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CD47 blockade triggers T cell-mediated destruction of

immunogenic tumors

Xiaojuan Liu>29, Yang Pu3, Kyle Cron?, Liufu Deng?, Justin Kline*, William A Frazier®, Hairong Xu!, Hua Peng!,

Yang-Xin Ful>37 & Meng Michelle Xu3¢7

Macrophage phagocytosis of tumor cells mediated by CD47-specific blocking antibodies has been proposed to be the major
effector mechanism in xenograft models. Here, using syngeneic immunocompetent mouse tumor models, we reveal that the
therapeutic effects of CD47 blockade depend on dendritic cell but not macrophage cross-priming of T cell responses. The
therapeutic effects of anti-CD47 antibody therapy were abrogated in T cell-deficient mice. In addition, the antitumor effects
of CD47 blockade required expression of the cytosolic DNA sensor STING, but neither MyD88 nor TRIF, in CD11c™ cells,
suggesting that cytosolic sensing of DNA from tumor cells is enhanced by anti-CD47 treatment, further bridging the innate
and adaptive responses. Notably, the timing of administration of standard chemotherapy markedly impacted the induction
of antitumor T cell responses by CD47 blockade. Together, our findings indicate that CD47 blockade drives T cell-mediated

elimination of immunogenic tumors.

Phagocytosis relies on a balance between prophagocytic (“eat me”)
and antiphagocytic (“don’t eat me”) signals on target cells!=3. CD47,
initially observed on stem cells, is a transmembrane protein that
inhibits phagocytosis by binding to its receptor, signal regulatory
protein o (SIRPar), which is expressed on phagocytes*-°. Lack of CD47
on erythrocytes, platelets and lymphohematopoetic cells results in
rapid clearance of these cells by macrophages, due to elimination of the
CD47-SIRPo-mediated antiphagocytic signal®>7:8. Binding of CD47
to SIRPa. results in phosphorylation of immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) on SIRPa and recruitment of Src
homology phosphatases 1 and 2 (SHP-1 and SHP-2), both of which
inhibit accumulation of myosin-IIA at the phagocytic synapse®.
Abundant CD47 expression has also been observed on a variety
of malignant cells, including both hematopoietic and solid tumors,
especially tumor-initiating cells, where elevated CD47 expression has
predicted poor survival in individuals with cancer!9-14. These data pro-
vide a strong rationale for therapeutic targeting of CD47 (refs. 12,15).
Human CD47-blocking monoclonal antibodies (mAbs) have demon-
strated efficacy in various preclinical models of human lymphoma,
bladder cancer, colon cancer, glioblastoma, breast cancer, acute
lymphocytic leukemia and acute myeloid leukemial>1216-18, Most
work concluded that the therapeutic effects of anti-human CD47 were
macrophage dependent. However, these studies employed xenografted
human tumors in T cell-deficient mice!®!81°. Thus, they were not
able to evaluate the role of adaptive immunity in the effectiveness of
CD47 blockade. A previous study showed that morpholino-mediated
knockdown of CD47 on tumors in wild-type (WT) mice enhanced

the tumoricidal activity of CD8% T cells when combined with
irradiation?’. But irradiation alone is known to stimulate antitumor
CD8* T cell responses?!. Therefore, it remains unclear how CD47
knockdown or antibody-mediated blockade alone controls tumor
growth in an immunocompetent host harboring a syngeneic tumor.

Here we show that the therapeutic effect of CD47 blockade in syn-
geneic tumor models largely depends on the activation of T cells.
More specifically, we demonstrate that the therapeutic effects of
anti-CD47 relies on a cytosolic DNA sensor, dendritic cells (DCs),
type I/1I interferons (IFNs) and CD8* T cells. As such, we conclude
that anti-CD47-mediated tumor rejection requires both innate
and adaptive immune responses.

RESULTS

T cells are essential for anti-CD47-mediated tumor regression
To evaluate whether treatment with an anti-mouse-CD47 mAb
(anti-CD47: MIAP301), known to functionally inhibit CD47-SIRPo
interactions, could reduce tumor burden in syngeneic WT mice, we
subcutaneously (s.c.) inoculated BALB/c mice with CD47* A20 B cell
lymphoma cells. Seven days later, we administered anti-CD47 intra-
peritoneally (i.p.) and monitored tumor growth. Compared to isotype
control antibody treatment, systemic anti-CD47 treatment slowed
the growth of tumor and prolonged the survival of mice bearing
immunogenic A20 tumors (Fig. 1a and Supplementary Fig. 1a). To
extend these findings to a solid tumor model, we treated syngeneic
C57BL/6 mice bearing established MC38 tumors in a similar manner
and observed similar results (Supplementary Fig. 1b,c). To focus
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on the effect of anti-CD47 within the tumor microenvironment and  after an initial course of CD47 blockade (tumor-free >30 days) with
rule out any effect on peripheral tissues, we administered anti- a higher dose of A20 cells (2.5 x 107 cells) in the contralateral flank.
CD47 by intratumoral injection in both the A20 and MC38 models Compared to naive mice, in which a primary A20 cell challenge
(Fig. 1b,c). After only two low doses of anti-CD47, established resulted in rapid tumor progression, those that had rejected an initial
tumors completely regressed. Because anti-CD47 might have off-  tumor challenge after CD47 blockade were completely resistant to a
target effects??, we employed a high-affinity Sirpo variant human  rechallenge with A20 cells (Fig. 2b). These results clearly demon-
Fc fusion protein (SIRPa-hlg) as a second approach to antagonize  strate that anti-CD47 treatment can elicit durable systemic immune
CD47-SIRPo. interactions in vivo?3. Consistently, intratumoral memory to prevent relapse.

