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Insight statement

The biological insight is the improved understanding of the role of both the tumor and non-tumor cell components of the tumor
stroma and its importance in allowing in vivo-like responses to drugs. The innovation is the application of microfluidics to
facilitate cis-coculture, or the culture of non-tumor microenvironmental cell components, without enrichment for a specific cell
type, with tumor cells from the same patient, in comparison to monoculture (tumor cells alone). The integration of microfluidics
and the tumor stroma, MicroC?, enables the rapid ex vivo analysis of therapeutic response of MM patient tumor cells to drug.
Using statistical clustering methods, we show here that ex vivo responses of MM patient tumor cells to bortezomib strictly
correlates with clinical response of the same patients to bortezomib-containing therapies.
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Chemosensitivity and resistance assays (CSRAs)aidirect therapy based up@x vivoresponse of
patient tumor cells to chemotherapeutic drugs. Hemesuccessful CSRAs have yet to be developed.
Here, we exposed primary CDI38wltiple myeloma (MM) cells to bortezomib, a clial proteasome

1 inhibitor, in microfluidiccis-coculture (MicroG) incorporating patient's own CD13&imor-companion
mononuclear cells to integrate some of the patiewta tumor microenvironment components in CSRA
design. Statistical clustering techniques segrelghtiEroC® responses into two groups which correctly
identified all seventeen patients as either clihjcaesponsive or non-responsive to bortezomib-
containing therapies. In contrast, when the sartieqgaMM samples were analyzed in the absenceeof th

15 CD138 cells (monoculture), the tumor cell responses rihtl segregate into clinical response clusters.
Thus, MicroC identified bortezomib-therapy MM patient responseking it a viable CSRA candidate
toward enabling personalized therapy.

patients Therefore, there is a need for the development reva
Insight statement s type of CSRAs suitable for clinical use, which atseercomes

he biological insiahtis the i 4 und i fth | some of the above technical difficulties.
20 The biological insightis the improved understanding of the role Multiple myeloma (MM) is the second most common

of both the t.um'or and non-.tumor C.e.” Cqmppnenta;hef tumor hematological malignancy with a median survivabef years -
stroma and its importance in allowimg vivo-like responses to ° With currently available combination therapiesitial
dru.g.s. Thglnnovatlon is the application of microfluidics to s responses to treatment can be as high as 90%. leowgatients
fa_cnlltate _ ciscoculture, or the cuIFure of _ non-tumor inevitably relapse and become increasingly refryctdo
25 mlcrqgnwronmental (_:eII components, without ennelmmfor .a treatment, and the median survival following retagsn be as
specific cell type, with tumor cells from the samatient, in g, o5 6.9 montH91 Currently, there are several drug options
comparlsoh _to monoculture (tumor cellg alone). Trhegratlon. and combinations to treat MM, including proteasantabitors,
of ml.croflwdlcs. and the tumor_stroma, Micrg@nables the rapid s immunomodulatory compounds, steroids, and DNA dangag
ex vivo analysis .of thergpgutlc requnse of MM patientdum agents 213 However, once patients relapse and/or become
w cells to ‘?'”‘9- Using statistical clu§ter|ng methodls show here .. refractory, it becomes difficult to determine whitterapies will
that ex vivoresponses of MM patient tumor cells to bortezomib be most effective, and quite often treatment issendargely on a
strictly colrrelates.vylth chmcgl response of thme patients to trial and error basis. Another confounding factarthe choice of
bortezomib-containing therapies. o therapy is that even the most refractory patients at times
. respond to a different drug combination despiteviptes failed
Introduction attempts. This results in patients being treateth wotentially

55 In vitro assays able to predict therapeutic response &mifgp ~ toxic and ineffective therapy until the “right” dya are selected.
cancer patients would significantly advance effottsvards ~ Thus, there is an unmet medical need for noveligtied tools
guiding treatment decisions and enabling indivitheal therapy. that could guide clinicians to make patient-specifieatment
In the past, these assays have been termed Cheamthe decisions.

Sensitivity and Resistance Assays (CSRAS) Currently, there It is increasingly evident that the non-malignaetis in the
w0 are no CSRAs approved for clinical use for any typeancef™. tumor microenvironment also contribute key funcsiom the
There are also technical limitations, such as toe of a tumor ~ Maintenance and progression of cancer cells as ageltirug
cell yield in some patients, inaccessibility ofrpary tumor cells 7 resistance*. Particularly in the case of MM, there are manly ce
for other assays, which limit the applicability GISRAs to  types in the bone marrow microenvironment, inclgdioone
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marrow stromal cells (BMSCs), macrophages, ostets;laand
other immune cells, which secrete a number of aiffe
cytokines and factors known to regulate differégnaling

Bone marrow aspirate from
MM patient receieved

!

