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Introduction

The allogeneic graft is the transplantation of an organ or tissue from one individual to

another of the same species with a different genotype. The use of allotransplantation

tissues has many clinical advantages. Allogeneic tissue would be similar in composition and,

depending upon the specific tissue and application, may contain relevant signaling cues to

facilitate the healing process and integrate the donor tissue into the recipient [1]. According

to Korean Organ Transplantation Registry (KOTRY), there is a higher increment in deceased

donor organ for allotransplantation, from 233 cases in 2000 to 1989 cases in 2015, in parallel

with the increment of deceased donors from 1.09 per million population in 2000 to 9.72 per

million population in 2015 [2].

One major drawback to allogeneic transplantation is the need for continuous, indefinite

immunosuppression to prevent acute graft rejection [3]. Rejection of solid organ allogeneic

grafts is the result of a complex series of interactions involving coordination between both

the innate and adaptive immune systems with T cells which are central to this process [4].



Allospecific T cells become activated through the interaction of their T cell receptors with

intact allogeneic major histocompatibility complex (MHC) molecules on donor cells (direct

pathway) and/or donor peptides presented by self-MHC molecules on recipient antigen-

presenting cells (APCs) such as macrophages or dendritic cell (indirect pathway) [5]. Once

recipient T cells become activated, they undergo clonal expansion, differentiate into effector

cells, and migrate into the graft, resulting in promoting tissue destruction [4]. In a skin graft

model, for example, CD4" T cells facilitate CD8" T cell differentiation into cytotoxic T cells

(CTLs) either by cell-to-cell contact or by secretion of IL-2/IFN-y cytokines [6]. CTLs

accumulate surrounding the graft and secrete perforin and granzyme B, or induce the

Fas/Fasl. pathway, which induces target cell apoptosis [6]. To solve this setback in

allotransplantation, researchers have focused on manipulating the immune response to create

a state of tolerance in immunity [7-9].

Upon antigen recognition and co-stimulation, T lymphocytes upregulate the metabolic

machinery necessary to proliferate and sustain effector function [10]. Thus, strategies

designed to inhibit metabolic reprogramming from preventing naive T cells from activating



and differentiating into effector T cells might provide a means to inhibit transplant rejection

[10]. For example, blocking glycolysis by 2-deoxy-D-glucose and rapamycin inhibits

effector development but promotes regulatory T cells (Tregs) formation [11]. Alternatively,

Tregs are not dependent upon glycolysis and appear to rely more on lipid oxidation to

generate energy [12, 13]. Amongst immune metabolism, lipid metabolism is central to the

appropriate differentiation and functions of T lymphocytes, and ultimately to the

maintenance of immune tolerance [14]. Activated T cells can increase the decomposition of

glutamine and reduce fatty acid oxidation to meet the requirement of energy, cell growth,

proliferation, differentiation, and cytokine secretion [15]. Sullivan, et al. demonstrate that

effector T cells can obtain fatty acids for the microenvironment, while memory T cells only

use carbon derived from glucose metabolism to synthesize fatty acids [16]. Similarly, lipid

metabolism is proved as important for maintaining the balance between effector T cells and

Tregs [17]. Much of the work has focused on the role of metabolism in facilitating or

controlling immune cell differentiation and determination of effector mechanisms to

understand to what extent the coordination of metabolism impacts on immunity and immune



tolerance [7].

Ceramide is a central molecule of sphingolipid metabolism, which is involved in

numerous cellular processes, ranging from proliferation and differentiation of the cells to

inflammatory responses and cellular apoptosis as well as regulates lipid metabolism [18, 19].

Ceramide, produced through either the induction of sphingomyelin hydrolysis or synthesized

de novo, transduces signals mediating differentiation, growth, growth arrest, apoptosis,

cytokine biosynthesis, secretion, and a variety of other cellular functions [20]. The ceramide-

metabolizing enzyme, acid sphingomyelinase, has been shown to play a key role in the

degranulation of T cells, a mechanism critical to their effector function [21]. Besides

macrophages and T cells, ceramide may drive activation of other types of immune cells. For

example, ceramide/sphingomyelinases are reported to mediate natural killer cell signals [22].

Meanwhile, more evidence has indicated that, in response to TCR/CD3 engagement and

other stimulations, sphingomyelinases become activated to generate ceramide, which further

mediates downstream signals and subsequent T-cell activation [23, 24]. Nonetheless, the

role of ceramide is mainly as an indicator of the inflammatory response, while its function in



allogeneic transplantation has not been elucidated yet [25].

