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Multiple myeloma (MM) remains an incurable hematologic malignancy due to its frequent drug resistance and
relapse. Cluster of Differentiation 47 (CD47) is reported to be highly expressed on MM cells, suggesting that the
blockade of CD47 signaling pathway could be a potential therapeutic candidate for MM. In this study, we
developed a bortezomib-resistant myeloma patient-derived xenograft (PDX) from an extramedullary pleural
effusion myeloma patient sample. Notably, anti-CD47 antibody treatments significantly inhibited tumor growth
not only in MM cell line-derived models, including MM.1S and NCI-H929, but also in the bortezomib-resistant
MM PDX model. Flow cytometric data showed that anti-CD47 therapy promoted the polarization of tumor-
associated macrophages from an M2- to an M1-like phenotype. In addition, anti-CD47 therapy decreased the
expression of pro-angiogenic factors, increased the expression of anti-angiogenic factors, and improved tumor
vascular function, suggesting that anti-CD47 therapy induces tumor vascular normalization. Taken together,
these data show that anti-CD47 antibody therapy reconditions the tumor immune microenvironment and inhibits
the tumor growth of bortezomib-resistant myeloma PDX. Our findings suggest that CD47 is a potential new target
to treat bortezomib-resistant MM.

1. Introduction Cluster of Differentiation 47 (CD47) is a heavily glycosylated trans-

membrane protein, which can bind to various proteins including

Multiple myeloma (MM), the second most common hematological
malignancy after lymphoma, is a clonal plasma cell neoplasm in bone
marrow [1]. Nowadays the advents of novel treatments, such as pro-
teasome inhibitors, immunomodulatory drugs, monoclonal antibodies,
histone deacetylase inhibitors, chimeric antigen receptor T-cell (CAR-T)
therapy, and autologous transplantation, have transformed the man-
agement of MM patients and improved the outcomes of MM patients.
Despite recent therapeutic advances, MM remains to be an incurable
disease due to the frequent resistance and relapse. Therefore, new
therapies are imperative to target and eradicate resistant
myeloma-initiating cells.

integrin, signal regulatory protein-a (SIRPa), thrombospondin (TSP)-1
and -2 [2]. The interaction of CD47 with SIRP« activates the "don’t eat
me" signal to the macrophages to inhibit phagocytosis. CD47 is ubiqui-
tously expressed on human healthy cells but overexpressed on many
types of tumor cells including hematologic malignancies and solid
cancers [3-7]. Cancer cells can identify the “self” signal and promote
CDA47 expression to upregulate the anti-phagocytic signal. The phago-
cytosis of target cells by macrophages is regulated by a balance of
pro-phagocytic and anti-phagocytic signals [8-11], of which CD47-
SIRPa is an important anti-phagocytic signaling pathway. CD47 over-
expression in malignancies suppresses macrophages from engulfing
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malignant cells, which helps malignant cells to evade immune surveil-
lance. A significant increase of CD47 expression on plasma cells has been
identified from the monoclonal gammopathy of undetermined signifi-
cance (MGUS) to MM [12,13]. Another study revealed that 73% of MM
patients had CD47 overexpression compared with non-myeloma cells
[14]. Additionally, the progression of MM is directly correlated with
CD47 mRNA expression and primary MM cells had a higher CD47
expression compared to other bone marrow cell populations [14-16].

Anti-CD47 antibodies can exert anti-tumor activities in hematologic
malignancies and solid tumors even in advanced cancers [17-19].
Several antibodies to block the CD47- SIRPa pathway, like B6H12.2,
TTI-621, TTI-622, AO-176 and SRF231, have been studied to treat MM
and the preclinical data showed promising results [17,19]. As to the
mechanism of anti-CD47 antibodies against tumors, three different
points have been raised including the initiation of type III programmed
cell death, the blockade of anti-phagocytic signal, and the stimulation of
cytotoxic T cells [20-22]. Previous studies have demonstrated that
anti-CD47 antibodies could inhibit the growth of MM by the first two of
three effect mechanisms. Kikuchi et al. reported that bivalent
single-chain antibody fragments against CD47 showed an anti-MM po-
tency through inducing MM cell apoptosis [23]. Subsequent studies
revealed that anti-CD47 antibody B6H12.2 or MiR-155 overexpression
inhibited human MM growth in mouse models via the engulfment of MM
cells by macrophages [14,16]. What’s more, Peluso MO et al. demon-
strated that the fully human anti-CD47 antibody SRF231 elicits
dual-mechanism antitumor activity via inducing apoptosis and phago-
cytosis involving macrophages [22]. Since these studies have shown that
CD47 blockade can exert an anti-MM effect in vitro and in vivo, we
hypothesize that anti-CD47 antibody can suppress the growth of resis-
tant MM.

