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* Emerging evidence revealed that diabetes induces abnormal immune responses that result in serious

. complications in organs. However, the effect of hyperglycemia on hepatic immunity remains obscure.

. We evaluated the population and function of hepaticimmune cells in streptozotocin (STZ)-induced

. hyperglycemic mice. CC chemokine receptor 2 (CCR2)-knockout mice and mice with a depletion
of regulatory T cells (DEREG) were used to investigate the migration and role of regulatory T cells
(Tregs) in hyperglycemic mice. The inflammatory cytokines and hepatic transaminase levels were
significantly increased in the hyperglycemic mice. The population and number of infiltrating monocytes,
granulocytes, and Tregs were enhanced in the livers of the hyperglycemic mice. Hepatic monocytes
other than macrophages showed the increased expression of inflammatory cytokines and chemokines
in the hyperglycemic mice. The CCR2 knockout and DEREG chimeric mice exhibited increased
populations of activated T cells and neutrophils compared to the WT chimeric mice, which promoted

. hepaticinflammation in the hyperglycemic mice. The migration of CCR2 knockout Tregs into the liver

- was significantly reduced compared to the WT Tregs. We demonstrated that hyperglycemia contributes

. toincrease in infiltrating monocytes and Tregs, which are associated with hepatic immune dysfunction

in mice. CCR2-mediated migration of Tregs regulates hyperglycemia-induced hepatic inflammation.

Diabetes mellitus has been predicted to produce inflammatory cytokines and induce the activation of innate and
adaptive immune cells, which are associated with diabetic complications'=>. The liver is an essential part of the
. innate immune response and is composed of diverse types of immune cells, including monocytes, macrophages,
. lymphocytes, natural killer cells, and hepatic stellate cells (HSCs)*°. Nonalcoholic fatty liver disease including
simple steatosis and nonalcoholic steatohepatitis is the predominant hepatic manifestations of diabetes and are
considered the most important causes of liver injury®’. However, the mechanisms that contribute to liver damage
in patients with diabetes and hyperglycemia remain obscure.

Immune cells participate in the development of systemic inflammation in hyperglycemic patients. Monocytes
from patients with diabetes have shown higher expression of pro-inflammatory cytokines, including interleukin
(IL)-1 beta, IL-6, and tumor necrosis factor alpha (TNF-a)*?. Moreover, B cells activate T-cell-mediated systemic
inflammation and decrease anti-inflammatory cytokine IL-10 expression in obese mice and patients with type
2 diabetes, respectively'®!!, and T cells promote chronic inflammation in diabetes patients through interferon
gamma (IFN-~) and IL-17 production'?. Conversely, CD4" CD25" Foxp3™ regulatory T cells (Tregs) inhibit T
cell-mediated pathology by producing IL-10 in the adipose tissue of obese mice!>!*. The loss of hepatic Tregs has

. been implicated as an important marker for the aggravation of liver inflammation'>!®. However, the effects of
. hyperglycemia on Tregs in the liver are unknown.

: Non-obese diabetic (NOD) mice are commonly used as an animal model for type 1 diabetes. In this study,
. hyperglycemia was induced in mice with multiple low doses (50 mg/kg) of streptozotocin (STZ) for five
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consecutive days. Because NOD mice have immunological alterations due to genetic defects and are suscepti-
ble to multi-organ autoimmune diseases other than autoimmune diabetes via the production of autoreactive T
cells'”'8, we used STZ-induced hyperglycemic mice to investigate whether hyperglycemia had an effect on the
population and activation of hepatic immune cells. STZ is the most widely used chemical for the generation of
type 1 diabetes phenotypes through the destruction of insulin-producing cells in mice. STZ is a toxic nitrosourea
analogue that targets pancreatic beta cells via glucose transporter 2 in mice and rats!*?. In the present study, we
investigated whether STZ-induced hyperglycemia led to hepatic inflammation and changes in the population size
and function of the immune cells in the liver. Additionally, we investigated the importance of Tregs in hepatic
immune homeostasis through the regulation of Treg depletion or migration to the liver.

Materials and Methods

Animals. Male C57BL/6 wild-type (WT), green fluorescence protein (GFP)-transgenic, CC chemokine recep-
tor 2 (CCR2) knockout, and depletion of regulatory T cell (DEREG) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). All animals were maintained under a controlled environment (12 h light/12h
dark cycle; humidity 50~60%; ambient temperature 22 + 2 °C) in a specific pathogen-free animal facility at the
Korea Advanced Institute of Science and Technology. Chimeric mice were prepared by bone marrow transplan-
tation as previously reported?!. All animals received humane care according to the criteria outlined in the Guide
for the Care and Use of Laboratory Animals published by the National Institutes of Health, and all experimental
procedures were approved by the Institutional Animal Care and Use Committee of the Korea Advanced Institute
of Science and Technology.

