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Combination immunotherapy with a CpG oligonucleotide (1018 ISS)
and rituximab in patients with non-Hodgkin lymphoma: increased
interferon-�/�–inducible gene expression, without significant toxicity
Jonathan W. Friedberg, Helen Kim, Mary McCauley, Edith M. Hessel, Paul Sims, David C. Fisher, Lee M. Nadler,
Robert L. Coffman, and Arnold S. Freedman

CpG oligodeoxynucleotides (CpG-ODNs)
affect innate and adaptive immune re-
sponses, including antigen presentation,
costimulatory molecule expression, den-
dritic cell maturation, and induction of
cytokines enhancing antibody-dependent
cell-mediated cytotoxicity (ADCC). We
conducted a phase 1 study evaluating 4
dose levels of a CpG-ODN (1018 ISS) with
rituximab in 20 patients with relapsed
non-Hodgkin lymphoma (NHL). Patients
received CpG once a week for 4 weeks
beginning after the second of 4 rituximab
infusions. Adverse events were minimal.

Quantitative polymerase chain reaction
(PCR) measurements of a panel of genes
inducible by CpG-ODN and interferons
were performed on blood samples col-
lected before and 24 hours after CpG. A
dose-related increase was measured in
the expression of several interferon–
inducible genes after CpG and correlated
with serum levels of 2�-5� oligoadenylate
synthetase (OAS), a validated interferon
response marker. Genes induced selec-
tively by interferon-� (IFN-�) were not
significantly induced by CpG. In conclu-
sion, we have defined a set of gene ex-

pression markers that provide a sensitive
measure of biologic responses of pa-
tients to CpG therapy in a dose-related
manner. Moreover, all the genes signifi-
cantly induced by this CpG are regulated
by type 1 interferons, providing insight
into the dominant immune mechanisms
in humans. CpG treatment resulted in no
significant toxicity, providing rationale for
further testing of this exciting combina-
tion immunotherapy approach to NHL.
(Blood. 2005;105:489-495)
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Introduction

Few advances in the treatment of non-Hodgkin lymphoma (NHL)
have had such dramatic impact as the anti-CD20 chimeric monoclo-
nal antibody rituximab (Rituxan; BiogenIdec, Cambridge, MA, and
Genentech, South San Francisco, CA).1 Rituximab compares
favorably with single-agent chemotherapy, and has a significantly
better toxicity profile, when used in patients with relapsed indolent
NHL.2 However, indolent NHL remains an incurable disease
with standard therapy.3 At least 50% of patients with recurrent
indolent NHL do not respond to rituximab therapy, and all
patients will experience disease progression at some point after
rituximab monotherapy.

The mechanism of cytotoxicity induced by rituximab therapy in
humans is not completely understood,4 and probably includes
several interactive mechanisms.5 Direct apoptosis from cross-
linking of CD20 has been observed in some malignant B-cell
lines.6-8 Complement-mediated cytotoxicity and antibody-depen-
dent cell-mediated cytotoxicity (ADCC) have been demonstrated
in vitro.9,10 Rituximab in vitro has been shown to translocate CD20
into lipid rafts and to activate complement-mediated lysis;11

however, there is little convincing evidence that this finding is
important therapeutically.12 In studies of normal and malignant

human B cells in vitro, B-cell depletion was observed with
rituximab therapy in the presence of mononuclear cells, but not in
the presence of complement,13 suggesting the importance of
cell-mediated mechanisms (ADCC). Moreover, the expression of
complement inhibitors (CD55 and CD59) on tumor cells and their
susceptibility to in vitro complement-mediated killing did not
predict clinical outcome after in vivo treatment with rituximab
in a recent clinical trial.14 ADCC, therefore, appears to be a
major in vivo mechanism of rituximab.15 A contribution of
ADCC is supported by a clear role for the Fc�R-bearing
effectors in mediating response to rituximab in certain lym-
phoma histologies.16,17

Immunostimulatory sequences (ISSs) are short sequences of
synthetic DNA containing unmethylated CpG dimers that have
multiple effects on the human immune system.18 ISSs signal
through the Toll-like receptor 9, which is expressed on only a few
specific subsets of immune cells.19 Immunostimulatory effects of
CpG-ODN include the induction of proliferation and immunoglobu-
lin production by B cells and the induction of interferon-� (IFN-�),
IFN-�, interleukin-12 (IL-12), and tumor necrosis factor � (TNF-�)
by plasmacytoid dendritic cells (DCs). These cytokines, in turn,
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produce potent responses in many other immune cell types not
directly responsive to CpG-ODN. IL-12, TNF-�, and, especially,
IFN-� activate cytotoxicity by natural killer (NK) cells, and IL-12
induces strong NK production of IFN-�.20 This cytokine milieu
induces the differentiation of naive CD4� T cells into T-helper 1
(TH1) cells on encountering specific antigens. Moreover, CpG-
ODN increases antigen presentation and costimulatory molecule
expression.21 CpG-ODN specifically affects the maturation of DCs,
which are recognized as distinct antigen-presenting cells (APCs)
largely responsible for the initiation of T-cell and NK-cell re-
sponses to tumor antigens.22-25 Synthetic CpG-ODN sequences
(ISSs) are under investigation for a number of therapeutic indica-
tions—including protection from infectious pathogens, adjuvant
for vaccines, and treatment of allergy—by encouraging TH1 rather
than TH2 immunity.26

We hypothesized that an ISS could have significant synergistic
effects with antitumor monoclonal antibodies such as rituximab
through the augmentation of ADCC and the enhancement of
presentation of antigens released by killed tumor cells. Therefore,
we designed a phase 1 study testing 4 doses of a CpG-ODN (1018
ISS; Dynavax Technologies, Berkeley, CA) with rituximab in
patients with relapsed or refractory advanced-stage NHL. In the
results reported in this article, the combination was well tolerated
and demonstrated significant biologic activity, measured through a
dose-related increase in type 1 interferon–inducible genes. Unlike
therapy with exogenous interferon or interleukins, the 1018 ISS
and rituximab combination resulted in no significant toxicity,
providing rationale for further testing of this exciting combination
immunotherapy approach to NHL.

