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CpG oligonucleotides stimulate via TLR9 and enhance anti-tumor immunity, an effect attributed to the activation of NK
and CD8+ T cells. Our recent work demonstrates that CpG ODN also induce monocytic myeloid-derived suppressor cells
to mature into M1 macrophages, further aiding tumor elimination. This provides insight into the mechanism through
which CpG promote tumor regression.

The innate immune system is activated
via engagement of Toll-like receptors.
Members of the TLR family recognize
“pathogen associated molecular patterns”
(PAMPs) expressed by infectious patho-
gens.1 For example, the unmethylated
CpG motifs present at high frequency in
bacterial DNA trigger via TLR9. CpG
ODN mimic the immunostimulatory
activity of bacterial DNA and are being
used to enhance the host’s immune
response to cancer.2 In pre-clinical and
clinical studies, the protection conferred
by CpG ODN is improved by intra-
tumoral injection: systemic administration
is considerably less effective.3 Studies show
that intra-tumoral delivery of CpG ODN
improves local dendritic cell function,
promotes the entry of macrophages into
the tumor site, and enhances the activation
of tumor-specific CD8+ CTL and NK
cells.4

Unfortunately, immunotherapy alone is
rarely successful in eliminating large
established tumors. The tumor micro-
environment plays a role in this failure,
as large tumors contain regulatory T cells
and myeloid-derived suppressor cells
(MDSC) that interfere with the lytic
activity of CTL and NK cells.5 MDSC

are particularly problematic, as they typi-
cally constitute a majority of all tumor
infiltrating cells. Two distinct subpopula-
tions of MDSC have been identified. Both
are Gr-1+ and CD11b+ with granulocytic
MDSC being Gr-1hi, Ly6g+, and Ly6cInt

whereas monocytic MDSC (mMDSC) are
Gr-1int, Ly6glo, and Ly6chi. Although both
subsets suppress T and NK cell responses
through the production of arginase-1
and/or inducible NO synthase (iNOS),
mMDSC show greater suppressive activity
on a per cell basis. Thus, an effective
means of blocking the immunosuppressive
activity of mMDSC would represent an
important advance in efforts to improve
the efficacy of tumor immunotherapy.6 To
examine the effect of CpG ODN on
MDSCs, we used the murine CT26 colon
cancer model.7 The effect of injecting
CpG vs. control ODN into large tumors
(. 1 cm diameter) was monitored. As
previously reported, CpG treatment
significantly slowed tumor growth and
increased the frequency of NK and CD8+

T cells infiltrating the tumor. Of interest,
CpG treatment also led to a dramatic
reduction of the number of tumor infil-
trating mMDSCs (Fig. 1A3). This effect
persisted for 4 d and required the

intra-tumoral injection of CpG ODN
(control ODN had no effect on MDSCs,
nor did systemically administered CpG
ODN). The observed effect was limited to
the site of CpG administration: when mice
had tumors in two different locations,
MDSC numbers were significantly
reduced only at the CpG-treated site.

Further analysis showed that murine
mMDSC expressed TLR9, consistent
with the hypothesis that CpG treatment
was directly affecting mMDSC activity.
Purified mMDSC treated in vitro with
CpG ODN rapidly increased their pro-
duction of Th1 cytokines (most notably
IL-6, IL-12 and TNFa; Figure 1A1).
More importantly, CpG-treated mMDSC
lost their ability to suppress CD8+ T cells
(Fig. 1A4). Functional analysis showed
that CpG treatment reduced the expres-
sion of NO and arginase-1 by mMDSC,
allowing tumor-specific CTL to remain
active.

Explaining this change in activity was
the observation that CpG ODN treatment
induced mMDSC to differentiate into
M1 macrophages. When highly purified
mMDSC were stimulated with CpG
ODN in vitro, their expression of the
MDSC markers Ly6c and Gr-1 decreased
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whereas their expression of the macro-
phage marker F4/80 increased (Fig. 1C).
Indeed, the M1 macrophages into which
CpG-treated MDSC differentiated
expressed tumoricidal activity such that
transferring CpG-treated mMDSC into
tumor bearing mice significantly slowed
disease progression. M1 macrophages are
characterized by their (1) expression of
multiple TLRs, (2) production of proin-
flammatory cytokines (such as IL-12)
when stimulated, and (3) ability to protect
the host from infectious pathogens and
tumors.8 This constellation of activities
was exhibited by CpG-treated mMDSC.

The precise mechanism underlying this
differentiation of mMDSC into M1
macrophages is the topic of ongoing study.

Thus, these recent findings extend our
understanding of the pleiotropic effects of
CpG ODN on the immune system. In
additional to previously described impact
on NK and T cells, CpG DNA was
found to stimulate mMDSC to lose their
suppressive activity and mature into
tumoricidal M1 macrophages. Consistent
with preclinical studies from our laboratory
and elsewhere, two Phase I clinical trials
involving the intra-tumoral delivery of
CpG ODN to treat malignant skin tumors

yielded promising results. Hofmann et al.
used this strategy to induce complete or
partial tumor remission in half of all
subjects, whereas Molenkamp et al. and
Brody et al. showed that intratumoral CpG
administration (alone or combined with
radiation therapy) could induce systemic
tumor regression by improving the genera-
tion of tumor-specific CD8+ T cells.9-11

Our recent report provides insight into a
previously unappreciated mechanism by
which CpG ODN contributes to tumor
regression, and indicates that intra-tumoral
injection represents the optimal route for
ODN delivery.

Figure 1. Effect of CpG ODN on tumor associated MDSC. (A) Monocytic MDSC express TLR9 and respond to CpG stimulation by (1) producing IL-12,
(2) differentiating into M1 macrophages, (3) reducing the number of mMDSC at the tumor site and (4) losing their ability to suppress T cell function.
(B) MDSC were cultured with CpG ODN for 8 h and analyzed for the expression of Gr-1 and intracytoplasmic IL-12. Note that IL-12 was produced
by the Gr-1int population of mMDSC but not the Gr-1hi population of granulocytic MDSC. (C) mMDSC were cultured with CpG ODN for 48 h and analyzed
for the expression of the MDSC marker Ly6c and the macrophage marker F4/80. Note that CpG stimulation decreased the expression of Ly6c while
increasing the expression of F4/80. (D) CT26 colon cancer bearing mice were injected intra-tumorally with CpG ODN. Three days later, the number
of tumor-infiltrating CD11b+ Ly6c+ mMDSC had fallen significantly. (E) Purified mMDSC were treated with CpG ODN and then cultured with CFSE
labeled CD8+ HA-specific Tg T cells in the presence of HA peptide. CD8 T cell proliferation was monitored by CFSE dilution. Note that CpG
treatment inhibited the suppressive activity of the MDSC.
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