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GROWTH FACTORS, CYTOKINES, AND CELL CYCLE MOLECULES

Tumor Necrosis Factor Directs Allograft-Related
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The innate immune system plays a critical role in allograft rejection. Alloresponses involve numerous
cytokines, chemokines, and receptors that cause tissue injury during rejection. To dissect these inﬂammatory mechanisms, we developed cell transplantation models in dipeptidylpeptidase-deﬁcient
F344 rats using mycophenolate mofetil and tacrolimus for partial lymphocyte-directed immunosuppression. Syngeneic hepatocytes engrafted in liver, whereas allogeneic hepatocytes were rejected but
engrafted after immunosuppression. These transplants induced mRNAs for >40 to 50 cytokines, chemokines, and receptors. In allografts, innate cell typeerelated regulatory networks extended to
granulocytes, monocytes, and macrophages. Activation of Tnfa and its receptors or major chemokine
receptoreligand subsets persisted in the long term. An examination of the contribution of Tnfa in
allograft response revealed that it was prospectively antagonized by etanercept or thalidomide, which
resolved cytokine, chemokine, and receptor cascades. In bioinformatics analysis of upstream regulator
networks, the Cxcl8 pathway exhibited dominance despite immunosuppression. Signiﬁcantly, Tnfa
antagonism silenced the Cxcl8 pathway and decreased neutrophil and Kupffer cell recruitment, resulting
in multifold greater engraftment of allogeneic hepatocytes and substantially increased liver repopulation in retrorsine/partial hepatectomy model. We conclude that Tnfa is a major driver for persistent
innate immune responses after allogeneic cells. Neutralizing Tnfa should help in avoiding rejection and
associated tissue injury in the allograft setting. (Am J Pathol 2021, 191: 79e89; https://doi.org/
10.1016/j.ajpath.2020.09.014)

Allograft rejection hampers survival of transplanted organs,
cells, and tissues. Although immunosuppressive drugs such
as tacrolimus and mycophenolate mofetil, and corticosteroids
allow allografts, drug adverse effects and acute-on-chronic or
persistent low-grade rejection remain problematic.1,2 The
innate responses mediated by T, natural killer (NK), or other
cell types and involvement of IFN-stimulated genes in allograft rejection is well-accepted. However, the critical drivers
of tissue injury in allogeneic settings remain unclear. In acute
allograft rejection, gene expression proﬁling of liver, heart, or
kidneys consistently identiﬁes as inﬂammatory characteristics and the overexpression of interferon (IFN)-g, tumor
necrosis factor (TNF)-a, various ILs, chemokine receptors
(CXCR3/CCR5), and their ligands.3 These inﬂammatory

mediators are often produced in granulocytes, monocytes,
and other innate cell types. Similarly, innate immune cells
(such as monocytes) contribute to tissue injury in long-term
allografts.2 Remarkably, gene expression proﬁling indicates
that acute and chronic rejection share similarities in activation
of IFN-g, TNF-a, or other cytokines, chemokines, and receptors.2,3 To control lymphocyte-dependent allograft
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rejection, therapeutic targets include ILs (eg, IL-2, -4, -6, -12/
23, and -15)1,4 and chemokines,5 whereas controlling innate
responses needs additional strategies.6
Transplanting allogeneic cells or tissues is highly significant for liver-directed therapies.7e9 Because allogeneic
hepatocytes are rapidly rejected, consistent with the role of
T cells,10 and because tacrolimus and mycophenolate
mofetil prevent the rejection,11 cell transplantation models
offer opportunities for elucidating mechanisms in rejection.
Although syngeneic hepatocytes engraft life-long in the
liver,12 shortly after transplantation, most cells are cleared
by ischemia-reperfusion events that involve vasoconstriction, endothelial injury, and inﬂammation through polymorphonuclear neutrophils (PMNs), macrophages [Kupffer
cells (KCs)], or hepatic stellate cells (HSCs), producing
cascades of cytokines, chemokines, and receptors.13e21
Importantly, syngeneic hepatocytes do not activate T, NK,
or dendritic cells,14 thus offering distinctions in innate and
acquired responses. Previously, hepatic mRNA expression
analyses and assays for innate cell activations after syngeneic hepatocyte transplants with or without prior PMN or
KC depletion established that TNF-a, IL-6, and other cytokines or chemokines signiﬁcantly contributed to cell
clearance.15 The centrality of TNF-a after syngeneic cell
transplantationeinduced cytokine, chemokine, and receptor
cascades was revealed by its neutralization with etanercept
13
or by transcriptional down-regulation with thalidomide.16
However, the role of TNF-a in allografts is unknown.
To investigate the role of cytokines, chemokines, and
receptors in allograft rejection, cell-transplantation models
were deployed in rats that lacked dipeptidylpeptidase
(DPP)-4 because histochemically, this enzyme readily
localizes DPP-4epositive transplanted cells.11,16,22 In
addition, preconditioning DPP-5enegative rats with the
DNA-intercalating chemical retrorsine plus two-thirds
partial hepatectomy (PH) inhibits hepatic proliferation and
provides convenient liver repopulation assays.23 Mycophenolate mofetil and tacrolimus were included to inhibit T-cell
responses. Corticosteroids were avoided because they exert
broad and less deﬁned effects in immune and other cell
types. Regulatory gene networks identiﬁed by functional
genomics with targeted arrays for mRNA expression provided anticytokine interventions to better control rejection.

