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Abstract

Mesenchymal stem cells (MSCs) are useful in tissue repair, but also possess immunomodulatory
properties. Murine and uncontrolled human trials suggest efficacy of MSCs in treating lupus.
Autologous cells are preferable, however, recent studies suggest that lupus derived MSCs lack
efficacy in treating disease. Thus, the optimum derivation of MSCs for use in lupus is unknown. It
is also unknown which in vitro assays of MSC function predict in vivo efficacy. The objectives for
this study were to provide insight into the optimum source of MSCs and to identify in vitro assays
that predict in vivo efficacy. We derived MSCs from four umbilical cords (UC), four healthy bone
marrows (HBM) and four lupus bone marrows (LBM). In diseased MRL/Ipr mice, MSCs from
HBM and UC significantly decreased renal disease, while LBM-MSCs only delayed disease.
Current in vitro assays did not differentiate efficacy of the different MSCs. Inhibition of B cell
proliferation did differentiate based on efficacy. Our results suggest that autologous MSCs from
lupus patients are not effective in treating disease. Furthermore, standard in vitro assays for MSC
licensing are not predictive of in vivo efficacy, while inhibiting B cell proliferation appears to
differentiate effective from ineffective MSCs.
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Introduction

Mesenchymal stem cells (MSCs) are multi-potent progenitor cells readily isolated from a
variety of tissues including bone marrow, umbilical cords, adipose tissue, and dental pulp.
Upon stimulation, MSCs can undergo differentiation into many cell types including, but not
limited to, chondrocytes, osteoblasts, and adipocytes. Their differentiation capacity
contributes to their well-studied biological niche in wound healing, as they home to sites of
injury and initiate tissue repair and regeneration. Recent recognition of the
immunoregulatory functions of MSCs led to exploration of new therapeutic functions for
MSCs.

MSCs modulate the immune system by exerting regulatory effects on various immune cells
such as T and B lymphocytes, natural killer cells, and dendritic cells (1-4). Many factors
contribute to MSCs capacity to impact a wide array of immune cells. The abilities of MSCs
to secrete anti-inflammatory cytokines, expand regulatory T cells and down-regulate co-
stimulatory molecules on antigen presenting cells are well-established (4-7). The expansive
immunomodulatory properties of MSCs make them an attractive candidate for the cellular
therapy of autoimmune diseases. To date, MSC therapy has shown positive results and
relative safety in uncontrolled trials of human immune diseases, including systemic lupus
erythematosus (SLE) (8).

SLE is an autoimmune disease characterized by autoantibody production and subsequent
immune complex formation leading to chronic inflammation and end organ damage.
Although the etiology of SLE remains unclear, numerous studies suggest that aberrant
immune activation, due to ineffective immune regulation, contributes to the development of
disease (9, 10). Current treatment options for SLE have broad immune impacts and often
interfere with critical immune functions. As such, many patients experience significant side
effects, primarily infections, that may rival the manifestations of disease itself in severity
(11, 12). Thus, new treatment options, such as MSC therapy, may provide a novel treatment
option where benefits surpass risks.

Although results have varied depending on the source of origin, preclinical and clinical
studies alike show promise in the use of MSC for the treatment of SLE. We previously
showed allogeneic transplant of bone marrow derived MSCs from C57BL/6 and syngeneic
transplant of MSCs from young lupus prone mice improved established disease in MRL/Ipr
and NZB/NZW(F1) lupus prone mice however, no impact on disease was seen with MSC
transplants derived from older, diseased lupus prone mice (13). These results are consistent
with prior work where bone marrow derived MSCs from B6 mice transplanted into lupus
prone MRL/Ipr mice ameliorated disease (14-16). Conversely, other groups found
syngeneic transplant of bone marrow derived MSCs in (NZB/NZW)F1 mice did not impact
disease outcome (17, 18). Positive effects on disease were also seen when MSCs derived
from healthy human bone marrow, umbilical cord and adipose tissue were infused into
MRL/Ipr mice (16, 19, 20). Moreover, uncontrolled human lupus trials suggest improvement
in organ dysfunction in standard of care resistant SLE patients treated with allogeneic MSC
derived from bone marrow or umbilical cords. However, more limited use of autologous
bone marrow derived MSCs did not elicit such improvement (21-23). In addition to these

J Immunol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Collins et al.

Page 3

limited in vivo studies, in vitro examination of lupus patient derived MSCs suggest defective
MSC differentiation and early signs of cellular senescence (14, 22). Together, these results
show variance in the disease modulating capacity of MSCs based on their source of origin,
with questions remaining regarding the most beneficial source to be used for treatment of
SLE.

In any cellular therapy in humans, use of autologous cells is preferred to allogeneic cells,
matched or unmatched for immune markers, to prevent allogeneic responses. The aim in this
study was to compare the in vivo and in vitro immunoregulatory capacity of lupus patient
derived MSCs to MSCs from healthy control bone marrow or umbilical cords to determine
the differential efficacy of human MSCs based on their source of origin. We also determined
if current in vitro assays used for “licensing” MSC lots for human use are predictive of
efficacy in vivo. Finally, we used in vitro assays, which were more lupus specific, to predict
in vivo disease modulating capacity.

