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Figure 5. The anti-HCV activity of N-89 or N-251 was canceled by addition of VE. Effect of VE on the anti-HCV activity of N-89 (A), N-251 (Q),
Artemisinin (E), CsA, or IFN-a at the expected ECqo. ORL8 cells were treated with control medium (=), N-89, CsA, or IFN-u in either the absence or
presence of VE for 72 hrs. After treatment, an RL assay of harvested ORL8 cell samples was performed. (B, D, and F) The ratio of RL activity in the
presence of VE to the RL activity in the absence of VE. The above ratio was calculated from the data of (A, C, and E). The horizontat line indicates the
promoting effect of VE alone on HCV-RNA replication as a baseline. (G) Western blot analysis was performed as described in Fig. 1B.

doi:10.1371/journal.pone.0072519.g005

cell counting after trypan blue dye treatment revealed that
approximately 30% of the cells were viable (data not shown).
These results suggest that the inhibitory effect of N-89 or N-251 on
HCV-RNA replication may depend on genotype 1b or not work
for only JFH-1 strain.

OR6 and ORL8 Cells were Cured by Treatment with only
N-89

To date, IFN-o alone or IFN-y alone has generally been used to
prepare cured cells from the cells harboring HCV-RNA [36].
Since we observed strong anti-HCV activity (>99% suppression)
at 8 UM of N-89 in ORG6 cells or 1 uM of N-89 in ORLS cells
without a decrease in cell viability (Fig. 1B), we expected that these
cells might be cured only by treatment with N-89. Accordingly,
ORG6 and ORLS8 cells were treated with 8 uM and 1 uM of N-89,
respectively, in the absence of G418. The treatment was continued
for 3 weeks with the addition of N-89 at 4-day intervals. All of the
treated cells were dead when cultured in the presence of G418 for

an additional two weeks, whereas the treated cells proliferated
efficiently in the absence of G418 (Fig. 3), suggesting that OR6
and ORLS8 cells are cured by monotherapy with N-89. This
suggestion was confirmed by Western blot analysis (Fig. 3). These
results indicate that N-89 is a strong anti-HCV reagent, which can
be used to prepare cured cells by treatment at low concentration.

Comparative Time Course Assay of the Anti-HCV
Activities of N-89 and IFN-o

We next performed a time course assay (2 to 72 hrs after
treatment) in the case of ORLS cells treated with N-89 (0.1 uM or
1 uM) or IFN-a (1 TU/ml; corresponding to approximately ECg).
ORLS cells treated with IFN-o (1 IU/ml) and N-89 (1 uM) had
almost the same anti-HCV kinetics over the first 24 hrs after
treatment (upper panel of Fig. 4); however, within the first 12 hrs
after treatment N-89-trecated ORLS cells had more rapid anti-
HCV kinetics than did the IFN-o-treated cells (lower panel of
Fig. 4). N-89 at concentrations of 0.1 UM and 1 pM led to
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Figure 6. Synergistic anti-HCV effects of N-89 or N-251 in combination with IFN-o and/or RBV on HCV-RNA replication in ORLS8 cells.
Open symbols in the broken lines show the values expected as an additive anti-HCV effect and closed symbols in the solid lines show the values
obtained by the ORL8 assay. ORL8 cells were treated with N-89 (upper panel) or N-251 (lower panel) in combination with IFN-o (A), RBV (B), or IFN-o.

and RBV (C) for 72 hrs and subjected to RL assay.
doi:10.1371/journal.pone.0072519.g006
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significantly decreased RL activity at 9 hrs and 6 hrs, respectively,
after treatment, whereas a decrease of RL activity in the cells
treated with 1 TU/ml of IFN-a began to be seen at 12 hrs after
treatment (lower panel of Fig. 4). These results suggest that the
action of N-89, and probably also that of N-251, is faster than that
of IFN-a,, and the anti-HCV mechanism of N-89 is different from
that of IFN-o.

Synergistic Effect of Anti-HCV Activity by N-89 or N-251
in Combination with IFN-o. and/or RBV

We examined the anti-HCV activity of N-89 or N-251 in
combination with IFN-ot using OR6 and ORLS assay systems.
The results of the ORLS assay revealed that the anti-HCV activity
of N-89 or N-251 in combination with IFN-o (more than 4 IU/ml)
was significantly stronger than that expected as an additive effect,
suggesting a synergistic effect of N-89 or N-251 and IFN-o
(Fig. 6A). However, such an effect was not clear in the OR6 assay
(Fig. S4A). We recently demonstrated that 10 UM (a clinically
achievable concentration) of RBV efficiently inhibited HCV-RNA
replication in the ORLS assay [22], and demonstrated that
adenosine kinase, which phosphorylates RBV to generate mono-
phosphorylated RBV possessing the inhibitory activity for inosine
monophosphate dehydrogenase, is an essential determinant of the
anti-HCV activity of RBV in cell culture [23]. Therefore, we next
examined the combination effect of RBV in the same way as IFN-
o using an ORLS assay. We observed that the anti-HCV activity
of N-89 or N-251 in combination with RBV was significantly
stronger than that expected additively, suggesting that there was a
synergistic effect between N-89 or N-251 and RBV (Fig. 6B).
However, in the OR6 assay, we noticed that RBV showed an
additive anti-HCV effect in combination with N-89 or N-251 (Fig.
S4B). Since RBV has been shown to have little anti-HCV activity
in the ORG6 assay system [22], some specific factor(s) in ORLS cells
might contribute to the synergistic effect of N-89 or N-251 in
combination with RBV. Therefore, we further examined the effect
of N89 or N-251 in combination with both IFN-o. and RBV using
an ORLS assay. As expected, the anti-HCV activity of N-89 or N-
251 was synergistically enhanced in combination with both IFN-o
and RBV in the ORLS assay (Fig. 6C). On the other hand, in the
ORS6 assay, a synergistic effect like that seen in the ORLS assay
was not observed (Fig. S4C). We confirmed that any such
synergistic effect was not due to the cell toxic effect (Fig. S5).

Discussion

N-89 and its derivative N-251 are preclinical and promising
drugs possessing antimalarial activities @ vitro and @ viwo compa-
rable to those of artemisinin [26,27]. In the present study, using
cell-based HCV-RNA-replication assay systems, we found that N-
89 and N-251 possessed potent anti-HCV activities irrespective of
the cell lines and HCV strains of genotype 1b, and that they did
not work for JFH-1 strain of genotype 2a. Furthermore, We
demonstrated that the anti-HCV kinetics of N-89 was faster than
that of IFN-a, and that both N-89 and N-251 exhibited synergistic
effects in combination with IFN-o. and/or RBV.

Along with the worldwide spread of HCV, high prevalence
areas of HCV infection have overlapped with endemic areas of
malaria infection [39,40]. It is also interesting that the liver is a
target organ for the replication of HCV and malaria. This fact
would again suggest that N-89 and N-251 target a common factor
that is required for the replication of HCV and malaria. At the
same time, N-89 and N-251 have become readily and cheaply
available due to their ease of synthesis [26,27]. Since we showed
that HCV-RNA-replicating cells were cured by monotherapy with
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N-89, monotherapy with N-89 or N-251 would be simultaneously
effective for the diseases caused by malaria and HCV infection.
Furthermore, we recently showed that the blood concentration of
N-89 or N-251 reaches approximately 1 pM [Kim et al.,
unpublished data]. Since this concentration, which is equivalent
to the ECqg value of N-89 in the ORLS assay, was used for the
preparation of cured cells, even monotherapy with N-89 would be
useful for patients with chronic hepatitis C.

In regard to the anti-HCV mechanism of N-89 and N-251, we
provided evidence that the anti-HCV activity of these reagents was
canceled by antioxidant VE, suggesting the induction of oxidative
stress. To identify the target factor(s) located downstream of ROS
production, we attempted microarray analysis using OR6 and
ORLS cells treated with N-89. However, consequently, we failed
to obtain the candidate gene indicating the meaningful expression
level, although we identified several genes, which were commonly
upregulated or downregulated in the N-89-treated cells (Fig. S6).
On the other hand, it has been recently reported that Plasmodium
Jalewarum endoplasmic reticulum-resident calcium binding protein
is a possible target of N-89 and N-251 [41]. Therefore, this protein
may be involved in the anti-HCV activities of N-89 and N-251. To
clarify the factor(s), further analysis will be needed.

