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Abstract

Purpose and experimental design Recombinant human
IL-2 (rhIL-2) is a potent cytokine and FDA-approved
anticancer drug. However, its clinical use has been limited
by severe toxicity, associated primarily with systemic
administration with excess protein distributing freely
throughout the body. We hypothesized that rhIL-2 in
alternate forms permitting more restricted localization may
exert stronger antitumor efficacy and less toxicity. Here,
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we have tested the utility of palmitate-derivatized rhIL-2.
rhIL-2 was reacted with N-hydroxysuccinimide palmitate
ester. The resultant lipidated rhIL-2 (pIL-2), when mixed
with cells, could spontaneously transfer from solution to
cell surfaces. Next, anticancer efficacy of pIL-2 was
assessed in two modalities. For adoptive T cell therapy,
antitumor cytotoxic T cells (CTLs) were protein transferred
(“painted”) with pIL-2 and injected into mice bearing
lymphoma. For in situ therapy, pIL-2 was injected intra-
tumorally into mice bearing melanoma. Tumor growth and
IL-2-associated toxicity were determined.

Results In the lymphoma model, painting of the antitu-
mor CTLs with pIL-2 markedly increased their viability
and titer. In the melanoma model, intratumoral injection of
pIL-2, but not rhIL-2, increased the number of activated
CD8'T T cells (IFN-y*) in the spleen, reduced lung
metastasis and prolonged the survival of treated mice.
Moreover, while repeated intratumoral injection of rhIL-2
at an excessively high dose (10 injections of 10,000 IU/
mouse) caused marked vascular leakage syndrome, the
same regimen using pIL-2 caused no detectable toxicity.
Conclusions Transferring spontaneously from solution to
cell surfaces, pIL-2 may bypass the current limitations of
rhlL-2 and, thus, serve as a more effective and tolerable
anticancer drug.

Keywords Cancer immunotherapy - Human IL-2 -
Toxicity - Lipidation of protein - Murine tumor models
Introduction

The cytokine interleukin-2 (IL-2), originally identified as a

T cell growth factor [1, 2], is now known to exert diverse
stimulatory effects on various immune cells including T
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and B cells, natural killer (NK) cells, monocytes, and
macrophages [3]. It is produced and secreted by activated T
cells, primarily CD4" T cells.

Recombinant human IL-2 (rhIL-2) is an FDA-approved
protein drug for metastatic melanoma and renal cell car-
cinoma. It has also been tested in clinical trials as a drug for
chronic viral infections and as an adjuvant for vaccines.
Despite the potential efficacy, clinical use of rhIL-2 has
been limited by the systemic toxicity it induces when
administrated at therapeutic dosages [4]. This includes
myocardial infarction, renal failure, fluid retention, nausea,
neuropathy, and generalized inflammatory changes such as
capillary leak syndrome.

Such toxicity stems largely from the mode of adminis-
tration [5]. Manufactured as a soluble protein, rhIL-2 is
administered systemically (i.v.) at therapeutic dosages that
are well above physiological levels. The large excess of the
protein distributes freely to tissues throughout the body
and, thus, causes systemic toxicity. One strategy to reduce
toxicity is to form IL-2/blocking antibody complexes that
selectively block toxicity-causing sites on IL-2. An alter-
native strategy, as tested in this report, is to derivatize IL-2
into a form that reduces free diffusion of the protein.

Here, we show that rhIL-2 can be chemically lipidated
with palmitate and subsequently gain the ability to anchor
onto cell surfaces via the lipid chain. Thus, as a surface-
incorporable immune modulator, the palmitate-derivatized
rhIL-2 (referred to hereafter as pIL-2) lends a novel mode
of action that may enhance efficacy while minimizing
diffusion of the protein and, thus, systemic toxicity.

