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Multiple myeloma (MM), a malignant plasma cell disease, remains incurable and novel drugs are required to improve the prognosis of patients.
Due to the lack of the bone microenvironment and auto/paracrine growth factors human MM cells are difficult to cultivate. Therefore, there

is an urgent need to establish proper in vitro and in vivo culture systems to study the action of novel therapeutics on human MM cells. Here
we present a model to grow human multiple myeloma cells in a complex 3D environment in vitro and in vivo. MM cell lines OPM-2 and
RPMI-8226 were transfected to express the transgene GFP and were cultivated in the presence of human mesenchymal cells and collagen
type-I matrix as three-dimensional spheroids. In addition, spheroids were grafted on the chorioallantoic membrane (CAM) of chicken embryos
and tumor growth was monitored by stereo fluorescence microscopy. Both models allow the study of novel therapeutic drugs in a complex

3D environment and the quantification of the tumor cell mass after homogenization of grafts in a transgene-specific GFP-ELISA. Moreover,
angiogenic responses of the host and invasion of tumor cells into the subjacent host tissue can be monitored daily by a stereo microscope and
analyzed by immunohistochemical staining against human tumor cells (Ki-67, CD138, Vimentin) or host mural cells covering blood vessels
(desmin/ASMA).

In conclusion, the onplant system allows studying MM cell growth and angiogenesis in a complex 3D environment and enables screening for
novel therapeutic compounds targeting survival and proliferation of MM cells.

Video Link

The video component of this article can be found at https://www.jove.com/video/52665/

Introduction

Multiple myeloma (MM) is characterized by proliferation of malignant plasma cells in the bone marrow, bone lesions and immunodeficiency '
Although new treatment options such as proteasome inhibitors (bortezomib) and immune modulatory drugs (pomalidomide and lenalidomide)
are available, MM still remains an incurable malignancy with a grim prognosis 2 The bad prognosis might be explained by the extraordinary
heterogeneity 3())f MM cell clones that contributes to variable responses to therapy, in particular under long time treatment and selection pressure
of MM clones °.

Preclinical testing of new drugs and their combinations in vitro and in vivo is a critical and time-consuming step for future drug development.
Thus, useful in-vivo models of MM are required to gain a better understanding of the biology of the disease and to enable the discovery of new
drugs. Actually, the best xenotransplantation models for hematological malignancies and therapeutics are immune-deficient mice, such as the
severe-com1%iq11ed immunodeficient (SCID) mice *7_the non-obese diabetic/SCID (NOD/SCID) mice 89 or the B-microglobulin-knockout NOD/
SCID mice .

Although murine models of human MM in some aspects can resemble the phenotype of human disease, immune-deficient mice are inbred,
therefore simulate only one individual response to a drug and costs are very high. Due to immunosugpression animals require special
maintenance conditions and the engraftment of human MM in mice requires 6 weeks to 2 months o1 , unless cells are grafted directly to the
bone marrow using a technically demanding procedure with lower rates of animal survival s Therefore, new methods using stem-cell based
organoid models " tissue engineering " or sophisticated 3D cell culture models '® have been established. They will compete in the near future
with classical animal experiments for preclinical drug testing, but cannot replace systemic toxicity tests in living organisms.
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The chicken embryo has been demonstrated before to be a suitable organism for xenotransplantation of human cells and tissues due to lack of
adaptive immune response until hatching 1719 Moreover, each chicken embryo reflects an individual reaction to applied drugs or tumor cells due
to genetic diversit! within the chicken population. The chorioallantoic membrane (CAM) is a well-established system to study tumor-dependent
angiogenesis 2022 \When solid tumors are grafted to the CAM, they display many characteristics of cancers in vivo, including proliferation,
invasion, angiogenesis and metastasis 27

Based on the previous experience of our group with CAM xenograft modelszo'26’27, a human MM model was established that combines the

advantage of a human 3D culture system with the model of ex ovo developing chicken embryos. This MM model system allows real time
monitoring of MM growth progression, quantification of cell mass and preclinical drug testing.

