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Tregs and rethinking cancer immunotherapy

Tyler J. Curiel
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Tumors express antigens that should induce immune-mediated rejection, but spontaneous rejection of estab-
lished tumors is rare. Recent work demonstrates that one reason for the lack of tumor rejection is that tumors
actively defeat host immunity. This concept forces us to rethink current approaches to harnessing potent, spe-
cific host immunity to battle cancer, most of which are based on the paradigm that inducing more antitumor
immune cells alone is therapeutic. However, as I discuss in this Personal Perspective, a newer paradigm predicts
that reducing tumor-driven immune suppression will be clinically beneficial. CD4*CD25* Tregs are one mecha-
nism of tumor-driven immune evasion that provide prototypical targets for testing novel anticancer treatment

strategies within the newer paradigm.

Introduction

In 2000, Hannahan and Weinberg defined six fundamental hall-
marks of cancer (1) that I call the six horsemen of the cancerous
apocalypse. These hallmarks are that tumor cells are growth signal
self-sufficient, are insensitive to signals that inhibit growth, are
able to evade apoptosis, have limitless growth potential, are able
to sustain angiogenesis, and are able to invade surrounding tis-
sues and metastasize to distant organs (1). These hallmarks define
cancers by focusing on the molecular, biochemical, and cellular
traits of the tumor cells. However, it has recently been appreciated
that the inability of the immune system to eradicate established
tumors is the seventh fundamental hallmark of cancer (2, 3).

The scientific rationale behind most strategies to boost the
antitumor immune response fails to account fully for this sev-
enth fundamental hallmark. Indeed, tumors employ numerous
active mechanisms to suppress host immunity (4). These include
altering APC function, fostering dysfunctional T cell cosignaling,
and generating an immune-subversive cytokine milieu. Many of
the mechanisms that impede antitumor immunity result in the
development of Tregs, the focus of this Personal Perspective. In
this article I also discuss how insufficient consideration of the
seventh fundamental hallmark of cancer (or the seventh rider
of the apocalypse, as I term it), in particular the effect of Tregs,
has limited current anticancer immune therapies to only modest
successes and points to a new paradigm that is helping to shift
thinking about immune-based therapeutic approaches for the
treatment of cancer.

Immunologic thinking and infectious disease

The current paradigm around which most cancer immunothera-
pies have been developed arose from observations in infections,
from which we have derived most of our understanding of immu-
nology. Although immunity to tumors and pathogens share com-
monalities, they also have substantial differences that fundamen-
tally alter how we might harness immunity to treat these ailments.
It is therefore worthwhile to describe briefly how current thinking
arose and set the stage for the conceptual shift that is now afford-
ing better insights into the immunopathologic basis of cancer.
This in turn is leading to the development of novel treatment
approaches, including strategies to deal with the effects of Tregs,
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and should ultimately allow optimal use of the awesome potency
and specificity of the immune system to treat cancer.

Observations in infections drove early immunologic thinking. Humans
attempted to harness the power and exquisite specificity of the
immune system to their advantage centuries before Pasteur first
demonstrated disease-specific immunity in chickens with cholera
(5). However, observations on immunity to cancer were all but
absent during this period, probably because of its relative unim-
portance as a public health threat. It was in 1893 that Coley report-
ed that post-surgical wound erysipelas (an infection with Strep-
tococcus spp.) induced occasional remission of certain cancers (6).
This led him to infect cancer patients deliberately with Streptococcus
spp., which afforded some therapeutic successes (6). Bacterial LPS-
induced TNF-o, among other factors, probably contributed to the
efficacy of this approach. Nonetheless, more than a century later,
cancer immunotherapy still lags substantially behind immune-
based approaches for the treatment of infectious diseases.

Immunologic thinking remains grounded in infectious disease principles.
By the 1950s, genetically identical mice had been bred at the NIH
and elsewhere, allowing for the elegant studies of immunity to
influenza that demonstrated that antigen-specific CD8* CTLs
induce fully protective immunity, which quickly led to the develop-
ment of effective human influenza vaccines (7) (although vaccine-
induced antibodies are also important for immunity to influenza).
These studies established that antigen-specific CTLs were protec-
tive against infection, a concept that would quickly spill over into
the thinking of tumor immunologists. Demonstration of the criti-
cal role of DCs in generating influenza-specific CTLs followed (8),
and we now have successful vaccines against other viral infections,
including an HBV vaccine that is based on generating immunity to
a single antigen (9). Armed with a centuries-long history of devel-
oping successful vaccines to protect individuals against pathogens,
investigators attempted to replicate these achievements in cancer,
as its public health importance increased.