Materials. STZ was purchased from Sigma (St. Louis, MO, USA). The total RNA isolation kits and reagents
for cDNA synthesis were obtained from Thermo Scientific (Invitrogen, Eugene, OR, USA). The Percoll gra-
dient and DNase I were obtained from GE Healthcare (Buckinghamshire, UK) and Roche (Indianapolis, IN,
USA), respectively. The SYBR Green Real-Time PCR Master Mix was purchased from Toyobo (Osaka, Japan).
Antibodies were obtained from Abcam (Cambridge, MA, USA), BD Pharmingen (CA, USA) and eBioscience
(CA, USA). The FlowJo software was purchased from Tree Star (Ashland, OR, USA).

STZ-induced hyperglycemia. Hyperglycemia was induced in mice by intraperitoneal injection of multiple
low doses (50 mg/kg) of STZ solubilized in 0.1 M citrate buffer (pH 4.5) for five consecutive days. Control mice
were injected with the same volume of citrate buffer alone. The mice were monitored by measurements of body
weight, food and water intake, blood glucose, and serum insulin 4 days after the final STZ injection by obtaining
blood from the tail vein. To exclude the effect of STZ toxicity on the immune cell population in the liver, STZ
mice were injected with subcutaneous Humulin N (Ely Lilly, USA) at a dose of 50 IU/kg bodyweight. Moreover,
the mice with STZ-induced hyperglycemia received an intraperitoneal injection of anti-mouse CCR2 antibodies
(clone MC-21, 50 ug/day) every other day until sacrifice.

Serum biochemical measurements. Blood was collected and allowed to clot at room temperature for
1 hour and then centrifuged at 8,000 rpm for 10 minutes. Serum was removed and stored at —20°C. The serum
alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglyceride (TG), and
glucose levels were measured using kits purchased from IDEXX Laboratories (Westbrook, ME, USA). Serum
insulin was measured using the Ultrasensitive Mouse Insulin ELISA kit (Alpco, Salem, NH, USA).

Enzyme-linked immunosorbent assay (ELISA). Blood serum was added to a plate pre-coated with
monoclonal antibodies against mouse IFN-~ (eBioscience, San Diego, CA, USA) or TNF-« (eBioscience, San
Diego, CA, USA). After overnight incubation at 4 °C, an anti-mouse IFN-~ or TNF-« antibody conjugated to
horseradish peroxidase was added and the plate was incubated for additional 1 additional hour at room temper-
ature on the shaker. The color was developed with 50 pl of 3,3'5,5'- Tetramethylbenzidine substrate (eBioscience,
San Diego, CA, USA). The reaction was stopped with the addition of 50 ul of 2N H,SO, and the absorbance of the
reaction as measured at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).

Isolation of mononuclear cells (MNCs) in the liver. Liver MNCs were isolated as described previ-
ously?!. Briefly, liver tissues were smashed and filtered through a cell strainer with 70 pm nylon mesh (BD falcon,
NJ, USA). The liver cell suspension was suspended in cold phosphate buffered saline (PBS), and hepatocytes
were removed by centrifugation at 400 rpm for 5 minutes. The supernatant was collected, washed in PBS at least
2 times, and resuspended in a 40% Percoll gradient (GE healthcare, UK) in PBS. The cell suspension was cen-
trifuged at 2,400 rpm at 4 °C for 30 minutes. The supernatant was removed with mechanical suction and then
red blood cell lysis was performed. The MNCs were collected, washed in PBS, and resuspended in RPMI-1640
medium. Finally, the MNCs were counted and subjected to flow cytometry and real-time PCR.