Adipose tissues (AT) are closely connected with the immune system. The adipose

tissues secreting a series of immune regulators called adipokines, represent the common

mediator linking metabolic processes and immune functions [26]. Adipose tissue is a

complex immunocompetent organ, enriched with adipocytes and immune cells that

contribute to metabolic, endocrine, and immune activities [27]. While the brown adipose

tissues (BAT or BF), are associated with energy expenditure and thermogenesis specifically

in infants and hibernating animals, the white adipose tissues (WAT or WF) are the energy

storage depot for excess nutrients in the form of lipids that serves as a sensor for the energy

balance of the body [26, 28]. WF is localized in different sites of the body and can be found

under the skin as subcutaneous adipose tissue (SAT) and in the abdominal cavity as visceral

adipose tissue (VAT) [26]. Adipose tissue has remained a largely unexplored and

unappreciated immune site and only recently emerged that it harbors a unique profile of

immune cells, with either pro-inflammatory (M1 macrophages, dendritic and mast cells,

neutrophils, Thl, CD4" and CD8" T cells, B lymphocytes) or anti-inflammatory (M2



macrophages, eosinophils, Tregs and Th2 CD4" T cells) activity, playing a pivotal role in

immune homeostasis and metabolic regulation of AT [27]. However, research on the function

of adipose tissue and lipid bodies, especially in the BF in transplantation has not been

conducted yet.

Our previous observation showed that the sizes of BF located in the back appeared

to be reduced in the mice subjected to an allogeneic skin graft, while the sizes and cell

numbers of draining lymph nodes (drLNs) increased as expected. Therefore, I investigated

the contents of lipid metabolism and immune cells using a grafted skin model. Through flow

cytometry and Q-PCR, I elucidated which immune cells in the BF were involved in

allogeneic immune responses in skin graft and whether ceramide metabolism was changed in

acute rejection in mice.



Materials & Methods

Murine skin graft model

The murine skin graft was performed following standard protocols with minor

modifications [29]. Sex-and age-matched BALB/C as the recipient and C57BL/6 mice as

allogeneic donor were used (OrientBio, Gyeonggi-do, Korea). Recipients were given

C57BL/6 mice tail skin as the graft tissue. Recipient mice were anesthetized with Zoletil 50

(Virbac, Seoul, South Korea) and Rompun (Bayer Korea, Seoul, South Korea) and shaved

around the flank. A graft bed on the left lateral thorax was prepared with fine scissors by

removing an area of the epidermis. Skins for grafts 0.8 — 1 cm? in an area were fitted to the

prepared bed with suturing and then covered with Mepitel One (Mdlnlycke Health Care,

Belrose, Australia), gauze and surgical tape. Mice were sacrificed after 3 or 7 days and

tissues were immediately frozen in liquid nitrogen and then stored at -80 °C until use or

isolated for Q-PCR. Alternatively, tissues were fixed in Formalin or single cell suspension

was made for flow cytometry. All the procedures were approved by IACUC, AMC

(Approval No. 2019-12-345).



Histology

Whole fat tissue was fixed in 4% formalin, embedded in paraffin, sectioned, and

stained with hematoxylin-eosin (H&E) following standard protocols. The preparation of the

slides was performed by Comparative Pathology Core Facility, Convergence Medicine

Research Center, Asan Medical Center. The magnification was x40 and x200.

Brown fat immune cell isolation

Brown fat tissue was chopped up with scissors and dissociated using GentleMACS

dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) in dissociation buffer (0.5M

bovine serum albumin (BSA; Bovogen, Australia), 2 mg/ml Collagenase Type II (Sigma

Aldrich, St. Louis, MO) in Hank's 1X Balanced Salt Solutions (HBSS; Hyclone, Logan,

Utah). The tissue was incubated in incubator 37°C on 30 minutes before being homogenized

by a syringe plunger and filtered with a 100 pm nylon cell strainer (CORNING, Corning,

NY) then washed twice with 1x PBS. Cells were suspended in Dulbeco’s modified Eagle’s

medium (DMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum

(FBS) (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin and 100 pg/mL



streptomycin (Corning, Manassas, VA, USA),.and the cell number was counted using a

hemocytometer for further experiment.