Materials and Methods

Mice

MRL/lpr mice were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were
maintained in the specific-pathogen-free animal facility of the Ralph H. Johnson Veterans
Affairs Medical Center, and the Institutional Animal Care and Use Committee approved all
animal procedures. When the mice developed 30mg/dl proteinuria (Chemstrip 7), the 15-17-
week-old MRL/Ipr mice were randomized into groups as follows: (i) UC-MSC
transplantation group (n=8), (ii) HBM-MSC transplantation group (n=8), (iii) LBM-MSC
transplantation group (n=16), or (iv) phosphate-buffered saline (PBS) injection group (n=8).
3 UC-MSC lines were injected into 2-3 mice, 3 HBM-MSC lines were injected into 2-3
mice, and 3 LBM-MSC lines were injected into 5-6 mice. A total of 1x108 cells/mouse
were administered intravenously at a single time and all mice were sacrificed at 8 weeks
after treatment. Mice were euthanized if they demonstrated signs of distress such as lack of
grooming, eating or drinking, weight loss of >15%, and proteinuria >500mg/dI. At any of
these endpoints we euthanized the mice and collected organs for processing.

Isolation and culture of human MSC

The use of human UC-MSC and BM-MSC was approved by the IRB of the Medical
University of South Carolina (MUSC) and all donors were given informed consent. The
MSC were isolated and cultured as previously described with slight modification (3, 24).
Briefly, human UC-MSC harvested from the Wharton’s Jelly in umbilical cords of healthy
babies born by C section at the MUSC hospital were expanded in Alpha-MEM (Gibco)
supplemented with 10% human platelet lysate (Emory University), 2 mM L-glutamine
(Lonza BioWhittaker), and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin;
Lonza BioWhittaker), and placed in a humidified cell culture incubator containing 5% CO,
at 37°. Non-adherent cells were removed by changing medium every 3 days after the initial
plating. After 7 days of incubation, when UC-MSC colonies took up at least 60-80% of the
total surface area, the cells were subcultured.
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Both healthy and lupus patient bone marrow mononuclear cells were collected from bone
marrow aspirates, separated by gradient centrifugation and seeded at a density of 1x108
cells/cm? in the same media used for UC-MSC. After 3 days of culture, non-adherent cells
were removed and the medium was changed twice weekly thereafter. Once 60-80%
confluence was reached, adherent cells were re-plated at a density of 10* cells/cm? in
medium for expansion. Human BM-MSCs were derived from fresh whole bone marrow of
healthy donors (ALLCELLS) and 4 lupus patients. Lupus patients consisted of 3 female and
1 male African Americans between the ages of 28 to 41. Two patients had active disease
with Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) scores >6. 2 patients
had inactive disease with a SLEDAI score <2. All patients were on prednisone with a dose
<5mg and either on azathioprine or mycophenylate mofetil.

After three passages, the cells were harvested. MSC were identified according to the criteria
of International Society for Cellular Therapy (25). Briefly, flow cytometric analysis
confirmed the cells expressed CD44, CD90, CD105, but not CD31, CD45, HLA-DR. The
capacity of MSC to differentiate along adipogenic and osteogenic lineages was evaluated as
described previously (26). Cells of passage 3—6 were used in the experiments. Initial MSC
characterization confirmed the purity of each cell line. However, MSC purity in cultures
post cryopreservation and prior to use, was determined by an additional flow confirmation
of MSC specific markers and absence of non-MSC markers. In all experiments, analyses
indicated >95% purity.

Urine albumin excretion

All mice were placed in metabolic cages for 24-h urine collection before treatment and
every 2 weeks after treatment. Urinary albumin excretion was determined by enzyme-linked
immunosorbent assay (ELISA) using a standard curve of known concentrations of mouse
albumin (Bethyl Laboratories) as previously described [26]. Results are expressed as
milligrams of albumin per mouse per day.

Measurement of serum anti-double-stranded DNA (anti-dsDNA) antibody levels

Serum was collected from each mouse before treatment and every two weeks after
treatment. Anti-dsDNA antibody levels were measured by ELISA as previously described
[27, 28]. Briefly, 96-well ELISA plates were coated with 5ug/ml double-stranded calf
thymus DNA (Sigma-Aldrich) in sodium salt citrate buffer at 37°C overnight. After
washing, sera were added in serial dilutions starting at 1/100. Horseradish peroxidase-
conjugated goat anti-mouse immunoglobulin G (1gG) (y-chain specific; Sigma-Aldrich) was
added, followed by 3,3’, 5,5’-tetramethylbenzidine (Sigma-Aldrich) for color development.
Optical density (OD) at Ag50 was measured by a microtiter plate reader (Multiskan Ascent,
Thermo Electron Corporation).

Evaluation of IgG and C3 deposition in glomeruli

At the time of sacrifice, one kidney was snap frozen in liquid nitrogen and placed in OCT
medium (Tissue-Tek). 4-mm thick frozen sections were stained with fluorescein-conjugated
anti-mouse 1gG (MP Biomedical) or anti-mouse C3 (MP Biomedical). The average
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intensities of deposits in five independent fields of one kidney section per animal were
quantitated by NIS-Elements BR 3.0.

