anti-LILRB4 CAR-T cell-

treated mice had significantly decreased leukemia burden as compared with PBS and control T cell-treated mice (PBS: n = 3, control T cell [CN-T]: n = 9, CAR-T: n = 9; **p <

0.01). (C) Percent human leukemia blasts in peripheral blood on day 28. Anti-LILRB4 CAR-T cell-treated mice show significantly decreased circulating leukemia blasts in

peripheral blood compared with control-T cell-treated mice (*p < 0.05) (left). Anti-LILRB4 CAR-T cells found to be persistent in PB at 28 days (right). (D) Left: percent human

leukemia blasts in bonemarrow on day 37, representativemice flow cytometry plot. Right: bonemarrow harvested and analyzed for presence of LILRB4+ AML cells frommice

sacrificed on days 28–37 demonstrated significantly reduced marrow leukemia burden in anti-LILRB4 CAR-T cell-treated mice compared with control (n = 3 for each group;

**p < 0.01). (E) Survival analysis of anti-LILRB4 CAR-T cell-treated mice and PBS-treated mice (PBS: n = 6, CN-T: n = 8, CAR-T: n = 8; *p < 0.05). Data are represented as

mean ± SE.
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CD34+/CD38� HSCs (Figures 5C and 5D), CD33+ myeloid cells,
CD14+ monocytes, CD19+ B cells, or peripheral blood CD41+

platelets (Figure 5D). These results demonstrate that anti-LILRB4
CAR-T cells are able to specifically and efficiently kill LILRB4+

AML cells in vitro and in vivo, while, importantly, sparing normal
HSPCs.

DISCUSSION
Relapsed and refractory AML carries a poor prognosis with few effec-
tive treatment options. Novel therapeutics being developed for AML
include several epigenetic modifier agents (IDH1, IDH2, and histone
deacetylase inhibitors), antibody-drug conjugates (anti-CD33: gem-
tuzumab, vadastuximab), and CAR-T cells targeting various sur-
face-expressed antigens.14,26,27 Because many of the antigens targeted
by CAR-T cells are co-expressed on normal HSPCs, myelotoxicity has
been encountered in preclinical models.
In this work, we show in preclinical in vitro and in vivo models that
targeting of LILRB4, which is highly expressed on the monocytic sub-
set of AML, by a novel anti-LILRB4 CAR-T cell leads to significant
leukemia cell killing and reduction in leukemia burden, whereas
sparing normal HSPCs. As we demonstrate in this study, anti-LILRB4
CAR-T cells hold several key advantages when compared with other
treatment strategies in development. First, anti-LILRB4 CAR-T cells
display potent and specific cytotoxicity against LILRB4+ AML cell
lines and primary AML patient samples. These anti-LILRB4 CAR-T
cells have no off-target binding toward other members of the LILRB
and LILRA families. Furthermore, many CAR constructs in use
currently utilize a mouse anti-human-derived scFv. In this work,
we have generated our CAR construct with a humanized scFv in an
effort to minimize potential immunogenicity in humans. This may
minimize undesirable sequelae including CAR-T rejection or serious
allergic or anaphylactic reactions.28
Molecular Therapy Vol. 26 No 10 October 2018 2491
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Figure 5. LILRB4 Is Not Expressed on Human HSCs, and Anti-LILRB4 CAR-T Cells Have No Toxicity against Human HSPCs In Vitro or In Vivo

(A) Flow cytometry analysis of LILRB4 expression on human HSCs and MPPs obtained from normal- healthy adult bone marrow. Cells were gated from low SSC/low FSC/

CD45-Dim. (B) UCB-CD34 cells were co-cultured with control T cells or anti-LILRB4 CAR-T cells at 10:1 E:T ratio for 4 hr. Total cell culture was resuspended in MethoCult

Classic (STEMCELL) and plated, and colonies were counted after 10 days. No significant difference was found in erythroid burst-forming units (BFU-E), granulocyte colony-

forming unit (CFU-G), monocyte CFU (M), CFU-GM, or CFU-GEMM colony numbers in cells treated with PBS, control (untransduced) T cells, or anti-LILRB4 CAR-T cells.