blockade of CD47-SIPRa interactions via this approach recapitulated To determine whether anti-CD47 treatment can enhance tumor
the inhibition of A20 tumor growth triggered by antibody-mediated antigen-specific T cell responses, we treated mice harboring estab-
CD47 blockade (Fig. 1d). lished ovalbumin (OVA)-expressing MC38 tumors with anti-CD47

We next addressed the extent to which the antitumor effect of or isotype control antibody intratumorally. Five days after CD47
CD47 blockade depended on host T cells. Thus, we inoculated A20  blockade, we re-stimulated cells from the tumor-draining lymph node
lymphoma cells s.c. into syngenic BALB/c nude mice. The same  in vitro with or without the OVA-derived SIINFEKL peptide and meas-
short course of intratumoral anti-CD47 treatment that was effica- ured IFN-y production by enzyme-linked immunospot (ELISPOT)
cious in WT BALB/c mice had no effect on tumor growth in T cell-  assay. Significantly more IFN-y spot-forming cells were present in
deficient nude mice (Fig. 1e). Although a longer course of consecu-  the anti-CD47-treated versus the isotype control antibody-treated
tive intratumoral anti-CD47 administrations resulted in a transient  group (Fig. 2¢c). We observed similar results in the A20 model, where
suppression of tumor growth in tumor-bearing nude mice (Fig. 1f), we used irradiated A20 cells to re-stimulate tumor-draining lymph
T cells were clearly required for a maximal therapeutic effect of node cells in vitro (Fig. 2d). To determine whether IFN-y was essen-
CD47 blockade therapy. tial for the therapeutic effect of anti-CD47, we treated mice bearing

To understand which T cell subsets were involved in anti-CD47-  A20 tumors with IFN-y-blocking antibodies on the day of anti-CD47
mediated tumor reduction, we treated WT mice bearing established  treatment. The therapeutic effect of anti-CD47 was completely lost
A20 tumors with anti-CD47 intratumorally in conjunction with in IFN-y-deficient mice (Fig. 2e). Collectively, these data suggest
CD8* or CD4" T cell depletion achieved by intraperitoneal delivery  that an antigen-specific T cell response is enhanced after anti-CD47
of anti-CD4 or anti-CD8 mAbs. In the absence of CD8* T cells, the treatment for both carcinoma and lymphoma tumor types.
therapeutic effect of anti-CD47 was completely abrogated, whereas
depletion of CD4* T cells had no effect (Fig. 2a). CD8" or CD4*  Anti-CD47 enhances DC cross-priming for tumor control
T cells were also depleted in mice systemically treated with anti-CD47. A recent study demonstrated that macrophages, and not DCs, were
These tumors grew faster in the absence of CD8" T cells, indicating  the major antigen-presenting cells (APCs) that cross-prime CD8*
that this T cell subset is required for tumor regression also following T cells after CD47 blockade in an in vitro xenoculture system?%.
systemic CD47 blockade (Supplementary Fig. 2a,b). To verify these results, we used an in vitro syngeneic culture system

To determine whether the immune response initiated by anti-CD47  in which both bone marrow-derived macrophages (BMDMs) and
treatment resulted in T cell-mediated memory response against tumor  bone marrow-derived DCs (BMDCs) were probed for their ability
antigens, we rechallenged mice that had rejected A20 lymphomas  to cross-prime CD8" T cells in the presence or absence of anti-CD47.
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mice (n =5 per group) were injected s.c. with 5 x 106 A20 cells and
treated twice with 50 pg of high-affinity Sirpo variant Fc fusion protein (Sirpa-hlg) or human Ig intratumorally on days 15 and 20. (e) BALB/c nude mice
(n= 4 per group) were injected s.c. with 2 x 106 A20 cells and intratumorally injected with 50 ug of anti-CD47 or isotype control ratlg on days 7 and 11.
(f) 2 x 106 A20 cells were transplanted s.c. onto BALB/c nude mice. When tumors were established (>50 mm3), treatment began with daily intratumoral
injections of 50 pg anti-CD47 or 50 ug ratlg for 1 week starting at day 10. Tumor growth is monitored twice a week and reported as the mean tumor

size + s.e.m. over time. One representative experiment out of three (b,c) or two (a,d—f) yielding similar results is depicted. NS, not significant. *P < 0.05,
**P < 0.01 (unpaired Student’s t-test) compared to tumors treated with ratlg. For all panels, the arrow indicates treatment time for anti-CD47.
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Figure 2 Therapeutic effect of anti-CD47 requires CD8* T cells. (a) BALB/c (n = 8 per group) mice were injected s.c. with 5 x 10 A20 cells and
treated intratumorally with 50 ug of anti-CD47 or ratlg on days 11 and 15 (indicated by black arrow). Twice a week, 200 ug of CD8- or CD4-depleting
antibody was administered, starting on day 11. (b) Tumor-free, antibody-treated BALB/c mice (n= 7 per group) were rechallenged s.c. with 2.5 x 107
A20 cells on the opposite site from the primary tumor 1 month after complete rejection. (¢) MC38-OTlp tumor—bearing (n = 6 per group) C57BL/6 mice
were intratumorally treated twice with 50 ug of either anti-CD47 or ratlg on days 11 and 14. After 5 days, lymphocytes from the DLN were isolated

and stimulated with 10 pug/ml OTI peptide. IFN-y—producing cells were enumerated by ELISPOT assay. (d) BALB/c mice (n = 3) were injected s.c. with
5 x 106 A20 cells and intratumorally treated with 50 pg of either anti-CD47 or ratlg antibody on days 11 and 16. Seven days after the final treatment,

2 x 105 DLN cells from mice treated with anti-CD47 or ratlg were stimulated with A20 tumor cells irradiated with 60 Gy. The ratio of DLN cells to
irradiated tumor was 5:1. IFN-y—producing cells were enumerated by ELISPOT assay. (e) A20 tumor-bearing mice (n =5 per group) were treated
twice with 50 ug of anti-CD47 or ratlg intratumorally on days 8 and 13 (indicated by black arrow). 300 pug anti-IFN-y or ratlg isotype control

were injected i.p. every 4 d. Data are reported as the means + s.e.m. of tumor growth over time. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired

Student’s t-test). One of three independent experiments is shown.