Goals in tumor immunology aimed to parallel observations in
infectious diseases: prove that tumor-specific immunity exists, iden-
tify specific tumor-associated antigens, present them on the correct
APCs (especially DCs), and induce curative tumor antigen-specific
CD8* CTLs. Following this reasoning, Prehn and colleagues dem-
onstrated tumor-specific immunity in mice using distinct chemi-
cally induced sarcomas half'a century ago (10). Over the following
two decades, many tumor antigens were identified (11) and shown
to elicit antigen-specific antitumor CD8* CTLs (12). Definition
of an important role for DCs in initiating antitumor immunity
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The not enough of a good thing paradigm. APCs (especially DCs) cap-
ture antigen from tumor cells. Antigen-loaded APCs then prime naive
T cells to become antitumor CTLs through soluble mediators such as
IL-12 and/or cosignaling molecules such as CD80 or CD86. Failure
to elicit protective immunity is seen as a lack of sufficient quantity or
quality of 1 of these events (indicated in red text). This model predicts
that augmenting numbers or quality of a specific component will suffice
as a clinical strategy.

followed (13). Discoveries unfolded as expected, setting the stage
for the current paradigm that drives most thinking regarding the
development of immune-based strategies to treat cancer.

The current paradigm
Figure 1 outlines the current paradigm in tumor immunity:
tumors express tumor-associated antigens that can be captured
by professional APCs, notably DCs, which prime naive T cells
(through the expression of cosignaling molecules, the production
of soluble factors, and other mechanisms) to become antigen-spe-
cific CD8* CTLs. These CTLs, when in sufficient abundance and
directed against the appropriate tumor antigens, then eradicate
the tumor. According to this paradigm, in order to engender cura-
tive antitumor immunity one must supply more antigen or the
appropriate antigen, augment the effects of the cosignaling mole-
cules and/or soluble factors that induce the generation of antigen-
specific CD8* CTLs, or boost deficient numbers of APCs and/or
antigen-specific T cells. In other words, there is just not enough of
a good thing (e.g., antigens, priming or activating signals, APCs, or
effector cells), and simply supplying more of the missing elements
should result in immune rejection of the tumor.

On the basis of this paradigm, numerous anticancer immuno-
therapeutic strategies have been developed. These include infusing
additional tumor antigen or antigen-pulsed APCs (14-16); supply-
ing T cells generated from tumor-infiltrating lymphocytes (17), T
cells together with a soluble growth factor (18), T cells activated ex
vivo with cytokines (19), or T cells engineered to express receptors
for specific tumor-associated antigens (20); and boosting the effect
of cosignaling molecules or activating cytokines. Research strat-
egies have included identifying novel tumor-associated antigens
(21). Although these approaches are generally sound and well exe-
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cuted, they ignore the important reality that many patients harbor
abundant tumor antigens, DCs, and antigen-specific effector cells
but do not eradicate their tumors (3, 22). Hence, simply boost-
ing numbers of existing troops might not suffice to win this war.
A further complication is that many approaches are logistically
difficult, costly, labor and time intensive, subject to substantial
regulatory and safety concerns, and applicable to only a minority
of patients, in addition to being relatively ineffective by standard
measures of clinical success (23). Therefore, it is now becoming
clear that current immune-based approaches to cancer therapy
require substantial rethinking if they are to realize the same poten-
tial as those used in defense against pathogens.

Problems with the current paradigm

Infections are pathologic inflammatory processes driven by rap-
idly dividing cells or by virions of extrinsic origin. Conversely,
cancers are pathologic inflammatory processes driven by rapidly
dividing cells of intrinsic (self) origin, and therein lies the funda-
mental difference between infectious diseases and cancer. Because
tumors are intrinsic, generating an effective antitumor immune
response requires mounting a substantial autoimmune attack,
which involves breaking self tolerance (the mechanisms that pre-
vent the immune system from attacking one’s own tissues). Of
course, not all cumor antigens are self antigens (e.g., EBV antigens
in some lymphomas and mutated p53 in many epithelial carcino-
mas; refs. 24, 25). Nonetheless, self tolerance is a large obstacle to
antitumor immunity that is not usually germane to discussions of
antipathogen defenses. The important mouse model of infection
with influenza taught us a great deal about protective immunity
as it relates to APCs, protective antigens, and specific CTLs, but
says nothing regarding breaking self tolerance. This issue has only
recently begun to receive serious mainstream consideration in
tumor immunotherapy (26, 27).

