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Abstract Induction of lymphopenia before adoptive
transfer of T cells was followed by lymphopenia-induced
proliferation (LIP) and generated a potent anti-tumor
immune response in rodents and in a clinical setting. Previ-
ously, we reported that CD28 signaling is essential for the
differentiation of functional effector cytotoxic T lympho-
cytes (CTLs) under lymphopenic conditions and sequen-
tial LIP of T cells. In this study, to clarify the correlation
between LIP and the anti-tumor effect, LIP was inhibited
with interleukin 7 (IL7) receptor blockade at various stages,
and the anti-tumor effect then assessed. We confirmed that
IL7 signaling at the start of LIP is crucial for the anti-tumor
immune response. In contrast, continuous IL7 signaling
was not required for tumor regression, although LIP of
naive CD8" T cells is usually regulated by IL7. The expan-
sion and migration of CTLs in lymphopenic hosts depend
on IL7 signaling during the induction phase. Here, we pro-
pose that IL7 signaling and subsequent LIP of T cells have
distinct roles in the induction of T cell immunity during
lymphopenia.
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Abbreviations

CFSE Carboxyfluorescein succinimidyl ester
CTL Cytotoxic T lymphocyte

DPEC  Double-positive effector cell

KLRG1 Killer cell lectin-like receptor G1
LCMV  Lymphocytic choriomeningitis virus

LIP Lymphopenia-induced proliferation

LLC Lewis lung carcinoma

MPEC  Memory precursor effector cell
PFA Paraformaldehyde

SLEC Short-lived effector cell

TAA Tumor-associated antigen

TIL Tumor-infiltrating lymphocyte
Introduction

Lymphopenia is observed in various physiological con-
ditions, e.g., decrease of thymopoiesis and chronic viral
infection [1]. In lymphopenia, residual T cells sponta-
neously and slowly proliferate and acquire the pheno-
typic and functional properties of memory T cells [2,
3]. This proliferation, termed homeostatic proliferation,
is thought to be the major mechanism of lymphopenia-
associated autoimmunity [4]. In experimental models
with lymphopenic hosts, adoptive transfer of T cells
also leads to lymphopenia-induced proliferation (LIP).
Surh et al. [5, 28] demonstrated that this proliferation is
driven by IL7 and weak TCR signaling via self-peptide/
MHC complexes. Subsequently, it was shown that LIP
of T cells, which recognize tumor-associated antigens
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(TAAs), had therapeutic benefits. Our previous study
[6] and other reports have shown that the presentation
of TAAs during LIP induces tumor regression [7]. We
previously demonstrated that CD28 co-stimulant sign-
aling is essential for the induction of effector CD8' T
cells during LIP and for the LIP-associated anti-tumor
activity [6]. Conversely, during LIP, naive T cells could
differentiate into memory phenotype T cells without co-
stimulation [8].

Rosenberg and Dudley [9] highlighted the importance
of lymphodepletion for the expansion and persistence of
tumor-reactive CTLs and for the success of adoptive immu-
notherapy. In their clinical study, over 50 % of melanoma
patients experienced tumor regression following induc-
tion of lymphopenia by chemotherapy and total body irra-
diation, and reconstitution with large numbers of in vitro
expanded CTLs. Using rodent models with B16 melanoma
and pmel-1 TCR-transgenic CD8" T cells, it was shown
that the anti-tumor activity associated with lymphopenia
involves several mechanisms, including reduction of sup-
pressor lymphocytes [10], leak of Toll-like receptor agonist
from intestinal bacteria into the blood [11], and up-regula-
tion of cytokines to produce a pro-inflammatory environ-
ment [12, 13]. In lymphopenia, IL7 is necessary for LIP
of T cells, but its role in inducing the LIP-associated anti-
tumor effect with adoptive cell transfer remains uncertain.
The therapeutic benefits of IL7 are well documented based
on the experimental models of chronic viral infection,
tumors, and vaccination [14, 15]. These findings highlight
three effects of IL7: (1) greater T cell survival and prolif-
eration [16, 17]; (2) overcoming the cell intrinsic and cell
extrinsic suppressive mechanisms and the exhaustion of
effector T cells, thus improving effector function [18, 19];
and (3) migration of effector T cells into inflamed organs
and tumor foci due to up-regulation of chemokine receptors
[20, 21].

