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KEY PO INT

� Dual targeting of CD38
and CD47 elevates
in vitro antibody-
dependent phagocyto-
sis in T-ALL.

Acute lymphoblastic leukemia (ALL) is the most common malignant disease affecting
children. Although therapeutic strategies have improved, T-cell acute lymphoblastic leukemia
(T-ALL) relapse is associated with chemoresistance and a poor prognosis. One strategy to
overcome this obstacle is the application of monoclonal antibodies. Here, we show that
leukemic cells from patients with T-ALL express surface CD38 and CD47, both attractive
targets for antibody therapy. We therefore investigated the commercially available CD38
antibody daratumumab (Dara) in combination with a proprietary modified CD47 antibody

(Hu5F9-IgG2s) in vitro and in vivo. Compared with single treatments, this combination significantly increased in vitro
antibody-dependent cellular phagocytosis in T-ALL cell lines as well as in random de novo and relapsed/refractory T-ALL
patient-derived xenograft (PDX) samples. Similarly, enhanced antibody-dependent cellular phagocytosis was observed
when combining Dara with pharmacologic inhibition of CD47 interactions using a glutaminyl cyclase inhibitor. Phase
2–like preclinical in vivo trials using T-ALL PDX samples in experimental minimal residual disease–like (MRD-like) and
overt leukemia models revealed a high antileukemic efficacy of CD47 blockade alone. However, T-ALL xenograft mice
subjected to chemotherapy first (postchemotherapy MRD) and subsequently cotreated with Dara and Hu5F9-IgG2s
displayed significantly reduced bone marrow infiltration compared with single treatments. In relapsed and highly
refractory T-ALL PDX combined treatment with Dara and Hu5F9-IgG2s was required to substantially prolong survival
compared with single treatments. These findings suggest that combining CD47 blockade with Dara is a promising
therapy for T-ALL, especially for relapsed/refractory disease harboring a dismal prognosis in patients.

Introduction
Antibody-based immunotherapies have become an important
component in the treatment of hematologic malignancies.1 How-
ever, immunotherapy for acute lymphoblastic leukemia (ALL) aris-
ing from immature T-cell lymphoblasts (ie, T-ALL) is practically
nonexistent. Beyond allogeneic stem cell transplantation, the
overall survival of patients with relapsed T-ALL is devastating,
emphasizing the need for novel therapeutic options.2 CD38 is an
attractive therapeutic target in many hematologic malignancies,
including T-ALL.3 CD38, a cell membrane–expressed cyclic aden-
osine 59-diphosphate ribose hydrolase, is a major regulator of nic-
otinamide adenine dinucleotide (NAD)1 levels, required for the
generation of cyclic adenosine 59-diphosphate ribose.4 CD38
expression remains stable during chemotherapy and thus

represents a suitable target in refractory disease.5 The CD38-
targeting antibody daratumumab (Dara) alone or in different
combinations has been approved for the treatment of
relapsed/refractory (r/r) multiple myeloma (MM) as well as for
patients newly diagnosed with MM.6-8 Dara exerts a broad
spectrum of killing mechanisms, including antibody-dependent
cell-mediated cytotoxicity and complement-dependent cyto-
toxicity, as well as antibody-dependent cellular phagocytosis
(ADCP) of tumor cells.9 Only recently have preclinical data sug-
gested a broad efficacy of Dara in T-ALL,10,11 and case reports
have suggested clinical benefits in r/r disease.12,13 Using a
T-ALL patient-derived xenograft (PDX) model, we were able to
show that Dara can cause MRD negativity and that it outper-
forms chemotherapy alone.11 Further approaches using early
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T-cell precursor ALL and non–early T-cell precursor ALL xeno-
graft mice also showed a positive response to Dara in vivo.10