Fluorescence-activated cell sorting (FACS) analysis. Isolated liver MNCs were resuspended in DPBS
containing 0.5% BSA and 0.05% sodium azide. After washing, the cells were pre-incubated with anti-mouse
CD16/32 Fc blocker (BD Pharmingen, USA) prior to treatment with antibodies to block non-specific reactions.
The cells were stained with fluorescence-conjugated anti-CD45, anti-CD3e, anti-CD4, anti-CD8, anti-CD11b,
anti-CD25, anti-CD44, anti-CD69, anti-Ly6C, anti-Ly6G, and anti-F4/80 antibodies (BD Pharmingen, USA).
The stained cells were analyzed using a BD™ LSR II Flow Cytometer (BD Pharmingen, USA) and the Flow]Jo
software (Tree Star, Ashland, OR, USA). PE-conjugated anti-IFN-+ and TNF-« antibodies (BD Bioscience,
USA) were used for intracellular staining. For intracellular cytokine staining, the cells were re-stimulated with
phorbol-myristate acetate/ionomycin for 1 hour in addition to brefeldin A for 5hours and then the cells were
fixed and permeabilized using the BD Cytofix/Cytoperm kit (BD Pharmingen, USA).
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Sorting and staining of liverimmune cells. Infiltrating monocytes and macrophages in the liver were
sorted using the FACSAria™ II Cell Sorter (BD Bioscience, USA) based on marker expression. Infiltrating mono-
cytes and macrophages sorted from the liver were attached to slides via a cytospin at 500 rpm for 5 minutes, fixed
with 4% paraformaldehyde, permeabilized with 0.2% Triton-X (Sigma-Aldrich, St. Louis, MO, USA), and then
stained with hematoxylin and eosin as previously described®?.

HSC and liver sinusoidal endothelial cells (LSEC) preparation. As described previously?"?3, HSCs
were isolated by in situ collagenase perfusion. After anesthesia using intraperitoneal injection of pentobarbital
(30 mg/kg), the abdominal cavity was opened, and the liver was exposed for perfusion with collagenase type
I through the portal vein. After filtering the cell suspension using a 70 pm nylon mesh (BD Falcon, NJ, USA),
hepatocytes and non-parenchymal cells were separated by centrifugation at 500 rpm and 4 °C for 5 minutes. Then,
the HSCs and LSEC were isolated by differential centrifugation on the OptiPrep (Sigma, St. Louis, MO, USA)
density gradient at 3,000 rpm and 4 °C for 17 minutes. The HSC purity was assessed by flow cytometric analysis
based on the vitamin A autofluorescence of the HSCs. LSEC was positively purified by labelling with anti-mouse
CD 146 microbeads (Miltenyi Biotec, CA, USA) and was subjected to Real-time PCR analysis.

Real-time PCR analysis. The real-time PCR analysis was performed and all primers used in this study are
listed in Supplementary Table 1. Total RNA was extracted from liver cells or tissues using the TRIzol Reagent
(Invitrogen, Eugene, OR, USA) in accordance with the manufacturer’s instructions. cDNA was synthesized from
the same quantity of RNA with the amfiRivert cDNA Synthesis Master Mix (GenDEPOT, USA) following the
manufacturer’s protocol. Real-time PCR was performed using the SYBR Green Real-Time PCR Master Mix
(Toyobo, Japan) and analyzed on a CFX96 system (Bio-Rad, Hercules, CA, USA). The comparative Ct method
was used to quantify transcripts normalized to 3-actin expression. The results were analyzed with the AACt
method. The values were expressed as the fold change compared with the control.

Chimeric mice generation. To investigate the effects of CCR2 and Tregs in the hyperglycemia-induced
hepatic inflammation, we produced chimeric mice by bone marrow transplantation using WT, CCR2 knockout,
and DEREG mice. For development of chimerism, recipient WT mice were fed with the water supplemented
with 1% penicillin/streptomycin for 7 days and then irradiated with 950 rads. After 6 hours, about 2 x 10° bone
marrow cells from donor mice were injected via tail vein sterilely. To confirm formation of chimerism, recepient
mice were sacrificed at 8 weeks and subjected to FACS analysis. At 8 weeks after the transplantation of WT, CCR2
knockout, and DEREG bone marrow, the recipient mice were injected with 1 g of diphtheria toxin intraperitone-
ally for 5 days and then treated with multiple low doses (60 mg/kg) of intravenous STZ injection for three consec-
utive days. The mice were sacrificed for the immunophenotyping study of the liver on Day 20 of STZ injection.

Ex vivo migration assay of Tregs using closed circulation. Age-matched (8-12 weeks old) male
CD45.1" mice with STZ-induced hyperglycemia were anesthetized by intraperitoneal pentobarbital injection,
and the inferior vena cava (IVC) and portal vein were exposed by midline laparotomy. The portal vein and supe-
rior part of the IVC above the liver were catheterized. Each catheter line was connected with an infusion pump,
and the opposite end of the line was placed in a tube filled with 2 x 10° Tregs from WT or CCR2 KO mice
suspended in RPMI medium supplemented with 10% serum and 1% penicillin/streptomycin. To maintain the
same sinusoidal pressure in the liver, the flow rate was fixed at 2 ml/min. The mice and all equipments were main-
tained in a 37 °C incubator during the closed circulation process. After 2 hours of closed circulation, the liver was
extracted, and the resident hepatic MNCs were isolated for FACS analyses.

