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SUMMARY

Immunological behavior of graft-infiltrating lymphocytes (GILs) determi-
nes the graft fate (i.e., rejection or acceptance). Nevertheless, the functional
alloreactivity and the phenotype of GILs at various times during the early
post-transplantation phase have not been fully elucidated. We examined
the immunological activities of early-phase GILs using a murine model of
cardiac transplantation. GILs from 120-h allografts, but not 72-h allografts,
showed robust activation and produced proinflammatory cytokines. In
particular, a significant increase in CD69+T-bet+Nur77+ T cells was
detected in 120-h allografts. Furthermore, isolated GILs were used to
reconstitute BALB/c Rag2�/�cc�/� (BRG) mice. BRG mice reconstituted
with 120-h GILs displayed donor-specific immune reactivity and rejected
donor strain cardiac allografts; conversely, 72-h GILs exhibited weak anti-
donor reactivity and did not reject allografts. These findings were con-
firmed by re-transplantation of cardiac allografts into BRG mice at 72-h
post-transplantation. Re-transplanted allografts continued to function for
>100 days, despite the presence of CD3+ GILs. In conclusion, the immuno-
logical behavior of GILs considerably differs over time during the early
post-transplantation phase. A better understanding of the functional role
of early-phase GILs may clarify the fate determination process in the graft-
site microenvironment.
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Introduction

The cytotoxic ability of graft-infiltrating lymphocytes

(GILs) determines the immune balance and eventual

fate of allografts [1,2]. During the early phase of organ

transplantation, alloantigen-specific na€ıve lymphocytes

are activated via antigen presentation in secondary lym-

phoid tissues [3], and an interval of 4–5 days is required
to acquire sufficient immune activity [4]. Subsequently,

the activated lymphocytes infiltrate into transplanted

organs and exert cytotoxic effects. However, recipient-

derived lymphocytes infiltrate vascularized grafts within
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24 h [4,5]. The immunological behavior of these early-

phase GILs remains unclear. Previous reports showed

that these subsets with memory phenotype demon-

strated an alloantigen-specific proinflammatory ability;

they were activated by an alloantigen-dependent mecha-

nism, secreted proinflammatory cytokines, and pro-

moted allograft rejection [4–10]. In infectious diseases,

such lymphocytes with a memory phenotype which

infiltrate inflammatory sites during very early phase of

infection are presumed to have antigen-nonspecific pro-

tective functions; they induced antigen-nonspecific

inflammatory reactions independent of their repertoire,

maintained inflammatory responses to non-self-

antigens, secreted proinflammatory cytokines and pro-

moted the trafficking of primed antigen-specific effector

T cells [4,6,7,11–15]. Although accumulating evidences

indicate that early-phase GILs have allogeneic function,

however, the removal of early-phase GILs failed to

induce transplant tolerance [16–18]. These findings

indicate that early-phase GILs exhibit the heterogeneous

immunological behavior. Moreover, the other findings

that, in both transplant and nontransplant settings, the

innate immune system can distinguish between self and

non-self and induce and maintain alloreactive responses

[19–21] and indicate a need to determine the exact roles

of GILs with a memory phenotype in the very early

post-transplantation phase. Therefore, we investigated

the immune function of GILs with a focus on alloreac-

tivity.

There are some challenges in evaluating GIL func-

tions, particularly alloreactivity. First, the number of

early-phase GILs is insufficient to perform functional

assays (e.g., mixed lymphocyte reactions). Second, non-

specific inflammation immediately after transplantation

may affect the GIL activation status, which interferes

with the identification of lymphocytes that respond to

alloantigens from other activated cells. Third, because

immunological reactions involve dynamic interactions

between various immune cells, it might be difficult to

determine their potential immunological function by

performing a cross-sectional analysis of their effects.

Thus, it is challenging to analyze allospecific immune

functions using GILs alone.

Developments regarding immunodeficient mice that

exhibit targeted Rag2 and IL-2Rcc mutations, which

cause a lack of adaptive immunity [22] have allowed

the engraftment of low numbers of lymphocytes while

preserving their immunological function in vivo [23]. In

this study, we established an in vivo analysis system to

reconstitute GIL immunity by adoptive transfer into

these mice. We aimed to examine the immunobiological

functions of GILs during the early post-transplantation

phase using this reconstitution model, then identify dif-

ferences in immunological behavior.

Materials and methods

Mice

All mouse strains were bred and housed in specific

pathogen-free conditions. BALB/c, C57BL/6 (B6) and

C3H mice were purchased from Japan SLC (Hama-

matsu, Japan). C;129S4-Rag2tm1.1Flv Il2rgtm1.1Flv/J

(BALB/c Rag2�/�cc�/� [BRG]) mice [22] were pur-

chased from the Jackson Laboratory (Bar Harbor, ME,

USA) and maintained in Hokkaido University Institute

for Animal Experimentation. All experimental proce-

dures involving mice were performed in accordance

with the Institutional Animal Care and Use Guidelines

of Hokkaido University.