This study reported the therapeutic effects of fully human anti-CD47
antibody IBI188 on MM and explored its possible influences on the
tumor microenvironment in the mouse models. We found that anti-CD47
antibody exerts a potent anti-MM activity regardless of bortezomib
(BTZ)-resistance. Further studies demonstrate that anti-CD47 antibody
therapy optimizes the subpopulation composition of tumor-associated
macrophages (TAMs) and normalizes tumor vascular function to
improve the tumor microenvironment. Therefore, our work provides the
proof-of-concept for clinical evaluation of anti-CD47 antibody in the
treatment of BTZ-resistant MM.

2. Materials and methods
2.1. Cell lines, human samples and reagents

Human MM cell lines MM.1S and NCI-H929 were obtained from the
American Type Culture Collection (Manassas, VA, USA), which were
authenticated by short-tandem repeat profiling and were routinely
tested negative for mycoplasma contamination. Cells were cultured in
complete RPMI 1640 medium including 100 IU/ml penicillin, 100 pg/ml

Table 1
The clinical and laboratory characteristics of MM patient.
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streptomycin, and 10% fetal bovine serum (Hyclone) at 37 °C in 5% CO4
atmosphere in a humidified chamber. Bone marrow (BM) cells from
healthy donors and pleural effusion cells from one MM patient were
collected after written informed consent and the institutional ethics
committee approval by The Third Affiliated Hospital of Soochow Uni-
versity. According to the International Myeloma Working Group, diag-
nosis and relapse of MM were defined [24]. The pleural effusion sample
of extramedullary myeloma came from one patient with relapsed and
resistant IgD-lambda type MM. The characteristics of the MM patient
was shown in Table 1. Mononuclear cells (MNCs) were isolated from
pleural effusion and bone marrow samples using Ficoll-Hypaque
(Sigma-Aldrich).

Recombinant fully human IgG4 anti-CD47 monoclonal antibody
(IBI188), a gift from Innovent Biologics Pharmaceutical Co., Ltd. (Suz-
hou, China), is provided at a concentration of 90-110 mg/ml. An
isotype-matched control human antibody IgG was purchased from
suppliers. Anti-CD47 monoclonal antibody and IgG were diluted in
Dulbecco’s phosphate-buffered saline (PBS, Gibco) before in vivo
administration. BTZ was presented from Jiangsu Chia-Tai Tianqing
Pharmaceutical Co, Ltd (Nanjing, China). BTZ was firstly dissolved in
Dimethyl Sulfoxide (Sigma-Aldrich) and then was diluted by double
distilled water (ddH20).

2.2. Patient-derived xenograft models

Female NOD.CB17-Prkdc**™ 112rg™! /Bcgen (B-NDG) mice (5-6 weeks
old) were purchased from BIOCYTOGEN (Beijing, China). Mice were
bred in the specific pathogen-free (SPF) condition at Soochow Univer-
sity. MML1S cells (2 x 108 cells), NCI-H929 cells (2 x 10° cells), or MNCs
(1 x 107 cells) from MM patient were mixed with 50 % matrigel (BD
Biosciences) and then subcutaneously inoculated into the flank of NDG
mice. One bortezomib-resistant MM patient-derived xenograft (PDX)
was successfully established. When tumors reached 6-8 mm in diameter,
tumor tissues in PDX models were isolated and parts of them were
transplanted into other NDG mice, the rest of them were prepared for
Giemsa staining, immunohistochemical (IHC) analysis, and quantitative
real-time PCR (qPCR). In BTZ treatment experiments, when tumors
reached 4-6 mm in diameter, tumor-bearing mice were randomly
divided into bortezomib or control groups. Then mice were adminis-
tered with 0.5 mg/kg BTZ or vehicle intraperitoneally twice a week for
12 or 15 days. In anti-CD47 antibody treatment experiments, when tu-
mors reached 6-8 mm in diameter, tumor-bearing mice were randomly
divided into anti-CD47 or IgG groups. Then mice were administered
with anti-CD47 antibody or IgG (100 ug/mouse) every two days for 6 or
9 days by intraperitoneal injection. The size of the tumor was measured
every 3 days, and the tumor volume was estimated by the formula
[length x width? /2]. When mice were euthanized, tumor tissues were
isolated, weighed and prepared for flow cytometric analysis, tumor
vessel analysis, and qPCR. In the experiment of survival analysis, tumor-

bearing mice were euthanized when tumor volume reached 1300 mm?.

