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 The pathology of malignancy and viral infection force cells into the “stressed 

state,” characterized by altered metabolism and imbalanced reactive oxidative species 

(ROS) 1-3. This generalized state of cellular stress engenders a protective surveillance 

response by the host immune system4-11. Under homeostatic conditions, the immune 



 xii	  

surveillance of stressed cells leads to their destruction; and, thus, many stressed cells 

experience tremendous selective pressure to develop immune-evasive programs5-8,12. 

Targeting these immune evasive programs in stressed cells as well as identifying the 

signaling pathways and molecules that influence surveillance have been a top priority13-15.  

We hypothesize that stressed cell-expressed factors can influence the nature and activity 

of immune cells, thereby determining whether tumors and viral infections progress. To 

address this central hypothesis, we have endeavored to: First, define how the immune 

system influences tumor development and progression; Second, explore which signals 

can recruit immune cells into tumors; and, Third, to determine how cellular stress 

inherent to malignancy or viral infection induce immune-cell recruiting signals to initiate 

immunosurveillance.



 

 1	  

CHAPTER 1: CANCER IMMUNOEDITING BY THE INNATE IMMUNE SYSTEM 

Immune cells can infiltrate a developing tumor mass and either promote or inhibit 

tumorigenesis 7,16,17. Cancer immunoediting describes the process whereby the interaction 

between immune cells and tumor cells either eliminates the developing tumor, holds it in 

a state of growth dormancy, or generates a tumor cell repertoire that is capable of survival 

in immune-competent hosts18-20. Several studies have revealed the contribution of 

adaptive and innate immunity in cancer immunoediting18,19,21-27, but it is not clear 

whether the unmanipulated innate immune system can suppress tumor formation without 

adaptive immunity. 

We hypothesize that the innate immune system can control tumor formation in the 

absence of adaptive immunity. It has been shown that natural killer cells (NK;6,28 and 

classically activated M1 macrophages29,30 support a Th1 response that can ultimately lead 

to tumor rejection in the presence of adaptive immunity, but it is not clear whether these 

cells interact in the absence of adaptive immunity to suppress tumor formation in primary 

tumor models. In contrast, other studies have found that the innate immune system can 

promote tumor formation via alternatively activated M2 macrophages31 that augment 

angiogenesis and promote tissue invasion. M2 macrophages also inhibit the formation of 

antitumor adaptive immunity, and therefore it is possible that innate immunity would 

promote tumor formation in the absence of adaptive immunity. Using the 3-

MethylCholanthrene (MCA) model of sarcomagenesis, we found both increased 

incidence and immunogenicity of MCA- induced sarcomas in rag2-/- x γc-/- mice 
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compared with rag2-/- mice, which, consistent with previous results18 had increased 

incidence and immunogenicity of tumors compared with WT mice. When transplanted 

into rag2-/- recipients, rag2-/- x γc-/- regressor sarcoma cell lines formed tumors that 

became heavily infiltrated with M1 macrophages. The infiltration of M1 macrophages 

was associated with tumor editing and required host γc and IFN-γ activity. In contrast, in 

the absence of γc and IFN-γ function, rag2-/- x γc-/- regressors were infiltrated with more 

M2 macrophages, which can promote tumor formation29. We also found that M1 

macrophages can be elicited by CD40 agonistic antibodies to restore the editing capacity 

of rag2-/-x gc-/-mice. These studies document that components of the innate immune 

system present in rag2-/- mice can manifest certain types of cancer immunoediting 

capacity in the absence of adaptive immunity and point, specifically, to M1 macrophages 

as important effectors in this process. 

	  

MCA-induced sarcoma incidence is increased in rag2-/-x γc-/- mice compared to 

syngeneic rag2-/- and WT mice.  

 

 To determine whether the innate immune system of rag2-/- mice was capable of 

tumor immunosurveillance, we compared the incidence of MCA-induced sarcomas in 

immunologically intact WT C57BL/6 mice to that of C57BL/6 mice with defects in either 

adaptive immunity only (rag2-/- mice) or in both adaptive and innate immunity (rag2-/- x 

γc-/- mice).  Figure 1.1 shows that the incidence of sarcomas was higher in rag2-/- x γc-/- 

mice compared to RAG2-/- mice at all doses tested. In addition, at MCA doses of 25 µg or 

100 µg, rag2-/-x γc-/- mice developed sarcomas slightly faster than rag2-/- mice, indicating 
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that the innate immune system in rag2-/- mice controlled MCA-induced tumor outgrowth 

to some extent.   

 

Growth of MCA-induced sarcoma cell lines derived from RAG2-/- x γc-/- mice is 

inhibited when transplanted into syngeneic WT mice.  

 

 To study tumor editing, low passage cell lines were derived from primary MCA 

tumor masses generated in C57BL/6 WT, rag2-/-, and rag2-/-x γc-/- mice, and the 

immunogenicity of each cell line was assessed by transplanting them into naïve WT 

syngeneic mice and monitoring their growth.  As described previously, we observed two 

divergent growth phenotypes among the transplanted sarcomas: a regressor phenotype, 

defined by a failure to form a mass of  >9 mm in diameter in more than 50% of 

transplantations into syngeneic WT mice, and a progressor phenotype, defined by the 

formation of masses >9 mm in more than 50% of transplantations into WT mice. When 

we examined groups of MCA-induced sarcoma cell lines generated from WT, rag2-/-, and 

rag2-/-x γc-/- mice, we found that the proportion of regressor MCA-induced sarcoma cell 

lines was 0/9 WT, 3/10 rag2-/-, and 6/10 rag2-/-x gc-/- (Fig. 1.2 A, right panels).  All cell 

lines grew when transplanted into rag2-/- mice (Fig. 1.2 A, left panels), indicating that 

their rejection was due to the adaptive immune system and was not simply a failure to 

grow in vivo. 

 To determine the overall immunogenicity of each group of tumors, we examined 

the tumor-free survival of large cohorts of WT and rag2-/- mice challenged with panels of 

tumor cell lines derived from WT, rag2-/-, or rag2-/-x γc-/- mice (Fig. 1.2 B).  All MCA-
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induced sarcoma cell lines formed tumors in RAG2-/- mice by 36 days post-tumor cell 

transplant (data not shown).  In contrast, the kinetics and frequency of tumor formation in 

WT recipients was dependent upon the level of immune function of the original source 

from which the tumor cells were derived.  Specifically, when 17 tumor cell lines derived 

from rag2-/-x γc-/- mice were transplanted into a total of 132 naïve, syngeneic WT mice, 

only 46% of the mice formed tumors by 70 days post-transplant (Fig. 1.2 B, p  < 0.001 

for all comparisons).  Over a similar time course, MCA-induced sarcoma cell lines from 

15 RAG2-/- and 9 WT mice formed tumors in 64% and 97% of WT recipients, 

respectively.  These results were reproduced in an independent MCA induction 

experiment, and the combined results of these two experiments, encompassing 71 total 

MCA-induced sarcoma cell lines transplanted into 474 WT mice, 94 rag2-/- mice, or 51 

rag2-/-x γc-/- mice, are shown in Table 1. Altogether, these results support the hypothesis 

that tumors from mice with greater immunodeficiency undergo decreased levels of 

immunoediting.  

 

Tumor cell lines generated in rag2-/-x γc-/- mice show an increased regressor 

frequency compared to cell lines from WT and rag2-/- mice.   

 

 Previous work has shown that the percentage of regressors within a group of 

MCA-induced sarcoma cell lines, the “regressor frequency” was 40% when the MCA-

induced sarcoma cell lines were generated in rag2-/- mice and 0% when the cell lines 

were generated in WT mice. These percentages are remarkably reproducible and have 

remained so even when experiments have been conducted in our three independent 
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laboratories in La Jolla, St. Louis, and Melbourne (Fig. 1.3).  Specifically, we found a 

consistent regressor frequency of 0% when MCA-induced sarcoma cell lines are 

generated in WT mice (50 cell lines from two strains and four independent experiments).  

Notably, MCA-induced sarcoma cell lines derived from rag2-/- mice displayed a 30-44% 

regressor frequency (82 cell lines from three strains and four independent experiments).  

MCA-induced sarcoma cell lines derived from rag2-/- x γc-/- mice had the highest 

regressor frequency (60-70%), indicating that as a group, these cell lines were the most 

immunogenic and least edited. 

 

rag2-/-x γc-/- regressors undergo editing when transplanted into rag2-/- mice. 

 

  Since regressor cell lines generated from rag2-/-x γc-/- mice displayed the highest 

levels of immunogenicity and, subsequently, the lowest levels of immunoediting 

compared to rag2-/- and WT mice, we hypothesized that the innate immune system of 

rag2-/- mice could edit these tumor cell lines in vivo. We tested this by transplanting two 

independent sarcoma cell lines generated from rag2-/-x γc-/- mice into either rag2-/- or 

rag2-/-x γc-/- mice. To determine if in vivo passaging altered the immunogenicity of these 

cell lines, tumor masses were harvested at day 25 and converted into cell lines. When 

these cell lines were transplanted into WT mice, 88% of rag2-/--passaged tumor cell lines 

formed progressively growing tumor masses by day 40 compared to 46% of rag2-/-x γc-/--

passaged and 10% of unpassaged cell lines (Fig. 1.4 A, p = 0.025).  These results suggest 

a higher level of editing by the innate immune system in rag2-/- versus rag2-/-x γc-/- mice 
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but also indicate that there is some level of measurable tumor sculpting in rag2-/-x γc-/- 

mice, which could be due to residual immune function or a non-immunologic editing 

process. 

 

NK cells do not preferentially kill regressor versus progressor tumor cells.  

 

 Having shown that γc is important for the ability of innate immunity to control 

and edit MCA-induced sarcomas, we predicted that NK cells, dependent upon γc for 

development32, would participate in this editing process in vivo.  To explore whether NK 

cells preferentially recognize regressors over progressors, we performed standard 

chromium release cytotoxicity assays33 and also examined the NK cell content in 

regressor versus progressor  tumors. We found that the overall susceptibility to NK cell 

killing of 10 MCA-induced sarcoma cell lines from rag2-/-x γc-/- mice did not differ from 

that of 10 MCA-induced sarcoma cell lines from rag2-/-, or 9 MCA-induced sarcomas 

from WT mice (Fig. 1.4 B).  Even when all tumors were grouped based on phenotypic 

growth in WT mice – grouped into progressors or regressors – we observed no difference 

in NK cell-specific lysis (Fig. 1.4 B).  Additionally, we did not detect a difference in 

NK1.1+ cell infiltration (approximately 5%) into any of the MCA-induced sarcomas after 

they were transplanted into rag2-/- mice (Fig. 1.4 C). 

 

MHC class II positive macrophages are selectively present in regressor tumors 

during immunoediting.  
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 We therefore re-directed our focus on myeloid cells as they represent the major 

hematopoietic lineage cell type that infiltrates either rejecting or progressively growing 

tumors30. To examine this issue, two rag2-/-x γc-/-  regressor cell lines were transplanted 

into either rag2-/- or rag2-/-x γc-/- hosts, and tumors were harvested at day 15 and analyzed 

by immunohistochemistry to assess the number and phenotypes of infiltrating myeloid 

cells.  No differences were detected in the total number of CD68+ macrophages 

infiltrating tumors growing in either rag2-/- or rag2-/-x γc-/- hosts (Fig. 1.5 B, right panels).  

In contrast, we observed significantly higher numbers of MHC class II positive cells in 

tumors growing in rag2-/- versus rag2-/- x γc-/- hosts (Fig. 1.5 A, B, p = 0.00156, 0.0071). 

A similar preferential accumulation of MHC class II positive cells was also observed in 

unedited versus edited tumors growing in rag2-/- mice (Fig. 1.5 C,D,E).   

 

Editing of regressor tumor cells from rag2-/-x yc-/- mice and induction of MHC class 

II on tumor infiltrating cells requires NK cells and IFNγ  production in vivo. 

  

 Since γc was important for editing, but NK cell-dependent tumor cell killing was 

not, we hypothesized that NK cell-derived IFNγ was critical for the editing process we 

observed in rag2-/- mice.  We therefore transplanted a regressor cell line derived from a 

rag2-/-x γc-/- mouse into rag2-/- recipients treated either with the neutralizing H22 IFNγ-

specific monoclonal antibody (mAb), a NK1.1 specific monoclonal antibody (PK136), or 

a control mAb (PIP).  Tumors were harvested at day 20 and converted into cell lines, 

which were subsequently transplanted into naïve, syngeneic WT hosts to measure tumor 
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free survival. We observed a statistically significant increase in the survival of WT mice 

transplanted with MCA-induced sarcomas that had been passaged through NK cell 

depleted and IFNγ-neutralized mice versus control mice (Fig. 1.6 A,B p = 0.0042, 

0.0016), indicating that NK cells and IFNγ plays a critical role in activating the editing 

capacity of the innate immune system in rag2-/- mice. Analysis of tumor cross sections by 

immunohistochemistry at day 20 showed MHC class II positive macrophages were 

significantly reduced with anti-IFNγ treatment (Fig. 1.6 C,D, p = 0.0432), even though 

total macrophage infiltration did not differ between hosts as determined by CD68+ events 

(Fig. 1.6 D). These results demonstrate that NK cells and IFNγ may facilitate editing by 

activating macrophages. 

 

Tumor-associated macrophages (TAMs) from regressor tumors display an M1 

phenotype and require NK cells and IFNγ  for polarization in vivo. 