Materials and Methods
Drugs and Reagents
Tacrolimus (Astellas Pharma Inc., Tokyo, Japan), mycophenolate mofetil (Hoffman-La Roche, Basel, Switzerland),
and etanercept (Amgen Inc., Thousand Oaks, CA) were
obtained from a local pharmacy. These agents were suspended in normal saline. Thalidomide, retrorsine, and all
chemicals were from Sigma-Aldrich Chemical Co. (St.
Louis, MO). Thalidomide was dissolved to 25 mg/mL in
dimethyl sulfoxide.
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Animals
The Animal Care and Use Committee at Albert Einstein
College of Medicine approved protocols in compliance with
NIH and other regulations. Donor F344 rats 8 to 10 weeks
old were from Charles River Laboratories (Wilmington,
MA). Recipient DPP-4enegative F344 rats and donor
LongeEvans Agouti (LEA) rats 8 to 10 weeks old were
from the Liver Center Core (San Francisco, CA). Males and
females were in equal numbers.

Immunosuppression
Tacrolimus, 2 mg/kg, and mycophenolate mofetil, 100 mg/
kg, were administered via gavage 16 to 20 hours before
transplantation and then twice weekly for up to 3 weeks.
The doses of etanercept, 9 mg/kg via tail vein, and thalidomide, 40 mg/kg intraperitoneally,13,16 were given 16 to 20
hours before transplantation and twice weekly afterwards in
some studies. The controls received only vehicle.

Cell Isolation and Transplantation
Hepatocytes were isolated by collagenase or liberase
perfusion as previously described.24 Isolated cells were
>80% viable by trypan blue dye and transplanted within 2
hours. For engraftment studies, 15  106 cells in 0.2 mL of
RPMI 1640 medium were injected into the spleen during 10
seconds. For liver repopulation, rats preconditioned with 30
mg/kg of retrorsine given intraperitoneally at 6 and 8 weeks
of age were subjected 4 weeks later to PH, and then 5  106
cells were intrasplenically transplanted after another week.
For phagocytic activity in KCs, animals were given a 1-hour
pulse of 0.1 mL of carbon intrasplenically, as previously
described.15 Cell engraftment was analyzed 3 days and 1, 2,
or 3 weeks after transplants. Liver repopulation was
analyzed 3 weeks after transplants.

Histochemical Staining
Tissue samples were frozen in methylbutane to 80 C, and
5-mm cryosections were prepared. Sections were ﬁxed in
ice-cold ethanol with hematoxylin and eosin staining for
morphology and carbon-containing KCs. Myeloperoxidase
activity in PMNs was stained with a kit (Sigma-Aldrich) as
previously described.25 For CXCR2 localization, sections
were ﬁxed in 4% paraformaldehyde in phosphate-buffered
saline, pH 7.4, blocked with 3% goat serum in phosphatebuffered saline, 0.1% bovine serum albumin, and 0.1%
Triton, and incubated with rabbit CXCR2 antibody (1:100,
antibody 14935, Abcam, Cambridge, MA) overnight at 4 C.
Detection used goat anti-rabbit peroxidase-conjugated IgG
(1:200, Sigma) with diaminobenzidine þ (K3467, Dako
Cytomation, Glostrup, Denmark).
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Morphometric Measurements
Carbon-containing KCs, myeloperoxidase and PMNs, or
CXCR2-positive cells were counted in high-power ﬁelds
(400 magniﬁcation) with 25 consecutive liver lobules per
tissue. Transplanted cells were counted in portal vein radicles and parenchyma in 25 to 50 liver lobules per animal.
For liver repopulation, transplanted cell foci in 50 to 100
liver lobules were counted under 100 magniﬁcation. Cell
numbers were counted in multiple microphotographs.