According to the Austrian law, and the Office of Laboratory Animal Welfare of the US public health service avian embryos are not considered as live
vertebrate animals until hatching.The NIH Office of Laboratory Animal Welfare has provided written guidance in this area (http://www.grants.nih.gov/
grants/olaw/references/ilar91.htm and NIH Publication No.: 06-4515).

1. Cell Culture and Lentiviral Transfection

1. Culture MM cell lines OPM-2, RPMI-8226 and human mesenchymal stem cells from bone marrow in RPMI1640 medium, supplemented with
10% bovine fetal calf serum and 100 IU/ml penicillin, 100 ug/ml streptomycin and 2 mM glutamine in the presence of 5% CO, at 37°C.

2. Transfect 5 x 10° HEK 293FT cells with viral packaging mix (9 ug) DNA and 3 ug pLenti6/V5 dest eGFP vector by the use of 30 pl liposomal
transfection reagent and transfection medium (10 ml). Remove transfection medium after 12 h and add 10 ml DMEM medium with 10%
bovine calf serum and 1% non-essential amino acids (NEAA).

3. After 5 days, collect supernatants of HEK293FT cells after centrifugation of swimming cells (1,000 x g, 5min). Determine viral titer by real time
PCR as described elsewhere “°.

4. Transfect 1 x 10° MM cells with eGFP lentiviral particles (1 x 10° particles) in a 24 well plate in complete growth medium. After 3 days,
start selection process by adding 2 ug/ml blasticidin to the culture medium. For the commercially available eGFP lentivirus, use 500 pug/ml
neomycin.

5. After 2 weeks of selection, clusters of eGFP expressing MM cells will appear; collect cells by centrifugation (1,000 x g, 5 min) and expand
them as OPM-2°°"" and RPMI-8226°°"F sublines for experiments (section 2 and 3).

2. 3D-Multiple Myeloma Spheroid Model

1. Chill collagen type-I solution and 10 x DMEM on ice.
Mix 1/10 Volume of 10 x DMEM medium into collagen matrix; add NaOH (0.2 N) to neutralize acidic collagen solution to a pH value of 7.4;
store collagen/medium solution on ice.

3. Mix transgenic MM cell lines (OPM-ZeGFP or RPMI-8226 ®°F7: 250,000 per spheroid,) with human mesenchymal cells (50,000 cells/ spheroid,
i.e., 30 pl drop).

4. Centrifuge cell mixture in 15 ml tubes (1000 x g, 5min), add cold prepared collagen mixture (1mL) to the cell pellet and mix well (with 1,000 pl
tip).

5. Immediately pipette 30 pl of the collagen/cell mixture (with 100 pl tip) in a 24 well plate on sterile paraffin film and allow cell/collagen mixture
to polymerize for 30 min at 37°C (see Figure 1A).

6. Overlay MM spheroids with 1mL culture medium containing 1, 10 and 100 nM bortezomib (see Figure 1B).

After 72 hr of incubation at 37°C, document spheroids by fluorescence stereomicroscopy (see Figure 1C).

8. Transfer each spheroid by the use of forceps with wide flat jaws in a reaction tube for measurement of GFP (see Figure 1D).

3. 3D Multiple Myeloma Xenograft Model in the CAM

N

Incubate chicken eggs in a special incubator for avian eggs at 37°C and 70% humidity for three days.

Thereafter, open eggs and transfer embryos to sterilized with ethanol, square, 10-cm plastic weighing boats with cell culture plate lid and

incubate “ex ovo” for further six days, so that the CAM is able to develop (see Figure 2A).

3. Chill collagen type-I solution and 10 x DMEM on ice, mix 1/10 Volume of 10 x DMEM medium into collagen matrix, Add NaOH (0.2 N) to
neutralize acidic collagen solution to a pH value of 7.4; store collagen/medium solution on ice.

