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Intra-marrow delivery of human interleukin-6-loaded 
biodegradable microspheres promotes growth of patient-
derived multiple myeloma cells in mice

Multiple myeloma (MM) is an incurable malignancy of plas-
ma cells in the bone marrow (BM). Historically, preclinical 
/ translational MM research has largely relied on cell line-
based models since patient-derived MM cells are well-
known for being difficult to propagate in vitro,1 and attempts 
to develop patient-derived xenograft (PDX) models based 
on subcutaneous, intravenous (i.v.) and orthotopic deliv-
ery of MM cells have had limited success. Genetic mouse 
models expressing human growth factors and cytokines 
have been developed to facilitate BM engraftment of human 
hematopoietic cells including MM cells, but those models 
failed to have a broad impact on the field, in part due to 
the limited access to models such as a human interleukin 
6 (hIL-6) transgenic mouse model developed at Yale Univer-
sity in collaboration with Regeneron.2 Several alternatives 
have been explored including injection of MM cells into the 
liver of neonatal immunodeficient mice,3 subcutaneous 
implantation of rabbit bone grafts4 or polymeric scaffolds5 

that were inoculated with patient-derived MM cells, or i.v. 
injection of unfractionated BM mononuclear cells from MM 
patients.6 None of these methods have been widely adopted 
because of a variety of drawbacks. The former techniques 
are cumbersome and require a high degree of training, 
planning and co-ordination, and engraftment efficiency is 
highly variable; the latter approach lacks efficiency since 
it does not allow for serial engraftment of PDX-derived 
cells. Here we report the development of a MM PDX model 
via intra-marrow (IM) delivery of patient-derived MM cells 
(PDMMC) that were isolated from the pleural effusion of a 
patient with plasma cell leukemia (PCL), a rare and highly 
aggressive form of MM (Online Supplementary Table S1), and 
we show that co-injection of PDMMC with biodegradable 
porous polylactic-co-glycolic acid (PLGA) microspheres 
(MS) loaded with hIL-6 leads to enhanced expansion of 
PDMMC in immunodeficient mice (NOD/SCID/IL2Rg(null) 
[NSG]). The patient cells were collected under an institu-
tional review board (IRB)-approved protocol after obtaining 
informed consent and following the relevant procedures 
according to the regulations established by the Clinical Re-
search and Ethics Committee and the Helsinki Declaration 
of the World Medical Association. Our MS platform has the 
additional advantage that it can be utilized as a matrix to 
accommodate BM microenvironment-associated stromal 
cells such as osteoblasts7 or endothelial cells8 that are 
known for their ability to promote the survival of PDMMC. 
It can, therefore, be exploited both in the in vitro setting as 
a customizable three-dimensional (3D) co-culture system, 