Murine heterotopic heart transplantation

Heart transplantation in mice was performed using a pre-

viously described method [24]. During heart graft retrie-

val, the donor pulmonary artery and ascending aorta

were incised, remaining heart vessels were ligated, and the

heart was removed. The donor ascending aorta and pul-

monary artery were anastomosed to the recipient abdom-

inal aorta and inferior vena cava, respectively. Heart graft

survival was monitored daily by palpation; complete ces-

sation of heartbeat was regarded as rejection.

Heart re-transplantation

BALB/c first recipient mice were generally anesthetized

using isoflurane, then underwent repeat laparotomy;

blood flow in the abdominal aorta and inferior vena

cava was interrupted using a vascular clamp device. The

graft was immediately flushed with heparinized saline

solution until red blood cells were absent from the right

ventricle. The graft was procured by cutting the graft

aorta and pulmonary artery at the point of anastomosis.

Allografts retrieved from first recipients were re-

transplanted immediately into BRG second recipient

mice by the method used during primary transplanta-

tion. A CD25-depleting antibody (PC61, 500 lg per

mouse at 30 days post-retransplantation; Bio X Cell,

Lebanon, NH, USA) and an anti-PD-1 blockade anti-

body (J43, 500 lg per mouse at day 30, 250 lg per

mouse at day 32 and 34 post-retransplantation, Bio X

Cell) were injected intraperitoneally.
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Isolation of GILs

The cardiac graft retrieval procedure was identical to

the method described above for heart re-

transplantation. Retrieved heart grafts were finely cut

and incubated at 37°C for 30 min in Roswell Park

Memorial Institute Medium (RPMI) 1640 plus 5 mg

collagenase IV (Sigma-Aldrich, St. Louis, MO, USA).

Mononuclear cells were isolated by gradient centrifuga-

tion using Lympholyte M (Cedarlane Laboratories Ltd.,

Burlington, Canada). Total retrieved cells were counted

using a hemocytometer.

Cell transfer and reconstitution

Isolated GILs were suspended in 200 µl RPMI 1640 and

immediately transferred to BRG mice by intraperitoneal

injection. To confirm whether mice had been reconsti-

tuted with injected cells, flow cytometric analysis of

peripheral blood was performed weekly.

Flow cytometry

Spleen cells, blood cells and GILs were stained and ana-

lyzed on a FACS Canto II flow cytometer (BD Bio-

sciences, Franklin Lakes, NJ, USA), and resulting data

were processed using FlowJo version 7.6.5 software (BD

Biosciences). Fluorochrome-conjugated antibodies used

for flow cytometry were as follows: anti-mouse CD3ε

(clone 145-2C11), CD4 (GK1.5), CD8a (53-6.7), CD11b
(M1/70), CD11c (N418), CD25 (PC61), CD40 (3/23),
CD44 (IM7), CD45 (30-F11), CD49d (R1-2), CD62L
(MEL-14), CD69 (H1.2F3), CD86 (GL1), CD103 (2E7),
Nur77 (12.14), T-bet (4B10), GATA3 (L50-823), RORct
(Q31-378), Foxp3 (FJK-16s), H-2Kb (AF6-88.5.5.3), H-
2Kd (SF1-1.1.1), I-A/I-E (M5/114.15.2), IFNc
(XMG1.2), TNFa (MP6-XT22), Granzyme B (NGZB),
and Perforin (S16009A) (antibodies were purchased from
BD Biosciences, BioLegend, San Diego, CA, USA or
Thermo Fisher Scientific, Waltham, MA, USA). Dead
cells were excluded from all analysis by using 7-AAD
staining solution (BD Biosciences). Intracellular expres-
sions of T-bet, GATA3, RORct, Foxp3 and Nur77 were
determined using a Foxp3/Transcription Factor Staining
Buffer Kit (Thermo Fisher Scientific) in accordance with
the manufacturer’s instructions. For intracellular cytokine
staining, cells were fixed and permeabilized with Cyto-
fix/Cytoperm solution (BD Biosciences), followed by
staining with fluorochrome-labeled cytokine antibodies,
in accordance with the manufacturer’s instructions.

ELISpot assay

Isolated spleen cells were co-cultured with irradiated

donor/third-party/autologous spleen cells in ELISpot

MultiScreen Filter Plates (Millipore Corporation,

Burlington, VT, USA) that had been precoated with an

IFNc capture antibody (BD Biosciences); the cells were

incubated for 24h at 37°C in a 5% CO2 atmosphere.

IFNc spots were detected using a detection antibody

(BD Biosciences) and visualized using streptavidin-ALP,

then incubated with a substrate solution. Spots were

counted by ImmunoSpot software (Cellular Technology

Limited, Shaker Heights, OH, USA).

Morphometric analysis

Procured cardiac grafts were frozen at �80°C. Frozen
specimens were sectioned at a thickness of 5 µm using

a cryostat (CM 1860, Leica, Wetzlar, Germany). The

sections were stained with hematoxylin/eosin and

imaged by light microscopy (BZ-X800, Keyence, Osaka,

Japan).