Histology and pathology assessment of kidney

Kidneys were removed when the mice were sacrificed at 8 weeks after treatment. One
kidney was fixed with 10% buffered formalin, embedded in paraffin, and then sectioned.
The sections were stained with hematoxylin and eosin (H&E). Photos were taken at 40X
using a Nikon Eclipse 80i microscope equipped with a Nikon digital sight color camera and
NIS-Elements BR 3.0. For pathology assessment, kidney slides were examined in a blinded
fashion and graded for hypercellularity, mesangial expansion, necrosis, crescents, and
membrane thickening. Scores from 0 to 3+ (0, none; 1+, mild; 2+, moderate; and 3+, severe)
were assigned for each of these features and then added together to yield a final renal
pathology score. The scores for crescent formation and necrosis were doubled to reflect the
severity of those lesions.

Flow cytometry

Bone marrow cells were incubated with unlabeled mouse anti-CD16/CD32 for blocking Fc
receptors, and stained with mouse PE-labeled anti-CD138, PerCP-labeled anti-B220, APC-
labeled anti-TCR- and unlabeled anti-mouse Igk. Spleen cells were incubated with
unlabeled mouse anti-CD16/CD32 for blocking Fc receptors. The following anti-mouse
antibodies were incubated with the spleen cells to characterize spleen cell subsets: APC-
labeled anti-CD3, PerCP-labeled anti-CD4, FITC-labeled anti-CD8 and PE-labeled anti-
Foxp3. Flow samples were analyzed on a flow cytometer (Becton Dickinson FACSCalibur)
and analyzed using BD CellQuest Pro 5.2.1. All antibodies were purchased from BD
Biosciences or eBioscience.

Urine cytokine analysis

IL17A, CSF1, IFNy and MCPL1 cytokine ELISAs were performed on urine from MSC
injected mice. ELISA Kits were obtained from eBioscience (CSF1) and BioLegend (IL17A,
IFNy and MCP1), the recommended procedure was followed to the manufacturer’s
specifications. Plates were read using a Multiskan Ascent at 450 nm.

PBMC proliferation assay

The proliferation assay was performed in 24-well plates (Costar) in a total volume of 0.5ml
alpha-MEM (Cellgro) supplemented with 5% human platelet lysate, 2 mM L-glutamine, 55
UM 2-mercaptoethanol (Gibco), 100 U/ml penicillin and 100 pg/ml streptomycin. PBMCs
were isolated from healthy human blood using lymphocyte separation medium (Cellgro) and
were labeled with 2uM carboxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen).
5x10° PBMCs were stimulated with 1pg/ml anti-human CD3/CD28 antibodies in the
presence or absence of varying concentrations of MSC. 3 UC-MSC lines, 2 HBM-MSC
lines, and 3 LBM-MSC lines were tested 1-2 times. Plates were incubated for 72 hours at
37°C in a humidified atmosphere with 5% CO,. PBMCs were then collected, stained with
anti- human APC-labeled CD3, PerCP-labeled CD4 and PE-labeled CD8, and the
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proliferation status was analyzed by flow cytometry. All antibodies were purchased from
BiolLegend.

Cytokine secretion analysis

Human IFNy and IL17A ELISAs were performed on supernatants from PBMC proliferation
assays. ELISA kits were obtained from BioLegend and the procedure was followed to the
kit’s specifications. Plates were read using a Multiskan Ascent at 450 nm.

B cell proliferation assay

Peripheral blood mononuclear cells from the blood of healthy donors (n=3) were isolated
using lymphocyte separation medium (Cellgro). CD19+ B cells were isolated by CD19
microbeads (Miltenyi) according to the manufacturer’s instructions. B cells were labeled
with 2uM carboxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen). 5x104
CD19+ cells were co cultured with 5x10* MSCs from various sources in a 96-well flat
bottom plate (Costar) with a total volume of 200ul RPMI 1640 (Cellgro) supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 55 UM 2-mercaptoethanol (Gibco), 100 U/ml
penicillin and 100 pg/ml streptomycin. B cells received the following stimuli: 2.5pg/ml CpG
oligonucleotide 2006 (Miltenyi), 1ug/ml soluble CD154 (CD40L) (BioLegend), 2.5ug/ml
F(ab’)2 anti-human IgM/1gA/IgG (Jackson ImmunoResearch) and 1000U/ml interleukin 2
(IL2) (BioLegend). 3 UC-MSC lines, 2 HBM-MSC lines, and 3 LBM-MSC lines were
tested 1-2 times. Plates were incubated for 4 days at 37°C in a humidified atmosphere with
5% CO,. CD19+ cells were then collected, stained with anti-human PE-labeled CD19
(Miltenyi), APC-labeled IgG (BioLegend) and APC-labeled IgA (Miltenyi). Cell
proliferation status was analyzed by flow cytometry.

IFN+y licensing assay

The IFNYy licensing assay was performed in 24-well plates (Costar) in a total volume of
0.5ml alpha-MEM (Cellgro) supplemented with 5% human platelet lysate, 2 mM L-
glutamine, 55 UM 2-mercaptoethanol (Gibco), 100 U/ml penicillin and 100 pg/ml
streptomycin. 5x10* MSCs were stimulated with 0, 5, 10, and 50 ng/ml of recombinant
human IFNy. Plates were incubated for 24 hours at 37°C in a humidified atmosphere with
5% CO»,. MSCs were then collected, stained with anti- human APC-labeled CD274 (B7-H1)
and PerCP-labeled HLA-ABC then analyzed by flow cytometry. All antibodies were
purchased from BioLegend.