For immune cell isolation from drLNs, the tissue was homogenized with a syringe

plunger in 5 mL RPMI 1640 (Welgene, Gyeongsan-si, Gyeongsangbuk-do, Republic of

Korea) and filtered with a 100 um nylon cell strainer (CORNING, Corning, NY) then

washed twice with 1x PBS. Cells were suspended in RPMI 1640 (Welgene, Gyeongsan-si,

Gyeongsangbuk-do, Republic of Korea) with 10% FBS (Sigma Aldrich, St. Louis, MO), 55

uM 2- Mercaptoethanol (Gibco, Waltham, MA) 1 mM sodium pyruvate (Sigma Aldrich, St.

Louis, MO), 1% Penicillin/streptomycin (CORNING, Corning, NY), and the cell number

was counted using a hemocytometer for further experiment.

Flow cytometry

Isolated immune cells as above were prepared at 1x10° cells/tube for surface

staining. Cells were treated with Fc-blocking rat anti-mouse CD16/32 monoclonal antibody

(mAb) (clone 2.4G2, BiolLegend) to prevent nonspecific binding, and stained with

fluorescence-conjugated anti-CD11b (clone M1/70, BioLegend), anti-CD45 (clone 30-F11,



BD), anti-CD1lc (clone N418, BioLegend), anti-MHC class II (clone M5/114.15.2,

BioLegend), anti-CD86 (clone GL-1, BioLegend), anti-B220 (clone RA3-6B2, BioLegend),

anti-CD3 (clone 145-2C11, eBiosciences), anti-CD4 (clone RM4-5, eBiosciences), anti-CD8

(clone 53-6.7, BioLegend), , anti-CD44 (clone G44-26, BD), anti-CD62L (clone MEL-

14,BD), anti-CD69 (clone H1.2F3, BioLegend) , anti-CD36 ( clone HM36, BioLegend) and

anti-Ly6C (clone HK1.4, BioLegend) monoclonal antibodies (mAbs) at 4°C for 30 minutes.

Flow Cytometric analysis was performed with a CytoFlex flow cytometer (Beckman Coulter,

Brea, CA) and analyzed with a FlowJo V10 software (FlowJo, LLC., Ashland, OR).

Absolute cell numbers for each subpopulation were calculated by multiplying the percentage

of each population by the weight of the BF.

RNA isolation and quantitative reverse transcription PCR

Total RNA was extracted from the liver tissue using the TRIzol reagent (Invitrogen,

Carlsbad, CA), and the concentration and purity of RNA were measured using Nanodrop

2000 (Thermo Fisher Scientific, Waltham, MA). Total RNA of 0.5 pg for BF and drLNs or 5

ug for other tissues was used to synthesize cDNA using Oligo(dT)12-18 primer, SuperScript

10



II Reverse Transcriptase, 10 mM dNTP Mix, and RNase OUT (all from Invitrogen, Carlsbad,

CA). Messenger RNA (mRNA) expression for ceramide enzymes was quantified by SYBR

Green (Applied Biosystems, Foster City, CA) two-step real-time RT-PCR, using an ABI

7900 Sequence Detection System (Applied Biosystems, Foster City, CA). Mouse primer

sequences are shown in table 1. All reactions were performed in triplicates using thermal

cycling conditions as follow; 2 minutes at 50°C, 10 minutes at 95°C followed by 40 cycles of

95°C, 15 seconds, and 60°C, 1 minute. Ct value was determined by an SDS software v2.4

(Applied Biosystems, Foster City, CA). The expression of each gene was normalized to

Gapdh and Hprt mRNA content and calculated using comparative Ct methods [30].

11



Table 1. Primer list for Q-PCR

Primer
Gene name name Sequence Reference
Forward | TTG TCA GCA ATG CAT CCT GCAC
Gapdh
1 Reverse | ACA GCT TTC CAG AGG GGC CATC [31]
Forward | TGC CGA GGA TTT GGA AAA AGT G
Hprt
2 Reverse AGA GGG CCA CAATGT GAT GG [32]
Forward | GCC ACC ACACAC ATCTTT CGG
Ceramide synthase 1 (CerS1)
3 Reverse GGA GCA GGT AAG CGC AGT AG [33]
Forward | AGA GTG GGC TCT CTG GAC G
Ceramide synthase 2 (CerS2)
4 Reverse | CCA GGG TTT ATC CAC AGT GAC [33]
Forward | CCT GGC TGC TAT TAG TCT GAT G
Ceramide synthase 3 (CerS3)
5 Reverse CTG CTT CCATCC AGC ATA GG [33]
Forward | GAC CGT GAT GGCCTGGTG TT
Ceramide synthase 4 (CerS4)
6 Reverse | TCT CCT GAT TGG ATC CTG CA [34]
Forward | TGG CCA ATT ATG CCA GAC GTG AG
Ceramide synthase 5 (CerS5)
7 Reverse | GGT AGG GCC CAATAA TCT CCC AGC [33]
Forward | GCA TTC AAC GCT GGT TTC GAC

