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Development of TLR9 agonists for cancer therapy
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In vertebrates, the TLRs are a family of specialized immune receptors that induce protective immune responses
when they detect highly conserved pathogen-expressed molecules. Synthetic agonists for several TLRs, including
TLR3, TLR4, TLR7, TLR8, and TLR9, have been or are being developed for the treatment of cancer. TLR9 detects
the unmethylated CpG dinucleotides prevalent in bacterial and viral DNA but not in vertebrate genomes. As dis-
cussed in this Review, short synthetic oligodeoxynucleotides containing these immune stimulatory CpG motifs
activate TLR9 in vitro and in vivo, inducing innate and adaptive immunity, and are currently being tested in mul-
tiple phase II and phase III human clinical trials as adjuvants to cancer vaccines and in combination with conven-

tional chemotherapy and other therapies.

Introduction
The innate immune system evolved to detect and respond to infec-
tion. In vertebrates, it does this using several families of receptors
that detect highly conserved pathogen-expressed molecules that
are not expressed by or accessible in host cells (1). One of the best
understood of these families is the TLR family of molecules, of
which ten have been identified in humans (2, 3). Each TLR binds to
one or more distinct pathogen-expressed molecules and can func-
tion as an “alarm signal” for the immune system, initiating appro-
priate host immune defenses (2, 3). For example, TLR4 detects
LPS, a molecule that is specifically expressed by Gram-negative
bacteria but not by other organisms. In response to LPS, TLR4
activation induces the secretion of proinflammatory cytokines and
chemokines by host immune cells. Consistent with the hypothesis
that TLRs are an important component of immune defenses, mice
deficient for TLR4 have an increased susceptibility to infection
with Gram-negative bacteria (2, 3). A synthetic agonist for TLR4,
monophosphoryllipid A, has been developed as a vaccine adjuvant
(4), and a synthetic agonist for TLR7, imiquimod, has been devel-
oped in a topical formulation approved by the FDA for treatment
of genital warts, actinic keratosis, and basal cell carcinoma, but
it is also widely used in other conditions (5). This Review focuses
on TLRY, which is the only TLR for which a systemically admin-
istered specific agonist has shown substantial evidence of antitu-
mor activity in human clinical trials. TLR9 seems to have evolved
to detect the unmethylated CpG dinucleotides that are relatively
common in bacterial and viral genomic DNAs but are uncommon
in vertebrate genomes and, if present, are highly methylated (6).
For therapeutic applications, TLR9 generally is stimulated with
synthetic oligodeoxynucleotides containing one or more unmeth-
ylated CpG dinucleotides (CpG ODN).

Each TLR has a unique pattern of cellular and tissue expres-
sion, which presumably has evolved to serve its role in the detec-
tion of different types of pathogens. Among all the TLRs, TLR9 is
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thought to have the narrowest expression profile; among resting
human immune cells, B cells and plasmacytoid DCs (pDCs) seem
to exclusively express TLRO (reviewed in ref. 2). pDCs are extremely
important cells in host defense, as they produce most of the type I
IFN that is made in response to viral infection and that is essential
to control viral replication and to promote the development of an
immune response to eradicate infected cells and prevent recurrence
(7). In contrast with this limited expression of TLRY in humans, B
cells, monocytes, and probably all DC subsets express TLR9 in mice
(2,7). Consequently, the mouse immune system produces different
cytokines and chemokines when exposed to unmethylated CpG
motifs, making it exceedingly difficult to predict the effects of TLR9
activation in humans by extrapolating from results with mice.

Native DNA, which has a phosphodiester backbone (Figure 1), is
rapidly degraded in vivo by nucleases that are present in serum and
within cells. So investigations of TLR9 stimulation in animal experi-
ments and human trials generally use synthetic CpG ODN that have
a nuclease-resistant phosphorothioate (PS) backbone for improved
stability (Figure 1). TLR9 seems to be required for all the immune
stimulatory responses to synthetic PS ODN, since there is a com-
plete loss of activity in mice genetically deficient for TLR9 (6, 8, 9).
However, native DNA can activate immune cells through both TLR9
and one or more TLR9-independent pathways if the DNA is deliv-
ered into the cells by transfection (10-12). TLR9 also is not required
for the induction of the immune responses elicited by DNA vaccines
(13). This Review focuses on the applications in cancer therapy of
synthetic CpG ODN that, unless otherwise specified, have PS back-
bones; the term ODN will be used to refer more generally to com-
pounds that elicit effects that are not dependent on the presence of
a CpG. In addition, although three families of immune stimulatory
CpG ODN with distinct structural and biological characteristics
have been described (Table 1) (14) — A-class CpG ODN (also known
as D type), B-class CpG ODN (also known as K type), and C-class
CpG ODN, here I focus on B-class CpG ODN, which are strong B
cell stimulators but induce relatively little pDC secretion of IFN-q,
because they are furthest into human clinical development in oncol-
ogy (Table 1). B-class CpG ODN are the sole class of CpG ODN used
in the studies described hereafter, unless otherwise stated.

CpG ODN stimulate Th1-like innate

and adaptive immunity

The immune effects of administering CpG ODN to humans seem
to result directly and indirectly from activation of the immune
cells that constitutively express TLR9, B cells, and pDCs. CpG
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Backbones of native and modified DNA. PS ODN differ from native phosphodiester (PO) DNA ODN only in the substitution of a sulfur for
one of the nonbridging oxygen atoms. This change improves the in vivo stability of the ODN from a half-life of a few minutes to about two

days for the PS ODN.

