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INTRODUCTION: 

T cells populate breast tumors very early in the course of disease and are amongst the most abundant immune 
effectors in early and advanced lesions.  The typical paradigm suggests that T cells are associated with an 
improved outcome.  Such findings have not been conclusively extended to breast cancer.  Infiltration of CD8 T 
cells into the breast cancer microenvironment often portends a poorer outcome suggesting they have a 
negative impact (1, 2).    One potential mechanism by which CD8 T cells may act is by induction of epithelial to 
mesenchymal transition (EMT).  In cancer, EMT is used aberrantly and is involved in invasion and metastasis 
by allowing epithelial tumor cells to change adhesive properties along with the activation of proteolysis and 
motility.  In prior work, it has been suggested that tumor antigen-specific CD8 T cells are the drivers of EMT 
(3).  The goal of the proposed study is to further define the interactions between CD8 T cells and breast 
cancer. 

BODY: 

The Specific Aims of this project were: 

Specific Aim 1:  To determine if CD8 T cells directly cause breast tumor cells to undergo epithelial to 
mesenchymal transition.  In vitro studies will be done assessing the mechanism by which CD8 T cells mediate 
EMT.  In vivo and in vitro studies will be done to assess whether other immune cells cooperate with CD8 T 
cells to induce EMT.     

Specific Aim 2:  To determine if breast tumors cells, induced by CD8 T cells to undergo EMT, demonstrate 
increased immunosuppression compared to native epithelial breast cancer cells.  Our goal in this aim is to 
determine if breast cancer cells that have undergone EMT produce immunosuppressive cytokines and 
inhibitory cell surface receptors. 

The results are described below as related to the Statement of Work. 

Task 1:  To determine if CD8 T cells directly cause breast tumor cells to undergo epithelial to mesenchymal 
transition (EMT).   

Preliminary work at the time of award of this grant suggested that CD8 T cells were involved in induction of 
EMT.  Data generated using funds from this grant were included in a publication in Cancer Research in April 
2009 authored by Santisteban et al. (4).  In brief, it was shown in that report that CD8 T cells caused the 
generation of neu-negative tumor variants using EMT.  The most important finding described in that manuscript 
was that the immunoedited variants possessed qualities of breast cancer stem cells. See attached manuscript 
for additional details.  Experimental results contained within that manuscript that are pertinent to this report are 
discussed below in additional details. 

Task 1A:  Deplete various immune subsets (e.g. CD4 T cells, macrophages, B cells or NK cells) and define the 
role of each in mediating EMT in vivo in a mouse model of human breast cancer. 

• Experiment 1:  To determine whether CD8 T cell depletion in vivo abrogates immunoediting of neu+
breast cancer cells.

In this experiment, neu+ breast cancer cells were implanted into FBV/n mice in which the neu antigen is a 
strong tumor rejection antigen.  As was previously shown in Knutson et al. (5), implantation of these tumors 
into FVB/n mice results in the outgrowth of neu-negative (neu-) antigen-loss variants.  In some groups of mice, 
CD4 or CD8 T cells were depleted prior to injection with monoclonal antibodies.  As shown in Figure 1A of 
Santisteban (4) deletion of CD8 T cells prevented resulted in complete tumor rejection without the outgrowth 
of neu-negative variants that had undergone EMT.  Conversely, depletion of CD4 T cells resulted in rapid 
outgrowth of neu+ epithelial tumor cells.    These results confirm preliminary studies and show that CD4 T cells 
are required for tumor rejection and CD8 T cells are required for generation of immunoedited mesenchymal 
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tumor variants. 

• Experiment 2:  To determine whether CD8 T cells are required for the growth of neu- immunoedited
cells.

One explanation of the results obtained in Experiment 1 above in the CD8 T cell depleted mice is that CD8 T 
cells are required for the growth of the mesenchymal tumor cells.  Whether this was true was tested by 
injecting mesenchymal variants into FVB/n mice depleted of CD8 T cells and which had rejected an initial 
challenge with neu+ tumor cells.  As shown in Figure 1B of Santisteban et al. , when these mice were 
challenged with mesenchymal variants, tumor grew out readily showing that CD8 T cells are not just simply 
required for growth, which supports the contention that CD8 T cells actually generate loss variants.  This 
conclusion is supported by an in vitro experiment (shown in Santisteban Figure 1C ) which shows that media 
conditioned with CD8 T cells does not supported enhanced in vitro growth of mesenchymal tumor cells. 

• Experiment 3:  To determine if natural killer cells are necessary for the generation of immunoedited
neu- tumor cells in vivo.

One hypothesis established in the proposal was that natural killer (NK) or tumor or macrophages participate 
along with CD8 T cells in immunoediting.  To test this, NK cells were depleted using an anti-NK antibody prior 
to tumor challenge using the same methods described in Santisteban et al. (4).  Control mice received an 
isotype control antibody.  Depletion was verified using flow cytometric analysis (not shown) and mice were then 
challenged with neu+ tumor cells.  Tumor growth was then monitored.  In contrast to prior experiments, the 
emergence of neu- variants in the control mice was not observed.  Ongoing troubleshooting experiments 
indicate that the mice being used are distinct from the mice used in the past.   

To circumvent the mouse problem, a second model system was developed to ascertain a role for NK cells in 
the generation of neu-antigen loss variants.  In prior studies, our group observed that neu-antigen loss variants 
can develop in mice treated with a neu-specific antibody (6).  Three cell lines were generated from these 
variant tumor cells and examined for evidence of EMT and breast cancer stem cell properties.  First, RNA was 
purified from the cells as well as from the parental neu+ cell line MMC.  The RNA was examined using PCR 
evaluating for E-Cadherin (an epithelial marker), N-Cadherin (a mesenchymal marker) and GAPDH 
(housekeeping gene).  The methodology is identical to that used in Santisteban et al. (4)  Figure 1 of this 
document shows that the neu- cell lines generated have undergone EMT as demonstrated by the 
downregulation of E-cadherin and upregulation of N-cadherin.  Next, the cell lines were examined for the 
CD24lo-Int/CD44hi breast cancer stem cell phenotype as we have previously described (4). Figu re 2 shows that 
the majority of cells in the cultures are CD24lo-int/CD44hi which is consistent with a breast cancer stem cell 
phenotype.  Lastly, tumorigenicity studies also showed that the neu- tumor cells are highly tumorigenic being 
able to form tumors in neu-transgenic mice in doses as low as 100 cells (Figure 3) .  The parental neu+ cells 
only form tumors in doses above 1 million (4).  Based on these three findings, it was concluded that this model 
system is adequate for evaluating a role of other non-CD8 immune effectors in EMT induction. 

To determine a role for NK cells in driving relapse of mice with neu- negative tumors following treatment with 
anti-neu antibody, mice were depleted of NK cell prior to tumor challenge and antibody therapy.  Complete 
methodology of anti-neu antibody treatments can be found in Knutson et al. (6).  As shown in Figure 4 and 
consistent with prior work (6), treatment of NK replete mice with anti-neu resulted in prevention of tumor take 
which was ultimately followed by relapse in about 80% of mice. NK depletion however reduced the relapse rate 
such that only 20% of mice developed tumors.  The results were obtained in two experiments and suggest that 
NK cells are important in driving relapse with mesenchymal tumor cells.  In vitro analysis, as described below 
is underway to evaluate for potential mechanism of action. 
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Task 1B:  Conduct in vitro studies co-culturing immune effectors with epithelial tumor cells and then assessing 
for the induction of EMT and its mechanism. 

• Experiment 1:  To determine if CD8 T cells can drive induction of neu- CD24lo/int tumor cells in vitro.

In order to address the question as to whether CD8 T cells are solely responsible for driving the generation of 
immunoedited mesenchymal cells, an in vitro assay system was established in which tumor antigen-primed 
CD8 T cells are co-cultured with neu+ epithelial tumor cells.  Several experiments have been done and the 
general results suggest some capability of CD8 T cells to directly immunoedit neu+ tumor cells.  The results of 
these studies are summarized in Santisteban et al. (4).  For example, as shown in Figure 1D  of Santisteban et 
al., CD8 T cells primed against tumor antigen drive production of neu- CD24lo/int variants which is suppressed 
by irradiation which is known to blunt T cell activation.  In contrast to primed CD8 T cells, naïve CD8 T cells do 
not have the same effect, demonstrating specificity (not shown).  Ongoing experiments are being done to 
determine if immunoediting resulted in the induction of EMT and whether T cell receptor activation is required 
for immunoediting.  Preliminary experiments (not shown) suggest that TCR engagement is not required 
suggesting that other molecules associated with activated CD8 T cells are required.  In conclusion, our results 
suggest that CD8 T cells may be able to immunoedit tumor cells through EMT in the absence of other immune 
effectors. 

• Experiment 2:  To determine if NK cell T cells can induce EMT.

Based on Experiment 3 in Task 1A, an experiment was designed to test whether NK cell-derived molecules 
could induce the loss of neu expression as well as induce EMT.  Thus, NK cells were purified from mice and 
activated in the presence of IL-2 and IL-12.  After 2 days, the conditioned cell-free media was collected from 
the activated NK cells and transferred to wells containing neu+ tumor cells.  After 2 additional days, the tumor 
cells were collected and examined for cell surface expression of neu, E-cadherin and N-cadherin using 
standard techniques.  As shown in Figure 5, both neu expression and E-cadherin were down regulated. 
Unexpectedly, N-cadherin did not increase which suggests either that NK do not induce EMT or induce an 
incomplete EMT.  Nonetheless, the results show that NK cells can induce significant changes in protein 
expression in tumor cells, but may require additional factors to induce EMT. 

Task 2.    To determine if breast tumor cells, induced by CD8 T cells to undergo EMT, demonstrate increased 
immunosuppression compared to native epithelial breast cancer cells. 

Task 2a:  Perform multiplexed cytokine analysis of five distinct mesenchymal cell lines. 

Cytokine analysis was done using multiplexing as described in our prior publication (7).  The tumor cells were 
cultured for 48 hours after which a sample of the cell culture media was removed and assessed for cytokine 
content.  The cytokines analyzed included TGF-β, IL-1β, GM-CSF, MIP-1β, IL-10, IFN-γ, TNF-α, IL-1α, IL-6; IL-
12 (p40); IL-12, MCP-1,   MIP-1α, IL-9, eotaxin, RANTES, IL-13 and VEGF.  TGF-β and VEGF were done 
independently due to a different technical step (Figures 6 and 8 ).  The results show considerable differences 
amongst the various tumor cell types.  In general, the inflammatory cytokines (IL-1β, GM-CSF, MIP-1β, IFN-γ, 
IL-1α, IL-12 (p40); IL-12, MCP-1, MIP-1α, IL-9, eotaxin, RANTES and IL-13) are nearly universally 
downregulated in the mesenchymal cells with the exception of GM-CSF which was elevated (Figure 7).  In 
contrast, the potent immunosuppressive molecule, TGF-β is highly upregulated in 3 of the four mesenchymal 
lines.  Similarly, VEGF, also an immunosuppressive cytokine, was release at higher levels from the 
mesenchymal cells (Figure 8) .  IL-10 and TNF-α were not considered produced since all values were at the 
limit of detection.  