Age sex  Disease DS R- Type Treatments Cytogenetics/FISH Bone marrow biopsy and Bone marrow Flow cytometry of
(years) stage 1SS immunohistochemistry cell bone marrow cells
morphology
71 M Relapse mB  III IgD- VD * 4, 1921 amplification (40 Pleural effusion pathology: small Plasma cellrate  16.5 % of bone
lambda  VTID * 4, %); the deletion of Rb1 heterotypic cells. 19 % marrow nucleated
VCD * 2, (40 %), the deletion of Immunohistochemical staining of (diagnosis) and cells were a clonal
IAD * 2, 13q14 (44 %), IgH abnormal plasma cells:AE1/AE3-, 35 % (relapse). plasma cell

rearrangement (30 %)

CD20-, CD79a-, CD38 + , CR-. population and
positively expressed
CD138, CD38 and

cLambda.

IAD: ixazomib + liposomal doxorubicin + dexamethasone; M: male; VCD: bortezomib + cyclophosphamide + dexamethasone; VD: bortezomib + dexamethasone;

VTD: bortezomib + thalidomide + dexamethasone.
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2.3. qPCR

Total RNA from healthy bone marrow cells, MM cells, and tumor
tissues in MM mouse models was extracted using a MicroElute Total
RNA kit (Omega). Then cDNA was synthesized using a RevertAid First
Strand cDNA Synthesis Kit (ThermoFisher Scientific). The qPCR was
performed in a High Throughput Quantitative PCR Light Cycler480
(Roche) with Light Cycler 480 SYBR Green I Master mix and primers
(Table 2). To reduce nonspecific amplification, one half of the primer
was designed to hybridize to the 3’ end of one exon, and the other half
hybridized to the 5' end of the adjacent exon. The examined genes
included p-actin, human CD47 and mouse, angiogenesis-related factors,
such as vascular endothelial growth factor-o (VEGFa), placental growth
factor (PIGF), fibroblast growth factor-1 (FGF1), platelet derived growth
factor-a (PDGFa), platelet derived growth factor-D (PDGFD),
angiopoietin-2 (Ang2), nitric oxide synthase-2 (NOS2), interleukin-6
(IL6), interleukin-1p (IL1B), angiopoietin-1 (Angl), thrombospondin-1
(TSP1), platelet factor 4 (PF4), tumor necrosis factor-a (TNFa), inter-
feron-y (IFNy), and matrix metalloproteinase-2/9/14 (MMP2/9/14).
The relative expression levels of genes were normalized to f-actin and
showed by the 2744¢,

2.4. Flow cytometric analysis

Tumor-bearing mice after treatments were euthanized and immedi-
ately perfused via intracardiac injection with PBS. Then, tumor tissues
were removed, minced, and digested at 37°C for 45 min with cell detach
solution consisting of RPMI 1640, collagenase type 1A (1.5 mg/ml),

Table 2
Primers used in qPCR.

TCATGAAGTGTGACGTGGACATC
CAGGAGGAGCAATGATCTTGATCT

“hp-actin-Forward
hp-actin-Reverse

hCD47-Forward TATCCTCGCTGTGGTTGGAC
hCD47-Reverse TCATTCCTTTTGATTCTTTGAATGC
*mf-actin-Forward ATCGTGCGTGACATCAAAGA
mp-actin-Reverse ACAGGATTCCATACCCAAGAAG
mPDGFD-Forward ATCCGGACACTTTTGCGACT
mPDGFD- Reverse CCTGAATGTTCTCCTCTCTCTGG
mAng2-Forward TACAAAGAGGGCTTCGGGAG
mAng2-Reverse GTTGGACTCTTCACCAGCGA
mPIGF-Forward ATTCAGTCCGTCCTGTGTCC
mPIGF-Reverse GGTTTTCCTCCTTTCTGCCT
mPDGFa-Forward GGAGGAGACAGATGTGAGGTG
mPDGFa-Reverse GGAGGAGAACAAAGACCGCA
mVEGFa-Forward AGTCCCATGAAGTGATCAAGTTCA
mVEGFa-Reverse ATCCGCATGATCTGCATGG
mFGF1-Forward CCAGCCTGCCAGTTCTTC
mFGF1-Reverse GGCTGCGAAGGTTGTGAT
mNOS2-Forward CCACCTCTATCAGGAAGAAA
mNOS2-Reverse CTGCACCGAAGATATCTTCA

AAATGAGAAAAGAGTTGTGCAATGG
ATCTCTCTGAAGGACTCTGGCT
ATGGAAAATTATACTCAGTGGCTGC
ATTTAGTACCTGGGTCTCAACATC

mIL6-Forward
mIL6-Reverse
mAngl-Forward
mAngl-Reverse

mTNFa-Forward CCGATGGGTTGTACCTTGTC
mTNFa-Reverse CGGACTCCGCAAAGTCTAAG
mIFNy-Forward CCAAGTTTGAGGTCAACAACCC
mIFNy-Reverse GGGACAATCTCTTCCCCACC
mMMP2-Forward CTGGTGCTCCACCACATACA
mMMP2-Reverse CACAGTGGACATAGCGGTCT
mMMP9-Forward CGTGTCTGGAGATTCGACTTGA
mMMP9-Reverse TTGGAAACTCACACGCCAGA
mMMP14-Forward ATGGCCCCCTTTTACCAGTG

mMMP14-Reverse
mIL1p-Forward
mIL1p-Reverse
mPF4-Forward
mPF4-Reverse
mTSP1-Forward
mTSP1-Reverse

