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Abstract Hu14.18-IL2 is an immunocytokine (IC) con-

sisting of human IL-2 linked to hu14.18 mAb, which rec-

ognizes GD2 disialoganglioside. Phase II clinical trials of

intravenous-hu14.18-IL2 (IV-IC) in neuroblastoma and

melanoma are underway, and have already demonstrated

activity in neuroblastoma. In our Phase II trial, lower neu-

roblastoma burden at the time of treatment was associated

with a greater likelihood of clinical response to IV-IC. We

have previously shown that intratumoral-hu14.18-IL2 (IT-

IC) compared to IV-IC results in enhanced local and sys-

temic antitumor activity in tumor-bearing mice. We utilized a

mouse model to investigate the impact of tumor burden on

hu14.18-IL2 treatment efficacy in IV- versus IT-treated

animals. Studies presented here describe the analyses of

tumor burden at the initiation of treatment and its effects on

treatment efficacy, survival, and tumor-infiltrating leukocytes

in A/J mice bearing subcutaneous NXS2 neuroblastoma. We

show that smaller tumor burden at treatment initiation is

associated with increased infiltration of NK and CD8? T

cells and increased overall survival. NXS2 tumor shrinkage

shortly after completion of the 3 days of hu14.18-IL2 treat-

ment is necessary for long-term survival. This model dem-

onstrates that tumor size is a strong predictor of hu14.18-IL2-

induced lymphocyte infiltration and treatment outcome.

Keywords Hu14.18-IL2 � Immunocytokine � Tumor-

infiltrating leukocytes � NKG2D � Neuroblastoma

Introduction

Immunocytokines (IC) are synthetic fusion proteins that

consist of tumor-specific monoclonal antibodies (mAb)
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linked to an immune-stimulating cytokine. Hu14.18-IL2 is

an IC consisting of human interleukin-2 (IL2) linked to

each IgG heavy chain of the hu14.18 mAb, which recog-

nizes the GD2 disialoganglioside presence on tumors of

neuro-ectodermal origin (i.e., neuroblastoma and mela-

noma) [1]. ICs are capable of augmenting significant

antitumor effects in murine models by targeting the therapy

to the tumor and stimulating the immune system to selec-

tively destroy the cancer cells [2–4].

The hu14.18-IL2 IC was tested in adults with melanoma

and in children with neuroblastoma [5–8], and clinical

activity was seen in children with neuroblastoma [6]. A

recent Phase II study through the children’s oncology

group (COG) treated recurrent or refractory neuroblastoma

patients with hu14.8-IL2 intravenously at 12 mg/m2/day

for 3 days every 4 weeks. Seven out of 23 patients with

non-bulky disease (evaluable only by sensitive 123I-MIBG

scintigraphy or bone marrow histology) showed clinical

improvement [6]. In contrast, none of the 13 patients with

bulky disease (measurable by standard radiographic crite-

ria) had a measurable response (p = 0.03 for response in

the non-bulky vs. bulky disease groups) [6]. Genotyping

analyses from these patients showed that responses were

also associated with favorable killer immunoglobulin-like

receptor (KIR)–KIR ligand relationships, suggesting an

in vivo role for NK-mediated antitumor effects [9].

Substantial clinical data indicate that tumor-infiltrating

lymphocyte (TIL) number and phenotype have clinical

significance and can be predictive of successful immuno-

therapy. CD3? and CD8? TILs were found to correlate

with improved survival [10]. A separate study demon-

strated that primary melanomas with a brisk TIL infiltrate

were less often associated with a positive sentinel lymph

node [11]. High levels of intratumoral TILs were associ-

ated with improved recurrence-free survival in stage 1A

non-small-cell lung cancer patients [12]. Our laboratory

also noted in an animal model that intratumoral-IC (IT-IC)

compared to IV-IC resulted in increased numbers of acti-

vated T- and NK cells within tumors (as measured by

augmented expression of the NKG2D activation receptor

on these cells), better IC delivery and retention in the

tumor, enhanced inhibition of tumor growth, and improved

survival [13]. In addition, we previously found that IV

treatment with hu14.18-IL2 can effectively eliminate very

small subcutaneous tumors and small disseminated

metastases in A/J mice with NXS2 neuroblastoma. Greater

efficacy was observed if systemic treatment was initiated

early after IV seeding of experimental metastases [4]. Our

laboratory also demonstrated that intratumoral adminis-

tration of immunocytokine (IT-IC) induced greater local

antitumor effects than IV administration [14].

