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effectively clears renal (Renca) tumors and enhances sur-
vival, despite the presence of a high frequency of MDSC 
in the spleens and primary tumor-bearing kidneys at the 
time of treatment. Subsequent analyses revealed that the 
CpG component of the immunotherapy was responsible for 
decreasing the frequency of MDSC in Renca-bearing mice; 
further, treatment with CpG modulated the phenotype and 
function of MDSC that remained after immunotherapy 
and correlated with an increased T-cell response. Interest-
ingly, the CpG-dependent alterations in MDSC frequency 
and function did not occur in tumor-bearing mice compli-
cated with diet-induced obesity. Collectively, these data 
suggest that in addition to its adjuvant properties, CpG also 
enhances antitumor responses by altering the number and 
function of MDSC.

Abstract  Tumor progression occurs through the modu-
lation of a number of physiological parameters, includ-
ing the development of immunosuppressive mechanisms 
to prevent immune detection and response. Among these 
immune evasion mechanisms, the mobilization of myeloid-
derived suppressor cells (MDSC) is a major contributor to 
the suppression of antitumor T-cell immunity. Patients with 
renal cell carcinoma (RCC) show increased MDSC, and 
methods are being explored clinically to reduce the preva-
lence of MDSC and/or inhibit their function. In the present 
study, we investigated the relationship between MDSC and 
the therapeutic potential of a TRAIL-encoding recombi-
nant adenovirus (Ad5-TRAIL) in combination with CpG-
containing oligodeoxynucleotides (Ad5-TRAIL/CpG) in 
an orthotopic mouse model of RCC. This immunotherapy 
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Abbreviations
5-FU	� 5-Fluorouracil
Ad5-TRAIL	� Recombinant adenovirus encoding TRAIL
Ag	� Antigen
Batf3	� Basic leucine zipper transcription factor, 

ATF-like 3
BV650	� Brilliant violet 650
CpG	� CpG-containing oligodeoxynucleotide
DIO	� Diet-induced obesity
HBSS	� Hank’s balanced salt solution
HFF	� High-fat feed
IFN	� Interferon
IL	� Interleukin
i.p.	� Intraperitoneal
IR	� Intrarenal
i.v.	� Intravascular
mAb	� Monoclonal antibody
MACS	� Magnet-associated cell sorting
MDSC	� Myeloid-derived suppressor cell
MHC	� Major histocompatibility complex
PBS	� Phosphate-buffered saline
pDC	� Plasmacytoid dendritic cell
PE	� Phycoerytherin
pfu	� Plaque-forming units
RCC	� Renal cell carcinoma
spDC	� Splenic dendritic cells
TCR	� T-cell receptor
TLR	� Toll-like receptor
TNF	� Tumor necrosis factor
TRAIL	� TNF-related apoptosis-inducing ligand
WT	� Wild type

Introduction

The limited success of cancer immunotherapies can be 
attributed (in part) to the existence of immune escape strat-
egies exerted by the tumor [1, 2], including MHC modu-
lation, antigen sequestration, and immunosuppressive 
cytokine production [3]. Tumors also promote the recruit-
ment and survival of regulatory cells that suppress effector 
cell responses. There has been considerable interest regard-
ing the mobilization and recruitment of immunosuppres-
sive myeloid-derived suppressor cells (MDSC) to sites of 
tumor growth [4, 5]. In these contexts, MDSC accumulate 
rapidly during primary tumor growth and directly influ-
ence antitumor immunity by suppressing effector T cells 
directly or indirectly via the increased production of immu-
nosuppressive compounds like IL-10, TGF-β, arginase, and 
iNOS [6–8]. In recent years, investigation into improving 

the efficacy of tumor immunotherapy has utilized combina-
tions of chemotherapeutics, small-molecule inhibitors, and 
radiation to overcome MDSC-mediated immunosuppres-
sion [9–11]. For example, metastatic renal cell carcinoma 
(RCC) patients have increased frequencies of MDSC in 
the peripheral blood, and current therapies for RCC (e.g., 
sunitinib) can reduce MDSC-mediated immune suppres-
sion [8, 11, 12]. It is posited that eliminating or modulat-
ing MDSC will restore the ability of immunotherapy to 
induce antitumor immunity; however, many treatments that 
target MDSC can have pleiotropic effects on other immune 
system components. For example, depletion of MDSC in 
mice using anti-Gr1 mAb [13] also depletes activated CD8 
T cells [14] and plasmacytoid DC [15]. Chemotherapies 
such as 5-fluorouracil (5-FU), which can selectively elimi-
nate MDSC at low doses [16], can have profound negative 
effects on the immune system [17, 18] potentially render-
ing immunotherapies ineffective.

Previous work from our laboratory described the use of 
a replication-deficient adenovirus encoding TNF-related 
apoptosis-inducing ligand (Ad5-TRAIL) [19] in combina-
tion with immunostimulatory CpG-containing oligodeoxy-
nucleotides (CpG) for the treatment for metastatic RCC in 
mice [20]. Given that MDSC induced by tumors inhibit CD8 
T-cell responses, we hypothesized that modulation of the 
number and/or function of MDSC after Ad5-TRAIL/CpG 
administration contributed to the overall success of this 
tumor immunotherapy. We found that CpG, alone or in 
combination with Ad5-TRAIL, altered MDSC frequency 
and function. Using a novel in vivo staining technique to 
discriminate cells located in tumor tissue from those in the 
vasculature [21], we found that Ad5-TRAIL/CpG signifi-
cantly decreased the presence of MDSC specifically within 
the tissue of the tumor microenvironment, which correlated 
with an increase in activated CD8 T-cell accumulation in 
the tumor. Interestingly, when we examined responses in a 
model of diet-induced obesity (DIO), Renca-bearing obese 
mice had more MDSC than age-matched lean controls, and 
CpG treatment for obese mice failed to modulate MDSC fre-
quency and function. Collectively, these data suggest that the 
efficacy of Ad5-TRAIL/CpG immunotherapy is enhanced by 
the ability of CpG to alter MDSC frequency and function, 
which allows the induced antitumor T-cell response to elimi-
nate any residual tumor. The implications of these data are 
discussed.

