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Responses of regulatory and
effector T-cells to low-dose
interleukin-2 differ depending
on the iImmune environment
after allogeneic stem

cell transplantation

Yusuke Meguri, Takeru Asano, Takanori Yoshioka,
Miki lIwamoto, Shuntaro |kegawa, Hiroyuki Sugiura,
Yuriko Kishi, Makoto Nakamura, Yasuhisa Sando,
Takumi Kondo, Yuichi Sumii, Yoshinobu Maeda
and Ken-ichi Matsuoka ®*

Department of Hematology and Oncology, Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, Okayama, Japan

CD4"Foxp3* regulatory T cells (Tregs) play a central role in the maintenance of
immune tolerance after allogeneic hematopoietic stem cell transplantation
(HSCT). Tregs promptly respond to low concentrations of IL-2 through the
constitutive expression of high-affinity IL-2 receptors. It has been reported that
low-dose IL-2 therapy increased circulating Tregs and improved clinical
symptoms of chronic GVHD. Clinical studies of IL-2 therapy so far have
mainly targeted patients in the chronic phase of transplantation when acute
immune responses has subsided. However, the biological and clinical effects of
exogenous IL-2 in an acute immune environment have not been well
investigated. In the current study, we investigated the impact of exogenous
IL-2 therapy on the post-transplant homeostasis of T cell subsets which
influence the balance between GVHD and GVL in the acute phase, by setting
the various immune environments early after HSCT in murine model. We
initially found that 5,000 IU of IL-2 was enough to induce the active
proliferation of Treg without influencing other conventional T cells (Tcons)
when administered to normal mice. However, activated Tcons showed the
response to the same dose of IL-2 in recipients after allogeneic HSCT. In a mild
inflammatory environment within a threshold, exogenous IL-2 could effectively
modulate Treg homeostasis with just limited influence to activated T cells,
which resulted in an efficient GVHD suppression. In contrast, in a severely
inflammatory environment, exogenous IL-2 enhanced activated T cells rather
than Tregs, which resulted in the exacerbation of GVHD. Of interest, in an
immune-tolerant state after transplant, exogenous IL-2 triggered effector T-
cells to exert an anti-tumor effect with maintaining GVHD suppression. These
data suggested that the responses of Tregs and effector T cells to exogenous
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IL-2 differ depending on the immune environment in the host, and the mutual
balance of the response to IL-2 between T-cell subsets modulates GVHD and
GVL after HSCT. Our findings may provide useful information in the
optimization of IL-2 therapy, which may be personalized for each patient
having different immune status.

KEYWORDS

regulatory T cell, low-dose interleukin-2 therapy, graft-versus-host disease, graft-
versus-leukemia effect, transplantation tolerance

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT)
cures hematological malignancies, however, graft-versus-host
disease (GVHD) induced by allo-reactive donor T cells
remains to be a major cause of morbidity after HSCT. On the
other hand, allogeneic immune reaction also provides
the beneficial graft-versus-leukemia (GVL) effects, therefore
the preferential suppression of GVHD without sacrificing the
GVL activity is an important goal for HSCT.

Regulatory T cells (Tregs) are critical to self-tolerance (1-4).
In inflammatory microenvironments, activated effector T cells
produce IL-2 which supports the further expansion of activated
effector T cells in a positive feedback loop. Tregs promptly
respond to secreted IL-2 through the constitutive expression of
high-affinity IL-2 receptors, and inhibit effector T cells and
suppress inflammation.

In the context of allogeneic HSCT, Tregs play a central role
in controlling GVHD and inducing immune tolerance. Initial
studies demonstrated that adoptively transferred Tregs
prevented GVHD in mice (5, 6), and, of note, Tregs preserved
the GVL activity while inhibiting GVHD (7). Interestingly, it was
shown that CD62L" or CCR7" Tregs are more potent to
suppress GVHD than CD62" or CCR7  counterparts
presumably due to facilitating Treg to entering into the lymph
nodes as priming sites of GVHD (8-10).

From the point of view of the separation of GVHD and
GVL, murine and clinical studies have suggested that
Interleukin-2 (IL-2) therapy has the potential to
appropriately regulate post-transplant immunity (11-17). IL-
2 is an essential cytokine to differentiate and maintain Tregs
(18, 19). In 1990s, murine studies and clinical trials suggested
that IL-2 therapy after autologous HSCT or T-cell depleted
allogeneic HSCT could modulate GVHD without reducing the
GVL activity (11-15). Based on these findings, a phase 1 trial of
administering low-dose IL-2 daily in patients with steroid-
refractory chronic GVHD was conducted (16). In the clinical
trial, 12 patients of the evaluable 23 patients had a major
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response to chronic GVHD symptoms, and the number of
Tregs was preferentially increased in all patients (16).
Biological analyses revealed that low-dose IL-2 induces the
selective increase of STAT5 phosphorylation in Tregs and
changes in Treg homeostasis, including increased
proliferation, increased thymic export, and enhanced
resistance to apoptosis (17). We also demonstrated that the
expression of programmed cell death 1 (PD-1) has a crucial
role in modulating Treg homeostasis during low-dose IL-2
therapy (20, 21).

Under homeostatic conditions, Tregs constitutively express
CD25 but not T conventional cells (Tcons). Therefore, low-dose
IL-2 will selectively promote Treg proliferation. In contrast,
under inflammatory conditions Tcons will also express CD25
and consequently, the effect of low-dose IL-2 could not only
induce Treg expansion but also Tcons. Thus, in a context of allo-
HSCT, administration of low-dose IL-2 after transplant could
induce proliferation of both cell populations. Previous studies
have shown the effect of low dose IL-2 on increasing the Treg
levels mainly in the chronic phase after HSCT (16, 17, 20, 22—
24). In the chronic phase after HSCT, the acute inflammatory
environment is settling down and Tcons often have reduced
expression of CD25. This allows IL-2 administration therapy to
selectively stimulate Tregs that constitutively express CD25,
without stimulating other conventional T cells (17, 25). On the
other hand, the impact of IL-2 administration very early after
HSCT has not been well studied. In the acute phase post-
transplant, the host immune environment is often significantly
affected by acute allogeneic responses and CD25 can be
expressed on activated effector T cells as well as Tregs. Since
not only Tregs but also activated alloreactive effector T cells can
respond to exogenous IL-2 therapy in the acute phase early after
HSCT, more complicated environmental factors can influence
the in vivo effects of low-dose IL-2 therapy.

