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Abstract
The antitumor effects of therapeutic mAbs may depend on immune effector cells that express
FcRs for IgG. IL-12 is a cytokine that stimulates IFN-γ production from NK cells and T cells. We
hypothesized that coadministration of IL-12 with a murine anti-HER2/neu mAb (4D5) would
enhance the FcR-dependent immune mechanisms that contribute to its antitumor activity. Thrice-
weekly therapy with IL-12 (1 μg) and 4D5 (1 mg/kg) significantly suppressed the growth of a
murine colon adenocarcinoma that was engineered to express human HER2 (CT-26HER2/neu) in
BALB/c mice compared with the result of therapy with IL-12, 4D5, or PBS alone. Combination
therapy was associated with increased circulating levels of IFN-γ, monokine induced by IFN-γ,
and RANTES. Experiments with IFN-γ–deficient mice demonstrated that this cytokine was
necessary for the observed antitumor effects of therapy with IL-12 plus 4D5. Immune cell
depletion experiments showed that NK cells (but not CD4+ or CD8+ T cells) mediated the
antitumor effects of this treatment combination. Therapy of HER2/neu-positive tumors with

Copyright © 2011 by The American Association of Immunologists, Inc.

Address correspondence and reprint requests to: William E. Carson, III, Department of Surgery, N924 Doan Hall, 410 W. 10th
Avenue, The Ohio State University, Columbus, OH 43210. william.carson@osumc.edu.

Disclosures
The authors have no financial conflicts of interest.

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2013 March 11.

Published in final edited form as:
J Immunol. 2011 March 15; 186(6): 3401–3409. doi:10.4049/jimmunol.1000328.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



trastuzumab plus IL-12 induced tumor necrosis but did not affect tumor proliferation, apoptosis,
vascularity, or lymphocyte infiltration. In vitro experiments with CT-26HER2/neu tumor cells
revealed that IFN-γ induced an intracellular signal but did not inhibit cellular proliferation or
induce apoptosis. Taken together, these data suggest that tumor regression in response to
trastuzumab plus IL-12 is mediated through NK cell IFN-γ production and provide a rationale for
the coadministration of NK cell-activating cytokines with therapeutic mAbs.

HER2/neu is a member of the epidermal growth factor receptor family of receptor tyrosine
kinases, which also includes HER1, HER3, and HER4 (1). HER2 is able to heterodimerize
with other epidermal growth factor receptor family members to form high-affinity receptors
for circulating ligands such as epidermal growth factor, amphiregulin, and neuregulin (2).
HER2 overexpression is observed in multiple human malignancies, including breast,
ovarian, and gastrointestinal tract cancers. In human breast cancer patients, HER2
overexpression is associated with decreased relapse-free and overall survival, increased
incidence of lymph node metastasis, and altered sensitivity to chemotherapeutic regimens
(3–5).

Trastuzumab (Herceptin) is a humanized mAb that binds to the extracellular domain of
HER2. When combined with cytotoxic chemotherapy, trastuzumab induces clinical
responses in 50–60% of women with metastatic disease and prolongs the survival of women
who receive it as an adjuvant to surgery (6–8). The clinical activity of trastuzumab and other
Abs directed against tumor Ags has largely been attributed to the direct, antiproliferative or
proapoptotic effects of the Abs on the tumor cells. Possible mechanisms of action of
trastuzumab include downregulation of HER2 protein expression (9), blockade of HER2
heterodimerization (10), initiation of G1 arrest, and induction of cyclin-dependent kinase
inhibitors such as p27 (11). However, several studies have shown that the antitumor effects
of trastuzumab were dependent on the presence of immune effector cells that bear FcγRs,
such as NK cells (12, 13). These observations suggested that FcR-dependent immune
mechanisms such as Ab-dependent cellular cytotoxicity (ADCC) and cytokine secretion
might contribute to the antitumor activity of trastuzumab and implied that this activity could
be enhanced by the coadministration of immune-enhancing adjuvants (14, 15).

IL-12 is produced by APCs and stimulates IFN-γ production from NK and T cells. In
previous studies, we have shown that human NK cells costimulated with trastuzumab-coated
tumor cells and IL-12 secreted >10-fold higher amounts of IFN-γ compared with those of
NK cells stimulated with either agent alone (16). In a phase I trial where trastuzumab was
administered with IL-12 to patients with HER2-overexpressing malignancies, favorable
clinical outcomes were associated with NK cell production of IFN-γ and chemokines that
could recruit CD8+ T cells (17). These results were confirmed in a follow-up phase I trial of
trastuzumab, IL-12, and paclitaxel (18).