ODN require no delivery system in vitro or in vivo — they can sim-
ply be administered in saline and are spontaneously taken up by
most immune cells, in particular B cells and DCs (ODN uptake is
not restricted to TLR9-expressing cells). ODN uptake by lympho-
cytes is energy and temperature dependent and greatly increased
by cell activation; it also seems to be receptor mediated, although
the specific receptors remain largely obscure (14). PI3K seems to
have some role in ODN uptake, since uptake is diminished by
PI3K inhibitors (15). In resting cells, TLR9 seems to reside within
the endoplasmic reticulum, but upon CpG ODN uptake, TLR9
translocates into the same endosomal compartment as CpG ODN,
thereby allowing binding and initiation of signal transduction
(16, 17). Chloroquine and other inhibitors of endosomal acidifica-
tion and/or maturation completely block the immune effects of
CpG ODN, demonstrating an essential role for this compartment
in the interaction with TLR9 and/or in the initiation of the down-
stream signal transduction pathways (16, 17). The molecular sig-
naling pathways downstream of TLR9 have recently been reviewed
in detail and will not be discussed further here (18).

Immune responses can be broadly divided into two types:
Th1 and Th2. Th1 immune activation is optimized for fighting
intracellular infections such as viruses and involves the activa-
tion of NK cells and CTLs that can lyse infected cells. This type of
immune activation is the most highly desired for cancer therapy,
as the same defenses can be directed to kill tumor cells. In con-
trast, Th2 immune responses are directed more at the secretion
of specific antibodies and are relatively less important for tumor
therapy. One of the most notable features of TLR9 activation is the
remarkably strong Th1 responses that are triggered (see below).

The immune response to infection or TLR stimulation occurs in
two phases: the first to be activated is antigen-nonspecific innate
immunity, which is followed by antigen-specific adaptive immu-
nity (Figure 2). TLR9 stimulation with any class of CpG ODN
activates innate immunity with a predominantly Th1 pattern
of cytokine and chemokine secretion by B cells and pDCs (and
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by other immune cells that are activated secondarily) (Table 1).
In response to TLRY stimulation, B cells and pDCs also express
increased levels of costimulatory molecules (such as CD80 and
CD86), TNF-related apoptosis-inducing ligand (TRAIL), which can
induce tumor cell death, and CC chemokine receptor 7 (CCR?7),
activation of which causes cell trafficking to the T cell zone of the
lymph nodes, and show increased resistance to apoptosis (reviewed
in ref. 2). Together, these innate immune effects of TLR9 activation
can promote tumor regression either directly, through the anti-
tumor activity of factors such as IFN-a and TRAIL, or indirectly,
through the activation of NK cell-mediated tumor killing (14).

TLRY-mediated innate immune activation and pDC and B cell
maturation are followed by the generation of antigen-specific anti-
body and T cell immune responses (reviewed in ref. 2). The pDCs
activated through TLR9 become competent to induce effective
CD4" and CD8" T cell responses (19-23). Both A-class and B-class
CpG ODN increase the ability of pDCs to induce antigen-specific
CD8" T cells with a memory phenotype; the B-class CpG ODN also
increase the frequency of CD8* T cells with a naive phenotype (24).
B cells are strongly costimulated if they bind specific antigen at
the same time as TLRY stimulation (14). This selectively enhances
the development of antigen-specific antibodies, suggesting that
CpG ODN might be useful as vaccine adjuvants, especially for the
induction of strong Th1-biased immunity.

Interactions between Tregs and TLR9

Tregs are a special subset of T cells that function to keep other
T cells in check and therefore tend to suppress immune respons-
es. Tregs inhibit antitumor T cell responses, can be induced by
tumors, and might be a major obstacle to effective tumor vacci-
nation and immunotherapy (25). Therefore, there has been much
interest in the possible effects of TLR activation upon Treg func-
tion. Mouse DCs activated through TLR9 can become resistant to
the immune suppressive effects of Tregs in vitro (26, 27). In con-
trast, TLRO ligands (as well as ligands for TLR2 and TLR4) increase
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Table 1

Classes of CpG ODN

ODN class Example ODN

A-class GGgggacgategtcgGGGGG
(for IFN-c inducing; (also known as ODN 2216)

also called D-type)

Structural features
Poly G region at the 3’ and/or 5" ends;

usually with a few PS-modified
internucleotide linkages at the 5’ and
3’ ends for nuclease resistance, but
the center portion of the ODN with

Immune effects

Induces exceptionally strong pDC
IFN-o secretion and moderate
expression of costimulatory
molecules

Induces very little B cell

the CpG motif(s) must be PO

TCGTCGTTTTGTCGTTTTGTCGTT
(also known as CPG 7909
and PF-3512676)

B-class
(for B cell-activating;
also called K-type)

C-class TCGTCGTTTTCGGCGCGCGCCG
(for combined (also known as ODN 2395)
activities)

Fully PS-modified backbone, no major
secondary structure; most
important CpG motif for activating
human TLR9 is at the 5" end

Fully PS-modified backbone, 1 or more
5’ CpG motifs; self-complementary
palindrome in middle or 3’ end
enables formation of duplex or
hairpin secondary structure

activation

Induces very strong B cell
proliferation and differentiation

Induces pDC expression of
costimulatory molecules and
modest IFN-a secretion

Induces strong B cell proliferation
and differentiation

Induces pDC IFN-o. secretion
and expression of
costimulatory molecule

Capital letters in ODN sequences indicate 3’ PS internucleotide linkage; lower-case letters in ODN sequences indicate 3' PO internucleotide linkage; under-
lining indicates self-complementary palindromes; bold letters indicate CpG motifs thought to contribute the most to immune stimulation. PO, phosphodiester.

the proliferation of mouse Tregs cultured in the presence of APCs
and CD3-specific antibody (28), and TLRY activation of purified
human pDCs enhances the generation of Tregs, suppressing naive
T cell responses (29) (Figure 2). To add yet another variable into
the biologic interactions between TLR9 and Tregs, the addition
of a B-class CpG ODN to in vitro cultures of mouse DCs, Tregs,
and naive T cells results in the production of IL-17, an important
mediator of tissue inflammation that can have beneficial or harm-
ful effects, depending on the clinical situation (30).

