N

N

Targeting primary acute myeloid leukemia with a new
CXCRA4 antagonist IgG1 antibody (PF-06747143)
Yanyan Zhang, Erika Saavedra, Ruoping Tang, Yin Gu, Patrick Lappin,
Dusko Trajkovic, Shu-Hui Liu, Tod Smeal, Valeria Fantin, Stephane de
Botton, et al.

» To cite this version:

Yanyan Zhang, Erika Saavedra, Ruoping Tang, Yin Gu, Patrick Lappin, et al.. Targeting primary
acute myeloid leukemia with a new CXCR4 antagonist IgG1l antibody (PF-06747143). Scientific
Reports, 2017, 7, pp.7305. 10.1038/s41598-017-07848-8 . hal-01580202

HAL Id: hal-01580202
https://hal.sorbonne-universite.fr /hal-01580202v1

Submitted on 1 Sep 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.sorbonne-universite.fr/hal-01580202v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

SCIENTIFIC REPLIRTS

Targeting primary acute myeloid
leukemia with a new CXCR4

antagonist IgG1 antibody (PF-
Received: 6 April 2017 0 6 3

Accepted: 30 June 2017 7 4 7 1 4 )
Published onine: 04 August 2017 Yanyan Zhang%3*, Erika Saavedral*3*, Ruoping Tang*®7:%, Yin Gu®, Patrick Lappin??,

Dusko Trajkovict?, Shu-Hui Liu'?, Tod Smeal®, Valeria Fantin®, Stephane De Botton¥1%13,
Ollivier Legrand®%’:8, Francois Delhommeau®®7:2%, Flavia Pernasetti® & Fawzia Louache ®23*

The chemokine receptor CXCR4 mediates cell anchorage in the bone marrow (BM) microenvironment

. and is overexpressed in 25-30% of patients with acute myeloid leukemia (AML). Here we have shown

© that a new CXCR4 receptor antagonist IgG1 antibody (PF-06747143) binds strongly to AML cell lines

. and to AML primary cells inhibiting their chemotaxis in response to CXCL12. PF-06747143 also induced
cytotoxicity in AML cells via Fc-effector function. To characterize the effects of PF-06747143 on
leukemia progression, we used two different patient-derived xenograft (PDX) models: Patient 17XCRé-low
and P15CXCR4-hish models, characterized by relatively low and high CXCR4 expression, respectively.

. Weekly administration of PF-06747143 to leukemic mice significantly reduced leukemia development in

. both models. Secondary transplantation of BM cells from PF-06747143-treated or IgG1 control-treated
animals showed that leukemic progenitors were also targeted by PF-06747143. Administration of a
single dose of PF-06747143 to PDX models induced rapid malignant cell mobilization into the peripheral
blood (PB). These findings support evaluation of this antibody in AML therapy, with particular appeal to
patients resistant to chemotherapy and to unfit patients, unable to tolerate intensive chemotherapy.

CXCR4 is a chemokine receptor highly expressed on multiple cell types including hematopoietic stem cells
(HSC), and cancer cells. CXCL12 (also designated as stromal cell-derived factor-1 or SDF-1) is a homeostatic
chemokine constitutively secreted by marrow stromal cells, acting as a potent chemo-attractant for immature
and mature CXCR4 positive hematopoietic cells, while stimulating their adhesion through integrin activation!.

: CXCLI2 also plays an important role in the development and organization of the immune system by regulating

. the architecture of the lymphoid tissues>°. During development, one of the main roles of CXCL12 in myelopoiesis
is the migration of progenitors from the fetal liver to the BM. In adults, the CXCL12/CXCR4 pathway mediates
retention and homing of hematopoietic stem cells in the BM microenvironment and lymphocyte trafficking” 8.
Disruption of CXCL12/CXCR4 interactions results in mobilization of hematopoietic progenitors’2. Besides its
role in cell trafficking, the CXCL12/CXCR4 pathway plays a crucial role in the regulation of cell proliferation
and apoptosis'> . Indeed, it was shown that knockout of CXCR4 or CXCL12 resulted in HSC proliferation and
exhaustion” '>-"7.
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Acute myeloid leukemia (AML) represents a heterogeneous group of hematopoietic malignancies with differ-
ent genetic, morphological and clinical characteristics. AML is characterized by the accumulation of malignant
precursors of the myeloid lineage in the BM, interfering with the production of normal blood cells. Despite
important advances in myelosuppressive chemotherapy and allogeneic transplantation, the majority of adults
with AML succumb due to resistant or relapsed disease. In addition, a large number of patients currently experi-
ence unacceptable toxicity from currently available chemotherapy which, in many cases, leads patients to opt out
or delay receiving treatment. This underscores the need for alternative treatment options for AML patients, with
increased tolerability and improved efficacy.

