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Activation of TLR9 by direct injection of unmethylated CpG nucleotides into a tumor can induce a thera-
peutic immune response; however, Tregs eventually inhibit the antitumor immune response and thereby
limit the power of cancer immunotherapies. In tumor-bearing mice, we found that Tregs within the tumor
preferentially express the cell surface markers CTLA-4 and OX40. We show that intratumoral coinjection of
anti-CTLA-4 and anti-OX40 together with CpG depleted tumor-infiltrating Tregs. This in situ immunomod-
ulation, which was performed with low doses of antibodies in a single tumor, generated a systemic antitumor
immune response that eradicated disseminated disease in mice. Further, this treatment modality was effec-
tive against established CNS lymphoma with leptomeningeal metastases, sites that are usually considered
to be tumor cell sanctuaries in the context of conventional systemic therapy. These results demonstrate that
antitumor immune effectors elicited by local immunomodulation can eradicate tumor cells at distant sites.
We propose that, rather than using mAbs to target cancer cells systemically, mAbs could be used to target the

tumor infiltrative immune cells locally, thereby eliciting a systemic immune response.

Introduction

Stimulation of antigen-presenting cells by TLR9 agonists
enhances the uptake and presentation of antigens to the
immune system. Injections of CpG oligonucleotide, a TLR9
agonist, directly into tumors, can trigger an antitumor immune
response (1, 2). However, there are many factors that cause the
immune system to ignore cancer cells (3). Chief among these
is a subset of lymphocytes called Tregs that play a central role
in maintaining immunologic tolerance to normal tissues (4, 5).
Typically, Tregs infiltrate tumors along with the other immune
cells, and their proportion has been correlated with poor sur-
vival of patients (6). Tregs are identified by the expression of
a characteristic transcription factor called foxp3 (7). They exert
their immunosuppressive effects both by direct interaction with
cells through expression of surface molecules such as CTLA-4
(8) and by secretion of cytokines (IL-10, TGF-B) (4). A mAb
against CTLA-4 has recently been shown to improve the survival
of patients with metastatic melanoma (9). The approvals of this
antibody by the FDA and EMA inaugurate a new way of treating
cancer, whereby the target is the immune system rather than the
cancer cell itself (10). At the present time, it is not clear whether
the antitcumor effects of anti-CTLA-4 (aCTLA4) antibodies are
due to their blockade of a negative regulatory signal in T effec-
tor cells (Teffs) or to their interference with Treg function (11).
Also, it is not clear which immune response they are enhancing,
as aCTLA4 therapy is accompanied by autoimmune side effects,
such as colitis, hepatitis, and hypophysitis (12). One challenge,
therefore, is to find better ways to improve the clinical bene-
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fits of these immunomodulatory therapies while avoiding their
untoward autoimmune effects.

Here we show that tumor-specific Tregs residing at the tumor
site can be identified by the expression of CTLA-4 and OX40 mol-
ecules on their surface. Moreover, we show that immunomodu-
lation of these Tregs at a single tumor is sufficient to trigger a
systemic antitumor immune response and cure mice with dissem-
inated tumors, including sites within the CNS.

Results

Tumor resident Tregs express high levels of OX40 and CTLA-4. We exam-
ined OX40 and CTLA-4 expression on T cells at several sites in
tumor-bearing mice. Interestingly, we found that the highest pro-
portions of OX40- and CTLA-4-expressing T cells were found
at the tumor sites and were within the CD4 subset (Figure 1A).
More specifically, these markers were mainly expressed on CD4*
FOXP3"* Tregs (Figure 1B). Indeed, within the CD4" cells at the
tumor sites, the vast majority of OX40" and CTLA-4" cells were
FOXP3* (Figure 1C). Conversely, about 40% to 50% of FOXP3* cells
at the tumor sites expressed OX40 and CTLA-4 (Figure 1C), and
they were coexpressed mostly at the surface of the same Tregs (Fig-
ure 1D). This pattern of expression was also observed in humans;
in samples from patients with mantle cell lymphoma and follic-
ular lymphoma, we confirmed that the highest proportions of
0OX40- and CTLA-4-expressing T cells were found within intratu-
moral (i.t.) CD4" T cells (Figure 1E) and, more specifically, on i.t.
CD4"FOXP3* cells (Figure 1F).

OX40* and CTLA-4* tumor resident Tregs are specific for tumor anti-
gens. To investigate whether the expression of OX40 and CTLA-4
was induced nonspecifically in the tumor microenvironment or
in response to cognate recognition of tumor antigen, we used A20
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OX40 and CTLA-4 are highly expressed at the tumor site. (A) Surface expression of OX40 and CTLA-4 on T and B cells (mean + SEM) in
tumor-bearing mice (n = 3) challenged with 5 x 108 A20 lymphoma tumor cells s.c. On day 7, cells from blood, bone marrow, spleen, drain-
ing lymph nodes (DLN), and tumors were analyzed by flow cytometry. Proportions of OX40- and CTLA-4—positive cells within B220+CD3-
(B cells), CD3+CD4-, and CD3+CD4+ (T cells) are plotted (isotype background ~0.5%). The proportion of positive cells in i.t. CD4+ T cells
was significantly higher (*P < 0.05) than in any other site or cell subset, except for the expression of CTLA-4 in blood cells. (B—F) Sur-
face expression of OX40 and CTLA-4 (mean + SEM) (B) within FOXP3+ and FOXP3- CD3+CD4+ T cells collected from tumors, drain-
ing lymph nodes, and spleens of mice bearing tumors established for 7 days (FACS analysis, n = 5; *P < 0.001); (C) within CD3+CD4+
T cells collected from tumors (quadrant values are mean percentages (+ SEM) obtained from 3 tumor-bearing mice); (D) on i.t. Tregs (n = 3,
*P = 0.003); (E) within tumor-infiltrating lymphocytes of patients with mantle cell ymphoma (n = 5) and follicular lymphoma (n = 9) tumors (FACS
analysis; *P < 0.05); and (F) within tumor-infiltrating CD4+ T cells of human mantle cell ymphoma (n = 5) and follicular lymphoma (n = 9) tumors

(FACS analysis; *P < 0.05).
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Figure 2