Ceramide synthase 6 (CerS6)

Reverse

TTC AAG AAC CGGBAC TCC GTAG

[33]

12




Sphingomyelin synthase 1 (Sgms1)

Forward

CCT AAG TGT CTG CAT GGG AGT TGA

9 Reverse TTT GAT ACACCGTCTCTGCTGACT G | [35]

Forward | TCT TCA GCG GCC ACACTGTC
Sphingomyelin synthase 2 (Sgms2)

10 Reverse AGATGA TCC CAGCCGCACTC [35]

Forward | CAG TTC TTT GGC CAC ACT CA
Sphingomyelin Phosphodiesterase 1 (Smpd1)

11 Reverse | CGG CTC AGAGTT TCCTCATC [36]

Forward | AGA GCA GGG CTG ACT CCA
Sphingomyelin Phosphodiesterase 3 (Smpd3)

12 Reverse | TGG CTC TAG TCA CAC GTT GG [37]

Forward | AAT AAC ACT TGG GTT GTC AC
Acid ceramidase (Asahl)

13 Reverse TAG GAT ACC CAG ATAACCAC [38]

Forward | GAC CCATCA GACCTT CCT CA
Neutral ceramidase (Asah2)

14 Reverse | CCC TTG TGC CAA TAA AAA CG [38]

Forward | GTG TGG CAT ATT CTC ATC TG
Alkaline ceramidase 2 (Acer2)

15 Reverse TAA GGG ACA CCA ATA AAAGC [39]

Forward | GAT TCACTG AGG AACTTT CG
Alkaline ceramidase 3 (Acer3)
16 Reverse AGA GAAACT TCACTTTTG GC [38]

13




Statistical analysis

Student #-test and standard error of the Mean (SEM) were calculated by MS

EXCEL (Microsoft Corporation, Redmond, WA), *P<0.05; **P<0.01; ***P<0.001.

14



Result

Reduced BF in allogeneic skin graft mice

I set up the experiment to investigate the roles of immune cells in the BF in a murine

allogeneic skin graft model by histology and cell counting. As shown in Fig. 1A, the

mononuclear cells (blue dots) appeared slightly more abundant in the BF from allogeneic

skin graft mice than those in syngeneic ones, and it is also seen in the WF. The weight of the

BF decreased significantly by 20% in allogeneic skin graft mice after 7 days, compared with

syngeneic ones (Fig. 1B). There was no change at Day 3. On the other hand, the actual

mononuclear cell numbers in the BF did not change between syngeneic and allogeneic graft

mice (Fig. 1C).

15
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Figure 1. The histology, weight and cell numbers of the BF

(A) Representative histological results show H&E-stained BF (upper) and WF (lower)

sections from syngeneic and allogeneic skin graft mice after 7 days. The inset boxes are

further magnified to x200 in the lower row. (B) The graph indicates the weight changes of

BF after skin transplantation; N = 8 for Day 3 and N = 18 for Day 7 (C) The number of the

mononuclear cells in the BF were calculated from flow cytometric results in Fig.2. N = 8 for

Day 3 and N = 14 for Day 7. Syn: syngeneic; Allo: allogeneic.
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Characterization of T cells in the BF

T cells and their subsets were characterized in the BF from syngeneic and

allogeneic skin graft mice by flow cytometry. Cells were isolated from BF at Day 3 or Day 7

post skin graft. The gating strategy was seen in Fig. 2A. Although the drL.Ns in Day 7 were

enlarged visibly in allogeneic skin graft mice (data not shown), T cell numbers were

decreased 10% in the drLNs at Day 7 (Fig. 2C). The percentages and the absolute numbers

of CD8" T cells at Day 7 were approximately 1.6 folds, higher in the drLNs from allogeneic

skin graft mice than their syngeneic counterparts (Fig. 2C, 2D). There were no differences in

CD4" T cell subsets in BF from allogeneic skin graft mice. In addition, the expression of Te,

Tm and Tn in both CD4* T cells and CD8" T cells from the BF and drLNs were not different

between syngeneic and allogeneic skin graft mice. Noticeably, nearly 35% of total T cells in

the BF remained CD4'CD8" which could be NK T cells or yo T cells.