Several studies have shown that similarly to normal HSC, primary immature AML cells survival is dependent
on the chemokine and growth factor rich microenvironment in the BM, which may prove to be the Achilles’
heel for AML!®, Importantly, this cross-talk with the microenvironment was also demonstrated to play a role in
acquired resistance to chemotherapy in minimal residual disease. Overexpression of CXCR4 occurs in approx-
imately 25-30% of AML patients. Interestingly, patients with a high CXCR4 expression in the CD34" subset of
cells have a significantly reduced overall survival and have a greater risk of leukemia relapse'>?°. Therefore, inhi-
bition of CXCR4 has emerged as a potent therapeutic strategy. A small molecule CXCR4 antagonist (AMD3100
or Plerixafor) was approved as a stem cell mobilization agent. When evaluated in combination with cytotoxic
chemotherapy in a Phase 1/2 AML studies, AMD3100 mobilized malignant cells from the BM, increasing their
sensitivity to chemotherapy. The combination resulted in increased remission, suggesting that long-term dis-
ease-free survival after chemotherapy could be improved by this novel combination strategy*!. Using patient
derived xenograft (PDX) models, in which immunodeficient mice are reconstituted with cells from primary AML
patients, it was demonstrated for the first time, that the use of CXCR4 antagonists AMD3100, or the peptide
TN 140, both known to mobilize cells from the BM as single agents, significantly inhibited AML tumor burden?.
Recently, a similar study also demonstrated that a novel peptidic CXCR4 antagonist, LY2510924, administered
as a monotherapy, induced mobilization of leukemic cells into the circulation followed by reduction in leukemia
tumor burden®. Overall, the main mechanism of action described for the small molecules or peptides antagonists
of CXCR4, evaluated in either preclinical or clinical studies, is centered on their ability to mobilize malignant
cells from the BM, thereby sensitizing them to chemotherapy. These agents have shown limitations regarding
short half-lives, making their adequate management over long periods of time difficult®*. In contrast, therapeutic
monoclonal antibodies have the advantage of having more prolonged half-lives, and are suitable for less frequent
dosing. Additionally, human IgG1 antibodies have the ability to induce cell death upon binding to their target
protein on cancer cells, via interaction with Fc-receptors on effector cells, including antibody-dependent cell
mediated cytotoxicity/phagocytosis (ADCC/ADCP)?. Such cytotoxic mechanisms of action are not inherent
to small molecules or peptides, and have been demonstrated to play a key role in the clinical activity of several
therapeutic antibodies, including Rituximab?®.

Here, we characterized PF-06747143, a novel humanized IgG1 anti-CXCR4 antibody as an alternative
approach to target CXCR4 in AML. We show that PF-06747143 binds to CXCR4 on both AML cell lines and pri-
mary AML patient cells and potently inhibits CXCL12-induced migration of AML cell lines or primary samples.
Moreover, in line with CXCR4 role in BM cell homing, we show that PF-06747143 induces transient cell mobili-
zation of malignant AML cells from the BM into the peripheral blood (PB) in the PDX models. PF-06747143, a
humanized IgG1 antibody bearing an active Fc-effector region, induces AML cytotoxicity via ADCC or ADCP.
In addition, we demonstrate that PF-06747143 monotherapy treatment potently reduces leukemia burden in
PB, BM, and spleen in AML PDX models expressing low and high levels of CXCR4 and this is associated with
increased survival. Importantly, using secondary transplantation from the PDX models, we demonstrate that
PF-06747143 treatment decreases the ability of AML tumor cells to re-engraft, suggesting reduction of leukemia
initiating cells (LICs).

Results

PF-06747143 binds to AML primary cells.  Using the commercially available CXCR4 12G5 antibody, we
have previously reported that CXCR4 expression is heterogeneous among AML patients and have classified AML
patients into CXCR4"8" and CXCR4"#*% patients®?. Until now, no information was available regarding the ability
of PF-06747143 to bind to AML primary cells. Thus, we compared the binding potential of PF-06747143 to that of
12G5 antibody on primary AML patient cells. Representative primary AML patient samples of high (P15XR4high)
and low (P17¢XCR#lowy CXCR4 expression are shown in Fig. 1A. Out of 18 samples (blood or BM) evaluated
using both PF-06747143 and the 12G5 antibody, 9 displayed mean fluorescence intensity ratios (MFIRs) below
or equal to 5, which were considered CXCR47¢8'°*1%22 whereas 9 displayed MFIRs higher than 5, and considered
CXCR4"ih (Fig. 1B). A good correlation was observed between 12G5 and PF-06747143 staining (Fig. 1C), indi-
cating that the PF-06747143 can be used to stratify AML patients. Importantly, PF-06747143 specifically binds to
UT7 cells stably transduced with CXCR4 compared to UT7 transduced with empty vector confirming its speci-
ficity (Supplemental Figure 1).

PF-06747143 sharply decreases AML cell lines and AML primary cells CXCL12-driven chemot-
axis. The chemotactic response to CXCL12 was evaluated using transwell assays. We first studied the effects of
PF-06747143 on chemotaxis using HL-60 and U937 leukemic cell lines that express CXCR4 (Fig. 2A). As shown
in Fig. 2B, PF-06747143 led to a significant decrease in CXCL12-induced migration of both U937 and HL-60 cell
lines. This effect was comparable to that observed with the CXCR4 small molecule inhibitors AMD3100 (AMD)
and TN140.