We have tested our hypothesis in two anticancer
modalities. We show that pIL-2 “painted” on therapeutic
cytotoxic T cells increases their efficacy in adoptive transfer
therapy. We also show that pIL-2 injected intratumorally
has strong antitumor efficacy with minimal toxicity.

Materials and methods
Mice, tumor lines, and antibodies

OT-1 TCR-transgenic C57BL/6 mice [6] were bred in the
University of Illinois College of Medicine at Rockford
animal facility. Inbred C57BL/6 mice were from the
Jackson Laboratory (Bar Harbor, Maine). All animals were
maintained in a pathogen-free facility and used in accor-
dance with the institutional guidelines for animal care.
E.G7-OVA lymphoma and F10 melanoma lines were from
American Type Culture Collection (Manassas, VA) and
maintained as per the supplier’s instructions. All antibodies
were from eBioscience (San Diego, CA).
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Palmitate derivatization of rhIL-2

rhIL-2 at 10’ IU/mg (PeproTech, NJ) was derivatized with
the N-hydroxysuccinimide ester of palmitic acid (Sigma-
Aldrich, St. Louis, MO) as previously described [7] and
purified over a Sephadex G-25 column (Sigma-Aldrich).
The resultant pIL-2 was quantified using a bicinchoninic
acid kit (Bio-Rad, Richmond, CA), filtered, and stored at
—70 °C until use.

Protein transfer (painting) of pIL-2 onto T cells

Splenic CD8" T cells were isolated from OT-1 mice by
negative selection using a MACS kit (Miltenyi Biotec).
The cells were incubated with pIL-2 (30 pg/ml/10” cells)
in DMEM/0.1 % BSA at 37 °C for 10 min. To assess the
transfer of pIL-2 onto cell surfaces, cells were washed
twice, stained with biotinylated rabbit antihIL-2 Ab and
APC-conjugated streptavidin, and analyzed on a FAC-
SCalibur (BD Biosciences, San Jose, CA).

Viability assays

OT-1 splenic CD8" T cells were activated with hamster
antimouse CD3 (plate bound at 6 pg/ml) and rhIL-2
(100 TU/ml; PeproTech Inc.) for 2 days and further
amplified with rhIL-2 (100 IU/ml) for another 2 days;
these cells were then harvested as “day-4 cells.” For
in vitro assay, the day-4 cells were painted with pIL-2
and re-plated in medium without rhIL-2; as controls, the
day-4 cells T cells (non-painted) were re-plated in IL-2-
free medium (negative control) or medium containing
50 ng of rhIL-2 (positive control). Cell samples were
taken daily and stained with 7-AAD (Invitrogen Corp.,
Carlsbad, CA). Live cells (7-AAD™) were counted by
flow cytometry. For in vivo assay, the day-4 cells were
divided and labeled with either carboxyfluorescein succ-
inimidyl ester (CFSE) or SNARF-1 (both from Invitro-
gen). The CFSE-labeled cells were “painted” with pIL-2,
mixed with an equal number of SNARF-1-labeled cells
(as an internal control for cell number), and co-adoptively
transferred into a footpad of C57BL/6 mice (10° total
cells/mouse). As controls for pIL-2 painting, non-painted
CFSE-labeled cells or mock-painted (with rhIL-2) CFSE-
labeled cells were similarly co-adoptively transferred into
additional groups of mice. Three days later, the total
cellular content from the lymph node draining the injec-
tion site (popliteal) was quantified for CFSE" and
SNARF-1*" cells by flow cytometry, gating on CD8"
cells. The ratio of CFSE™ cells to SNARF-1" cells was
determined.
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Winn assay

Winn assay of OT-1 cells was performed as described
previously [8].

In situ immunotherapy

On day 0, F10 melanoma cells were injected intradermally
(5 x 10°/mouse) on the back flank of C57BL/6 mice. On
day 5, pIL-2 was injected intratumorally into the palpable
tumor (50 ng/mouse); the injection was repeated once daily
for a total of 10 days. Autopsy was performed on day 20 or
at the time of death, if earlier. The number of metastatic
colonies in the lung was counted under a dissection scope.

