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In Vivo Expansion of Activated Naive CD8* T Cells and NK
Cells Driven by Complexes of IL-2 and Anti-IL-2 Monoclonal
Antibody As Novel Approach of Cancer Immunotherapy”

Jakub Tomala, Helena Chmelova, Tomas Mrkvan, Blanka Rihova, and Marek Kovar®

IL-2 is potent imunostimulatory molecule that plays a key role in T and NK cell activation and expansion. IL-2 is approved by
the FDA to treat metastatic renal cancer and melanoma, but its extremely short half-life and serious toxicities are significant
limitations of its use. It was reported that in vivo biological activity of IL-2 can be increased by association of IL-2 with anti-IL-2
mAb (S4B6). IL-2/S4B6 mAb immunocomplexes were described to be highly stimulatory for NK and memory CD8* T cells and
intermediately also for regulatory T cells. IL-2/JES6-1 mAb immunocomplexes are stimulatory solely for regulatory T cells. In this
study we show that although both mentioned IL-2 immunocomplexes are less potent than free IL-2 in vitro, they possess extremely
high stimulatory activity to expand activated naive CD8* T cells in vivo. IL-2 immunocomplexes expand activated naive CD8™*
T cells several hundred-fold times after four doses and more than 1000-fold times after six doses (1.5 pg/dose of IL-2), whereas
free IL-2 given at the same dosage shows negligible activity. IL-2/S4B6 mAb immunocomplexes also induce massive expansion of
NK cells (40% of DX5"NK1.17" cells in spleen). Importantly, activated naive CD8" T cells expanded by IL-2 immunocomplexes
form robust population of functional memory cells. We also demonstrate in two distinct tumor models that IL-2/S4B6 mAb
immunocomplexes possess considerable antitumor activity. Finally, by using radioactively labeled IL-2, we provide for first time
direct evidence that IL-2 immunocomplexes have much longer half-life in circulation than free IL-2, being ~3 h vs <15 min,
respectively. The Journal of Immunology, 2009, 183: 4904-4912.

cells and promotes proliferation, differentiation, and

survival of mature T and B cells as well as the cytolytic
activity of NK cells in the innate immune defense (1-5). Ef-
fective T cell activation requires at least two distinct signals.
One occurs when antigenic peptide bound to MHC molecule on
APC is presented to the TCR. The second signal occurs follow-
ing an interaction of costimulatory molecules expressed on
APCs with counter-receptors expressed on T cells (6-8).
CD80/86-CD28 interaction plays the most important role in
delivering the second signal. TCR signaling induces expression
of CD25, the a-chain of IL-2R, which is absent on naive resting
T cells, except for T regulatory cells. Following stimulation by
“signal two”, activated T cells initiate expression and secretion
of IL-2, which is subsequently used as autocrine growth factor
as these cells already possess high-affinity IL-2R. IL-2 exerts its
pleiotropic activities through binding to either dimeric receptor
composed from B-chain IL-2R (CD122) and common cytokine
receptor y-chain (CD132) or trimeric receptor composed from

T he cytokine IL-2 is produced mainly by Ag-activated T
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IL-2Ra, IL-2Rf3, and common cytokine receptor y-chain (9).
CD25 has been termed the “low affinity” (K; ~ 10 nM) IL-2R
and it is not involved in signal transduction (10). A dimer of
CD122 and CD132 binds IL-2 with intermediate affinity (K ~
1 nM) and is present on CD122"€" populations, namely mem-
ory CD8" T cells (CD37CD8"CD44"¢"CD122"2") and NK
cells (CD3"NKI1.1"DX5%) (11, 12). A complex of CD25,
CD122, and CD132 binds IL-2 with high affinity (K, ~ 10 pM)
and it is present on activated T cells and regulatory T cells
(CD3"CD4"CD25 " Foxp3™).

Strong stimulatory activity for activated T cells and NK cells
makes IL-2 an attractive molecule for cancer immunotherapy. IL-2
was approved by the FDA to treat metastatic renal cancer and
malignant melanoma, having induced a complete response in
5-17% of patients with these cancers (13). However, an extremely
short half-life and serious toxicities associated with high-dose IL-2
treatment are the major limitations (14—18). One of the most dan-
gerous toxicities accompanying high-dose IL-2 treatment is vas-
cular leak syndrome, which affects (but is not limited to) lungs and
liver thus leading to pulmonary edema and liver damage (19, 20).
There are several ways to overcome the problems accompanying
administration of high doses of IL-2. One approach is based on
gene therapy when tumor cells are transfected to constantly pro-
duce IL-2 (21, 22). IL-2-producing tumor cells are supposed to be
immunogenic and it was shown in several experimental tumor
models that those cells are indeed able to elicit effective antitumor
response. Another approach is to use targeted IL-2 therapy with
immunocytokine (i.e., Ab-cytokine fusion proteins). In this study,
H chain of mAb with specificity toward selected tumor Ag is
linked via its C terminus to the N terminus of IL-2 (23, 24). Im-
munocytokines show longer half-life time than parental cytokine
and target its activity specifically into the tumor microenvironment
(25, 26). Alternatively, to increase the half-life of IL-2 in vivo,
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IL-2 was conjugated to a polymeric carrier of polyethylene glycol
or to serum proteins like albumin and IgG (27-29).

