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Abstract
Background—Stromal progenitor cells (SPC) exhibit immunosuppressive effects in vitro that have
led to speculation regarding their capacity to evade host immune recognition and to treat autoimmune
diseases and GVHD. However, there is little in vivo experimental data to support these immunologic
claims. To assess immune recognition of SPC in vivo, we evaluated the immune response of animals
transplanted with SPC.

Methods—C57BL/6 (B6) or Balb/c adult, murine, bone marrow derived SPC (AmSPC) were
administered by intraperitoneal injection into B6 recipients. T cell proliferation and alloantibody
response was assessed from spleens and peripheral blood harvested from transplanted animals and
analyzed by cell proliferation assay and flow cytometry. To assess tolerance induction, transplanted
animals also received allogeneic skin grafts.

Results—Animals injected with allogeneic AmSPC mounted an accelerated CD4 response to
alloantigen compared to syngeneic AmSPC injected and uninjected controls. Allogeneic AmSPC
injected animals also demonstrated high titers (≥1:1000) of antibody directed against allogeneic
AmSPC targets. Animals primed with donor or host matched AmSPC also failed to induce tolerance
and all animals exhibited rejection of allogeneic skin grafts (n = 7, p<0.0001).

Conclusions—In contrast to their in vitro behavior, our data demonstrate that AmSPC are
recognized by the host immune system in vivo, elicit a cellular and humoral immune response, and
fail to induce tolerance. These findings have significant implications for all allogeneic SPC based
therapeutic strategies.

Introduction
Mesenchymal “Stem” Cells (MSC) are multipotent cells derived from bone marrow and a
variety of other tissues.(1,2) Although the term MSC is widely used, all populations described
thus far are heterogeneous and contain cells with a hierarchy of potentiality. They are therefore
more appropriately referred to as bone marrow (or other tissue derived) stromal progenitor
cells (SPC) which is the terminology that we will use throughout this report. They are of
potential therapeutic value because of their extensive capacity for in vitro expansion, their

1This work was supported by grants R01 HL73253-01 from the National Institutes of Health (AWF). AWF is also supported by funds
from the Ruth and Tristram C. Colket, Jr. Chair of Pediatric Surgery.
Address for Correspondence: Alan W. Flake, M.D., The Children’s Institute for Surgical Science, Department of Surgery, Abramson
Research Center, Rm 1116B, 3615 Civic Center Blvd, Philadelphia, PA 19104-4318, Email: flake@email.chop.edu, Phone: (215)
590-3671, FAX (215) 590-3324
2These authors contributed equally to this work
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biol Blood Marrow Transplant. Author manuscript; available in PMC 2008 April 1.

Published in final edited form as:
Biol Blood Marrow Transplant. 2007 April ; 13(4): 412–422.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



capacity for induced differentiation into at least some mesenchymal lineages, and their relative
ease of genetic manipulation.(3) In addition, SPC have interesting immunologic properties in
vitro which have led to speculation and controversy regarding their in vivo immunologic
behavior. Although the mechanisms are not fully defined, SPC have been demonstrated in
vitro by multiple investigators to suppress stimulated T cells in co-culture experiments.(4–
19) Because of these in vitro observations, it has been suggested that SPC may evade
alloimmune surveillance, induce specific immunologic tolerance, and suppress graft versus
host disease (20–28), but there is little clinical or experimental data to support these claims. In
fact, a recent study demonstrated the in vivo elimination of subcutaneously implanted, gene-
modified, allogeneic SPC in a murine system.(29) The immune rejection of allogeneic SPC
would complicate their use in therapeutic applications requiring the long term persistence of
allogeneic cells for sustained clinical benefit.

In this study we utilize a well characterized population of murine adult bone marrow derived
stromal progenitor cells (AmSPC), that are devoid of hematopoietic cells, and satisfy defining
criteria that are widely used for so called MSC, to characterize the alloresponse to SPC after
intraperitoneal administration. In contrast to their in vitro behavior, our data demonstrate that
SPC are recognized by the host immune system in vivo, and elicit both host cellular and
antibody immune responses. To test the immunomodulatory capacity of AmSPC in vivo, we
also performed allogeneic skin grafting and demonstrate skin graft rejection in animals instead
of tolerance induction. These findings have significant implications for all allogeneic SPC
based therapeutic strategies.