Using microarray databases as described in Santisteban et al., (4), it was observed that the hormone, 
adrenomedullin (ADM), and its receptor (ADMR) were expressed specifically by mesenchymal cells but not by 
parental epithelial tumor cells.  Prior work has already shown that adrenomedullin is a potent immune 
suppressive factor (8, 9).  The expression profile of ADM, ADMR (heterodimer of RAMP3 and CRLR) in the 
murine epithelial and mesenchymal tumor cell lines was examined as is shown in Figure 9A .  Reverse 
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transcriptase PCR (RT-PCR) showed upregulation of ADM and ADMR in mesenchymal (M) cell compared to 
epithelial (E) cells.  Expression was confirmed was also confirmed by western blotting and 
immunofluorescence staining using polyclonal antibodies (not shown).  To determine if the ADM pathway is 
functional in the mesenchymal cells, we measured changes in the intracellular levels of cAMP in cell lysate 
from control or RAMP3 siRNA transfected cells treated with or without ADM by using a non-acetylation, 
enzyme immunoassay system (The HitHunter™ Enzyme Fragment Complementation (EFC) cAMP Assay from 
GE Healthcare Life Sciences).  The results indicated an increase in intracellular cAMP levels after ADM treated 
but not in lysates from ADM treated cell lacking RAMP3.  This suggests that the ADM pathway is functional in 
these breast cancer stem cell lines and that RAMP3 mediates the ADM signaling.  The addition of a truncated 
form of calcitonin gene-related peptide (CGRP 8-37) blocked (albeit not efficiently) the production of cAMP by 
adrenomedullin (Figure 9B ).  Subsequent studies using grant support generated from this preliminary data 
have revealed an important role of adrenomedullin in maintaining the mesenchymal phenotype (See 
Reportable Outcomes) (not shown). 
 
Based on these findings, we conclude that the mesenchymal cells are far less inflammatory and immune 
suppressive as compared to the parental epithelial cells.  Furthermore, the immune suppressive agents that 
are produced by the mesenchymal cells may act in an autocrine or paracrine fashion leading to functional 
changes in the tumor cells themselves. 
 
Task 2b:  Perform flow cytometry assessing for immunosuppressive cell surfaces receptors on mesenchymal 
cells. 
 
The expression of immune suppressive molecules B7-H1, PD-1, B7-H3, and B7-H4 was assessed using 
microarray analysis as described in Santisteban et al.  There was no expression noted for any of these 
molecules on any of the cell lines (data not shown). These molecules are not longer being considered at this 
time. 
 
KEY RESEARCH ACCOMPLISMENTS 
 

• CD8 T cell depletion prevents immunoediting in vivo.  In contrast, CD4 T cell depletion prevents 
initiation of the immune response suggesting that CD4 T cells are indirectly involved in immunoediting 
(Reported in Santisteban, et al., (4) and Behrens et al. (3)). 
 

• CD8 T cells appear to actively induce EMT and not just support their growth once established 
(Reported in Santisteban, et al., (4) and Behrens et al. (3)). 
 

• Monoclonal anti-neu antibodies generate antigen loss variants that appear to have undergone EMT and 
possess breast cancer stem cell properties.  Data suggests that NK cells (which are like CD8 T cells) 
may be responsible for relapse of animals with immunoedited tumor cells. 
 

• Mesenchymal tumor cells produce lower levels of inflammatory cytokines and higher levels of 
immunosuppressive cytokines. 
 

• Mesenchymal cells specifically produce the immune suppressive cytokine hormone, Adrenomedullin, 
which acts in an autocrine fashion on the mesenchymal tumor cells. 

 
REPORTABLE OUTCOMES: 
 
The following papers and grants contain data generated using funds from this BCRP concept award. 
 
Manuscripts: 
 
Behrens, M.D., J. Reiman, C.J. Krco, I.T. Lamborn, and K.L. Knutson. CD8 T cells promote relapse of breast 
cancer by inducing epithelial to mesenchymal transition. J Immunother 2006;29:682 (Abstract). 
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Santisteban, M., J.M. Reiman, M.K. Asiedu, M.D. Behrens, A. Nassar, K.R. Kalli, P. Haluska, J.N. Ingle, L.C. 
Hartmann, M.H. Manjili, D.C. Radisky, S. Ferrone, and K.L. Knutson. Immune-induced epithelial to 
mesenchymal transition in vivo generates breast cancer stem cells. Cancer Res 2009;69(7):2887-95. 

Grants: 

Atwater Award        12/31/2007 – 12/30/2011  
Mayo Foundation 
Title:  Breast Cancer Stem Cell Targeted Therapies 
Identification of targets and development of biologics against breast cancer stem cells. 

BCRP Postdoctoral Fellowship 9/30/2010 -- 9/29/2013 
Department of Defense 
Delineating the pathologic role of the RAMP3 in breast cancer stem cells

CONCLUSION: 

In conclusion, we have found that CD8 T cells may be able to directly immunoedit tumor cells through the 
induction of EMT.  Furthermore, this ability of CD8 T cells may be shared by NK cells.  The resulting 
immunoedited tumor cells have a reduced inflammatory signature and produce immune suppressive 
substances.  The immune suppressive substances produced by the mesenchymal tumor cells may act in an 
autocrine or paracrine fashion to modulate tumor functions in addition to their immune suppressive actions. 
These findings could provide an explanation for how an immune or inflammatory response in breast cancers 
may drive disease progression rather than regression.  Understanding these mechanisms may lead to the 
discovery of immune modulators which could modify the immune response to favor tumor regression. 
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SUPPORTING DATA: 
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Figure 1. neu-antibody induced neu-negative tumor
cells have undergone epithelial to mesenchymal
transition. Shown are the RT-PCR analyses of 3 neu-
negative cell lines (1D33, 3D28, and 10D24), the
epithelial cell line MMC, and ANV5 (an established
mesenchymal cell line). Water without RNA was used as
a control.
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Figure 3.  neu- variants are highly tumorigenic.
Cells derived from tumors from mice treated w ith a
neu-specif ic w ere injected into tumor free mice at
various doses (10000, 1000, and 100) for each of
three cell lines.  Show n are the tumor grow th curves
and the fraction of mice that developed tumors at
each dose.  Each data point is the mean (s.e.m.)
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Figure 5.  Treatment of neu+ tumor
cells with NK cell-conditioned media
induces loss of neu and E-cadherin.
Shown are the relative mean flourescent
intensities of cell surface staining of (A)
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TGF-β.  Each bar is the mean (± s.e.m) of duplicate samples.
MMC is the neu+ cell line and ANV1, 4, 5, and 6 are the neu-
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Figure 7a
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Figure 7c

Figure 7. Cytokine profiles of mesenchymal cell lines (ANV) relative

to parental epithelial tumor cell line (MMC). Shown are the levels

of cytokines in the cell culture supernatants obtained after 48 hrs

culture. Each bar is the mean (±sem) of duplicate samples. The

cytokine analyzed in named above each graph. OOR low = Not

detectable, OOR high concentration above standard curve range. IL-

1b = interleukin 1 beta; GM-CSF = granulocyte macrophage colony

stimulating factor; MIP-1B = monocyte inhibitory protein 1 beta; IL-

10 = interleukin 10; IFN-y = interferon gamma; TNF-a = tumor

necrosis factor alpha; IL-1a = interleukin1 alpha; IL-6 = interleukin 6;

IL-12 (p40) = interleukin 12 p40; IL-12 (p70) = interleukin 12 p70;

MCP-1 = macrophage chemotactic protein 1; MIP-1a = macrophage

inhibitory protein alpha; IL-9 = interleukin 9; IL-13 = interleukin 13.
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Figure 8.   Mesenchymal tumor cells produce immuno-
suppressive VEGF.  Shown are the concentrations of VEGF.
Each bar is the mean (± s.e.m) of duplicate samples.  MMC is
the neu+ cell line and ANV1, 4, 5, and 6 are the neu- tumor cell
lines.  The content of each cytokine in fresh media is also
shown.
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Figure 9. Murine mesenchymal (M) tumor cells possess a
functional adrenomedullin pathway. Panel A shows western
blot analysis of adrenomedullin (ADM), Receptor activity modifying
protein 3 (RAMP3), Calcitonin receptor like receptor (CRLR), and
GAPDH expression in epithelial (E) tumor cells and immunoedited
mesenchymal (M) cells. Panel B shows that mesenchymal tumor
cells have a functional ADM pathway as assessed by the
production of cyclic AMP. Shown are the concentrations of cAMP
in the cell lysates after 48 hrs culture in presence of ADM (100
ng/ml), CGRP(8-37) (an ADM antagonist), RAMP3 siRNA, or
combinations thereof. Control well contained media alone. Each
bar is the mean (± sem) of 3 replicates.
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����	��
��	��t���	��
���	
�	���u���
�����������	��		�������������v�w
�
�����	����9���� K#!"#!##! ,�8*���"*.#0���!*�)�:�"!,� )E+!)!"!�1".#*�!"/xyz{|}~���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� �������������¡���������������¢����������������£�������������¤����������¥¦§̈©ª«������������������������������������������¬­®̄ °±��������������������£���������²³́­«�µ¤�¶�����������������������¤¬§·̧¹±����º¬©»¼¼§·±�����������½������������¾�������¿¦»ª¹«������������¢������������������������²³́­«�µ¤�À��Á���������������������������½������¡������������������������¬ªÂÃ������������£���������±�����������������������������������²³́­«�µ¤�¥�§·̧¹��������������������������� ���� �������£��������������������������������������������º�����������������¡����£��������������������������������������£������������������������������������������������Ä����������������Á������������º�������������¬������������±�Å�������Á�������������������������������������������Æ���������Ç�����������������£���������������������������������������¬È»ª·± �����������¬̄§́ªÉ± ����������������������¬̄ ¹́Ế¼±�Å�������Á������������������������������������������������À������������������������������������������������������������������� ����������������������������������������� ËÌÍÎÏÐÑÒÓÎÔÕÖÎÏ×ÓÒØÕÓÙÖÓÚÚÔÛÛÛ�ÜÜÝ|Þß{|àÜáâ�ß|z ãäåæ çÜàÝ}|è}âãééåêëåìíîï�ðñ|yáæòãééå
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Immunoediting of Cancers May Lead to Epithelial to 
Mesenchymal Transition1 

Keith L. Knutson,2* Hailing Lu,t Brad Stone,* Jennifer M. Reiman,* Marshall D. Behrens,* 
Christine M. Prosperi,* Ekram A. Gad,t Arianna Smorlesi,3t and Mary L. Disist 

Tumors evade both natural and pharmacologically induced (e.g., vaccines) immunity by a variety of mechanisms, including 
induction of tolerance and immunoediting. Immunoediting results in reshaping the immunogenicity of the tumor, wbich can be 
accompanied by loss of Ag expression and MHC molecules. In this study, we evaluated immunoediting in the neu-transgenic mouse 
model of breast cancer. A tumor cell line that retained expression of rat neu was generated from a spontaneous tumor of the 
neu-transgenic mouse and, when iDjected into the non-transgenic parental FVBIN mouse, resulted in the development of a strong 
immune response, initial rejection, and ultimately the emergence of neu Ag-loss variants. Morphologic and microarray data 
revealed that the immunoedited tumor cells underwent epithelial to mesenchymal transition accompanied by an up-regulation of 
invasion factors and increased invasiveness characteristic of mesenchymal tumor cells. These results suggest that immunoediting 
of tumor results in cellular reprogramming may be accompanied by alterations in tumor characteristics including increased 
invasive potential. Understanding the mechanisms by wbich tumors are immunoedited will likely lead to a better understanding 
of how tumors evade immune detection. The Journal of l1111JWnology, 2006, 177: 1526-1533. 