Furthermore, it has become clear that inefficient tumor rejec-
tion is not just passive, a result of insufficient effector cells (22, 28).
Recent discoveries show that tumors actively fight back by pro-
ducing immunosuppressive factors such as IL-10 (29-31), TGF-f
(22,32-34),and VEGF (35). These factors and other immunosuppres-
sive mechanisms induced by the tumor are likely to arise, as efforts by
the immune system to purge abnormal tumor tissue simultaneously
elicit intrinsic mechanisms that protect against the autoimmunity
engendered by most antitumor immune responses. Therefore, the
fundamental problem in tumor immunity is not that there is not
enough of a good thing, but rather that there is too much of a bad thing.
This important shift in thinking has not figured substantially in the
development of current tumor immunotherapy strategies.

Tregs
The advantage of the vast diversity of T cell and B cell receptors
created by random genetic recombination (36-38) is that they have
the potential to recognize an essentially infinite number of anti-
gens. Nonetheless, because the process is random it also produces
immune cells bearing receptors that recognize self antigens (i.e.,
autoreactive cells). An important mechanism of defense against
autoimmunity is the permanent deletion of autoreactive T cells in
the fetal thymus (39). However, self-reactive T cells escaping thy-
mic deletion and seeding the peripheral lymphoid organs require
another strategy to curb their autoimmune potential (40). A sup-
pressor T cell blocking peripheral autoreactive T cells was identi-
fied about 40 years ago, but progress was hampered by a lack of
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specific techniques to identify the cells and because of scientific
skepticism regarding suppression. However, Sakaguchi and col-
leagues resurrected interest in suppressor cells in 1995 with an
influential paper demonstrating that suppressive function largely
resided in a population of CD4* T cells expressing high levels of
CD25 (41), what we now call CD4*CD25" Tregs. Tregs suppress
autoreactive T cells without killing them (42, 43) through incom-
pletely understood, contact-dependent mechanisms (40, 42-47).

Suppression of tumor immunity by CD4* Tregs, which was
originally described in the early 1980s (48), was largely ignored.
However, the demonstration that Treg depletion in mouse mod-
els of cancer improves endogenous immune-mediated tumor
rejection (49) and tumor antigen-specific immunity (50) quickly
rekindled interest in the role of Tregs in tumor immunopathology.
Further work demonstrated that Treg depletion augments tumor
immunotherapy, including vaccination (51) and cytotoxic T lym-
phocyte-associated antigen 4 (CTLA4) blockade (52), and even
augments immunologic rejection of brain tumors (53), which are
notoriously difficult to treat using immunotherapeutic approach-
es because of the blood-brain barrier. Tregs can inhibit tumor-spe-
cific CD8* (54) and CD4* (55) T cell effector functions through
incompletely understood mechanisms including cell-cell contact
and/or the production of soluble factors such as IL-10 or TGF-f
(42, 43, 54, 56-58). Numbers of Tregs are increased in the blood
(42,43, 59-66) and populate the tumor mass and draining lymph
nodes (60, 67-72) of patients with many different cancers.

An important issue is why the number of Tregs is increased in
individuals with cancer. Are the cells attempting to suppress anti-
tumor immunity sensed as an autoreactive immune response, are
they responding to the inflammation, or is there something else?
That is, is the tumor using Tregs to orchestrate its own defense
against the constant assault of host immune surveillance? In that
case, the Tregs could increase in number if the host senses anti-
tumor immunity as pathologic autoimmunity and deploys them
in misguided efforts to quash rebellious anti-self (i.e., antitumor)
immune cells. Teleologically, the tumor could be orchestrating its
own defense against the constant assault of host immune surveil-
lance using Tregs as potent contrivances of convenience.

