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Abstract

Adipose-derived stem cells (ASCs) express a nonimmunogenic profile as shown by in vitro
studies that demonstrate a lack of T cell proliferation to allogeneic ASCs as well as ASC-mediated
suppression of mixed lymphocyte reactions. To determine whether these observations would
translate in vivo, immune monitoring studies were carried out in conjunction with a rat spinal
fusion study. ASCs derived from Fischer or ACI strain rats were loaded onto scaffolds and
implanted in Fischer recipients that had undergone the following treatments: (1) No treatment; (2)
Scaffold only; (3) Syngeneic ASCs+Scaffold; or (4) Allogeneic ASCs+Scaffold. Half of each
group was sacrificed at 4 weeks postimplantation, and the remaining animals were sacrificed at 8
weeks. As determined in a separate study, allogeneic and syngeneic ASCs were equally
efficacious in accelerating spinal fusion compared to No treatment and Scaffold only control
groups. To determine whether donor ASCs induced an immune response in recipient rats, lymph
nodes were harvested for T cell proliferation studies and serum was collected to assess antibody
responses. Although T cell priming was not detected to donor alloantigens in recipients at either
time point, significant antibody responses were detected to ACI ASCs in animals implanted with
syngeneic or allogeneic ASCs. Antibodies were of the 1gG isotype, noncytotoxic in the presence
of complement, and reactive to fetal bovine serum. These results support the use of allogeneic
ASC:s for spinal fusion.

Introduction

Adipose-derived stem cells (ASCs) are multipotent adult stem cells derived from fat that
have the ability to differentiate in vitro along a variety of lineage pathways, including bone,
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cartilage, adipose, neuronal-like, and muscle (reviewed in Ref.1). These cells exhibit a high
expansion rate in vitro, and after several passages the population exhibits a low
immunogenic profile as shown by low expression of MHC class 1l molecules and
costimulatory molecules.2—* When utilized as stimulator cells in a one-way mixed
lymphocyte reaction (MLR), they do not stimulate a proliferative response from allogeneic
T cells.2—6 Further, these cells actively inhibit MLR responses, indicating that they are
immunosuppressive.2—6 These results suggest that ASCs have potential therapeutic use as
allogeneic products for tissue engineering if they can maintain a nonimmunogenic and/or
immunosuppressive profile after implantation in vivo.

To our knowledge, no studies have been published on the immunogenicity of allogeneic
ASCs in vivo although a recent study showed that a xenogeneic graft of human ASCs placed
in corneas of immunocompetent rabbits did not elicit an inflammatory response and
persisted for at least 12 weeks.” Immunosuppression by ASCs has been demonstrated in vivo
by their ability to control graft-versus-host disease (GVHD) in a mouse model® and in
humans.9 In the current study, ASCs derived from ACI and Fischer strain rats were
transplanted into immunocompetent Fischer strain recipients as part of a spinal fusion study.
Analysis of spinal fusion, reported elsewhere,10 demonstrated that allogeneic ASCs
accelerated spinal fusion equally to syngeneic ASCs, and both cell types resulted in a
superior fusion product than was obtained with Scaffold only or No treatment groups.
Further, at 4 weeks after surgery, inflammatory cell infiltrate was significantly lower in the
fusion mass in both ASC cohorts versus scaffold alone. These results support the use of
allogeneic ASCs for posterior lumbar fusion and suggest that an immune response was not
initiated against these cells. In the study reported here, cellular and humoral immune
responses to the implanted cells were evaluated in recipient rats to test the hypothesis that
allogeneic ASCs would not be immunogenic in vivo.

Materials and Methods

Preparation of rat ASCs

Fischer and ACI strain rats were purchased from Harlan (Indianapolis, IN) under an
approved IACUC protocol issued by the University of Maryland, Baltimore County, to
Cognate BioServices. Inguinal fat pads were removed from a group of 10 animals and
minced in a Petri dish in phosphate buffered saline (PBS; HyClone, Logan, UT) to
approximately 1-mm pieces. The volume of tissue was measured with a pipette, and an
equal amount of digestion medium containing 0.1% Collagenase Type | (Worthington
Biochemical, Lakewood, NJ)+1% BSA (Sigma-Aldrich, St. Louis, MO) in PBS was added
to the dish. The tissue was digested for 60 min at 37°C with gentle agitation. The contents of
the dish were transferred to a centrifuge tube and centrifuged at 300 g for 5 min at room
temperature. The fatty top layer and the supernatant were aspirated, and the stromal vascular
fraction cell pellet was resuspended in the original tissue volume in complete stromal culture
medium consisting of o modified Eagle's medium (a-MEM; Gibco, Grand Island, NY)
supplemented with 10% screened fetal bovine serum (HyClone) and penicillin/streptomycin
(Gibco).

