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A B S T R A C T

Purpose
Combining tumor antigens with an immunostimulant can induce the immune system to specifi-
cally eliminate cancer cells. Generally, this combination is accomplished in an ex vivo, customized
manner. In a preclinical lymphoma model, intratumoral injection of a Toll-like receptor 9 (TLR9)
agonist induced systemic antitumor immunity and cured large, disseminated tumors.

Patients and Methods
We treated 15 patients with low-grade B-cell lymphoma using low-dose radiotherapy to a single
tumor site and—at that same site—injected the C-G enriched, synthetic oligodeoxynucleotide
(also referred to as CpG) TLR9 agonist PF-3512676. Clinical responses were assessed at distant,
untreated tumor sites. Immune responses were evaluated by measuring T-cell activation after in
vitro restimulation with autologous tumor cells.

Results
This in situ vaccination maneuver was well-tolerated with only grade 1 to 2 local or systemic
reactions and no treatment-limiting adverse events. One patient had a complete clinical response,
three others had partial responses, and two patients had stable but continually regressing disease
for periods significantly longer than that achieved with prior therapies. Vaccination induced
tumor-reactive memory CD8 T cells. Some patients’ tumors were able to induce a suppressive,
regulatory phenotype in autologous T cells in vitro; these patients tended to have a shorter time
to disease progression. One clinically responding patient received a second course of vaccination
after relapse resulting in a second, more rapid clinical response.

Conclusion
In situ tumor vaccination with a TLR9 agonist induces systemic antilymphoma clinical responses.
This maneuver is clinically feasible and does not require the production of a customized
vaccine product.

J Clin Oncol 28:4324-4332. © 2010 by American Society of Clinical Oncology

INTRODUCTION

Passive immunotherapy with monoclonal anti-

bodies has been an important development in the

treatment of several malignancies including lym-

phoma; however, patients’ clinical course is still

characterized by relapse and progressive decrease

in response to therapy.1 Therefore, numerous ef-

forts have been made to develop a therapeutic

vaccine that induces a patient’s immune system to

eliminate his/her own tumor. Recently, this goal

was achieved for a prostate cancer vaccine with

a randomized clinical trial that demonstrated a

benefit in overall survival.2 In that example, a

customized product was made from the patient’s

dendritic cells loaded ex vivo with a standardized

tumor antigen. A similar approach has recently

been reported for patients with lymphoma with

some success.3 Another customized vaccine—

lymphoma idiotype protein— despite initially

promising results,4 has not demonstrated clinical

benefit in randomized, phase III trials.5-7 If possi-

ble, it would be more practical to trigger an im-

mune response without having to manufacture a

customized vaccine product.

CpG refers to a class of immunostimulatory

oligonucleotides that are ligands for Toll-like re-

ceptor 9 (TLR9). These compounds can activate

both lymphoma B-cells as well as nearby antigen-

presenting cells. In a murine lymphoma model,
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combining intratumoral CpG with cytotoxic therapy effectively

provides tumor antigens to antigen-presenting cells and activates

them to present engulfed antigens to T cells. We found that only

the combination induces tumor-reactive CD8 T cells and cures

animals of a large systemic tumor burden. In that model, TLR

expression on either the tumor cells or the host dendritic cells was

sufficient for the maneuver to be effective.8 The intratumoral CpG

approach appears to target nonidiotype antigens, as idiotype es-

cape variants are still effectively eliminated.9

Most non-Hodgkin’s lymphomas are derived from B cells, which

express TLR910 and are sensitive to radiotherapy.11 Therefore, we

hypothesized that by combining intratumoral CpG with local low-

dose radiotherapy we could both treat the irradiated tumor site and

induce immune-mediated regression of distant, nonirradiated sites

of lymphoma.

PATIENTS AND METHODS

Patient Selection
Eligible patients had biopsy-confirmed low-grade B-cell lymphoma and

had relapsed after at least one standard therapy. Patients had at least three sites
of disease, for: (1) pretreatment excisional biopsy, (2) intratumoral CpG
injection, and (3) response assessment.