In our immunotherapy studies of hu14.18-IL2 treatment

for NXS2-bearing mice reported here, we compared local

versus systemic treatment of the hu14.18-IL2 IC in relation

to the size of tumor at the initiation of treatment and the

effect on tumor growth, survival, degree of TIL, and

lymphocyte subset infiltrate response. Our analyses dem-

onstrate that even within the same treatment group, there is

a correlation between low initial tumor burden and

increased immune infiltration, between high immune

infiltration and improved outcome (namely, tumor growth

inhibition and survival), and thus also between low initial

tumor burden and improved outcome.

Materials and methods

Mice and declaration of approval

We obtained 7- to 8-week-old female A/J mice from

Jackson Laboratories (Bar Harbor, Maine). All mice were

housed in university-approved facilities and were handled

according to the National Institutes of Health and Univer-

sity of Wisconsin-Madison Research Animal Resource

Center (RARC) guidelines.

All experimentation was performed in accordance with

the protocols approved by the National Institutes of Health

and by the Animal Care and Use Committees of UW-

Madison, which is fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care.

Cell lines

NXS2 is a moderately immunogenic, highly metastatic, GD2?

murine neuroblastoma hybrid cell line [2]. The murine NXS2

cell line was grown at 37 �C in a humidified 5 % CO2 atmo-

sphere in Dulbecco’s modified Eagle’s medium (DMEM,

Mediatech, Herndon, VA) as previously described [4].

ICs and immunotherapy

The humanized hu14.18-IL2 (APN301, Apeiron Biologics,

Vienna, Austria) was supplied by the NCI Biologics

Resources Branch (Frederick, MD) via a collaborative

relationship with Merck KGaA (Darmstadt, Germany) and

Apeiron Biologics.

In vivo tumor growth and treatment

A/J mice were engrafted subcutaneously with 2 9 106

NXS2 cells in 100 ll PBS in the right lower abdomen.

Developed tumors were measured with mechanical calipers

and allowed to grow until the average volume was

30–150 mm3 (Volume = width 9 width 9 length/2).

Mice were then randomized into three treatment groups

and received 50 lg of IC in 100 ll PBS daily for 3
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consecutive days either IV by tail vein injection (IV-IC) or

IT by direct injection into the tumor (IT-IC). Control mice

were untreated or treated with an equivalent volume of

PBS administered by IT injection.

Endpoints for progressive tumor growth

The end point of all tumor growth and survival studies was

death of the animal or excessive tumor burden as deter-

mined by both tumor size (15 mm in any direction) and the

condition and behavior of the animal. These criteria are

established by the RARC guidelines. The decision to

euthanize an animal was made by an independent observer

without regard to treatment group. Time to death/eutha-

nasia was measured from treatment initiation.

Immunohistochemistry and flow cytometry

Mice were killed 48 h after treatment completion and their

tumors resected for histology or flow cytometry. Tumors

taken for histology were embedded in OCT, flash frozen in

liquid nitrogen, and sections stained and quantified using a

novel histological method as recently described [13].

Tumors and spleens taken for flow cytometry were resec-

ted, disaggregated, and stained, as previously described

[13]. Analysis of data was performed using FlowJo soft-

ware. Fluorochromes Minus Ones (FMOs) were used to

distinguish positively stained populations. Results are

reported as % positive cells or as mean fluorescence

intensity (MFI) units.