Materials and Methods
AmSPC Isolation and Expansion

Femurs and tibias were removed from euthanized 4—12 week old C57BL/6 (B6) and Balb/c
male mice (obtained from Jackson Laboratories, Bar Harbor, ME). The bone marrow was
flushed via a 23 gauge needle with complete MesenCult Basal Medium for Murine
Mesenchymal Stem Cells (StemCell Technologies, Vancouver, Canada) containing
mesenchymal stem cell stimulatory supplements, 100 U/ml penicillin and 100 μg/ml
streptomycin (Life Technologies/Invitrogen, Carlsbad, CA). Bone marrow from each mouse
was filtered through a 70 μm nylon filter. Red cell lysis was performed by the addition of
Ammonium Chloride (StemCell Technologies, Vancouver, Canada). Cells were plated into 6-
well tissue culture plates (Falcon, Franklin Lakes, NJ), and kept in a humidified incubator at
37°C and 5% CO2. Adherent cells were lifted once 90% confluent using 0.25% Trypsin
0.05mM EDTA (Life Technologies/Invitrogen, Carlsbad, CA) and expanded by replating at
5000 cells/cm2. Complete MesenCult media was used to feed expanding cells every 3—4 days.

Flow cytometric analysis of Immune Phenotype
Both untreated AmSPCs and AmSPCs treated with interferon gamma (IFN-γ-200 ng/ml for
72 hours) were suspended in 100 μl of PBS and incubated in FC blocking antibody (CD16/
CD32) (BD Biosciences Pharmingen, San Diego, CA) for 10 min at room temperature.
AmSPCs were incubated with primary antibody directly conjugated to phycoerythrin (PE) (1
μg/l × 106 cells) for 30 min at 4°C, washed twice with PBS, and stained with 1μg propidium
iodine prior to analysis. Primary antibodies with specificity for the surface antigens CD3,
CD11b, CD13, CD31, CD44, CD45, CD90, C-kit (CD117), MHC I, MHC II, and Sca-1 were
used (BD Pharmingen, San Diego, CA).

Primary Mixed Lymphocyte Cultures in the presence of AmSPC
B6 responder matched AmSPC were trypsinized at passage 13. Cells were counted by trypan
blue exclusion (greater than 95% viable). AmSPC were plated at 5,000 cells/cm2 into 12 well
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tissue culture treated plates (Falcon, Franklin Lakes, NJ). AmSPC were incubated alone
overnight in complete Mesencult media to allow adherence to the dish. Spleens were harvested
from 12 week old female B6 mice as responder cells, and from 12 week old Balb/c mice as
stimulator cells. Spleens were processed using 70 μm cell strainers and 5 ml syringes (BD
Biosciences, San Jose, CA) to achieve a single cell suspension. Once a single cell suspension
was prepared, red blood cells were lysed using Ammonium Chloride (StemCell Technologies,
Vancouver, Canada). Responder cells were stained with CFDA SE tracking dye (CFSE -
Molecular Probes, Eugene, OR) using the manufacturers instructions. Stimulator splenocytes
were given 2500 cGy irradiation in a Cs135 gamma irradiator. After staining was complete,
cells were washed three times in complete assay medium, Iscove’s Modified Dulbecco Media
with non-essential amino acids, sodium pyruvate, 100U penicillin, 100μg streptomycin,
55μM Beta-Mercaptoethanol (all from Life Technologies/Invitrogen, Carlsbad, CA) and 10%
Fetal 6Bovine Serum (HyClone, Logan, UT). Media was removed from the 24hr adherent
AmSPC cultures and responder and stimulator splenocytes were added to appropriate wells at
the concentration of 1.2 × 106 cells/cm2 and 6 × 105 cells/cm2 (responder:stimulator ratio of
2:1). Alternatively, the polyclonal lymphocyte stimulant phytohemagluttin in (PHA) (Sigma-
Aldrich, St. Louis, MO) was added to stimulate cultures at a final concentration of 10 μg/ml.
All experiments were performed a minimum of three times and all samples prepared in
triplicate. Optimal culture conditions and time periods required for peak proliferation in PHA
and alloantigen stimulated cultures were determined from pilot studies. Proliferation was
observed at 3 days in mitogen stimulated cultures with no proliferation observed in alloantigen
stimulated cultures until 7 days in culture. As a result, PHA stimulated cultures were incubated
at 37° C, 5% CO2 for 3 days and alloantigen stimulated cultures were incubated for 7 days
under the same conditions. The above experiments were also performed with stimulator
matched Balb/c AmSPC and repeated in a transwell assay system. For transwell assays, either
B6 or Balb/c AmSPC were plated in the lower and separated from splenocytes in the upper
chamber by a 4μm pore size semi-permeable membrane insert.