Inclusion criteria included: Eastern Cooperative Oncology Group per-
formance status of 0 to 1, WBC � 2,000/uL; platelet count � 75,000/mm3;
absolute neutrophil count � 1,000, serum creatinine � 2.0 mg/dL, and bili-
rubin � 1.5 mg/dL. Wash out periods for prior therapy: chemotherapy �4
weeks, radiotherapy �4 weeks, rituximab �12 weeks. An institutional review
board approved the protocol, and all patients gave written informed consent
before undergoing treatment. The study was registered at Clinicaltrials.gov
as NCT00185965.

Safety Monitoring
Patients were assessed for toxicity before and after each injection of

PF-3512676 injection using the National Cancer Institute Common Termi-
nology Criteria for Adverse Events version 3.0. All safety issues of the trial were
monitored by an institutional data safety monitoring board and a guideline for
dose reduction and early stopping rules were established before initiation.

Treatment Schema: In Situ CpG Vaccination
Low-dose radiotherapy was administered to a solitary tumor site totaling

4 Gy over 2 consecutive days. Patients received the CpG-enriched oligode-
oxynucleotide TLR9 agonist PF-351267612 (Pfizer, New York, NY) 6 mg by
intratumoral injection at the same tumor site immediately before the first
radiation dose, after the second radiation dose, and weekly for 8 consecutive
weeks thereafter. This is a class B CpG molecule, 23 nucleotides in length,
which has been studied previously in patients with non-Hodgkin’s lymphoma
by intravenous and subcutaneous routes of administration.12,13

Clinical Response Measurement
Imaging of involved sites including neck, chest, abdomen, and pelvis was

performed within 30 days before initial vaccination and repeated 3 weeks after
final vaccination; follow-up imaging was performed every 3 months until pro-
gression.

Clinical responses were measured by a central reviewer per the Interna-
tional Working Group criteria14 modified to exclude the irradiated site of
disease. The results were displayed as the fold-change of the cross-products of
up to six nonirradiated index lesions. Lesions were tracked using the image
Physician Annotation Device (iPad; http://bimm.stanford.edu/main/ipad)
software tool15 and each patient was scored per their best response time point.
One patient with skin-only disease was observed per volumetric measurement
of index lesions and with supportive photographic documentation.

Immune Response Measurement
Single-cell suspensions of patient tumor B cells were activated with

PF-3512676 and soluble CD40L (Seattle Genetics, Bothell, WA) then irradi-

ated to 50 Gy. Peripheral blood lymphocytes were coincubated with activated
tumor cells for 120 hours, then, restimulated with activated tumor cells for an
additional 24 hours. The resulting cells were stained with fluorochrome-
conjugated antibodies against CD4, CD8, CD137, and CD45RO (BD Biosciences,
SanJose,CA),andanalyzedbyflowcytometry.Forintracellularcytokinemeasure-
ment, cells were treated with Golgi-Plug (BD Biosciences) for the final 5 hours of
coincubation, stained for CD4, CD8, interferon-�, interleukin (IL) -2, tumor
necrosis factor �, and tumor necrosis factor � (BD Biosciences).

Regulatory T-Cell Induction
Peripheral blood lymphocytes obtained before vaccination were cul-

tured with or without activated tumor B cells (as above) for 120 hours in the
absence of other stimulants. The resulting cells were stained for surface CD4,
CD25, and intracellular forkhead box protein P3 (FOXP3; eBioscience, San
Diego, CA).

Statistical Analysis
Demographic characteristics and baseline clinical characteristics were

summarized with the use of descriptive statistics. All enrolled patients were
included in analyses of the predefined primary end point of clinical response.
Secondary end points included progression-free and overall survival as well as
the immune response measurements described. One patient with primary
cutaneous marginal zone lymphoma was excluded from immune response
assays because of insufficient biopsy specimen.

Logistic regression and Cox’s proportional hazards models were used to
determine whether clinical end points were associated with baseline clinical
characteristics, treatment-induced flu-like symptoms, or immune response
end points. The clinical characteristics tested were: age, Follicular Lymphoma
International Prognostic Index score, pretreatment tumor bulk, cross-product
of the treated (irradiated) site, and number of prior therapies.