Here we have investigated the impact of low-dose IL-2
therapy on T cell subsets and on the balance between GVHD
and GVL in the acute immune environment by using the murine
BMT model.
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Results

Low-dose IL-2 selectively stimulates
Tregs both in human and mouse in the
steady-state

Murine and human Tregs were defined as
CD4'CD25M8"Foxp3* and CD4'CD25M8"CD127"°% cells,
respectively (Figure 1A). The levels of STAT5 phosphorylation in
each CD8" T, CD4" Tcons and Treg subset after in vitro or in vivo
exposure with various concentrations of IL-2 was assessed by flow
cytometry. As shown in the top panels of Figures 1B, C, high
concentrations of IL-2 induced STAT5 phosphorylation in all
murine T cell subsets, but lower concentrations of IL-2 induced
STATS phosphorylation only in Tregs. Similar results were obtained
in human lymphocytes (the middle panels of Figures 1B, C). We also
showed that single injection of 5,000 IU of IL-2 into normal C57BL/6
(B6) mice optimally induced STAT5 phosphorylation selectively in
Tregs, but not in Tcons and CD8 T cells (the bottom panels of
Figures 1B, C).

Then, we treated mice by daily administration of various
doses of IL-2 for 7 days, and assessed the cell proliferation by the
expression of Ki-67 in each T cell subset. The results showed that
5,000 IU of IL-2 is enough to induce the active proliferation of
Treg without influencing other CD8" T cells and CD4 Tcons
(Figure 1D). To assess whether the proliferated Tregs could
maintain their suppressive activity, we performed in vitro
suppression assay and confirmed that Tregs from IL2-treated
mice maintained the equivalent suppressive function as
compared to Tregs from control mice (Figures 1E, F). These
results suggest that this dose of IL-2 could be appropriate for
Treg-oriented immune therapy models those are relevant to
clinical low-dose IL-2 therapy.

Effect of low-dose IL-2 on in-vivo
proliferation of T cell subsets

To evaluate the effects of exogenous IL-2 on T cell subsets
homeostasis in vivo in each syngeneic or allogeneic
environment, we next performed the adoptive transfer
experiments. We stained CD45.17 B6 spleen cells with cell
trace violet-dye and adoptively transferred them into
irradiated CD45.2" B6 syngeneic recipient mice or irradiated
B6D2F1 allogeneic recipient mice. Thereafter, we administrated
5000 IU of IL-2 or vehicle once a day for 5 days and assessed the
cell proliferation of donor-type CD8 T cells, Tcons and Tregs by
the dilution of violet dye. Expression levels of CD62L on each
subset were also examined.

The syngeneic transfer experiment showed that the short-
term administration of IL-2 had initiated selective Treg
increase (Figures 2A, C). Highly proliferated Tregs after IL-2
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treatment maintained significantly more proportions of
CD62L" cells than vehicle-treated group (Figure 2C upper
panel). CD8 T cells and Tcons did not show any difference
between vehicle and IL-2 treated groups. These data suggest
that the effects of low-dose IL-2 therapy on cell proliferation
and CD62L expression in Treg is clearly distinct to other CD8
T cells and Tcons.

In contrast, the allogeneic transfer experiment showed that
all T cell subsets, including Treg, aggressively proliferated and
lost CD62L expression in both vehicle- or IL-2-treated groups.

Effect of low-dose IL-2 on T cell
activation and proliferation in the
allogeneic system

To evaluate the effect of low-dose IL-2 on the outcome of
allogeneic HSCT, we established the murine model, which reflects
clinical low-dose IL-2 therapy for patients with GVHD. Spleen cells
from CD45.1" B6 mice together with T-cell-depleted bone marrow
(TCD-BM) from CD45.2" B6 mice were transplanted to lethally
irradiated B6D2F1 recipient mice and low-dose IL-2 were
administrated once a day from day5 to day20 (Figure 3A).
Chimerism and cell activation of each T cell subset in spleen was
evaluated weekly for the first month after BMT.

First, we checked the chimerism of each T cell subset in the
experimental HSCT system. The data demonstrated that most of
T cells in the first 3 weeks after BMT were derived from mature
T cells involved in the donor graft. Thereafter, the graft-derived
cells were replaced by bone marrow derived cells after 4 weeks of
BMT (Figure 3B).