4. Mix transgenic MM cell lines (OPM-2°°"F or RPMI-8226°¢7F; 250,000 per spheroid,) with human mesenchymal cells (50,000 cells/ spheroid).

5. Centrifuge cells in 15 ml tubes (1,000 x g, 5min; for each test compound 1 vial), add 1mL cold prepared collagen mixture with drug (at desired
working concentration) to the cell pellet and mix well (with 1,000 pl tip).

6. Place collagen drops (30 pl each) on parafilm in a 6 well pate for 30 min to allow polymerization of the extracellular matrix at 37°C.

7. Transfer “onplants” from step 3.6 with the use of forceps to the untreated surface of the CAM (2 cm away from embryo) of 9-day-old chicken
embryos (4 onplants for each chicken embryo, see Figure 2B)

8. After 5 days of in vivo growth in an egg incubator at 37°C and 70% humidity, document xenografts by fluorescence stereomicroscopy (see
Figure 2C). Euthanize chicken embryos by hypothermia at 4°C in the fridge for 5h.

9. Remove xenografts with subjacent CAM tissue by an ophthalmic scissor and forceps with wide flat jaws. Use them for measurement of GFP

(section 4, see Figure 2D) or for immunohistochemical analysis of blood vessels and/or invading tumor cells (section 5).

4. Quantification of eGFP Protein by ELISA

N =

1. Transfer each MM spheroid or excised xenograft into 0.5 ml RIPA Buffer containing 200 pg/ml protease inhibitors.
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Homogenize spheroid/xenograft with a tissue homogenizer on ice.

Perform three freezing/thawing-cycles in liquid nitrogen and 37°C water bath.

Centrifuge homogenate at 4°C for 20 min (12,000 g) and store supernatants.

Dilute samples 1:20 in assay buffer (200 pl) of the ELISA kit. Measure GFP-levels by a commercial GFP ELISA Kit using biotinylated anti-
GFP antibodies, according to the manufacturer’s protocol.

oD

5. Immunohistochemical Analysis of Blood Vessels and Invading Tumor Cells

1. Fix excised xenografts with CAM area in 4% paraformaldehyde O/N at 4°C.
Place fixed xenografts into embedding cassettes and transfer them into a tissue embedding station with an increasing graded alcohol series
(50%, 70%, 80%, 95% ethanol, xylol and paraffin; each step 60 min).

3. Section xenografts (5 pm) by the use of a benchtop rotary microtome. Bake paraffin sections on glass slides O/N at 56°C.

4. Deparaffinize sections by a decreasing graded alcohol series to double-distilled water (xylol, 95%, 80%, 70%, 50% ethanol, double-distilled
water; each step 10 min).

5. Perform antigen retrieval in a water bath (95°C, 20 min) with an antigen retrieval solution (citrate- buffer; pH 7.0; volume 100 pl).

6. Block endogenous peroxidase activity with 100 pl 3% H,O./methanol for 30 min.

7. Block sections in PBS containing 10% fetal calf serum for 45 min (volume 100 pl).

8. Stain for 1 hr with 100 pl of primary antibody (1pg/ml) diluted in PBS containing 1% fetal calf serum at RT.

9. After washing 3-times in PBS, incubate for 1h with biotinylated secondary antibody (0.1 pug/ml) in PBS containing 1% fetal calf serum at RT.

10. After washing 3-times in PBS perform color reaction by the avidin/biotin-complex (ABC) and the diaminobenzidine (DAB) substrate solution

according to manufacturer’s instructions.
11. 5.11. Stop reaction by transferring sections to double-distilled water, counterstain with hematoxylin and mount sections with a synthetic
mounting medium.