(C and D) 8� 104 umbilical cord blood CD34+ (UCB-CD34) cells were transplanted into NSGmice to generate a humanized hematopoietic reconstituted mousemodel. Mice

were treated with PBS (n = 3) or anti-LILRB4 CAR-T cells (n = 5) following engraftment and analyzed for human (C) CD34+/C38� HSC population in BM (representative mice

flow cytometry plot) and (D) quantified for HSC (CD34+/C38�), myeloid (CD33), monocyte (CD14), and B cell (CD19) populations in bone marrow, and platelet (CD41)

population in peripheral blood. No difference was observed in any cell population between mice treated with anti-LILRB4 CAR-T cells and those in PBS-treated conditions.

Data are represented as mean ± SE.
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Second, targeting of LILRB4 by CAR-T cells does not have off-target
toxicity toward hematopoietic stem or progenitor cells. Previous ef-
forts to target AML-associated antigens such as CD123 and CD33
have led to severe myelotoxicity because these antigens are also ex-
pressed on early stem and progenitor cells.18,29With the incorporation
of “suicide switches” or by utilizing transient CAR-T cells, some of
these CAR-T cells have translated to early clinical trials. Here we
demonstrated that LILRB4 is not expressed on immunophenotypi-
cally definedHSCs orMPPs obtained frommultiple sources including
healthy adult bonemarrow (BM), umbilical cord blood, and PBG-CSF
mobilized stem cells. When tested in various in vitro and in vivo
models, anti-LILRB4 CAR-T cells spare normal HSPCs and do not
ablate normal human hematopoiesis, which we believe will have
significantly less myelotoxicity when applied in humans.

This strategy of targeting a subclass of AML based on HSC-sparing
restricted immunophenotype rather than targeting an antigen ex-
2492 Molecular Therapy Vol. 26 No 10 October 2018
pressed on all types of AML may be advantageous for several rea-
sons. First, because significant myelotoxicity is not expected as seen
when targeting other AML antigens, anti-LILB4 CAR-T cells may
be allowed to persist longer in patients, which may better protect
from disease relapse. Importantly, hematopoietic reconstitution
by stem cell transplant or rescue may not be necessary, because
HSPC toxicity is not observed with anti-LILRB4 CAR-T cells.
Additionally, because myelosuppression is not expected, we would
expect there to be fewer bacterial and fungal infectious complica-
tions due to prolonged neutropenia and also less transfusion
dependence.

It is important to note that normal healthy monocytes may be
removed by anti-LILRB4 CAR-T cells as demonstrated in this
work. Because normal monocytes infiltrate tissue to sites of infection
and mature into macrophages, some phagocytic and antigen-present-
ing ability may be diminished; however, neutrophils may compensate
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some of this function. Prolonged monocytopenia may leave certain
groups of patients susceptible to specific infections including atypical
mycobacterium as in MonoMAC syndrome; however, patients with
this disease often have additional B and natural killer (NK) cell cyto-
penias due to germline GATA2mutations.30 Conversely, we have also
demonstrated LILRB4 is not expressed in normal liver and brain, or-
gans that contain tissue resident macrophages (Kupffer cells, micro-
glia), and therefore believe anti-LILRB4 CAR-T cells will not target
and spare these specialized cells.

A further unique advantage of targeting LILRB4 on AML cells by
CAR-T cells is due to the expression pattern of this antigen on both
leukemia stem cells and mature circulating blasts, as we and others
have demonstrated.22–24 Leukemia stem cells represent a minute
sub-population of total leukemic blasts; however, they are most likely
responsible for causing relapsed or refractory disease in AML.31,32

Because LILRB4 is seen on CD34+/c-Kit+ AML stem cells, but not
on normal hematopoietic stem cells, anti-LILRB4 CAR-T cells may
effectively eliminate this leukemia cell population and possibly pre-
vent disease relapse. Therefore, targeting LILRB4 may be effective
in both de novo and relapsed or refractory disease settings.

Recent work has demonstrated interleukin-6 (IL-6), one of the main
cytokines that contributes to the pathology of cytokine release syn-
drome (CRS) encountered in CAR-T cell therapy, is secreted from
monocytic lineage cells.33 CRS can lead to critical illness including
cardiorespiratory compromise and multi-organ failure. By targeting
normal monocytes with anti-LILRB4 CAR-T cells, these cells may
be eliminated along with monocytic AML cells, which may possibly
result in less severe CRS, because this cell source of IL-6 will have
been removed.

