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Abstract

The dendritic cell vaccine DC-Ad-GM∙CAIX is an active, specific immunotherapy with the 

potential of providing a safe and effective therapy against renal cell carcinoma (RCC). Using 

immunocompetent Balb/c mouse models we tested the efficacy and mechanism of the vaccine to 

prevent and treat the growth of a syngeneic RCC (RENCA) engineered to overexpress the human 

TAA carbonic anhydrase IX (NPR-IX). In a prevention model, NPR-IX tumor development was 

specifically and significantly delayed by 13 days in DC-Ad-GM∙CAIX-treated mice (P<0.001), 

tumor volumes were 79% smaller (day 24, P<0.007) and body weight was maintained at study 

termination compared to the controls. Six of these mice remained tumor-free for >1 year. In a 

treatment model, NPR-IX tumors remained smaller in DC-Ad-GM∙CAIX-treated mice for 8 days 

(P<0.002), achieving a 60% growth inhibition at termination. No vaccine-related organ toxicity 

was observed in either model. The critical mechanistic parameter separating responsive from non-
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responsive tumors was hCAIX protein expression, demonstrated by aggressive growth of tumors 

that did not express hCAIX protein and in sham-treated mice (DC-Ad-Null). No murine serum 

anti-hCAIX antibodies were detected. Moreover, altered mechanisms of immunoediting as a 

means for immune evasion were suggested by differential gene expression (Ccl1, Hmgb1, Fgl2, 

Cd209a, Klra2) and therapy evasion miRNAs (miR-1186, miR-98, miR-5097, miR-1942, 

miR-708) in tumors that evaded DC-Ad-GM∙CAIX immunotherapy. This is the first study in 

immunocompetent mice that provides a proof of concept for the specificity, efficacy, safety, and 

activity of the DC-Ad-GM∙CAIX immunotherapy, forming the basis for a first-in-human phase I 

trial in RCC patients.
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INTRODUCTION

Despite the FDA approval of six targeted therapies for advanced renal cell carcinoma (RCC) 

in the past six years, complete and durable remissions of metastatic disease are rarely if ever 

achieved. Moreover, these agents are mainly cytostatic, are associated with significant side 

effects, require chronic administration, and treatment resistance typically develops within 

one year. On the other hand, RCC belongs with melanoma to a class of solid tumors that are 

significantly responsive to and are, in a small percentage of cases, curable by systemic 

treatment with high-dose interleukin-2 (1). The identification of tumor-associated antigens 

(TAAs) overexpressed in RCC, such as carbonic anhydrase IX (CAIX), has led to the 

development of humoral and cell-mediated immunotherapies (2, 3).

CAIX regulates proton exchange to buffer intracellular pH, a function crucial for cell 

survival (4). CAIX up-regultaion has been described in many cancerous tissues (4, 5) and is 

directly regulated by the hypoxia-inducible factor 1α-von Hippel-Lindau (VHL) pathway. 

Upon loss of pVHL function in clear cell RCC, stabilization of HIF-1α occurs, leading to 

the overexpression of CAIX and rendering it useful as a diagnostic and therapeutic TAA (6–

10).

The recent FDA approval of sipuleucel-T and its associated body of research have clearly 

shown the immunotherapeutic benefit of fusing a potent cytokine such as granulocyte-

macrophage colony stimulating factor (GM-CSF) with a TAA. Transduction of such a fusion 

protein ex vivo into antigen presenting cells is capable of leading to an effective immune 

stimulation leading to the improved survival of patients with advanced solid cancer (11, 12). 

We have previously shown the in vitro ability of the fusion protein GM-CSF-CAIX 

(GM∙CAIX) to induce a CAIX-targeted, T-cell mediated, and MHC-restricted anti-tumor 

activity (13–15). To model the role of T-cell anti-tumor activity against clear cell RCC in 

mice with an intact immune system, we constitutively and stably overexpressed human 

CAIX (hCAIX) in a CAIX-negative parental RENCA cell line (16). The cells were then 

sorted for hCAIX expression (Newly Purified RENCA-CAIX; NPR-IX) and transplanted in 

syngeneic Balb/c mice. An adenoviral vector was used to transduce the GM∙CAIX fusion 
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protein in syngeneic DCs that were then transplanted in the same mice. Our study shows for 

the first time that murine DCs expressing GM∙CAIX can generate a potent T-cell mediated 

hCAIX-specific inhibition of tumor growth in immunocompetent mice. Loss of hCAIX 

expression was essential for tumor evasion from the DC-Ad-GM∙CAIX immunotherapy. 