and as an injectable adjuvant aiding MM PDX development.
We fabricated porous PLGA MS with a diameter range of 
100-200 μm using the double emulsion, i.e., water-in-oil-
in-water (W/O/W) approach via a customized microfluidic 
device (Figure 1A). Decomposition of ammonium bicarbonate 
within the PLGA matrix at 34°C led to pore generation (Fig-
ure 1B, C). Upon further treatment with sodium hydroxide 
/ ethanol solution to remove unwanted thin membranes 
between the pores, the pores became highly interconnected 
(Figure 1D, inset) with pore sizes ranging from 10 μm to 30 
μm (Figure 1D), allowing various cell types, including anchor-
age-dependent stromal cells and MM cells, to be accomo-
dated. To model the incorporation of bioactive factors for 
sustained release, bovine serum albumin (BSA) was loaded 
into MS either during the fabrication process (i.e., embed-
ding) or via impregnation after MS fabrication. Compared to 
the high yet tunable amount (1 mg and 4 mg) of BSA that 
could be loaded in PLGA MS via the embedding approach, 
the amount that could be included via impregnation was 
relatively low (0.3 mg) (Figure 1E). Of note, surface-ad-
sorbed BSA (impregnation) was released much faster than 
BSA embedded in the PLGA matrix, which primarily relies 
on diffusion and matrix degradation for release (Figure 1E, 
left). As a result, the 2 approaches of BSA incorporation led 
to different cumulative release profiles (Figure 1E, right), 
which could be exploited for dual delivery of payloads with 
distinct release kinetics. IL-6 has long been known as a 
crucial survival factor for MM cells.9 We, therefore, fabricated 
hIL-6 loaded MS (hIL-6-MS) through the above-mentioned 
embedding approach and found that sustained release of 
hIL-6 from MS was achieved throughout the investigation 
period (11 days) despite an initial burst release (Figure 1F). 
More importantly, the released hIL-6 remained bioactive, 
and bioactivity closely correlated with the amount of hIL-6 
initially loaded (Figure 1G), underscoring the potential of our 
platform to be employed as a molecularly tailored injectable 
adjuvant for humanization of the BM microenvironment of 
mice. Of note, degradation of our PLGA MS system in vivo 
(following IM injection) is expected to occur over a period 
of about four months. 
Tumor necrosis factor-α (TNF-α) is another cytokine that 
has been implicated in MM cell growth and survival.10 We, 
therefore, assessed PDMMC (CD138-selected PCL cells) 
maintenance in vitro comparing primary tumor cell (PTC) 
media (CloneExpress Inc., Gaithersburg, MD, USA) sup-
plemented with hTNF-α, hIL-6, or both and found that 
the cocktail of both cytokines was superior to the other 
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Figure 1. Porous polymeric microspheres can be used for local delivery of bioactive cytokines. (A) Schematic diagram of porous 
polylactic-co-glycolic acid (PLGA) porous microsphere (MS) fabrication via the water-in-oil-in-water (W/O/W) approach. (B) Ste-
reomicroscopic image of as-prepared porous PLGA MS with backlighting. (C) Representative Scanning electron microscopy im-
ages of porous MS upon different post-fabrication treatments with sodium hydroxide / ethanol (left: 2-minute [min] treatment; 
right: 4-min treatment). (D) Average surface pore size of MS upon various post-fabrication treatments. (E) FITC-conjugated bovine 
serum albumin (BSA) was embedded or impregnated in PLGA MS. BSA-loaded MS were incubated in phosphate buffered saline 
(PBS) and BSA release was measured with a multimodal microplate reader using wavelength 560Ex/590Em. (Left) Release kinet-
ics. (Right) Cumulative release. (F) Sustained release of recombinant human interleukin-6 (hIL-6) into 0.2 mL PBS from hIL-6-
loaded MS (approx. 0.6 ng of hIL-6/sphere) as measured by enzyme linked immunosorbent assay (ELISA). (G) The bioactivity of 
released hIL-6 was determined via a bioluminescent cell-based hIL-6 bioassay. Error bars in the presented data show the stan-
dard error of the arithmetic mean (SEM). For non-survival pointwise analyses, non-parametric Mann-Whitney test was used for 
non-Gaussian distributions for comparison between 2 groups. P<0.05 was considered statistically significant. All statistical anal-
yses were performed using GraphPad Prism 5 (La Jolla, CA, USA).
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Figure 2. Patient-derived multiple myeloma cells in vitro viability is enhanced by media sup-
plementation with human tumor necrosis factor-αα and human interleukin-6, and by co-cul-
ture with endothelial cells. (A) Patient-derived multiple myeloma (MM) cells (PDMMC) were 
cultured in primary tumor cell (PTC) media with or without human tumor necrosis factor-α 
(hTNF-α), human interleukin-6 (hIL-6), or the cocktail of both cytokines. Mean and standard 
error of the arithmetic mean (SEM) of the percentage of seeded cells after 48 hours (hr) of 
culture are presented. (B and C) PDMMC were pre-labeled with PKH-26 and cultured in PTC 
media with or without hTNF-α + hIL-6 or hTNF-α + hIL-6+ endothelial cells (HUVEC). (B) Cells 
were stained with calcein AM and viability of PDMMC after 48 hr of culture was evaluated by 
live cell fluorescence microscopy. Dead cells: red/dark orange; live cells: yellow/green; arrows 
indicate HUVEC. (C) Cell viability (live: DAPI–Annexin V–; early apoptosis: DAPI–Annexin V+; 
late apoptosis: DAPI+) was assessed after 48 hr of culture by Annexin V assay. Mean and SEM 
are shown. (D) Schematic diagram depicting dynamic seeding and culture of endothelial cells 
and PDMMC onto polylactic-co-glycolic acid (PLGA) porous microspheres (MS). (E) Represen-
tative fluorescent images of HUVEC dynamically seeded and cultured on porous PLGA MS for 
24 hr. Cells were stained for live (green) with calcein AM. (F) Representative confocal images 
of HUVEC-laden microspheres after culture for different periods (left: 24 hr; right: 72 hr). HU-
VEC were stained with FITC-conjugated anti-CD31 antibody and with DAPI for nuclei. (G) 
Representative confocal microscopy image of HUVEC-laden MS after co-culture for 24 hr with 
PKH-26-labeled PDMMC in PTC media supplemented with hTNF-α and hIL-6. HUVEC were 
stained with FITC-conjugated anti-CD31 antibody and with DAPI for nuclei. (H) Cell viability 
percentage of PDMMC co-cultured with HUVEC-laden MS versus cell-free MS in PTC media 
supplemented with hTNF-α and hIL-6. After 24 hr of culture, cells were stained with calcein 
AM and viability of PDMMC was evaluated by live cell fluorescence microscopy. Error bars in 
all presented data show the SEM. For non-survival pointwise analyses, non-parametric 
Mann-Whitney test was used for non-Gaussian distributions for comparison between 2 groups. 
P<0.05 was considered statistically significant. All statistical analyses were performed using 
GraphPad Prism 5 (La Jolla, CA, USA).
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conditions (Figure 2A). Co-culture with human umbilical 
vein endothelial cells (HUVEC) further enhanced PDMMC 
viability (Figure 2B), slowing down, although not preventing, 
PDMMC apoptosis (Figure 2C). HUVEC have been reported 
to propagate PDMMC growth in 3D culture systems.8 We 
utilized adenoviral protein E4-modified HUVEC in our study 
since E4 was shown to improve survival of primary endo-