Patients, materials, and methods

Informed consent was obtained in writing from all patients before
enrollment. This study was approved by the Institutional Review Board at
Dana-Farber/Partners Cancer Care and abides by the tenets of the Declara-
tion of Helsinki.

Patients

Eligible patients had histologically documented CD20�, B-cell NHL as
defined by the World Health Organization (WHO) classification, and
received at least 1 previous treatment regimen for lymphoma. All patients
were 18 years of age or older and had a performance status using the Eastern
Cooperative Oncology Group (ECOG) score of 2. Eligible patients were
required to have white blood cell (WBC) counts greater than 2000
(1000/�L), absolute neutrophil counts (ANCs) greater than 1000 (1000/
�L), platelet counts greater than 75 000/mm3, and expected survival times
greater than 4 months.

Patients not eligible to be enrolled in the study included those who were
pregnant or lactating or who used chemotherapy, systemic steroids, or
radiation within 30 days before study enrollment. Additionally, patients
treated with radioimmunotherapy (including iodine I 131 tositumomab or
ibritumomab tiuxetan), autologous transplantation, or fludarabine chemo-
therapy within the previous 6 months were excluded because of the
immunosuppressive nature of these therapies. Patients experiencing disease
progression, as defined by the National Cancer Institute (NCI)–Sponsored
International Working Group criteria27 within 6 months of any previous
rituximab-containing therapy were also excluded. Other exclusion criteria
included history of allogeneic (bone marrow or stem cell) transplantation,
including nonmyeloablative transplantation; history of unstable angina,
symptomatic cardiac arrhythmia, or clinical heart failure; severe pulmonary
disease, symptomatic pleural effusions, or clinically significant pulmonary
symptoms; uncontrolled bacterial, viral, or fungal infection; clinically
apparent central nervous system (CNS) lymphoma; major surgery within 2

weeks before enrollment; known presence of human antimurine antibodies
(HAMAs) or antichimeric antibodies (HACAs), or history of any clinically
significant autoimmune disorder. Because other phosphorothioate com-
pounds interfere with the interpretation of coagulation assays in vitro,28 an
additional exclusion criterion was current therapeutic use of anticoagulants
or history of symptomatic coagulopathy.

Treatment

Rituximab was given on days 1, 8, 15, and 22 (weekly � 4 doses) at a dose
of 375 mg/m2, as previously described.29 Between 30 and 60 minutes before
the start of the rituximab infusion, the patient was given oral acetaminophen
(650 mg) and diphenhydramine hydrochloride (50 mg). Corticosteroids
were avoided.

The CpG oligonucleotide 1018 ISS (provided by Dynavax Technolo-
gies) is a single-stranded, 22–base pair (bp) immunostimulatory phosphoro-
thioate oligonucleotide prepared by standard solid-phase chemistry tech-
niques (sequence 5�-TGACTGTGAACGTTCGAGATGA-3�) with a
molecular mass of approximately 7150 Da.30 Patients were assigned to 1 of
4 doses of 1018 ISS: 0.01 mg/kg, 0.05 mg/kg, 0.2 mg/kg, or 0.5 mg/kg.
Dose assignments were sequential and were based on the order in which
patients consented and completed the screening process. Dose assignments
began with the lowest dose, and the next cohort at the next higher dose
began treatment only after investigators reviewed the safety parameters of
the preceding dose cohort.

The first injection of 1018 ISS was administered subcutaneously 30 to
60 minutes after the second dose of rituximab (on day 8). The second and
third doses of 1018 ISS were administered 30 to 60 minutes after the third
and fourth infusions of rituximab. The fourth (last) dose of 1018 ISS was
administered 1 week after the fourth (last) dose of rituximab, on day 29.

Dose-limiting toxicity and rules for stopping

A classical phase 1 design was used for this study. Dose-limiting toxicities
(DLTs) (defined by the NCI Common Toxicity Criteria, version 2,
http://ctep.cancer.gov/forms/CTCv2.0_4-30-992.pdf) were grade 2 or higher
allergic reaction to 1018 ISS and any nonhematologic toxicity grade 3 or
higher that occurred during the 1018 ISS treatment period, and that was
deemed possibly or probably related to 1018 ISS treatment. Hematologic
toxicities were defined in this study as any episode of febrile neutropenia,
platelet count below 20 000, and platelet transfusion for bleeding.

Each dose cohort consisted of 3 patients who completed both rituximab
and 1018 ISS treatments. Patients withdrawn because of toxicity counted as
having had a DLT. Patients who withdrew for any reason other than toxicity
were replaced. If no patient had a DLT after all 3 patients in a cohort
completed therapy, enrollment of the next cohort commenced. If 1 patient
had a DLT, 3 additional patients were enrolled at that dose level; if none of
these 3 additional patients had a DLT, then enrollment at the next dose level
commenced. If 2 or more patients had DLTs, then the previous dose level
was declared the maximum tolerated dose (MTD). At the conclusion of
dose escalation, 6 additional patients were entered in the candidate MTD
tier; if 1 or fewer DLTs were observed in these 6 additional patients, the
candidate MTD was declared the MTD; otherwise, de-escalation to the next
lower dose occurred, and 6 additional patients were added at that dose.