Furthermore, differential gene and miRNA expression characterization revealed candidate 

markers including for tumor cell proliferation and immune evasion mechanisms. 

Collectively, these encouraging pre-clinical results provide the basis for the initiation of 

clinical trials using DC-Ad-GM∙CAIX immunotherapy.

MATERIALS and METHODS

Cells and cell culture.

RENCA cells were a gift from Dr. R. Wiltrout (NCI/NIH; ref. 17). NPR-IX cells are FACS-

purified RENCA cells overexpressing hCAIX (elaborated in Supplementary Text).

In vitro DC generation and gene transduction.

Bone marrow cells of 8-week-old female Balb/c mice were induced to differentiate into DCs 

as described previously by Koya et al (18). The differentiated DCs were transduced with Ad-

GM∙CAIX (15) or with Ad-Null (Welgen, MA; elaborated in Supplementary Text).

Animals.

Eight-week-old Balb/cAnNCr female mice were obtained from the Radiation Oncology 

Defined Flora Animal Research Facility, UCLA. All animals had free access to water and 

food. All procedures were approved by the UCLA Animal Research Committee and 

followed the UCLA Institutional Animal Care and Use Committee guidelines according to 

the American Association for Laboratory Animal Science.

RCC in vivo models.

The prevention model had 6 groups of 8 immunocompetent Balb/c mice each. Groups A-D 

were immunized by subcutaneous transplantation of 2×10^6 DCs in 150 μl of PBS 1x into 

the right flank. Two groups (A, B) were transplanted with DC-Ad-GM∙CAIX and two 

groups (C, D) with DC-Ad-Null. Groups E and F had no treatment. The DC transplantation 

was repeated after 6 days. Twelve days (day 0) after the first DC transplantation, 5×10^5 

RCC cells in 100 μl of PBS 1x were subcutaneously transplanted into the left flank. Three 

groups (A, C, E) were transplanted with NPR-IX, and three groups (B, D, F) with RENCA 

cells. The treatment model had three groups (G, H, I) of 16 immunocompetent Balb/c mice 

each, which were subcutaneously transplanted in the left flank with 5×10^5 NPR-IX. On 

days 8 and 14, group G was subcutaneously transplanted in the right flank with 2×10^6 DC-

Ad-GM∙CAIX and group H with 2×10^6 DC-Ad-Null, while group I had no treatment. 

Mouse performance status was assessed daily, body weight and tumors measured twice a 

week. Tumor volume “V” was calculated according to the formula V=ab2×Pi/6, where “a” is 

the longest diameter of the tumor and “b” is the longest diameter perpendicular to “a”.
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Immunohistochemistry.

In three mice of each group of the prevention model, pathology-relevant organs, blood, and 

tumors were collected. Paraffin-embedded sections were cut at 4 μm thickness and 

rehydrated through graded ethanol. Endogenous peroxidase activity was blocked with 3% 

hydrogen peroxide in methanol for 10 min. Heat-induced antigen retrieval and proteolytic 

induced epitope retrieval were used. The slides were then stained with antibodies as 

described the Supplementary Text. All sections were visualized with the diaminobenzidine 

reaction and counterstained with hematoxylin.

Flow cytometry.

FITC-conjugated anti-hCAIX (U.S. Biologicals, MA) and PE-conjugated anti-mouse Cd86 

(BD, MA) were used. Fixation and permeabilization were performed using BD Fix/Wash 

and BD Perm/Wash (BD, NJ). To detect anti-hCAIX antibodies, 1:10 diluted mouse sera 

from groups A and E and FITC-conjugated goat anti-mouse IgG (Abcam, MA) were used as 

primary and secondary antibodies, respectively.

Quantitative real-time reverse transcription-PCR.

RNA was isolated using Trizol Reagent (Invitrogen, CA). Total RNA (1 μg) was reverse 

transcribed in a volume of 50 μl. Five μl of the resulting solution was then used for PCR 

according to the manufacturer’s instructions (Applied Biosystems, Inc., Foster City, CA). 