thelial cells.11 We next used our MS platform as a matrix 
to accommodate PDMMC-supporting stromal cells such 
as osteoblasts or endothelial cells. While osteoblasts may 
promote myeloma cell dormancy,12 robust evidence suggests 
that co-culture of PDMMC with human osteoblasts such 
as hFOB 1.19 cells promotes MM cell survival in vitro.7,13 To 
achieve optimal cell seeding efficiency both on top of and 

Continued on following page.
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into porous MS, a spinner flask system was adopted for 
dynamic cell seeding and culture (Figure 2D). Both hFOB 1.19 
cells and HUVEC adhered well to porous MS and remained 
viable while expanding for at least three days (Figure 2E, 
F, Online Supplementary Figure S1). Co-culture of PDMMC 
with HUVEC-laden MS revealed that PDMMC cells closely 
interacted with HUVEC (Figure 2G) and maintained good 
viability throughout the study period (Figure 2H). These ex-
periments demonstrate that porous PLGA MS can be used 
as a matrix for stromal cells providing a favorable environ-
ment for MM cells, and they can be further modified for 
sustained release of MM survival-supporting biomolecules 
for PDX development. 
To establish PDMMC growth in immunodeficient mice, PCL 
cells, hIL-6-MS, or a mixture of both were administered into 
the endosteal space via intrafemoral injection (Figure 3A). 
IM delivery of hIL-6-MS resulted in sustained in vivo release 

over a 15-day period, and importantly, this approach yielded 
a considerably higher concentration of hIL-6 in the mouse 
BM on day 8 after injection than IM delivery of free hIL-6 
(Online Supplementary Figure S2A). Lentiviral transduction 
of frozen-thawed PCL cells with luciferase (pUltra-Chili-
Luc; Addgene #48688) was shown to be feasible, enabling 
in vivo monitoring of the BM disease burden by biolumi-
nescence imaging (Figure 3B). Of note, even though PDM-
MC are difficult to transduce (transduction efficiencies of 
1-5%), a consistent bioluminescence signal can be obtained 
by accurate intrafemoral injection of a sufficient number 
(at least 10,000 cells, estimated) of luciferase-transduced 
cells. Serum free light chain ELISA is often used for in vivo 
monitoring of the disease burden in cell line-based MM 
mouse models, and we were able to detect low levels of 
free κ light chain protein in the serum of PDMMC recipients 
three months post injection (Online Supplementary Figure 