Statistical analysis. Data are presented as the means + the standard deviation (SD). To compare values
obtained from two or more groups, Student’s t test or one-way analysis of variance was performed. A value of
P <0.01 or 0.05 was considered statistically significant.

Results

STZ-induced hyperglycemia increases hepatic monocytes and neutrophils in mice. We gener-
ated a mouse STZ-induced diabetes model to reveal the effects of hyperglycemia on the population characteristics
and function of hepatic immune cells. Significant hyperglycemia (over 250 mg/dL) developed three or four days
after the injection of multiple low-doses of STZ (Supplementary Fig. 1a-d). Mice were sacrificed 3 weeks after the
induction of diabetes with STZ. The glucose, insulin, IFN-~, and TNF-a levels were measured in sera collected
from the control and diabetic mice. Serum IFN-~ and TNF-a levels were significantly increased in mice with
STZ-induced hyperglycemia (Fig. 1a). Moreover, the blood chemistry analyses revealed that ALT, AST, TG, and
TC levels were increased in mice with STZ-induced hyperglycemia (Fig. 1b). Hepatic TG was also enhanced in
the livers from mice with STZ-induced hyperglycemia (Supplementary Fig. 1e). In the FACS analyses, we found
that CD4" T cells in the peripheral blood and mesenteric lymph nodes were significantly activated in the mice
with STZ-induced hyperglycemia compared to the control mice, although there was no difference in the overall
size of population and the absolute number of immune cells between the groups (Fig. 1¢,d and Supplementary
Fig. 2a-d). In contrast, the size of the monocytes (CD11b* Ly6C"¢") and neutrophils (CD11b* Ly6G*) popula-
tions in the livers from diabetic mice were higher than those from the control mice (Fig. 1d,e). A larger popu-
lation of F4/80+ hepatic macrophages was observed in the sinusoidal compartment in mice with STZ-induced
hyperglycemia (Supplementary Fig. 2e). Taken together, our results demonstrate that STZ-induced hyperglyce-
mia enhances hepatic inflammatory response in the mice through an increase in monocytes and neutrophils.

Migration of Tregs is enhanced in the livers of mice with STZ-induced hyperglycemia. Based
on the above data, STZ-induced hyperglycemia changed the population of hepatic innate immune cells. We also

SCIENTIFICREPORTS | 6:30656 | DOI: 10.1038/srep30656 3



www.nature.com/scientificreports/

Veh 174 Veh 8TZ
100

3 80
E
S 60
s
> 40
g 2
0
Veh sTZ Veh s1Z
(lunL) (mg/dL)
300 300 = 15t
. W sz
200 200 .
100 = 100
0: 0!
ALT AST TG TC

PBMC

c e CVeh MW STz
CJVeh M STZ CD4+ T-cell CD8+ T-cell _ 50
15 B isotype 55 =
c= - Z22 40
=< i1 Veh -8
§210 £ ok 30 *
£3 5 O s1z S8
32 5 o 32 %
a 3 2 2 40 |-—| I ﬂ e
a o
0 E 0 T T r '—'-—
cD4 cDs CD69 ’ . & I &
o S £ &
(&) (&) G
O N A
o P '50
9 [9 S

Figure 1. STZ-induced hyperglycemia increases monocytes and neutrophils in the mouse liver.
Hyperglycemia was induced in C57BL/6 mice with low dose STZ (50 mg/kg) administration for five consecutive
days. (a) IFN-~, and TNF-a levels were measured in sera collected from mice treated with the vehicle or STZ.
(b) AST, ALT, triglyceride, and TC were measured in sera collected from the mice. (c) T cell population and
activation in mouse peripheral blood mononuclear cells. (d) Liver mononuclear cells were subjected to flow
cytometry to analyze lymphocytes, monocytes, and neutrophils. (e) Percentages of hepatic immune cells in mice
treated with the vehicle or STZ. All data are representative of 3 independent experiments (n=6 per group).
Data are expressed as the mean + SD. *P < 0.05, **P < 0.01 compared with the corresponding controls.