A key function of the immune system is to survey for 
dysfunctional tissues such as cancers. Research indicates 
that tumors evade the immune system following immu­

nosurveillance by either directly inducing tolerance or by altering 
their phenotype to suppress or evade immunity. This latter mech­
anism has been termed immunoediting (1). The occurrence of im­
munoediting is becoming more frequent as our ability to modulate 
antitumor immunity improves. Some important examples of im­
munoediting are modulation of Ag expression (Ag-loss variants) 
and loss of immune recognition molecules. The ability of a tumor 
cell to modulate or reduce levels of expression of Ags has been 
increasingly reported using a variety of different immunotherapy 
approaches to demonstrate that immunoediting can be induced 
pharmacologically (2-7). Natural immunoediting is supported by 
studies that have demonstrated that as tumors age, the expression 
of important recognition molecules decrease. For example, studies 
in breast cancer have revealed that most advanced tumors have 
little or no expression of MHC class I molecules unlike normal 
breast epithelium or early cancers, which typically express an 
abundance of the molecule (8). 

The mechanisms by which immunoediting occurs remain 
largely unknown. The loss of Ags could simply reflect changes 
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such as gene mutagenesis, which leads to loss of specific gene 
expression. Alternatively, the immune system could lead to the 
activation of pathways that lead to rapid, sustained changes in 
broad gene expression profiles in tumor cells (i.e., cellular repro­
gramming). This ability of tumors to adapt to a new microenvi­
ronment by reprogramming reflects an important property of tu­
mors called plasticity (9). 

We, and others, have found that tumors arising in the FVB/N rat 
neu-transgenic (neu-tg)4 mouse are capable of rapid immune es­
cape when treated with any of a variety of immune-based ap­
proaches including mAb therapy, vaccines, or T cell therapy (2, 
10). Furthermore, this irnmunoescape phenomenon can also be ob­
served when transplanting tumors into the syngeneic non-trans­
genic parental FVB/N mouse (11 ). Immune escape observed when 
transplanting tumors from the neu-tg mouse into the FVB/N pa­
rental animals is manifest as the loss of neu Ag expression (2). In 
this study, we evaluated the phenotypic differences (i.e., immu­
noediting) between native neu-expressing tumor cells, derived 
from the neu-tg mouse, and those that resulted from irnmunoedit­
ing following transplantation in the FVB/N parental strain. Our 
results suggest that immunoedited tumors have undergone repro­
gramming through epithelial to mesenchymal transition (EMT). 

Materials and Methods 
Animals 

Mice were from an established colony of neu-tg mice (strain FVBIN-TgN 
(MMTVneu)202Mul) or FVB/N mice (12). The neu-tg mice develop spon­
taneous tumors after a long latency (e.g., >50 wk), and in the current 
studies, our previously described transplantable model was used in mice: 
between the ages of 6 and 12 wk (2). As previously described by others and 
us, the: neu-tg mice are tolerant of the: neu trans gene:. Tbis tolerance can be 
circumvented with vaccines and other immune manipulations (10, 13-17). 
Animal care and use was in accordance with the institutional guidelines at 
both the Mayo Clinic (Rochester, MN) and the University of Washington 
(Seattle, W A). 

4 Abbreviations used in this paper: neu-tg, neu-transgenic; EMT, epithelia.l to mes­
enchymal transition; MMP, ma1rix metalloproteillase; TJP, tight junction protein; Sl, 
stimulation index; MMC, mouse mammary carcinoma; ANV, Ag-negative variant. 
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Cell lines 

The mouse mammary carcinoma (MMC) cell line was established from a 
spontaneous tumor harvested from the neu-tg mice. MMC cells were 
grown and maintained in RPMI 1640 supplemented with 20% FCS (Gem­
ini Bio-Products) as well as penicillin/streptomycin and L-glutamine (In­
vitrogen Life Technologies). Ag-negative variants (ANV) are cell lines 
derived from neu-loss variant tumors in FVBIN mice and are maintained in 
culture identical with MMC. The cell lines were not used continuously, but 
rather replaced with low-passage cultures every 2 mo. The microarrays 
were performed with different cultures to avoid intraculture artifact and 
biasing. Both cell lines have been previously used in other studies in the 
same mouse model (2, 11). 

TuTIWr growth in vivo 

The tumor cells were harvested from culture plates using 2 mM EDT A and 
washed before injection. FVBIN or neu-tg mice were inoculated with 
MMC or ANVl cells s.c. on the right mid-dorsum with a 23-gauge needle. 
Tumors were measored every other day with vernier calipers, and tumor 
size was calculated as the product of length times width. In some cases, 
mice were pretreated with mAbs to deplete either CDS+ or CD4+ T cells 
before tumor injection. In these cases, mice were i.v. administered 100 ,_..g 
of purified monoclonal GK1.5 (anti -CD4; American Type Collection Cul­
ture (ATCC)) or 53.6.72 (anti-CDS; ATCC) for 5 consecutive days. Mice 
were allowed to rest 48 h before tumor injection. Peripheral blood was 
analyzed for CD4+ and CDS+ T cells on day 5 to verify depletion as 
described below. 

Flow cytometry 

Cultured cell line cells, tumor-harvested tumor cells, and T cells were 
stained in PBS containing 1% FCS before labeling. Cells (0.5-1.0 X 1 06

) 

were incubated in primary anti-rat neu Ab (mAb 7.16.4, a mouse IgG2a Ab 
reactive with the rat neu oncogene-encoded plS5 molecule was generously 
provided by Dr. M. Greene and has been previously described (18)), anti­
CD24 FITC (BD Pharmingen), anti-MHC class I FITC (TIB-139, ATCC), 
anti-CD4 FITC (GK1.5), and anti-CD8 FITC (53.6.72) at 4°C for 30 min 
and washed three times, and in some cases, followed by secondary labeling 
with FITC-conjugated rat anti-mouse Ab (BD Pharmingen) at 4°C for 30 
min followed by three washes. Samples were run on a FACScan II and 
analyzed using CellQu.est software (BD Biosciences). Control cells re­
ceived nonspecific mouse IgG. The relative mean fiuorescence intensity 
was calculated as the ratio of the geometric mean of the fluorescence in­
tensities of rat neu stained to the control IgG-stained control cells. 

Proliferation assays 

Proliferation assays were done essentially as previously described with 
minor modifications (19). Splenocytes (3-12 replicates) were plated at 5 X 
1 O' splenocytes per well and treated with media alone, 2 p.g of Con A, 1:1 
irradiated (3300 rad) Con A-elicited blasts (16 hat 5 p.glml Con A), or 
freeze-thaw tumor lysates (three freezes). [3H]Thymidine (1.5 ,...Cilwell) 
was added at 24 h following antigenic stimulation and the incorporation 
into the DNA was measored at 4S h by liquid scintillation. The stimulation 
indices (SI) were calculated as the ratio of the sample cpm to the 
control cpm. 

Microarray analysis 

RNA was extracted using an RNeasy kit (Qiagen) or RNA4 aqueous kit 
from Ambion. Biotinylated cRNA probes were synthesized using a Mes­
sageAmp II kit from Ambion. Two different types of microarray were used, 
Atiymetrix and dual-label expression arrays. For the Atiymetrix analysis, 
15 p.g of each labeled probe was mixed with Atiymetrix hybridization 
spike controls in a standard hybridization solution and heated to 95°C for 
5 min, 45°C for 5 min, centrifuged to pellet particulates, and hybridized to 
Affymetrix Mouse430_2 chips. Chips were washed using the supplied eu­
kGE-WS5v2 protocol and stained using Ab amplification on a GeneChip 
450 Fluidics station. Chips were immffliately scanned using a GeneChip 
3000 scanner. Atiymetrix global scaling was used to normalize results from 
each sample. 

For the dual-label arrays, RNA was labeled with Cy3-dUTP and CyS­
dUTP (Amersham Biosciences) by reverse transcription. For each reverse 
transcription reaction, 30 p.g of total RNA was mixed with random hex­
amer in a total volume of lS.S p.l, heated at 70°C for 10 min, and placed 
on ice for 10 min. Unlabeled nucleotide pool with either Cy3- or Cy5-
conjugated dUTP, 5X first-strand Superscript II buffer, 0.1 M DTT, Su­
perscript II reverse transcriptase (Invitrogen Life Technologies) were 
added to a final volume of 30 p.I. After incubation at 42°C for 2 h, RNA 
was hydrolyzed by adding 10 p.1 of 0.5 M EDTA and 10 p.1 of 1 N NaOH 

1527 

and incubated at 65°C for 15 min. The mixture was neutralized by adding 
25 p.1 of 1M Tris-HCl (pH 7.4) and by adjusting the volume to 500 p.1 with 
Tris-EDTA. Labeled eDNA was purified by centrifugation in a Micro­
con-30 concentrator (Amicon; Millipore) and eluted in water. The Cy3-
and Cy5-labeled cDNAs were then quenched with hydroxylamine to pre­
vent cross-coupling. Qiaquick. PCR purification kit (Qiagen) was used to 
remove unincorporated/quenched dye. Hybridization and washing of the 
slides were done using standard protocol. Then the arrays were dried by 
centrifugation. Fluorescence intensities for both dyes (Cy3 and Cy5) and 
local background subtracted values for individual spots were obtained us­
ing the GenePix 4000 microarray scanner and accompanying software 
(Axon Instruments). The data were imported into Microsoft Excel spread­
sheets for analysis. Defective spots that are substandard on the scanned 
image or have negative background subtracted values were first excluded. 
Then the Cy3:Cy5 ratio values were log transformed, and global equaliza­
tion to remove a deviation of the signal intensity between whole Cy3 and 
whole Cy5 fluorescence& was performed by subtracting a median of all 
log(Cy3/Cy5) values from each log(Cy3/Cy5) value. 

Migration assay 

NeuroProbe 96-well plates (5-,...m pore size) were coated with 10 ,_..gtml 
fibronectin (Sigma-Aldrich) at 37°C for 1 h. Next followed removing the 
excess fibronectin with HBSS. Tumor cells were suspended in HBSS with 
0.1% BSA at a concentration of 1W/ml. Calcein-AM (Molecular Probes) 
was added to cells at a final concentration of 2 p.M and incubated for 30 
min at 3rc in free calcein-AM-incubated cells in RPMI 1640 and resus­
pended at 106 in RPMI 1640 and 1% DMSO. Fifty thousand cells were 
added to the upper chamber of the N euroProbe plate and incubated for 90 
min at 3rc. The cells that moved through the fibronectin were then quan­
tified on a PerkinElmer Victor V using 485 nm excitati.on/535 nm emission 
program. A standard curve was generated by measuring the fluorescent 
intensity of varying concentrations of calcein-AM-stained cells. 