 

 Since the MHC class II+ macrophages required IFNγ for their accumulation, we 

hypothesized that these macrophages were classically activated M1 macrophages and 

next performed immunophenotyping to detect the presence of tumor associated M1 or 

M2 macrophages, known to have anti- or pro-tumor functions, respectively31,34. For this 

purpose, we used a combination of IHC and FACS analysis combined with defining 

cytokine production in freshly harvested tumors. In all cases, we analyzed no fewer than 

three tumors across at least two experiments. We first performed IHC analysis for the 

M2-type macrophage marker CD206 and compared the staining pattern to that of MHC 
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class II (known to be upregulated on M1 macrophages versus M2 macrophages) (Fig. 1.7 

A).  We found that regressor tumors harvested from rag2-/- mice had the highest 

percentage of class II high events (29%) and lowest percentage of CD206+ events (33%).  

In contrast, tumors harvested from both rag2-/- mice depleted of IFNγ or rag2-/-x γc-/- 

mice had significantly lower percentages of class II events (12% and 10%, respectively) 

and significantly higher percentages of CD206+ events (60% and 70%, respectively) (Fig. 

1.7 A).  Thus, IHC analysis suggested that M1-phenotype macrophage accumulation 

within tumors requires both IFNγ and γc.  We next used FACS analysis to gate on TAM 

subsets using combinations of CD11b, Ly6C, and MHC class II to differentiate between 

M1 and M2 macrophages (Fig. 1.7 C) as previously described35. This gating strategy 

identified M1 macrophages as MHC class IIhi, Ly6Clo, CD206lo, F4/80hi cells and M2 

macrophages as MHC class IIlo, Ly6Clo, CD206hi, F4/80hi cells (Fig. 1.7 C, D).  This 

analysis showed that regressor tumors contained significantly higher percentages of M1 

macrophages when isolated from rag2-/- mice treated with control mAb PIP (56%) 

compared to either rag2-/- mice treated with anti-NK1.1 mAb (28%), neutralizing IFNg 

mAb (37%), or rag2-/- x γc-/- (20%) mice (Fig. 1.7 B, top panel,  p < 0.0001 for all 

populations). Conversely, M2 macrophage percentages were slightly increased in tumors 

isolated from rag2-/- mice treated with anti-IFNγ (36%) and rag2-/-x γc-/- mice (37%), but 

not anti-NK1.1 treated mice (27%) compared to control rag2-/- mice (28%) (Fig. 1.7 B, 

bottom panel, p = 0.0007, 0.002 respectively), confirming our IHC results. Tumor cell 

suspensions isolated from the different groups of mice did not show differences in total 

numbers of CD45+ or CD11b+ cells (data not shown), thus ruling out the possibility that 
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the differences observed in TAM subsets were due to differential recruitment of immune 

cells in mice lacking either IFNy or γc function. 

 To test a functional marker of TAM polarization, we examined supernatant of 

matched tumor cell suspensions cultured in vitro. Cell suspensions from tumors growing 

in control rag2-/- mice contained high levels of IL-1a and IFNγ and produced levels of IL-

6 and TNF that were similar to bone marrow-derived macrophages stimulated with LPS 

and IFNγ, indicative of a classically activated M1 macrophage cytokine profile.  In 

contrast, cell suspensions derived from tumors derived from anti-IFNγ-treated rag2-/- 

mice and rag2-/- x γc-/- mice produced significantly lower levels of each cytokine (Fig. 1.7 

E, p < 0.0001 for all comparisons). We did not detect IL-10 or IL-4 production in any of 

the cultures, indicating that the M2 TAMs are not identical to alternatively activated M2 

macrophages found in certain infections.  No cytokine production was observed in 

cultures of the tumor cell line alone (data not shown). These results demonstrates that the 

cytokines that were detected in the cell suspensions derived from in vivo growing tumors 

can be attributed to the immune subsets that infiltrate the tumor. To further characterize 

TAM subsets in our midel we sorted M1 and M2 macrophages from regressor tumor cell 

suspensions derived from rag2-/- hosts to confirm their differentiation by qPCR. Sorted 

M1 TAMs contained higher transcript levels of classically activated macrophage genes 

TNf-a and iNOS, while containing less M2 specific genes arginase, eCAD, and GAS3 

(Fig. 1.7F).  
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Polarization of M1 macrophages in vivo by administration of a CD40 agonist 

induces editing in rag2-/-x γc-/- mice.  

  

 CD40 agonist administration in vivo has been shown to have anti-tumor 

properties36,37 by activating TAMs to become tumoristatic through production of nitric 

oxide (NO)38. We hypothesized that CD40 agonist treatment would activate macrophages 

in tumors growing in rag2-/-x γc-/- mice, thereby leading to editing of cancer cells in vivo.  

In order to test this, a regressor cell line was transplanted into rag2-/-x γc-/- mice receiving 

a single injection of either control IgG or anti-CD40 agonist monoclonal antibodies, 

tumor masses were harvested, and cell lines were generated and transplanted into WT 

mice. We found that cell lines from CD40 agonist treated rag2-/-x γc-/- mice formed tumor 

masses in 100% of WT recipients, whereas cell lines from isotype-treated rag2-/-x γc-/-

mice formed tumors in 33% of WT recipients in rag2-/-x γc-/- mice (Fig. 1.8 A, p = 

0.0009). We then analyzed the quantity of M1 macrophages in harvested tumor cell 

suspensions and found that M1 macrophage percentages were doubled in mice treated 

with CD40 agonist (36%) compared to control treatment (18%) (Fig. 1.8 B, upper panel, 

p = 0.0003).  Correspondingly, M2 macrophages were decreased (23% vs 15%) by anti-

CD40 agonist treatment (Fig. 1.8 B, lower panel, p=0.0151).  These results suggest that 

TAMs can be activated in rag2-/-x γc-/- mice to effectively edit tumors in vivo. 
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DISCUSSION 

 

The cancer immunoediting hypothesis predicts that tumors arising in immune-

deficient individuals will be more immunogenic than tumors that develop in immune-

competent individuals.  Although this concept is achieving wide acceptance, the 

relationship between the degree of host immune deficiency and the extent of cancer 

immunoediting have not yet been examined.  In this study, we provide evidence that the 

extent of host immune-deficiency directly correlates with the level of cancer 

immunoediting.  In doing so, we document that the innate immune system present in 

rag2-/- mice can mediate to some extent the immunosurveillance and immunoediting of 

MCA-induced sarcomas.  This editing activity is associated with M1 macrophages, IFNg, 

gc, and NK cells. 

Consistent with our previous studies18,39, we found that tumors arising in rag-

deficient mice are unedited and as a group, more immunogenic.  Our evidence is based 

on studies of over 150 cell lines generated during a decade of experimentation performed 

in two separate sites, across two strains of mice, and using both rag1- and rag2-deficient 

models. A striking finding from our studies is that the regressor frequency of MCA-

induced sarcoma cell lines derived from rag-deficient mice reproducibly approximates 

40%. Moreover, the regressor frequency of MCA-induced sarcomas generated in mice 

lacking rag and gc is 60-70% in two independent experiments. These results suggest a 

quantitative nature to the immunoediting process, whereby a certain degree of basal 

immune function is associated with quantifiable levels of tumor sculpting, which can be 

measured by the regressor frequency. Since a majority of MCA cell lines generated from 
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rag2-/-x γc-/- mice are regressors, we speculate that the primary tumor cell repertoire 

consists of mostly immunogenic tumor cells that are immunologically heterogeneous38.  

This heterogeneity can be partially sculpted by innate immunity in rag2-/- mice or fully 

sculpted by the complete immune system in WT mice.  It should be noted that we have 

never been able to isolate regressors from MCA-induced sarcomas that develop in WT 

mice (regressor frequency of 0% of 50 cell lines). These results confirm that cancer 

immunoediting of MCA-induced sarcomas is quite robust in WT mice and further 

validate that immune escape is an essential hallmark of cancer cells40.   

We have provided evidence that the innate immune system can edit tumors and 

point to M1 macrophages as participants in this process. M1 macrophages are activated 

classically via IFNg and function in the removal of intracellular pathogens31. In the 

context of cancer, M1 macrophages can promote tumor elimination via activation of Th1 

pathways and secretion of tumoricidal levels of nitric oxide29. In our studies, we have 

defined CD45+CD11b+MHC class IIhiCD206loLy6Clo cells as M1 macrophages based not 

only on their phenotype but also on their classical requirement for IFNg for their 

generation. Using this definition, we found a striking correlation between the presence of 

M1 macrophages and productive immune responses to regressor tumors. The 

administration of reagents that increased M1 percentages, such as CD40 agonist, 

enhanced editing, whereas treatments that decreased M1 percentages, such as NK cell 

depletion and anti-IFNg mAb blocked editing. 

Our findings support an anti-tumor function for macrophages that is consistent 

with studies performed almost forty years ago, when it was shown that activated 

macrophages from infected mice41could kill syngeneic transformed murine embryonic 
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fibroblasts (MEFs) but not primary non-transformed MEFs42 in vitro. This tumoricidal 

activity of macrophages required cell-cell contact and was induced largely by the 

cytokine IFNγ43,44 in combination with additional signals such as lipopolysaccacharide 

(LPS)45 or muramyl dipeptide46. Although we have not shown that regressor tumor cells 

are killed by TAMs, we have observed that regressor tumor cells can be killed effectively 

by IFNg-stimulated bone marrow macrophages in vitro (data not shown).  Our attempts 

to demonstrate the tumoricidal activity of regressor-associated macrophages was limited 

by the poor viability of sorted TAMs. Furthermore, the requirement of macrophages in 

immunoediting could not be tested, as treatment with clodronate encapsulated liposomes 

failed to deplete macrophages in tumors, even though depletion of CD11b+ macrophages 

was achieved in the spleens of tumor bearing mice (data not shown). Nevertheless, we 

favor the interpretation that M1 macrophages are the most likely editor in mice that lack 

adaptive cells given their abundance in the tumor, their enhanced presence in response to 

IFNg and NK cell activity, and their known tumoricidal activity. 

Recent studies indicate that macrophage tumoricidal activity could be enhanced in 

vitro and in vivo upon administration of CD40 agonistic antibodies35,36,47.  Notably, 

Beatty et al. investigated the role of tumoricidal macrophages activated in vivo with 

CD40 agonist treatments in the rejection of pancreatic ductal adenocarcinoma (PDA). 

After demonstrating the efficacy of the anti-CD40 agonist mAb CP-870,893 in human 

patients, the authors employed a mouse model of PDA to investigate the mechanism of 

tumor rejection with CD40 agonist treatment. To their surprise, the results indicated that 

CD40-stimulated macrophages, independent of T-cell activity, are sufficient to mediate 

PDA rejection in vivo. Similarly, we have found that CD40 agonist treatment of rag2-/-x 
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γc-/- mice can induce tumor editing in the absence of adaptive immunity and NK cells, 

thereby suggesting that macrophages are sufficient for tumor editing. In contrast to the 

Beatty study, we did not see tumor rejection, suggesting that MCA sarcomas require 

adaptive cells for their regression. Our studies also show that unmanipulated 

macrophages are capable of editing through IFNg and NK cells without the use of CD40 

agonists. 

We found that the accumulation of M1 macrophages in regressor tumors required 

IFNg and NK cells. The participation of NK cells in immunosurveillance against certain 

types of tumors has been clearly documented in studies showing increased tumor 

incidences in mice lacking NK cells or molecules associated with NK cell recognition or 

effector function6,21,28, such as NKp4648, NKG2D49, DNAM-150,51, perforin52,53, IFNγ52, 

or TRAIL54. Therefore, we considered the possibility that there might be increased NK 

cell killing of MCA-induced sarcoma cells from rag2-/-x γc-/- versus rag2-/- or WT mice. 

However, we did not find major differences in the susceptibility of unedited versus edited 

tumors to NK cell killing. These results are consistent with recent studies showing that 

NKG2D, an activating receptor on NK cells that mediates tumor recognition and killing, 

did not play a role in the surveillance of MCA-induced sarcomas49.  In this study, 

NKG2D-deficient mice had similar incidences of MCA-induced sarcomas but were more 

susceptible to tumor formation in prostate cancer and B lymphoma model systems, 

suggesting that the role of NK cells in destroying tumor cells could be dependent on the 

site of tumor formation.  For MCA-induced sarcomas, we advocate that one role of NK 

cells in eliminating and/or sculpting tumors in the absence of adaptive immunity may be 

as a source of IFNg.  This is based on findings that NK cells and IFNg are necessary for 
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M1 macrophage polarization and subsequent editing in rag2-/- mice. Although we cannot 

rule out the contribution of myeloid populations in IFNg production, sorted M1 and M2 

TAMs do not show any IFNg transcript (data not shown), suggesting that NK cells are 

the predominant producers of IFNg in the rag2-/- host. It is not known what induces IFNg 

production by NK cells in our system, but our preliminary studies indicate that MCA-

induced sarcoma cells are incapable of directly eliciting IFNg production from NK cells 

in vitro.  Interestingly, IL-12p40 was shown to be required for MCA sarcoma 

surveillance55, so it is possible that local IL-12 production could stimulate NK cells to 

produce IFNg to mediate editing in the absence of adaptive immunity. It should be noted 

that in rag2-/-x γc-/- mice lacking NK cells, editing could be restored with CD40 agonist 

treatment, suggesting that direct interaction between NK cells and tumor cells is not 

needed for tumor editing – as long as M1 macrophages are present. 