OX40 and CTLA-4 are highly expressed at the tumor
site, especially by tumor-specific Tregs. (A) DO11.10 mice
were transplanted s.c. with A20 lymphoma tumor cells at
one site and with A20-OVA at another (5 x 108 cells per
site). About 70% of CD4+ T cells from DO11.10 mice are
directed against the OVA peptide. They can be identified
by the KJ1-26 clonotypic mAb, which specifically binds
their OVA-specific TCR. (B) 10 days after challenge,
tumors were collected and tumor-infiltrating OVA-specific
T cells (KJ1-26+) were analyzed by FACS (pool of tumors
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lymphoma cells expressing ovalbumin (A20-OVA cells). These
tumor cells were injected into DO11.10 mice (expressing a CD4*
transgenic TCR specific for the OVA peptide). For comparison, a
second tumor line not expressing the cognate antigen (A20 lym-
phoma tumor cells) was injected into a separate site in the same
mice (Figure 2A). By day 10, OVA-specific CD4* T cells were
recruited equally to both the A20 and the A20-OVA tumor sites
(detected by the anti-clonotypic KJ1-26 mAb) (Figure 2B). How-
ever, the proportion of OVA-specific Tregs was dramatically higher
in the OVA-expressing tumors than in the tumors not expressing
OVA (Figure 2C). These Tregs specifically expressed high levels
of OX40 and CTLA-4 in comparison to the ones in tumors not
expressing OVA (Figure 2C).

Local Treg immunomodulation generates systemic antitumor immune
response. i.t. injections of CpG, a TLR9 agonist, generate some anti-
tumor immunity both in mice and in humans (1, 2, 13). Because
0X40 and CTLA-4 are mainly expressed by i.t. Tregs, as opposed
to T cells in other physiological sites, we reasoned that antibodies
against these targets could be more effective when injected into
the local tumor site to enhance an antitumor immune response
generated by CpG. To test this hypothesis, the same lymphoma
tumor line was injected at 2 s.c. sites on opposite sides of the ani-
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mals, with one (right) used as a site of in situ immunomodulation
(ie., i.t. injections of CpG) and the other (left) observed to assess
the systemic antitumor immune response. The 2 antibodies were
either injected into the right tumor (together with the CpG) or
were injected systemically (Figure 3A). The immediate antitumor
effect on the distant s.c. tumors was equivalent for both local and
systemic regimens (Figure 3B). However, only the local immuno-
modulation conferred long-term protection and cure of the ani-
mals, whereas the systemically treated mice presented late relapses
in the tumor-draining lymph nodes (Figure 3C).

Low doses of immunomodulatory antibodies are sufficient if injected
locally. Because i.t. OX40 and CTLA-4 targeting seemed especially
effective, we reasoned that lower amounts of the immunomod-
ulatory antibodies injected locally would suffice. We found that
anti-OX40 (aOX40) and aCTLA4 antibodies could trigger a
curative immune response when injected locally at doses as low
as 100-fold less than those needed to trigger a similar response
by systemic injection (Figure 3D). At these lower local doses
of immunomodulatory antibodies, serum levels of the mAbs
became undetectable 72 hours after the second dose of mAbs
(i.e., third day after therapy) (Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
Volume 123 Number 6
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Figure 3

Local immmunomodulation does better than systemic immunomodulation for the efficacy of antitumor immune responses. (A) Mice were challenged
s.c. with 5 x 108 A20 tumor cells on the right and left flanks. Therapy was started when tumors reached 0.5-0.7 cm in diameter (usually between
day 5 and 8). Treated mice received CpG i.t. only in their right tumor for 5 consecutive days. On day 1 and 5 of CpG therapy, a«OX40 and aCTLA4
mAbs were either injected i.p. or i.t. (fogether with CpG in the right tumor). The systemic antitumor immune response generated by these systemic
(i.p.) and local (i.t.) maneuvers was assessed by measuring the size of the contralateral (noninjected) left tumor and mouse disease-free survival.
Results were pooled from 2 distinct experiments (n = 10 mice per group). (B) Tumor growth of the distant tumors (nontreated left tumors) when
mADbs were injected systemically (i.p.) or locally (i.t. into the right tumor). Black arrows indicate day 1 of therapy. Both strategies (mAbs injected i.p.
ori.t.) result in disappearance of the distant (left) tumors. (C) Relapse-free survival of mice treated with either local or systemic immunomodula-
tion. Most of the mice treated systemically (i.p.) with «OX40/CTLA4 relapsed in the left tumor-draining lymph nodes, whereas almost all the mice
who received aOX40 and aCTLA4 locally (i.t.) had a long-term survival (*P = 0.002). The number of mice per group is shown into parenthesis. (D)
Therapeutic efficacy of 1:100 and 1:1,000 doses of aOX40 and aCTLA4 either injected i.p. or i.t. together with CpG and the resulting long-term
disease-free survival. ttt, treatment.

JCI64859DS1). Thus, systemic toxic effects of these antibodies
would be expected to be averted.

The antitumor immune response generated by the combina-
tion of CpG and either aOX40 or aCTLA4 eradicated most of the
tumors of the uninjected sites (Figure 4, A-E). But the combina-
tion of all 3 was even more effective and resulted in cure of most
of the animals (Figure 4, F and G). There was an absolute require-
ment for CpG to be coinjected into the tumor (Figure 4, H and I).

2450 The Journal of Clinical Investigation

http://www.jci.org

Furthermore, the generation of systemic antitumor immunity was
dependent on both CD4 and CD8 T cells (Figure 4]).

Depletion of tumor-specific Tregs at the injected site. We examined the
fate of tumor-specific i.t. Tregs during the triple combination ther-
apy. To do this we implanted A20-OVA tumors into WT BALB/c
mice at 2 s.c. sites. Once macroscopic tumors were established, we
transferred OVA-specific CD4* T cells into 1 out of the 2 tumors.
The transferred cells were labeled with cytotracker dye to monitor
Number 6

Volume 123 June 2013
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Figure 4