In vitro studies described elevated macrophage-mediated phago-
cytosis upon treatment with Dara.9 A major immune checkpoint
associated with phagocytosis is the CD47 molecule, which acts
as a “don’t eat me signal” preventing phagocytosis of cells by
interacting with the signal regulatory protein a (SIRPa) on macro-
phages.14,15 CD47 is a ubiquitously expressed molecule upregu-
lated in a wide variety of neoplasms.16 Elevated CD47 expression
has been associated with an inferior outcome for high-risk ALL
patients,16,17 although the prognostic value of CD47 expression
specifically for T-ALL has not yet been described. In addition, ele-
vated CD47 expression was associated with poor survival in 3 adult
cohorts of acute myeloid leukemia (AML) patients.18 Interestingly,
CD47 expression in T-ALL is higher than in any B-cell precursor
ALL subgroup17 or in AML.19 Different strategies to target CD47
alone and to combine CD47 inhibition with other antibodies or
with chemotherapeutic drugs have been proposed.20,21 Combina-
tion of the CD47 antibody Hu5F9-G4 (magrolimab) with the CD20
antibody rituximab showed durable responses in patients with
rituximab-refractory diffuse large B-cell lymphoma.22 Moreover,
dual treatment of magrolimab with azacitidine showed favorable
results in patients with AML.15,23 Recent studies described
increased ADCP after genetic knockout of the enzyme glutaminyl
cyclase (QPCTL).24 QPCTL catalyzes the formation of an
N-terminal pyroglutamate residue from glutamine or glutamic acid
residues on CD47, which is important for proper binding to
SIRPa.25 These results suggest another approach to target CD47
by using QPCTL inhibitors similar to SEN177, which increased
ADCP in combination with rituximab or cetuximab in various
tumor cell lines.26

The current study found that the combination of Dara with an
engineered CD47 antibody lacking binding to Fc-g receptors and
complement component 1q27 increased in vitro ADCP in T-ALL
cell lines as well as in random de novo and r/r T-ALL PDX sam-
ples. Our in vivo experiments further showed significant long-
term survival of T-ALL xenograft mice after therapy with Dara and
CD47 blockade. These preclinical data indicate a novel and highly
promising therapeutic option for T-ALL, particularly in relapsed
disease.

Methods
Cell lines
P12, MOLT-13, and HSB-2 cells were purchased from DSMZ.
Patients were treated according to the clinical ALL-BFM 2000/
2009 protocols. Informed consent was obtained in accordance
with institutional regulations.

Antibodies
The CD47 antibody variant Hu5F9-IgG2s was generated from
variable light and heavy chain sequences of Hu5F9-G4, which
were synthesized de novo according to published sequences.28

Variable light and heavy sequences were ligated into derivatives
of the expression vector pSectag2/Hygro C (Invitrogen) encod-
ing either the constant domain of human antibody k light chain
or the immunoglobulin G2s (IgG2s) heavy chain,27 respectively.

Xenograft
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (Charles River Labo-
ratories) were maintained as approved by the governmental animal
care and use committees. In all in vivo approaches, 13 105 random
de novo or r/r T-ALL PDX cells were injected intravenously into the
tail vein of mice. Antibodies were applied by intraperitoneal injec-
tion of 1 mg/kg (Dara) or 2 mg/kg (Hu5F9-IgG2s) body weight on
days 1, 3, 5, 7, 10, and 15 and then every third week thereafter as
previously described.29 For all in vivo approaches, a “one animal
per model per treatment” was applied as described by others.30,31

In vitro antibody-dependent cellular phagocytosis
In vitro phagocytosis was measured by using the IncuCyte Sys-
tem. Macrophages from healthy human donors were generated
as previously described.29 Then, 2 3 104 macrophages were
plated on a 96-well plate and allowed to adhere at room temper-
ature for 30 minutes; next, 1 3 106 target cells were stained with
0.5 mg/mL pHrodo (Thermo Fisher Scientific) for 1 hour at room
temperature. Antibodies were applied to a final concentration of
10 mg/mL for Dara and cetuximab and 20 mg/mL for Hu5F9-
IgG2s. Engulfed cells are displayed as red object counts per
image. A positive response to combination treatment was
defined as increased phagocytosis detected with macrophages
of at least 2 of all analyzed donors.

Additional information can be obtained in the supplemental
Methods (available on the BloodWeb site).

Results
CD47 and CD38 expression levels in T-ALL
patient samples and antibody generation
To examine CD47 and CD38 as potential targets for antibody
therapy in T-ALL, CD47 and CD38 surface expression was deter-
mined in diagnostic bone marrow/blood samples of a randomly
selected cohort of T-ALL patient samples (n 5 63) (Figure 1A).
CD47 and CD38 are ubiquitously expressed membrane mole-
cules, and to exclude detection in nonmalignant cells, expression
measurements were restricted to CD71 cells. Both antigens were
expressed in all analyzed samples. Moreover, a positive correla-
tion between CD47 and CD38 expression was observed. In addi-
tion, surface expression was evaluated in 12 random de novo and
11 r/r T-ALL PDX primograft samples generated by intrafemoral
injection of T-ALL patient samples at initial diagnosis as previously
described.11 All samples displayed surface expression of
both antigens, which was generally higher than in healthy T cells
(Figure 1B).

