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Multiple myeloma (MM) remains a common hematologic malignancy with a
10-year survival rate below 50%, which is largely due to disease relapse and
resistance. The lack of a simple and practical approach to establish myeloma
patient-derived xenograft (PDX) hampers translational myeloma research.
Here, we successfully developed myeloma PDXs by subcutaneous
inoculation of primary mononuclear cells from MM patients following series
tumor tissue transplantations. Newly established myeloma PDXs retained
essential cellular features of MM and recapitulated their original drug
sensitivities as seen in the clinic. Notably, anlotinib therapy significantly
suppressed the growth of myeloma PDXs even in bortezomib-resistant
model. Anlotinib treatments polarized tumor-associated macrophages from
an M2- to an Ml-like phenotype, decreased tumor vascular function, and
accelerated cell apoptosis in myeloma PDXs. Our preclinical work not only
unveiled the potency of anlotinib to overcome bortezomib resistance, but also
provided a more practical way to establish MM PDX to facilitate
myeloma research.
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Introduction

Multiple myeloma (MM) is a plasma cell malignancy of the
hematopoietic system (1). The advents of novel treatments have
changed the management of myeloma and extended overall
survival (2-7). Again, chimeric antigen receptor T-cell (CAR-
T) therapy is recently emerging as a promising treatment option
for relapsed and resistant MM (7). However, MM is still
accompanied by repeated relapse and resistance with a 10-year
survival rate below 50% (8, 9). Therefore, new strategies to
overcome myeloma recurrence and resistance remain
much anticipated.

Patient-derived xenografts (PDXs) have appeared as an
important platform to develop new treatment strategies and to
identify new biomarkers in oncology. Primary myeloma cells
from the majority of patients do not propagate in severe
combined immunodeficiency (SCID) mice. Previous studies
revealed that mobilized blood mononuclear cells or CD34-
enriched cells from patients with advanced disease could
develop myeloma in irradiated nonobese diabetic/SCID (NOD/
SCID) mice by intracardiac injection (10-12). The intracardiac
injection in mice is technically difficult, which limits its wide
applications. Subsequently, another study developed an in vivo
system for primary human myeloma by rabbit bone
implantation (13). Although this model can mimic typical
manifestations of clinical myeloma, this modeling process is
very complicated and expensive. Nowadays, PDXs of MM are
mainly established by intravenous or intra-osseous injection
with primary myeloma cells (10, 13-15), but the success rates
are very low. Thus, simple and practical approaches to develop
myeloma PDX are urgently needed to conduct translational and
mechanistic studies of MM.

MM is initiated in the bone marrow (BM) microenvironment
and increased angiogenesis facilitates MM progression. Important
proangiogenic factors, produced by BM stromal cells and plasma
cells, stimulate angiogenesis (16, 17). An enhanced vascular
formation has been considered as an essential feature of MM
(18). Therefore, antiangiogenic therapy targeting these
proangiogenic signaling pathways could be used to control MM.
Anlotinib is a novel multi-targeted receptor tyrosine kinase
inhibitor that targets vascular endothelial growth factor receptor
(VEGFR) 1-3, c-Kit, platelet-derived growth factor receptor
(PDGFR)-0/f3, and fibroblast growth factor receptor (FGFR) 1-4.
Moreover, anlotinib exhibits anti-MM activity in NCI-H929
myeloma cell line-derived xenografts (19). Hence, we aimed to
test the efficacy of anlotinib in myeloma PDXs.

In this study, we developed a simple and feasible way to
establish myeloma PDX and successfully set up four myeloma
PDXs, one of which was bortezomib-resistant. The
morphological, phenotypic and drug-sensitive characteristics
of bortezomib-resistant myeloma PDX recapitulated the
properties of the MM patient. Furthermore, our data showed
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that anlotinib treatments significantly inhibited tumor growth of
bortezomib-resistant myeloma and induced cell apoptosis.
Anlotinib treatments reduced tumor vascular function,
increased tumor-associated macrophages (TAMs), and
polarized M2- to Ml-like phenotype in MM PDXs. These
results suggest that subcutaneous myeloma PDX could be a
feasible and practical strategy to explore novel therapies for MM,
and anlotinib is a promising therapy for relapsed and
resistant MM.

Methods
Cell line and patient samples

Human MM cell line MM.1S was obtained from the
American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in RPMI 1640 medium supplemented with
100 TU ml™ penicillin, 100 ug ml™* streptomycin, and 10% fetal
bovine serum (Hyclone) at 37°C in 5% CO, atmosphere in a
humidified chamber. BM cells and pleural eftusion cells from
MM patients were collected after written informed consent and
the institutional ethics committee approval by The Third
Affiliated Hospital of Soochow University. According to the
International Myeloma Working Group, diagnosis and relapse
of MM were defined (20, 21). A total of fifteen patient BM
samples were used in this study. Nine of them were newly
diagnosed with MM, while six patients were relapsed. Another
one extramedullary myeloma pleural effusion sample came from
one patient with relapsed and resistant MM. Mononuclear cells
(MNCs) were isolated from BM and pleural effusion samples
using Ficoll-Hypaque (Sigma-Aldrich).

Patient-derived xenograft models

NOD.CBI17-Prkdc™ 112rg"™/Bcgen (B-NDG) female mice
(6-weeks old) were purchased from BIOCYTOGEN (Beijing,
China). All animal experiments were approved by the Animal
Research Committee of The Third Affiliated Hospital of
Soochow University. Mice were kept in the specific pathogen-
free gnotobiotic animal facility at Soochow University. MM.1S
cells (2 x 10° cells) or MNCs (22 x 10° cells, according to sample
size) from MM patients were mixed with 50% Matrigel (BD
Biosciences) and then inoculated subcutaneously into the flanks
of NDG mice. Four PDXs were established, one of them is
bortezomib-resistant. Table S1 showed the characteristics of the
four patients. Tumor fragments from PDXs were transplanted
into other NDG mice in less than six generations. When tumors
reached 6-8 mm in diameter, tumor tissues were isolated and
prepared for single-cell suspension, hematoxylin-eosin (HE) and
immunohistochemical (IHC) analysis. In treatment
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experiments, when tumor diameter reached 4-6 mm, mice were
randomly assigned to treatment or control groups. In the
treatment groups, mice were administered with different doses
of anlotinib orally daily, 0.5 mg/kg bortezomib intraperitoneally
twice a week, 25 mg/kg lenalidomide orally five times a week or 1
mg/kg dexamethasone intraperitoneally daily for about two
weeks. The sizes of tumors were measured every 3 days, and
the tumor volume was estimated by the formula [(long axis) x
(short axis)?/2]. When mice were euthanized, tumor tissues were
isolated, weighed and prepared for flow cytometric analysis and
tissue vessel analysis. Meanwhile, the colon tissues were also
isolated and prepared for tissue vessel analysis.

Anlotinib, bortezomib, lenalidomide, and dexamethasone
were gifts from Jiangsu Chia-Tai Tianqing Pharmaceutical Co,
Ltd (Nanjing, China). Anlotinib, lenalidomide, and
dexamethasone were dissolved with double distilled water
(ddH,0), 0.5% methyl cellulose, and phosphate-buffered saline
(PBS), respectively. Bortezomib was firstly dissolved in Dimethyl
Sulfoxide (Sigma-Aldrich), then the stock solution of
bortezomib was diluted by ddH,0.