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR)

One pg of total RNA was isolated from cultured MSC and mouse kidney tissue. RNA was
used to generate cDNA (SA Biosciences) for reverse transcriptase RT-PCR. iQ SYBR
Green Supermix (BioRad, Hercules, CA, USA) and gene specific primers (SAbioscience) at
200nM were used to amplify relative amounts of cDNA on a CFX Connect Real-Time
System (BioRad, Hercules, CA, USA). The amplification was performed by one 5 minute
cycle at 95°C which was required for enzyme activation; followed by 39 cycles of
denaturation (95°C, 15s), annealing (55°C, 30s), and extension (72°C, 30s). Melting Curve
analysis was performed to confirm amplicon specificity. The relative expression was
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calculated using the double ACT method (i.e. using the equation 2724CT) using BioRad
software.

Statistical analysis

Results

All data were analyzed using Prism version 5.0 software (GraphPad, San Diego, CA).
Survival significance was determined via Log-Rank (Mantel-Cox) analysis of the survival
curve. Two-way ANOVA was used for proteinuria curve and in vitro assay analysis. One-
way ANOVA (Tukey posttest) and Kruskal-Wallis (Dunns post test) were utilized to test for
significance between groups in single group comparisons. A 95% confidence limit, defined
by p values < 0.05, was considered to be statistically significant and indicated within the
figures.

Improved survival of lupus prone mice receiving human MSCs

Human MSC (hMSC) transplantation, regardless of source, significantly enhanced the
survival of MRL/Ipr mice when given at disease onset versus the PBS control group. By 60
weeks of age, 62% mortality was observed in the PBS group compared to 0-15% in the
hMSC treated groups (Figure 1A). Furthermore, there was a significant increase in the body
weight of hMSC mouse groups in comparison to the PBS control mice (Figure 1B). Trends
toward lower spleen weights in hMSC treated mice corresponded with increased body
weight. However, this correlation was not reach significance (Figure 1C).

Next, we sought to determine whether improved survival of hMSC treated mice was due to
effects on renal disease. Urine was collected before and every two weeks post MSC
transplantation to assess 24-hour urine albumin excretion. As expected, the PBS mouse
group experienced increasing proteinuria over time. In contrast, mice transplanted with
healthy donor MSCs from umbilical cord (UC-MSC) or bone marrow (HBM-MSC) had
significantly less proteinuria. Lupus patient MSC (LBM-MSC) treated mice, however, had
delayed onset of proteinuria (Figure 1D). Mice that died prior to sacrifice had elevated
proteinuria implicating renal disease as causative in their mortality. Due to the role of anti-
dsDNA antibodies in lupus nephritis, we then assessed serum anti-dsDNA antibody levels
before and every two weeks post MSC transplantation. Anti-dsSDNA antibody levels were
not impacted by hMSC treatment (Figure 1E), suggesting the effect of MSCs on lupus
nephritis is post autoantibody production/immune complex deposition.

Effect of hMSC on kidney pathology varies based on source of origin

We then assessed whether the different sources of hMSC had a differential effect on
histopathological changes in the kidneys of MRL/Ipr mice. We found that IgG, but not C3,
deposition in the glomeruli was decreased in UC-MSC and BM-MSC treated mice when
compared to PBS controls (Figure 2A and 2B). In contrast, LBM-MSC treatment
significantly increased C3 and IgG deposition in the glomeruli when compared to all other
treatment groups, including PBS controls (Figure 2A and 2B). H&E stained kidney slides
were scored in a blinded fashion. The following renal pathology measures make up the over
all renal pathology score: hypercellularity, mesangial expansion, necrosis, crescents, and
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membrane thickening (Figure 2C). We observed lower necrosis and crescents in UC-MSC
and HBM-MSC when compared to LBM-MSC, which were not different than PBS treated
mice (Figure 2C). Significantly lower total pathology scores were seen in HBM-MSC
treated mice with UC-MSC treated mice approaching significance (p=0.0706), but not in
LBM-MSC treated mice, when compared to PBS controls (Figure 2D). Together these
results suggest that UC-MSC and HBM-MSC, but not LBM-MSC, are effective in reducing
kidney pathology in MRL/Ipr mice. In fact, these data suggest potential exacerbation of
kidney disease by LBM-MSCs.

LBM-MSC not effective in reducing inflammatory markers

Upon finding the differences in the ability of hMSC to modulate kidney pathology, we
examined inflammatory cytokines in the kidney and urine of treated mice. CSF1, MCP1,
IL17 and IFNy are all cytokines indicative of immune activation in active nephritis (27) (28—
30). As shown in Figure 3A, UC-MSC treated mice experienced reduced MCP1 expression
when compared to LBM-MSC treated mice. Both UC-MSC (p=0.4351) and HBM-MSC
(p=0.6216) treated mice appeared to have lower IFNy expression in the kidney compared to
PBS controls, albeit not significant. (Figure 3A). CSF1 and IL17A gene expressions were
undetectable in the kidneys regardless of treatment group (data not shown). We then looked
at the presence of these cytokines in the urine of mice. Over the course of treatment, there
was less urinary MCP1 in UC-MSC and HBM-MSC treated mice when compared to LBM-
MSC and PBS treated mice, although this finding did not reach significance (Figure 3B).
However, at 6 weeks post MSC transplantation, we observed significantly higher levels of
urinary IFNy in LBM-MSC treated mice over all other treatment groups including controls,
consistent with the kidney pathology results (Figure 2 and Figure 3C). Urinary IL17A was
not detected and no differences in urinary CSF1 were found at any time point post MSC
transplant (Data Not Shown and Supplemental Figure 1). The inability of LBM-MSCs to
inhibit inflammatory cytokines in the kidney and urine of MRL/Ipr mice further support that
lupus patient MSCs, when compared to healthy donor MSCs, are not as effective as disease
modulators as MSCs from other sources.