Immunohistochemistry

Frozen sections (10 µm) of heart graft samples were

fixed by incubation in 4% paraformaldehyde for 15

min. They were then incubated overnight at 4°C with

anti-mouse CD3ε (EPR20752) primary antibody. Sam-
ples were subsequently incubated for 45 min at room
temperature with Dako EnVision+ System-Rabbit HRP
(Agilent, Santa Clara, CA, USA), then subjected to
DAB (Cell Signaling Technology, Danvers, MA, USA)
staining until a brown color was visible. Positive cells
were confirmed by high magnification (4009) visualiza-
tion using light microscopy.

Statistical analysis

Data are shown as the mean � SD and were analyzed

with Prism version 7.0a (GraphPad Software, San

Diego, CA, USA). Variables were compared using Stu-

dent’s t-test. Graft survival was analyzed using the

Kaplan-Meier method, then compared by the log-rank

test. The sample size chosen for animal experiments was

estimated based on the literature and our previous

experience in performing similar experiments. Differ-

ences were considered statistically significant when P <

0.05.
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Results

Type I immune responses were significantly increased

in GILs at 120 h post-transplantation

Subsets of GILs during early phase post-transplantation

were assessed by flow cytometry. Total numbers of GILs

were similar between syngeneic and allogeneic grafts in

BALB/c recipient mice at 72 h post-transplantation;

however, significantly greater numbers of GILs were

obtained from allogeneic grafts at 120 h (Fig. 1a). We

also esxamined the origin of GILs by measuring MHC

class I expression. Notably, most CD3+ cells in the graft

72 h post-transplantation were recipient-derived (Fig.

1b). Among CD3+ GILs, significantly greater numbers of

CD8+ lymphocytes were observed in the graft at 120 h

compared with the numbers of CD8+ lymphocytes in the

graft at 72 h (Fig. 1c). In terms of na€ıve/memory popula-

tions, there were no significant differences among the

72-h and 120-h GILs, including in syngeneic grafts

where CD44hiCD62Llo effector memory T cells were the

dominant population in both CD4+ and CD8+ GILs

(Fig. 1c). Moreover, a differentiated CD4+ lineage in

GILs that was skewed toward T helper (Th)1 cells was

predominant at 120 h post-transplantation; a signifi-

cantly increased level of T-bet was observed in CD4+

GILs at 120 h, compared with the level at 72 h post-

transplantation (Fig. 1d, P < 0.001). There were no sig-

nificant difference between groups in the expression

levels of GATA3 and RORct in CD4+ GILs (Fig. 1d).

Although the Foxp3 expression level in CD4+ GILs was

significantly increased in GILs at 120 h, increased per-

centages of CD25+Foxp3-CD4+ GILs were also observed

(Fig. 1e). Taken together, the dynamic changes in the

properties of GILs at 72 h and 120 h post-transplantation

suggest that distinct subsets of GILs at 120 h (e.g., Th1

cells) might be involved in alloimmune responses.

GILs in allografts were significantly activated at 120 h
but not 72 h post-transplantation

Significant increases in the numbers of CD25+ cells

among both CD4+ and CD8+ GILs at 120 h (Figs 1e and

2a) indicated that 120-h GILs were in an activated state.

Therefore, we examined their activation status and cyto-

kine production ability. In addition to CD25, we

observed increased expression levels of CD69, T-bet,

and Nur77 among CD4+ and CD8+ GILs (Fig. 2a). The

upregulation of T-bet in CD8+ T cells reportedly indi-

cates the acquisition of an effector phenotype [11,25].

Moreover, Nur77 is upregulated by TCR signaling in

lymphocytes [26–28]; these findings indicated the pres-

ence of stimulated T cells, achieved through TCR signal-

ing. A significantly greater expression level of Nur77

was observed in CD69+T-bet+ CD4+ and CD8+ GILs at

120 h (Fig. 2b), suggesting that alloantigen-activated T

cells exhibited a CD69+T-bet+ phenotype. Significant

enhancements of CD69 and T-bet expression levels were

observed in both CD4+ and CD8+GILs at 120 h (Fig 2c).

Additionally, at 120 h post-transplantation, CD69+T-

bet+ lymphocytes were observed only in the graft site

(Fig. S1A). To determine whether CD8+ GILs had cyto-

toxic properties, the levels of proinflammatory cytokines

(e.g., IFNc, TNFa, perforin, and granzyme B) were

investigated. At 72 h post-transplantation, CD8+ GILs

produced small amounts of proinflammatory cytokines

in allogeneic and syngeneic grafts (Fig. 2d). In contrast,

proinflammatory cytokines were extensively produced

in 120-h CD8+ GILs (Fig. 2d). This increased cytokine

production was observed only in the graft (Fig. S1B).

Overall, GILs at 120 h but not 72 h post-transplantation

were presumably activated by TCR stimulation and

acquired cytotoxic activity.