Gene expression signatures were quantified relative to the expression level of ribosomal 18s, 

and for miRNA relative to snoRNA 234 or snoRNA202. All probes were purchased from 

Applied Biosystems or Integrated DNA Technologies (IDT, CA). Normalized data are 

presented as fold difference in log2 gene expression. Primers are listed in Supplementary 

Table S3.

Gene expression analysis.

The gene expression was investigated by SurePrint G3 Mouse GE 8×60K, Agilent, CA. 

Background corrected signal values determined by Agilent feature extraction software were 

normalized by median centering of the ratios to a reference, which is the median of all 

control arrays. Global expression profiles of samples were examined by multidimensional 

scaling of about 36,000 features that were found at least in 50% of the arrays. Euclidean 

distance was used as the dissimilarity measure. The features having presence calls in <80% 

of samples and a geometric mean signal <50 in both groups A and C were eliminated before 

further analyses resulting in mRNA features differentially expressed by 1.5-fold (two tailed 

p-value < 0.015 by T-test). Ingenuity pathway analyses were done on the datasets of 

differentially expressed genes (P<0.05). Publicly available literature from 1966 to 2012 was 

surveyed using CoreMine and PubMed (elaborated in Supplementary Text).

miRNA expression analysis.

Exiqon miRNA arrays (miRCURY LNA™ microRNA array, v6, Exiqon, Denmark) having 

more than 1,891 capture probes covering all human, mouse, rat, and viral miRNAs and 66 

proprietary miRNAs spotted in quadruplicate were used for measuring genome miRNA 

expression. Intensities were determined by GenePix Pro 6.0 software (Molecular Devices, 
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Sunnyvale, CA) and were normalized by median centering of the ratios to a reference 

control array. Global miRNA expression profiles of samples were examined by 

multidimensional scaling of about 4,200 features that were flagged as found in ≥50% of the 

samples. The features found in <60% of samples in both groups A and C were eliminated 

from further analysis resulting in miRNAs differentially expressed by 1.5-fold (two tailed p-

value < 0.015 by T-test), and 11 mouse miRNA replicates appeared 50–100% of the time at 

signal levels ≥200 (elaborated in Supplementary Text).

Statistical analysis of tumor volume, weights and survival data.

Kruskal-Wallis one-way ANOVA were used to examine mouse weight and tumor volume. 

Wilcoxon’s rank-sum tests were used to compare differences in weight and tumor volume 

between pairs of the six groups. The rates of weight change and tumor growth were analyzed 

using a linear mixed effects model with a random intercept and a random slope (19). Seven 

primary pairwise comparisons and three primary pairwise comparisons were performed in 

the prevention and the treatment model, respectively, with Bonferroni’s adjustment. Time to 

tumor development (prevention model: tumor volume >0mm3; treatment model: >600 mm3) 

and to 15% weight loss from baseline were compared using the Kaplan-Meier curves and the 

log-rank test (20). Missing values of weight and tumor volume up to day 24 were imputed 

using the Last Observation Carried Forward method. Berger and Boos’ method was used to 

estimate the time intervals of treatment effect in weight loss and tumor volume of the groups 

A and G in their respective experiments (21). P-values <0.05 were considered statistically 

significant. SAS Version 9.2 (SAS Institute Inc., Cary, NC) was used.

RESULTS

Prevention model

DC-Ad-GM∙CAIX immunotherapy significantly and specifically prevented the growth of the 

NPR-IX tumors in syngeneic Blab/c mice (group A in Fig. 1A). In this group the mean time 

to development of a palpable tumor (~50 mm3) was 13 days longer than in the control 

groups (23 days in group A vs. 10 days in the sham and RENCA tumors control groups B-F, 

P<0.001). At study termination, median tumor volume in group A was 79% smaller than in 

the control groups B-F (day 24, all P<0.007; Fig. 2A), and 50% of the mice were tumor-free 

(Fig. 2B). Repetition of this study yielded similar results, with 7 of 8 (88%) mice in group A 

remaining tumor-free at termination (Fig. 2C-D). Tumor growth was prevented for >1 year 

in 6 of 16 mice.