Our model is based on the postulate that immunogenic regressors, in the presence 

of M1 macrophages, are converted into non-immunogenic progressors, but we have not 

identified the molecular basis of this phenotypic conversion. Recent studies have also 

found that certain tumor cells can evade macrophage killing/phagocytosis by expressing 

high levels of CD4756,57 and/or low levels of calreticulin58. Other studies have implicated 

calreticulin exposure as a key initiator of innate immune responses to tumor cells, leading 

to antigen presentation and productive adaptive anti-tumor responses, and the blockade of 

these pathways could be a mechanism of tumor escape59. We did not find differences in 

the interaction between bone marrow-derived macrophages and regressor versus 

progressor tumor cells in vitro (RSK, TEO, JDB, unpublished observations). Furthermore, 

our preliminary studies indicate that CD47 and calreticulin are not different between 
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regressor and progressor cells in vitro.  Future studies will compare the gene expression 

profiles of regressor and progressor cells to identify pathways that may mediate innate 

cell recognition/editing. Our matched regressor/passaged-regressor cells will be critical 

for these experiments. 

In summary, we document the generation and initial characterization of a novel 

set of unedited MCA-induced sarcoma cell lines that may be highly stimulatory for the 

innate immune system.  The enhanced accumulation of M1 macrophages in these highly 

immunogenic tumors suggests that they can serve as models to study the early events that 

lead to the generation of M1 macrophages in regressing tumors.  We also show that the 

innate immune system in rag2-/- mice contains sufficient cellular machinery to perform 

sculpting of MCA-induced sarcomas.  This cellular machinery includes NK cells that 

produce IFNg to activate macrophages to function as innate editors.  This cascade can 

lead to tumor elimination in the presence of adaptive immunity and/or editing in the 

absence of adaptive immunity.  Finally, we introduce a quantitative dimension to the 

sculpting phase of cancer immunoediting by showing that the percentage of regressor cell 

lines generated from MCA-induced sarcomas is reproducible and correlates with the level 

of immune pressure in the tumor-bearing host. 

 Chapter 1, in full, is an adapted version of the material as it appears in The 

Journal of Experimental Medicine, 2012, O’Sullivan, Timothy; Smyth Mark J.; Schreiber, 

Robert D.; Bui, Jack D.; The Rockefeller University Press. The disseration author was the 

first co-author of this paper.  

 

 



 

	  

18 

 

 

 
 
Figure 1.1 RAG2-/-x γc-/- mice are more susceptible to MCA-induced sarcomas than syngeneic RAG2-

/- and WT mice.  The indicated dose of MCA was injected into the subcutaneous space of mice, and 
sarcoma formation was monitored over time.  All cohorts consisted of 20 mice.  Tumor positive mice were 
defined as those that harbored a progressively growing mass > 25 mm2.  Similar results were found in a 
repeat experiment that included the 5 and 25 mg doses. 
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Figure 1.2 A majority of MCA-induced sarcoma cell lines derived from RAG2-/- x γc-/- mice cannot 
form tumors when transplanted into syngeneic WT mice.  MCA-induced sarcoma cell lines were 
derived from tumors generated in syngeneic C57BL/6-strain WT, RAG2-/-, and RAG2-/- x γc-/- mice.  These 
cell lines were transplanted into syngeneic RAG2-/- (n > 2 for each cell line) or WT (n > 5 for each cell line) 
hosts, and tumor growth was measured over time.  (A) The average growth for each cell line is shown 
(open symbols = regressor cell lines; closed symbols = progressor cell lines). (B) The percentage of WT 
mice that developed tumors is shown for group of cell lines.  Tumor free mice were defined to have a non-
enlarging mass < 9 mm in average diameter.  The number of cell lines and mice are indicated in the figure. 
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Table 1.1 A summary of 2 independent MCA induction immunoediting experiments.  A total of 71 
MCA sarcoma cell lines were generated from the indicated mice and then transplanted into 474 WT, RAG-/-, 
or RAG2-/-x gc-/- mice, and tumor growth was monitored.  Regressor frequencies from these experiments (1 
& 2) are shown in Figure 1.3. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tumor group Growth in WT Growth in RAG-/- Growth in 
RAG-/-xgc-/- 

9 WT tumors into 87 WT or 22 RAG 
hosts (exp 1) 

97% (84/87) 100% (22/22) N.D. 

15 RAG tumors into 120 WT or 7 into 
15 RAG hosts (exp 1) 

64% (77/120) 100% (15/15) N.D. 

17 RAGxgc tumors into 132 WT or 10 
into 27 RAG hosts (exp 1) 

46% (61/132) 100% (27/27) N.D. 

10 WT tumors into 35 WT or 21 
RAGxgc hosts(exp 2) 

100% (35/35) N.D. 100% 
(21/21) 

10 RAG tumors into 50 WT or 30 
RAG hosts (exp 2) 

60% (30/50) 100% (30/30) N.D. 

10 RAGxgc tumors into 50 WT or 30 
RAGxgc hosts (exp 2) 

30% (15/50) N.D. 100% 
(30/30) 
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Figure 1.3 The frequency of regressor cell lines is greater from tumors generated in RAG2-/- x γc-/-  

mice compared to WT and other immune deficient mice.  A summary of two MCA-induction 
experiments performed in this manuscript is plotted in the context of previous MCA-induction experiments.  
Previously published experiments are included for comparison purposes and are from references18,22,39.  
Absolute numbers of regressors/total number of cell lines tested is shown next to the bar for each 
experiment.   
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Figure 1.4 RAG2-/- x γc-/- regressors are edited when transplanted into RAG2-/- mice, but are not 
specifically recognized by NK cells. Two independent MCA-induced sarcoma cell lines generated from 
RAG2-/- x γc-/- mice were transplanted into syngeneic RAG2-/- x γc-/- or RAG2-/- mice, and tumor masses 
were harvested at day 25 and converted into “passaged” daughter cell lines, which were transplanted into 
syngeneic WT mice (number of cell lines and mice are shown in the figure), and (A) the percentage of WT 
mice that remained tumor free is shown for each group of cell lines.  Tumor free mice were defined to have 
a non-enlarging mass < 9 mm in average diameter by day 40.  (B) MCA sarcoma cell lines were cultured 
with IL-2 activated NK cells in a 5-hour chromium release cytotoxicity assay and specific lysis normalized 
to YAC-1 specific lysis is plotted for each cell line based on (A) immune background and phenotype. (C) 
Regressor and progressor cell lines were transplanted into RAG-deficient mice and analyzed for NK cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

	   	  

23 

 
 
Figure 1.5 MHC class II macrophages preferentially infiltrate in unedited regressors.  (A) 
Representative images of tumor sections from RAG2-/- or RAG2-/- x γc-/- hosts stained for MHC 
class II.  (B) Quantification of MHC class II+ events and CD68+ events in tumor sections is 
shown. (HPF = high power field at 200x magnification).  Regressor and progressor cell lines were 
transplanted into RAG2-deficient mice and analyzed for (C, D, E) activated MHC class II+ 
macrophages.  (C) Representative FACS plots of 3 regressor and 3 progressor tumors are shown.  
Cells were gated on a CD45+PI- population. (D) Percentages of activated monocyte-lineage 
(F4/80+) cell populations are shown for regressor and progressor tumor masses.  Each symbol 
represents a different tumor cell line transplanted into 1-3 RAG2-/- mice.  (E) Frozen tumor cross 
sections of progressor and regressor tumor masses growing in RAG2-/- mice were stained with 
anti-I-A/I-E (MHC class II).  Nuclei were counterstained with hematoxylin. Scale bar = 100 
microns.  **p < 0.01. Error bars are represented by + SEM.   IHC results were reproduced at least 
once. 
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Figure 1.6 NK cells and IFN-g are necessary for innate editing of a regressor tumor and M1 
macrophage accumulation.  Regressor cell line 2 was transplanted into RAG2-/- mice treated with anti-
NK1.1, IFN-g blocking antibody or control antibody, tumor growth was measured, and passaged cell lines 
were generated.  (A,B) The passaged cell lines were then transplanted into syngeneic WT hosts (number of 
cell lines and mice are indicated in the figure) and tumor free survival was measured. Tumor free mice 
were defined to have a non-enlarging mass < 9 mm in average diameter by day 40.  (C) Tumor sections 
from RAG2-/-  hosts were stained for MHC class II and (D) quantitated. (HPF = high power field at 200x 
magnification). *p < 0.05. Error bars are represented by + SEM.  Results were reproduced at least once. 
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Figure 1.7 NK cells and IFNy are required to polarize tumor associated macrophages towards an M1-
type phenotype.  Regressor cell line 2 was transplanted into syngeneic RAG2-/- mice (injected with either 
isotype control, anti-NK1.1, or anti-IFNg monoclonal antibodies) or RAG2-/-x gc-/- mice. Tumor masses 
were harvested 15 days after transplantation, disaggregated into single cell suspensions, and (A) analyzed by 
immunohistochemistry or (B, C) flow cytometry to measure the percentage of M1 and M2 macrophages as 
defined by MHC class II and CD206 expression of CD68+ events per HPF (for IHC) or MHC class II and 
Ly6C expression in CD11b+ populations (for FACS), respectively.  (C, D) An example of the flow 
cytometry gating to quantitate M1 and M2 macrophages.  M1 macrophages are 7AAD-, CD45+, Ly 6Clo, 
MHC class IIhi, F4/80+, CD206lo cells.  M2 macrophages are 7AAD-, CD45+, Ly6Clo, MHC classIIlo, 
F4/80+, CD206hi cells.  (E) Cultured supernatant from single cell suspensions were assessed for production 
of the indicated cytokines after 24 hours of culture. (HPF = high power field at 200x magnification). *p < 
0.05, **p < 0.01, ***p < 0.001. Error bars are represented by + SEM.  Each symbol represents a different 
mouse.  Results were reproduced at least once. 
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Figure 1.8 In vivo administration of CD40 agonist in RAG2-/-x γc-/- mice induces effective 
immunoediting and intratumoral M1 macrophages.  Regressor cell line 2 was transplanted into RAG2-/-x 
γc-/- mice receiving a single dose of either control rat IgG or anti-CD40 agonistic monoclonal antibodies on 
day 5. Tumor growth was measured over time.   (A) Tumor masses were converted into passaged daughter 
cell lines which were transplanted into syngeneic WT mice and assessed for tumor formation (number of 
cell lines and mice are indicated in the figure).  Tumor free mice were defined to have a non-enlarging mass 
< 9 mm in average diameter by day 40.  (B) At day 15 after transplantation, tumor masses were 
disaggregated into single cell suspensions and the percentage of M1 (top panel) and M2 (bottom panel) 
macrophages were quantified in CD11b+ events for each condition. *p < 0.05, ***p < 0.001. Error bars are 
represented by + SEM.  Each symbol represents	  a different mouse.  Results were reproduced at least once. 
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CHAPTER 2: TUMOR-EXPRESSED IL-17D RECRUITS NK CELLS TO REJECT 

TUMORS 

We hypothesized that tumor-expressed factors in unedited tumors can activate host 

tumor immunosurveillance and that these factors must be silenced in order for tumors to 

survive in immune competent individuals. A microarray analysis comparing immunogenic, 

regressor tumors to non-immunogenic, progressor tumors identified the cytokine IL-17D 

as one expressed and secreted to a higher extent in regressor tumor cells. IL- 17D 

overexpression in various progressor tumor cell lines was sufficient to mediate tumor 

rejection or regression in syngëneic WT recipients. Importantly, we determined that IL-

17D overexpression does not impact tumor cell growth rate in vitro or tumor development 

upon transplantation in immunodeficient mice, suggesting that the primary role for tumor-

expressed IL-17D is to initiate antitumor immunity. Accordingly, we found that NK cells 

are present at higher percentages within progressor tumors expressing IL-17D as 

compared to controls, and that M1 tumor-associated macrophages (TAM) preferentially 

accumulate in the presence of recruited tumor-infiltrating NK cells. We found that IL-17D 

is not responsible for directly recruiting NK cells and M1 TAMs, but, rather, functions to 

stimulate tumor endothelial cells to produce MCP-1 that in turn, recruits NK cells into the 

tumor microenvironment and, subsequently polarizes TAMs toward an M1. We then 

tested whether MCP-1 production and resultant NK cell recruitment was required for IL-

17D mediated antitumor immunity by depleting MCP-1 or NK cells in WT mice 

transplanted with IL-17D overexpressing progressor tumor cells. Over- expression of IL-

17D in progressors failed to inhibit tumor growth upon blockade of either NK cells or
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MCP-1, demonstrating that NK cells and MCP-1 are essential for the antitumor effect of 

IL-17D. 

	   

IL-17D Is Highly Expressed by Certain Regressor, but Not Progressor, Tumors 

 

 To identify regressor-expressed molecules that could mediate rejection of 

progressor:regressor mixtures, we performed microarray studies of 8 independent 

regressor and 16 independent  progressor tumor cell lines (Fig. 2.1). We found that the 

novel cytokine IL-17D was highly upregulated in regressors compared to progressors as 

shown by intracellular flow cytometry (Fig. 3.1 A-B) and qRT-PCR (Fig. 3.1 C).  These 

results suggest that IL-17D was secreted in vitro at higher levels by regressor versus 

progressor tumor cell lines.  

  

IL-17D Promotes Progressor Tumor Rejection but Is Not Required for Regressor 

Tumor Rejection 

 

 We then explored whether IL-17D expression in progressor tumors could mediate 

their rejection in WT mice in the absence of other regressor-associated molecules (Fig 2.2). 

In four of the six progressor cell lines tested, the overexpression of IL-17D led to 

complete rejection (F244 and d30m1; Fig 2.2 A top) or a significant delay in growth 

(B16.OVA and LLC; Fig 2.2 A bottom) in WT mice. This effect of IL-17D was due to 

adaptive immune cells, because in vitro (not shown) and in vivo growth kinetics in rag2-/- 
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mice remained unchanged (Fig 2.2 B). To demonstrate the antitumor efficacy of IL-17D 

on pre-established tumors, we generated a progressor tumor cell line (F244TR17D) that 

expressed IL-17D upon administration of doxycycline. Induced expression of IL-17D led 

to tumor rejection (Fig 2.2 C). 