To investigate a potential therapeutic role of CD47 targeting in
T-ALL, we generated an antibody, which retains its blocking prop-
erties by carrying the variable regions of magrolimab (Hu5F9) and
a modified Fc domain to prevent Fc-g receptor and complement
component 1q binding (labeled Hu5F9-IgG2s), as previously
described.27,28,32 Purity of protein was determined by detection
of the heavy and light chains of Hu5F9-IgG2s compared with
Dara (supplemental Figure 1A). In vitro binding properties of
Dara and Hu5F9-IgG2s were analyzed in the T-ALL cell line P12,
displaying binding in a concentration-dependent manner (sup-
plemental Figure 1B).
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Combination of Dara and Hu5F9-IgG2s enhances
in vitro ADCP
We next determined the in vitro antileukemia effects of Dara and
Hu5F9-IgG2s in T-ALL. ADCP was therefore examined in three
T-ALL cell lines (P12, MOLT-13, and HSB-2) with diverging surface
expression of CD38 and CD47 (Figure 2A). In vitro phagocytosis
using human macrophages isolated from healthy donors was
measured by determining the proportion of engulfed tumor cells
as the increase in red object counts over time by using live cell
imaging. Cells were left untreated, treated with Dara or Hu5F9-
IgG2s, or treated with the combination of both. In all cell lines,
blocking of CD47 alone was insufficient to trigger phagocytosis
(Figure 2B-C). Tumor cells subjected to Dara alone displayed
slightly elevated levels of phagocytosis compared with CD47
blockade or control. However, a strong increase in phagocytosis
was detected when cells were treated with the combination of
Dara and Hu5F9-IgG2s in all cell lines. The extent of phagocyto-
sis correlated with surface expression of CD38 and CD47 on
tumor cells, with P12 and MOLT-13 showing the highest and
HSB-2 the lowest increase in red object counts. Taken together,
blocking of CD47 alone is insufficient to boost in vitro phagocyto-
sis. Moreover, CD47 blockade combined with Dara elevated in
vitro ADCP in T-ALL cell lines. In addition, cells with high surface
expression of both antigens are more vulnerable to this type of
combination therapy.

To confirm target antigen specificity of Hu5F9-IgG2s, CD47 was
knocked out in P12 and MOLT-13 cells by using CRISPR/Cas9,
and in vitro phagocytosis was evaluated. Importantly, CD38 sur-
face expression was not affected by depletion of CD47 (supple-
mental Figure 2A-B). P12 and MOLT-13 control cells (Cas9 only)
displayed elevated phagocytosis when Dara was combined with
Hu5F9-IgG2s compared with single treatments (Figure 2D-E). In
both CD47 knockout cell lines, Dara treatment significantly
boosted phagocytosis, which was not further enhanced by addi-
tion of Hu5F9-IgG2s. Hence, Hu5F9-IgG2s–mediated effects
are specifically caused by CD47 blockade. Moreover, combina-
tion with Dara seems to be essential for induction of phagocyto-
sis, as sustained depletion of CD47 alone only weakly elevates
phagocytosis.

Pharmacologic inhibition of CD47 in combination
with Dara elevates in vitro phagocytosis
To explore an alternative strategy to target CD47 besides the
application of antibodies, we examined if pharmacologic disrup-
tion of the CD47/SIRPa axis using the QPCTL inhibitor SEN177
in combination with Dara also resulted in increased phagocyto-
sis. Treatment of P12 and MOLT-13 with SEN177 reduced bind-
ing of CC2C6, a CD47 antibody selectively binding to CD47
with an N-terminal pyroglutamyl residue.26 In contrast, binding
of B6H12, an antibody binding the CD47 Ig-domain,33 was not
affected (supplemental Figure 2C-D). Similarly, to block CD47
via an antibody, treatment with SEN177 alone did not boost
phagocytosis significantly in any of the cell lines (Figure 3A-B).
Dara alone was able to slightly increase phagocytosis levels;
however, the highest rise was observed when Dara was com-
bined with SEN177. Similar results were also obtained in four
T-ALL PDX samples when subjected to Dara with SEN177
(Figure 3C). In summary, pharmacologic inhibition of CD47 in
combination with Dara also led to increased ADCP.