Response criteria and follow-up

Clinical responses were as previously defined by the International Work-
shop for NHL response criteria.27 Patients underwent comprehensive
restaging, including physical examination and anatomic imaging, on day 56
of therapy, then every 3 months for the first year, then every 6 months, until
evidence of disease progression.

RNA preparation and quantitative gene expression analysis
of PBMCs

Peripheral blood mononuclear cells (PBMCs) were isolated using Vacu-
tainer CPT tubes (BD Biosciences, San Jose, CA), and duplicate samples of
1 � 106 cells were resuspended in RLT-buffer (Qiagen, Valencia, CA) and
subsequently were stored at �80°C. From each sample, RNA was purified
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using RNeasy mini kits (Qiagen). The RNA was DNase treated and reverse
transcribed, and subsequently cDNA levels were quantitated by real-time
polymerase chain reaction (PCR) using a Perkin-Elmer 5700 Sequence
Detection System (all methods as previously described).31 The intercalating
dye SYBR green (Qiagen) or a specific probe labeled with a fluorescent dye
(Perkin-Elmer) was used to detect the PCR product at each cycle. Specific
PCR primer/probe pairs were obtained from Perkin-Elmer or were designed
and validated by us. When using SYBR green, the specificity of each
reaction was confirmed by a melting temperature curve at the end of each
run. Results were calculated as a ratio of the test gene to the internal control
gene ubiquitin. This gene/ubiquitin ratio is directly proportional to the
fraction of total mRNA represented by the test gene and normalizes for
experimental variations in RNA recovery, purification, and quality. We have
confirmed that the expression of ubiquitin is linear over a broad range of
RNA concentrations by processing, under identical conditions, human
PBMC samples ranging from 5 � 103-107 cells. The standard deviation of
the gene/ubiquitin ratio in replicate samples is generally less than 50% of
the mean of the replicates.

Serum markers of ISS activity

Because the induction of interferon is an expected effect of ISS, we
incorporated the evaluation of validated interferon-induced markers that are
dose-dependent indicators of serum interferon levels.32 These included
evaluation serum 2�5� oligoadenylate synthetase (OAS), which is inducible
in monocytes and lymphocytes by IFN-� and IFN-� and has been widely
used to monitor pharmacokinetics in phase 1 trials of type 1 interferon.33 In
addition, serum levels of neopterin, which is produced by the interferon-
inducible enzyme GTP cyclohydrolase and is secreted by macrophages in
response to interferons, were determined. Both 2�5� OAS and neopterin are
at least as sensitive as enzyme-linked immunosorbent assay (ELISA)
detection of serum interferon.34

Biostatistical analysis

A standard phase 1 design was selected for this study. The primary end point
was to determine safety and tolerability of 1018 ISS in conjunction with
rituximab, as determined by type and severity of adverse events and by
clinically significant changes in laboratory results, and to determine the
MTD for 1018 ISS given after rituximab infusions. Secondary exploratory
variables included clinical response rate and biologic activity of 1018 ISS in
conjunction with rituximab. Gene expression data were evaluated by
Kruskal-Wallis nonparametric analysis of variance (ANOVA) with Dunn
posttest to compare differences between groups.

Results

Patients

Twenty patients (11 women, 9 men) were enrolled; the median age
was 59 (range, 40-73 years). Histology included follicular NHL in
17 patients, diffuse large B-cell NHL in 2 patients, and small
lymphocytic lymphoma in 1 patient. Patients had received a
median of 3 previous therapies for NHL, detailed in Table 1. Of
note, 4 patients were treated with aggressive salvage chemo-
therapy, 2 underwent autologous stem cell transplantation, 7
received rituximab, 1 received previous radioimmunotherapy, and
4 underwent previous external beam radiation therapy.

Median time from diagnosis to enrollment was 36 months
(range, 12 to 145 months). Bone marrow involvement was present
histologically at enrollment in 5 of 20 patients who underwent
evaluable bone marrow biopsy. Two patients had B symptoms. One
patient did not achieve remission. The remainder of the patients had
disease progression after response to previous therapy.

Treatment

Eighteen patients completed 4 infusions of rituximab and the 4
prescribed doses of 1018 ISS. One patient discontinued protocol
participation after the third infusion of rituximab because of the
exacerbation of underlying chronic back pain, unrelated to disease
status or protocol therapy. One additional patient discontinued
protocol participation before receiving any ISS therapy.

Adverse events and laboratory changes

Fifty percent of patients had expected infusion reactions associated
with the initial dose of rituximab; there was no exacerbation of
rituximab toxicity after the institution of ISS therapy. Common
adverse events observed in this study are detailed in Table 2.
Injection site reactions occurred in a dose-dependent fashion.
The only grade 3 adverse events included the aforementioned
back pain, an episode of sepsis thought unrelated to therapy, an
episode of atypical pneumonia thought possibly related to
therapy, and an episode of confusion caused by narcotic use for
pain secondary to NHL. No patient developed HAMA after
combination therapy. Antinuclear antibody (ANA) levels did not
significantly change compared with baseline levels.