The cells were plated at 0.1 mL tissue volume harvested/cm? in T185 flasks. Flasks were
incubated at 37°C in a humidified atmosphere containing 5% CO,. After 2 days, the medium
containing nonadherent cells was aspirated and replaced with fresh medium. Medium
replacement occurred every 3—4 days thereafter until adherent stromal cells became
confluent (7-14 days). Adherent PO cells were recovered from the plastic using prewarmed
0.25% trypsin (Gibco) for 5 min at 37°C. Fresh medium was added to inactivate trypsin, and
the cells were washed and replated at 1.08x10%/cm?. Generally, cells were passaged every
week as they became confluent. By passage 4-5, ASCs were harvested and cryopreserved in
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FBS containing 10% DMSO (Edwards Life Sciences, Irvine, CA). Most of the frozen vials
of Fischer and ACI rat ASCs were shipped to Pennington Biomedical Research Center using
LN2 dry shippers (CRYO-SHIP; Custom Biogenic Systems, Burnsville, MN), where they
were stored before subsequent implantation into rats at Louisiana State University. The
remaining vials were placed in cryostorage on site for flow characterization studies, MLR
assays, and antibody binding assays.

Characterization of rat ASCs by flow cytometry

Flow cytometry was performed as described previously.1! Briefly, approximately 5x10°
cells/tube were washed once in flow wash buffer (PBS containing 0.5% BSA and 0.1%
sodium azide), resuspended in 100 pL blocking buffer (wash buffer with 25 pg/mL mouse
1gG), and incubated for 10 min on ice. Fluorescence-labeled monoclonal antibodies (mAbs)
were added at the amount specified by the vendor. Appropriate isotype controls were added
to control tubes. Antibodies directed against the following antigens (catalog #) were
purchased from BioLegend (San Diego, CA) unless otherwise indicated: CD45-PE
(#202207), CD80-PE (#200205), CD86-PE (#200307), CD90-AlexaFluor647 (#202507),
RT1A-PE (BD Pharmingen #559993), and RT1B-PE (BD Pharmingen #554929). All tubes
were incubated on ice and protected from light for 30 min. The cells were washed once in
wash buffer and fixed in 200 pL of 1% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA). A minimum of 10,000 events were acquired per antibody set on a Becton
Dickinson FACSCaliber flow cytometer using CELLQuest acquisition software (Becton
Dickinson, San Diego, CA). Data analysis was performed using Flow Jo analysis software
(Tree Star, Ashland, OR).

Characterization of rat ASCs by the immunogenicity assay

One-way MLR was used to characterize the immunogenicity of ACI strain rat ASCs.
Fischer rat cervical and mesenteric lymph nodes were pooled and processed into a single-
cell suspension by mechanical dissociation against a cell strainer. These lymph node cells
(LNCs) were used as responder cells in the MLR. Spleen cells from ACI or Fischer rats
were similarly processed and used as positive and negative control stimulator cells,
respectively; ASCs derived from ACI strain rats were used as the test cells. Stimulator cells
were irradiated with 5000 rad vy radiation delivered by a Cesium 137 source (Isomedix, Inc.,
Gammator B, Parsippany, NJ) before plating. Cultures were performed in triplicate in 96-
well flat-bottom microtiter plates with low evaporation lids (Corning, Corning, NY) in
Iscove's modified Dulbecco's medium plus 10% FBS (HyClone) supplemented with
nonessential amino acids, sodium pyruvate, 5.5x10~> M 2-mercaptoethanol, and antibiotics/
antimycotics (medium and supplemental reagents from Gibco). Responder cells were plated
at 5x10° cells/well, and stimulator cells were plated at various numbers as indicated in the
figures. Cultures were incubated at 37°C in a humidified atmosphere of 5% CO5 and pulsed
on day 6 with 3H-thymidine (1 uCi/well; Amersham Biosciences, Piscataway, NJ). The cells
were harvested approximately 18 h later using a 96-well plate harvester (Skatron Micro96
Cell Harvester; Molecular Devices, Sunnyvale, NY), and the incorporated 3H-thymidine was
determined by scintillation counting (Microbeta Trilux Scintillation and Luminescence
Counter; Wallac, Gaithersburg, MD). Data are expressed as counts per minute (CPM). Test
populations of cells that induced a T cell proliferative response that was significantly greater
than the response to autologous Fischer spleen cells were considered immunogenic.

Characterization of rat ASCs by the suppression assay

The one-way MLR assay described previously was used to evaluate suppression by ACI
strain rat ASCs. Responder cells were plated at 5x10° cells/well, and stimulator spleen cells
were plated at 2x10° cells/well. ACI strain rat ASCs were titrated into the MLR cultures at
numbers ranging from 0 (MLR control response) to 25,000 cells/well (confluence). T cell
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proliferation was determined 7 days later as previously described. Suppression was
calculated by the following formula: Percent Suppression = (1 — [(Test Cell+MLR CPM)/
MLR CPM])x100.