Surprisingly, it was found that immunocomplexes of IL-2 with
anti-IL-2 mAD strongly stimulate proliferation of specific popula-
tion of immune cells (30), depending on the clone of anti-IL-2
mAb used. In this study, we decided to investigate whether IL-2
immunocomplexes are capable to expand activated naive CD8" T
cells both in vitro and in vivo. We found that although IL-2 im-
munocomplexes are much less potent than free IL-2 in vitro, they
possess extremely high stimulatory activity to expand activated
naive CD8™ T cells in vivo, being able to expand activated naive
CD8™ T cells more than three orders of magnitude within 1 wk.
Furthermore, we compared the efficacy of IL-2/S4B6 mAb vs IL-
2/JES6-1A12 mAb immunocomplexes to drive expansion of acti-
vated naive CD8" T cells and NK cells and we proved that acti-
vated naive CD8" T cells expanded by IL-2 immunocomplexes
form a robust population of long-lived memory cells (CD8"
CD44"e"CD122MeM) which are functional in terms of high IFN-vy
expression after restimulation. We also showed that IL-2/S4B6
mAb immunocomplexes possess promising antitumor activity by
using two distinct syngeneic tumor models. Finally, pharmacoki-
netics of IL-2 immunocomplexes vs free IL-2 in the blood was
determined for the first time by using radioactively labeled IL-2,
i.e., directly, which enabled approximation and comparison of
their half-life in circulation. Considering these findings we con-
cluded that IL-2 immunocomplexes are superior to free IL-2 in
vivo and we hypothesized that IL-2 immunocomplexes could be
useful in human medicine.

Materials and Methods
Mice

Female BALB/c and male C57BL/6 mice were obtained from a breeding
colony at the Institute of Physiology (Academy of Sciences of the Czech
Republic, v.v.i., Prague, Czech Republic). Transgenic OT-I mice and
B6.SJL (Ly5.1) mice were bred and kept at the genetically modified or-
ganism facility of the Institute of Molecular Genetics (Academy of Sci-
ences of the Czech Republic). The mice were used at 9-15 wk of age. All
experiments were approved by the Animal Welfare Committee at the In-
stitute of Microbiology (Academy of Sciences of the Czech Republic,
v.v.i., Prague, Czech Republic).

Cell lines and mAbs

Murine B cell leukemia BCL1, B16F10 melanoma, and CTLL-2 cell lines
were purchased from American Type Culture Collection. The following
anti-mouse mAbs were used: CD8-A700, CD45.2-allophycocyanin, CD44-
PE, DX5-PE, IFN-y-PE mAb, CD3, CD25, CD122, IL-2 clone JES6-1A12
and IL-2 clone JES6.5H4, (eBioscience), CD122-PE (BD Pharmingen),
and CD25-PE (Immunotech). Anti-human IL-2 clone MAB602 was from
R&D Systems. CD25-allophycocyanin, NK1.1-allophycocyanin, and S4B6
mAb were provided by Dr. K. Drbal (Institute of Molecular Genetics,
Academy of Sciences of the Czech Republic, v.v.i., Prague, Czech
Republic).

Staining for surface Ags

Cells were resuspended in FACS buffer (PBS with 2% FCS, 2 mmol EDTA
and 0,05% sodium azide), blocked by 10% mouse serum for 30 min on ice
and stained with fluorochrome labeled mAbs for 30 min on ice in dark.
When biotinylated mAbs were used, cells were additionally incubated 10
min on ice with fluorochrome-conjugated streptavidin. Cells were
washed twice after each step in FACS buffer and fixed in 4% parafor-
maldehyde before analysis. Labeling the cells with CFSE was con-
ducted as described elsewhere (30). Flow cytometric analysis was per-
formed on LSRII (BD Biosciences), and data were analyzed using
FlowJo software (Tree Star).

Adoptive transfer of OT-I cells

Purified OT-I CD8™ T cells (Ly5.2) were labeled with CFSE and injected
i.v. into B6.SJL recipients (Ly5.1) at 1.5 X 10° cells per mouse. Next day,
the mice were injected i.p. with PBS, SIINFEKL peptide (MBL Interna-
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tional), SIINFEKL peptide plus polyinosinic-polycytidylic acid (poly(I:
0),* 75 pg), IL-2 immunocomplexes plus SIINFEKL peptide, or free IL-2
plus SIINFEKL peptide.

I3 labeling of IL-2

Recombinant human IL-2 (PeproTech) was labeled with '*'T using IODO-
GEN Pre-Coated Iodination Tubes (Pierce) and the remaining free iodine
was removed by column chromatography (PD-10; Pierce). IL-2 was in-
jected i.v. into B6 mice either as a free labeled IL-2 or as IL-2 immuno-
complex prepared by premixing the labeled IL-2 with mouse anti-human
IL-2 mAb (clone MAB602) at a molar ratio 2:1.

Proliferation assay in vitro

CD8" population was depleted by i.p. injection of 200 ug of anti-CD8
mADb (clone 53-6.72). Purified OT-I CD8™ T cells were seeded into Nunc
96-well flat-bottom plates in 0.2 ml volume and density of 5 X 10* cells/
ml, cultured with 10 ug/ml soluble anti-CD3 mAD plus titrated amounts of
IL-2 premixed with isotype control mAb, S4B6 mAb, JES6-1 mAb, or both
JES6-5 and JES6-1 mAbs (eBioscience). The plates were then cultured in
5% CO, for 72 h at 37°C. A 18.5 kBq of [*H]thymidine was added for the
final 8 h of cultivation before harvesting.

Results
Stimulatory activity of IL-2/anti-IL-2 mAb immunocomplexes for
activated naive CD8" T cells in vitro

Naive CD8™ T cells do not response to physiologic levels of IL-2
unless they are activated via TCR, which leads to up-regulation of
CD25 expression. TCR signal can be thus used to switch IL-2
nonresponsive naive CD8" T cells into IL-2 responsive cells.
However, population of CD8" T cells from normal mice contains
subset of memory cells (~10%), which are able to respond to IL-2
without any other stimuli. To use an experimental system in which
purified CD8" T cells would contain solely naive cells and thus
respond to IL-2 only after TCR signal, we used naive OT-I TCR
transgenic mice because they lack memory CD8" T cells. Thus,
CD8™ T cells from OT-I mice activated with anti-CD3 mAb were
used to determine stimulatory activity of IL-2/S4B6 mAb and IL-
2/JES6-1 mAb immunocomplexes for activated naive CD8" T
cells. Both immunocomplexes were able to stimulate proliferation
of activated naive CD8™ T cells, albeit at much higher concentra-
tions (~30 times) than free IL-2 (Fig. 14). Stimulatory activity of
IL-2/JES6-1 immunocomplexes was totally abrogated by adding
JES6-5 mAD, another clone of anti-mouse IL-2 recognizing dis-
tinct epitope than JES6-1 mAb.