We then evaluated the effect of PF-06747143 on chemotaxis in response to CXCL12 on eight primary AML
samples expressing high or low levels of CXCR4. Although the chemotactic response was heterogeneous among
patients, PF-06747143 significantly inhibited the cell migration responses in all patient samples evaluated
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Figure 1. PF-06747143 binds to CXCR4 in AML primary cells similarly to 12G5. (A) Representative
histograms of flow cytometry comparing 12G5 (a commercially available CXCR4 Ab clone) and PF-06747143
CXCRA4 antibody binding to patient 17 (P17°XR41low) and patient 15 (P15°XCR4high) primary cells. These two
patients were chosen for subsequent studies using PF-06747143. (B) Quantitative analyses of fluorescence
intensity were performed on CD457CD33* cells of primary AML samples. The two patients chosen for
subsequent studies using PF-06747143 were marked in red. Mean fluorescence intensity ratio (MFIR) for 12G5
and PF-06747143 were calculated by dividing the mean fluorescence intensity (MFI) of CXCR4 by the MFI of
the respective nonspecific isotype control. (C) Correlation between 12G5 and PF-06747143 CXCR4 antibody
binding to patient primary cells.

(Fig. 2C), regardless of their CXCR4 expression levels. Overall, the inhibitory effect was comparable to that
observed with AMD3100 (AMD) or TN140 treatments. These results support PF-06747143 potent inhibitory
activity of CXCL12-induced AML chemotaxis.

PF-06747143 induces AML Fc-driven cytotoxicity via ADCC. Human IgG1 antibodies may induce
target cell killing upon binding to their antigens, via immune-mediated Fc-effector functions such as ADCC or

SCIENTIFICREPORTS|7:7305 | DOI:10.1038/s41598-017-07848-8 3



www.nature.com/scientificreports/

A B
U937 HL60

1007

count
Migration (%)

- 0 = x
vy ¢ W' w w W U937 HL60

10’ "0 i)
CXCR4-PE CJ NT EA 1gG Il PF-06747143
= lgG == 12G5 -~ PF-06747143 B AMD £ TN140

C DOONT EBigc W PF06747143 B3 AMD TN140
604
A40"
S
I M
-ﬁ ..ﬁa é [ R na
B 107
=
5- l""'
04 il : b £l 18 il I8 &l Ia il Isle
S3 S4 P17 S6 S15 S5 S16 P15

Low expression of CXCR4 High expression of CXCR4

Figure 2. PF-06747143 inhibits CXCL12-driven migration of leukemic cell lines and primary AML cells from
patients. (A) Cell surface CXCR4 of U937 and HL-60 was measured by flow cytometry with PF-06747143

and 12G5 antibodies. (B,C) Effect of PF-06747143 (10 pg/ml), IgG1 (10 pg/ml), AMD3100 (20 pM) or TN140
(5uM) on chemotactic responses to 100 ng/ml CXCL12. Leukemic cell lines (B), primary AML cells (C).

##*P < 0.01(student’s t-test).

ADCP?. Therefore we evaluated the ability of PF-06747143 to induce cell death by ADCC on AML primary BM
malignant cells, in presence of an NK effector cell line, NK92 158 V. A significant dose-dependent cytotoxic effect
induced by PF-06747143 treatment was observed, compared to the IgG1 control antibody (Fig. 3A). In a clini-
cal setting, ADCC or ADCP can be driven by effector cells such as NK cells or monocytes present in the blood.
The ability of PF-06747143 to induce cytotoxicity in presence of healthy donor peripheral blood mononuclear
cells (PBMC), which contain both NK and monocyte effector cells, showed similar results to those obtained
using the NK92 158V cell line as effector cells (Fig. 3A). As shown in Fig. 3B, in the presence of donor PBMCs,
PF-06747143 (100 nM) induced significant cytotoxicity of both the MV4-11 AML tumor cell line and the AML
primary BM cells, compared to the IgG1 control Ab. In order to establish that PF-06747143 cytotoxicity was
mediated by Fc-driven effector function, an antibody that has the same binding sequences of PF-06747143 cloned
in a human IgG4 backbone (m15-IgG4) was used as a negative control. IgG4 human backbones have low or no
affinity for Fc-receptors and therefore low or no ADCC/ADCP activity. As shown in Fig. 3B, m15-IgG4 had very
limited activity on MV4-11 cells, supporting that the cytotoxicity mediated by PF-06747143 is driven by its ability
to bind Fe-receptors on effector cells. In addition, PF-06747143 did not induce ADCC on a CXCR4-negative AML
TF-1 cell line (Supplemental Figure 2), indicating that its cytotoxic activity is CXCR4 expression-dependent.

PF-06747143 treatment inhibits leukemia development in an AML PDX model expressing
low CXCR4. We next tested the efficacy of PF-06747143 in leukemia development in PDX model recon-
stituted with P17 patient cells, characterized by low CXCR4 expression (P17°XR41ow) (Sypplemental Table 1).
Mice bearing established P17 leukemia, with 7% leukemic cells in peripheral blood, were treated as described in
Supplemental Figure 3A.

To characterize PF-06747143 receptor occupancy on leukemic cells over time, blood cells were col-
lected and stained with PE-conjugated PF-06747143 24 hours after each antibody treatment. As expected, the
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Figure 3. PF-06747143 induces AML cell death by ADCC or ADCP. (A) ADCC activity was evaluated by
incubating PF-06747143, or IgG1 control Ab, at increasing concentrations with AML primary BM cells, in the
presence of NK92 158 V effector cells. (B) ADCC or ADCP activity was also evaluated incubating 100 nM of
PF-06747143, IgG control Ab, or a human IgG4 backbone (m15-IgG4) in the AML MV4-11 cell line or AML
primary BM cells, in the presence of PBMC purified from a healthy donor, as effector cells.

binding of PE-conjugated PF-06747143 was reduced on leukemic cells derived from mice received PF-06747143
(Supplemental Figure 3), compared to IgG1 control antibody treated animals, indicating that the CXCR4 recep-
tors on leukemic cells were occupied by the PF-06747143 antibody during treatment. Alternatively, this decrease
could be related to downregulation of cell surface expression of CXCR4 in PF-06747143-treated animals.