Figure 3. Intra-marrow co-injection of patient-derived multiple myeloma cells and human interleukin-6 establishes patient-de-
rived multiple myeloma in NSG mice. (A) (Top) Schematic diagram of intra-marrow (IM) injection of an NSG mouse. (Bottom) X-ray 
shows the correct location of a needle in the medullary cavity of the right femur of an NSG mouse. (B) Firefly luciferase trans-
duced patient-derived multiple myeloma (MM) cells (PDMMC) were delivered into the bone marrow (BM) of 4 NSG mice via bilat-
eral intrafemoral injection. The tumor burden was monitored by in vivo bioluminescence (BLI) at 12, 16, and 20 weeks. Pseudoco-
lor images superimposed on X-ray images of 3 mice are shown. A high-resolution X-ray/BLI image is shown for one mouse at 25 
weeks. p/sec/cm2/sr: photons per second leaving 1 cm2 of tissue per steradian. (C-G) Sixteen NSG mice received an IM injection 
of 500,000 PDMMC and were divided into 4 groups: Control: PDMMC only; microspheres (MS)-human interleukin-6 (hIL-6): co-in-
jection of PDMMC and MS-hIL-6; endothelial cells (HUVEC): co-injection of PDMMC and HUVEC; MS-hIL-6+ HUVEC: co-injection 
of PDMMC and HUVEC-laden and hIL-6 loaded MS. (C) H&E and CD138 immunohistochemistry (IHC) histological examinations of 
the BM were performed six months post injection. Images were acquired at 20x/40x magnification. Representative images of one 
mouse from each group are shown. Note: mouse megakaryocytes (indicated by asterisks) are negative for 3, 3’-diaminobenzidine 
(DAB) and surrounded by DAB+PDX-derived MM cell (PDXMMC). (D) BM mononuclear cells were analyzed for expression of human 
CD138 and human CD319 by multiparameter flow cytometry. Representative pseudocolor dot plots of one mouse from each group 
are shown. (E) BM mononuclear cells were analyzed for expression of human CD138, human CD319, and human κ light chain pro-
tein by multiparameter flow cytometry. (Left) Frequency of PDXMMC (based on CD139 and CD138 expression). (Middle) Median 
fluorescence intensity (MFI) of κ light chain expression by PDXMMC. (Right) MFI of CD138 expression by PDXMMC. Mean and stan-
dard error of the arithmetic mean (SEM) are shown. (F) Photographic images of extramedullary disease manifestations in 75% of 
the cases in 3 out of 4 mice in the MS-hIL-6 + HUVEC group six months post injection. (G) RNA-seqencing of the original PDMMC 
and PDXMMC from one of the tumor nodules shown in (F) after 2 passages through NSG mice. (Left) Schematic diagram of the 
workflow. (Right) Heatmap comparing the top 30 differentially expressed genes by adjusted P value using DESeq2. Error bars in 
all presented data show the standard error of the arithmetic mean (SEM). For non-survival pointwise analyses, non-parametric 
Mann-Whitney test was used for non-Gaussian distributions for comparison between 2 groups. P<0.05 was considered statisti-
cally significant. All statistical analyses were performed using GraphPad Prism 5 (La Jolla, CA, USA).
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S2B). Ex vivo (flow cytometric and histological) analysis 
of the BM six months post injection revealed a variable 
disease burden in all groups with a significantly increased 
frequency of PDMMC and upregulation of κ light chain pro-
tein in recipients of hIL-6-MS that were not seeded with 
HUVEC (Figure 3C-E). Surprisingly, co-injection of PDMMC 
with HUVEC-laden MS decreased the frequency of PDMMC 
in the BM, and CD138 levels of PDMMC were significantly 
decreased (Figure 3E), which may be due to heparanase 
activity from endothelial cells.14,15 Furthermore, we found 
that extramedullary disease developed after 3-5 months in 
50% of the cases when co-injecting hIL-6-MS and HUVEC 
(Figure 3F, Online Supplementary Figure S2C). While this 
unique formulation could be useful for in vivo expansion of 
PDMMC (i.e., for PDX-derived MM cell [PDXMMC] cell bank 
production), the preferred model for in vivo efficacy studies 
of novel MM drug candidates would be the establishment 
of robust BM disease by PDMMC/hIL-6 MS co-injection. 
Finally, we validated our model by transcriptome profiling 
of PDXMMC after 2 passages through immunodeficient 
mice, revealing that the PDXMMC genetically resembled the 
original PDMMC; expression levels showed no significant 
differences for the 2 compared datasets with a minimal 
adjusted P=0.999997 (Figure 3G). 
In conclusion, we demonstrate the feasibility of MM PDX 
development-based IM injection of PCL cells combined 
with biomaterial-based hIL-6 delivery. It should be noted 
that the aggressiveness of PCL makes these cells uniquely 
exploitable for PDX model development, while the propa-
gation of standard or low-risk MM cells in the BM of immu-
nodeficient mice remains challenging even with hIL-6-MS 
co-injection (data not shown). Overall, the success of our 
innovative MS-based MM PDX model has the potential to 
advance translational MM research by enabling effective 
preclinical drug testing. This, in turn, may allow the devel-
opment of novel therapeutics in this setting.
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