The synergistic ant-HCV effect of N-89 or N-251 in
combination with RBV rather than IFN-o is also interesting.
Using RBV-sensitive ORLS cells, we recently clarified that the
anti-HCV mechanism of RBV was mediated by the inhibition of
IMPDH, which is required for HCV-RNA replication [22]. In
addition, since RBV is an important component of current IFN-
based therapies, including the recently developed triple therapy,
the use of N-89 or N-251 may further enhance the SVR rate
achieved with the current therapy. Furthermore, recent report
[42] that the lead-in four weeks of RBV treatment before starting a
standard course of PEG-IFN with RBV led a weak decrease of
viral replication (0.5+0.5 log;p) is noteworthy. To evaluate this
possibility, we compared the SI values of N-89, N-251, RBV, and
CsA using the ORLS assay system. The results revealed that the SI
values of N-89, N-251, RBV, and CsA were 26, 13, 10, and 15,
respectively, indicating that the anti-HCV activity of N-89 or N-
251 is equivalent to that of RBV or CsA. Since the treatment with
N-89/N-251 and RBV exhibits a synergistic effect, oral N-89 or
N-251 would be good compounds for inclusion in the current
triple therapy.

In conclusion, we found that two oral antimalarial drugs in the
preclinical stage of development (N-89 and N-251) exhibited
strong anti-HCV activities to genotype 1b. These compounds
would have potential as one component of a therapeutic regimen
based on combinations of HCV-specific inhibitors.

Supporting Information

Figure S1 Anti-HCV activities of N-89 and N-251
detected in the several assay systems using genome-
length HCV-RNA or HCV subgenomic replicon RNA. (A)
Effects of N-89 and N-251 on genome-length HCV-RNA (AH1
strain of genotype 1b) replication in the AHIR assay. AHIR cells
were treated with N-89 or N-251 for 72 hrs, followed by RL assay
(black circles) and WST-1 assay (open triangles). The relative value
(%) calculated at each point, when the level in non-treated cells
was assigned as 100%, is presented here. Data are expressed as the
means * standard deviation of triplicate assays. (B) Effects of N-89
and N-251 on genome-length HCV-RNA (HCV 1B-4 strain of
genotype 1b) replication in the 1B-4R assay. The RL assay and
WST-1 assay were performed as described in (A). (C) Effects of N-
89 and N-251 on genome-length HCV-RNA (HCV 1B-4 strain of

August 2013 | Volume 8 | Issue 8 | 72519

- 387 -



genotype 1b) replication in the 1B-4RL assay. The RL assay and
WST-1 assay were performed as described in (A). (D) Effects of N-
89 and N-251 on genome-length HCV-RNA (HCV KAHS strain
of genotype 1b) replication in the KAH5RL assay. The RL assay
and WST-1 assay were performed as described in (A). (E) Effects of
N-89 and N-251 on HCV subgenomic replicon RNA (HCV O
strain of genotype) replication in the sOR assay. The RL assay and
WST-1 assay were performed as described in (A). (F) Effects of N-
89 and N-251 on HCV subgenomic replicon RNA (HCV O strain
of genotype 1b) replication in the sORLS assay. The RL assay and
WST-1 assay were performed as described in (A). (G) Effects of N-
89 and N-251 on HCV subgenomic replicon RNA (HCV O strain
of genotype 1b) replication in the sORL11 assay. The RL assay
and WST-1 assay were performed as described in (A).

(TIF)

Figure S2 No inhibition of RL activity by N-89 or N-251.
(A) N-89 and N-251 did not inhibit the RL activity in the ORG6 cell
lysate. N-89 or N-251 was added to the OR6 cell lysate, and then
an RL assay was performed. (B) N-89 and N-251 did not inhibit
the RL activity in the ORLS cell lysate. N-89 or N-251 was added
to the ORLS cell lysate, and then an RL assay was performed.
(TIF)

Figure S3 N-251 did not inhibit the HCV-JFH-1 replica-
tion. RSc and D7 cells were inoculated with supernatant from
RSc cells replicating JR/C5B/BX-2 [2]. The RL assay was
performed as described in Fig. S1A.

(TIF)

Figure S4 Anti-HCV effects of N-89 or N-251 in combi-
nation with IFN-a and/or RBV on HCV-RNA replication
in ORG6 cells. Open symbols in the broken lines show the values
expected as an additive anti-HCV effect and closed symbols in the
solid lines show the values obtained by the ORG6 assay. (A) Effect of
N-89 or N-251 in combination with IFN-o. on OR6 assay. OR6
cells were treated with N-89 (upper panel) or N-251 (lower panel)
in combination with IFN-a for 72 hrs and subjected to RL assay.
(B) Effect of N-89 or N-251 in combination with RBV on OR6
assay. ORG6 cells were treated with N-89 (upper panel) or N-251
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(lower panel) in combination with RBV for 72 hrs and subjected to
RL assay. (C) Effect of N-89 or N-251 in combination with IFN-o
and RBV on ORG6 assay. OR6 cells were treated with N-89 (upper
panel) or N-251 (lower panel) in combination with IFN-o and
RBYV for 72 hrs and subjected to RL assay.

(TTF)

Figure 85 Effects of N-89 or N-251 in combination with
IFN-0 and/or RBV on the growth of ORLS or OR6 cells.
ORLS cells (A, B) or ORG6 cells (C, D) were treated with N-89 (A,
C) or N-251 (B, D) in combination with IFN-o for 72 hrs and
subjected to the cell counting. The cell counting was carried out as
described in the Supporting Materials and methods.

(TTE)

Figure S6 Selection of genes whose expression levels
were commonly upregulated or downregulated in the N-
89-treated OR6 and ORLS cells. (A) Genes whose expression
levels were upregulated at ratios of more than 2 in the case of
OR6(—) versus OR6(N-89) or ORLS(—) versus ORL8(N-89) were
selected. 4 genes upregulated commonly in the N-89-treated cells
were listed. (B) Genes whose expression levels were downregulated
at ratios of less than 0.5 in the case of OR6(—) versus OR6(N-89)
or ORLS(—) versus ORL8(N-89) were selected. 5 genes down-
regulated commonly in the N-89-treated cells were listed.
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Adoptive Transfer of Allogeneic Liver Sinusoidal Endothelial Cells
Specifically Inhibits T-Cell Responses to Cognate Stimuli
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Although it is well known that liver allografts are often accepted by recipients, leading to donor-specific toler-
ance of further organ transplants, the underlying mechanisms remain unclear. We had previously used an in
vitro model and showed that mouse liver sinusoidal endothelial cells (LSECs) selectively suppress allospe-
cific T-cells across major histocompatibility complex (MHC) barriers. In the present study, we established an
in vivo model for evaluating the immunomodulatory effects of allogeneic LSECs on corresponding T-cells.
Allogeneic BALB/cA LSECs were injected intraportally into recombination activating gene 2 y-chain double-
knockout (RAG2/gc-KO, H-2°) mice lacking T, B, and natural killer (NK) cells. In order to facilitate LSEC
engraftment, the RAG2/gc-KO mice were injected intraperitoneally with monocrotaline 2 days before the
adoptive transfer of LSECs; this impaired the host LSECs, conferring a proliferative advantage to the trans-
planted LSECs. After orthotopic allogeneic LSEC engraftment, the RAG2/ge-KO mice were immune recon-
stituted intravenously with C57BL/6 splenocytes. After immune reconstitution, mixed lymphocyte reaction
(MLR) assay using splenocytes from the recipients revealed that specific inhibition of host CD4* and CD8*
T-cell proliferation was greater in response to allostimulation with irradiated BALB/cA splenocytes rather
than to stimulation with irradiated third party SJL/jorllco splenocytes. This inhibitory effect was attenuated by
administering anti-programmed death ligand 1 (PD-L1) monoclonal antibody during immune reconstitution in
the above-mentioned mice, but not in RAG2/gc-KO mice engrafted with Fas ligand (FasL)-deficient BALB/
cA LSECs. Furthermore, engraftment of allogeneic BALB/cA LSECs significantly prolonged the survival of
subsequently grafted cognate allogeneic BALB/cA hearts in RAG2/gc-KO mice immune reconstituted with
bone marrow transplantation from C57BL/6 mice. In conclusion, murine LSECs have been proven capable of
suppressing T-cells with cognate specificity for LSECs in an in vivo model. The programmed death 1/PD-L1
pathway is likely involved in these suppressive effects.

