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impaired, but did not completely abrogate the ability of 
these T cells to promote elimination of secondary tumors. 
This impairment was associated with a modest reduction 
in tumor-infiltrating T cells, with a significant reduction in 
tumor-infiltrating macrophages, and with a reorganization 
of the stromal environment. Our data indicate that MSCs 
in the tumor environment reduce the efficacy of immuno-
therapy by creating a functional and anatomic barrier that 
impairs inflammation, T cell priming and expansion, and T 
cell function—including recruitment of effector cells.
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Abstract  The potential of mesenchymal stromal cells 
(MSCs) to inhibit anti-tumor immunity is becoming 
increasingly well recognized, but the precise steps affected 
by these cells during the development of an anti-tumor 
immune response remain incompletely understood. Here, 
we examined how MSCs affect the steps required to mount 
an effective anti-tumor immune response following admin-
istration of adenovirus Fas ligand (Ad-FasL) in the Lewis 
lung carcinoma (LL3) model. Administration of bone 
marrow-derived MSCs with LL3 cells accelerated tumor 
growth significantly. MSCs inhibited the inflammation 
induced by Ad-FasL in the primary tumors, precluding their 
rejection; MSCs also reduced the consequent expansion of 
tumor-specific T cells in the treated hosts. When immune 
T cells were transferred to adoptive recipients, MSCs 
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FasL	� Fas ligand
GFP	� Green fluorescent protein
IFN	� Interferon
IHC	� Immunohistochemistry
IL	� Interleukin
iNOS	� Inducible nitrous oxide synthase
LL3	� Lewis lung carcinoma cells
LL3-G/L	� Lewis lung carcinoma cells expressing green 

fluorescent protein and luciferase
Luc	� Luciferase
MSC	� Mesenchymal stromal cell
MTS	� (3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium)

Treg	� Regulatory T cell

Introduction

Immunotherapy is an appealing modality to treat cancer 
because inaccessible and therapy-resistant tumors can be 
targeted and destroyed by immune effector cells. Clini-
cally significant anti-tumor immunity can be reliably gen-
erated by delivering Fas ligand (FasL) locally into the 
tumor environment using replication-deficient adenovi-
rus (Ad) vectors [1–5]. While the ectopically expressed 
FasL promotes destruction of the primary tumor through 
an innate response mediated by infiltrating macrophages 
and neutrophils [1, 6–8], the response to distant tumors is 
T cell-dependent [5, 7, 9]. A unique aspect of Ad-FasL-
based immunotherapy is that efficacy is not dependent on 
Fas receptor (CD95) expression by tumor cells. Rather, 
neutrophil-mediated tumor cell death increases the amount 
of autoantigen debris, and FasL-dependent apoptosis of 
neutrophils induces interferon (IFN)-stimulated genes that 
are important for cross-presentation [10] and for the ensu-
ing antigen-presenting cell (APC) activation [11]. Antigen 
presentation then leads to the activation of tumor-specific 
cytolytic T cells, which are the ultimate effectors that tar-
get metastatic disease distant to the site of FasL administra-
tion. Ad-FasL thereby triggers a systemic effect that allows 
expansion of tumor-specific T cells, limiting local recur-
rence and distant metastasis [5, 7, 9, 12]. Experimentally, 
this response can be evaluated by adoptive transfer [9], 
while clinically the response can be assessed based on pre-
vention or delay of disease progression, including metasta-
sis and relapse [2].

We recently translated this treatment to a spontane-
ous model of canine bone cancer where it enhanced the 
expected disease-free interval and overall survival by 60 % 
and led to long-term survival of >40  % of responding 
patients [2]. It was encouraging that an effective response 
was achievable in such a large percentage of treated dogs, 

and this compared favorably with the approximate 7–15 % 
of tumor-bearing rodents where there is tumor “escape” and 
progression after treatment with Ad-FasL [1, 9]. However, 
an immunosuppressive barrier might have diminished the 
capacity of immune effector cells to activate and expand, 
to migrate into the tumor, or to recognize tumor cells and 
kill them in the animals where a treatment effect was not 
observed. This dichotomy underscores the need to under-
stand mechanisms that can lead to failure of this therapy 
specifically and of immune-based therapies in general.