In this report, to reveal the requirements for IL7 sign-
aling and subsequent LIP of T cells for the anti-tumor
effect, we blocked the IL7 receptor (IL7R) with anti-
IL7Ra mAb. This revealed the role of LIP in the anti-
tumor immune response, and whether IL7 is required
for the induction or maintenance of anti-tumor activity.
Blocking IL7 signaling inhibited LIP of T cells and the
associated anti-tumor effect. IL7 signaling at the induc-
tion of LIP regulates the expansion and migration of the
effector precursors which recognize TAAs. Surprisingly,
IL7R blockade at a later time point did not alter the anti-
tumor effect, suggesting that the maintenance and func-
tional improvement of CTLs did not require continuous
IL7 signaling. These findings suggest that IL7 signaling at
the induction of LIP has a distinct role in the induction of
T cell immunity.
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Materials and methods
Mice

C57BL/6 and B6.SJL (Ly5.17) mice were purchased from
SANKYO LABO SERVICE Co. Inc. (Hamamatsu City,
Japan). B6 Ly5.17/Ly5.2" mice were generated by the
backcross of B6.SJL to C57BL/6. Mice were kept under
specific pathogen-free conditions. All experiments were
approved by the Animal Care and Use Committee, Tokyo
University of Science (Permit No. S13022).

Cell lines

The Lewis lung carcinoma (LLC) cell line was kindly
provided by Hideaki Tahara (Tokyo University, Tokyo,
Japan) and maintained in 10 % FCS high-glucose DMEM
(GIBCO, USA) supplemented with 2 mM L-glutamine,
100 U/ml penicillin and streptomycin. To study CTL induc-
tion, we established a stably transfected tumor cell line
bearing the LCMV gp33 mini-gene, LLC-gp33. CD8" T
cells that recognized gp33 were detected with MHC class
I (H-2DP) tetramers with gp33 peptides (MBL, Nagoya,
Japan). LLC-gp33 cells were generated from the parental
LLC cell line by gene transfection with a retrovirus system
using the gp33 C9 M (KAVYNFATM) mini-gene expres-
sion vector, pDFG-gp33 COM mini-gene-IRES-Neo". They
were maintained in culture medium supplemented with
1 mg/ml G-418 (Sigma-Aldrich Inc., St. Louis, Missouri,
USA).

Reagents

Rat anti-NP IgG2a (20G2) mAb was generated in our lab-
oratory and used as a rat IgG2a isotype control (control-
Ig). Rat anti-mouse IL7Ra (A7R34) IgG2a mAb was gen-
erously provided by Hiroshi Kiyono (Tokyo University,
Tokyo, Japan). Rat anti-mouse Thyl.2 (30H12) IgG2b
mAb was kindly provided by Toshinori Nakayama (Chiba
University, Chiba, Japan). Fluorescence-conjugated mAbs
were purchased from BioLegend Inc., eBioscience Inc.
(San Diego, CA, USA), and BD Bioscience (San Jose, CA,
USA).

Induction of lymphopenia and lymphopenia-induced
proliferation of T cells

Methods for cell preparation, purification, and LIP induc-
tion were described previously [6]. In brief, lymphope-
nia was induced by sub-lethal irradiation (6.5 Gy) of B6
mice, and the same day, 2 x 107 whole splenocytes or
4 x 10°T cells were adoptively transferred by i.v. injection.
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For purification of T cells, whole splenocytes were added to
plates (IWAKI, Tokyo, Japan) coated with rabbit antibodies
specific for mouse Ig (Cappel, Costa, Mesa, CA) and incu-
bated. Floating cells were then recovered as an enriched
T cell fraction (CD3%, >80 %). To purify naive CD44'°%
CD8™ T cells, CD4* T cells were removed by panning with
rat anti-mouse CD4 (RL-147) IgM mAb, and then CD44!°%
CD8™ T cells were enriched by negative selection with Bio-
Mag® goat anti-rat IgG (QIAGEN, Tokyo Japan) (CD44"°%
CD3" CD8" >90 %). For analysis of cell division, donor
cells were labeled with CFSE [6]. Using B6 Ly5.17/Ly5.2"
mice as hosts, CFSE levels and phenotypical changes of
donor cells were measured on gated Ly5.17/Ly5.27 CD8™
T cells.

Antibody treatment and IL2 administration

To block IL7 signaling on T cells in vivo, 250 pwg puri-
fied control-Ig or anti-IL7Ra mAb from ascites was
injected into the tail vein 2 h before adoptive cell trans-
fer. Immediately after cell transfer, 500 pg of each mAb
was administered i.p. (day 0), and on days 2, 4, and 6. For
IL7R blockade during later in LIP, 250 pg of control-Ig or
anti-IL7Ra mAb was administered i.v., and then 500 png
each mAb was administered every other day on days 6—12.
rmIL2 was purified from the culture supernatant of P3U1
BCMGS-mIL2 [22] by size extraction chromatography
and suspended in 0.5 % C57BL/6 serum/PBS. The doses
and protocol for IL2 administration were described previ-
ously [6].