Response to 1018 ISS measured by interferon-induced
gene expression

We used quantitative PCR analysis to evaluate changes in mRNA
expression in a panel of interferon-inducible genes between
PBMCs isolated before and 24 hours after the second and fourth
doses of 1018 ISS. These genes are detailed in Table 3. Gene
expression levels in baseline PBMC samples, collected on 2 visits
before the start of treatment, varied 10- to 100-fold among patients
(n 	 19) but were relatively stable within individual patients
(r 	 0.978; P 
 .001). There was no evidence of gene induction in
vivo by the 0.01 mg/kg dose, but a dose-related increase was
observed in the induction of several IFN-�/�–inducible genes 24
hours after the injection of 1018 ISS in the 3 higher-dose groups.
Gene expression data from a representative patient in the second
cohort is depicted in Figure 1. Specifically, 2 of 4 patients in cohort
2 (0.05 mg/kg) showed greater 3-fold induction of 2 or more
IFN-inducible genes. In cohorts 3 and 4 (0.20 mg/kg and 0.50

Table 1. Patient characteristics

Characteristics No.

Total enrolled 20

Women/men 11/9

Mean age, y (range) 59 (40-73)

Histology

Follicular NHL grade 1* 15

Follicular NHL grade 2* 2

Diffuse large B cell NHL* 2

Small lymphocytic NHL* 1

Previous therapy

CHOP 9

CVP 9

Rituximab 7

Oral alkylating agents 4

Purine analog chemotherapy 3

Other combination chemotherapy 4

Autologous stem cell transplantation 2

Ibritumomab tiuxetan 1

CHOP indicates cyclophosphamide, hydroxydaunomycin/doxorubicin, Oncovin,
prednisone; CVP, cyclophosphamide, vincristine, prednisone.

*World Health Organization lymphoma classification.
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mg/kg), all patients showed greater than 3-fold induction in at least
2 of these genes. Moreover, the mean induction levels of most of
these genes tended to increase with increasing doses. There was no
significant difference in biologic response between cohorts 3 and 4,
suggesting we were reaching a plateau in biological activity. This
dose-related gene induction was only observed, however, in genes
inducible with type 1 interferons or inducible equally well with
types 1 and 2 interferons. The 2 genes induced selectively by IFN-�
(MIG, IRF-1) were not significantly increased by 1018 ISS at any
dose level. Figure 2 summarizes gene-induction data for all
patients, demonstrating this selective type-1 interferon effect.

Interferon-induced serum markers

There was no significant increase in serum levels of neopterin after
therapy with ISS (data not shown). In cohorts 1 and 2, there were
no significant increases in serum OAS concentration. However, 6
of 9 patients with adequate samples in cohorts 3 and 4 demon-
strated an increase in OAS after ISS therapy compared with
baseline. Five of these 6 patients also demonstrated increases in
OAS gene expression as measured by quantitative PCR.

Clinical response and patient outcome

Nineteen patients were evaluable for response. Six patients showed
response (1 unconfirmed complete remission [CRu], 5 partial
remission [PR]) for an overall response rate of 32% (90%
confidence interval, 17%-64%; computed using logarithmic trans-
formation). Additionally, 13 patients had stable disease after
therapy. Median progression-free survival in responding patients is
12 months (range, 5-23.5 months). Four patients remain alive

without progression at a median of 10 months follow-up (range, 3.2
to 23.4 months). Four patients have died: 1 of progressive disease,
1 of complications of chronic obstructive pulmonary disease
(COPD) with lymphoma present at death, 1 of sepsis after
additional chemotherapy, and 1 of a pulmonary embolism without
evidence of lymphoma at the time of death.

Discussion

Our study represents the first published experience of a CpG ODN
in combination with an antitumor monoclonal antibody. In our
study, 1018 ISS treatment was extremely well tolerated, at weekly
doses of up to 0.5 mg/kg, without the toxicities usually associated
with pharmacologic doses of cytokines. This dose is approximately
10-fold higher than that used in previous studies of injected 1018
ISS as a vaccine adjuvant.35 Moreover, the demonstration of
significant dose-related increases in ISS-inducible genes demon-
strates that this study encompassed a range of 1018 ISS doses with
substantial pharmacologic activity in humans.

Many of the therapeutic actions of ISS are likely mediated
through the induction of IFN-� and IFN-� from ISS-responsive
plasmacytoid dendritic cells and IFN-� indirectly from NK cells.26

Genes prominently induced by interferons have been extensively
characterized, and several gene products have been used to monitor
clinical trials of interferons. Interferon-inducible mRNAs, how-
ever, have not been widely used in the same manner, though a
recent study in patients with hepatitis C virus (HCV) used
microarrays to measure changes in the mRNA of PBMCs 3 and 6
hours after IFN-� therapy.36 For our study, we selected 8 genes with
known induction patterns and, in some cases, well-studied regula-
tory regions. In preliminary experiments with cultured human
PBMCs (data not shown), these genes were shown to be strongly
induced by 1018 ISS and IFN-� or IFN-�, or both. Although the
kinetics of expression of these genes varied, mRNA levels re-
mained substantially elevated after 24 hours for all genes. In
contrast, IFN-� and IFN-� mRNAs were transient and variable,
and mRNA levels were relatively low. Thus, the 24-hour time point
was chosen for evaluation of posttreatment blood samples to assess
ISS activity.

Genes regulated by IFN-�, or by either type of interferon, were
induced in a dose-dependent fashion. The 2 genes regulated

Figure 1. Gene induction by 1018 ISS in a representative patient. Gene/ubiquitin
ratios for 6 interferon-inducible genes in PBMCs from patient 113, treated with the
highest dose of 1018 ISS (0.5 mg/kg). Values for the more highly expressed genes
were multiplied as indicated. Samples were taken before and 24 hours after 1018 ISS
injection. Visit 4 included the second and visit 6 included the last of the 4 injections of
1018 ISS.