Materials and methods

Animals and diets

Female wild-type BALB/c mice (7- to 8 week olds) were 
purchased from the National Cancer Institute (Frederick, 
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MD). For DIO studies, mice were given either standard 
chow or high-fat feed (HFF; Research Diets #12492, 60 % 
kcal from fat [22]). After 20 weeks, HFF mice were defined 
as obese if their body weight was >3 SD above the mean 
of mice fed standard chow (“lean”). All animal procedures 
were approved by the Institutional Animal Care and Use 
Committee at The University of Minnesota.

Cell lines and tumor challenge

The murine renal adenocarcinoma cell line, Renca [23], 
was obtained from Dr. Robert Wiltrout (National Can-
cer Institute, Frederick, MD) and was authenticated in 
2010 by microsatellite marker analysis (Research Ani-
mal Diagnostic Laboratory, Columbia, MO). Renca cells 
were maintained in RPMI supplemented with 10  % fetal 
bovine serum, penicillin, streptomycin, sodium pyruvate, 
nonessential amino acids, 2-mercaptoethanol, and HEPES 
(hereafter referred to as complete RPMI), as previously 
described [20].

Intrarenal (IR) tumor challenge was performed as previ-
ously described [20, 22], where 2 ×  105 Renca cells were 
injected into the left kidney. In some cases, mice were 
depleted of MDSC with anti-Gr1 mAb (1 mg i.p.) on day 6 
after tumor implantation. On day 7, mice were injected in the 
tumor-bearing kidney with sterile PBS alone, Ad5-TRAIL 
(109 pfu) [24], and/or the non-methylated CpG ODN 1826 
(5′-TCCATGACGTTCCTGACGTT-3′, 100 μg; IDT, Coral-
ville, IA).

Immunofluorescent imaging

Immunofluorescent imaging was performed as previously 
described [21]. Briefly, tumor-bearing and contralateral 
kidneys were harvested 12 days after tumor implantation. 
Tissues were snap-frozen in OCT, cut into 7-μm thick-
ness, and fixed in acetone for 10 min. Sections were stained 
using unconjugated rabbit anti-cytokeratin 8 (NB100-
91850) and 18 (NBP1-67610; Novus Biologics; Littleton, 
CO), AF488-conjugated donkey anti-rabbit secondary 
Ab (Jackson ImmunoResearch Laboratories; West Grove, 
PA), PE-conjugated anti-CD31 (MEC13.3; eBioscience), 
BV421-conjugated anti-CD11b (M1/70; BioLegend), and 
APC-conjugated anti-Gr-1 mAb (RB6.8C5; eBioscience) 
and imaged with a Leica DM5500 B microscope.

Flow cytometry

Single-cell suspensions of tumor-bearing or contralateral 
kidneys and spleens were prepared using a gentleMACS 
Dissociator (Miltenyi BioTeck Inc., Auburn, CA) and then 
digested for 15–30 min in HBSS containing 0.56 Wuensch 
units/ml of Liberase Blendzyme 3 (Roche, Branford, CT) 

and 0.15  mg/ml DNAse I (Sigma, St. Louis, MO). After 
blocking with a cocktail of anti-CD16/32 and normal mouse 
serum, cells were stained with combinations of the fol-
lowing mAb [eBioscience (San Diego, CA) or BioLegend 
(San Diego, CA)] and analyzed using multi-parameter flow 
cytometry on a BD LSR II (BD Biosciences, San Diego, 
CA) and FlowJo software (TreeStar Inc., Ashland, OR): 
MDSC—anti-CD3-, CD11c-, CD19-PE, or PerCP/Cy5.5 
(dump gate), CD11b-PE/Cy7, Ly6C (HK1.1)-APC/Cy7, 
Ly6G (1A8)-FITC, I-Ad-PacBlue, CD40-PE, CD86-
PE/Cy5, CD80-BV650; T cells—anti-CD3-PerCP/Cy5.5, 
CD4-PE/Cy7, CD8-PacBlue, CD44-PE or -AF700, CD45.2-
PE, and -BV650. Intracellular staining for Foxp3 was done, 
as a dump gate, using a Foxp3 staining kit (eBioscience).

To identify leukocytes located in the tumor-bearing kid-
ney tissue or kidney vasculature, intravascular (i.v.) stain-
ing was done as previously described [21, 25]. Briefly, 
tumor-bearing mice were injected with 3 μg of PE-conju-
gated anti-CD45.2 mAb i.v. 3  min before killing. Single-
cell suspensions from organs were then processed for flow 
cytometric analyses as described above. Additionally, cells 
were stained ex vivo with BV650-conjugated anti-CD45.2 
mAb. Duel staining of CD45.2 discriminates between cells 
within the vasculature (CD45.2-PE+CD45.2-BV650+) or 
tissue (CD45.2-PE−CD45.2-BV650+) at the time of har-
vest. Blood and inguinal lymph nodes served as positive 
and negative controls for i.v. staining, respectively.

MDSC enrichment and isolation

The MDSC from tumor-bearing kidneys were enriched 
using Miltenyi anti-CD11b microbeads and then sort-
purified on a BD Aria II or FACS DiVa based on CD45.2+/
CD11clow/CD11b+/Ly6C+/Ly6G+/− expression after gating 
on live cells via Hoechst 33258 exclusion. Sorted MDSC 
purity was ≥95 %. Alternatively, MDSC were purified by 
negative selection with Miltenyi anti-CD11c microbeads. 
Cells were run over two sequential columns, and the nega-
tive fractions were collected. CD11c−-enriched cells were 
then incubated with Miltenyi anti-CD11b microbeads and 
run over two sequential columns, and the bound fractions 
were collected. MDSC purity was ≥90 % of live cells.