To determine the efficacy of PF-06747143 in the AML PDX model, we analyzed the development of leukemia
in the peripheral circulation over time. As shown in Fig. 4, both the percentage (Fig. 4A) and the total num-
ber (Fig. 4B) of leukemic cells in PB increased over time in the IgG1 control antibody group; however, in the
PF-06747143-treated group, the percentage and the absolute number of hCD45" leukemic cells was significantly
reduced relative to control, after 2 weeks of treatment. In this experiment, the development of leukemia did not
impact the body weight of the mice in either treatment group (Fig. 4C and D). Importantly, PF-06747143-treated
mice presented significantly increased overall survival, with a median survival of 167 days compared to 113 days
for the IgG1 control antibody- treated mice (Fig. 4E).

At the end of the study, after 7 weeks of treatment, BM, spleen, and blood leukemic cells were quantified by
flow cytometry to determine tumor burden in these tissues. As observed in the PB throughout the study, the
binding of PF-06747143 to leukemic cells derived from BM, spleen, and blood was reduced compared to IgG1
control antibody-treated mice (Supplemental Figure 4A), indicating PF-06747143 sustained receptor occupancy
and good tissue biodistribution. While the total number of leukemic cells in the BM was significantly reduced in
PF-06747143-treated mice compared with the IgG1 control antibody group (Fig. 4F), reduction of the absolute
number of leukemic cells was more marked in the spleen (Fig. 4G) and in the PB (Fig. 4H). Immunohistochemical
analyses using anti-human mitochondrial membrane antibody to detect human AML cells in this PDX model
revealed that AML cells comprised nearly 100% of the nucleated cells in the BM cavity in the IgG1 control treated
animals, with only rare scattered normal murine hematopoietic cells present. Lower density of AML cells, with
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Figure 4. PF-06747143 treatment inhibits leukemia growth in an AML PDX model expressing low CXCR4.
Mice were engrafted with P17°XCR4low 55 described in Supplemental Figure 1A. After leukemia establishment,
at 7 weeks, the mean percentage of AML cells in the peripheral blood was 7%. Mice were then divided into two
groups, 8 mice/group, which received weekly subcutaneous treatment with IgG1 control or PF-06747143 Ab
for the treatment period indicated. Twenty-four hours after each weekly treatment, percentages of hCD45"
cells (A) and absolute leukemic cell numbers (B) calculated by the equation: total cell number x % of human
CD45" cells in the blood were evaluated. Tumor burden in the blood at the end of treatment is significantly
different between PF-06747143 and IgG1 control group. **P < 0.01 assessed by test of Mann-Whitney. (C)
and (D) Body weights are shown. (E) Survival analysis was performed (n=>5 animals/group). Treatment was
performed between Days 49 and 89, as indicated in the blue box. Statistical difference: p=0.0018, between IgG1
and PF-06747143 treated mice (log-rank test). After seven weeks treatment, 3 mice per group were sacrificed
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and absolute leukemic cells in BM (F), spleen (G) and blood (H) were evaluated. *P < 0.05; **P < 0.01 assessed
by the Mann-Whitney test. Data for each animal is shown and the horizontal bar represents the mean. (I) At the
end of treatment, the femur with BM, spleen, and liver were collected and stained immunohistochemically with
anti-human mitochondria membrane antibody. The sections were counterstained with hematoxylin to enhance
cellular morphology. Punctate nuclear staining of human AML cells is indicated by an arrow in each image.
Photos were acquired at 10X magnification for large panels and 40X magnification for the inserts.

more scattered normal murine hematopoietic cells were observed in PF-06747143-treated mice BM. AML cells
were present as dense sheets in the spleen of IgG1 control-treated mice contrasted to the scattered AML cells in
the spleen of PF-06747143-treated mice. In the liver, the density and distribution of AML cells was decreased in
mice treated with PF-06747143 relative to IgG1 control antibody (Fig. 4I).

PF-06747143 treatment reduces secondary leukemia engraftment potential. To evaluate the
nature of the cells targeted by PF-06747143, we characterized their engraftment potential using secondary trans-
plantation. BM cells from IgG1 control antibody- or PF-06747143-treated mice from the study described in
Fig. 4 were injected to secondary mice. Over time, the percentage of leukemic cells (Fig. 5A,B) appeared lower
in the blood of mice that received BM cells from PF-06747143-treated mice, compared to the mice that received
IgGlcontrol-treated cells, with significant difference observed at 14 weeks, (Fig. 5C). Importantly, significantly
improved median survival was observed for the mice transplanted with cells from PF-06747143 animals, com-
pared to those transplanted with cells from the IgG1 control antibody-treated group (165.5 days versus 138 days,
respectively; p=0.0049) (Fig. 5D). Thus, leukemia initiation in secondary mice was delayed by PF-06747143
treatment, suggesting that treatment in the primary mice decreased the ability of the AML cells to re-engraft.