Reduced human gene expression in the kidney of LBM-MSC mice

Due to the inability of LBM-MSC to inhibit kidney pathology and inflammatory cytokine
production, we hypothesized that LBM-MSCs were not homing to the site of inflammation.
To assess the presence of hMSC in the kidneys of MRL/Ipr mice, we looked for the
expression of human IDO1 and CFH, which are expressed by hMSC. MSC presence in the
kidney of hMSC treated mice is associated with gene expression higher than that of PBS
control mice. Our results show positive gene expression for human IDO1 and CFH only in
UC-MSC and HBM-MSC groups (Figure 3D). Together, these results suggest that LBM-
MSC either have lower expression of IDO1/CFH or that there are fewer hMSCs in the
kidney of mice treated with LBM-MSCs, either due to decreased migration capacity or
decreased survival.
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Increased T and B cells in the bone marrow of mice treated with lupus patient MSC

Our results support an exacerbation of kidney disease in LBM-MSC treated mice, although
these mice still experienced improved survival, versus PBS controls. To assess potential
mechanisms by which MSCs from the various sources impact lupus disease activity, we
characterized various immune cell populations in the spleen and bone marrow of mice from
each group via flow cytometry. When examining the spleen, no differences were seen in the
percentages of CD8+ T cells, CD4+ T cells, activated CD4+CD25+ T cells, or Foxp3+ T
cells between mouse groups (Figure 4A and data not shown). In the bone marrow, no
significant changes in TCRp+ cells, B220+ cells, or plasma (CD138+) cells were observed
in the mice treated with UC-MSC (p=0.2286, 0.0571, 0.0571) and HBM-MSC (p=0.0714, 1,
0.5714), though percentages trended lower in the hMSC treatment groups compared to PBS
controls. However, a significant percentage increase in all three cell subsets was seen in
LBM-MSC treated mice when compared to healthy hMSC treated mice (Figure 4B).

In vitro differences in MSC are dependent on tissue origin rather than donor

Inhibition of T cell and B cell proliferation in vitro is a known effect of MSCs and is
proposed as a measure of in vivo effectiveness. Due to our results showing the inability of
LBM-MSC to inhibit progression of disease in MRL/Ipr mice, we next tested the in vitro
efficacy assays. We were only able to detect suppression of mouse CD3+ T cells when co-
cultured at a 1:20 dilution with UC-MSCs, but not HBM-MSCs or LBM-MSCs, although
this effect was not enhanced at higher concentrations (Supplemental Figure 2). Due to our
inability to potently suppress mouse splenocytes, we examined the effects of hMSCs on
healthy human PBMCs. As shown in Figure 5A and 5B, human CD3+ T cell proliferation is
reduced in a dose dependent fashion by all MSC groups. However, when examining IFNy
cytokine production, we observed that MSCs derived from the bone marrow were not able to
inhibit IFNy production to the same capacity as umbilical cord MSCs (Figure 5C).
Moreover, we examined IL17A production as it was previously shown that co-culture with
MSCs can increase IL17 production by PBMCs (31). Our findings did not show increased
IL17 production, but rather, presence of MSCs slightly reduced IL17 production, although
only UC-MSC at the highest concentration provided a significant decrease (Figure 5C).
There are varied results in the literature regarding B cell suppression by MSCs. One study
examining the effects of BM-MSC on CD19+ B cells found suppression of B cell
proliferation, while another reported expansion(2, 32). In order to explain these results, and
determine if variances in suppression could be detected in our various MSC lines, we
conducted similar co-culture assays using the same cell stimulants and cell ratios. Our study
did show expansion of CD19+ B cells, however, we found that UC-MSCs and HBM-MSCs,
but not LBM-MSC (p=0.1119), were able to significantly reduce B cell proliferation (Figure
5D and 5E).

We next turned to the examination of MSC surface markers and gene expression to explain
the inconsistency of suppressive trends in vitro. IFNy licensing was previously shown to
enhance and be indicative of suppressive function and is an inflammatory cytokine
associated with lupus. Thus, we examined the effects of IFNy stimulation on MSCs from all
three sources (33-35). While no difference was observed in surface expression of HLA-DR
(data not shown), we saw a dose dependent increase in HLA-ABC to IFNy with significantly
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higher surface expression on MSCs derived from bone marrow (Figure 6B). Heightened
basil expression of HLA-ABC on bone marrow derived MSC could suggest higher
immunogenicity of these cells when compared to MSC derived from umbilical cords.
Significantly higher surface expression of B7-H1 was seen in bone marrow derived MSCs
over UC-MSC at the highest dose of IFNy (Figure 6B). B7-H1, IDO1 and CFH are highly
expressed in early passage MSCs with suppressive function, and this expression increases
with IFNy licensing (36-38). Our findings show IFNy licensing significantly increased
expression of B7-H1 in HBM-MSC compared to UC-MSC. Furthermore, IDO1 and CCL9
expression was increased in HBM-MSC and LBM-MSC when compared to UC-MSC.
However, only LBM-MSC experienced a significant increase in CFH expression when
compared to both UC-MSC and HBM-MSC (Figure 6C). Our findings show heightened
IFNYy responsiveness in MSC from bone marrow, regardless of the disease status of the
donor, when compared to UC-MSC. Together, our in vitro results suggest that IFNy
licensing is not a sufficient measure for predicting suppressive capacity in vivo.

