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IL-2 is crucial to T cell homeostasis, especially of CD4* T regulatory
cells and memory CD8" cells, as evidenced by vigorous proliferation
of these cells in vivo following injections of superagonist IL-2/anti-
IL-2 antibody complexes. The mechanism of IL-2/anti-IL-2 antibody
complexes is unknown owing to a lack of understanding of IL-2
homeostasis. We show that IL-2 receptor o (CD25) plays a crucial
role in IL-2 homeostasis. Thus, prolongation of IL-2 half-life and
blocking of CD25 using antibodies or CD25-deficient mice led in
combination, but not alone, to vigorous IL-2-mediated T cell prolif-
eration, similar to IL-2/anti-IL-2 antibody complexes. These data sug-
gest an unpredicted role for CD25 in IL-2 homeostasis.
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L-2 is central to the proper functioning of the immune system by

participating in T cell homeostasis and optimizing immune
responses (1, 2). IL-2 receptors (IL-2R) consist typically of three
receptor subunits termed IL-2Ra (CD25), IL-2Rp (CD122), and
the common gamma chain (y., CD132) (3-5). Notably, CD122 and
vy are crucial for signal transduction, whereas CD25 is not essential
for IL-2 signaling but instead confers high-affinity binding of IL-2
to its receptor, thereby increasing receptor affinities by about 10-
to 100-fold (5-7). High-affinity apy IL-2Rs are typically found on
CD4" T regulatory cells (Tregs) as well as recently-activated
T cells (1, 2). Low-affinity fy IL-2Rs are present at a low level on
naive CDS8 cells but are prominent on antigen-experienced
(memory) and memory-phenotype (MP) CD8* T cells as well as
natural killer (NK) cells (1,2). Both MP CD8* T cells and NK cells
express very high levels of CD122 and readily respond to IL-2
injections in vivo (8). The vast majority of IL-2 is generated by
activated T cells, especially CD4 ™ cells, with a minor contribution
from NK and NK T cells (1, 3, 9). Thus, IL-2 is typically produced
by recently-activated T cells and acts in an autocrine or paracrine
fashion on these cells, many of which up-regulate CD25 expression
upon T cell receptor stimulation (3).

Because of its potent stimulatory properties, IL-2 is subjected to
a tight regulation. With regard to IL-2 half-life, renal metabolism
has been reported to play an important role in eliminating IL-2
after i.v. injection (10). Thus, for exogenously-administered IL-2,
renal elimination results in a very short in vivo half-life of IL-2 in
the range of minutes. This has been a major limitation for IL-2-
based strategies in the treatment of metastatic cancer and chronic
viral infections, thus requiring the use of high doses of IL-2,
which, however, can cause severe toxic side effects, termed vas-
cular leak syndrome (11, 12). In an attempt to extend in vivo half-
life and increase biological activity, IL-2 has been coupled to
larger proteins such as albumin and unrelated antibodies to
create IL-2-IgG fusion proteins (IL-2-FP) (12, 13), although with
limited success.

Recently, injection of IL-2 bound to particular anti-IL-2 mon-
oclonal antibodies (mAbs) was found to greatly enhance the bio-
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logical activity of IL-2 in vivo, leading either to vigorous
proliferation of MP CD8™ T cells and NK cells or expansion of
CD25* CD4™ Tregs (8). Notably, anti-IL-2 mAbs typified by S4B6
and MAB602, specific to mouse (m) and human (h) IL-2, respec-
tively, formed IL-2/mAb complexes that preferentially bound to
MP CD8™ T cells and NK cells expressing high levels of CD122
along with y. (8). We will refer to these CD122-directed complexes
as IL-2/mAbcp2, complexes. In contrast, JES6-1 anti-mIL-2 mAb
produced IL-2/mAb complexes that interacted almost exclusively
with immune cells expressing high levels of CD25 along with py
IL-2R; these CD25-directed complexes, designated IL-2/mAbcpos
complexes, induced selective expansion of CD25* CD4* Tregs (8).
In addition to IL-2, cytokine/mAb complexes can also be generated
using IL-3, IL-4, IL-6, or IL-7, which have been successfully used in
various animal models, including viral infections, antitumor
responses, autoimmune disease, and graft tolerance (8, 14-23).

Despite the considerable interest in IL-2/mAb complexes aris-
ing from its broad applications, the exact nature of the underlying
mechanism of IL-2/mAb complexes remains elusive. Several
mechanisms have been proposed, including protection from
enzymatic alteration of the active site, cytokine presentation by Fc
receptor (FcR)-bearing cells, and prolongation of in vivo IL-2
half-life, with some evidence supporting the latter (12, 15, 16).

Here, we show that the in vivo activity of IL-2/mAbcpys com-
plexes crucially depended on the presence of neonatal FcR
(FcRn), whereas for IL-2/mAbcpi2, complexes, it was a result of
prolonged IL-2 half-life and protection from interaction with
CD25. These results also suggest an unanticipated role for CD25
in the regulation of IL-2 homeostasis.