Key words: Endothelial cells; Tolerance; Transplantation; Alloreactive T-cells;

Programmed death ligand 1 (PD-L1)

INTRODUCTION

Liver allografts are well accepted across major histo-
compatibility complex (MHC) barriers without immuno-
suppression in some species (5,6,10). The presence of a
liver allograft can suppress the rejection of other solid
tissue grafts (e.g., heart and skin) from the same donor
(1); hence, the liver appears to favor immune tolerance
rather than immunity. The mechanisms underlying such
immune tolerance may be mediated by innate and adap-
tive immune regulators (26). We recently demonstrated
a novel relevant mechanism of this liver allograft toler-
ance: naive allogeneic liver sinusoidal endothelial cells
(LSECs) selectively inhibit cluster of differentiation 4 pos-
itive (CD4*) and CD8* T-cells with direct allospecificity

in mice in which liver allografts are normally accepted
without recipient immune suppression across MHC bar-
riers (22,23). Naive LSECs in mice constitutively express
all molecules necessary for antigen presentation; that is,
freshly isolated LSECs express MHC class II, CDA40,
CD&0, and CD86 but do not induce allogeneic T-cell pro-
liferation (22). In an allogeneic mixed hepatic constitu-
ent cell-lymphocyte reaction assay. Marked proliferation
of reactive CD4* and CD8* T-cells was observed when
LSECs were depleted from the hepatic constituent cell
stimulators (23). The sinusoidal architecture, in which cir-
culating leukocytes are forced into frequent contact with
LSECs due to the small sinusoid diameter (7-12 pm),
most likely promotes the immunomodulatory activity of
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LSECs against alloreactive T-cells. Such an interpretation,
which is based on in vitro results, raised the question of
whether recipients of isolated allogeneic LSECs, which
may have a pivotal tolerogenic property, allospecifically
suppress T-cells.

It was recently reported that inoculation with LSECs
leads to host liver sinuscidal endothelium repopulation;
that is, syngeneic LSECs transplanted into the liver via por-
tal vein injection survived only in the liver without redistri-
bution to other organs, including the lungs, heart, spleen,
kidney, and intestines (2). By using a similar in vivo model
system in the present study, we investigated the suppres-
sive effects of exogenously inoculated allogeneic LSECs
on allospecific immune responses. To exclude the possibil-
ity that the inoculated LSECs were eliminated by either
innate or acquired immunity before achieving engraftment
in the liver sinusoidal endothelium, we employed recombi-
nation activating gene 2 y-chain double-knockout (RAG2/
gc-KO) mice, which lack natural killer (NK), natural killer
T (NKT), T-, and B-cells, as allogeneic LSEC recipients.
The allogeneic LSEC chimeric mice were then reconsti-
tuted with host-type splenocytes (SPLs) or bone marrow
cells (BMCs) to investigate the immune responses of
allospecific T-cells.

MATERIALS AND METHODS

Mice

Eight- to 12-week-old female C57BL/6 (B6, H-2%),
BALB/cA (BALB/c, H-2%), and SJL/jorllco (SIL/j, H-2°)
mice were purchased from Clea Japan (Tokyo, Japan).
Female Cpt.C3-Tnfsf6¢ mice (BALB/c-gld, H-2¢, BALB/
cA background) that were homozygous for the Fas ligand
(FasL)®® mutation were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Age-matched (8- to
12-week-old) mice were used for the experiments. RAG2/
gc-KO (H-2%) mice were purchased from Taconic Farms
(Hudson, NY, USA). All animals were maintained under
pathogen-free conditions and in compliance with national
and institutional guidelines. Animal experiments were
approved by the Institutional Review Board of Hiroshima
University and were conducted in accordance with the
National Institutes of Health guidelines.

LSEC Isolation

Since we previously demonstrated that LSECs exclu-
sively express CD105 at higher levels than the endothelium
of the central veins or other vessels in the liver (23,27),
CD105* cells were positively selected for the isolation of
LSECs from nonparenchymal cell fractions of the liver.
Briefly, the livers of BALB/c or BALB/c-gld mice were
perfused with portal injection using the two-step colla-
genase perfusion method (23,25,28). Disaggregated liver
cells were centrifuged at 50x g for 1 min for hepatocyte
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removal. The supernatant was subsequently centrifuged
at 150x g for 5 min, and hepatic nonparenchymal cells
(HNPCs) were obtained and stained with biotin-conjugated
anti-CD105 (MJ7/18, eBioscience, San Diego, CA, USA).
The cells were then counterstained with streptavidin micro-
beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and
magnetically sorted using an automated magnetic cell
sorter (autoMACS, Miltenyi Biotec). This sorting tech-
nique yielded 4.8+0.5x10° cells/body in the positive
fraction, with 97.9+0.3% purity (n=4), indicating that mar-
ginal contamination with cells other than LSECs could
not be ruled out.

Surface Marker Analyses of Freshly Isolated LSECs

The CD105* LSECs were freshly isolated from
BALB/c mice. The expression levels of H-2KY/H-2D*
(MHC-class I), I-A/I-E (MHC-class II), CD80, CD146,
FasL, and CD274 [programmed death ligand 1 (PD-L1)]
were measured by flow cytometry (FCM,; see later).

Orthotopic LSEC Engraftment

Isolated LSECs were prepared as a single-cell sus-
pension. The LSECs (4 x 10° cells) in 0.5 ml of Medium
199 (Sigma-Aldrich, Saint Louis, MO, USA) containing
1% N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES) buffer (GIBCO; Invitrogen, Carlsbad, CA, USA)
were injected into each recipient RAG2/gc-KO mouse
through the portal vein using a 30-gauge needle. Medium
199 containing 1% HEPES buffer without LSECs was
injected into control recipient RAG2/gc-KO mice. In
some experiments, we administered monocrotaline (MCT;
Sigma-Aldrich), a genotoxic pyrrolizidine alkaloid that
impairs the host LSECs and confers a proliferative advan-
tage on the transplanted LSECs. It was previously dis-
covered that MCT injection to recipients prior to LSEC
inoculation markedly accelerated the engraftment of inoc-
ulated LSECs, but that MCT-induced endothelial injury in
additional vascular beds did not promote inoculated LSEC
survival in extrahepatic locations (7). Two days before
the adaptive transfer of LSECs, a 200-300 mg/kg dose of
MCT was intraperitoneally injected into recipient RAG2/
gc-KO mice to facilitate transplanted LSEC engraftment.
The RAG2/gc-KO mice that received the same dose of
MCT alone were used as controls. To evaluate orthotopic
engraftment of transplanted allogeneic BALB/c LSECs in
the recipient liver, the livers were immunostained using flu-
orescein isothiocyanate (FITC)-conjugated H-2K¢/H-2D¢
monoclonal antibody (mAb) (34-1-2S; Beckman Coulter,
Fullerton, CA, USA), phycoerythrin (PE)-conjugated anti-
mouse CD146 (Abcam, Cambridge, UK), and anti-
CD274-PE (MIHS; BD Pharmingen, San Diego, CA,
USA) mAbs and examined with a fluorescence microscope
(BZ-8000; KEYENCE, Osaka, Japan). To quantify LSEC
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chimerism, HNPCs were reisolated from the livers of the
recipients of BALB/c LSECs. For the FCM analyses,
the LSECs were selected by gating on CD105* cells, and
the proportion of cells expressing H-2KYH-2D* (MHC-
class I) among all of the LSECs was determined.

Immune Reconstitution of Recipient RAG2/gc-KO Mice

Immune reconstitution of the immunodeficient mice
was performed by use of the method described previously
(32). In brief, B6 SPLs (2x107) in 0.5 ml of Medium 199
containing 1% HEPES buffer were injected into recipient
RAG2/gc-KO mice through the tail vein for immune recon-
stitution after engraftment of LSECs from either BALB/c
or BALB/c-gld mice. In some in vivo experiments, to
block PD-L1, recipient mice were pretreated with 500 pg
of anti-PD-L1 blocking mAb (MIHS; eBioscience) or rat
IgG isotype control antibody (Ab) (Beckman Coulter) just
before immune reconstitution, and these antibodies were
readministered 3 days later. One week after SPL inocula-
tion, the recipient mice were sacrificed, and SPLs were
obtained for subsequent mixed lymphocyte reaction (MLR)
assay. In some experiments, bone marrow transplantation
(BMT) was performed from B6 mice to recipient RAG2/
gc-KO mice after LSEC engraftment. Briefly, recipient
RAG2/gc-KO mice were irradiated (3 Gy) and injected
with BMCs (1x 107 cells/mouse) from B6 mice through
the tail vein. After SPL inoculation or BMT, peripheral
blood mononuclear cells (PBMCs) were obtained from
recipient mice, and the CD4* T, CD8* T, NK, and NKT
cell immune reconstitution levels were evaluated by FCM.
Immune reconstituted recipient RAG2/gc-KO mice were
used at least 6 weeks after BMT for the subsequent heart
transplant experiment. Mice that did not receive LSECs
but were immune reconstituted with either SPLs or BMCs
were used as controls for subsequent studies.