Flow cytometry

PBMCs, liver mononuclear cells, lymphocytes, or spleen
cells were prepared with FACS medium (PBS containing
0.5 % calf serum and 0.1 % sodium azide). For isolation of
TILs, the tumor mass was surgically removed, minced, and
incubated in 0.5 % calf serum RPMI 1640 (Sigma-Aldrich
Inc.) plus 0.5 mg/ml collagenase type I (Wako, Osaka,
Japan), 0.1 mg/ml hyaluronidase, and 0.1 mg/ml DNase
I (Sigma-Aldrich Inc.) for 30 min at 37 °C. Tumor tissue
was then dissociated into a single-cell suspension, and live
mononuclear cells were enriched by sedimentation at unit
gravity with Percoll (GE Healthcare Life Sciences, Upp-
sala, Sweden) as the separation medium. Digestion with
collagenase type I did not change the staining of IL7Ra,
PD-1, and killer cell lectin-like receptor G1 (KLRG1) on
T cells. Supplemental figure S3A shows gating strategies
for the analysis of TILs. Cells were incubated first with
unlabeled anti-FcR II/III mAb (2.4G2) to block nonspecific
binding and then stained with each fluorescently labeled
antibody, followed by analysis with 8-color FACS Canto II
with Diva software (BD Biosciences).

Histology, immunohistochemistry, and in vivo imaging
of blood vessels

H&E staining and IHC were performed on frozen sec-
tions of tumor. Sections (7 wm thick) were air-dried and
fixed with cold 4 % paraformaldehyde (PFA). After being
blocked with a 1 % BSA (Sigma-Aldrich Inc.) in PBS, sec-
tions were incubated with fluorescently labeled anti-CD4
(GK1.5) and anti-CD8 (53-6-7) mAb. For nuclei stain-
ing, sections were incubated with bisbenzimide (Hoechst
33342; Sigma-Aldrich Inc.). To assess tumor angiogenesis,
0.5 mg/ml FITC-conjugated tomato lectin (Vector Labora-
tories Inc., CA, USA) was administered via the tail vein,
and 5 min after injection, mice were immobilized with
50 ml 4 % PFA in PBS under anesthesia. Frozen sections
of tumor (50 pwm) were re-fixed with 4 % PFA and ana-
lyzed with a TCS-SPII confocal laser scanning microscope
(Leica, Wetzlar, Germany).

Intracellular cytokine staining

ICS of IFN-y was described previously [6]. In brief, cells
were stimulated for 12 h in vitro with 1 pg/ml gp33 peptide
or 10 ng/ml PMA and 400 ng/ml Ionomycin in the presence
of 2 uM monensin (Sigma-Aldrich Inc.). After staining of
cell surface proteins, the cells were fixed with 4 % PFA and
permeabilized with 0.5 % Triton X-100 buffer. After incu-
bation in 3 % BSA for blocking, cells were stained with rat
anti-mouse IFN-y (XMG1.2) mAb.

Statistical analysis

Each experiment was performed in triplicate or greater to
confirm the reproducibility of the results, and representa-
tive data are shown. For statistical analyses, significance
was determined using unpaired Student’s ¢ tests or Tukey—
Kramer multiple comparison tests as indicated (GraphPad
Prism 6, version 6; GraphPad Software Inc., La Jolla, CA,
USA).

Results

LIP induction leads to the accumulation of IL7Ra ™"
effector precursors, resulting in tumor regression

Similar to our [6] and others’ previous results [23], when
syngeneic splenocytes were transferred into sub-lethally
irradiated mice, the growth of LLC-gp33 tumor was sup-
pressed (no-treatment vs. LIP induction group, p < 0.0001,
Fig. la). Consistent with an anti-tumor effect, the fre-
quency of tetramert CTL precursors in PBMCs was about
15-fold higher in LIP-induced hosts (Fig. 1b).
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To assess the disruption of tumor tissue and the infil-
tration of lymphocytes, tumor masses were harvested
from both no-treatment hosts and LIP-induced hosts and
analyzed by H&E and IHC. CD8" and CD4" cells accu-
mulated, especially in tumor tissue (Fig. 1d), and con-
sistent with T cell migration, the collapse of the tumor
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accompanied LIP (Fig. 1c and Supplemental figure S1A).
The migration of both CD8" and CD4% cells into tumor
tissue was higher in LIP induction groups than in no-
treatment controls (Fig. le). It is well known that tumor-
infiltrating CD4" T cells secrete Thl cytokines such as
IFN-y and TNF-a and inhibit tumor angiogenesis, resulting
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«Fig.1 During LIP, CTL precursors preferentially expand and
migrate into tumor tissues, resulting in tumor regression. a Tumor
growth was significantly suppressed by LIP. To eliminate host lym-
phocytes, on day 0, mice were sub-lethally irradiated and then
injected with 1 x 10% LLC-gp33 cells (black squares). Some mice
were also injected with 2 x 107 splenocytes (white triangles). Black
diamonds indicate the no-treatment group. Bars SD based on the
results of 3 mice from 4 repeated experiments. Photographs show the
tumor mass at 30 days in no-treatment (upper panel) or LIP-induced
hosts (lower panel). b CTL precursors expanded in lymphopenic
hosts. The percentage of LCMV tetramert CD8" T cells in PBMCs
were monitored by FACS, 24 days after LIP induction (a an arrow).
Bars in a, b SE based on the results of 5 mice from 2 independent
experiments. The p values in the graphs indicate the statistical signifi-
cance of the difference between the no-treatment group and the LIP
induction group. ¢, d Tumor tissues were harvested from no-treatment
or LIP-induced hosts 15 days after LIP induction. Frozen sections of
tumor tissues were fixed and analyzed by H&E (c) and IHC stain-
ing (d). The images show the representative data of tumor tissue in 5
mice from 2 independent experiments. Lower photographs show an
enlarged view of the yellow square in upper photographs. Scale bar
upper figures, 500 wm; lower figures, 50 pm. e The graphs indicate
the numbers of tumor-infiltrating CD8" (left graph) and CD4™" (right
graph) cells per mm? in tumor tissues shown in Fig. 1d. The p values
in the graph indicate the level of statistical significance between the
no-treatment and LIP induction groups. Bars SE based on results of 5
mice from 2 independent experiments