The goal of the current study was to elucidate further the role of NK cell-derived IFN-γ in
the antitumor effects of combination therapy with IL-12 and an anti-HER2/neu Ab. We used
a murine model of HER2-overexpressing adenocarcinoma to examine the mechanism of
action of trastuzumab and IL-12 coadministration. We now demonstrate that the antitumor
actions of trastuzumab are enhanced by IL-12 treatments and that this effect is dependent on
NK cell production of IFN-γ.
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Materials and Methods
Cytokines and Abs

Recombinant murine IL-12 was kindly provided by Wyeth Pharmaceuticals (Madison, NJ).
4D5, a murine mAb recognizing human HER2, was purchased from the National Cell
Culture Center (Minneapolis, MN). Rabbit anti-asialo GM1 was purchased from Wako
Pharmaceuticals (Richmond, VA). Rat anti-mouse CD4 (clone GK1.5) and CD8 (clone
2.43) depleting mAbs were purchased from the National Cell Culture Center.

Murine tumor model
Age-matched, female BALB/c mice (The Jackson Laboratory, Bar Harbor, ME) were
injected s.c. on the right flank with 1 × 106 CT-26HER2/neu cells in 200 μl PBS. When the
tumors had reached a volume of ~200 mm3 (5–7 d), mice were randomly allocated to
treatment with PBS, 1 μg murine IL-12, 1 mg/kg 4D5, or 1 μg murine IL-12 plus 1 mg/kg
4D5 (n = 5 per group). All treatments were administered i.p. three times weekly. Tumor
dimensions were measured daily with calipers, and tumor volume was calculated as follows:
Tumor volume = 0.5 × [(large diameter) × (small diameter)2]. Treatment was continued until
tumors had reached a diameter of 25 mm in any dimension (~3.5 wk) at which point the
mice were euthanized in accordance with institutional policy. Mice were depleted of NK
cells, CD8+ T cells, or CD4+ T cells via administration of specific Abs. Anti-asialo GM1
(for NK cell depletion), rat anti-mouse CD8 mAb, or rat anti-mouse CD4 mAb was
administered i.p. on days −3, −1, +1, and +3 with respect to tumor inoculation and every 4 d
thereafter. Mock-depleted mice received injections of isotype-matched control Abs. The
efficiency of depletion was >98% as confirmed by flow cytometric analysis of peripheral
blood and splenocytes. All protocols were approved by The Ohio State University Animal
Care and Use Committee, and mice were treated in accordance with institutional guidelines
for animal care. Of note, the growth of CT-26HER2/neu cells in BALB/c mice was identical to
that of the CT-26 parent cell line, and their immunohistochemical analysis revealed no
difference in immune cell infiltrate, indicating that host T cells did not respond to the
presence of the human HER2 Ag on tumor cells (data not shown).

Proliferation assay
CT-26HER2/neu cells (2 × 105) were seeded in triplicate in 96-well plates with
unsupplemented medium or medium containing 10 ng/ml murine IL-12, 100 μg/ml
trastuzumab, or increasing concentrations of murine IFN-γ (1–100 ng/ml). Cells treated
with DMSO served as a positive control. Cell proliferation was determined by the MTT
assay as previously described (19).

Intracellular staining for tyrosine phosphorylation (p-STAT1) and flow cytometry for HER2/
neu

CT-26HER2/neu cells were resuspended in 100 μl RPMI 1640 medium, treated with various
doses of IFN-γ (1–100 ng/ml), fixed with Fix & Perm Reagent A (Caltag Laboratories,
Burlingame, CA) for 2–3 min at room temperature, and then incubated at 4°C for 10 min in
3 ml cold methanol. Cells were then washed in flow buffer (PBS supplemented with 5%
FBS) and permeabilized with 100 μl Fix & Perm Reagent B (Caltag Laboratories). Cells
were incubated for 60 min at room temperature in Fix & Perm Reagent B containing Alexa
Fluor 488 STAT1 (pTyr 701) mAb (BD Pharmingen) or an appropriate isotype control Ab.
Cells were then washed with flow buffer, fixed in 1% formalin, and stored at 4°C until flow
cytometric analysis. Analyses were performed as previously described using a Becton
Dickinson FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA) (20). The
binding of the 4D5 Ab to HER2/neu on the surface of CT-26HER2/neu tumor cells was
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confirmed by flow cytometry using 4D5 and a FITC-labeled rabbit anti-mouse secondary
Ab.

Analysis of apoptosis via annexin V–propidium iodide staining
Phosphatidylserine exposure was assessed in CT-26HER2/neu tumor cells by flow cytometry
using allophycocyanin–annexin V and propidium iodide (PI) (BD Pharmingen) as
previously described (21).