Analysis of mRNA Expression
Gene expression was analyzed in animals 6 hours, 3 days, or
1 and 2 weeks after cell transplantation (n Z 3 each). Total
RNAs were isolated from liver samples by TRIzol Reagent
(Life Sciences, Carlsbad, CA). One-microgram RNAs were
converted to cDNA with a RT2 PCR Array First Strand Kit
(SA Biosciences, Frederick, MD). RT-PCR used rat cytokine/chemokine/receptor arrays (PARN 011C; SA Biosciences) with probes for 84 genes, 5 housekeeping genes, 1
genomic DNA contamination control, 3 reverse transcription controls for cDNA conversion, and 3 other positive
controls (Prism 7000 System; Applied Biosystems, Foster
City, CA). The arrays were used according to instructions
from the manufacturer. Fold expression differences were
determined with the 2-DDCt method, as previously
described.13,14,16,21 Experimental and control samples were
individually normalized against invariant genes included in
the arrays. Gene expression of twofold or greater up or
down was considered signiﬁcant. For ontologies and upstream regulator networks in gene expression datasets, we
used Ingenuity Pathway Analysis (IPA) software 20.0 along
with built-in tools (Qiagen, Germantown, MD), as previously described.26,27 The network analysis used prioritization based on elog (P value) >1.3 with P < 0.05 using the
Fisher exact test. The consistency scores, total regulator
nodes, and downstream target numbers were noted in
regulator networks.

Study Design
Cell engraftment was veriﬁed 6 hours, 3 days, and 1, 2, or
3 weeks after syngeneic (F344) or allogeneic (LEA) hepatocytes, respectively (n Z 3 each), plus untreated controls (n Z 3; total N Z 36). Additional animals were
included for immunosuppression with mycophenolate
mofetil and tacrolimus (n Z 6 each; total N Z 30). Tissue
necrosis, inﬂammation, and mRNA expression were
examined. Next, TNF-a was neutralized by etanercept
with or without mycophenolate mofetil and tacrolimus for
liver repopulation in retrorsine/PH-preconditioned animals
with allogeneic (LEA) cells (n Z 6 each; total N Z 12).
Finally, effects of or thalidomide along with mycophenolate mofetil and tacrolimus on hepatic mRNAs and effector
cells were studied in animals 6 hours after (LEA)
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hepatocytes (n Z 6 each; total N Z 36). The experiments
included two to three repeats for reproducing major
ﬁndings.

Statistical Analysis
Each experimental analysis used multiple rats. Data are
given as means  SEM. Statistical signiﬁcances were
analyzed by t-test, c2 test, or analysis of variance (ANOVA)
by Bartlett’s post hoc tests with GraphPad Prism software
version 8.2.1 (GraphPad Software, San Diego, CA). For
functional genomics analyses, built-in IPA tools were used
with the Fisher exact test. P < 0.05 was considered
signiﬁcant.

Results
After transplantation, syngeneic (F344) hepatocytes were
observed in portal vein radicles at similar rates after 1 and 3
weeks (n Z 6 each) (Figure 1). By contrast, although
syngeneic cells engrafted in hepatic parenchyma, as seen in
prior studies, their numbers declined at 1 to 3 weeks, indicating attrition during integration in liver plates.28 As expected, allogeneic hepatocytes from LEA rats were not
observed after 7 days, and inﬁltrating lymphocytes appeared
in portal areas during rejection. To modulate drug levels
without diminishing their capacity to reject allogeneic hepatocytes, mycophenolate mofetil and tacrolimus were not
given daily, which resulted in engraftment throughout the
3-week period, although with ongoing clearance after 1 and
3 weeks from both vascular spaces and liver parenchyma
versus syngeneic cells (n Z 6 each) (P < 0.05, ANOVA).