Whereas anti-CD47 did not significantly increase the cross-priming
abilities of BMDMs, BMDCs were able to cross-prime CD8" T cells
to a greater extent than BMDM:s in general, but particularly in the
presence of anti-CD47 (Fig. 3a).

To evaluate the cross-priming capacity of DC and macrophages in
response to anti-CD47 in vivo, we collected DCs and macrophages
from either the MC38 tumor microenvironment or draining lymph
nodes (DLN) of anti-CD47-treated MC38-OTIp-bearing mice and
cocultured them with OVA-specific OTI T cells. DCs and macro-
phages were isolated by FACS, and their purity was validated by
quantitative RT-PCR using the lineage-defining transcription factor
genes Mafb (macrophages) and Zbtb46 (DCs) (Supplementary
Fig. 3a). We hypothesized that anti-CD47 would increase phagocy-
tosis inside the tumor, leading to migration of antigen-loaded APCs
to the DLN, where they would fully mature and cross-prime naive
T cells. However, we did not observe significant cross-priming by
either macrophages or DCs from the DLN from anti-CD47-treated
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Figure 3 Anti-CD47 triggers the cross-priming ability of DCs. (a) BMDCs or

mice (Fig. 3b). In contrast, primary DCs, but not macrophages, har-
vested from the tumor microenvironment clearly elicited increased
activation of T cells after anti-CD47 treatment (Fig. 3c). We observed
similar effects using macrophages and DCs from mice bearing A20-
HA (hemagglutinin expressing) lymphomas after coculture with
HA-reactive T cells from CL4 T cell receptor (TCR)-transgenic (Tg)
mice, in which the TCR is specific for the HA antigen. We observed
augmented T cell cross-priming induced by DCs compared to mac-
rophages, suggesting that anti-CD47 therapy enhances the ability
of DCs (but not macrophages) to cross-prime T cells across tumor
subtypes (Supplementary Fig. 4a). This was also the case when we
analyzed parental A20 or MC38 tumors, indicating that DC-mediated
cross-priming of T cells specific for naturally expressed tumor anti-
gens was also enhanced following anti-CD47 therapy (Fig. 3d.e).
To assess whether anti-CD47 had a similar impact in an orthotopic
tumor model, we implanted TUBO, an oncogenic receptor neu*
mammary tumor, into mammary fat pads of neu-transgenic mice,
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bone marrow macrophages were cultured with MC38-OTlp in the presence

of fresh granulocyte-macrophage colony-stimulating factor (GM-CSF) and anti-CD47 overnight. Subsequently, purified CD11c* cells or F4/80* cells

were cocultured with isolated CD8* T cells from naive OTI mice for 3 d and
mice (n =5 per group) were treated twice with 50 ug of either anti-CD47 or

analyzed by IFN-y cytometric bead array (CBA). (b,c) MC38-OTIp-bearing
ratlg on days 11 and 14 intratumorally. Five days after the initial treatment,

DLN DCs (b) and tumor-infiltrating (c) DCs and macrophages were isolated and cocultured with isolated CD8* T cells from naive OTI mice for 3 d.
IFN-y production was detected by CBA. (d,e) A20 (d) or MC38 (e) tumor-bearing C57BL/6 mice (n =5 per group) were treated with 50 ug of either
anti-CD47 or ratlg isotype control on day 10. Four days after the antibody treatment, 3 x 104 tumor-infiltrating DCs and macrophages were isolated

and cocultured with isolated 3 x 10° CD8* T cells from A20 (d) or MC38 (e

) tumor-bearing mice. Forty-eight hours later, IFN-y-producing cells were

enumerated by ELISPOT assay. (f) Five weeks after the indicated CD11c-DTR bone marrow chimera reconstitution, C57BL/6 mice (n =5 per group)
were injected s.c. with 1 x 106 MC38 cells and treated with 50 ug of anti-CD47 or ratlg on days 14 and 20 (indicated by black arrow). Diphtheria toxin
or PBS was administrated on the same day as treatment. Data are reported as the means +s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired
Student’s t-test). One representative experiment out of three independent experiments is depicted.
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Figure 4 Type | IFNs are induced during anti-CD47 mediated tumor inhibition and required. (a) Four days after anti-CD47 or ratlg treatment (n=5

per group), the single-cell suspensions from tumors were sorted into CD45+CD11¢c-CD11b*Ly6ch (monocytes), CD45+CD11c~*+ CD11b*Ly6c-F4/80*
(macrophages) and CD45+CD11c*CD11b~"+*Ly6C-F4/80- (DC) populations. mRNA levels of /fna and /fnb in different cell subsets were quantified by real-
time PCR assay. Representative data are reported as mean copy numbers + s.e.m. after intrasample normalization to the levels of reference gene Hprt in
three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Student’s t-test). (b) C57BL/6 mice (n = 6) were injected s.c. with 1 x 106
MC38 cells and treated intratumorally with 50 pg of anti-CD47 or isotype control ratlg on days 11 and 14 (indicated by black arrow). 50 ug anti-IFNAR1
antibody was administered intratumorally on days O and 2 after anti-CD47 treatment. (c) /fnar1/fl and CD11c-Cre; /fnarlf/f mice (n = 6) were injected s.c.
with 1 x 106 MC38 cells and treated with 50 ug of anti-CD47 or ratlg on days 10 and 15 (indicated by black arrow). (d) BMDCs from WT mice or /fnarl~'~
mice were cultured with MC38-OTlp in the presence of anti-CD47 or ratlg for 16 h. Subsequently, purified CD11c* cells were cocultured with isolated CD8*
T cells from naive OTI mice for 3 d. IFN-y production in supernatant was determined by CBA. Data are reported as means £ s.e.m. Tumor growth is reported

as the mean tumor size £ s.e.m. over time. **P < 0.01; one representative experiment out of three independent experiments is depicted.