Rat spinal fusion study

This study was performed at the School of Veterinary Medicine, Louisiana State University
in accordance with institutional and National Institutes of Health regulations governing the
treatment of vertebrate animals. Procedures were initiated after approval by the University
Animal Care Committee. Briefly, Fischer and ACI rat strain ASCs (passage 4-5) were
produced at Cognate BioServices as previously described, cryopreserved in liquid nitrogen,
and shipped to Pennington Biomedical Research Center. Immediately before surgery, ASCs
were transferred to Louisiana State University, thawed, washed, and resuspended in
complete stromal culture medium (0a-MEM containing 10% FBS plus antibiotic/
antimycotic). ASCs were loaded onto 7x5x2 mm B-tricalcium phosphate (80%)/type |
bovine collagen blocks (20%) (Vitoss; Orthovita, Malvern, PA) by capillary action at a
concentration of 7500 cells/uL to give a cell density of 3.75x108 cells/scaffold (53,571 cells/
mm?3). The scaffolds were 88-92% porous with pore diameters ranging from 1 to 1000 pm;
further details of the scaffold can be found elsewhere.12 Cell-loaded scaffolds were cultured
at 37°C in a humidified atmosphere of 5% CO-, for 48 h to allow attachment of ASCs to the
scaffold. A total of 56 male Fischer rats (10 weeks old) weighing 210+2.08 g (mean +
standard error of mean) were used in the study. Animals were randomly assigned to four
different treatment cohorts after bilateral decortication of the L4 and L5 transverse processes
(n = 14/cohort): (1) No treatment; (2) Scaffold only; (3) Syngeneic ASCs+Scaffold; or (4)
Allogeneic ASCs+Scaffold. The surgical sites were lavaged with physiological saline, and
scaffolds (with or without cells) were placed on the dorsal aspect of the L4 and L5
transverse processes on each side of the spine and adjacent to the vertebral bodies. Half of
each cohort was sacrificed 4 or 8 weeks after surgery to evaluate spinal fusion and to harvest
tissues and blood for immunology assays. Additional details relating to the experimental
design %f this study as well as the spinal fusion results have been published in a separate
article.!

Evaluation of recipient rat sensitization to allogeneic ASCs: T cell responses to ACI
alloantigens

Fischer rat T cell activation to ACI strain alloantigens was evaluated by the one-way MLR
assay. At the time of sacrifice, spleens and lymph nodes (cervical, axillary, brachial,
inguinal, popliteal, and lumbar) from each rat were aseptically removed, placed in vials
containing PBS, and shipped on cold packs to Cognate BioServices for processing and
evaluation. Tissues were processed within 24 h of harvest. Lymph nodes from each rat were
pooled and processed into a single-cell suspension. These LNCs were used as responder
cells in the MLR. Spleen cells from untreated ACI or Fischer rats were similarly processed
and used as stimulator cells. Stimulator cells were irradiated with 5000 rad vy radiation before
plating. Cultures were performed in triplicate in 96-well flat-bottom microtiter plates in the
complete Iscove's modified Dulbecco's medium described previously. Responder cells were
plated at 3x10° cells/well, and spleen cell stimulators were plated at 2x10° cells/well.
Control cultures consisting of responder cells cultured in medium alone or with 5 pg/mL
Concanavalin A (Con A; Sigma, St. Louis, MO) were also included in the assay. Replicate
culture plates were prepared for harvesting on days 3 and 7 of culture. Cultures were
incubated at 37°C in a humidified atmosphere of 5% CO, and pulsed on days 2 or 6

with 3H-thymidine as described previously. The cells were harvested approximately 18 h
later, and the incorporated 3H-thymidine was determined by scintillation counting. Results
are reported as ACPM that reflects the degree of T cell proliferation to ACI alloantigens.
These numbers were derived by subtraction of the syngeneic response (CPM due to
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syngeneic Fischer spleen cells) from the allogeneic response (CPM due to allogeneic ACI
spleen cells). Mean ACPM responses were compared between control and treatment groups
at the 4 and 8 week time points.