Statistical methods

In all figures, p values of \0.05, \0.01, \0.001, and

\0.0001 are represented with (*), (**), (***), and (****),

respectively. In all scatter plots, asterisks in the legend

represent a statistically significant different slope of each

treatment groups’ regression line compared to 0. Slope

comparisons between regression analyses are tested and

similarly indicated with ‘‘s’’ values (s). Regression lines with

significantly different slopes cannot be tested for differences

in elevation because they will intersect at some point. In

cases when slopes are not significantly different, elevation

(covariate-adjusted means) comparisons between regression

analyses are tested [15] and similarly indicated with ‘‘x’’

values (x). Significance for (s) and (x) values is as follows:

\0.05, \0.01, \0.001, and \0.0001 are represented with

1–4 ‘‘s’’ or ‘‘x,’’ respectively. For comparisons between

treatment groups, ‘‘s’’ (for slope) or ‘‘x’’ (for elevation)

indications are used in place of asterisks, to test whether the

slopes or elevations, respectively, of each group’s regression

line are statistically significantly different from each other.

Contingency tables and graphs were analyzed using a

chi-squared statistic test or the Fisher’s exact test (for small

samples) to generate p values. Survival curves were gener-

ated using the method described by Kaplan and Meier and

statistically compared using the log rank (Mantel–Haenszel)

test. In figures with histograms, one-tailed or two-tailed (if

there was no a priori hypothesis) Student’s t tests were used

to determine statistical significance of observed differences

between experimental and relevant control values. In graphs

with log scales, the data are in some cases transformed by

adding ‘‘1’’ [log(x ? 1)] in order to avoid negative values

from data points close to zero [16]. Data are presented as

mean ± standard error of the mean (SEM) and considered

statistically significant for p values \0.05. Graphs were

generated and significance tests were performed using Prism

5, version 5.04, software (GraphPad). Due to the exploratory

nature of the reported statistical inference, no adjustments

were made for multiple testing throughout.

Results

Initial tumor volume inversely correlates with survival

in hu14.18-IL2-treated mice

We first sought to determine whether tumor volume at

treatment initiation (initial tumor volume) is prognostic or

predictive for survival in mice receiving 3 days of IT-IC,

IV-IC, or control (IT-PBS). Data were analyzed for survival

outcome stratified by initial tumor volume (greater or less

than the median tumor volume of 34 mm3). The initial

tumor volume was inversely associated with survival

(Fig. 1). Hu14.18-IL2-treated mice (both IT-IC and IV-IC)

initially bearing tumors smaller than 34 mm3 showed an

increased long-term survival percentage (30.8 % survival)

compared to IC-treated mice or control-treated mice bear-

ing tumors larger than 34 mm3 (0 % survival). Hu14.18-

IL2-treated mice bearing tumors larger than 34 mm3 did not

survive significantly longer than control-treated mice ini-

tially bearing tumors larger than 34 mm3. These results

indicate that smaller initial tumor volume is predictive for

improved overall survival induced by hu14.18-IL2 treat-

ment and IC treatment did not provide any survival

advantage for the mice with larger initial tumor volume.

Hu14.18-IL2 treatment for mice with smaller initial

tumor volume leads to increased tumor NK infiltration

and NKG2D expression on tumor NK cells and CD8?

T cells

To examine the effect of initial tumor load on tumor-infil-

trating leukocytes (TILs) found 4 days later (2 days after

the last treatment) in IT-IC, IV-IC, and control-treated

animals, tumors were harvested and analyzed by flow
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cytometry. In order to make certain that adequate tumor

mass was available to enable sufficient cells for flow

cytometry analyses, treatment was begun at a later time than

that for the experiment shown in Fig. 1. Figure 2 compares

TIL populations between mice whose initial tumors were

greater than or less than the median tumor volume of

101.6 mm3. The number of leukocytes (CD45? cells) in IT-

IC-treated tumors, as a percentage of total nucleated cells

(TNCs), is significantly higher when the initial volume is

\101.6 mm3 compared to tumors initially larger than

101.6 mm3 (Fig. 2a). This trend, although not statistically

significant, was also seen in control- and IV-IC-treated

groups (Fig. 2a). We observed significant increases in leu-

kocyte density after treatment with IT-IC in both the larger

and smaller tumors compared to control treatment, while

the IV-IC treatment induced a significant increase only in

larger tumors compared to control-treated, large tumors.