 

IL-17D Expression Enhances Recruitment of NK Cells in Progressor and Regressor 

Tumors  

 

 To define the mechanism of IL-17D-mediated tumor rejection, we characterized 

tumor-infiltrating immune cells in tumors with high and low levels of IL-17D. We found 

an approximately 2-fold increase in the amount of NK cells in tumors with high versus 

low IL-17D (Fig 2.3 A-B). These NK cells had similar phenotype to splenic NK cells and 

did not display markers found in immunoablative NK cells60 or interferon-producing killer 

dendritic cells. Notably, NK cells were required for tumor rejection, because mice treated 

with anti-NK1.1, but not control immunoglobulin G (IgG), failed to reject the IL-17D-

overexpressing tumors (d30m1, F244) (Fig 2.3 C). The recruitment of NK cells likely 

mediates IL-17D’s antitumor activity, as we did not observe enhanced numbers of either 

neutrophils or monocytes in tumors expressing high versus low levels of IL-17D and 

neutrophils were not required for IL-17D-mediated tumor rejection (data not shown).  

Because it is known that NK-dependent tumor rejection can lead to priming of 

adaptive immune responses25,61 we then tested whether mice that had rejected IL-17D-

overexpressing tumors could reject a rechallenge with untransduced progressor tumors. 
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Indeed, we found that parental cells were rejected in primed mice (Fig 2.3 C), confirming 

that edited tumors possess antigens and that initiating the ‘‘correct’’ innate cell response 

(via IL-17D) can result in productive antigen-specific antitumor responses.  

Previously, we have found a requirement for NK cells and interferon γ (IFNγ) in 

the accumulation of M1 macrophages in regressor tumors during cancer immunoediting62. 

We also observed an approximately 1.5-fold enhancement in the accumulation of M1 

macrophages in progressor tumors overexpressing IL-17D (Fig 2.3 D), whereas silencing 

of IL-17D in regressor tumors reduced M1 macrophages by approximately 2-fold in both 

WT and rag2-/-, but not rag2-/- x γc-/-, hosts, which are deficient in NK cells (Fig 2.3 D).  

 

IL-17D Recruits Innate Immune Cells in an Air Pouch Model of Inflammation  

 

 To show directly whether IL-17D can induce the recruitment of immune cells, we 

used an in vivo air pouch model of inflammation in WT mice. Sterile air pouches become 

well vascularized after a period of 7 days (data not shown) and recruit immune cells 

rapidly after administration of lipopolysaccharide (LPS). Indeed, we found that LPS, IL-

17A, and IL-17D significantly recruited CD45+ immune cells into air pouches compared 

to PBS control (Fig 2.4 A). When we examined the composition of the immune cells, we 

found that LPS and IL- 17A recruited more neutrophils than any other cell type, whereas 

neutrophils constituted a smaller percentage of cells recruited by IL-17D (Fig 2.4 B). 

Interestingly, IL-17D recruited significantly more NK cells (Fig 2.4 C), but not monocytes 

(Fig 2.4 C), neutrophils, or macrophages, compared to LPS and IL-17A. We found that the 
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IL-17D-recruited NK cells were mostly CD27high, which could be a semimature 

population of NK cells that may participate in IFNγ-dependent T cell priming in lymph 

nodes (Fig 2.4 D). Interestingly, IL-17D recruited approximately twice the amount of 

CD27highCD11blow NK cells as LPS, with no significant recruitment of mature CD27low 

NK cells (Fig 2.4 D).  

 

IL-17D Indirectly Recruits NK Cells In Vivo by Stimulating the Production of 

MCP1  

 

Because IL-17A is known to induce IL-8 from endothelial cells to recruit 

neutrophils, we examined whether IL-17D utilized a similar mechanism. Indeed, we found 

that IL- 17D induced the expression of MCP-1 in mouse air pouch lavage fluid (Fig 2.5 A). 

We then repeated air pouch experiments in the presence of blocking antibodies specific for 

MCP-1 and found that anti-MCP1, but not control IgG, completely inhibited IL- 17D-

mediated recruitment of NK cells (Fig 2.5 B). Furthermore, qRT-PCR analysis of purified 

tumor endothelial cells from two IL-17D-overexpressing tumors showed a 4–17 times 

increase in MCP-1 transcript compared to control tumors, respectively (Fig 2.5 C). 

Notably, depletion of MCP-1 led to increased growth of two IL-17D-over-expressing 

tumors (Fig 2.5 D).  
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DISCUSSION 

The IL-17 family of cytokines promotes immune responses by inducing the expression of 

pro-inflammatory cytokines and chemokines, leading to recruitment of neutrophils, and 

other innate immune cells63.  IL-17A/IL-17F are produced by Th-17 cells and are involved 

in autoimmune disease and host responses to tissue infection.  IL-17C may have similar 

inflammatory functions to IL-17A/IL-17F, although IL-17C is expressed in epithelial cells 

and is induced by microbial ligands. Our discovery that IL-17D is expressed outside the 

immune system and functions to recruit NK cells suggests that the IL-17 family may have 

evolved to evoke distinct arms of the immune response, presumably to deal with specific 

pathogen insults. We speculate that similar to IL-17C, the expression of IL-17D in non-

immune tissues may mediate local anti-viral immunity through the recruitment of NK 

cells.  Notably, our preliminary studies indeed have found increased IL-17D transcripts in 

virus-infected skin (RSK and JDB, preliminary observations). Future studies on the 

endogenous role of IL-17D (in the context of infection, autoimmunity, and cancer) and its 

regulation are certainly warranted. 

Our studies have shown that IL-17D is poorly expressed in cancer cells that grow 

progressively (mouse MCA-induced sarcomas and certain human cancers) but, 

comparatively, can be highly expressed in certain immunogenic MCA-induced sarcoma 

cells and in normal human tissue.  It is not clear what regulates the constitutive expression 

of IL-17D in certain cells.  Since normal human tissue is not infiltrated with NK cells, it is 

possible that the detection of IL-17D in normal tissues is not correlated with its secretion.  

We speculate that the constitutive presence (but not secretion) of IL-17D in certain normal 

cells could be to function as a danger signal and mediate sterile inflammation, similar to 
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IL-1 and HMGB164. Nevertheless, it is clear that high expression of IL-17D is not 

compatible with tumor progression, since advanced stage human and edited mouse cancer 

cells have low levels of IL-17D, and the ectopic expression of IL-17D in progressor cells 

leads to NK-dependent tumor rejection. Although overexpression of immune cell-derived 

chemokines and cytokines such as GM-CSF and IL-15 have already been demonstrated to 

have potent antitumor efficacy65, our study elucidates a tumor-derived cytokine expressed 

by highly immunogenic tumors that can mediate the rejection of poorly immunogenic 

tumors. 

It should be noted that not all regressors have high levels of IL-17D and that there 

are multiple genes that are differentially expressed in regressor, thus indicating that IL-

17D is one of many genes that could participate in tumor surveillance. This is likely due to 

the heterogeneity and redundancy that is inherent in our system (and possibly in normal 

tumor surveillance mechanisms). For example, we have found that some regressors are 

well recognized by NK cells whereas others are not, and this is not always correlated with 

NKG2D ligand expression38 even though NK cells and NKG2D are important for tumor 

surveillance23,49. Furthermore, some regressors require type I IFN for their rejection 

whereas others do not22, even though IFNAR-/- mice lacking IFNa/b responsiveness are 

more susceptible to cancer10,22, and IFNa/b  is used in the treatment of melanoma. 

Similarly, we have found that silencing of IL-17D in regressors leads to growth delay, but 

the cells are still rejected (data not shown). We speculate that certain highly antigenic 

regressors may not require IL-17D for their rejection, whereas the rejection of poorly 

immunogenic progressors could be facilitated by IL-17D-dependent recruitment of NK 

cells, thereby providing an optimized microenvironment for priming adaptive immunity, 
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as shown for DC-mediated priming of T cells in the lymph node. We therefore conclude 

that IL-17D is one of many genes that regressor cells produce that can stimulate antitumor 

immunity. The identification of other genes that can differentiate regressor from 

progressor cell lines will involve future studies likely combining proteomic, gene 

expression, and exome sequencing approaches66. 

We have shown that IL-17D can be induced to reject small, established tumors, but 

cannot reject larger or more aggressive cancers.  It is now accepted that established tumors 

are embedded in a microenvironment with immune suppressive cells including myeloid-

derived suppressor cells and Tregs and factors such as PD-L1 and IDO (Muller and 

Scherle, 2006; Zou, 2005).  Some of these factors, such as Tregs, have been shown to 

inhibit NK-mediated tumor surveillance (Smyth et al., 2006).  Notably, the immune 

suppressive environment can be targeted by treatment with anti-CTLA4 (Curran et al., 

2010; van Elsas et al., 2001) and/or anti-PD-1 (Hirano et al., 2005).  These results suggest 

that the antitumor efficacy of recombinant IL-17D on pre-established tumors could be 

enhanced with combination therapy.  Future studies will address the potential synergy 

between IL-17 and other immune therapies, including NK cell activators and checkpoint 

blockade, thereby boosting both the innate and adaptive arms of antitumor immunity to 

provide long-lasting tumor remission. 

 Chapter 2, in full, is an adapted version of the material as it appears in Cell Reports, 

2014, Timothy O'Sullivan, William Vermi, Catherine M Koebel, Cora Arthur, J Michael 

White, Ravi Uppaluri, Daniel M Andrews, Shin Foong Ngiow, Michele W L Teng, Mark J 

Smyth, Robert D Schreiber, and Jack D Bui; Elsevier Ltd. The dissertation author was the 

second author of this paper. 
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Figure 2.1 IL-17D is highly expressed in some regressor cell lines and is downregulated in progressor 
tumor cell lines and severa human cancer samples. (A) Plotted microarray data of IL-17D gene 
expression of regressor (n = 8) and progressor (n = 16) tumor cell lines. (B) qRT-PCR analysis of 
independent regressor (n = 4) and progressor (n = 4) tumor cell lines. (C) Quantitated IL-17D intracellular 
protein expression of 129/Sv RAG2-/--derived regressor (n = 3) and progressor (n = 3) tumor cell lines 
incubated with or without brefeldin A and monensin. IL-17D mean channel shift (MCS) values are 
calculated by taking the mean florescence of IL-17D intracellular protein signal and subtracting the mean 
fluorescence signal of the isotype control stain for the same tumor cell line sample. Data are representative 
of two independent experiments.  (*P < 0.05, **P < 0.01
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Figure 2.2 Expression of IL-17D mediates progressor tumor rejection. A) Tumor growth of indicated 
(ctrl, sh17D) regressor tumors transplanted into WT mice (n = 5 for each tumor cell line). (B) Tumor 
growth of indicated (ctrl, ex17D) progressor tumors transplanted into WT mice (n = 5 for each tumor cell 
line). (C) Tumor growth of inducible IL-17D progressor tumor cell line transplanted into WT mice 
receiving water or doxycycline continuously from day 0 (n = 5), day 5 (n = 5), or day 12 (n = 5).  Samples 
were compared using an unpaired, two-tailed Student’s t test with Welch’s correction. Error bars are 
depicted as ±SEM (*p < 0.05, **p < 0.01, ***p < 0.001). 
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Figure 2.3 Overexpression of IL-17D in progressor tumors recruits NK cells that are required for 
tumor rejection in WT mice and promote M1 macrophage infiltration. (A) Percentage of (7AAD- 
CD45+, CD3-, NK1.1+) NK cells, (7AAD-, CD45+, CD11b+, Ly6G+, MHCIIlo) neutrophils, (7AAD-, 
CD45+, CD11b+, Ly6Chi) monocytes/ macrophage precursors, (7AAD-, CD45+, F4/80+, Ly6Clo, 
MHCIIhi, CD206lo) M1 macrophages, (7AAD-, CD45+, F4/80+, Ly6Clo, MHCIIlo, CD206hi) M2 macro- 
phages, (7AAD-, CD45+, CD3+, CD4+, CD8-) CD4+ T cells, and (7AAD-, CD45+, CD3+, CD4-, CD8+) 
CD8+ T cell-infiltrating immune cells in F244 ctrl or ex17D tumors on days 7 and 14 posttransplantation in 
WT mice. (‘‘Other’’ indicates infiltrating Ly6C-MHCII-NK1.1-CD3- immune cells). (B) Percent 
infiltrating NK cells of total viable (7AAD-) cells from transduced regressor and progressor tumors on day 
7 posttumor transplant in WT mice. (C) Tumor growth of IL-17D overexpressing (ex17D) progressor 
tumors transplanted into WT mice receiving either intraperitoneal injections of anti-NK1.1/control IgG or 
preimmunized with transplantation of IL-17D overexpressing (ex17D) tumor cell lines. (D) Percentage of 
M1 macrophages of total viable cells on day 14 posttumor transplant of progressor tumor cell lines into WT, 
RAG2-/-, or RAG2-/- x γc-/- hosts. Data from (A)–(D) are representative of two independent experiments. 
Samples were compared using an unpaired, two-tailed Student’s t test with Welch’s correction. Error bars 
are depicted as ±SEM (**p < 0.01, ***p < 0.001, ****p < 0.0001; NS, not significant).  
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Figure 2.4 Recombinant mouse IL-17D recruits NK cells in an air pouch inflammation model. (A) 
Total number of infiltrating immune cells per air pouch in WT mice receiving intrapouch injections of PBS, 
LPS, IL-17A, IL-17D-1 (generated from E. coli.), or IL17D-2 (generated from C. reinhardtii). (B) 
Percentages of NK cells, monocytes, neutrophils, and macrophages per air pouch receiving indicated 
intrapouch injections. (Other indicates CD4+, CD8+ T cells or Ly6C-MHCII-NK1.1-CD3- recruited 
immune cells). (C) Total number of NK cells and monocytes per air pouch receiving indicated intrapouch 
injections. (D) Immunophenotypic analysis of infiltrating NK1.1+CD3- NK cells in mouse air pouches 
receiving intrapouch injections of LPS or rmIL-17D. Data from (A)–(D) are representative of two inde- 
pendent experiments. Each point represents an individual mouse. Samples were compared using an 
unpaired, two-tailed Student’s t test with Welch’s correction. Error bars are depicted as ±SEM (*p < 0.05, 
**p < 0.01, ***p < 0.001).  
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Figure 2.5 IL-17D indirectly recruits NK cells through tumor endothelial cell production of MCP-1. 
(A) Air pouch lavage fluid chemokine levels of MCP-1. (B) Total number of NK cells per air pouch for 
WT mice receiving intrapouch injections of PBS, LPS, IL-17A, IL-17D, MCP-1, or IL-17D and anti-MCP-
1 monoclonal antibodies. (C) qRT-PCR analysis of MCP-1 expression from purified tumor leukocytes and 
endothelial cells harvested from day 7 F244 control or ex17D tumors. (D) Tumor growth of F244 control 
and ex17D tumors transplanted into WT mice receiving either intraperitoneal (i.p.) injections of goat poly- 
clonal anti-MCP-1 or control goat IgGs. Data are representative of two independent ex- periments. Each 
point represents a single mouse. Samples were compared using an unpaired, two- tailed Student’s t test 
with Welch’s correction. Error bars are depicted as ±SEM (*p < 0.05, **p < 0.01, ***p < 0.001; NS, not 
significant).  
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CHAPTER 3: NRF2 INDUCES IL-17D TO MEDIATE IMMUNOSURVEILLANCE 