Early phase GILs could be reconstituted in

immunodeficient mice, and reconstituted GILs had
distinct alloreactivities over time after transplantation

We showed that GILs in the allografts at 72 h post-

transplantation did not have an activated phenotype.

However, the ability of 72-h GILs to respond to

alloantigens and cause graft rejection remained unclear.

Thus, we attempted to assess the alloreactivity using

BRG mice, which lack lymphocytes-mediated immunity

[22], by adoptively transferring lymphocytes to reconsti-

tute their immunity. GILs were isolated at 72 or 120 h

posttransplantation and adoptively transferred into

immunodeficient mice by intraperitoneal injection (Fig.

3a). The numbers of transferred GILs were 1.0–2.59
104 per mouse. Transferred lymphocytes were suffi-

ciently reconstituted; the reconstitution rates of CD3+ T

cells in peripheral blood (Fig. 3b) were similar between

the two groups. At 70 days after transfer, we obtained

sufficient numbers of lymphocytes from the spleens of

reconstituted BRG mice (Fig. 3c). The proportions of

CD3+, CD4+ and CD8+ T cells in the spleen were also

similar between the two groups (Fig. 3d). There were no

significant differences in the proportions of cells with a

memory phenotype. The predominant subset in CD4+ T

cells had a CD44hiCD62lo effector memory phenotype;

similar proportions of central memory

(CD44hiCD62Lhi) and effector memory phenotype were
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(a)

(c)

(e)

(d)

(b)

Figure 1 Population of early-phase graft-infiltrating lymphocytes of cardiac allografts. Cardiac allografts were retrieved at 72 h or 120 h post-

transplantation. Retrieved allografts were finely cut into small pieces and then incubated in RPMI 1640 plus collagenase IV for 30min. Graft-

infiltrating lymphocytes (GILs) were isolated by gradient centrifugation. Subsets of GILs were assessed by flow cytometric analysis (black circles;

GILs from 72-h syngeneic grafts, blue squares; GILs from 72-h allogeneic grafts, red triangles; GILs from 120-h allogeneic grafts). (a) Total

numbers of GIL (n = 8–11 per group). (b) MHC class I expression on CD3+ GILs, indicating GIL origin (n = 4 per group). (c) Proportions of CD4+

(left upper figure) and CD8+ (left lower figure) GILs. Na€ıve/memory population of CD4+ (right upper figure) and CD8+ (right lower figure) GILs.

Each population was defined as na€ıve: CD44loCD62Lhi, central memory: CD44hiCD62Lhi, and effector memory: CD44hiCD62Llo (n = 4–6 per

group). (d) Expression levels of transcription factors T-bet (upper figure), GATA3 (middle figure) and RORct (lower figure) in CD4+ GILs (n = 4–5

per group). (e) Expression levels of CD25 and Foxp3 in CD4+ GILs at 72 h or 120 h post-transplantation. Each experiment was performed at

least four times independently. Statistical significance was determined by the Student’s t-test for indicated pairwise comparisons. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.
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(a)

(b)

(c)

(d)

Figure 2 GILs at 120h but not 72h post-transplantation are significantly activated. Activation statuses of GILs isolated from 72-h syngeneic

(black circles), 72-h allogeneic (blue squares), or 120-h allogeneic (red triangles) grafts was assessed by flow cytometric analysis. (a) Proportions

of CD25+, CD69+, T-bet+, and Nur77+ cells among CD4+ (upper row) and CD8+ (lower row) GILs. (b) Nur77 expression levels in CD69+T-bet+

(red lines and triangles), CD69+T-bet- (purple lines and triangles) and CD69-T-bet- (blue lines and triangles) populations in CD4+ (upper row)

and CD8+ (lower row) 120-h GILs. (c) Proportions of CD69+T-bet+ cells among CD4+ (upper row) and CD8+ (lower row) GILs. (d) Proinflamma-

tory cytokine production by CD8+ GILs from 72-h syngeneic (gray lines and circles), 72h allogeneic (blue lines and squares) or 120-h allogeneic

(red lines and triangles) grafts. Each experiment was performed at least three times independently (n = 3–5 for each group). Statistical signifi-

cance was determined by Student’s t-test for the indicated pairwise comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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observed among CD8+ T cells (Fig. 3e). Among CD4+ T

cells, the proportions of CD25+Foxp3+ regulatory T cells

were similar between mice reconstituted with 72-h GILs

and mice reconstituted with 120-h GILs (Fig. 3f).