CFSE-MLR Assay

SPLs obtained from B6 (syngeneic stimulator), BALB/c
(allogeneic stimulator), or SJL/j (third-party stimulator)
mice were irradiated with 30 Gy and used as stimulator
cells. For MLR using the carboxyfluorescein diacetate
succinimidyl ester (CFSE) labeling technique (CFSE-
MLR), SPLs from immune reconstituted recipient RAG2/
gc-KO mice were labeled with 5 uM CFSE (Molecular
Probes, Eugene, OR, USA) as described previously (21)
and resuspended in culture medium as responder cells.
The stimulator (2 10° cells) and responder (2 x 10° cells)
cells were cocultured (1:1 ratio) in a total volume of 1 ml
of medium in 48-well flat-bottom plates at 37°C in an
incubator with an atmosphere of 5% CO, in the dark for
4.5 days. In the resulting CFSE fluorescence histograms,
CD4* and CD8" T-cells were selected by gating and ana-
lyzed for CFSE fluorescence. The numbers of division
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precursors and mitotic events of alloreactive T-cells were
mathematically determined using logarithmic CFSE inten-
sity on the basis of the peak of the undivided cells, while
the mitotic index was calculated by dividing the total
number of mitotic events by the total number of precur-
sors (21). The T-cell stimulation index was calculated by
dividing the mitotic index of T-cells responding to alloge-
neic or third-party SPLs by that of T-cells responding to
the syngeneic SPLs.

FCM Analyses

The following reagents were used for surface staining:
anti-CD3-FITC (145-2c11), anti-CD4-FITC (GK1.5), anti-
CDS8-FITC (53-6.7), anti-CD80-FITC (16-10A1), anti-
I-A/I-E-FITC (2G9), anti-CD4-PE (GK1.5), anti-CD8-PE
(53-6.7), anti-CD274-PE (MIHS5), anti-mouse H-2KY/
H-2D¢-PE (SF1-1.1), anti-CD4-biotin (RM4-5), anti-
CD8-biotin (53-6.7), anti-CD44-biotin (IM7), anti-
CD45RB-biotin (16A), anti-CD62L-biotin (MEL-14),
anti-CD105-biotin (MJ7/18), anti-NK1.1-allophycocyanin
(PK136) mADs, isotype-matched control Abs, streptavidin-
allophycocyanin (BD Pharmingen), anti-CD146-FITC (ME-
9F1; Miltenyi Biotec), FITC-conjugated mouse (C3H/Hel)
anti-mouse H-2KY/H-2D¢ (34-1-2S; Beckman Coulter), and
anti-FasL-PE mAbs (MFL3; eBioscience). All analyses
were performed using a FACSCalibur (BD Biosciences,
San Jose, CA, USA). Nonspecific Fc-y receptor binding of
labeled mAbs was blocked by purified rat anti-mouse CD16/
CD32 mAb (mouse BD Fc block) (2.4G2; BD Pharmingen).
Dead cells were excluded from the analysis by forward
scatter and propidium iodide (Sigma-Aldrich).

Heterotopic Heart Transplantation

Cervical heterotopic heart transplantation from BALB/c
or SIL/j mice into the immune reconstituted recipient
RAG2/gc-KO mice was performed using a modified cuff
technique (20). Briefly, the right external jugular vein and
the right common carotid artery were dissected free and
fixed to the appropriate cuffs composed of polyethylene
tubes (2.5F, Portex Ltd., London, UK). For anastomoses,
the aorta and the main pulmonary artery of the obtained
donor heart were drawn over the end of the common
carotid artery and the external jugular vein, respectively.
The graft ischemic time for the transplanted hearts was
<30 min. Graft function was monitored by daily inspec-
tion and palpation. Rejection, defined as cessation of graft
beating, was confirmed by histological analysis.

Statistical Analyses

The results were analyzed statistically by using
Student’s ¢ test or the log-rank test for graft survival. Data
are expressed as mean + standard error of the mean (SEM).
A value of p<0.05 was considered statistically significant.
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RESULTS

Allogeneic LSEC Engraftment Was Successfully
Achieved In Vivo

Previous studies have shown that allogeneic LSECs
render allospecific T-cells hyporesponsive in vitro (22,23).
In order to test the immunoregulatory effects of LSECs in
vivo, we generated an LSEC engraftment model in which
RAG2/gc-KO mice were orthotopically engrafted with
allogeneic BALB/c LSECs (4 x 10° cells/mouse) and then
immunologically reconstructed using SPLs (2x 107 cells/
mouse) from B6 mice 1 week after the LSEC inoculation.
The inoculated LSECs were barely detected in the host
liver sinusoid 2 weeks after inoculation in immunohis-
tochemical studies using anti-H-2K¢%H-2D¢ Ab (Fig. 1B).
LSEC engraftment was successfully increased by MCT
administration 2 days prior to the inoculation. A sig-
nificant proportion of LSECs was stably detected even
7 weeks after LSEC inoculation in MCT-pretreated mice
(Fig. 1C). By merging these immunofluorescence micro-
scopic findings, we confirmed that the engrafted cells that
were stained with anti-H-2K¢4H-2D? Ab presented on the
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lining of the hepatic sinusoid face to the sinusoidal lumen
and also were stained with anti-CD146 mAb, which is a
LSEC-specific marker (Fig. 1D, E). The FCM analyses
consistently revealed that MCT pretreatment enhanced
LSEC engraftment; that is, the LSEC chimerism level
increased (Fig. 2A, B). Immune reconstitution was con-
firmed by the presence of both CD4* and CD8* T-cells
in the spleens of recipient RAG2/gc-KO mice by FCM
1 week after SPL inoculation. There was no statistically
significant difference in the degree of CD4* and CDg&*
T-cell reconstitution between recipient mice with alloge-
neic LSECs and corresponding control mice without allo-
geneic LSECs (Fig. 3).

Orthotopic Engraftment of Allogeneic LSEC Led to
Specific Inhibition of T-Cells Responding to
Stimulation Cognate With LSECs

In order to address whether orthotopic engraftment of
MHC-disparate allogeneic LSECs in the MCT-pretreated
mice can induce specific inhibition of alloreactive T-cells
after immune reconstitution with MHC-matched SPLs,

100 ym 100 ym

Figure 1. An in vivo liver sinusoidal endothelial cell (LSEC) engraftment model was established using allogeneic BALB/c LSECs
that were transferred to RAG2/gc-KO mice through the portal vein. Recipient recombination activating gene 2 y-chain double-knock-
out (RAG2/gc-KO) mouse livers were immunostained with fluorescein isothiocyanate (FITC)-conjugated anti-mouse major histo-
compatibility complex class I (H-2KH-2D?) (A-C) and phycoerythrin (PE)-conjugated anti-mouse cluster of differentiation 146
(CD146) monoclonal antibodies (mAbs) (D) for identification of transferred LSECs in the liver. (A) Livers from control RAG2/gc-KO
mice that did not receive allogeneic BALB/c LSECs. (B) A few transferred LSECs were identified in the liver sinusoids 2 weeks after
LSEC inoculation in recipient mice without monocrotaline (MCT). (C) Increased engraftment of the transferred LSECs was identified
7 weeks after LSEC inoculation in recipient mice pretreated with MCT. (D) Endothelial cells were immunostained with CD146 mAb.
(E) Merged image of (C) and (D). The figures shown are representative of three independent experiments.