In addition to monocytic AML, LILRB4 has also been reported to be
expressed in other hematologic malignancies, including 50% of
chronic lymphocytic leukemia cases, where expression of LILRB4
may be predictive of prognosis.34 Our study and data analysis also
suggests that LILRB4 is expressed on some cases of multiple myeloma
and pre-B acute lymphoblastic leukemia (ALL), including the high-
risk subtype carrying the mixed lineage leukemia (MLL) gene muta-
tion35 (and data not shown). Anti-LILRB4 CAR-T cells may also be
applied in the treatment of these malignancies.

Lastly, LILRB4 expression on certain myeloid cell populations in can-
cer patients may allow for tumor cell evasion of immune response.
Previous studies have demonstrated that LILRB4 is expressed on
myeloid-derived suppressor cells,36 tolerogenic dendritic cells,37 and
tumor-associated macrophages.22,38 These cells create a tolerogenic
immune suppressive niche whereby cancer cells are protected from
immune system discovery and destruction.39–41 Targeting these tu-
mor-protective cells in the tumor microenvironment may allow for
improved disease control.42 LILRB4 therefore represents an attractive
target for CAR-T cell-directed therapy for treatment of various types
of malignancies, including solid tumors, where CAR-T cells may be
used in combination with other targeted therapies to eliminate either
the malignant tumor cell or its surrounding LILRB4+ immune-sup-
pressive cells.

Future work will entail scaling CAR-T production methods and tran-
sitioning to produce good manufacturing practice (GMP) grade anti-
LILRB4 CAR-T cells in order to test these cells in clinical trials. This
study holds potential to improve the poor outcomes for patients with
monocytic AML, and potentially other malignancies, by offering a
new therapeutic strategy utilizing novel anti-LILRB4 CAR-T cells.

MATERIALS AND METHODS
Construction of Anti-LILRB4 CAR

The gene encoding an scFv derived from a humanized anti-LILRB4
antibody was generated by splicing the variable region of the heavy
chain to the variable region of the light chain via a (Gly4Ser)3 linker.
This was cloned in-frame to the CD8a hinge and transmembrane
domain. In this construct, the transmembrane domain is followed
by a 41BB intracellular domain that serves as the co-stimulatory
domain of the CAR, terminating with the CD3z intracellular activa-
tion domain. The CAR construct was codon optimized and synthe-
sized for expression in human cells (Genscript, Piscataway, NJ,
USA). The complete CAR construct was sub-cloned into the lentiviral
expression plasmid, pLVX-ZsGreen (Clontech, Mountain View, CA,
USA) driven by an EF1a promoter and containing the internal ribo-
some entry site (IRES)-GFP signal for cell selection.

Primary Human T Cell Lentivirus Transduction and CAR-T Cell

Expansion

On day 0, 1 � 106 T cells were thawed in 1.5 mL of T cell medium
(Immunocult with 100 U/mL human interleukin-2 [hIL-2]) and
were stimulated with anti-CD3/CD28 Dynabeads (Life Technologies)
according to the manufacturer’s directions. After 24 hr, concentrated
lentivirus at MOI 50 was added to activated T cells. Cell culture was
monitored daily during transduction, and additional media were
added to maintain a cell concentration of 0.5–1 � 106 cells/mL. On
day 4 following transduction, virus-containing medium and Dyna-
beads were removed, and cells were washed and resuspended at 1 �
106 cells/mL in fresh T cell medium supplemented with 100 U/mL
hIL-2. In some experiments, GFP+-CAR-T cells were sorted on
day 7 on a FACSAria and re-stimulated with anti-CD3/CD28 anti-
body for 3 days. Sorted CAR-T cells were then washed and resus-
pended in T cell medium supplemented with 100 U/mL hIL-2. Cells
were allowed to expand in culture until day 14 or 21. Cell culture
was monitored daily during expansion, and additional media were
added to maintain a cell concentration of 1 � 106 cells/mL.

For all experiments using anti-LILRB4 CAR-T cells, paired (from
same donor) untransduced T cells, activated and cultured for equiv-
alent time, served as control T cells.