In order to answer these questions, it is important to under-
stand that there are two phenotypically identical populations
of CD4*CD25* Tregs — natural and adaptive (73). Natural
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Figure 2

Natural and adaptive Tregs. (A) Natural Tregs
arise in the thymus under homeostatic condi-
tions, through the integration of a myriad of local
thymic factors. Thymically derived natural Tregs
defend against autoimmunity. (B) Adaptive Tregs
arise in the periphery (outside the thymus), either
from natural Tregs receiving additional signals or
through an independent pathway. Both natural and
adaptive Tregs might contribute to tumor immuno-
pathology. CTLA4, cytotoxic T lymphocyte—associ-
ated antigen 4.
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CD4*CD25" Tregs arise in the thymus under homeostatic condi-
tions to safeguard against autoimmunity. Adaptive CD4°CD25*
Tregs arise during inflammatory processes such as infections
and cancers (Figure 2) and suppress immunity through hetero-
geneous mechanisms that include direct contact or the produc-
tion of soluble factors such as IL-10 and TGF-f (73). Tregs that
infiltrate the tumor microenvironment are probably adaptive,
although it is not clear whether they differentiate from natural
Tregs, as suggested in a recent report (34), or are induced from
another precursor cell (Figure 2B). The tumor itself (34) and
cells in the tumor microenvironment, such as DCs, induce the
differentiation of Tregs through various mechanisms including
the production of TGF-§ (34, 74) and the expression of B7-H1
(75). Different pathways of Treg differentiation in tumors prob-
ably lead to heterogeneous populations of infiltrating Tregs and
might account for conflicting reports regarding their mecha-
nisms of suppression and other attributes (42, 43, 76). At least
some tumor-associated Tregs are specific for tumor antigens
(77), although once activated, they can also suppress tumor anti-
gen-independent immune responses though bystander mecha-
nisms. In addition to inhibiting the function of T cells, Tregs
also inhibit the function of NK cells (78), B cells (79), and other
immune cells. Several comprehensive reviews of tumor-associ-
ated Tregs provide additional details of the cells suppressed and
the mechanisms of suppression (42, 43, 76).

An important issue is the inability to identify individual
functional Tregs easily. Only a subset of the T cells identified
as CD4*CD25* by flow cytometry are functionally suppres-
sive Tregs. The remainder are mostly activated effector T cells
(42, 43, 76). Confining analysis to CD4" T cells expressing high
levels of CD25 increases the proportion that are functionally
suppressive Tregs, but this is still not absolutely diagnostic,
nor is the inclusion of additional cell surface molecules such as
CTLA4, glucocorticoid-induced TNF receptor-related protein
(GITR), and CD103, as all these are also expressed by activated
effector CD4* T cells (40, 42-47, 76).

More recently, expression of the nuclear transcription factor
forkhead box P3 (FOXP3), which is critical for the development
of natural CD4*CD25* Tregs (80-82), has been used as a surro-
gate for Tregs in both mice and humans (83). Nonetheless, the
function of CD4*CD25*FOXP3" T cells in a given setting must be
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Figure 3

The too much of a bad thing paradigm. Dysfunctional APCs, aberrant
cosignaling, and other factors (such as prostaglandins, counterregula-
tory cytokines, and hypoxia) help generate Tregs and other mediators
of immune pathology. These pathways, and the products and cells that
they generate, must be defeated for optimal tumor immunotherapy.

confirmed, because it is now clear that some FOXP3~ T cells are
suppressive and that not all FOXP3* cells are Tregs (46, 47, 82).
In this regard, it is important to reevaluate prior work on Tregs
defined as CD4*CD25" T cells without regard to FOXP3 status.
Antibodies specific for FOXP3 (84) and mice expressing reporter
genes under the control of Foxp3 regulatory elements (85, 86)
have spawned an explosion of new findings in the past few years,
allowing additional definitive studies of Tregs (46, 47), although
the inability to isolate viable FOXP3* human cells for functional
studies continues to provide considerable ambiguities and diffi-
culties. Further work is likely to yield additional means of identi-
fying functional Tregs, providing deeper insights and helping to
resolve contradictory results regarding their origins and suppres-
sive mechanisms. For example, low expression levels of phospho-
diesterase 3B has just been proposed as a definitive signature of
natural CD4*CD25" Tregs (46).