Combination therapy of i.t. CpG and low-dose immunomodulatory antibodies is specifically required to trigger an efficient antitumor immune
response. Mice were treated as in Figure 3A, and. i.t. injections of therapy were done in right (local) tumors (red), and systemic antitumor effect
was assessed by measuring growth of left (distant) tumors (blue). CpG was injected at 100 ug daily for 5 consecutive days. Low doses of mAbs
(4 ug aOX40 or rat isotype or/and 1 ug aCTLA4 or hamster isotype) were injected on day 1 and 5 of CpG therapy into the same tumor. (A) Growth
of distant tumors without therapy. (B—F) Systemic antitumor effect of CpG injections (B) alone on injected and distant tumors; (C) in combination
with rat and hamster isotypes of «OX40 and aCTLA4 mAbs, respectively; (D) in combination with «OX40; (E) in combination with «CTLA4; and
(F) in combination with aOX40 and aCTLA4. Previous curves pooled from at least 2 different experiments per group. (A—F) The number of sur
viving mice at day 60 is shown in parenthesis. (G) Survival of mice bearing 2 s.c. tumors (right and left flanks) that received CpG plus rat/hamster
isotypes, CpG plus aOX40, CpG plus aCTLA4, or CpG plus aOX40/CTLA4 in right tumors. Survival with CpG plus aOX40/CTLA4 was signifi-
cantly higher than with CpG plus aOX40 (P = 0.004) or CpG plus aCTLA4 (P = 0.03). Data are pooled from at least 2 different experiments per
group; the number of mice per group is shown into parenthesis (*P < 0.05). Systemic antitumor effect of (H) «OX40 plus aCTLA4 local low-dose
therapy without CpG (n = 4) and (l) s.c. CpG and i.t. ®OX40 plus aCTLA4. (J) Survival of tumor-bearing mice treated with i.t. CpG and low-dose
aOX40 plus aCTLA4 in the context of CD4 or CD8 T cell depletion (*P < 0.05).
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Figure 5

Depletion of tumor-specific Tregs at the injected site. (A) OVA-specific
CD4+T cells negatively selected from DO11.10 mice were stained with
violet dye and injected into 7-day-old A20-OVA tumors of WT mice.
Four days later, the tumors were treated or not with CpG plus low-
dose aOX40/CTLA4. Tumor-infiltrating OVA-specific CD4+ T cells were
analyzed 4 days after beginning therapy. Data are representative of
cohorts of 3 mice. (B) Proportions of CD25+ and FOXP3+ cells within
OVA-specific (KJ1-26+) CD4+ cells from untreated and treated A20-
OVA tumors. Seven days after A20-OVA tumor challenge, 1 site was
injected with 1.8 x 108 OVA-specific CD4 cells purified from DO11.10
mice. Four days later, 1 group of mice received 1 day of CpG and low-
dose aOX40/CTLA4 in these tumors, followed by 2 days of i.t. CpG
alone; the phenotype of OVA-specific CD4 cells was analyzed by FACS
on day 4. Quadrants values are mean percentages (+ SEM) obtained
in each group (3 mice per group). (C) Activated OVA-specific CD4+
T cells infiltrating A20-OVA tumors at day 0 and 4 days later without
therapy (no treatment) or after 4 days of i.t. low-dose immunomodula-
tion (CpG plus OX40/CTLA4). Results are presented as proportions
of KJ1-26+*CD25+ cells among total CD4+ T cells and absolute numbers
of cells per 1,000 live cells (n =3, *P < 0.05 at day 4). (D) DO11.10 mice
(n =5 per group) were challenged with 5 x 108 A20-OVA tumor cells s.c.
Seven days later, one group received i.t. CpG plus aOX40/CTLA4 as
described before. Infiltrating CD4+ T cells of A20-OVA tumors were ana-
lyzed by FACS for CD25 surface expression and FOXP3 intracellular
expression. *P < 0.05. (E) Tumor-infiltrating CD4+*FOXP3+ T cells
within injected or uninjected A20-OVA tumors in WT mice on day 4
of therapy (n = 3 per group, *P < 0.05). (F) Effect of therapy on tumor-
infiltrating tumor-specific Tregs (as defined by CD3+CD4+CD25+*
OX40+*FOXP3+ cells) in injected A20 tumors of WT mice on day 4
of therapy (*P < 0.0001). The ratio of Teffs (CD3+*CD4+CD25+0X40-
FOXP3-) over tumor-specific Tregs (CD3+*CD4+CD25+*OX40+FOXP3+)
is also displayed (fP = 0.01). Mean + SEM.

their proliferation. Subsequently, one group of mice was treated
with combination therapy in the tumor containing the OVA-spe-
cific CD4" T cells. The phenotype of i.t. T cells was then analyzed.
In the absence of treatment, all the i.t. OVA-specific CD4* T cells
proliferated (Figure SA, left) and about 30% expressed a Treg
phenotype (Figure 5B, left). By contrast, after local treatment
with CpG plus 00X40/CTLA4, none of these OVA-specific CD4*
T cells expressed FOXP3, and the remaining tumor-specific CD4*
T cells had an activated Teff phenotype (as defined by KJ1-26*
CD25*FOXP3") (Figure 5B, right). These activated antitumor
T cells had proliferated to the extent that they represented about
30% of the tumor-infiltrating CD4* T cells (Figure 5C), and all
the intracellular dye had been diluted out during the 8 days of
the experiment (Figure SA, right). In a more physiological model,
in which OVA-specific Tregs spontaneously home within OVA-
expressing tumors, we confirmed this in situ diminution of Tregs
and concomitant increase of effector T cells (Teffs) upon local
therapy (Figure SD). This loss of FOXP3-expressing CD4* T cells
was limited to the injected tumors (Figure SE), since the treatment
did not affect the Treg population in distant tumors (Figure SE).
We have shown that OX40 is mainly expressed on Tregs (Fig-
ure 1C), together with CTLA-4 (Figure 1D), upon recognition of
tumor antigens (Figure 1I). Therefore, OX40 could be used in
the WT system as a surrogate marker of tumor-specific Tregs. In
order to determine the relative contribution of each therapeutic
molecule in the depletion of these OX40" tumor-specific Tregs,
we treated WT mice bearing established A20 lymphoma with sin-
gle, double, or triple combination therapy. We found a cumula-
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tive effect of the 3 molecules on the depletion of tumor-specific
Tregs (Figure SF) and a concomitant increase in the ratio of Teffs
over Tregs (Figure SF).

In order to know whether this Treg depletion was secondary to
Treg migration, we used Thy1.2 FOXP3-GFP DO11.10 mice. We
sorted GFP* pure Tregs cells and transplanted them into A20-OVA
tumors established on the right flank of Thy1.1 mice.

After 3 days (which is the time needed to obtain the upregulation
of OX40 and CTLA-4 on Tregs in vitro; data not shown), we
started the i.t. triple combination therapy. On day 4 of therapy,
we harvested cells from the injected tumors (right side), their
draining lymph nodes, the blood, the spleen, and the distant
untreated tumors (left side) and looked for Thy1.2*GFP* donor
cells within the CD4 cells of the Thy1.1* host. Upon therapy, the
tumot-specific FOXP3* cells were depleted in the injected tumor,
as previously described (Figure 6). The treatment did not result in
an increase of donor cells in the tumor-draining lymph node, the
blood, or the spleen (Figure 6). This result shows that tumor-spe-
cific FOXP3* cells are depleted upon CpG plus aOX40/CTLA4
therapy rather than induced to migrate. In addition, it shows that
the donor tumor-specific FOXP3* cells were not converted into
Teffs at the treatment site, since this would have been detected as
Thy1.2* cells that had lost GFP.