Results

Role of FcR on in Vivo Activity of IL-2/mAb Complexes. As mentioned
above, two types of IL-2/mAb complexes with distinct biological
activities have been described, namely IL-2/mAbcpi,, complexes,
generated using S4B6 anti-mIL-2 or MAB602 anti-hIL-2 mAbDs,
and IL-2/mAbcp,s complexes generated using JES6-1 anti-mIL-2
mAD (8). IL-2/mAb complexes using either mIL-2 or hIL-2 yiel-
ded similar results when compared and hence will be described
here without specifying the species of IL-2 (this information can
be found in the legends for Figs. 1-6).
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Fig. 1. Invivo activity of IL-2/mAbcp1,, complexes is largely independent of Fc
receptors. CFSE-labeled Thy1.1* MP CD8* T cells were adoptively transferred to
(A) WT mice (Upper) and FcRI”"FcRy™~FcRIIB™~ mice (Lower), or to (B) WT
mice (Left) and FCRn™~ mice (Right). (C) CFSE-labeled Thy1.1* CD4* T cells were
adoptively transferred to WT (Left) or FcRn™~ mice (Right). Host mice sub-
sequently received three injections of rmIL-2 plus S4B6 anti-mIL-2 mAbcp12 (A
and B) or rmlL-2 plus JES6-1 anti-mIL-2 mAbcp,s (C) every other day. CFSE
dilution and cell recovery from lymph nodes (LN) was analyzed by flow
cytometry 7 days after adoptive transfer. Histograms shown are gated on
Thy1.1* CD8* (A and B) or Thy1.1* CD25* FoxP3* CD4* donor T cells (C).
Numbers indicate percentage of divided donor cells. The data are repre-
sentative of two (A) or three (B and C) different experiments with each profile
representing one of at least two mice.

The role of the two classes of FcR, namely FcR for IgG (FcRy),
and FcRn, in mediating the potent in vivo activity of IL-2/mAb
complexes was investigated by using mice deficient in FcR. For
FcRy, mice deficient in FcRI, FcRy, and FcRIIB were used to
ensure complete absence of FcRy. Notably, FcRy™~ and FcRy ™~
FcRIIB™~ mice, previously used by others for the same purpose (24,
25), still express residual FcRy, including the high affinity FcRI (26).
The role of FcRn was investigated using FcRn™~ mice (27).
CD44Meh CD122Me" MP CD8™ T cells were used as IL-2-responsive
reporter cells to measure the presence of IL-2 signals in vivo. These
MP CDS8™ T cells were obtained from IL-7 transgenic (tg) mice,
as these mice contained considerably higher numbers of MP CD8*
T cells, which were phenotypically and functionally indistinguish-
able from MP CD8™ T cells in WT mice (Fig. S1; refs. 28, 29).

As previously shown, injection of IL-2/mAbcpi2, complexes
induced strong expansion of purified donor MP CD8* T cells in
WT hosts as evidenced by cell division and recovery (Fig. 14
Also, strong expansion of donor cells was observed in FcRI™
FcRy/"FcRIIB™'~ hosts (Fig. 14). The lack of reduction in
expansion of donor cells in FcRI™/~"FcRy™"FcRIIB™~ hosts was
unlikely to be due to expression of residual FcRy on donor cells, as
similarly strong expansion was observed when MP CD8™ T cells
from FcRI"FcRy~"FcRIIB™~ mice were used as donor cells;
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moreover, massive expansion of endogenous MP CD8* T cells
occurred in FcRI™"FcRy™"FcRIIB™~ mice injected with TL-2/
mAbcp2; complexes. Likewise, endogenous CD25% CD4™" Tregs
underwent comparable expansion in FcRI™"FcRy~'~FcRIIB™~
mice and WT mice following administration of IL-2/mAbcp;s
complexes. These findings confirm and extend previous reports
showing that FcRy play only minimal role in mediating the in vivo
activity of IL-2/mAb complexes (24, 25).

However, different results were obtained for FcRn. For 1L-2/
mAbcp2; complexes, purified donor MP CD8* T cells typically
underwent one less cell division with a slight reduction in cell
recovery in FcRn™'~ compared to WT hosts (Fig. 1B). Residual
FcRn expression on donor T cells was unlikely to play a role, as
similar findings were observed with FcRn™'~ donor T cells. These
findings indicate that for IL-2/mAbcpio, complexes, FcRn play a
partial role in mediating their in vivo activity. This conclusion is
consistent with a previous report using $2-microglobulin-deficient
mice (24). Moreover, animals deficient in both types of FcR,
namely FcRI7"FcRy™~FcRIIB~"FcRn™~ mice, were able to
mediate proliferation of MP CD8* T cells upon injection of IL-2/
mAbcpi2, complexes, thus indicating the absence of compensa-
tory mechanisms between the two types of FcR.