Evaluation of recipient rat sensitization to allogeneic ASCs: antibody responses

Titering/isotyping studies—Serum antibody binding to ACI strain ASCs was evaluated
by flow cytometry. Blood was obtained from each rat by cardiac puncture at sacrifice and
allowed to clot for serum processing. Serum was placed in vials and shipped on cold packs
to Cognate BioServices for evaluation. To evaluate antibody binding to ASCs, cells were
washed in flow wash buffer (PBS containing 0.5% BSA and 0.1% sodium azide) and
resuspended at 3x108 cells/mL. Aliquots of 80 pL of cells (2.4x10° cells) were distributed
into 5 mL round-bottom tubes, and 20 uL of undiluted or diluted rat serum was added to
each tube to give multiple dilutions of serum for evaluation of antibody titer. Tubes were
incubated on ice for 30 min, washed twice with wash buffer, and resuspended in 100 pL of
FACS buffer containing 10 ug/mL of RPE-conjugated goat antirat 1gG/IgM secondary
antibody (SouthernBiotech, Birmingham, AL). For isotyping studies, FITC-conjugated goat
secondary antibodies to rat 1gG or IgM were used (SouthernBiotech). The suspensions were
incubated in the dark on ice for 30 min, washed, and fixed in 200 uL of 1%
paraformaldehyde for a minimum of 15 min before acquisition on the flow cytometer. A
minimum of 10,000 events was acquired for flow cytometry analysis. Mean fluorescence
intensities (MFI) were determined for each serum using CellQuest software.

Cytotoxicity studies—To determine cytotoxicity of sera in the presence of complement,
20 pL undiluted serum was added to 80 uL. ACI ASCs (2.4x106 cells) in PBS containing
0.5% BSA. Tubes were incubated on ice for 45 min, washed once with PBS-0.5% BSA, and
Low-Tox® guinea pig complement (Cedarlane Laboratories, Ontario, Canada) was added at
a final 1:20 dilution. After incubation at 37°C for 45 min, cell viability was determined by
adding propidium iodide solution (Fluka BioChemika; Sigma) to the remaining cells (1 pL/
tube). The percentage of dead cells that stained positive for propidium iodide was
determined using a Becton Dickinson FACSCaliber flow cytometer. A positive control tube
was included in the assay that utilized mouse anti-CD90 monoclonal antibody (1 pg/tube,
BD Pharmingen) that bound to greater than 90% of the ASCs. A negative control tube
contained cells plus complement.

FBS ELISA—To detect antibodies to FBS, FBS was adsorbed on 96-well Nunc MaxiSorp
ELISA plates (Nalge Nunc International, Rochester, NY) at 10 pg/mL in carbonate buffer
(pH 9.6) at 4°C for 24 h. The plates were washed five times with PBS containing 0.05%
Tween 20 (PBS-T). Rat sera were serially diluted twofold down the plate in duplicate wells
starting from 1:160 and ending at 1:20,480. After 3 h incubation at room temperature, the
plates were washed with PBS-T, and a secondary HRP-conjugated goat antirat 1gG antibody
(SouthernBiotech) was added at a 1:4000 dilution. After an additional incubation for 3 h at
room temperature, the plates were washed and TMB substrate (Kirkegaard and Perry,
Rockville, MD) was added. Plates were read on a VERSAmax microplate reader (Molecular
Devices, Sunnyvale, CA) approximately 20 min later at a wavelength of 450 nm.

Statistical analysis

The two-tailed Student's t-test was used to determine statistical significance between group
means. Significant results (p < 0.05) are denoted on figures by an asterisk.
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Results

Immunologic properties of rat ASCs—in vitro studies

Phenotype of ACI rat ASCs—ACI strain rat ASCs (P5), used as allogeneic source cells
in this study, were phenotyped for immunologically relevant cell surface markers by flow
cytometry. The results (Fig. 1A) indicate that the ASCs were positive for MHC class | major
histocompatibility molecules and the stromal marker CD90; these cells were weakly positive
for the costimulatory molecule CD80. Rat ASCs did not express MHC class Il markers, the
CD45 hematopoietic lineage marker, or the CD86 costimulatory molecule.

Immunogenicity—The one-way MLR assay was used to determine the immunogenicity
of ACI rat ASCs in the context of the Fischer immune system. Fischer strain LNCs, obtained
by pooling cervical and mesenteric lymph nodes from one rat, were used as the responder
population. The LNCs were cultured with three different doses of irradiated stimulator cells:
ACI strain ASCs, ACI spleen cells (positive control), or Fischer spleen cells (background
response). The highest dose of ASCs (25,000 cells/well) corresponds to the number of cells
required to produce a confluent monolayer in a microtiter well. As shown in Figure 1B, the
Fischer T cell response to any dose of ACI ASCs was not significantly higher than the
response to syngeneic spleen cells, indicating that the ASCs were not immunogenic. The
assay was working properly as shown by the vigorous response of T cells to the ACI spleen
cells at the two highest doses.

Suppression—ACI rat ASCs were added at various numbers to MLR cultures to
determine suppression. As shown in Figure 1C, ASCs suppressed the MLR response by
58%, 88%, and 97% at doses of 6250 ASCs/well (80:1 responder:suppressor ratio), 12,500
ASCs/well (40:1 ratio), and 25,000 ASCs/well (20:1 ratio), respectively. These results
demonstrate that ACI rat ASCs were highly suppressive for allogeneic responses mediated
by Fischer strain T cells.