The strategy of i.t. injections of CpG and low-dose antibodies is effective
against aggressive tumors. To assess the potency of this in situ immu-
nomodulation, we tested it in more aggressive tumor models.
Mice were challenged with lymphoma tumor cells both s.c. and
i.v. The iv. injection lead to broad dissemination of tumor cells
(Figure 7A), with metastases in multiple organs (Figure 7B). Mice
with established systemic disease (7 days after s.c. and i.v. tumor
inoculations) received in situ immunomodulation with CpG and
low-dose aOX40/CTLA4 into their s.c. tumor. The systemic anti-
tumor immune response generated by the injections into the s.c.
tumors eradicated the disseminated tumor sites (Figure 7A) and
cured the majority of the mice (Figure 7C). This local immuno-
therapy was subsequently tested against 2 other aggressive tumor
cell lines: the 2F3 line, a ber-abl* pro-B leukemia cell line (14), and
the 4T1 line, a breast carcinoma line that produces spontaneous
lung metastasis (15). In the 2F3 leukemia model, a single course
of in situ immunomodulation with i.t. CpG and low-dose a0X40/
CTLA4 immunotherapy was sufficient to affect the growth of the
distant untreated tumors (Figure 7D, left) but also to increase
survival (Figure 7D, right). In the 4T1 breast carcinoma model, a
single course of in situ immunomodulation in one s.c. tumor had
asignificant effect on the growth of the distant tumors (Figure 7E)
but had little effect on the number of lung metastases (Figure 7E).
To overcome the higher aggressiveness of the 4T1 tumor, we added
a second course of therapy. Mice were injected with 4T1 tumor
cells at one s.c. site and with 4T1-Luc tumor cells at a second s.c.
site to distinguish between viable and necrotic tumors at the dis-
tant sites. Subsequently, mice received 2 courses of in situ immu-
nomodulation with CpG and aOX40/CTLA4 immunotherapy in
4T1 tumors. This second course of therapy dramatically improved
the efficacy against the distant tumors (Figure 8A). The increased
effect on lung metastases was especially impressive, as only a sin-
gle nodule was found in the lungs of the treated mice, as opposed
to a median of 25 nodules found in the untreated mice (Figure
8B). Interestingly, in this MHC class II-negative tumor model, the
Tregs infiltrating the tumors and their draining lymph nodes also
expressed OX40 and CTLA-4 (Figure 8C).
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i.t. CpG plus low-dose 0.0X40/CTLA4 immunotherapy cures mice with
CNS lymphoma. Mice that had been cured by the systemic effect
of local immunomodulation (Figure 4F) were later rechallenged
with tumor cells injected directly into the brain (i.c.). All the cured
mice were resistant to this i.c. challenge (Figure 9A). This CNS
protection was dependent on the presence of CD8* T cells (Fig-
ure 9B). To determine whether the in situ immunomodulation
with CpG and 00OX40/CTLA4 was able to treat a concomitantly
growing tumor established in the CNS, we designed a model in
which tumor cells were injected both at a s.c. site in the flank and
in the brain parenchyma. By using the A20-Luc tumor cell line,
we were able to monitor the engraftment and growth of the i.c.
tumors (Figure 9C and Supplemental Figure 2) and show that
they develop spontaneous leptomeningeal and spinal cord metas-
tases (Supplemental Figure 3). Mice bearing concomitantly estab-
lished s.c. and CNS tumors (Figure 9D) were treated by in situ
immunomodulation with CpG and aOX40/CTLA4 injections in
their s.c. tumors. We compared this treatment both to chemother-
apy and to passive immunotherapy with a mAb directed against
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the idiotype of the A20 lymphoma (16). The brain site initially
responded to all these treatments but quickly regrew. However,
the CpG and low-dose aOX40/CTLA4-treated mice were cured
of their CNS disease (Figure 10).

The triple combination therapy triggers a tumor-specific immune
response that infiltrates, cures, and protects the brain. In order to
assess whether the addition of immunomodulatory antibod-
ies to CpG therapy was able to trigger a better activation of the
antitumor immune response, we took mice bearing both an
established CNS and s.c. lymphoma and treated the peripheral
s.c. site with i.t. CpG, with or without low-doses of aOX40 and
0.CTLA4. We found that, with the addition of the immunomod-
ulatory antibodies, the proportion of infiltrating T cells (CD3*
cells) was dramatically increased in the brain (Figure 11A). The
majority of these brain-infiltrating T cells were CD8" (Figure 11,
B and C) and presented with a more activated phenotype (Figure
11D). To determine whether these T cells had a tumor-specific
reactivity, we exposed them to irradiated tumor cells overnight.
We found that after triple combination therapy the proportion
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i.t. CpG plus low-dose aOX40/CTLA4 immunotherapy is efficient against aggressive, disseminated tumor models. (A) Mice bioluminescence
onday 1 (d 1) after i.v. challenge with 2 x 10¢ of A20-Luc tumors cells. Mice were concomitantly injected s.c. with 10 x 10 A20 tumor cells. i.t.
immunomodulation with CpG plus low-dose aOX40/CTLA4 was started on day 7 in the s.c. tumors. On day 31, only mice treated locally with CpG
plus low-dose aOX40/CTLA4 in their A20 s.c. tumors showed disappearance of their systemic disease. (B) Ascites (black arrows) and metasta-
ses (white arrows) in internal organs of 1 representative mouse 32 days after an i.v. tumor challenge with 2 x 108 A20 tumor cells (inset image
illustrates predominant metastatic disease of the liver). (C) Long-term survival of mice concomitantly challenged on day 1 with 10 x 10° s.c. and
2 x 108 i.v. A20 tumor cells. On day 7, most of the mice treated with CpG plus low-dose aOX40/CTLA4 in their s.c. tumor were cured (*P < 0.0001).
(D) Growth of the distant (untreated) 2F3 leukemia tumors (*P < 0.0001) and survival (fP = 0.0018) after a single course of in situ immunomod-
ulation with CpG plus low-dose aOX40/CTLA4 in mice (n = 5) challenged with 5 x 10* 2F3 leukemia cells into 2 different s.c. sites (black arrows
indicate day 1 of therapy). (E) Growth of the distant (untreated) 4T1 breast carcinoma tumors (*P < 0.05) and number of lung metastases on
day 22 after a single course of i.t. immunomodulation with CpG plus low-dose 0c:OX40/CTLA4 (mean + SEM). Mice (n = 5) were challenged with