Table 2. Frequent and serious adverse events reported
during treatment period

Event Grade 1 Grade 2 Grades 3-4 Total, %

Allergic reaction* 5 5 0 50

Injection site reaction† 6 3 0 45

Upper respiratory‡ 7 1 0 40

Headache 6 2 0 40

Fatigue 2 4 0 30

Pneumonia 0 0 2 10

Confusion 0 0 1 5

Back pain 0 0 1 5

Sepsis 0 0 1 5

Values reflect events that occurred in more than 20% of patients and all grades
3-4 events. No grade 5 events were reported.

*Includes hives, rhinitis, rigors, chills, and dyspnea.
†Injection site reactions were dose-dependent.
‡Includes cough, congestion, infection.

Table 3. Biologic response marker genes for IFN and ISS activity

Symbol Name

Induced in
vitro

Induced in
patients

ISSIFN-� IFN-�

2�-5� OAS 2�-5- Oligoadenylate synthetase � � �

ISG-54 Interferon-stimulated gene, 54 kDa � � �

MxB Myxoma resistance-B � � �

MCP-1 Monocyte chemotactic protein � � �

MCP-2 Monocyte chemotactic protein � � �

IP-10 IFN-�–inducible protein 10 � � �

IRF-1 Interferon-responsive factor-1 � � �

MIG Monokine induced by IFN-� � � �

� Indicates that gene was induced.
� Indicates that gene was not induced.
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primarily by IFN-�, however, showed no induction, suggesting that
much of the biologic activity of 1018 ISS in vivo is mediated by
type-1 interferons. This was surprising because 1018 ISS is
representative of the CpG-B class of ISS and induces low, often
undetectable levels of IFN-� in cultured PBMCs in vitro.37,38 Other
CpG-ODN sequences, including those under clinical evaluation,
may have different effects.39 Clearly, though, our studies provide
evidence that 1018 ISS administered subcutaneously has a biologi-
cally relevant, systemic effect in patients with lymphoma treated
with an ISS/antibody combination.

CpG-ODNs have been shown in animal models to significantly
enhance monoclonal antibody therapy against malignancy in vivo.
In one study of anti-idiotype monoclonal antibody treatment of
murine B-cell lymphoma, ISS alone had no effect on the survival of
mice inoculated with 38C13 murine lymphoma cells. However, a
single injection of an ISS significantly enhanced the antitumor
response to monoclonal antibody therapy: 90% of mice treated
with monoclonal antibody alone developed lymphoma compared
with only 20% of mice treated with antibody and ISS.40 This
combination was as effective as multiple doses of IL-2 at inhibiting
tumor growth when combined with monoclonal antibody therapy,
with significantly less toxicity. Further studies using the 38C13
tumor model suggest that efficacy of monoclonal antibodies is most
enhanced when CpG-ODN is given within 2 days of antibody
therapy.41 Furthermore, in indolent lymphoma cell lines, CD20
expression, in particular, has been observed to increase in response
to CpG-ODN.42,43 Interestingly, an inverse correlation was detected
between baseline expression of CD20 and expression after expo-
sure to CpG-ODN; the most significant increases in CD20 expres-
sion were found in samples that had the lowest baseline levels,
suggesting another possible mechanism through which 1018 ISS
could augment responses to anti-CD20 therapy with rituximab.

A murine study provides further insight into the mechanism of
possible antitumor effects of CpG-ODN in NHL.44 Mice receiving
CpG-ODN had significant suppression of tumor growth after
subcutaneous injection with EL4 cells, with the greatest effect seen
in mice given CpG DNA near the tumor inoculation site. NK cells,
monocytes, and macrophages were necessary for this antitumor
effect. Mice that received CpG-ODN rejected subsequent tumor
rechallenge, and further studies support a T-cell memory response.
Another murine study demonstrated significant enhancement of
TH1 immunity through IL-12 production and HLA class 1 and 2
molecules when CpG-ODN was combined with an antigen/
granulocyte macrophage–colony-stimulating factor (GM-CSF) fu-
sion protein.45 Finally, a recent study reveals that daily injection of

CpG-ODN dramatically alters the morphology and functionality of
mouse lymphoid organs, potentially altering the lymphoma
microenvironment.46

Because ADCC appears to play an important role in the
response to rituximab and other monoclonal antibodies, several
alternative approaches to stimulate effector-cell function in vivo
have been used to augment the clinical response. Several years ago,
Vlasveld et al47 treated 7 patients with indolent B-cell lymphoma
with a combination of a murine anti-CD19 antibody and continu-
ous infusion low-dose IL-2, a lymphokine that enhances ADCC in
vitro. A gradual and sustained increase in CD8� and CD56� cells
occurred, and 2 responses were observed. Lymphocytes from
involved lymph nodes also showed enhanced ADCC, which
provided proof-of-principle. Others48 and we29 have published
results of clinical trials evaluating systemic IL-2 combined with
rituximab in patients with NHL, demonstrating relative safety and
effector-cell enhancement and suggesting a prolonged time to
progression in a subset of patients with follicular NHL. Rituximab
has also been safely combined with IL-12,49 another cytokine that
mediates effector cell number and function; G-CSF,50 which
greatly enhances the cytotoxicity of neutrophils in ADCC; and
IFN-�,51 an immunomodulatory cytokine that induces antigen
expression, enhances cytotoxicity of immunotoxins, and has lim-
ited clinical activity as a single agent for NHL.52 Additional clinical
trials of these combinations are ongoing;53 however, the doses of
cytokines required to achieve adequate effector-cell responses are
associated with greater toxicity than those of rituximab alone.54