Discussion

Although many uncontrolled studies investigating the use of MSC cell therapy in various
diseases were effective and well-tolerated, studies in SLE patients are missing. Our present
study directly compares the immunoregulatory capacity, both in vivo and in vitro, of MSCs
from lupus patients and healthy controls. Additionally, we investigated the capacity of in
vitro MSC assays to predict in vivo efficacy. To examine whether lupus patient derived bone
marrow MSCs are effective as disease modulators we compared them directly to healthy
donor bone marrow and umbilical cord MSCs. We observed improved survival and
increased body weight in the groups of mice that received human MSC regardless of their
source of origin or whether the cells were derived from a lupus patient or healthy control.
Supporting previous studies examining healthy human or mouse MSC in murine lupus,
HBM and UC-MSC were significantly more effective than LBM-MSC in improving lupus
disease manifestations including proteinuria, renal pathology, and urinary inflammatory
markers (13-16, 19, 20). While our study strongly supports the efficacy of healthy human
MSCs to modulate disease in murine lupus, we uncovered a negative impact on renal disease
manifestations in mice treated with lupus patient derived MSCs.

Consistent with our previous murine MSC study, lupus patient MSCs were unable to prevent
renal disease progression including their inability to reduce proteinuria and inhibit renal
pathology, both of which were positively impacted by UC and HBM-MSC (13). LBM-MSC
treated mice experienced increased proteinuria when compared to HBM-MSC and UC-MSC
mice at 8 weeks post treatment. Although no differences were detected in serum anti-
dsDNA antibody levels in the various mouse groups, we observed significantly higher C3
and 1gG glomerular deposition in LBM-MSC treated mice compared to all other treatment
groups, including the control. Moreover, overall renal pathology was not impacted in LBM-
MSC mice. The discrepancy in auto-antibody levels in the serum compared to 1gG
deposition in the kidney may be explained by the active renal disease activity in the LBM-
MSC mice at the time of sacrifice. Serum anti-dsDNA antibodies may decrease in the serum
of patients with renal flares due to their deposition into the tissue (39). Thus, serum levels
may remain constant or decrease as antibodies are deposited in the kidney.
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Despite the active kidney disease at the time of sacrifice, we observed improved survival of
mice in the LBM-MSC treatment groups when compared to PBS treated controls. As in all
similar murine studies, we anticipate that the mice that died had severe renal disease falsely
lowering the renal disease scores of the control mice. Improved survival in the LBM-MSC
treated mice, despite active renal disease, reflects a time delay in onset of disease in the
LBM-MSC mice, but no effect on overall severity of disease. Between 4 and 6 weeks post
MSC transplant, PBS control mice developed increased proteinuria followed shortly by
death. While UC-MSC and HBM-MSC treated mice did not have an increase in proteinuria,
LBM-MSC treated mice developed increased proteinuria at 8 weeks, 2—4 weeks after the
PBS treated group. If allowed to proceed an additional 2—4 weeks, we would likely observe
increased mortality in the LBM-MSC treated mice. Moreover, LBM-MSC treated mice
sacrificed at 8 weeks were at peak disease activity, explaining the heightened kidney
pathology and increased inflammatory cell populations in the bone marrow. It is notable that
not all aspects of lupus nephritis pathology were impacted by the MSC treatments.
Mesangial proliferation, among other features of lupus nephritis, was not impacted by MSC
treatment. The significant impact of MSC treatment was in preventing the more severe
manifestations of renal disease, crescents and necrosis. This is in contrast to the effect of
using control murine MSCs to treat disease where all aspects of lupus nephritis were
impacted. These differences may reflect known differences in mechanisms of effect of
mouse MSCs (nitric oxide mediated) versus human MSCs (IDO mediated) (35, 40).

Several issues with LBM-MSC may factor into the relative short term benefit of the LBM-
MSCs. Previous studies show early senescence and defective differentiation of LBM-MSCs,
which may explain a short term, but not long term benefit (14, 22). Defects in LBM-MSC
migration, premature death, and increased cytokine production may also play a role in the
lack of a full protective effect. Our inability to detect human IDO1 and CFH gene
expression in the kidney of LBM-MSC treated mice suggests these abnormalities may
impact in vivo efficacy. These findings suggest either that the cells never migrated to the
diseased kidney, that they migrated to the kidney, but died prematurely or that they in vivo
are not activated to express IDO and CFH. These findings are consistent with the lack of
efficacy of MSCs derived from diseased lupus mice in treating murine lupus and the limited
reports of a lack of efficacy of autologous MSC treatment in human lupus (13, 23).