Proﬁling of Cytokine, Chemokine, and Receptor mRNAs
Elicited Cell TypeeRelated Immune Responses
Given the time-frames for cell engraftments, the tissue was
examined at 6 hours and 3, 7, or 14 days after transplants
(n Z 3 each), which indicated substantial gene expression
differences (Supplemental Table S1). After 6 hours, in
syngeneic and allogeneic transplants versus healthy controls, >80% differentially expressed genes were up-regulated twofold or greater (n Z 52 and 43, respectively)
(Supplemental Figure S1, AeD). Several of these genes
remained up-regulated for 14 days. Surprisingly, the
magnitude and persistence of gene expression differences
were greater for syngeneic as opposed to allogeneic transplants (P < 0.05). In allogeneic cells, gene expression primarily altered early (at 6 hours), in agreement with time to
rejection. In allogeneic cells with mycophenolate mofetil
and tacrolimus, more genes were down-regulated early
(at 6 hours) and later (3, 7, or 14 days) versus those
observed with either syngeneic or allogeneic transplants
(Supplemental Figure S1, E and F).
To assess the consequences of gene expression differences
between 6 hours and 14 days, we queried datasets with IPA
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Figure 1

Engraftment of transplanted hepatocytes in dipeptidylpeptidase (DPP)-4enegative rats. A: Microphotographs indicating DPP-4epositive donor
hepatocytes (red) after 1 week (top row) and 3 weeks (bottom row). B: Proportion of consecutive portal areas with transplanted cells. C: Number of
transplanted cells per liver lobule. Syngeneic (F344) hepatocytes were not cleared from vascular spaces, although their numbers in liver parenchyma decreased
between 1 and 3 weeks. Allogeneic (LongeEvans Agouti rats) cells were rejected after 1 week. This ﬁnding was ameliorated by mycophenolate mofetil (MMF)
and tacrolimus (TAC), and transplanted cells survived for 3 weeks but with continuing clearance from vascular areas and parenchyma. Data are expressed as
means  SEM (B and C). n Z 6 in each group (A). *P < 0.05 versus syngeneic cells (ANOVA with Bartlett post hoc tests); yP < 0.05 versus allogeneic (ANOVA
with Bartlett post hoc tests). Original magniﬁcation, 400 (A).

by an unsupervised approach and examined top cytokine,
chemokine, and receptor networks. The elog (P value)
threshold for network identiﬁcation of >1.3 and false discovery rate of <5% revealed the following active networks
after 6 hours recruitment of blood cells in syngeneic cell
recipients, activation of phagocytes in allogeneic cell recipients, and cell viability of leukocytes in recipients of
allogeneic cells with mycophenolate mofetil and tacrolimus
(Supplemental Figure S2, AeC). Overall, these networks in
syngeneic, allogeneic, and allogeneic with mycophenolate
mofetil and tacrolimus exhibited consistency scores of 4.4,
4.4, and 57.3, total regulator nodes of 23, 21, and 21, and total
targets of 21, 19, and 8, respectively. In case of syngeneic
cells, angiotensinogen was the predominant regulator, supporting involvement of expected vascular events,29 whereas
IL-18 (IFN-aeinducing factor) was the predominant regulator in allografts, consistent with established acute alloresponses.3 After mycophenolate mofetil and tacrolimus
immunosuppression, most cytokines or chemokines were
up-regulated, whereas regulator networks were mostly down-
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regulated and involved additional innate cell types, including
granulocytes and others. The regulator networks further
diverged subsequently. After 14 days, active networks in
syngeneic transplants included abnormalities of knee joints,
damage in kidney, levels of IL-6 in blood, and liver regeneration with a consistency score of 8.3, 23 total nodes, and 14
total targets (Supplemental Figure S2D). Thus, inﬂammatory
and reparative processes induced by syngeneic cells
continued for an unexpectedly long time, despite tissue
morphology returning to normal within 3 days. After allogeneic cells, the networks concerned recruitment of dendritic
cells and trafﬁcking of lymphocytes, with a consistency score
of 13.9, 22 total nodes, and 9 total targets that were largely in
various states of inhibition (Supplemental Figure S2E).
Because allografts were rejected before 14 days, this ﬁnding
agreed with the anticipated T-cellemediated rejection and
subsidence of effector responses after transplanted cell
clearances. In case of allogeneic cells treated with mycophenolate mofetil and tacrolimus, the network intersections
were complex with activation or inhibition and a consistency
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score of 18.8, 32 total nodes, and 21 total targets
(Supplemental Figure S2F). In aggregate, the processes
included the following: chemotaxis of mononuclear cells,
migration of dendritic cells, chemoattraction of leukocytes,
and recruitment of macrophages. As cytokines, chemokines,
and receptors typically orient these responses,6 we further
examined these messenger molecules.