RT-PCR analysis 

E-cadherin, tight junction protein 1 (TJPl), vimentin transcript, and rat neu 
were detected in MMC and ANV cells by RT -PCR on a Bio-Rad MyCy­
cler. Total RNA was extracted from MMC and ANV cells as already de­
scribed. eDNA was synthesized from 100 ng of total RNA by SuperScript 
One-Step RT-PCR with Platinum Taq as per manufacturer's instructions 
(Invitrogen Life Technologies). RT-PCR was performed using the follow­
ing primers: E-cadherin forward GGTCTTTGAGGGATTCGTTGC and 
reverse CAGCCTGAACCACCAGA-GTGTATG, which yielded a 24S-bp 
product; TJP-1 forward GACTTTTGTCCCACTTGAATCCC and reverse 
CCACCGTCCGC ATAAACATCTC; vimentin forward TAGCCGCAGC 
CTCTATTCCTCATC and reverse AGAAGTCCACCGAGTCIT-GA 
AGC; and rat HER2/neu forward TGAGCACCATGGAGCTGGC andre­
verse TCCGGCAGAAATGCCAGGCTC that yielded a 1144-bp product. 
The PCR conditions for all primer pairs, except neu, were eDNA synthesis 
and predenaturation: 1 cycle at sooc, 30 min, 94°C, 2 min; PCR amplifi­
cation: 40 cycles at 94 oc, 15 s (denaturation), 57 .5°C, 30 s (annealing), 
70°C, 15 s (extension); and final extension: 1 cycle at 72°C, 10 min. For rat 
neu, the PCR conditions were eDNA synthesis and predenaturation: 1 cycle 
at sooc for 30 min, 94 oc for 2 min; PCR amplification: 40 cycles at 94 oc 
for 30 s (denaturation), SS.soc for 45 s (annealing), 70°C for 3 min (ex­
tension); and final extension: 1 cycle at 72°C for 10 min. These samples 
were electrophoresed on a 1% agarose gel with ethidium bromide and 
imaged on a Gel Doc XR (Bio-Rad). The results for E-cadherin were an­
alyzed with Quantity One software (v.4.5.2; Bio-Rad). 

Western blotting 

Probing for rat neu expression in tumors and tumor cell lines was per­
formed as previously described (2). 

Results 
The MMC cell line is immunogenic in parental FVBIN mice and 
elicits a protective T cell response 

The ability of the neu + MMC to generate tumors was examined in 
the neu-tg and parental rat neu- FVB/N mice. As shown in Fig. 
lA, tumors that were initially rejected in FVB/N parental mice 
emerged after a longer latency compared with the neu-tg mouse. 
As previously reported, implantation of the MMC tumor cells in 
the FVB/N is accompanied by a strong immune response, which 
was confirmed in this study (Fig. lB) (11). Splenocytes derived 
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from FVBIN mice injected with tumor demonstrated a prolifera­
tion response (SI = 15 :t 5, n = 5) to tumor in vitro that was 
significantly (p = 0.026) greater than the proliferation response 
observed by the splenocyte derived from tumor-bearing neu-tg 
mice (SI = 2 :t 0.5, n = 4). To dete.rmine whether FVBIN mice 
that had :rejected MMC tumor challenge developed an immune 
response to the Idapse tumors, splenocytes were assessed for re­
activity, following MMC tumor rejection, to lysates derived from 
the relapse tumors (Fig. 1 C). As shown, MMC-immunized mice do 
not demonstrate an immune proliferation response but rather are 
inhibited. The addition of Idapse tumor lysate to splenocytes, at a 
1:2 tumor cell-to-splenocyte ratio, led to a decline in baseline pro­
liferation (SI = 0.004 :t 0.0006, n = 3, p < 0.001). This decrease 
was specific for the relapse tumor cells as it was observed that the 
addition of Con A to splenocytes from the same mice resulted in 
enb.anced prolifm.tion (data not shown). Although the precise 
mechanism by which blockade of proliferation occw:s is unclear, it 
is possible that tumors produce immune suppressive molecules 
(e.g., :nr 1 0) that dampen the splenocytes baseline growth response 
to serum-derived immune stimulatory molec:ules, which would be 
consistent with previous findings that Ag-loss variants that arise in 
these mice produce reduced "danger signals" (11). Nonetheless, 
what is apparent is that unlike MMC lysale$ (Ftg. lB), which stim­
ulate proliferation, the relapsing tumors do not. 

TutMn that emerge in FVBIN parental mice following MMC 
rejection are Ag-kJw variant.r or ANVs 

The phenotype (i.e., neu expression) of the tumors derived from 
the neu-tg and the FVBIN mice was compared by ftow cytometric 
analysis. Fig. 2A shows neu expression in the MMC cell line that 
was used for tumor transplant As shown in Ftg. 2, B and C, and 
E and F, tumors that emerged in the FVB/N mice (Fig. 2, D-F) had 
significantly less neu expression than those that emerged in the 
neu-tg (Fig. 2, Band C). Cell lines established from the ANVs 
majntajnM low Ag expression in vitro in all cases, an example 
(i.e., ANV1) of which is shown in Fig. 2D. The loss or reduction 
in neu expression was due, at least in part. to reductions in rat 
neu-specific mRNA (Fig. 2G). To verify that neu was not just 
simply internalized, we also evaluated for expression in ANV cell 
lines using Western blotting. Only a very weak neu-spccific signal 
was observed in the cell lysates from various ANVs, which is 
collllistent with flow cytometty results (Fig. 2H). Quantitative anal­
ysis of the ANVs compared with the fresh tumors from the neu-tg 
mouse, as assessed by flow cytometry. is shown in F~g. 21. Unlike 
MMC (Fig. lA), these ANV rapidly gave rise to tumor in both the 
neu-tg and the FVBIN parental mice (Fig. 21). Because the possi­
bility existed that the ANV tumors were derived from the FVBIN 
parental mice and not the transplanted tumor, PCR. analysis was 
done. which confirmed that the ANV s contained a copy of the rat 
neu gene demonstrating its origin in the neu-tg (data not shown). 
Furthermore. the observation that these cells are tumorigenic when 
n::implanted (Fig. 21} demonstrates that the cells were not coDta.m­
inating stroma. Tumors have also been reported to lose MHC class 
I expn::ssion, which could lead to immune escape. Therefore, we 
also examined for expression ofMHC class I, both basal levels and 
following 1FN treatment. ANV cells retain MHC class I expression 
and can be induced to express more with either IFN--y or IFN-a. 
Representative histograms for MMC and ANVl are shown in Fig. 
3. Band C. 

Ag losa requires CD4+ T cells 

To determine the T cell subset that is primarily responsible for 
rejection of MMC tumor, either the CD8+ or CD4+ T cell subsets 
were depleted using mAhs before tumor injections. M. shown in 
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F'.IGVRE l. Tumors that emerge in FVBIN paremaJ. mice following .MMC rejection are Ag-low variants or ANVs. A-F, Hilltogm.ms of neu expm~sion 
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and independent expcrim.ents. A-C, Control data arc shown as open black line histogram. D-F, Control data are shown as gray line histogram. G, RT-PCR 
analysis of ratncu expression of .MMC aDd seveml. Ag-low or ANV lines (ANVI, 3, 4, S, and 6). The DNA ladder (far left laM) is shown. H, Protein 
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mice. Eadi~I~~CaB~~remCDt represenls the mean(± SHM) of three mice. The experiment was repeated twice wUh similar results. 

Fig. 4.4., only those animals depleted of CD4 + T cells were unable 
to reject the tumor cells. Tumors removed from these animals 
showed levels of neu expression that were comparable to the 
MMC tumor cells, demonstrating that T cells are required for re­
jedion and Ag-loss (Fig. 4B). 

ANV are derived from MMC as a result of EMT 

Compared with MMC, the ANY cells were morphologically dis­
tinct, being more spindle-shaped (Fig. 5, A and B). The ANY also 
formed less tight junctions than did the MMC, which suggested 
that the cells underwent EMT. Thus, an EMT cluster was derived 
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from a RNA microumy and used to examine for evidence ofEMr. 
The cluster consisted of E-cadherin (Fig. SC) and TJPl (ZOl) 
(Fag. SD) for epithelial cell markers and N~ (Fig. SE) and 
vimentin (Pig. SF) for mesenchymal cell markers (20-22). As 
shown. the pattern of gene expression demonstrates that ANVs are 
mesenchymal, having reduced expression of E-cadherin and TJPl 
and elevated levels of N-cadherin and vimentin. PCR confirmed 
the results of the microarray by showing that TJP is down-regu­
lated and vimentin is up-regulated in the ANV (Fig. SG). Analysis 
of five other independent Ag-Ioss variant cell lines by RT-PCR 
demonstrated loss ofE-cadherin confirming loss of epithelial char­
acteristics (Ftg. SH). Lastly, we also examined for cell surface 
expression of CD24, a marker whose level of expression in the 
mammary gland distinguishes epithelial cells from nonepithelial 
cells (23). As shown in Fig. 5, I and J, the transition of MMC to 
ANV was accompanied by a reduction in CD24 expression. 

ANV demonstro.U a more invasive phenotype than MMC 

EMT is a cellular reprogramming strategy that is used early in the 
course of embryonic development to impart a migratory and in­
vasive phenotype to epithelial cells so that they may migrate to 
other regions to give shape to the developing embryo (24). Fur­
thermore, EMT has recently been implicated as a mechanism im­
portant for local tumor invasion and .m.etastasis (25, 26). Thus, we 
speculated that ANV cell lines because of EMT may express mol­
ecules associated with increased invasion. Using microumy, again 
we examined expression of a panel of matrix metalloproteinases 
(MMPs), enzymes that are involved in their increased invasive 
potential (27). Of the eight metalloprotein.ases in the cluster, the 
MMC expressed two predominantly, MMP2 and MMP9 (Fig. 6.4.). 

A 
300 

--contro.l 

~ 250 --CD4-depleted 

"' -0:- COS-depleted E 
.§.. 200 

~ 
'iii 150 
5 
§ 100 
1-

50 

0 
0 10 20 30 40 

B 
Days 

3000 

MMC ANV1 T1 T2 T3 T4 

Tumo£ cell sour.ce 

FIGURE 4. Tumor rejection and ;mmnnoediling can be eliminated by 
prior depletion of FVBIN mice with anl:i-CD4 mAbs. A, Tumor growth in 
groups of mice (11 = 4 pet group) pretreated with PBS (Control), anti-CD4 
Ab, or anti-CD8 Ab. Ead!. plot is calculated from four mice, each injected 
with 3 X 111' MMC tumor cclls. In this experime:nt, the animals were not 
followed to relapse. The symbols for the coniiOl and the CD8-dcpleted T 
cell subsets overlap. B, Mean fluorescence intensity (MFI) of tumor c:dls 
(Tl-T4), derived from IUiti.-CD4 treated mice and stained with mt neu­
spcc:ific Abs as compared with cUba: MMC (IIcu "') or ANVl (neu -). 