T‑cell proliferation assay

The Ag-specific assay: T cells were harvested from naïve 
DUC18 TCR transgenic mice [26]. Splenic DC (spDC) 
from tumor-free BALB/c mice were isolated with Miltenyi 
anti-CD11c microbeads. T-cell proliferation was assessed 
by culturing naive DUC18 T cells (5  ×  104 cells/well) 
with tERK peptide-pulsed spDC (5 × 103 cells/well) with 
increasing numbers of sort-purified splenic or renal MDSC 
from tumor-bearing mice in a flat-bottom 96-well plate. 
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[3H] Thymidine was added during the final 18 h of a 72-h 
incubation. Relative T-cell proliferation was set to 100 % 
for control T-cell/DC cocultures not containing MDSC. 
The % relative proliferation was then calculated for all 

other culture conditions. Anti-CD3 assay: Naïve splenic 
BALB/c CD8 T cells and MDSC from tumor-bearing mice 
were MACS-purified as described above. When indicated, 
MDSC were stimulated with 6 μg CpG for 3  h and then 

Fig. 1   Characterization of MDSC in 
spleens of Renca tumor-bearing mice. 
BALB/c mice were implanted IR with 
2 × 105 Renca. a–c Spleens were har-
vested from tumor-bearing mice 7, 14, 
and 18 days post-tumor implantation. 
Single-cell suspensions were made, and 
cells were stained for flow cytometric 
analysis. a Representative flow plots 
showing the gating for bulk MDSC 
(CD3−CD19−CD11c−CD11b+Ly6C+) 
and Ly6G+ and Ly6G− MDSC sub-
sets within spleens. Representative 
splenic data from a tumor-free mouse 
stained in the same manner are shown 
to demonstrate the tumor-induced 
increase in cells of this phenotype. 
b, c Mean (±SEM) frequency and 
number of bulk and subset MDSC in 
spleens during tumor challenge. Data 
are representative of three independent 
experiments, with at least 3 mice/group/
experiment. For reference, the dashed 
line in B indicates the frequency of 
MDSC in tumor-free mice. d Spleens 
were harvested after 18–21 days. Bulk 
MDSC, Ly6G+, and Ly6G− MDSC 
subsets were sort-purified to ≥95 % 
purity. MDSC were seeded in increas-
ing numbers into DUC18 CD8+ T 
cell and tERK-pulsed DC cocultures 
for 72 h. Cocultures were pulsed with 
[3H] thymidine during the last 18 h 
of incubation to assess proliferation. 
Relative mean (±SEM) CD8+ T-cell 
proliferation was calculated based on 
normalization to the 10 CD8+ T cells/1 
spDC/0 MDSC control group. Data 
are representative of two independent 
experiments, and samples were each 
run in triplicate. Cultures containing 
bulk MDSC were compared to the 
control group using 2-way ANOVA, 
***p ≤ 0.001. e Mean (±SEM) number 
of CD11c−CD11b+Ly6C+Ly6G+/− 
splenocytes in tumor-bearing mice 
given 1 dose of 1 mg control rat IgG 
or anti-Gr1 mAb. f Mean (±SEM) 
kidney weight (g) from tumor-bearing 
mice was determined on day 12. Data 
are representative of three independent 
experiments, with at least 5 mice/group/
experiment. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001 using Student’s t test
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washed 3× with PBS. Wells of a round-bottom 96-well 
plate were coated with anti-CD3 mAb (clone 500A2; 1 μg/
ml) overnight at 4 °C. The plate was then washed with PBS 
and CD8 T cells (5 ×  104 cells per well), and increasing 
numbers of CpG-stimulated and CpG-unstimulated MDSC 
were plated. [3H] Thymidine was added as above, and % 
relative proliferation was calculated.

Quantitative real‑time PCR (qPCR)

Tumor-bearing kidneys were harvested 4 h after treatment 
and homogenized via gentleMACS Dissociator. Total RNA 
was isolated using TRIzol reagent (Invitrogen, Carlsbad, 
CA), and 1  μg was reverse-transcribed using Superscript 
III. Resulting cDNA was used as a template for qPCR 
using TaqMan primer/probe sets for arg1 and 18  s rRNA 
(PE Applied Biosystems, Foster City, CA).

Statistical analysis

Statistical analysis between groups was determined by 
unpaired or paired Student’s t test and 2-way ANOVA 
where appropriate. Data were analyzed with Prism4 Graph-
Pad software, and statistical significance is indicated in 

figure legends [*p < 0.05; **p < 0.001; ***p < 0.0001; not 
significant (n. s.)].

Results

Characterization of splenic MDSC from RCC 
tumor‑bearing mice

The Renca cell line is commonly used to model RCC in 
mice, where it can be injected subcutaneously to produce 
localized tumors or intravenously to produce experimen-
tal lung metastases [6, 24, 27, 28]. In contrast, we use an 
orthotopic model, similar to the model described by Salup 
et  al. [29], where direct implantation of Renca cells into 
the kidney leads to the formation of an aggressive primary 
IR tumor as well as lung metastases [20]. Investigation of 
MDSC in mice bearing Renca tumors has been limited, so 
we initially characterized the MDSC present in mice bear-
ing such orthotopic Renca tumors. MDSC are identified by 
CD11b with the concomitant expression of Ly6C and Ly6G 
[30], and accumulate in Renca-bearing mice compared to 
tumor-free mice (Fig.  1a). Differential Ly6G expression 
defines granulocytic and monocytic MDSC, respectively, 

Fig. 2   CpG decreases MDSC in 
tumor-bearing mice. BALB/c mice 
were implanted IR with 2 × 105 
Renca and treated with PBS, 
Ad5-TRAIL alone, CpG alone, 
or Ad5-TRAIL/CpG on day 7. 
Spleens were harvested on day 12 
and processed for flow  
cytometry to determine the  
(a) number of bulk MDSC and  
(b–d) frequency of 
bulk, Ly6G+, or Ly6G− 
CD3−CD19−CD11c−CD11b+ 