Combination of Dara and Hu5F9-IgG2s enhances
ADCP in random de novo T-ALL PDX samples
Cell lines do not reliably depict the clinical heterogeneity of
patients with T-ALL. Therefore, in vitro ADCP with Dara, Hu5F9-
IgG2s, or the combination of both was re-examined in 12 random
de novo T-ALL PDX cells described earlier (Figure 1B; Table 1).
To directly compare phagocytosis levels between samples, simul-
taneous analysis of all T-ALL PDX samples with healthy human
macrophages was conducted with 4 independent donors. Block-
ing CD47 alone was insufficient to boost ADCP significantly in the
majority of samples; however, a slight increase was detected in
3 (25%) of 12 T-ALL PDX samples (patients #8, #9, and #10)
(Figure 4A). Treatment with Dara led to an increase in phagocyto-
sis in 9 (75%) of 12 T-ALL PDX samples (patients #1-#3, #5, and
#7-#11) compared with CD47 blockade alone and control
(Figure 4A; supplemental Figure 3). Interestingly, the same 9
(75%) of 12 samples exhibited substantial further elevation of
phagocytosis after combination of Dara with Hu5F9-IgG2s com-
pared with single treatments (Figure 4A-B). Of note, T-ALL PDX
samples from patients #4, #6, and #12 displayed only low surface
expression of CD38 and CD47 (Figure 1B), which might explain

102
103

104

105

103 104

CD38 MFI

CD
47

 M
FI

Random de novo T-ALL

Pearson r=0.4581
p=0.0002

A B

0
A B C D E F G H I 1 2 3 4 5 6 7 8 9 10 11 12

1r
/r

2r
/r

3r
/r

4r
/r

5r
/r

6r
/r

7r
/r

8r
/r

9r
/r
10

r/r
11

r/r

2000

4000

6000

8000

10000

M
FI

Healthy T cells

CD38 CD47

Random de novo T-ALL PDX r/r T-ALL PDX
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the comparatively low rise of phagocytosis and the lack of benefit
when combining both antibodies. Overall, we observed a clear
increase of ADCP in T-ALL cell lines as well as in a panel of various
random de novo T-ALL PDX samples with different humanmacro-
phage donors after combination of Dara with Hu5F9-IgG2s.

CD47 blockade is sufficient to prolong survival
of random de novo T-ALL xenografts
To explore the efficacy of the CD38/CD47 cotargeting strategy
in a variety of T-ALL samples, we conducted a phase 2–like pre-
clinical trial using 6 random de novo T-ALL PDX samples. For
this, PDX cells (patients #1-#6) (Figure 1B; Table 1) were injected
intravenously into NSG mice and antibody therapy started 1 day
after cell injection (MRD-like model).29 Mice were left untreated,
subjected to Dara or Hu5F9-IgG2s alone, or treated with a com-
bination of both. All control animals died of leukemia, with a
median survival of 58 days (Figure 4C), evidenced by the occur-
rence of leukemic blasts in the peripheral blood and postmor-
tem bone marrow infiltration (supplemental Figure 4A). Animals
treated with Dara displayed prolonged survival in 4 (67%) of
6 cases. All mice treated with Hu5F9-IgG2s exhibited long-term
survival, with none of the animals developing leukemia. The com-
bination with Dara had no further survival benefit in this setting.

Surviving mice in all groups were euthanized on day 153, and, to
assess the depth of remission, MRD was determined in DNA iso-
lated from themurine bonemarrow if MRDmarkers were available
(MRD markers for patients #1 and #3 had not been determined).
All surviving animals with cells from patients #2, #4, #5, and #6
were MRD negative, irrespective of treatment conditions, showing
that CD47 blockade alone is highly efficient, with or without the
addition of Dara in this setting (supplemental Figure 4B).

We also examined the efficacy of Dara and Hu5F9-IgG2s com-
bination therapy in vivo in an overt leukemia situation without
prior chemotherapy, starting therapy when 1% blasts were
detected in the peripheral blood using the same 6 T-ALL PDX
samples (overt leukemia setting). Control mice displayed leuke-
mic engraftment, with a median survival of 58 days confirmed
by analysis of peripheral blasts in the blood over time and post-
mortem bone marrow infiltration (Figure 4D; supplemental
Figure 5). Three of five mice treated with Dara only (60%)
responded to Dara monotherapy. Of note, the same three PDX
samples responding to Dara in the MRD-like setting also dis-
played prolonged survival in the overt leukemia situation. In overt
leukemia, 1 mouse treated with CD47 blockade alone (patient
#6) also developed signs of leukemia and had to be euthanized,