Although the growth rate of NPR-IX tumors (group E; 45.3 mm3/day) was significantly 

faster than that of RENCA tumors (group F; 27.6 mm3/day; P<0.001), the growth rate of 

tumors that eventually developed in group A showed no significant difference compared to 

groups B-F (all P>0.03).

Treatment model

To test whether the DC-Ad-GM∙CAIX immunotherapy would have an inhibitory effect on 

established RCC tumors (Fig. 1B), three groups of mice bearing syngeneic NPR-IX tumors 

were treated with DC-Ad-GM∙CAIX, DC-Ad-Null, or no DCs (groups G, H, and I, 
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respectively). Tumor growth was inhibited in group G relative to the control groups H-I, 

achieving a 60% median growth inhibition at day 26 (Fig. 2E-F). Group G had a smaller 

median tumor volume than the control groups from day 19 to 26 (P<0.002). Additionally, 

median tumor growth rate was significantly lower in group G (27.7 mm3/day) compared to 

the control groups (group H 62.3 mm3/day; group I 66.0 mm3/day; both P<0.001). Tumor 

growth rates between group H and I were statistically not different (P=0.602).

Histopathology, toxicity, and in vitro immune-monitoring

In the prevention model, mice in group A maintained their body weight throughout the 

experiment, while mice in each of the control groups B-F suffered significant weight loss 

(P<0.001; Fig. 2G-J). In the treatment model, group G showed a significantly smaller 

median weight loss compared to the control groups H-I combined from day 15 to 21 

(P<0.011; Fig. 2K-L). At study termination, none of the organs in groups A-I showed 

evidence of metastases or systemic toxicity caused by the immunotherapy, such as 

histopathologic inflammatory lesions or atrophy.

Immunohistological analyses showed absent or minimal hCAIX expression in tumors that 

evaded DC-Ad-GM∙CAIX immunotherapy (groups A and G), but strong expression in the 

control groups C, E, H-I (Fig. 3A-F), suggesting that DC-Ad-GM∙CAIX immunotherapy is 

specifically targeting and killing hCAIX-expressing tumor cells. Murine CAIX (mCAIX) 

staining, however, was minimal in all groups (Table 1). In addition, tumor necrosis levels 

and staining for Ki-67, murine macrophages (F4/80), and murine granulocytes (Cd11b) were 

similar in groups A, C and E (Table 1).

Next we tested the sera for the presence of murine antibodies against the hCAIX protein 

expressed in NPR-IX and DC-Ad-GM∙CAIX. FACS analysis of sera from groups A and E 

did not show evidence for the presence of murine anti-hCAIX antibodies (Supplementary 

Fig. S1)

Differential gene and miRNA expression in tumors that evaded DC-Ad-GM∙CAIX therapy 
and control

To test if the down-regulation in hCAIX protein expression originated at the transcription or 

protein level (Fig. 3), qPCR analysis was performed and revealed similar hCAIX expression 

levels in tumors that evaded DC-Ad-GM∙CAIX therapy (group A) and in tumors of mice 

treated with DC-Ad-Null (groups C), suggesting hCAIX protein regulation as the cause of 

its reduced expression. A similar transcription signature was obtained for the endogenous 

mouse CAIX gene (Car9; Table 2, Fig. 4C).

Since MHC class I (MHC-I) expression is crucial for CTL targeting of tumor cells, we next 

evaluated whether tumors that evaded the DC-Ad-GM∙CAIX therapy exhibited differential 

expression of MHC-I. The qPCR analysis suggested that the Balb/c MHC-I markers H-2Kd 

and H-2Dd were expressed and at similar levels in tumors that evaded the DC-Ad-GM∙CAIX 

therapy and in tumors of mice treated with DC-Ad-Null (Table 2, Fig. 4C).

To characterize and evaluate the molecular divergence between NPR-IX tumors that evaded 

DC-Ad-GM∙CAIX therapy (group A; 5 tumors) and NPR-IX tumors of mice treated with 
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DC-Ad-Null (group C; 4 tumors), we preformed genome wide mRNA and miRNA 

expressions analysis. We found 367 differentially expressed gene features between groups A 

and C altered at least by 1.5-fold at P<0.015 representing 314 coding genes that are listed at 

NCBI EntrezGene database (Supplementary Table S1). Hierarchical clustering of mean 

centered logarithmic expressions of these genes by average linkage algorithm using 1-

correlation as distance metric clustered the tumor samples into two groups (groups A and C; 

Fig. 4A). Similar clustering was observed for the miRNA expression microarray spots 

(n=28; P<0.015) of which 11 miRNAs clustered the samples into groups A and C (Fig. 4B). 