Consistent with a more invasive phenotype, the ANV acquired 
expression of :MMP3, MMPlO, MMPll, MMP13, and MMP14, 
which were not expressed at all in the MMC cells. Furthermore, 
the ANV also demonstrated expression. in contrast to MMC, of 
other tumor invasion-associated protcins such as Twist (20), Slug 
(20), and SDF-1 (28) (as shown in Ftg. 2B). Both Twist and Slug 
are aiBO intricately involved in the EMT process (20). The ANV 
cells were also more invasive as assessed by in vitro migration 
assays as shown in Fig. 6C. The expression of these increased 
invasion marlrers, however, di.d not appear to confer an increased 
growth advan.tase because MMC and ANV grew largely at the 
same rate following transplantation. indicating that EMT may re­
sult in increased invasion without altering overall growth rate 
(Fig. 6D). 

Discussion 
According to the premise of immunosurveillance and immunoedi.t­
ing, immunoescape is a multifaceted event Tumors can either shut 
o1f the immune response (e.g., tolerance induction) or alter their 
phenotype to lose or avoid recognition (e.g., immunoediting). Past 
research demonstrating that strong immnne responses can lead to 
the generation of Ag-loss variants has suggested that immunoedit­
ing is frequent and can lead to the generation of tumors to which 
the immune system is tolerant. Using the neu-tg mouse model of 
epithelial breast cancer. in the present study, we have investigated 
the phenotype of tumor cells that have undergone immunoediting. 
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Specifically, we have found that the tumor cells lost Ag expres­
sion, had an altered morphology, and up-regulated genes associ­
ated with EMT. 

In recent years, the concept of :inmmnoediting has become im­
portant beawse the generation of ANV s in vivo with immune­
based approaches is being reported more frequently by a number 
of la'boralories not only in breast cancer but also other cancers 
following immune--based therapies using a number of dilf'en:nt 
strategies. For example, we have previously reported that mAb 
therapy can lead to the rapid emergence of tumor ANVs in the 
neu-tg mouse (2). The phenotype of the m~ulting Ag-negative tu­
mors was a stable phenotype and not simply due to Ab-induced 
protein degradation. Fulthermore, we also observed in a prior 
study, that Ag-loss variants generated in FVBIN mice had a unique 

proteomic profile compared with the tumors generated in the 
ncu-tg mouse model, which was associated with redw::ed immune 
danger signals (11). Similarly, Zhou et al. (S) n:a:ntly reported that 
mouse renal adenocarcinoma cells can undergo Ag-loss in re­
sponse to Ag-spc:cific CD4 Th cell therapy. In that study, they 
observed that the model Ag of influenza hemagglutinin is lost due 
to down-modulation of the influenza hemagglutinin mRNA, sug­
gesting immunoediting works at the nucleotide level. Our finding 
that endogenous CD4 + T cells are important in immunoediting 
coll'Oborates the importance of CD4 + T cells in immunoediting. 
In humans, adoptive T cell therapy and cancer vaccines have 
demonstrated the potential for Ag-loss variants to emerge (3, 6, 
29). For example, Dudley et al. (29) showed in clinical trials of 
adoptive T cell therapy with expanded melanoma-derived 
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tumor-infiltrating lymphocytes that responding patients, but not 
nomeBponding patients, developed both Ag- and MHC-loss vari­
ants following treatmellt, demonstrating that immunoediting is im­
portant in human tumors as well. Although the mecllanisms by 
which Ag expression is lost is not clear (i.e., genetic or epigenetic), 
mouse studies have begun to answer some questions. Sanchez­
Perez et al. ( 4) have shown in the B 16 melanoma model that, rather 
than selecting for mutants, gene expression is lost epigenetically 
through DNA methylation following immunoediting. Collectively, 
the observations that the altered phenotypes are stable and that 
gene expression is modulated. suggest that immunity activates cel­
lular reprogramming pathways. 

Our study suggests that one potential reprogramming mecha­
nism activated during immunoediti.ng is EMT, a gene expression 
program that has long been known to be important in embryonic 
development but only suspected n:cently to have a role in the 
pathogenesis of cancer (26). Embryonic epithelial tissue cells use 
EMT to dedii!erentiate and ttansilion into a more motile cell type 
to give rise to specialized tissues including the mammary glands, 
somites, and heart endocardium (26). Although it is unclear what 
role EMT plays in cellular motility in a fully developed healthy 
mammal, EMT is a reprogramming strategy that is used patholog­
ically in breast c.ancer, which may permi1 nonmigratory epithelial 
cancer cells to acquire motility to seed other tissues within the 
body (30). Similar to that observed in embryonic development. the 
transition of breast epithelial cells to the mesenchymal state is also 
accompanied by a loss of epithelial characteristics (e.g., E-cad­
herin, TJPs) as well as tissue-specific proteins (our unpublished 
observations). Thus, these results suggest that the interaction of 
tumor cells with the imDmne system may not only result in loss of 
immune recognition but also may have a role in the pathogenesis 
of the disease. 
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With the exception that CD4 + T cells are required, at present we 
can only speculate on the potential in vivo mecllanisms by which 
the immune system could lead to HMT. In a recent report, Bates 
and Mercurio (31) demonstrated a connection between the immune 
system and the induction of EMT by showing that activaled mac­
rophages could directly facilitate EMT in human colonic tumor 
cells in vitro. Further analysis revealed that TNF-a was a critical 
factor produced by the macropbages that led to accelerated EMT. 
Thus, a plausible scenario that may explain our findings is that the 
immune e1fectors (T cell, macropb.ages, etc) at the tumor site led to 
increased levels of TNF-a. Indeed, this result may have a correlate 
in human breast cancer where increased TNF-a in the tumor mi­
croenvironment in the periphery is associated with increased met­
astatic potential (32, 33). Alternatively, other immune factors are 
also associated with EMT. For example, EMT is typically induced 
by TGF-P in a variety of diJferellt cell types including breast can­
cer cells in vitro (34). Furthermore, several immune effectors such 
as regulatory T cells are known to produce high levels of TGF-JJ 
(35). Thus, the development of a strong immune response may also 
be accompanied by chemoattJaction or induction of TGF-13 pro­
ducing regulatory T cells that may also promote EMT. Nonethe­
less, understanding the mechanisms of EMT induction in the 
immune microenvironment will improve our understanding of tu­
mor-immune interactions and the development of immune escape 
variants. 

In conclusion, our findings suggest that immunoediting of breast 
tumors in mk:e may involve EMI'. Thus, immune escape may be 
more than incremental changes in gene expression resulting in the 
chance loss of Ag e:x.pression. Rather, breast cancer may actively 
escape immune ~tion through the pathologic use of cellular 
reprogramming. 
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Studlaa have shown that the Immune 
system can recognize self-antigens un­
der conditions (eg, cell injury) in which 
the self-tissue might elaborate immune­
activating endogenous danger signals. 
Uric acid (UA) is an endogenous danger 
signal recently Identified to be released 
from dying cells. Prior work has shown 
that UA activates Immune effectors of 
both the Innate and adaptive Immune 
system, Including neutrophile and cyto­
toxic T-c:ell Immunity. However, It was 
unclear whether UA could enhance anti-

body Immunity, which was examined In 
this study. When added to dying tumor 
cells or with whole protein antigen, UA 
increased lgG1-based humoral immunity. 
Further, UA blocked growth of tumor in 
subsequent tumor challenge experiments, 
which depended on CD4, but not CDS, 
T cells. Sera derived from UA-treated ani­
mals enhanced tumor growth, suggest­
Ing It had little role In the antitumor re­
sponse. UA did not signal for T-eall 
expansion or altered tumoMnflltratlng leu­
kocyte populations. Conslatant with the 

lack of T-eall expansion, when applied to 
dendritic cells, UA suppressed T-eall 
growth factors but up-regulated B cell­
activating cytokines. Understanding the 
nature of endogenous danger signals re­
leased from dying cells may aid in a better 
understanding of mechanisms of Im­
mune recognition of self. (Blood. 2008; 
111:1472-1479) 

11:12008 by The American Society of Hematology 

Introduction 

A hallmark of the immune system is the keen ability to distinguish 
between infected and noninfected self.1 Immune responses to 
infected tissues are not due merely to the presence of a microbial­
derived antigen but rather the presentation of that antigen to the 
immune system in the context of another microbial-derived mole­
cule termed a pathogen-associated molecular pattern (PAMP).2 

Unlike antigens, PAMPs are not typically peptides or proteins, but 
rather molecules such as nucleic acids or glycolipid& that are not 
readily subject to change through mutations. There are several 
PAMPs including lipopolysaccharide (LPS), unmetbylated cytosine­
guanosine repeats (CpGs), and double-stranded RNA motifs. 
PAMPs are recognized by one of several mammalian receptors, 
most being from the toll-like receptor (TLR) family of pattern­
recognition receptors (PRRs ). 3 Proof that the immune system relies 
heavily on PAMPs for the decision about whether to activate comes 
from studies in which PAMPs are used as adjuvants in vaccines that 
target self-antigens. For example, cancer vaccines containing a 
combination of bacterial CpGs along with HER-2/neu-derived 
peptide epitopes are able to readily overcome tolerance and to 
provide long-term protection against spontaneous tumor develop­
ment in the neu-transgenic mouse model of breast cancer.4 Despite 
the extensive understanding of PAMPs, it is now clear that the 
adaptive immune system can become activated against self under 
sterile conditions such as malignancy, cell death, or cell injury. 5 

There are a few stimuli (ie, endogenous danger signals) that have 
been characterized and identified in recent times that may be 
capable of driving sterile immune responses.6•7 One such group of 
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endogenous danger signals is the purines, which include both uric 
acid (UA) and adenosine triphosphate (ATP)J·IO 

UA has received attention recently due to a series of reports 
from Rock and colleagues who have recently identified UA as a 
danger signal that is released from dying cells (Chen et al5•11 ; Shi et 
al8,9). These findings are now being corroborated by studies from 
other groups. For example, Hu et al found that UA was released 
from tumor cells undergoing immune rejection and that it had a 
significant role in the rejection process.12 U A is a natural product of 
the purine metabolic pathway and although found in extracellular 
fluids (eg, blood and interstitial spaces), its release from cells is 
thought to result in crystallization, which creates the immune 
bioactive form ofUA.7•8 Crystalline UAhas been shown to activate 
innate immune effectors including dendritic cells (DCs) and 
macrophages. 8•13 Prior studies have shown that its ability to activate 
innate effectors can lead ultimately to activation of antigen-specific 
cytotoxic T-cell immunity.8 

What has not been addressed is whether UA can also enhance 
antibody immunity. The primary reason to suggest a role of UA in 
antibody immunity is that sterile immune responses, such as those 
seen in rheumatoid arthritis and malignancy are often associated 
with the development of autoantibodies.14•15 In the current study, 
we investigated whether UA could augment antigen-specific anti­
bodies in 2 separate model systems. In the first model, UA was 
added to dying cells that were injured using irradiation, with the 
intent of mimicking the purported physiologic role of UA. In the 
second, the ovalbumin foreign antigen model was used. In both 
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models, it was found that crystalline UA led to augmented antibody 
immunity in the absence of significant tumor-specific T-cell 
expansion. 