A

0

P12

M
O

LT
-1

3

HSB
-2

3000

6000

9000

12000 CD38
CD47

M
FI

B

0

100

200

400

600

800

RO
I

*
P12

p=0.031

n=5
0

100

200

400

600

800

RO
I

MOLT-13

**
p=0.007

n=5

HSB-2

*
p=0.015

0

100

200

400

600

800

RO
I

n=5

Control Hu5F9-IgG2� Dara Combi1

Combi1Dara

Control Hu5F9-IgG2�

1Dara+Hu5F9-IgG2σ

C

P12

Cas9 CD47-1 CD47-2

0

100

200

300
300
400
500
600
700
800

RO
I

* ns ns
p=0.028

n=4

D MOLT-13

*

ns

ns
p=0.028

Cas9 CD47-1 CD47-2
n=4

0

100

200

300
300
400
500
600
700
800

RO
I

E

Control

Hu5F9-IgG2�

Dara

Combi1

Figure 2. Combination of Dara and Hu5F9-IgG2s increases in vitro phagocytosis in T-ALL cell lines. (A) CD47 and CD38 surface expression in P12, MOLT-13, and
HSB-2 examined by using flow cytometry. (B) Antibody-dependent cellular phagocytosis analyzed in P12, MOLT-13, and HSB-2 treated with Dara, a CD47-blocking anti-
body (Hu5F9-IgG2s), the combination (Dara 1 Hu5F9-IgG2s [combi]), or no treatment (control) using live cell imaging. Graph illustrates 5 independent experiments
with different human macrophages (n 5 5, standard error of the mean). (C) Representative pictures of phagocytosed P12 cells (engulfed cells in red) subjected to Dara,
Hu5F9-IgG2s, the combination (Dara 1 Hu5F9-IgG2s [combi]), or no treatment (control). (D-E) ADCP in CD47-depleted P12 (D) and MOLT-13 (E) cells subjected to
Dara, Hu5F9-IgG2s, the combination (Dara 1 Hu5F9-IgG2s [combi]) of both antibodies, or untreated (control). Graph depicts 4 independent experiments with different
human macrophages (n 5 4, standard error of the mean). Statistical analysis: nonparametric Mann-Whitney U test (two-tailed). *P , .05, **P , .01. MFI, mean fluores-
cence intensity; ns, not significant; ROI, red object counts per image.

48 blood® 7 JULY 2022 | VOLUME 140, NUMBER 1 M€ULLER et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/1/45/1905433/bloodbld2021014485.pdf by guest on 05 June 2024



resulting in 4 (80%) of 5 mice showing prolonged survival. Mice
injected with this particular PDX sample were resistant to single-
agent treatment with Dara or Hu5F9-IgG2s. Combined treatment
in overt leukemia, however, led to long-term survival in all animals
in vivo, including the patient not responding to the single agents.

To mimic a further frequent clinical situation, we next examined a
sequential treatment of chemotherapy and antibody therapy in vivo
(termed “postchemo MRD”). Cells from one T-ALL PDX (patient
#5) was injected into replicate mice, and the mice were then sub-
jected to chemotherapy when .10% blasts were detected in the
peripheral blood (supplemental Figure 6A). Two weeks after com-
pletion of chemotherapy, the presence of residual leukemic cells
was confirmed, and treatment with Dara, Hu5F9-IgG2s alone, the
combination of both, or no further treatment (chemo only) was ini-
tiated. Animals treated with chemo only or with Dara/chemo were
euthanized due to leukemic development at 84 days (supplemen-
tal Figure 6B). Both groups showed high percentages of blasts in
blood and bone marrow (Figure 4E). Animals in the remaining
groups were euthanized on day 103 for further analysis. Animals
treated with Hu5F9-IgG2s/chemo displayed significantly higher
median percentages of blasts in blood and bone marrow upon
postmortem examination compared with the combi/chemo group
(12% vs 1% and 80% vs 10%, respectively). Combined therapy
with Dara/Hu5F9-IgG2s therefore also exhibited a clear benefit in
this postchemo MRD setting also.

Overall, in experimental MRD-like and overt leukemia situations
using random de novo T-ALL PDX samples, CD47 blockade was

sufficient to significantly prolong survival of T-ALL xenografts
and, due to the favorable performance of CD47 blockade alone,
combined treatment with Dara had no additional benefit. How-
ever, mice subjected to chemotherapy first (postchemo MRD)
clearly benefited from cotreatment compared with a single
application.