GTGACCCTGACTTGCTTCCATA
TGCCACCTTTTGACAGTGATG
AAGGTCCACGGGAAAGACAC
AGCTCATAGCCACCCTGAAGA
ACAATTGACATTTAGGCAGCTGAT
TGTCACTGCCAGAACTCGGTTA
GGAGACCAGCCATCGTCAG

" h: human; m: mouse.
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hyaluronidase (1.5 mg/ml), and DNase (20 U/ml). The digested mix-
tures were ground and filtered with 70-pm cell strainers. The single-cell
suspension was blocked with a rat anti-mouse CD16,/CD32 antibody (BD
Pharmingen) and then stained with the following mouse fluorochrome-
conjugated antibodies: CD45-BV421 (catalog103134, clone 30-F11),
CD11b-BV510 (catalog 101263, clone M1/70), Ly-6G-FITC (catalog
551460, clone 1A8), Gr1-APC-Cy7(catalog 47-5931-82, clone RB6-8C5),
F4/80-PE (catalog 12-4801-82, clone BM8), CD11c-PE-Cy7 (catalog 25-
0114-82, clone N418), and CD206-APC (catalog 141708, clone
C068C2). 7-amino-actinomycin D (7AAD, eBioscience) was used for
dead cell exclusion. Doublet cells were excluded using side scatter area
versus side scatter width. A Gallios flow cytometer (Beckman) was used
to examine all of the samples and Kaluza software (versionl.3) was used
to analyze the data.

2.5. Immunohistochemistry analysis

Tumor blood vessel staining was performed as previously described
[25]. Briefly, 5 min after intravenous injection of Hoechst 33342 (10
mg/kg in 200 pl PBS), mice were systemically perfused with PBS, and
tumors were isolated and fixed with 4% paraformaldehyde for 3 h,
followed by incubation with 30% sucrose overnight. The tissues were
OCT-embedded and conserved at — 80 °C. Staining for the endothelial
marker CD31 (1:100, clone MEC13.3, catalog 550274, BD Biosciences)
was done on frozen sections (20 um thickness), followed by staining with
secondary antibody Alexa Fluor 647 donkey anti-rat IgG (catalog
712-605-153) in dark, humid chambers at room temperature. Fluores-
cent images were obtained with an Olympus FV3000 confocal
laser-scanning microscope. The vessel density and tissue area stained
with Ho33342 were assessed by using ImagePro Plus software (version
6.0). The variables were determined for 5 photographic areas from each
tumor. Confocal images were taken in randomly selected fields (5 fields
per tumor).

2.6. Statistics

Statistical analysis was conducted using Prism software (version 7,
GraphPad). All comparisons between two groups were analyzed with
unpaired two-tailed Student’s t tests. Kaplan-Meier and log-rank test
were utilized in the survival analysis. All of the data were presented as
the mean + standard error of the mean (SEM). The results were
considered statistically significant when P < 0.05.