Both NK cells (Fig. 2c) and CD8 T cells (Fig. 2d) con-

tribute to the increased TIL. This was noted in animals with

small and large initial tumors. In addition, the percentage of

NK cells in IT-IC-treated tumors is significantly higher in

smaller initial tumors compared to larger initial tumors

(Fig. 2c). This trend, although not significant, is also seen in

the IV-IC-treated tumors (Fig. 2c). The CD8? T cell

infiltration is increased in IT-IC- and IV-IC-treated tumors,

and is similar regardless of initial tumor burden (Fig. 2d).

The activation status of infiltrating NKp46? NK and

CD8? T cell populations is potentially important for

antitumor activity. We tested for the expression of the

activating NKG2D receptor on NKG2A/C/E? NKp46?

NK cells (considered ‘‘licensed’’ NK cells) and NKG2A/C/

E? CD8? cells (considered activated CTL) [17, 18].

NKG2A/C/E? NKp46? NK cells in the initially small, IT-

IC-treated tumors had significantly increased expression

levels (augmented MFI) of the NKG2D effector receptor

compared to expression levels seen in initially large, IT-IC-

treated tumors (Fig. 2e). This same pattern is seen in

CD8? NKG2A/C/E? cells (Fig. 2f). Both IV and IT-IC

treatments augment the activation of the CD8 cells. This is

seen in both the smaller and the larger tumors; however,

the activation was significantly greater in the IT-IC-treated

smaller tumors compared to IT-IC-treated larger tumors.

Fig. 1 Initial tumor volume inversely correlates with survival in

hu14.18-IL2-treated mice. A/J mice bearing subcutaneous NXS2

tumors were treated with 3 daily doses of hu14.18-IL2 (either IV or

IT) or received control treatment (IT-PBS or no treatment). a Con-

tingency table showing the long-term outcomes of mice treated with

IC (hu14.18-IL2 IV or IT) stratified by median initial tumor volume

of 34 mm3 or control mice (IT-PBS or untreated). b Kaplan–Meier

curves showing number of survival days post-treatment initiation in

IC-treated or control groups stratified by median initial tumor volume

of 34 mm3. Experiments represent data from 3 independent exper-

iments with a total of 37 mice

Fig. 2 Hu14.18-IL2 treatment for mice with smaller initial tumor

volume leads to increased tumor NK infiltration and NKG2D

expression on tumor NK and CD8? T cells. A/J mice bearing

subcutaneous NXS2 tumors were treated with IT-IC, IV-IC, or

untreated. Mice were killed 4 days post-treatment initiation and

tumors underwent flow cytometric analysis. Initial tumor volumes of

all mice are stratified into groups greater or less than the median value

of 101.6 mm3. a post-treatment tumor leukocytes (CD45? cells) are

presented as a percentage of total live nucleated cells (TNCs) within

the tumor; b macrophages (F4/80?) are presented as a percentage of

leukocytes (CD45?) within the tumor; c natural killer cells

(NKp46?) are presented as a percent of mouse leukocytes

(CD45?); d cytotoxic T cells (CD8?) are presented as a percent of

mouse leukocytes (CD45?); e NKG2D expression levels are

presented as MFI on NKp46?- and NKG2A?- activated natural

killer cells; and f NKG2D expression levels are presented as MFI on

CD8?- and NKG2A?- activated cells. Results represent data from 6

independent experiments with an average of 19 mice within each

treatment group

c
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The number of F4/80? macrophages in the tumor as a

percentage of CD45? leukocytes is significantly higher in

larger tumors compared to smaller tumors regardless of

treatment (Fig. 2b). For all panels in Fig. 2, we have

included more detailed correlation comparisons in the

online supplementary data (Supplementary Figure 1A-F).

We further evaluated which kinds of infiltrating leukocytes

(CD45? cells) are responsible in accounting for overall

Cancer Immunol Immunother (2013) 62:1303–1313 1307

123



increases in tumor leukocyte density in the supplementary

online text and in Supplementary Figure 2.