RESULTS

Baseline Patient Characteristics

A total of 15 patients with relapsed, low-grade lymphoma were

treated per protocol (Table 1). Most patients had follicular (grade 1 to

2) histology, with one patient each having nodal or primary cutaneous

marginal zone lymphoma. On enrollment, patients had a median age

of 62 years (range, 38 to 65 years), had experienced treatment failure

with a median of three standard therapies (range, 1 to 6), and all had

advanced stage (III/IV). The single, superficial site of disease, which

was irradiated and injected with CpG was either cervical, axillary,

inguinal, or subcutaneous and were of median short axis measure-

ment 2.0 cm (range, 1.0 to 8.5 cm).

Safety and Adverse Effects

Therapy was well-tolerated. The only observed adverse events

were a grade 2 injection site reaction consisting of erythema, indu-

ration, and tenderness and flu-like reactions consisting of grade 1

to 2 fevers, arthralgias, or myalgias, lasting 24 to 72 hours after

injection in a minority of patients (Table 1) and resulted in no dose

modifications or delays. All patients completed the full course of ther-

apy. No signs or symptoms of auto-immune phenomena (eg, colitis,

arthritis, inflammation of skin or liver) were observed either during or

after therapy.

Clinical Responses

All 15 enrolled patients were evaluable for clinical response with a

median follow-up of 33.7 months. At the treated site, there were seven

complete regressions, six partial regressions, and two patients with

stable disease, consistent with prior reports of low-dose radio-

therapy.11 Clinical responses (excluding the treated site; Fig 1A)
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yielded an overall objective response rate of 27% with one complete

response, three partial responses (PR), and eight patients with

stable disease. Patient 3 (Fig 2A) obtained a complete response

lasting 61 weeks; patient 10 (Fig 2B) obtained a PR lasting 20 weeks;

patient 11 (Fig 3A) obtained a PR, ongoing at 111 weeks; and

patient 12 (Fig 3B) had a PR remarkable for regression of bulky

retroperitoneal lymph nodes measuring 21 cm2 before vaccination

and 6 cm2 at best response and lasting 64 weeks. For complete

imaging for these patients see Figures 2 to 4 and Appendix Figure

A1 (online only).

Two patients had subclinical systemic tumor regressions

(Fig 1B) of surprising duration given the rapidity of prior recur-

rences. Patient 8 has had a 37% cross-product reduction, ongoing

at 131 weeks; patient 15 has had a 26% reduction, ongoing at 73

weeks. In all, five of these six objective or subclinical responses were

of equal or greater duration than that of their prior therapy (Table

1). The kinetics of the responses were also notable as they generally

were greatest at delayed time points � 24 weeks after therapy with

continued regressions even 2 years after therapy, as reported in

other studies of active immunotherapy.6,16

We examined baseline characteristics, including follicular lym-

phoma international prognostic indices, pretreatment tumor bulk,

and number of prior therapies, as well as the development of flu-like

symptoms during therapy, for correlation with clinical response.

Greater magnitude of clinical response correlated only with

fewer prior therapies (1 v � 1; two-sided t-test, P � .0072) and with

treatment-induced flu-like symptoms (two-sided t-test, P � .003).

These predictors were not entirely independent of each other,
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Fig 1. Intratumoral vaccination induces objective clinical responses. (A) Patients received 2 Gy � 2 radiation combined with intratumoral injection of PF-3512676 to

a single disease site and disease was measured at up to six distant sites. (B) Waterfall plot showing percent change in the cross-product sum at the time of best

response (indicated above ordinate) versus pretreatment. (*) Refers to patient 10, whose primary cutaneous disease was instead measured as a three-dimensional
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Table 1. Patient Characteristics and Adverse Reactions

Patient
Age

(years) Stage Disease

No. of
Prior

Therapies
Most Recent
Prior Therapy

Prior
TTP

(weeks)

Systemic Flu-
Like Reaction

(grade)
Injection Site

Reaction (grade)
Clinical

Response
TTP

(weeks)