AmSPC Preparation for Injections
Animals were housed in the Laboratory Animal Facility of the Abramson Research Center at
the Children’s Hospital of Philadelphia. The experimental protocols were approved by the
Institutional Animal Care and Use Committee followed guidelines set forth in the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. AmSPC were
trypsinized at passage 13 and a single cell suspension created. Cells were washed 3 times with
1X dPBS (Life Technologies/Invitrogen, Carlsbad, CA). Cells were counted by trypan blue
exclusion (greater than 95% viable). Cells were resuspended at 5 × 106 cells/ml in 1X dPBS
with 1% normal mouse serum. A volume of 200 μl of the cell suspension was immediately
injected into the peritoneal cavity of 6–8 week old female B6 mice. This injection was
considered the zero-week time point. A second injection prepared exactly as described above
was administered at the four-week time point.

Analysis of T cell proliferation in response to alloantigen
Spleens were removed from treated B6 mice 2 weeks after the second immunization (6 week
time point) and Balb/c spleens were harvested as stimulator cells. In order to increase the
sensitivity of detection for discrete proliferation peaks, the CD4+ lymphocyte fraction of
responder splenocytes cell populations was selected using a CD4+ T cell isolation kit and an
autoMACS cell separator according to the manufacturer’s instructions (Miltenyi BioTech,
Auburn, CA). CD4+ cells were stained with CFSE and stimulator cells treated with irradiation
as previously described. Control CD4+ cells were obtained from age-matched animals for
comparison. All samples were prepared in triplicate. Responder and stimulator cells were added
to appropriate wells at the concentration of 1.2 × 106 cells/cm2 and 6 × 105 cells/cm2

(responder:stimulator ratio of 2:1) in complete assay medium. Purified anti CD3 antibody (BD
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Pharmingen, San Jose, CA) was added to the control wells at a final concentration of 1 μg/μl.
Cultures were incubated at 37° C, 5% CO2 and analyzed at 3.5 and 5.5 day time points. Three
samples per group were analyzed by flow cytometry with a FACS Calibur system and Cell
Quest Pro software.

Alloantibody analysis
Mice were bled from the retro-orbital vein at 0, 2, 4, 5, and 6 weeks. Blood was placed in a
clot activating tube and centrifuged for 10 minutes at 500g. Serum was aspirated and frozen
at −80° C. Target B6 (H2b), Balb/c (H2d) p13 AmSPC were treated with IFN-γ (200 ng/ml)
for 72 hours prior to coincubations. Cells were counted by trypan blue exclusion (greater than
95% viable for both IFN-γ treated and untreated target AmSPC). Treated and untreated target
AmSPC were coincubated for 1 hour with dilutions of serum from injected animals (1:10,
1:100, 1:1000) in FACS staining buffer, 1X dPBS (Life Technologies/Invitrogen, Carlsbad,
CA), 0.5% BSA (Sigma-Aldrich, St. Louis, MO), and 0.1% Sodium Azide (Sigma-Aldrich,
St. Louis, MO). Cells were washed with FACS staining buffer and then incubated with anti-
Mouse IgG (FITC conjugated) and IgM (PE conjugated) antibodies (Jackson ImmunoResearch
Inc., West Grove, PA) for 30 minutes. Additional experiments using p13 CBA (H2k) AmSPC
targets with allogeneic primed animal sera was also performed. Cells were washed using FACS
staining buffer. Three cell samples for each condition were then analyzed by dual color flow
cytometry.