Tumor growth inversely correlates with tumor NK cell

and CD8? T cell infiltration following IC treatment

Using immunohistochemistry (IHC), we observed a nega-

tive correlation between NKG2A/C/E? cells and percent

tumor growth in IV-IC- and IT-IC-treated tumors but not in

PBS-treated tumors (Fig. 3a). These negative slopes indi-

cate that more NK cells correlate with less tumor growth.

These same negative correlations were also seen with

CD8? T cells in hu14.18-IL2-treated mice (Fig. 3b). Fur-

thermore, the elevations of the IV-IC lines are significantly

higher than those of the IT-IC lines for NK cells (Fig. 3a)

and CD8? cells (Fig. 3b) The different elevations of these

lines for IT-IC and IV-IC indicate that, even at similar

percentages of NK and T cell infiltration, tumor growth

was less in IT-IC-treated animals compared to IV-IC-

treated animals. Control-treated mice did not show a sig-

nificant negative correlation (blue lines in Fig. 3a, b do not

have a slope that is significantly different than 0), indi-

cating no significant relationship between these tumor-

infiltrating lymphocytes and tumor growth in the absence

of IC treatment. Overall, tumors that shrank in size (percent

tumor growth \0) tended to have more tumor lymphocyte

infiltrate than tumors that grew (Fig. 3a, b). These histo-

logical results were confirmed in separate experiments,

using flow cytometry (Fig. 3C). We then evaluated the

immune profile of treated and untreated tumors, stratified

by whether the tumors grew or shrank (Fig. 3D).

Responding IT-IC-treated tumors have higher numbers

of CD8? T cells and NKp46? NK cells, but fewer

of F4/80? macrophages

Only the IT-IC treatment group had a number of animals

with shrinking tumors (as seen in Fig. 3c). The tumor

infiltrate in these responding tumors was compared to the

infiltrate seen in growing tumors. IT-IC- and IV-IC-treated

tumors that grew have similar infiltration profiles (Fig. 3d),

while IT-IC-treated tumors that shrank have a different TIL

pattern, with significantly higher amounts of CD8? T cells

and NKp46? NK cells, and significantly lower amounts of

F4/80? macrophages as percentages of CD45? leukocytes

(Fig. 3d). These data suggest that CD8? T cells and

NKp46? NK cells play important roles in the IC-induced

antitumor effect. In contrast, these data suggest that F4/80?

macrophage infiltration may be associated with tumor

growth and potentially antagonistic to the antitumor activity

of IT-IC (at least in the IT-IC-treated tumors that grew). The

amount of CD4? T cells is not significantly different

between IT-IC-treated tumors that grew and IT-IC-treated

tumors that shrank (Fig. 3d). Supplementary Fig. 4 shows

the raw data for the comparisons in Figure 3D.

Increased activated NK cells and CD8? T cells

correlate with tumor volume reduction following

Hu14.18-IL2 treatment

NK and CD8? T cell infiltrations were noted in both the IT-

IC- and IV-IC-treated tumors (Fig. 2 and Supplementary

Figure 2), but the IT-IC group showed much better tumor

shrinkage than the IV-IC group (Fig. 3). We were interested

in determining whether the activation status of infiltrating

lymphocytes may be important for the observed antitumor

effect. We tested for the expression of the effector receptor

NKG2D (a known activation marker) on NKG2A/C/E?

NKp46? NK cells and NKG2A/C/E? CD8? TIL to eval-

uate whether NKG2D expression correlates with tumor

growth or shrinkage within the individual treatment groups.