In contrast to IL-2/mAbcpiz, complexes, IL-2/mAbcp,s com-
plexes were found to be acutely dependent on FcRn for their in vivo
activity. Thus, in response to IL-2/mAbcp,s complexes, expansion
of donor WT CD25% CD4* Tregs was severely reduced in FcRn ™~
compared to WT hosts and only slightly above the background level
of expansion (Fig. 1C). Moreover, endogenous CD25* CD4* Tregs
in FcRn™"~ mice failed to expand substantially following injections
of IL-2/mAbcp,s complexes. With FcRn being crucial for the pro-
longed serum half-life of IgG (30), this finding strongly suggests that
mADb-induced extension of IL-2 lifespan is a major mechanism for
the strong biological activity of IL-2/mAb complexes.

IL-2/mAb Complexes Display an Extended in Vivo Lifespan. In the
absence of FcRn, serum half-life of IgG decreases to 1-1.5 days,
compared to approximately 6-8 days under normal conditions (27).
Therefore, the above findings on the role of FcRn could indicate
that mAb-induced prolongation of in vivo IL-2 lifespan is an
important mechanism for the potent activity of IL-2/mAb complexes
(14-16, 24), especially in the case of IL-2/mAbcp,s complexes.

To investigate this idea, the in vivo lifespan of IL-2/mAb
complexes was compared to IL-2 in WT hosts by two comple-
mentary approaches. First, a bolus of a high dose of IL-2 (20 pg) or
a standard dose of IL-2/mAbcp;,, complexes (1.5 pg/15 pg) was
administered to WT mice at various intervals before injection of
carboxyfluorescein succinimidyl ester (CFSE)-labeled MP CD8*
T cells. Measuring the proliferation of donor T cells 3 days later
revealed that the activity of IL-2 alone tapered off rapidly after
4 h, whereas the activity of IL-2/mAbcpio; complexes was still
evident even after 24 h (Fig. 24).

The second approach involved the use of IL-2-sensitive CTLL-
2 cells for measuring IL-2 activity in the serum of mice at dif-
ferent time-points after injection of IL-2. This approach is rea-
sonable as CTLL-2 cells did not respond to endogenous amounts
of cytokines present in the normal mouse serum and, more
importantly, displayed a comparable sensitivity to IL-2 and both
forms of IL-2/mAb complexes (Fig. S2). Here, two different
doses of IL-2 (15 pg vs. 1.5 pg) and of IL-2/mAbcpi,,; complexes
(1.5 pg/15 pg vs. 0.3 pg/3 pg) were administered to assess the
effect of cytokine concentration on in vivo lifespan. In line with
above results using CFSE-labeled MP CD8™ T cells, serum half-
life of IL-2 injected at a high dose (15 pg) was found to be
approximately 6 h, whereas half-life of the standard dose (1.5 pg)
of IL-2/mAbcp2; complexes was approximately 24 h, both for
human and mouse IL-2 (Fig. 2B and Fig. S3). The half-life of IL-
2 injected at the low dose (1.5 pg) appeared to be shorter
(approximately 2 h); because this is the dose used to generate the
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Fig. 2. IL-2/mAbcp2> complexes have a prolonged in vivo half-life. (A) Host
WT mice received a single injection of PBS, 20 ug rhiL-2 or 1.5 pg rhiL-2 plus 15
ng MAB602 anti-hIL-2 mAbcp1,; at the indicated time-points before adoptive
transfer of CFSE-labeled Thy1.1* MP CD8" T cells. Host spleens were analyzed
by flow cytometry 3 days after adoptive transfer. Histograms shown are
gated on Thy1.1* CD8* donor cells. Numbers indicate percentage of divided
cells. (B and C) WT mice received a single injection at indicated doses of rhiL-2
(A, 1.5 pg; @, 15 pg) or rhiL-2 plus MAB602 anti-hIL-2 mAbcp12, (A, 0.3 pg
plus 3 pg; @, 1.5 ug plus 15 pg) (B) or rhiL-2 plus 5344 anti-hIL-2 mAbcpzs (A,
1.5 pg IL-2; @, 1.5 pg plus 15 pg) (C), and blood samples were collected at the
indicated time-points after injection. Serum was assayed on CTLL-2 cells.
Proliferation was determined by measuring incorporation of [*H]-thymidine.
The data are representative of at least three different experiments, with each
profile representing one of at least two mice.

standard dose of IL-2/mAbcp12, complexes, this result indicated
that a 12-fold extension in IL-2 lifespan was achieved through
the formation of IL-2/mAb complexes. The half-life measure-
ment of IL-2/mAbcpi,; complexes using CTLL-2 cells was
therefore comparable to the direct in vivo measurement using
MP CD8* T cells (Fig. 24).

Notably, in vivo half-life of the standard dose of IL-2/mAbcpys
complexes, as determined by the CTLL-2 approach, proved to be
even longer than for IL-2/mAbcpi; complexes. Thus, IL-2
activity was detectable for up to 72 h for IL-2/mAbcp,s complexes
with an estimated half-life of over 48 h (Fig. 2C and Figs. S3 and
S4). Interestingly, half-life of IL-2/mAbcp;,, complexes could be
extended to resemble IL-2/mAbcp,s complexes by depletion of
CD8™ T cells and NK cells in WT mice (Fig. S4), suggesting that
consumption by these cell subsets is a limiting factor for the half-
life of IL-2/mAbcpi,, complexes.