Recently, a phase 1 study of a similar ISS (CpG 7909; Coley
Pharmaceutical Group, Wellesley, MA) was completed in patients
with previously treated NHL.55 In 15 patients evaluable for effector
cell changes, dose-related increased ADCC activity and increased
NK-cell activity were observed at day 21 compared with baseline
levels. The regimen was easily tolerated, and, despite no clinical
responses, the significant immunomodulatory activity suggested
potential for benefit in combination with standard treatment
approaches. One potential concern in using CpG-ODN for lym-
phoma is that CpG-containing sequences, including 1018 ISS, have
been observed to induce proliferation of primary human B cells in
vitro.56-59 Lymphoma proliferation was not observed in vivo in the
single-agent study by Link et al55 in patients with relapsed NHL or
in our study. Moreover, in the EG7/EL4 murine lymphoma model,
CpG-ODN treatment resulted in a significant suppression of
tumor growth.44

Given the favorable safety and tolerability profile to date in
humans, including our current study, 1018 ISS appears to be an

Figure 2. Summary of interferon-inducible gene re-
sponse to injection of 1018 ISS. Data are expressed as
fold induction after 1018 ISS compared with the matching
pre–1018 ISS value. Significance of the differences
among groups was analyzed by the Kruskal-Wallis test,
with the following values: MCP-1, P 	 .005; MCP-2,
P 	 .016; ISG54k, P 	 .024; 2’-5’ OAS, P 	 .033; all
other genes, P � .05. Comparisons of the 0.01 and the
0.5 mg/kg groups by Dunn posttest are indicated, if
significant, on the figure. **P 
 .01; *P 
 .05.
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ideal agent for combination immunotherapy with rituximab. The
use of 1018 ISS and rituximab clearly has the potential to
enhance ADCC and to induce the antigen-presenting function of
DCs, macrophages (MFs), and B cells. Subsequently, activated
APC may induce TH1 and cytolytic T-cell expansion, thereby
generating tumor-specific immune responses. We have devel-
oped a phase 2 study to evaluate the efficacy of 1018 ISS
combined with rituximab in patients with relapsed follicular
NHL, using the 0.2 mg/kg dose, the lowest dose observed that
provided the maximum biologic effects. In this trial, we plan to
further explore the effects of this rational combination on the

tumor microenvironment and systemic immune function through
surrogate markers of biologic activity. Additionally, we will
correlate these findings, including the gene expression data,
with clinical responses. Through detailed analysis of these
surrogate markers, we hope to better define the optimal schedule
of this combination, which may require additional phase 2
studies. Other combination immunotherapy trials, using differ-
ent ISSs, are also ongoing.60 We anticipate that these CpG-ODN
combinations with rituximab will have very low toxicity in this
patient population, which is a critical part of developing novel
therapeutics for patients with indolent NHL.

References

1. Rastetter W, Molina A, White CA. Rituximab: ex-
panding role in therapy for lymphomas and auto-
immune diseases. Annu Rev Med. 2004;55:477-
503.

2. McLaughlin P, Grillo-Lopez AJ, Link BK, et al. Ri-
tuximab chimeric anti-CD20 monoclonal antibody
therapy for relapsed indolent lymphoma: half of
patients respond to a four-dose treatment pro-
gram. J Clin Oncol. 1998;16:2825-2833.

3. Horning SJ, Rosenberg SA. The natural history of
initially untreated low-grade non-Hodgkin’s lym-
phomas. N Engl J Med. 1984;311:1471-1475.

4. Maloney DG, Smith B, Rose A. Rituximab:
mechanism of action and resistance. Semin On-
col. 2002;29:2-9.

5. Weiner GJ. Rituximab: complementary mecha-
nisms of action [abstract]. Blood. 2003;101:788.

6. Pinkert E, Fadel S, Lohmann U, Engelhardt LV,
Huhn D, Schwaner I. Effect of rituximab on apo-
ptosis, necrosis and calcium signal transduction
of CD20-expressing cell lines [abstract]. Blood.
2000;96:342.

7. Shan D, Ledbetter JA, Press OW. Signaling
events involved in anti-CD20-induced apoptosis
of malignant human B cells. Cancer Immunol Im-
munother. 2000;48:673-683.

8. Ghetie MA, Bright H, Vitetta ES. Homodimers but
not monomers of Rituxan (chimeric anti-CD20)
induce apoptosis in human B-lymphoma cells and
synergize with a chemotherapeutic agent and an
immunotoxin. Blood. 2001;97:1392-1398.

9. Reff ME, Carner K, Chambers KS, et al. Deple-
tion of B cells in vivo by a chimeric mouse human
monoclonal antibody to CD20. Blood. 1994;83:
435-445.

10. Clynes RA, Towers TL, Presta LG, Ravetch JV.
Inhibitory Fc receptors modulate in vivo cytoxicity
against tumor targets [see comments]. Nat Med.
2000;6:443-446.

11. Cragg MS, Morgan SM, Chan HT, et al. Comple-
ment-mediated lysis by anti-CD20 mAb corre-
lates with segregation into lipid rafts. Blood. 2003;
101:1045-1052.

12. van der Kolk LE, Grillo-Lopez AJ, Baars JW, Hack
CE, van Oers MH. Complement activation plays a
key role in the side-effects of rituximab treatment.
Br J Haematol. 2001;115:807-811.

13. Voso MT, Pantel G, Rutella S, et al. Effector cell-
mediated mechanisms play the dominant role in
the cytotoxicity of rituximab on human peripheral
blood B cells from normal donors and patients
with chronic lymphocytic leukemia [abstract].
Blood. 2000;96:338.