Then we examined the body weight, clinical GVHD score, and
CD25 expression on CD8 T cells and Tcons (Figure 3C,
Supplemental Figure S3). CD25 is the IL-2 receptor alpha and
reflects cell activation. GVHD score peaked at week 1 with body
weight loss, and then gradually recovered until week 3. The
expression of CD25 on CD8 T cells and Tcons was increased
during weeks 1 and 2, and decreased thereafter. These results
suggest that the first 3 weeks, when the majority of each T cell
subset is derived from graft cells, could be further subdivided into 2
phases; the phase of acute immune responses in the early after
transplantation (week 1 to 2, painted by deep orange) and the
following phase of recovering from the aggressive immune
environment (week 2 to 3, painted by light orange) (Figures 3B,
C). To assess cell activation and proliferation of CD8 T cells and
Tcons by IL-2 treatment immediately after transplant, we
administered 5000 IU IL-2 for 7 days from the day of BMT
(Figures 3D, E). When 0.5 million allogeneic spleen cells were
transplanted and 5000 IU of IL-2 was daily administered to the
recipients, IL-2 did not increase CD25 expression on CD8 T cells
and Tcons (Figures 3D, E). In contrast, when 5 million allogeneic
spleen cells were transplanted and IL-2 was daily administered, IL-2
significantly increased CD25 expression on these cells (Figures 3D,
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FIGURE 1
Low-dose IL-2 selectively stimulates Tregs both in human and mouse in the steady-state. (A) Representative lymphocyte gates for identification
of CD4 and CD8 T cell subsets in mouse and human. Within the CD4 T cell gate in murine cells, Tregs are identified as CD4"CD25*Foxp3* cells
and Tcons are identified as CD4*CD25 Foxp3~ cells. Within the CD4 T cell gate in human cells, Tregs are identified as CD4*CD25"9"CD127'°%
cells and Tcons are identified as CD4*CD25'°CD127"9" cells. (B) Representative histograms of STAT5 phosphorylation and (C) mean
fluorescence intensity of phosphorylated STAT5 in CD8 T cells (green), Tcons (blue), and Tregs (red), and from isotype control against CD4 T
cells (black). Red shades indicate the dosage of low-dose IL-2 in each graph. For in vitro stimulation, wild type C57BL/6 mouse spleen cells and
human peripheral blood mononuclear cells were stimulated with various concentrations of IL-2 for 30 minutes in vitro. For in vivo stimulation,
wild type C57BL/6 mice received single doses of recombinant IL-2 and spleen cells were harvested after 30 minutes. The level of intracellular
pSTATS was determined by flow cytometry. (D) Wild type C57BL/6 mice received 50, 500 and 5000 U of recombinant IL-2 once daily for 7
days and spleen cells were analyzed assessed Ki-67 expressions in CD8 T cells, Tcons and Tregs. (E, F) In vitro Treg suppression assay. Tcons
labeled with CellTrace™ Violet were cultured with Tregs isolated from mice treated with vehicle or 5000 IU of IL-2 in the presence of antiCD3
antibody stimulation for 3 days. (E) Percentage of divided Tcons at various Tcon : Treg cell ratios. Responder Tcons (1x10° per each well) were
cultured with various numbers of suppressor Tregs. n = 3 mice per group per experiment. *p <0.05**, p <0.005. (F) Representative flow
cytometry histograms measuring Tcon proliferation in the presence or absence of Tregs. Data are representative of at least two independent
experiments (A=F). ns, not significant.
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FIGURE 2

Effect of Low-dose IL-2 on in-vivo proliferation and CD62L expression of T cells. Spleen cells of B6 mice or B6D2F1 mice stained with
CellTrace™Violet, were transplanted into irradiated (10 Gy) B6 recipient mice and recipient mice were treated with IL-2 for 5 days. (n=5) (A, B)
Representative figures of the expression of CD62L and the dilution of CellTrace™Violet in CD8 T cells, CD4* Tcons and CD4*CD25"Foxp3*Tregs.
(A) shows syngeneic settings, in which setting, spleen cells of B6 mice were transplanted and (B) shows allogeneic settings, in which setting spleen
cells of B6D2F1 mice were transplanted. Cells were grouped into 3 populations; those are NP (; no-proliferating cells), LP (; Low proliferating cells)
and HP (; High proliferating cells). Cells in NP are those did not divide. Cells in LP are those divided 2 to 5 times. Cells in HP are those divided more
than 6 times. (C) Bars show mean percent +/- SEM of NP, LP and HP cells of each T cell subset. ***p <0.005. Blue means the CD62L" naive subset
and red means the CD62L" effector subset, respectively. Data shows the representative result from two individual experiments.
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Effect of Low-dose IL-2 on T cell activation and proliferation in the allogeneic system. (A-C) Lethally irradiated (10 Gy) B6D2F1 mice received
5x10° CD45.2* TCD-BM and 5x10° CD45.1* spleen cells from B6 donor mice. Post-transplant treatments with IL-2 or vehicle were not
administrated in this experiment. (A) Representative figures of chimerism analysis at week 1 and 3 are shown. Graft-derived cells, BM-derived
cells and host-residual cells were defined as CD45.1"H-2Kd", CD45.1"H-2Kd™ and CD45.1 H-2Kd*, respectively. (B) % Host- (closed triangle),
graft- (closed square) or BM- (open circle) derived cells of CD8 T cells, Tcons and Tregs from week 1 to 5 are shown. Bar graphs are means +/-
SEM. (C) Body weight, clinical GVHD score, MFI of CD25 expression of CD8 T cells and Tcons from week 0 to week 4 after transplantation. Thin
and thick orange shade indicates the two different phases of clinical GVHD. The dash line represents the baseline at week 0. (D, E) Lethally
irradiated B6D2F1 recipient mice were transplanted 5x10° or 5x10° spleen cells and 5.0x10° TCD-BM from donor B6. Recipients were treated
with 5000 IU IL-2 for 7 days and CD25 expressions of each lymphocyte were examined. (D) Representative figures of CD25 expressions on CD8
T cells, Tcons and Tregs. (E) Bars show mean % CD25 expression +/- SEM are shown. *p < 0.05, **p < 0.005. (F) 50, 500 and 5000 IU of IL-2 or
vehicle were administered subcutaneously into recipient mice after BMT for 7 days and assessed Ki-67 expressions in CD8 T cells, Tcons and
Tregs. Bars show mean MF| of Ki-67 +/- SEM. *p < 0.05, **p < 0.005. ns, not significant.
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E). However, IL-2 treatment with further reduced doses did not
promote cell proliferation of CD8 T cells and Tcons even after the
transplantation of 5 million allogeneic spleen cells (Figure 3F). On
the other hand, Tregs showed very active proliferation in the acute
phase after HSCT even without IL-2 therapy (Figure 3F). These data
demonstrated that IL-2 administration within the first week
immediately following HSCT may enhance the activity of CD8 T
cells and Tcon without affecting Treg homeostasis, thus suggesting
it could have the opposite effect on tolerance induction.