Immune responses to ACl rat ASCs in vivo

The phenotypic, immunogenicity, and suppression data generated by in vitro studies
predicted that allogeneic rat ASCs would not induce an immune response in vivo. To test
this hypothesis, we examined the cellular and humoral immune responses of
immunocompetent Fischer rats that received allogeneic ACI ASCs in a spinal fusion model.
Five to seven rats per group were analyzed for cellular studies, and seven to eight rats per
group were analyzed for humoral studies.

Cellular immune responses—Recipient Fischer rat LNCs from each of the four groups
in the spinal fusion model were cultured in medium, with the T cell mitogen Con A, with
syngeneic spleen cells, or with allogeneic spleen cells. Responses are shown at 4 and 8
weeks after treatment, and the proliferative responses were assessed at 3 and 7 days to
determine the kinetics of the response. The response to Con A was the exception with
evaluation at 3 days only since this is when the peak response is known to occur.

The mean proliferative responses of LNCs to allogeneic ACI strain rat spleen cells are
shown in Figure 2A. By two different criteria, the data indicate that implantation of ACI
strain ASCs into Fischer rats did not sensitize the rats to respond to ACI alloantigens. First,
the kinetics of the MLR response demonstrate a primary response to ACI alloantigens, not
the rapid secondary response that would be expected to occur if the animals were well
primed (the MLR response at 3 days was always lower than the response at 7 days). Second,
the magnitude of the response to ACI spleen cells was not significantly different between
any of the four groups at 4 weeks or at 8 weeks (p > 0.05). Of interest, however, was the
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relatively diminished allogeneic response by the group treated with ACI ASCs at 8 weeks
compared to the other three groups (35-70% lower). This may be due to the statistically
significant decline in the response of the ACl ASC—treated group to ACI spleen cells
between 4 and 8 weeks (p < 0.05, Fig. 2B). Whereas individual rat responses were variable
at 4 weeks, the responses were clustered at background control levels by 8 weeks.

The response to Con A was not significantly different (p > 0.05) between the four groups at
4 weeks or at 8 weeks (Fig. 3). We conclude that implantation of scaffold, with or without
syngeneic or allogeneic ASCs, did not affect the broad T cell response to this mitogen.
Although the magnitude of the Con A response declined in most of the groups between 4
and 8 weeks, the difference was not statistically significant (p > 0.05).

The background proliferative responses of LNCs derived from scaffold-implanted animals
(with or without ASCs) were significantly elevated when compared to untreated rats when
cells were cultured in medium (Fig. 4A) or with syngeneic spleen cells (Fig. 4B). This
response was observed in 7 day cultures, but not in 3 day cultures, suggesting that it
developed in culture. A likely explanation for this effect is that it is a response to FBS
because the scaffold (with or without ASCs) was incubated in medium containing FBS
before implantation. Thus, LNCs obtained from rats sensitized to FBS produced a
quantitatively higher response when restimulated in culture medium containing FBS than
their untreated controls. There was not a significant difference within any of the groups
between LNCs harvested at 4 versus 8 weeks after treatment (p > 0.05).

Humoral immune responses—Serum antibody binding to ACI strain ASCs was
determined at 4 and 8 weeks by flow cytometry. The average mean fluorescence intensity
(MFI) of serum antibody binding to ACI ASCs for each of the four groups in the spinal
fusion model is shown in Figure 5A. The results demonstrate that significant antibody
responses were induced in the groups of rats treated with syngeneic or allogeneic ASCs,
with the highest response in the allogeneic group. The MFI for the allogeneic group was
approximately threefold greater than the MFI for the syngeneic group at 4 weeks and
twofold greater at 8 weeks.

Individual responses of rats in the syngeneic and allogeneic ASC-treated groups are shown
in Figure 5B. Although the difference between these groups is significant at 4 weeks (p <
0.05), it is not significant at 8 weeks due to increased MFI in the syngeneic group and lower
MFI in the allogeneic group. At each of the 4 and 8 week time points, four out of seven rats
(57%) treated with allogeneic ASCs produced a significant antibody response with an MFI
that was greater than or equal to the MFI of the syngeneic group antibody response plus 2
standard deviations (approximate 95% confidence interval by the empirical rule).