PF-06747143 induces mobilization of leukemic cells in blood.  To test whether PF-06747143 dis-
rupted the interactions of leukemic cells with their BM niches, we evaluated the potential of PF-06747143 to
mobilize leukemic cells in vivo. Mice with established leukemia were injected with a single dose of PF-06747143
or IgGlcontrol antibody subcutaneously. Blood and BM were analyzed 4 hours post-injection. Results shown in
Fig. 6 show that in P17¢XCR4low PDX model, the absolute number of leukemic cells was increased in the blood
(Fig. 6A) and decreased in the BM (Fig. 6B) after PF-06747143 injection. These results indicate that PF-06747143
induces a rapid mobilization of P17¢X¢R+1ow Jeykemic cells from the BM into the blood.

PF-06747143 treatment leads to leukemia regression in an AML PDX model expressing high
CXCR4. We also tested the efficacy of PF-06747143 in leukemia growth in a PDX model reconstituted with
P15 AML patient primary cells characterized by high CXCR4 expression (P15°XCR+high) (Supplemental Table 1).
As in P17¢¥CR+low PDX model, receptor occupancy by PF-06747143 on leukemic cells was observed 24 hours after
each treatment (Supplemental Figure 3C). During treatment, both the percentage (Fig. 7A) and the total number
(Fig. 7B) of leukemic cells in PB increased in the IgG1 control antibody-treated mice, while the percentage and
the absolute number of leukemic cells remained low, with no increase observed in the PF-06747143-treated mice.
We also compared the anti-leukemia effect of PF-06747143 with that of daunorubicin, a chemotherapy drug used
in AML patient treatment. In the daunorubicin-treated group, the circulating leukemic cell number was similar
to that of PF-06747143 treated animals up to week 2 of treatment, but then it began to increase relative to the
PF-06747143 group, until the end of the study (Fig. 7A,B). No significant impact on the weight of the mice was
noted for IgG1 control Ab- or PF-06747143-treated mice (Fig. 7C,D). However, daunorubicin induced weight
loss one week after administration, and the weight returned to the baseline levels thereafter (Fig. 7E). Moreover,
the PF-06747143-treated group showed an increased median survival of 156 days compared to 110 days for IgG1
control- and 142 days for daunorubicin-treated mice (Fig. 7F).

The efficacy of the CXCR4 antibody on leukemic burden in BM and spleen was evaluated after 5 weeks
treatment. Similarly to what was shown in the P17¢XR41ow PDX model, PF-06747143 receptor occupancy was
determined by competitive binding of PF-06747143-PE to leukemic cells derived from BM, spleen, and blood.
Binding was reduced in PF-06747143-treated mice compared to IgG1 control Ab- or daunorubicin-treated mice,
demonstrating CXCR4 receptor occupancy by the PF-06747143 injected antibody (Supplemental Figures 3C
and 4B). Using flow cytometry, a significant decrease in BM human leukemic tumor burden upon treatment
with PF-06747143 was observed, compared with the IgG1 control antibody treatment (Fig. 7G). The total
number of human leukemic cells was also sharply reduced in the spleen (Fig. 7H) and in the blood (Fig. 7I) of
PF-06747143-treated mice. Importantly, mice treated with daunorubicin had significantly more leukemic cells in
all hematopoietic organs compared to PF-06747143 treated mice (Fig. 7G-I).

Immunohistochemical analyses with anti-human mitochondrial membrane antibody revealed that the BM
was largely infiltrated by human leukemic cells in IgG1 control treated mice, while the number and distribution
of AML cells in the femoral BM was reduced in mice treated with PF-06747143 or daunorubicin, compared to
IgGl1 control. The magnitude of decrease was greatest with PF-06747143. In spleen, the density and distribution of
AML cells was decreased in mice dosed with PF-06747143 relative to IgG1 control. Similarly, in liver, the density
and distribution of AML cells was decreased in mice dosed with PF-06747143 relative to IgG1 control. There was
no apparent effect on the AML cell density/distribution in spleen and liver of mice treated with daunorubicin
(Fig. 7)).

Secondary transplantations were performed using BM cells from IgG1 control Ab-, PF-06747143- or
daunorubicin-treated mice. At 8 weeks after secondary transplantation, the percentage (Fig. 7K) of leukemic
cells was significantly lower in the PB of mice that received BM cells from PF-06747143 treated mice compared to
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Figure 5. PF-06747143 treatment reduced the leukemic secondary transplantation potential. After 7 weekly
treatments (Day 47 from the beginning of treatment), BM of IgG1 control and PF-06747143 antibody-treated
mice (n =3 mice/group) were flushed in 1 mL of PBS, pooled together, and 100 ul injected per mice for
secondary transplantations (n = 10 mice/group). The percentages (A,B,C) of hCD457 cells were evaluated in
the blood of secondary mice at different time points (4, 8 and 14 weeks). Data for each animal is shown and
the horizontal bar represents the mean. *P < 0.05 assessed by the Mann-Whitney test. Survival of secondary
transplanted mice was analyzed (D). Statistical difference: p=0.0049, between IgG control and PF-06747143
treated mice (log rank test).

IgG- and daunorubicin-treated mice, suggesting that PF-06747143 treatment reduced LICs numbers in primary
animals reconstituted with P15XCR4-high patient cells.