Quantitation of vascular leakage syndrome

Quantitation of vascular leakage syndrome was performed
following the method described by Mustafa et al. [9].

Statistic analysis

Two-sided Mann—Whitney U test was used for survival
analysis. Unpaired two-sided Student’s ¢ test was used for
all other pair-wise comparisons. A difference is considered
significant if p < 0.05.

Results and discussion
Palmitate derivatization of rhIL-2

Back in the 1980s, Colsky and Peacock showed that an
antibody, after being chemically derivatized with a pal-
mitic ester, could incorporate onto the cell membrane via
insertion of the palmitic lipid chain [10]. Adapting their
approach, we have in the past demonstrated conclusively
that palmitate-derivatized protein could readily transfer
from solution onto cells, in a palmitate moiety-dependent
manner, ex vivo (after incubation with cells) and in vivo
(after injection into tissue); and the transferred protein
remained cell bound for >6 days ex vivo and >18 h in vivo
[8, 11-19].

In the present study, we similarly derivatized rhIL-2
with palmitate to generate a membrane-incorporable form
of rhIL-2 (pIL-2) that permits localization of the cytokine
onto cells. Using OT-1 T cells (CD8™) as a model, we
showed that a 10-min incubation of the cells with soluble
pIL-2 resulted in transfer of the cytokine onto the cell
surface, whereas the incubation with rhIL-2 (non-lipidated)
failed to do so (Fig. 1). Moreover, cells with or without
incubation with rhIL-2 showed the same level of cell-sur-
face rhIL-2, which indicated that direct binding of rhIL-2

rhiL-2 plL-2

Cell count

hiL-2 >

Fig. 1 Protein transfer (painting) of pIL-2 onto T cells. OT-1 CD8*
T cells were incubated with pIL-2 or rhIL-2 (30 pg/ml/107 cells) at
37 °C for 10 min, washed, stained with biotinylated rabbit antihIL-2
Ab and APC streptavidin, and analyzed by flow cytometry. Dotted
line, non-transferred cells; solid line, transferred cells. Shown is 1 of 3
experiments with consistent results. Incubation with palmitate-
derivatized control proteins did not result in positive staining for
IL-2 (not shown)

was negligible. These results confirm that pIL-2 is mem-
brane incorporable.

pIL-2 as a T cell modulator for adoptive therapy

We next evaluated the usefulness of pIL-2 in cancer ther-
apy. One of the major utilities of rhIL-2 is in adoptive cell
therapy, where rhIL-2 is injected systemically to patients to
prolong the survival of transfused therapeutic T cells,
which are raised with IL-2 ex vivo and thus become IL-2-
dependent in vivo [20]. We hypothesized that directly
“painting” pIL-2 onto the T cells may increase their sur-
vival while bypassing the need for systemic IL-2 injection
and its associated toxicities. To test this, OT-1 T cells were
activated with antiCD3 mAb and expanded with murine
IL-2 for 4 days in culture. The T cells were then incubated
with 50 ng of pIL-2 for 10 min, washed, and re-plated in
IL-2-free medium; as controls, non-painted T cells were
re-plated in IL-2-free medium or medium containing 50 ng
of rhIL-2 (positive control). Live cells were then counted
daily by flow cytometry. The results showed that the non-
painted T cells died off in 6 and 3 days with and without
rhIL-2, respectively (Fig. 2a). In contrast, the pIL-2-pain-
ted T cells proliferated for 3 days, resulting in a larger
T cell population after 6 days than at baseline. This indicates
that pIL-2 painting of the T cells prolongs their viability
ex vivo. To determine whether this is also the case in vivo,
pIL-2-painted OT-1 T cells were adoptively transferred
into C57BL/6 mice. As controls for painting, T cells mock
painted with rhIL-2 were similarly transferred. To control
for the number of cells injected, the pIL-2 painted or mock-
painted T cells were labeled with a green fluorescent dye
(CFSE) and transferred together with the same number of
non-painted OT-1 T cells labeled with a red dye (SNARF-
1). Three days later, the total cellular content of the
draining lymph node in all groups was analyzed by flow
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Fig. 2 Painting of T cells with pIL-2 enhances their survival and »