The antibody response to ACI ASCs in the Allogeneic ASCs+Scaffold group was
characterized for isotype, cytotoxicity, and reactivity to FBS proteins. After treating ACI
ASCs with sera from Allogeneic ASCs+Scaffold group or control No treatment rats, FITC-
conjugated isotype-specific secondary antibodies were added to distinguish IgM from 1gG
antibodies bound to the cells. As shown in Figure 6A, no secondary antibody binding to IgM
on ACI ASCs was detected above control levels at a 1:5 serum dilution, whereas secondary
antibody to IgG detected serum antibodies in the ASC-treated rats even at a 1:500 dilution.
There was not a significant difference between antibody titers at 4 and 8 weeks. When
complement was added to mixtures of serum and ASCs, no cytotoxicity against the ASCs
was observed (Fig. 6B). Anti-CD90 mAb, which binds to more than 90% of the ASCs and
served as a positive control for the assay, reduced viability significantly in the presence of
complement, indicating that the assay system was working appropriately. Finally, we tested
sera for reactivity to FBS proteins by ELISA. As shown in Figure 6C, antibody activity to
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FBS was consistently higher in sera obtained from rats that were treated with scaffold alone
or with cells plus scaffold in comparison to untreated rats. The antibody titer to FBS appears
to be similar in all three groups of rats because the dilution curves overlap over a wide range
of serum dilutions.

Discussion

The current immunology study is complementary to a study that was performed to determine
the relative efficacy of syngeneic and allogeneic ASCs to promote spinal fusion. The results
of this complementary study, published elsewhere, 10 showed that callus formation was more
mature in the ASC-treated animals than in animals treated with scaffold alone. Both
syngeneic and allogeneic ASCs accelerated spinal fusion, and inflammatory cell infiltration
in the fusion mass was significantly lower in ASC-treated animals than scaffold alone.
Hence, it was surmised that a deleterious immune response was not initiated against the
allogeneic ASCs that interfered with acceleration of spinal fusion by these cells. The
purpose of the current study was to determine whether we could detect either a cellular or
humoral response against the allogeneic ASCs implanted in the recipient rats.

Results from the current study demonstrated that ASCs derived from rats were
nonimmunogenic and immunosuppressive in vitro. Further, LNCs obtained from animals
treated with allogeneic ASCs were no more responsive to donor alloantigen restimulation in
vitro than LNCs obtained from untreated control animals, scaffold-treated animals, or
animals treated with syngeneic ASCs. Although these results suggested that allogeneic
ASCs were nonimmunogenic in vivo, antibodies were detected in the peripheral blood of
host animals to donor ASCs, indicating that the ASCs elicited a humoral immune response.
Characterization of the response showed that the antibodies were 1gG (not IgM) and
noncytotoxic in the presence of complement, and they expressed specificity for FBS
antigens.

ASCs were produced from inguinal fat derived from two different strains of rats for these
studies. In phenotypic studies of immunologically relevant cell surface markers, rat ASCs
showed expression of MHC class | antigens and low expression of CD80 costimulatory
molecules, similar to what has been previously reported for human ASCs;11 however, this
differs from what has been reported for bone marrow—derived mesenchymal stem cells
(BMSCs) that do not express CD80.12,14 In studies of immune function assessed by in vitro
assays, rat ASCs demonstrated a nonimmunogenic and immunosuppressive profile for
alloreactive immune responses, similar to reports on adult-derived human ASCs2-6 and
BMSCs,13-16 a5 well as MSC-like cells derived from fetal tissues such as amnion,” liver,18
and placenta.1® BMSCs from a variety of nonhuman species have been demonstrated to be
nonimmunogenic and/or suppressive in vitro, including mice,20 rats,?! rabbits,22 pigs,23,24
and baboons.2® Of particular interest to a universal cell approach for enhancement of spinal
fusion, BMSCs have been shown to retain their nonimmunogenic and/or suppressive
properties in vitro after differentiation down the osteogenic lineage.3,13,22 23

Based on our in vitro studies showing a nonimmunogenic and suppressive profile for rat
ASCs, transplanted ASCs would not be expected to induce an immune response after
transplantation to an immunocompetent allogeneic host. As part of a study comparing the
efficacy of syngeneic and allogeneic ASCs in a rat spinal fusion model, we evaluated
recipients for cellular immunity to donor alloantigens at 4 and 8 weeks after cell
transplantation. By determining two parameters of the restimulation response, magnitude
and temporal kinetics, we concluded that lymph node T cells from Fischer rats transplanted
with allogeneic ACI strain ASCs were not primed to ACI alloantigens in vivo. Although this
type of analysis has not been previously reported for ASCs, similar results have been
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reported for BMSCs in a rat stroke model2% and in baboons.2” Other studies involving
BMSCs have shown conflicting results. A sixfold increase in MLR activity against donor
alloantigens was observed in peripheral blood T cells in swine that received intracardiac
transplantation of allogeneic BMSCs.24 In mice, administration of allogeneic BMSCs has
been shown to activate T cells to reject matched bone marrow.28 In another model, BMSCs
transduced with erythropoietin induced their own demise by activating host T cells and
natural killer cells.?? Finally, there are conflicting results as to whether BMSCs maintain
their immunomodulatory properties in vivo. BMSCs have been reported to suppress GVHD
in humans3? and allograft rejection in baboons?® and rats,3! but others have reported no
suppressive effect of these cells on GVHD?2 32 or allograft rejection.?! Although few
studies have been performed with ASCs, they have been shown to exhibit suppression in a
mouse model of GVHD® and in human GVHD.?