Effect of low-dose IL-2on T
cell differentiation status in the
allogeneic system

Based on the above findings, we scheduled 5000 IU IL-2
administration in this experiment from Day 5 (week 1) to Day 20
(week 3), avoiding the 4 days immediately following BMT. First,
to assess the homeostasis of T cell subsets through the first 3
weeks after allogeneic transplant, we evaluated the expression of
differentiation markers, inhibitory co-stimulating molecules,
and chemokine receptors (Figures 4A-D). Lethally irradiated
B6D2F1 mice were transplanted with CD45.1% 5 x 10° spleen
cells and 5 x 10° TCD-BM from B6 mice, treated with vehicle or
IL-2 from day5, and sacrificed at day 14 (week 2) and day 21
(week 3) for analyses. Our data demonstrated that CD8 T cells
and Tcons sharply expanded with CD44"CD62L" effector/
memory phenotype in IL2-treated mice at day 14 (Figures 4B,
Supplemental Figure S2). However, the extended IL-2
administration resulted in the contraction of these effector T
cells at day 21 (week 3). In contrast, Tregs expanded with CD44"
CD62L" naive- or CD44"CD62L" central/memory-phenotypes
in IL2-treated mice at day 21 (Figures 4A, B).

We quantified the expression of co-stimulatory molecules as
well as migration markers on Tregs at week 3 (Figure 4C). Of these,
CTLA-4 (mean fluorescence intensity 6.61 vs 9.92, p < 0.001), LAG-
3 (1.73 vs 2.17, p = 0.04), and ICOS (2.41 vs 3.84, p < 0.001) were
up-regulated with IL-2 therapy, although the expression of
chemokine receptor CCR4 and CCR7 did not change. We also
quantified the expression of them on Tcons and CD8 T cells. GITR
(12.5 vs 18.7, p = 0.02) on Tcons was up-regulated with IL-2
therapy, which was not up-regulated on Tregs. LAG-3 on CD8 T
cells (4.01 vs 5.30, p = 0.02) was also up-regulated, as it on Tregs.

IL-2 therapy provides different effects
depending on the immune environment
when it is administered

To assess the clinical effect of low-dose IL-2 therapy, we treated
the lethal GVHD preclinical model, in which model B6D2F1 mice
were lethally irradiated and transplanted with 5 million spleen cells
and 5 million bone marrow cells from B6 mice and then 5000 IU of
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IL-2 was administered day 5 to day20 (Figure 5A). CD4 " Foxp3*
Tregs, measured as % of all CD4" T cells, were more abundant at
day 21 in animals treated with IL-2 (Figure 5B). To compare the
clinical impact of IL-2 therapy in the different inflammatory
conditions after BMT, two different irradiation settings (10 Gy
and 13 Gy) were prepared. Recipients irradiated with 13 Gy showed
the significantly shorter survival with the higher GVHD score than
those irradiated 10 Gy in both vehicle treated and IL-2 treated
groups. When recipient mice were irradiated 10 Gy, survival was
significantly longer in mice treated with IL-2 than in mice treated
with vehicle (Figure 5C). The latter developed severe GVHD with
significantly higher clinical scores than IL-2-treated recipients from
day 35 and thereafter (Figure 5D). In contrast, when recipient mice
were irradiated 13 Gy, the early developed GVHD showed higher
mortality with more severe GVHD scores in IL-2 treated recipients
than vehicle treated recipients (Figures 5C, D). The representative
pathological findings comparing between these arms at week 5 are
observed in liver histology (Figure 5E). In 10 Gy setting, more
infiltration of lymphocytes and neutrophils were observed in
vehicle-treated mice than IL-2-treated mice. In 13 Gy setting, the
cell infiltration was observed in both groups but larger necrotic foci
and bile duct injury were observed in IL-2-treated mice. These
suggest that IL-2 may provide opposite effects depending on the
immune environment when it is administered. IL-2 therapy
ameliorates clinical GVHD in the mild inflammatory state but it
may even exacerbate GVHD in the intense inflammatory state.

IL-2 therapy ameliorates clinical GVHD
without sacrificing the GVL activity in the
mild inflammatory state

To assess the clinical effect of IL-2 therapy for recipients with
active tumor, recipient B6D2F1 mice were irradiated with 10 Gy,
and transplanted with 5 x 10° spleen cells and 5 x 10° TCD-BM
from B6 (syngeneic) or B6D2F1 (allogeneic) mice, along with 2.5 x
10* P815 (H-2Kd) cells expressing luciferase (Figure 6A). IL-2 or
control vehicle were then administered from day 5 to day 20, and
monitored body weight, clinical GVHD score, and survival. Tumor
burden in each mouse was also quantified weekly by
bioluminescence imaging as described in Methods.

All syngeneic group mice died by tumor before week 4 and
allogeneic transplanted mice survived significantly longer
(Figure 6B). Bioluminescence imaging study demonstrated that
syngeneic group mice had high tumor burden at week 2 while
allogeneic group mice appeared to clear tumor cells (Figures 6E, F).
Density of photons was equivalent between IL2-treated allo-
recipients and control allo-recipients, suggesting IL-2 therapy did
not sacrifice the GVL activity. Allogeneic transplanted mice treated
with IL-2 had significantly lower GVHD scores and better recovery
of body weight than those with treated with control vehicle
(Figures 6C, D, G).
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IL-2 therapy provides different effects depending on the immune environment when it is administered. (A-D) Lethally irradiated (10 Gy) B6D2F1
mice were transplanted with 5 x 10° spleen cells and 5 x 10° bone marrow cells from donor B6 mice, and vehicle or 5000 IU of IL-2 were
subcutaneously administrated once per day for 15 days. Spleen cells were analyzed at week2 and week3 after transplantation. (A) Representative
figures to identify CD44'°VCD62L"" naive (N), CD44"I"CD62LMI" central-memory (CM), and CD44"M9"CD62L'Y effector-memory (EM) subsets
within CD8 T cells, Tcons, and Tregs at week 3. Upper and lower panels are representative of mice treated with vehicle and IL-2, respectively.
(B) Absolute number of naive, central-memory, and effector-memory subsets in CD8 T cells, Tcons, and Tregs in mice treated with vehicle
(blue) or IL-2 (red). Thin and thick blue shade indicates the two different phases based on Figure 3C. Data shows mean +/- SEM. *, p < 0.05; **,
p < 0.005 vs. vehicle. (C-E) Representative histograms and mean fluorescence intensity of PD-1, CTLA-4, LAG-3, ICOS, Tim-3, GITR, Tim-3,
CCR4 and CCR7 expression in (C) Tregs, (D) Tcons and (E) CD8 T cells following treatment with control vehicle or IL-2 at week 3. Data are

mean + SEM. *, p < 0.05; **, p < 005; ***, p < 0.0005.
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FIGURE 5