which we subsequently treated with anti-CD47 or isotype control
mADb. Here again, increased T cell cross-priming by DCs was observed
when they were cocultured with CD8* T cells isolated from TUBO
tumor-bearing mice (Supplementary Fig. 4b). Together, these
findings indicate that anti-CD47 therapy enhances cross-priming of
antigen-specific T cells by tumor-resident DCs.

To determine whether anti-CD47-induced DC activation was also
required for tumor control, we inoculated tumor-bearing CD11c-
diphtheria toxin receptor (Itgax-DTR) bone marrow—chimeric (BMC)
mice with MC38 cells s.c. and treated them with diphtheria toxin
(DT) to deplete DCs during anti-CD47 treatment. The therapeutic
effect of CD47 blockade was severely impaired following DC deple-
tion in tumor-bearing mice (Fig. 3f). However, selective removal of
tumor-associated macrophages by a colony-stimulating factor (CSF1)-
blocking mAb had no impact on the antitumor response following

CD47 blockade (Supplementary Fig. 3b). These data strongly suggest
that increased DC cross-priming of cytotoxic T lymphocytes is crucial
for the therapeutic effect of anti-CD47 treatment.

Requirement for DC responsiveness to type | IFNs for tumor control
Type I IFNs are known to increase the cross-priming capability of
DCs after various antitumor therapies?>-2%, Therefore, we investi-
gated whether type I IFNs were involved in cross-priming induced
by CD47 blockade. First, mice with established MC38 tumors were
treated with anti-CD47 or isotype control rat Ig. Subsequently, DCs
and macrophages were sorted from tumor tissues, and levels of type I
IEN mRNA (Ifna and Ifnb) were determined by quantitative PCR.
DCs from mice treated with anti-CD47 expressed more Ifna mRNA
than DCs from mice treated with rat immunoglobulin (Ig) isotype
control. In contrast, anti-CD47 boosted Ifna mRNA abundance in
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Five days after the initial treatment, DCs were sorted from tumors. mRNA

levels of /fna were quantified by real-time PCR assay. Representative data are reported as mean copy numbers + s.e.m. after intrasample normalization
to the levels of Hprt in three independent experiments. *P < 0.05 (unpaired Student’s t-test). (e) BMDCs from WT mice or Tmem1738t mice were
cultured with MC38-OTlp in the presence of anti-CD47 or ratlg for 16 h. Subsequently, purified CD11c™* cells were cocultured with purified OTI cells
for 2 d. IFN-y production was determined by ELISPOT assay. (f) MC38 tumor—bearing C57BL/6 mice (n= 5 per group) were sacrificed 7 d after the
final treatment. 2.5 x 105 CD8* T cells, isolated from DLNs, were stimulated with MC38 tumor cells. The ratio of CD8+ T cells to MC38 was 50:1.
IFN-y-producing cells were enumerated by ELISPOT assay. Result was expressed as number of spots per 1 x 106 CD8+ T cells. Data are reported as
means £ s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Student’s t-test). One of three experiments is shown.
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Figure 6 Anti-CD47-mediated immune
protection is impaired by some post treatment
chemotherapeutics. BALB/c mice (n =6 per
group) were injected s.c. with 3 x 106 A20 cells
and treated with 50 pg of anti-CD47 on days

12 and 17. Select chemotherapeutic agents
were injected i.p. at different time points.
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the monocyte and macrophage population by only twofold (Fig. 4a).
Similar patterns were observed for Ifnb mRNA (Fig. 4a).

To test whether type I IFNs were required for the anti-CD47 medi-
ated antitumor effect in vivo, mice bearing MC38 or A20 tumors
were treated with intratumoral injections of IFNAR-blocking
antibody on days 0 and 2 after injection with anti-CD47 or isotype
control. Blocking type I IFN signaling impaired the therapeutic
effect of anti-CD47 (Fig. 4b and Supplementary Fig. 5), suggest-
ing that type I IFNs are essential for anti-CD47-mediated tumor
regression. Given the important role of type I IFNs on DC activa-
tion and the importance of DCs in anti-CD47-mediated therapeutic
effects, we assessed whether type I IFN signaling specifically in DCs
was required for tumor responses following CD47 blockade. To this
end, we established MC38 tumors in CD11cCre*; Ifnarlﬂ/ﬂ mice and
Ifnar1% mice. Conditional deletion of Ifnarl in CD11c* cells mark-
edly reduced the effect of CD47 blockade on tumor growth (Fig. 4c),
demonstrating that type I IFN signaling in DCs is necessary for the
therapeutic efficacy of anti-CD47. Because CD11c¢ is known to be
expressed on cells other than DCs, we performed a DC cross-priming
assay using BMDCs. The cross-priming capacity of BMDCs from
Ifnarl-deficient mice in the presence of anti-CD47 was compromised
compared to that of BMDCs from wild-type mice (Fig. 4d). Together,
these data indicate that type I IFN signaling in DCs plays an integral
role in boosting the adaptive immune response to anti-CD47 anti-
body therapy.