1 56 IV FL 4 RTX 18 — — PD 8

2 62 III FL 3 RTX 14 — — SD 45

3 38 IV FL 1 CVP 120 1 — CR 61

4 59 IV FL 3 RIT 313 — — SD 77

5 63 IV FL 1 CVP 95 — — SD 21

6 63 IV FL 6 VP-16 5 — — SD 12

7 65 III MZL 4 CVP 87 — — PD 12

8 55 III FL 1 RTX 24 1 — SD 131

9 51 IV FL 3 RIT 13 — — SD 11

10 62 IV PCMZL 5 R-CVP 16 1 2 PR 29

11 63 IV FL 1 RTX 56 2 — PR 111

12 64 III FL 1 CVP 64 — — PR 64

13 65 IV FL 3 RIT 56 — — PD 10

14 61 IV FL 3 RIT 28 — — SD 23

15 59 III FL 1 RTX 28 1 — SD 73

Abbreviations: TTP, time to progression; FL, follicular lymphoma; RTX, rituximab; PD, progressive disease; SD, stable disease; CVP, cyclophosphamide, vincristine,
prednisone; CR, complete remission; RIT, radioimmunotherapy; VP-16, etoposide; MZL, marginal zone lymphoma; PCMZL, primary cutaneous marginal zone
lymphoma; R-CVP, rituximab, cyclophosphamide, vincristine, prednisone; PR, partial remission.
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multiple linear regression modeling yielded P � .11 and P � .05,

respectively.

Immune Responses

Induction of tumor cell immunogenicity. Prior studies have

shown that CpG can induce an immunogenic phenotype in B-cell

derived malignancies.10,17,18 We therefore tested the direct effect of

CpG on the phenotype of tumor cells in this cohort of patients.

Pretreatment biopsy cells were cultured with PF-3512676 and assessed

for surface expression of antigen presentation and costimulatory mol-

ecules. All samples tested (n � 13) demonstrated upregulation of

multiple markers (Appendix Figs A1A and A1B, online only), though

there was significant variability in degree and in which molecules were

affected. No correlation between induction of tumor cell phenotype

and clinical responses was observed.

Induction of tumor-reactive immune responses. The preclinical

model demonstrated that antitumor, memory CD8 T cells are both

necessary and sufficient for tumor protection.8,19 Therefore, periph-

eral blood lymphocytes from before and after treatment were cocul-

tured with CpG-activated, autologous tumor cells and assessed for

expression of an activated phenotype. Measurement of T-cell activa-

tion included expression of the activation marker CD137 as well as

intracellular levels of the cytokines interferon-�, IL-2, and tumor

necrosis factor. Of these, CD137 appeared to be the most sensitive

readout, specifically among the memory (CD45RO�) CD8 T cells

(Appendix Fig A1C, online only) although cytokine-response in-

duction was also seen after vaccination (Appendix Fig A1D, online

only). In some instances, continued disease regression was paral-

leled by improving immune response (data not shown) with peak

T-cell response occurring up to 1 year after vaccination. Despite

this temporal correlation of immune and clinical response in some

patients, not all clinically responding patients demonstrated

tumor-reactive CD8 T cells at the time points measured and the

correlation between immune and clinical responses across the

cohort was not statistically significant.

Regulatory T-Cell Induction: Correlation With Clinical

Response

We, and others, have previously reported that follicular lym-

phoma tumors are enriched for regulatory T cells (Treg) and that

follicular lymphoma tumor cells can induce a Treg phenotype and

A

B

Fig 2. Intratumoral vaccination induces objective clinical responses [extended]. (A) Complete response in patient 3, treated site: occipital; visualized site: bilateral

axillae. (B) Partial response in patient 10, treated site: suprasternal cutaneous; visualized site: supra-orbital cutaneous.
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suppressive function in conventional CD4 T cells.20,21 We there-

fore measured the degree to which CpG-activated tumor B cells

from the study cohort could induce Treg phenotype in autologous

CD4 cells.

Prevaccination peripheral blood lymphocytes were cultured ei-

ther with media, or with autologous, irradiated, CpG-activated tumor

B cells and assessed for CD4, CD25, and intracellular FOXP3 expres-

sion by flow cytometry. Baseline levels of CD25� FOXP3� Treg

among peripheral blood CD4 cells was low (range, 2.7% to 16%; mean

7.3%), but on culture with autologous tumor, the proportion was

variably increased (range, 2.7% to 52.8%; mean 19.7%). Notably, Treg

induction was greater with CpG-activated tumor cells than with un-

treated tumor cells (data not shown).