The differentially expressed genes were associated with significantly enriched gene ontology 

categories (IPA, Ingenuity, CA; P<0.05) including immune response, proliferation, cell 

growth, cell movement, and cell-to-cell signaling (Supplementary Table S2A-B). Then, 

using an extensive literature survey (CoreMine and PubMed) we identified which of the 

differentially expressed genes and miRNAs are known to play a predominant role in 

mechanisms of tumor evasion. Of the evasion genes we observed and validated by qPCR 

were the differential expression of chemokines (Ccl1, Cxcl9), regulators and markers of the 

myeloid cells, DCs, natural killer (NK) cells and T-cells (Hmgb1, Cd209a, Fgl2, Klra2, 

Foxj1), and of 5 miRNAs (miR-1186, miR-98, miR-5097, miR-1942, miR-708; Table 2, Fig. 

4C-D).

DISCUSSION

Designing targeted and effective immunotherapy strategies for the treatment of cancer 

requires not only identifying specific TAAs, but also utilizing an innovative approach which 

re-engages the immune system to specifically recognize and kill tumor cells (22). Our 

current in vivo results, coupled with our previously published in vitro data, support the 

hypothesis that DC-Ad-GM∙CAIX can generate an in vivo T-cell mediated anti-hCAIX-

specific immune response resulting in both prevention and treatment of established RCC 

tumors. Moreover, this therapy appears to be capable of inducing significant inhibition of 

RCC tumor growth in immunocompetent mice without obvious systemic toxicity.

As previously established, murine and human GM-CSF act in a species-specific manner (23, 

24), and therefore the therapeutic efficacy demonstrated here can likely be attributed to only 

the hCAIX part of the fusion molecule. Indeed, overexpression of hCAIX was the critical 

mechanistic determinant of tumor response to DC-Ad-GM∙CAIX immunotherapy. Only 

tumor cells overexpressing hCAIX protein (NPR-IX) were inhibited and only in groups 

immunized with DC-Ad-GM∙CAIX (groups A, G). Moreover, in both the prevention and the 

treatment models, tumor tissue that subsequently evaded the therapy appeared to have done 

so only in tumors with little or no hCAIX protein expression. A significant finding is that, 

while both mouse and human CAIX proteins were absent in the immunotherapy-evading 

tumors, the CAIX transcripts were expressed without significant change from the controls, 

suggesting that CAIX expression may also be regulated at the protein level (Table 2; Fig. 3). 

Similarly, although HLA class I gene down-regulation or loss often occurs in RCC, 

presumably enabling the tumor to evade cytotoxic T-cells (25), in our system both the 

evading tumors and controls expressed the same transcription levels of the Balb/c MHC 

class I markers H-2Kd and H-2Dd (Table 2). Our in vivo pharmacodynamics data, the lack of 

murine serum antibodies against hCAIX, the uncontrolled growth of NPR-IX tumors in the 
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control groups C and E, and our previous and reconfirmed in vitro detection of hCAIX-

targeted cytotoxic T-cell activity (IFN-γ; ref. 13), all suggest a hCAIX-specific cytotoxic T-

cell response and not a humoral one.

While the absence of the hCAIX protein appears to have been the critical determinant of 

evasion, the evasion phase may depend also on other genes and can be regarded as part of 

the concept of “cancer immunoediting” (26). Clinically and biologically, cancer 

immunoediting is a complex but orderly continuum that can be separated into a series of 

three overlapping phases: elimination (tumor destruction), equilibrium (dormancy), and 

evasion (escape; ref. 27). To gain further molecular insight into the immunoediting processes 

active in our models, we compared the gene and miRNA expression in tumors that evaded 

the DC-Ad-GM∙CAIX immunotherapy with the expression in tumors subject to DC-Ad-Null 

therapy (groups A and C, respectively). The genes and miRNA expression datasets of tumors 

that evaded the prevention immunotherapy significantly clustered the tumors apart from the 

tumors in group C. Our gene ontology analysis of the differential gene expression suggests a 