18



Figure 2.
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Figure 2. (continued)
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Figure 2. T cells and their subsets in the BF

Immune cells in the BF and drLNs were isolated from syngeneic and allogeneic skin graft

mice at Day 3 and Day 7. Flow cytometry was performed to evaluate T cell subsets. (A) Live

cells were gated by SSC/FSC, and T cells were defined as CD3" cells. CD4" and CD8" T

cells were analyzed in CD3" T cells as CD4"'CD8 and CD8"CD4". CD4" and CD8" T cells

were divided into three subsets, which were defined as CD44°CD62L" effector T cell (Te),

CD44MCD62L"° memory T cells (Tm) and CD44°CD62L"¢" naive T cells (Tn) [40]. (B)

Representative flow cytometric plots show T lymphocytes in the BF and drLNs (left) and

their subsets (right). (C) The graphs present the percentages of T cell subsets in the BF and

drLNs. (D) The absolute numbers of T cells in the BF were calculated per organ. N = 8 for

Day 3 and N = 14 for Day 7.

21



The expression of CD36 and CD69 on T cells

The expression of CD36, fatty acid translocase, and CD69, a lymphocyte activation

marker, was assessed. The gating strategy was shown in Fig. 3A. There were no remarkable

changes in the expression of CD69 among groups. CD36 in CD4" T cells from allogeneic

skin graft mice was expressed higher, compared with those of syngeneic ones in BF at Day 7

(p=0.06) (Fig. 3B, C).
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Figure 3. The expression of CD69 and CD36 in T cells

(A) Live cells were gated by SSC/FSC and T cells were defined as CD3". CD4" and CD8" T

cells were analyzed in CD3" T cells as CD4°CD8" and CD8'CD4". CD69" and CD36" cells

were analyzed in CD4°CDS8" and CD8'CD4" cells. (B) Representative flow cytometric plots

show CD36 and CD69 expression from CD4'CD8" subsets in the BF and drLNs. (C) The

graphs present the expression of CD36 and CD69 in the BF and drLNs. N = 8 for Day 3 and

N = 14 for Day 7.
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Characterization of DCs in the BF

Myeloid cells, such as DCs (Fig. 4) and monocytes/macrophages (Fig. 5), were

characterized in the BF. DCs contained two subsets: cDCs and pDCs, which were defined

respectively as CD11¢"B220" and CD11¢"B220". The subsets of ¢cDCs and pDCs were

distinguished by Ly6C and MHC II expression, as shown in Fig. 4A. Functionally, cDC1 has

a superior ability to present antigens to CD8" T cells, whereas ¢cDC2 has a predominant role

in antigen presentation to CD4" T cells [41]. pDCs are shown to contribute to inflammatory

responses in the steady state and pathology, and to the proinflammatory activation of

cytotoxic T cells and ¢cDCs [42]. Although total CD45" cells were increased from Day 3 to

Day 7, all the subsets of DC in BF did not change between syngeneic and allogeneic ones

(Fig. 4B, C). The cDC2 and pDC2 subsets were increased twice in the drLNs allogeneic skin

graft mice than those in the syngeneic counterpart. The increase was statistically significant

(Fig. 4C).
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Figure 4. DC subsets in BF and drLNs

(A) Live cells were gated by SSC/FSC and immune cells were defined as CD45". Dendritic

cells were divided into two subsets, which were defined as CD11¢"B220" plasmacytoid

dendritic cells (pDCs) and CDI11¢"B220° conventional dendritic cells (cDCs). (B)

Representative flow cytometric plots show pDCs, ¢cDCs, and their type 1 and 2 subsets in the

BF and drLNs. (C) The graphs indicate the percentages of DC subsets in the BF and drLNs;

N = 8 for Day 3 and N = 14 for Day 7.
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The expression of MHC II, CD86 and CD36 in DCs

I next evaluated DC activation by assessing MHC II and CD86 expression as well

as the expression of CD36 in DCs. The gating strategy was seen in Fig. 5A. The percentages

of CDl11l¢c" DC population were significantly increased in the drLNs by 1.3 folds in

allogeneic skin graft mice but remained unchanged in the BF in all groups (Fig. 5C).