To rule out the possibility that proliferative responses of acti-
vated naive CD8™ T cells to high concentrations of IL-2 immu-
nocomplexes are not caused by traces of unbound free IL-2 after
mixing IL-2 and anti-IL-2 mAb at molar ratio 2:1, we performed
a modified experiment. We coated wells with anti-IL-2 mAb,
pulsed them with IL-2 and washed thoroughly before seeding pu-
rified OT-I CD8" T cells stimulated with anti-CD3 mAb. The
presence of free IL-2 is thus excluded. Indeed, activated naive
OT-I1 CD8™ T cells proliferated in wells coated with S4B6 and
JES6-1 mAb, but failed to proliferate in wells coated with isotype
control mAb (Fig. 1B). Proliferation of activated naive OT-I CD8 ™"
T cells stimulated with immobilized IL-2 immunocomplexes was
also shown to be inhibited by addition of anti-CD25 and anti-
CD122 mAb (Fig. 10).

IL-2 immunocomplexes expand activated naive CD8" T cells
and NK cells in vivo

To examine in vivo stimulatory activity of IL-2/S4B6 mAb and
IL-2/JES6-1 mAb immunocomplexes vs free IL-2, we adoptively
transferred purified CFSE labeled OT-I CD8™ T cells (Ly5.2) into
B6.SJL mice (Ly5.1). OT-I CD8" T cells were then selectively

3 Abbreviation used in this paper: poly(I:C), polyinosinic-polycytidylic acid.
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FIGURE 1. IL-2 in a complex with either S4B6 or JES6-1 anti-IL-2
mAb is capable to stimulate proliferation of activated naive CD8" T cells
in vitro. A, Purified OT-I CD8" T cells were cultured at 5 X 10* cells per
well with anti-CD3 mAb (10 pg/ml) and IL-2 premixed with isotype con-
trol mAb, S4B6 mAb, JES6-1 mAb, or both JES6-5 and JES6-1 mAbs.
IL-2 was mixed with each mAb at molar ratio 2:1. B, Wells were coated
with isotype control mAb, S4B6 mAb or JES6-1 mAb, washed, and pulsed
with 100 ng/ml IL-2 for 1 h. After rigorous washing, purified OT-1 CD8"
T cells were cultured at 5 X 10* cells per well with either 10 or 1 pg/ml
anti-CD3 mAb. Data show proliferation when 10 ng/ml IL-2 was added
(O). C, The same cell conditions as in B plus 10 pg/ml anti-CD25 mAb,
anti-CD122 mAb, or isotype control Ab. Data show mean levels = SD of
[*H]thymidine incorporation for triplicate (B and C) or pentaplete (A) cul-
tures on day 3. Data are representative of at least two independent
experiments.

activated by injection of SIINFEKL peptide followed by treatment
with IL-2 immunocomplexes or free IL-2. The dose of SIINFEKL
peptide (2 nmol) was selected to cause only mild expansion of
OT-1 CD8™" T cells when injected alone (3- to 5-fold expansion)
but relatively high expansion when injected together with
poly(I:C) (30- to 50-fold expansion). Both IL-2/S4B6 mAb and
IL-2/JES6-1 mAb immunocomplexes exhibited very high efficacy
in terms of stimulation of proliferation (Fig. 2A) as well as expan-
sion (Fig. 2B) of activated OT-I CD8" T cells. Free IL-2 admin-
istered at the same doses showed negligible effect. Moreover, free
IL-2 showed up to be much less stimulatory than IL-2 immuno-
complexes also when the doses were escalated close to maximal
tolerated dose (Fig. 2D, left), i.e., when the mice received four
times 25 ug of IL-2. IL-2/JES6-1 mAb immunocomplexes were
slightly more potent in terms of expansion than IL-2/S4B6 mAb
immunocomplexes (2- to 4-fold difference). Both types of immu-
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FIGURE 2. IL-2 immunocomplexes have a strong in vivo stimulatory
activity for activated naive CD8" T cells and NK cells in comparison to
free IL-2. Purified OT-1 CD8* T cells (Ly5.2) were labeled with CFSE and
injected i.v. into congeneic B6.SJL recipients (Ly5.1) at 1.5 X 10° cells per
mouse (day 1). On day 2, the mice were injected i.p. with PBS (control),
2 nmol SIINFEKL peptide (peptide), SIINFEKL peptide plus poly(I:C) (75
ng), SIINFEKL peptide plus titrated amounts of different IL-2 immuno-
complexes, or SIINFEKL peptide plus titrated amounts of free IL-2. IL-2
immunocomplexes were prepared as described in Fig. 1A and were injected
i.p. also on days 3, 4, and 5. CFSE dilution and CD25 expression (A) and
relative expansion (B) of Ly5.2* CD8™ cells in spleen were analyzed 1 day
after last injection. C, Relative expansion of NK cells after the same treat-
ment as used above. D, Adoptive transfer was made as in A. Mice were
injected i.p. with PBS (control), 2 nmol SIINFEKL peptide (peptide), or
SIINFEKL peptide plus 25 ug of free IL-2 on day 2. The same amount of
free IL-2 was injected i.p. also on days 3, 4, and 5. CFSE dilution, expres-
sion of CD25 and expansion relative to control (top right corner) of
Ly5.2" CD8™ cells in spleen were analyzed 1 day after last injection (left).
Relative expansion of NK cells after the same treatment with free IL-2 as
used in left part (25 ug/dose) or after treatment with IL-2/S4B6 immuno-
complexes (1.5 pg of IL-2) (right). One representative mouse of two mice
per each condition is shown. Data are representative of two independent
experiments.