LSECs INHIBIT ALLOREACTIVE T-CELLS 1699

MCT- B
_ BALB/GLSEC+

A BALB/c

MCT+ MCT+
.. BALB/c LSEC+

% of Max

cells among CD105* cells (%)

Percentage of H-2K¢/H-2D9-positive
(=]

MCT + - +

- BALB/c LSEC - + +
H-2K¢/H-2D¢

Figure 2. MCT pretreatment enhanced allogeneic LSEC engraftment. The RAG2/gc-KO mice were injected with BALB/c LSECs
2 days after the MCT pretreatment. Six weeks after the LSEC inoculation, hepatic nonparenchymal cells were reisolated from the
recipient mice and stained for CD105 and H-2K¥/H-2D" to analyze the donor-type MHC class I expression in the CD105* LSECs by
flow cytometry (FCM). (A) A representative figure in each group is shown. The thin and filled lines represent staining with isotype-
matched control antibody (Ab) and anti-H-2K%H-2D? mAb, respectively. The percent of Max is the number of cells in each bin of the
histograms divided by the number of cells in the bin that contains the largest number of cells. The FCM profile from one experimen-
tal animal among four or five animals in each group is shown. (B) The percentages of H-2K%H-2D?-positive cells among all of the
CD105* cells in the liver of the RAG2/gc-KO mouse recipients of BALB/c LSECs were determined by FCM analysis (MCT+, LSEC—:
n=4; MCT—, LSEC+: n=5; MCT+, LSEC+: n=5). The mean+ SEM values for the individual groups are shown. ***p<0.001.
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Figure 3. RAG2/gc-KO mice were immune reconstituted using B6 splenocytes (SPLs). BALB/c LSECs were inoculated in MCT-
pretreated RAG2/gc-KO mice, and B6 SPLs were injected 6 weeks later. One week after SPL inoculation, the recipient mice were
sacrificed, and SPLs were isolated for FCM analysis. Anti-CD4 and anti-CD8 mAbs were used for surface staining of these SPLs.
In the FCM analyses, the percentages of CD4* or CD8* T-cells in the SPLs were measured in untreated control RAG2/gc-KO mice
(n=3) (left), immune reconstituted RAG2/gc-KO mice (MCT+, LSEC-: n=4; MCT+, LSEC+: n=4) (middle), and wild-type (WT)
B6 control mice (n=4) (right). The frequency of each gated population among total obtained cells is shown.
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we analyzed the responsiveness of reconstituted T-cells in
MLR assays using the CFSE labeling technique. In synge-
neic combinations using B6 SPLs as stimulators, the MLR
assay revealed minimal T-cell proliferation in immune
reconstituted recipient RAG2/gc-KO mice with and without
allogeneic BALB/c LSEC engraftment (Fig. 4A, B). In
fully allogeneic combinations using BALB/c SPLs, allo-
reactive T-cells of immune reconstituted recipient RAG2/
gc-KO mice without allogeneic BALB/c LSEC engraft-
ment proliferated markedly, as expected. In the recipient
mice with allogeneic BALB/c LSEC engraftment, the
response of the anti-BALB/c CD4* and CD8* T-cells was
significantly less than that of the anti-third-party SJL/j
CD4* and CD8* T-cells, whereas both responses were
similar in the immune reconstituted RAG2/gc-KO control
mice without allogeneic LSEC engraftment (Fig. 4C).

The PD-1/PD-L1 Pathway Was Involved in the
Suppressive Effects of Engrafted Allogeneic LSECs on
Alloreactive CD4* T-Cells

The phenotypic analysis by FCM revealed that the
freshly isolated BALB/c LSECs constitutively expressed
FasL and PD-L1, which are death ligands, as well as
MHC classes I and II and CD80, which are necessary
for antigen-presenting cells (APCs), and CD146 (LSEC-
specific marker) at the time of LSEC inoculation (Fig. 5).
Hence, we explored the possibility that the Fas/FasL or
programmed death 1 (PD-1)/PD-L1 pathway plays a role
in the suppressive effect of LSECs on alloreactive T-cells
in an in vivo model. FasL-deficient BALB/c (BALB/
c-gld) LSECs were inoculated into RAG2/gc-KO mice
after MCT treatment, and these mice were then immune
reconstituted using B6 SPLs. The MLR assay utilizing
SPLs from those mice revealed marked inhibition of
alloreactive T-cell proliferation; that is, the stimulation
indices of the anti-BALB/c CD4* and CD8* T-cells were
still significantly less than those of third-party-reactive
CD4* and CD8* T-cells in mice with BALB/c-gld LSECs
(Fig. 6). In a separate experiment, LSECs from BALB/c
mice were inoculated into RAG2/gc-KO mice, and then
anti-PD-L.1-blocking mAb was injected at 3-day intervals
during immune reconstitution. Administration of anti-PD-
L1-blocking mAb abrogated specific inhibition of the anti-
BALB/c CD4* T-cell response. Since PD-L.1 expressed on
host native LSECs also likely plays a significant role in
the inhibition of self-reactive T-cells, the administration
of anti-PD-L1 blocking mAb may interfere with control
T-cell responses to syngeneic stimuli. In fact, the control
anti-B6 T-cell responses in the anti-PD-L1 mAb-treated
group were somewhat higher than those in the isotype-
matched control Ab-treated group (data not shown). This
result explains why anti-BALB/c responses were seem-
ingly unaltered and anti-SJL T-cell responses were seem-
ingly suppressed in the anti-PD-L1 mAb-treated group,
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compared to those in the isotype control Ab-treated group.
Unexpectedly, administration of the isotype-matched con-
trol Ab did not result in any anti-BALB/c CD8* T-cell
inhibition, which suggested that the injected IgG inter-
fered with these effects on CD8* T-cells (Fig. 7A). CD8*
T-cells express Fc receptors for IgG (FcyR), but CD4*
T-cells do not, in response to certain stimuli (9); there-
fore, the Fc part of the injected IgG possibly binds FcyR
on CD8* T-cells, leading to interference with the LSEC-
induced inhibitory effects on CD8* T-cells. Thus, at least
in alloreactive CD4* T-cells, the PD-1/PD-L1 pathway
could be involved in the suppressive effects of orthotopi-
cally engrafted allogeneic LSECs. Supporting this idea,
immunohistochemical staining revealed that the engrafted
allogeneic LSECs persistently expressed PD-L1 even 7
weeks after the inoculation (Fig. 7B).

Engraftment of Allogeneic LSECs Prolonged Survival
of Subsequently Grafted Cognate Allogeneic Hearts in
RAG2/gc-KO Mice Immune Reconstituted by BMT

It has been shown that the presence of a liver allograft
can suppress rejection of other organ grafts from the
same donor (1). To address the possibility that allogeneic
LSECs play a role in such immunoregulatory effects on
subsequently transplanted organs, allogeneic hearts from
BALB/c mice were transplanted into immune reconstituted
recipient RAG2/gc-KO mice in which allogeneic LSECs
from BALB/c mice had been engrafted after MCT pre-
treatment. When heart allografts from BALB/c mice were
transplanted to the recipients 1 week after B6 SPL inoc-
ulation for immune reconstitution, LSEC engraftment
did not result in prolonged heart allograft survival (data
not shown).

One possible explanation for the failure to prevent allo-
graft heart rejection in mice immune reconstituted with
SPLs is that extensive T-cell proliferation occurred after
the adoptive transfer of mature T-cells in immune-deficient
mice; this process, termed homeostatic proliferation, might
lead to insusceptibility of those T-cells to LSEC-induced
suppression. Consistent with this hypothesis, the pro-
portion of CD44%e* memory phenotype T-cells in the
peripheral blood of mice that received B6 SPLs was
much higher than that of wild-type (WT) B6 control mice
during the observed period (Fig. 8A). In order to prevent
homeostatic proliferation of mature T-cells, RAG2/gc-KO
mice with BALB/c LSECs were immune reconstituted
by BMT from B6 mice. RAG2/gc-KO mice that received
B6 BMCs displayed similar levels of CD44beh* mem-
ory T-cells and CD45RBe/CD62L e naive T-cells to
those in WT B6 control mice. The proportion of NK1.1*
CD3- NK cells in the mice immune reconstituted using
B6 BMCs fully resembled that in the WT B6 control
mice, whereas the level in the mice immune reconstituted
using B6 SPLs was markedly lower. In contrast, the
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Figure 4. Allogeneic engraftment of the LSECs led to specific inhibition of T-cells responding to stimulation cognate with LSECs.
RAG2/gc-KO mice were injected with BALB/c LSECs 2 days after MCT pretreatment. Six weeks after LSEC inoculation, B6 SPLs
were injected into the recipient mice for immune reconstitution. One week after SPL inoculation, the recipient mice were sacri-
ficed, and SPLs were obtained, carboxyfluorescein diacetate succinimidyl ester (CFSE) labeled, and cultured with stimulators. After
4.5 days of culture, the responder cells were analyzed by FCM. Using FCM analysis following mixed lymphocyte reaction (MLR),
reactive T-cell proliferation can be visualized as the serial halving of CFSE intensity. (A, B) Representative FCM results of CD4* and
CD8* T-cell division in the MLR using CFSE-labeled SPLs from the recipient RAG2/gc-KO mice as responders with irradiated SPLs
from syngeneic B6 (left), allogeneic BALB/c (middle), or third-party SJL/j (right) mice as stimulators. The representative FCM pro-
files are shown (n=4 in each group). A total of 10,000 cells are shown in the FCM profile figure. The percentage value in total cells
is shown in each quadrant. (C) Stimulation indices of CD4* and CD8&* T-cells are shown. In the FCM analysis, CD4* and CD8"* T-cells
were gated and analyzed for CFSE fluorescence, and their stimulation indices were calculated. The average values of four independent
mice in each group are shown. *p<0.05.
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Figure 5. LSECs constitutively expressed Fas ligand (FasL) and programmed death ligand 1 (PD-L1), as well as molecules necessary
for antigen presentation and CD146. The freshly isolated CD105* LSECs from BALB/c mice were stained for H-2K4/H-2D¢ (MHC-
class I), I-A/I-E (MHC-class II), CD80, CD146 (another LSEC specific marker), Fasl, and CD274 (PD-L1). These cells were analyzed
by FCM. Dead cells were excluded from the analysis by forward scatter and propidium iodide. Thin and filled lines represent staining
with isotype-matched control Abs and mAbs for the indicated surface molecule, respectively. The percent of Max is the number of cells
in each bin of the histograms divided by the number of cells in the bin that contains the largest number of cells.

proportion of NK1.1* CD3* NKT-cells in the mice
immune reconstituted using B6 BMCs did not markedly
differ from that in the mice immune reconstituted using
B6 SPLs (Fig. 8B).