CD138+ MM cells separated
from CD138- using MACS beads
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Tier ex vivo responses into
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Day 2
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i
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5 Figure 1. MicroMC and MicroC 3. (A) A workflow of MicroMC and
MicroC?® is shown. (B) A 4x3 array of microfluidic channeised for both
MicroMC and MicroC is shown.

pathways that may contribute to chemotherapy @sist in MM
10 ¥18 Moreover, cell-cell contacts can provide addigiblayer of
protection toward MM cell$®® In order to incorporate tumor

Culture platforms utilizing microfluidics are gaig
prominence because of their ability to measure lmetiavior and
function at single cell level® 2 allowing valuable information

20t0 be garnered from low starting material whileha same time
enabling more experimental conditions. Particulanith the
advent of newer technologies, such as passive mgnahd
paper-based microfluidics, microfluidic devices @abkecome
more easily adapted for use by biologists, reqgidnly standard
tools found in most biology 1ab¥-*® Tumor cell yield obtained
from MM bone marrow biopsies can widely vary (I#san 10 to
more than 10cells per biopsy sample); samples with low tumor
cell yields may be difficult to analyze with conviemal methods
of coculture (i.e., Transwél). Moreover, extramedullary
myeloma tissue sampling often yields lower amouwftsumor
cells than standard bone marrow biopsy-derived madte
Previously we reported the development of a miaidit culture
platform that enables culturing and functional gsial of low
numbers of suspension cells, such as blood cangwrtcells, in
coculture with other cell types placed in differemmpartments
permitting communication through soluble factora wdiffusion
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w
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w
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Here we report the development of a CSRA basedhen
above microfluidic system using patients’ bone marCD138
malignant plasma cells and CD13&lls referred to here as
MicroC® (micrdfluidic cis-coculture). The unique design feature
of MicroClis that it allows thex vivomeasurement of responses
of primary suspension MM cells to therapeutic drugsthe
presence of paired non-tumor cell types derivednftbe same
patient marrow biopsiesci6-coculture). This design is thus
conceptually and functionally distinct from previoCSRAS in
three ways. First, previous CSRAs employed can&dis dn
isolation, i.e., in monoculture. Second, prior s to coculture
primary tumor cells with other cell types are tyglig performed
in trans-coculture, or coculture of tumor cells and othelf types
isolated from different patient§?%2or stroma-derived cell lines,
e.g., HS-5. Lastly, while many previous CSRAs reeqli
culturing and expansion of the patient tumor cefisvitro;
MicroC® is performedex vivoand is completed within 3 days
(after bone marrow biopsy). The potential utilityMicroC® was
tested by measuring thex vivotoxicity responses of MM tumor
cells in MicroG, versus the comparison group cultured in
microfluidic monoculture (MicroMC) in the absencef o
cocultured non-tumor cell types, to varying dosésa cclinical
proteasome inhibitor, bortezomtB® We then correlated these
ex vivo responses of MM cells to clinical responses ofsého
patients to bortezomib-containing therapies. We wshihat
according Gaussian mixture model clustering, wrabe vivo
patient MM cell responses from 11 of 15 patientsrelated to
respective patient clinical responses in MicroMiiase of 17 of
17 patients matched their respective clinical resps using
MicroC2. Thus, MicroCwas able to identify clinical responses of
all patients exposed to therapies containing borteta.
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microenvironment inin vitro assays, efforts are underway,

including organoid assays and xenograft assaysyusiimary
patient samples, which may take such other non-tuowdl

15 components into consideration for therapy-predéctiassay
development*~24

» Results
MicroMC and MicroC 2 operation and cytotoxicity analysis

The microfluidic microchannel system we had preslg
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reported® was employed in this work to investigate its titilin
the analysis of primary MM patient samples. In shdyy

10

leveraging pressure differences at differently cizelet and
outlet ports, this platform is operated by pasgivmping®’,
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Figure 2. MM cell survival in MicroMC and MicroC 2. (A) Images of Pt. 419, 519, and 522's MM cellshiitthe central well in mono- ands-
coculture at 0, 16, and 40 hours. MM cells werasthwith calcein AM and ethidium homodimer and ged. Insets show magnification of the selected
area. (B) Left graph: Live fractions calculatednfrthe live and dead cells from Figure 2A for botbno- anctis-coculture. Error bars indicate SD from
technical replicate of n=3. Right graph: Live fians calculated for RPMI8226 cell survival withttre microchannelat 0, 16, and 40 hours.
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Table 1. MM patient characteristics and clinical satus.