IL-2 has different clinical impact on GVHD by the conditioning of the transplantation. (A) Lethally irradiated (10 Gy or 13 Gy) B6D2F1 mice
received 5 x 10° TCD-BM and 5 x 10° spleen cells from B6 donor mice. Vehicle or 5000 U IL-2 was subcutaneously administrated once per
day from day 5 to day 20. (B) Percentages of Tregs at week 3 after transplantation are shown. Dot plots are average + SEM. *, p < 0.05. (C)
Survival rates. *, p < 0.05; **, p < 0.005. (D) Clinical GVHD scores. *, p < 0.05; ***, p < 0.0005. (E) The representative pathological findings in
liver histology at week 5 are shown. The necrotic foci are pointed with arrows.

IL-2 therapy enhances the GVL activity transplant setting with reduced splenocytes (1x10°) and

without causing clinical GVHD in the increased tumor cells (1x10°), because this experimental

immune-tolerant state setting minimizes the impact of GVHD on survival and can

focus primarily on the GVL activity (Figure 7A). In fact, in this

To evaluate the impact of IL-2 on the GVL activity more transplant setting, recipient mice did not show the significant

precisely, we tested the anti-tumor effect in less inflammatory features of clinical or pathological signs of GVHD, irrespective of
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IL-2 therapy ameliorates clinical GVHD without sacrificing the GVL activity in the mild inflammatory state. (A) Lethally irradiated (10 Gy) B6D2F1
mice received 5 x 10° TCD-BM and 5 x 10° spleen cells from B6 donor mice, together with or without 2.5 x 10% luciferase* P815 tumor cells.
Vehicle or 5000 IU IL-2 were subcutaneously administrated once per day from day 5 to day 20. (B—E) Survival rates, body weight, clinical GVHD
scores and bioluminescence after transplant were shown. Mean +/- SEM of *, p < 0.05; ***, p < 0.0005. (F) Bioluminescent signals of P815
tumors in 4 experimental groups are shown. (G) Appearance and skin pathology at week 5 in representative mice treated with vehicle and IL-2

IL-2 treatment (Figures 7C, D, G). Bioluminescence imaging
study demonstrated that most of IL2-treated allo-recipients
appeared to clear tumor cells while half of control allo-
recipients still bore tumor cells at week 3 (Figures 7F, G).
Density of photons was significantly lower in IL2-treated allo-
recipients than in control allo-recipients (Figure 7E). These data
indicate that IL-2 therapy may enhance the GVL activity without
exacerbating GVHD in the immune-tolerant state.
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Discussion

Tregs promptly respond to low concentrations of IL-2 through
the constitutive expression of high-affinity IL-2 receptors. In
contrast, conventional T cells (Tcons) do not express CD25 in
the steady-state, however, they also express CD25 after activation
and become responsive to endogenous and exogenous IL-2 in the
inflammatory environment. The experimental and clinical studies
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IL-2 therapy enhances the GVL activity without causing clinical GVHD in the immune-tolerant state. (A) Lethally irradiated (10 Gy) B6D2F1 mice received
5 x 10° TCD-BM and 1 x 10° spleen cells from B6 donor mice, together with or without 1 x 10° luciferase® P815 tumor cells. Vehicle or 5000 IU IL-2
were subcutaneously administrated once per day from day 5 to day 20. (B—E) Survival rates, body weight, clinical GVHD scores and bioluminescence
after transplant were shown. Mean +/- SEM of *, p < 0.05 (F) Representative bioluminescence images of P815 tumors are shown. (G) Liver and skin
pathology at week 3 in mice treated with vehicle and IL-2 are shown. Yellow dot circles indicate tumor occupying lesions.

of IL-2 therapy so far have mainly targeted normal mice in a steady-
state or patients in the chronic phase of transplantation, and
therefore the effects of exogenous IL-2 on the acute phase when
acute immune responses are ongoing have not been fully
investigated. In the current study, we demonstrated that the
balance between responses of Tregs and effector T cells to
exogenous IL-2 differ according to the activity of the immune
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state in the host. The biological effects of exogenous IL-2 on each T
subsets modulate GVHD and GVL in recipients after HSCT. Our
results may provide useful information in the optimization of IL-2
therapy, which may be personalized for each patient having
different immune status.

First, we performed the titration of IL-2 dosage to find the
suitable dose that selectively activates Tregs but not CD8 T cells
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or Tcons (Figure 1). In both murine and human lymphocytes,
we confirmed that a high dose of IL-2 stimulated not only Tregs
but also other conventional T cells, in contrast, lower doses of
IL-2 could stimulate Tregs selectively (Figures 1B, C). By
administering different doses of IL-2 to mice in the steady-
state, we checked the effect of IL-2 less than 5000 IU on cell
proliferation and found 5000 IU was appropriate (Figure 1D). In
vivo IL-2-expanded Treg showed the equivalent potential to
suppress effector T cells in vitro (Figures 1E, F).

Next, to consider the impact of the immune environment of
recipients on cell proliferation after 5000 IU IL-2 administration,
we performed the adoptive transfer experiment (Figure 2).
When lymphocytes were transferred to syngeneic recipients
followed by IL-2 administration, IL-2 promoted Treg
proliferation as compared to vehicle treatment. In contrast,
when lymphocytes were transferred to allogeneic recipients
followed by IL-2 administration, the benefit of IL2
administration was abrogated when administered to mice with
intense allogeneic stimulation. This clearly indicated that not
only the dosage of IL-2 but also the in vivo immune environment
of the recipient when IL-2 was administered is important to
obtain the expected immune response by IL-2 therapy.