 
We hypothesized that reactivation of pathology-triggered early stress pathways 

can activate protective host immunosurveillance. We have direct and compelling 

evidence that the transcription factor Nrf2 induces the expression of IL-17D by directly 

binding to the promoter region of the il17d gene. Nrf2, recognized as the primary 

regulator of cellular oxidative stress, is responsible for the induction of genes involved in 

an array of key cellular programs: primarily - antioxidant defense, oxidant signaling, and 

drug metabolism; and, secondarily - metabolism, cell proliferation, and proteasome 

activity5-8,67,68. Inappropriate Nrf2 activity contributes to various pathologies, including 

autoimmunity69,70, neurodegenerative disorders71-73, acute lung injury, COPD, chronic 

kidney disease, diabetes, heart failure, atherosclerosis, IBD, neurodegenerative disorders, 

sepsis and cancer  (see reviews74-76). The role of Nrf2 in cancer is complex77,78. While 

Nrf2 protects somatic and premalignant cells from tumorigenesis, it is well documented 

that Nrf2 can promote the growth and survival of established tumors79,80. Nrf2 is a direct 

downstream target of both intrinsic and extrinsic cellular protective responses, but a 

direct link has yet to be established between cellular defense via Nrf2 and host defense 

via immunity. Specifically, it is not known whether cellular stress, leading to the 

activation of Nrf2, would, consequently, initiate an immune response. We find that Nrf2 

regulates IL-17D both in vitro and in vivo during primary tumorigenesis and viral 

infection; and, we confirm that IL-17D protects the host from primary tumor 

development as well as viral infection in vivo. Additionally, we show that activation of 

Nrf2 via topical treatments will induce IL-17D specifically within tumors to initiate 



 

 

41 

protective antitumor immunosurveillance programs. Our data document a novel link 

between cellular oxidative stress - resulting from viral infection or tumorigenesis - and 

the initiation of immunity. We describe an uncharacterized role for the well-studied 

factor Nrf2 and address the long-standing question of how immune cells are recruited by 

distressed cells. 

 

Nrf2 induces IL-17D  

 

 To explore IL-17D’s regulation, we performed a transcription factor binding site 

(TFBS) analysis of the promoter and intronic regions of the human and mouse il17d 

genes (Fig. 3.1 A). Our analysis revealed several putative binding sites for the 

transcription factor Nrf2. We characterized putative Nrf2 binding sites as anti-oxidant 

responsive elements (ARE) 81 (Fig. 3.1 A). Given the abundance of ARE in promoter and 

intronic regions of il17d, we hypothesized that the activation of Nrf2 would induce IL-

17D. To test this, we treated murine embryonic fibroblasts (MEFs) and a 3-

methylcholanthrene (MCA)-induced sarcoma cell line F24418,62 with H202, a known 

potent activator of Nrf2 82,83 (Fig. 3.1 B). H202 treatments led to significant, dose 

responsive increases in the transcript of il17d. Similarly, activation of Nrf2 with tert-

butylhydroquinone (tBHQ) resulted in the increase of il17d transcript the murine 

melanoma cell line B16, the human burkitt’s lymphoma cell line Ramos and in the MCA-

induced sarcoma cell line F244 (Fig. 3.1C). 

 Next, we determined whether the transcription factor Nrf2 directly binds to the 

TFBS we identified in our analysis of the il17d gene. We performed a ChIP-qPCR in 
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tBHQ-treated or control-treated B16 cell lines. Cells were fixed and sonicated (not 

shown) before immunoprecipitation with Nrf2-specific antibody or control IgG. 

Fractionation and western blot analysis of these B16 cell lines confirmed that Nrf2 

preferentially accumulated in the nuclear fractions of treated cells (not shown). qPCR 

analysis of ChIP fractions revealed two sites upstream of the il17d start site where Nrf2 

has significant binding following activation (Fig. 3.1 D). These two binding sites for Nrf2 

corresponded to Nrf2 target ARE elements identified at 4195, 4860 and 3730 bp 

upstream of il17d’s start site (Fig. 3.1 D).  qPCR analysis of the known gene target for 

Nrf2, HMOX-1, also indicated Nrf2 binding following tBHQ treatment in the B16 cell 

line. 

 TFBS analysis with the ENCODE UCSC browser revealed that other transcription 

factors might bind and regulate IL-17D (data not shown), indicating that Nrf2 may not be 

wholly responsible for the induction of IL-17D. In order to examine the necessity of Nrf2 

for the induction of IL-17D, we activated Nrf2 in the F244 or B16 cell lines in the 

presence of siRNA specific to Nrf2 (Fig. 3.1 E). Knockdown of Nrf2 in B16 and F244 

(~80%) was sufficient to block the induction of IL-17D following activation of Nrf2 with 

either H202 or tBHQ. Altogether, we found that Nrf2 not only directly bound to the IL-

17D promoter region but also was required for efficient induction of IL-17D by oxidative 

stress. 

 

Nrf2 and IL-17D are expressed in the primary human and mouse tumors and 

during viral infection 
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 To determine the relevance of Nrf2’s regulation of IL-17D in vivo, we examined 

the expression of IL-17D and Nrf2 in human and mouse tumors and during viral infection 

in mice. Using human tumor data sourced from The Cancer Genome Atlas (TCGA), we 

partitioned human melanoma samples into high and low IL-17D expressors and found 

that IL-17D and Nrf2 expression directly correlated with one another but inversely 

correlated with KEAP-1 expression (Fig. 3.2 A).  We also found similar expression 

patterns in human liposarcomas. Moreover, we found that a high level of IL-17D 

expression in human tumors – melanoma and sarcoma - confers a survival advantage (Fig. 

3.2 B). An analysis of our MCA-sarcoma tumor cell lines similarly demonstrated that 

Nrf2 and IL-17D are co-expressed in murine tumor cell lines (Fig. 3.2 C). As shown 

previously84,85 we found that MCA-sarcoma cell lines expressing high IL-17D levels are 

generally regressive in their growth in vivo compared with low IL-17D expressing 

tumors, paralleling the survival advantage conferred by high IL-17D expression in human 

tumors 84,86 (Fig. 3.2 D). Together, these data suggest that Nrf2 regulates IL-17D during 

primary tumor formation in both human and mouse systems in order to initiate productive 

antitumor immune responses leading to tumor regression and prolonged survival. 

 IL-17D can recruit NK cells in vivo84,85,87. As NK cells are critical for immune-

mediated clearance of viral infections4,8, we speculated that IL-17D may play an 

important role in antiviral immunity. To examine this, we first measured Nrf2 and IL-

17D following infection with viruses known to require NK cells for clearance: Vaccinia 

Virus (VV)88 and Murine Cytomegalovirus (MCMV)89. Following infection with VV or 

MCMV in vitro, we observed an increase in the transcript levels of IL-17D in both 

infected primary derived fibroblasts and tumor cell lines (Fig. 3.3 A & B, respectively). 
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To test whether IL-17D can directly inhibit viral replication or progression, we infected 

either parent or IL-17D-expressing tumor cell lines. Expression of IL-17D in vitro did not 

protect cells from infection with VV, suggesting that IL-17D’s role in protecting the host 

from viral infection may require the immune system. To show that the Nrf2-IL-17D 

pathway is induced in viral infection in vivo, we scarified WT mice with VV. Tissue 

harvested from mice scarified with VV had increased expression of IL-17D and Nrf2 (Fig. 

3.3 C & D; example of VV scar Supplemental Fig 3.3 A & B). To model the local 

activation of Nrf2 and IL-17D in vivo, we adapted a system in which we topically apply 

tBHQ to mice90. Mice treated topically with tBHQ had increases in the transcript and 

protein levels of IL-17D and Nrf2 commensurate with those observed following infection 

by scarification (Fig. 3.3 D & E). Together, these results suggest that the Nrf2-IL-17D 

regulatory axis is activated during primary tumorigenesis and viral infection in order to 

confer protection to the host from disease progression. 

 

 

IL-17D protects the host from primary tumorigenesis and viral infection. 

 

It is well documented that Nrf2 protects the host from primary tumor 

development91,92. As our findings here implicate a role for the Nrf2-IL-17D regulatory 

axis during primary tumorigenesis, we hypothesized that IL-17D may be a critical in 

initiating tumor immunosurveillance programs, just as is Nrf2. To determine if IL-17D is 

required for tumor surveillance, we compared the development of primary tumors in WT 

versus IL-17D-/- animals, each treated with the carcinogen 3-MethylCholanthrene (MCA). 
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The IL-17D-/- mouse was obtained from the UC Davis MMRC (https://www.mmrrc.org/). 

We backcrossed the KO mouse fully to C57BL/6 before immunophenotyping. An 

analysis of major immune populations in the spleen, lymph node, and bone marrow 

revealed no differences in WT compared to IL-17D-/- mice (Fig 3.5). Additionally, we 

saw no differences between WT and IL-17D-/- in the circulating immune populations of 

blood (not shown). Strikingly, we observed that IL-17D-/- mice were significantly more 

susceptible to the development of primary tumors (Figure 3.4 A). Induced with a higher 

25µg dose of MCA, approximately twice the number of IL-17D-/- mice compared to WT 

mice developed primary tumors. Induced with a lower 5µg dose of MCA, where WT 

mice are capable of full protection from primary tumor development, approximately 40% 

of IL-17D-/- mice developed primary tumors. These findings confirm that, similar to Nrf2, 

the cytokine IL-17D can protect the host from primary tumor formation. 

 ROS are key features of viral infections and regulators of ROS - particularly Nrf2 

– have tremendous influence over viral pathogenesis by indirectly controlling ROS levels, 

which initiate and potentiate downstream antiviral immune responses3,93,94. However, it is 

unclear whether Nrf2 can directly initiate a protective immunosurveillance program. We 

hypothesized that Nrf2 will induce IL-17D to initiate antiviral surveillance and immunity. 

Following infection of WT and IL-17D-/- animals, we observed a delay in the resolution 

of the vaccinia scar in IL-17D-/- animals compared to WT animals at two doses of VV 

(Fig. 3.4 B). In a fashion similar to the role of IL-17D in host antitumor 

immunosurveillance, these findings suggest that virus infection-associated ROS may 

activate the Nrf2-IL-17D axis to initiate surveillance and contribute to host antiviral 

defense. 
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Activating Nrf2 delays tumor growth in vivo via activation of innate immunity. 

 

 Having shown a requirement for IL-17D in effective tumor surveillance84,85, we 

hypothesized that Nrf2 activation in vivo would induce IL-17D in established tumor, 

which in turn would initiate protective immunosurveillance (Fig 3.6). To examine this, 

tumor bearing mice were treated topically with tBHQ or lanolin control cream beginning 

when tumors achieved an average diameter of 3mm, a size at which we considered them 

established solid tumors. In 3 out of 3 cell lines tested, we found that topical treatment 

with tBHQ delayed tumor growth in WT mice (Fig 3.6 A).  

To determine whether the immune system was required for the antitumor effect of 

Nrf2 agonists, we transplanted B16 melanoma cells into immune-deficient mice rag2-/-, 

which lack adaptive immunity but possesses intact NK cells and macrophages; rag2-/-x 

IL2Rγnull (ragxγ), which lack adaptive immunity as well as NK cells; and NOD-scid 

IL2Rγnull (NSG) mice, which are severely immunodeficient and lack NK cells and 

adaptive immunity95. Notably, we found that topical treatment of tumors with tBHQ 

delayed tumor growth in rag2-/- but not ragxγ or NSG mice (Fig 3.6 C). To identify the 

immune cells activated by tBHQ treatment, we harvested treated tumors after 7 days of 

treatment and performed a FACS analysis of tumor infiltrating leukocytes (TILs). Our 

TIL analysis revealed an increase in the number of infiltrating NK cells (Fig 3.6 I). No 

other TIL populations were found to be different in treated versus untreated tumors (data 

not shown). Altogether, our results suggest that NK cells are required and sufficient to 

mediate Nrf2’s antitumor effects. 
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Nrf2 agonists promote tumor rejection by activating IL-17D in tumor cells.  