After reconstitution, we assessed in vitro and in vivo

alloreactivities. In the IFNc-ELISpot assay, lymphocytes

obtained from mice reconstituted with 120-h GILs pro-

duced significantly greater levels of IFNc after donor

antigen stimulation (Fig. 3g). In contrast, low IFNc pro-

duction against donor antigen was observed in mice

reconstituted with 72-h GILs (Fig. 3g). Next, we trans-

planted cardiac allografts from B6 (H2-Kb) mice into

mice reconstituted with GILs. In mice reconstituted

with 120-h GILs, B6 allografts were rapidly rejected

(MST = 6 days, Fig. 3h) whereas B6 allografts survived

indefinitely in mice reconstituted with 72-h GILs (MST

> 100 days, Video S1). Histopathological analyses of

rejected allografts in mice reconstituted with 120-h GILs

showed tissue destruction, morphologic features of

injured cardiomyocytes (HE finding, upper left image in

Fig. 3i), and extensive infiltration of CD3+ T lympho-

cytes (immunohistochemistry, upper right image in Fig.

3i). In contrast, the histopathological features of long-

term surviving grafts (100 days) in mice reconstituted

with 72-h GILs showed well-preserved cardiomyocyte

structures (HE, lower left in Fig. 3i), although CD3+ T

cells infiltration was observed (immunohistochemistry,

lower right in Fig. 3i). Comparable lymphocyte subsets

(Fig. S2A,B) and alloreactivities in the IFNc-ELISpot
assay (Fig. S2C) were evident in the spleens of mice

reconstituted with 72-h GILs, both before and after

transplantation. These findings indicated that heart

transplantation did not affect reconstituted T-cell

immunity in mice reconstituted with 72-h GILs. Over-

all, 72-h GILs had weak responsiveness to donor anti-

gens, whereas 120-h GILs exerted potent donor antigen-

specific reactivity.

Phenotypic differences in GILs were observed between

72 and 120 h post-transplantation

Because the adoptive transfer model showed distinct

donor reactivities between 72-h and 120-h GILs, we

investigated whether donor-reactive lymphocytes in

120-h GILs were derived from 72-h GILs or newly infil-

trated lymphocytes that arrived after 72 h. When we

examined the activation statuses of host DCs in grafts,

we found that expression levels of CD86 and CD40

were higher at 120 h post-transplantation than at 72 h

post-transplantation (Fig. 4a). Additionally, the propor-

tion of host CD103+ DCs in the graft (i.e., cells

presumed to activate antigen-specific lymphocytes [29]),

tended to be higher at 120 h than at 72 h (P = 0.09, Fig.

4b). These data implied that APCs in the graft could

influence the GILs’ activation status. To investigate the

origin of alloreactive T cells observed in 120-h GILs, we

attempted to prevent newly infiltrating lymphocytes

from entering the graft at 72–120 h post-transplantation

by integrin blockade using an anti-LFA antibody [8] or

by the removal of secondary lymphoid tissues via

splenectomy [30] at 72 h. We then assessed the donor

reactivities of 120-h GILs by adoptive transfer experi-

ments (Fig. 5a,b). The reconstitution rates were compa-

rable between mice that received adoptive transfer of

anti-LFA antibody-treated 120-h GILs and mice that

underwent splenectomy (Fig. 5c–e). However, potent

donor-antigen reactivities were also observed by IFNc-
ELISpot assays (Fig. 5f). Accordingly, anti-LFA antibody

experiments and the removal of secondary lymphoid tis-

sue did not prevent the development of effector T cells

with potent donor reactivities in grafts at 120 h post-

transplantation.

Seventy-two-hour GILs did not show alloreactivity
during continuous exposure to alloantigen

In the above experiments involving splenectomy and

separate adoptive transfer procedures with an anti-LFA

antibody, 72-h GILs exhibited potential alloreactivity

and could be terminally differentiated into locally-

activated lymphocytes at 72–120 h in the graft site.

However, because activated lymphocytes can use other

integrins (e.g., VLA-4) to infiltrate into peripheral tissue

[31,32] and be matured at the other secondary lym-

phoid tissues (e.g., mediastinal lymph nodes) [33], com-

plete inhibition of infiltration might have failed and the

alloreactivity may have been caused by newly infiltrated

GILs. Therefore, we attempted to transfer a whole 72-h

heart graft that harbored GILs, host DCs, and microen-

vironment (e.g., donor antigens) into BRG mice by re-

transplantation; this approach could also completely

remove newly infiltrating lymphocytes from 72-h post-

transplantation (Fig. 6a). Importantly, re-transplanted

B6 cardiac grafts continued to function for more than

100 days after re-transplantation (Fig. 6b, Video S2).

Histopathological analyses of long-term re-transplanted

grafts demonstrated well-preserved cardiomyocyte struc-

tures (left image in Fig. 6c). CD3+ GILs were also

observed in the allograft (right image in Fig. 6c), sug-

gesting that CD3+ GILs were exposed to alloantigen but

did not induce allograft rejection. In these re-transplant

experiments, GILs were also reconstituted in BRG mice
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that contained populations similar to the isolated GILs

used in adoptive transfer experiments (Figs 3d,e and 6d,

e). Then, alloreactivities were evaluated in lymphocytes

obtained from spleens of BRG mice that had been re-

transplanted with 72-h grafts by IFNc-ELISpot assay at

100 days after re-transplantation, and low IFNc produc-

tion levels against donor and third-party antigens were

observed (Fig. 6f). When anti-CD25 antibody treatment

was administered at 30 days after retransplantation to

deplete CD4+CD25+ Tregs, no graft rejection was

observed immediately after the depletion of CD4+Tregs

(Fig. S3A). Additionally, when anti-PD-1 blocking anti-

bodies were administered at 30, 32 and 34 days after

retransplantation, graft rejection did not occur (Fig.