Methods 

Animals 

C57BU6, OT-1, Balb/c, 0011.10, and FVB/N-TgN (MMTVneu)-
202Mul (neu-tg mouse) mice were from the Jackson Laboratory (Bar 
Harbor, ME). OT-1 mice are transgenic for a H-21{1>-restricted T-cell 
receptor that is specific for the chicken ovalbumin epitope Oval(257-
264); 0011.10 mice are transgenic for a l-Ad-restricted TCR recogniz­
ing Oval(323-339). Only female mice (8-12 weeks old) were used, in 
accordance with institutional guidelines. 

Reagents 

UA crystals (> 99% purity; Sigma-Aldrich, StLouis, MO) were prepared 
as described before. 8 Fluorochrome-conjugated antibodies targeting CD3, 
CD4, and CDS, CD19, CD14, NKTl.l, and CDllC were from BD 
Pharmingen (San Diego, CA). Ovalbumin and basic reagents were from 
Sigma Chemical (StLouis, MO). Synthetic peptides, Ova1(323-339) and 
Oval(257 -264), were synthesized by Sigma Genosys (The Woodlands, TX). 
Rat neu peptide, p420-429, was synthesized by the Mayo Clinic (Rochester, 
MN). Use of the neu peptide p420-429 H-2q tetramer has been previously 
described. 16 The anti-ll..-4/biotinylated anti-ll..-4 and anti-IFN-')'Ibiotinyl­
ated anti-IFN-')' cytokine antibody pairs were from Endogen (Pierce, 
Rockford, ll.-) and BD Pharmingen, respectively. Recombinant murine 
granulocyte/macrophage-colony stimulating factor (GM-CSF) was ob­
tained from R&D Systems (Minneapolis, MN). The IL-2 immunotoxin, 
deoileukin diftitox (ie, ONTAK), was obtained from Ligand Pharmaceuti­
cals (San Diego, CA).16 Foxp3 antibody was obtained from eBiosciences 
(San Diego, CA). 

Tumor growth 

Mouse mammary carcinoma (MMC) cell line was established from a 
spontaneous tumor from the neu-tg mice as previously described.17 For in 
vivo tumor growth, mice were inoculated with 5 X 106 MMC cells 
subcutaneously on the middorsum. Tumors were measured every few days 
with calipers, and tumor volume was calculated as the product of length X 

width X height X 0.5236. The numbers of mice used in each experiment are 
stated in ''Results." For in vitro experiments, 1 ()5 MMC cells were plated in 
6-well plates with media alone or with various concentrations of sera. 
Proliferation analysis was done as previously described.18 In some cases, 
the tumors were removed for assessment of intracellular trafficking of 
leukocytes. Leukocyte content was compared between tumors of similar 
sizes to minimize potential variations due to tumor size such as necrosis 
and hypoxia. 

Adoptive transfer and Immunizations 

Splenocytes from oval-TCR transgenic donor mice were adoptively trans­
ferred into the tail vein of recipient mice one day prior to the immunization. 
Balblc mice received 2 X 1()6 0011.10 splenocytes per mouse; C57BU6 
received 10 X 106 OT-1 splenocytes. Mice were immunized intradermally 
with 10 IJ.g ovalbumin (or appropriate ovalbumin peptide in the case of 
TCR transgenic T cells) and 5 IJ.g GM-CSF or 25 IJ.g UAcrystals per mouse. 
Six days later, mice were killed and the Balb/c splenocytes were stained 
with anti-0011.10 TCR mab 101-26 (Caltag, Burlingame, CA), while B6 
splenocytes were stained with (SIINFEKL)-H2-Kb tetramer (Beckman 
Coulter, Fullerton, CA) followed by flow cytometric analysis. For the 
antibody studies, Balblc mice were immunized with whole ovalbumin 
protein as described for C57BU6 mice. For dying tumor cell studies in the 
neu-tg mouse, MMC cells (5 X 106/mouse) were irradiated (150 gray) and 
injected with or without UA. 1\vo injections were given approxinlately 7 to 
14 days apart, subcutaneously. Seven to 14 days following the last injection, 
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either live MMC tumor cells were injected or sp1enocytes, lymph node 
cells, and blood were harvested for examination by flow cytometry. To 
deplete T regulatory cells (Tregs) prior to immunization, the animals 
were pretreated with deoileukin diftitox as previously described. 16 In 
some cases, mice were pretreated with monoclonal antibodies to deplete 
either CDS+ or CD4+ T cells prior to challenge with dying tumor with 
UA as previously described. 19 

ELispot assays 

Enzyme-linked immunosorbent spot (ELispot) analysis was conducted 
essentially as previously described. 20 Splenocyte& isolated from treated 
animals were exposed to media alone, freeze-thawed MMC tumor cells 
(1 tumor cell per 4 splenocytes), neu peptide p420-429 (10 !J.g/mL), or 
concanavalin A (5 IJ.g/ml.., concanavalin A, ConA) for 48 hours. 

Isolation and In vitro culture of splenic dendritic cells 

Minced spleens were incubated with collagenase D (37•C, 30 minutes) and 
passed through a 70-ILm cell strainer. DCs were purified with a COlle cell 
purification kit to greater than 90% purity (Miltenyi, Bergisch Gladbach, 
Germany). TCR transgenic T cells were purified with CD4+ or the cos+ 
T-cell isolation kits that produce untouched T cells (Miltenyi). Purified DCs 
were exposed for 2 hours to peptide antigens and 10 ILglmL UA (in 
RPMI-1640, 2 mM L-glutamine, 25 mM HEPES, 10% FCS, 50 mM 
2-mercaptothanol, and 1% penicillin and streptomycin) after which the 
media were removed and the DCs washed. TCR-transgenic T cells were 
then added to the DCs for 48 hours at 37•c after which the T cells were 
again repurified and placed back into T-cell media for an additional 
48 hours. The T cell;:onditioned supernatants were then collected and 
examined for cytokine content using multiplexed microsphere analysis as 
described in "Multiplexed microsphere cytokine immunoassay." In some 
cases, DCs were not exposed to T cells but rather allowed to remain in 
media for 48 hours after which DC-conditioned media were removed and 
assessed for cytokine content. 

Enzyme-linked lmmuno sorbent assay 

For direct enzyme-linked immunosorbent assays (EUSAs), Maxisorp 
ELISA plates (Nalge Nunc International, Rochester, NY) were coated 
overnight at 4•c with 5 j.~.g/mL ovalbumin or 10 j.~.g/mL freeze-thawed 
tumor lysates in 0.05 M carbonate-bicarbonate buffer containing and 
blocked with 1% BSA. Sera were applied at a 1: 120 dilution followed by 
incubation for 1 hour at room temperature (RT) with horseradish peroxidascr 
conjugated antibodies against mouse lgG, lgG1, or lgG2a (Zymed, South 
San Francisco, CA). Serum was omitted from control wells to determine 
background signals, which were subtracted from each experimental value. 
In other cases, standard curves were prepared to convert the optical density 
signals into an estimated antibody concentration by directly plating several 
concentrations of purified IgG, IgG1, or lgG2a onto the EI.JSA plates. The 
plates were developed using tetramethylbenzadine (TMB), which was 
stopped by the addition of 1 N sulfuric acid. The plates were read at 450 nm 
on a Victor V 1420 Multilabel Reader (Perkin Elmer, Waltham, MA). 

For sandwich ELISA, plates were coated with 100 !J.llwell of rabbit 
polyclonal antibodies to rat neu (ab36728; Abeam, Cambridge, MA). 
After blocking and washing, 20 j.~.g/well of tumor freeze-thawed lysates 
or assay buffer was added to each well and incubated at RT for 2 hours. 
After washing, mouse sera were added to the plate at a 1:40 dilution in 
triplicate and incubated for 1 hour at RT. All other steps were performed 
as described above. 

Multiplexed microsphere cytokine immunoassay 

Cytokines (IL-12, ll..-2, IFN-')', ll.--4, and IL-5) were measured using 
multiplex microspheres per the manufacturer's direction (BioRad, San 
Diego, CA). Briefiy, 100 IJL Bio-Plex assay buffer (BioRad) was added to 
each well of a MultiScreen MABVN 1.2-11-m microfiltration plate (Milli­
pore, Billerica, MA) followed by the addition of 50 IJL of the multiplex 
bead preparation. Following washing of the beads with 100 1-1-L wash buffer, 
50 1-1-L of the samples (ie, cell culture supernatants) or the standards was 
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added to each well and incubated with shaking for 30 minutes at room 
temperature. Standard curves were generated with a mixture of cytokine 
standards and 8 serial dilutions ranging from 0 to 32 000 pg/mL. The plate 
was washed 3 times followed by incubation of each well in 25 ~-tL premixed 
detection antibodies for 30 minutes with shaking. The plate was washed and 
50 ~-tL streptavidin solution was added to each well and incubated for 
10 minutes at RT with shaking. The beads were given a final washing and 
resuspended in 125 ~-tL Bio-Plex assay buffer. Cytokine levels in the sera 
were quantitated by analyzing 100 ~-tL of each well on a Bio-Plex using 
Bio-Plex Manager software (version 4; BioRad). 

Flow cytometry 

Cell surface molecules and Foxp3 staining and flow cytometry were done 
essentially as described by Knutson et al. 16 For flow cytometric analysis, a 
similar number of events, typically 100 000, were collected for all groups. 

lmmunoprecipitation and Western blotting 

Cell lysate preparation, immunoprecipitations, and Western blot analysis were 
done as previously described by Knutson et al.21 Sera collected from treatment 
mice were diluted 50-fold and mixed with 400 IJ.g MMC tumor celllysates. 

Statistical analyses 

Statistical analyses were performed using GraphPad InStat for Windows 
95/NT (GraphPad Software, San Diego, CA). Data were analyzed using 
Mann-Whitney or Student t tests unless otherwise stated, and the results 
were considered statistically significant if P was less than .05. 