 

 Recognizing that tBHQ can induce Nrf2 in both host and tumor cells and that 

Nrf2 could induce targets other than IL-17D, we wanted to examine: first, whether tBHQ 

is activating Nrf2 and IL-17D in transformed tumor versus host cells; and, second 

whether tBHQ necessarily induces IL-17D to mediate tumor regression. Therefore, we 

transplanted Nrf2-/- and IL-17D-/- mice with B16 and treated with tBHQ. We observed 

delayed tumor growth of B16 in both Nrf2-/- and IL-17D-/- mice (Fig 3.6 D/E), suggesting 

that host expression of Nrf2 and IL-17D is not required for response to tBHQ. 

 We next endeavored to identify a role for IL-17D in tBHQ-induced tumor rejection. To 

begin, we first determined whether treatment of B16 tumors with tBHQ induced IL-17D 

coincident with delayed tumor growth. We found that tBHQ treatment indeed led to an 

increase in IL-17D expression in tumors in vivo (Fig. 3.6 H).  To demonstrate that IL-

17D is necessary for tumor growth delay downstream of tBHQ, we created a model 

system in which both tumor and host would be depleted in IL-17D. To achieve an IL-

17D-depleted environment, we utilized an MCA sarcoma cell line that we generated from 

an IL-17D-/- host; we named this IL-17D-/- MCA-sarcoma line, F38K1 (see MCA 

experiment in Fig 3.4). Based on established definitions for tumor growth phenotypes62, 

we classify F38K1 as a progressor tumor. We confirmed F38K1’s sensitivity to Nrf2 

activation by stimulating the cell line in vitro and measuring HMOX-1 transcript 

expression, which increased in the presence of tBHQ. In vivo, tBHQ treatment of F38K1 

tumors transplanted into IL-17D-/- mice failed to delay tumor growth (Fig 3.6 G). 

Additionally, tBHQ treatments in WT mice transplanted with F38K1 failed to delay 
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tumor growth in vivo (Fig 3.6 F). This finding implies that the antitumor response 

resulting from the activation of Nrf2, via topical application of tBHQ, requires tumor-

expressed IL-17D and not the many previously described targets of Nrf268,69. 

Furthermore, these results suggest that re-activating features of stress in established 

tumors can initiate immunesurveillance to delay tumor growth in vivo. 

 

DISCUSSION 

 

We have demonstrated an obligate role for IL-17D in effective tumor surveillance, 

optimal antiviral responses, and cancer immune therapy via Nrf2 agonists. It is well 

established that immune responses to viruses and transformed cells have overlapping 

features6: both involve NK cells, Th1 immunity, and CD8+ T cells. Moreover, NKG2D 

ligands are induced by viral infection4,10 as well as being constitutively expressed on 

cancer cells49,61. As such, our finding that IL-17D is induced by viral infection and 

expressed constitutively by immunogenic cancer cells has precedence in principle and 

data. It is not clear what aspect of the viral infection induces IL-17D, and future 

experiments will examine whether TLR, NLR, and/or RLR pathways induce IL-17D. 

We have definitively shown that Nrf2, an oxidative stress response factor, directly 

induces IL-17D and thus functions as a tumor suppressor. This role for Nrf2 is supported 

by previous studies showing that mice genetically deficient in Nrf2 are more susceptible 

to a wide range of carcinogen-induced cancers (see review 96). For example, nrf2-/- mice 

displayed increased incidence of forestomach cancer and bladder cancer induced by 

carcinogens known to induce oxidative stress. nrf2-/- mice also had increased skin cancer 
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in a model of sulforaphane-mediated protection from DMBA/TPA induced 

carcinogenesis. To our knowledge, there are no studies to address whether Nrf2 

participates in tumor immunosurveillance in any of these model systems. Importantly, 

cancer immunoediting and tumor elimination have been extensively documented in 

mouse models of MCA-induced sarcomas, and it was recently shown that MCA can 

acutely induce Nrf2 and its target genes97, thus supporting our hypothesis that the Nrf2-

IL-17D pathway can mediate tumor surveillance. 

In contrast to the tumor suppressor role of Nrf2, other studies have shown that 

Nrf2 expression in tumor cells can promote their survival in the face of oxidative stress, 

hypoxia, and/or chemotherapy80,91. In fact, Nrf2 blockade has become a novel anti-cancer 

approach, since certain cancer cells (and model systems) report oncogene-induced, 

constitutive Nrf2 activity as associated with tumor growth and metastasis98,99. These 

studies have prompted a re-evaluation of the role of Nrf2 in cancer and support a model 

whereby Nrf2 is a “double-edged sword” that can suppress or promote cancer. Notably, a 

recent study found that Nrf2 acts early in tumorigenesis to suppress tumor formation and 

later on to promote tumor formation100. These results are consistent with the hypothesis 

that Nrf2 could induce anti-carcinogen and tumor immunosurveillance pathways in 

nascent tumors; but, later, protect tumor cells from oxidative stress once the transformed 

cells have escaped immune destruction, thereby promoting tumor progression. We 

speculate that the endogenous function of IL-17D could be to alert immune cells of 

cellular stress. Although stress ligands such as NKG2D ligands can target a cell for 

immune clearance, it is not clear how immune cells are recruited to sites of endogenous 

cellular stress. IL-17D could be one of many cytokines that participate in initiating the 
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“sterile inflammation,” which helps to clear stressed or transformed cells. Our finding 

that Nrf2 also regulates IL-17D creates a novel paradigm shift whereby sterile 

inflammation, tumor surveillance, and oxidative stress could be linked via an Nrf2-IL-

17D-NK cell pathway (Fig. 3.7). 

 We also found that IL-17D is induced by viral infection and is required for 

optimal antiviral responses. In fact, the IL-17 family of cytokines has been characterized 

as essential to antimicrobial host defense (see reviews 101-104). Specifically, IL-17C and 

IL-17A/F are thought to mediate anti-bacterial and anti-fungal responses via recruitment 

of neutrophils. IL-17E contributes to anti-helminth responses via recruitment of 

eosinophils. Our finding that IL-17D is induced during viral infection, recruits NK cells, 

and is required for optimal responses to VV infection, suggests that the IL-17 family may 

have evolved to mediate distinct and specific anti-pathogen responses (Fig. 3.7). Given 

the ancient origin of the IL-17 family, it is tempting to speculate that IL-17D and IL-17C 

were the first family members to evolve to mediate local control of pathogen infection 

prior to the evolution of adaptive immunity. Future experiments will characterize the 

gene expression profile of cells treated with IL-17D and in particular whether it induces 

antiviral genes similar to how IL-17C induces antimicrobial peptides such as defensins 63. 

These findings would strengthen our hypothesis that IL-17D evolved for antiviral 

responses. 

How is oxidative stress related to carcinogenesis and viral infection? Constitutive 

activation of the Nrf2-IL-17D pathway in immunogenic cancer cells suggests that cancer 

cells undergo chronic oxidative stress, perhaps mediated to reactive oxygen species 

(ROS). Indeed, it was first documented in 1988 that elevated intracellular H202 and tumor 
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progression were linked105. Later, Szatrowski et al discovered that human tumor cell lines 

produce H202 at a rate comparable to that observed in PMNs106, prompting the hypothesis 

that tumor-derived ROS can promote tumorigenesis and cancer progression. Soon after, 

work supported this hypothesis with the identification of additional cellular sources of 

ROS that exacerbate malignant transformation107 and that engineering mutations to 

induce greater ROS production in tumor cells increased ROS-dependent metastatic 

potential108. Now, it is appreciated that a key feature of cancer cells are high levels of 

oxidative stress coincident with increased antioxidant defense mechanisms1. Our finding 

that certain human cancers co-express Nrf2 and IL-17D suggests that chronic oxidative 

stress in tumors may mediate immune surveillance, encouraging our efforts to develop 

therapies that can augment oxidative stress responses and promote antitumor immunity. 

We advocate that Nrf2 agonists already used clinically for various disease states can find 

“off-label” utility as immune therapies for cancer. 

ROS can also be generated during viral infection, either indirectly via the 

superoxide burst in immune cells or directly by the virus itself. For example, viral 

replication and the components involved in replication can induce the generation of ROS, 

increasing the virulence of infection in certain instances3,93,94. The role of ROS in 

controlling viral progression in infection is unclear in all cases. While some reports show 

that phagocyte-derived NO is effective as an antiviral factor for DNA viruses and some 

RNA viruses, other reports show that ROS afford no protection against infection with 

viruses such as ortho/paramyxoviures, vaccinia virus, coronavirus, lymphocytic 

choriomeningitis virus, and murine encephalomyocarditis virus3. In some instances ROS 

can actually promote viral infections by simultaneously providing pressure for the 
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selection of virulent viral strains in vivo while suppressing antiviral immunity. Thus, it 

will be important to test the different Nrf2 agonists for efficacy in antiviral therapy.  

We have implicated that Nrf2 agonists, some of which are currently in clinical trials, 

would be highly efficacious inducers of cancer immunosurveillance and immune therapy. 

This mechanism of surveillance relies upon the induction of IL-17D in the tumor cells. 

Intriguingly, since many tumor cells downregulate IL-17D expression, it is possible that 

uncoupling Nrf2-IL-17D may be a mechanism of tumor escape. We have not found 

evidence for this mechanism, but it will be important to determine the intactness of the 

Nrf2-IL-17D pathway as a biomarker for responsiveness to Nrf2 agonist therapy. 

Moreover, whether these agonists can be used to treat a broad range of established human 

tumors and/or prevent the development of cancer will be an area of intense investigation. 

It will be important to cast a broad and deep net in these studies, as it is likely that the 

role of the Nrf2-IL-17D pathway in tumor progression is context dependent. Notably, the 

clinical use of antioxidants to prevent cancer and promote overall health may 

inadvertently limit an endogenous tumor surveillance pathway. On the other hand, 

judicious use of oxidative species may find a niche in immunotherapy. Finally, drugs 

such as tBHQ, which do not induce ROS but can directly induce the Nrf2-IL-17D 

pathway may have even higher efficacy as they would activate an endogenous tumor 

surveillance pathway without producing genotoxic ROS.  

 Chapter 3, in full, is an adapted version of the material as it appears in The 

Journal of Immunology, 2011, Schreiber, Robert D.; Bui, Jack D.; The American 

Association of Immunologists, Inc. The dissertation author was the first author of this 

paper.  
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Figure 3.1 Transcription factor Nr2 induces IL-17D.  (A) Consensus sequence analysis of Nrf2 tfbs in 
the promoter and intronic regions of human and mouse IL-17D genes. (B) H202 activates Nrf2 and induces 
IL-17D in MEFs (left) and an MCA-induced sarcoma (right). (C) Similarly, pharmacologic activation of 
Nrf2 with tBHQ induces IL-17D in the murine melanoma B16 (left) and human Burkitt’s Lymhoma cell 
line Ramos (right) (D) ChIP of B16 melanoma cells treated with tBHQ show that Nrf2 directly binds to 
chromatin upstream of the IL-17D gene (regions around 4196,4860, and 3730 bp upstream of the IL-17D 
start site). Values are expressed as the % of Nrf2 bound in immunoprecipated samples compared to input 
samples. (E) siRNA to Nrf2 prior to activation with H202/tBHQ in tumor cell lines blocks the induction of 
IL-17D [MCA sarcoma (left) or B16 melanoma (right)]. Abbreviations: tfbs [transcription factor binding 
site]; tBHQ [tert-butylhydroquinone]; ChIP [Chromatin immunoprecipitation]. * P < 0.05, ** P < 0.01, *** 
P < 0.001. Error bars are represented by ± SEM. 
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Figure 3.2 The expression of IL-17D and Nrf2 correlate with survivial in human and tumor 
progression in mice.  (A) Human melanomas were grouped according to their expression of IL-17D into 
high and low expressor groups (top). High expression of IL-17D correlated with increased expression of 
Nrf2 (middle) and decreased expression of KEAP1 (bottom). (B) Moreover, high expression of IL-17D in 
patients’ melanomas approximately doubled patient survival. The results shown in (A) and (B) are based in 
whole on data generated by the TCGA Research Network: http://thecancergenome.nih.gov/ (C) MCA-
induced sarcomas grouped according to their growth phenotypes in WT mice show correlations in their 
expression of il17d transcript and Nrf2 protein. (D) KEAP1 transcript expression is inversely correlated to 
il17d and nrf2 in MCA sarcomas grouped by growth phenotypes. * P < 0.05, *** P < 0.001. Error bars are 
represented by ± SEM. 
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Figure 3.3 The expression of IL-17D and Nrf2 correlate during viral infection.  (A) Primary-derived 
adults fibroblasts infected with vaccina virus (VV) or mouse cytomegalovirus (MCMV) show an increase 
in the transcript of IL-17D. (B) Similarly, an MCA sarcoma cell line or B16 melanoma cell line increase 
IL-17D transcript following viral infection in vitro. (C) Infection by scarification with VV in vivo led to an 
increase in IL-17D and Nrf2 transcript expression. (D) IHC for Nrf2 protein in infected versus non-infected 
scars show an increase in Nrf2 protein expression in skin spanning dermis to epidermis. (E) Topical 
application of tBHQ on the flank in vivo increased IL-17D and Nrf2 transcript expression. (f) Nrf2 protein 
expression was similarly increased following tBHQ topical applications. * P < 0.05, ** P < 0.01, *** P < 
0.001. Error bars are represented by ± SEM. 
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Figure 3.4 IL-17D protects from primary tumorigenesis and viral infection.  (A) Primary tumors 
induced with the carcinogen 3-MCA in IL-17D-/- versus WT mice develop at a higher frequency at low 
(5mg, left) and high doses (25mg, right) of carcinogen. (B) Scars infected with VV in IL-17D-/- mice were 
larger than in WT before scar resolution at both a lower (10^5, left) and higher pfu (10^6, right) of virus 
inoculated during scarification. * P < 0.05, ** P < 0.01 Error bars are represented by ± SEM. 
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Figure 3.5 IL-17D-/- mouse immunophenotyping.  Immunophenotyping IL-17D-/- mice show no baseline 
deficiencies. 
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Figure 3.6 Activating Nrf2 will induce IL-17D and delay tumor growth in vivo. B16 melanoma cells 
(A-E) or il17d-/- MCA sarcoma cells (F-G) were transplanted subcutaneously and allowed to reach an 
established size (~3x3mm) before the initiation of topical treatments with tBHQ. Tumor-bearing mice were 
topical treated with tBHQ once daily for seven days. (A-B) When transplanted into WT (A) or Rag2-/- (B) 
hosts B16 regressed following topical treatments with tBHQ. (C) However, no delay in B16’s growth was 
noted following tBHQ treatments when the tumor was transplanted into Rag2-/- x γc-/- mice. (D-E) Topical 
treatments with tBHQ did delay the growth of B16 when transplanted into nrf2-/- and il17d-/- mice. (F-G) 
Topical tBHQ failed to induce the regression of il17d-/- MCA sarcoma cells transplanted into WT mice (F) 
or il17d-/- mice (G). (H) B16 tumors freshly harvested following topical treatments with tBHQ have 
increased transcript expression of IL-17D (I) and increased infiltration of NK cells * P < 0.05, ** P < 0.01, 
*** P < 0.001. Error bars are represented by ± SEM. 
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Figure 3.7 Proposed model for the primary functions of various IL-17 family members. (a) Previous 
work has demonstrated how IL-17A/F and IL-17C collaborate to recruit neutrophils to the site of 
inflammation. Distally-produced IL-17A and IL-17F and locally produced IL-17C induce the production of 
cytokines and chemokines from epithelium, which leads to neutrophil recruitment and Th1 type immunity. 
This IL-17A/F/C coordinated immune activation helps in the clearance of bacterial and fungal infections. 
(b) In a similar fashion to IL-17C we propose that IL-17D is induced and responds locally to recruit 
immune effector cells. IL-17D is induced as an early feature of the cellular response to oxidative stress 
common during malignant transformation and viral infection. By inducing paracrine production of 
chemokines, IL-17D leads to the recruitment of NK cells which assist in the clearance of virally-infected 
cells and malignantly transformed cells.  
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MATERIALS AND METHODS 