Mesenchymal stromal cells (MSCs) form integral con-
stituents of the tumor microenvironment. MSCs give rise 
to fibroblasts, pericytes, myofibroblasts, tumor-associated 
fibroblasts, and endothelial cells, which together produce 
interleukin (IL)-6, IL-10, chemokine C–C motif ligand 
(CCL)-5, vascular endothelial growth factor (VEGF), and 
other factors [13, 14]. They create a favorable environment 
for tumor growth and metastasis by modulating angiogen-
esis, inflammation and immunity. MSCs also are believed 
to promote immune tolerance; they display suppressive 
effects on both innate and humoral immune effector cells 
and increase the production or activity of regulatory T cells 
(Tregs) [14–16]. In fact, MSCs can help tumors break allo-
geneic barriers, and, when provided exogenously, they can 
ameliorate severe immune attack such as that seen in graft-
versus-host disease [17, 18]. However, the precise role of 
stromal cells in maintaining an immunosuppressive envi-
ronment in the tumor remains incompletely understood 
[14].

Here, we tested the hypothesis that mesenchymal stro-
mal cells in the tumor microenvironment act at multiple 
levels to support an immunosuppressive barrier that attenu-
ates inflammation, inhibits priming of tumor-specific T 
cells, and impedes infiltration into and killing of the tumor 
by immune effector cells.

Materials and methods

Cells

LL3 cells were obtained from ATCC (Manassas, VA) and 
maintained in culture as described [9]. Parental LL3 cells 
were modified to express firefly luciferase (Luc) and green 
fluorescent protein (GPF) using the Sleeping Beauty trans-
poson system [19]. We cloned Luc/GFP+ cells by limiting 
dilution and established two independent clones, called 
LL3-G/L_H1 and LL3-G/L_H2, with two and five integra-
tion sites, respectively (Suppl. Fig. 1). Both clones showed 
growth kinetics comparable to the parental cell line in vitro; 
in addition, LL3-G/L_H2, which was selected based on its 
stronger signal for in  vivo imaging, showed comparable 
capacity to form tumors in vivo (Suppl. Fig. 2). MSCs were 
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obtained from a commercial source (Invitrogen/Life Tech-
nologies, Grand Island, NY) or prepared using conventional 
methods from bone marrow of 8-week-old C57BL/6 (B6) 
mice [19]. MSCs purchased commercially (passage 8) were 
thawed, passaged, and phenotyped following the manufac-
turer’s recommendations prior to use in experiments. Con-
sistent with expected cellular phenotype, both primary and 
commercially obtained MSCs uniformly expressed high 
levels of CD44, CD90, CD29, and SCA-1 and were weakly 
positive for CD34. Fas expression in MSCs was confirmed 
by flow cytometry using the Jo2 antibody (BD Biosciences, 
San Jose, CA). These cells were used within the first 12 
passages with similar results whether they were commer-
cially obtained cells or generated from primary bone mar-
row cells. For some experiments, MSCs were transfected 
with an expression vector encoding tdTomato (generously 
provided by Dr. Dan Kaufman, University of Minnesota) or 
transduced with a lentivirus encoding RFP and expanded 
for 2 passages prior to selection of red fluorescent cells.

Production of Ad‑FasL

The viral clone used for these studies has been described 
previously [2, 9, 20]. Briefly, HEK 293-crmA cells were 
infected with Ad-FasL. Infectious virus was purified from 
the cell cultures using routine CsCl banding methods and 
concentrated in stabilization buffer containing 50  % v/v 
glycerol.

Cell viability

Cells were evaluated by routine microscopy using an 
Olympus IX71 inverted microscope equipped with epifluo-
rescence. Detachment from the plate and inability to form 
confluent monolayers were subjective indicators of reduced 
viability. Viability also was quantified with the MTS (3-(4, 
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay using CellTiter 96® 
AQueous One Solution Cell Proliferation Assay Kit (Pro-
mega, Madison, WI). Briefly, triplicate wells of 1 ×  104 
cells for each condition were cultured in 100 μl of com-
plete medium in 96-well plates; after 24 and 48  h, 20 μl 
of MTS solution was added to each well and cells were 
incubated for another 4 h before measuring absorbance at 
490  nm using a Wallac Victor2 1420 Multilabel Counter 
(Perkin Elmer, Waltham, MA).