Ly6C+ MDSC. Mean (±SEM) 
frequency of splenic MDSC from 
tumor-bearing mice is shown, and 
data are representative of four 
independent experiments with 
at least mice/group/experiment. 
For all experiments *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001 using 
Student’s t test
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which can suppress T cells by distinct mechanisms [31]. 
Assessment of MDSC population dynamics after tumor 
implantation revealed a steady increase in the frequency and 
number of bulk (CD3−CD19−CD11clowCD11b+Ly6C+) 
MDSC in the spleen over time (Fig. 1b, c). Of note, both 
the Ly6G+ granulocytic (CD3−CD19−CD11clowCD11
b+Ly6C+Ly6G+) and Ly6G− monocytic (CD3−CD19
−CD11clowCD11b+Ly6C+Ly6G−) MDSC populations 
expanded similarly in the spleen over time. To verify that 
the MDSC phenotype correlated with suppressive function 
by these populations, splenic MDSC were isolated from 
Renca-bearing mice and cocultured with CD8 T cells [32]. 
Indeed, Ag-specific T-cell proliferation was significantly 
suppressed when either bulk, Ly6G+, or Ly6G− MDSC 
were included in the assay (Fig. 1d). To assess the extent 
to which Renca-mobilized MDSC supported tumor growth, 
we employed the common MDSC depletion method of 
administering anti-Gr1 mAb (Fig. 1e) in our RCC tumor-
bearing mice and assessed tumor burden. Depletion of 
MDSC significantly decreased tumor burden (Fig. 1f), sug-
gesting that the MDSC mobilized as a result of a growing 
Renca tumor indeed support tumor growth.

CpG decreases MDSC and alters MDSC subtype 
distribution

Having previously described the ability of Ad5-
TRAIL/CpG therapy to induce effective systemic anti-
tumor immunity, we were interested in determining how 
Ad5-TRAIL/CpG was efficacious against Renca tumors 
in the face of an enhanced population of MDSC. The data 
in Fig.  1 demonstrated the accumulation of immunosup-
pressive MDSC in RCC tumor-bearing mice, leading us 
to hypothesize that Ad5-TRAIL/CpG therapy must modu-
late MDSC systemically and locally to permit the genera-
tion of an antitumor T-cell response capable of clearing the 
primary tumor within the kidney. To determine the extent 
to which Ad5-TRAIL/CpG therapy altered the number 
of MDSC in tumor-bearing mice, BALB/c mice were 
implanted IR with Renca cells and treated with PBS, Ad5-
TRAIL, and/or CpG on day 7. Analysis of bulk splenic 
MDSC on day 12 found that Ad5-TRAIL alone or in com-
bination with CpG did not modulate the MDSC popula-
tion, but CpG alone significantly decreased the number of 
bulk MDSC (Fig.  2a). However, consistent with the pre-
vious data [20], mice that received CpG (with or without 
Ad5-TRAIL) were presented with splenomegaly resulting 
in increased total splenocytes counts. Because increased 
cell numbers in treatment groups can mask effects the 
treatment may have on cell distribution (frequency), we 
also determined MDSC frequency within spleens of PBS, 
CpG-, and/or Ad5-TRAIL-treated tumor-bearing mice. We 
found that CpG alone or in combination with Ad5-TRAIL 

significantly decreased the frequency of the bulk MDSC 
population (Fig.  2b). We extended this analysis to exam-
ine the Ly6G+ and Ly6G− MDSC populations and found 
that the Ly6G+ MDSC experienced a similar decrease after 
administration of CpG alone or in combination with Ad5-
TRAIL (Fig.  2c). Interestingly, the frequency of Ly6G− 
MDSC significantly increased in the spleen after injection 
of Ad5-TRAIL (alone or with CpG; Fig. 2d), but the fre-
quency of this MDSC population was much lower (<1 %) 
than the other populations examined suggesting that this 
statistical change likely has minimal biological impact. 
Together, these data suggest that local administration of 
CpG into tumor-bearing kidneys systemically modulates 
the frequency of MDSC in Renca-bearing mice.

Ad5‑TRAIL/CpG alters the location of MDSC within the 
tumor‑bearing kidney

Data suggest MDSC acquire their suppressive function only 
after exposure to factors in the tumor microenvironment 
[33, 34]. Moreover, MDSC within the tumor might have 
the greatest effect on antitumor T-cell responses [35]. Con-
sequently, we examined the impact of Ad5-TRAIL/CpG 
therapy on the MDSC in the tumor-bearing kidney, in addi-
tion to the MDSC in the spleen of tumor-bearing mice. To 
this end, we first examined the presence and location of 
MDSC in Renca tumor-bearing kidneys by immunofluo-
rescence. Structural markers for vasculature (CD31) and 
tumor (cytokeratins 8 and 18 [36]) were used to visualize 
the tumor-bearing kidney (Fig.  3Ai). The MDSC mark-
ers CD11b and Gr1 were used to examine MDSC location 

Fig. 3   Characterization of MDSC within tumor-bearing kidneys. 
BALB/c mice were implanted IR with 2 × 105 Renca. a WT tumor-
bearing kidneys were harvested on day 12 for IF imaging to iden-
tify MDSC. i, ii 10× images were taken and stitched together to 
view the entire tumor-bearing kidney, and tumor margin architecture 
with CD31 and cytokeratins 8 and 18. The tumor margin image also 
includes Gr-1 and CD11b staining to visualize MDSC. iii Separate 
20× images were taken to visualize Gr-1 alone, CD11b alone, and 
merged Gr-1+CD11b+ cells within the tumor using the structural 
markers to identify the regions of tumor tissue and vasculature within 
the kidney. Images are representative of four independent experi-
ments totaling 8 mice. b Tumor-bearing and contralateral kidneys 
were harvested from mice 7, 14, or 18 days post-tumor implantation. 
Single-cell suspensions were made, and cells were stained for flow 
cytometric analysis. Mean (±SEM) frequency and number of bulk, 
Ly6G+, or Ly6G− MDSC in tumor-bearing kidneys during tumor 
challenge. Data are representative of three independent experiments, 
with at least 3 mice/group/experiment. c Tumor-bearing kidneys were 
harvested after 18–21 days. Bulk MDSC were sort-purified to ≥95 % 
purity. Cocultures were plated and pulsed with [3H] thymidine dur-
ing the last 18 h of incubation to assess proliferation. Relative mean 
(±SEM) CD8+ T-cell proliferation was calculated based on normali-
zation to the 10 CD8+ T cells/1 spDC/0 MDSC control group. Data 
are representative of two independent experiments where samples 
were each run in triplicate. Cultures containing bulk MDSC were 
compared to the control group using 2-way ANOVA, ***p ≤ 0.001
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in the tumor-bearing kidney. When examining the tumor 
margin, MDSC were primarily localized within the tumor 
and not in the “normal” tissue of the kidney (Fig.  3Aii). 
Further, MDSC were associated with both tumor tissue 