Combination of Dara and CD47 blockade is highly
efficient in r/r T-ALL xenografts
Therapeutic options are limited for patients with r/r T-ALL, and
novel immunotherapeutic approaches are urgently needed.
Hence, we recapitulated our in vitro and in vivo evaluations of
Dara and Hu5F9-IgG2s combination therapy using PDX samples
from patients refractory to standard chemotherapy (Table 2). First,
ADCP was examined in the eleven r/r T-ALL PDX samples
described earlier (Figure 1B; Table 2). Phagocytosis was simulta-
neously determined in all eleven r/r T-ALL PDX samples with
healthy human macrophages from 3 independent donors. CD47
blockade alone was insufficient to significantly elevate phagocy-
tosis levels (Figure 5A). Five (45%; patients #1r/r, #5r/r-#7r/r, and
#10r/r) of 11 samples exhibited elevated phagocytosis when sub-
jected to Dara only (Figure 5A; supplemental Figure 7). However,
in vitro phagocytosis was markedly elevated in 8 of 11 r/r samples
(72%; patients #1r/r, #3r/r-#7r/r, #10r/r, and #11r/r) when Dara
was combined with Hu5F9-IgG2s (Figure 5A-B).

Next, we aimed to examine the efficacy of Dara/Hu5F9-IgG2s
in vivo. NSG mice were injected with PDX cells of eleven r/r
T-ALL cases in a preclinical phase 2–like experimental setting,
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and therapy was started when 1% blasts were observed in the
peripheral blood (overt leukemia) according to the same scheme
as noted earlier. All control animals were euthanized due to
development of leukemia, with a median survival of 45 days
(Figure 5C). Leukemic engraftment was detected in the periph-
eral blood over time (supplemental Figure 8). Surprisingly, mice
subjected to Dara monotherapy (median survival, 62 days) dis-
played no significant survival benefit compared with control,
and all animals died of the disease, highlighting that Dara
response may be divergent in de novo vs r/r T-ALL. Interest-
ingly, animals treated with Hu5F9-IgG2s monotherapy showed
a prolongation of median survival to 101 days; however, 8 (72%)
of 11 mice developed leukemia at later stages and had to be
euthanized, and only 3 (27%) of 11 displayed long-term survival.
Most notably, mice subjected to a combined therapy of Dara
and CD47 blockade showed long-term survival in 9 (82%) of 11
cases. The experiment was terminated on day 130, and surface
expression of CD38 and CD47 via flow cytometry was deter-
mined in bone marrow samples of all animals with leukemic
engraftment. The majority of mice displayed no significant
change of antigen surface expression, excluding immune escape
by downregulation of target antigens as the underlying mecha-
nism for disease development (supplemental Figure 9A-B).

In summary, ADCP was elevated in r/r T-ALL PDX samples after
combination of Dara with Hu5F9-IgG2s. In an overt leukemia
setting with r/r T-ALL PDX samples, simultaneous treatment
resulted in long-term survival in 82% of the cases.

Discussion
The application of antibodies revolutionized the therapy of hema-
tologic malignancies, especially in relapsed disease when chemo-
therapeutic options are exhausted.1 Although T cell–related
antigens were among the first to be identified by monoclonal
antibodies,34 clinically approved immunotherapeutic interventions
for T-ALL remain a medical challenge. In line with previous
reports, we show expression of CD38 and CD47 in patients with
T-ALL, making both attractive targets for antibody therapy.10,11,17

Accordingly, we describe elevated in vitro ADCP in T-ALL cell
lines, as well as in de novo and r/r T-ALL PDX samples after dual
treatment with Dara and an optimized CD47-blocking antibody.
Most importantly, mice injected with r/r T-ALL PDX samples
displayed long-term survival after combination of Dara with
Hu5F9-IgG2s compared with single-agent treatments in a large
preclinical phase 2–like trial of overt leukemia in mice.

Antibodies may exert antitumoral activity by directly inducing cell
death of malignant cells as described for the CD47-targeting

antibody CC2C6 clone in T-ALL and chronic lymphocytic leuke-
mia cells.35 However, in our study, neither Hu5F9-IgG2s nor
Dara alone, nor the combination of both antibodies, was able to
directly induce cell death in T-ALL cells (data not shown), which is in
line with published data showing no direct apoptosis-promoting
effects of Dara on cancer cells.36 Dara executes its cytotoxic effects
by a complex set of effector functions, including effector cell recruit-
ment and complement activation, initiating antibody-dependent
cell-mediated cytotoxicity and complement-dependent cytotoxic-
ity.3 Both are regarded as further key effector functions for the elimi-
nation of malignant cells.37 In addition, macrophage-mediated
ADCP as a mechanism of tumor cell killing has also become a focus
of interest in cancer immunotherapy.38 Elevated ADCP induced by
Dara has been described in chronic lymphocytic leukemia and MM
cells.39,40 In our study, Dara-mediated in vitro phagocytosis was
detected in T-ALL cell lines as well as in random de novo and r/r
T-ALL PDX samples but to a rather low extent. The detailed mecha-
nisms of how Dara exerts its cytotoxic effects in patients remain elu-
sive. However, it has been described that enzymatic activity of
CD38 can be modulated by Dara.3 CD38 catalyzes the hydrolyza-
tion of NAD1, important for generation of extracellular adeno-
sine,3,41 a key metabolite enabling tumor cells to escape immune
surveillance, impairing macrophage-mediated phagocytosis.41,42