Then, considering the case that IL-2 is administered to
recipients under the intense allogeneic environment, we
investigated changes in the clinical and immune status of
recipients in the acute phase after allogeneic HSCT
(Figures 3A-C). In the first week, each T cell subset including
Treg contained the host-derived residual population and those
disappeared in week 2 (Figures 3B, Supplemental Figure SI).
Main compartments of each lymphocyte were derived from
mature cells in the graft during the first 3 weeks, and newly-
differentiated lymphocytes from bone marrow emerged from
week 4 (Figure 3B). During the period, clinical GVHD severity
and effector T activation was peaked 1 week after HSCT and
contracted thereafter (Figure 3C, Supplemental Figure S3). To
investigate the possibility of IL-2 administration in the first week
when the intensity of the allogeneic environment peaks, we
initiated IL-2 administration just after HSCT under various
experimental conditions with different infusion cell numbers
and IL-2 doses (Figures 3D-F). The results demonstrated that
5000IU IL-2 administration to mice early after receiving 5
million allogeneic spleen cells increased CD25 expression on
CD8 T cells and Tcon cells, and promoted their proliferation.
This suggests that IL-2 therapy soon after HSCT could further
enhance aggressive effector T cell immunity. On the other hand,
CD25 expression and proliferation of Tregs were almost not
influenced by IL-2 therapy in this phase. The immune
microenvironment is considered to be filled with abundant IL-
2 produced by activated donor T cells in addition to other
inflammatory cytokines soon after HSCT. Our data suggest that
Treg proliferation has already ridden to the limit in response to
the increased endogenous IL-2 and there was no room for
exogenously-administered IL-2 to further increase Treg
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proliferation. Collectively, these data indicate the possibility
that IL-2 therapy very early after HSCT has the opposite effect
of its original purpose of suppressing GVHD.

As shown in Figure 3B and Supplemental Figure S1, we
observed that host-type residual Tregs remained on week 1 and
they almost disappeared on week 2. Previous studies
demonstrated that Tregs are more resistant to irradiation than
conventional T cells and thus host-type residual Tregs can
survive and expand after allogeneic HSCT with TBI-based
conditioning (26, 27). Importantly, it has been also shown that
exogenous IL-2 therapy soon after HSCT can promote the
expansion of host-type Tregs which contributes to the
suppression of donor effector T cells (28). These studies
suggest the effect of IL-2 therapy on the homeostasis of host-
type Treg soon after HSCT. Further studies to address the role of
host Tregs in IL-2 therapy in the acute phase are warranted.

Based on the finding in Figure 3, we administered IL-2 to the
allogeneic HSCT recipients from day 5 to day 20, avoiding the
very acute days after HSCT, and analyzed the lymphocyte
recovery in detail (Figure 4). IL-2 administration up to the
second week, when the background immune environment was
still intense, promoted expansion of effector-memory CD4 and
CD8 CTLs, but did not significantly affect the number of Tregs.
Extended IL-2 administration after the second week, when
immune intensity has decreased, promoted the expansion of
naive and central-memory Tregs and the contraction of CTLs
(Figures 4A, B). Phenotypically, expanded Tregs highly
expressed PD-1 and also increased the expression of the other
suppressive immune checkpoints by IL-2 administration
(Figures 4C-E). These data again suggest that the background
immune condition has major impacts on the in vivo effects of
exogenous IL-2. In our previous study, we reported that PD-1
has a critical role to modulate Treg homeostasis during IL-2
therapy by using a non-transplant model (20). In the current
study using the allo-HSCT model, PD-1 expression on Treg
appeared to already rise to the limit with or without IL-2, and IL-
2 administration did not further increase the expression.
However, the expression of other inhibitory molecules such as
CTLA-4 and ICOS were significantly increased in the IL-2
group, suggesting the multiple inhibitory molecules might be
involved in the regulation of Treg homeostasis in IL-2 therapy
for inflammatory hosts after allo-HSCT.

We previously demonstrated that IL-2 administration
increased CD62L" central-memory Tregs by using a non-
transplant model (20). The data from the current study
showed the IL-2 administration also resulted in the increase of
same Treg subpopulation in an allo-HSCT model as well
(Figures 4A, B). In general, CD62L plays important role in
lymphocyte migration to second lymphoid organs. In allogeneic
HSCT, CD62L"CCR7" naive T cells, but not CD62L CCR7"
memory T cells, migrate to lymph nodes, interact with
antigen-presenting cells there, and are activated and converted
to allo-reactive CD62L CCR7" effector T cells (29-33). On the
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contrary, CD62L naive or central-memory Tregs enter to lymph
nodes from periphery or inflammatory sites, and inhibit the
priming of effector T cells (8-10, 34). Indeed, CD62L Tregs in
allografts were found to be associated with lower GHVD risk in a
clinical trial (35). Our data suggest that IL-2 therapy may not
only increase the number of Tregs, but also alter the dynamics of
migration, thereby promoting GVHD suppression.

Then, we investigated how the biological effects of exogenous
IL-2 on lymphocyte subsets in the acute phase, which were shown
in Figures 2-4, lead to overall survival after HSCT (Figure 5). In
general, higher doses of TBI can cause extensive damage and
activation in host tissues, which release inflammatory cytokines
and enhance recipient MHC antigens, leading to the increased risk
of acute GVHD (36). To examine the impact of the immune
environment in IL-2 therapy soon after HSCT, we conducted HSCT
with the two different TBI settings. Our data showed that IL-2
therapy provided opposite effects depending on the immune
environment caused by different TBI doses (Figures 5C-E). It is
considered that intense inflammatory condition induced by high
doses of TBI (13 Gy) could increase IL-2-induced effector T cell
(Teff) expansion to the unallowable levels during the first 2 weeks
after HSCT (Figures 5C, D). In contrast, mild inflammatory
condition by lower doses of TBI (10 Gy) may not promote the
IL-2-induced Teff expansion and lead to an improvement in overall
survival through subsequent Treg expansion (Figures 5C, D).
Histopathological findings also indicated that IL-2 appeared to
suppress infiltration of effector T cells to the target tissue at low
dose settings, whereas IL-2 promoted tissue damage at high dose
settings (Figure 5E). These data again suggest that the host immune
environment has important role for the immune modulation by IL-
2 therapy early after HSCT.