Representative Results

In vitro analysis of target compounds in 3D multiple myeloma spheroid assays

Due to the limitation of culturing primary human MM cells in vitro we established new 3D in vitro culture models for human MM cell lines making
use of an extracellular growth matrix and supportive primary human mesenchymal cells from bone marrow (Figure 1A, B). EGFP transgenic
MM cell lines allow visualization and quantification of MM tumor mass after 3D growth in spheroids. Both MM cell lines OPM-2°°7 and
RPMI-8226°CFF were cultivated for 3 days in the presence of increasing concentrations (1- 100 nM) of bortezomib and tumors were visualized by
the expression of GFP on a stereo fluorescence microscope (Figure 1C). Tumor cell mass was quantified after homogenization of spheroids and
measuring eGFP contents by a GFP-ELISA (Figure 1D).

In vivo analysis of target compounds in multiple myeloma xenografts in chicken embryos

Three day old chicken embryos were cultivated ex ovo for 6 days and at day 9 used for grafting of MM cells (Figure 2A). EGFP transgenic
myeloma cells (OPM-ZeGFP) together with human bone-marrow mesenchymal cells were embedded into collagen type-| as extracellular matrix
component. The target substance bortezomib was applied topically at 1 nMol (Figure 2B). For each animal 4 “onplants” were grafted on the
chorioallantoic membrane (CAM) of chicken embryos. After 5 days, MM xenografts formed tumors that could be visualized by the expression of
eGFP. Compared to controls, bortezomib inhibited growth of MM cells in xenografts. Grafts displayed less green MM tumor cell mass (Figure
2C). Single MM xenografts from three different animals (n=12) were excised, homogenized and thereafter, measured by GFP ELISA. In direct
comparison to controls bortezomib-treated xenografts had a significantly reduced myeloma cell mass (Figure 2D).

In vivo analysis of angiogenic responses and invasion of myeloma xenografts in chicken embryos

Angiogenic responses around onplants can be observed by stereomicroscopy. Vascularization of xenografts was significantly reduced in drug-
treated xenografts (1 nMol Plitidepsin, Figure 3). Angiogenic responses were quantified by counting blood vessels sprouting into onplant as
described for the gelatin sponge assay by Ribatti et al. '

For analysis of invasion, xenografts were excised with the adjacent CAM area. Xenografts were fixed, embedded in paraffin and sections
prepared (Figure 4). Sections were stained with antibodies directed against ASMA/desmin to detect mural cells covering chicken blood vessels
and with antibodies directed against human Ki-67, Vimentin and CD138 to detect proliferating and invading human tumor cells in chicken host
tissue (Figure 4).
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Figure 1. 3D Multiple Myeloma Spheroids. (A) Generation of OPM-2°°"" and RPMI-8226°C7" spheroids with primary human bone-marrow
mesenchymal cells and collagen type-l as extracellular matrix component. (B) Spheroids were incubated with culture medium and respective
concentration of bortezomib (1- 100 nM). (C) MM spheroids were grown for 3 days and photographed by a stereo-fluorescence microscope. Bars
indicate 500 um. (D) Single spheroids were homogenized in lysis buffer and thereafter, measured in a GFP ELISA. GFP concentrations of single
spheroids were calculated (n=5, Mean + SEM). Stars indicate p values <0.05; Co. = control; Bzb = bortezomib. Please click here to view a larger
version of this figure.
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Figure 2. Multiple Myeloma Xenograft Model. (A) On developmental day 9 ex-ovo chicken embryos were used for grafting experiments. (B)
OPM-2°°"" and RPMI-8226°C7 were mixed with primary human bone-marrow mesenchymal cells, collagen type-| as extracellular matrix
component and with 1 nM of bortezomib. After solidification spheroids (n=4) were grafted on the chorioallantoic membrane of chicken

embryos. (C) After 5 days MM grafts in the CAM can be visualized by the expression of eGFP. Xenografts can be photographed daily by a
stereo-fluorescence microscope. Bars indicate 500 pm. (D) Single MM xenografts were excised with subjacent CAM tissue, homogenized in lysis
buffer and measured in a GFP ELISA. GFP concentrations of single tumors were calculated (n=12, Mean + SEM). Stars indicate p values <0.05;
Bzb = bortezomib. Please click here to view a larger version of this figure.
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Figure 3. Analysis of myeloma angiogenesis. MM xenografts (OPM-ZeGFP