Immune tolerance or a hyporesponsive state was not observed in the current study, but it is
interesting to note that the T cell response to donor spleen cells at 8 weeks was uniformly
and significantly lower than the response at 4 weeks, showing a trend with time of
decreasing responsiveness to donor alloantigens. Because this response was not significantly
lower than the baseline response in untreated rats, we cannot conclude that the T cells were
tolerant or hyporesponsive due to suppression, clonal deletion, or other means. In a previous
baboon study, intravenous administration of BMSCs resulted in T cell hyporesponsiveness
that was observed at 8 weeks (but not at 4 weeks) after injection.2” The ability of BMSCs to
induce tolerance has been reported in vitro33 as well as in vivo,34—37 but opposing results
have been reported as well.13,28 29 Fyrther study is needed to determine whether BMSCs
and ASCs can induce unresponsiveness in vivo and, if so, the mechanism of induction.

A significant IgG antibody response, with a titer of approximately 1:500, was produced to
ACI strain ASCs by recipient Fischer rats in our study. Although a portion of the antibody
activity could be attributed to binding FBS proteins, there was a significant difference
between syngeneic and allogeneic groups, which would suggest that a significant proportion
of the antibody response was directed against ACI alloantigens. We were unable to
demonstrate any cytotoxicity of these antibodies against ACI ASC target cells in the
presence of complement. Antibody responses to allogeneic BMSCs have been demonstrated
previously in pigs24 and baboons.2” BMSCs injected subcutaneously or into infarcted
myocardium in pigs induced antibodies that were cytotoxic in the presence of complement.
In the baboon study, recipient animals produced antibodies in response to a single
intravenous injection of allogeneic BMSCs or after an intramuscular boost. Survival of
BMSCs was more closely associated with T cell hyporesponsiveness than alloantibody titer
in this model. The current results contrast with a previous study in a rat stroke model where
no antibodies were produced to allogeneic BMSCs that were injected intravenously,
suggesting an effect by cell type (BMSC vs. ASC) and/or route of administration in rats.26

Evidence of immune sensitization to FBS antigens appeared at both the cellular and humoral
levels in all three groups of animals that were exposed to FBS on scaffold alone (Scaffold
only) or scaffold plus cells (Syngeneic ASCs+Scaffold group and Allogeneic ASCs
+Scaffold group). At the cellular level, T cells from all three groups produced high
background proliferative responses in culture medium containing FBS that developed with
time; that is, they were low or not present at a 3-day harvest but were demonstrable at 7
days. No elevated response was seen in the No treatment group. At the humoral level, anti-
FBS antibodies were detected in the sera of rats implanted with scaffold or scaffold plus
cells, but not in the control No treatment group. Immune responses to FBS carried over with
BMSCs have been reported by other investigators38 and our experience appears to
corroborate their results. Further, the scaffold used in this study has been reported to induce
an inflammatory response.12 We cannot rule out the possibility that the response was due to
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the scaffold itself or that the scaffold exacerbated the response to FBS. In future studies, it
would be prudent to avoid or reduce the use of FBS in expanding stem cells for
transplantation as well as utilize noninflammatory scaffolds with reduced/nonexposure to
FBS to minimize the immunogenicity of allogeneic ASCs and BMSCs in vivo. The inclusion
of a Scaffold only group, not preincubated in FBS, would also sort out the effect of the
scaffold in the induction of T cell responses.

The results from the current immunology study, showing the absence of a cellular T cell
response coupled with a relatively low-titered, noncytotoxic humoral response, support the
in vivo results presented in a companion paper that indicated equal efficacy of syngeneic and
allogeneic ASCs to accelerate spinal fusion.1% The sum of these results supports the
conclusion that the immune system does not negatively affect the ability of allogeneic ASCs
to mediate tissue generation in vivo. Further, our data support the concept that ASCs have
potential therapeutic use as allogeneic products to replace or restore damaged tissues.
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Fig. 1.