Histopathologic and immunohistochemical analysis of tumor
Harvested tumors were immediately divided in half and snap frozen in liquid nitrogen with
rapid transfer to −80°C or placed in PBS and transferred to 10% neutral buffered formalin
for a minimum of 24 h. Fixed tumors were processed by routine methods, embedded in
paraffin wax, sectioned into 4-μm slices using a standard microtome, attached to lysine-
coated slides, and stained with H&E. Replicate sections were deparaffinized in xylene (two
times, 10 min each at room temperature) and rehydrated by stepwise washes at decreasing
ethanol/H2O ratios. Frozen sections were embedded in OCT medium, sectioned into 3-μm
sections using a standard cryostat, and attached to lysine-coated slides. For
immunohistochemistry of unstained paraffin or frozen tumor sections, endogenous
peroxidase activity was blocked with dH2O (diH2O) containing 3% hydrogen peroxide for 5
min, followed by repeated rinses in diH2O. Ag retrieval was achieved in Dako’s target
retrieval solution (Dako S1699) by heating slides in a steamer at 94°C for 30 min and
cooling at room temperature for 15 min. After rinsing in diH2O, slides were incubated for 60
min with Abs specific for CD3 (DakoCytomation A0452), CD4 (BD Pharmingen clone
H129.19), CD8 (BD Pharmingen clone 53-6.7), CD45 (BD Pharmingen clone 30-F11),
CD68 (Serotec MCA 1957), CD31 (BD Pharmingen clone MEC 13.3), and Ki67 (Dako
clone MIB-1) or appropriate isotype control Abs. Detection was achieved with the
Vectastain Elite ABC system and Novared Chromogen (Vector, Burlingame, CA).
Evaluation of apoptosis in formalin-fixed, paraffin-embedded tumor xenografts was
conducted using TUNEL as recommended by the manufacturer (Chemicon). All samples
were examined in a blinded fashion by an experienced pathologist (K.M.L. or T.L.P.) using
an Olympus BX45 light microscope with an attached DP25 digital camera (B & B
Microscopes limited, Center Valley, PA). For each tumor, the percentage of necrosis for the
entire section and the number of mitotic figures in three random ×40 fields were assessed in
H&E slides. The binding of each Ab to target Ag was determined in viable areas of the
tumor based on the following semiquantitative scoring system: 0, none; 1, few (<25%); 2,
many (25–75%); 3, majority (>75%). Tumor samples were compared with the appropriate
positive control slides as well as with internal controls. Immunofluorescence microscopy of
tumor sections was performed using 10 μg/ml of an anti-CD335/NKp46 (BD Pharmingen)
primary Ab and 1:2500 goat anti-rat–Alexa Fluor 647 secondary Ab (Invitrogen) using a
technique adapted from Eisenring et al. (22). Tumor sections were counterstained with
DAPI for nuclear identification. Stained sections were analyzed on an Olympus Fluoview
1000 Laser Scanning Confocal microscope.

Electron microscopy
Harvested tumors were fixed in 3% glutaraldehyde and 4% paraformaldehyde, postfixed in
4% osmium tetroxide, and embedded in EPON. Thin sections were stained with uranyl
acetate and lead citrate and examined in an FEI Tecnai G2 Spirit transmission electron
microscope.
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Cytotoxicity assay
Splenocytes were harvested from the spleens of treated mice and mixed with CT-26HER2/neu

target cells at an E:T ratio of 4:1 for 4 h. Target cell viability was assayed by flow cytometry
for HER2 and PI with double-positive cells being classified as nonviable [modified from
Cho et al. (23)].

Statistics
Changes in tumor volume over time were assessed via a longitudinal model. Tumor values
were first log-transformed, and then a mixed effects model was applied to the data.
Estimated slopes (changes in tumor volume over time) were calculated with 95% confidence
intervals, and estimated differences in tumor volume were calculated at baseline and at the
end of each study.

Results
Inhibition of tumor growth by IL-12 and an anti-HER2 Ab is associated with IFN-γ
production