Essential role for cytosolic DNA sensing for cross-priming

Anti-CD47-induced phagocytosis might preferentially target
stressed tumor cells expressing high levels of prophagocytic mol-
ecules. Substances released by tumor cells engulfed into phagosomes
might also promote activation of host APCs30-32. For example,
tumor-derived danger-associated molecular patterns (DAMPs)
engulfed during phagocytosis could initiate type I IFN production by
engaging Toll-like receptor-myeloid differentiation factor-88 (TLR-
MyD88) sensing pathways in host APCs3133. To determine whether
host TLR pathways were required for the antitumor effect of anti-
CD47 therapy, we established MC38 tumors in Myd88~/~ and Trif /-
(Trif is officially known as TicamI) mice. The inhibition of tumor
growth after anti-CD47 treatment was comparable in WT, Myd88~/~

and Trif '~ mice (Fig. 5a,b), indicating that TLR signaling in host
cells is dispensable for the antitumor effect of CD47 blockade. These
results also suggest that anti-CD47 activates cross-priming through
a TLR-independent pathway.

Recent studies have revealed a cytosolic DNA-sensing pathway
involving the endoplasmic reticulum-resident protein stimulator of
interferon genes (STING)34-38. The STING pathway is also essential
for host DC sensing of tumor DNA3%40, To determine the role of
STING in anti-CD47-mediated antitumor responses, we implanted
MC38 tumor cells in flanks of WT and Tmem1738' (STING-deficient)
mice and monitored tumor growth after treatment with anti-CD47
or isotype control rat Ig. Tumor growth was identical in WT mice
treated with isotype-control rat Ig and in Tinem1738! mice treated with
isotype control rat Ig. However, the antitumor effects of anti-CD47
treatment were completely abrogated in Timem1738" mice compared
with WT mice (Fig. 5¢). Thus, cytosolic DNA sensing through STING
is absolutely essential for the antitumor effect of anti-CD47 therapy.

To evaluate whether STING was essential for induction of type
I IFN after anti-CD47 therapy, we treated WT or Tmem1738! mice
bearing MC38 tumors with anti-CD47. Five days later, we measured
Ifna mRNA expression levels in tumor-infiltrating DCs. We observed
a significant induction of Ifna transcripts in DCs from WT but not
Tmem1738" mice following CD47 blockade (Fig. 5d). To determine
whether the anti-CD47-induced DC cross-priming of CD8* T cells
depends on STING, we conducted a cross-priming assay with BMDCs
from WT and Tmem1738 mice. The cross-priming capacity of WT
but not Timem1738 DCs was significantly increased by coculture with
tumor cells and anti-CD47 (Fig. 5e). We reached a similar conclu-
sion by IFN-y ELISPOT assay of purified CD8* T cells from tumor
DLNs of WT and Tmem 1738 mice treated with anti-CD47; anti-CD47
induced tumor-specific CD8" T cell IFN-y production in WT but
not Tmem1738" mice (Fig. 5f). Overall, these results suggest that the
STING-dependent cytosolic DNA sensing pathway is essential for
anti-CD47-induced antitumor adaptive immune responses.

Chemotherapy influences anti-CD47 effects

Clinical trials of anti-CD47 treatment are underway, but many patients
might also have received or continue to receive chemotherapy. As our
data reveal an essential role of T cells, and as chemotherapy can suppress
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the immune system and kill recently activated immune cells*142,

chemotherapy may blunt the therapeutic effects of anti-CD47 antibody
therapy. Alternatively, chemotherapy may synergize with anti-CD47
by increasing release of antigens and DNA from dying tumor cells.
To test whether chemotherapy drugs used for lymphoma synergize
with or inhibit anti-CD47 therapy, we combined anti-CD47 treat-
ment with clinically equivalent doses of cyclophosphamide (CTX)
or paclitaxel (PTX) to treat large, established A20 tumors in BALB/c
mice. PTX (40 mg/kg) or CTX (60 mg/kg) was administered 3 days
before or after anti-CD47 treatment. Chemotherapy administered
after anti-CD47 treatment did not result in faster tumor regression
than anti-CD47 alone (Fig. 6a,b). To test the impact of chemotherapy
on anti-CD47-mediated acute and memory immune responses,
all tumors were surgically removed. One week after surgery, mice were
rechallenged with 1.5 x 107 A20 cells. All mice whose primary tumor
underwent anti-CD47 treatment alone rejected the tumor rechallenge
(Fig. 6¢). In contrast, a majority of the mice treated with anti-CD47
followed by chemotherapy were susceptible to tumor outgrowth after
rechallenge (50% of CTX combination mice; 80% of PTX combina-
tion mice) (Fig. 6¢,d and Supplementary Table 1). This suggests
that chemotherapy administered after anti-CD47 therapy had
detrimental effects on development of beneficial antitumor memory
immune responses.

We speculated that there might be a limited window of time when
chemotherapy drugs can effectively reduce tumor burden and induce
prophagocytic signals without destroying anti-CD47-induced immu-
nity. To test whether chemotherapy given before anti-CD47 also inhib-
ited immune memory, we injected an identical dose of PTX or CTX
1 day before antibody treatment rather than 3 days after. This single
treatment of chemotherapy before anti-CD47 not only synergized
with anti-CD47 for tumor control but also preserved the host memory
response against relapsing tumors generated by anti-CD47 (100% of
CTX combination mice and 80% of PTX combination mice resist-
ant to tumor rechallenge) (Fig. 6a—c and Supplementary Table 1).
Taken together, our results indicate that simple alterations to stand-
ard drug administration could have a major impact on primary and
memory immune responses to tumors and alter clinical outcomes in
response to immunomodulatory anti-CD47 antibody therapy.