isolated liver mononuclear cells using the perfusion technique to analyze hepatic infiltrating monocytes and
liver resident macrophages for comparison with circulating monocytes. Infiltrating monocytes (CD11b* F4/80™")
of the liver were increased in the population and absolute number in mice with STZ-induced hyperglycemia,
although the population of liver resident macrophages (CD11b* F4/80"h) did not change between the groups
(Fig. 2a,b and Supplementary Fig. 2f). Tregs are essential for the modulation of tissue inflammation through the
secretion of anti-inflammatory cytokines. As expected, the population and absolute number of the Treg were
significantly increased in the mesenteric lymph nodes (Fig. 2¢,d) and livers of the mice with STZ-induced hyper-
glycemia compared to the control mice (Fig. 2e,f). Interestingly, the expression of CCR2 on Tregs was signifi-
cantly increased in mice with STZ-induced hyperglycemia compared to the control mice (Fig. 2g). To investigate
whether these modulations of hepatic immune cells were caused by hyperglycemia or effect of STZ toxicity, the
STZ treated mice were administered saline or insulin (Humulin N) at a dose of 50 IU/kg. We examined the effect
of insulin-mediated reduction of blood glucose on the hepatic immune cell population in STZ-induced hyperg-
lycemic mice. Insulin therapy reduced the levels of glucose, ALT, and AST in the mice with STZ-induced hyper-
glycemia (Fig. 2h). Infiltrating monocytes of the liver were also decreased in the population in the hyperglycemic
mice with the insulin treatment (Fig. 2i). The population of the Treg were significantly decreased in the liver
from the hyperglycemic mice treated with insulin (Fig. 2j). Furthermore, the treatment with CCR2 antibodies
increased the level of hepatic transaminases and reduced the population of Treg in the liver from STZ-induced
hyperglycemic mice (Supplementary Fig. 2g,h). Collectively, STZ-induced hyperglycemia induced liver inflam-
mation through the activation of hepatic infiltrating monocytes, thereby promoting the recruitment of the Tregs
into the liver.

Gene expression of hepatic immune cells in mice with STZ-induced hyperglycemia. To assess
the effect of hyperglycemia on hepatic infiltrating monocytes and macrophages, the cells were isolated using
the fluorescence activated cell sorting cytometry. (Fig. 3a). The morphological features of the sorted monocytes
and macrophages were observed after H&E staining. There was no significant difference in the morphologies of
the liver monocytes and macrophages between the groups (Fig. 3a and Supplementary Fig. 3a). In the real-time
PCR analysis, the infiltrating hepatic monocytes from diabetic mice showed remarkably increased expression
of TNF-q, IL-103, IFN-~, and IL-6 compared with the control mice (Fig. 3b). However, there was no significant
difference in the expression of these inflammatory cytokines between the groups of liver resident macrophages
(Fig. 3b). In contrast, neutrophils from the diabetic mice showed enhanced expression of IL-13 and TNF-«
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Figure 2. STZ-induced hyperglycemia promotes CCR2-mediated migration of Tregs in the liver. (a) The
population of hepatic monocytes and macrophages in mice treated with the vehicle or STZ. (b) The population
of hepatic monocytes in mice treated with the vehicle or STZ. (¢,d) The population and absolute number of
Tregs in the mesenteric lymph nodes of mice treated with the vehicle or STZ. (e,f) The population and absolute
number of Tregs in the livers of mice treated with the vehicle or STZ. (g) CCR2 expression in hepatic Tregs
from mice treated with the vehicle or STZ. (h) Glucose, AST, and ALT were measured in sera collected from the
mice treated with saline or insulin. (i,j) The population of hepatic monocytes, macrophages, and Tregs in the
STZ-induced hyperglycemic mice treated with the saline or insulin. All data are representative of 3 independent
experiments (n=6 per group). Data are expressed as the mean = SD. *P < 0.05, **P < 0.01 compared with the
corresponding controls.

compared with the control mice (Fig. 3c). We also isolated hepatocytes and HSCs from the diabetic and control
mice to observe the expression of CC chemokine ligand 2 (CCL2), which is a major ligand of CCR2. Although
there was no significant difference in CCL2 expression on the hepatocytes and LSEC between groups, HSCs from
diabetic mice showed increased expression of CCL2 compared with the control mice (Fig. 3d and Supplementary
Fig. 3b). To assess the effect of STZ in vitro, we directly treated the HSCs with STZ. However, treatment with STZ
did not have an effect on CCL2 expression in the HSCs (Fig. 3e). Moreover, there was no significant difference
in the expression of IL-6, IFN-~, and IL-10 expression in the HSCs after STZ treatment (Supplementary Fig. 3¢).