One of the more unexpected findings in this study was that there was consistency in effect of
the MSCs depending on their source of origin. Both in vitro and in vivo there was very little
variation in the effect of the MSCs. We used four different MSC cell lines from each source
(healthy human bone marrow, lupus bone marrow and healthy umbilical cord). All of the
healthy BM-MSC lines and all the UC-MSC lines had similar in vivo efficacy and in vitro
effects. Perhaps most surprising was that of the four lupus MSC bone marrow derived lines,
all 4 had similar effects on murine disease and similar effects in in vitro assays, despite
marked differences in disease activity and medications.

Given the differential efficacy of the MSCs, we next sought to determine if there is an in
vitro assay that could predict in vivo efficacy. The obvious goal of this research is to treat
human lupus patients with MSCs in a controlled trial. It is important that we select for this
trial the most effective MSC origin, which we could hopefully identify using in vitro assays
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prior to infusion. Thus, we performed a number of immune assays, including standard
assays used now for assessment of MSCs for human treatment as well as additional
measures to differentiate effective (UC-MSC/HBM-MSC) from ineffective (LBM-MSC)
derivations. The most widely used assay to determine immune competence of MSCs is
suppression of T cell proliferation. We found that all the MSC lines suppressed T cell
proliferation in a dose dependent fashion, although UC-MSCs were more effective in
suppressing IFNy production. Thus, the standard assay does not allow identification of in
vivo inefficacy. Our results also showed only healthy UC-MSCs and HBM-MSCs were able
to significantly suppress B cell proliferation, although LBM-MSC did reduce B cell
proliferation albeit not significantly. We observed more significant differences between BM
derived MSCs versus UC derived MSCs than differences between lupus versus controls
MSCs

Lastly, we used IFNy licensing to examine markers indicative of MSC function. Prior
studies suggest that treating MSCs with IFNy may enhance in vivo efficacy and that these
assays are predictive of in vivo efficacy (34, 35, 41). Therefore we were interested in
whether IFNy licensing differentiated lupus versus control MSCs and if treatment with IFNy
could enhance the immunosuppressive abilities of lupus MSCs. A previous study examined
the effects of CD8+ T cell produced IFNy on UC-MSC and LBM-MSC and found defective
IDO production by LBM-MSCs (35). Conversely, we observed increases in B7-H1 and
IDOL1 suppressive gene expression in both healthy and lupus bone marrow derived MSCs
similar to findings by another group only examining bone marrow derived MSC (34). We
also saw increased CFH expression in LBM-MSC. Our in vitro results show that MSCs from
various sources, including lupus patients, are able to suppress T and B cells to some
capacity. Furthermore, IFNy licensing of LBM-MSC revealed their ability to upregulate
markers indicative of suppression, suggesting that standard assays of MSC function are not
likely to identify or explain the inability of LBM-MSCs to maintain inhibition of disease in
lupus prone mice. These in vitro findings suggest that the failure of LBM-MSCs to impact
lupus disease to the same capacity as healthy MSCs is likely due to defects in migration,
premature death, or inability to maintain suppressive functions in an excessive inflammatory
environment. Whether the defective immunosuppressive function in lupus derived MSCs is
intrinsic or a result of disease remains unanswered. Our prior reports suggest that it is an
effect of disease as MSCs derived from predisease lupus prone mice are as effective as
control MSCs, while MSCs from mice after disease onset are not effective (13). The follow-
up question of whether lupus derived MSCs can be “rescued” remains to be answered.

In conclusion, our study demonstrated that, like murine LBM-MSCs, human LBM-MSCs
are not as effective in ameliorating disease in lupus prone mice as UC-MSC and HBM-
MSC. Moreover, in vitro assessments of immunomodulatory functions detected a reduced
capacity of LBM-MSC to inhibit IFNy production and CD19+ B cell proliferation, although
inhibition of CD3+ proliferation and IFNy licensing results were indicative of immune
activity by LBM-MSC. Together, the overall effectiveness of LBM-MSC in vitro, other than
B cell inhibition, suggest that they are effective in cell-to-cell inhibition indicating their
ineffectiveness in vivo is due to other functional defects. These defects of LBM-MSCs may
lie in their migration to inflamed tissues or inability to persist and function during systemic
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inflammation. Studies regarding chemotactic and migratory properties of LBM-MSC in vivo
are yet to be completed, but may provide insight into the defects uncovered in this study.
Additionally, future studies regarding LBM-MSCs responsiveness to IFNy stimulation may
prove to be useful in enhancing the properties of these cells both in vitro and in vivo.
Although these studies have shown that LBM-MSC are not yet a suitable source of MSC for
cell therapy in lupus, it is important to continue to define differences in MSCs as it appears
that donors and source of origin impact their function. Finally, these studies were infusing
human MSCs into mice. It is possible that the LBM-MSCs are effective when given to
patients, however, our studies in mice and humans and the limited in vivo studies in patients
at this time suggest that allogeneic MSCs are more suitable for human trials.