HE and IHC staining

The isolated tumors were fixed and prepared to perform HE
and THC analysis. After antigen retrieval, IHC staining was
conducted using primary antibodies [mouse anti-human
CD138 (MAB-0200, MI15), mouse anti-human CD38 (MAB-
0755, MX044), mouse anti-human Ki-67 (MAB-0672, MX006)]
from MXB Biotechnologies (Fuzhou, China), and the secondary
antibody goat anti-mouse IgG with an alkaline phosphatase-
linker antibody conjugate system (SAP-9100) from Beijing
Zhong Shan Golden Bridge Biological Technology (Beijing,
China). Two investigators independently evaluated HE and
IHC staining.

Single-cell suspension preparation

The isolated tumor tissues were minced and digested at 37°C
for 45 min with cell detach solution. The digested mixtures were
ground and filtered with 70-pm cell strainers. The whole process
of single-cell preparation was carried out under sterile
conditions. The culture conditions of single-cell were the same
as that of MM.1S. CD138" myeloma cells were enriched from
the single-cell suspension of PDXs by Human CD138
MicroBeads (Miltenyi Biotech).

Flow cytometric analysis

Single-cell suspension was prepared in cold flow buffer (1%
bovine serum albumin, 0.1% NaN3 in PBS). Samples were
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examined by a Gallios flow cytometer (Beckman) and data
were analyzed with Kaluza software (versionl.3). Anti-mouse
monoclonal antibodies [CD45-BV421 (103134, 30-F11), CD45-
PE (12-0451-83, 30-F11), CD11b-BV510 (101263, M1/70), Ly-
6G-FITC (551460, 1A8), Gr1-APC-Cy7(47-5931-82, RB6-8C5),
F4/80-PE (12-4801-82, BM8), CD11c-PE-Cy7 (25-0114-82,
N418), CD206-APC (141708, C068C2), CD86-FITC (11-0862-
81, GL-1)] and anti-human monoclonal antibodies [CD138-
BV421 (562935, MI15), CD38-PE-Cy7 (25-0389-41, HIT2),
kappa-FITC (643773, TB28-2), and lambda-PE (642919, 1-
155-2)] were used.

Cell viability assay

Myeloma cells were seeded in 96-well plates and treated with
anlotinib at the indicated concentrations. According to the
manufacturer’s instructions, cell viability was assessed by a
Cell Counting Kit-8 (CCK-8, Beyotime Biotechnology). Cell
viability was calculated by [cell viability rate (%) =
(administration group value - negative control group value)/
(non-administration group value - Negative control group
value) x 100%].

Western blotting

Cells were harvested, washed, and lysed for total protein
extraction. Equal quantities of protein extract were injected into
sodium dodecyl sulfate-polyacrylamide gel and transferred to
polyvinylidene difluoride (PVDF) membranes. After blocking
with 5% non-fat milk, the membranes were incubated with
primary antibodies overnight at 4°C, followed by incubation with
alkaline phosphatase-conjugated secondary IgG antibody. The
bands were incubated with a DAB kit and analyzed with an
imaging system. Antibodies against B-actin (#AC026) and c-Myc
(#A19032) were purchased from ABclonal (Wuhan, China).

Tumor vessel perfusion analysis

Tumor blood vessel analysis was performed as previously
described (22-24). Briefly, 5 minutes after intravenous injection
of Hoechst 33342 (Ho33342, 10 mg/kg in 200 ul PBS, Sigma-
Aldrich), tumor tissues were isolated and prepared to incubate
with the primary antibody (anti-CD31, 550274, MEC13.3, BD
Biosciences) at 4°C and the secondary antibody (Alexa Fluor 647
goat anti-Armenian Hamster, 127-605-160, Jackson
ImmunoResearch) at room temperature for 2 h. Cell nuclei
staining (Sytox Green, $7020, Molecular Probes) was applied to
counterstain the slides. Fluorescent images of tumors were
collected using an Olympus FV3000 confocal laser-scanning
microscope. A 20x objective collected 640 x 640 pm tiles, and an
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automated stage scanned through the entire cross section of
tumor tissue. The imaged tiles were stitched into a final mosaic
image by an Olympus FV3000 software. Five photographic
areas, excluding the tumor periphery, were randomly taken
from every tumor tissue (640 x 640 um?®). Mean fluorescence
intensity (MFI) of CD31 positivity and Ho33342 stained areas
were quantified by Image-Pro Plus software (version 6.0). The
vascular function of colon tissues was analyzed as the above.

Cell cycle by flow cytometry and
TUNEL staining

For cell cycle distribution, single-cell suspension was
incubated with DNA Staining solution and permeabilization
solution (MultiSciences) for 30 min at room temperature, and
then examined through flow cytometry. Tumor tissue slices were
permeabilized with 0.5% Triton X-100 and incubated with
TUNEL detection solution (Beyotime Biotechnology) for
60 min and then DAPI for 5 min at 37°C. Five photographic
areas of every slice were randomly taken by an Olympus FV3000
confocal laser-scanning microscope. The MFI of TUNEL
positivity was calculated by Image-Pro Plus software
(version 6.0).

Statistics

Statistical analysis was conducted using Prism software
(version 7, GraphPad). The quantitative data are presented as
the mean + standard deviation (SD). The difterences between
two groups were analyzed using two-tailed Student’s ¢-test. The
half-maximal inhibitory concentration (IC50) was calculated
using the dose-response curve using SPSS version 23 software
(IBM Corporation, Chicago). P<0.05 was considered as
statistically significant.

Results

The morphological and phenotypic
features of tumor cells from
myeloma PDX

MM is a hematologic malignancy with a high risk of
resistance and relapse. Currently, myeloma PDX is generally
developed in immunodeficient mice using rabbit bone graft, and
then primary myeloma cells were injected into rabbit bone cavity
(13). The procedure is complicated and difficult with a low
success rate (25). To explore a more practical approach to
develop myeloma PDX, we subcutaneously inoculated MNCs
from BM or pleural effusion of MM patients into NDG mice.
When primarily inoculated tumors grew to 6-8 mm in diameter,
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tumor tissues were removed and cut into small pieces. The small
tumor tissue pieces were subcutaneously transplanted into new
NDG mice. After 3-4 times of transplantations, MM PDX
tumors grew at a steady rate and can be used for the following
experiments (Figure 1A).

To characterize the features of newly established myeloma PDX,
we collected tumor tissues from one PDX and obtained single-cell
suspension to perform Giemsa, HE, and THC staining. The Giemsa
and HE staining showed that most tumor cells from this PDX had a
malformed plasma cell morphology with eccentric nuclei,
amphophilic cytoplasm and a perinuclear halo of clearer cytoplasm,
which were comparable with those of MM.1S, a commonly used MM
cell line (Figures 1B, C). MM cells from patients commonly express
CD138, CD38, and restrictively express light chains of kappa or
lambda (26). Thus, we carried out THC staining to analyze the
expression of CD138, CD38, and Ki-67 in the PDX and MM.1S
tumors. MM.1S cells positively expressed CD138 and CD38 and
about 90% of them were Ki-67" (Figure 1C). Similarly, tumor cells
from the myeloma PDX expressed both CD138 and CD38 and 70%
of them were Ki-67" (Figure 1C). Therefore, the PDX exhibited the
phenotype of CD138" malignant plasma cells. To confirm the
phenotypic characteristics, we performed flow cytometric analysis
of MM.1S cells and tumor cells from the PDX. Most of MM.1S cells
expressed CD138 and CD38, and the majority of tumor cells from the
PDX were also CD138" CD38" (Figure 1D). As to the light chains,
tumor cells from the myeloma PDX restrictively expressed lambda
without the expression of kappa (Figure 1D). Collectively, the
phenotypic features of tumor cells from the PDX were
CD138"CD38"lambda‘kappa’. Therefore, tumor cells from our
established PDX possess the essential morphological and
phenotypic features of MM cells.