To consider the effect of IL-2 therapy on the GVL activity,
we conducted HSCT for the recipients bearing cancer cells
(Figure 6). Our data demonstrated that IL-2 therapy
suppressed GVHD and improved the overall survival without
the evidence of cancer growth until week 6 (Figures 6E, F),
suggesting that IL-2-expanded Treg under mild inflammatory
conditions did not interfere with the GVL activity.

Lastly, we examined the role of IL-2 therapy in the immune-
tolerant state after HSCT (Figure 7). We performed HSCT with
reduced graft cells and reduced TBI, which resulted in status
without any clinical and pathological GVHD. IL-2 therapy
prevented tumor progression, presumably due to the early
expansion of effector T cells promoted by IL-2. Previously, it
was reported that the prolonged infusion of low-dose IL-2 after
HSCT could suppress tumor relapse without developing GVHD
(14). Patients included in the clinical study were after autologous
and T cell-depleted allogeneic bone marrow transplantation and
did not have ongoing GVHD at the start of IL-2 therapy, thus it
is thought that the patients were in the immune-tolerant state.
Our murine data in the current study appear to be consistent
with the previous clinical observation. Recent advances in T-cell-
depletion therapy such as post-transplant cyclophosphamide
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have made it possible to maintain a long-term immune stable
state, but on the other hand, the development of a GVL initiator
for cases having a high risk of relapse is expected (37-39). IL-2
may have the potential for such roles, depending on the immune
status of patients.

Collectively, the data of the current study suggests that IL-2
therapy after allogeneic HSCT could provide various clinical
effects depending on the immune status of the host. In a mild
inflammatory environment that endogenous IL-2 is thought to
be not sufficient for Treg to be fully activated, exogenous IL-2
can effectively modulate Treg homeostasis to exert an efficient
suppressive function. In an immune-tolerant state that
endogenous IL-2 is thought to be not sufficient for effector T
cells to be fully activated, exogenous IL-2 can trigger Teff to exert
an anti-tumor effect. However, in a severely inflammatory
environment that is already filled with abundant endogenous
IL-2, such as immediately after transplant, it appears to be hard
to find merits administering IL-2 in terms of both GVHD
suppression and GVL enhancement. These results mean that
we need to pay attention to the immune status of the host in the
clinical IL-2 therapy. Of note, the levels of T cell activation after
HSCT have been changing over time and thus the biological
effects of exogenous IL-2 have been changed even during
receiving IL-2 therapy.

The differences in the kinetics of CD25 expression between
Tcon and Treg early after HSCT appears to be important to
interpreting the various clinical effects resulting from exogenous
IL-2 therapy. CD4" and CD8" Tcons can be distinguished from
Tregs by the expression of Foxp3, CD25, and CD127 (1, 4, 40).
Tregs constitutively express CD25, IL-2 receptor alpha, and are
maintained by the physiological concentration of IL-2 in the
steady-state (18). CD25 expression on Tregs was maintained at
the high levels through the acute phase after HSCT in the current
study (data not shown). In contrast to Tregs, resting Tcons do
not express CD25 in the steady-state and increase the expression
after cell activation. The activation of Tcons is maximized by
autocrine IL-2/IL-2 receptor signaling. Therefore, the differences
in CD25 expression between Tregs and Tcons can significantly
alter from acute to chronic phases after HSCT, leading to the
various clinical effects of IL-2 therapy.

The concept that the effect of immunotherapy could depend
on the immune environment of the host is also shown in
immune checkpoint blockade therapy. A recent study
demonstrated that the PD-1 expression balance between Treg
and Teff cells could determine the clinical efficacy of PD-1
blockade therapies (41). In order to selectively make various
immunotherapies on the targeted lymphocyte subset and obtain
the optimum clinical benefits, it will be more important to
develop biomarkers that accurately evaluate the immune status
of each patient. We previously demonstrated that chronic
GVHD is characterized by constitutive phosphorylation of
STATS5 in Tcons associated with elevated amounts of IL-7 and
IL-15 and relative functional deficiency of IL-2 (17). IL-2 therapy
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resulted in the selective increase of STAT5 phosphorylation in
Tregs and the decrease of phosphorylated STAT5 in Tcons (17).
Thus, as well as CD25 expression mentioned above, STAT5
phosphorylation could be a candidate as a biomarker to predict
the response of each T cell subset to exogenous IL-2, however,
further studies are warranted for the application to the
clinical settings.

This study has several limitations. First, all experiments in
this study were performed using only one experimental
transplant system. Given the great variety of clinical
transplants, the validation experiments using the second
GVHD model system are important to consider the clinical
relevance. Second, the experimental system for assessing the
GVL effect in this study is not completely relevant to the clinical
setting. We utilized the P815-mastocytoma tumor model,
however, the majority of the HSCTs are indicated to treat
patients with acute myeloid leukemia (AML). Therefore, it
should be validated the hypothesis of this work in such
myeloid malignancies as the MLL-AF9 AML model in the
future. Third, the experimental system used in this study could
not evaluate the role of NK cells in the GVL effect increased by
IL-2 therapy. A previous study analyzed samples from patients
and demonstrated that low-dose IL-2 activates NK cells as well
as Tregs (25). We confirmed that IL-2 administration to non-
transplanted normal mice increased NK cells in an IL-2 dose-
dependent manner, however, IL-2 administration to allo-
transplanted recipient mice did not increase NK cells in the
experimental HSCT used in this study (Supplemental Figure S4).
In fact, previous studies have shown that more than 50 million
spleen cells need to be infused at transplant in order to observe
NK cells in the B6-into-B6D2F1 system (42, 43). In our
experimental setting, we infused 5 million spleen cells and it
appears to be not enough to evaluate NK cells after transplant.
The effect of NK cells on the GVL effect after IL-2 therapy should
be tested by the experiments with the other settings, which may
contribute to identifying the responsible cells for the anti-tumor
activity increased by IL-2 therapy.