DISCUSSION
Previous publications suggested that anti-CD47 therapy exerts anti-
tumor activity by blocking antiphagocytic signaling, leading to tumor
cell death by macrophage-mediated phagocytosis in a manner inde-
pendent of adaptive immunity!21618, In contrast, here we reveal that
in immune-competent mice, the therapeutic effect of low doses of anti-
CD47 largely depends on DC cross-priming of CD8* T cells. Within
DCs, STING-mediated sensing of DNA, which drives type I IFN pro-
duction, is also required. Finally, timely combination of conventional
therapeutics with immunotherapy can boost the host response to
control or even eradicate tumors and prevent future relapse.
Potential reasons for the differences between our conclusions and
those of previous studies include differences in the preclinical ani-
mal models used!>16. Most previous studies used tumor xenograft
models, which are widely used as preclinical models and are an inte-
gral part of the US Food and Drug Administration approval process.
Anti-human CD47 showed impressive efficacy toward xenografted
human tumor cells (especially lymphoma and leukemia) in NSG
mice (nonobese diabetic (NOD) severe combined immunodeficiency
(SCID) interleukin-2 receptor y chain—deficient mice without T and
B cells)!®18. By comparing syngeneic mouse tumors in WT and

T cell-deficient nude mice, we revealed a role for T cells in the
therapeutic effects of anti-CD47. Several factors could explain the
apparently strong role for phagocytosis observed in xenograft models.
First, upon implantation in an NSG model human CD47 binds to
NSG mouse SIRPa. due to a germline SIRPo mutation of these mice,
whereas human CD47 could not bind well to SIRPo in other strains
of mice, including BALB/c and C57BL/6 (refs. 43,44). This unique
binding between human CD47 and NOD mouse SIRPo on activated
innate cells makes them more susceptible to antibody blockade.
Second, in xenograft models, the therapeutic effect of anti-human
CD47 was often achieved at much higher doses (for example, 200 ug
daily for consecutive 14 d) than the current study'2. We did observe
better tumor control when a higher dose of anti-mouse CD47 anti-
body was used in the nude mouse model. Lastly, in a syngeneic setting,
anti-CD47 will bind both healthy and malignant cells that express
CD47. However, in the xenograft model, only tumor cells express
human CD47.

Our work may differ from published works in another way: using
an in vitro serum-free assay, a recent study showed that phagocytosis
of human tumor cells after anti-human CD47 treatment is mainly
attributed to mouse BMDMs, whereas the contribution of BMDCs
is almost undetectable?*. Consistently across multiple experiments,
enhancement of cross-priming by macrophages was observed in
response to anti-CD47. Conversely, we observed that both BMDCs
and primary DCs are more potent than BMDMs and primary
macrophages for cross-priming T cells. To explain this contradiction,
we have observed that culturing BMDCs without serum results
in increased apoptosis and malfunction of the DCs, which could
ultimately impair their cross-priming capacity (Supplementary
Fig. 6). Supplemented with serum, BMDCs recovered their ability
to cross-prime in vitro. Furthermore, ex vivo-isolated DCs are more
able to cross-prime CTL than are ex vivo isolated macrophages
after anti-CD47 treatment. Finally, deletion of DCs in vivo limits
the antitumor effects of anti-CD47 and the antitumor effect of the
anti-CD47 depends on IFNAR on CD1l1c* cells. Thus, our data
clearly demonstrate in an immune-competent syngeneic host that the
therapeutic effect of CD47 blockade requires functional DCs.

Another point related to the clinical scenario is tumor immuno-
genicity. Accumulating evidence suggests that the response to immu-
notherapies is often reliant on the immunogenicity of a tumor, with
tumors bearing high loads of somatic mutations showing greater
responsiveness than tumors bearing relatively few somatic muta-
tions. Highly mutated tumors probably express higher numbers of
neoantigens that can be better recognized and rejected by host T cells,
for example, when the CTLA-4 or PD-1 co-inhibitory pathways are
blocked by therapeutic antibodies*>4°. As such, it is possible that
anti-CD47 treatment could possibly have more impact on immuno-
genic tumors than on nonimmunogenic tumors.

Finally, standard chemotherapy can have major impacts on anti-
CD47 therapy efficacy. Prior studies have shown that chemotherapy
can lead to increased expression of cell surface calreticulin on tumor
cells*2. Thus, chemotherapy-mediated upregulation of cell surface
calreticulin, a prophagocytic signal, may potentially augment the
efficacy of anti-CD47 antibodies by propagating STING signaling.
In addition, chemotherapy may lead to increased infiltration of
APCs, including DCs and macrophages, to tumor sites*”48. However,
properly inducing CD8" T cell-mediated tumor regression requires
careful design of sequence and doses for both chemotherapy drugs
and anti-CDA47, as inappropriate combination treatments of antibody
plus chemotherapy may have negative effects on the host immune
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response to tumor antigens. Thus future clinical trials involving
anti-CD47 treatment and standard-of-care chemotherapy must be
properly timed and tested, as both synergy and antagonism will be
time and dose dependent. In conclusion, understanding the mech-
anisms by which CD47 blockade interfaces with host antitumor
immunity will yield important information for designing new
treatments using combinations of anti-CD47 with chemotherapeutics
and other immunomodulatory antibodies.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Mice. Six- to eight-week-old female C57BL/6] mice were purchased from
Harlan or Jackson Laboratory. Six- to eight-week-old female BALB/c mice
were purchased from Charles River Laboratories in China. Myd88~/-,
Trif/=, Tmem1738!, OT-1 CD8* T cell receptor (TCR)-Tg, CD11c-Cre-Tg,
CD11c(Itgax)-DTR and BALB/c-Tg (MMTV-neu) mice were purchased from
The Jackson Laboratory. Ifnar1/fl mice were kindly provided by U. Kalinke
from the Institute for Experimental Infection Research, Hanover, Germany.
All the mice were maintained under specific pathogen-free conditions and
used between 6-12 weeks of age in accordance to the animal experimental
guidelines set by the Institutional Animal Care and Use Committee of the
University of Chicago and Institute of Biophysics, CAS.