AML Mouse Xenograft

All vertebrate animal experiments were conducted under Insti-
tutional Animal Care and Use Committee (IACUC)-reviewed
and -approved protocols. Mice were maintained in pathogen-free
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conditions in the animal resource core facility at the University of
Texas Southwestern Medical Center (UTSW). Six- to 8-week-old
NSG mice (Jackson Laboratory, Sacramento, CA, USA) were suble-
thally irradiated (200 cGy) on day �1. On day 0, each mouse was in-
jected via tail vein, with 1� 106 human leukemia cells resuspended in
200 mL of PBS. On day 5, 2 � 106 control (untransduced) T cells or
anti-LILRB4 CAR-T cells resuspended in 200 mL of PBS were injected
into each mouse via tail vein. Mice were weighed, peripheral blood
obtained via retro-orbital bleeding, and BLI was conducted weekly.
Death was recorded when moribund animals were euthanized per
IACUC protocol requirements. Bone marrow was harvested for anal-
ysis of leukemia disease burden after mice were euthanized per pro-
tocol requirements.
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Supplementary Figures 
 

 
Supplementary Figure 1: LILRB4 is expressed only on M4 and M5 AML 

A) Flow cytometry plot of representative patient sample for myelomonocytic AML (M4) and 

monocytic AML (M5), gated from mid to large FSC, low to mid SSC, CD45- dim, 

demonstrating that LILRB4 is expressed on the partial population of M4 blasts and the full 

population of M5 blasts. (B) Quantification of LILRB4 expression in patients with AML 

demonstrating that LILRB4 is not expressed on AML M0- M2 (M3 excluded from analysis), and 

displays partial expression on AML M4, however is expressed on greater than 99% (SD= 1.25) 

of leukemia cells in all patients with monocytic AML. 

 

  



 

Supplementary Figure 2: LILRB4 is expressed on normal monocytes 

LILRB4 expression analyzed by flow cytometry on MV4-11 AML cells (Red), monocytes (Blue, 

CD14+) and non- monocytes (Green, CD14-) from normal healthy donor peripheral blood 

mononuclear cells (PBMCs). 

 

  



 

Supplementary Figure 3: MV4-11 engraftment in NSG mice 

NSG mice were irradiated on day -1, injected with MV4-11 AML cells on day 0 and sacrificed 

on day 5. Peripheral blood (PB), bone marrow (BM), liver and spleen was harvested to determine 

AML cell engraftment. MV4-11 cells were identified as GFP+/Human CD45+. (Top) Flow 

cytometry of representative mice shows no circulating MV4-11 cells are seen in PB, however 

can be identified within BM, liver and spleen. (Bottom) Quantified flow cytometry data (n=3).  

 

  



 

 

Supplementary Figure 4: LILRB4 is not expressed on human HSCs obtained from multiple 
sources 
 
LILRB4 expression analyzed on human HSCs and MPPs obtained from (A) normal- healthy 

adult G-CSF peripheral blood mobilized stem cells, (B) normal- healthy umbilical cord blood 



cells and (C) normal healthy adult bone marrow (2 additional cases). Cells were gated from Low 

SSC/Low FSC/CD45-Dim. 

  



Supplementary Methods 

Cell lines and cell culture methods 

Cell lines were purchased from ATCC (Rockville, MD). MV4-11, THP-1 and MOLM-13 cell 

lines were maintained in RPMI-1640 media supplemented with 10% heat-inactivated FBS 

(Sigma-Aldrich, St. Louis, MO) and 1% penicillin/streptomycin (Sigma- Aldrich). 293-T cells 

were maintained in DMEM supplemented with 10% heat- inactivated FBS and 1% 

penicillin/streptomycin. Healthy donor primary human T-cells (CD3+, frozen) were purchased 

from All Cells (Alameda, CA). T-cells were maintained in Immunocult-XF T-cell expansion 

media (Stemcell, Cambridge, MA) supplemented with 100 units/ml of recombinant human-IL2 

(Peprotech, Rocky Hill, NJ).  Human umbilical cord blood CD34+ cells were purchased from 

Stemcell and used in humanized mice experiments or colony forming unit (CFU) assay as 

described below. Primary human AML samples were obtained from the tissue bank at UTSW 

and analyzed by flow cytometry as described below. Patient specimens were banked after 

informed consent was obtained under a protocol reviewed and approved by the Institutional 

Review Board at UTSW. The UTSW cohort included 69 AML patients representative of AML 

subtypes by the French-American-British (FAB) classification: acute myelomonocytic leukemia 

(M4, n=19), acute monocytic leukemia (M5, n=17), and other subtypes of AML (n=33). 