A murine tumor model was used to determine whether IL-12 could enhance the effect of an
anti-tumor mAb in vivo. Mice bearing s.c. tumors of the CT-26HER2/neu cell line were
treated three times weekly with PBS, 1 μg murine IL-12, 1 mg/kg 4D5 (a murine mAb
recognizing human HER2), or IL-12 and 4D5 combined (Fig. 1A). These doses were chosen
on the basis of titration experiments examining the efficacy of IL-12 or 4D5 alone against
CT-26HER2/neu tumors (data not shown). Based on a longitudinal model using log-
transformed values, no significant differences in tumor volume were found between the four
groups at baseline. However, by day 21 of treatment, the average tumor volumes of mice
receiving either IL-12 or 4D5 alone were significantly smaller than those of the PBS-treated
mice (p <0.0001). Furthermore, the average tumor volumes for mice receiving the
combination of IL-12 and 4D5 were significantly less than those for mice receiving IL-12
alone (p <0.005) or 4D5 alone (p <0.0001). Twenty-four hours after the final administration
of IL-12 and 4D5, serum was harvested from each of the mice, and the levels of IFN-γ,
RANTES, and IL-8 were measured by ELISA. As shown in Fig. 1B, mice receiving both
IL-12 and 4D5 produced significantly higher amounts of IFN-γ than those of mice receiving
IL-12 or 4D5 alone. Similarly, levels of RANTES in the peripheral blood were higher in the
dual-therapy group compared with those of mice receiving either treatment alone (Fig. 1C).
In contrast, the levels of IL-8 in the serum of mice receiving IL-12 and 4D5 were actually
lower than those of mice receiving IL-12 or 4D5 alone (Fig. 1D), whereas the circulating
levels of MIP-1α was minimal in all groups (data not shown). These data demonstrate that
IL-12 can enhance the effects of a therapeutic mAb in a murine solid tumor model and that
this effect was associated with increased production of IFN-γ and RANTES and reduced
levels of IL-8. Notably, mice receiving IL-12 and/or 4D5 exhibited normal behavior,
maintained their weight, and showed no evidence of organ injury as determined by
pathologic examination of normal tissues (data not shown).

The antitumor effects of IL-12 and 4D5 are dependent on endogenous IFN-γ production
To determine whether the therapeutic efficacy of 4D5/IL-12 was dependent on the
endogenous secretion of IFN-γ, wild-type and IFN-γ–deficient mice bearing CT-26HER2/neu

tumors were treated with PBS or with IL-12 plus 4D5 (Fig. 2). By day 17, wild-type mice
receiving IL-12 and 4D5 exhibited an approximate 70% reduction in tumor volume
compared with that of wild-type mice receiving PBS, consistent with previous experiments
(p <0.0001). In contrast, tumor growth in the IFN-γ–deficient mice receiving IL-12 plus
4D5 was not significantly different from tumor growth in the IFN-γ–deficient mice
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receiving PBS (p = 0.5481). Analysis of serum from each group of mice revealed IFN-γ
production in wild-type mice receiving combination therapy but not in IFN-γ–deficient
mice (data not shown). These data demonstrate that the therapeutic effects of IL-12 and 4D5
in a murine solid tumor model are dependent on the endogenous production of IFN-γ.

NK cells are the source of the IFN-γ required for the antitumor effect of IL-12 and 4D5
We next wanted to confirm that NK cells were the source of the IFN-γ that was detected in
the serum of mice receiving IL-12 and 4D5. Tumor-bearing mice were depleted of NK cells
via administration of an anti-asialo GM1 Ab and then treated with PBS or IL-12 plus 4D5.
As observed previously, tumor growth was significantly inhibited in mock-depleted mice
receiving IL-12 and 4D5. However, tumor growth in NK cell-depleted mice treated with
IL-12 plus 4D5 was equivalent to that of mice receiving PBS (Fig. 3A). Twenty-four hours
after the final administration of IL-12 and 4D5, serum IFN-γ levels were measured by
ELISA. As expected, mock-depleted mice receiving IL-12 and 4D5 exhibited elevated levels
of IFN-γ (p <0.001). However, little IFN-γ was detected in the serum of NK cell-depleted
mice receiving IL-12 and 4D5 (Fig. 3B). Taken together, these data suggest that the
antitumor effect of IL-12 and 4D5 is dependent on NK cells and their secretion of IFN-γ.

IFN-γ does not inhibit proliferation or induce apoptosis of CT-26HER2/neu tumor cells
IFN-γ can inhibit proliferation and induce apoptosis in tumor cell lines in a STAT1-
dependent manner (24). We were therefore interested in determining whether the IFN-γ
secreted in response to IL-12 and 4D5 inhibited tumor growth via its direct effects on tumor
cells or via its ability to activate host immune effector cells. Proliferation of CT-26HER2/neu

tumor cells was assessed in vitro after treatment with trastuzumab, murine IL-12, or
increasing concentrations of IFN-γ (1–100 ng/ml). As shown in Fig. 4A, proliferation of this
cell line was not affected by these treatments. Flow cytometric analysis of CT-26HER2/neu

cells stained with annexin V and PI also revealed that these manipulations failed to induce
apoptosis (data not shown). Failure of IFN-γ to inhibit proliferation or induce apoptosis was
not due to a defect in IFN-γ signal transduction, as treatment of CT-26HER2/neu cells with
IFN-γ led to significant activation of STAT1 as determined by intracellular flow cytometry
for p-STAT1 (Fig. 4B). The binding of 4D5 to HER2/neu on the surface of CT-26HER2/neu

cells was confirmed by flow cytometry (Fig. 4C, left panel). Parental CT-26 cells did not
express HER2/neu (Fig. 4C, right panel).