Extended Half-Life Is Not Sufficient for Strong Activity of IL-2/mAbcp1,
Complexes. To further assess the role of extended in vivo IL-2
lifespan in mediating the potent activity of IL-2/mAbcpi,, com-
plexes, we tested whether repeated injections of IL-2 would mimic
the strong activity of IL-2/mAbcpio; complexes. However,
although repeated injections of IL-2 at 2 h intervals for the dura-
tion of 24 h displayed significantly more activity than one injection
of IL-2, it was still considerably less effective in inducing pro-
liferation of MP CD8™ T cells than one single injection of IL-2/
mAbcpi22 complexes (Fig. 34). Alternatively, we determined
whether repeated injections of IL-2/mAbcpy, complexes gen-
erated with F(ab’), fragments, which we have previously shown to
display minimal activity (8), would restore the strong activity of
intact IL-2/mAbcp12; complexes. Notably, repeated injections of
IL-2/mAbcpi2, complexes generated with F(ab’), fragments
were as effective or even more effective than a single injection of
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Fig. 3. Both Fc and Fab contribute by distinct mechanisms to in vivo activity
of IL-2/mAbcp122 complexes. (A) CFSE-labeled Thy1.1* MP CD8* T cells were
adoptively transferred to WT mice. Host mice then received a single injection
of rhiL-2, rhiL-2 plus MAB602 anti-hIL-2 mAbcp122, or 12 injections of PBS or
rhiL-2, every 2 h for 24 h. Host spleens were analyzed by flow cytometry 3
days after adoptive transfer for CFSE dilution and cell recovery of Thy1.1*
CD8* donor cells. Numbers indicate percentage of divided cells. (B) CFSE-
labeled Thy1.1* MP CD8* T cells were adoptively transferred to WT mice.
Host mice then received a single injection of rmIL-2 plus S4B6 anti-mIL-2
mADbcp122, rmliL-2 plus F(ab’), fragments of S4B6 anti-mIL-2 mAbcpq,,, or 12
injections of PBS or rmiL-2 plus S4B6 F(ab’),, every 2 h for 24 h. CFSE dilution
and cell recovery of Thy1.1* CD8* donor cells in lymph nodes was analyzed
by flow cytometry 7 days after adoptive transfer. Numbers indicate per-
centage of divided cells. The data are representative of three different
experiments, with each profile representing one of at least two mice.

intact IL-2/mAbcp;,, complexes (Fig. 3B). Collectively, these
results suggest the following two conclusions. First, because the
half-life of F(ab’), fragment is approximately 6-12 h (31, 32), IL-2/
F(ab’), complexes are ineffective mainly because of their short
lifespan, thus indicating that extension of IL-2 half-life is an
essential mechanism for in vivo activity of IL-2/mAb complexes.
Second, and more importantly, repeated injections of IL-2/
F(ab’), complexes, but not of IL-2, were able to mimic the potent
activity of IL-2/mAbcp1z, complexes, thus suggesting that the
specific binding of anti-IL-2 mAb is crucial for their strong
in vivo activity.

IL-2-lgG Fusion Proteins Have a Long Half-Life but Low Biological
Activity. To further investigate the role of extended IL-2 half-life
in contributing to IL-2/mAbcp12, activity in vivo, IL-2/mAbcpi2,
complexes were compared to a recombinant IL-2-IgG fusion
protein (IL-2-FP), designated chTNT-3/IL-2 and comprised of
hIL-2 covalently linked to a chimeric anti-nuclear IgG (33). At
an equivalent IL-2 dose, IL-2-FP was found to be more potent
than IL-2 alone, but considerably less effective than IL-2/
mAbcp12, complexes in inducing expansion of MP CD8™ T cells
(Fig. 44 and Fig. S5). Interestingly, this was the case despite the
fact that IL-2-FP exhibited similar or even longer in vivo lifespan
as IL-2/mAbcpi,, complexes (Fig. 4B). Although these findings
support the view that multiple factors are involved in mediating
the activity of IL-2/mAbcp2, complexes, these results could also
be due to structural differences between these reagents. For
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instance, unlike IL-2/mAbcpi,, complexes, IL-2 in the IL-2-FP is
covalently attached to IgG and cannot dissociate.

Thus, we tested whether binding of anti-IL-2 mAb to IL-2-FP
might boost the activity of IL-2-FP. Interestingly, complexes of IL-
2-FP bound to anti-IL-2 mAb MAB602, designated IL-2-FP/
mAbcpio, complexes, were found to induce much stronger
expansion of MP CD8™* T cells than IL-2-FP and even surpassed IL-
2/mAbcp2, complexes (Fig. 4C and Fig. S5). Surprisingly, binding
of IL-2-FP to mAbcp12, did not alter the lifespan of IL-2-FP (Fig.
4D), thus indicating that a significant enhancement of IL-2 activity
can be achieved without further increasing the half-life of IL-2.