significant enrichment of categories such as activation of leukocytes, inflammatory response, 

and chemotaxis of myeloid cells (Supplementary Table S2). Consistent with this idea is the 

differential up-regulation we observed for the chemokines Ccl1 and Cxcl9 in tumors that 

evaded immunotherapy. Ccl1 has been suggested to induce Treg mediated 

immunosuppressive functions (28, 29), and Cxcl9 has been correlated with both T-cell 

infiltration and promotion of immune surveillance evasion (30, 31). There is also compelling 

evidence for the role of myeloid cells in tumor evasion. Hmgb1, Cd209a (DC-SIGN) and 

Fgl2, all of which were found to be up-regulated in the evading tumors (group A), have been 

suggested to function as recruiters of immunosuppressive myeloid-derived suppressor cells 

and Treg (32–34), leading to evasion from immune surveillance (35, 36) and to inhibition of 

DC maturation and T-cell proliferation (Table 2, Fig. 4C; ref. 37). Another characteristic of 

RCC are the presence and role of NK cells (38). One of the negative regulators of murine 

myeloid cells is Klra2 (Ly49B). While Klra2 is not normally expressed at detectable levels 

on NK cells, it appears to be up-regulated on myeloid cells and NK cells following 

encounter with inflammatory cytokines or bacterial products, decreasing their reactivity and 

preventing non-specific inflammatory responses (39, 40). Now for the first time we report 

that Klra2 is also up-regulated in tumors that have evaded the DC-Ad-GM∙CAIX 

immunotherapy, suggesting an intriguing new role in inhibiting NK cell-mediated target 

RCC lysis (Table 2, Fig. 4C, Supplementary Table S1).

Tumors that evaded the prevention immunotherapy up-regulated four miRNAs (miR-1186, 

miR-98, miR-5097, miR-1942) and down-regulated one (miR-708; Table 2, Fig. 4D, 

Supplementary Table S1). Our discovery of the up-regulation of miR-5097 in tumors that 

evaded immunotherapy is, to the best of our knowledge, the first publication on this miRNA. 

The function of miR-1942 in tumors that evaded therapy is yet to be identified (41). The 

short-term up-regulation of miR-1186 was recently suggested to promote tumor growth 

through Cyclin B1 (Ccnb1) activation, which is substantially involved in RCC 

carcinogenesis and progression (42–44). miR-98 is suggested to have tumor suppressive 

function in breast tumors, tumor promoting function in other types of tumors (45–47). 

miR-708 expression, which we found to be down-regulated in tumors that evaded 
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immunotherapy, was recently described to be attenuated in RCC and was suggested to have 

a role as a pro-apoptoic tumor suppressor (48).

Collectively, the identification and molecular characterization of tumors that evaded 

immunotherapy may provide information on additional immune evasion processes and may 

ultimately be useful for the development of tumor evasion diagnostic markers and for the 

rational development of next generation immunotherapies.

In summary, we have developed, tested, and characterized a novel immunotherapy targeting 

hCAIX in immunocompetent mouse models, which proved to be highly responsive to both 

prevention and treatment strategies. These encouraging pre-clinical in vivo data, coupled 

with our previously reported in vitro and severe combined immunodeficiency (SCID) mouse 

model studies, provide the basis for initiating a first–in-human phase I trial using clinical-

grade Ad-GM∙CAIX-based immunotherapy in patients with advanced RCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Experimental outlines.

(A) Prevention Model: Bone marrow cells are harvested from syngeneic Balb/c mice, ex 
vivo differentiated to DCs and transduced with either Ad-GM∙CAIX (DC-Ad-GM∙CAIX) or 

with sham Ad-Null (DC-Ad-Null). First, mice are vaccinated by two rounds of subcutaneous 

transplantation of DC-Ad-GM∙CAIX (groups A, B) or DC-Ad-Null (groups C, D) or not 

vaccinated (groups E, F). Twelve days after the second vaccination, mice are challenged by 
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subcutaneous transplantation with either NPR-IX (groups A, C, E) or RENCA (groups B, D, 

F) tumor cells.

(B) Treatment Model: NPR-IX tumor cells are first subcutaneously transplanted, and only 

after tumors are established the mice are vaccinated with DC-Ad-GM∙CAIX (group G), DC-

Null (group H) or not vaccinated (group I).
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Fig. 2. 
Tumor volume, survival, and body weight.