The antitumor effects of IL-12 and 4D5 are not dependent on CD8+ or CD4+ T cells and are
not associated with increased infiltration of tumors by lymphocytes

We were interested in determining whether T cells were involved in mediating the antitumor
effects of IL-12 and 4D5. To address this question, we examined the effects of 4D5 and
IL-12 in CT-26HER2/neu tumor-bearing BALB/c mice that had been depleted of either CD4+

T cells or CD8+ T cells via administration of anti-CD4+ and anti-CD8+ mAbs. However,
there was no apparent difference in average tumor volumes between mice receiving 4D5 and
IL-12 or PBS in this study (data not shown). In a previous phase I trial of trastuzumab and
IL-12 conducted by our group, the response to therapy was associated with infiltration of
tumor tissue by CD8+ T cells (17). Therefore, we examined tumor sections for the presence
of tumor-infiltrating CD4+ and CD8+ T cells at varying times in CT-26HER2/neu tumor-
bearing wild-type mice receiving PBS, IL-12, 4D5, or the combination of IL-12 and 4D5.
All tumor sections examined exhibited minimal infiltration of tumor tissue by CD4+ or
CD8+ T cells (Fig. 5A, 5B). Similar results were obtained with stains for CD3 (T cells),
CD45 (lymphocytes), and CD68 (monocyte/macrophage). Also, depletion of CD4+ T cells
and CD8+ T cells did not significantly inhibit the actions of 4D5 Ab when given in
combination with IL-12 (data not shown). These data suggest that the regression of
CT-26HER2/neu tumors after administration of IL-12 in combination with 4D5 was likely not
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the direct result of T cell-mediated immunity. We also explored whether the antitumor effect
of combination therapy involved a more efficient cross-talk between NK cells and dendritic
cells. However, flow cytometric analysis of splenocytes did not reveal a marked change in
the number of CD11c+ dendritic cells or their activation status as measured by expression of
CD80 and CD86 (data not shown).

The antitumor effect of combination therapy is associated with necrosis of tumor tissue
The absence of any differences between the treatment groups with respect to the infiltration
of the tumor tissue with T cells, CD45+ lymphocytes (e.g., NK cells), and monocytes/
macrophages, along with our experiments in IFN-γ–deficient mice suggested that the effects
of this treatment might be primarily the result of some other antitumor action of IFN-γ.
Therefore, we hypothesized that high levels of IFN-γ might exert a direct antitumor effect.
However, an analysis of tumors from mice receiving PBS, IL-12, 4D5, or the combination
treatment over time revealed that there was no statistical difference between these four
conditions with respect to staining for a marker of proliferation (Ki67), apoptosis (TUNEL
assay), or angiogenesis (CD31) (data not shown).

Microscopic analysis of murine tumors treated with 4D5 and IL-12
Electron microscopy of tumors from animals treated with PBS, 4D5, IL-12, or 4D5 plus
IL-12 was performed to investigate the fine structure of tumors at 21 d. Analysis of these
tumor tissues showed that the combination treatment group exhibited a significantly higher
degree of necrosis compared with that of control conditions. In PBS-treated animals, tumors
cells appeared healthy, and occasional dividing cells were observed. The extracellular space
was clear of debris (Fig. 6B, asterisk). Tumors from mice treated with 4D5 had an
appearance that was similar to that of tumors from the PBS-treated animals. The IL-12–
treated tumors had many nuclei with distorted chromatin patterns and some cells with large
clear auto-phagocytic vesicles. The tumors in animals treated with both 4D5 and IL-12
exhibited considerable extracellular debris, cell fragmentation, and accumulation of dense
lipid vesicles. The overall appearance of these tumors suggested that a large amount of cell
death had occurred prior to fixation with few intact cells remaining. These data indicated
that tumor regression after combined treatment was associated with the onset of cell death at
an early time point (Fig. 6A, 6B). Notably, administration of combination therapy to IFN-γ–
deficient mice led to a marked reduction in the level of necrosis seen on histologic
examination compared with that of wild-type mice (2 versus 15% necrosis, respectively;
Fig. 6C). This finding is consistent with the work of other groups that have identified IFN-
γ–induced necrosis as an important antitumor mechanism after IL-12 administration (25–
27).