nocomplexes showed only threshold activity at 0.1 wg of IL-2 (the
lowest dose tested). OT-1 CD8™ T cells expanded by IL-2 immu-
nocomplexes showed high expression of CD25 at day 5 after ac-
tivation, whereas OT-1 CD8™ T cells expanded by SIINFEKL pep-
tide plus poly(I:C) were CD25'°", although in both cases the cells
vigorously proliferated and were significantly expanded. IL-2/
S4B6 mAb immunocomplexes, but no IL-2/JES6-1 mAb immu-
nocomplexes and free IL-2, caused also huge expansion of NK
cells (Fig. 2, C and D, right). Notably, NK cells were moderately
expanded (2-3 times) already at dose of IL-2/S4B6 mAb immu-
nocomplexes corresponding to 0.1 ug of IL-2, showing that NK
cells are more sensitive to stimulatory activity of this type of IL-2
immunocomplexes than activated CD8" T cells. In the next ex-
periment we treated B6.SJL mice (Ly5.1) with adoptively trans-
ferred CFSE labeled OT-I CD8™" T cells (Ly5.2) and activated by
SIINFEKL peptide with two, four, or six doses of both types of
IL-2 immunocomplexes (1.5 ug of IL-2). The mice were sacrificed
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FIGURE 3. In vivo expansion of activated naive CD8" T cells and NK

cells after treatment with two, four, or six doses of IL-2 immunocomplexes.
Purified OT-I CD8* T cells (Ly5.2) were labeled with CFSE and adop-
tively transferred into B6.SJL recipients (Ly5.1) at 1.5 X 10° cells per
mouse. One day later, the mice were injected i.p. with 2 nmol SIINFEKL
peptide (peptide), SIINFEKL peptide plus poly(I:C) (75 ug), and SIINF
EKL peptide plus IL-2/S4B6 mAb or IL-2/JES6-1 mAb immunocomplexes
(1.5 pg IL-2 per dose i.p.). IL-2 immunocomplexes were then injected on
a daily basis up to total of two, four, or six doses. The mice were eutha-
nized 1 day after the last injection and CFSE dilution and CD25 expression
(A), relative size (untreated control = 1) of Ly5.2" CD8™" population (B),
and relative counts of NK cells in spleen (C) were determined by flow
cytometry.

and their spleens examined 1 day after the last dose. Expansion of
OT-1CD8™ T cells progressively correlated with number of doses,
reaching more than 1- to 500-fold expansion after six doses (Fig.
3B). The enormous expansion of OT-I CD8" T cells after six
doses of IL-2 immunocomplexes, i.e., only 1 wk after activation,
is very convincing demonstration of high immunostimulatory po-
tential of IL-2 immunocomplexes. The expression of CD25 on
OT-1 CD8" T cells was noticeably induced after two doses,
peaked after four doses and then declined after six doses (Fig. 3A).
Similar to CD8" T cells, almost no significant expansion of NK
cells occurred after two doses. However, NK cells formed up to
31% and 44% of total spleen cells after four and six doses, re-
spectively (Fig. 3C). Such a huge expansion of NK cells could
explain why mice after six doses of IL-2/S4B6 mAb immunocom-
plexes develop an obvious splenomegaly.

Activated naive CD8" T cells expanded by IL-2
immunocomplexes are able to establish a robust population of
Sfunctional memory cells

A key question is whether activated naive CD8" T cells expanded
by IL-2 immunocomplexes are able to establish long-lasting pop-
ulation of memory cells. Thus, we adoptively transferred purified
OT-1 CD8" T cells (Ly5.2) into B6.SJL mice (Ly5.1) and mice
were then injected with low or high (2 or 25 nmol, respectively)
dose of SIINFEKL peptide either with or without poly(I:C) or with
IL-2 immunocomplexes for four consecutive days. The expansion
of the transferred cells was analyzed in peripheral blood 5 days
after activation (Fig. 4A, left column), i.e., close to the peak of
expansion, and in spleen of the same mice at day 60 (Fig. 4A, right
column), i.e., late enough to be sure that only real memory cells are
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remaining. Fig. 4B shows transferred CD8™" cells (Fig. 4B, right
column) and host CD8™ cells (Fig. 4B, left column) from the same
mice as shown in Fig. 4A stained for CD44 and CD122 to allow
determination of memory CD8™ T cell phenotype. The magnitude
of primary expansion of transferred cells in mice injected with
peptide alone reflected whether high or low dose of peptide was
given. However, the transferred cells disappeared in both groups
during retraction phase and none were left at day 60. When the
high dose of peptide was injected together with poly(I:C), a sig-
nificant population of the transferred cells could be found in spleen
at day 60 and almost all these cells were CD44"2" and nearly half
of them were also CD122"¢" i.e., showed memory cell phenotype.
Mice injected with the low dose of peptide and treated with free
IL-2 showed a modest primary expansion of transferred cells,
whereas only negligible population of memory cells was formed;
an observation corresponding with mice injected with a low dose
of peptide together with poly(I:C). Mice injected with a low dose
of peptide and treated with IL-2/JES6-1 mAb immunocomplexes
had almost two times more of transferred cells in spleen at day 60
than mice treated with high dose of peptide plus poly(I:C). The
population of transferred cells was even far bigger in mice injected
with low dose of peptide and treated with IL-2/S4B6 mAb immu-
nocomplexes than that found in mice treated with a high dose of
peptide plus poly(I:C) (more than 16 times). Almost two thirds and
more than 80% of transferred cells had CD44"€"CD122"" phe-
notype in mice treated with IL-2/JES6-1 mAb and IL-2/S4B6 mAb
immunocomplexes, respectively.