Immune dysfunction in ovarian cancer as a model

for the too much of a bad thing paradigm

Studying individuals with ovarian cancer has provided my group
with an opportunity to determine why their tumors are not
cleared immunologically despite the presence of ample tumor-
specific immunity (60, 87). I selected patients with ovarian cancer
because many such individuals develop tumor-derived fluid in
the abdomen (i.e., malignant ascites) that contains large quanti-
ties of tumor antigens, other soluble microenvironmental fac-
tors, and immune cells. Furthermore, tumors from individual
patients can be grown for analysis of tumor-specific immunity
using autologous immune cells (75, 88), a rarity in human
studies. My colleagues and I showed that in the ovarian cancer
microenvironment, plasmacytoid DCs (pDCs) induced T cells to
produce the immunosuppressive cytokine IL-10 — suggestive of
adaptive Tregs — rather than protective IFN-y, as did pDCs from
1170
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normal individuals (88). We further showed that myeloid DCs,
long used as vehicles for cancer vaccines (16), were conditioned
by the tumor microenvironment to express the cosignaling mol-
ecule B7-H1, which induces T cells to produce IL-10 (75), again
suggestive of an adaptive Treg phenotype.

We then demonstrated that Tregs actively accumulated in the
human ovarian cancer microenvironment, inhibiting tumor-
specific cytotoxicity and cytokine production by tumor-specific
CD8" T cells in vitro and in vivo (60). Importantly, there was an
inverse correlation between the number of Tregs in the tumor
and patient survival (60), which was corroborated independent-
ly by the demonstration that high levels of FOXP3 in the tumor
microenvironment predicted reduced survival in patients with
ovarian cancer (89).

Recent reports show that the number of CD4*CD25"FOXP3*
T cells correlates inversely with clinical outcomes in several epi-
thelial carcinomas, including ovarian cancer (60), breast cancer
(90), and hepatocellular carcinoma (91). However, the situa-
tion in hematologic malignancies differs. Increased numbers of
tumor-infiltrating FOXP3* T cells predicts improved survival in
individuals with follicular lymphoma (70), and reduced num-
bers of FOXP3* cells predicts poor survival in individuals with
Hodgkin lymphoma (71). However, in these studies, the func-
tion of the FOXP3" cells was not tested, and not all FOXP3* T
cells are functionally suppressive (46, 47, 82). In contrast, both
the number and the function of FOXP3* Tregs was reduced in
patients with multiple myeloma or monoclonal gammopathy
of uncertain significance (92), and Treg function decreased as
tumor burden increased in a small series of patients with cuta-
neous T cell leukemia/lymphoma (72). Therefore, it is possible
that the effects of Tregs or the differentiation of FOXP3* cells
into functional Tregs fundamentally differs in lymphoid malig-
nancies compared with epithelial carcinomas. Alternatively, it
is possible that the appropriate T cell compartment was not
studied in the context of lymphoid malignancies. The utility
of FOXP3 content and Treg function as prognostic factors in
different cancers is an area of intense investigation, but much
remains to be understood.

Potential clinical applications

Tregs in the tumor microenvironment are common mediators of
distinct active immune evasion mechanisms in the too much of a
bad thing paradigm (Figure 3). Therefore, reducing Treg function
in cancer patients could be therapeutic, analogous to the benefits
seen in mouse models (49-52). For rapid clinical translation of this
concept, denileukin diftitox (Ontak) has been considered. Deni-
leukin diftitox is a recombinant fusion protein consisting of IL-2
and diphtheria toxin that has been approved by the FDA to treat
cutaneous T cell leukemia/lymphoma, which is characterized by
large numbers of malignant CD4'CD25" T cells (72, 93).

CD2S5 is the IL-2 receptor o chain. Denileukin diftitox binds
the IL-2 receptor and inhibits protein translation following inter-
nalization, leading to apoptosis (93). Based on phenotypic simi-
larities between CD4*CD25* malignant leukemic cells and Tregs,
we undertook a phase 0/I clinical trial enrolling patients with
any advanced-stage epithelial carcinoma to test the hypothesis
that denileukin diftitox would deplete Tregs, thereby reducing
immune suppression and boosting antitumor immunity (94). Our
data suggested that denileukin diftitox at 9 or 12 ug/kg decreased
the number of blood Tregs and the suppression mediated by the
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CD4'CD25" blood T cell population in patients with ovarian,
lung, breast, or pancreatic cancer for up to 30 days after a single
infusion, in association with improved cellular immunity, and
was well tolerated. We therefore propose that the decreased num-
ber of Tregs enabled immune-mediated tumor clearance and are
currently investigating this possibility. A recent report supported
this idea by demonstrating that denileukin diftitox reduced Treg
numbers and overall suppression mediated by the CD4"CD25*
cell population in a mouse model of breast cancer, with improved
immunity and tumor regression (95).