Analysis of NK cell activation status
A series of experiments was conducted to determine whether the combination treatment had
led to increased activation of intra-tumoral NK cells and increased cytotoxic activity.
Tumors were evaluated for the presence of NK cell activation markers (CD69, CD94,
NKG2D, Ly49G2) by immunofluorescence microscopy. The expression of CD335 (an NK
cytotoxicity receptor expressed exclusively on NK cells) (28) was increased in day 13
tumors from mice treated with IL-12 and anti-HER2 Ab (Fig. 7A). These markers were also
measured in splenocytes from treated mice by flow cytometry. Mice receiving combination
therapy exhibited a 2-fold increase in the number of CD69+ cells in the CD49bdim NK cell
subset (Fig. 7B). A cytotoxicity assay was performed in which CT-26HER2/neu tumor cells
were mixed with splenocytes from treated mice (4:1 E:T ratio). Target cell viability was
assayed by flow cytometry for HER2/neu and PI with double-positive cells being classified
as nonviable. The cytotoxic activity of splenocytes isolated from combination-treated mice
against CT-26HER2/neu tumor cells was consistently elevated above that of the control
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conditions (27.2 versus 20.9% for the 4D5-treated group; 24.5% for IL-12; and 20.7% for
PBS).

Expression of monokine induced by IFN-γ and IFN-γ–inducible protein 10
IFN-γ exerts anti-angiogenic effects via its ability to induce the secretion of IFN-γ–
inducible protein 10 (IP-10) and monokine induced by IFN-γ (MIG). Circulating levels of
MIG were significantly elevated in mice receiving the combination treatment compared with
those of control treatments (p <0.05, Fig. 8A). It was believed that tumor cells were partially
responsible for the production of these factors, as IFN-γ treatment of CT-26HER2/neu tumor
cells led to increased production of IP-10 (Fig. 8B). Additionally, 48-h coculture of tumor
cells with day 13 splenocytes isolated from combination-treated mice led to increased
production of IP-10 and MIG compared with that using splenocytes from control-treated
mice (Fig. 8C and data not shown). Taken together, these results indicate that combined
therapy with IL-12 and 4D5 Ab was able to generate an anti-angiogenic environment
characterized by the release of IP-10 and MIG.

Discussion
The goal of the current study was to elucidate further the role of NK cell-derived IFN-γ and
the antitumor effects of combination therapy with IL-12 and an anti-HER2/neu Ab. We
demonstrated that the antitumor effect of coadministration of IL-12 and 4D5 was associated
with IFN-γ production by NK cells. Specifically, depletion of NK cells or elimination of
IFN-γ abrogated the anti-tumor effects of the combined 4D5–IL-12 therapy, whereas
depletion of CD4+ or CD8+ T cells had little effect. In vitro studies suggested that the
antitumor effects of IFN-γ were not mediated via direct antiproliferative or proapoptotic
effects on the CT-26HER2/neu tumor cell line, and careful analysis of tumors did not reveal a
clear mechanism for the growth inhibition. However, increased tumor necrosis was observed
in mice receiving the combination of 4D5 and IL-12. These results lend support to the
concept that coadministration of cytokines could enhance the anti-tumor effects of mAb
therapy.