IL-2/mAbcpq;; Complexes Are Protected from Interaction with CD25.
Recently, we found that, in addition to immune cells such as Tregs,
nonimmune cells express CD25. Therefore, ubiquitous expression
of CD25 maylead to a decrease in IL-2 availability to T cells and NK
cells (1, 2). Accordingly, an additional mechanism by which IL-2/
mAbcpio; complexes, that are recognized by By IL-2R irrespective
of CD25 expression, display strong activity could be that they avoid
interaction with these CD25% cells. To test this idea, we took
advantage of the blocking anti-CD25 mAb PC61. Concomitant
injection of IL-2 and anti-CD25 mAb only minimally increased the
activity of soluble IL-2 (Fig. 54). However, coadministration of
anti-CD25 mAb greatly increased the activity of IL-2-FP, leading to
proliferation that was almost as intense as with IL-2/mAbcpizs
complexes at an equivalent IL-2 dose (Fig. 54). Moreover, with
repeated IL-2 injections every 2 h, use of anti-CD25 mAb also
markedly enhanced the effects of IL-2 (Fig. 5B).

The above results strongly suggest that preventing interaction of
IL-2 with CD25 is a second major mechanism to explain how IL-2/
mAbcp2, complexes mediate their strong activity. Nevertheless, it
is notable that the activity of IL-2-FP, and also IL-2 given repeatedly
in the presence of blocking anti-CD25 mAb, was still slightly lower
than that of IL-2/mAbcpis; complexes (Fig. 5). To determine
whether this difference could be due to an inability of the anti-CD25
mAb to completely neutralize IL-2 interaction with CD25, the
activity of IL-2-FP and IL-2/mAbcpi,; complexes was directly
compared in CD25~~ mice. One complicating feature of CD257/~
mice is that their high serum levels of IL-2 are able to induce
spontaneous proliferation of adoptively-transferred donor MP
CD8™ T cells (34, 35). To circumvent this problem, the activity of IL-
2-FP and IL-2/mAbcpi,, complexes was measured in these hosts 3
days after injection of donor T cells, just before the time it takes for
donor T cells to undergo cell division in response to host IL-2.
Significantly, as assessed by expansion of donor MP CD8* T cells,
the activity of IL-2/mAbcp1,, complexes, repeated IL-2 injections,
and IL-2-FP were all virtually identical in CD25~"~ hosts (Fig. 6).

Discussion

Collectively, these findings suggest that IL-2/mAbcpi,, complexes
function by extending the half-life of IL-2 and by preventing the
interaction of IL-2 with CD25, thus leading to a 40-fold higher in
vivo biological activity compared to soluble IL-2. A notable dif-
ference between the two distinct IL-2/mAb complexes is that IL-2/
mAbcpos acutely rely on FcRn, whereas FcRn play only a minimal
role for IL-2/mAbcpia. Because the half-life of IL-2/mAbcpian
complexes could be extended to resemble the half-life of IL-2/
mAbcp,s complexes by depleting CD8* T and NK cells, it could be
hypothesized that consumption by rapidly-dividing MP CD8" T
and NK cells limits the half-life of IL-2/mAbcp2; to approximately
24 h. In contrast, IL-2/mAbcp,s complexes bind selectively to the
relatively small population of CD25-expressing cells, mostly
CD25% CD4™ T cells, resulting in a lifespan of about 72 h for these
complexes. Thus, the differential consumption of IL-2/mAb com-
plexes might explain their half-life and level of FcRn dependence.
This notion is further supported by the observation that the half-life
of IL-2/mAbcp,s complexes is significantly reduced in FcRn™~
mice, whereas the half-life of IL-2/mAbcp;,, complexes in FcRn™~
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Fig. 4. Prolonging half-life of IL-2 is not sufficient to mimic IL-2/mAbcp122
complexes. (A and C) CFSE-labeled Thy1.1* MP CD8* T cells were adoptively
transferred to WT mice. On days 1 and 3, host mice received injections of
PBS, rhiL-2, rhiL-2 plus MAB602 anti-hIL-2 mAbcp122, or chTNT-3/IL-2 hIL-2
fusion protein (IL-2-FP), as well as (C) IL-2-FP plus MAB602 anti-hIL-2
mMAbcp122 (IL-2-FP/mAbcp1,2). CFSE dilution of cells recovered from the host
spleen was analyzed by flow cytometry 6 days after adoptive transfer. His-
tograms shown are gated on Thy1.1* CD8* donor cells. Numbers indicate
percentage of divided cells. (B and D) WT mice received a single injection of
rhiL-2 (A, IL-2), rhiL-2 plus MAB602 anti-hIL-2 mAbcpq,, or IL-2-FP (both
displayed as @), as well as (D) IL-2-FP plus MAB602 anti-hIL-2 mAbcp1, (@,
IL-2-FP/mAbcp122). Blood samples were collected at the indicated time-
points, and serum was assayed for proliferation of CTLL-2 cells by measuring
incorporation of [*H]-thymidine. The data are representative of three dif-
ferent experiments, with each profile representing one of at least two mice.