and vasculature, as seen by colocalization with cytokera-
tin 8 and 18+ and CD31+ cells, respectively (Fig.  3Aiii). 
Subsequent analysis of MDSC within tumor-bearing and 
contralateral kidneys by flow cytometry demonstrated 
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MDSC accumulation only within the tumor-bearing kidney 
(Fig. 3b), and both bulk MDSC and the individual subsets 
of MDSC isolated from tumor-bearing kidneys had the 
capacity to suppress T-cell proliferation (Fig. 3c), similar to 
the splenic MDSC in this model.

Kidneys are highly vascular organs, making it likely 
that flow cytometric evaluation of MDSC from tumor-
bearing kidneys would include both “tissue-localized” 
MDSC and MDSC present in the vasculature at the time 
of organ harvest. To clearly distinguish MDSC within 
the kidney tissue from MDSC within the vasculature, 
we used an intravascular staining technique [21, 25] in 
which PE-labeled anti-CD45.2 mAb was injected i.v. 
prior to tumor-bearing kidney harvest. Tumor-bearing 
and contralateral kidneys were then processed for flow 
cytometry, which included ex vivo staining with BV650-
labeled anti-CD45.2 mAb. Using this method, leukocytes 
in the vasculature at the time of harvest stained positive 
with both the PE- and BV650-labeled anti-CD45.2 mAb, 
whereas leukocytes truly within the kidney tissue were 
only stained by the ex vivo BV650-labeled anti-CD45.2 
mAb (Fig. 4a). This technique is superior to perfusion as 
a substantial number of cells remain in the vasculature 
after perfusion, and the increased vasculature pressure 
that occurs during perfusion can disrupt tissue architec-
ture [21]. When gating on the location (kidney tissue 
vs. vasculature) of the cells, the number of MDSC were 
evenly distributed between the vasculature and the tis-
sue (Fig.  4b). Within the tissue specifically, ~15  % of 
the CD45.2+ cells (“CD45.2 i.v. negative”) were Ly6G+ 
MDSC and only ~7  % were Ly6G− MDSC (Fig.  4b). 
Analysis of contralateral kidneys showed that the majority 
of MDSC were in the vasculature (Fig. 4c). Immunofluo-
rescence microscopy verified that “CD45.2 i.v. positive” 
cells were located within vascular endothelium or glomer-
ular regions of the kidney (data not shown).

Having established the utility of this intravascular stain-
ing technique to identify and quantitate the MDSC truly 
within the tissue of tumor-bearing kidneys, we then used 
this method to examine the effect of Ad5-TRAIL/CpG 
therapy on MDSC localization. Similar to the analyses of 
the whole tumor-bearing kidney that would include both 
tissue- and vasculature-localized cells, Ad5-TRAIL/CpG 
therapy decreased the number and frequency of bulk 
MDSC in the kidney tissue, as well as the frequency of 
Ly6G+ MDSC (Fig. 4d). Though the frequency of Ly6G− 
MDSC was not significantly decreased in the kidney tissue, 
there was a trend toward a decrease (Fig. 4d). Importantly, 
the frequency of MDSC within the kidney vasculature was 
not altered by Ad5-TRAIL/CpG administration (Fig.  4e). 
These data collectively demonstrate that Ad5-TRAIL/CpG 
therapy decreases the number and frequency of MDSC spe-
cifically within the kidney tissue.

CpG alters MDSC phenotype and function

While modulating MDSC numbers can improve the effi-
cacy of therapy, altering MDSC function can also ablate 
their inhibitory capacity to improve therapeutic outcomes. 
Consequently, much of the current research targeting 
MDSC is aimed at both decreasing their frequency and 
reducing their inhibitory capacity. To determine the extent 
to which CpG may also be affecting the functionality of 
MDSC, we performed a series of in vitro and in vivo analy-
ses of MDSC from spleens and kidneys of Renca-bearing 
mice. BALB/c mice were implanted with Renca tumors, 
and spleens and tumor-bearing kidneys were harvested 
18–21 days later to allow for increased MDSC numbers. 
MDSC were enriched from both spleens and tumor-bear-
ing kidneys, and then stimulated in vitro with CpG over-
night. The CpG-stimulated MDSC exhibited a “matured” 
phenotype, based on increased CD40, CD80, CD86, and 
MHC II expression when compared to unstimulated MDSC 
from spleens (Fig. 5a) and kidneys (data not shown), sug-
gesting a direct effect of CpG on the MDSC population. 
Next, we determined the extent to which CpG stimulation 
affected the suppressive capacity of the MDSC. MDSC 
purified from tumor-bearing kidneys were stimulated with 
CpG for 3 h. After washing to remove any CpG from the 
culture, the CpG-stimulated MDSC were then added into 
cultures of anti-CD3 mAb-stimulated CD8 T cells to assess 
their ability to suppress T-cell proliferation. Compared to 
unstimulated MDSC, the CpG-stimulated MDSC were less 
suppressive of T-cell proliferation (Fig. 5b). These data are 
consistent with the idea that CpG can directly stimulate 
MDSC [37].