Hence, perturbation of adenosine generation due to
Dara-mediated modulation of NAD1 might render cells more sus-
ceptible to ADCP. Of interest, MM cells expressing low levels of
CD38 are less vulnerable for Dara-mediated ADCP.43 In line with
this observation, in our studies, red object counts as a surrogate
parameter for engulfed cells were higher in T-ALL cell lines and
PDX samples expressing higher levels of CD38.

Increasing evidence shows that tumor cell phagocytosis by macro-
phages is regulated by a plethora of positive and negative signals,
provided by a number of heterogeneous molecules on tumor cells
and receptors on phagocytes.44 In our study, application of the
CD47 antibody Hu5F9-IgG2s alone was insufficient to drive leuke-
mia cell phagocytosis bymost donors, which is in line with published
data showing that CD47 blockade by itself, mediated by effector
function silent antibody blockade, does not affect phagocytosis.26,45

This suggests that an additional stimulus besides CD47 blockade is
needed to trigger ADCP. Indeed, in our study, the highest rise of
ADCP was observed when the CD47-blocking antibody was coad-
ministered with Dara, which will provide a positive phagocytic signal
by binding to activating Fcg receptors on macrophages. A recent
study described that macrophage-mediated phagocytosis can be
predicted by balancing the ratio of activating to inhibiting anti-
body.46 Hence, Hu5F9-IgG2s–mediated blockade of CD47 might
lower the threshold for macrophage activation, and the addition of
a Fc-functional antibodymight boost phagocytosis.

Figure 4. Combination of Dara and Hu5F9-IgG2s in random de novo T-ALL PDX samples. (A) Antibody-dependent cellular phagocytosis in 12 random de novo
T-ALL PDX samples treated with daratumumab (Dara), a CD47-blocking antibody (Hu5F9-IgG2s), the combination (Dara 1 Hu5F9-IgG2s [combi]), or no treatment (con-
trol) using live cell imaging. Error bars show standard error of the mean of technical triplicates. One representative experiment of 4 experiments with different donor
macrophages is shown. The remaining experiments with other donor macrophages are depicted in supplemental Figure 3. (B) Summary of all ADCP in T-ALL PDX sam-
ples with human macrophages from 4 healthy donors. (C) In vivo phase 2–like preclinical study in an MRD-like setting with 6 random de novo T-ALL PDX samples
injected into NSG mice and subjected to Dara, Hu5F9-IgG2s, the combination (Dara 1 Hu5F9-IgG2s [combi]), or no treatment (control). (D) In vivo phase 2–like preclin-
ical study in an overt leukemia setting with 6 random de novo T-ALL PDX samples injected into NSG mice and subjected to Dara, Hu5F9-IgG2s, the combination (Dara
1 Hu5F9-IgG2s [combi]), or no treatment (control). The set of mice from patient #1 was excluded due to non-engraftment in this experiment. (E) Determination of
blood and postmortem bone marrow (BM) blasts analyzed by using flow cytometry in mice injected with one random de novo T-ALL PDX sample and subjected to che-
motherapy only (chemo only), the combination of Dara 1 chemo, Hu5F9-IgG2s 1 chemo, both antibodies with chemo, or no treatment (control). Survival was analyzed
by using the Kaplan-Meier method and log-rank statistics. Nonparametric Mann-Whitney U test (two-tailed). **P , .01, ***P , .001. ns, not significant; ROI, red object
counts per image.
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Overexpression of CD47 has been shown to rescue tumor
growth of MOLM-13 AML cells, which express exceptionally low
levels of the surface marker, suggesting that CD47 is essential
for tumorigenesis in vivo.23 In accordance with this, we observed

no leukemic engraftment of P12 or MOLT-13 cells lacking CD47
expression (data not shown). Moreover, in models of random de
novo T-ALL, CD47 blockade was able to maintain mice MRD
negativity, underpinning the necessity of CD47 for leukemic