The fold-induction of the Treg phenotype appeared dichoto-

mous (Fig 5A), with some patients’ tumor cells (n � 5) inducing a

several-fold increase in Treg (range, 4.5- to 12.8-fold; mean, 6.6-fold)

and others (n � 9) having minimal effect (range, 0.9- to 2.1-fold;

mean, 1.5-fold). We compared the magnitude of clinical response

between the two groups and observed that the non-Treg inducers

trended toward better responses (two-sided t-test P � .056). In sup-

port of this finding, there was significantly longer progression-free

survival in the Treg noninducers versus Treg inducers (log-rank test,

P � .0058; Fig 5B). This correlation also appeared significant when

Treg fold induction was treated as a continuous variable (Cox propor-

tional hazard model, P � .0049; Fig 5C). In contrast, the baseline

proportion of Treg in each patient’s tumor and peripheral blood did

not appear to correlate with clinical outcome measures (data not

shown), although such a relationship has been observed by others in

an ex vivo lymphoma vaccine study.3

Re-Treatment With In Situ CpG Vaccine

Patient 12 achieved a PR lasting 64 weeks but eventually re-

curred and was re-treated using a higher dose of PF-3512676. This

patient again tolerated treatment with no symptomatic adverse

effects, and achieved a second PR with total reduction in the six

index lesions from 39 to 15 cm2 (Fig 4A). The magnitude of this

response was slightly greater than that achieved after initial

vaccination (60% v 55%) and significantly more rapid (12 v

43 weeks).

Although the patient was asymptomatic, follow-up imaging

demonstrated a grade 2 left pleural effusion consisting of a sterile exudate,

containing 94% T cells and no evidence of lymphoma. A number of these

cells were tumor-reactive memory CD8 T cells, at significantly higher

proportions than that found in blood (Fig 4B). Notably the patient’s

A

B

Fig 3. Intratumoral vaccination induces objective clinical responses [extended]. (A) Partial response (PR) in patient 11, treated site: right supraclavicular; visualized site:

left submandibular. (B) PR in patient 12, treated site: left inguinal; visualized site: retroperitoneal lymph node conglomerate.
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nearby mediastinal adenopathy improved significantly (7.50 v 2.98 cm2)

and the effusion resolved over the following 2 months.

DISCUSSION

Here, we demonstrate that in situ vaccination is feasible, safe, and suffi-

ciently powerful to induce objective clinical and immune responses even

in patients with significant lymphoma burden. Several studies of ex vivo,

custom-manufactured lymphoma vaccines using patient-specific idio-

type,22,23 idiotype-pulsed dendritic cells,24 and tumor lysate–pulsed den-

dritic cells3 have also demonstrated objective clinical responses and these

prior results prompted our pursuit of the practicable in situ approach.

Thisapproach—byitsnature—mustbestudiedinpatientswithclinically

evident disease, in contrast to the described randomized studies5-7 per-

formed in the post-therapy adjuvant setting. As compared with other

comparably practical off-the-shelf vaccines—such as allogeneic cell

lines25—in situ vaccination has the potential advantage of more accu-

rately encompassing each individuals’ relevant tumor antigens. As com-

pared with other approaches to increase the potency of immunotherapy

with systemic immunostimulation, such as high-dose IL-226, vacci-

nation appears relatively nontoxic.

Whereas intratumoral injection of immunostimulants has been

studiedpreviously,27,28 ourpreclinicalmodel indicatedthatthecombina-

tion of immunostimulation and cytotoxic therapy was required to

induce sufficiently powerful antitumor immunity. The use of low-

dose, local irradiation rather than chemotherapy allowed for the mea-

surement of systemic immunity at untreated sites of disease and is

supported by data showing that cells killed by radiation are especially

“immunogenic.”29 Conversely, the need for the intratumoral route of

CpG administration was seen in the preclinical model and consistent

with its lack of clinical efficacy when administered systemically.13

Tumor-reactive, memory CD8 T cells were shown to mediate

antitumor immunity in the preclinical model, and we have demon-

strated their induction in several of our clinically responding patients;