mice remains largely unaffected. It should be noted that FcRn
become important for serum IgG half-life only after 24-36 h (27).
According to the literature, IL-2 homeostasis is believed to
depend on IL-2 production by T cells and IL-2 elimination by renal
metabolism. As mentioned above, IL-2 is mainly produced by
activated CD4" T cells, with a minor contribution by activated
CD8* cells, NK cells, NK T cells, and DCs that have been stimu-
lated by microbial stimuli (1, 2, 9). Accordingly, the vast majority of
IL-2 production in vivo will take place in the secondary lymphoid
organs, notably the lymph nodes, and will also be consumed there by
proliferating T cells. Hence, under normal conditions, it is unlikely
that IL-2 leaks out into the blood and is then eliminated by the
kidneys. Thus, normal IL-2 homeostasis might not depend largely
on renal elimination but more on absorption by CD25* cells. Evi-
dence for this idea is provided in this study where repeated i.p.
injections of IL-2 led to some proliferation of memory CD8* T cells,
which was further enhanced by concomitant CD25 blockade.
Other evidence for CD25 in IL-2 homeostasis comes from
studies using CD257/~ animals. CD25-deficient mice contain highly
elevated serum IL-2 levels (34, 35). This may be due to the presence
of strongly-activated T cells, but the majority of T cells in CD257/~
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Fig. 5. IL-2requires prolonged half-life and CD25 blockade to mimic the activity
of IL-2/mAbcp1, complexes. (A) CFSE-labeled Thy1.1* MP CD8* T cells were
adoptively transferred to WT mice. On days 1 and 3, host mice received injections
of PBS, rhiL-2, rhiL-2 plus MAB602 anti-hIL-2 mAbcpq2, or chTNT-3/IL-2 IL-2-FP.
Where indicated, mice also received daily injections of 200 ug of anti-CD25 mAb.
CFSE dilution and cell recovery of Thy1.1* CD8* donor cells in spleen was ana-
lyzed by flow cytometry 6 days after adoptive transfer. (B) CFSE-labeled Thy1.1*
MP CD8* T cells were adoptively transferred to WT mice. Host mice then received
a single injection of rhiL-2 or rhiL-2 plus MAB602 anti-hIL-2 mAbcp12,, or 12
injections of PBS or rhIL-2 every 2 h for 24 h. Where indicated, mice also received
daily injections of 200 pg anti-CD25 mAb. Host spleens were analyzed by flow
cytometry 3 days after adoptive transfer for CFSE dilution and cell recovery of
Thy1.1* CD8* donor cells. Numbers in A and B indicate percentage of divided
cells. The data are representative of three different experiments, with each
profile representing one of at least two mice.

mice are resting, slowly-proliferating cells. High serum IL-2 levels
in CD25~'~ mice might be due to alack of CD25* CD4™ Tregs, thus
leading to diminished utilization of IL-2. In line with this idea is the
observation that CD25* CD4* Tregs are able to deprive effector T
cells from cytokines (36), including IL-2, and that transfer of
purified CD25" CD4* Tregs to CD25~~ mice led to a reduction of
serum IL-2 levels (37). Apart from its presence on Tregs, CD25 on
other lymphocytes or on nonimmune cells might also play a role in
IL-2 homeostasis. In this context, we found significant CD25
expression on mouse nonimmune cells in vivo. Also, fibroblasts
have been reported to express CD25 (2, 38, 39). Interestingly,
injection of IL-2-FP plus anti-CD4 mAb with the aim of depleting
CD25% CD4* Tregs was not as efficient in stimulating memory
CD8™ T cells in vivo as IL-2-FP plus anti-CD25 mAb.

Finally, cytokines can also interact with components of the
extracellular matrix (ECM), most notably heparan sulfate pro-
teoglycans, which have been reported to bind various cytokines,
including IL-1a, IL-1B, IL-2, IL-3, IL-6, IL-7, GM-CSF, and TGF-
f1, in addition to chemokines and growth factors (40-44). Notably,
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Fig. 6. Long-acting IL-2 is equal to IL-2/mAbcp122 complexes in the absence
of CD25. CFSE-labeled Thy1.1* MP CD8* T cells were adoptively transferred
to CD25~'~ mice, which then received on the same day a single injection of
rhiL-2, rhIL-2 plus MAB602 anti-hIL-2 mAbcpi2, ¢hTNT-3/IL-2 IL-2-FP or 12
injections of PBS or rhiL-2 every 2 h for 24 h. CFSE dilution and cell recovery
of Thy1.1* CD8* donor cells from the host spleen was determined 3 days
after adoptive transfer. Numbers indicate percentage of divided cells. The
data are representative of three different experiments, with each profile
representing one of at least two mice.

anti-IL-2 mAbs might mediate some of their effects by influencing
the binding of IL-2 to the ECM.