The proliferation characteristics of
myeloma PDX

To characterize the proliferation features of our myeloma
PDX, we recorded the time it took for the tumor to grow from
the inoculation to the diameter of 6-8 mm. The latency period of
tumor growth in our myeloma PDX in the generation 0 was
significantly longer than that of MM.1S (Figure 2A). The growth
rate of the MM PDX gradually increased from the generation 0
to 3, which usually reached a steady growth rate after three
generations (Figure 2A). We also analyzed the cell cycle of
myeloma cells. The results showed that there were more PDX
tumor cells in the GO/G1 phase while fewer in the G2/M phase
than that of MM.1S cells (Figure 2B). It is well known that
oncogene c-Myc has a critical role in the pathophysiology of
MM, which promotes the cell cycle progression and cell growth
(27-29). So, we examined the levels of c-Myc protein in MM.1S
and PDX tumor cells, and the result showed that PDX tumor
cells expressed a lower level of c-Myc protein compared with
MM.1S cells (Figure 2C). The data suggest that tumor cells from
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FIGURE 1

Morphological and phenotypic features of tumor cells from newly established myeloma PDX. MM.1S cells and mononuclear cells isolated from BM and
pleural effusion samples of MM patient were inoculated subcutaneously in NDG mice. When tumors reached 6-8 mm in diameter, tumors were
removed and prepared for HE staining, IHC staining, and single-cell suspensions. (A) Representative image of myeloma MM.1S and PDX models. (B) The
morphology of tumor cells from myeloma MM.1S and PDX models by Giemsa staining. Scale bar: 5 um. (C) Representative IHC stainings of tumor
tissues. Scale bar: 100 um. (D) The single-cell suspensions were analyzed by flow cytometry. The doublet or aggregated events were gated out
according to side scatter area (SSC-A) and side scatter width (SSC-W). 7-AAD staining was used to gate out dead cells. The expression levels of CD138,
CD38, kappa, and lambda were analyzed in mouse CD45 cells. Myeloma cell line MM.1S was used as a positive myeloma cell control. The left panels of
flow charts were isotype controls. PDX, patient-derived xenograft; HE, hematoxylin-eosin; IHC, immunohistochemical.

the PDX are more quiescent and less proliferative than PDX, named PDXI1, to verify its therapeutic sensitivity to VRD
MM.1S cells. (bortezomib + lenalidomide + dexamethasone) regimen, the first-
line therapy of MM. PDX1 was derived from a newly diagnosed
patient (No. 1) who achieved complete remission after four-cycle

Myeloma PDXs preserve their original treatment of VRD (Table S1). We treated PDX1 with the VRD

drug sensitivities as seen in the clinic regimen, and the data showed that VRD therapy significantly

inhibited the tumor growth of PDXI1 (Figures 3A, B). Then we

To test whether the PDXs could recapitulate their drug chose another myeloma PDX, named PDX2, which was derived

response features as seen in the clinic, we randomly selected one from a MM patient resistant to bortezomib therapy in the clinic
Frontiers in Oncology 05
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Myeloma PDX tumors grew slower than MM.1S-derived tumors. The first generation of myeloma PDX was established in NDG mice as described
in Figure 1. When the PDX tumor reached 6-8 mm in diameter, tumor tissues were removed and tumor fragments were transplanted to new
NDG mice. The single-cell suspension for cell cycle analysis was acquired from removed tumors. MM.1S cells (2x10° cells) were inoculated
subcutaneously into the flank of NDG mice. (A) The time (days) from the inoculation to tumor diameter reaching 6-8 mm in MM.1S and PDX
myeloma mouse models. (B) Cell cycle of MM.1S cells and tumor cells from myeloma PDX was analyzed by flow cytometry. (C) MM.1S and PDX
whole cell lysates were subjected to western blotting using antibodies against c-Myc and B-actin. PDX: patient-derived xenograft. Significance
was determined by unpaired two-tailed Student'’s t-test. Each experiment was performed in triplicate and repeated at least three times. All data

were presented as means + SD. NS, no significance, *P < 0.05, **P < 0.01.

(Table S1). Bortezomib was intraperitoneally administered with a
dose of 0.5 mg/kg twice a week in our PDX2 according to previous
studies (30, 31). After 5 doses of bortezomib treatments, there was
no significant difference of the tumor growth of PDX2 betweent
bortezomib and vehicle control group (Figures 3A, C). The data
suggest that PDX2 retains its original drug resistance. The similar
drug sensitivity between the patients and their derived PDXs
suggests the feasibility to use these established PDX models to
conduct translational myeloma research.

Anlotinib treatments suppress tumor
growth of myeloma PDXs and induce
cell apoptosis even in the bortezomib-
resistant model

Previous studies of our research team have reported the anti-
MM activity of anlotinib in vitro and in vivo (19), thus we would

Frontiers in Oncology

like to assess the efficacy of anlotinib therapy in our newly
established MM PDXs. Firstly, we treated PDX1 and PDX2
tumor cells with different concentrations of anlotinib (0-20 uM)
in vitro. Anlotinib induced dose- and time-dependent
cytotoxicity in PDX1 and MM.1S tumor cells with IC50 values
of 2.49 and 2.12 UM at 48 h, while in PDX2 tumor cells, anlotinib
only exerted slight dose-dependent cytotoxicity at 48 h with a
higher IC50 value 39.95 uM (Figure 4A). Therefore, PDX1
tumor cells are much more sensitive than bortezomib-resistant
PDX2 tumor cells to anlotinib treatments in vitro.

Considering the differential cytotoxicities of anlotinib in
PDX1 and PDX2 tumor cells in vitro, we next evaluated the in
vivo effects of anlotinib treatments in PDX1 and PDX2. Firstly,
we detected the dose effects of anlotinib treatments in MM.1S
myeloma. The MM.1S tumor-bearing NDG mice were treated
with 1.5, 3.0, or 6.0 mg/kg anlotinib for four doses (Figure S1A).
Anlotinib treatments at 3.0 mg/kg and 6.0 mg/kg showed similar
tumor growth inhibition (Figure S1B). Thus, we chose 3.0 mg/kg
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FIGURE 3

Newly established myeloma PDXs retained their original drug sensitivity and resistance as seen in the clinic. (A) Experimental design: NDG mice
were subcutaneously implanted with tumor pieces (1-2 mm?®) of PDXs on the flank. When tumors reached 4-6 mm in diameter, mice were
randomly divided into two groups. PDX1 models were treated with the VRD regimen or vehicle control. VRD regimen therapy: tumor-bearing
mice (n=4-5 every group) received bortezomib (0.5 mg/kg) intraperitoneally every Monday and Thursday, lenalidomide (25 mg/kg) by
intragastric administration every Monday to Friday, and dexamethasone (1 mg/kg) intraperitoneally every day for twelve days, and control group
was intragastrically administrated with 0.5% methyl cellulose and phosphate-buffered saline (PBS) intraperitoneally. PDX2 models were treated
with bortezomib or vehicle control. Bortezomib therapy: tumor-bearing mice (n=3-4 every group) received bortezomib (0.5 mg/kg)
intraperitoneally every Monday and Thursday for a total of 5 doses, and the control group was treated with PBS. (B, C) Tumor size was
measured every 3 days, and tumor weight was measured at the end of the treatment. Ctr, the control group; VRD, VRD treatment group; BTZ,
bortezomib treatment group; PDX, patient-derived xenograft; NS, no statistically significance. Data were from one experiment representative of
two independent experiments with similar results. Data were shown as mean + SD. Significance was determined by unpaired two-tailed

Student's t-test. NS, no significance, *P < 0.05.

as the treatment dosage of anlotinib. After exposed to either 3.0
mg/kg anlotinib or vehicle control for 12 orl5 days in PDX1 or
PDX2, respectively, the rates of tumor growth inhibition (TGI)
upon anlotinib treatments were 77.78% in PDXland 55.39% in
PDX2 (Figures 4B, C). These data show that anlotinib exhibits
potent anti-MM activity even in bortezomib-resistant PDX
in vivo.