Prevention model: (A) Tumor growth over time, (B) time to observable tumor growth 

(Kaplan-Meier curve), and (C, D) repeated study. (G, I) Body weight over time and (H, J) 

time to 15% weight loss (Kaplan-Meier curve).

Treatment model: (E) Tumor growth over time and (F) time to tumor growth >600 mm3 

(Kaplan-Meier curve). (K) Body weight over time and (L) time to 15% weight loss (Kaplan-

Meier curve).
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Fig. 3. 
Immunohistochemical analysis of NPR-IX tumors with human CAIX (hCAIX).

The panels show staining of membranous hCAIX in brown. Original magnification, x200. 

Prevention model: (A) DC-Ad-GM∙CAIX-treated mouse (group A, 10% hCAIX positive); 

(B) DC-Ad-Null-treated mouse (group C, 70% hCAIX positive); (C) Non-treated mouse 

(group E, 70% hCAIX positive). Treatment model: (D) DC-Ad-GM∙CAIX-treated mouse 

(group G, 10% hCAIX positive); (E) DC-Ad-Null-treated mouse (group H, 80% hCAIX 

positive); (F) Non-treated mouse (group I, 50% hCAIX positive).
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Fig. 4. 
Clusters of differential (A) mRNA and (B) miRNA expression between tumors that evaded 

the DC-Ad-GM∙CAIX prevention therapy of group A and sham treated of group C (DC-Ad-

Null). Multidimensional scaling using 1-correlation as distance metric. Validation of (C) 

gene expression and (D) miRNA by qPCR. Error bars shown are standard error of the mean. 

Tumor expression levels relative to control are shown. Gene and miRNA expressions were 

normalized to 18S rRNA and to snoRNA234 (except for mir-708, which was normalized to 

snoRNA202), respectively.
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Table 1.

Prevention Model: Histopathologic analysis

Group A Group C Group E

CAIX

hCAIX −/+ +++ ++/+++

mCAIX − + −/+

Tumor necrosis

  H&E + + +/++

Tunel + + +/++

Ki-67 +++ +++ +++

F4/80 Tumor cells: − macrophages: +++ Tumor cells: − macrophages: +++ Tumor cells: − macrophages: +++

Cd11b +++ +++ +++

− negative + 1–33% pos. / low ++ 34–66% pos. / medium +++ 67–100% pos. / high
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Table 2.

qPCR validated MHC-I, CAIX, and differential expression of genes and miRNA in tumors that evaded DC-

Ad-GM∙CAIX immunotherapy (group A) relative to DC-Ad-Null (group C).

Marker
Expression group A 
vs. C Interest Ref.

CAIX

 CA9 no change Subject TAA (hCAIX) in the current study

 Car9 no change Mouse ortholog of subject TAA in the current study

MHC-I

 H-2Kd no change Balb/c MHC-I (49)

 H-2Dd no change Balb/c MHC-I (49)

Immune evasion

 Ccl1 up Induction of Treg immunosuppressive function (28, 29)

 Cxcl9 up In melanoma prompts evasion of immune surveillance; in RCC correlates with 
T-cell infiltration and favorable prognosis

(30, 31)

 Hmgb1 up Late in tumor progression or in response to therapies promotes recruitment and 
sustenance of immunosuppressive myeloid-derived suppressor cells and Treg

(32–34)

 Fgl2 up Inhibitor of DC maturation and T-cell proliferation (37)

 Cd209a (DC-SIGN) up Initiates innate immunity; in advanced RCC may also lead to evasion from the 
immune surveillance; Important target in DC immunotherapy

(35, 36)

 Foxj1 up Promotes T-cell tolerance and inhibition of spontaneous autoimmunity (50)

 Klra2 up Negative regulator of murine myeloid cells and NK cells (38–40)

miRNA

miR-1186 up Short term expression: promotion of tumor growth through Cyclin B1 (Ccnb1) 
activation

(42–44)

miR-98 up Promotion and suppression of tumor growth (45–47)

miR-5097 up Novel description

miR-1942 up Novel description in RCC / immunoediting

miR-708 down Tumor suppressor of RCC (48)
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