In vivo tumor growth

A dose response (100,000–500,000 cells per mouse) was 
used to determine the growth kinetics of LL3-G/L and 
parental LL3 cells. For all other experiments, 500,000 
tumor cells in 100  µl of sterile saline solution were 

inoculated subcutaneously into the left flank of B6 mice. 
Transduction of Ad-FasL into LL3 cells (500:1 multi-
plicity of infection) was used to promote tumor rejection 
in vivo and to generate anti-tumor responses [9, 21]. LL3 
cells are impervious to Fas-mediated signaling and do 
not undergo apoptosis upon expression of or exposure to 
FasL [21]. As indicated in results, mice were administered 
500,000 MSCs concomitantly with tumor cells in 200 µl 
of sterile saline solution and followed for 28–39  days 
until the experimental endpoint. For each variable, a mini-
mum of 13 mice and a maximum of 29 mice in total were 
examined in seven separate experiments. For each experi-
ment, the minimum and maximum numbers of animals 
receiving paired treatments were, respectively, three and 
eight. Each experiment was terminated based on the Uni-
versity of Minnesota Institutional Animal Care and Use 
Committee Guideline on Tumor Endpoint Criteria. Ani-
mals in each experiment were humanely killed at the time 
when the first animal in the cohort reached any endpoint 
criteria or within 24 h of reaching it at the latest. Data for 
each experiment were analyzed independently, except 
for results reporting rates of tumor engraftment and sur-
vival, which are presented as observations from pooled 
experiments.

Tumor growth was monitored using the Xenogen IVIS 
100 imaging system (Caliper Life Sciences, Hopkinton, 
MA, USA) as described [22]. Briefly, animals were imaged 
24 h after the initial injection and every 3–7 days thereafter 
to detect luciferase activity. Within 10 min after mice were 
injected with D-luciferin and anesthetized by isoflurane 
inhalation, images were taken and then analyzed with Liv-
ing Image software (Caliper Life Sciences).

For adoptive transfers, T cells were isolated from donor 
spleens by negative selection as described previously [9] 
using the MACS Pan T-cell isolation system (Miltenyi Bio-
tec, San Diego, CA). As we showed before [9], the different 
treatments did not significantly affect the total number of 
mononuclear cells recovered from spleens, the total num-
ber of lymphocytes present in the mononuclear cell prep-
arations, or the final frequency or ratio of CD4 and CD8 
cells obtained from the donors. Three million CD3+ cells 
were injected into the tail vein of four immunocompetent 
(wild type) B6 recipients per group and “parked” in the 
mice for 14 days, at which time the mice were challenged 
with LL3 cells as described above. Tumor volume was 
determined by measurement of cross-sectional diameters 
(length and width) using digital calipers, based on the for-
mula L × W2 × 0.52 [9].

Mice were housed, treated, and handled using stringent 
criteria of animal health and welfare with approval from 
and in accordance with guidelines of the University of 
Minnesota Institutional Animal Care and Use Committee 
(protocol 1102A95733).
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Histopathology and immunohistochemistry

Tumors were fixed by immersion in 10 % neutral-buffered 
formalin for 24  h and subsequently transferred to 70  % 
ethanol for routine processing and long-term preservation. 
A board-certified veterinary pathologist (TDO) character-
ized the tissue histopathology in tumor sections, and when 
tumors were not grossly detectable, sections from the injec-
tion site were stained with hematoxylin and eosin. Inflam-
mation and necrosis in the tumors were characterized using 
a semiquantitative scale (0–4+) where each section was 
assigned a score for each category, where 0 =  none seen 
and where 1–4 were graded from minimal (1) to moderate 
(2) to abundant (3) to severe (4) using pathological criteria 
applicable to the tissue in question [2]. These pathological 
scores were then used to assess correlations with measured 
tumor volume.

Immunohistochemistry (IHC) to detect expression of 
CD3, Foxp3, B220, Gr-1, CD31, F4/80, arginase I/II [23], 
inducible nitrous oxide synthase (iNOS), IFNγ, mac-
rophage chemoattractant protein-1 (MCP-1)/CCL2, Rantes/
CCL5, IL-10, IL-17, and tumor growth factor-ß (TGF-ß) 
was done by the Comparative Pathology Shared Resource 
of the Masonic Cancer Center and by the BioNet Histol-
ogy Research Laboratory of the University of Minnesota 
Academic Health Center. Quantification of T cells in IHC-
stained sections was done using the Aperio system [24].

Statistics

Tumor growth over time was analyzed using repeated 
measures analysis of variance. Differences between paired 
samples were examined using the Student’s T test (for nor-
mally distributed populations) or the Mann–Whitney U test 
(for populations that were not normally distributed). Com-
parisons of tumor growth rate between and among groups 
were done using Fisher’s exact test. Correlation between 
variables was determined using the Pearson correlation.