The in vivo interactions between TLRO activation and Tregs are
likely to be even more complex. Aged mice (18 to 22 months old)
have an increased percentage of Tregs in the spleen compared with
young mice, but treatment of the aged mice with an s.c. injection
of CpG ODN reduced the percentage of Tregs in the spleen to that
seen in young mice, and this was associated with successful rejec-
tion of an immunogenic tumor (31). Of note, this Treg-reducing
antitumor effect of TLRY activation was not seen with agonists
for TLR3, TLR4, TLRS, or TLR7 (31). Therefore, TLR9 activation
can have effects that counter Tregs in vivo, at least in aged mice.
Nevertheless, recent studies in young mice clearly demonstrate
that TLRY stimulation does not abrogate the suppressive effects of
Tregs. For example, mature DCs pulsed with the antigen keyhole
limpet hemocyanin (KLH) were cultured with or without CpG
ODN for 3 hours in vitro and then injected into the footpads of
either untreated mice or mice that had been depleted of Tregs (32).
Even in the untreated mice (in which Tregs were present), TLR9-
activated DCs caused a slight increase in antigen-specific IFN-y
secretion and almost completely suppressed the Th2 response
(IL-4 secretion) to KLH compared with that in the control mice
that received non-TLR9 activated DCs pulsed with KLH. However,
Treg depletion increased the IFN-y secretion induced by TLR9-
activated DCs, consistent with the interpretation that the effects
of TLR9-activated DCs can be inhibited by Tregs in vivo (32). Simi-
larly, mouse Tregs suppress the antigen-specific T cell response to
footpad or transcutaneous vaccination with a peptide in combi-
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nation with a CpG ODN adjuvant, suggesting that CpG ODN do
not always overcome Treg influences (33, 34). The route of admin-
istration of CpG ODN is an important variable to consider; i.v.
administration of a B-class CpG ODN induces splenic expression
of an enzyme linked to the generation of Tregs, indoleamine 2,3-
dioxygenase (IDO), and results in the suppression of T cell expan-
sion and CTL activity, but s.c. administration of the same CpG
ODN has the expected immune stimulatory effects (35, 36). Col-
lectively, these studies indicate that, although systemic TLR9 acti-
vation induces the expression of many cytokines and chemokines,
italso induces counterregulatory feedback mechanisms, including
Tregs that might have the biologic effect of avoiding deleterious
immune activation or autoimmunity. In mice, intratumoral or s.c.
CpG ODN might be more effective than i.v. for inducing antitu-
mor immunity. However, i.v. therapy of previously treated patients
with non-Hodgkin lymphoma (NHL) with the B-class CpG ODN
PF-3512676, formerly known as CPG 7909 and ODN 2006, led to
late clinical responses in 2 of 23 patients (37), indicating potential
efficacy of this route of administration in humans (CPG 7909 and
PF-3512676 are the same CpG ODN, but CPG 7909 refers to the
compound when used as a vaccine adjuvant and PF-3512676 refers
to the compound when formulated without an adjuvant). Further
studies of the effects of different routes of TLRY ligand adminis-
tration on Tregs in humans are needed. Together with the exten-
sive evidence that Tregs contribute to the immune suppression
observed in cancer patients (25, 38), these reports imply that the
efficacy of CpG ODN therapy in cancer might be further increased
by the prior depletion or inactivation of Tregs.

TLR9 agonists as Th1 vaccine adjuvants

The Th1-Th2 character of adaptive immune responses can be deter-
mined by the way in which innate immunity is activated (39). The dis-
tinguishing feature of CpG ODN used as adjuvants (i.e., mixed into a
vaccine) is their unsurpassed induction of strong Th1 responses. In
a mouse study comparing 19 different vaccine adjuvants with two
Volume 117
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Activation of innate and adaptive immunity by TLR9 activation. Among human immune cells, only B cells and pDCs constitutively express
TLR9. These cells endocytose DNA into an endosomal compartment where it binds to TLR9, forming a signaling complex. If the DNA contains
unmethylated CpG motifs, TLR9 is stimulated, and the cell becomes activated. In pDCs, this results in type | IFN secretion, which activates NK
cells, monocytes, and other APCs, and in the pDC maturation into a more effective APC able to activate naive T cells. Opposing these immune-
boosting effects, pDCs activated through TLR9 also mediate immune-suppressive effects through counterregulatory factors such as indoleamine
2,3-dioxygenase (35, 36) and the generation of Tregs (29). In B cells, TLR9 stimulation results in the secretion of proinflammatory cytokines, such
as IL-6, and in the release of immune regulatory cytokines that might limit the intensity of the inflammatory response, such as IL-10 (124). TLR9
activation of B cells confers a greatly increased sensitivity to antigen stimulation and enhances their differentiation into antibody-secreting plasma
cells. On balance, these immune effects of CpoG DNA generally promote strong Th1 CD4+ and CD8* T cell responses. However, the concurrent
activation of counterregulatory pathways such as the induction of Tregs limit TLR9-induced immune activation, offering a potential for enhancing

the therapeutic efficacy of TLR9 agonists by coadministration of antagonists of one or more of these inhibitory pathways.