in tumor regression [24]. Analyzing the requirement for
CD4™ T cells and anti-angiogenesis for the LIP-associated
anti-tumor effect, we confirmed that CD4™" T cells were not

required (data not shown). Tumor angiogenesis was com-
parable between no-treatment hosts and LIP-induced hosts
(Supplemental figure S1B). Therefore, in our model, CD8*
T cells were essential for the LIP-associated anti-tumor
effect (Supplemental figure S5 and Table 1), whereas CD4™"
T cells were not.

Previous reports demonstrated that KLRG1 and IL7Ra
are useful markers to distinguish the fate of activated CTLs
during infection. The KLRG1" IL7Ra~ effector popula-
tion (short-lived effector cells, SLECs) was fully activated
and was cytotoxic, but had a lower survival ability. The
KLRG1™ IL7Ra™ effector population survived longer than
the KLRG1™" population in vivo; therefore, these cells were
regarded as memory precursor effector cells (MPECs) [25-
27]. Based on this definition, we examined the expression
of IL7Ra and KLRG1 on CD8™ T cells from no-treatment
hosts or from LIP-induced tumor-bearing hosts. Similar to
a previous study [27], we confirmed that LIP induction did
not lead to the significant accumulation of KLRG1™ CD8™
T cells in tumor-free hosts (Supplemental figure S2). On the
other hand, in tumor-bearing hosts, when LIP was induced,
KLRGI1' CD8™ T cells accumulated and expressed IL7Ra
(Fig. 2a, ¢, and Supplemental figure S3B).

The LCMV tetramer™ effector population of CD8™
T cells also expressed IL7Ra (Fig. 2a). In CD8* T cells,
IL7Ra was slightly down-regulated immediately after

Table 1 Numbers and percentages of mice that rejected tumors in each experimental group

Treatment groups Number of mice that rejected

Percentage of mice that rejected ~ Tukey’s multiple comparisons test

tumors tumors (%) (vs. no-treatment group)
No treatment 0/35 0 -
Irradiation 0/21 0 n.s.
LIP induction 20/32 62.5 p <0.0001
+ control-Ig D0-12
LIP induction 1/33 3.0 n.s. (p = 0.30)
+ IL7R blockade DO-6
LIP induction 7/10 70.0 p <0.0001
+ IL7R blockade D612
LIP induction 3/5 60.0 p <0.0001
+ IL7R blockade D12-18
LIP induction 0/8 0 n.s.
+ IL7R blockade DO + rmIL2
LIP induction 7/16 43.8 p = 0.0005
+ IL7R blockade DO + CFA/
gp33
LIP induction 0/9 0 n.s.
+ CDS8 depletion D612
LIP induction 0/8 0 n.s.
+ IL7R blockade DO + CFA/
gp33

+ CD8 depletion D6-12
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«Fig.2 CTL precursors maintained IL7Ra expression in tumor-
bearing host, and IL7Ra™ KLRGI1" effector cells accumulated in
lymphatic and tumor tissue, accompanied by LIP. Splenocytes, LN,
TILs, and PBMCs were recovered at 4 h or 15 days after treatment,
and phenotype was analyzed. a Phenotype of CD8" T cells in spleen.
b Expression of IL7Ra on CD8™ T cells at the indicated time points
(histograms on left). ILTRa expression is reported as the geometric
mean of IL7Ra on CD8' T cells, relative to normal age-matched
mice (right graphs). The p values in the graph indicate the statisti-
cal significance between the no-treatment and LIP induction groups.
Bars SD; 3 mice per experiment. ¢, d The percentage of the KLRG1*
population in CD8" T cells is shown in each dot plot (¢) and right
graph (d). The p values in the graph indicate the statistical signifi-
cance of the difference between the no-treatment group and the LIP
induction group. Bars on the graphs show SE for 6 mice (spleen and
LN) or 3 mice (PBMCs and TILs) from 2 independent experiments

lymphopenia induction and adoptive transfer and recovered
to normal 2 weeks later (Fig. 2b). Double staining with
LCMYV tetramer and KLRG1 revealed that tetramert CD8™"
T cells consisted of a heterogeneous population of KLRGI-
positive and KLRGI1-negative cells (Fig. 2a), suggesting
that memory T cells could be generated by LIP induction.
We confirmed memory formation as follows. When parent
LLC cells and LLC-gp33 cells were re-challenged, these
tumors, but not B16F10 melanoma, were rapidly rejected
(data not shown). These results demonstrated that gp33-
reactive CTL precursors have heterogeneous activated
states, including memory precursors and effector popula-
tions. All may expand under lymphopenic conditions, since
both KLRGI1-positive and KLRGI1-negative populations
expressed IL7Ra.