Similarly, there were no significant differences in the expression of the activation markers on

DC in the drLNs and BF. CD36 was expressed higher in DCs in the BF than that of the

drLNs and CD36"CD11c" cells were increased about 1.5 folds in allograft mice, compared

with those of syngeneic ones. The increase was statistically significant (Fig. 5C).
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Figure 5. (continued)
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Figure 5. The expression of MHC II, CD86 and CD36 in DC

(A) Live cells were gated by SSC/FSC and immune cells were defined as CD45". DCs were

defined as CD45'CD11c" cells. The expression of MHC II, CD86 and CD36 were analyzed

in CD11c" DCs. (B) Representative flow cytometric plots show MHC II, CD86 and CD36

expression at Day 7. (C) The graphs show the expression of CD36, CD86 and MHC II in the

BF and drLNs. N = 8 for Day 3, N = 14 for Day 7.
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The expression of MHC 11, CD86 and CD36 in monocytes/macrophages.

I also analyzed the expression of MHCI, CD86 and CD36 in

monocytes/macrophages in the BF and drLNs. The gating strategy is shown in Fig. 6A.

There were no statistically significant differences in the expression of the activation markers

in both groups of the drLNs and BF (Fig. 6C). CD36 was expressed slightly higher in

CDI11b" cells in BF from allogeneic skin graft mice at Day 7, compared with the syngeneic

ones (p=0.06) (Fig. 6C).
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Figure 6. (continued)
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Figure 6. The expression of MHC II, CD86 and CD36 in monocytes/ macrophages cells

(A) Live cells were gated by SSC/FSC and immune cells were defined as CD45" cells.

Monocytes/macrophages cells were defined as CD45"CD11b" and the expression of MHC 11,

CD86 and CD36 were analyzed in CD11b" monocytes/macrophages. (B) Representative

flow cytometric plots show the expression of MHC Il, CD86 and CD36 from BF and drL.Ns

at Day 7. (C) The graphs indicate the expression of CD36, CD86 and MHC II in the BF and

drLNs. N = 8 for Day 3 and N = 14 for Day 7.
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The expression of inflammatory monocytes in the BF in a skin graft model

CD11cCD11b"Ly6C" inflammatory monocytes, which traffic selectively to the

sites of inflammation, produce inflammatory cytokines and contribute to local and systemic

inflammation [43]. Hence, I evaluated their distribution in the BF and drLNs on Day 3 and

Day 7 post skin graft (Fig. 7A). CD11¢'CD11b"Ly6C" inflammatory monocytes were more

abundant in the BF, regardless of skin graft. They were slightly more in the BF and drLNs

from allogeneic skin graft mice at Day 3 than syngeneic ones, but the differences were not

statistically significant (Fig. 7B, C). The results suggest that inflammatory monocytes consist

more in the BF than the secondary immune organs, regardless of stimulation.
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Figure 7. The expression of inflammatory monocytes in the BF in a skin graft model

(A) Live cells were gated by SSC/FSC and immune cells were defined as CDA45".

Inflammatory monocytes were defined as CD11c'CD11b*Ly6C". (B) Representative flow

cytometric plots show the inflammatory monocytes from the BF and drLNs at Day 3 and

Day 7. (C) The graph displays the percentage of inflammatory monocytes in the BF and

drLNs. N = 8 for Day 3, N = 14 for Day 7.
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The expression of the enzymes in ceramide metabolism upon acute rejection

Lipid metabolism is central to the appropriate differentiation and functions of T

lymphocytes. Ceramides are involved in sphingolipid metabolism, which plays a role in

signaling pathways [44, 18, 19]. In particular, unpublished results of our lab showed the

reduced a ceramide, C24, expression in the sera from the liver transplantation patients with

rejection. Thus, | assessed the expression of the enzymes in ceramide metabolism in the liver

by real-time Q-PCR as the liver is the main organ in lipid metabolism. Smpd1 and CerS5

expression were upregulated 1.4 folds and 1.8 folds, respectively, in the liver from allograft

mice at Day 7 compared with syngeneic counterparts. This upregulation was of statistical

significance (Fig. 8A). The results suggest that ceramide metabolism could play a role in the

rejection.
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Figure 8. The expression of the enzymes in ceramide metabolism in the livers from skin

graft mice

The mRNA expression of ceramide synthesis enzymes (A) and ceramidases (B) in the livers

were analyzed by Q-PCR. The livers were harvested 7 days after skin graft. Each value was

normalized to the expression of two house-keeping genes, which are Gapdh and Hprt. The

data represents Mean + SEM. In case of CerS1-CerS6: N=8; Sgmsl and Sgms2: N=6;

Spmd1 and Smpd3: N=4; Acer2-3 and Asah1-2, N=3.
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Discussion

In this thesis, | demonstrate the roles of the BF resident-immune cells and that of

ceramide metabolism in the liver in an allogeneic skin graft model. The immune cells in the

BF displayed distinct characteristics in acute graft rejection. CD8" T cells and CD36" DCs in

the BF might contribute to acute rejection.