Six weeks after BMT, there was no statistically sig-
nificant difference in immune reconstitution levels (i.e.,
the proportion of CD4* and CD8&* T-cells in the PBMCs)
between recipient RAG2/gc-KO mice with allogeneic
LSECs and corresponding control RAG2/gc-KO mice
without allogeneic LSECs (Fig. 9A). When heart allo-
grafts from BALB/c mice were transplanted to recipients
6 weeks after BMT, heart survival in mice with allogeneic
BALB/c LSEC engraftment was significantly prolonged
compared with that in control mice without LSEC engraft-
ment (Fig. 9B). On the other hand, survival of heart grafts
from third-party SJL/j mice was not prolonged at all in
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mice with BALB/c LSEC engraftment (data not shown).
These findings suggest that allogeneic LSECs can prolong
the survival of subsequently grafted cognate allogeneic
hearts.

DISCUSSION

LSECs have been described as a new type of APC that
induces immune tolerance in naive T-cells (4,11,12,16).
Following priming by antigen-presenting LSECs, CD4*
T-cells fail to subsequently differentiate into the T helper 1
phenotype; instead, they differentiate into regulatory T-cells
that express interleukin (IL)-4 and IL-10 upon restimu-
lation (13,14). LSECs also have the capacity to present
exogenous antigens on MHC class I molecules to CD8*
T-cells, a process termed cross-presentation (16). Initially,
stimulation of naive CD§* T-cells by LSECs results in
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Figure 6. Engraftment with FasL-deficient LSECs did not attenuate the inhibitory effect of LSECs on alloreactive T-cells. RAG2/
gc-KO mice were injected with BALB/c (n=4) or BALB/c-gld (n=5) LSECs 2 days after MCT pretreatment. Six weeks after LSEC
inoculation, B6 SPLs were injected into the recipient mice for immune reconstitution. One week after SPL inoculation, the recipient
mice were sacrificed, and the SPLs were obtained, CFSE labeled, and cultured with irradiated SPLs from syngeneic B6, allogeneic
BALBY/c, or third-party SJL/j mice as stimulators. After 4.5 days of culture, the responder cells were analyzed by FCM. Using FCM
analysis following MLR, reactive T-cell proliferation can be visualized as the serial halving of CFSE intensity. In the FCM analysis,
CD4* and CD8* T-cells were gated and analyzed for CFSE fluorescence, and their stimulation indices were calculated. The average
values of four or five independent mice in each group are shown. *p<0.05.

T-cell proliferation and cytokine release. However, it
ultimately leads to antigen-specific tolerance, as demon-
strated by the simultaneous loss of cytokine expression
and the failure of CD8* T-cells to develop into cytotoxic
effector T-cells.

We previously demonstrated similar immunoregula-
tory effects of LSECs on T-cells with direct allospecificity
beyond MHC barriers using an in vitro mixed LSEC-
Iymphocyte coculture model (23). In that model, cell-cell
contact was necessary to induce the inhibitory effects
of LSECs on alloreactive T-cell proliferation. In vivo,
the cumulative surface area of LSECs is very large, and
hepatic microcirculatory parameters allow frequent contact
between LSECs and passenger leukocytes. Considering the
large volume of blood that passes through the liver daily,
it is probable that LSECs are ideally positioned within the
liver to regulate alloimmune responses. By using this ana-
tomical advantage of LSECs, we investigated the immu-
noregulatory effects of LSECs on alloreactive T-cells in
an in vivo model in which exogenously inoculated allo-
geneic LSECs were engrafted orthotopically on the liver
sinusoidal endothelium. MCT, which induces persistent
cell cycle arrest through the G,/M block in endothelial
cells (24,29), was used in the present study to promote
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LSEC engraftment. MCT does not affect hepatocytes in
this manner unless hepatic injury is redirected by addi-
tional drug toxicities or accumulation of toxic MCT inter-
mediates through activation of cytochrome P450-induced
metabolism MCT in hepatocytes (30). By this mechanism,
MCT impairs only the host LSECs and confers a prolif-
erative advantage to the transferred LSECs. Consistently,
MCT administration significantly enhanced orthoto-
pic engraftment of allogeneic LSECs (Fig. 1C). In this
MCT-pretreated mouse model, allogeneic LSEC engraft-
ment suppressed CD4* and CD8* T-cell proliferation in
response to allostimulation by cells from mice cognate
with LSEC donors.

The possible mechanisms for LSEC-induced sup-
pressive immune regulation specifically on allogeneic
T-cells might be associated with the death-inducing mol-
ecules that are constitutively expressed on LSECs (e.g.,
FasL, PD-L1). Morita et al. recently demonstrated the
critical role of the PD-1/PD-L.1 pathway in establishing
immunological spontaneous tolerance status in mouse
liver allografts (18). They found that PD-L1 was highly
expressed on donor-derived tissue cells and is associated
with infiltrating T-cell apoptosis in the allografts, and that
blockade of this pathway leads to severe acute rejection.
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Figure 7. Administering anti-PD-L1 mAb during immune reconstitution attenuated the inhibitory effect of LSECs on alloreactive
CD4* T-cells. (A) RAG2/gc-KO mice were injected with BALB/c LSECs 2 days after MCT pretreatment. Six weeks after LSEC
inoculation, B6 SPLs were injected into the recipient mice for immune reconstitution. To block PD-L1 signaling in vivo, the recipient
mice were pretreated with 500 pg of anti-PD-L1 blocking mAb (n=5) or isotype-matched Ab (n=3) just before SPL inoculation. These
antibodies were readministered 3 days later. One week after SPL inoculation, the recipient RAG2/gc-KO mice were sacrificed, and
then the SPLs were isolated, CFSE-labeled, and cultured with irradiated SPLs from syngeneic B6, allogeneic BALB/c, or third-party
SJL/j mice as stimulators. After 4.5 days of culture, the responder cells were analyzed by FCM. By using FCM analysis after the MLR,
the reactive T-cell proliferation can be visualized as the serial halving of CFSE intensity. In the FCM analysis, CD4* and CD8* T-cells
were gated and analyzed for CESE fluorescence, and their stimulation indices were calculated. The average values of three or five
independent mice in each group are shown. *p<0.05. (B) The engrafted LSECs persistently expressed PD-L1. RAG2/gc-KO mouse
livers were obtained 7 weeks after LSEC inoculation and immunostained with FITC-conjugated anti-mouse H-2K¢%H-2D¢ (left) and
anti-CD274-PE mAbs (middle) to estimate PD-L1 expression on the transferred LSECs. The right panel shows the merged image of
the left and middle panels.