We extended the analysis in vivo to see the extent to 
which CpG administration changed MDSC within the 
tumor-bearing kidney. Renca-bearing mice were injected 

Fig. 4   Ad5-TRAIL/CpG therapy alters MDSC location within the 
tumor-bearing kidney. BALB/c mice were implanted IR with 2 × 105 
Renca cells and treated with PBS or Ad5-TRAIL/CpG on day 7 
(some mice received no injection). Tumor-bearing and contralateral 
kidneys were harvested on day 12. Prior to harvest, all mice were 
injected i.v. with PE-conjugated anti-CD45.2 mAb (3 μg) in PBS to 
discriminate tissue- from vasculature-associated MDSC, and killed 
3  min later. Single-cell suspensions of tumor-bearing kidneys were 
prepared and stained for flow cytometric analyses to assess MDSC 
cell infiltration. a Representative flow plots for tissue- or vasculature-
localized MDSC in tumor-bearing and contralateral kidneys from 
untreated mice. b, c Mean (±SEM) number and frequency of tissue- 
and vasculature-localized MDSC from (b) tumor-bearing or (c) con-
tralateral kidneys. Data are representative of three independent exper-
iments totaling 8 mice. d, e Mean (±SEM) number and frequency 
of bulk MDSC, Ly6G+, or Ly6G− MDSC in the tissue (d) and vas-
culature (e) of tumor-bearing kidneys from mice treated with either 
PBS or Ad5-TRAIL/CpG on day 7. Data are representative of four 
independent experiments with at least 4 mice/group/experiment. For 
all experiments **p ≤ 0.01, ***p ≤ 0.001, n.s. not significant using 
Student’s t test
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with PBS or CpG intrarenally on day 7, and the kidneys 
were harvested 4 h or 5 days later and processed for qPCR 
analysis or flow cytometric analysis of the MDSC, respec-
tively. Seeing the reduction in suppressive capacity in 
Fig. 5b, we examined the expression of mRNA for arginase 
1 (arg1), an enzyme utilized by MDSC to suppress T-cell 
proliferation [8], within tumor-bearing kidneys after PBS 

or CpG injection. When normalized to tumor-free kid-
neys, the amount of arg1 mRNA was significantly reduced 
after CpG administration (Fig. 5c). These data, when cou-
pled with the data in Fig. 5b, suggest CpG can rapidly and 
inherently alter MDSC. When we examined the phenotype 
of MDSC, there were increased frequencies of CD40hi, 
CD86hi, or MHC IIhi MDSC from mice injected with CpG 
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compared to PBS-injected mice (Fig. 5d), similar to the in 
vitro data in Fig. 5a. Thus, the data in Fig. 5 suggest that 
CpG can have direct effects on MDSC in vitro and induce 
inherent changes in vivo.

Diet‑induced obese tumor‑bearing mice have increased 
MDSC frequencies that are not affected by CpG

The number and suppressive function of MDSC increase 
with inflammation [38]. There are a variety of clinical set-
tings marked by increased and/or chronic inflammation, and 
obesity is one such condition in which chronic inflammation 
and the increased production of pro-inflammatory cytokines 
and adipokines promote immune system dysfunction [39]. 

We recently described how Ad5-TRAIL/CpG therapy is 
ineffective in clearing Renca tumors in diet-induced obese 
(DIO) mice [22]. Because obesity can induce signifi-
cant MDSC accumulation and activation in the absence of 
tumors [40], we hypothesized that one explanation for the 
ineffectiveness of Ad5-TRAIL/CpG therapy in DIO Renca-
bearing mice was exacerbated MDSC accumulation that was 
not modulated by CpG. Thus, we examined the frequency 
of MDSC in the spleens and tumor-bearing kidneys from 
DIO mice and age-matched mice fed standard chow (“lean” 
mice). There was a significant increase in the frequency of 
bulk and Ly6G+ MDSC in the spleens (Fig. 6a) and bulk, 
Ly6G+, and Ly6G− MDSC in tumor-bearing kidneys 
(Fig. 6b) from DIO mice compared to lean mice. Utilizing 

Fig. 5   CpG alters MDSC phenotype 
and function in vitro and in vivo. 
BALB/c mice were implanted IR with 
2 × 105 Renca, and tumor-bearing 
kidneys and spleens were harvested 
days 18–21. a Splenocytes were 
plated at 106 cells/well in a 24-well 
plate. Cells were either treated with 
100U of IFN-γ or 6 μg CpG over-
night. Cells were harvested from 
plate and stained for flow cytometric 
analysis. a Mean (±SEM) frequency of 
CD3−CD19−CD11c−CD11b+Ly6C+ 
MDSC expressing high levels of 
CD40, CD80, CD86, MHC II. Data 
are representative of three independ-
ent experiments with at least 4 mice/
group/experiment. b Mean (±SEM) 
proliferation of naïve WT BALB/c 
splenic CD8+ T cells stimulated with 
1 μg/ml anti-CD3 mAb and cocultured 
with CpG-stimulated bulk MDSC. 
Ratios represent #CD8+ T cells: 
#MDSC. Cocultures were pulsed with 
[3H] thymidine during the last 18 h of 
incubation to assess proliferation. Data 
are representative of two independent 
experiments in which samples were 
each run in triplicate, ***p ≤ 0.001 
using 2-way ANOVA. c qPCR analysis 
of arg1 expression in Renca-bearing 
kidneys 4 h after injection of PBS or 
CpG. d BALB/c mice were implanted 
IR with 2 × 105 Renca and treated 
with CpG alone or PBS on day 7, and 
tumor-bearing kidneys were harvested 
day 12. Single-cell suspensions were 
made and stained for flow cytometric 
analysis. Mean (±SEM) frequency 
of MDSC expressing high levels of 
CD40, CD86, and MHC II. Data are 
representative of two independent 
experiments with at least 4 mice/group/
experiment. For all experiments (except 
where noted), *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001 using Student’s t test
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the in vivo staining technique described in Fig. 4, we exam-
ined the frequency of MDSC specifically within the tumor-
bearing kidney tissue from lean and DIO mice that had been 
treated with either PBS or Ad5-TRAIL/CpG. In contrast to 
MDSC from lean mice, the MDSC frequency in the tumor-
bearing kidneys of DIO mice did not significantly change 