Finally, we asked whether CD8™ cells with memory phenotype
established from activated naive CD8™ T cells expanded by IL-2
immunocomplexes are functional, i.e., develop effector functions
upon encounter with appropriate peptide/MHC class I complex. To
address this question, we harvested splenocytes on day 60 from the
mice with population of OT-I memory cells established by injec-
tion of low dose of peptide plus IL-2 or IL-2 immunocomplexes as
described. Splenocytes were ex vivo stimulated with SIINFEKL
peptide and analyzed for expression of IFN-vy. As shown in Fig.
4C, OT-I cells from mice treated with free IL-2 did not express
IFN-vy upon re-activation, whereas OT-I cells from mice treated
with IL-2 immunocomplexes did. Nearly 90% and 70% of OT-I
cells from mice treated with IL-2/S4B6 mAb and IL-2/JES6-1
mAb expressed IFN-vy, respectively. Similar results were seen
when we detected the expression of granzyme B (data not shown),
although the difference between treatment with free IL-2 and with
IL-2 immunocomplexes was less striking. Thus, IL-2 immuno-
complexes are able both to strongly expand activated naive CD8™"
T cells and to establish population of long-lived cells with memory
phenotype, which are able to express effector functions upon
re-activation.

1L-2/S4B6 mAb immunocomplexes possess significant antitumor
activity

IL-2 has been used in treatment of cancer for years. Prospectively,
IL-2 immunocomplexes could become promising alternative ther-
apeutic agents to free IL-2 due to their superior biological activity
in vivo. It is obvious that in terms of cancer immunotherapy
IL-2/S4B6 mAb immunocomplexes are more suitable than IL-
2/JES6-1 mAb immunocomplexes as they are able to expand
both activated naive CD8" and NK cells. Moreover, IL-2/S4B6
mAb immunocomplexes show considerably lower stimulatory
activity for regulatory T cells, which are known to dampen
antitumor responses, than IL-2/JES6-1 mAb immunocomplexes
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FIGURE 4. Activated naive CD8"
T cells expanded by IL-2 immuno-
complexes establish a robust popula-
tion of functional memory cells. Pu-
rified OT-I CD8" T cells (Ly5.2)
were injected i.v. into congeneic
B6.SJL recipients (Ly5.1) at 1.5 X
10° cells per mouse (day 1). On day 2
the mice were injected i.p. with PBS
(control), 2 nmol SIINFEKL peptide
(peptide) with or without poly(I:C)
(75 wg), 25 nmol SIINFEKL peptide
with or without poly(I:C) (75 ug), 2
nmol SIINFEKL peptide plus free
IL-2 (1.5 pg), 2 nmol SIINFEKL
peptide plus IL-2/S4B6 or JES6-1
mAb immunocomplexes (1.5 ng of
1L-2). IL-2 and IL-2 immunocom-
plexes were also injected on days 3, 4,
and 5. A, On day 5, counts of Ly5.2"
CD8" cells relative to all lympho-
cytes were assessed in peripheral
blood (left column). On day 60,
counts of Ly5.2" CD8™ cells relative
to all splenocytes were assessed in
spleens of the same mice (right col-
umn). B, Host CD8™ cells (left col-
umn) and transferred CD8" cells
(right column) were stained for CD44
and CD122. C, On day 60, spleen
cells were stimulated by SIINFEKL
peptide for 6 h ex vivo with brefeldin
A for last 4 h, and expression of
IFN-y was determined in Ly5.2%
CD8" cells. One representative
mouse of two mice per each condi-
tion is shown. Data are representative
of two independent experiments.
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(see supplemental Figs. 1 and 2).* Thus, we tested antitumor
activity of IL-2/S4B6 mAb immunocomplexes in two different
syngeneic tumor models, BI6F10 melanoma and BCL1 B cell
leukemia. B6 mice were injected s.c. with 1 X 10° of B16F10
cells and treated with free IL-2 (40 pg/dose) on days 2 and 6 or
with IL-2/S4B6 mAb immunocomplexes (2.5 wg/dose) either
on days 2 and 6 or on days 2, 6, and 10. Alternatively, IL-2/
S4B6 mAb immunocomplexes were injected on days 2—-6 (1.0
ng/dose). Free IL-2 had very limited effect on the tumor growth
and on the survival of tumor bearing mice, although it was used
at relatively high dosage. On the contrary, the growth of the
tumors was significantly retarded in mice treated with IL-2/
S4B6 mAb immunocomplexes (Fig. 5A, left) and survival of
these mice was dramatically affected (Fig. 5A, right). Three
doses of IL-2 immunocomplexes (2.5 ug/dose) showed up to
most effective; four of six total mice were completely cured. In

+The online version of this article contains supplemental material.

the other model, BALB/c mice were injected i.p. with 5 X 10°
of BCL1 cells and treated with free IL-2 (40 wg/dose) or with
IL-2/S4B6 mAb immunocomplexes (2.5 ug/dose) on days 4
and 8. Similarly to B16F10 melanoma model, free IL-2 only
slightly prolonged the survival, but did not completely cure any
of BCL1 leukemia bearing mice. IL-2/S4B6 immunocomplexes
were shown also in this tumor model to be much more thera-
peutically effective than free IL-2 as they completely cured two
of six mice (Fig. 5B). Antitumor activity of IL-2/S4B6 mAb
immunocomplexes was totally abolished in BALB/c mice with
depleted CD8™ T cells (Fig. 5C) showing that these cells are
essential for the antitumor activity of IL-2/S4B6 mAb immu-
nocomplexes in BCL1 leukemia model and that NK cells are
not involved. However, the situation is different in the model of
B16F10 melanoma in which we have data showing that both
NK cells and CD8" cells are necessary for maximal antitumor
effect of IL-2/S4B6 immunocomplexes (see supplemental
Fig. 3).