 

 All experiments involving mice were conducted under animal protocols 

approved by the Washington University Animal Studies Committee and the University of 

California, San Diego Institutional Animal Care and Use Committee (IACUC protocol 

#S06201) and were in accordance with ethical guidelines determined by the Peter Mac 

Animal Experimental Ethics Committee. 

 

Mice and MCA induction.  

 

 Tumor induction by MCA was performed as previously described 18,55.  Briefly, 

cohorts of C57BL/6-strain WT (Taconic Farms), RAG2-/-, RAG1-/-, IFNAR-/- , RAG2-/- x 

STAT1-/-, and RAG2-/-x γc-/- mice were injected with MCA dissolved in peanut oil at 

various doses.  Experiment 1 was performed in St. Louis and used RAG2-/-x γc-/- mice 

generated by breeding IL-2Rγc-/- mice (C57/BL6 N10+1F7-strain, Jackson Laboratories, 

San Diego, CA) to C57BL/6 RAG2-/- mice (Taconic Farms, Germantown, NY).  

Genotyping was performed using PCR (for IL-2Rγc, Jackson Labs protocol, 

http://jaxmice.jax.org/strain/003174.html) or by Southern blot for RAG2. Genomic 

microsatellite analysis showed that the RAG2-/-x γc-/- mice contained C57BL/6 markers at 

97% of the loci tested (3% 129/Sv markers).  

 To control for inter-institutional breeding, minor strain differences, and housing 

variability,the RAG2-/- mice used in MCA experiment 1 were outcrossed from (RAG2-/-x
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γc-/-) x RAG2-/- breeding performed in-house.  Tumors in mice were measured as 

described 18,39.  In experiment 1, a dose of MCA was used such that all MCA-treated 

mice developed tumors.  Experiment 2 was performed at the Peter Mac facility in 

Australia and used RAG2-/-x γc-/- mice provided by WEHI (Bundoora) and C57BL/6 and 

RAG1-/- mice. To rule out that RAG2-/-x γc-/- tumor cell lines were rejected based on 

minor strain differences, we also transplanted RAG2-/-x γc-/- regressor cell lines into F1 

(C57BL/6 x 129) mice (n=30) (Taconic Farms) and obtained identical growth patterns as 

in C57BL/6 mice (NCI-Frederick Rockville, MD).  For some tumor transplantation 

experiments, RAG2-/-x γc-/- recipient mice were purchased from Taconic Farms.  No 

differences in tumor growth were observed in RAG2-/-x γc-/- recipient mice purchased 

from Taconic Farms or bred in-house. 

We discovered in the process of routine genotyping of our mice for the current 

study that the RAG2-/- 129/Sv mice previously obtained from Taconic Farms (RAGN12 

model) and used in our 2001 publication 18 contained the C57BL/6 NK-C locus.  

Microsatellite analysis confirmed that these mice were virtually congenic at the NK-C 

locus and contained approximately 22 cM of C57BL/6 sequence encompassing the 

following genes/markers: D6MIT261, D6MIT105, D6MIT018, D6MIT111, Nkrp1a, 

Nkrp1c, CD69, Nkg2d, Nkg2a, and Ly49a. These mice were therefore designated 

129/SvEv.cNK-C.B6 RAG2-/- mice.    

 Since the NK-C gene locus displays allelic polymorphism and can contribute to 

part of the difference in NK cell activity between the C57BL/6 and 129/Sv strain,new 

sets of MCA-induced sarcomas were generated using RAG2-/- mice that had been bred by 

Taconic Farms to be on a pure 129/SvEv background (129S6/SvEvTac-Rag2tm1Fwa).  This 
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new set of MCA-induced sarcomas was published in reference 27 and further studied in 

Figure 3. 

 

Cell Lines.   

 

MCA-induced sarcoma cell lines were generated from primary tumors (see methods 

MCA Primary Tumorigenesis) and expanded in vitro until at least the second passage 

before freezing. For experimentation tumor cell lines were thawed from early passages 

and grown in RPMI 1640 (Gibco) supplemented with 10% FCS (Atlanta Biologics) (as 

previously described62). Other tumor cell lines used – Ramos, B16, LLC – were cultured 

similarly. Primary derived mouse embryonic fibroblasts were derived from fetuses 12.5-

13.5 days p.c. (as described109). 

 

Nrf2 Activation and Knockdown 

 

Nrf2 was activated in cell lines in vitro with either tert-butylhydroquinone (Spectrum) or 

H202 (Fisher). tBHQ was used at 50mM in DMSO, and H202 was used at 10mM for 0.5-1 

hours before being washed out. Treated cells were harvested at timepoints between 6 and 

12 hours for analysis. Activation of Nrf2 in vivo was adapted from methods described by 

Schafer et al110. For in vivo Nrf2 activation a cream containing 50mM tBHQ solubilized 

in DMSO was mixed 1:1 (v/v) with Lanolin cream (Sigma) and heated gently in a water 

bath to allow for mixing. The mixture, poured into sterile dishes (Falcon), was allowed to 

cool overnight before use in vivo. Hair along the flank was removed one day before the 
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initiation of topical treatments. Control topical treatments consisted of a 1:1 mixture of 

DMSO:Lanolin. To knockdown Nrf2, a mixture of three siRNAs to nrf2 or control 

siRNA were used (Invitrogen)111. siRNA was transfected into cells with Lipofectamine 

2000 (Thermo Fisher) as recommended by the manufacturer 

(http://www.lifetechnologies.com/). 

 

Transcription Factor Binding Analysis 

 

Sequences for mouse and human il17d genes were analyzed for the presence of 

antioxidant responsive elements (ARE) [TGAcTCAGCa], a sequence to which the Nrf2-

sMAF heterodimer is known to bind81. 

 

The Cancer Genome Atlas (TCGA) 

 

Human tumor data was sourced from the TCGA analytical tool, UCSC Cancer Genome 

Browser (http://cancergenome.nih.gov/). PANCAN normalized gene expression data was 

used to partition tumors into roughly equally numbered groups, compare transcript 

expression levels, and generate survival curves for patients.  

 

Tumorigenesis and Transplantations.   

 

 Primary tumorigenesis was performed as previously described18,62. 3-

MethylCholanthrene was dissolved in corn oil (Sigma) prior to instillation. To induce 
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primary tumors, 5mg or 25mg doses of MCA were injected subcutaneously along a single 

flank of C57BL/6-strain WT or il17d-/- mice. Tumor development was monitored and 

measured weekly between two and six months post MCA instillation. Tumors were 

harvested for cell line generation, FFPE blocks, TILs and RNA when tumors achieved an 

average diameter of 25mm. For transplantation studies tumor cell lines were trypsinized, 

washed with cold PBS three times, and injected subcutaneously along the flanks of mice 

(previously described62). Hair was removed from the flanks of mice at least one day prior 

to transplantation. Tumor progression was assessed by averaging the greatest two 

diameter measurements of the tumor. 

 

Microarray and Clustering Analysis.  

 

 Using transplantation assays, we reported that all of the tested 17 primary 

fibrosarcomas from wild type mice were poorly immunogenic and formed progressively 

growing tumors in immunocompetent naïve hosts when 1 x 106 cells were injected 

subcutaneously1. We designated those as WT tumors and randomly selected 8 (H128m, 

d4m3, F279, H118, F236, d22m1, F244, and d22m2) for microarray analysis. Sixty 

percent (12/20) of the RAG2-/- mice-derived tumors also formed progressively growing 

tumors in naïve host1. We designated those as RAG2-/- progressors and selected 8 (d29m1, 

F221, d57, d53, d30m1, d28m3, H50, and H52) randomly for analysis. In contrast, 40% 

(8/20) of RAG2-/- mice-derived tumors were significantly more immunogenic and were 

rejected in immunocompetent naïve mice even at high dose inoculation of tumor 

challenge1. We designated those as RAG2-/- regressors and 8 (d38m2, F510, F535, d42m1, 
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F515, H31m1, d27m2, and d30m4) were used in analysis. Tumor cells were thawed and 

cultured for 4 or 5 days, and total RNA was extracted using Trizol reagent (Invitrogen, 

Carlsbad, CA) and prepared using the RNA-Bee protocol (Tel-Test, Friendswood, TX). 

With 20mg of total RNA, cDNA was synthesized by Super Script Choice System (Gibco 

BRL Life Technologies, Grand Island, NY) with T7-(dT)24 Primer (Genset Corp, San 

Diego, CA), and was cleaned up by Phase Lock Gels (Eppendorf-5 Prime, Inc., Boulder, 

CO) with Phenol/chloroform/isoamyl alcohol (Ambion, Grand Island, NY). Biotin-

labeled cRNA was synthesized by BioArray HighYield RNA Transcript Labeling Kit 

(Enzo, Farmingdale, NY), and cleaned up by RNeasy Mini Kit (Qiagen, Valencia, CA). 

Murine Genome U74v2 Set GeneChip Arrays (Affymetrix, Santa Clara, CA) were 

hybridized with Biotin-labeled cRNA with GeneChip Hybridization Oven 320 

(Affymetrix, Santa Clara, CA), and washed and stained with GeneChip Fluidics Station 

400 (Affimetrix, Santa Clara, CA). Gene signals were scanned by GeneArray Scanner 

(Hewlett Packard, Palo Alto, CA), and differential expression data was analyzed on 

Microarray Suit Software (Affymetrix, Santa Clara, CA). Data was normalized, 

statistically analyzed, and clustered by DecisionSite for Functional Genomics (Spotfire, 

Somerville, MA). 

 

Generation of IL-17D deficient and overexpressing tumor cell lines.  

 

 Daughter ctrl and sh17D regressor tumor cell lines were generated by transducing 

parental regressor tumor cell lines with either a retrovirus-expressing scramble sequence 

(shctrl) or retroviruses expressing shRNA’s specific for the 3’UTR and coding sequence 
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of IL-17D and selected on puromyocin supplemented media for 1 week. Daughter ctrl 

and ex17D progressor tumor cell lines were generated by either transducing parental 

progressor tumor cell lines with an empty vector lentivirus (ctrl) or a lentivirus-

expressing IL-17D cDNA and selected on blastocydin supplemented media for 1 week. 

Conditional expressing IL-17D daughter progressor tumor cell lines were generated by 

transducing parental F244 progrssor tumor cell line with a lentivirus-expressing the tet 

repressor and selected on blastocydin for 1 week. Resulting cells were then trasnduced 

with a lentivirus-expressing IL-17D regulated by the tet operator sequence and selected 

on puromyocin supplemeted media for 1 week. 

 

Antibodies and FACS analysis.   