3. Results
3.1. A BTZ-resistant MM PDX expresses a high level of CD47

PDXs have emerged as a useful platform to develop new treatment
strategies for MM. In this study, a BTZ-resistant MM PDX in NDG mice
was successfully generated by subcutaneous inoculation of MNCs from
pleural effusion of one relapsed and resistant MM patient, following
series tumor tissue transplantation (Fig. 1a). Next, we investigated the
characteristics of tumors in the MM PDX by morphological and pheno-
typic analysis. The Giemsa staining showed that tumor cells from the
MM PDX presented a malformed plasma cell morphology with eccentric
nuclei (Fig. 1b). IHC staining revealed that tumor cells in the PDX
expressed CD138, CD38, and light chain lambda without light chain
kappa expression, and 70 % of tumor cells expressed Ki-67 (Fig. 1c).
Therefore, the PDX exhibited the phenotype of CD138" malignant
plasma cells with the restrictive expression of lambda. Furthermore, we
verified whether the PDX model retained primary drug sensitivity as
seen in the clinic. Since the PDX model was derived from a MM patient
with resistance to BTZ, we intraperitoneally administered BTZ with a
dose of 0.5 mg/kg twice a week according to previous studies in this
model [26,27]. After 4-5 doses of BTZ treatments, the tumor growth
curve of MM PDX in the BTZ group was similar to that in the control
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Fig. 1. The characteristics of tumor cells from a BTZ-resistant MM PDX. Primary MM cells isolated from a pleural effusion sample or MM.1S cells were subcuta-
neously inoculated in NDG mice. When tumors grew to 6-8 mm in diameter, PDX tumor tissues were isolated and parts of them were implanted into the recipient
mice, the others were prepared for single-cell suspension and IHC staining. (a) A representative image of MM PDX. (b) Giemsa staining showed the morphology of
tumor cells from the MM PDX. Scale bar: 5 um. (c) Representative IHC staining of tumor tissues. Scale bar: 100 pm. (d) When tumors reached 4-6 mm in diameter,
mice were randomly divided into two groups respectively in MM.1S and PDX models. BTZ therapy: tumor-bearing mice (n = 4-5 every group) were intraperitoneally
administered with BTZ (0.5 mg/kg) every Monday and Thursday for a total of 5 doses, and the control group was treated with phosphate-buffered saline (PBS).
Tumor size was measured every three days. (e) CD47 expression on healthy bone marrow cells, MM cell lines and MM PDX cells by qPCR. MM: multiple myeloma.
PDX: patient-derived xenograft. IHC staining: immunohistochemical staining. Ctr: control group. BTZ: BTZ treatment group. qPCR: quantitative real-time PCR. Data

were from one experiment representative of two independent experiments with
unpaired two-tailed Student’s t-test. NS: no significance, * P < 0.05.

group, while MM.1S tumor growth curves have a significant difference
between the BTZ group and vehicle control group (Fig. 1d). Therefore,
the MM PDX preserves its primary drug resistance to BTZ. Several
studies have reported that MM patients highly expressed CD47 [12,14,
15]. To determine the level of CD47 expression in the MM PDX, we
performed gPCR in healthy bone marrow cells, myeloma cell lines, and
tumor cells from the PDX. The result showed that the MM PDX expressed
a higher level of CD47 compared with healthy bone marrow cells and
NCI-H929 cells, while MM.1S cells expressed the intermediate level of
CD47 between MM PDX and healthy donors (Fig. 1e). Together, we
develop a practical approach to establish MM PDX and show that a
BTZ-resistant MM PDX highly expresses CD47.

similar results. Data were shown as mean + SEM. Significance was determined by

3.2. Anti-CD47 treatments inhibit the growth of both MM cell line-derived
and BTZ-resistant PDX tumors

Previous studies showed that anti-CD47 antibodies B6H12.2 and
SRF231 can inhibit the growth of human RPMI 8226, OPM-2, and pa-
tient myeloma cells in mouse xenotransplantation models [14,22]. Thus,
we investigated the treatment effect of anti-CD47 antibody IBI188 in
MM mouse models. Firstly, we treated MM.1S and NCI-H929 tumor--
bearing mice with anti-CD47 antibody every two days for 6 or 9 days
(Fig. 2a). The inhibition rates of tumor growth upon anti-CD47 antibody
treatments were 86.68% and 78.62% in MM.1S and NCI-H929 myeloma
mouse models, respectively (Fig. 2b). These data suggested that both of
MM.1S and NCI-H929 myeloma cells were sensitive to anti-CD47
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Fig. 2. Anti-CD47 therapy suppressed the growth of MM cell line-derived and bortezomib-resistant PDX tumors. (a) Experimental design: NDG mice were subcu-
taneously inoculated or implanted with MM.1S, NCI-H929 MM cells and tumor pieces (1-2 mm?®) of BTZ-resistant PDX on the flank. When tumors reached 6-8 mm in
diameter, mice were randomly divided into two groups in every model. Anti-CD47 therapy: tumor-bearing mice (n = 6-7 every group) received anti-CD47 antibody
(100 pg /mouse) every two days for 6 or 9 days by intraperitoneal injection, and the control group was treated with IgG. (b and c¢) Tumor size was measured every
three days, and tumor weight was measured at the end of the treatment. Significance was determined by unpaired two-tailed Student’s t-test. (d) The survival of BTZ-
resistant PDX tumor-bearing mice treated with IgG or anti-CD47 antibody (n = 10 every group). Mice were euthanized when tumors reached 1300 mm?. The survival
of mice was calculated by Kaplan-Meier analysis (P < 0.001, log rank test). MM: multiple myeloma. PDX: patient-derived xenograft. IgG: control group. Anti-CD47:
anti-CD47 antibody treatment group. Data were from one experiment representative of two independent experiments with similar results. Data were shown as mean

+ SEM. * P < 0.05, * * P < 0.01, * ** P < 0.001.

antibody. Next, to determine whether anti-CD47 antibody can overcome
BTZ-resistance, we administered anti-CD47 antibody in our
BTZ-resistant MM PDX (Fig. 2a). The results showed that the
BTZ-resistant MM PDX was sensitive to anti-CD47 antibody and the
myeloma inhibition rate was 68.84% (Fig. 2c). Further Kaplan-Meier
analysis revealed that anti-CD47 treatments significantly extended the
survival of BTZ-resistant MM PDX mice compared with the control
group (Fig. 2d). Thus, anti-CD47 antibody treatments exert a potent
anti-MM effect even in BTZ-resistant MM.