1 x 10% 4T1 cells in 2 different s.c. sites; only 1 tumor site was treated (black arrows indicate day 1 of therapy). The number of mice per group is
shown into parenthesis.

of cytotoxic T cells was dramatically increased with high levels Discussion

of IFN-y and perforin-secreting CD8" cells and CD4" cells (Fig- Many attempts to treat established cancer by therapeutic vaccina-
ure 11, E and F, and Supplemental Figure 4). Mice cured from  tion have been unsuccessful (17). The discovery of Tregs in 2001
CNS lymphoma also showed long-term CNS immunity, as all  and their pivotal role in tolerance opened a new chapter in immu-
of them subsequently resisted rechallenge of the tumor in the nology (18-20). Although Tregs are essential to prevent autoim-
contralateral hemisphere (Figure 11G). munity, it is now evident that they also lead to cancer immune tol-
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Two courses of i.t. CpG plus low-dose aOX40/CTLA4 immunotherapy enhances the antitumor immune response. (A) Tumor growth and viability
of distant tumors after 2 courses of i.t. CpG plus low-dose aOX40/CTLA4. Mice (n = 5) were challenged with 1 x 104 4T1 and 1 x 10* 4T1-Luc
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arrows indicate day 1 of each course). The viability of the distant (untreated) 4T1-Luc breast carcinoma tumors was assessed by bioluminescence.
*P < 0.05. (B) Spontaneous lung metastases of 4T1 tumors on day 29 after s.c. tumor inoculation in untreated mice and after 2 courses of i.t. CpG
plus low-dose aOX40/CTLA4 (mean + SEM). (C) OX40 and CTLA-4 surface expression on CD4+ T cells infiltrating 4T 1 breast carcinoma tumors
and their draining lymph nodes (FACS analysis; 5 mice per group, *P < 0.0001 for both OX40 and CTLA-4; mean + SEM).

erance (21) and to a worse prognosis (6, 22) and probably explain
many failures of cancer immunotherapy (4, 23, 24). Therefore,
Tregs are now identified as a new target in the host that could be
neutralized to reverse the suppressive effects of the tumor on the
immune system (5, 25, 26). Tregs are usually identified by their
expression of FOXP3. However, no markers have been found that
selectively identify tcumor-specific Tregs. Here we show that OX40
and CTLA-4 are both highly expressed on the surface of i.t. CD4*
cells in mice and in patients with lymphoma. More specifically,
in an in vivo model, we show that surface expressions of both
0OX40 and CTLA-4 are limited to the tumor-specific Treg subset.
The expressions of both OX40 and CTLA-4 have been previously
studied in immune cells, but the notion that their upregulation
happens after TCR engagement is not generally appreciated (27,
28). Notably, several of these previous studies did not distinguish
between intracellular and surface expression of these 2 molecules.
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This information is crucial, as the biological activity of these
molecules is thought to be mediated through a surface interac-
tion with ligands expressed on the surface of other immune cells
(namely OX40L and CD80/86 for CTLA-4). Surface expression is
particularly important if in vivo targeting with mAbs is contem-
plated. Using a mouse model in which tumor cells expressed an
antigen that is specifically recognized by a transgenic CD4* TCR,
we showed that the upregulation of OX40 and CTLA-4 occurs at
the cell surface of tumor antigen-specific Tregs. Thus, OX40 and
CTLA-4 can be used as targets to address tumor-specific Tregs
within the tumor-infiltrating lymphocytes.

Several studies have reported the antitumor efficacy of 0OX40
and aCTLA4 when used systemically (i.p. or i.v.) as single agent
immunotherapies or in combination to other molecules (13,
27,29, 30). Once we found that OX40 and CTLA-4 were highly
expressed by tumor-specific Tregs at the tumor site, we decided
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to test whether the same systemic antitumor efficacy could be
obtained by administering the therapy locally (i.t.) rather than
systemically. Interestingly, there was no difference in terms of
immediate antitumor effect, as distant (noninjected) tumors
disappeared in both groups. However, most of the mice treated
with systemic immunomodulation subsequently developed dis-
tant tumor relapse, whereas the mice treated locally with the
antibodies did not relapse. This result highlights two subsequent
processes operating during the antitumor immune response:
an initial response, which eradicates the bulky disease, followed
by a second long-term or “memory” response that prevents late
relapses from minimal residual disease. Therefore, the superior
long-term efficacy of the in situ immunomodulation strategy
could be due to a better stimulation and cross presentation of
tumor antigens. In order to separate the effects within the injected
tumors, without having confounding factors from the systemic
action of the immunomodulatory mAbs, we tested lower doses of
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Figure 9

CNS lymphoma development after i.c. tumor challenge. (A) CNS
disease-free survival after i.c. challenge. CNS protection of mice
previously cured from s.c. lymphoma with i.t. CpG plus low-dose
aOX40/CTLA4. 150 days later, these mice and naive mice were
challenged i.c. with 0.5 x 108 A20 tumor cells. Mice were sacrificed
when presenting with neurological symptoms. *P < 0.05. (B) CNS
disease-free survival in the same experimental settings but with
mice depleted of CD4+ or CD8* T cells a few days prior the i.c.
challenge. (C) CNS lymphoma mouse model. 0.5 x 106to 1 x 108
A20 or A20-Luc lymphoma tumor cells were stereotactically injected
into the brain parenchyma of syngeneic BALB/c mice. Tumor devel-
opment was monitored longitudinally using bioluminescence signal
of A20-Luc tumor cells. i.c. tumor engraftment rate was higher than
95%. The bioluminescence signal after A20-Luc injections revealed
spontaneous leptomeningeal metastases in 20% to 40% of the
cases. The correlation between brain and spinal cord biolumines-
cent signals and pathological infiltration by tumor cells was con-
firmed by histology (Supplemental Figures 2 and 3). White arrows
indicate the localization of the small blue tumor cells within the brain
or the spinal cord after H&E staining. (D) CNS lymphoma treatment
groups. Mice were challenged s.c. with 10 x 106 A20 and i.c. with
1 x 108 A20-Luc tumors cells. Once the tumors were established
(day 5 after i.c. tumor inoculation), these mice received either sys-
temic conventional therapies (chemotherapies or passive immuno-
therapy) or local in situ active immunomodulation.