S3A). The histopathological findings (Fig. S3B) and the

reconstitution rates (Fig. S3C,D) were comparable

between mice that received anti-CD25 and anti-PD-1

treatment. These findings indicated that CD4+CD25+

Tregs and T cell-exhaustion were not critical for allo-

graft preservation in the presence of reconstituted lym-

phocytes. Overall, GILs at 72 h post-transplantation

failed to exhibit donor-antigen reactivity, despite their

presence in allografts in re-transplantatiom models

while they secreted low levels of proinflammatory

cytokines in an alloantigen-nonspecific manner. Fur-

thermore, CD4+CD25+ Tregs and exhaustion were not

critical for allograft preservation in the presence of

reconstituted lymphocytes. GILs at 72 h did not have

(a) (b)

Figure 4 Activation status of graft site APCs. (a-b) Graft-infiltrating mononuclear cells were isolated from recipients at 72 h or 120 h and the

activation status and population of T cell-activating DCs were analyzed by flow cytometry. DCs: Lineage-CD11c+MHC class II+. (a) APC activa-

tion marker expression. Percentages of CD86+ and CD40+ cells among CD11b+ (upper row) and CD11b- (lower row) DCs. (b) Percentages of

CD103+ cells among CD11b-CD11c+MHC II+ DCs. These experiments were performed three times independently. Statistical significance was

determined by Students t-test for the indicated pairwise comparisons. *P < 0.05, ****P < 0.0001.

Figure 3 The BRG mice displayed donor-specific alloreactivity ex vivo and in vivo when reconstituted with 120-h but not 72-h GILs. GILs obtained

from cardiac allografts at 72 or 120 h post-transplantation were adoptively transferred into BRG mice via intraperitoneal injection. The numbers of

transferred cells were as follows; 72 h: 1.0–2.59 105; 120 h, 1.0–2.09 105. (a) Scheme of adoptive transfer of GILs in the early post-

transplantation phase. (b) Reconstitution rates of CD3+ lymphocytes in peripheral blood of BRG mice reconstituted with 72-h (blue squares, n = 10)

and 120-h (red triangles, n = 9) GILs. (c–f) Lymphocyte subsets of spleens obtained from BRG mice reconstituted with 72-h GILs (blue squares, n =

4) and 120-h GILs (red triangles, n = 5–6) at 70 days after adoptive transfer. (c) Absolute numbers of lymphocytes in the spleen. (d) Proportions of

CD3+ (left figure), CD4+ and CD8+ (right figure) T cells. (e) Na€ıve CD44loCD62Lhi, central memory CD44hiCD62Lhi, and effector memory

CD44hiCD62Llo populations of CD4+ (upper row) and CD8+ (lower row) T cells. (f) Proportions of CD25+Foxp3+ Tregs among CD4+ T cells. (g) Lym-

phocytes (59 105) isolated from spleens of BRG mice reconstituted with 72-h GILs (blue squares, n = 4) and 120-h GILs (red triangles, n = 6) at 70

days after adoptive transfer were co-cultured with 59 105 irradiated spleen cells obtained from donor or third-party (C3H) strains of mice. Fre-

quencies of IFNc-producing cells were assessed using ELISpot. (h–i) Donor strain B6 cardiac allografts were transplanted into BRG mice reconsti-

tuted with 72-h GILs (blue line, n = 5), 120-h GILs (red line, n = 6). (h) Graft survival rate in BRG mice. (i) Representative images of H&E histological

staining (left column) and immunohistochemical staining with anti-mouse CD3ε antibody (right column) results using cardiac allografts obtained

from BRG mice reconstituted with 120-h GILs at 5 days post-transplantation (upper row) and BRG mice reconstituted with 72-h GILs at 100 days

post-transplantation (lower row). Each experiment was performed twice independently. Statistical significance was determined by Student’s t-test

for the indicated pairwise comparisons, Log-rank test for graft survival and two-way ANOVA for ELISpot assays. **P < 0.01, ****P < 0.0001.
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alloantigen-specific cytotoxicity, although they secreted

low levels of proinflammatory cytokines in an

alloantigen-nonspecific manner.

Discussion

In organ transplantation, T lymphocytes are an impor-

tant source of immune reactions against allografts;

notably, alloantigen-specific T cells can induce acute

rejection. Therefore, it is important to determine the

source of alloantigen-specific T cell-mediated immune

reactions. In this study, lymphocytes with a memory

phenotype in allogeneic grafts at 72 h, which had a weak

response to alloantigens, did not reject the allograft

in vivo; conversely, 120-h GILs responded to an alloanti-

gen and directly rejected heart allografts in vivo (Fig. 3g,h).