Analyzing TILs by flow cytometry confirmed the accu-
mulation of CD4" and CD8" T cells accompanied by LIP
(Supplemental figure S3C). Both types of T cells expressed
IL7Ro (Supplemental figure S3B). During LIP, KLRG1™"
IL7Rat effector cells (double-positive effector cells,
DPECs) accumulated in peripheral, lymphatic, and tumor
tissues. The percentage of DPECs in CD8" T cells was
higher in peripheral blood and tumor tissue than in lym-
phatic tissues (Fig. 2¢, d). DPECs, but not KLRGI1™ CD8*
T cells, accumulated significantly in tumor tissue (Supple-
mental figure S3D), suggesting that DPECs migrate from
lymphatic tissues to blood vessels, then into the tumor,
accompanied by LIP.

IL7R blockade early in LIP abolishes
the LIP-associated anti-tumor effect

It was previously demonstrated that LIP of naive T cells
is driven by TCR and IL7 signaling [5, 28]. To examine
when signaling is required for proliferation, we performed
IL7R blockade with anti-IL7Ra mAb to inhibit LIP of T
cells at various times. When anti-IL7Ra mAb was admin-
istered from days O to 6, the LIP of naive CD8" T cells

was markedly impaired, and donor CD8™ T cells remained
an unexpanded, naive population. Later IL7R blockade also
inhibited the LIP of donor T cells, demonstrating that LIP
required continuous IL7 signaling, although a small resid-
ual population could still divide rapidly when IL7 signaling
was blocked from days 6 to 12 (Fig. 3a). It was confirmed
that anti-IL7Ra mAb blocked IL7 signaling without deplet-
ing T cells by opsonization (Supplemental figure S4).

Using this system, we also tested whether the LIP-
associated anti-tumor effect depends on IL7 signaling.
As expected, the IL7R blockade on days 0-6 diminished
the LIP-associated anti-tumor effect (Fig. 3b left graph,
control-Ig vs. IL7R blockade D0O-6, p < 0.0001). When
the IL7R signal was blocked on days 6-12 (Fig. 3b right
graph), no abrogation of the LIP-associated anti-tumor
effect was found (no-treatment vs. IL7R blockade D6-12,
p < 0.0001), and the tumor growth was comparable to
control-Ig (control-Ig vs. IL7R blockade D6—12, n.s.). The
tumor growth in each individual mouse and the numbers of
mice that rejected tumors are shown in Supplemental figure
S5 and Table 1.

Monitoring of tetramer”™ CD8' T cells in peripheral
blood revealed that, consistent with tumor growth, the IL7R
blockade on days 0-6 significantly impaired the expan-
sion of CTL precursors. On the other hand, there was no
effect on the appearance of tetramer™ CD8" T cells in mice
treated with IL7R blockade on days 6—12, with the result
comparable to that in control-Ig-treated hosts (Fig. 3c). A
similar observation was found with KLRG1" CD8™ T cells
in PBMCs (Fig. 3d). These results suggested that IL7 sign-
aling early in LIP was crucial for the induction of CTLs
and the subsequent anti-tumor immune response, but not
for the expansion and survival of effector CD8" T cells
expressing IL7Ra during LIP.

Infiltration of CD8" and CD4" T cells into tumor
is diminished by IL7R blockade early in LIP