 

Flow cytometry 

For flow cytometry analyses of human cells and AML cell lines, cells were stained with mouse 

anti-human ILT3-APC (ZM4.1- eBioscience, Grand Island, NY), mouse anti human- CD3-APC 

(OKT3- Biolegend, San Diego, CA), goat anti-human IgG- FcGamma fragment specific-APC 

(Jackson ImmunoResearch Laboratories, West Grove, PA), mouse anti-human CD14-FITC 



(61D3- eBioscience), mouse anti human-CD19-APC (HIB19- Biolegend), mouse anti-human 

CD41-APC (HIP8- Biolegend) mouse anti-human CD38-FITC (HIT2- BD Pharmingen, San 

Diego, CA), mouse anti-human CD34-eFluor® 450 (4H11- eBioscience),  mouse anti-human 

CD90-APC/Cy7 (5E10- eBioscience), mouse anti-human CD45RA-PE/Cy7 (HI100- Biolegend), 

monoclonal antibodies at 1:100 dilution. For analysis of cytotoxicity, AML cells were stained 

with DDAO-SE and propidium iodide as detailed in Cytotoxicity assay below. For analysis of 

AML cell and human hematopoietic cell engraftment in NSG mice, a previously published 

protocol was followed (23, 27, 28). Briefly, we collected peripheral blood from mice by retro-

orbital bleeding, lysed red blood cells (RBC) in RBC lysis buffer, blocked with anti- mouse 

CD16/32 (93- Biolegend) and stained cells with mouse- anti-human CD45-PE (HI30, 1:100 

dilution- BD Pharmingen) and anti-human CD3-APC (OKT3- Biolegend), to quantify total 

human AML cells (GFP+/CD45+/CD3-). Cells were run on either FACSCalibur (BD Biosciences, 

San Jose, CA) for analysis or FACSAria (BD Biosciences) for analysis and sorting. Flow data 

were analysed by Flowjo software (Ashland, OR).  

 

Generating anti-LILRB4 humanized scFv  

The anti-LILRB4 antibody used in the CAR construct was a humanized rabbit antibody. The 

original rabbit antibody was isolated from a memory B cell of a New Zealand white rabbit 

immunized with the human LILRB4 ECD protein (SinoBiological, Beijing, China). Two rounds 

of PCR were performed by incorporating overlapping sequences at the 3′ and 5′ ends allowing 

infusion cloning of the antibody variable regions into rabbit IgG heavy- and light-chain vectors, 

based on protocols described previously1. The anti-LILRB4 antibody was expressed transiently 

in HEK 293 cells and purified by protein A/G for testing, based on protocols described 



previously1. Humanization of the anti-LILRB4 antibody was based a CDR-grafting strategy as 

described previously2. Briefly, CDRs in the heavy and light chains of the rabbit antibody were 

defined by combination of three methods: Kabat, IMGT and Paratome3-5. The humanized VK 

and VH fragments were synthesized and cloned into human IgG1 CK and CH vectors separately, 

followed by expression in HEK 293 cells to confirm the biological activities compared with 

parental rabbit antibody. After confirmation of binding affinity of the humanized antibody, we 

performed PCR to link the VH and VL genes into scFv with a (G4S)3 linker6. The constructed 

scFv DNA product was then cloned into lentivirus expression plasmid for generation of anti-

LILBR4-CAR.  

 

Lentivirus production 

The lentivirus expression plasmid encoding the anti-LILBR4-CAR and GFP genes was packaged 

in VSV-G pseudotyped lentiviral particles in 293T cells and concentrated by polymer 

precipitation followed by ultracentrifugation over sucrose cushion by Signagen (Signagen 

Laboratories, Rockville, MD). Lentiviral particles were endotoxin free and replication 

incompetent, and titer was determined by p24 ELISA as tested by Signagen. The concentrated 

lentivirus was thawed and resuspended in T cell medium one hour prior to use in T-cell 

transduction. 

	
ELISA binding assay  

Corning 96-well EIA/RIA plates were coated overnight at 4°C with LILRA or LILRB 

recombinant proteins (1 µg/mL) and blocked for 2 hours at 37°C with 5% non-fat milk. After 

washing with PBS-T (Tween 20, 0.05%) 3 times, 100 µL of serial dilution of anti-LILRB4 

antibodies were added and incubated for 30 min at 37°C. Subsequently, the plates were washed 



with PBS-T and incubated for 30 min with anti-human F(ab')2 HRP-conjugated antibody 

(Jackson ImmunoResearch Laboratories). The immunoreactions were developed with TMB 

substrates (Sigma-Aldrich) and stopped by the addition of 2 M sulfuric acid before plate reading 

at 450 nm. 