 

On various days post-transplantation, tumors were excised from mice, minced, 

and treated with 1 mg/mL type IA collagenase (Sigma) as described (1). Cells were 

vigorously resuspended, washed in FACS buffer (PBS+1% FCS+0.05%NaN3, Sigma) 

and filtered before staining. Antibodies to CD45, F4/80, NK1.1, CD69, CD80, CD206, 

Ly6C, CD11b, I-A/I-E , 1A8, and steptavidin PE were from BD PharMingen (San Diego, 

CA).  Staining was conducted for 15-20 minutes at 4º in FACS tubes containing 1-2 

million total cells, 0.5-1 ml of antibody, 1 ml of FC block (anti-CD16/32), and 100 ml of 

FACs buffer.  7AAD (Calbiochem) or Propidium Iodide (Sigma) was added at 1 mg/mL 

immediately prior to FACS analysis. M1-type and M2-type macrophages were gated as 

published 33. Cells were harvest with dPBS or HBSS supplemented with 2.5 mM EDTA.  

Trypsin was not used since it decreased NKG2D tetramer staining, presumably by 
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cleaving the ligands.  NKG2D tetramers were generated as described (20).  Monoclonal 

antibodies to H60a, pan-RAE-1, and MULT1 were obtained from R&D (Minneapolis, 

MN).  Secondary antibodies were obtained from Biolegend (San Diego, CA). For 

intracellular IL-17D staining, cells were either incubated with or without 2µM monensin 

(Sigma, St. Loius, MO) and 1µg/ml Brefeldin A (BD biosciences, San Jose, CA) and then 

harvested by trypsinization, washed once with PBS, incubated with Cytofix (BD 

biosciences, San Jose, CA) for 15 min at 4o, washed twice with Perm wash (BD 

biosciences, San Diego) solution, and anti-IL17D (R&D Systems, Minneapolis, MN) or 

rat IgG2a isotype control (eBioscience, San Diego, CA) monoclonal antibodies were 

added. Staining was conducted for 30 minutes at 4º in FACS tubes containing 0.5-2 

million total cells, 0.5-1 ml of antibody, and 100 ml of FACs buffer (PBS+1% 

FCS+0.09% NaN3, Sigma, St. Louis, MO).  Cells were washed twice with Perm wash 

and then resuspended in FACS stain buffer. All analyses were done on live cells 

identified by forward and side scatter properties with a FACScanto II (BD Biosciences, 

San Jose, CA). IL-17D mean channel shift (MCS) is given as isotype staining subtracted 

from signal values. % Control mean channel shift (% of Ctrl MCS) is normalized to 

control sample mean channel shift values.  

 

Generation of tumor cell line cDNA libraries and quantitative PCR.  

 

Tumor cell lines were plated in triplicate at 6 x 104 cells/well in a 6 well plate and 

incubated for 48 hours at 37o. Supernatant was aspirated and cells were washed twice 

with PBS before addition of 1ml Trizol reagent (Invitrogen, Carlsbad, CA) and RNA was 
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prepeared using the RNA-Bee protocol (Tel-Test, Friendswood, TX). cDNA was 

prepared using the Applied Biosystems protocol (Branchburg, NJ). Relative qPCR was 

done using IL-17D specific Taqman FAM probes (Invitrogen, Carlsbad, CA) with 

internal GAPDH-VIC probe controls and amplified using a 7300 Real Time PCR System 

(Applied Biosystems, Branchburg, NJ). IL-17D transcript was quantified relative to 

GAPDH expression using the equation 2-(
Δ
Ct).  

 

Immunohistochemistry.   

 

Fresh tumor nodules were harvested, OCT-embedded, and snap frozen in cooled 

isopentane. Tissue blocks were cut on a cryostat into 6 µm-thick sections, mounted onto 

poly-L-Lysine slides, air-dried overnight, and post-fixed for 10’ in acetone before 

staining.  Purified rat anti-mouse CD16/CD32 was used as Fc block for 20’ (BD 

Pharmingen; dilution 1:50) when appropriate.  Biotin-conjugated rat anti-mouse I-A/I-E 

(eBioscience; dilution 1:100, 1 hr at rt) and biotin-conjugated rat anti-mouse CD206 

(Biolegend; dilution 1:100, 1 hr at rt) staining was revealed using streptavidin-HRP 

(Vector Laboratoies; 30 minutes at rt) followed by amino-ethyl-carbazole as chromogen 

(BD; 10-15min at rt).  Purified rat anti-mouse CD68 (Biolegend; dilution 1:100) staining 

was detected using a biotin-conjugated rabbit polyclonal anti-rat IgG, mouse adsorbed 

(Vector; dilution 1:200).  Immunostained tissue sections were examined with a Leica DM 

2500 or Nikon Eclipse E800 microscope; images were captured with a Leica DFC 420 or 

Nikon DXM 1200 digital camera, respectively. Quantitative analysis of MHC-II+, CD68+, 
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CD206+ cells was obtained by counting at least 10 high power fields (HPF) of tissue 

sections at 200x magnification.  

 

Chromatin Immunoprecipitation 

 

ChIP for Nrf2 was performed as described previously98. Following activation of Nrf2 

with tBHQ (see Nrf2 Activation and Knockdown methods), cells were fixed in 1% 

formaldehyde for 10 minutes at room temperature, quenched with 0.125M glycine for 5 

minutes at room temperature, washed with cold PBS and resuspended in lysis buffer [1% 

SDS, 10mM EDTA pH 8, 50mM Tris-HCL pH 8], fresh protease inhibitor cocktail for 5 

minutes on ice. To generate chromatin fragments of around 200bp, cell lysates were then 

sonicated on ice for 15 cycles [15 seconds on, 45 seconds off] and pelleted by 

centrifugation at 13,000 rpm for 5 minutes. Protein A dynabeads (Life Technologies), 

pre-blocked in 0.5% BSA in PBS (w/v), were incubated with 8mg Nrf2 antibody C-20 

(Santa Cruz Biotech) or normal rabbit IgG (sc-2027, Santa Cruz Biotech) overnight at 

40C and then washed with additional blocking buffer and RIPA. To immunoprecipitate 

Nrf2-chromatin complexes, conjugated dynabeads were mixed with sonicated lysate - 

diluted 1:9 in dilution buffer with protease inhibitors - and allowed to rotate overnight at 

40C. Immunoprecipitates were processed as suggested by the dynabeads manufacturer, 

Life Technologies (https://www.lifetechnologies.com/us/en/home.html) and purified 

using the QiaQuick PCR DNA kit (Qiagen). qPCR sequences used for ChIP samples 

appear in Table 4 (see qPCR Methods). 
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Western Blot 

Cells were lysed in 4x sample buffer containing SDS (Bio-Rad) and b-mercaptoethanol 

(Sigma) before boiling at 950C for 5 min. Samples were run on SDS-PAGE gels (Biorad), 

and expression of Nrf2 was analyzed by western blotting using anti-Nrf2 antibody (C-20, 

Santa Cruz Biotech). b-actin antibodies were used to control for differences in gel loading 

(A5441, Sigma-Aldrich). Blotted bands were scanned and quantified with CS6 Photoshop 

imaging software, and represented as fold expression of average of expression across 

tumor cell lines.  

 

Cytokine Secretion Assay.  

 

On various days post-transplantation, tumors were excised from mice, minced, 

and treated with 1 mg/mL type IA collagenase (Sigma). Filtered tumor/immune cell 

suspensions were plated in triplicate wells at 40,000 cells/well in 100 mL for 24 hrs at 

37oC. Supernatant was analyzed for cytokines using the mouse inflammation cytometric 

bead array kit from BD Biosciences (San Jose, CA).  

 

Chromium release assay.   

 

 Splenocytes from RAG2-/- mice were activated by culturing in media with 

1000 U/ml human IL-2 (Chiron, Emeryville, CA).  Day 7 IL-2-activated NK effector 

cells were used in a 4-hour 51Cr release assay using tumor target cells labeled with 51Cr 

as described (20) with either control IgG or anti-NKG2D.  Bars depict standard error of 
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triplicates.  All experiments were done at least twice.  ANOVA was used to assess 

statistical significance between parent and passaged cell lines. 

 

Mouse air pouch experiments.  

 

 C56BL/6 x 129/Sv F1 mice were injected s.c with 3ml of sterilized air filtered 

through a 0.2µm Millipore filter (Bellerica, MA) to form air pouches on day 0 and re-

inflated again on day 3. On day 7, either 1ml of LPS (1µg/ml), 1ml of rmIL-17A 

(5µg/ml) (R&D Systems, Minneapolis, MN), 1ml of rmIL-17D (5µg/ml) (R&D Systems, 

Minneapolis, MN), 1ml rmIL-17D (5µg/ml) (Mayfield Lab), 1ml of rmMCP-1 (5µg/ml) 

(Peprotech, Rocky Hill, NJ), or 1ml of rmIL-17D (5µg/ml) and anti-MCP-1 polyclonal 

antibodies (25µg/ml) (R&D Systems, Minneapolis, MN) was injected into mouse air 

pouches 8h before air pouch harvest. Air pouches were lavaged with 2ml PBS and 

centrifuges at 1250 rpm for 5 min at room temperature. Supernatant was harvested and 

analyzed for chemokine protein levels using the mouse chemokine flowcytomix kit from 

eBioscience (San Diego, CA). Infiltrating air pouch cells were resuspended in FACS 

stain buffer, counted on a hemocytometer, incubated with antibodies against CD45, CD4, 

CD8, B220, CD11c, DX5, NK1.1, MAC1, Ly6G, and I-A/I-E for 15 min at 4o, washed, 

and resuspended in FACS buffer containing 1ug/ml 7AAD (Sigma, St Lous, MO) to 

identify viable cells before analysis. Total number of infiltrating immune cell subsets 

were calculated from percentages obtained from FACS analysis of the total cell count for 

each sample.  
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Chemokine Secretion Assay.  

 

On days 7 and 14 post-transplantation, tumors were excised from mice, minced, 

and treated with 1 mg/mL type IA collagenase (Sigma, St Louis, MO) as described6.  

Filtered tumor/immune cell suspensions were plated in triplicate wells at 40,000 

cells/well in 100 mL for 24 hrs at 37oC. Supernatant was analyzed for chemokines using 

the mouse chemokine flowcytomix kit from eBioscience (San Diego, CA).  

 

NK cell kill assay.  

 

 Splenocytes from RAG2-/- mice were activated by culturing in media with 1000 

U/ml human IL-2 (Chiron, Emeryville, CA).  Day 7 IL-2-activated NK effector cells 

were centrifuged with CFSE labeled tumor cell lines at varying ratios and incubated for 

6h at 37o. Cells were washed and resuspended in FACS buffer containing 1ug/ml 7AAD 

(Sigma, St Louis, MO) to identify viable cells. % Specific target lysis is given as the 

percentage of CFSE+7AAD+ cells by FACS analysis.  

 

Chemotaxis assay.  

 

 In vitro chemotaxis was performed using indicated tumor supernatant or 600µl of 

RPMI+ 0.5% FBS supplemented with varying doses of either rmIL-17D, or 100ng/ml 

MCP-1 added to 24 well plates with 5um polycarbonate membrane filter added on top. 5 

x 105 WT bone marrow cells were added in 100µl of RPMI+0.5%FBS or complete media, 
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added on the top of the membrane, and incubated at 37o for 3h. Migrated cells were 

harvested by removing transwells and collecting suspended cells in the bottom well. Cells 

were resuspended in FACS stain buffer, incubated with antibodies against CD45, CD4, 

CD8, B220, CD11c, DX5, NK1.1, MAC1, Ly6G, and I-A/I-E for 15 min at 4o, washed, 

and resuspended in FACS buffer containing 1µg/ml 7AAD (Sigma, St Louis, MO) to 

identify viable cells before analysis. Total viable migrating cell counts were acquired by 

complete sample collection under a constant flow rate and analyzed by FACS analysis.  

 
In vitro growth assay.  

 

Various tumor cell lines were seeded in 96 well plates at 5 x 103 cells in 200µl 

and incubated at 37o and expanded when necessary. At indicated time points cells were 

harvested by trypsinization, washed and counted using a hemocytometer.  

 

Statistical Analysis.  

 

Statistical significance between two groups was determined by the Welch’s t-test 

using two-tailed analysis to obtain p-values. The Log-Rank test was used to compare the 

survival of mice across tumor transplantation or induction conditions. Error bars are 

depicted using standard error (SEM). All experiments were done at least twice. 
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Viral Infections 

Vaccinia Virus (VV) Western Reserve was kindly donated by the Dr. Ananda Goldrath 

(UCSD) and Murine Cytomegalovirus Smith Strain (MCMV) by Dr. Elina Zuniga 

(UCSD). MCMV salivary gland stocks were prepared by infection of four to six week old 

BALB/c mice with 5x103 pfu i.p. After two weeks, glands were pooled and homogenized 

in sterile RPMI medium. Viral titers were determined by plaque assay on NIH 3T3 cells 

after two hours of virus absorption and five days of methylcellulose overlay. Primary 

fibroblasts or tumor cell lines were incubated with 1x105pfu of MCMV or VV, 

respectively, per 4x105 cells for 2h. Virus inoculum was removed, and cells were 

incubated for another 4h or 22h before harvesting in Trizol for later analysis. Viral titers 

following VV infection were determined by plaque assays on Vero cells (kindly donated 

by Dr. Elina Zuniga). Vero cells were incubated with viral inoculum from infected cells 

for one hour, washed out, and grown for two days before fixation with 4% PFA and 

staining with crystal violet (Sigma) to assist in the quantification of virus titers. In vivo, 

age and sex-matched eight to twelve week old C57Bl/6 WT or il17d-/- mice were infected 

with VV by scarification at 1x105 or 1x106 pfu. VV scars were monitored daily and 

expressed as the average of the two maximum scar diameters.  
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