Although the cell type that contributes to PD-L1-induced induced suppression of allogeneic T-cells (23). The lack of
negative regulation of T-cells in liver allografts remains a significant role of FasL in LSECs could be explained by
to be identified, both their results and ours suggest that a limitation of allogeneic LSEC engraftment, since allo-
the signal between PD-1 on allogeneic T-cells and PD-L1 geneic LSECs have never replaced most native LSECs in
on LSECs likely inhibits corresponding T-cell function. an in vivo model. Alternatively, even when we used FasL.
The results of our previous in vitro study suggested that KO mice as LSEC donors in the adoptive transfer to the
the Fas/FasL pathway also would be involved in LSEC- allogeneic WT recipient mice, we could not rule out the
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Figure 8. RAG2/gc-KO mice immune reconstituted with bone marrow cells (BMCs) showed a lower proportion of memory
T-cells but a higher proportion of natural killer (NK) cells in their peripheral blood mononuclear cells (PBMCs) compared with the
mice that were immune reconstituted with SPLs. B6 BMCs or SPLs were injected into RAG2/gc-KO mice through the tail vein.
PBMCs from those RAG2/gc-KO or WT B6 control mice were analyzed by FCM. Anti-CD3, anti-CD4, anti-CD8, anti-CD44,
anti-CD45RB, anti-CD62L, and anti-NK1.1 mAbs were used for surface staining of the PBMCs. (A) The proportions of CD44his
memory phenotype, CD45RB"e", and CD62L"e" naive phenotype cells among each CD4* and CD8* T-cell fraction were determined
after bone marrow transplantation (BMT) (filled circles) or SPL inoculation (open circles). The reconstituted CD4* T-cells began to
be detectable 4 weeks after BMT. (B) The proportions of NK1.1* CD3- NK and NK1.1* CD3* NKT-cells among the PBMCs were
determined after BMT (filled circles) or SPL inoculation (open circles). The mean values +SEM of four independent mice in each
group are shown. WT B6 mice were used as controls. The thin line indicates the mean and the dotted line indicates the SEM (n=4).
*p<0.05, ¥**p<0.01, ***p<0.001.
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Figure 9. Transfer of allogeneic LSECs through the portal vein leads to prolonged survival of subsequently transplanted donor-type
heart allografts in recipient mice immune reconstituted by BMT. (A) RAG2/gc-KO mice were reconstituted by B6 BMT. The RAG2/
gc-KO mice were injected with BALB/c LSECs 2 days after the MCT pretreatment. Two weeks after the LSEC inoculation, B6 BMCs
were injected into the recipient mice for immune reconstitution. Six weeks after BMT, PBMCs were obtained from the recipient mice,
and the immune reconstitution level was evaluated by FCM. Anti-CD4 and anti-CD8 mAbs were used for the PBMC surface staining.
In the FCM analyses, the percentages of CD4* or CD8* T-cells among PBMCs were measured in immune reconstituted RAG2/gc-KO
mice with (n=8) or without (n=06) allogeneic LSEC inoculation. The frequencies of each indicated population among total number
of obtained cells are shown. (B) Heterotopic heart transplantation after immune reconstitution by BMT in recipient RAG2/gc-KO
mice with or without allogeneic BALB/c LSECs transfer. Heart allografts from BALB/c mice were subsequently transplanted into the
recipient mice 6 weeks after BMT. Heart graft survival curves are shown. There is a significant difference (**p <0.01) in heart allograft
survival between recipient RAG2/ge-KO mice with (solid line, n=16) or without (dotted line, n=8) allogeneic LSEC transfer.

possibility of bidirectional transfer of MHC class II mol- recipient LSECs, even if MHC transfer occurred. From
ecules between the WT recipient LSECs and the FasL- such a standpoint, instead of the use of FasL. KO mice, the
mutant donor LSECs after their inoculation. On the basis use of anti-FasL-blocking mAb with/without anti-PD-L1-
of the previous demonstration that T-cells can be positive blocking mAb in the LSEC-chimeric mouse model might
for both donor and recipient MHC class II by intercellular provide additional valuable information. Thus, to address
transfer of MHC molecules and play a significant role in the precise role of Fasl. and PD-L1 on LSECs in their
the antigen presentation (3), it is possible that recipient inhibitory effects on alloreactive T-cells, further studies
LSECs expressing FasL acquire donor MHC molecules, are required.

which might complicate the interpretation of this study. In addition to the death-inducing molecules, regulatory
In contrast, when we used antibodies blocking PD-L1, T-cells (Tregs) might also play a role in LSEC-induced
they were able to block PD-L1 on both the donor and suppression of allogeneic T-cells. It has been demonstrated

- 401 -



LSECs INHIBIT ALLOREACTIVE T-CELLS

that LSECs prime CD4* T-cells to a CD45RB!" memory
phenotype lacking marker cytokine production for effec-
tor cells, and that those T-cells functionally belong to
the CD25™" FoxP3~ Tregs (forkhead box P3 negative
regulatory T-cell) family (15). Those LSEC-primed Tregs
. are thought to contribute to shifting antigen-dependent
immune responses to tolerance toward exogenous anti-
gens or endogenous self-antigens. A similar mechanism
might be involved in the immunosuppressive effects of
LSECs toward the alloreactive T-cells observed in the
present study.

Engraftment of allogeneic LSECs prolonged the sur-
vival of subsequently grafted cognate allogeneic hearts
in RAG2/gc-KO mice that were immune reconstituted by
BMT (Fig. 9B) but not in RAG2/gc-KO mice that were
immune reconstituted using SPLs. This difference could
be explained by the homeostatic proliferation of inocu-
lated splenic T-cells, which might lead to insusceptibil-
ity of those T-cells to LSEC-induced suppression. It has
been reported that lymphopenia induces rapid expansion
of T-cells, conversion from a naive to a memory-like phe-
notype, and development of effector functions (8,17). This
phenomenon is thought to have an adverse effect on organ
allograft tolerance induction in mouse models (19,31).
An alternative explanation might be the insufficiency of
either NK or NKT cells that have the capacity to release
immunoregulatory cytokines, such as IL-10, in mice
immune reconstituted with syngeneic SPLs. NK cells
were supplied in the mice that were immune reconstituted
by BMT (Fig. 8B) and might provide factors that induce
the immunosuppressive features of the LSECs. It has been
reported that host NK cells destroyed graft-derived APCs
in a skin allograft model (33). In the absence of NK cells,
donor APCs can survive and then migrate to host lymph-
oid and extralymphoid sites, where they directly stimu-
late the activation of alloreactive T-cells. T-cells activated
in the absence of NK cells are possibly more resistant to
LSEC-induced immunosuppression, and under such con-
ditions, the prolongation of heart allograft survival might
be difficult to achieve.

Nevertheless, only T-cells with direct allospecificity
(i.e., those that recognize alloantigens via the direct path-
way) would be suppressed by direct exposure to orthoto-
pically engrafted allogeneic LSECs; T-cells with indirect
allospecificity would theoretically not be influenced in
the present in vivo model. This could be why most of
the allogeneic hearts were eventually rejected even in
LSEC-chimeric mice immune reconstituted by BMT, in
contrast to the in vitro MLR assay results. Further studies
are required to confirm this hypothesis.

In conclusion, allogeneic LSECs are capable of sup-
pressing T-cells with specificity cognate to the LSECs in
an in vivo murine model. The PD-1/PD-L1 pathway is
likely involved in these suppressive effects.
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High-mobility group box 1 (HMGB1) is a DNA-binding protein
abundantly expressed in the nucleus that has gained much
attention for its regulation of immunity and inflammation. Despite
this, whether and how HMGB1 contributes to protective and/or
pathological responses in vivo is unclear. In this study, we
constructed Hmgb1-floxed (Hmgb17f) mice to achieve the condi-
tional inactivation of the gene in a cell- and tissue-specific manner
by crossing these mice with an appropriate Cre recombinase trans-
genic strain. Interestingly, although mice with HMGB1 ablation in
myeloid cells apparently develop normally, they are more sensitive
to endotoxin shock compared with control mice, which is accom-
panied by massive macrophage cell death. Furthermore, these
mice also show an increased sensitivity to Listeria monocytogenes
infection. We also provide evidence that the loss of HMGB1 in
macrophages results in the suppression of autophagy, which is
commonly induced by lipopolysaccharide stimulation or L. mono-
cytogenes infection. Thus, intracellular HMGB1 contributes to the
protection of mice from endotoxemia and bacterial infection by
mediating autophagy in macrophages. These newly generated
HMGB1 conditional knockout mice will serve a useful tool with
which to study further the in vivo role of this protein in various
pathological conditions.