Skin grafting
Six-8 week old, female B6 mice received intraperitoneal injections with either syngeneic (B6)
AmSPC, allogeneic (Balb/c) AmSPC, syngeneic (B6) splenocytes, or allogeneic (Balb/c)
splenocytes at the zero and four week timepoints as described above. At six weeks, two weeks
after the second injection, skin grafting was performed by a modification of the technique
described by Billingham and Medawar.(30) Briefly, full thickness donor skin grafts (1.5 × 0.5
cm2) were prepared from the ventral skin of Balb/c mice and transferred to recipient sites on
B6 mice. Recipient sites were created on the lateral thorax of both AmSPC or splenocyte
injected and non-injected control mice while carefully preserving the panniculus carnosus.
Autografting was performed using skin removed from the allograft site to serve as a technical
control. Each mouse received an autograft and allograft. The grafts were covered with
petroleum gauze and held in place with a Band-Aid to create a pressure dressing. Dressings
were removed after 5 days. Nonadherent grafts were considered technical failures and were
excluded. Adherent grafts were monitored for signs of rejection (hardening of the graft, and
necrosis) and photographs were taken daily. Grafts were considered rejected when >90% of
the surface area was necrotic and the graft hardened. Photographs of the grafts were also
reviewed in series at the end of the experiment by an investigator blinded to the group and
treatment.

Statistical Analysis
Data are presented as the mean ±SD. Means were compared by student’s t-test.. Kaplan-Meier
survival curves were created to compare skin graft rejection. Differences between groups were
determined by log rank analysis. Probability values of p<0.05 were interpreted as statistically
significant.

Results
Characteristics of AmSPC

AmSPC isolated by the described methodology are morphologically similar to human and rat
“MSC”, contain a high percentage of CFU-f after passaging (up to 80%), and demonstrate
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linear expansion for more than 100 population doublings. Osteogenic, adipogenic, and
chondrogenic differentiation can be induced by defined culture conditions. Phenotypically,
AmSPC are Sca-1+, VCAM-1+, CD44+, CD31−, CD45−, and CD90−. The cells display the
following immune phenotype, MHC Class I+, MHC II−, CD40−, CD80+/−, CD86−. Upon
treatment with interferon gamma, upregulation of MHC I is observed, MHC II expression is
induced, and co-stimulatory expression remains unchanged (Figure 1).

In Vitro Suppression of T-cell Proliferation
In the presence of AmSPC, B6 responder splenocyte proliferation was inhibited in MLR
cultures. This suppression was observed for both CD4+ and CD8+ T cells in response to both
alloantigen (Balb/c splenocytes) and polyclonal mitogen stimulation in vitro (Figure 2, panel
A). This suppression occurred in the presence of both responder matched B6 AmSPC and
stimulator matched Balb/c AmSPC and was therefore independent of MHC matching between
responder and AmSPC cell populations. Furthermore, the suppression was contact dependent
with no suppression observed in a transwell system (Figure 2, panel B).

In Vivo Cellular and Humoral Response to AmSPC Alloantigen
In order to examine the in vivo host cellular response to injected AmSPC, spleens from B6
animals injected with either B6 or Balb/c AmSPC were harvested for T cell proliferation assays
in response to alloantigen (Balb/c splenocytes). Nine of 10 animals injected with Balb/c
(allogeneic) AmSPC mounted an accelerated CD4+ T-cell proliferation response (as indicated
by decreases in the fluorescence intensity shifting histogram peaks to the left) compared to
animals injected with syngeneic AmSPC or uninjected controls at 3.5 days after re-stimulation
with alloantigen. (Figure 3A) At 5.5 days after alloantigen stimulation, all animals injected
with B6 (syngeneic) AmSPC demonstrated initiation of T cell proliferation. Allogeneic primed
cells exhibited continued proliferation with the majority of cells having shifted to the left and
represented as a single heterogenous peak of cell divisions. (Figure 3B) No such increase in T
cell proliferation was observed in uninjected animals. At the 7 day time point, all uninjected
control CD4+ cell populations exhibited proliferation compared to unstimulated control
cultures (data not shown).