Patient number| Age  Sex ISSstage HighRisk Albumin(g/L) Beta-2(mg/L) Cytogemetics FISH Bome disease IFE  CDI138+ cell count Previous treatment Status at BMBX % plasma Next treatment
314 68 M od nd nd nd od nd nd nd 1,510,000 VRD Sensitive od VRD (PD)
E: 316 63 F 1 no 43 33 nd H(11:14) yes kappa 1,580,000 RD Refractory 33% VRD (PR)
E 317 73 M m ves 23 8.1 hypodiploid-13  t(11:14) yes lambda 9,300,000 Newly diagnosed 90% VD (PR), ASCT, R, VRD (DOD)
§ 318 51 F m no 38 72 nd -13 o kappa 360,000 Newly diagnosed 10% V(CR)
‘E 323 61 F I ves 27 45 od 53 yes IgG lamda 2,100,000 Newly diagnosed 40% VRD (PR). ASCT, R
g 345 68 M 1 no 38 19 o(11;14)  #(11;14) yes 1gG kappa 1,500,000 RD, VAD, ASCT Sensitive 26% VRD (PR), CyBorD (PR)
i 402 68 M m yes 31 32 13 1(14:16) o TgA lambda 200,000 RD,VD,C,ASCT.M.V.C_M.R  Refractory 10% VRD (PD. DOD)
442 85 F m no 31 65 nd #(11;14) yes IgGlappa 14,000,000 Newly diagnosed 61% CyBorD (SD), RD (PR)
329 65 M i no nd nd hyperdiploid ~ ps3 yes IgAkappa  2.820,000 RD,ACT,RD, VRD,CRD  Relapsed/Refractory ~ 28% RD (PR)
330 58 M od nd nd nd nd nd yes 1gG kappa 600,000 VAD, ASCT Relapsed 50% R(PR)
%: 353 66 M m nd nd 8.6 H(11:17) nd yes IgA kappa $.800.000 VRD, Benda, Pom, V. M Refractory 100% Carf (PD, DOD)
g 398 62 M 1 no 36 38 20 normal nd nd 2,400,000 D, Rad, VRD Relapsed 10%  ASCT, CDA, CarfD (PD, DOD)
§ 419 76 F 1 no 41 29 od nd yes TgAkappa  8.600000 'VRD, ASCT Relapsed 40% RD (PR)
é 431 73 M m ves 4 8.1 13 1(11:14) yes lambda 7,300,000 VRD, C. M, VRD Refractory 80% (PD. DOD)
é 432 53 M i no 33 524 hyperdiploid nd yes 1gG kappa 420,000 'VRD, ASCT Sensitive 12% RD (PR)
g 435 73 M amyloid nd nd nd nd 1(11:14) nd nd 560.000 CyBorD Sensitive 3% RD
446 67 M I o 4 nd d nd yes IgAkappa  13.700.000 RD, V, Carf Relapsed/Refractory ~ 46% C (PR), VRD, ASCT
447 55 M i o 3 48 nd nd yes TgA kappa 660,000 VAD,RD Relapsed 1% ASCT
1SS, international staging system: Beta-2, beta-2 in; FISH, in situ idization; IFE, | BMBX, bone marrow biopsy; A, adriamycin; ASCT, autologous stem cell transplant; Benda, bendamustine; Carf, carfilzomib;
CyBorD, ¢ regimen: C. ¢ ide: D, M, Melphalan: Pom, pomalidomide; Rad, radiation: R, Revlimid; T, thalidomide; V. Velcade; CR. complete response; DOD, died of disease,
PD. progressive disease; PR, partial response; SD. stable disease: nd, no data.

requiring only a micropipet for operation. Suspenscells are  magnified contribution of a specific non-tumor cefbe, such as
seeded through the inlet port of the central wel are allowed 0 BMSCs or macrophages, and to preserve the reletingibution
to settle overnight (Figure 1). Other cell typesdisor coculture  of other non-tumor cell types present in each patigopsy, we
s studies are seeded through the inlet ports of ide chambers.  placed the entire mixture of CD13&:lls in the side chambers of
This system incorporates the following featurescdpacity to be ~ MicroC® assay. The separation of CD13@lls and CD13%ells
performed for virtually all MM patients (i.e., 750€ells per into distinct chambers enabled the unambiguousmétation of
endpoint in the current study), 2) both tumor and-tumor cells ss the drug impacts on MM cells. Thus, while thisagspermits the
incorporated to mimic certain aspects oin vivo analysis of soluble interactions between MM cetild aon-tumor
10 microenvironment, and 3) simple and quick to penfarithout companion cells from each biopsy sample, it doesancount for
the need for extensive growth of the callyitro. potential effects mediated by direct contacts betwsM cells
The entire assay requires 3 days to complete. &n1D after  and non-MM cells.
bone marrow aspiration, CD138imor cells were sorted (within 40 After a 16 hour culturing period (necessary t@iret-99% of
24 hours of aspiration) and cultured in eithesne (MicroMC) cells in central well), the tumor cells were treateith varying
15 Or cis-coculture with the patients’ own CDI13&on-tumor doses of bortezomib, ranging from 0 to 300 nM (gkted final
mononuclear cell fractions (MicréC(Figure 1). In the pastjs- concentrations) for 24 hours (Figure 1) (Days 2 — Bue to the
coculture with a patient’s own tumor and non-turoelts, such as  limited number of tumor cells obtained, some patisamples
BMSCs, could only be accomplished from the indigdbone 4 could not be analyzed for all bortezomib doses.e TD138
marrow aspirate samples by cryopreservation ofMiv tumor cells were then stained with calcein AM and ethidibomodimer
20 cells until BMSCs were established. This was nergslsecause  to stain for live and dead cells, respectively,was have done
MM tumor cells are only viable for about 3 to 10ysl@x vivg previously®’. Live and dead cells were counted using an ImageJ
while BMSCs take about 2 weeks to estabffs?i However, we  based in house software program (J'experim&nt)ive fractions
discovered that cryopreservation of MM tumor cedisulted in a s for each dose were calculated and normalized toOth#ose
great loss of viability of patient cells, with anemage of ~25% of  bortezomib controls for both MicroMC and MicraC Initial
25 cells being viable after thaw (Table S1), potehtiakewing the  analysis of the viability of primary MM cells obted from
results gained subsequently. Therefore, cryopraten of MM several biopsies within the contexts of MicroMC aMitroC®
tumor cells was avoided in the current study arldpatient measured at the times corresponding to seeding,(@dy 1),
samples were analyzed fresh. To minimize an adlfy ss prior to drug treatment (16 hr, Day 2), and afteugdtreatment