Although it is now well accepted that FcR-dependent effects contribute to the antitumor
actions of trastuzumab, most studies have attributed tumor regression to ADCC. Although
NK cells mediate ADCC against HER2-positive cell lines in vitro, a role for trastuzumab-
mediated ADCC in vivo has been difficult to prove (29). Furthermore, conflicting results
have been obtained in studies that examined the correlation between ADCC and clinical
outcome in patients receiving trastuzumab. Gennari et al. (30) reported that the ability of
patient PBMCs to mediate ADCC against HER2-positive cell lines in vitro correlated with
clinical outcome. Musolino et al. (31) showed that in trastuzumab-treated patients with
metastatic breast cancer, the FcγRIIIa V/V polymorphism correlated with higher overall
clinical responses, responses of longer duration, and more robust ADCC than those in
patients who did not have the V/V genotype. In contrast, clinical outcome did not correlate
with ADCC in patients enrolled in a phase I clinical trial of trastuzumab and IL-2 (32). We
have also reported that ADCC did not correlate with clinical outcome in a phase I trial of
trastuzumab and IL-12 (33) or in a follow-up phase I trial of trastuzumab and IL-12 with
paclitaxel (18). This finding might reflect the inability of in vitro assays to capture the true
extent of NK cell cytotoxic activity taking place at the level of the tumor microenvironment
in human subjects. Of note, clinical outcome did correlate with serum IFN-γ levels of
patients in the latter two studies. These findings suggest that NK cell IFN-γ production and
ADCC might both be important antitumor mechanisms of anti-HER2 mAb therapy when
administered in combination with cytokines such as IL-12.
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The secretion of IFN-γ by NK cells in vivo after the administration of IL-12 and an anti-
HER2/neu mAb led to tumor suppression, indicating that this cytokine is important to the
antitumor effects of this treatment combination. The potential antitumor effects of IFN-γ in
vivo fall into three broad categories that include 1) antiproliferative and proapoptotic effects;
2) inhibition of angiogenesis; and 3) stimulatory actions on innate and adaptive immune
systems. IFN-γ–induced activation of the JAK–STAT signaling pathway directly stimulates
transcription of p21WAF1/CIP1 and p27Kip1, two potent inhibitors of cell cycle progression
that inactivate cyclin-dependent kinases CDK-2 and CDK-4 (34). The anti-angiogenic
effects of IFN-γ stem from its ability to induce the secretion of three CXC family
chemokines IP-10, MIG, and I-TAC by tumor cells and also possibly by non-hematopoietic
cells of the host. These chemokines bind to the CXCR3 chemokine receptor that is
expressed on endothelial cells and inhibit neovascularization (35). IP-10 and MIG were
upregulated in the current model, but additional experiments will be required to confirm the
anti-angiogenic effects of IL-12 and 4D5 Ab. Importantly, Strasly and colleagues have
shown that IL-12 activates a lymphocyte-dependent anti-angiogenic program in Con A-
activated mouse spleen cells and human PBMCs that is characterized by cell cycle arrest and
reduced adherence of endothelial cells along with reduced production of matrix
metalloproteinase-9. These effects resulted from continuous interaction between activated
lymphoid cells and endothelial cells and were dependent on the actions of IP-10 and MIG
(36).

The identification of necrosis in tumors from mice receiving combination therapy is of great
interest, given previous work with IL-12. Cavallo et al. (37) found that necrosis was a
prominent feature of established tumors that had been treated with IL-12–secreting murine
mammary adenocarcinoma cells. Morphologic analysis of these tumors by this group
revealed major anomalies in the tumor microvasculature that were associated with damaged
endothelial cells, vessel thrombosis, and microhemorrhages within the tumor stroma. Tumor
regression was attributed to the altered delivery of oxygen to the tumor microenvironment.
As in the current model, neutralization of IFN-γ or the depletion of NK cells impaired the
efficacy of this treatment. Thus, the production of IFN-γ in response to IL-12 can lead to
overwhelming cell death and the appearance of tumor necrosis. Notably, administration of
IFN-γ–secreting tumor cells was markedly less effective than the administration of IL-12–
secreting tumor cells (37). This finding indicates that co-secreted factors may potentiate the
actions of IFN-γ in the setting of IL-12 administration with mAbs.

Increased CD8+ T cell infiltration of tumor deposits was not detected in mice receiving
IL-12 and 4D5, and elimination of CD8+ T cells via Ab treatments had a modest and
statistically non-significant inhibitory effect on the antitumor effects of combined therapy
with IL-12 and 4D5 Ab. In humans, therapy with IL-12 and trastuzumab led to the
production of chemotactic factors by NK cells and increased infiltration of T cells into
patient tumor tissues and had minimal toxicity at physiological doses (17, 38). The
dependence of this model on the NK cell compartment may reflect the fact that combination
treatment is specifically targeted to FcR-bearing cells rather than cytolytic T cells. It is
possible that increased participation of effector T cell populations might be observed in a
transgenic model of breast cancer that more closely mimics the natural history of human
breast cancer. These experiments are currently under way.