however, we did not find a strict correlation between T-cell immunity

and clinical responses as has generally been the case in cancer vaccine

trials.2,3,24,30,31 Approaches to improve the detection of tumor-

reactive T cells could include sampling of biologic compartments

B
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Fig 4. Re-treatment of a responding patient. Patient 12 received re-treatment as in Figure 1 with intratumoral injection of PF-3512676 18 mg. (A) Partial response in patient 12, treated

site: right inguinal; visualized sites: right supraclavicular and retroperitoneal lymph node conglomerate. (B) Increased proportion of tumor-reactive memory CD8 T cells per CD137

upregulation in pleural fluid after re-treatment; data shown are gated on live, CD8� cells, statistics shown are percentage of CD45RO�CD137� cells among that gate.

In Situ Vaccination With a TLR9 Agonist Induces Systemic Lymphoma Regression

www.jco.org © 2010 by American Society of Clinical Oncology 4329



other than peripheral blood, such as tumor sites, as suggested by

the pleural effusion findings of patient 12. In addition, several

recent immune-response studies showing that vaccine-induced T

cells peak at day 14 and decline sharply thereafter,32-34 have

prompted earlier immune-response measurements in an ongoing

follow-up study.

We observed that patients with Treg-inducing tumors had

poorer clinical outcomes after vaccination. This biomarker could be

either a specific predictor of response to in situ vaccination or a general

prognosticator of poor outcomes regardless of therapy. Interestingly,

patients with highly Treg-infiltrated tumors have shown favorable

clinical outcomes after standard therapy.35,36 If Treg induction pre-

dicts good response to standard therapy, but a poor response to the in

situ vaccine, then it would be a powerful clinical tool for selecting

appropriate patients for vaccination. This interesting finding is still

preliminary and is being evaluated prospectively in an ongoing follow-

study (ClinicalTrials.gov-ID: NCT00880581).

Despite numerous effective therapies for indolent lymphoma, the

disease is characterized by relapse and diminished response to re-

treatment.1 An effective vaccine could break from this paradigm, as reim-

munization characteristically boosts pre-existing immune memory.

Herein, one patient who achieved a PR from vaccination and later re-

lapsedwasre-treatedonafollow-upvaccinestudy.Re-treatmentyieldeda

more rapid clinical response of greater magnitude. The improved re-

sponsemayhaveresulted fromtheboostingof immunememoryor from

the higher PF-3512676 dose, although either alternative would have im-

plications for improving in situ vaccination. This second response sug-

gests that those patients who initially respond and subsequently progress

might do so because of loss of the initial immune response rather than the

tumor’s development of inherent resistance to the therapy.

This study’s findings have clear implications for future develop-

ment of the in situ vaccination approach. The use of low-dose PF-

3512676 was necessary given the lack of prior safety data with

intratumoral administration. This study suggests that the safety of this

route is comparable to subcutaneous administration, which has been

well-tolerated at doses up to five-fold higher than used here12 and with

higher doses inducing greater Type 1 helper T cells type cytokine

responses.37 This study’s correlation of clinical response with fewer

prior therapies suggests that vaccination might be even more effective

in previously untreated patients. These considerations have prompted

the aforementioned follow-up study using a higher PF-3512676 dose

in patients with either recurrent or previously untreated lymphoma.
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The induction of tumor-reactive CD8 T cells and the inferior

outcomes of patients with Treg-inducing tumors suggest that enhanc-

ing T-effector cells or inhibiting Treg might further increase the power

of vaccination. We have recently described two such approaches pre-

clinically. The first uses combinations of monoclonal antibodies tar-

geting T-cell costimulatory molecules,38 several of which are currently

being studied clinically. A second approach, which we refer to as

immunotransplant, harvests and reinfuses vaccine-primed T cells to

the patient after lymphodepletive conditioning19 is being investigated

in a phase I/II study (ClinicalTrials.gov-ID:NCT00490529).

These encouraging preliminary results suggest that CpG-based in

situvaccinationwarrants furtherstudyasanovel therapyforpatientswith

lymphoma. The combination of cytotoxic therapy and intratumoral im-

munostimulation has been studied preclinically for a variety of common

tumor types39-41 and might also be directly translated to the clinic.
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