B
Patient

1r/r
Patient

2r/r
Patient Patient

3r/r 4r/r 5r/r
Patient

6r/r
PatientPatient

7r/r
Patient

8r/r
Patient

9r/r
Patient
10r/r

Patient
11r/r

Donor 1 YesYesYesNoYesYesNoYesYesNoYes
Donor 2 NoYesNoNoYesYesYesNoYesNoYes
Donor 3 YesYesNoNoYesNoYesYesNoNoYes
Responder YesYesNoNoYesYesYesYesYesNoYes

No: no response to combined treatment
Yes: positive response to combined treatment

A Donor 1

Patient 1r/r

0 12060 180
0

50

100

Time (min)

RO
I

Patient 2r/r

0 12060 180
0

15

30

Time (min)

RO
I

Patient 3r/r

0 12060 180
0

75

150

Time (min)

RO
I

Patient 4r/r

0 12060 180
0

50

100

Time (min)

RO
I

Patient 5r/r

0 12060 180
0

20

40

Time (min)

RO
I

Patient 6r/r

0 12060 180
0

40

80

Time (min)

RO
I

Patient 7r/r

0 12060 180
0

75

150

Time (min)

RO
I

Patient 8r/r

0 12060 180
0

40

80

Time (min)

RO
I

Patient 10r/r

0 12060 180
0

75

150

Time (min)

RO
I

Patient 11r/r

0 12060 180
0

100

200

Time (min)

RO
I

Combi1
Hu5F9-IgG2�

Dara

Control

Patient 9r/r

0 12060 180
0

40

80

Time (min)

RO
I

C

n=11

Overt leukemia

0 25
0

20

40

60

80

100

50 75 100 125

Days

%
 S

ur
viv

al

Combi1
Hu5F9-IgG2�

Dara

Control
Kaplan-Meier log-rank-test:

Control vs. Dara
Control vs. Hu5F9-IgG2�
Control vs. Combi
Dara vs. Combi
Hu5F9-IgG2� vs. Combi

p=ns
***p=0.0001

****p=<0.00001
****p=<0.00001

**p=<0.0083

1Dara+Hu5F9-IgG2�
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development, particularly in the in vivo situation. Furthermore,
mice with full-blown T-ALL treated with chemotherapy and anti-
bodies sequentially displayed reduced bone marrow infiltration
when cotreated with Dara and Hu5F9-IgG2s compared with sin-
gle application of either antibody. This was further supported by
an overt leukemia setting with r/r T-ALL, in which mice subjected
to CD47 blockade displayed prolonged survival but died of the
disease at later stages. Here, only dual treatment with Dara
showed long-term survival of animals.

The therapeutic activity of certain CD47 antibodies seems to be
Fc dependent,47 and several clinical studies were discontinued
due to nonselective depletion of CD47-expressing normal hema-
topoietic cells such as erythrocytes or thrombocytes, thereby
causing anemia or thrombocytopenia.48,49 In our study, we used
a CD47-antibody harboring a silent Fc domain incapable of
inducing Fc-mediated cytotoxicity. Furthermore, our in vitro data
showed corresponding antileukemic effects when modulating the
CD47/SIRPa axis by preventing pyroglutamate formation. Other
in vitro studies showed elevated phagocytosis upon QPCTL
inhibitors with antibodies.26 In line with this, we also detected ele-
vated phagocytosis in T-ALL cell lines after use of the combina-
tion of Dara with the QPCTL inhibitor SEN177. No clinical study
examining QPCTL inhibitors for tumor patients is yet available. A
current phase 2 study is evaluating the safety, tolerability, and
efficacy of PQ912 (#NCT04498650). Hence, QPCTL inhibitors
alone or in combination with antibodies might open an additional
therapeutic window for hematologic malignancies, particularly in
T-ALL expressing high CD47 levels.

Current clinical trials are examining daratumumab (#NCT03384654)
and isatuximab (#NCT03860844) in combination with chemother-
apy for r/r B-ALL and T-ALL. In addition, several trials examining
diverse CD47 antibodies are ongoing21; however, a trial combining
Dara with CD47 blockade does not yet exist. It will become impor-
tant to determine which patients might benefit from CD38/
CD47–targeted immunotherapy and potentially identify corre-
sponding biomarkers. Higher expression levels of CD38 have been
associated with superior clinical response to daratumumab in
patients with MM,50 and similar results were observed preclinically
for CD47 in MM samples.51 Hence, high surface expression of both
antigens might serve as a predictor of therapy response.

Taken together, dual targeting of CD38 and CD47 alone or in
combination with chemotherapy might represent a novel thera-
peutic approach for patients with T-ALL, especially in relapsed

disease warranting evaluation in clinical studies, and may be
applicable to both pediatric and adult patients.
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