The combination of IL-12 and an anti-HER2/neu mAb mediated superior antitumor activity
compared with that of either agent alone. The mechanism of action appeared to require the
actions of NK cells and IFN-γ. Further investigation in the setting of a well-planned
neoadjuvant clinical trial of IL-12 and trastuzumab is an appropriate next step.
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FIGURE 1.
IL-12 enhances the effects of an anti-HER2 mAb in a murine tumor model. A, Mice with
s.c. CT-26HER2/neu tumors were treated i.p. with PBS, 1 μg IL-12, 1 mg/kg 4D5 (a murine
mAb recognizing human HER2), or IL-12 plus 4D5 (same doses). Tumor volumes were
calculated as described in Materials and Methods. Standard error was <5% for each data
point shown. This experiment was repeated five times with similar results. B–D, Serum was
harvested from each of the mice 24 h after the final administration of IL-12 and 4D5, and an
ELISA technique was used to measure levels of the following cytokines: (B) IFN-γ, (C)
RANTES, and (D) IL-8. *p <0.01 versus all conditions shown.
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FIGURE 2.
Antitumor effects of IL-12 and 4D5 are dependent on IFN-γ. Wild-type or IFN-γ–deficient
mice (IFN-γ−/−) bearing CT-26HER2/neu tumors were treated with PBS or the combination of
IL-12 (1 μg) and 4D5 (1 mg/kg). Tumor volumes were calculated as described in Materials
and Methods. Standard error was <5% for each data point shown. This experiment was
repeated twice with similar results.
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FIGURE 3.
Antitumor effects of IL-12 and 4D5 are dependent on NK cells. A, PBS or the combination
of IL-12 and 4D5 was administered to CT-26HER2/neu tumor-bearing mice that had been
depleted of NK cells via administration of anti-asialo GM1 (see Materials and Methods for
depletion protocol). Mock-treated mice received an isotype-matched control Ab. This
treatment resulted in >95% depletion of NK cells from the peripheral blood and spleen, as
determined by flow cytometry (data not shown). B, Serum was harvested from each of the
mice 24 h after the final dose of IL-12 and 4D5 and analyzed for IFN-γ content by ELISA.
*p <0.001 versus all conditions shown. This experiment was repeated twice with similar
results.
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FIGURE 4.
IFN-γ does not inhibit proliferation of CT-26HER2/neu cells. A, CT-26HER2/neu cells were
treated in vitro with IL-12, trastuzumab, or increasing concentrations of IFN-γ. Proliferation
was determined by the MTT assay. B, CT-26HER2/neu cells were stimulated for 15 min in
vitro with increasing concentrations of IFN-γ or PBS. The percentage of cells containing
activated STAT1 was assessed by flow cytometry. The x-axis of each histogram represents
the specific fluorescence of p-STAT1 on a four-decade logarithmic scale, and the y-axis
represents the total number of events. C, CT-26HER2/neu cells and parental CT-26 cells were
analyzed for the binding of 4D5 to cell surface HER2/neu by flow cytometry using the 4D5
Ab and an FITC-labeled rabbit anti-murine Ab.
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FIGURE 5.
Lymphocyte infiltration of tumors is similar in the four treatment groups. CT-26HER2/neu

tumors from mice treated with PBS, IL-12, 4D5, or a combination of both agents were
stained for (A) CD4+ lymphocytes and (B) CD8+ lymphocytes. Representative tumor
sections from each treatment group are shown with arrows depicting Novared positive CD4
and CD8 stained T cells. Original magnification ×40 (all fields).
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FIGURE 6.
Histopathology and electron microscopy analysis of tumor tissues. Tumor sections obtained
on day 21 of the study were analyzed for necrosis by H&E staining and electron microscopy
as described in Materials and Methods. A, A representative H&E-stained tumor section from
mice treated with PBS, IL-12, 4D5, or IL-12 plus 4D5 is shown with arrows indicating
regions of necrosis. Original magnification ×40 (all fields). B, Electron micrographs of
tumors treated with PBS, IL-12, 4D5, or IL-12 plus 4D5. PBS-treated tumors contain
dividing tumor cells surrounded by a clear extracellular space (asterisk). 4D5-treated tumors
had similar characteristics. Tumor cells from IL-12–treated mice had nuclei with dispersed
heterochromatin (X) and membrane containing autophagocytic vesicles (arrows). Tumors
from mice receiving dual therapy exhibited high levels of extracellular debris, swollen
mitochondria, and fragments of dead cells. Scale bar, 1 μm. C, Photomicrographs of H&E-
stained day 15 tumor sections from wild-type and IFN-γ–deficient mice treated with IL-12
plus 4D5. Xenografts in treated knockout mice were smaller and exhibited minimal
coagulation necrosis (asterisks).
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FIGURE 7.
Analysis of NK cell activation status. A, Immunofluorescent microscopy for CD335
(NKp46, an NK cell activation marker, in red) in tumors of treated mice. Tumor sections
counterstained with DAPI for nuclear identification. Original magnification ×40. B, Flow
cytometry for CD49b and CD69 in the splenocytes of treated mice.
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FIGURE 8.
Expression of IFN-γ–induced anti-angiogenic factors. A, Circulating levels of MIG were
measured by ELISA in the plasma of treated mice on day 13. B, Overnight culture of 2 ×
105 CT-26HER2/neu tumor cells with IFN-γ (1 or 10 ng/ml) led to increased production of
IP-10 in supernatants as measured by ELISA. C, Forty-eight hour coculture of tumor cells (5
× 104 cells) with day 13 splenocytes (2 × 105 cells) isolated from combination-treated mice
led to increased production of IP-10 compared with that using splenocytes from control-
treated mice.
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