This journal is © The Royal Society of Chemistry [year] [Integrative Biology], [year], [vol], 00-00 | 4
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Figure 3. Ex vivo responses of patient MM tumor cells to bortezomib(A) Ex vivoresponses patients’ MM cells in MicroMC to bortedorare shown

(B) Ex vivoresponses of patients’ MM cells in Micr® to bortezomibare shown. C) Box plots showing patient MM tumdiisteex vivoresponses to
s bortezomib compared between MicroMC (MC, showneid)rand Micro€ (shown in blue) (axis). The live fraction change is compared betwiberD

dose and 100 nM dose of bortezomibaggs). Open symbols denote clinically responsiviepés to bortezom-containin¢ therapies whereas solid

symbols indicate clinically noresponsive patients. CC clusters 1 and 2 of pzex vivoresponses in MicroQo bortezomib are shown as tweparate
box plots (blue).

10 (40 hr, Day 3) in the absence of drug treatmengufe 2A)
indicated that the viability oMM cells at different time point
was comparable among patients (Figure 2B) andabdha MM
cell line, RPMI8226 (Figure 2C). To maximize the yielfidrug The % fractions of surviving MM cellsin response to
response trend of MM cells from individual patieamples, wi  increasing doses of bortezomib MicroMC and MicroC for

1schose to perform dosesponse analysis instead of techn  Patient samples analyzed are shown in Figures 3é Br
replicates at an arbitrary dose. Some techniqalicates were 0 respectively. The patient characteristics are presented in Thb
performed only when the MM cell yield was sufficient fanch To understand the relationship between effectivecentration:
studies (Figures S2 and S3). of bortezomib over time in the micramhnelsand those reported

Distribution and statistical clustering analysis of ex vivo
patient MM cell responses

This journal is © The Royal Society of Chemistry [year] [Integrative Biology], [year], [vol], 00-00 | 5
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in patients®®3’ we incubated 100 nM bortezomib for different become refractory®. For patients whose bone marrow aspirates
times and measured the ability of remaining bomgboin the ¢ were collected prior to therapy, their clinical peases were
media to inhibit the proteasome activity presentRiAMI8226 determined by response to their next bortezomikanimg
MM cells by performing the Proteasome-Glo Assaye(se therapy. For patients whose samples were collqubstl therapy,
Materials and Methods section). From these valuss, their clinical responses were determined by curstatus at the
extrapolated the relative concentrations of bor@bopresent in  time of biopsy. All samples were collected and yred ex vivo
microchannels over time and found approximatelywDat 12 hrs s without the prior knowledge of patients’ clinicalistory to
and later. The calculated area under the curg)pamount of  eliminate operator bias. The clinician determiniagponses was
bortezomib for the 100 nM dose incubated over 24rfidn also blinded of thex vivoresponse data.
microchannels was 112.92 ng*h/mL (Figure S1). Thasma Remarkably, the MicroCclusters separated bymeans and
concentration of bortezomib peaks between 50 to r2@0and Gaussian mixture clustering into non-sensitive seksitive were
drops off sharply when administered intraveneowslya slightly 7 correctly identified as either clinically non-respive or
slower following subcutaneously injectidh®’. Nevertheless, the responsive, regardless of whether the aspirateas@sired prior
AUC was reported to be comparable between the twoto or post bortezomib-containing therapy (Figure 8@ht plots,
administrative routes being ~70 to 150 ng*h/mL.u3hour data  Table S3). In contrast, only 12/15 (7/8 non-sewsitand 5/7
suggested that the addition of 100 nM bortezomib insensitive) of MicroMC responses (Figure S5) matchbd
microchannels exposed MM cells with AUC profiless patients' respective clinical responses (Table 1&8ed onk-
approximating those seen in patient plasma. means clustering. The two patients (Pt. 323 anz) 4vhose
Subsequently, the percent changes in live fraafddM cells samples were not included in the MicroMC group wbreh
from the 0 nM to 100 nM dose of bortezomib in MG and newly diagnosed and were clinically responsive and
MicroC® for all patients were calculated. Figure S2 shafes nonresponsive, respectively. According to Gaussmixture
results with technical variations wherever avagal®atients 323 so clustering, 11/15 (6/8 non-sensitive and 5/7 samitMicroMC
and 442 were omitted from MicroMC group since théM cells responses matched their respective clinical regm(iEable S3).
did not survive in MicroMC; however, they were inded in Similar results were obtained when the clusterirgghmds were
MicroC® analysis as their MM cells survived in MicraGVhen applied to the changes in live fraction from 0 t0 B8M of
these results were plotted in box plots, Micto@sponses bortezomib treatment. MicrdC identified 16/16 ex vivo
appeared to segregate into two groups, while resgmomithin s responses, while MicroMC identified 12/15 at thissd of
MicroMC did not (Figure 3C, left two plots). To rfaer bortezomib (Table S3, bottom panel). Thus, patie@R138"
investigate the existence of different clusters MM cell MM cells in MicroC appear to more uniformly cluster into
responses in microchannels, both the AIC (Akaikiorimation sensitive or non-sensitive according to the padlemtinical
Criterion) and BIC (Bayesian Information Criterionyere responses compared to the same cells analyzed walthmaut the
calculated for unimodal, bimodal, and trimodal disitions for < influence of CD138tumor-companion cell population.
both MicroMC and Micro& For MicroG, a bimodal distribution One anomalous patient, Pt 402, was removed framatove
of the response data was favored by the AIC as agethe BIC ~ analyses. Pt 402’s CD138ells showed increased survival in the
over unimodal and trimodal distributions (Table S8)contrast,  presence of bortezomibx vivoin MicroC® (but reduction in
none of these distributions was favored by AIC dC Bor MicroMC) (Figure S5) and this patient's clinicalspense was
MicroMC responses. 95 non-responsive. However, when included in the -ehisg
As both the AIC and BIC values indicated that endal analyses, trimodal distributions were favored wita Pt 402'sx
distribution was favored for MicroC k-means and Gaussian vivo response being classified as a third cluster €r&l). Thus,
mixture clustering methods were applied to segeelytitroC ex while his ex vivo response in Micro€ (but not in MicroMC)
vivo responses. Th&means and Gaussian mixture clustering matched his clinical response, Pt 402 was remose datistical
analyses segregated EX vivoresponses in Micralinto two 100 anomaly. Peculiarly, Pt 402 was the only patierthvai t(14;16)
clusters: 1 — non-sensitive (10 cases), 2 — seas{f cases) translocation affecting c-Maf oncogene with a veppor
(Table S3). The separation of the two resultingtelts (p < 10) prognosis that occurs in ~5% of MM patiefits'
(Figure 3C, right two plots) was further in linetwithe Otsu