) were documented five days after transplantation on the CAM of

chicken embryos. In comparison to control grafts, treatment with plitidepsin (1nMol, n=10) resulted in superficially growing tumors that were less
vascularized by CAM tissue. Blood vessels growing to the onplants (red) were counted as depicted in the graphical model of blood vessel types.

Bars indicate 1 mm. Please click here to view a larger version of this figure.
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Figure 4. Analysis of myeloma cell invasion. Immunohistochemical analysis of MM xenografts (OPM-ZeGFP) with subjacent CAM host tissue
(bortezomib-treated versus controls). Proliferating human MM cells stain positive for Ki-67, CD138 and Vimentin and invade as cell clusters host
tissue. Chicken blood vessels are stained with mural cell markers ASMA (larger vessels and arteries) and desmin (capillaries). Magnification
200x, asterisks indicate blood vessels of the CAM. Please click here to view a larger version of this figure.

The development of new therapeutic agents for refractory MM requires less time consuming and expensive in-vivo systems to evaluate
sensitivity of human MM cells to drugs. Hitherto, only few in-vivo systems are available for the preclinical evaluation of new anti-myeloma
therapies. All of them have their limitations for large scale screening of compound libraries 2

The best current models for human MM cells are highly immune-deficient mice 71330 angd turkey embryos 2 Both the SCID mouse and avian
embryo xenograft models can be used to study the biology of MM and to test novel therapeutic compounds. However, murine systems have
several limitations, including inbred genotype, technically demanding procedures, long observation periods and high costs.

In this study, a novel 3D spheroid and avian xenograft model is presented for studying human MM cell biology that involves the presence

of human mesenchymal stem cells and extracellular matrix as supportive components. MM cells strongly depend on their respective
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microenvironment, i.e. the presence of stroma-derived growth factors, cytokines and ECM components to survive and proliferate
addition, drugs might be inefficient or display altered activity when myeloma cells are protected by their local microenvironment 3134

In comparison to murine models, the described 3D in vitro and in vivo model systems are not expensive, rapid, and easy to handle. In addition,
the transplantation of 3D MM spheroids to chicken embryos allows the analysis of myeloma-induced angiogenesis. A limitation of our system

is the short time of MM cell growth and thus, analysis of metastasis to avian bones is not possible. A further limitation of our models is that we
work with topical application of drugs in the CAM that might not reflect systemic applications and drug turnover/modification by liver enzymes.

In addition, an approximately 50% survival rate until grafting was observed due to ex ovo growth conditions of chicken embryos. Regarding
endothelial markers for IHC analysis, most markers used in human and mouse section to stain endothelial cells are not specific to blood vessels
in chicken. Therefore, we recommend staining for the mural cell markers desmin/ASMA or the injection of lectins into chicken embryos % Not all
available human myeloma cell lines will grow invasively into chicken host tissue and display superficial growth. This will result in destroyed tissue
after cutting sections on the microtome. Moreover, special care (selection antibiotics) should be taken that transfected cells do not lose the GFP
transgene expression within time, due to permanent genetic rearrangements or DNA methylation processes.

In conclusion, our chicken embryo xenograft model of human MM cells with stromal support provides a reproducible and predictable in-vivo
model to study human MM cell growth and angiogenesis. This described MM model may facilitate faster in-vivo screening processes of anti-

MM drugs, helping to reduce development time and costs for novel drugs. With further improving steps, such as bone-replacement material,
complex ECM matrix and cytokines the system might be improved for testing therapeutics also against patient samples. This is a prerequisite for
personalized cancer medicine and testing of drug sensitivity in individual refractory MM patients.
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