(a)

(c)

(d)

(f)

(e)

(b)
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Our results indicated that early-phase GILs changed

their phenotype over time after transplantation.

Biomarkers for T-cell activation have been developed.

The expression level of T-bet is associated with distinct

stages of T-cell activation and function [11]. We

demonstrated that activated T cells expressing CD69

had high and low levels of T-bet (Fig. 2b) suggesting

that 120-h GILs may include short-lived and precursor

memory effector T cells [25]. Nur77 is a biomarker

upregulated by TCR stimulation, but not cytokine acti-

vation [28]. Significantly elevated expression levels of

Nur77 in CD69+T-bet+ cells among CD4+ and CD8+

GILs at 120 h post-transplantation (Fig. 2b) suggest that

T-bet and Nur77 may serve as candidate biomarkers for

alloreactive T cells in a transplant setting.

To directly assess the exact roles and functions of a

small population of GILs, we reconstituted lymphocytes

in immunodeficient mice. Although we demonstrated

clear differences in immunological behavior between 72-

h and 120-h GILs in our model, there were some

important considerations. First, during reconstitution,

proliferated lymphocytes expressed CD44, regardless of

antigen exposure (i.e., homeostatic expansion); this

indicated the conversion of na€ıve lymphocytes into a

memory population (i.e., virtual memory or memory

phenotype lymphocytes) [13,14,34,35] which could

influence their immune behavior. We found a signifi-

cant increase in the virtual memory phenotype

(CD49d�CD44+ T cells, regarded as an antigen-

inexperienced phenotype) among CD8+ T cells in

reconstituted lymphocytes from 72-h GILs, compared

with 120-h GILs (Fig. S4). This suggests that T cells with

an antigen-inexperienced memory phenotype might be

generated during homeostatic proliferation in mice

reconstituted with 72-h GILs. While lymphocytes with a

CD49d� phenotype are presumed to produce

proinflammatory cytokines by an antigen-specific mech-

anism [34,35] it remains unclear whether these subsets

exert strong responses that cause alloantigen rejection.

Second, ongoing lymphocyte proliferation could modu-

late resistance against transplant tolerance [36–38].
Because lymphocytes might be immunologically dis-

torted during ongoing homeostatic proliferation

[36,37], we assessed lymphocytes when homeostatic

proliferation was presumably completed. Although the

effects of homeostatic proliferation cannot be ignored in

an adoptive transfer model, we identified the functional

differences among isolated cell lineages in vivo.

Reports from Lakkis et al. indicated that T-cell prim-

ing and maturation in secondary lymph nodes were

insufficient to induce allograft rejection; interactions

between graft-infiltrating host APCs were required to

maintain effector T cell reactivity [39,40]. These findings

suggest the potential for ≤72-h GILs to become activated

and differentiate into terminal effector T cells at the graft

site. We observed that host DCs in 120-h grafts expressed

significantly greater levels of activation markers, com-

pared with host DCs in 72-h grafts (Fig. 4), which sug-

gested interactions between alloantigen-reactive GILs and

graft-infiltrating DCs. The presence of donor reactivity,

despite the interruption of lymphocyte infiltration into

the graft from 72 to 120 h post-transplantation through

integrin blockade with anti-LFA antibodies (Fig. 5a)[8]

or through the removal of secondary lymphoid tissues by

splenectomy (Fig. 5b)[30] also implies that immature

allospecific GILs at 72 h had subsequently matured at the

graft site. However, 72-h grafts re-transplanted into

immunodeficient mice, a model in which new infiltration

of recipient lymphocytes is completely interrupted, were

well-preserved in the absence of graft rejection; this find-

ings suggested that lymphocytes in 72-h grafts do not

gain the capability for allograft rejection. Furthermore,

Figure 5 Functional analysis of GILs at 120 h with anti-LFA-1 mAbs treatment at 72 h and 96 h or splenectomy at 72 h. C57BL/6 heart allo-

grafts were transplanted into BALB/c recipients. At 72 h post-transplantation, anti-LFA mAbs are injected intraperitoneally or splenectomy was

performed in the recipient. GILs isolated from allografts procured at 120 h were adoptively transferred into BRG mice intraperitoneally. The

numbers of transferred cells were as follows: 72 h: 1.0–2.59 105, 120 h: 1.0–2.09 105, 120 h + aLFA-1: 1.0–2.59 105, and 120 h + splenec-

tomy: 1.0–2.59 105. (a) Scheme of the adoptive transfer of GILs with anti-LFA mAb treatment. (b) Scheme of the adoptive transfer of GILs

with splenectomy. (c) The reconstitution rates of CD3+ lymphocytes in peripheral blood in the 72 h (blue), 120 h (red), 120 h + anti-LFA-1 (or-

ange), and 120 h + splenectomy (brown) groups. (d) The proportion of reconstituted CD3+ cells among CD45+ cells (left figure) and the propor-