after Ad5-TRAIL/CpG therapy (Fig. 6c). At the same time, 
we quantitated the frequencies of CD8 T cells within these 
same tumor-bearing kidneys from lean and DIO mice. Inter-
estingly, while analysis of tumor-bearing kidneys from 
lean mice showed a significant increase in the frequency 
of CD8 T cells within the kidney tissue, this was not seen 
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Fig. 6   DIO tumor-bearing mice have increased MDSC that do not 
respond to CpG resulting in a diminished antitumor response. Lean 
and DIO BALB/c mice were implanted IR with 2 × 105 Renca cells 
on day 0 and either left untreated (a, b), or treated with PBS or Ad5-
TRAIL/CpG on day 7 (c–f). Spleens and tumor-bearing kidneys 
were harvested day 12, homogenized, and single-cell suspensions 
were made and stained for flow cytometric analyses. Mean (±SEM) 
frequency of MDSC in a spleens and b tumor-bearing kidneys. c–f 
Mean (±SEM) frequency, using i.v. staining, of c MDSC, d–e CD8+ 
T cells, and f ratio of the number of CD8+ T cells to the number of 
MDSC. Data are representative of two independent experiments with 

at least 4 mice/group/experiment. For all experiments, *p  ≤  0.05, 
**p ≤  0.01, ***p ≤  0.001 using Student’s t test. g Mean (±SEM) 
CD8+ T-cell proliferation from MACS-purified naïve WT BALB/c 
splenic CD8+ T cells stimulated with 1  μg/ml anti-CD3 mAb and 
cocultured with CpG-stimulated MACS-purified bulk MDSC from 
either lean or DIO tumor-bearing kidneys. Ratios represent #CD8+ 
T cells: #MDSC. Cocultures were pulsed with [3H] thymidine during 
the last 18 h of incubation to assess proliferation. Data are representa-
tive of two independent experiments in which samples were each run 
in triplicate, ***p ≤ 0.001 using 2-way ANOVA
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in the tumor-bearing kidneys from DIO mice (Fig.  6d, e). 
The data in Fig. 6c–e also allowed us to determine the ratio 
of total numbers of CD8 T cell to MDSC in the kidney tis-
sue. Ad5-TRAIL/CpG therapy in lean mice shifted the ratio 
heavily in favor of CD8 T cells, whereas the ratio of CD8 
T cell/MDSC was nearly unchanged in Ad5-TRAIL/CpG-
treated DIO mice compared to PBS-treated DIO mice 
(Fig. 6f). Finally, we examined the suppressive capacity of 
MDSC from lean and DIO mice directly ex vivo and after 
3 h CpG stimulation. There was no significant difference in 
the ability of unstimulated and CpG-stimulated MDSC from 
DIO mice to suppress CD8 T-cell proliferation unlike that 
seen for MDSC from lean mice (Fig. 6g). Together, the data 
in Fig. 6 suggest that the increase in MDSC, as well as their 
resistance to CpG-mediated modulation, contributes to the 
ineffectiveness of Ad5-TRAIL/CpG therapy in DIO mice.

Discussion

With increasing investigation into the induction of MDSC 
by tumors and the mechanisms of suppression used by 
MDSC, a paradigm shift has taken place with regard to 
their acceptance as a means by which tumors evade antitu-
mor immunity. Initially, the goal of cancer immunotherapy 
was simply to activate the host immune response to mount 
a robust antitumor response, but in recent years, it has 
become increasingly clear that effective cancer immuno-
therapy regimens must concomitantly modulate immuno-
suppressive cell populations. To this end, many studies have 
utilized combinations of chemotherapy and immunotherapy 
to modulate MDSC while inducing antitumor immunity, 
respectively. A complication of these combination therapies 
is the mounting evidence that chemotherapy can actually 
dampen the antitumor immune response, specifically when 
given prior to an immunotherapy, and that these effects can 
be long-lasting [9, 41]. The question then becomes, is there 
a combination therapy that can decrease immunosuppres-
sion while still stimulating a robust immune response? The 
data reported herein suggest that immunostimulatory CpG, 
which have been used extensively in the last 20  years as 
adjuvants in a number of infection and cancer settings [42], 
modulate the number and immunosuppressive function of 
MDSC in a mouse model of advanced RCC to allow for 
optimal generation of an antitumor immune response.

MDSC are present and promote tumor growth in humans 
with RCC and mouse models of RCC that use the renal ade-
nocarcinoma cell line Renca. While MDSC depletion/modu-
lation by a variety of therapies (e.g., sunitinib, 5-FU, and anti-
Gr-1 mAb) can slow tumor progression, these therapies have 
not shown clear and consistent success in curing tumor-bear-
ing animals (or humans) when given alone—especially in the 
cases of metastatic cancer [9, 16, 32]. These reports suggest 

that while depletion/modulation of MDSC is certainly ben-
eficial, altering the quantity and quality of MDSC might not 
be enough to lead to complete tumor eradication. We have 
previously described the ability of Ad5-TRAIL/CpG therapy 
to clear primary orthotopic and metastatic RCC tumors in 
mice [20], and here, we have presented data to suggest that 
the mechanism by which Ad5-TRAIL/CpG therapy induces a 
potent antitumor response is through modulation of the num-
ber and function of MDSC. We have confirmed the increased 
presence of MDSC in Renca-bearing mice and have charac-
terized the MDSC in this model. Both Ly6G+ and Ly6G− 
MDSC accumulate systemically and locally during tumor 
challenge, and both subsets exhibit the canonical ability to 
suppress T-cell proliferation. Despite increases in immu-
nosuppressive MDSC cells at the time of treatment, Ad5-
TRAIL/CpG therapy modulates the number and function of 
these MDSC and induces a CD8 T-cell response responsible 
for tumor eradication in RCC-bearing mice.