Furthermore, we analyzed the influence of anlotinib
treatments on cell apoptosis in MM PDXs. The TUNEL
stainings showed that the amount of apoptotic cells was
significantly increased in anlotinib-treated PDX tumors
compared with vehicle control groups (Figures 4D, E).
Moreover, the anlotinib group had 8.56 times as many
apoptotic cells as the control group in PDXI, while it was only
3.20 times in PDX2 (Figures 4D, E).

Anlotinib treatments suppress tumor
angiogenesis in myeloma PDXs

As a novel multi-targeted receptor tyrosine kinase inhibitor
that inhibits pro-angiogenic signaling pathways, the anti-tumor
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effects of anlotinib in solid tumors are largely attributed to the
suppression of tumor angiogenesis (32-35). To determine the
effect of anlotinib treatments on myeloma angiogenesis, we
evaluated tumor vessel density and tumor vessel perfusion in
myeloma PDXs. In the PDX1 and PDX2 models, both tumor
blood vessel density and perfusion were decreased in the
anlotinib-treated group compared with the vehicle control
group, suggesting that anlotinib treatments suppressed tumor
vascular function (Figures 5A, B). Considering the high
heterogeneity of tumor microenvironment (TME) and the
uneven distribution of tumor blood vessels (36, 37), we next
took the whole images of the cross-sections of tumor tissues in
the PDX2 model. Consistent with the previous results, tumor
vascular function of myeloma PDX2 was also significantly
decreased after anlotinib treatments (Figure 5C). To determine
whether anlotinib treatment influences the vascular function of
normal tissues, we examined blood vessels in colon tissues and
found that vascular function in colon tissues was not affected by
anlotinib treatments (Figure S2). These results demonstrated
that anlotinib treatments suppressed tumor angiogenesis
without the effect on normal tissue vascular function in
myeloma PDXs.
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FIGURE 4

Anlotinib therapy significantly suppressed the growth of myeloma PDXs and induce cell apoptosis even in the bortezomib-resistant model. (A) Single-
cell suspensions of tumor tissues from PDX1 and PDX2 were prepared. CD138* myeloma cells were purified from the single-cell suspension of PDXs by
Human CD138 MicroBeads. MM.1S and CD138* myeloma cells from PDX1 and PDX2 were treated with anlotinib (0-20 uM) for 48 h, and the cell
viability was analyzed by CCK8 assays. Each experiment was performed in triplicate. The IC50 was calculated based on the dose-response curve using
SPSS version 23 software. (B) Experimental design: NDG mice were subcutaneously implanted with tumor pieces (1-2 mm®) of PDXs on the flank. When
tumors reached 4-6 mm in diameter, mice were randomly divided into two groups.The anlotinib group (n=5-6 every group) was administered
intragastrically with anlotinib (3 mg/kg) daily for 12 or 15 days, and the control group was treated with double distilled H,O (dd H,O). (C) Tumor size was
measured every 3 days, and tumor weight was measured at the end of the treatment. (D) Tumors were isolated and stained with TUNEL and DAPI.
Representative images showed apoptotic cells. Scale bar: 100 um. The TUNEL positivity (green) indicated apoptotic cells. (E) Quantification of TUNEL-
positive cells. PDX, patient-derived xenograft; Ctr, control group; Anlo, anlotinib treatment group; MFI, mean fluorescence intensity. Data were shown as
mean + SD. Significance was determined by unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01.

Anlotinib treatments in mye[oma PDXs critical role for tumor angiogenesis (38). To investigate how
increase the proportion of tumor- anlotinib treatments exert the anti-agiogenesis effect, we
associated macrophages and analyzed the impacts of anlotinib on the tumor immunity of
po[arize TAMs from an M2- to an PDXs. The flow cytometric analysis showed that anlotinib
M1-like phenotype treatments increased the proportions of TAMs
(CD45"CD11b*Grl™ F4/80") compared with that of control

Tumor angiogenesis and tumor immunity are two hallmarks groups in both PDX1 and PDX2 models (Figures 6A, B). TAMs

of TME. Moreover, the immune-vascular crosstalk in TME plays a are very plastic with a continuum of phenotypes, of which M1-
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Anlotinib therapy suppressed tumor angiogenesis in MM PDXs. Tumor-bearing NDG mice were prepared and treated as described in Figure 4
Mice were intravenously injected with 200 ng Ho33342 five minutes before tumor harvest. Tumor tissues were sectioned and stained with anti-
CD31 antibody. (A) Representative images indicated tumor vessel density (red) and tumor vessel perfusion (blue) in myeloma PDX1 and PDX2.
Scale bar: 100 um. (B) Quantification of tumor vessel density and tumor vessel perfusion. (C) Representative images of whole tumor tissues
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treatment group; MFI, mean fluorescence intensity; CD31, an endothelial cell marker. Sytox green (green): cell nuclei. The intensity of Ho33342
perfusion reflects tumor vascular function. Data were from one experiment representative of two independent experiments with similar results.
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and M2-like TAMs represent two extreme phenotypes exhibiting
antitumoral or protumoral effects, respectively. CD11c and
CD206 are markers commonly used to identify M1- vs. M2-like
TAMs (39, 40). Further analysis of the subpopulations of TAMs
showed that the rates of M1-like (CD45"CD11b"Gr1 F4/
80"CD11c¢"CD206") TAMs were elevated while the rates of M2-
like (CD45"CD11b*Gr1 F4/80"CD11c¢'CD206") TAMs were
reduced in anlotinib-treated groups, compared with vehicle
control groups in both PDX1 and PDX2 models (Figure 6B).
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CD86 is another acknowledged maker of M1-like TAMs (41, 42),
we further confirmed the rise of M1-like TAMs and the decline of
M2-like TAMs by CD86 after anlotinib treatments in PDX1 and
PDX2 (Figures 6C, D). Therefore, these data show that anlotinib
treatments promote the accumulation of antitumoral M1-like
TAMs in MM PDXs. Altogether, our data suggest that anlotinib
treatments inhibit tumor angiogenesis, facilitate the polarization
of TAMs from an M2- to an M1-like phenotype, and induce cell
apoptosis to inhibit the growth of myeloma PDXs (Figure 7).
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Anlotinib treatments promoted the polarization of tumor associated macrophages (TAMs) from an M2- to an M1-like phenotype in myeloma PDXs.
Tumor-bearing NDG mice were prepared and treated with anlotinib or vehicle control as described in Figure 4. Tumors at the end of treatments were
excised and the single cell suspensions were prepared for flow cytometry. The aggregated events and dead cells were gated out. (A, B) Representative
images and the quantification of tumor-associated macrophages (TAMs) in myeloma PDX1 and PDX2. (C, D) Representative images and the
quantification of TAM subsets in myeloma PDX1 and PDX2. TAMs: CD45*CD11b*Gr1'F4/80", CD11c*CD206: CD45*CD11b*Gr1 F4/80*CD11c*CD206",
CD11c'CD206": CD45"CD11b*Grl F4/80*CD11c"CD206", CD86CD206™: CD45*CD11b*Grl F4/80*CD86"CD206°, CD86 CD206*

CD45*CD11b*Gr1 F4/80"CD86 CD206". PDXs, patient-derived xenografts; Ctr, control group; Anlo, anlotinib 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 + SD. * P < 0.05, ** P < 0.01.