In conclusion, our data suggested that the responses of Tregs
and effector T cells to exogenous IL-2 differs depending on the
immune environment in the host, and the mutual balance of
the response between the subsets has a substantial impact on the
modulating effect of GVHD and GVL after IL-2 initiation. Our
findings may provide useful information to develop personalized
IL-2 therapy for each patient having different immune status.

Methods
Mice

Female C57BL/6] (B6, H-2Kb) and B6D2F1 (H-2Kb/d) mice
were purchased from Japan SLC (Hamamatsu, Japan).
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Bone marrow transplantation

Following standard protocols (44), B6D2F1 mice received
lethal X-ray total body irradiation in two doses, and injected on
day 0 with 5 x 10° spleen cells and 5 x 10° T cell-depleted bone
marrow from B6 (H-2Kb, Ly-5.1) mice. The radiation dose for
the two doses was 10 Gy in all experiments except for in Figure 5.
In Figure 5, we conducted the experiment in the settings with
TBI 13 Gy in addition to TBI 10 Gy. To assess GVL effects, 1 x
10% or 2.5 x 10* luciferase P815 cells were intravenously injected
along with 1 x 10° or 5 x 10° donor spleen cells or T cell-
depleted bone marrow. P815 (H-2Kd) is a mastocytoma derived
from a DBA/2 mouse. T cells were depleted or purified using
anti-CD90.2 Microbeads on an AutoMACS system (Miltenyi
Biotec, Auburn, CA), following the manufacturer’s instructions.
Mice were subcutaneously administered with 50, 500, 1,000,
5,000, 20,000, 40,000 or 100,000 IU/mouse of recombinant
human IL-2 (Teceleukin; Shionogi & Co., Ltd.) in sterile 200
ul PBS.

Assessment of GVHD and GVL effect

Survival after bone marrow transplantation was monitored
daily, and clinical GVHD was assessed 2-3 times a week using a
scoring system (maximum score 10) based on weight loss,
posture, activity, fur texture, and skin integrity, as described
previously (45, 46). Bioluminescence from tumor cells
expressing luciferase was measured weekly to quantify tumor
burden. Briefly, mice were injected with 3 mg/mouse D-
luciferin (OZ Biosciences, Marseille, France), anesthetized 10
minutes thereafter, and imaged on an IVIS Spectrum imaging
system (Caliper Life Sciences, Hopkinton, MA) to measure
total flux in photons/sec.

Antibodies and flow cytometry

PE- and eFluor450-conjugated anti-CD4 (GK1.5), PerCP/
Cy5.5- and APC/eFlour780-conjugated anti-CD8 (53-6.7), PE-
conjugated anti-CD25 (PC61.5), PE-conjugated anti-Ki67
(SolA15), PE-conjugated anti-CTLA-4 (UC10-4B9), PE-
conjugated anti-Tim-3 (RMT3-23), PE/Cyanine7- and APC/
eFlour780-conjugated anti-CD44 (MI7), FITC-conjugated anti-
CD62L (MEL-14), PE/Cyanine5-conjugated anti-ICOS
(7E.17G9), PerCP/Cyanine5.5-conjugated anti-CD45.1 (A20),
PE/Cyanine7-conjugated anti-GITR (DTA-1), FITC-
conjugated anti-LAG-3 (eBioC9B7W), PE-conjugated anti-PD-
1 (RMP1-30), and APC-conjugated anti-Foxp3 (FJK-16s) were
obtained from eBioscience (San Diego, CA). FITC-conjugated
anti-H-2Kd (SF1-1.1) and FITC-conjugated anti-Stat5 (pY694)
were obtained from BD Bioscience. PE/Cyanine7-conjugated
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anti-CCR4 (2G12) and PE/Cyanine7-conjugated anti-CCR7
(4G12) was obtained from Biolegend. Intracellular FoxP3, Ki-
67, and Stat5 were stained with an anti-mouse/rat Foxp3
staining kit (eBioscience, San Diego, CA). Cells were stained in
phosphate-buffered saline containing 2% fetal calf serum, and
sorted on a MACSQuant system with MACSQuantify software
(Miltenyi Biotec, Bergisch Gladbach, Germany). Data were
analyzed in FlowJo (Treestar, Ashland, OR)

In vivo proliferation and in vitro
suppression assay

CD4"CD25" Tregs and CD4"CD25" Tcons were isolated
from murine spleen cells on a FACS Aria. Tcons from naive B6
mice were labeled with CellTraceTM Violet according to the
manufacturer’s protocols. 5 x 10* Tcons were cultured in the
wells of a 96-well plate together with various concentrations of
Tregs and 2.5 x 10* irradiated (20 Gy) peritoneal cells in the
presence of with 5 pg/mL platebound anti-CD3e mAbs.
CD62L" and CD62L" T cells were isolated from splenocytes
obtained from CD45.1 mice using an autoMACS Pro Separator
(Miltenyi Biotec), Pan T Cell Negative Selection Kit,
and CD62L Isolation Kit. These cells were also labeled
with CellTrace' " Violet according to the manufacturer’s
protocols, and adoptively transplanted to recipient mice.
Proliferation was analyzed after sorting to > 97% purity on a
MACSQuant flow cytometer.

Statistics

Results are reported as mean +/- SEM. Student’s t-test and
ANOVA with Bonferroni’s correction were used to compare two
and > 2 groups in Prism version 5.0 (GraphPad Software, San
Diego, CA), with p < 0.05 considered statistically significant.
Log-rank test was used to assess survival.

Study approval

All animal experiments were compliant with regulations of
the Institutional Animal Care and Research Advisory
Committee, Okayama University Advanced Science
Research Center.
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