Mice primed with allogeneic AmSPC demonstrated both primary and secondary alloantibody
responses as indicated by the presence of both IgM and IgG antibody isotypes. Extremely high
IgG alloantibody titers (≥1:1000) were found in all 5 of the animals injected with allogeneic
AmSPC (Figure 4a). Alloantibody binding was increased in samples where AmSPC were
treated with interferon γ. Low IgG titers (≤ 1:100) were generated in animals injected with
syngeneic AmSPC (Figure 4b). Sera from allogeneic AmSPC primed animals was also
incubated with third party CBA (H2k) AmSPC. Compared to IgG titers detected with Balb/c
targets, lower IgG titers were seen against CBA targets (n=5, Figure 5).

Skin Graft Rejection with Alloantigen Priming
B6 mice primed with intraperitoneal injection of Balb/c, allogeneic AmSPC (n=7) rejected
Balb/c allogeneic skin grafts with a mean time to rejection of 6.71 ± 0.39 days compared to
8.375 ± 0.07 days for non-injected controls (n=12, p < 0.0001). B6 animals injected with B6,
syngeneic AmSPC rejected Balb/c, allogeneic skin grafts at a mean of 7.5±0.2 days (n=10; p
< 0.0001 compared individually to both allogeneic AmSPC injected and non-injected controls).
Skin graft rejection of AmSPC primed B6 animals was also compared to B6 animals primed
with Balb/c, allogeneic or B6, syngeneic splenocytes. Kaplan-Meier analysis of graft survival
did not demonstrate a statistically significant difference between AmSPC primed animals and
their splenocyte counterparts. Balb/c allogeneic primed animals exhibited statistically
significant acceleration in graft rejection compared to B6 syngeneic injected and uninjected
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control animals (p<0.05, Figure 6). Autografts were not rejected. The technical success rate
for all skin grafting was 97%.

Discussion
In agreement with previous studies of “MSC” immune function in vitro, AmSPC clearly inhibit
T-cell proliferative responses to allogeneic stimulation in co-culture experiments. The
multitude of studies demonstrating such in vitro suppression has formed the basis of claims
that MSC are similarly immunosuppressive and poorly immunogenic in vivo. Our data,
however, demonstrates that the introduction of allogeneic AmSPC into an immunologically
competent animal elicits both a cellular and humoral host immune response. Sensitization of
host CD4+ lymphocytes is evidenced both by the increased proliferation of T-cells observed
upon restimulation with alloantigen and the detection of high titer alloantibody after
immunization with allogeneic AmSPC. Furthermore, injection of donor matched AmSPC fail
to induce host tolerance to allogeneic skin grafting.

The mechanism of SPC mediated in vitro suppression of T-cell proliferation remains to be fully
defined. There is agreement that suppression of T cell proliferation after stimulation by
polyclonal mitogens, anti CD3 antibody, or alloantigen appears to be independent of MHC
matching between the SPC and the T cells(8,10,12). There have been conflicting reports on
whether suppression is mediated by a soluble factor in supernatants or whether cell-cell contact
is required(5,7–10,17). In our own study, the inhibition of T-cell proliferation was contact
dependent. This implies that these effects on lymphocyte function in vitro are mediated by
different mechanisms. A variety of molecular mechanisms have been proposed to explain MSC
mediated in vitro suppression including IDO type reactions (16), veto-like activity (31),
induction of T-cell anergy (19), inhibition of cytotoxic lymphocytes (4,5,17) and NK cells
(13) in mixed lymphocyte culture, alteration of antigen presenting cell function (4,7,9), and
production of T-cells with regulatory or suppressive phenotypes (4,13). Failure to arrive at a
consensus regarding the precise mechanisms responsible for these in vitro observations may
be due in part to study differences in the cell population or type of stimulation used in co-
culture experiments. (18)