Discussion

Currently, MM remains an incurable malignant disease with
a high risk of relapse and resistance. To explore novel
therapeutic strategies to overcome drug resistance and
improve the efficacy of myeloma treatments, we established a
novel and more practical myeloma PDX, including bortezomib-
resistant PDX. Our newly established MM PDXs not only
preserved the essential cellular features of MM cells, but also
recapitulated their original drug sensitivities as seen in the clinic.
By using these MM PDX models, we found that anlotinib
treatments significantly suppressed the growth of MM in both
newly diagnosed and bortezomib-resistant PDXs. Anlotinib
could facilitate the polarization of TAMs from an M2- to an
M1-like phenotype, inhibit tumor angiogenesis, and promote
cell apoptosis in PDX tumors. These findings suggest that
anlotinib is a promising drug to treat MM and may overcome
bortezomib resistance. This study also suggests that
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subcutaneous myeloma cell inoculation following series
transplantation in NDG mice is a feasible and practical way to
develop myeloma PDX for myeloma study.

In this study, we successfully established myeloma PDXs
through subcutaneous inoculation of primary mononuclear cells
from MM patients in NDG mice. These primary mononuclear
cells took a couple of months to adjust to the subcutaneous
microenvironment and then started to grow stably in NDG mice.
But not all primary mononuclear cells from MM patients are
able to develop tumors by subcutaneous inoculation in NDG
mice. Three of our PDXs are from BM samples, and another one
is from the pleural effusion sample of relapsed and resistant MM
patient. Extramedullary plasmacytoma in MM patients is
generally developed at the relapse and refractory stage, which
become more aggressive and independent of the BM
microenvironment, infiltrate other organs or circulate in the
peripheral blood (43). Thus, the capability of myeloma cells to
grow outside of the BM microenvironment possibly indicates
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A model diagram of anlotinib therapy in MM. Anlotinib may exert anti-MM effects by inhibiting tumor angiogenesis and polarizing TAMs from an

M2-like to an M1-like phenotype to induce cell apoptosis.

their aggressiveness. Lourdes Farre et al. reported a patient-
derived orthotopic xenograft generated from an extramedullary
myeloma patient with a cutaneous lesion by subcutaneously
implanting tumor tissue (44). From this perspective,
subcutaneous myeloma PDX might allow more aggressive
myeloma clones to grow up, paving a new avenue to
investigate the mechanisms underlying the drug-resistance and
explore novel treatment regimens.

Tumor cells from our myeloma PDX expressed CD138 and
CD38 with a mature plasma-like morphology and atypic nucleus.
Importantly, light chain lambda was restrictively expressed on most
tumor cells, which suggested that these tumor cells probably
originated from the same clonogenic population. The cell
proliferative activity of our myeloma PDX was relatively poorer
than that of MM.1S cells, which might because that MM.1S cells
have been cultured on plastic over decades and obtained a
reproductive advantage. However, these tumor cells from PDXs
have distinctive advantages compared to immortalized myeloma
cell lines. Owing to that immortalized cell lines are limited in
number and diversity, they cannot imitate the complexity of human
tumors and only provide explicit insights into human disease (45).
Tumor PDXs can more closely reproduce patient tumor behavior
and maintain clonal diversity than other models based on the
injection of cell lines (46). Recent studies have reported that
zebrafish is an available model to establish MM PDX, which
permits rapid growth of human MM cells and can be used to
investigate the cytotoxicity of compounds (47-49). However, the
MM PDX zebrafish model is not suitable for studying tumor blood
vessels. Although our myeloma PDX model didn’t completely
mimic typical myeloma manifestations, such as osteolysis,
hypercalcemia, anemia and renal function damage, it retained
primary drug sensitivity as seen in the clinic and is suitable to
study tumor blood vessels. What’s more, our PDXs can be passaged
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and amplified by a series of tumor tissue transplantations. Hence,
subcutaneous myeloma PDX can be an important preclinical PDX
model to explore new therapeutic strategies.

Our study discovered that PDX1 and bortezomib-resistant
PDX2 tumors in different states show distinct sensitivity to
anlotinib therapy. In vitro, PDX1 tumor cells could be
markedly suppressed by anlotinib. The directly cytotoxic
mechanism of anlotinib on MM deserves further study. Cao Y
et al. found that C-Myc as a direct target contributes to the anti-
MM eftect of anlotinib (19). Gangyang Wang et al. found that
anlotinib suppresses the phosphorylation of MET and the
downstream signaling pathway activation in osteosarcoma
(34). While bortezomib-resistant PDX2 tumor cells only show
mild response to the direct cytotoxicity of anlotinib in vitro. The
difference in drug sensitivity may be due to the origin of PDX2
tumor cells, which is generated from a patient with relapsed,
resistant, and extramedullary MM.

Previous reseaches have found that anlotinib suppress the
growth of tumors by reducing tumor angiogenesis via targeting
VEGEFR, PDGFR and FGEFR related signaling pathways (32, 33).
Interestingly, our study demonstrates that anlotinib treatment
increases the percentages of TAMs and polarizes TAMs from an
M2- to an Ml-like phenotype. M2-like macrophages express
more pro-angiogenic factors than the M1-like subset (50). In
addition, pro-angiogenic macrophages resemble an M2-like
phenotype in the tumor microenvironment (51-53). Hence,
anlotinib treatment may reduce tumor angiogenesis by TAM
polarization in myeloma, the underlying mechanism needs to be
further studied.

Anlotinib therapy may exert anti-MM activities via direct
cytotoxicity and/or suppressing tumor angiogenesis. In vitro,
anlotinib exhibits direct cytotoxicity against tumor cells. Whereas
in vivo, anlotinib could exert anti-MM effect through direct
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cytotoxicity and anti-angiogenesis. Considering the differential
responses of resistant PDX2 tumors in vitro and in vivo, the
growth of PDX2 tumors could be suppressed mainly by the anti-
angiogenesis activity of anlotinib. Indeed, the apoptosis rate of
anlotinib in PDX1 is higher than that in PDX2. It indicates that in
PDX1, the apoptosis might result from the direct cytotoxic and anti-
angiogenesis effect of anlotinib, while in resistant PDX2, the
apoptosis merely result from anti-angiogenesis effect. Therefore,
when myeloma cells are in the BM microenvironment or have
infiltrated other organs, we speculate that anlotinib could suppress
myeloma through direct cytotoxicity and anti-angiogenesis activity.
However, anlotinib could only exert direct cytotoxicity against
myeloma cells when they diffuse into the peripheral blood.
Therefore, the anti-MM efficacy of anlotinib may be stronger in
the BM and other organs than in the peripheral blood.