antitumor efficacy in adoptive transfer therapy. a OT-1 cells were
activated and expanded ex vivo for 4 days. The day-4 cells (5 x 10°
cells) were thoroughly washed, painted with 50 ng of pIL-2, washed
again, and re-plated in 5 ml of IL-2-free medium (triangle). As
controls, an equal number of non-painted day-4 cells were re-plated in
5 ml of IL-2-free medium (negative control; circle) or medium
containing 50 ng (500 IU) of rhIL-2 (positive control; square).
Samples were taken daily, stained with 7-AAD, and live (7-AAD™)
cells were counted by flow cytometry. Shown is 1 of 2 experiments
with similar results. b The day-4 cells (from A) were labeled with
CFSE or SNARF-1. The CFSE-labeled cells were painted with pIL-2,
mock painted with hIL-2, or non-painted (NT); subsequently, they
were co-injected with an equal number of non-painted, SNARF-1-
labeled cells at a footpad. Three days later, survival of the donor cells
in the popliteal lymph node was analyzed by flow cytometry. CD8"
cells were gated. The dot plots show 1 of 3 experiments with similar
results; the bar graph shows the combined results from all 3
experiments. *p = 0.04, **p = 0.02. ¢ Non-painted or pIL-2-painted
day-4 cells (from A) were mixed with 1 x 10° E.G7-OVA tumor
cells at the indicated ratio and subsequently injected intradermally
into C57BL/6 mice (n = 4). Growth of tumor was followed weekly.
Shown is 1 of 2 experiments with similar results. Dot, tumor cells
injected alone; circle, tumor cells injected with T cells

cytometry. As shown in Fig. 2b, the number of the mock-
painted T cells was about the same as that of the non-
painted T cells, whereas the number of the pIL-2-painted T
cells was about 2.5-fold of that of non-painted T cells
(p = 0.02). Moreover, the gain in cell number was
accompanied by reduction in the cells’ CFSE intensity
(Fig. 2b), indicating in vivo proliferation [8] of the pIL-2-
painted T cells. Collectively, these results indicate that pIL-
2 painting of T cells increases not only their survival but
also their expansion in vivo, upon adoptive transfer.

We then performed the Winn assay [21] to determine
whether the increase in viability and expansion of pIL-2-
painted T cells was associated with stronger antitumor
activity in vivo. To that end, pIL-2-painted OT-1 T cells
were serially diluted and mixed with a fixed number of
E.G7-OVA lymphoma cells. This tumor line expresses hen
ovalbumin as a pseudo tumor antigen, which is specifically
recognized by the OT-1 T cells [6]. The cell mixtures were
injected intradermally into the back flank of syngeneic
C57BL/6 mice. The result showed that on a per cell basis,
the pIL-2-painted T cells were at least 3 times more potent
than the non-painted control T cells in inhibiting tumor
growth (Fig. 2¢). In aggregate, these data suggest that pIL-
2 can be used as a T cell-restricted modulator to increase
antitumor efficacy of adoptive therapy.