Suppressive culture conditions are associated with extremely high cell densities and local
concentrations of suppressive cytokines relative to physiologic conditions. In contrast,
systemic administration of SPC would generally result in exposure of host immune cells to
SPC at a much lower frequency. Thus, the likelihood of formation of the cell-cell networks
and local cytokine milieus that occur in vitro would be minimal. In this context, it is likely that
in vivo presentation of SPC may have entirely different immune consequences than those
anticipated from in vitro studies such as the alloimmunization observed in this study.

One other group has shown the in vivo immune recognition of allogeneic SPC in a well designed
and controlled study(29). Using murine SPC engineered to release erythropoietin, they
demonstrate high recipient plasma levels of antibody to erythropoietin and decreasing host
hematocrit with repeat challenges of subcutaneously implanted allogeneic SPC. Histological
analysis of the subcutaneous implants for CD4+ and CD8+ cells yields indirect evidence of in
vivo host cellular immune response. In our study, we utilized a non-transduced cell population
of similar immune phenotype and passage and demonstrate evidence of a humoral response
directed at SPC antigens rather than at a transgene product. Furthermore, host cellular
recognition of AmSPC antigens is indicated by the accelerated proliferative response of CD4
+ lymphocytes from 6 week posttreatment B6 animals upon re-stimulation with Balb/c,
allogeneic stimulator splenocytes and suggests the induction of a memory T-cell response
following initial antigen presentation in vivo.. In comparison to animals injected with AmSPC,
animals initially injected with allogeneic splenocytes showed both increased magnitude and
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kinetics in their response (data not shown). This is most likely due to a potent response against
MHC Class II which is expressed on the majority of splenocytes and is only inducible on
AmSPC.

In addition to eliciting host immune responses, AmSPC also fail to prevent skin graft rejection.
In contrast to other studies demonstrating skin graft prolongation (6,32), our results
demonstrate that animals injected with allogeneic AmSPC reject allogeneic skin grafts with
the same kinetics as animals injected with allogeneic splenocytes. In the above mentioned
studies skin graft prolongation is between 1 and 4 days and while statistically significant, such
prologation is unlikely to be of clinical or therapeutic significance. In our study, animals primed
with allogeneic AmSPC exhibited a statistically significant acceleration in the time to skin
graft rejection compared to syngeneic AmSPC controls. Although the window of skin graft
rejection between the groups in this study is narrow, we believe that at the very least, the data
suggests that allogeneic AmSPC are not tolerogenic.

The rejection of allogeneic skin grafts seen in primed animals in our study also provides indirect
evidence of the generation of T cell responses to allogeneic AmSPC. Acute graft rejection is
a T cell mediated immune response. In all likelihood, host T cells, sensitized to donor
alloantigen by intraperitoneal SPC injections, recognize alloantigen within the graft and
generate cytotoxic responses resulting in acute graft rejection. Animals primed with syngeneic
SPC exhibited a mean graft rejection time intermediate to that of allogeneic injection recipients
and uninjected controls but no difference in graft survival curve compared to uninjected
controls. We attribute the faster mean graft rejection time of syngeneic injection recipients to
an enhanced nonspecific inflammatory state produced by intraperitoneal injections and the
presence of foreign material within the peritoneal cavity. Peritoneal macrophages and resident
natural killer cells phagocytose foreign material as part of the innate immune response. Once
activated, macrophages produce a variety of cytokines which influence lymphocyte effector
functions and the adaptive immune response. (33) In this fashion, the introduction of cellular
material can serve as an adjuvant thereby enhancing the rejection of allogeneic skin grafts in
animals primed with syngeneic AmSPC. Accelerated skin graft rejection argues against the
capacity of SPC to escape immune surveillance or to be tolerogenic in immune competent
animals.