Discussion

Antibodies have been proven to be useful in the targeted therapy of cancer due to their specificity, versatility
and efficacy?’. Here, we report that PF-06747143 binds to AML cell lines and primary cells in vitro. Using a
conformation-dependent CXCR4 antibody, 12G5, we and others have shown that AML patients could be classi-
fied into groups with high, intermediate and low expression of CXCR4'*2*% 2, We demonstrated a strong binding
correlation between PF-06747143 and the 12G5 antibody in AML cell lines and primary AML patient cells, sug-
gesting that PF-06747143 could also be used to classify AML patients.

In agreement with the known functions of CXCR4 in supporting cell anchorage in the BM microenviron-
ment, we observed that PF-06747143 inhibits chemotaxis of AML cell lines and primary AML cells in response
to CXCL12, in a manner comparable to the small molecule CXCR4 inhibitors AMD3100 and TN140. In line
with these data, and the demonstrated clinical role of AMD3100 in cell mobilization*', we demonstrated that
PF-06747143 treatment in leukemic mice results in rapid mobilization of AML cells from the BM into the
peripheral circulation. Moreover, we demonstrated that, as expected for a human IgG1 antibody, PF-06747143
has potent Fc-effector function, inducing AML cytotoxicity via ADCC or ADCP mechanisms, when in pres-
ence of NK cells or human PBMCs. Together, these results suggest that inhibition of leukemia development by
PF-06747143 in vivo possibly utilizes a combination of different mechanisms of action related to interruption of
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Figure 6. PF-06747143 induces mobilization of leukemic cells in blood. Mice implanted with CXCR4-low
(P17CXCR&-low) AMTL, patient cells were treated subcutaneously with a single dose of PF-06747143 or IgG1 Control
Ab at 10 mg/kg. Absolute leukemic cell numbers in PB (A) and BM (B) were evaluated at 4 hrs post-dose (n=3
or 4 animals/group). Data for each animal is shown and the horizontal bar represents the mean. *P < 0.05;

**P < 0.01 determined by Mann-Whitney test.

CXCR4 signaling, leukemic cell mobilization from the growth factor rich BM, and rapid destruction of leukemic
cells triggered by the cytotoxic effector function.

Our efficacy studies demonstrated that PF-06747143 has the capacity to reduce leukemia development in
the PB, BM, and spleen, when given as a monotherapy in both P17¢XCRélow g p15CXCRa-high PDX models. The
cross-talk between CXCR4 and its ligand, CXCL12, plays a key role in the development of BM disease and
increased extramedullary organ infiltration in patients with acute lymphoid and myeloid leukemia?>28. This is in
agreement with the observation that leukemic cells were observed in the liver, spleen, and BM in the PDX AML
models. These three tissues correspond to sites that are rich in CXCL12%. Although PF-06747143 treatment
significantly reduced the number of leukemic cells in the spleen, liver, and BV, its effect was not as pronounced
in the BM. This may be related to the high levels of growth factors and cytokines present in the BM, which are
known to increase leukemic cells resistance to cytotoxic agents®.

We previously reported that the peptide antagonist of CXCR4, TN140, significantly reduced BM leukemic
burden in PDX AML models with high CXCR4 expression but it was not active in CXCR4-low PDX models?. The
small molecule CXCR4 antagonist AMD3100 had limited impact on BM leukemic cells in both CXCR4-high and
CXCR4-low models. Although these were separate studies, it is possible that the additional mechanism of action
of PF-06747143 regarding cytotoxicity via its Fc-effector function, could lead to increased ability to eliminate BM
leukemic cells compared to small molecules or peptides. Importantly, we observed a better anti-leukemic activity
of PF-06747143 antibody compared to daunorubicin, suggesting this treatment could be an alternative therapeu-
tic choice for resistant patients and those experiencing unacceptable toxicity.

Accumulating evidence supports the notion that AML disease is organized in a hierarchical system, originat-
ing from a small population of LICs that engraft and can propagate leukemia in vivo, as well as give rise to bulk
leukemia and mediate disease relapse®'-*. Using secondary engraftment, we observed that mice injected with
P17 PF-06747143 derived BM cells displayed significant increase in survival. Of note, only a modest effect on
leukemic burden was observed in the peripheral blood of these secondary mice. This apparent discrepancy could
be related to a selective depletion of CXCR4-high leukemic cells in the bone marrow of PF-06747143-treated
mice, making the cells more prone to circulate. In line with the effect of PF-06747143 on secondary engraftment
of leukemic cells in the P17 model, a reduced leukemic burden was also observed in secondary mice transplanted
with BM cells isolated from P15 mice treated with PF-06747143. These results indicate that PF-06747143 may not
only target bulk leukemia but also leukemia cells with engraftment potential.

Although PF-06747143 prolonged the life span of treated PDX mice, the disease progressed after treatment
cessation. The treatment periods were 7 weeks for the P17°¥CR41ow model and 5 weeks for the P15°XCR4-high model.
The mortality of PF-06747143-treated mice is likely due to re-initiation of leukemic cell proliferation gradually
after treatment was stopped, suggesting that PF-06747143, at the doses tested, did not completely eradicate the
LICs. Longer treatment or higher dose and/or frequency might further improve the therapeutic effects. In addi-
tion, the use of PF-06747143 in combination with standard of care agents may be beneficial; positive results were
reported with the CXCR4 antagonist AMD3100 when used in combination with chemotherapy in relapsed or
refractory acute myeloid leukemia?.