The Journal of Immunology 4909
FIGURE 5. IL-2/S4B6 mAb immunocomplexes pos- A s

sess significant anti-tumor activity. A, B6 mice were = —o—Control 3

injected s.c. with 1 X 10° of BI6F10 melanoma cells on 510001 | —8-5x1.0 E

day 0. Mice were injected i.p. with PBS (control), with E 750 igi ;g g

IL-2 (40 ug) on days 2 and 6 (free IL-2), with IL-2/ E _e—free IL-2 E

S4B6 immunocomplexes (2.5 ug of IL-2) on days 2 and & 500 N

6 (2 X 2.5) or on days 2, 6, and 10 (3 X 2.5) and with s g

IL-2/S4B6 immunocomplexes (1 g of IL-2) on days E 20 °

2—6 (5 X 1.0). Tumor size was measured (/eff) and sur- 0

vival was monitored (right) for n = 6 mice per group. B, 0 12 24 36 48 60 %
BALB/c mice were injected i.p. with 5 X 10° of BCL1 Days
leukemia cells on day 0 and i.p. with free IL-2 (40 ung),
IL-2/S4B6 mAb immunocomplexes (1.5 ng of IL-2) or B C
PBS (control) on days 4 and 8. Survival is shown 100 p— e © 100 —Control
(treated and cFmtrol mice) for n = 6 and l.O'mice Per g | L . s g wl L e IL-2/5486
group, respectively. C, BALB/(.) mice were injected ip. E 75 L 2/SABE = IL-2/5486 & CD8 depl,
with 5 X 10° of BCLI leukemia cells on day 0 and i.p. s = 60
with IL-2/S4B6 mAb immunocomplexes (1.5 ug of % B Z .
IL-2) or PBS (control) on days 4 and 8. One group 5 o5 I
treated with IL-2/S4B6 mAb immunocomplexes was in- X : L
jected i.p. with 200 ug of anti-CD8 mAb on days 2 and 0 R
6. Depletion of CD8 ™" T cells was checked in spleen on 0 15 30 45 60 75 90 0 20 40 60 80 100
day 4 (bottom) for two extra mice. Survival is shown Days Days
(top) for treated and control mice in n = 6 and 10 mice Control  CD8 depleted
per group, respectively. D, BALB/c mice were injected D
i.p. with 5 X 10° of BCL1 leukemia cells on day 0 and o ol # ||
injected i.p. with doxorubicin (5 mg/kg) on day 11. é 75 8 ' 1
Mice were further treated with IL-2/S4B6 immunocom- = ‘ m
plexes (1.5 ug of IL-2) on days 12, 13, and 14 (doxo- ; 50 Control CD3 >
rubicin plus IL-2/S4B6). Some mice were treated by = — Doxorubicin
either the first modality (doxorubicin) or the second (IL- -.2 S . T (R |L-2/S4B6
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The superior biological activity of IL-2 immunocomplexes to free %2 »s g E 05
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half-life in circulation, i.e., bioavailability. To address this possi- =7 0 Mo— 5700
bility, we radiolabeled recombinant human IL-2 and measured the 0.1 v 10 100 s 01 1 10 100
radioactivity in the blood and urine at various time points after i.v. Time () Time (h)
injection of free radiolabeled IL-2 or radiolabeled IL-2 complexed C —— D
with anti-human IL-2 mAb (clone MAB602). IL-2/MAB602 mAb 10 | kg conol El
immunocomplexes have comparable biological activity in mouse Z12 [/! =4
as IL-2/S4B6 mAb immunocomplexes (30). At 15 min after the g3 § 3
injection, less than 15% of injected activity was found in mice %_ 4 T 2
injected with free IL-2, but almost 80% of injected activity was °© L g P o
detected in mice injected with IL-2 immunocomplexes (Fig. 6A). 0 01 T 0 00,1 L 0 100
At 24 h after the injection (the longest period tested), no activity Serum (pl) Serum (ul)
was detected in mice treated with free IL-2, but almost 20% of  FIGURE 6. 1L-2 immunocomplexes have much longer half-life than

injected activity was still detectable in mice treated with IL-2 mAb
immunocomplexes. The activity in urine reflecting the elimination
of IL-2 showed a profile that peaked 1 h after administration in
mice injected with free IL-2 and 8 h after administration in mice
injected with IL-2 mAb immunocomplexes (Fig. 6B). These data
collectively show that free IL-2 has a very short half-life (less than
15 min) in the blood and that it is eliminated from the body much
faster than IL-2 immunocomplexes. The half-life of IL-2 immu-
nocomplexes in the circulation was determined to be ~3 h.

To further confirm that IL-2 complexed with anti-IL-2 mAb
remains in the circulation for much longer time than free IL-2 and
moreover that it retains its biological activity, we injected i.v. B6
mice with IL-2 mixed with S4B6 mAb (IL-2/S4B6 mAb immu-