threshold independently derived for the same daigu(e S2). MicroC? ex vivo responses and patient clinical responses t

105 future bortezomib-containing therapy

Correlation of ex vivo MM ceI_I drug responses to ¢hical Pt's 317, 318, and 323 were newly diagnosed piatiend their
responses of corresponding patients o L o
tumor cell responses were classified as sensiiw@ttezomib in
Theex vivoresponses within MicroMC and Micr@ere next ~ MicroC® assay (Figure 3). These patients then went on
compared with the clinical responses of the saniemta. The  bortezomib-containing regimens without the clinicg prior
top half of Table 1 lists patients whose bone martbopsies 1.0 knowledge of theex vivo responses (Table 1, bottom half).
were collected prioto bortezomib-containing therapy; while the Clinically, Pt. 317 and 323 had a partial resporsse] Pt. 318
bottom half lists patients whose bone marrow aggsraollected  showed a complete response to bortezomib-contangigignens.
post bortezomib-containing therapy. According to IMWG Similarly, Pt. 316 was classified as refractorytteatment with
criteria, patients were deemed to be responsivihdaff had a lenalidomide and dexamethasone at the time of ithyes (Table
partial response (PR) or greater and refractonyanr-responsive 115 1) but the patient's tumor cell response to bortezdn MicroC®
if they had stable disease, progressive diseatapserl and/or assay at biopsy was classified as sensitive (Figur€his patient

6 | Integrative Biology, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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then went on a bortezomib-containing therapy amdl dgartial
response. In contrast, Pt. 442 was a newly diaghgsgient

development of cells-, tissues-, and organs-onsctip® as well
as the patterning of different cell types and nflaidic

whose tumor cells were classified as bortezomibsemsitive in 0 Campenot chamber®52** MicroC® is the first reported assay
MicroC® assay (Figure 3). This patient then went on asystem in which suspension cancer cells in coaaltwith

s bortezomib-containing regimen, again without thénician’'s
prior knowledge of theex vivo data, and did not respond
clinically. Therefore, these patients’ CD138ell response to

different cell types from the same patient are el together.
While all other previous CSRAs categorized patiento high
and low response groups, we incorporated clusteriathods to

bortezomib in the Micro€system correlated with the patients'ss segregatex vivopatient responses in MicrdC Separate clusters

future clinical response to bortezomib-containingrapy.
10

Discussion

segregated by these statistical methods have sifaligs
identified all 7 and 10 patients who were clinigatesponsive
and non-responsive, respectively, to bortezomiktainmg

therapy. In contrast, MicroMC responses did nostdr as above

70 despite a large percentage of informative case$l$1173%,

A predictive CSRA that enables stratification atipnts prior
to specific therapy would allow patients to avoitkeffective
therapies as well as unnecessary cost associatdd swich

15 therapies. In the present study, we have devel@medtested
MicroC®, a microfluidics-basedcis-coculture CSRA, which
incorporates several new features intcearvivopredictive assay
platform while being accessible to researchers auitithe need
for highly sophisticated technical capabilitiesirsg both tumor

20 and non-tumor cells from the same patients arerpwsated to
capture tumor and non-tumor cell heterogeneity ndividual
patient samples. Second, the Micta@alyzes only thousands of
CD138 cells per condition, thereby making it applicatite
virtually all MM patients. And finally, the Microt assay

25 operation is simple and takes only three days fthensample
acquisition to the analysis of the cell responsegating the need .
for extended culturing and passaging of the patetis, which
could alter their phenotypes. Significantly, Micrb©SRA

75 accuracy

segregateéx vivopatient tumor cell responses to bortezomib into

o two clusters, which correctly identified patientglinical
responses to bortezomib-containing therapies.