Lymphocytes play vital roles in acute rejection [4]. After antigen stimulation, T cells can

proliferate and differentiate into effector T cells [45]. CD4" T cells are stimulated by direct or

indirect pathways, initiating the rejection process, and differentiate into effector T helper

cells while CD8" T cells differentiate into cytotoxic T lymphocyte (CTLs) [45]. Memory

CD4" T cells not only become effector cells upon reactivation but also provide help for the

robust activation of donor-reactive effector CD8" T cells [46]. These effector CD8" T cells

then are the main driving force behind allograft rejection and CD8' T cell depletion or

limiting their trafficking into the graft significantly extends allograft survival [47, 46]. The

phenotypes of immune cells in the drLNSs in this research were similar to the results of

Matesic D. et al. with a copious quantity of T cells responding to acute rejection [48]. The
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lymphocyte number in the BF was not abundant, with low percentage of CD4" and CD8" T

cells [48]. The percentages and absolute number of CD8" T cells were increased in the BF

from allogeneic skin graft mice. Effector T cells in both CD4" and CD8" T cells expressed

highly in the BF rather than in the drLNs. The BF in allograft mice contained similar

numbers of immune cells to those in syngeneic ones, but the weight was reduced

significantly. The density of immune cells in the BF from allograft mice was higher than the

syngeneic counterparts in histology. The decreased weight of BF in allograft was not related

to the change of immune cell number. The percentages of inflammatory monocytes in the BF

were higher than those in the drLNs regardless of rejection. These results suggest that the BF

responds in rejection by increasing effector lymphocytes. I also evaluated the expression of

UCPI, a crucial protein for thermogenesis function of the BF, and there was no difference

between syngeneic and allogeneic ones (data not shown).

After skin graft, T cells rapidly express CD69 upon stimulation by TCR hence it is

known as the very early activation marker [49]. CD69 is also upregulated in T cells when

exposed to type I IFN (IFNo/f) and other inflammatory mediators within the first hours of T
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cells arriving in inflamed lymph nodes [50]. CD69 expressed in thymocytes following

positive selection may ensure that T cells fully mature in the thymus prior to entering

circulation [51]. In this study, the expression of CD69 was not different between allogeneic

and syngeneic skin graft mice but higher at Day 7 than those at Day 3 in the drLNs. This

phenomenon in the BF experienced only in CD8" T cells. It is supposed that more

lymphocytes in the drLNs and CD8" T cell in the BF is activated and become mature in skin

graft after 7 days. However, CD69 seems not to be a remarkable marker for allogeneic

grafting.

In acute skin graft rejection, DCs and macrophages become mature and migrate to the

lymph nodes then initiating an immune response by activating naive T cells [52]. DCs can be

divided into two distinct subsets: conventional DCs (cDCs) and plasmacytoid DCs (pDCs)

according to their immunophenotype and functional properties [53]. cDC1 have a superior

ability to present antigens to CD8" T cells via MHC class I molecules, whereas cDC2 have a

predominant role in MHCII-mediated antigens presentation to CD4" T cells [41]. pDCs are

capable of promoting Treg expansion and function, as well as to suppress antigen-specific
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immune responses both in vitro and in vivo [54]. Thus, pDCs incline to the tolerogenic effect

on inducing donor T cells against host tissues [54]. In this research, CD11c¢" DCs were

upregulated in the allograft, suggesting that more APCs migrated to the drLNs for mounting

and activating T cells. However, this phenomenon was not seen in the BF. Although cDC2

expression in the drLNs was higher in allograft day 7 compared with the syngeneic

counterpart, suggesting that more CD4" T cells would be activated to become effector

lymphocytes. There was no difference in subsets of CD4" T cells in the drLNs. Both ¢cDCs

and pDCs expressed high in the BF, but the expression was not different between allogeneic

and syngeneic skin graft mice. Hence, the APCs cells may not function in the BF in skin

graft rejection.

Recognition of MHC class II by CD4'T cells stimulates their activation and

differentiation into the subsets of T helper cells [55]. The efficient activation of naive

CD4" T cells requires a second signal to the lymphocyte in the form of co-stimulation to

complete the APC-T cell interaction [56]. Classical costimulatory signals include CD80 and

CDS86 that interact with stimulatory CD28 [56]. Thus, I evaluated activation capacity by the
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expression of CD86 and MHC II in DCs and macrophages. There was no difference in these

markers between the syngeneic and allogeneic grafts in the drLNs and BF.