Materials and Methods

Mice. C57BL/6 (referred to as WT) and CD25~~ mice, on a C57BL/6 background,
were obtained from Charles River and The Jackson Laboratory, respectively. IL-
7tg mice on a C57BL/6 background, which express the IL-7 transgene under the
control of the mouse MHC class Il Ea promoter (45), were a kind gift of Drs.
Daniela Finke (Center for Biomedicine, Basel, Switzerland) and Rod Ceredig
(National University of Ireland, Galway, Ireland) and were bred onto a Thy1.1-
congenic background. FcRI™~FcRy “FcRIIB~~ and FcRn™'~ were a kind gift of
Dr. Jeffrey Ravetch (The Rockefeller University, New York, NY) and Dr. Derry
Roopenian (The Jackson Laboratory, Bar Harbor, ME), respectively. All animals
were maintained under specific pathogen-free conditions and used at 6-8
weeks of age. Experiments were conducted in accordance to Swiss Federal
Veterinary Office guidelines and to National Institutes of Health guidelines
and were approved by the Cantonal Veterinary Office and the Institutional
Animal Care and Use Committee at The Scripps Research Institute.

Flow Cytometry. Cell suspensions of pooled LN (cervical, axillary, inguinal, and
mesenteric) or spleen were prepared according to standard protocols and
stained for flow cytometry analysis using PBS containing 4% FCS and 2.5mM
EDTA (46). The following mAbs were used: PE-conjugated anti-CD3 (145-
2C11, eBioscience), peridinin chlorophyll protein-cyanin 5.5-conjugated anti-
CD8a (53-6.7, BD Biosciences), and allophycocyanin (APC)-conjugated anti-
Thy1.1 (HIS51, eBioscience). Samples were acquired on a LSR Il (BD Bio-
sciences) and analyzed using FlowJo software (Tree Star).

Proliferation in Vivo. CD44"9" cD122"19" MP CD8* T cells were obtained from
pooled LN and spleen of IL-7 tg mice on a Thy1.1-congenic background.
CD4* T cells were obtained from pooled LN and spleen of WT mice on a
Thy1.1-congenic background. Isolation of CD8" and CD4* T cells was per-
formed using the EasySep CD8* and CD4* T cell enrichment kit (Stem Cell
Technologies), respectively, yielding routinely purities of >95%. Enriched MP
CD8* T cells or CD4* T cell were injected i.v. at 2-3 x 10° cells/mouse.

Administration of Cytokines, Antibodies, and Fusion Proteins in Vivo. Unless
otherwise stated, mice received i.p. injections of 1.5 ug IL-2 or a mixture of 1.5 ug
IL-2 plus 15 pg anti-IL-2 mAb. Recombinant mouse IL-2 (rmlIL-2) was obtained
from eBioscience. S4B6 anti-mIL-2 mAbcpqy, Was generated from culture
supernatants of the S4B6.1 hybridoma and purified from either culture super-
natant or ascites fluid on protein G column. F(ab’), fragments of S4B6 were
prepared as previously described (8). JES6-1A12 anti-mIL-2 mAbcpys was
obtained from eBioscience. Recombinant human IL-2 (rhIL-2) and MAB602
(clone 5355) anti-hIL-2 mAbcpq,> were purchased from R&D Systems. 5344
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(clone 5344.111) anti-hIL-2 mAbp,5 was obtained from BD Biosciences. Where
indicated, mice also received daily i.p. injections of 200 pg anti-CD25 (PC61,
Bioexpress), anti-CD8 (YTS169, Bioexpress) and/or anti-NK1.1 mAb (PK136,
Bioexpress). The hiL-2 fusion protein IL-2-FP (chTNT-3/IL-2) was a kind gift of Dr.
Alan L. Epstein (University of Southern California, Los Angeles, CA) (33). Mice
received i.p. injections of 15 ug IL-2-FP or a mixture of 15 pg IL-2-FP plus 15 pg
anti-IL-2 mAb, where 15 pg of IL-2-FP equaled the proliferative capacity of 1.5 pg
rhiL-2 as measured on CTLL-2 cells (ATCC) in vitro. All anti-IL-2 mAbs were
incubated with IL-2 or IL-2-FP for 15 min at room temperature before injection.

Proliferation ex Vivo. CTLL-2 cells were seeded at 5 x 10* cells/well in a 96-well
plate, and 10 pL of mouse serum or control was added to each well. Cells were
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cultured under standard conditions (37 °C, 5% CO,) for 48 h. [3H]—thymidine
was added for the last 24 h and cell proliferation was measured using [*H]-
thymidine incorporation on a liquid scintillation counter (Beckman).

ACKNOWLEDGMENTS. We thank Dr. A. Epstein for providing IL-2-FP,
Drs. D. Finke and R. Ceredig for providing IL-7 tg mice, Drs. J. Ravetch, D.
Roopenian, A. Shaw, and S. Akilesh (both from the Washington University
School of Medicine, St. Louis, MO) for providing FcR™~ mice, the animal
caretakers of the University Hospital of Lausanne for their technical help,
and the National Cancer Institute’s Biological Resources Branch for providing
hIL-2. This work was supported by the Swiss National Science Foundation
Grant 320000-118471 (to O.B.).