tion of CD4+ and CD8+ T cells among CD3+ cells (right figure) in the spleen. (e) Na€ıve, CD44loCD62Lhi, central memory, CD44hiCD62Lhi, and

effector memory, CD44hiCD62Llo, populations of CD4+ (upper figure) and CD8+ (lower figure) T cells. (f) Lymphocytes (59 105) isolated from

spleens of BRG mice reconstituted with 72-h GILs (left figure, blue squares, n = 4), 120-h GILs (center figure, red filled triangles, n = 6), 120h +

anti-LFA-1 (center figure, orange open triages, n = 8), or 120h + splenectomy (right figure, brown open triangles, n = 7) at 70 days after adop-

tive transfer, were co-cultured with 59 105 irradiated spleen cells obtained from donor (C57BL/6), 3rd party (C3H), or auto (BALB/c) strains of

mice. The frequencies of IFNc-producing cells were assessed using ELISpot. These experiments were performed twice independently. Statistical

significance was determined using Student’s t-test for the indicated pairwise comparisons, Log-rank test for graft survival, and two-way

ANOVA for ELISpot assays.
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lymphocytes in the re-transplanted allografts were not

suppressed by Treg nor exhausted against alloantigens;

our findings suggest that these lymphocytes did not pos-

sess intrinsic alloantigen-specific reactivity. These

discrepancies with previous studies may be related to the

incomplete elimination of newly infiltrating lymphocytes

by anti-LFA antibodies [31,41] or the presence of other

effector lymphocytes that were primed outside the spleen

(a)

(c)

(e) (f)

(d)

(b)

Figure 6 Cardiac allografts at 72h post-transplantation exhibit long-term function after re-transplantation in BRG mice. B6 cardiac allografts

transplanted in BALB/c mice were retrieved at 72 h post-transplantation and directly re-transplanted into BRG mice. (a) Scheme of re-

transplantation into BRG mice shows transplanted allografts obtained 72 h post-transplantation (B6 to BALB/c) were re-transplanted into BRG

mice. (b) Re-transplanted graft survival rates in BRG mice, ReTx only (n = 6). (c) Representative images of H&E histological staining (left image)

and immunohistochemical staining with CD3ε antibody (right image) in long-term (100 days) re-transplanted cardiac allografts of BRG mice. (d)

Reconstituted populations of CD3+ (left figure), CD4+ and CD8+ (right figure) cells in the spleens of BRG mice at 100 days post-

retransplantation. (e) Populations of na€ıve, central memory, and effector memory (left figures) cells among CD4+ (upper row), CD8+ (lower

row) and CD4+CD25+Foxp3+ (right figure) cells in the spleens of BRG mice at 100 days post-retransplantation. (f) Spleen cells (59 105)

retrieved from BRG mice at 100 days post-retransplantation were co-cultured with 59 105 irradiated donor or third-party (C3H) spleen cells.

IFNc alloreactivities were evaluated using ELISpot. Each experiment was performed twice independently. Statistical significance was determined

by two-way ANOVA for ELISpot assays.
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(e.g., mediastinal lymph nodes) [33]; donor-reactive lym-

phocytes might infiltrate into the graft from 72 to 120 h

and display donor reactivity in reconstituted mice (Fig.

5f). To confirm this hypothesis, further investigations are

warranted.

There is an urgent need to elucidate the precise

immune behavior of early phase GILs with a memory phe-

notype, particularly for determination of the appropriate

time to initiate immunosuppression after transplantation

when aiming to achieve long-term preservation of a well-

functioning graft. At the early stage of inflammation, lym-

phocytes with a memory phenotype rapidly infiltrate into

pathogenic sites [42], respond to proinflammatory cytoki-

nes[43], differentiate into IFNc-secreting lymphocytes

[44], and promote further recruitment and activation of

multiple immune effector cells [44,45]. However, inhibi-

tion of the early infiltration of memory T lymphocytes

reportedly abrogates the induction of transplant tolerance

in mice [16–18,46]. A clinical study showed that delayed

initiation of immunosuppressants at 72 h post-

transplantation led to a lower incidence of acute rejection

and lower doses of immunosuppressants [47,48]. These

observations suggested that some early-phase GILs have

immunomodulatory functions. Additionally, the immune

functions of antigen-nonspecific T cells within local

inflammatory lesions have been reported [49]. These cells

can be activated independently of TCR signaling in local-

ized inflammatory environments; they can be either

destructive [50] or protective [51]. A precise understand-

ing of the immunobiological behavior of alloantigen-

nonspecific GILs during the early post-transplantation

phase might elucidate the mechanism involved in induc-

ing transplant tolerance and provide an approach for

long-term preservation of a well-functioning graft.

In conclusion, we have identified the functional roles

of GILs in the early post-transplantation phase using an

adoptive transfer model in immunodeficient mice. In

this model, time-dependent differences in GIL pheno-

type and alloreactivity were clarified in the early post-

transplantation phase. A better understanding of cellular

function in a graft site microenvironment in vivo may

provide clues regarding new treatment strategies for

organ transplantation.
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