Results

Mesenchymal stromal cells enhance growth 
and survival of syngeneic LL3 tumors

The potential for MSCs to inhibit specific phases in the 
generation of anti-tumor responses is not fully understood. 
To address this, we initially investigated how exogenous, 
bone marrow-derived murine MSCs affected growth of 
syngeneic LL3 tumor cells in immunocompetent B6 mice. 
In this model, LL3-G/L engraftment and survival were 
measurable at the experimental endpoint based on lumi-
nescent emission in 19 of 20 (95 %) mice receiving tumor 

cells alone. Administration of MSCs alone did not cause 
tumors in any animal (0 of 13). However, mice that were 
injected with MSCs and LL3-G/L cells at the same time 
showed significantly accelerated (p  <  0.05) tumor growth 
with formation of larger tumors (Fig.  1a). MSCs labeled 
with tdTomato persisted in the tumor microenvironment 
admixed with LL3-G/L cells for the duration of the experi-
ment (Fig. 1b).

Mesenchymal stromal cells are resistant 
to FasL‑mediated cell death and interfere 
with FasL‑mediated rejection of primary tumors

The intratumoral Ad-FasL system allowed us to exam-
ine the effect of MSCs on primary tumor rejection and on 
expansion of tumor-specific T cells in the host, and on T 
cell-mediated killing in adoptive recipients [1]. First, we 
established whether MSCs were sensitive to FasL in vitro, 
as we surmised that if FasL led to apoptosis of MSCs, they 
would be unlikely to interfere with the therapeutic effects 
of FasL. MSCs were cultured side by side with Fas-sen-
sitive indicator OSCA-32 canine osteosarcoma cells as 
a control [2]. Figure 2a shows that transduction of MSCs 
and OSCA-32 cells with Ad5 was comparable. However, 
unlike OSCA-32 cells that died rapidly upon exposure to 
Ad-FasL (Fig.  2a) or to trimeric recombinant Super-FasL 
(Fig. 2b), MSCs did not show either morphologic evidence 
of apoptosis (Fig.  2a) or decreased viability (Fig.  2b). 
MSCs expressed comparable levels of Fas receptors on 
their surface to splenocytes (Suppl. Fig. 3), suggesting that 
resistance to FasL-mediated apoptosis was due to intrinsic 
mechanisms unrelated to Fas receptor expression [21, 25, 
26].

The resistance to FasL-mediated death suggested that 
MSCs could interfere with Ad-FasL immunotherapy. Thus, 
we assessed the effect of MSCs on rejection of primary 
tumors induced by ectopic Ad-FasL. Mice received LL3-
G/L cells transduced with Ad-Cherry (control) or LL3-G/L 
cells transduced with Ad-FasL with or without concurrent 
administration of MSCs. Luminescent emission signals 
detectable in mice from each group at day +1 (24 h after 
injection) were equivalent. The average area for each group 
(photons) ranged from 4.1 × 105 (±2.9 × 105) to 6.3 × 105 
(±7.0 × 105). A small but significant increase (p = 0.03) 
in tumor growth was detectable within a week in mice that 
received LL3-G/L cells alone, whereas significant regres-
sion (p  =  0.002) to levels at or below the threshold of 
detection for luciferase activity was noted within 5–8 days 
in mice that received LL3-G/L cells transduced with Ad-
FasL (Fig. 3a). A significant increase (p = 0.003) in tumor 
growth was seen in mice that received both LL3-G/L cells 
and MSCs as compared to mice that received LL3-G/L cells 
alone, which was consistent with the effect of MSCs to 



1453Cancer Immunol Immunother (2015) 64:1449–1460	

1 3

accelerate tumor growth described above (Fig. 1a). Finally, 
a significant increase in tumor growth also was seen in mice 
that received LL3-G/L cells transduced with Ad-FasL and 
MSCs together, as compared to mice that received LL3-
G/L cells alone (p = 0.003), as well as mice that received 
LL3-G/L cells transduced with Ad-FasL (p  =  0.0005) 
(Fig. 3a). The rate of progression was variable, with some 
mice showing only modest increases in tumor growth and 
some mice showing dramatic acceleration of tumor growth. 
These findings persisted throughout the course of disease 

progression, with mice receiving LL3-G/L cells transduced 
with Ad-FasL showing significantly reduced (p  <  0.001) 
or absent tumor burden as compared to mice that received 
LL3-G/L cells alone and mice receiving LL3-G/L cells 
and MSCs, with or without Ad-FasL showing significantly 
greater (p  =  0.05) tumor growth (Fig.  3b). In general, 
tumor size was inversely correlated to the observed degree 
of tumor inflammation (Pearson correlation—0.7).