NKG2D expression on NK cells (Fig. 4a) and CD8? T cells

(Fig. 4b) in IT-IC-treated tumors correlates with reduction in

tumor volume within each treatment group (the higher the

NKG2D expression, the smaller the tumor). This correlation

is not statistically significant in the IV-IC treatment group

(red lines in Fig. 4a, b), suggesting that NKG2D expression

may contribute to the enhanced tumor shrinkage in the IT-IC

treatment group compared to IV-IC. Untreated mice show a

similar relationship between NKG2D on NK cells and CD8?

cells with percent tumor growth (Fig. 4a, b). Thus, even in

the absence of treatment, tumors with the greatest sponta-

neous growth are the ones with the lowest density of NKG2D

on their infiltrating lymphocytes. The elevation of the IV-IC

line is significantly higher than that of the IT-IC line, sug-

gesting that IV-IC-treated tumors grew more than IT-IC-

treated tumors, even when comparing similar levels of

NKG2D expression. Other factors in conjunction with

NKG2D expression levels are likely contributing to the

observed antitumor effect. The data presented in the bar

graph show that the expression of the NKG2D activation

marker is increased significantly in all treatment groups

compared to control animals, and the marker is significantly

higher in the IT-IC responding tumors compared to the IT-

IC-treated non-responding tumors (Fig. 4c).

We also tested to see whether augmentation of NKG2D

on NK cells and CD8? cells occurs in parallel in individual

mice. We found that, in all treatment groups, augmented

NKG2D expression on NK cells positively correlated with

augmented NKG2D expression on activated CD8? cells

(Fig. 4d). This suggests that the stimulation and activation

of these NK and T cells are not independent, and that the

hu14.18-IL2 IC treatment has the ability to activate both

NK and T cells when given IT or IV. Additional data are

shown in Supplemental Figure 3.
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Large tumor burden at initiation of hu14.18-IL2 therapy

negates the antitumor effect

Figure 5a shows a significant direct incremental relation-

ship between initial tumor volume and tumor volume on

Day 4 after starting treatment. IT-IC-treated mice (black

line) had a significantly steeper slope compared to control

mice (blue line) (p = 0.013), indicating an interaction

effect of initial tumor volume on IT-IC treatment relative

to control mice. Within the IT-IC treatment group, as initial

tumor volume increases, the IT-IC antitumor treatment

effect gradually disappears. This is demonstrated by all

three lines ‘‘meeting’’ at the far right of the graph, as there

is no difference in Day 4 tumor volumes between treatment

groups at these large initial tumor volumes.

The data presented as a bar graph in Fig. 5b illustrate

decreasing treatment efficacy seen in tumors with

increasing initial volumes. Mice were separated into

quartiles based on their initial tumor volumes (for this

experiment, cutoffs are at 33.86, 76.28, and 130.93 mm3).

In the three lowest quartiles (0–130.9 mm3), IT-IC-treated

mice had significantly less tumor at Day 4 compared to

control mice, whereas there is no difference in the highest

quartile ([130.93 mm3). These data indicate that the

hu14.18 treatment had no impact on tumor growth when

the initial tumors were large.

Fig. 3 Tumor NK cell and CD8? T cell infiltration inversely

correlates with tumor growth following IC treatment. A/J mice

bearing subcutaneous NXS2 tumors were treated with IT-IC, IV-IC,

or control treatment. Mice were killed 4 days post-treatment initiation

and tumors underwent quantitative histological (a, b) or flow

cytometric analyses (c, d). a, b After immunohistochemistry, 5

distinct microscopic fields were counted in a blinded fashion within

each mouse’s tumor. NKG2A/C/E? cells (a) and CD8a? cytotoxic T

cells (b) as a percentage of total nucleated cells (TNCs) within the

each mouse’s tumor are plotted against each mouse’s percent tumor

growth. a, b represent data from 3 independent experiments, with an

average of 18 mice total within each treatment group. Horizontal

error bars represent standard error of the mean for subsamples within

an individual mouse. c Post-treatment tumor leukocytes (CD45?

cells) as a percentage of total live nucleated cells (TNCs) are plotted

against each mouse’s percent tumor growth. d Mice are stratified by

treatment group and by tumor growth or shrinkage. Within each

group, tumor immune cells (CD8?, NKp46?, F4/80?, CD4?) are

shown as a percentage of tumor leukocytes (CD45? cells). Asterisks

in d compare tumor immune cell populations between IT-IC-treated

mice whose tumor grew versus IT-IC-treated mice whose tumor

shrank. c, d represent data from 6 independent experiments with an

average of 19 mice total within each treatment group. Note, the IT-IC

treatment group consists of 6 mice that had tumors shrink and 15 mice

that had tumors grow
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Early tumor response is predictive of final outcome