Additionally, alloantibody is produced in high titers against allogeneic AmSPC. Binding of
alloantibody is increased with interferon gamma treatment, suggesting that upregulation of
class I contributes to this phenomena. The higher antibody titers detected when allogeneic
primed animal serum was incubated with allogeneic AmSPC compared to third-party AmSPC
targets also suggests that the alloantibody response is MHC mediated. An interesting point to
further investigate would be to determine if there is antibody generated against MHC Class II.
A recent study examining host immune responses to multipotent adult progenitor cells
(MAPC), a cell type with similar MHC class I and II antigen expression profile to SPC, showed
indirect evidence of upregulation of MHC class II antigen expression in vivo contributing to
MAPC immune clearance(34). Given that an area of injection would be prone to inflammation,
and interferon gamma would be produced, upregulation of Class I and Class II expression is
very likely.

Lower levels of antibody activity were observed in animals injected with syngeneic AmSPC.
We interpret this as a low level immune response to fetal bovine serum (FBS) antigens
presented by the AmSPC. AmSPC are subjected to long term culture in FBS. During this time
the cells incorporate many xenoproteins that can be expressed on their MHC. It has been well
documented that FBS sensitization occurs when cultured cells are transplanted into
immunocompetent animals (35–37). As FBS derived proteins should be presented equally by
allogeneic, syngeneic, or third-party cells, the greater magnitude of humoral and cellular
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immune response observed with allogeneic cells can only be explained by response to
alloantigen.

Since species related differences in SPC have been well documented, it is important to note
that we have confirmed that the murine SPC utilized in this study have similar in vitro
suppressive properties to those described for the human and rat cells used in previous
immunologic studies of so called MSCs. Specifically, AmSPC suppress T-cell proliferation
in vitro to polyclonal mitogen and allogeneic stimulation in a non-MHC restricted manner. In
agreement with many studies, our cells require cell-cell contact for suppression to occur. Thus,
the results of this study would seem relevant to the clinical application of human SPC, and
would suggest that clinical systemic administration of allogeneic SPC in the absence of
immunosuppression would elicit an alloimmune response.

Perhaps the strongest evidence for the immunogenicity of SPC is provided by the disconnect
between in vitro studies and supporting in vivo data. Despite the large number of studies
supporting the immune suppressive capacity of SPC in vitro, there is a paucity of in vivo data
in the immunologically competent host that supports the capacity of allogeneic or xenogeneic
SPC to evade the immune response or induce tolerance to donor antigen. The vast majority of
studies documenting in vivo persistence of allogeneic or xenogeneic SPC were performed in
either immunodeficient or irradiated hosts, or were site directed into immune privileged sites
such as the brain.(38–43) The few studies demonstrating long term engraftment of allogeneic
SPC have been methodologically flawed, either by utilization of a hematopoietically
contaminated cell population(44,45) or by the use of non-rigorous detection methodology such
as membrane associated dyes (28,46,47) as the sole evidence of donor cell persistence. The
issue is also complicated by the attribution of beneficial physiologic effect to assumed
engraftment and differentiation of SPC. There are now many documented instances of
beneficial effect via paracrine mechanisms(48–50) that can transiently be provided by
allogeneic cells. If in fact SPC were immune privileged cells that could escape immune
surveillance, one would anticipate that after years of effort by many laboratories, a large number
of studies clearly documenting engraftment and persistence of allogeneic SPC in
immunocompetent hosts would be available.