3.3. Anti-CD47 treatments increase the percentage of tumor-associated
macrophages (TAMs) and polarize TAMs toward an M1-like phenotype

The immune checkpoint CD47-SIRPa pathway is bound up with
macrophages in the tumor microenvironment. SIRPa is abundantly
expressed on macrophages, dendritic cells, neutrophils, and neurons
[28]. It has been reported that the phagocytosis of myeloma cells by
macrophages is enhanced by the blockade of CD47-SIRPa signaling
pathway [14]. Next, we studied how anti-CD47 treatments influenced
tumor immune microenvironment of MM in NDG mouse models. The
composition of tumor-associated myeloid cells was analyzed after IgG or

anti-CD47 antibody treatments by flow cytometry. The results showed
that anti-CD47 treatments elevated the proportion of TAMs
(CD457CD11b"Grl™ F4/807") in the PDX and MM.1S models (Fig. 3a).
The plasticity of TAMs is presented as a continuum of phenotypes, of
which M1-like and M2-like TAMs are on behalf of two extreme states
[29]. The makers of CD11c and CD206 are generally applied to identify
M1- and M2-like TAMs [29,30]. CD11¢'CD206 (CD457CD11b*Grl®
F4/807CD11¢'CD2067) TAMs and CD11¢"CD206" (CD457CD11b"Grl
"F4/807CD11c"CD206") TAMs represent two populations of interme-
diate differentiation states. The macrophage subpopulation analysis
indicated that M1-like (CD457CD11b*Gr1'F4/807CD11c"CD206")
TAMs and CD11c’'CD206° TAMs were increased while M2-like
(CD45*CD11b"Gr1'F4/807CD11¢'CD206™) TAMs and CD11c*CD206"
TAMs were decreased after anti-CD47 antibody therapy in the PDX and
MM.1S models (Fig. 3b). These data show that anti-CD47 therapy in-
creases the accumulation of antitumoral M1-like TAMs in MM.

3.4. Anti-CD47 treatments induce tumor vascular normalization in MM

TAMs population is one of the major contributors to the process of
tumor angiogenesis [31]. The Ml-like and M2-like subsets possess
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Fig. 3. CD47 blockade increased the proportion of tumor-associated macrophages (TAMs) and polarized TAMs toward an M1-like phenotype in myeloma tumors.
Tumor-bearing NDG mice were prepared and treated with IgG or anti-CD47 antibody as described in Fig. 2. Tumors were excised and single cell suspensions were
prepared for flow cytometry. The aggregated events and dead cells were gated out. (a) The proportion of TAMs in MM.1S and PDX myeloma models. (b) The
proportions of TAM subsets in MM.1S and PDX myeloma models. TAMs: CD45"CD11b"Gr1F4/80" cells, CD11¢"CD206: CD45*CD11b"Gr1'F4/80"CD11¢"CD206
cells, CD11¢'CD206: CD457CD11b"Gr1'F4/807CD11¢'CD206  cells, CD11¢'CD206™: CD457CD11b*Gr1'F4/807CD11¢'CD206™ cells, CD11c¢"CD206":
CD45"CD11b*Gr1'F4/807CD11c*CD206" cells. MM: multiple myeloma. PDX: patient-derived xenograft. IgG: control group. Anti-CD47: anti-CD47 antibody
treatment group. Significance was determined by unpaired two-tailed Student’s t-test. Data were from one experiment representative of two independent experiments

with similar results. All data were presented as means + SEM. * P < 0.05, * * P < 0.01, * ** P < 0.001.

different angiogenic properties [32]. Tumor angiogenesis is a hallmark
of MM [33]. Next, we investigated the effects of anti-CD47 antibody
treatments on tumor vessel density and perfusion in MM mouse models.
Mice were intravenously injected with Ho33342, then Ho33342 circu-
lated for 5 min before tumor harvest. The area of Ho33342 represents
tumor vessel perfusion. In both the PDX and MM.1S models, tumor
vessel density decreased while tumor vessel perfusion did not decrease
and the ratio of tumor vessel perfusion and density increased in
anti-CD47 antibody treatment groups compared with control groups,
which suggested that tumor vascular permeability was reduced and
tumor blood vessel was normalized after anti-CD47 antibody treatments
(Fig. 4a and b). These data suggest that anti-CD47 therapy induces
tumor vascular normalization in MM.