Our previous and others’ studies suggested th#t bon-
tumor cells, such as BMSCs and macrophages, and délig
from individual patients display considerable hetemneity in

s signaling responses and functith$'®15 To incorporate both
tumor and non-tumor cell heterogeneity in the desifjin vitro
toxicity assay, we avoided artificial enrichmentaogpecific cell
population, such as BMSCs or macrophages, and iatsbdias
of functional contributions via soluble factors duoed by

« thent®*2 Bortezomib can also exert effects on non-tunesc
within the MM tumor microenvironment, in additioo direct )
effects on MM cells'*%434 Thus, incorporation of total
CD138 cell population in Micro€ likely enabled ex vivo
recapitulation of key aspects of tumor microenvinemt 14458

4s distinguishing it from traditional monoculture dgss used in
previous CSRAS™

Another critical feature of MicroOs the microscale amalysis10
of patient MM cell toxicity. The low fluid volumegnay
concentrate important soluble factors produceddi the tumor

so and non-tumor companion cells which may otherwiseliuted
in conventional culture conditions (e.g., Transwellltures).

80

90 treatment

according to Gaussian mixture modeling) matchinfiadl
responses. When the two failed cases were incjudedoMC
results (11/17, 65%) were still comparable or bettan other
CSRAs tested for other cancer types that have gaine30-60%
15656 Thus, while MicroMC may also be useful,
MicroC? particularly merits further evaluation as a potaihti
useful CSRA for predicting clinical MM disease respes.

While these responses of MM cells to bortezomilMioroC®
are encouraging, its applicability as a CSRA respiifurther
studies and improvements. First, a prospectiveical study
with appropriate statistical power is needed toedeine the
extent of predictability of the MicroCassay for future clinical
bortezomib responses. We chose to focus init@ilyportezomib
because it is one of the most commonly used dragMMm
s therapy combinations; it is used to treat both gedibgnosed
and relapsed/refractory MM patiefits’*® Owing to the clinical
success of bortezomib, other proteasome inhibitarge been
approved (carfilzomib) or are in development (oprib,
ixazomib¥®®® In addition, bortezomib is also approved for the
of another blood cancer, mantle  cell
lymphom&®.Second, studies are required to test if MicroGuld
also be useful for other, as well as combinatiofygh®rapeutic
agents, such as lenalidomide and pomalidomide
(immunomodulatory drugs, IMIDs). Although IMiDs V& been

o5 suggested to exert their effects through modulatainthe

immune cells, a recent study suggested a mechafiseil death
induced by these drugs through Cereblon-mediatepadation
of Ikaros proteins®*®%  Third, MicroC currently does not
incorporate drug resistance of MM cells mediatecabllgesion to

oo the ECM or with certain non-tumor cells, such as 884 and

macrophages®®’ and modifications to accommodate such a
mechanism may lead to an improved CSRA platform. To
accommodate this change in the future, one couttplgi add
matrix or tumor and non-tumor cells together in teatral well.
Fourth, an additional study could test if Micrbi€ also amenable
to analysis of extramedullary myeloma that is afddtrated by
non-tumor cells, such as macrophad&susing patients' blood
samples. Fifth, the MicroGassay should also be tested with other
hematological malignancied, particularly those that support

a

1o sampling of both tumor cell and non-tumor cells.inafy,

-
o

Other studies have also suggested that these &ed ioherent
properties of microfluidic culture, including laak convection
and transport by diffusion, lead to an improvedudation of the
ss tumor microenvironment®#%%®  Though the inclusion of the
tumor microenvironment components in microscaleayssis
becoming increasingly popular - and powerful - tigo the

MicroC® can be configured into a high throughput formathwi
alternative device materials (such as polystyrem@hotic
automation to minimize operator bias, and improgseduracy of
sample handling and data acquisition. While otb#orts are

us also underway by employing mono- and cocultureesyst(e.g.,

This journal is © The Royal Society of Chemistry [year]
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ex vivo3-D RCCSM bioreactor)??, in vivo xenograft models

(e.g., humanized mouse model&}®®"° and patient-derived

xenograft (PDX) models® to capture aspects of the patients'

tumor microenvironment, further improvements in t#eroC?
platform could provide a readily accessible, aut@taand high-
throughput CSRA for hematological malignancies.

Materials and Methods
Microchannel fabrication and preparation

Single-use devices comprised of 12 or 24 cellucalthambers
were fabricated using soft lithography using twostea molds
established previousl{?’® Polydimethylsiloxane (PDMS) was
mixed at a 10:1 base:curing agent ratio, pouredhenmaster
molds, and cured at 80°C for 4 hrs. Two separat™®ayers
were made, one for the channel layers containiagémtral well,
side chambers, diffusion ports, and inlet and owt@nnels, and
one for the access port layer. The two PDMS layesse then
soxhlet extracted and plasma treated to bond tass glide. The
final device was then baked at 120°C for 15 miintwease bond
strength and release any bubbles.