Analysis of tumor foci with H&E (Fig. 4a) and IHC
(Fig. 4b) staining revealed that IL7R blockade on days
0-6 abolished the infiltration of both CD4" and CD8" T
cells into the tumor. Quantification of CD8" and CD4"
cells confirmed these observations (Fig. 4c). Correlations
of tumor regression with the collapse of the peri-tumor
stroma, necrosis and degeneration of tumor cells, and lym-
phocyte migration were seen in mice treated with control-
Ig or with IL7R blockade during days 6-12. In conclusion,
IL7 signaling early in the LIP is indispensable for both LIP
of naive T cells, and for the subsequent anti-tumor immune
response. Later in LIP, the infiltration of effector T cells
into tumor tissues did not require continuous IL7 signaling.
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«Fig. 3 Early IL7 signaling is required to induce the LIP-associated
anti-tumor effect. a Both early and late IL7R blockade inhibited the
LIP of naive CD8" T cells. Host mice were sub-lethally irradiated
and then adoptively transferred with CFSE-labeled purified CD44'"
CD8™ T cells. To block IL7R, anti-mIL7Ra mAb was administrated
at day 0-6 (D0-6; early) or day 6-12 (D6-12; later). Mice were
killed at day 7 (left two histograms) or day 14 (right two histograms),
and the division of donor CD8" T cells was analyzed by CFSE
decay. b Blocking of IL7 signaling in the early phase, but not the
late phase of LIP, blocked the anti-tumor effect. C57BL/6 mice were
sub-lethally irradiated and then injected with LLC-gp33 cells (black
squares). Some mice also received 4 x 10° T cells to induce LIP and
were then treated with control-Ig (white triangles). To block the IL7
signal, anti-IL7Ra mAb was administered every other day (white cir-
cles), either DO-6 (left graph), or D6-12 (right graph). The shaded
area in each graph indicates the period of IL7R blockade. The no-
treatment group is indicated by black diamonds. Bars SD of the num-
ber obtained from 3 or 5 mice in one of several experiments. Left
graph (IL7R blockade D0-6); 8 repeated experiments with n = 3.
Right graph (IL7R blockade D6-12); 2 independent experiments with
n =75. ¢, d IL7R blockade during the induction of LIP (D0-6) limited
the expansion of CTL precursors, but later blockade (D6—-12) did not.
The percentage of LCMV tetramer™ (c¢) and KLRG1" (d) CD8" T
cells in PBMCs 24 days after LIP induction (b arrows) were moni-
tored. Bars SE based on the results of 7 to 13 mice from 5 independ-
ent experiments. The p values in the graphs indicate the statistical
significance of the difference between the no-treatment group and
each treatment

LIP of donor CD8" T cells driven by IL7 signaling
is crucial to the expansion of antigen-specific CTL
precursors

Our finding demonstrated the need for IL7 signaling for the
induction of the anti-tumor immune response during LIP.
To examine whether IL7 signaling regulates the induction
of CTLs, we analyzed CTL precursors at 2 weeks after LIP
induction.

Consistent with results from PBMCs (Fig. 3), the fre-
quency of LCMV tetramer™ cells in CD8" T cells was
decreased in hosts treated with IL7R blockade early in
LIP (D0-6), whereas blockade later (D6-12) had no effect
(Fig. 5a, b). The percentage of KLRG1" cells in CD8* T
cells were comparable, or higher, in IL7R blockade hosts
(Fig. 5a). Their numbers in the spleen, but not LN (data not
shown), were markedly diminished by IL7R blockade on
days 0-6 (Fig. 5b).

Similar results were obtained by in vitro ICS of IFN-vy,
following stimulation with gp33 peptide. The percentage of
IFN-y ™" cells in CD8™ T cells were not diminished by IL7R
blockade and were slightly higher in IL7R blockade D6—12
than in control-Ig treatment (Fig. 5c). IL7R blockade early
in LIP limited the number of gp33-reactive CD8" T cells,
whereas later IL7R blockade did not. Nonspecific stimula-
tion with PMA and Ionomycin revealed that the memory-
like CD8™ T cells were 5- to 20-fold fewer in early- or late-
blockaded hosts, compared with control hosts (Fig. 5d).
This showed that the accumulation of memory-like CD8™

T cells that accompanied LIP required continuous IL7
signaling.

Although IL7R blockade early in LIP diminished the
number of CTL precursors, little residual effector popula-
tion could be detected in IL7R-blockaded hosts (Fig. Sa,
c). We confirmed that residual CD8" T cells maintained
IL7Ra expression in mice treated with anti-IL7Ro mAb
(Supplemental figure S6). Therefore, the residual popula-
tion in IL7R-blockaded hosts was also DPECs, not fully
mature SLECs. These results demonstrated that IL7 signal-
ing was not essential for the differentiation of naive CD8"
T cells into CTLs. Analyzing cell populations in lymphatic
tissues showed that initial IL7 signaling and subsequent
LIP regulated the expansion of IL7Ra* effector precursors,
but the survival, function, and migration of effector cells
did not require continuous IL7 signaling.

Discussion

The induction of lymphopenia before adoptive cell trans-
fer generates a potent anti-tumor immune response in Vivo
[9]. In the last decade, various mechanisms involved in this
have been reported [11, 29-32]. Here, we focused on IL7
signaling and subsequent LIP of T cells.