Mesenchymal stromal cells interfere with expansion 
of tumor‑specific T cells

We addressed both T cell expansion in the primary host and 
effective T cell-dependent killing through adoptive trans-
fer experiments. The frequency of tumor-specific T cells 
in a naïve host is below the effective level that can reject 
a tumor; therefore, when cells are injected into a synge-
neic host, a tumor will form with predictable kinetics (see 
Fig. 1; Suppl. Fig. 2). Tumor rejection in the primary host 
in the Ad-FasL system is mediated both by innate inflam-
mation and subsequent adaptive immunity [1, 5, 7, 9, 21]. 
Thus, clonal expansion of tumor-specific T cells induced 
by this inflammation can be assessed by re-challenging 
the same animal, or in a “cleaner” experiment, by adoptive 
transfer of these cells into a naïve host that can be T cell-
deficient or T cell replete. T cell-deficient recipients gen-
erally improve the outcome because the adoptively trans-
ferred cells can undergo homeostatic expansion and do not 
need to compete against endogenous T cells. There also are 
no endogenous Tregs in this system. Hence, immunore-
plete recipients were used for these experiments in order to 
provide the most rigorous means to confirm expansion of 
tumor-specific T cells in the donors.

We challenged donors with LL3 cells transduced with 
control adenovirus or with Ad-FasL, and with or with-
out concurrent administration of MSCs. After 21  days, 
3 ×  106, T cells were isolated from donor spleens, trans-
ferred into adoptive recipients, and “parked” for 2  weeks 
prior to re-challenge with LL3 cells with or without MSCs 
(Fig.  4a). LL3 tumors grew unencumbered in recipient 
mice receiving adoptively transferred naïve T cells. Expo-
sure to LL3 cells in the donors was similarly insufficient 
to generate a T cell response that could reproducibly reject 
tumors in the adoptive recipients. In contrast, providing 
Ad-FasL with the tumor (which promoted tumor rejection, 
Fig. 3) to the donor hosts significantly reduced (p = 0.04) 
tumor growth in the adoptive recipients. In this experiment, 
one of the four animals showed tumor escape and devel-
oped a ~400 mm3 tumor (approximately the same size as 
the median for animals in Groups 1 and 2). The presence 
of MSCs in the primary host tumor inhibited T cell prim-
ing, T cell expansion, or both: T cells from donors that 
received LL3 cells transduced with Ad-FasL concurrently 

Fig. 1   MSCs enhance growth of LL3 cells and persist in the tumor 
environment. a Mice (4/group) were inoculated with tdTomato-
labeled MSCs (5 × 105, dashed), LL3-G/L cells (5 × 105, dotted), or 
both (solid) as indicated in the legend, and tumor growth was meas-
ured using in  vivo luciferase emission. LL3 tumor growth rate was 
accelerated, and size was significantly increased (p  <  0.05) in mice 
that received MSCs. Similar data were obtained in seven independ-
ent experiments. b Photomicrographs were obtained using confocal 
fluorescent microscopy (merged images) from a representative tumor 
(frozen section) of a mouse inoculated with LL3-G/L cells+ MSCs. 
Green arrows denote LL3 cells and red arrows denote MSCs. Nuclei 
are counterstained with DAPI. Unlabeled cells represent host stroma
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with MSCs were less effective at controlling tumor growth 
in the adoptive recipient (compare Fig. 4a, Groups 3 and 5). 
It is important to note that despite the inability of FasL to 
create an innate response that could eliminate the primary 
tumor when donor mice received MSCs (Fig. 3), a T cell 
response that showed therapeutic benefit was observed in 
the adoptive transfer setting where tumor growth was sig-
nificantly retarded in the recipients (compared to mice that 
received naïve T cells), even though every mouse in Group 
5 developed small, measurable tumors (~100–200 mm3). It 
is also worth noting that in this case, no MSCs were admin-
istered to the recipient mice, so the effect of the exogenous 
MSCs could only have occurred in the primary hosts.