Supplementary Material
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Figure 1. Survival curve, body and spleen weight, urinary albumin excretion, and serum dsDNA
auto-antibody levels of MRL/lpr mice

A. Kaplan Meier survival curve of MRL/Ipr mice receiving hMSCs. Mortality was recorded
until the time of sacrifice (8 weeks post transplant) B. Body weight of MRL/lpr mice at time
of sacrifice. C. Spleen weights of MRL/Ipr mice at time of sacrifice. Results are expressed
as the mean £SEM. D. Urinary albumin excretion over time post MSC transpant. Results are
expressed as the mean 24 hour albumin excretion (ug/mouse/day) +SEM. E. Serum dsDNA
auto-antibodies overtime post MSC transplant. Results are expressed as the mean £SEM.
PBS (n=8), UC-MSC (n=8), HBM-MSC (n=8), LBM-MSC (n=16). Statistical comparisons
were performed using Log-rank test, lway ANOVA with Tukey posttest, and 2way
ANOVA with Bonferroni posttest. *p< 0.05; **p<.01; ***p<0.001.
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Figure 2. Glomerular C3intensity, 1gG intensity, and overall glomerular pathology scorein
MRL/lpr mice

At time of sacrifice kidneys were embedded in OCT and paraffin for sectioning. OCT
embedded kidney labeled with fluorescein-conjugated anti-mouse C3 or 1gG. A.
Representative images of C3 and IgG deposits (20x) in glomeruli. B. Graphical assessment
of MFI for C3 and IgG deposition. C. H&E staining of paraffin embedded kidney were
examined and graded for hypercellularity, mesangial expansion, necrosis, cresents, and
membrane thickening. D. Scores are added together to yield overall renal pathology score.

J Immunol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Collins et al.

Page 19
E. Interstitial inflammation scores. Results are expressed as the mean +SEM. PBS (n=8),

UC-MSC (n=8), HBM-MSC (n=8), LBM-MSC (n=9). Statistical comparisons were
performed using 1way ANOVA with Tukey posttest. *p< 0.05; **p<.01; ***p<0.001.
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Figure 3. Inflammatory markers and human gene expression in MRL/lpr mice
At time of sacrifice kidneys were isolated for gPCR analysis. A. Expression of mouse MCP1

and IFNy expression in the kidney of MRL/Ipr mice relative to GAPDH. B. Urinary MCP1
measured over time post MSC transplant by ELISA. C. Urinary IFNy at 6 weeks post MSC
transplant measured by ELISA. D. Human IDO1 and CFH expression relative to GAPDH
from the kidney of MRL/Ipr mice at time of sacrifice (8 weeks post transplant). Results are
expressed as the mean £SEM. PBS (n=4), UC-MSC (n=8), HBM-MSC (n=8), LBM-MSC
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(n=12). Statistical comparisons were performed using 1way ANOVA with Tukey posttest
and 2way ANOVA with Bonferroni posttest. *p< 0.05; **p<.01.
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Figure 4. Percentages of inflammatory cellsin the spleen and bone marrow of MRL/Ipr mice
Flow cytometry analysis was performed on spleen and bone marrow isolated from mice

injected with MSC at time of sacrifice. A. Percentages of CD3+CD8+, CD3+CD4+, and
CD3+CD4+CD25+ T cells in the spleen. B. Percentages of TCRB+, B220+, and CD138+
cells in the bone marrow. Results are expressed as the mean +SEM. PBS (n=3), UC-MSC
(n=4), HBM-MSC (n=5), LBM-MSC (n=15). Statistical comparisons were performed using
Kruskal-Wallis test with Dunn’s multiple comparison posttest. *p< 0.05; **p<.01;

***p<0.001.
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Figure5. T cell and B cell proliferation in CFSE dilution assays co-cultured with different
sources of MSC and I FNy production of T cell proliferation assay

A. Representative plots of CD3+ T cell proliferation in CFSE dilution assay co-cultured
with each source of MSC. B. Proliferation of CD3+ T cells incubated alone (n=5) or with
varying ratios of UC-MSC (n=5), HBM-MSC (n=4), and LBM-MSC (n=5). Cultures were
stimulated with 1pg/ml of anti-human CD3/CD28 antibodies. C. Supernatants were
collected from PBMC co-culture assay, IFNy and IL17A cytokine levels were analyzed by
ELISA. D. Representative plots of CD19+ B cell proliferation in CFSE dilution assay co-
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cultured with each source of MSC. E. Proliferation of CD19+ B cells incubated alone (n=4)
or 1:1 ratio with UC-MSC (n=5), HBM-MSC (n=4), and LBM-MSC (n=5). Cultures were
stimulated with 2.5ug/ml CpG, 1ug/ml), 2.5ug/ml F(ab”)2 anti-human IgM/IgA/lgG, and
1000U/ml 1L2. Results are expressed as the mean percentage of proliferating cells or pg/ml
IFNy £SEM. Statistical comparisons were performed 2way ANOVA with Bonferroni
posttest. **p<.01; ***p<0.001.
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Figure 6. Flow cytometry and qPCR analysis of M SC markers after in vitro | FNy licensing
UC-MSC (n=), HBM-MSC (n=), and LBM-MSC (n=) were cultured with 0, 5 10, or 50

ng/ml of IFNy. A. SOCS1 expression relative to GAPDH in IFNy licensed MSCs B.
Percentage of HLA-ABC+ and B7-H1+ MSCs cultured with varying concentrations of
IFNy. C. IDO1, B7H1, CFH, and CCL9 expression relative to GAPDH in IFNy licensed
MSCs. n=3 for each MSC source. Results are expressed as the mean +SEM. Statistical
comparisons were performed using 2way ANOVA with Bonferroni posttest. *denotes
comparison to UC-MSC; sdenotes comparison to HBM-MSC. *p<.05 **p<.01; ***p<0.001.
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