tumor antigens (MUCI1 peptide and GD3 ganglioside), CpG ODN
induced the most Th1-biased immune responses with the highest
levels of IFN-y secretion (40). Other vaccine adjuvant comparisons
in mice also have demonstrated CpG ODN to be better at inducing
antigen-specific Th1 responses than any other TLR agonist or uncon-
jugated vaccine adjuvant, even including complete Freund’s adju-
vant (40-51). In comparisons of vaccine adjuvants in tumor-bearing
mice, only CpG ODN induced antitumor responses that were strong
enough to eliminate established tumors that had already grown to
5-10 millimeters in diameter (45, 52). The mechanism of these vac-
cine-enhancing effects of CpG ODN includes both enhanced DC
function leading to stronger CD8* T cell responses and the gen-
eration of Th1 cytokines such as IFN-y and IL-12 (45-47, 49, 53).
TLRY activation might stimulate additional antitumor mechanisms
beyond classical CTL: in one mouse tumor model, the addition of a
CpG ODN to an adenoviral vector encoding a tumor antigen pro-
vided the expected survival benefit despite resulting in a substantial
reduction in the vaccine-induced CTL response and the number of
IFN-y-secreting T cells (54). Therefore, CTL assays might provide an
incomplete measure of TLR9-mediated antitumor effects.
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Although CpG ODN are excellent adjuvants even in a simple
saline solution with an antigen, their adjuvant activity can be fur-
ther increased by the use of formulations that provide sustained
release or by direct conjugation of the antigen and the ODN
(reviewed in ref. 55). In contrast to the harsh local inflamma-
tory effects of complete Freund’s adjuvant, CpG ODN are rela-
tively nonreactogenic. For these reasons, CpG ODN have arguably
become the gold standard for vaccine adjuvants, with hundreds
of publications showing them to be highly active and generally
well tolerated with a wide variety of antigens, including peptides,
proteins, live or killed viruses, DC vaccines, autologous cellular
vaccines, and polysaccharide conjugates (55).

In humans, B-class CpG ODN have been used as adjuvants for
infectious disease vaccination, either in combination with alum
(56) or alone (57). In a phase I/II dose-escalation study, healthy
subjects were randomized to receive three i.m. injections of an
alum-absorbed HBV vaccine, Engerix-B, in saline or mixed with
CPG 7909 at doses of 0.125, 0.5, or 1.0 mg (56). HBV surface anti-
gen-specific (HBsAg-specific) antibody responses were detected
earlier and reached substantially higher titers in the CPG 7909
Number § 1187
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Table 2
Published oncology clinical trials with TLR9 agonists

Treatment Tumor type Phase of clinical trial QOutcome Reference
(number of patients)
Vaccines
CPG 7909 + MART1 Melanoma Phase | (8) No objective responses, 66
peptideA but ~10x increase in
antitumor CD8+ T cells
CPG 7909 (dose of 0.5 Melanoma Phase | (13) 2 PR among the 5 patients enrolled 68
or 1 mg) + MAGE-3 in the 1 mg CPG 7909 cohort; no responses
recombinant protein among the 8 in the 0.5 mg cohort
Monotherapy
PF-3512676A NHL Phase | (23) Two late responses with no other treatment 37
Melanoma Phase Il (20) 2 PR (one ongoing at 2.5 yr) and 3 SD; 99
possible association with NK cell cytotoxicity
Melanoma Phase | Peritumoral injection resulted in 103
activation of pDC and mDC in SLN
Cutaneous T cell lymphoma Phase I/ (28) 3CRand6 PR 102
BCC, melanoma Phase | (10) Local regression of 4/5 BCC and 1/5 melanoma 100
(but with progression of distant metastases)
Renal cell Phase | (35) 2 PR 101
CpG-28 (given Recurrent glioblastoma Phase | (24) 2 minor responses, median survival 125
by intratumoral 7.2 months; well tolerated
administration)
Combination therapies
1018 ISS + Rituximab NHL Phase | (20) Induction of Th1 cytokines and chemokine 96
secretion, good safety profile
PF-3512676 + DTIC Melanoma Phase Il (184) Four PR in PF-3512676/DTIC-combination arm; 123
2 in DTIC-alone arm; no difference in survival
Taxane/platin + NSCLC (1st line) Phase Il (112) Response rate doubled in chemotherapy + 121

PF-3512676

PF-3512676 combination arm compared with
chemotherapy alone; 1 year survival improved to
50% from 33% in chemotherapy alone

ACPG 7909 and PF-3512676 are the same CpG ODN, but CPG 7909 refers to the compound when used as a vaccine adjuvant, and PF-3512676 refers to
the compound when formulated without an adjuvant. BCC, basal cell carcinoma; CR, complete response; DTIC, dacarbazine; MAGE, melanoma antigen—
encoding gene; PR, partial response; SD, stable disease; SLN, sentinel lymph node.

recipients: a large proportion of the subjects randomized to receive
CPG 7909 developed protective levels of HBsAg-specific IgG within
two weeks of the priming vaccine dose compared with none of the
subjects receiving the commercial vaccine Engerix-B in the absence
of CPG 7909. The quality of the antibodies was also improved, with
asubstantial increase in avidity, suggesting an enhanced late affin-
ity maturation process (58). The recipients of the two higher doses
of CPG 7909 also showed a trend to more frequent positive CTL
responses compared with controls. A different B-class CpG ODN,
1018 ISS, showed a generally similar adjuvant effect when mixed
with HBsAg in the absence of alum, albeit at higher doses (57).
HBYV vaccination with CPG 7909 rapidly induced protective
antibody titers, even in HIV-infected subjects who had previously
failed to attain protective antibody levels following treatment with
a standard regimen of HBV vaccination, thereby demonstrating
that TLRY activation can overcome vaccine hyporesponsiveness
(59). Moreover, these increased antibody titers persisted at pro-
tective levels for longer than three years after immunization. The
HIV-infected subjects randomized to receive CPG 7909 with their
HBV vaccinations also had substantially enhanced antigen-specif-
ic lymphocyte proliferation for at least two years compared with
those receiving vaccine alone (59). In addition, coadministration
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of a 1 mg dose of CPG 7909 with a one-tenth normal dose of an
influenza vaccine in normal volunteers restored the full level of
antigen-specific IFN-y secretion, further demonstrating the Th1-
enhancing effect of TLR9 activation (60).