Our data here do not exclude the possibility that the
increase in the antitumor efficacy of pIL-2-painted T cells
may be mediated by other mechanism(s) besides increasing
the survival/expansion of the T cells. One mechanism may
be that pIL-2 painting allows specific targeting of the
antitumor T cells and, thus, minimizes stimulation of
regulatory T cells in the patients, which can occur in
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conventional rhIL-2 therapy [22]. The expansion of these
endogenous suppressive T cells dampens antitumor
immunity and is detrimental to cancer therapy. Our strat-
egy may enhance antitumor efficacy also by bypassing this
limitation.

pIL-2 as a therapy for in situ immunotherapy

To further explore the utility of pIL-2 in cancer therapy, we
next evaluated the antitumor efficacy of pIL-2 in a second
modality, which was to inject pIL-2 in situ, directly into the
tumor bed. Choosing this modality was based upon a few
reasons. We [13, 14] and others [23] have shown that
intratumoral protein transfer of immune-stimulatory proteins
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Fig. 3 In situ therapy with pIL-2 leads to effective antitumor M

responses. a Melanoma was inoculated on day O on the back flank
of C57BL/6 mice by intradermal injection of F10 melanoma cells
(5 x 10%mouse). On day 5, palpable tumors were treated by
intratumoral injection of pIL-2 (50 ng/mouse) once daily for 10
consecutive days (solid line); control groups were non-injected
(dotted line) or injected with rhIL-2 (dashed line). Survival of the
animals (n = 6) in all groups was followed daily. Shown is 1 of 2
experiments with similar results. p = 0.009 for rhIL-2 treated and
p = 0.02 for non-treated control groups (Mann—Whitney U test).
b Tumor-bearing mice were treated as described above. On day 20,
the number of metastatic colonies in the lung was counted under a
dissection scope. Autopsy was performed at the time of death in mice
that died before day 20. Shown are the combined results from 2
separate experiments (consisting of a total of 12 mice in each
treatment group). * and **p < 0.0001. ¢ Tumor-bearing mice were
treated for 5 days and spleen cells were stained for CD8, fixed,
permeabilized, and stained for intracellular IFN-y. IFN-y-producing
CD8™ T cells were counted by flow cytometry as a percentage of total
CD8* cells. Shown are the combined results from 2 separate
experiments (consisting of a total of 5-12 mice in each treatment
group). *p = 0.009, **p = 0.02. d Tumor-bearing C57BL/6 Foxp3-
eGFP mice were treated for 5 days and tumors were excised and
digested with collagenase. Released cells were filtered (40 um) and
stained for CD3. Regulatory (CD3"eGFP*) and activated effector
(CD3*IFN-y™) T cells were counted by flow cytometry as percent-
ages of total T (CD3™) cells; for analysis of the latter, the cells were
fixed, permeabilized, and stained for intracellular IFN-y. Shown are
the combined results from 2 separate experiments (consisting of a
total of 4 mice in each treatment group). *p = 0.02, **p = 0.001,
*#%p = 0.001

induces not only local tumor regression but also long-term,
systemic antitumor immunity. Moreover, pIL-2 is particu-
larly well suited for localized therapy because intratu-
morally injected pIL-2 would be retained within the tumor,
thereby minimizing systemic toxicity.

To that end, C57BL/6 mice were intradermally inocu-
lated with syngeneic F10 melanoma cells on the back flank
(day 0). Starting on day 5, mice bearing palpable tumors
were injected intratumorally with 50 ng (500 IU) of pIL-2
once daily for 10 consecutive days. Non-treated mice or
mice treated with rhIL-2 served as controls. As shown in
Fig. 3a, pIL-2-treated mice survived longer than non-trea-
ted (p = 0.02) or rhIL-2-treated (p = 0.009) control mice.
Consistent with this result, compared with both control
groups, pIL-2-treated mice had fewer metastatic tumors
(p < 0.0001 for both controls) in the lung (Fig. 3b).
Moreover, as shown in Fig. 3c, pIL-2-treated mice had
more activated (IFN-y") CD8™" T cells in the spleen than
non-treated (p = 0.02) or rhIL-2-treated (p = 0.009) con-
trol mice had. The presence of the activated CD8" T cells
in the spleen, a lymphoid organ distal from the tumor site,
suggests the induction of systemic antitumor immunity.
Notably, mice treated with rhIL-2 did not result in more
activation of CD8" T cells compared with the non-treated
mice.
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Consistent with that observation, pIL-2 also more
effectively altered the tumor microenvironment than rhIL-2
did. As shown in Fig. 3d, compared with rhIL-2-injected
tumors, pIL-2-injected tumors had 1.5 times more regula-
tory (Foxp3™) T cells (p = 0.02) and 6 times more acti-
vated effector IFN-y™) T cells (p = 0.001). This indicates
that compared with rhIL-2, pIL-2 has a stronger bias
toward effector T cell responses. In aggregate, these results
suggest that intratumoral injection of pIL-2 prolongs ani-
mal survival by inducing both local and systemic antitumor
immunity.
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pIL-2 has lower systemic toxicity