00X40 and aCTLA4. Interestingly, we found that the same sys-
temic antitumor immune response was obtained with a 100-fold
lower dose of immunomodulatory mAbs if they were administered
locally into the tumor. This result has direct clinical implications,
since we know from human clinical trials that i.v. aCTLA4 ther-
apy induces early autoimmune toxic events in up to 60% of the
patients (9, 31-35). This “local low-dose immunomodulation”
strategy might avoid the toxicity of immunomodulatory antibod-
ies, while enhancing the adaptive antitumor immune response.
Moreover, this local low-dose strategy has mechanistic implica-
tions. We showed that i.t. tumor-specific Tregs express high levels
of OX40/CTLA-4 prior to therapy and that tumor-specific Tregs
became undetectable after i.t. treatment. One possibility was that
they were depleted by the €OX40 and aCTLA4 antibodies. How-
ever, these antibodies alone, without CpG, had little effect on Treg
depletion and tumor regression. A second possibility was that
these tumor-specific Tregs were converted to tumor-specific Teffs.
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Indeed, others have shown that OX40, CTLA-4, and CpG could all
alter the suppressive properties and, in some cases, the phenotype
of Tregs (8, 27, 36-44). However, we ruled out this hypothesis by
tracking the Tregs in vivo: the addition of CpG to immunomod-
ulatory antibody therapy resulted in the depletion of i.t. tumor-
specific Tregs. Most interestingly, these modifications were only
occurred at the injected site, whereas the proportion of Tregs at
the distant sites was not affected by the therapy. This result shows
that antitumor immune effectors elicited by local immunomod-
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ulation can proceed to eradication of distant tumor sites, even in
the presence of Tregs at these sites.

Having demonstrated the systemic efficacy of our in situ immu-
notherapy on different models of metastatic tumors, we decided to
assess the ability of the antitumor immune response to eradicate
tumor cells within the CNS. This question is of the utmost impor-
tance both for fundamental immunology and for clinical practice.
Indeed, the original experiments of Medawar showed that the
brain is an immunologically privileged site for skin allografts (45,
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46). In clinical practice, a primary or secondary CNS involvement
of any cancer indicates poor prognosis, because all of our treat-
ments, including antitumor mAbs, fail to cross the blood-brain
barrier (47, 48). Indeed, in our experiments, chemotherapy and a
tumor-targeting mAb showed little effect against the implanted
CNS disease. By contrast, injection of CpG and low-dose 0.0X40/
CTLA4 into s.c. tumors eradicated tumor in the brain as well as
leptomeningeal and spinal cord metastases. Moreover, cured mice
had along-term, CD8*-dependent, intra-CNS immune protection
from late contralateral i.c. tumor rechallenge. Recent murine stud-
ies have shown that T cells directed against alloantigens (49) or
against nonsyngeneic tumors can access the brain (50-53). More-
over, it has been shown in humans that adoptive antitumor T cell
therapy can have an effect against brain tumor sites (54). How-
ever, such a strategy requires a conditioning regimen prior to the
administration of these ex vivo-generated antitumor T cells. Here
we show in a syngeneic tumor model that in situ immunomodu-
lation in a peripheral tumor site generates an antitumor immune
response within the distant tumor sites, including in the brain,
and is able to eradicate established disseminated disease and pro-
vide vaccine protection in the CNS.

Taken together, our results support a paradigm shift in cancer
therapy, in which, instead of using mAbs to target the tumor, mAbs
will be used to target the immune system in order to stimulate the
antitumor immune response. Additionally, instead of systemic
treatment, all of the therapies will be delivered locally, with resulting
systemic eradication of tumor. This strategy of local tumor immu-
nomodulation could be tested soon in patients, since many of the
relevant ligands and antibodies are currently in clinical development.

Methods

Reagents. CpG 1826 was provided by Pfizer Vaccines Research. aOX40
(CD134) mAD (rat IgG1, clone OX86; European Collection of Cell Cul-
tures) and aCTLA4 (CD152) mAb (hamster IgG, clone 9H10; gift from
J. Allison, MD Anderson Cancer Center, Houston, Texas, USA) hybri-
doma production were collected by Bionexus Inc. from ascites of nude
and SCID mice, respectively.

Mice. Eight- to twelve-week-old female BALB/c and DO11.10 mice were
purchased from The Jackson Laboratory and housed in the Laboratory
Animal Facility of the Stanford University Medical Center. All experiments
were approved by the Stanford Administrative Panel on Laboratory Animal
Care and conducted in accordance with Stanford University Animal Facil-
ity and NIH guidelines. DO11.10 TCR transgenic mice were crossed with
Foxp3-GFP report mice on the BALB/c background (55). The resultant
DO11/Foxp3-GFP mice were screened for DO11 TCR expression via PCR
and for Foxp3 expression via flow cytometry. Lymph nodes and spleens
were harvested from double-transgenic mice and sorted for GFP expression.

Cell lines. The A20 cell line was obtained from ATCC (ATCC no. TIB-208).
Itis a BALB/c B cell lymphoma line derived from a spontaneous neoplasm
found in an old BALB/cAnN mouse, expressing MHC class I and class II
H-2d molecules. A20 WT tumor was transfected with an expression plas-
mid DNA encoding a fusion of chicken ovalbumin with the transmem-
brane and cytoplasmic domains of the transferrin receptor (“membrane
ovalbumin”) under hygromycin selection. Both MHC I and II epitopes of
OVA are presented by the transfectant (56). It was subsequently transfected
with a plasmid cDNA encoding firefly luciferase under G418 selection.
This A20-OVA-Luc cell line was made by Gang Zhou in the Levitsky labo-
ratory (Johns Hopkins University) and was grown in complete RPMI with
400 ug/ml Geneticin (Cellgro) and 200 ug/ml Hygromycin (Invitrogen).
The 4T1 mammary carcinoma cell line is a subclone of a single sponta-
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neously arising mammary tumor of a MMTV* BALB/c mouse. The 4T1
and 4T1-Luc cell lines were gifts from the S. Strober laboratory and the
C. Contag laboratory (both at Stanford University), respectively. The 2F3
leukemia cell line was derived in our laboratory from Bcl/Abl retrovirally
infected BALB/c bone marrow (14). This cell line has a pre-B cell pheno-
type and is able to grow in syngeneic immunocompetent BALB/c mice.
Tumor cells were cultured at 37°C in 5% CO; in RPMI 1640 medium
with L-glutamine (Cellgro) supplemented with 10% heat-inactivated FCS
(HyClone), 100 U/ml penicillin (Gibco), 100 pug/ml streptomycin (Gibco),
and 50 uM 2-ME (Gibco), as complete medium.