We wanted to determine whether the initial response to

treatment observed 4 days post-treatment could identify

the subset of mice that would be long-term, tumor-free

survivors. For ease of biologic interpretation, a cutoff at

0 % tumor growth was used to distinguish growing tumors

from shrinking tumors. We observed that all control mice

showed tumor growth by 4 days post-treatment initiation

and all of these mice eventually died of tumor-related death

(Supplementary Figures 5A-B). We also observed that all

hu14.18-IL2-treated mice that did not show any tumor

shrinkage by 4 days post-treatment initiation eventually

died of tumor-related death (Supplementary Figures 5A-

B). IC-treated mice that did show tumor shrinkage by

4 days post-treatment initiation had an increased chance

(44 %) of long-term, tumor-free survival (determined

70 days following treatment initiation) compared to IT-IC-

treated mice that did not show tumor shrinkage by Day 4

(0 % survival) (Supplementary Figure 5A). These data

demonstrate that the early antitumor effect of hu14.18-IL2

predicts greater likelihood for long-term overall survival.

Discussion

Initial small tumor load and enhanced TIL infiltration [10–

12] have been noted as two independent prognostic factors

for therapeutic benefit of immunotherapy and cancer sur-

vival. We showed previously that IV-IC was more effective

against less-established tumors, possibly reflecting greater

IC penetration and less local immune suppression [4]. This

report shows that, within a group of genetically identical

mice, all receiving identical tumor doses and IC treatment,

mice that start treatment with lower initial tumor volume

show increased tumor leukocyte infiltration, as well as

improved outcome over the mice in that same treatment

group that start treatment with larger tumors. When

Fig. 4 NKG2D expression on NK and CD8? T cells correlates with

tumor volume reduction following Hu14.18-IL2 treatment. A/J mice

bearing subcutaneous NXS2 tumors were treated with IT-IC or IV-IC

or received no treatment. Mice were killed 4 days post-treatment

initiation and tumors underwent flow cytometric analysis. Using flow

cytometry, post-treatment tumor NKG2D expression (MFI) on

activated natural killer cells (a) and cytotoxic T cells (b) is plotted

against each mouse’s percent tumor growth. c shows bar graphs of

the same data in (a, b). d shows, within each mouse’s tumor, the

NKG2D expression (MFI) on double-positive NKp46?, NKG2A/C/

E? NK cells versus that same animal’s NKG2D MFI on double-

positive CD8?, NKG2A/C/E? T cells (x-axis). All panels represent

data from 6 independent experiments with an average of 19 mice total

within each treatment group
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comparing IT-IC-treated mice whose tumors shrank against

those whose tumors grew, our histology and flow cyto-

metric data show a statistically significant increase in

CD8? cells and NK cells. Larger tumors had a significant

increase in F4/80 macrophages. These cells could possibly

be M2-type macrophages that are facilitating tumor growth

and inhibiting the adaptive response. These data also sug-

gest that CD8? cells and NK cells were involved in the

process of tumor shrinkage. These results are consistent

with our prior results that show IT-IC treatment can be

dramatically inhibited in this model by either NK or T cell

depletion [13]. Results presented here show, for the first

time to our knowledge, that initial small tumor volume

correlates with increased rapid TIL infiltration in response

to monoclonal antibody-based immunotherapy (in this

case, hu14.18-IL2) within identically treated animals. This

indicates that, in this model system, small tumor burden

and increased TIL infiltration are two linked, rather than

independent, factors that are predicative of a favorable

in vivo antitumor response to immunotherapy.