14. Weng WK, Levy R. Expression of complement
inhibitors CD46, CD55, and CD59 on tumor cells
does not predict clinical outcome after rituximab
treatment in follicular non-Hodgkin lymphoma.
Blood. 2001;98:1352-1357.

15. Golay J, Zaffaroni L, Vaccari T, et al. Biologic re-
sponse of B lymphoma cells to anti-CD20 mono-
clonal antibody rituximab in vitro: CD55 and
CD59 regulate complement-mediated cell lysis.
Blood. 2000;95:3900-3908.

16. Cartron G, Dacheux L, Salles G, et al. Therapeu-
tic activity of humanized anti-CD20 monoclonal
antibody and polymorphism in IgG Fc receptor
Fc�RIIIa gene. Blood. 2002;99:754-758.

17. Weng WK, Levy R. Two immunoglobulin G frag-
ment C receptor polymorphisms independently
predict response to rituximab in patients with fol-
licular lymphoma. J Clin Oncol. 2003;21:3940-
3947.

18. Krieg AM. CpG motifs in bacterial DNA and their
immune effects. Annu Rev Immunol. 2002;20:
709-760.

19. Krieg AM. CpG motifs: the active ingredient in
bacterial extracts? Nat Med. 2003;9:831-835.

20. Askew D, Chu RS, Krieg AM, Harding CV. CpG
DNA induces maturation of dendritic cells with
distinct effects on nascent and recycling MHC-II
antigen-processing mechanisms. J Immunol.
2000;165:6889-6895.

21. Hacker G, Redecke V, Hacker H. Activation of the
immune system by bacterial CpG-DNA. Immunol-
ogy. 2002;105:245-251.

22. Hart DN. Dendritic cells: unique leukocyte popu-
lations which control the primary immune re-
sponse. Blood. 1997;90:3245-3287.

23. Fong L, Engleman EG. Dendritic cells in cancer
immunotherapy. Annu Rev Immunol. 2000;18:
245-273.

24. Banchereau J, Steinman RM. Dendritic cells and
the control of immunity. Nature. 1998;392:245-
252.

25. Fernandez NC, Lozier A, Flament C, et al. Den-
dritic cells directly trigger NK cell functions: cross-
talk relevant in innate anti-tumor immune re-
sponses in vivo. Nat Med. 1999;5:405-411.

26. Klinman DM. Immunotherapeutic uses of CpG
oligodeoxynucleotides. Nat Rev Immunol. 2004;
4:249-258.

27. Cheson BD, Horning SJ, Coiffier B, et al. Report
of an international workshop to standardize re-
sponse criteria for non-Hodgkin’s lymphomas:
NCI Sponsored International Working Group.
J Clin Oncol. 1999;17:1244.

28. Waters JS, Webb A, Cunningham D, et al. Phase
I clinical and pharmacokinetic study of bcl-2 anti-
sense oligonucleotide therapy in patients with
non-Hodgkin’s lymphoma. J Clin Oncol. 2000;18:
1812-1823.

29. Friedberg JW, Neuberg D, Gribben JG, et al.
Combination immunotherapy with rituximab and
interleukin-2 in patients with relapsed or refrac-
tory follicular non-Hodgkin’s lymphoma. Br J
Haematol. 2002;117:1-7.

30. Dynavax and Coley Pharmaceutical Group initi-
ate rituximab combination trials. Expert Rev Anti-
cancer Ther. 2002;2:138.

31. Hurst SD, Muchamuel T, Gorman DM, et al. New
IL-17 family members promote Th1 or Th2 re-
sponses in the lung: in vivo function of the novel
cytokine IL-25. J Immunol. 2002;169:443-453.

32. Witt PL, Storer BE, Bryan GT, et al. Pharmacody-
namics of biological response in vivo after single

and multiple doses of interferon-beta. J Immu-
nother. 1993;13:191-200.

33. Gazitt Y, Ben-Bassat H, Wallach D, Revel M,
Schattner A. Interferon-induced cytotoxicity and
(2’-5’) oligo(A) synthetase activity in T cells: differ-
ences in responsiveness among T cells from vari-
ous individuals and among lymphoblastoid T-cell
lines. Clin Immunol Immunopathol. 1984;30:71-
79.

34. Goldstein D, Sielaff KM, Storer BE, et al. Human
biologic response modification by interferon in the
absence of measurable serum concentrations: a
comparative trial of subcutaneous and intrave-
nous interferon-beta serine. J Natl Cancer Inst.
1989;81:1061-1068.

35. Halperin SA, Van Nest G, Smith B, Abtahi S,
Whiley H, Eiden JJ. A phase I study of the safety
and immunogenicity of recombinant hepatitis B
surface antigen co-administered with an immuno-
stimulatory phosphorothioate oligonucleotide ad-
juvant. Vaccine. 2003;21:2461-2467.

36. Ji X, Cheung R, Cooper S, Li Q, Greenberg HB,
He XS. Interferon alfa regulated gene expression
in patients initiating interferon treatment for
chronic hepatitis C. Hepatology. 2003;37:610-
621.

37. van Ojik HH, Bevaart L, Dahle CE, et al. CpG-A
and B oligodeoxynucleotides enhance the effi-
cacy of antibody therapy by activating different
effector cell populations. Cancer Res. 2003;63:
5595-5600.

38. Marshall JD, Fearon K, Abbate C, et al. Identifi-
cation of a novel CpG DNA class and motif that
optimally stimulate B cell and plasmacytoid
dendritic cell functions. J Leukoc Biol. 2003;73:
781-792.