Mesenchymal stromal cells inhibit T cell‑mediated 
tumor killing and alter the organization of the tumor 
environment

This approach also allowed us to examine the effect of 
MSCs on T cell-mediated tumor killing and on infiltra-
tion of immune effector cells into the tumor. For this, we 
compared conditions where the adoptively transferred T 

cells rejected or reduced tumor cell growth in the recipi-
ents (Fig.  4a, and Groups 3 and 5) to those where MSCs 
were provided to recipients along with tumor cells (Fig. 4a, 
Groups 4 and 6). In both conditions, there was increased 
tumor growth beyond the respective controls, suggesting 
that adoptively transferred T cells were unable to mount 
effective anti-tumor responses when MSCs were co-admin-
istered with tumor cells to the recipients.

To address the mechanisms that accounted for this effect 
of MSCs, we evaluated tumor necrosis and inflammation 
in H&E-stained slides [2, 21], and we used IHC to exam-
ine the cellular composition of the tumors. Inflammatory 
tumor infiltrates included relatively few Tregs, B cells, and 
granulocytes in all of the mice, with no difference between 
groups of recipients that did or did not receive MSCs with 
the secondary tumor challenge (Suppl. Fig.  4). As shown 
in Fig.  4b, there was a small but significant difference in 
the number of total T cells found in tumors of recipient 
mice that received MSCs (Groups 4 and 6) and those mice 
that did not (Groups 3 and 5). We did not believe that the 
relatively small difference in T cell numbers was sufficient 
to explain the dramatic differences in tumor growth and 

Fig. 2   MSCs are resistant to 
apoptosis mediated by trimeric 
“Super-FasL.” a OSCA-32 cells 
and MSCs were cultured in 
6-well plates for 18 h followed 
by transduction with Ad-
mCherry or Ad-FasL-mCherry. 
Phase contrast (left) and 
epifluorescent (right) photo-
micrographs were taken 24 h 
later. Magnification ×100. b 
OSCA-32 cells and MSCs were 
cultured in 96-well plates in the 
presence of increasing concen-
trations (0–2 ng/ml) of trimeric, 
soluble FasL (“Super-FasL”). 
Cell viability was determined 
at 24 and 48 h using the MTS 
assay
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instead considered that the effect of T cells might be indi-
rect or that the MSCs were affecting other aspects of tissue 
organization or tumor growth. There were no differences in 
the amount or intensity of CD31 staining (microvascular 
density, Suppl. Fig. 4). However, the distribution of T cells 
in tumors of recipient mice that received MSCs (Groups 4 
and 6) was suggestive of vascular retention, while T cells in 
tumors from mice that did not receive MSCs (Groups 3 and 

5) supported stromal infiltration (Suppl. Fig. 4). There were 
also quantitative and topographic differences in the stain-
ing patterns, suggesting that the anatomic organization of 
the tumor was different in the presence of MSCs. The most 
striking difference between these groups was tumor infiltra-
tion by host macrophages (Fig. 5).

Heavy macrophage infiltrates were present at the periph-
ery and extended into the stroma of tumors from mice that 

Fig. 3   MSCs inhibit tumor rejection by FasL in primary recipi-
ents. a Dot plot showing luminescence for individual mice (groups 
of 5) injected with LL3-G/L cells, LL3-G/L cells transduced with 
Ad-FasL, LL3-G/L cells and MSCs, or LL3-G/L cells transduced 
with Ad-FasL and MSCs after 8  days. The dotted line represents 
the threshold of detectable luciferase emission after a 5-min expo-
sure. Data show one of the seven experiments done with comparable 
results. *p = 0.03 when compared to emission at day 1. **p < 0.003 
when compared to emission at day 1. ‡p = 0.05; ‡‡p = 0.01. b Bar 
graph showing mean (±SD) tumor volume for each group of mice at 
the experimental endpoint (day 36). Data show one of the five experi-
ments done with comparable results. ‡p =  0.05; ‡‡p =  0.01. Tumor 
burden measured by luminescent emission or based on tumor volume 
was significantly lower (p  <  0.01) in mice that received LL3-G/L 
cells transduced with Ad-FasL than in mice from all other conditions