Before cell culture, the chambers on the deviceeViided first
with 70% ethanol as a wetting agent as well asimfdictant. The
ethanol was rinsed with 3 volume replacements (V&sLX
phosphate-buffered saline (PBS). The 1X PBS was teplaced
with 3 VRs of the appropriate cell culture mediurhe final such
prepared device could be stored up to 3 weeks 7
incubator when encased with appropriate humidifyang sterile
conditions. When stored longer than 24 hours, theglianwas
replaced with 1 VR of fresh media prior to cell diag.

Cell line culture and preparation

RPMI8226 (human MM cell line) was obtained from @C.

60

6

a

70

7

a

80

RPMI8226 cells (1.0 to 1.5 x 1@ells/mL seeding density) wereq,

routinely cultured at 37°C with 5% GOin high-glucose
Dulbecco’s modified eagle’s medium (DMEM) contaigiti0%
fetal bovine serum (FBS), 100U/mL penicillin, 100/

streptomycin (1% P/S), and 10mM  hydroxyethyl

piperazineethanesulfonic acid (HEPES) in tissuducedtreated
flasks. Cells were passaged every 2 to 3 days.ekperiments
conducted in microchambers, RPMI8226 cells weréectdd and

95

defined as patient having progressed on or withity glays of
treatment. Relapsed and/or refractory patients vdefined as
non-responsive patients for the purpose of thisayas§he
researcher assessing clinical statuses of thenpatieas blinded

to assay results and separate from the staff peirfigrthe assay.
The ex vivodata and the clinical statuses were only compared
after the assay was completed.

Aspirate volumes were doubled with Iscove’'s Maaiifi
Dulbecco’s Medium (IMDM) + 100 units/mL heparin ¢®&ia-
Aldrich). They were doubled again with IMDM + 10 itedmL
DNAsel (Roche). After rocking at room temperatu 30
minutes, 2 volumes of cell mixture were put ovevalume of
lymphocyte separation medium (Cellgro) and cergefii for 35
minutes at 200g. The interface and 2-3mLs of tHéy/lmoat layer
were taken, and rinsed with PBS + 2mM
ethylenediaminetetraacetic acid (EDTA). At this mipithe total
mononuclear cells were either sorted or cryopreskrwith
cryopreservation medium (90% FBS, 10% DMSO). CD138
magnetic MACS® beads (Miltenyi Biotec) were used to
positively sort for multiple myeloma cells per thmanufacturer’s
instructions to >95% purity as determined by flsmence-
activated cell sorting (FACS). For sorting withyapreserved
samples, the sample was quickly thawed at 37°Qspended in
10 mL of DMEM and 20% FBS and pelleted to remove 3
The sample was then incubated in high glucose DMEM
containing 20% FBS and 1% P/S and 10mM L-glutamisiti
the addition of DNAsel for 1 hour with agitationmpximately
every 15 min to break up cell clumps. The sortingtgcol was
then followed as above with the CDI3@ACS beads.

For microchannel experiments, CDI38cells were
resuspended in high glucose DMEM containing 20% FBS
1% P/S and 10mM L-glutamine at a density of 1.540 and
5uL were seeded into the inlet port of each cemtedl for a total
of 7500 cells. For coculture experiments, CD188lls were
resuspended at a density of 4%&6lls/mL in the same media as
the CD138 cells and 2uL were seeded into the inlet portamhe
side channel for a total of 8000 cells on each .sifger an
overnight culture, fresh media containing varyirgneentrations
of drug were added to the input port, resultingeiposures of
both MM cells and non-MM cells in the side chambatsthe
final concentrations needed. If the number ofscelermitted,
duplicates of drug dose conditions were performadtures were

resuspended at 1.0X€ells/mL of fresh growth media. A total of treated with the drug for 24 hrs after which livedadead cells

5uL of the concentrated cell suspension was digeehg passive
pumping into each microchamber.

Primary patient cell culture and preparation

Bone marrow aspirates (5-10ml each) were obtaiwéd
informed consent from patients diagnosed with mpldtmyeloma

100

were stained, respectively, as described below.

Reagents

Bortezomib (PS-341 or Velcade) was obtained as6anid
clinical saline solution from Millenium Pharmaceatis and
stored at -80°C in separate aliquots. The drug thasved 5

at the University of Wisconsin-Madison Hospital dncordance 1s minutes before each treatment, serially dilutedtite desired

with University of Wisconsin-Madison InstitutionaReview
Board requirements (HOO0-7403 protocol). Clinicaltss of the
patients was determined by International Myeloma rkivigy

concentrations in media warmed to 37°C, and digmbriato
microchambers in 3 sequential VRs followed by agfwn of the
outlet port to reach desired final concentration&/E/DEAD

Group (IMWG) criteria®®. ‘Sensitive or Responsive’ is defined as Viability/Cytotoxicity Assay Kit from Invitrogen wa used to
patient achieving at least a partial remissionasp. ‘Relapsed’ 110 detect live and dead cells in microchambers. Batltein AM
is defined as patient having €.5g/dl increase in monoclonal (green) and ethidium homodimer (red) were used abeking
protein or >200mg in 24 hours in urine light chaiafier concentration of gM.