Additional reports confirm that denileukin diftitox depletes the
number of Tregs and the suppression mediated by the CD4*CD25*
T cell population and improves immunity in individuals with
renal cell carcinoma (96) and melanoma (97, 98). However, one
group demonstrated no reduction in the number of Tregs or their
function in melanoma patients receiving denileukin diftitox (99),
although the reasons for these conflicting results are unknown.
We are conducting an ongoing phase II efficacy trial of denileukin
diftitox for patients with stage III or IV epithelial ovarian carcino-
ma that are failing standard treatment (identifier NCT00238186;
heep://www.clinicaltrials.gov) that is designed to address and
resolve some of these issues.

It is now clear that Treg function is compartmentalized. For
example, in a mouse model of metastatic colon cancer, func-
tional CD8" Tregs preferentially developed in the lung (100). In
another mouse model of cancer, depletion of intratcumoral Tregs
enhanced adoptive T cell immunotherapy (69). In human breast
cancer, tumor-bearing lymph nodes expressed higher FOXP3
mRNA than did tumor-negative lymph nodes (67). Some B cell
lymphomas recruit functional Tregs into the tumor through CC
chemokine ligand 22 (CCL22) produced by the tumor cells (68),
as has also been shown in ovarian carcinoma (60). Furthermore,
Tregs were abundant in the solid tumor and malignant ascites in
ovarian cancer, but rare in local lymph nodes (60). Therefore, it
is important to study Tregs in the appropriate anatomical com-
partment, and it is likely necessary to deplete them locally in the
tumor or draining lymph nodes (where T cell priming occurs)
for optimal therapeutic utility. The relationship between Treg
numbers and function in the blood — an easily accessible com-
partment for study — versus the tumor is largely unknown and
an area ripe for further study.

Treg depletion is one avenue in which to test the too much of a
bad thing paradigm, and denileukin diftitox is one agent for this
purpose. However, we have identified numerous additional agents
and strategies (101), including blocking Treg trafficking, differen-
tiation, and/or function and reducing effector cell susceptibility
to suppression; some of these have already proven successful in
preliminary studies (60, 102).

Tregs might account for the failure of

some cancer immunotherapies

The too much of a bad thing paradigm offers novel insights into the
failure of current immunotherapy strategies. For example, active
vaccination of patients with cancer can induce antigen-specific
Tregs (103). This result should not be surprising, as Tregs are
simply another type of antigen-specific T cell elicited during an
immune response. Prior failure to identify vaccine-induced Tregs
simply reflects a failure to look. It is probable that antigen-specific
Tregs are elicited by many active cancer vaccines. Further investiga-
tion of how they ultimately influence vaccine-induced immunity
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is therefore needed. For instance, the clinical responses induced
by some vaccines could be a result of rapid induction of antigen-
specific CTLs that overwhelm the deleterious effects of simultane-
ously generated Tregs. However, tumors might later recur or prog-
ress as these CTLs undergo programmed cell death and disappear,
allowing eventual domination by the longer-lived Tregs. Similarly,
DC vaccines might produce clinical responses early but not dura-
bly (16), because although the induced CTLs initially combat the
tumor, they then fail as DC-induced Tregs dominate. The recent
demonstration that infused DCs induced Tregs in patients with
myeloma supports this concept (104).

IL-2 expands and activates CTLs (19), which might explain
early clinical responses in patients with melanoma and renal
cell carcinoma treated with that cytokine. However, IL-2 also
boosts human Treg function in vivo (105), which can ultimately
inhibit antitumor CTLs, explaining the low clinical response
rate with IL-2 treatment. IFN-y, now in human cancer trials for
ovarian cancer (106, 107), can inhibit DC differentiation (108)
and induce DC expression of B7-H1 (75), both of which induce
Treg differentiation.