Results 

UA signals for enhanced antitumor immunity 

The danger signaling properties of UA were examined in a tumor 
protection model (Figure 1). Crystalline UA, when added with 
dying (irradiated) tumor cells, led to subsequent suppression of 
tumor growth in a dose-dependent manner when given prior to 
tumor challenge, indicating augmentation of memory immune 
responses. For example, on day 38 after tumor challenge, the size 
of the tumors in mice pretreated with dying tumor cells containing 
100 IJ.g UAwas 143 ± 95 mm3 (mean± SEM, n = 5), which was 
significantly smaller than control tumors (25 1-1g UA only) at the 
same time point (972 ± 83 mm3; P < .001) and smaller than 
tumors from animals treated with tumors only (695 ± 200 mm3; 

P = .019). UA doses of 100 or 20 1-1g UA led to similar tumor 
suppression (P > .05). UA was ineffective at the 10-~J.g dose, and 
at this dose the mean tumor size was not significantly different from 
control (P > .05). UA at lower doses (eg, 1 1-1g; data not shown) 
had no impact on tumor growth challenge, likely due to rapid 
dissolution. In addition to suppressing the growth rate, the inclu­
sion ofUA was able to improve overall survival as shown in Figure 
lB. Animals that received 20 IJ.g or 100 IJ.g UA had a survival that 
was more than 35 days longer than that observed in the control 
mice and approximately 14 days greater than animals treated with 
tumor cells alone. Depletion of CD4 T cells, but not CD8 T cells, 
prior to immunization reversed the tumor-suppressive effects of 
UA (Figure lC). In fact, CD8 T-cell depletion provided enhanced 
antitumor activity. Despite its effects on suppressing tumor growth 
when used in the prevention setting, when injection was begun 
after the tumors had formed, UA was unable to suppress tumor 
growth when combined with dying tumor cells (data not shown). 
Thus, UA added to dying tumor cells augments CD4 T helper 
cell-dependent antitumor immune responses. 
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Figure 1. Uric acid signals for enhanced antitumor immunity. (A) Tumor growth 
measurements for animals treated with dying tumor cells, either alone or along with 
various concentrations of uric acid (UA) prior to tumor challenge. Control animals 
(none) received 25 !Lg UA. Each data point is a mean(± SEM) tumor measurement 
calculated from 6 animals per group. A similar experiment yielded similar results. 
(B) Survival curves for mice, treated the same as in panel A, over a course of 75 days. 
The experiment is representative of 2 similar independent experiments. (C) Tumor 
growth measurements in animals treated with dying tumor cells and 25 !Lg UA alone 
or following depletion of either CDS or CD4 T cells. Control animals received no 
treatments. Measurements are the mean(± SEM) of 4 animals per group. A repeat 
experiment gave identical results. 

UA signals for an enhanced lgG1 antibody response 

The ability of UA to boost IgG antibody immunity was next 
examined. As shown in Figure 2A, injection of dying tumor cells 
alone generated a strong IgG antibody response in the absence of 
exogenous UA. The inclusion of UA (25 1-1g) along with the dying 
tumor cells further boosted this antibody response compared with 
animals injected with 25 IJ.g UA alone. This level of tumor-specific 
antibody was significantly higher and nearly double the antibody 
level achieved following injection of dying tumor cells alone 
(P = .001, n = 12). The increase in tumor-specific lgG antibody 
was due, at least in part, to a significant increase in tumor-specific 
IgG 1. As shown in Figure 2B, the levels of IgG 1 attained with the 
inclusion of UA were significantly higher compared with the levels 
achieved with the injection of tumor cells alone (P = .01). In 
contrast, UA did not induce a significant increase in tumor-specific 
lgG2a (Figure 2C; P > .05). Flow cytometric analysis confirmed 
the finding of elevated IgG by demonstrating that serum from 
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Figure 2. UA signals for enhanced tumor-specific 
lgG1 antibodies. (A) The tumor-specific antibody con­
centration in the serum 14 days after 2 injections of 
dying tumor cells alone (T), tumor cells with UA (T + 
UA) or with UA alone (UA). Each bar represents the 
mean (± SEM) of 12 replicates calculated from the 
optical densities (x 1000) in the ELISA assay. Similar 
to panel A, panels B and C show the levels of lgG 1 and 
lgG2a, respectively. Each mean(± SEM) is calculated 
from 2 to 7 replicates. (D) The mean fluorescent 
intensity (MFI) of tumor cells stained with lgG from sera 
of animals. Each bar represents the mean(± SEM) of 
3 replicates; *P = .05. (E) Rat neu-specific lgG levels in 
animals treated as determined by capture sandwich 
ELISA. Each bar is the mean(± SEM) of 3 determina­
tions. (F) Western immunoblot analysis of rat neu 
immunoprecipitated with sera. Numbers shown are the 
position of the molecular weight markers (KDa). 
(G-1) The serum levels of total lgG (F), lgG1 (G), and 
lgG2a (H) specific for ovalbumin from control mice 
(Cont), ovalbumin-immunized (Oval), or OVAUUA­
immunized (Oval + UA) mice (n = 5-7). The levels of 
lgG and lgG1 obtained following ovalbumin immuniza­
tion were not significantly different (P > .05). 
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animals injected with tumor cells and UA had higher levels of 
antibodies capable of binding to live tumor cells as assessed by 
flow cytometry compared with mice pretreated with either UA 
alone or with dying tumor cells alone (Figure 2D). Binding to 
tumor-specific antigens was analyzed by neu-specific ELISA and 
immunoprecipitation. Figure 2E shows that sera from mice ex­
posed to UA and tumor cells have increased levels of neu-specific 
antibody compared with mice treated with tumor alone. This 
increase was confirmed by immunoprecipitation assays (Figure 
2F). To examine whether UA was able to augment antibody 
responses in the absence of dying tumor cells, we immunized 
Balb/C mice with ovalbumin protein with or without UA. Sera 
taken 2S days after immunization showed that the inclusion of UA 
with ovalbumin resulted in significantly higher levels of ovalbumin­
specific IgG (P < .05; Figure 2G). Again, as with dying tumor 
cells, IgG subtype analysis revealed that UA induced an increase in 
IgGl (Figure 2H). There was a minor, albeit significant (P = .006), 
increase in IgG2a induced by UA (Figure 21). Collectively, these 
findings show that UA, whether added with self- or foreign 
antigens, augments lgG 1-based antibody immunity. 

UA neither augmented T-cell expansion nor altered 
tumor-infiltrating leukocyte levels 

It had been anticipated that because UA resulted in elevated 
tumor-specific lgG 1 antibody immunity that Th2 T cells would also 
be elevated. However, IL-4 ELispot showed that the number of 
tumor-specific IL-4--secreting cells in the spleen of mice treated 

with both tumor and UA were not augmented compared with 
spleens of mice treated with tumor alone as shown in Figure 3A 
(P > .05), although tumor alone induced strong Th2 T-cell re­
sponses. Tumor cells neither alone nor with UA were able to induce 
tumor-specific IFN-'Y-secreting T cells as assessed by ELispot 
(data not shown). UA also did not induce increased levels of 
neu-specific IFN-'Y-secreting T cells (Figure 3B) nor did the 
numbers of neu-peptide-specific CDS T cells increase in response 
to UA as assessed by tetramer analysis (Figure 3C). 

Again, these findings were verified using the ovalbumin model. 
Specifically, DO 11.10 TCR transgenic ovalbumin-specific T cells 
were used to better track T-cell expansion. As shown in Figure 3D, 
the addition of UA to the ovalbumin immunization used did not 
change the frequency of ovalbumin-specific CD4 + T cells, which 
were at similar levels to those in animals that received ovalbumin 
alone. As a positive control, GM-CSF promoted a strong expansion 
to more than 2% of all T cells. Similar data were obtained following 
the infusion of MHC class !-restricted OT-1 CDS T cells (Figure 
3E). To determine whether enhanced tumor rejection was due to 
increased immune effectors in the tumor microenvironment, tu­
mors either from mice pretreated with dying tumor cells and UA or 
from untreated control mice were removed, and the tumor­
infiltrating leukocyte population was examined. So as to avoid any 
mass-related differences, leukocyte infiltration was evaluated in 
similar-size tumors ("Methods"). Thus, when harvested after 
the harvesting of control tumors (mean size: 466 ± 29 mm3), 

the mean tumor size from the mice that were pretreated was 
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Figure 3. UA did not augment T-cell expansion or alter tumor-infiltrating leukocytes levels. (A) The levels of IL-4-secreting cells that responded to either ConA or tumor 
celllysates. Splenocytes for the ELispot assay were obtained from animals injected with tumor cells alone (D), tumor cells with 251J.Q UA(CJ), and 251J.Q UAalone <• >· 
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intratumoral leukocyte population from control, untreated mice and from mice pretreated with dying tumor cells containing UA. All are calculated from 100 000 total events. 
Results are expressed as the percentage of total cells, both tumor cells and leukocytes, collected following tumor mincing. 

544 (:±: 18) mm3• As shown in Figure 3F-L, the levels of CD4+ 
T cells, ens+ T cells, CD19+ B cells, CD14+ macrophages, 
CD4+CD25+Foxp3+ Tregs, CD8+CD25+Foxp3+ Tregs, and CDHC+ 
DCs in the mice treated with dying tumor cells and UA were similar 
(P > .05) relative to tumors derived from untreated animals. There were 
no measurable levels of natural killer (NK.) cells in the tumors of either 
group (data not shown). 

UA favors an IL-5-based Th2 immune response 

Increased antibody production in the absence of T-cell expansion 
suggested that UA somehow skewed the T-cell and DC responses 
more toward a Th2 phenotype ultimately favoring a B-cell response. 
This was confirmed with in vitro studies that showed that DO 11.10 CD4 
T cells that had been stimulated by ovalbumin and UA-pulsed DCs 
failed to produce IFN-')' and IL-2 (Figure 4A) but maintained expression 
of IL-4 and even demonstrated elevated secretion of IL-5, a B-cell­
stimulating cytokine known to augment antibody production (Figure 
4B). DCs, prepared from mice immunized with ovalbumin and UADCs 
had reduced IL-2 and IL-12 production compared with DCs from 
animals treated with ovalbumin alone (Figure 4C). In contrast, these 
same DCs demonstrated elevated expression of the B-cell growth 
factors, IL-6 and IL-10 (Figure 4D). 

Antibodies induced by UA may not be therapeutic or contribute 
to the antitumor immune response 

To examine whether the antibodies induced by UA were therapeu­
tic by themselves, sera collected from animals treated with tumor 
and UA, treated with tumor alone, or not treated were injected 
along with the live tumor cells at the time of tumor challenge. As 
shown in Figure SA, although UA increased the levels of antibod­
ies, these antibodies had no impact on tumor growth when used in 
vivo. Tumors also retained expression of the neu antigen (data not 
shown). However, when serum derived from animals treated with 

irradiated tumor cells and UA was applied to tumor cells in vitro, 

there was a clear enhancement of tumor growth, likely due to an 
increased level of agonistic antibodies that recognize and cross-link 

growth factors such as neu (Figure 5B). Such cross-linking may 
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Figure 4. UA favors an IL-5-based Th2 immune response. (A,B) The cytokine 
concentrations of cell culture supernatants from purified antigen-stimulated 0011.10 
CD4 T cells stimulated by DCs stimulated with either control media (control) or 
10 ,...glmL UA (UA) and ovalbumin antigen (OVAL). Each represents the mean 
(± SEM) cytokine concentration from duplicate wells. Experiment was reproduced 
twice with similar results. (C,D) Cytokine concentrations of cell culture supernatants 
from purified CD11C+ splenic dendritic cells stimulated with UA (UA) or media alone 
(CONT). Each represents the mean (± SEM) cytokine concentration from duplicate 
wells. Experiment was reproduced twice with similar results. 