Immunologic characteristics of ACI rat strain ASCs. Passage 5 ASCs were evaluated by
flow cytometry (A) for cell surface markers indicated on each histogram. The
immunogenicity experiment in (B) shows the T cell proliferative response of Fischer strain
LNCs (5x10° cells/well) to increasing numbers of syngeneic Fischer spleen cells and
allogeneic ACI spleen cells and ASCs. Results are shown as the mean + standard deviation
of triplicate culture wells. Significant differences from the background response to
syngeneic Fischer spleen cells are denoted with an asterisk (p < 0.05). The suppression
experiment in (C) shows the effect of adding increasing numbers of ASCs to one-way MLR
cultures consisting of Fischer responder cells (5x10° cells/well) and ACI spleen cells (2x10°
cells/well). Results are shown as the mean + standard deviation of triplicate culture wells.
Significant differences from the MLR response (no ASCs added) are denoted with an
asterisk (p < 0.05).

Tissue Eng Part A. Author manuscript; available in PMC 2010 September 1.

Number of ASCs Added Per Well




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Mcintosh et al. Page 14

ONo Trt
Scaf

B Syn+Scaf
@ Allo+Scaf [

R

—
W)

MRS

3 Day Culture 7 Day Culture 3 Day Culture 7 Day Culture

4 Weeks 8 Weeks
NS
E— —
105000 st : }
95000 —
85000 . = NS .
75000
= 65000
J 55000
< 45000 °
35000 3 ) ®
25000 - o .
15000 g l
5000 ° § ¢
-5000 a
Syn Allo Syn Allo
4 Weeks 8 Weeks
Fig. 2.

Group and individual rat T cell proliferative responses to ACI spleen cells. Lymph node
cells (LNCs) were removed from recipient rats at 4 or 8 weeks after implantation with no
carrier or cells (No Trt), scaffold only (Scaf), syngeneic Fischer ASCs plus scaffold (Syn
+Scaf), or allogeneic ACI ASCs plus scaffold (Allo+Scaf). LNCs (3x10° cells/well) were
stimulated with ACI or Fischer spleen cells (2x10° cells/well), and cultures were harvested
at 3 or 7 days as indicated. Data are reported as ACPM that reflect that background
proliferative responses to Fischer spleen cells have been subtracted from the proliferative
responses to ACI spleen cells. The mean group response + standard error of the mean is
shown in (A). Individual rat responses from the Syn+Scaf and Allo+Scaf groups are shown
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in (B). All responses are from cultures harvested at 7 days. The significance of differences
between groups are shown by brackets. NS, not significant.
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Group responses to stimulation with Con A. Groups corresponding to each bar in the graph
are described in Figure 2A and in the Figure 2 legend. LNCs (3x10° cells/well) obtained
from individual rats at 4 or 8 weeks were stimulated with Con A and harvested at 3 days.
The response of the cells cultured in medium has been subtracted from the Con A-
stimulated response (ACPM). The mean group response * standard error of the mean is
shown. There were no significant differences between treatment groups at either time point.
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Group responses of recipient Fischer rat LNCs to control stimuli. Groups are described in
Figure 2 and the Figure 2 legend. LNCs (3x10° cells/well) obtained from individual rats at 4
or 8 weeks were cultured in medium alone (A) or with syngeneic Fischer strain spleen cells
(2x10° cells/well, B). The cultures were harvested at 3 or 7 days as indicated. Proliferative
responses are designated as CPM because background responses were not subtracted. The
mean group response + standard error of the mean is shown. Significant differences from the
No Trt background response are denoted with an asterisk (p < 0.05).
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Serum antibody binding to ACI strain rat ASCs. Mean group serum antibody responses of
recipient Fischer rats at 4 and 8 weeks postimplantation are shown in (A). Groups are
described in Figure 2. The mean group MFI response * standard error of the mean is shown.
Significant differences from the No Trt background response are denoted with an asterisk (p
< 0.05). Individual rat serum antibody responses to ACI strain rat ASCs are shown in (B).
Antibody responses from individual rats are shown for the Syn+Scaf and Allo+Scaf groups
at 4 and 8 weeks postimplantation. The significance of differences between groups is shown
by brackets. NS, not significant.
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Characteristics of the humoral response. The isotype and titer of the antibody response to
ACI ASCs at 4 and 8 weeks is shown in (A) for No Trt and Allo+Scaf-treated rats. Rat sera
were diluted as indicated, allowed to bind to ASCs and labeled with FITC-conjugated goat
anti-IgM or 1gG secondary antibodies before evaluation by flow cytometry. Significant
differences from No Trt controls are denoted by an asterisk (p < 0.05). Sera from the same
groups of rats were evaluated for cytotoxicity against ASC target cells (B). After allowing
sera to bind ASCs, guinea pig complement was added, and cell viability was determined by
propidium iodide staining and flow cytometry. As controls, ASCs were incubated with
complement only (“None”) or with anti-CD90 mAb (positive control). The specificity of rat
sera for FBS is shown in (C). Rat sera from all four groups in the spinal fusion study were
serially diluted and evaluated for binding to FBS by ELISA. In all panels, the number of rat
sera tested per group is shown in parentheses, and group means are shown + standard error.
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