CCR2 andTregs are important for the regulation of hyperglycemia-induced hepaticinflammation.
To investigate the role of Tregs in hyperglycemia-induced hepatic inflammation, we generated chimeric mice
by reciprocal bone marrow transplantation using WT, CCR2 KO, and DEREG mice. Approximately 90% of
the liver MNCs were replaced with donor bone marrow-derived cells 8 weeks after the transplantation of WT
GFP-expressing bone marrow (Supplementary Fig. 4a). Chimeric mice prepared by reciprocal transplantation
of WT, CCR2 KO, or DEREG bone marrow were injected with 1 g of DT diluted in endotoxin-free PBS for five
consecutive days. On day 6, the three groups of chimeric mice treated with DT were subjected to STZ treatment.
All of the chimeric mice were sacrificed for the analysis of serum chemistry and hepatic immune cells on day 20
(Fig. 4a). No significant difference was detected in blood glucose levels and food and water intake among the three
groups (Supplementary Fig. 4b-d). ALT, AST, and TG levels were significantly increased in the mice injected with
the CCR2 KO or DEREG bone marrow compared to the mice injected with the WT bone marrow (Fig. 4b).
Moreover, the IFN-~ and TNF-a levels were increased in the mice injected with the CCR2 KO or DEREG bone
marrow (Fig. 4c). The hepatic TG content was enhanced in the mice injected with the DEREG bone marrow
compared to the mice injected with the WT bone marrow (Supplementary Fig. 4e). In the FACS analysis of the
liver MNCs, the populations of activated CD4" and CD8* T cells were increased in the population and absolute
number of the hepatic immune cells in the mice injected with the CCR2 KO or DEREG bone marrow (Fig. 4d,e
and Supplementary Fig. 5). The hepatic CD4" IFN-~" and CD8" IFN-~" T cell populations were also significantly
increased in the CCR2 KO and DEREG chimeric mice (Fig. 4f). Taken together, our results suggested that the
depletion of Tregs or CCR2 deficiency induced hepatic inflammation in STZ-induced hyperglycemic mice.
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Figure 3. STZ-induced hyperglycemia enhances the expression of proinflammatory cytokines and
chemokines in monocytes but not liver resident macrophages. (a) Morphological analysis of hepatic
monocytes and macrophages using FACS. (b) Sorted hepatic monocytes and macrophages from mice treated
with vehicle or STZ were subjected to real-time PCR analysis. (c) Sorted hepatic neutrophils from mice treated
with vehicle or STZ were subjected to real-time PCR analysis. (d) HSCs and hepatocytes isolated from mice
treated with vehicle or STZ were subjected to real-time PCR. (e) HSCs were treated with STZ in vitro. All data
are representative of 3 independent experiments (n =6 per group). Data are expressed as the mean + SD.
*P < 0.05, **P < 0.01 compared with the corresponding controls.

a b
Donor Iradiated Chimeric mouse Owr B ccr2 [ DEREG
BMT recipient  g.week
Ko~ — Ao~ — AT~ (i) (mgrdL)
WT, CCR2, WT STZ treatment 400 *
DEREG after DT injection 300
Chimeric mouse 200
WU sects
DT s1Z L
5 1 4 20 (Days) TG TC
¢ d DEREG Owr M ccr2 [ DEREG e _
- 520 Owr
250 80 8 3 .
* = N - S 15 " M ccr2
g £8q £ 2 3 [ DEREG
S 150 | = [m] H = 210
& 40| = 84 B
T 100 g 3 L [ S5
z & 4 =
L 50 m O 8% §* 8o
o cDa ol 0 CD4*CD44* CD4-CD6Y*
9 9 CD4*CD44* cp4cDor CD8*CD44* CD8*CD6g*
500 * ] CD8+ T cells
_ : - wr CCR2 DEREG ooy L = 30 M e oW
2 = c280 =) £ i . "CCR2
S 200 m . o | 210 82 = .
g o £ 3 60 23 52 < %a:_ + DEREC
v 3 E 59.8% 8% 624% : . 8 2 Z 20 = :
L 100 % %5 E - s o
3 820 8 ezt +
0 o= 0 ° 10 .
cD44 cD8*CD44* cD8*CDeg* CD&IFN-y* CD8*IFN-y*

Figure 4. CCR2-mediated migration of Tregs regulates hyperglycemia-induced hepatic inflammation.
(a) At week 8 after the transplantation of WT, CCR2 KO, and DEREG bone marrow into WT mice, the
chimeric mice were injected with diphtheria toxin and STZ. (b) AST, ALT, triglyceride, and TC levels were
measured in sera collected from the mice. (c) IFN-~ and TNF-a were measured in sera collected from the three
groups of mice. (d,e) Hepatic T cell population and absolute number in the three groups of mice. (f) IFN-~*