Finally, the results of this study should be interpreted in appropriate context. Our results clearly
demonstrate allogeneic AmSPC delivered by intraperitoneal injection elicit a primary and
secondary alloimmune response. This argues against the capacity of SPC to avoid immune
surveillance or, at least in this setting, to be tolerogenic. Furthermore, this immune response
induces cytotoxic effector functions resulting in donor skin graft rejection. While the specific
elimination of donor SPC has not been clearly demonstrated, prevailing evidence would
suggest SPC to be cleared by these same mechanisms. It is possible however, that SPC are able
to set up local immune suppressive environments after immune recognition allowing their
persistence in host tissues. It is also possible that in studies in which microchimerism (pcr
detectable chimerism) persists, the frequency of donor cells is below the threshold of immune
activation. Clarification of these issues is important prior to clinical applications utilizing
allogeneic SPC. At the very least, our data suggests that in vitro immune properties of SPC
cannot be extrapolated into assertions that SPC are immunosuppressive, immunomodulatory,
or tolerogenic in vivo. Such assertions should only be based on further experimental evidence
from in vivo studies.
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Figure 1. Immune phenotype of AmSPC +/− IFN-γ
AmSPC express MHC I constitutively but do not express MHC II or the costimulatory
molecules CD 40, CD80, and CD86. With IFN-γ pre-treatment (200 ng/ml for 72 hours), MHC
I expression is upregulated and MHC II expression is induced, but costimulatory marker
expression remains unchanged.
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Figure 2. AmSPC inhibition of T cell proliferation
Representative histogram demonstrating direct co-culture of AmSPC with mixed lymphocyte
cultures. The presence of B6 responder-matched or Balb/c stimulator-matched AmSPC results
in inhibition of B6 responder CD4+ and CD8+ proliferation in both mitogen and alloantigen
(Balb/c splenocyte) stimulated cultures (Panel A). Transwell separation of AmSPC (lower
chamber) from splenocytes (upper chamber) does not result in T cell inhibition (Panel B).
Response is measured by CFDA-SE divisions – each division halves the fluorescence intensity
moving the population to the left on the histogram. (1 = CD4+ fraction of PHA stimulated
cells, 2 = CD8+ fraction of PHA stimulated culture, 3 = CD4+ fraction of alloantigen
stimulated culture, 4 = CD8+ fraction alloantigen stimulated culture.)
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Figure 3. 6 week post treatment T cell response after 7 day incubation with alloantigen
CD4+ T cells were isolated from spleens of B6 animals injected with either Balb/c (allogeneic)
AmSPC, B6 (syngeneic) AmSPC, or uninjected animals. B6 CD4+ responder cells were
stained with CSFE and T cell proliferation in response to stimulation with alloantigen (Balb/
c splenocytes) is indicated by decreases in the fluorescence intensity and histogram peak shifts
to the left. (A) After 3.5 days of alloantigen stimulation, alloantigen primed cells (green line)
initiate T-cell proliferation while syngeneic primed (blue line) and uninjected cells (pink line)
have not begun to divide. (B) After 5.5 days in coculture, more than half of allogeneic primed
cells (green line) have proliferated and are represented as a single left peak comprised of a
heterogenous number of cell divisions. In comparison syngeneic primed cells (blue line) have
just begun to proliferate. At the end of 7 days in co-culture, all responder populations
demonstrate a proliferative response compared to unstimulated controls (purple filled curve).
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Figure 4. Alloantibody Response of animals transplanted with AmSPC
Untreated target Balb/c AmSPC and IFN-γ treated Balb/c target AmSPC were incubated with
varying dilutions of mouse serum from 0,2,4,5, and 6 weeks post priming with Balb/c
(allogeneic) AmSPC (Figure 4a) and B6 (syngeneic) AmSPC (Figure 4b). IgG and IgM
antibody binding was measured by flow cytometric analysis. High alloantibody titers were
found in animals injected with Balb/c (allogeneic) AmSPC compared to low titers exhibited
in animals treated with B6 (syngeneic) AmSPC.
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Figure 5. Antibody binding to Third-Party AmSPC Targets
(A) IgG titers detected from serum of animals primed with Balb/c (allogeneic) AmSPC at 6
weeks post treatment and incubated with Balb/c AmSPC targets. (B) IgG titers detected using
serum from the same animals incubated with CBA (third-party) AmSPC targets. Green line =
1:10 dilution, pink line = 1:100 dilution, blue line = 1:1000 dilution.
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Figure 6. Kaplan-Meier analysis of skin graft survival
B6 mice treated with Balb/c (allogeneic) AmSPC or allogeneic splenocytes exhibited earlier
rejection of Babl/c skin grafts compared to animals treated with B6 (syngeneic) AmSPC,
syngeneic splenocytes, or untreated controls. (p<0.05).
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