3.5. Anti-CD47 treatments decrease the expression of pro-angiogenic
factors while increase the expression of anti-angiogenic factors in MM

To further explore how anti-CD47 antibody treatments normalize
tumor blood vessels in MM, we analyzed the expression of angiogenesis-
related genes by qPCR in the MM.1S and PDX models. The results
showed that pro-angiogenic genes, including VEGFa, PDGFa, PDGFD,
Ang2, and PIGF, were down-regulated while angiostatic genes,
including TSP1, PF4, and IFNy, were up-regulated in anti-CD47-treated
groups of MM.1S and PDX models compared to control groups (Fig. 5a
and b). These data show that anti-CD47 antibody therapy in MM reduces
the expression of pro-angiogenic factors while elevates the expression of
angiostatic factors.
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Fig. 4. Anti-CD47 therapy in MM induced tumor vascular normalization. Tumor-bearing NDG mice were administrated as described in Fig. 2. Mice were injected
with 200 pg Ho33342 five minutes before tumor harvest. Then tumor tissues were stained with anti-CD31 antibody. (a) Representative images indicated tumor vessel
density (red) and tumor vessel perfusion (blue) in MM.1S and PDX myeloma models. Scale bar: 100 um. (b) Quantification of tumor vessel density and tumor vessel
perfusion. MM: multiple myeloma. PDX: patient-derived xenograft. MFI: mean fluorescence intensity. CD31: an endothelial cell marker. The intensity of Ho33342
perfusion represents tumor vessel perfusion. The ratio of Ho33342 perfusion and CD31 reflects tumor blood vessel function. IgG: control group. Anti-CD47: anti-CD47
antibody treatment group. Data were from one experiment representative of two independent experiments with similar results. Data were shown as mean + SEM.
Significance was determined by unpaired two-tailed Student’s t-test. NS: no significance, * P < 0.05, * * P < 0.01.
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Fig. 5. Anti-CD47 treatments in MM reduced the expression of pro-angiogenic factors while increased the expression of angiostatic factors. Tumor-bearing NDG mice
were administrated as described in Fig. 2. Then tumor tissues were collected and total RNA was isolated from tumor tissues in MM.1S and PDX myeloma models. (a)
The expression of pro-angiogenic genes was identified by qPCR. (b) The expression of anti-angiogenic genes was examined by qPCR. qPCR: quantitative real-time
PCR. MM: multiple myeloma. PDX: patient-derived xenograft. IgG: control group. Anti-CD47: anti-CD47 antibody treatment group. Data were from one experiment
representative of two independent experiments with similar results. Data were shown as mean + SEM. Significance was determined by unpaired two-tailed Student’s

t-test. * P < 0.05, * * P < 0.01.
4. Discussion

Despite the approval of novel agents that improved the depth and
duration of the treatment response, MM is incurable due to the eventual
emergence of resistance and imminent relapse [34]. Long-term survival
remains dismal with no more than 10-15% of transplant patients, and
even fewer transplant-unavailable patients were cured [35].
CD47-SIRPa immune checkpoint pathway is upregulated in the majority
of MM patients. Several clinical trials (NCT03530683, NCT04445701,
NCT03512340, and NCT02663518) are currently underway to inhibit
CD47-SIRPa signaling pathway as monotherapy or in combination with
other drugs in MM. A phase I study (NCT02663518) shows that the
CDA47 blocker TTI-621 is well-tolerated and takes effect as monotherapy
in patients with relapsed/refractory B-cell non-Hodgkin lymphoma

(NHL) and T-cell NHL [36]. However, whether the blockade of CD47-
SIRPa signaling pathway can exert an anti-MM role in resistant MM
remains unknown. This study established a BTZ-resistant MM PDX and
demonstrated that anti-CD47 antibody therapy inhibited the growth of
BTZ-resistant myeloma. Moreover, anti-CD47 antibody therapy in MM
boosted the accumulation of M1-like macrophages and improved tumor
vascular function. Therefore, anti-CD47 antibody can overcome BTZ
resistance and exert a potent anti-MM activity.