free IL-2. Recombinant human IL-2 was labeled with '*'T and injected i.v.
into B6 mice either as a free labeled IL-2 or as IL-2 immunocomplexes.
The injected dose contained 2 ug of labeled IL-2, which corresponded to
4 X 10° cpm at the time of application. The radioactivity in blood (A) and
urine (B) was measured at 15 min and 1, 3, 8, and 24 h after injection. Data
presented are mean * SD of n = 3 mice per each condition. C, CTLL-2
cells were cultured at 5 X 10* cells per well with serially diluted sera from
B6 mice injected i.v. with PBS (control), recombinant mouse IL-2/isotype
control mixture or IL-2/S4B6 mAb immunocomplexes (1.5 ug of IL-2).
Sera were harvested 1 h after the injection. D, Wells were coated with
mouse anti-rat IgG mADb, washed and pulsed for 1 h with the sera used in
C. After rigorous washing, CTLL-2 cells were seeded into the wells at 5 X
10* cells per well. Data show mean levels * SD of [*H]thymidine incor-
poration (A and B) for triplicate cultures on day 3.
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nocomplexes), IL-2 mixed with an isotype control mAb and PBS.
At 1 h after the injection, their sera were harvested and used for
stimulation of CTLL-2 cell proliferation in vitro. An extensive and
dose-dependent proliferation of CTLL-2 cells was achieved when
sera from mice injected with IL-2/S4B6 mAb immunocomplexes
were used (Fig. 6C). On the contrary, sera from the mice injected
with IL-2 mixed with isotype control mAb induced very poor pro-
liferation only when a very high amount was added (32 ul/well).
In the next experiment, we coated the wells with anti-rat IgG mAb,
then we added the same sera that were used in previous experi-
ment, washed the wells, and finally seeded CTLL-2 cells into the
wells. Hence, only IL-2 bound to S4B6 mAb (rat IgG), but not free
IL-2, bound to anti-rat IgG mAb-coated wells and provide IL-2
signal to CTLL-2 cells (Fig. 6D). This finding implies that prolif-
eration of CTLL-2 cells seen in Fig. 6C was stimulated by IL-2/
S4B6 mAb immunocomplexes and not by free IL-2, which could
have been theoretically released from the immunocomplexes under
in vivo conditions.

Discussion

It is interesting that complexing cytokine with anti-cytokine mAb
as novel approach to increase or modify cytokine activities in vivo
seems to be not limited to IL-2 only but it is valid for at least
several other cytokines. The study by Boyman et al. (30), which
demonstrated strong and selective stimulatory activity of IL-2 im-
munocomplexes, also showed that IL-4 complexed with MAB404
or 11B11 anti-IL-4 mAb was very potent in stimulating the pro-
liferation of memory-phenotype CD8™ cells, whereas IL-4 alone
had almost no effect. It was also reported that IL-4 immunocom-
plexes strongly increases spleen cell Ia expression, increase num-
ber of CD23™ cells in the spleen and potently stimulate mucosal
mastocytosis, which was demonstrated also for IL-3 immunocom-
plexes (31). IL-7 immunocomplexes were shown to induce en-
largement of the spleen and lymph nodes 5- to 10-fold in cellu-
larity, which was caused mainly by enormous expansion (200- to
400-fold) of immature (B220" IgM ™) B cells (32). The same re-
port also demonstrates that IL-7 immunocomplexes induce homeo-
static proliferation of naive and memory T cells and they are able
to enhance and restore thymopoiesis and augment primary CD8™
cell responses to foreign Ags (32). It was also mentioned that
under some conditions anti-IL-6 mADb can act as protective carrier
protein and thus work as agonist (33).

In this study we showed that IL-2 immunocomplexes can be
used to strongly expand activated naive CD8™ T cells and that
such expanded cells are able to form a robust population of mem-
ory cells which are functional in terms of effective IFN-vy produc-
tion upon re-activation. Notably, this report is the first describing
the powerful stimulatory activity of IL-2 immunocomplexes for
activated naive CD8" T cells. These results suggest that IL-2 im-
munocomplexes could be used as a strong enhancer of CD8" T
cell responses and thus they could significantly improve vaccina-
tion protocols aimed to trigger CTL responses. Especially low im-
munogenic vaccines, which are known to cause weak immunos-
timulation and thus provide only low or short-lasting protection
should benefit from being coadministered with IL-2 immunocom-
plexes. We hypothesize that IL-2 immunocomplexes would im-
prove vaccination also in the case in which CD4™ T cells or B cells
play the main role. However, this question remains to be verified
in appropriate experiments.

We demonstrated that IL-2/S4B6 immunocomplexes are also
very potent in expanding NK cells. Actually, NK cells showed up
to be even more sensitive to IL-2/S4B6 immunocomplexes than
activated naive CD8™" T cells. High expansion of NK cells could
be useful in cancer immunotherapy, especially in case of tumors

that are known to express low levels of MHC class 1. However,
such expanded NK cells must retain their cytolytic activity. In
preliminary experiments, we found that NK cell activity (detected
as killing of YAC-1 cells by JAM assay) of spleen cells isolated
from mice injected with IL-2/S4B6 immunocomplexes is signifi-
cantly higher than those isolated from control mice or from mice
inhjected with the same dose of free IL-2. Even after recalculation
taking into account a higher number of NK cells in mice injected
with IL-2/S4B6 immunocomplexes it seems that NK cells from
such treated mice possess higher cytolytic activity than in controls.

We have shown in three distinct models that IL-2 immunocom-
plexes prepared in vitro under well-defined conditions could be
useful in cancer immunotherapy. Coinjection of the S4B6 mAb
with a plasmid carrying murine i/2 cDNA was used by Kamimura
et al. (34) as an experimental method to show the enhancing effect
of S4B6 mAbD on IL-2 activity in vivo. This experimental design,
however, prevents making any conclusions regarding the quanti-
fication of efficacy of IL-2/S4B6 mAb complexes on the increase
of CD8" T cells and NK cells (the observed parameters) because
it was not possible to either determine the total amount of IL-2
expressed or to resolve the kinetics of this expression. Kamimura
et al. (34) also showed that coinjection of S4B6 mAb reduced the
number of lung metastasis of B16 melanoma to half that seen with
injection of plasmid carrying murine i/2 cDNA alone. There are a
significant number of reports showing that both NK cells (35, 36)
and CD8™ T cells (35, 37) are involved in rejection of B16 mel-
anoma cells and some authors even show that NK cells and CD8™
T cells work in cooperative manner (38, 39). Our results show that
IL-2 immunocomplexes can promote their antitumor effects both
via CD8" T cells and NK cells implying that IL-2 immunocom-
plexes can be useful for cancer immunotherapy no matter whether
the particular tumor is CD8™ T cell sensitive or NK cell sensitive.