Flow cytometry. Cells were surface stained in wash buffer (PBS, 1% FBS,
and 0.01% sodium azide), fixed in 2% paraformaldehyde, and analyzed
by flow cytometry on a FACSCalibur or LSRII system (BD Biosciences).
Mouse Fc receptors were blocked with 1 ug FeyRIII/II-specific antibody
(clone 2.4G2, rat IgG2b «; BD Bioscience) per 1 x 10° cells. Anti-FOXP3
(clone FJK-16s, eBiosciences) intracellular stainings were performed as
recommended by the mAb manufacturer. aOX40 (clone OX86, eBiosci-
ence) and aCTLA4 (clone UC10-4F10-11, BD Biosciences) were used for
surface staining (together with intracellular anti-FOXP3). Infiltrating cells
were isolated from the brain as previously described (57). Briefly, brain
homogenates were obtained from perfused animals and incubated with
collagenase (2 mg/ml) and DNAse (5 units/ml) for 1 hour at 37°C; mono-
nuclear cells were purified by 2-step Percoll gradient centrifugation. FACS
data were analyzed using Cytobank.

Immunobistochemistry. Animals were injected with a lethal dose of
ketamine and monitored. Upon the loss of nociceptive reflexes, animals
were perfused transcardially with 20 ml PBS/EDTA, followed by 20 ml
4% paraformaldehyde in 0.1 M PBS at room temperature. The brain
was removed, and the tissue was post-fixed for 24 hours in 4% parafor-
maldehyde at 4°C and then cryoprotected in a 24% sucrose solution in PBS
for 24 hours. Brain tissues were embedded in OCT (Tissue-Tek) and frozen
at -80°C. After tissue processing, 20-um-thick cryosections were cut from
the brains. Sections were allowed to thaw at room temperature, rehydrated
in PBS for 2 hours, and incubated with blocking buffer (25% normal goat
serum, 3% BSA, 0.3% Triton X-100) for another 1 hour. FcyR was blocked
by incubating the sections with 5 to 10 ug/ml purified anti-CD16/32 anti-
body on ice for 10 minutes. Primary antibody staining was carried out
overnight. Primary antibodies included anti-CD4 (BD Pharmingen, cata-
log no. 553044), anti-CD8 (Serotec, catalog no. MCA74G), anti-B220 (BD
Pharmingen, catalog no. 557390), and Alexa Fluor 488- or Alexa Fluor
647-conjugated mADb specifically directed against the A20 lymphoma
idiotype (16). Secondary antibodies were Alexa Fluor 568-conjugated
donkey anti-rat (Molecular Probes). All sections were analyzed by using a
Leica fluorescence microscope.

ELISA. Plasma levels of aOX40 and aCTLA4 antibodies were measured
by ELISA. Plasma were collected from tumor-bearing mice on day 3 after
completion of the CpG plus OX40/CTLA4 therapy and added to 96-well
MaxiSorp plates (Nunc) coated with purified anti-rat and anti-hamster
IgG, respectively. Bound antibodies were detected using horseradish per-
oxidase-conjugated goat anti-rat and goat anti-hamster IgG. Pure cOX40
and aCTLA4 obtained from ascites and with known concentration served
as positive controls. Absorbance was determined at 405 nm using a Vmax
Microplate Reader (Molecular Devices).

Tumor transplantations. Tumor cells were implanted into mice while in
exponential growth phase (below 1.5 x 106 cells/ml for cells in suspen-
sion and below 70% confluence for adherent 4T1 tumor cells). The num-
ber of tumor cells injected is specified in each experiment. s.c., i.v., and
i.c. injections were done with tumor cells washed twice in FBS-free media
and resuspended in 50, 100, and 10 ul RPMI, respectively. s.c. tumors
were implanted on the right and left flanks. The orthotopic CNS tumor
Number 6 2459
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Figure 11

i.t. low-dose immunomodulation conveys a sustainable cytotoxic anti-
tumor immune response, even in an immune sanctuary site. (A) Mice
were challenged with 1 x 108 A20 tumor cells i.c. and 10 x 108 A20
tumor cells s.c. and treated with CpG plus low-dose aOX40/CTLA4 as
previously described (see Figure 9D). On day 6 after the beginning of
therapy, brains were collected and digested, and mononuclear cells
were separated by Percoll. These cell suspensions were analyzed by
FACS for T cell (CD3*) infiltration (gate on all viable cells, *P < 0.05).
(B) Brains of mice bearing CNS lymphoma were extracted on day 7
of therapy and stained by IF for CD8* and CD4+ T cells (red). Tumor
cells were identified by tumor idiotype staining (green). Original mag-
nification, x20. (C) Ratio of number of brain-infiltrating CD8* T cells
over CD4+ T cells upon therapy. *P < 0.05. (D) Proportion of activated
(CD69+) CD8* T cells upon therapy. *P < 0.05. (E) Brains from CNS
lymphoma-bearing mice were collected on day 8 of s.c. therapy and
reexposed overnight to irradiated A20 tumor cells. T cells were subse-
quently stained for surface CD44 and intracellular IFN-y. (F) As in E,
but median values from 5 mice (*P < 0.0001 for both CD8* and CD4+
cells). (G) Mice cured from CNS lymphoma were rechallenged i.c. 140
days later in the contralateral hemisphere with 0.5 x 106 A20 lymphoma
tumor cells as were naive mice. Survival after rechallenge of i.c. cured
is shown (6 mice per group, P < 0.001).

implantation has been previously described (58). Briefly, mice were main-
tain under continuous anesthesia with isoflurane and were placed onto
a stereotactic frame (Kopf Instruments) and secured by ear bars. Under
a dissection microscope, a 1-cm parasagittal incision was made to expose
the coronal and superior sagittal sinus. An electric drill was used to create
a 1I-mm-diameter burr hole 2 mm lateral and 1 mm posterior to the ana-
tomic bregma over the right hemisphere. A 10-ul suspension containing
either A20 or A20-Luc tumor cells was prepared in serum-free RPMI. After
dural penetration, cells were injected 2.5 mm deep into the parenchyma
using a 10-ul microinjector syringe (Hamilton Co.) at a rate of 1 ul per
min. The needle was then retracted 1 mm per min, and the scalp was closed
using 5-0 Vicryl sutures (Ethicon Inc.). This model results in 99% engraft-
ment, with consistent tumor size and growth. For the s.c. and CNS lym-
phoma model, mice were first injected s.c. with 10 x 10 A20 tumor cells.
On day $ after s.c. tumor inoculation, these mice were challenged i.c. with
1 x 10° A20-Luc tumor cells. On day S after i.c. tumor inoculation, therapy
was initiated as described in the Results section.