24. Phelan JD, Orekov T, Finkelman FD (2008) Cutting edge: Mechanism of enhancement of
in vivo cytokine effects by anti-cytokine monoclonal antibodies. J Immunol 180:44-48.

25. Kamimura D, Bevan MJ (2007) Naive CD8+ T cells differentiate into protective memory-
like cells after IL-2 anti IL-2 complex treatment in vivo. J Exp Med 204:1803-1812.

26. Barnes N, et al. (2002) FcgammaRlI-deficient mice show multiple alterations to
inflammatory and immune responses. Immunity 16:379-389.

27. Roopenian DC, et al. (2003) The MHC class I-like IgG receptor controls perinatal IgG
transport, IgG homeostasis, and fate of IgG-Fc-coupled drugs. J Immunol 170:3528-3533.

28. Boyman O, Cho JH, Tan JT, Surh CD, Sprent J (2006) A major histocompatibility complex
class I-dependent subset of memory phenotype CD8+ cells. J Exp Med 203:1817-1825.

29. Kieper WG, et al. (2002) Overexpression of interleukin (IL)-7 leads to IL-15-independent
generation of memory phenotype CD8+ T cells. J Exp Med 195:1533-1539.

30. Roopenian DC, Akilesh S (2007) FcRn: The neonatal Fc receptor comes of age. Nat Rev

Immunol 7:715-725.

. Iwahashi T, et al. (1993) Specific targeting and killing activities of anti-P-glycoprotein
monoclonal antibody MRK16 directed against intrinsically multidrug-resistant human
colorectal carcinoma cell lines in the nude mouse model. Cancer Res 53:5475-5482.

32. Buist MR, et al. (1993) Kinetics and tissue distribution of the radiolabeled chimeric
monoclonal antibody MOv18 IgG and F(ab’)2 fragments in ovarian carcinoma
patients. Cancer Res 53:5413-5418.

33. Hornick JL, et al. (1999) Pretreatment with a monoclonal antibody/interleukin-2
fusion protein directed against DNA enhances the delivery of therapeutic molecules
to solid tumors. Clin Cancer Res 5:51-60.

34. TsunobuchiH, et al. (2000) Memory-type CD8+ T cells protect IL-2 receptor alpha-deficient
mice from systemic infection with herpes simplex virus type 2. J Immunol 165:4552-4560.

35. Wakabayashi K, et al. (2006) IL-2 receptor alpha(—/-) mice and the development of
primary biliary cirrhosis. Hepatology 44:1240-1249.

36. Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ (2007) CD4+CD25+Foxp3+
regulatory T cells induce cytokine deprivation-mediated apoptosis of effector CD4+ T
cells. Nat Immunol 8:1353-1362.

37. Sharma R, et al. (2007) A regulatory T cell-dependent novel function of CD25 (IL-
2Ralpha) controlling memory CD8(+) T cell homeostasis. J/ Immunol 178:1251-1255.

38. Plaisance S, et al. (1993) The IL-2 receptor present on human embryonic fibroblasts is
functional in the absence of P64/IL-2R gamma chain. Int Immunol 5:843-848.

39. Gruss HJ, Scott C, Rollins BJ, Brach MA, Herrmann F (1996) Human fibroblasts express
functional IL-2 receptors formed by the IL-2R alpha- and beta-chain subunits:
association of IL-2 binding with secretion of the monocyte chemoattractant protein-1.
J Immunol 157:851-857.

40. Parish CR (2006) The role of heparan sulphate in inflammation. Nat RevImmunol 6:633-643.

41. Gordon MY, Riley GP, Watt SM, Greaves MF (1987) Compartmentalization of a
haematopoietic growth factor (GM-CSF) by glycosaminoglycans in the bone marrow
microenvironment. Nature 326:403-405.

42. Ramsden L, Rider CC (1992) Selective and differential binding of interleukin (IL)-1
alpha, IL-1 beta, IL-2 and IL-6 to glycosaminoglycans. Eur J Immunol 22:3027-3031.

43. Clarke D, Katoh O, Gibbs RV, Griffiths SD, Gordon MY (1995) Interaction of interleukin 7
(IL-7) with glycosaminoglycans and its biological relevance. Cytokine 7:325-330.

44. Borghesi LA, Yamashita Y, Kincade PW (1999) Heparan sulfate proteoglycans mediate
interleukin-7-dependent B lymphopoiesis. Blood 93:140-148.

45. Mertsching E, Burdet C, Ceredig R (1995) IL-7 transgenic mice: Analysis of the role of
IL-7 in the differentiation of thymocytes in vivo and in vitro. Int Inmunol 7:401-414.

46. Krieg C, Boyman O, Fu YX, Kaye J (2007) B and T lymphocyte attenuator regulates CD8+
T cell-intrinsic homeostasis and memory cell generation. Nat Immunol 8:162-171.

3

=

Létourneau et al.


www.pnas.org/cgi/doi/10.1073/pnas.0909384107