Cell lines and reagents. All cell lines were characterized by short tandem repeat
analysis (STR) profiling and tested free of mycoplasma contamination. MC38 is
amurine colon adenocarcinoma cell line. A20 is a murine B cell lymphoma cell
line. MC38-OTIp was sorted and subcloned after MC38 cells were stably trans-
duced with retrovirus expressing mouse EGFRVIII-OTIp (peptide epitope for
OTTI). A20-HA was selected as a single clone after being transduced by retrovirus
expressing hemagglutination antigen (HA). TUBO was cloned from a sponta-
neous mammary tumor in a BALB neu Tg mouse®’. Anti-IFN-y neutralizing
mADb (clone R46A2) was provided by Dr. Zhihai Qin (the Institute of Biophysics,
CAS). Anti-CSF1 neutralizing mAb (5A1) and anti-mIFNARI neutralizing
mAb (clone MAR1-5A3) were purchased from BioXcell (West Lebanon, NH).
Anti-CD47 antibody (clone MIAP301) was initially purchased from eBioscience
or BioLegend and then provided by Dr. William Frazier (Washington University,
St. Louis). It is a rat-derived antibody that specifically recognizes mouse CD47
and blocks mouse SIRPo. binding®®. SIRPo.-hlg, anti-CD8 depleting antibody
(clone TIB210) and anti-CD4 depleting antibody (clone GK1.5) were produced
in house. The endotoxin level for Ab and fusion protein is lower than 0.2 EU
(Endotoxin Units)/ug of protein. Chemotherapeutic agents cyclophosphamide
(CTX), paclitaxel (PTX) and doxorubicin (DOX) were purchased from Sigma
and prepared according to the manufacturers’ recommendations.

Tumor growth and treatments. 2-5 x 10% A20 or 1 x 10 MC38 tumor cells
were s.c. injected into the flank of mice. Tumor volumes were measured by
length (a) and width (b) and calculated as tumor volume = ab?/2. Tumors,
allowed to grow for 7-14 d to reach 50 mm?, were treated by anti-CD47 or ratIg
intratumorally or i.p. For Sirpo-hlg treatment, 5 x 10° A20 tumor cells were s.c.
injected into the flank of mice. Tumors were allowed to grow for 14 d and
treated by Sirpoi-hIg or human Ig intratumorally. For CD8 or CD4 depletion
experiments, 200-300 g of anti-CD8 antibody (clone TIB210) or anti-CD4
(clone GK1.5) was injected i.p. at the same time as anti-CD47 treatment. For
the IFN-y neutralizing experiment, 300 p1g of anti-mouse IFN-yantibody (clone
R46A2) was injected i.p. on the day of anti-CD47 treatment. For type I IFN
blockade experiments, 50 pig anti-IFNARI mAb was intratumorally injected
on day 0 and 2 after anti-CD47 Ab. For the CSFI neutralizing experiment,
100 ug of anti-mouse CSF1 antibody (clone 5A1) was injected i.t. on the same
day of anti-CD47 treatment. For chemotherapeutic agent combination, 60 mg/kg
of CTX, 40 mg/kg of PTX or 15 mg/kg of DOX were administered i.p. at the
indicated times.

Production of Sirpa-hlg fusion protein. Sirpo-hIg was generated as previ-
ously?3. Generally speaking, a plasmid encoding the DNA sequence of Sirpa
was synthesized by OriGene technology company. The DNA was then cloned
into the pEE12.4 expression plasmid (Lonza, Basel, Switzerland) between the
IgG IgGxk leading sequence and the human IgG1 Fc sequence using BsiWI and
BstBI. The SIRPa-hlg fusion protein was transiently expressed in FreeStyle
293-F cells.

Generation of bone marrow chimeras. WT mice were lethally irradiated with
asingle dose of 1,000 rads. The next day, irradiated mice were adoptively trans-
ferred with 2-3 x 10° CD11¢-DTR Tg donor bone marrow cells. Mice were
maintained on sulfamethoxazole and trimethoprim (Bactrim) antibiotics diluted
in drinking water for 5 weeks after reconstitution. Mice were injected with tumor
cells 5-6 weeks post reconstitution.

In vitro culture and function assay of BMDCs and BMDMs. Single-cell
suspensions of bone marrow cells were obtained from C57BL/6], Timem1738
or Infarl~'~ mice. The cells were placed in 10-cm Petri dishes and cultured
in RPMI-1640 medium containing 10% FBS, supplemented with 20 ng/ml
GM-CSF or M-CSE. Fresh media with GM-CSF or M-CSF was added into culture
on day 3. BMDCs and BMDMs were harvested for a stimulation assay on day 7.
BMDCs or BMDMs were added and cocultured with MC38-OTIp cells at a ratio
of 1:1 in the presence of fresh GM-CSF with or without 10 ug/ml anti-CD47 Ab
overnight. Subsequently CD11c* cells and F4/80* cells purified by FCS sorting
were incubated with isolated CD8* T cells from naive OT-I mice for 3 d.

T cell isolation. OTI naive CD8* T cells were isolated from lymph nodes
and spleen of 6-to 12-week-old mice. Selection was carried out with a nega-
tive CD8 isolation kit (Stemcell Technologies) following the manufacturer’s
instructions.

RNA extraction and quantitative real-time RT-PCR. Total RNA from 5 x 104
sorted tumor infiltrating monocytes, macrophages and DCs were extracted
with the RNeasy Micro Kit (QIAGEN) and reverse-transcribed with Seniscript
Reverse Transcription Kit (QIAGEN). Real-time RT-PCR was performed with
SSoFast EvaGreen supermix (Bio-Rad) according to the manufacturer’s instruc-
tions and with different primer sets on StepOne Plus (Applied Biosystems).
Data were normalized by the level of HPRT expression in each individual
sample. The 2-24Ct method was used to calculate relative expression changes.