AML Fc-driven cytotoxicity via ADCC and ADCP. Our in vivo experiments were performed in NSG mice,
which lack NK cells but do have functional macrophages, which are capable of inducing Fc-mediated cytotox-
icity via ADCP. Thus, it is possible that PF-06747143 will exert stronger cytotoxic effects when administrated in
patients, with a competent immune system.
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Figure 7. PF-06747143 treatment leads to leukemia regression in a PDX model expressing high CXCR4.
Leukemic mice reconstituted with P15°XCR#high cells were treated subcutaneously with 10 mg/kg weekly doses
of IgG1 Control Ab or PF-06747143, for five weeks. Daunorubicin was administered intravenously at 2.5 mg/

kg every other day, for 1* week of study (8 mice/group). 24 hours after each injection, percentages (A) and
absolute leukemic hCD45™ cell numbers (B) were evaluated in the blood of IgG1 control Ab, PF-06747143 and
daunorubicin-treated mice. **P < 0.01, PF-06747143 vs IgG1 control. *P < 0.05, Daunorubicin vs IgG1 Control
assessed by Mann-Whitney test. Body weights (C,D,E). Significant weight loss was observed after 1 week of
treatment with Daunorubicin. **P < 0.01 assessed by Mann-Whitney test. Survival analysis were performed (F)
(n=>5/group), with treatment period (between Day 72 and Day 101) as indicated in blue. Statistical difference:
*p=0.042 between IgG1 control and PF-06747143 treated mice (log-rank test). After 5 weeks treatment, the
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hCD45* absolute leukemic cell numbers were evaluated in the bone marrow (G), spleen (H) and the peripheral
blood (I) of IgG1 control Ab, PF-06747143 and Daunorubicin treated mice. Data for each animal is represented
and the horizontal bar is the average. *P < 0.05; **P < 0.01 assessed by Mann-Whitney test. (J) At the end of
treatment, the femur, spleen and liver were collected and stained immunohistochemically with anti-human
mitochondria membrane antibody. The sections were counterstained with hematoxylin. Punctate nuclear
staining of human AML cells is indicated by an arrow in each image. Photos were acquired at 10X magnification
for large panels and 40X magnification for the inserts. (K) After 5 weeks treatment BM cell suspension from
IgG1 control Ab-, PF-06747143- or daunorubicin-treated mice were implanted to secondary mice. Eight weeks
later, the percentage of human CD457 cells in the blood of reconstituted mice was analyzed by cytometry. Data
are mean =+ SD (n=7 or 8 animals/group). *P < 0.05 assessed by t-test.

It remains to be determined whether PF-06747143 treatment will target LICs more efficiently when in combi-
nation with agents that target proliferating cells. Indeed, previous studies addressing the role of CXCR4 in normal
hematopoiesis showed that CXCR4 is required for maintenance of normal stem cells quiescence'®. Based on these
results, it is possible that inhibition of CXCR4 signaling in LICs may result in higher proliferation and increased
sensitivity to cytotoxic drugs.

In summary, the robust single agent efficacy demonstrated in both CXCR4 low and high PDX preclinical
models suggests the potential of PF-06747143 as a new agent for leukemia treatment, including relapsed refrac-
tory and unfit patients. A Phase 1 clinical trial evaluating PF-06747143 in AML patients is currently underway
(NCT02954653).

Methods

Patient samples and cell lines. AML samples from peripheral blood (n = 18) were collected from patients
at diagnosis after informed consent and following protocols approved by local Research Ethics Committees from
Gustave Roussy Institute (Villejuif, France) and Saint Antoine hospital (Paris, France). Details regarding patients
P15 and P17 characteristics are listed in Supplemental Table 1. TF-1 AML cell line was purchased from ATCC
and cultured in RPMI media with 10% FBS. UT7 CXCR4 and UT?7 control cells were generated and cultured as
previously described.

Antibody Binding. Mononuclear cells were obtained by Ficoll-Paque density centrifugation. Mononuclear
cells were stained with a PE/Cy7 conjugated anti-human CD45 mAb (BD Pharmingen) and a PE-conjugated
anti-CXCR4 mAb (12G5, BD Pharmingen) or a PE-conjugated PF-06747143. Appropriate Ig isotypes were used
as controls. PF-06747143 and its IgG control were labeled using the SiteClick™ R-PE Antibody Labeling Kit from
ThermoFisher Scientific, following manufacturer’s protocol. Depending on the staining batch, variations in the
mean fluorescence intensity of PF-06747143 were observed, being slightly lower or higher than that obtained with
the 12G5 anti-CXCR4 mAb. Cells were analyzed by a FACSCanto™ I (BD Biosciences). Quantitative analyses of
fluorescence intensity were performed on gated CD45'°¥ and the mean fluorescence intensity (MFI) was calcu-
lated using the BD CellQuest™ software package. Mean fluorescence intensity ratios (MFIRs) were calculated
by dividing the CXCR4 MFI by the MFI of the respective nonspecific isotype control. To analyze the binding of
PF-06747143 on human leukemic cells from the PDX models, an APC-conjugated rat anti-mouse CD45 mAb
was used in addition to the three antibodies mentioned above. MFI of CXCR4 was calculated on the gated human
CD45%/CD33" cell population.