 

Flow cytometry binding assay 

Control (untransduced) T-cells or anti-LILRB4 CAR-T cells (5 x 104 cells in total volume 100 

µl) were incubated with 0.5 µg of LILRB4-Fc fusion protein, on ice for 90 minutes. Human IgG 

was used as control. Cells were then washed in ice-cold PBS + 2% FBS, followed by secondary 

staining with APC-Goat-anti Human IgG-FcGamma (Jackson-ImmunoResearch). Cells were 

washed in ice-cold PBS twice and re-suspended in PBS + 2% FBS for flow cytometry analysis 

on FACS-Calibur (BD Biosciences).  

 

Cytotoxicity assay 

AML cells were labeled with far-red DDAO-SE (Life Technologies, Grand Island, NY) per 

manufacturer’s directions. Control- (untransduced) T cells or anti-LILRB4 CAR-T cells 

(effectors) were co-cultured with AML cells (targets) for 4 hours in RPMI in 96 well U-bottom 

plates at the indicated effector to target (E:T) ratios. Following this, each sample was 

resuspended in PBS with 0.1% propidium iodide (by volume) with 1 x 104 flow cytometry 

counting beads per sample. Live AML target cells were defined as the DDAO-SE+/PI- cell 

population. Experiments were performed in triplicates, and cytotoxicity was calculated as:  

AML = AML cell count/# of beads (Co-culture WITHOUT T cells) 

X = Living target cell count/# of Beads (Co-culture WITH T cells) 



% Cytotoxicity= (AML - X)/AML*100. 

 

Cytokine release 

Control (untransduced) or anti-LILRB4 CAR-T cells (2-5 x 104) were co-cultured with AML 

cells (1:1) in 96-well U-bottom plates for 24 hours. Human IFN-γ and TNF-α release into culture 

supernatants was quantified by ELISA (Biolegend) following the manufacturer’s protocol.  

	
Colony-forming unit (CFU) assay  

Human umbilical cord blood CD34+ cells (1 x 103) were co-cultured with 1 x 104 control 

(untransduced)- T cells or anti-LILRB4 CAR-T cells for 4 hours, resuspended in MethoCult 

Classic (Stemcell), plated, and incubated in a humidified chamber per manufacturer’s directions. 

Colonies were classified and counted after 14 days.  

 

Gene and protein expression analysis 

Expression profile of LILRB4 in normal tissue at the mRNA and protein level was assessed by 

utilizing publically available databases for gene expression analysis (Human body index - 

transcriptional profiling, GSE7307: 210152_at) and mass- spectrometry proteomic analysis 

(Human Proteome Map: LILRB4- http://www.humanproteomemap.org/query.php), respectively. 

 

Immunohistochemistry 

Hematoxylin staining and immunostaining were performed on normal human tissue microarrays 

(FDA-808j-1, BN1002b) purchased from US Biomax (Rockville, MD), and paraffin embedded 

sections of THP-1 wild-type and LILRB4-knock out tumors. Antibodies used were against 

LILRB4  (1:100). The images were visualized using the Hamamatsu NanoZoomer 2.0-HT 



(Meyer instruments Inc., Houston, TX) and viewed in NPDview2 software (Hamamatsu, Japan). 

 

CD34+ Humanized mouse xenograft 

4-6 week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratory) were 

sublethally irradiated (200 cGy) on day 0. Following this, 4-6 hours later, each mouse was 

injected via tail-vein, with 8 x 104 human umbilical cord blood CD34+ cells resuspended in 200 

µl PBS. Mice were determined to be engrafted when greater than 1% human CD45+ cells was 

detected in peripheral blood by flow cytometry (approximately 4 weeks). Following engraftment, 

1 x 106 anti-LILRB4 CAR-T cells resuspended in 200 µl PBS were injected into each mouse via 

tail-vein. Control mice were treated with PBS. Peripheral blood was analyzed weekly and mice 

were sacrificed on day 28 following anti-LILRB4 CAR-T cell treatment. Peripheral blood, bone 

marrow, liver and spleen was harvested from each mouse, and analyzed by flow cytometry for 

specific human hematopoietic cell populations (CD19, CD33, CD14, CD34, CD38, LILRB4). 

 

Statistical analyses 

Data are expressed as mean ± SE. Data comparing effect between Control- and anti-LILRB4 

CAR-T treatment groups were analyzed by Student's t-test and considered statistically significant 

if p < 0.05. Kaplan- Meier survival curves of control- and anti-LILRB4 CAR-T treatment groups 

were analyzed using a log-rank test and were considered statistically significant if p < 0.05. 
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