These studies suggest that the induction or presence of Tregs
might account for the failure of some cancer immunotherapies.
Therefore, consistent with the concept that most effective can-
cer therapies are multimodal, combining Treg depletion with
active cancer immunotherapeutic interventions is an attractive
prospect, supported by abundant data in mice (51-53, 69) and
by preliminary human trials (95, 96, 98). Furthermore, the not
enough of a good thing paradigm explains many important features
of tumors, such as ineffective antigen presentation and poor
T cell activation (27). These features could defeat strategies to
deplete Tregs as the sole intervention.

However, immunologic responses are highly interrelated and
complex. Therefore, combining Treg depletion with additional
modalities requires much additional investigation. For example,
depleting Tregs too early before or at any time after vaccination
in a mouse model for multimodal cancer therapy enormously
reduced the capacity of Treg depletion to boost immunity com-
pared with that observed when Tregs were depleted at vaccination,
the optimal time point (109). Combining chemotherapy with
immunotherapy is an additional approach likely to be enhanced
by Treg depletion (110). Vaccinating against FOXP3 itself aug-
ments tumor vaccines (111), although the practical utility of this
approach is uncertain because depleting all FOXP3* Tregs could
promote pathologic autoimmunity. Of course, only clinical trials
will ultimately determine whether net effects of specific approach-
es are beneficial or deleterious.

Immunopathologic contributions of other regulatory cell popu-
lations such as CD8" Tregs (100, 112), NKT cells (113), myeloid-
derived suppressor cells (114, 115), and B7-H4* myeloid cells (116)
remain to be fully established and merit further investigation.
For example, in some mouse models for cancer, depleting regu-
latory NKT cells improves tumor immunity, whereas depleting
CD4'CD25" Tregs does not (117).

To a hammer, the world looks like a nail. I could thus be accused
of seeing Tregs lurking around every corner. Nonetheless, as we
come to appreciate the complexities of tumor immunity, we are
likely to view modes of action of some agents differently. VEGF
(102), prostaglandins (118), and estrogen (119) probably contrib-
ute to Treg differentiation and/or function in some tumors. Agents
blocking these signals might therefore be therapeutically useful
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through Treg depletion in addition to their known mechanisms.
For instance, blocking VEGF reduced the number of intratumoral
Tregs in mouse models of colon cancer and melanoma (102), and
cyclophosphamide, a standard cytotoxic chemotherapeutic (120),
has long been known to inhibit suppressor T cells (121), which is
now recognized as a result of Treg depletion (122).

Remaining issues

Because we are so early into our journey of discovery in this new
landscape of immunologic thinking, it is practically ludicrous
to catalog what remains to be discovered, because it is almost
everything. Nonetheless, here I pose some of the important
remaining questions. What local factors in the tumor micro-
environment augment expansion of the Treg population or
favor survival of Tregs over antitumor effector cells? From
which precursor populations do Tregs in the tumor arise? What
is the antigen specificity of Tregs; does it differ from effector
immunity; and does deletion of antigen-specific Tregs produce
immunologic consequences different from those of strategies
that deplete all Tregs? Which regulatory cell population, if any,
has the most immunopathologic importance in a given cancer?
Practical questions include: Do agents used to reduce Treg func-
tion work equally well in the blood, tumor, and draining lymph
nodes? What is the relationship between Treg depletion in the
blood and atlocal sites, and do such observations predict immu-
nologic or clinical outcomes?

Concluding remarks
Immune-based therapy arguably remains the best option to cure
many types of cancer. There is simply nothing as potent or tar-
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geted as antigen-specific immunity. The not enough of a good thing
paradigm has helped to elucidate important principles regarding
the use of immunotherapy to treat cancer. Nonetheless, in my
opinion, its conceptual basis prevents its optimal use.

Lack of immune rejection is the seventh fundamental hallmark
of cancer. Additional tumor-mediated mechanisms defeating host
immunity are known or surely will be discovered that will lead to
many more approaches within this paradigm. As tumor immu-
nologists shake off the shackles of pathogen-based dogma that
have impeded progress in developing effective cancer immuno-
therapy, we might at last see this approach reach its zenith. Just as
a prudent general only reluctantly sends troops into battle across
a known mine field without first sending in mine sweepers, the too
much of a bad thing paradigm suggests that to optimize currently
employed immunotherapeutic strategies, the malignant equiva-
lent of the mine field must first be swept as well.
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