39. Vollmer J, Weeratna R, Payette P, et al. Charac-
terization of three CpG oligodeoxynucleotide
classes with distinct immunostimulatory activities.
Eur J Immunol. 2004;34:251-262.

40. Wooldridge JE, Ballas Z, Krieg AM, Weiner
GJ. Immunostimulatory oligodeoxynucleotides
containing CpG motifs enhance the efficacy of
monoclonal antibody therapy of lymphoma.
Blood. 1997;89:2994-2998.

41. Warren TL, Dahle CE, Weiner GJ. CpG oligode-
oxynucleotides enhance monoclonal antibody
therapy of a murine lymphoma. Clin Lymphoma.
2000;1:57-61.

42. Jahrsdorfer B, Hartmann G, Racila E, et al. CpG
DNA increases primary malignant B cell expres-
sion of costimulatory molecules and target anti-
gens. J Leukoc Biol. 2001;69:81-88.

43. Warren TL, Weiner GJ. Synergism between cyto-
sine-guanine oligodeoxynucleotides and mono-
clonal antibody in the treatment of lymphoma.
Semin Oncol. 2002;29:93-97.

44. Warren TL, Wittrock C, Weiner GJ. CpG DNA as
monotherapy for lymphoma: linking innate and
adaptive immunity [abstract]. Blood. 2002;100:
203.

45. Liu HM, Newbrough SE, Bhatia SK, Dahle CE,
Krieg AM, Weiner GJ. Immunostimulatory CpG

494 FRIEDBERG et al BLOOD, 15 JANUARY 2005 � VOLUME 105, NUMBER 2



oligodeoxynucleotides enhance the immune re-
sponse to vaccine strategies involving granulo-
cyte-macrophage colony-stimulating factor.
Blood. 1998;92:3730-3736.

46. Heikenwalder M, Polymenidou M, Junt T, et al.
Lymphoid follicle destruction and immunosup-
pression after repeated CpG oligodeoxynucle-
otide administration. Nat Med. 2004;10:187-
192.

47. Vlasveld LT, Hekman A, Vyth-Dreese FA, et al.
Treatment of low-grade non-Hodgkin’s lymphoma
with continuous infusion of low-dose recombinant
interleukin-2 in combination with the B-cell- spe-
cific monoclonal antibody CLB-CD19. Cancer
Immunol Immunother. 1995;40:37-47.

48. Gluck WL, Hurst D, Yuen A, et al. Phase I studies
of interleukin (IL)-2 and rituximab in B-cell non-
hodgkin’s lymphoma: IL-2 mediated natural killer
cell expansion correlations with clinical response.
Clin Cancer Res. 2004;10:2253-2264.

49. Ansell SM, Witzig TE, Kurtin PJ, et al. Phase 1
study of interleukin-12 in combination with ritux-
imab in patients with B-cell non-Hodgkin lym-
phoma. Blood. 2002;99:67-74.

50. van der Kolk LE, Grillo-Lopez AJ, Baars JW, van
Oers MH. Treatment of relapsed B-cell non-
Hodgkin’s lymphoma with a combination of chi-
meric anti-CD20 monoclonal antibodies (ritux-
imab) and G-CSF: final report on safety and
efficacy. Leukemia. 2003;17:1658-1664.

51. Davis TA, Maloney DG, Grillo-Lopez AJ, et al.
Combination immunotherapy of relapsed or re-
fractory low-grade or follicular non-Hodgkin’s lym-
phoma with rituximab and interferon-alpha- 2a [In
Process Citation]. Clin Cancer Res. 2000;6:2644-
2652.

52. Cheson BD. The curious case of the baffling bio-
logical. J Clin Oncol. 2000;18:2007-2009.

53. Kimby E. Beyond immunochemotherapy: combi-
nations of rituximab with cytokines interferon-
alpha2a and granulocyte-macrophage colony
stimulating factor. Semin Oncol. 2002;29:7-10.

54. Musselman DL, Lawson DH, Gumnick JF, et al.
Paroxetine for the prevention of depression in-
duced by high-dose interferon alfa. N Engl J Med.
2001;344:961-966.

55. Link BK, Ballas AK, Weisdorf D, et al. Phase I

study to assess safety and activity of oligode-
oxynucleotide CpG 7909 in patients with previ-
ously treated non-Hodgkin’s lymphoma [abstract].
Blood. 2001;98:608-609.

56. Liang H, Nishioka Y, Reich CF, Pisetsky DS,
Lipsky PE. Activation of human B cells by phos-
phorothioate oligodeoxynucleotides. J Clin Invest.
1996;98:1119-1129.

57. Hartmann G, Krieg AM. Mechanism and function
of a newly identified CpG DNA motif in human
primary B cells. J Immunol. 2000;164:944-953.

58. Hartmann G, Weeratna RD, Ballas ZK, et al. De-
lineation of a CpG phosphorothioate oligode-
oxynucleotide for activating primate immune re-
sponses in vitro and in vivo. J Immunol. 2000;
164:1617-1624.

59. Bernasconi NL, Traggiai E, Lanzavecchia A.
Maintenance of serological memory by polyclonal
activation of human memory B cells. Science.
2002;298:2199-2202.

60. Jahrsdorfer B, Weiner GJ. Immunostimulatory
CpG oligodeoxynucleotides and antibody therapy
of cancer. Semin Oncol. 2003;30:476-482.

CpG AND RITUXIMAB FOR NHL 495BLOOD, 15 JANUARY 2005 � VOLUME 105, NUMBER 2