Conclusions

In summary, myeloma PDX can be successfully established
by subcutaneous inoculation in NDG mice following series
tumor tissue transplantations. Tumor cells from myeloma
PDX retain the essential cellular characteristics of MM and
preserve their original therapeutic sensitivities as seen in the
clinic. Strikingly, anlotinib therapy suppresses the growth of
resistant MM. Furthermore, anlotinib treatments suppress
tumor angiogenesis, promote the MI-polarization of TAMs,
and induce cell apoptosis in MM PDXs. Taken together,
subcutaneous myeloma PDX is a practical preclinical model to
explore novel therapies for MM, and anlotinib could be served as
a novel promising agent for relapsed and resistant MM.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and
approved by The Ethics Committee of The Third Affiliated Hospital
of Soochow University, The First People’s Hospital of Changzhou.
The patients/participants provided their written informed consent
to participate in this study. The animal study was reviewed and
approved by The Ethics Committee of The Third Affiliated Hospital
of Soochow University, The First People’s Hospital of Changzhou.
Written informed consent was obtained from the individual(s) for
the publication of any potentially identifiable images or data
included in this article.

Frontiers in Oncology

12

10.3389/fonc.2022.894279

Author contributions

YHY, YHH, and WYG designed the experiments. YHY, YC,
FW, FL, YTG, YLin, YLiu, and WMD collected clinical samples
and analyzed the data. TBC performed HE and IHC staining.
YHY, XYM, PF, LQ, and SXG conducted the experiments. YHY,
YC, and PF analyzed the data and generated the figures. YHY
and YHH wrote the manuscript. YHH and WYG supervised the
project. All authors read and approved the final manuscript.

Funding

This work was supported partly by the Foundations of
Changzhou Sci&Tech Program (No. CJ20200118, CJ20210075),
the key project of Jiangsu Provincial Health Commission (NO.
7D2021043), the Guiding Project of Changzhou Health Bureau
(NO. WZ201708), the Young Talent Development Plan of
Changzhou Health Commission (CZQM2020023), and the
Collaborative Innovation Center of Hematology, and the
Priority Academic Program Development of Jiangsu Higher
Education Institutions.

Acknowledgments

We would like to thank Naidong Zhang and Ziwei Qi (all
from Soochow University) for their technical support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.894279/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.894279/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.894279/full#supplementary-material
https://doi.org/10.3389/fonc.2022.894279
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yue et al.

References

1. Kumar SK, Rajkumar V, Kyle RA, van Duin M, Sonneveld P, Mateos MV,
et al. Multiple myeloma. Nat Rev Dis Primers (2017) 3:17046. doi: 10.1038/
nrdp.2017.46

2. Okazuka K, Ishida T. Proteasome inhibitors for multiple myeloma. Japanese J
Clin Oncol (2018) 48(9):785-93. doi: 10.1093/jico/hyy108

3. Neri P, Bahlis NJ, Lonial S. New strategies in multiple myeloma:
Immunotherapy as a novel approach to treat patients with multiple myeloma.
Clin Cancer Res (2016) 22(24):5959-65. doi: 10.1158/1078-0432.CCR-16-0184

4. Petrucci MT, Vozella F. The anti-CD38 antibody therapy in multiple
myeloma. Cells (2019) 8(12):1629. doi: 10.3390/cells8121629

5. Lonial S, Dimopoulos M, Palumbo A, White D, Grosicki S, Spicka I, et al.
Elotuzumab therapy for relapsed or refractory multiple myeloma. New Engl ] Med
(2015) 373(7):621-31. doi: 10.1056/NEJMoal505654

6. Soekojo CY, Kumar SK. Stem-cell transplantation in multiple myeloma: how
far have we come? Ther Adv Hematol (2019) 10:2040620719888111. doi: 10.1177/
2040620719888111

7. Mikkilineni L, Kochenderfer JN. CAR T cell therapies for patients with
multiple myeloma. Nat Rev Clin Oncol (2021) 18(2):71-84. doi: 10.1038/s41571-
020-0427-6

8. Kumar SK, Dispenzieri A, Lacy MQ, Gertz MA, Buadi FK, Pandey S, et al.
Continued improvement in survival in multiple myeloma: changes in early
mortality and outcomes in older patients. Leukemia (2014) 28(5):1122-8. doi:
10.1038/leu.2013.313

9. Lehners N, Becker N, Benner A, Pritsch M, Lopprich M, Mai EK, et al.
Analysis of long-term survival in multiple myeloma after first-line autologous stem
cell transplantation: impact of clinical risk factors and sustained response. Cancer
Med (2018) 7(2):307-16. doi: 10.1002/cam4.1283

10. Pilarski LM, Hipperson G, Seeberger K, Pruski E, Coupland RW, Belch AR.
Myeloma progenitors in the blood of patients with aggressive or minimal disease:
engraftment and self-renewal of primary human myeloma in the bone marrow of
NOD SCID mice. Blood (2000) 95(3):1056-65. doi: 10.1182/
blood.V95.3.1056.003k26_1056_1065

11. Reiman T, Seeberger K, Taylor BJ, Szczepek AJ, Hanson J, Mant MJ, et al.
Persistent preswitch clonotypic myeloma cells correlate with decreased survival:
evidence for isotype switching within the myeloma clone. Blood (2001) 98(9):2791-
9. doi: 10.1182/blood.V98.9.2791

12. Pilarski LM, Belch AR. Clonotypic myeloma cells able to xenograft myeloma
to nonobese diabetic severe combined immunodeficient mice copurify with CD34
(+) hematopoietic progenitors. Clin Cancer Res (2002) 8(10):3198-204.

13. Yata K, Yaccoby S. The SCID-rab model: a novel in vivo system for primary
human myeloma demonstrating growth of CD138-expressing malignant cells.
Leukemia (2004) 18(11):1891-7. doi: 10.1038/sj.leu.2403513

14. Hosen N, Matsuoka Y, Kishida S, Nakata J, Mizutani Y, Hasegawa K, et al.
CD138-negative clonogenic cells are plasma cells but not b cells in some multiple
myeloma patients. Leukemia (2012) 26(9):2135-41. doi: 10.1038/leu.2012.80

15. Yaccoby S, Barlogie B, Epstein J. Primary myeloma cells growing in SCID-
hu mice: a model for studying the biology and treatment of myeloma and its
manifestations. Blood (1998) 92(8):2908-13. doi: 10.1182/blood.V92.8.2908

16. Martin SK, Dewar AL, Farrugia AN, Horvath N, Gronthos S, To LB, et al.
Tumor angiogenesis is associated with plasma levels of stromal-derived factor-
lalpha in patients with multiple myeloma. Clin Cancer Res (2006) 12(23):6973-7.
doi: 10.1158/1078-0432.CCR-06-0323

17. DiRaimondo F, Azzaro MP, Palumbo G, Bagnato S, Giustolisi G, Floridia P,
et al. Angiogenic factors in multiple myeloma: higher levels in bone marrow than in
peripheral blood. Haematologica (2000) 85(8):800-5.