Analyzing tumor tissues and TILs showed that both
CD4" and CD8" T cells accumulated, accompanied by
LIP (Fig. 1 and Supplemental figure S3). During LIP,
KLRGI1™ CD4™" T cells accumulated in tumor tissue, rather
than KLRG1" CD4™ T cells; however, CD4™ T cells were
not required for the induction of the anti-tumor immune
response. During tumor regression accompanied by LIP,
we found that tetramer™ CTLs, accumulated in lym-
phatic tissue and tumor tissue, maintained IL7Ra expres-
sion (Fig. 2). Accumulation of IL7Ra™ effector cells was
reported by Karyampudi et al. [33] demonstrating that
combination therapy with peptide vaccination and anti-
PD-1 mAb induced the accumulation of IL7Ra™ CD277"
CD44%e" memory precursor CD8™ T cells in regressing
tumor. Immunization with recombinant lentiviral vectors
expressing TAAs did not down-regulate IL7Ra on CTLs.
Furthermore, vaccination of lymphopenic hosts with gp100
peptide-pulsed DCs induced expansion of adoptively trans-
ferred gp100-specific TCR, pmel-1, T cells. Neutralization
of IL7 inhibited the expansion and persistence of pmel-1
CD8™ T cells [34]. Thus, the constitutive IL7Ra expres-
sion on effector CD8™ T cells during LIP was thought to be
the reason for the strong anti-tumor effect in lymphopenic
hosts, since redundant IL7 may directly enhance the expan-
sion, survival, and migration of IL7Ra™ effector cells.

Here, we demonstrated that IL7 signaling at the start of
LIP is required for the anti-tumor effect accompanied by
LIP. Analyzing effector T cells demonstrated an important
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«4Fig. 4 The number of TILs decreases when IL7 signaling is blocked.
Tumor tissue recovered from mice 14-16 days post-inoculation, for
no-treatment, LIP induction with control-Ig, LIP induction with IL7R
blockade D0O-6, and LIP induction with IL7R blockade D6-12. Tis-
sue sections were treated as described in Fig. 1. The images show
representative tumor tissue from 3 independent experiments with
n = 3. Inset photographs show high-magnification views of main
photographs. Scale bar main figures, 500 pwm; insets, 50 pm. a H&E
staining of tumor tissues. b IHC staining of CD4" and CD8™ cells. ¢

The graphs indicate the numbers of tumor-infiltrating CD8" (upper

graph) and CD4" (lower graph) cells per mm? in tumor tissue. The
p values in each graph indicate statistical significance of the differ-
ence between control-Ig and each group with an IL7R blockade in the
LIP-induced hosts. Bars SD based on the results of 3 mice in one of 3
independent experiments

role for IL7 signaling early in LIP for the expansion of

CTL precursors. IL7R blockade later in LIP did not affect

the LIP-associated anti-tumor effect, but prevented LIP of

CD8™ T cells (Fig. 3). IL7Ra™ effector T cells could still
expand and migrate into tumor tissue (Figs. 4, 5). IL7R
blockade at various stages of LIP revealed new information,
e.g., redundant IL7 in lymphopenic hosts acts on the induc-
tion of effector cells and controls the size of the effector
population rather than acting directly on effector functions.

Using IL7Ra-transgenic mice, Hand et al. [35] reported
that KLRG1" CTLs respond weakly to IL7, even if IL7Ra
is stably expressed. IL7Ra over-expression could not save
the survival of KLRG1" CTLs. They also demonstrated
that KLRGI-positive effector cells, when stimulated by
IL7 in vitro, show less activation of STATS than KLRGI-
negative cells. Given that we could not detect DPECs and
tetramer™ populations in LN, spleen, liver, or tumor tissue
early in LIP (data not shown), IL7 must act on KLRGI1-
negative effector precursors.

Recently, using NOD mice (type I diabetes model), two
different groups reported that anti-IL7Ra mAb treatment
can prevent the onset of disease and delay or reverse its
progression [36, 37]. Both the competition with suppressive
mechanisms via PD-1/PD-L1 interaction and regulatory T
cells, and the function of both CD8" and CD4™" effector T
cells were augmented in the presence of IL7 signal, when
naive T cells were primarily activated [38]. These previous
reports together with our observations suggest that initial
IL7 signaling during primary T cell activation enhances the
expansion of CTL precursors and increases the size of the
effector population.

It is well known that IL7 levels control the homeostasis
of the T cell pool in vivo. Systemic administration of IL7
induces polyclonal T cell expansion in a dose-dependent
manner [17]. Also, IL7-transgenic mice show lymphad-
enopathy [39]. In lymphopenic hosts, the amount of redun-
dant IL7 might be higher immediately after lymph deple-
tion than later. We found that IL7Ra expression on CD8*
T cells was down-regulated immediately after adoptive

transfer, but not in later phases of LIP (Fig. 2). The fact
that strong IL7 signaling down-regulates IL7Ra expres-
sion suggests that CD8™ T cells were strongly stimulated
by redundant IL7 early in LIP induction, rather than later.
Concerning the kinetics of lymphocyte recovery after LIP
induction, although numbers of T cells did not reach nor-
mal levels, T cells in lymphatic tissues increased two- to
threefold during days 6-10 (data not shown). In this way,
consumption of redundant IL7 may have increased, accom-
panied by the recovery of T cells, resulting in the quies-
cence of IL7 signaling.