TLR9 agonists in cancer therapy
TLR9 activation enhances tumor vaccination in humans. Antigen-spe-
cific CD4* and CD8" T cells can be induced by a tumor vaccine
and can mediate immune rejection of solid tumors. Although
tumor vaccines have shown outstanding results in mouse models,
objective human clinical responses are rarely achieved (61). There-
fore, the emphasis of many phase I and phase II clinical trials has
shifted into detailed basic studies of the human T cell response to
the tumor antigens during successful and unsuccessful vaccina-
tion. Ideally, both memory and effector T cells should be induced.
However, there is an increasing appreciation of the fact thatnotall
antitumor T cells are created equal — ineffective T cell triggering
leads to much lower numbers of T cells that are less active killers
and might even be tolerant of the tumor (62).
Melanoma-associated antigen recognized by T cells 1 (MART1)
is a melanocyte protein that is expressed in most melanomas
and also in several other types of tumors and has been used as a
Volume 117

NumberS  May 2007



Table 3
Ongoing oncology clinical trials with TLR9 agonists

Treatment

Vaccines
CPG 7909 + MAGE-3.A1 peptide

CPG 7909 + MARTT natural and analog peptides + tyrosinase peptide + Montanide ISA-51
CPG 7909 + cyclophosphamide + fludarabine + autologous PBMCs + MART1 in [FA

CPG 7909 (within the adjuvant AS15) + MAGE-3 His fusion protein
CPG 7909 (within the adjuvant AS15) + HER2 recombinant protein

Monotherapy

PF-3512676

IM0-2055

Combination therapies

1018 ISS + rituximab

PF-3512676 + local radiation
Paclitaxel/carboplatin + PF-3512676
Gemcitabine/cisplatin + PF-3512676
Paclitaxel/carboplatin/bevacizumab + PF-3512676
Erlotinib + PF-3512676

Pemetrexed + PF-3512676

PF-3512676 + KLH (to assess immune reconstitution after transplant)

1018 ISS + irinotecan + cetuximab
IM0-2055 + gemcitabine + carboplatin

review series

Tumor type Phase of clinical trial
(number of patients)
Melanoma Phase I/11 (14)A
Melanoma Phase | (27)A
Melanoma Phase | (12)A
Melanoma Phase Il (68)A
Breast Phase I/1I (at least 40)A

CLL (2nd line)
Renal cell (1st and 2nd line)

Phase | (48)*
Phase | (92)8

NHL (2nd line)
NHL

NSCLC (1st line)

NSCLC (1st line)

NSCLC (1st line)

NSCLC (2nd line)

NSCLC (2nd line)
Leukemia/lymphoma following
autologous stem cell transplant

Colorectal (2nd line)
Refractory solid tumors

Phase I (30)*
Phase /11 (30)A
Phase I (800)*
Phase 11 (800)*
Phase Il (140)A
Phase I (130)A
Phase I (130)A

Phase | (25)A

Phase | (15)A
Phase I/11
(dose escalation)?

AFurther information about these clinical trials can be found at www.clinicaltrials.gov. BFurther information about this clinical trial can be found at www.
iderapharma.com/drug_development.php. CLL, chronic lymphocytic leukemia; IMO, immune modulatory oligonucleotide.

component of some investigational melanoma vaccines. MART1
is unique among tumor antigens in that both normal subjects
and patients with melanoma have a remarkably high frequency
of T cells specific for this antigen. Many of these T cells are spe-
cific for one particular region of the protein that can be synthe-
sized as a peptide for more detailed studies by flow cytometry
using tetramers and other analytic techniques, enabling detailed
investigations of the quantity and quality of the T cell response
during vaccination with different adjuvants or formulations
(63, 64). These studies have revealed that there is no increase in
the frequency of T cells specific for this MART1 peptide following
vaccination with a synthetic form of this peptide if the peptide
is formulated in saline or mixed with the saponin QS-21 and the
TLR4 ligand monophosphoryl lipid A, which has been used as a
vaccine adjuvant in other settings. In contrast, vaccination with
the MART 1-derived peptide in incomplete Freund’s adjuvant (IFA)
stimulated about half of vaccinated patients to generate increased
frequencies of MART1-specific CD8" T cells in the blood, up to an
average frequency of 0.1%-0.2% (65). This adjuvant effect of IFA
was markedly enhanced upon combination with the TLR9 ago-
nist CPG 7909 at a low dose of 0.5 mg: all vaccinated melanoma
patients responded with increased frequencies of antigen-specific
CD8" T cells, which reached a mean frequency of more than 1%
(66) (Table 2). This roughly 10-fold increase in antigen-specific
T cell frequency makes this IFA and TLR9 agonist combination
the strongest reported stimulator of human CD8" T cell respons-
es in the blood (66). Most importantly, ex vivo analyses of these
tumor-specific T cells demonstrated that they had differentiated
to effector cells (67). Unfortunately, the MART 1-specific tumor-
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infiltrating lymphocytes in the patients had a less differentiated
phenotype than those in the blood, with lower expression of the
cytotoxic effectors perforin and granzymes and lower inducible
expression of IFN-y, indicating that measurement of antitumor
responses in the blood does not give the complete picture and sug-
gesting that further optimization of this approach to vaccination
will be needed if it is to reach its full clinical potential (67). All
patients developed inflammatory injection site reactions, which
peaked about two weeks after vaccination; several patients also
showed reactivation of local inflammation at earlier vaccination
sites. Transient mild systemic flu-like side effects from the vacci-
nation were common and included myalgias, arthalgias, fatigue,
nausea, malaise, and headache (66). Vaccination of these patients
was not associated with dramatic clinical responses, and tumors
in the patients contained high numbers of Tregs (67), suggesting
that the clinical efficacy of this approach might be enhanced by
Treg depletion or inactivation or perhaps by the incorporation of
a greater variety of tumor antigens in the vaccine, a higher dose of
CPG 7909, or other changes to the clinical protocol.