Because extremely short half-life of IL-2 in circulation is noto-
riously known, it is obvious that prolonged half-life was suggested
as one of the possible mechanisms explaining increased biological
activity of IL-2 immunocomplexes in vivo. Two reports providing
evidence regarding this hypothesis (30, 40) were published; how-
ever, neither of them provides data that would allow direct com-
parison of pharmacokinetics of IL-2 immunocomplexes vs free
IL-2. In the first report (30), the pharmacokinetics was determined
by use of an assay in which IL-2 immunocomplexes were injected
at various time points before adoptive transfer of CFSE-labeled
memory-phenotype CD8™ T cells and the subsequent analysis of
proliferation of transferred cells by flow cytometry. Thus, rather a
lifespan of biological activity of IL-2 immunocomplexes than
lifespan of IL-2 immunocomplexes per se is determined by using
this assay. In the second report (40), the pharmacokinetics of IL-2
immunocomplexes was not determined and only concentration of
IL-2 in blood and urine measured by ELISA at a single time point
(1 day) after injection was explored. Unfortunately, any conclu-
sions based on determination of IL-2 concentration in urine at a
single time point 1 day after the injection (i.e., very late) can be
misleading.

Another originally suggested mechanism for the enhanced ac-
tivity of the complexes was that IL-2 immunocomplexes are cap-
tured and presented by Fcvy receptor-bearing cells. This hypothesis
seemed to be in concord with an observation that IL-2 complexed
with F(ab"), fragments of S4B6 mAb was less stimulatory than
those with intact S4B6 mAb (30). However, the role of FcyR was
ruled out by using FcyR ™/~ FcyRII™/~ double knockout mice (41)
and by using FcyR™’~ mice treated with anti-FcyRII/RIII mAb
(40). Nevertheless, a possible accumulation of IL-2 immunocom-
plexes in secondary lymphoid organs via mechanism independent
to FcR could not be excluded. We found that radioactivity in the
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spleen of mice injected with radioactively labeled IL-2 immuno-
complexes was similar to that found in the liver and kidneys (ex-
cept for 15 min time point, data not shown) thus ruling out the
suggested possibility.

IL-2 immunocomplexes were found to induce activation and
proliferation of naive CD8™" T cells with subsequent differentiation
into effector cells and later on also into central memory phenotype
cells even in the absence of TCR stimulation. IL-2 immunocom-
plex-driven memory-like CD8" T cells were able to protect
against lethal bacterial infection but showed incomplete cellular
fitness compared with Ag-driven memory cells in terms of homeo-
static turnover and cytokine production (41). We have shown in
this study that providing TCR signal before treatment with IL-2
immunocomplexes produced memory CD8* T cells capable of
strong IFN-+y production and that these cells could be found in the
mice even very late (>120 days) after treatment (data not shown).
These data suggest that homeostatic turnover of memory cells de-
veloped by TCR activation and providing strong IL-2 signals is not
impaired.

Kamimura et al. (34) observed that IL-2/S4B6 immunocom-
plexes are equally potent as IL-2 plus isotype control Ab in stim-
ulation of CTLL-2 cells in vitro. This finding is rather surprising to
us since we have an extensive experience in testing stimulatory
activity of IL-2 immunocomplexes in vitro using different respond-
ers including CTLL-2 cell line and we have never seen that IL-2/
S4B6 immunocomplexes would be equal to IL-2. Instead, 5- to
10-fold higher activity of IL-2 than IL-2/S4B6 immunocomplexes
was always recorded in CTLL-2 cells. We as well as other inves-
tigators (34) noticed that S4B6 mAb acts as truly IL-2 neutralizing
Ab in vitro because increasing molar excess of S4B6 mAb over
IL-2 is accompanied by decreasing proliferation of CTLL-2 cells
(data not shown). We proved that this is true also for other anti-
IL-2 mAbD available, JES6-1A12 and JES6-5H4 clones and it is not
limited to CTLL-2 cells only but it was also seen in memory-
phenotype CD8™ T cells (data not shown). Such observations sug-
gest that IL-2 needs to dissociate from anti-IL-2 mAb to acquire
biological activity (32) because the excess of anti-IL-2 mAb
should be irrelevant if whole immunocomplexes are stimulatory
per se. This would be further corroborated if the affinity of the
mAD to the cytokine is lower than the affinity of the cytokine to its
receptor. Thus, an excess of mAb would be required to block the
activity of the cytokine (32, 34). It implicates the need to deter-
mine the affinity of each clone of anti-IL-2 mAb in the future.

The discussed phenomenon seems to be even more complicated
under in vivo conditions, as administering a huge excess (>100
times) of S4B6 mAb over IL-2 into mice was shown to stimulate
CDS8™ T cell proliferation to the same extent as administering only
a small excess (~4.5 times) of S4B6 mAb over IL-2 (40). M25
clone of anti-IL-7 mAb augments the biological activity of IL-7
~50-100 times in vivo, but contrary to S4B6 mAb and IL-2, in-
jecting the excess of M25 mAb over IL-7 inhibits the in vivo
activity of IL-7/M25 mAb immunocomplexes (32). Furthermore,
three clones of anti-IL-7 were described to have no augmenting
activity for IL-7 in vivo (32). Thus, elucidation of the mechanisms
involved in the high activity of cytokine/mAb immunocomplexes,
except for the prolongation of the half-life, remains a significant
challenge. We hypothesize that these additional mechanisms could
be 1) protection of IL-2 by anti-IL-2 mAb from proteolysis by
masking the most proteolysis-sensitive sequences of IL-2 and 2)
IL-2 immunocomplexes probably extravasate much slower than
free IL-2 and, moreover, free IL-2 could bind to components of
extracellular matrix and thus be unavailable for stimulation of im-
mune cells as it was described that extracellular matrix shows a
binding activity for various cytokines/growth factors (42—44). The
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binding to extracellular matrix as well as other nonspecific inter-
actions of IL-2 might be prevented when IL-2 is complexed with
anti-IL-2 mAb.
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