Tumor digestion. Tumor tissues were excised on day 5 after anti-CD47 and
digested with 1 mg/ml collagenase IV (Sigma) and 100 mg/ml DNasel (Sigma) in
the incubator with 5% CO,. After 30 min, tumors were passed through a 70-pm
cell strainer to remove large pieces of undigested tumor. Tumor-infiltrating cells
were washed twice with PBS containing 2 mM EDTA.

Measurement of IFN-y-secreting CD8+ T cells by ELISPOT assay. For bone
marrow CD11c* cell functional assays, 2 x 104 purified CD11c* or F4/80* cells
were incubated with isolated CD8* T cells from naive OTI mice with EasySep
Mouse CD8a Positive Selection Kit (Stemcell Technologies) for 3 d at the ratio
of 1:10. For tumor-specific CD8" T cell functional assays in the MC38-OTIp
model, 5 d after anti-CD47 treatment, tumor DLNs were removed and CD8*
T cells were purified. 2 x 10° CD8* T cells were incubated with BMDCs at the
ratio of 10:1 for 48 h with or without 5 pg/ml OTI peptide (SIINFEKL). For
tumor-specific CD8% T cell functional assays in the MC38 and A20 models,
5 days after anti-CD47 treatment, tumor DLNs were removed. DLN cells
were re-stimulated with A20 or MC38. A 96-well HTS-IP plate (Millipore)
was precoated with anti—-IFN-y antibody (eBioscience) with a 1:250 dilution
overnight at 4 °C. After coculture, cells were removed, 2 pg/ml biotinylated
anti-IFN-y antibody (eBioscience) with a 1:250 dilution was added, and
the plate was incubated for 2 h at room temperature or overnight at 4 °C.
Avidin-horseradish peroxidase (BD Pharmingen) with a 1:1,000 dilution was
then added and the plate was incubated for 1 h at room temperature. The cytokine
spots of IFN-y were developed according to product protocol (Millipore).

Ex vivo DC cross-presentation assay. MC38-OTIp bearing mice were treated
with 50 pg of rat Ig or anti-CD47 mAb intratumoral injection on days 11 and 14.
Five days later, draining lymph node and tumor were digested and DCs or
macrophages were purified by FACS sorting. Approximately 5 x 10* DCs were
mixed together with purified 5 x 10> OTI T cells for 3 d. The supernatants were
collected, and IFN-y was measured by Flex Set CBA assay (BD Bioscience).

A20-HA-bearing mice were treated with 50 ug of rat Ig or anti-CD47
intratumoral injection on day 10. Four days later, draining lymph nodes were
digested and DCs or macrophages were purified by FACS sorting. Approximately
4 x 103 DCs or macrophages were mixed together with purified 2 x 10* CL4
T cells for 2 d. IFN-y-producing cells were enumerated by ELISPOT assay.

For tumor-endogenous antigen, A20- or MC38- or TUBO-bearing mice
were treated with 50 ug of rat Ig or anti-CD47 intratumorally. Four days later,
tumors were digested and DCs or macrophages were purified by FACS sorting.
Approximately 3 x 10* DCs were mixed together with purified 3 x 105 CD8*
T cells isolated from draining lymph node of mice that had been inoculated with
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freeze-thawed tumor cells. After 48 h, IFN-y-producing cells were enumerated
by ELISPOT assay.

Flow cytometric sorting and analysis. Single-cell suspensions were blocked with
anti-FcR (clone 2.4G2, BioXcell) and then stained with antibodies (1:400 dilution)
against CD11c (Clone N418), CD11b (Clone M1/70), Ly6C (Clone HK1.4), Ly6G
(ClonelA8), F4/80 (Clone BM8) and CD45 (Clone 30-F11), and 7-AAD. Cells
were sorted on a FACSAria IT Cell Sorter (BD). For the Mouse IFN-y Flex Set CBA
assay, IFN-y detection in the supernatants was performed on a FACSCalibur Flow
Cytometer (BD). Data were analyzed with FlowJo Software (TriStar).

Primer sequences for real-time PCR. Primer sequences for quantitative real-
time PCR were as follows: infb forward 5-TGAACTCCACCAGCAGACA-3,
infb reverse 5-ACCACCATCCAGGCGTAG-3'; infal forward 5-TCCCCTGA
CCCAGGAAGATGCC-3, infal reverse 5-ATTGGCAGAGGAAGACAGG
GCT-3"; hprt forward 5-TGAAGAGCTACTGTAATGATCAGTCA-3’, hprt
reverse 5-AGCAAGCTTGCAACCTTAACCA-3'. mafB forward 5'- TAGAAGA
CACAGCAGCAAGACT-3’, mafBreverse 5'- GACGCACGCATCACAGAG-3";
Zbtb46 forward 5-TCCTTCTGAGTTCTTCTGATTGAG-3’, Zbtb46 reverse
5-AGGTTGATGTAGGCTTGATTGT-3".

Statistical analyses. No statistical method was used to predetermine sample
size. Mice were assigned at random to treatment groups for all mouse studies
and, where possible, mixed among cages. There were no mice excluded from
experiments. The investigators were blinded to group allocation during the
experiment and when assessing the tumor size with calipers. Experiments
were repeated two to three times. Data were analyzed using Prism 5.0
software (GraphPad) and presented as mean values * s.e.m. The P values were
assessed using two-tailed unpaired Student’s t-test or two-way analysis of vari-
ance with P values considered significant as follows: *P < 0.05; **P < 0.01 and
***P < 0.001. For tumor-free mice frequency, statistics were done with the
log-rank (Mantel-Cox) test.
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