Although the use of peptide antigens allows the most precise
analysis of the immune response to tumor vaccination, a whole
recombinant protein has the potential advantage of including a
greater variety of tumor epitopes. A clinical trial has been con-
ducted in advanced melanoma patients using a recombinant mela-
noma antigen-encoding gene 3 (MAGE-3) protein and comparing
two doses of CPG 7909; a low, vaccine-adjuvant dose of 0.5 mg (the
first eight patients were enrolled at this dose) and a high vaccine-
adjuvant dose of 1 mg (five patients were enrolled in this cohort).
There were no clinical responses in the first cohort, but two of the
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Table 4
Nonvaccine therapeutic approaches that enhance TLR9-mediated
antitumor activity in mice

Approach Therapy Reference
Immunotherapy Tumor-specific antibody 72
CD40-specific antibody 73
IL-10-specific antibody 74
IL-10-specific antibody + CCL16 75
IL-10-specific antibody 76
+ Treg depletion
FLT3 ligand + vaccine 79, 80
IL-13 exotoxin fusion protein 81
IL-18 82
CTLA4-specific antibody + vaccine 77,78
TLR3 agonist 83
TLR5 agonist 84
Antiangiogenesis EGFR-specific antibody = irinotecan 85
Physical disruption Radiotherapy 86
of the tumor
Cryoablation 89
Surgical resection 87
Surgical resection and whole 88
tumor vaccine and GM-CSF
Chemotherapy Cyclophosphamide 87,90
Topotecan 87,91
5-Fluorouracil 92
Gemcitabine 93, 94
Alimta 94
Coramsine 95

CCL16, CC chemokine ligand 16; CTLA4, CTL-associated antigen 4;
FLT3, FMS-related tyrosine kinase 3.

five patients receiving the higher dose of CPG 7909 had partial
responses that became apparent after at least seven vaccinations
(68). The clinical utility of TLR9 agonists currently is being inves-
tigated in a number of additional vaccine trials that are underway,
with results expected during the coming years (Table 3).

TLRY agonist monotherapy can promote antigen-specific antitumor
immunity without a vaccine. In mice with relatively small tumors, up
to a few millimeters in diameter, CpG monotherapy can be suffi-
cient to induce T cell-mediated tumor regression (69, 70). In most,
but notall, mouse tumor models, the efficacy of CpG monotherapy
requires injection of the ODN into the tumor (reviewed in ref. 71).
To induce rejection of larger or poorly immunogenic tumors, the
CpG ODN generally needs to be combined with either a tumor vac-
cine (reviewed in ref. 71) or with other effective antitumor strate-
gies, such as monoclonal antibody therapy (72-78), other immune
therapies (including in combination with ligands for TLR3 or
TLRS) (79-84), angiogenesis inhibitors (85), radiation therapy (86),
surgery (87, 88), cryotherapy (89), and chemotherapy (87, 90-95)
(Table 4). In humans also, monotherapy with the TLR9 agonist
CPG 7909 (now called PF-3512676 when used in oncology without
a vaccine) or another B-class CpG ODN, 1018 ISS, activates NK
cells and induces a Th1 cytokine response in humans with B cell
lymphomas (37, 96). Of 23 NHL patients in the i.v. dose-escalation
study of PF-3512676, there were two late clinical responses, which
suggests a potential role for this approach as one part of a com-
bination treatment regimen (37). Although CpG ODN are strong
mitogens for normal B cells, there was no apparent exacerbation
of the lymphoma in these patients, perhaps due to the increased
1190
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immunogenicity of the tumor cells or the preferential induction
of apoptosis in tumor cells stimulated through TLR9 (97, 98).
Objective responses have been seen in some subjects receiving
PF-3512676 monotherapy for the treatment of melanoma, basal
cell carcinoma, renal cell cancer, or cutaneous T cell lymphoma
(Table 2) (99-102). In the melanoma patients, both intratumoral
and s.c. PF-3512676 monotherapy activate pDCs and myeloid DCs
(because myeloid DCs do not express TLRY, their activation is indi-
rect) (99, 103). And in a dose-escalation study, one of five melano-
ma patients receiving intratumoral PF-3512676 showed complete
regression of the injected lesion but progressive disease at distant
sites; four of five patients with basal cell carcinoma treated in this
manner experienced regressions (100). These results with intratu-
moral PF-3512676 seem generally comparable to the partial activity
seen with imiquimod, a TLR7 agonist that has been used topically
in the treatment of several premalignant and malignant skin dis-
eases (5). In contrast, when given by systemic injection, imiquimod
showed no antitumor activity in clinical trials despite some posi-
tive results in mouse models (104). Objective clinical responses
occurred in 2 out of 20 advanced melanoma patients receiving s.c.
PF-3512676 at a dose of 6 mg weekly and might be associated with
increased NK cell cytotoxicity (99). Of 35 patients with advanced
renal cell carcinoma who were enrolled in a dose-escalation trial of
PF-3512676, two had confirmed objective responses (101), further
demonstrating the ability of this investigational agent to provide
some antitumor activity. Twenty-eight patients with advanced
cutaneous T cell lymphoma who had failed an average of six prior
therapies were enrolled in a dose-escalation study of PF-3512676
in which they were treated with weekly s.c. administration of the
agent in sequential cohorts starting at 0.08 mg/kg and escalating to
0.36 mg/kg (102). There were three complete and six partial
responses and little toxicity beyond injection site reactions and
flu-like symptoms. Responses were evident starting as early as two
weeks, occurred in all of the dose groups except for the lowest, and
persisted for the duration of the study. Together, these clinical trials
of TLRY therapy as a single agent are encouraging for a good safety
profile, but the frequency of objective responses has been relatively
low, and the focus of ongoing clinical trials therefore has shifted to
combination therapies in an attempt to increase the clinical effec-
tiveness of administering TLR9 agonists.