From www.bloodjournal.org at Mayo Clinic Libraries on August 21, 2009. For personal use only. 
BLOOD, 1 FEBRUARY 2008 • VOLUME 111, NUMBER 3 

A 250 

cfl' 200 
E 

~ 150 
N 

U5 
0 
E 
:::J 

f--

100 

50 

0 

8 100000 

80000 

~ 60000 
ll. 
0 

40000 

20000 

0 

-e- Naive sera 
...... T 
-+- T + UA 

I L 
20 25 30 

Time (Days) 

* --- Media 
--- u alone 
--+- T 
-e- T + UA 

1:20 1:50 1:100 

Dilution 

Figure 5. UA may induce growth-promoting antibodies. (A) In vivo tumor growth 
of MMC tumor cells following intratumoral injection (day 0) of sera from naive animals 
or from animals from either pretreated with irradiated tumor with (T + UA) or without 
(T) uric acid. Calculated from 3 separate tumors for each data point. Curves overlap. 
(B) The thymidine incorporation in live MMC tumor cells exposed to media (•) or 
various concentrations of serum from animals treated with UA alone (U alone, •). 
irradiated tumor alone (T, +),or with UA (T + UA, e). Each determination represents 
the mean(± SEM) of 3 determinations; *P = .01. 

result in activation and increased proliferation. Thus, antibodies gener­
ated by UA appear to be neither therapeutic nor tumor inhibitory. 

Treg depletion augments UA induced antitumor responses 

Our group has previously observed that regulatory T cells interfere 
with the endogenous cell-mediated immune responses against 
breast cancers in the neu-tg mouse. In the current study, we 
observed that UA led to an increase in both peripheral CD4+ and 
CDS+ Tregs (ie, Foxp3+CD25+) (Figure 6A). To determine 
whether Tregs were involved in preventing T-cell expansion, Tregs 
were depleted with denileukin diftitox (ONTAK, On) prior to the 
injection of tumor, with and without UA. 16 As shown in Figure 6B 
and consistent with our prior studies, Treg depletion with denileu­
kin diftitox led to an expected increase in the level of neu -specific 
CD8 T cells, as we have previously shown. 16 But, the addition of 
UA did not further augment CD8 T-cell expansion, suggesting that 
although UA itself fails to augment T-cell expansion, it does not 
actively block it. In addition, prior Treg depletion did not impair the 
ability ofUA to induce antitumor responses as shown in Figure 6C. 
In contrast, both Treg depletion and UA collaborated for enhanced 
tumor suppression, as was anticipated. 

Discussion 

Recent evidence shows that mammalian immune systems have 
evolved mechanisms to respond to uninfected dying or injured cells 
through a variety of novel ligands. 6•8•9•22-26 The underlying reason 
for the evolution of such mechanisms for responding to endoge­
nous ligands remains controversial, but one possibility is that they 
are needed to detect potentially infected cells for which there are no 
associated PAMPs or other adjuvants.27 Alternatively, sterile im-
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Figure 6. UA does not prevent increased T-cell immunity induced by other 
means. (A) The peripheral levels of Tregs (CD4+C025+Foxp3+ or 
coa+co25+Foxp3+) in animals injected with dying tumor cells alone (T) or with 
tumor cells with UA (T + UA). Each bar is the mean(± SEM; *P< .05) of 3 mice. 
(B) Levels of neu peptide tetramer+ coa+co62L10 T cells (ie, effector or effector 
memory) in control animals, or animals injected with tumor cells (T) with or without UA 
(UA) or ONTAK (On). Each bar is the mean(± SEM) of 3 to 4 mice. (C) The tumor 
growth rates in mice pretreated with tumor cells alone and tumor cells with or without 
UA, ONTAK, or both. Each data point is the mean(± SEM) of 3 to 5 mice. *P < .05 
compared with all other groups. 

mune responses may be involved in normal tissue homeostasis by 
providing mechanism to recruit in phagocytic cells of the innate 
immune system such as macrophages. 28 Regardless of the biologic 
rationale, further characterization of sterile immunity should have 
important implications for the treatment of autoimmunity and 
potentially malignancy. While it is known that UA signaling leads 
to activation of innate immunity and T lymphocytes, little is known 
about whether antibody production ensues. We had speculated that 
since autoantibodies were so prevalent in several diseases associ­
ated with sterile immune responses that responses to endogenous 
danger signals also lead to autoantibody production under some 
conditions. Indeed, the present studies show that the recently 
identified danger signal, crystalline UA, when added to either 
dying tumor cells or soluble protein antigen was able to augment 
antibody immunity. Specifically, it was found that UA increased 
IgG 1-based antibody immunity to both self- and foreign antigens, 
suggesting that Th2 immunity was the favored response. As 
previously reported, when UA was used as an adjuvant, the 
increased immunity generated resulted in enhanced protection 
against tumor. However, unexpectedly, the antitumor response 
depended on CD4 T cells but not CD8 T cells. 

In the mouse, the predominant Ig produced following the 
emergence of a Th2-directed immune response is IgG 1. In contrast, 
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the major lg produced following induction of Thl immunity is 
IgG2a. While our study showed little or no increased production of 
IgG2a, we cannot rule out the possibility that UA influences other 
antibody subsets (eg, IgG2b, IgG3). In both the dying tumor cell 
model and the foreign antigen models used in the current study, UA 
induced significant increases in the IgG 1 response, suggesting that 
the purine is also able to augment Th2 immunity in addition to its 
reported abilities to augment Th1-based cell-mediated immunity. The 
observations of increased IL-5 production by ovalbumin-specific CD4 T 
cells and the increased production of B-cell activators (IL-10 and L-6) 
by UA-treated OCs support this conclusion. There are several biologic 
functions oflgG 1 in the mammal that could potentially be beneficial to a 
cell injury or death response. including complement activation, interfer­
ence with cell signaling, and opsonization of particles for enhanced 
phagocytosis.29 One could envision that such a response may be useful 
to neuttalize viruses that do not express traditional PAMPs. However, it 
was obselved that the augmented antJ.body response induced by UA had 
little impact on tumor growth in vivo alone. In contrast, the antibodies 
seem to be detrimental and counterproductive. Despite that, we cannot 
rule out the possibility that, in vivo, the antibodies could activate 
tumor-destruction mechanisms, such as antigen-dependent cellular 
cytotoxicity, that were offset by the tumor-promoting effects. 

It was speculated that the predominant augmentation of IgG 1 
immunity by UA may have been accompanied by increased 
numbers of Th2 T-cell responses. Although dying tumor cells 
elicited a strong increase in tumor antigen-specific Th2 immunity, 
the addition of UA failed to augment these numbers, suggesting 
that there were factors other than increased numbers of IL-4-
secreting T cells that contributed to the increased IgG response. 
One possibility is increased elaboration of B-cell activation cyto­
kines (eg, IL-5 and 11..4). Based on the studies with purified TCR 
transgenic Th cells (ie, DOll.l T cells), 11..4 release was not 
increased, but rather there was a slight decline in favor of enhanced 
IL-5 production in response to UA stimulation. While our studies 
did not reveal the mechanisms behind increased IgG 1 immunity, 
such a cytokine could favor B 1 B-cell activation and maturation. 30 

B 1 B cells are a subset of B cells that specifically responds to IL-5 
with increased proliferation and lgG production. 30•32 B 1 B cells are 
associated primarily with the production of autoantibodies target­
ing self-antigens such as phosphatidylcholine, immunoglobulins 
(eg, rheumatoid factor), and DNA.33

•
34 Although fairly high 

levels of tumor-binding antibodies were observed in the current 
study, it is unclear yet as to what antigens are being targeted by the 
augmented immune response, with the exception that a small 
fraction bound to rat neu. 

Another key finding from our study is that, in both the neu-tg 
mouse and the TCR-transgenic T-cell models, UA did not result in 
expansion of cell-mediated immunity (eg, cytotoxic T lymphocytes 
[CTLs] and IFN-"Y) as there was neither an increase in tumor 
antigen-specific T cells in the dying tumor cell model nor an 
increase in OT-1 T cells following immunization with ovalbumin. 
Despite that, the enhanced antitumor activity was completely 
reversed with the depletion of CD4 T cells, which would have been 
expected given the important role of CD4 T cells in regulating the 
antibody responses. In fact, the tumor growth was substantially 
greater in the CD4-depleted mice compared with untreated mice, 
suggesting that CD4 T cells have an active role in modulating 1nmor 

growth in the absence of prior immunization with irradiated tumor cells. 
Unlike the effects observed in the CD4-deplet.ed animals, CDS depletion 
didnotreversetheeffects ofUA, butratherenhancedtheeffects. Since it 
was observed that the inclusion ofUA led to increased peripheral Tregs. 
it was speculated that these specialized regulatory T cells were involved 
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in blocking the expansion of cell-mediated immunity, consistent with 
their roles in maintaining peripheral tolerance.16.35.36 However, Treg 
depletion studies with deni1eukin diftitox, which we previously showed 
to be effective in depleting Tregs and elevating cell-mediated immunity, 
failed to bear this out 16 

Our inability to see expansion of CDS T-cell immunity could be 
explained by the fact that we did not use the same immunization 
strategies as described in previous studies. In one of the prior 
studies by Shi and colleagues, it was found that UA when 
administered with purified, latex bead-bound gp120 antigen led to 
an increase in the cytotoxic T-cell activity response compared with 
animals immunized with the antigen alone. 8 The ability of U A to 
enhance expansion of cytotoxic T cells was shown in another study, 
by the same group who observed that intraperitoneal pretreatment 
of RIP-mOVA mice with both allopurinol and uricase reduced in 
vivo cell division of infused OT-1 T cells, secondarily to UA 
depletion.9 There are potential reasons we failed to see enhanced 
T-cell expansion. First, our study did not use antigens linked to 
latex beads, the latter of which could alter immune responses. 
Alternatively, we used concentrations of UA that were lower in 
many cases. It is possible that UA is a more versatile danger signal 
than either the current study or past studies suggest with capabili­
ties of supporting both Th 1 and Th2 T -cell immune responses, 
depending on the extent of damage or injury. Lower levels of UA 
may indicate natural cell senescence in which antibodies could be 
induced to facilitate phagocytosis by macrophage for reversal of 
the tissue pathology (ie, healing) and tissue maintenance. Consis­
tent with this reasoning, Martinon et al recently showed that UA 
crystals also directly activate macrophages.13 Alternatively, the 
higher levels as used by Shi and colleagues may reflect massive 
damage indicative of an infection. 

The finding of increased Tregs following the application of UA 
is also another novel finding. Repeatedly, it has been found that 
Tregs are elevated in patients with a variety of different types of 
cancers. 36 Despite these observations, many things remain unclear 
about the nature of elevated levels of Tregs in patients with cancer, 
including the factors that signal for Treg expansion. Based on the 
current study and the prior studies by Shi et al, it could be 
speculated that danger signals, including UA, that emanate from 
the dying tumor cells lead to the peripheral increases in Tregs. 8.27 

Despite these increases, the clinical significance of elevated 
peripheral Tregs in cancer patients remains uncertain. What is 
known is that the tumor burden directly correlates with increased 
peripheral Tregs in patients with melanoma, and renal and gastric 
cancers, strongly implicating danger signaling (UA?) from the 
tumor.37.38 These peripheral increases in Tregs may result in the 
often-observed migration of Tregs into the tumor microenviron­
ment, which has been linked to cancer pathogenesis in several 
cancers such as ovarian cancer. 39 

In conclusion, in the current study we observed that the danger 
signal UA could, in addition to its previously reported ability to 
augment CTLs, induce IgG 1 responses, suggesting that it can also 
augment humoral immune responses. Understanding natural mecha­
nisms of danger signaling, apart from exogenous microbial-derived 
signals (eg, CpGs) may have important implications for vaccines, 
tumor immunity, and autoimmunity. 
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