Fig. 4   MSCs inhibit T cell expansion in primary hosts and infiltra-
tion of tumors by immune effector cells in secondary hosts. a Primary 
hosts were challenged with LL3 tumor cells with or without Ad-FasL 
and MSCs as indicated (T cell source or donor). After 14 days, spleen 
cells were harvested from donors, and T cells prepared using mag-
netic beads (>98 % pure) were adoptively transferred to immunocom-
petent recipients. After 14 days, the recipients were challenged with 
LL3 tumor cells with or without MSCs and followed for 36 days. At 
the end of the experiment, tumors were harvested to determine tumor 
volume and for histologic analysis. Dot plot shows tumor burden 
for individual mice in each group. *p < 0.05. b T cells in tumor sec-
tions from mice in Groups 5 and 6 from (a) were quantified using 
an Aperio system in sections stained with anti-CD3. Results were 
similar when the escaped tumor from Group 3 (a) was compared to 
tumors from Group 4. *p < 0.05
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received T cells from Ad-FasL-treated donors, but they were 
greatly reduced or absent from the periphery and stroma of 
tumors from recipient mice that received MSCs. We exam-
ined whether levels and localization of pro-inflammatory 
and chemotactic cytokines IL-17, IFNγ, Rantes/CCL5, and 
MCP-1/CCL2, or anti-inflammatory cytokines IL-10 and 
TGF-ß could account for these differences. The data showed 
that, at least at the tumor endpoint, exogenous MSCs did not 
appreciably reduce the number of mononuclear cells produc-
ing IFNγ or MCP-1/CCL2, and they did not significantly 
alter the number of IL-17+ lymphocytes or IL-17+ endothe-
lial cells in the tumor environment. No IL-10-producing cells 
were detectable in LL3 tumors regardless of whether the 
mice had been treated with T cells or MSCs. Finally, both 
tumor cells and other components of the tumor environment 
showed strong immunoreactivity against Rantes/CCL5 and 
TGF-ß, but the levels of these cytokines were also unaffected 
by the presence of exogenous MSCs in the tumor.

Unlike the relatively stable environment seen with 
regard to these common immunomodulatory cytokines, we 
observed somewhat unexpectedly that arginase-producing 
cells and iNOS-producing cells were abundant in tumors 

from mice that received T cells from Ad-FasL-treated 
donors and that they were greatly reduced or absent in 
tumors from recipient mice that received MSCs (Fig.  5). 
The arginase- and iNOS-producing cells mostly remained 
near the periphery of the tumors, and while their identity 
as host macrophages or myeloid cells, stromal cells, and/or 
tumor cells remains to be determined, it was apparent that 
these putative immunomodulatory cells did not abrogate 
anti-tumor activity of the adoptively transferred T cells or 
their capacity to recruit host immune effector cells.

Discussion

The potential of mesenchymal stromal cells (MSCs) to 
inhibit anti-tumor immunity is becoming increasingly well 
recognized, but the precise steps affected by these cells 
during the development of an anti-tumor immune response 
remain incompletely understood. Here, we examined how 
MSCs affect the steps required to mount an effective anti-
tumor immune response upon generation of an anti-tumor 
immune response using intratumoral Ad-FasL.

Fig. 5   MSCs alter the organization of the tumor environment. 
Tumors from two representative mice of Groups 5 and 6 from Fig. 4a 
were immunostained for infiltrating macrophages (F4/80), for argi-

nase-producing cells, and for iNOS-producing cells. Similar results 
were seen when the escaped tumor from Fig. 4a, Group 3 was com-
pared to tumors from Fig. 4a, Group 4
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Consistent with previous findings [15, 27–31], our data 
show that concurrent administration of MSCs enhanced 
growth of syngeneic Lewis lung carcinoma and that intra-
tumoral Ad-FasL promoted rejection of the primary tumor 
and led to the generation of systemic, anti-tumor immunity 
[1]. Furthermore, our results indicate that tumor-specific 
T cells promoted significant infiltration of the tumor by 
host (recipient-derived) macrophages and other effector 
cells and that the presence of exogenous MSCs, which are 
impervious to FasL-mediated signals, created a functional 
or anatomic barrier that diminished the capacity of T cells 
to recruit and activate such effector cells.

Our data show for the first time how MSCs affect differ-
ent aspects in the development of transplantable anti-tumor 
immunity. Specifically, (1) MSCs abrogated innate inflam-
mation initiated by FasL in the tumor environment, thus 
preventing rejection of the primary tumor. (2) Yet, it was all 
the more surprising that despite this robust impairment of 
innate inflammation and tumor rejection, the mice receiv-
ing Ad-FasL were still able to generate a T cell response 
that showed therapeutic benefit in the adoptive transfer 
setting. (3) But again, co-administration of exogenous 
MSCs with tumor cells to adoptive recipients undermined 
tumor rejection by primed T cells, potentially by modulat-
ing the functional and anatomic organization of the tumor 
environment.