Tumor assessments. s.c. tumor sizes were monitored with a digital cali-
per (Mitutoyo) every 2 to 3 days and expressed either as surface (length
x width) or volume (length x width x height).Mice were killed when s.c.
tumor size reached 2 cm?. Lungs were analyzed ex vivo for metastasis
28 days after 4T1 or 4T1-Luc tumor challenge by injecting India ink
through the trachea. Lungs were then excised, washed once in water, and
fixed in Fekete’s solution (100 ml 70% alcohol, 10 ml formalin, and 5 ml
glacial acetic acid) at room temperature. Surface metastases subsequently
appeared as white nodules at the surface of black lungs and were counted
under a microscope. Tumor cell lines transduced with the firefly luciferase
could be used in order to monitor in vivo the tumor growth and the antitu-
mor immune response. For bioluminescence assessment, mice were anes-
thetized with isoflurane gas (2% isoflurane in oxygen, 11/min) during injec-
tion and imaging procedures. i.p. injections of D-Luciferin (Biosynth AG)
were done at a dose of 150 mg/kg, providing a saturating substrate con-
centration for luciferase enzyme (luciferin crosses the blood-brain barrier).
Mice were imaged in a light-tight chamber using an in vivo optical imaging
system (IVIS 200; Xenogen Corp.) equipped with a cooled charge-coupled
device camera. During image recording, mice inhaled isofluorane delivered
via a nose cone, and their body temperature was maintained at 37°C in
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the dark box of the camera system. Bioluminescence images were acquired
between 10 and 20 minutes after luciferin administration. Mice usually
recovered from anesthesia within 2 minutes after imaging.

CD4 and CD8 T cell depletions. Anti-CD4 (rat IgG2b) and anti-CD8 (rat
IgG2b) depleting mAbs were produced from GK1.5 and 2.43 hybridomas
as previously described (13). Antibodies were injected 2 days and 1 day
before therapy, on the day therapy was begun, and at 5, 8, and 19 days after
beginning of therapy at a dose of 500 ug per injection. Blood CD4 and
CD8 T cell depletions were validated by flow cytometry (>95% depletion).

Immune cell processing and transplant. Tumors, lymph nodes, and spleens
were turned into single cell suspensions by processing them through
a 70-um cell strainer (BD Biosciences). Untouched CD4* T cells were
obtained by negative selection from DO11.10 mice splenocytes and lymph
nodes, followed by a CD25" positive selection (either Dynabeads, Life
Technologies, or EasySep, Stem Cell Technologies). These CD4*CD25"
and CD4*CD25" cells (containing around 30% FOXP3* cells) were mixed
at a 1:1 ratio in 50 ul RPMI before transplantation within A20-OVA
tumors. A violet in vivo tracking dye was used to assess their proliferation
(CellTrace, Life Technologies).

Tumor immunotherapy and chemotherapy. Treatment modalities are spec-
ified in each experiment. Briefly, therapy was started when s.c. tumors
reached 0.7-1 cm in largest diameter, which usually occurred around day
7 after tumor inoculation. Typically, CpG was injected i.t. into a single
tumor at a dose of 100 pg for each of 5 consecutive days (days 1 to 5 of
therapy). 0OX40 and aCTLA4 antibodies were injected either i.p. or i.t.
on day 1 and day 5 of therapy at 400 ug and 100 ug per injection, respec-
tively, which are generally considered to be the optimal doses according
to prior publications (36, 59). These mAbs were subsequently tested with
or without CpG at doses 10, 100, and 1,000 fold below these values. The
lowest possible volumes of injections were used (minimal volume of 25
ul). The 100-fold dilution was found to be the lowest tested amount of’
mADbs that was able to trigger a sustained antitumor immune response
when injected together with CpG. Therefore, the phrase “CpG plus
low-dose a.0X40/CTLA4” used throughout refers to 5 days of CpG at
100 ug per day, combined with 4 ug aOX40 and 1 ug aCTLA4 on day 1
and 5, with 25-ul volumes of injections each day into a single s.c. tumor.
For the CNS lymphoma therapy, two regimens were tested: one with 1:10
doses of mAbs (40 ug 00X40 and 10 ug aCTLA4 on day 1 and 5), one
with 1:100 doses (4 ug 00X40 and 1 ug aCTLA4 on day 1 and 5). Passive
immunotherapy was performed by systemically injecting a mAb directed
against a tumor antigen (tumor idiotype). This anti-idiotype (ald, clone
1D2, mouse IgG2a) was injected at a dose of 100 mg i.p., which is known
to be efficient in the A20 tumor model (16). Chemotherapies tested were
chosen based on their relative ability to cross the blood-brain barrier and
their use in therapy of human CNS lymphoma. Methotrexate (MTX) was
used at the maximal tolerated dose and most efficient dose for mice (400
mg/kg s.c.) followed 16 hours later by calcium leucovorin (12 mg/kg s.c.)
given once every 2 hours for a total of 5 doses as previously described (60).
Cyclophosphamide (CTX) was used at a dose of 100 mg/kg i.p for 2 sub-
sequent days, which is known to be efficient in the A20 tumor model (1).

Brain histology. A complete gross necropsy was performed. The entire CNS
was collected in situ (brain within the skull, spinal cord within the vertebral
column). The samples were placed in a combined preservative and decal-
cifying solution containing formalin and formic acid solution (Cal Ex II,
Fisher Sci) for a minimum of 48 hours. After fixation and decalcification,
the samples were routinely processed for light microscopic examination
of H&E-stained sections.

Patient samples. Tumor cells in suspension were isolated from tumor
samples of patients with follicular lymphoma and mantle cell lymphoma.
Informed consent was received from patients in accordance with the Dec-
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laration of Helsinki, and study approval was received from Stanford Uni-
versity’s Administrative Panels on Human Subjects.

Statistics. Prism software version 5.0 (GraphPad) was used to analyze
tumor growth and to determine the statistical significance of differences
between groups by applying 2-tailed Student ¢ tests (paired or unpaired
depending on the settings of the experiment). Comparisons of means
between more than 2 groups were done by ANOVA. These groups were
subsequently compared 2 by 2 using a Bonferroni correction. Kaplan-
Meier plots were used to analyze survival. Comparisons of survival
curves were made using the log-rank test. P values of less than 0.05 were
considered significant.
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