We found that NKG2D expression on CD8? cells and

on NK cells inversely correlated with tumor growth, which

suggested a role of NKG2D expression on NK cells and on

CD8 cells in tumor shrinkage. Interestingly, in individual

mice, the level of augmented NKG2D expression on acti-

vated NK cells was found to correlate directly with the

level of augmented NKG2D on CD8? cells. This suggests

a shared relationship for the level of augmented NKG2D

on NK and on CD8? TILs, which also is involved in

helping to inhibit tumor growth. Studies by Verneris et al.

[19] show that ligation of NKG2D on NK cells directly

induces cytotoxicity. They also showed that NKG2D

expression is up-regulated upon IL-2 activation and

expansion of CD8? T cells. NKG2D triggering accounts

for the majority of MHC-unrestricted cytotoxicity of acti-

vated and expanded CD8? T cells [20].

Tumor shrinkage detected 4 days after starting treatment

was predictive of increased long-term survival, while tumor

progression detected 4 days after starting treatment was

predictive of continued tumor progression and ultimate death

due to progressive disease. As adaptive T cell responses

normally take[5 days to develop, it seems unlikely that an

adaptive T cell response can account for this shrinkage seen

on Day 4 and this helps explain why the number of CD8? T

cells is similar in small and large tumors, and that the

increase in T cells seen with treatment is similar in animals

with both small and large tumors. It may be that a combi-

nation of innate immune responses, antibody-dependent cell-

mediated cytotoxicity, and NKG2D-induced antitumor

effects (by NK cells and CD8? T cells) may account for the

initial tumor shrinkage, which is essential (in this model) for

resultant long-term tumor-free survival. This requirement for

early tumor shrinkage in order to develop long-term benefit

in this mouse model (where a neutralizing mouse antihuman

antibody response limits treatment to a single course of

therapy) is different from the slower detection of antitumor

responses recently described for clinical immune benefit

obtained with multiple courses of ipilimumab. As immune

benefit with ipilimumab is mediated by an adaptive T cell

response, occasional patients show tumor growth during and

shortly after treatment, followed by late detection of antitu-

mor effects (tumor shrinkage) [21, 22].

Data presented here indicate that the final response to

tumor immunotherapy, either beneficial or ineffective, is

Fig. 5 Initial tumor load shows an inhibitory interaction effect on

Hu14.18-IL2 treatment and correlates with tumor growth. Four days

after randomization and treatment initiation, A/J mice bearing

subcutaneous NXS2 were killed for flow cytometric analysis of their

tumors. a Shows individual mouse tumor volumes at the day of

randomization (initial tumor volume (mm3)) plotted against Day 4

tumor volume. Linear regression models for each treatment group are

shown. b shows Day 4 tumor volume data stratified into four quartiles

based on initial tumor volume (separated by 33.9, 76.3, 130.9) as well

as three treatment groups. All panels represent data from 11

independent experiments with an average of 48 mice total within

each treatment group
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determined (at least in part) by quantitative factors that

might be manipulated to enhance antitumor efficacy or

measured for prognostic purposes. Some of these quanti-

tative factors are already being used in clinical decision

making. Clinical stage of disease is a primary factor used to

predict prognosis and help with treatment assignation.

Based on these preclinical data, as well as our clinical

Phase II data showing greater likelihood of response for

patients with less ‘‘bulky disease’’ [6], we hypothesize that

patients should be treated with IC (either IT-IC or IV-IC)

when tumor volume is at a minimum, as larger tumor size

interferes with the ability of IC treatment to mediate ben-

eficial antitumor effects. Tumor growth patterns soon after

IC treatment initiation may also be studied as a potential

predictor of long-term benefit. If these murine studies

translate to the clinical setting, patients with tumors that

have a reduction in size within the first few days post-

treatment initiation may have a greater possibility for long-

term benefit. Soon after IC treatment initiation, tumor

infiltration might be used as an indicator of treatment

efficacy. Patients with high CD8? T cell, high NKp46?

NK cell, and low M2 macrophage tumor-infiltrating pop-

ulations after initial treatment may have a higher likelihood

of experiencing a more potent antitumor effect. The

NKG2D expression of NK cells and activated CD8? T

cells may also be indicative of the potential for a more

potent IC-induced antitumor effect.
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