Reports recently published by Zoglmeier et al. [43] and 
Shirota et  al. [37] suggest that CpG-induced modulation 
of MDSC can occur via indirect and direct mechanisms, 
respectively. MDSC express TLR9, and direct stimulation 
by CpG leads to their differentiation into F4/80-expressing 
macrophages and loss of immunosuppressive function [37]. 
Murine plasmacytoid DC (pDC), Mφ, B cells, and all mye-
loid DC subsets identified to date express TLR9 and respond 
to CpG [44]. pDC are primary producers of type I IFN after 
CpG stimulation, and the type I IFN produced by CpG-stim-
ulated pDC can also induce MDSC maturation [43]. Our in 
vitro data also suggest the potential for direct CpG effects on 
the MDSC mobilized by Renca tumor growth, as the stimu-
lation of purified MDSC from Renca-bearing mice with 
CpG underwent phenotypic change and demonstrated less 
suppressive capacity, much like the data from the Zoglmeier 
study. We also observed CpG-dependent alterations in vivo, 
but the data cannot define the extent to which these pheno-
typic changes were due to direct or indirect effects. Regard-
less of whether the CpG is acting directly or indirectly on 
the expanded MDSC within the tumor-bearing mice in our 
model, our data extend the previous findings to suggest that 
systemic alterations in physiology during comorbidities (in 
this case, obesity) can have profound effects on the mobili-
zation of this immunosuppressive cell population and their 
sensitivity to immunostimulatory molecules.

When investigating MDSC, it is common to see the anal-
ysis of MDSC located in the spleen or blood from tumor-
bearing mice or humans. These tissues are likely chosen 
because of convention and/or convenience (especially for 
humans), even when the tumor is located at a site that is 
not highly vascularized. Because we were investigating the 
influence of MDSC in the tumor tissue (where they pre-
sumably have the greatest effect on suppressing antitumor 
immunity), we felt it was essential to clearly and precisely 



1225Cancer Immunol Immunother (2014) 63:1213–1227	

1 3

analyze those MDSC that were truly present within the 
tumor microenvironment of the tumor-bearing kidney com-
pared to those that happened to be in the renal circulation 
at the time of tissue harvest. To our knowledge, this is the 
first report to utilize an intravascular staining technique 
that enabled the analysis of MDSC in a highly vascular-
ized tumor-bearing organ before and after therapy. Utiliz-
ing this technique, we were able to determine changes in 
the ratio of CD8 T cells to MDSC within the same kidney 
tissue after therapy administration (Fig.  6f), which would 
not have been possible utilizing traditional approaches 
for MDSC analysis. Further, the ability to distinguish and 
assess differences in the phenotype and function of immune 
cells specifically within the kidney tissue versus the kidney 
vasculature (presumably in circulation) is possible.

Chronic inflammation is a characteristic of obesity, and 
the increased production of pro-inflammatory cytokines 
and adipokines during obesity can promote immune system 
dysfunction [39]. Despite the correlation between cancer, 
obesity, and cytokine-/adipokine-influenced inflammation, 
there are limited data regarding their relationship to MDSC 
presence and function. We previously showed that the Ad5-
TRAIL/CpG therapy is ineffective in tumor-bearing DIO 
mice [22] and initially explored the contribution in altera-
tions in DC function (as a result of obesity) to the lack of 
therapeutic efficacy. The data presented herein show the 
frequency of MDSC is higher in tumor-bearing obese mice 
than in lean mice, and the MDSC in the obese mice persist 
at a high frequency even after Ad5-TRAIL/CpG therapy. It 
remains to be determined whether the maintenance of ele-
vated MDSC during obesity is due to intrinsic and/or envi-
ronmental changes, as well as elucidating the functional 
mechanisms of MDSC from lean and DIO mice.

Obesity has become a critical health concern in the 
United States, as the majority of the adults are considered 
overweight or obese and the annual health care costs linked 
to obesity are >$100 billion (http://cdc.gov/nccdphp/dnpa/
obesity/). Obese humans face an increased risk of cancer, 
including RCC [45]. The reasons for this are complex and 
multifactorial, but generalized immune suppression may 
contribute to these findings. In mice, obesity can be induced 
genetically or with a prolonged diet of HFF. DIO using HFF 
represents a slowly progressing, clinically relevant model 
characterized by alterations in adipokines and cytokines that 
induce systemic inflammation [46–48]. Studies using DIO 
mice have defined a number of alterations in leukocyte func-
tion [49–54]. There are data to suggest that the reduction in 
immune function is not associated with obesity, but rather 
due to the high-fat diet [55–57]. While it is possible that the 
high-fat diet (and not obesity) was behind the changes in the 
immune system response to Ad5-TRAIL/CpG therapy in 
the DIO mice used in our studies, there are two things that 
would suggest the high-fat diet was not the cause. First, in 

our model of DIO, some of the mice on HFF do not gain 
enough weight to be defined as obese based on our criteria 
[22]. We have in vitro data showing the HFF obese-resistant 
mice have immunological function similar to mice fed nor-
mal chow (data not shown). If the HFF diet, and not obe-
sity itself, was the driving factor for the immune dysregula-
tion in our DIO mice, the obese-resistant mice would have 
exhibited a similar phenotype. Second, many of the immu-
nological defects seen in DIO mice have also been reported 
in genetically driven obesity (e.g., due to leptin or leptin 
receptor deficiency) [58–60]. Together, these data would 
suggest that the obese environment, and not the HFF diet, 
caused the immunoregulation evident in DIO mice.

In summary, the findings presented here suggest a here-
tofore unappreciated function of Ad5-TRAIL/CpG therapy. 
In addition to its previously described functions of induc-
ing tumor cell death (via Ad5-TRAIL) and stimulating DC 
function (via CpG), the data herein suggest that the efficacy 
of Ad5-TRAIL/CpG therapy blocks the immunosuppres-
sive effects of MDSC in the tumor microenvironment—
both by decreasing MDSC frequency and modulating 
MDSC function.
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