CD36 is a scavenger receptor that functions in high affinity tissue uptake of long-chain

fatty acids and contributes under excessive fat supply to lipid accumulation and metabolic

dysfunction [57]. CD36 is crucial for the function of monocytes/macrophages in glucose

handling and lipid uptake to become foam cells in obesity and atherosclerosis [58]. CD36

expressed less in lymphocytes of the drLNs, while it showed higher expression in white

adipose tissue and liver [59]. There was a borderline result about the expression of this

marker in CD4" T cells between allograft and syngeneic graft. Meanwhile, both DCs and

macrophages expressed high CD36 in allogeneic grafting, suggesting that this marker

contributes to acute rejection. However, there may still be unknown the function of CD36 in

lymphocytes in graft rejection. The underlying mechanism of CD36 in both CD4" T cells and

APC:s still awaits further investigation.

The expression of CerS5 and Smpdl were upregulated in the liver upon acute

rejection. The liver plays a key role in lipid metabolism, including sphingolipid metabolism
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[60]. Ceramides are molecules of sphingolipid metabolism, which involved in cell

proliferation, differentiation, inflammatory responses, and cellular apoptosis [18, 19]. The

roles of sphingolipids in inflammation have been previously described [61, 62]. In addition,

degradation of ceramides in the liver and adipose tissues results in improved glucose and

lipid metabolism [63]. Our previous research showed a decrease in C24 ceramide in the sera

in the acute skin graft model as well as in liver transplantation patients with acute rejection.

Nonetheless, CerS5 and Smpd1 were expressed more in the liver from allogeneic skin graft

mice. CerS5 is crucial for the synthesis of C16 ceramide, which is known as a pro-apoptotic

factor [64, 65]. Both C16 ceramide and Smpdl contribute to TNFa-induced hepatocyte

apoptosis [65]. Hence, the liver or other affected organs may become inflammatory by

increased apoptosis, responding to the allograft. However, both CerS5 and Smpd1 are not

associated with the expression of C24 ceramide. Thus, the change of this ceramide in an

allogeneic skin graft model still needs further investigation.

The current study is the first to document the role of immune cells in the BF and

ceramide metabolism in acute skin graft rejection. The immune cells in the BF responded to
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allogeneic skin graft by upregulating expression of CD8" T cells and effector T cell subsets

in both types of lymphocytes, while APCs remained unchanged their expression. The

activation markers for both lymphocytes and APC showed no difference between syngeneic

and allogeneic skin graft. CD36 upregulation in APCs and CD4" T cells might result in the

higher allogeneic immune responses in the BF. The expression of CerS5 and Smpdl was

increased in the liver in rejection. In conclusion, CD8" T lymphocytes and CD36 played roles

in the BF to respond to the allogeneic skin graft rejection.
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Abstract

Background: Graft rejection is a major drawback of allotransplantation in which T

lymphocyte plays a vital role. Lipid metabolism is central to the appropriate differentiation

and functions of T lymphocytes while adipose tissues are closely connected with the immune

system. However, the characteristics and roles of immune cells are less investigated in the

adipose tissues in rejection.

Purpose: This study is conducted to elucidate the immune responses in the brown fat in a

murine skin graft model. The study could also help understand the role of ceramide

metabolism in rejection.

Methods: Murine skin graft was performed on the left upper back of recipient mice by using

allogeneic mouse tail skin. Mice were sacrificed after 3 or 7 days and immediately frozen in

liquid nitrogen and then stored at -80°C until use for Q-PCR to evaluate the expression of

ceramide enzymes. Alternatively, fat tissues were fixed in Formalin for histology. Single cell
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suspensions were prepared from the brown fats and draining lymph nodes and used for flow

cytometry to analyze subsets of T lymphocytes and antigen-presenting cells.

Results: | found that there was a significant reduction of brown fat (BF) weight after skin

allograft at Day 7, although there were no differences in the numbers of immune cells

between syngeneic and allogeneic skin graft mice. The results of flow cytometry show that

CD8" T cells and CD36" dendritic cells (DCs) were increased by allogeneic skin graft after 7

days, but there was no change in phenotypes of antigen-presenting cells (APCs). The

expression of CerS5 and Smpdl were upregulated in the liver by the allogeneic immune

response at Day 7.

Conclusion: CD8" T cells and CD36" DCs in the BF may contribute to the acute rejection of

skin graft. In addition, ceramide metabolism has changed by rejection. Suggesting that fat

tissues and lipid metabolisms can be affected by rejection.
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