Chemotherapy can enbance the antitumor effects of immune stimulators,
including TLRY activation. Since chemotherapies are commonly con-
sidered to be immunosuppressive, it might seem counterintuitive
to combine such a therapy with an immune therapy. Nevertheless,
numerous studies in rodents have demonstrated that many differ-
ent chemotherapy regimens can enhance various immune thera-
pies. For example, both cyclophosphamide and paclitaxel enhance
the Th1 response to a tumor vaccine when given prior to vaccina-
tion (but not if given following vaccination) (105, 106), and gem-
citabine increases the CD8" T cell response when given prior to an
immune-activating CD40-specific antibody (107). Further studies
have elucidated several potential mechanisms for this somewhat
paradoxical synergy. First, cyclophosphamide and methotrex-
ate reduce the number and/or function of Tregs in mice and rats,
improving the activity of tumor vaccines (108-110). The results of
these and other studies suggest that Tregs might be more sensitive
to certain chemotherapy regimens than normal T cells, providing
a rationale for following chemotherapy with an immunotherapy
(111-113). Second, docetaxel therapy in mice promotes the survival
of activated T cells to a GM-CSF-producing tumor vaccine (114),
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Potential mechanism to explain the observed antitumor synergy of TLR9 with chemotherapy.
Tumor antigens are constitutively present in cancer patients and are taken up by DCs in the
tumor and secondary lymphoid organs. In patients with established tumors, the immune sys-
tem fails to respond to the tumor antigens due to the tumor-induced Tregs and other immune-
suppressive effects. Certain chemotherapy regimens effectively deplete Tregs and also dis-
rupt the tumor, releasing additional antigen and interfering with the ability of the tumor and its
mesenchymal support structures to suppress the immune system. When such chemotherapy
is followed by treatment with a TLR9 agonist (CpG ODN), DCs bearing tumor antigens are
stimulated to mature and become effective inducers of a CTL response, which in the postchemo-
therapy environment is now better able to attack the tumor, leading to improved survival.

providing a possible hint that the antitumor T cells activated by an
immunotherapy might have a greater resistance to the toxic effects
of taxane chemotherapy compared with naive T cells (or Tregs).
Third, etoposide and mitomycin C have recently been reported to
cause calreticulin to be exposed on the surface of apoptotic tumor
cells, conferring on them immunogenicity to an immune therapy
(115). Finally, a tumor antigen-pulsed DC vaccine has been shown
to decrease the toxicity of the combination therapy of 5-fluoroura-
ciland irinotecan in a model of colon cancer (116).

Evidence of the immune-boosting effects of chemotherapy has
also come from human clinical trials. First, humans receiving
certain chemotherapy regimens, such as taxanes, actually show
increases in some T cell and NK cell functions (111-113). Second,
cyclophosphamide and fludarabine have been proposed to func-
tion by “making space”; chemotherapy-induced lymphodepletion
followed by homeostatic proliferation of transferred autologous
T cells has induced several impressive clinical responses to ther-
apy with a combination of adoptive transfer of activated antitu-
mor T cells and IL-2 (117). Third, gemcitabine, oxaliplatin, and
S-fluorouracil result in reduced numbers of Tregs and increased
numbers of tumor-specific CTLs when used in combination with
GM-CSF and IL-2 (118).

The mechanisms through which different chemotherapy regi-
mens enhance immunotherapy are likely to be diverse and cannot
be accounted for solely by tumor debulking, since in one study,
there was no survival benefit from immunotherapy in mice whose
tumors were surgically resected to the same residual tumor vol-
ume reached in the gemcitabine-treated mice (107). Furthermore,
even when tumor challenge was delayed until one week after the
last dose of chemotherapy to avoid the cytolytic effect on the
tumor cells, it still enhanced the protective effect of tumor vacci-
nation in mice (105). Since the direct antitumor effects of chemo-
therapy generally are insufficient to account for its enhancement
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applications in improving the outcomes of
combination therapy in humans.