Chemotactic Assay. Migration assays were performed with 5 pm-pore filters chambers (Transwell, ThinCert
24 well Translucent RoTrac, Greiner Bio-one) as previously described??. In brief, hematopoietic cell lines or
freshly isolated PB mononuclear cells from the patient were plated onto the upper chamber of Transwell plates
and exposed to 100 ng/mL CXCL12 in the lower chamber with or without PF-06747143 (10 pg/ml or 65nM),
IgG1 (10 pg/ml or 65nM) for 4-5hours. Two inhibitors of CXCR4 were also tested for comparison: AMD3100
(20 M) is a small molecule antagonist of CXCR4 and TN140 (5uM) is a peptide inhibitor of CXCR4. The results
are expressed as percentage of migrating cells relative to the number of input cells. All assays were performed in
triplicate.

ADCC Functional Assays. ADCC activity was determined using the NK-92 FcARIIIA 158 V (NK92 158 V)
cell line (Conkwest) or human donor PBMC:s as effector cells. Antibodies were incubated for 4 hours, with tumor
cells and effector cells, NK-92 V158 or PBMCs, at 1:10 ratio and 1:50 ratios, respectively (n =4/group). ToxiLight
bioluminescent cytotoxicity assay (Lonza) was used to detect cell lysis. The AML patient primary bone marrow
sample was obtained from Conversant Bio (sample ID #110032873).

Mice. NSG mice were bred and maintained under specific pathogen free conditions at the animal facility of
Gustave Roussy Institute. Animal experiments were approved by Ethical Committee C2EA-26: Comité déthique
en expérimentation animale de 'TRCIV officially registered by the French Ministry of Research. This project was
officially authorized by the French Ministry of Research (Permit number: 2012-22), as per Directive 2010/63
prescriptions and transposition into French law and regulations.

Xenogeneic transplantation and assessment of engraftment. Mononuclear cells from AML
patients were depleted of CD3™ cells by RosetteSep™ human CD3™ depletion cocktail (StemCell Technologies)
and 5 x 10° cells were i.v. injected to mice 24 h later after irradiated at 2.5 Gy from a!*’cesium source. Mononuclear
cells collected from blood, BM and spleen were counted and quadruple stained with APC conjugated rat
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anti-mouse CD45 (Beckman Coulter), PE-cy7 conjugated mouse anti-human CD45, FITC conjugated
anti-human CD33 (all from BD Pharmingen) and PE-conjugated PF-06747143 (Pfizer USA provided). Stained
cells were analyzed on a FACSCanto™ 1. The presence of a single CD33* population in the human CD45* popu-
lation was considered as AML engraftment®. The absolute number of human leukemic cells was calculated by the
equation: total cell number x % of human CD45"CD33" cells.

Treatment with PF-06747143, IgG1 control antibody and daunorubicin. PF-06747143 or IgG1
control antibody was administered by subcutaneous injection at the dose of 10 mg/kg/week. Daunorubicin was
administered intravenously at 2.5 mg/kg every other day, for the 1* week of the study. Twenty-four hours after
each weekly injection, blood was collected for determination of leukemia burden and CXCR4 expression. At sac-
rifice, BM and spleens were analyzed for total cell numbers, and the presence of leukemic cells, by flow cytometry.
For short-term assays, PF-06747143 or IgG1 control antibody was given in a single subcutaneous injection at
10 mg/kg and mice were sacrificed 4hours later. The absolute number of human leukemic cells in bloodand BM
was analyzed as described above.

Secondary transplantation. Secondary transplantations were performed with BM cells of 3 primary mice
from each group. In detail, 1 femur and 2 tibias from each mouse were flushed in 1 ml PBS. After mixing the BM
flush from three mice of the same group, 100 pL of cell suspension was injected intravenously into irradiated
naive mice. Human cells engraftment in the blood was assessed 4, 8 and 14 weeks later.

Histopathology and immunohistochemistry. At the end of treatment, mice were euthanized and the
femur, spleen and liver were collected from each mouse and preserved in 10% neutral buffered formalin. Fixed
tissues were processed to paraffin block and sectioned. Subsequent slides were stained with hematoxylin and
eosin (H&E) and evaluated for changes in morphology. Additional sections from tissue sample were stained
immunohistochemically with anti-human mitochondria membrane antibody (Millipore, MAB1273) at 1 pg/mL.
The sections were counterstained with hematoxylin and examined by a Zeiss Axiophot microscope. Photos were
acquired at 10X magnification for large panels and 40X magnification for the inserts.

Statistics. Data are reported as the mean =+ SD. Differences in the distribution of continuous variables
between categories were analyzed by Mann-Whitney test and student’s t-test. The BiostaTGV (http://marne.u707.
jussieu.fr/biostatgv) statistical package was used for these calculations. For survival analysis, the Kaplan-Meier
method in GraphPad Prism software was used. The log-rank test was used to check for equality of the survival
distributions. In all evaluation, differences were considered as significant if the P value was < 0.05.

Data availability statement. The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

All data generated or analysed during this study are included in this published article (and its Supplementary
Information files). More details are available from the corresponding author on reasonable request.

Guidelines and regulation statement.  All methods involving both humans and animals were performed
in accordance with the relevant guidelines and regulations.
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