obtaining at least a partial remission. ‘Refragtor Resistant’ is

8 | Integrative Biology, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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Proteasome Activity Assay by minimizing the within-cluster variance while niamzing the
between-cluster varianc€lustering of theex vivoresponse data
was carried out using the Statistics Toolbox of Ikat
(MathWorks, Nattick, MA). The degree of dimensiatyali.e.,

e the numbers of clusters) was determined by a) maiim the
mean Silhouette index of th&means clusters and by b)
minimizing the Akaike and Bayesian information erion (AIC
and BIC, respectively) of the Gaussian mixture nhode

Chymotryptic proteasomal activity was measurechgishe
Proteasome-Glo Assay (Promega, Inc). RPMI8226 MMs ce
(5,000 per well), were plated in a white-walled 38dll tissue
culture dish, allowed to rest for a minimum of 3uhg and
treated with increasing doses of bortezomib for Ifutes
before addition of the luminescent reagent as titedy the
manufacturer in order to establish a standard caofvehibition
of the proteasome by differing concentrations oftémomib.
10 Luminescence was read on a Perkin-Elmer ENSPIREe pla Acknowledgements

reader. Relative light units for the no drug cohtwere ¢ Funding: NIH RO1 CA155192 (SM, DJB, NSC), MMRF Senior
designated 100% proteasome activity, and the mafticelative Award (SM, NSC), T32 GM008688 (CP), T32 CA00913%)C
light units for each dose of bortezomib over contvas used to  p30 CA014520 (SM, DJB, NSC, SS, KK) and Trilliumni@u
determine the percentage decrease in chymotryptieity. In (SM, NSC, DJB, CP)Author contributions : CP, NSC, EWKY,
s order to extrapolate the bortezomib concentratimer otime DJB, and SM designed research. CP, EWKY, and K@gpeed
within MicroC® channels, 100 nM bortezomib in media was, research. NSC contributed patient samples and cabreiagents.
added to Micro€at different timepoints from 0 hr to 24 hrs. The BT, SS, and KK performed statistical analyses. Gl 8T
media was then extracted after those timepointsusied to treat  gnalyzed data and generated figures. CP, BT andvBie and
the RPMIB226 cells at a 10-fold dilution for 105mufes. The  NSC, EWKY, SS, KK, FA and DJB edited the paper. &hthors
20 same protocol as above was followed in order tceerddhe would also like to thank Theodore de Groot for hdlp
percent inhibition of the proteasome. This perdehtbition of . giscussions and design assistance. We also thhttiegpatients
the proteasome was used to extrapolate an appreximalar  who have donated their bone marrow samples to thdys
concentration of bortezomib. After conversion of timolar  competing interests DJB. has ownership interest in Bellbrook

concentration of bortezomib to ng/mL, the approXema | aporatories LLC, Tasso, Inc, and Salus Discovely. CP has

&

to calculate an AUC (ng x time in hrs/mL). so authors declare no competing financial interest®, EWKY,
NSC, SM, and DJB are inventors of a patent curyepéinding
Immunofluorescence image analysis for MicroC®.

Cells were stained with LIVE/DEAD for 10 min, améished
30 with one VR of fresh media. All fluorescent imageere taken
with a Nikon Eclipse Ti inverted fluorescent mictope coupled ~ With a collaboration that crossed multiple discips, including
to a Nikon DS-QilMc CCD camera (Nikon Instruments.) s biomedical engineering, cellular biology, mediciaed statistics,
Melville, NY, USA) at a magnification of 4x. Imagmalysis was we developed a microfluidiccis-coculture assay, MicroC
performed in ImageJ with custom in-house algorithersd capable of testing the chemosensitivity and chesistiance of
ss database management to count live and dead celigédiment)  patient tumor cells in coculture with their own rmor
3t companion cells. When thex vivoresponses of MM patients to
9 bortezomib were compared between Mictadd monoculture,
we found two groups of responses in Micfohich correctly
identified all seventeen patients as either clihjc@sponsive or
Monocultured live fraction responses to bortezormiiere non-responsive to bortezomib-containing therapieshile
40 normalized to the monoculture 0 doses-cocultured live fraction  responses in monoculture could not be unambiguolmy
responses to bortezomib were normalized to theloew) dose. s grouped. Our results suggest that Micte@ay have the potential
The changes in live fractions as a response ta\8@md 100 nM to predict the therapeutic responses of MM patiemtsortezomib
doses of bortezomib were calculated. The mean,datdn and other MM drugs. Furthermore, this system mayamly be
deviation, median, interquartile range (IQR), an@uCthreshold  useful for the study of MM disease but other haelogical
s were calculated for both monoculture amis-coculture malignancies as well.
responses in Matlab (MathWorks, Nattick, MA) ancapred

using Origin (OriginLab, Northampton, MA). 100 Notes and references

Conclusions

Statistical Analysis

Molecular Pharmacology Graduate PrografBepartment of Oncology,

Clustering analysis of ex vivo data ®Department of Medicine, Section of Hematology/Qugyl*University
) ] ] ) ) of Wisconsin Carbone Cancer CenteéiDepartment of Biomedical
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