Systemic toxicity of rhIL-2 limits the dose that may be
tolerated by patients, which in turn limits the efficacy of
this drug. Hence, we asked whether pIL-2 is less toxic, and
may thus be administered at a higher dose, than rhIL-2. To
that end, C57BL/6 mice bearing F10 melanomas were
given intratumoral injections of 1 pg (10,000 IU) of pIL-2
or thIL-2 three times daily for 3.3 consecutive days (10
injections in total). This regimen had been known to cause
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Fig. 4 pIL-2 has lower systemic toxicity than rhIL-2. C57BL/6 mice
bearing an F10 melanoma were injected intratumorally with 1 pg
(10,000 IU) of pIL-2 or rhIL-2 3 times daily for 3.3 days (10
injections in total). Mice injected with PBS were used as negative
control. a Two hours after the last injection, VLS was determined by
the Evans Blue assay. Percent increase in extravasation is calculated
by the formula (t/c — 1) x 100, where t is the quantity of the dye in
the lung of any given mouse and c is the mean quantity of the dye in
the lung of the PBS-treated mice. *p = 0.0005. b The size of tumor
was measured at the time of the Evans Blue assay. *p = 0.03. ¢ The
spleen was weighed at the time of the Evan Blue assay. *p = 0.0001.
Shown in each panel are the combined results from 2 separate
experiments (consisting of a total of 6 mice in each treatment group)
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vascular leakage syndrome (VLS), an indicator of systemic
toxicity [9]. As shown in Fig. 4a, while injection-induced
vascular leakage in the lung was readily detectable in mice
injected with rhIL-2, it was essentially absent in mice
injected with pIL-2 (p = 0.0005). The lack of toxicity in
the latter group was not attributed to weak biological
activity of pIL-2, as pIL-2 was shown to be more active
than rhIL-2 was (Fig. 2a). Neither was it attributed to
inactivation of pIL-2, as pIL-2 effectively inhibited tumor
growth (p = 0.03) (Fig. 4b), which was consistent with the
stronger antitumor effect of pIL-2 shown in Fig. 3a,b. We
also observed slight enlargement of the spleen in this group
(Fig. 4c). In contrast, the rhIL-2-treated group showed no
inhibition of tumor growth despite a more markedly
enlarged spleen (p = 0.0001).

In conclusion, we have generated pIL-2, a new form of
rhIL-2 that can spontaneously incorporate itself onto cell
surfaces. In both adoptive T cell transfer and in situ ther-
apies, pIL-2 shows stronger antitumor efficacy than rhIL-2.
Furthermore, when injected directly into tumor tissue,
pIL-2 causes less toxicity than rhIL-2, likely because of
localized retention of pIL-2 upon its incorporation onto the
cells. Hence, pIL-2 may potentially serve as a useful
alternative IL-2 therapy for treating cancer. To that end,
future work will be needed to demonstrate pharmacoki-
netics about this alternate form of the cytokine, as well as
the pharmacodynamic interaction between pIL-2-bound
T cells and other immune cells. It is also conceivable that
the approach established here may be used to derivatize
other cytokines, such as IL-12 and IFN-v, to generate more
effective and less toxic cytokine drugs for cancer.
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