The efficacy of TLR agonists is increased
by Treg depletion. Recent studies in mouse
models of cancer show that for at least
some tumor vaccines (without TLR9
agonists), the deletion or inhibition of
Tregs is essential for the recruitment
to the antitumor response of the high-
est avidity CD8* T cells, which are the
most potent tumor killers (110, 119).
Chemotherapies reported to deplete
Treg numbers and/or function in mice
include cyclophosphamide, methotrex-
ate, and fludaribine (90, 108-110) as well
as docetaxel, which induces a mild lym-
phodepletion with the loss of both Tregs
and memory T cells but is associated with
substantially prolonged survival of acti-
vated T cells (114). Doxorubicin might
augment immunotherapy through a dif-
ferent mechanism than docetaxel or other
taxanes and other chemotherapies since
it alone does not increase the number of
tumor-specific T cells, does not seem to eliminate Treg activity,
and enhances vaccination only when given at the time of T cell
expansion, not if used as a pretreatment (105, 110). In recent
human clinical trials, gemcitabine, oxaliplatin, and fluorouracil
also have been reported to reduce Treg numbers, suggesting pos-
sible utility for regimens containing these agents in enhancing
immunotherapy (118, 120).

In mouse tumor models, TLR9 activation has been reported to
synergize with a wide range of chemotherapy regimens, includ-
ing cyclophosphamide (87, 90), topotecan (87, 91), 5-fluoroura-
cil (92), gemcitabine (93, 94), alimta (94), and coramsine (95).
The mechanism of this synergy may result at least in part from
the effects of these chemotherapies in reducing Treg numbers.
Established tumors are associated with increased Treg activ-
ity, which protects the tumor from immune rejection and is
not readily overcome by TLRY activation alone. Treg-depleting
chemotherapies not only directly disrupt the tumor and induce
tumor cell apoptosis and immunogenicity but also eliminate
Treg function, making the tumor far more susceptible to TLR9-
induced innate and adaptive immune responses. In effect, in
the altered immune environment that follows chemotherapy,
TLRY activation of pDCs might be sufficient to boost effective
Th1 responses against tumor antigens that had previously been
ignored by the immune system (Figure 3). Indeed, in mouse
models of rhabdomyosarcoma treated with cyclophosphamide
(87), we have found that the prolonged survival of mice receiv-
ing chemotherapy combined with s.c. PF-3512676 is mediated
by an enhanced antitcumor T cell response.

Clinical development of chemotherapy combined with TLRY agonist.
Based on these results, we conducted a phase II randomized con-
trolled human clinical trial to investigate the effect of adding
PF-3512676 to standard taxane and platinum chemotherapy in
previously untreated stage IIIb or stage IV non-small cell lung
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carcinoma (NSCLC) (121). A total of 111 patients were random-
ized to receive four to six 3-week cycles of standard chemother-
apy alone or in combination with 0.2 mg/kg s.c. PF-3512676 on
the first day of weeks two and three of each cycle. The primary
endpoint for the trial, objective response rate, was higher in the
patients who received standard chemotherapy plus PF-3512676
than in those who received standard chemotherapy alone
(38% versus 19% for confirmed and unconfirmed responses;
P =0.048) (121). There was also a trend to improvement in one-
year survival from 33% in the patients randomized to receive stan-
dard chemotherapy to 50% in the patients receiving the combina-
tion (121). The most common side effects were mild to moderate
injection site reactions and transient flu-like symptoms. Grade 3
or 4 neutropenia was more common in the combination arm and
is thought to reflect neutrophil redistribution, as febrile neutro-
penia and grade 3 or 4 infections were less common in the com-
bination arm than in the chemotherapy alone arm. Thrombo-
cytopenia, which is a known sequence-independent effect of PS
ODN and which has been observed in all systemic clinical trials
of antisense PS ODN in applications such as infectious disease
and oncology (122), was seen more commonly in patients receiv-
ing the combination but with no apparent increase in bleeding
events. To pursue these encouraging results, 2 phase III human
clinical trials of PF-3512676 combined with standard platinum-
based doublet chemotherapy (one trial using the doublet of
cisplatin and gemcitabine and the other trial using the doublet
of carboplatin and paclitaxel) have been initiated in advanced
NSCLC, and several phase II trials have begun exploring other
combination regimens with PF-3512676 (Table 3).

It seems probable that not all chemotherapy regimens will be
equally effective when combined with TLRY activation. Dacarba-
zine, a relatively weak chemotherapy that has not been shown to
deplete Tregs or to boost any other immunotherapy, resulted in no
improvement in survival and only a slight increase in response rate
when administered in combination with CPG 7909 in a random-
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. Creagh, E.M., and O’Neill, L.A. 2006. TLRs, NLRs
and RLRs: a trinity of pathogen sensors that
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ized phase II clinical trial performed in 184 advanced melanoma
patients (123). Further studies into the effects of various chemo-
therapy regimens on immune function might make it possible to
design combination therapies that will predictably provide greater
clinical benefit to patients.

Conclusions

The studies performed to date show great promise for the clini-
cal application of TLR9 activation with CpG ODN for enhanc-
ing the clinical outcomes from cancer vaccination, conventional
chemotherapy, and other therapeutic modalities. The safety of
this approach has been quite good: a human maximal tolerated
dose has yet to be identified, no clinically meaningful increase
in chemotherapy-related toxicity has been reported for the addi-
tion of TLRY activation, and there have been no definite reports
to date of induction of systemic autoimmune disease from treat-
ment of several thousand humans with TLR9 agonists. Human
clinical trials with CpG ODN as vaccine adjuvants confirm
that they provide a marked acceleration and amplification of
both CD8* T cell responses and B cell responses. Nevertheless,
tumors have multiple means of suppressing or evading vaccine-
induced antitumor immunity, and it remains unclear to what
extent TLR9 activation will be able to overcome these defenses
and improve survival. Most probably, it will be necessary to use
combinations of synergistic therapies to achieve the full clinical
potential of this approach.
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