T cell population in the livers of in WT, CCR2 knockout, and DEREG mice. All data are representative of 3
independent experiments (n = 6-8 per group). Data are expressed as the mean =+ SD. *P < 0.05, **P < 0.01
compared with the corresponding controls.
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Figure 5. CCR2 is critical for the migration of Tregs into the livers of hyperglycemic mice. (a,b) The
population and absolute number of hepatic monocytes and neutrophils. (c) CCR2 expression in hepatic
monocytes from WT and DEREG mice. (d) FACS analysis of infiltrating hepatic monocytes in WT, CCR2
knockout, and DEREG mice. (e) Tregs in the livers of WT and CCR2 chimeric mice. (f) Tregs in the mesenteric
lymph nodes of WT and CCR2 chimeric mice. (g) Schematic model for the ex vivo closed circulation method.
(h) Migration assay of WT or CCR2 KO Tregs using the ex vivo closed circulation methods with 4 independent
experiments. All data excluding closed circulation experiements are representative of 3 independent
experiments (n=6-8 per group). Data are expressed as the mean =+ SD. *P < 0.05, **P < 0.01 compared with
the corresponding controls.

CCR2 is critical for the migration of Tregs into the livers of hyperglycemic mice. Next, we inves-
tigated whether STZ-induced hyperglycemia was responsible for the population of inflammatory monocytes
and neutrophils in the three groups of chimeric mice. The neutrophil population was significantly increased in
mice injected with CCR2 KO or DEREG bone marrow although there was no increase in the monocyte pop-
ulation in mice transplanted with CCR2 KO or DEREG bone marrow (Fig. 5a,b). CCR2 expression in hepatic
monocytes was not changed between WT and DEREG chimeric mice (Fig. 5¢). The infiltrating monocytes and
neutrophils in the liver were increased in the mice transplanted with the CCR2 KO or DEREG bone marrow,
although the population of liver resident macrophages (CD11b* F4/80"¢") did not change between the groups
(Supplementary Fig. 6a,b). The neutrophils from the CCR2 KO or DEREG chimeric mice with hyperglycemia
showed enhanced expression of IL-13 and TNF-o. compared with those from the control mice (Supplementary
Fig. 6¢). Moreover, TNF-a expression in the infiltrating hepatic monocytes was enhanced in the DEREG chimeric
mice with hyperglycemia compared to the WT or CCR2 KO chimeric mice with hyperglycemia (Fig. 5d). IL-10,
Foxp3, and transforming growth factor beta 1 expression was significantly down-regulated in the Tregs isolated
from the CCR2 KO chimeric mice (Supplementary Fig. 6d). Moreover, the population and absolute number of
Tregs were significantly reduced in the liver and mesenteric lymph nodes from the CCR2 chimeric mice com-
pared to the WT chimeric mice (Fig. 5¢,f and Supplementary Fig. 6e). To investigate the Treg migration, the
Tregs isolated from the WT or CCR2 KO mice were circulated in RPMI medium supplemented with 10% serum
for 2 hours through a closed circulation system from the portal vein to the inferior vena cava in CD45.1" mice
with STZ-induced hyperglycemia (Fig. 5g). The migration of Tregs was significantly reduced in the circulation
with Tregs from the CCR2 KO mice compared to those from the WT mice (Fig. 5h). These data demonstrate
that CCR2-mediated migration of Tregs is important for the regulation of hepatic inflammation in mice with
STZ-induced hyperglycemia.

Discussion

In the present study, we demonstrated that CD11b* Ly6C"¢" inflammatory monocytes and CD11b* Ly6G*
neutrophils were significantly elevated in the livers of mice with STZ-induced hyperglycemia, although there
was no difference in the population size and function of liver resident macrophages between groups. Recently,
hyperglycemia was shown to lead to the activation of human monocytes via the up-regulation of PI-3 kinase
subunit p101 and p110~ phosphorylation in vitro®*. Acute hyperglycemia in healthy obese women also induces
an increase in the CD206 negative monocyte content and inflammatory markers such as CCL2 and TNF-« in
subcutaneous abdominal adipose tissue?>. Moreover, diabetic mice have elevated numbers of circulating mono-
cytes and neutrophils owing to the hyperglycemia-induced proliferation and expansion of bone marrow myeloid
progenitor cells?®. However, the population size and function of hepatic monocytes/macrophages and neutrophils