18. Vacca A, Ribatti D, Presta M, Minischetti M, Iurlaro M, Ria R, et al. Bone
marrow neovascularization, plasma cell angiogenic potential, and matrix
metalloproteinase-2 secretion parallel progression of human multiple myeloma.
Blood (1999) 93(9):3064-73. doi: 10.1182/blood.V93.9.3064.409k07_3064_3073

19. Cao Y, Shan H, Liu M, Liu J, Zhang Z, Xu X, et al. Directly targeting c-myc
contributes to the anti-multiple myeloma effect of anlotinib. Cell Death Dis (2021)
12(4):396. doi: 10.1038/s41419-021-03685-w

20. Rajkumar SV, Dimopoulos MA, Palumbo A, Blade J, Merlini G, Mateos
MV, et al. International myeloma working group updated criteria for the diagnosis
of multiple myeloma. Lancet Oncol (2014) 15(12):¢538-48. doi: 10.1016/S1470-
2045(14)70442-5

21. Laubach J, Garderet L, Mahindra A, Gahrton G, Caers J, Sezer O, et al.
Management of relapsed multiple myeloma: recommendations of the international
myeloma working group. Leukemia (2016) 30(5):1005-17. doi: 10.1038/
leu.2015.356

Frontiers in Oncology

13

10.3389/fonc.2022.894279

22. Huang Y, Yuan J, Righi E, Kamoun WS, Ancukiewicz M, Nezivar J, et al.
Vascular normalizing doses of antiangiogenic treatment reprogram the
immunosuppressive tumor microenvironment and enhance immunotherapy.
Proc Natl Acad Sci USA (2012) 109(43):17561-6. doi: 10.1073/pnas.1215397109

23. Zheng X, Fang Z, Liu X, Deng S, Zhou P, Wang X, et al. Increased vessel
perfusion predicts the efficacy of immune checkpoint blockade. J Clin Invest (2018)
128(5):2104-15. doi: 10.1172/JCI96582

24. ZhangN, Yin R, Zhou P, Liu X, Fan P, Qian L, et al. DLL1 orchestrates CD8
(+) T cells to induce long-term vascular normalization and tumor regression. Proc
Natl Acad Sci USA (2021) 118(22):e2020057118. doi: 10.1073/pnas.2020057118

25. Libouban H. The use of animal models in multiple myeloma. Morphologie
Bull I'Association Des anatomistes (2015) 99(325):63-72. doi: 10.1016/
j.morpho.2015.01.003

26. Flores-Montero J, de Tute R, Paiva B, Perez JJ, Bottcher S, Wind H, et al.
Immunophenotype of normal vs. myeloma plasma cells: Toward antibody panel
specifications for MRD detection in multiple myeloma. Cytometry Part B Clin
cytometry (2016) 90(1):61-72. doi: 10.1002/cyto.b.21265

27. Chng WJ, Huang GF, Chung TH, Ng SB, Gonzalez-Paz N, Troska-Price T,
et al. Clinical and biological implications of MYC activation: a common difference
between MGUS and newly diagnosed multiple myeloma. Leukemia (2011) 25
(6):1026-35. doi: 10.1038/leu.2011.53

28. Garcia-Gutierrez L, Delgado MD, Leon J. MYC oncogene contributions to
release of cell cycle brakes. Genes (2019) 10(3):244. doi: 10.3390/genes10030244

29. Kuzyk A, Mai S. C-MYC-induced genomic instability. Cold Spring Harbor
Perspect Med (2014) 4(4):a014373. doi: 10.1101/cshperspect.a014373

30. Santo L, Hideshima T, Kung AL, Tseng JC, Tamang D, Yang M, et al. Preclinical
activity, pharmacodynamic, and pharmacokinetic properties of a selective HDAC6
inhibitor, ACY-1215, in combination with bortezomib in multiple myeloma. Blood
(2012) 119(11):2579-89. doi: 10.1182/blood-2011-10-387365

31. Zhou L, Zhang Y, Leng Y, Dai Y, Kmieciak M, Kramer L, et al. The IAP
antagonist birinapant potentiates bortezomib anti-myeloma activity in vitro and in
vivo. ] Hematol Oncol (2019) 12(1):25. doi: 10.1186/s13045-019-0713-x

32. Syed YY. Anlotinib: First global approval. Drugs (2018) 78(10):1057-62. doi:
10.1007/540265-018-0939-x

33. Lin B, Song X, Yang D, Bai D, Yao Y, Lu N. Anlotinib inhibits angiogenesis
via suppressing the activation of VEGFR2, PDGFRp and FGFRI1. Gene (2018)
654:77-86. doi: 10.1016/j.gene.2018.02.026

34. Wang G, Sun M, Jiang Y, Zhang T, Sun W, Wang H, et al. Anlotinib, a novel
small molecular tyrosine kinase inhibitor, suppresses growth and metastasis via
dual blockade of VEGFR2 and MET in osteosarcoma. Int ] Cancer (2019) 145
(4):979-93. doi: 10.1002/ijc.32180

35. Lu J, Zhong H, Chu T, Zhang X, Li R, Sun J, et al. Role of anlotinib-induced
CCL2 decrease in anti-angiogenesis and response prediction for nonsmall cell lung
cancer therapy. Eur Respir J (2019) 53(3):1801562. doi: 10.1183/13993003.01562-2018

36. Huang Y, Goel S, Duda DG, Fukumura D, Jain RK. Vascular normalization
as an emerging strategy to enhance cancer immunotherapy. Cancer Res (2013) 73
(10):2943-8. doi: 10.1158/0008-5472.CAN-12-4354

37. Jain RK. Antiangiogenesis strategies revisited: from starving tumors to
alleviating hypoxia. Cancer Cell (2014) 26(5):605-22. doi: 10.1016/
j.ccell.2014.10.006

38. Huang Y, Kim BYS, Chan CK, Hahn SM, Weissman IL, Jiang W. Improving
immune-vascular crosstalk for cancer immunotherapy. Nat Rev Immunol (2018)
18(3):195-203. doi: 10.1038/nri.2017.145

39. Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and significance
of macrophage plasticity. Annu Rev Pathol (2020) 15:123-47. doi: 10.1146/
annurev-pathmechdis-012418-012718

40. Qian BZ, Pollard JW. Macrophage diversity enhances tumor progression
and metastasis. Cell (2010) 141(1):39-51. doi: 10.1016/j.cell.2010.03.014

41. Vadevoo SMP, Gunassekaran GR, Lee C, Lee N, Lee J, Chae S, et al. The
macrophage odorant receptor Olfr78 mediates the lactate-induced M2 phenotype
of tumor-associated macrophages. Proc Natl Acad Sci USA (2021) 118(37):
€2102434118. doi: 10.1073/pnas.2102434118

42. Chen D, Xie J, Fiskesund R, Dong W, Liang X, Lv J, et al. Chloroquine
modulates antitumor immune response by resetting tumor-associated
macrophages toward M1 phenotype. Nat Commun (2018) 9(1):873. doi: 10.1038/
541467-018-03225-9