LPS | IL-1p | IL-18

f the four members of the high-mobility group box (HMGB)
family, HMGBI is the best studied, given its versatile func-
tions in various aspects of cellular responses (1-5). Ubiquitously
expressed in all cells, HMGBI is found en masse in the nucleus
and is supposedly released into the extracellular fluid through an
endoplasmic reticulum-Golgi pathway-independent mechanism
from immune cells such as monocytes or macrophages after stim-
ulation with lipopolysaccharide (LPS), proinflammatory cytokines,
or nitric oxide (1, 6). The release of HMGBI is also regulated by
the inflammasome, a multiprotein oligomer that activates caspase-1
to promote the maturation of inflammatory cytokines, interleukin-
1p (IL-1B) and IL-18, and by dying cells, typically those undergoing
necrosis (7-10). Secreted or released, HMGBI is known to par-
ticipate in the activation of cell surface innate immune receptors,
typically Toll-like receptors (TLRs), thereby affecting many aspects
of the host’s inflammatory responses upon infection or noxious
stresses (1-5). Perhaps most notably is the crucial role of HMGB1
in LPS-induced endotoxemia, whereby administration of an anti-
HMGBI antibody significantly protects mice from lethality (1, 11).
The study of released HMGBI is complicated by a number of
complex posttranslational modifications made to the protein,
including acetylation and redox modifications that may regulate
HMGBI function (12-14).
HMGBI can regulate immune reactions in several ways. Cy-
tosolic HMGBI, together with the other members of the family,
function as universal sentinels or chaperones for immunogenic

www.pnas.org/cgi/doi/10.1073/pnas.1320808110

nucleic acids by facilitating the recognition of nucleic acids by
more discriminative, nucleic acid-sensing innate receptors (15—
17). In addition, HMGBI1 regulates autophagy, a cellular re-
sponse that functions in clearing long-lived proteins and dysfunc-
tional organelles to generate substrates for adenosine triphosphate
(ATP) production during periods of starvation and other types of
cellular stress events (13, 18-20). This mechanism contributes to
antimicrobial responses against invading microorganisms (21,
22). Indeed, microorganisms can induce autophagy by stimulat-
ing innate immune receptors, such as TLRs, by a process in
which bacteria are captured by phagocytosis but remain within
intact vacuoles, an autophagic process termed microtubule-as-
sociated protein light chain 3 (LC3)-associated phagocytosis
(LAP), which promotes the maturation of autophagosomes into
autolysosomes (23, 24).

Collectively, these studies place HMGB1 in the center of
immunological events where it uniquely functions intracellularly
and extracellularly as a mediator of immune and inflammatory
responses. The biological and clinical importance of HMGBI1 is
underscored by the dysregulation of this protein in a number of
pathological conditions, including sepsis, ischemia-reperfusion
injury, arthritis, and cancer (1, 3-5). Nonetheless, in vivo vali-
dation of the versatile functions described above is lacking due to
the lethality of the HmgbI-deficient mice, thought to cause lethal
hypoglycemia in newborn mice (25). In the present study, we
describe the generation of HmgbI-floxed (HmgbI™) mice that
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expressed in the nucleus where it regulates chromatin func-
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plasm and extracellular milieu for the regulation of immunity
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a cell- and tissue-specific manner. We demonstrate that cyto-
solic HMGB1 in myeloid cells is critical for the protection of the
host from endotoxemia and bacterial infection by inducing
autophagy, a cellular response critical for maintaining cellular
viability in the setting of various stresses including infection.
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enabled the cell- and tissue-specific deletion of the gene when
crossed with an appropriate Cre recombinase transgenic strain.
We demonstrate in this study a protective role of intracellular
HMGBI in macrophages where it serves as a crucial regulator of
autophagosome formation in the context of LPS stimulation or
bacterial infection in vivo. Finally, we will discuss the future
prospects of HMGBI research using these newly generated
mutant mice.

Results

Generation of Hmgh1"f Mice. To study the function of HMGBI1 in
distinct cells and tissues, we generated mice with a conditional
knockout of the Hmgbl gene by using the Cre-loxP system. As
depicted in Fig. S14, the targeting vector was constructed to
cause the deletion of exons 2-4 upon expression of Cre protein.
A neomycin resistance (neo) gene flanked by two loxP sites was
introduced into intron 1 of the gene, whereas a third loxP site
was generated downstream of exon 4. Mouse embryonic stem
cells (ES) were electroporated with this vector, selected in the
presence of G418 and then homologous recombinant clones
identified by PCR and confirmed by Southern blot analysis (Fig.
S1B). Cre protein was then transiently expressed in the targeted
ES clones to delete the loxP-flanked neo gene (Fig. S1C). The
resulting ES clones, carrying the loxP-flanked (floxed) Hmgbl
gene, were used to generate chimeric mice that successfully
transmitted the gene in the germ line. Mice homozygous for
the floxed Hmgbl gene (Hmghl”™) were born at the expected
Mendelian ratios and presented with no obvious abnormalities.
When these mice were crossed with mice transgenic for a CAG
promoter-driven cre gene in which cre recombinase expression is
constitutively and broadly driven by the cytomegalovirus early
enhancer element and chicken p-actin promoter (26), mice died
soon after birth, which is consistent with a previous report
(25) (Fig. S2).

Ablation of the Hmgbh1 Gene in Myeloid Cells. In cells of myeloid
lineage, in particular macrophages, HMGBI is released follow-
ing stimulation by TLR ligands or other noxious agents (1, 6),
supporting the concept that HMGBI1 plays a role in inflam-
matory responses. To examine the function of HMGBI in these
cells, we crossed HmgbI™ mice and mice with the cre gene
inserted into the endogenous M lysozyme (LysM) locus. Mice
carrying HmgbI™ and the LysM cre (LysM “™*-HmgbI™) were born

Peritoneal cells

A Peritoneal macrophages B (gated on CD3e"CD197NK1.1™

and developed normally. As shown in Fig. 14, HMGBI expression
was barely detectable in peritoneal macrophages of these mice,
whereas HMGB1 was expressed normally in other cells such as T
and B lymphocytes (Fig. S34). We further examined myeloid cell
populations in the peritoneal cavity, spleen, blood, and bone mar-
row of these mice. As shown in Fig. 1B, no overt difference was
found in the cellularity of the myeloid lineage, indicating that the
loss of HMGBI1 does not affect the development of these cells.
Further, we observed no difference in the in vitro differentiation of
M1 or M2 macrophages in LysM“™*-Hmgb1™ mice (Fig. S3B).

Susceptibility of LysM"®'*-Hmgb1"* Mice to LPS-Induced Endotoxemia.
There has been a particular focus on HMGBI in the context of
LPS-induced endotoxemia, wherein HMGBI released by my-
eloid cells is reported to be capable of activating various innate
receptors, especially TLR4, and thereby exacerbating patho-
genic inflammatory responses (11, 27). We therefore first ex-
amined whether and how LysM“™"*-Hmgb1"" mice respond to
LPS. We observed that LysM“*-Hmghb1"" mice were more
vulnerable to i.p. injection of LPS and were accompanied by
a massive amount of tissue destruction in the lungs compared
with LysM**-Hmgb1"" mice (Fig. 24). This observation indi-
cates there is a protective role of HMGBI1, which seemingly
contrasts with the prevailing notion that it exacerbates endo-
toxemia (1, 2, 11).

We then examined serum levels of proinflammatory cytokines
thought to participate in the pathogenic response to LPS and found
that levels of TNF-o, IL-6, and IL-12p40 in LysM“™*-HmgbI™
mice were similar to those found in LysM**-HmgbI™ mice (Fig.
2B). Interestingly, however, there was a notable increase of IL-1p
and IL-18 in the serum of the LysM“™/*-HmgbI™ mice, indicating
a hyperactivation of an inflammasome pathway(s) (Fig. 2C). In
this experimental setting, serum HMGBI1 levels were only
marginally lower compared with those of LysM™"*-Hmgb 1" mice
(Fig. 2D), demonstrating that myeloid cells are not the main
source of LPS-induced serum HMGBI1 and that the increased
vulnerability to LPS reflects a function of intracellular HMGB1
vis-a-vis extracellular HMGBI.

The elevated IL-1p and IL-18 expression in the serum of the
LPS-stimulated LysM™*-Hmgh1" mice prompted us to exam-
ine the activation of the inflammasome in the mutant macro-
phages. We stimulated macrophages from LysM~"**-HmgbI"
mice with LPS and ATP and then examined IL-1f and IL-18
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Fig. 1. HMGB1 expression and myeloid cell population of LysM<®*-Hmgbh 1" mice. (A) Peritoneal macrophages were obtained from LysM**-Hmgb1"f and
LysMS®*-Hmgb 17 mice. Whole cell extracts (20 pg) were prepared and subjected to immunoblot analysis to detect HMGB1 protein. HMGB1 band density is
presented relative to p-actin band density. (B) Single cell suspensions were prepared from the peritoneal cavity, spleen, peripheral blood, and bone marrow
from LysM**-Hmgb 1" or LysM“®*-Hmgb 1% mice and stained with the indicated combination of the following fluorochrome-conjugated antibodies: anti-F4/
80 PerCP-Cy5, anti-CD11b APC, anti-Ly6G PE-Cy7, anti-Ly6C FITC, anti-CD19 PB, anti-NK1.1 PB, and anti-CD3¢ PB antibodies. CD3e"CD19"NK1.1™ cells (Upper)
or CD11b* cells (Lower Left) were gated and shown. The numbers represent the percentage of cells contained in each region.

20700 | www.pnas.org/cgi/doi/10.1073/pnas.1320808110 - 405 -

Yanai et al.