SCIENTIFICREPORTS | 6:30656 | DOI: 10.1038/srep30656 7



www.nature.com/scientificreports/
Liver

Hepatocyte
Monocytes ~ %

@ ..
@@ -

Neutrophils

[— Stellate cell

Endothelial cell

CCR2

Hyperglycemia-induced l

coLz IL-10

Stellate cell Tregs

Figure 6. A summary figure depicting the infiltration of inflammatory cells and the protective role of Tregs
in hyperglycemia-induced hepatic inflammation. The infiltration of monocytes and neutrophil facilitates
inflammatory reactions in the liver in response to STZ-induced hyperglycemia, followed by the migration of
CCR2* Tregs into the inflamed liver, thereby improving hepatic inflammation.

under hyperglycemic compared to euglycemic conditions are unknown. In this study, hepatic monocytes, but
not macrophages, exhibited an increase in cell population size and in the expression of inflammatory cytokines
in STZ-induced hyperglycemic mice (Figs 2 and 3). To exclude contamination by circulating monocytes from
the peripheral blood in mice, we used a method based on in situ collagenase perfusion for the isolation of intact
hepatic infiltrating monocytes and macrophages (Figs 2 and 3). Therefore, we investigated the cell-type specific
gene expression in hepatic immune cells using flow cytometry-assisted cell sorting.

Tregs are essential for the regulation of excessive inflammatory responses in the body, but the population size
and function of Tregs in hyperglycemia-induced inflammation is controversial. Some researchers have shown
that the frequencies and functions of Tregs do not change or decrease in hyperglycemic NOD mice??, whereas
STZ-induced hyperglycemia in mice leads to an increased Treg population from the thymus and enhanced
generation of Tregs in the periphery?. In accordance with this previous report related to STZ-induced hyper-
glycemia, we showed that Tregs were significantly increased in the inflamed liver tissues and mesenteric lymph
nodes from the diabetic mice. Moreover, in the current study, DEREG mice were prone to liver damage following
STZ-induced hyperglycemia compared to the WT mice. This finding suggests that Tregs are critical for the con-
trol of hepatic inflammation in mice with STZ-induced hyperglycemia.

Although CC chemokine receptors are essential for the trafficking and migration of Tregs into inflamed tis-
sues or secondary lymphoid organs®*-*, the hepatic migration of Tregs has not been elucidated in mice with
STZ-induced hyperglycemia. In the previous study, CCR2" Tregs were demonstrated to be important for the
regulation of the inflammatory response in mice with collagen-induced arthritis, although CCR2 was essential
for the recruitment of monocytes to sites of inflammation®. Additionally, CCR2 expression was required for the
activation and migration of Tregs into draining lymph nodes in an islet allograft model**. CCR2-expressing Tregs
also ameliorated pneumonitis and sialdenitis in MRL/Ipr mice by accumulating in target organ®. Furthermore,
we showed in the previous study that CCR2 was a critical factor for the migration of Tregs to HSCs in a T-cell
mediated hepatitis mouse model®. In the current study, we revealed that CCR2 expression on Tregs was signif-
icantly increased in mice with STZ-induced hyperglycemia. HSCs but not hepatocytes or LSEC showed higher
CCL2 expression (which is the ligand with the highest affinity for CCR2) in STZ-induced diabetic mice, suggest-
ing the possible migration of CCR2* Tregs into the hyperglycemia-induced inflamed liver (Fig. 6). Moreover, the
treatment with STZ did not generate the induction of CCL2 expression of HSCs in vitro (Fig. 3e). This data sug-
gests that CCL2 expression in HSCs might be regulated by inflamed environment in the liver by hyperglycemia
rather than by STZ itself.

In this study, the migration of Tregs was also assessed using the ex vivo closed circulation technique explained
in the Materials and Methods. This technique is quite simple but enables the analysis of the liver-specific migra-
tion of mouse cells in the circulating fluid through an infusion pump from the portal vein to the IVC. We expect
that the closed circulation technique can be applied to research on hepatic sinusoidal endothelial shear stress by
controlling the circulating flow velocity ex vivo.

In conclusion, our findings demonstrate that hepatic immune cells are activated in the livers of mice with
STZ-induced hyperglycemia, thereby promoting liver inflammation. During the hyperglycemia-induced inflam-
matory process, Tregs are critical for immune homeostasis in the liver and CCR2 expression on Tregs is required
for migration into the inflamed liver. Therefore, Treg-specific CCR2 agonism might be a therapeutic strategy for
the treatment of liver damage in diabetes.
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