43. Bladé J, Fernandez de Larrea C, Rosifiol L, Cibeira MT, Jiménez R, Powles R.
Soft-tissue plasmacytomas in multiple myeloma: incidence, mechanisms of
extramedullary spread, and treatment approach. J Clin Oncol (2011) 29
(28):3805-12. doi: 10.1200/JC0O.2011.34.9290

frontiersin.org


https://doi.org/10.1038/nrdp.2017.46
https://doi.org/10.1038/nrdp.2017.46
https://doi.org/10.1093/jjco/hyy108
https://doi.org/10.1158/1078-0432.CCR-16-0184
https://doi.org/10.3390/cells8121629
https://doi.org/10.1056/NEJMoa1505654
https://doi.org/10.1177/2040620719888111
https://doi.org/10.1177/2040620719888111
https://doi.org/10.1038/s41571-020-0427-6
https://doi.org/10.1038/s41571-020-0427-6
https://doi.org/10.1038/leu.2013.313
https://doi.org/10.1002/cam4.1283
https://doi.org/10.1182/blood.V95.3.1056.003k26_1056_1065
https://doi.org/10.1182/blood.V95.3.1056.003k26_1056_1065
https://doi.org/10.1182/blood.V98.9.2791
https://doi.org/10.1038/sj.leu.2403513
https://doi.org/10.1038/leu.2012.80
https://doi.org/10.1182/blood.V92.8.2908
https://doi.org/10.1158/1078-0432.CCR-06-0323
https://doi.org/10.1182/blood.V93.9.3064.409k07_3064_3073
https://doi.org/10.1038/s41419-021-03685-w
https://doi.org/10.1016/S1470-2045(14)70442-5
https://doi.org/10.1016/S1470-2045(14)70442-5
https://doi.org/10.1038/leu.2015.356
https://doi.org/10.1038/leu.2015.356
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1172/JCI96582
https://doi.org/10.1073/pnas.2020057118
https://doi.org/10.1016/j.morpho.2015.01.003
https://doi.org/10.1016/j.morpho.2015.01.003
https://doi.org/10.1002/cyto.b.21265
https://doi.org/10.1038/leu.2011.53
https://doi.org/10.3390/genes10030244
https://doi.org/10.1101/cshperspect.a014373
https://doi.org/10.1182/blood-2011-10-387365
https://doi.org/10.1186/s13045-019-0713-x
https://doi.org/10.1007/s40265-018-0939-x
https://doi.org/10.1016/j.gene.2018.02.026
https://doi.org/10.1002/ijc.32180
https://doi.org/10.1183/13993003.01562-2018
https://doi.org/10.1158/0008-5472.CAN-12-4354
https://doi.org/10.1016/j.ccell.2014.10.006
https://doi.org/10.1016/j.ccell.2014.10.006
https://doi.org/10.1038/nri.2017.145
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1016/j.cell.2010.03.014
https://doi.org/10.1073/pnas.2102434118
https://doi.org/10.1038/s41467-018-03225-9
https://doi.org/10.1038/s41467-018-03225-9
https://doi.org/10.1200/JCO.2011.34.9290
https://doi.org/10.3389/fonc.2022.894279
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yue et al.

44. Farre L, Sanz G, Ruiz-Xiville N, Castro de Moura M, Martin-Tejera JF, Gongalves-
Ribeiro S, et al. Extramedullary multiple myeloma patient-derived orthotopic xenograft
with a highly altered genome: combined molecular and therapeutic studies. Dis Models
Mech (2021) 14(7):dmm048223. doi: 10.1242/dmm.048223

45. Daniel VC, Marchionni L, Hierman JS, Rhodes JT, Devereux WL, Rudin
CM, et al. A primary xenograft model of small-cell lung cancer reveals irreversible
changes in gene expression imposed by culture in vitro. Cancer Res (2009) 69
(8):3364-73. doi: 10.1158/0008-5472.CAN-08-4210

46. Byrne AT, Alféerez DG, Amant F, Annibali D, Arribas ], Biankin AV, et al.
Interrogating open issues in cancer precision medicine with patient-derived
xenografts. Nat Rev Cancer (2017) 17(4):254-68. doi: 10.1038/nrc.2016.140

47. Lin J, Zhang W, Zhao JJ, Kwart AH, Yang C, Ma D, et al. A clinically relevant
in vivo zebrafish model of human multiple myeloma to study preclinical therapeutic
efficacy. Blood (2016) 128(2):249-52. doi: 10.1182/blood-2016-03-704460

48. Sacco A, Roccaro AM, Ma D, Shi ], Mishima Y, Moschetta M, et al. Cancer
cell dissemination and homing to the bone marrow in a zebrafish model. Cancer
Res (2016) 76(2):463-71. doi: 10.1158/0008-5472.CAN-15-1926

Frontiers in Oncology

14

10.3389/fonc.2022.894279

49. Yu Z, Wei X, Liu L, Sun H, Fang T, Wang L, et al. Indirubin-3'-monoxime
acts as proteasome inhibitor: Therapeutic application in multiple myeloma.
EBioMedicine (2022) 78:103950. doi: 10.1016/j.ebiom.2022.103950

50. Kodelja V, Miiller C, Tenorio S, Schebesch C, Orfanos CE, Goerdt S.
Differences in angiogenic potential of classically vs alternatively activated
macrophages. Immunobiology (1997) 197(5):478-93. doi: 10.1016/S0171-2985
(97)80080-0

51. Lin EY, LiJF, Gnatovskiy L, Deng Y, Zhu L, Grzesik DA, et al. Macrophages

regulate the angiogenic switch in a mouse model of breast cancer. Cancer Res
(2006) 66(23):11238-46. doi: 10.1158/0008-5472.CAN-06-1278

52. Jetten N, Verbruggen S, Gijbels MJ, Post MJ, De Winther MP, Donners
MM. Anti-inflammatory M2, but not pro-inflammatory M1 macrophages promote
angiogenesis in vivo. Angiogenesis (2014) 17(1):109-18. doi: 10.1007/s10456-013-
9381-6

53. Sica A, Larghi P, Mancino A, Rubino L, Porta C, Totaro MG, et al.
Macrophage polarization in tumour progression. Semin Cancer Biol (2008) 18
(5):349-55. doi: 10.1016/j.semcancer.2008.03.004

frontiersin.org


https://doi.org/10.1242/dmm.048223
https://doi.org/10.1158/0008-5472.CAN-08-4210
https://doi.org/10.1038/nrc.2016.140
https://doi.org/10.1182/blood-2016-03-704460
https://doi.org/10.1158/0008-5472.CAN-15-1926
https://doi.org/10.1016/j.ebiom.2022.103950
https://doi.org/10.1016/S0171-2985(97)80080-0
https://doi.org/10.1016/S0171-2985(97)80080-0
https://doi.org/10.1158/0008-5472.CAN-06-1278
https://doi.org/10.1007/s10456-013-9381-6
https://doi.org/10.1007/s10456-013-9381-6
https://doi.org/10.1016/j.semcancer.2008.03.004
https://doi.org/10.3389/fonc.2022.894279
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Novel myeloma patient-derived xenograft models unveil the potency of anlotinib to overcome bortezomib resistance
	Introduction
	Methods
	Cell line and patient samples
	Patient-derived xenograft models
	HE and IHC staining
	Single-cell suspension preparation
	Flow cytometric analysis
	Cell viability assay
	Western blotting
	Tumor vessel perfusion analysis
	Cell cycle by flow cytometry and TUNEL staining
	Statistics

	Results
	The morphological and phenotypic features of tumor cells from myeloma PDX
	The proliferation characteristics of myeloma PDX
	Myeloma PDXs preserve their original drug sensitivities as seen in the clinic
	Anlotinib treatments suppress tumor growth of myeloma PDXs and induce cell apoptosis even in the bortezomib-resistant model
	Anlotinib treatments suppress tumor angiogenesis in myeloma PDXs
	Anlotinib treatments in myeloma PDXs increase the proportion of tumor-associated macrophages and polarize TAMs from an M2- to an M1-like phenotype

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