Since patient-derived MM cells are difficult to propagate in mouse
models, in recent years, a zebrafish xenograft model has been reported
that permits rapid growth of human MM cells and can be used to assess
drug sensitivity or resistance [37]. This study generated a BTZ-resistant
MM PDX mouse model from MNCs of extramedullary pleural effusion.
The tumor cells from the PDX maintained the essential morphological
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and phenotypic characteristics of MM cells. Although this MM PDX
mouse model did not present typical symptoms such as bone destruc-
tion, hypercalcemia, anemia and renal insufficiency, it reserved primary
drug sensitivity and can be used to investigate new therapies. Hence,
this PDX is a novel preclinical MM model. In the future, we will collect
more intramedullary and extramedullary samples of MM patients to
establish MM PDX in order to further validate and improve this
modeling approach. We used the MM PDX to discover the potential of
anti-CD47 antibody to overcome BTZ resistance. Furthermore, the
expression level of CD47 does not seem to be a predictive factor of
anti-CD47 treatment response, as suggested by the response in our MM
mouse models.

TAMs are an important component in the BM of MM patients,
constituting approximately 10% of the BM [38]. BM neovascularization
in MM promotes disease progression, and more evidence has suggested
that TAMs in the BM microenvironment play a role through angiogenic
and vasculogenic activities [39]. Previous studies indicated that the
pro-angiogenic TAMs present an M2-like phenotype rather than M1-like
TAMs [40]. Anti-CD47 treatments in MM mouse models increased the
percentage of TAMs and polarize TAMs from an M2- to M1-like
phenotype. Accordingly, anti-CD47 antibody treatments reduce the
pro-angiogenic M2-like TAMs, which may result in compromised
myeloma angiogenesis. Our data further revealed that anti-CD47 anti-
body treatments normalized myeloma vascular function. If the treat-
ment facilitates tumor vascular normalization, the ratio of tumor vessel
perfusion and tumor vessel density could be improved when tumor
vessel density decreases [41]. In both MM.1S and PDX models,
anti-CD47 treatments significantly increased the ratio of tumor vessel
perfusion and tumor vessel density, which suggested that anti-CD47
treatments induced tumor vascular normalization and improved tumor
vascular function.

Tumor angiogenesis and tumor blood vessel function are tightly
regulated by pro- and anti-angiogenic factors. Bone marrow stromal
cells and plasma cells in MM produce important pro-angiogenic factors,
such as VEGF, FGEFp, transforming growth factor p (TGFp), and
interleukin-8 (IL-8), to stimulate angiogenesis [42,43]. Anti-CD47
therapy in MM downregulates pro-angiogenic gene expression, like
VEGFa, PDGFoa, PDGFD, Ang2, and PIGF, and upregulates
anti-angiogenic gene expression, like TSP1, PF4, and IFNy, which
rebalances pro- and anti-angiogenic factors. Among these factors, VEGF,
PDGF, and PIGF can be secreted by M2-like TAMs, which foster tumor
angiogenesis to accelerate tumorigenesis, progression, and recurrence
[44,45]. Ang2, a potent inducer of angiogenesis, vascular destabiliza-
tion, and vascular permeability, interacts with Tie2-expressing macro-
phages to facilitate angiogenesis and tumorigenesis in mammary
carcinomas and pancreatic insulinomas [46,47]. Besides, TSP1 and PF4
are intrinsic angiostatic factors [48,49], while IFNy is an immune
effector molecule with potent angiostatic activity [44,50]. Therefore,
the improved balance of pro- and anti-angiogenic factors by anti-CD47
antibody therapy may induce tumor blood vessel normalization, and
the polarization of TAMs from M2- to M1-like subset might reduce
pro-angiogenic factors secretion. Earlier researches of tumor vascular
normalization mainly focused on the VEGF-VEGFR axis, recent studies
have revealed the Ang-Angl receptor (Tie2) signaling pathway as a
novel target for normalizing tumor vessels [47]. However, further
studies are needed to elucidate the underlying molecular mechanism of
how anti-CD47 therapy induces tumor vascular normalization in MM.

Tumor blood vessel normalization contributes to the improvement of
the tumor microenvironment and promotes the delivery of antineo-
plastic drugs into tumors. Therefore, CD47-targeted therapy might exert
anti-MM activity partially by restoring the normal function of blood
vessel. Although it is widely believed that anti-CD47 therapy exerts an
anti-tumor activity through the engulfment of tumor cells by macro-
phages, the immune-vascular crosstalk may also influence the effect of
anti-CD47 antibody in tumors.

Leukemia Research 122 (2022) 106949

5. Conclusion

Anti-CD47 antibody treatments suppress tumor growth in MM mouse
models even the BTZ -resistant PDX. Furthermore, CD47 blockade in
MM increases the proportion of TAMs and promotes the polarization of
M2- to M1-like TAMs. Strikingly, anti-CD47 therapy modifies the bal-
ance of pro-angiogenic and anti-angiogenic gene expression and nor-
malizes myeloma blood vessel function. Taken together, anti-CD47
treatments improve the tumor microenvironment of MM to exert an
anti-MM effect. Therefore, this study demonstrates the potential of anti-
CD47 antibody to be served as a novel promising agent in BTZ-resistant
MM.
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