Other researchers demonstrated that IL7R-deficient
effector cells could survive and differentiate into functional
memory CD8™ T cells when effector cells were transferred
into RAG2-deficient hosts, but not in normal hosts [40].
Later in LIP, the function and expansion of effector cells
might be sustained not just by IL7, but also by other redun-
dant cytokines such as IL15. This hypothesis is supported
by a previous study demonstrating that IL15 rather than IL7
generated a significant anti-tumor effect following lympho-
penia and adoptive transfer of in vitro expanded CTLs [31].

IL7 can improve T cell function by the down-regula-
tion and/or inactivation of the suppressor molecules PD-1,
c-Cbl, p27, and SOCS3 [19]. During chronic diseases and
in tumor-bearing hosts, these effects lead effector/effector
memory T cells to break anergy, exhaustion, and tolerance.
On the other hand, signaling via the common y receptor
on T cells induced the up-regulation of PD-1 in vitro [41].
We therefore checked the PD-1 expression of CD8" T
cells during LIP in the presence or absence of IL7 signal-
ing. CTL precursors expressed some PD-1, and early IL7R
blockade during LIP slightly, but not significantly, inhibited
its up-regulation. In contrast, later IL7R blockade up-regu-
lated PD-1 expression (Supplemental figure S7), suggest-
ing that IL7 signaling has different regulation mechanisms
in the naive and DPECs population. We found no correla-
tion between the PD-1 expression on CD8™ T cells and the
LIP-associated anti-tumor effect, either in the presence or
in the absence of IL7 signaling.

Previously, we demonstrated that the LIP-associated
anti-tumor effect was enhanced by IL2 during tumor regres-
sion [6], suggesting that effector CD8™ T cells in lympho-
penic hosts could respond to IL2. However, no significant
anti-tumor effect was observed following daily administra-
tion of IL2 in early IL7R-blockaded hosts. Therefore, dur-
ing the LIP-associated anti-tumor effect, IL7 signaling and
IL2 signaling must play different roles. Immunization with
gp33 peptide and complete adjuvant overcomes the defect
of IL7 signaling in lymphopenic hosts (Supplemental fig-
ure S5 and Table 1). Immunization rapidly down-regulated
IL7Ra expression, and effector CD8" T cells became
insensitive to IL7 [15]. Following APC activation, and
multiple cytokine production, the inflammatory conditions
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«Fig. 5 LIP of donor CD8" T cells driven by IL7 signaling is cru-
cial to the expansion of antigen-specific CTL precursors, rather than
the induction of CTLs. The experimental procedure used was simi-
lar to that described in the legend to Fig. 3. On days 14-16, sple-
nocytes were recovered from each treatment group and analyzed
by FACS. For ICS of IFN-y, splenocytes were either unstimulated,
stimulated with gp33 peptide, or stimulated with PMA and Ionomy-
cin, in the presence of monensin. a Percentage of LCMV tetramer *
and KLRG1" early effector precursor CD8" T cells. b Numbers of
LCMV tetramert (upper graph) or KLRG1™" (lower graph) CD8*
T cells. ¢ Production of IFN-y* in CD8" T cells. d Numbers of
IFN-y™ CD8" T cells stimulated with gp33 peptide (left panel) or
PMA + Ionomycin (right panel). Bars SE based on the results of
11-12 mice from 4 independent experiments. The p values in the
graph indicate the statistical significance of the difference between
control-Ig and each group with IL7R blockade in LIP-induced hosts

presumably regulate the requirement for cytokine signaling
in T cell immunity.

In summary, our results demonstrate that, in lympho-
penic hosts, initial IL7 signaling has a distinct role in regu-
lating effector T cell proliferation and inducing an anti-
tumor effect accompanied by LIP (Supplemental figure
S8). In tumor-bearing hosts, IL7Ra™ effector cells accu-
mulated in large numbers during LIP. IL7 was thought to
enhance the survival and function of effector cells directly,
but our results demonstrate that these do not cause the LIP-
associated anti-tumor effect. The activation of endogenous
CTL precursors against tumor is usually insufficient for the
rejection of tumor, because regulatory mechanisms limit
activation and expansion [42]. The blockade of immuno-
logical check points by means such as PD-1, CTLA-4, and
regulatory T cells has gained attention in the field of can-
cer immunotherapy. These treatments enhance the induc-
tion of CTLs and prevent the exhaustion and anergy of
T cells [43, 44]. Lymphopenia up-regulates IL7, with the
subsequent LIP of T cells antagonizing immune suppres-
sion and inducing potent anti-tumor effects [19, 30, 45].
We found here that the effect of IL7 on the induction of the
anti-tumor effect is limited to early in LIP. Further studies
are needed to clarify whether early IL7 signaling controls
the expansion of effector cells, their functions, generation
of memory cells, or all of these combined. Understanding
the precise functions and requirements of IL7 signaling for
the induction of T cell immunity in both normal and lym-
phopenic environments could lead to the development of
effective approaches for the control of pathogenic T cells or
anticancer T cells.
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