FasL can play multiple roles in the tumor environment. 
Almost two decades ago, a series of landmark papers pro-
posed that expression of FasL by tumor cells could prevent 
immune-mediated tumor rejection by eliminating acti-
vated T cells [32–34], while, at the same time, expression 
of ectopic FasL in the tumor environment was shown to 
promote tumor rejection [5–7, 35, 36]. Subsequently, we 
and others have shown that this anti-tumor effect requires 
robust inflammation [2, 5, 8, 21], so the effect of MSCs to 
abrogate this response is consistent with their broad anti-
inflammatory function [37–40]. Even though FasL admin-
istration failed to prevent rejection in primary hosts that 
received exogenous MSCs, the expansion of tumor-specific 
T cells in these donor mice was sufficient to provide partial 
control of tumor burden in adoptive recipients. MSCs have 
been shown to suppress migration, maturation, and anti-
gen presentation by dendritic cells [41]; nevertheless, our 
data suggest that intratumoral Ad-FasL operates as a type 
of checkpoint blockade, allowing tumor-specific T cells to 
undergo activation and expansion even when inflamma-
tion is abated and supporting the notion that immunologic 
approaches will be most effective when combined with 
strategies to reduce tumor burden [2, 42].

Our adoptive transfer experiments show that MSCs 
caused profound suppression of adaptive, T cell-medi-
ated events necessary for tumor rejection. Several mech-
anisms could account for this observation, including 

secretion of immunosuppressive cytokines [43], recruit-
ment of regulatory T cells [44] or macrophages that dis-
play regulatory, immunosuppressive phenotypes [45, 
46], direct inhibition of T cell proliferation [47], or even 
expression of FasL by MSCs, which can induce apoptosis 
of activated T cells [48]. However, these immunosuppres-
sive properties may not be intrinsic to MSCs. Experimen-
tal data show that IFNγ or tumor necrosis-α (TNFα)-
dependent licensing is necessary for these cells to alter 
the inflammatory environment, inhibit T cell activation, 
and promote tumor growth [49–53]. In particular, Chin-
nadurai et  al. [49] showed that MSCs led to increased 
expression of inhibitory B7-related molecules B7H1 
and B7DC; Han et  al. [51] showed that licensing of 
MSCs was required for production of iNOS and immu-
nosuppression; and Kraman et al. [52] showed that IFNγ 
and TNFα reversed hypoxia-induced ablation of FAP-
expressing stromal cells from the tumor microenviron-
ment and that these cells in turn inhibited antigen-specific 
anti-tumor immunity. The implication that T cell activa-
tion is necessary to promote licensing of MSCs should 
not be underappreciated. In fact, Ling et al. [54] showed 
that MSCs alone did not enhance tumor burden in T cell- 
and B cell-deficient Rag−/− mice, and our data show that 
the IFNγ, IL-17, MCP-1/CCL2, and Rantes/CCL5 in the 
tumor environment were unaffected by exogenous MSCs, 
and so these cytokines would thus be available to license 
exogenous or endogenous stromal cells.

In this light, the observation that tumor control was 
associated with tumor-promoting cellular infiltrates includ-
ing macrophages and arginase- and iNOS-producing cells 
is uniquely interesting. Our interpretation is that reor-
ganization of the tumor microenvironment, rather than the 
presence of unique cell populations, is essential to create 
an effective immunosuppressive barrier. We propose that 
interactions among the components of this environment 
are dynamic processes influenced by the cellular players 
and by the magnitude and type of inflammation [55]. Thus, 
our working model (Fig. 6) is that MSCs inhibit inflamma-
tion and they diminish, but do not abrogate, the process of 
T cell priming. Concomitantly, MSCs limit infiltration of 
activated T cells into the tumor, which results in failure to 
attract macrophages and other host effector cells that are 
necessary to mold the microenvironment to contain and 
eventually eliminate the tumor.

The exclusion of T cells from the tumor microenviron-
ment and conceptual approaches to attack immune privi-
lege were the subject of a recent, thorough review by Joyce 
and Fearon [56]. Strategies such as intratumoral Ad-FasL 
and systemic immune checkpoint blockade have the poten-
tial to overcome critical components of immune privilege 
and enable greater success for cancer patients receiving 
immunotherapy.
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