Inﬂammation after Cell Transplantation Involves
Chemokines and Tnfa
To identify genes of interest after allograft rejection, differentially expressed genes early (6 hours) were compared to

those expressed late (14 days). The Tnfa group in data sets
comprised Tnf and its receptor (Tnfsf1a; Abcf1), which increases Tnf expression, and Spp1 (alias osteopontin), which is
involved in amplifying inﬂammation. The monocyte- or
macrophage-related group included the effector chemokines
Ccl25, Cxcl2, and Cx3cl1 (ligands for Ccr9, Cxcr2, and
Cxcr3, respectively, affecting chemotaxis, T-cell activation,
and endothelial adhesion) and the chemokine receptor Ccr1
(which binds multiple CCL ligands to affect monocyte/
macrophage responses). The genes related to granulocytes,
platelets, or B cells included Bcl6 (expansion of B-cells),
Ccl11 (eosinophil chemotactic protein; ligand for Ccr3),
Cxcl4 (platelet factor-4, released during platelet aggregation;

Figure 2 Grouped distribution of cytokines, chemokines, and receptors at early and late times after cells. Genes are grouped according to regulation of Tnfa
expression or signaling in monocytes or macrophages and putative roles in expansion or inﬂammation mediated by B cells, granulocytes (polymorphonuclear
neutrophils, eosinophils, and basophils), or platelets. Data are from 6 hours and 14 days after syngeneic cells (A and B), allogeneic cells (C and D), and allogeneic
cells with mycophenolate mofetil (MMF) and tacrolimus (TAC) (E and F). Gene expression in fold versus healthy liver is indicated. Expression of Tnfa group was upregulated early with long-term persistence in cases of syngeneic and allogeneic cells with MMFþTAC. Data are expressed as means  SEM.
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ligand for Cxcr3), and Il8ra (alias Cxcr1, binds Cxcl-5, -6,
and -8 to affect granulocyte chemotaxis).6,30
Although the gene expression patterns were similar in cell
transplant groups, some differences were also observed. The
Tnfa group was activated after 6 hours in each group. Most
activation was observed in allogeneic cells treated with
mycophenolate mofetil and tacrolimus (Tnfa, 43-fold;
Tnfsf1a, 647-fold), followed by allogeneic cells without
immunosuppression (Tnfa, 36-fold; Tnfsf1a, 66-fold), and
then by syngeneic cells (Tnfa, 22-fold; Tnfsf1a, 14-fold)
(Figure 2, A, C and E). Fourteen days after transplants, the
Tnfa group essentially normalized in allograft recipients
(Figure 2D); but remained up-regulated in syngeneic or
allogeneic cells treated with mycophenolate mofetil and
tacrolimus, especially the latter (Figure 2, B and F). The
cytokines, chemokines, and receptors accompanying
monocyte/macrophage group and those related to granulocytes, platelets, or B cells were activated 6 hours after
syngeneic or allogeneic transplants with variable upregulation to 14 days. In allogeneic cells treated with
mycophenolate mofetil and tacrolimus, activation of cytokines, chemokines, and receptors because of innate cell
types became prominent at a later time point, after 14 days.
The transducers in allograft rejection by innate responses
involved Tnfa and related chemokines or receptors.

Antagonism of Tnfa Improves Engraftment and
Proliferation of Allogeneic Hepatocytes
Previously, etanercept or thalidomide treatment before
transplanting syngeneic hepatocytes was shown to
normalize the cascade of cytokines, chemokines, and receptors within 6 hours.13,16 Therefore, this study examined
this early time for mRNA expression in allografts after
adding etanercept or thalidomide to the mycophenolate
mofetil and tacrolimus regimen (Supplemental Table 2).
Remarkably, cell transplantationeinduced expression of
cytokines, chemokines, and receptors was largely normalized by etanercept or thalidomide (83% and 78%, respectively; P < 0.05, ANOVA) (Figure 3A). Those at abovenormal levels were Tnfa (10- and 16-fold, respectively)
and its receptor Tnfsf1a (327- and 149-fold, respectively)
and Cxcl2 (twofold and threefold, respectively) after etanercept and thalidomide treatment, and Abcf1 (twofold) after
thalidomide treatment (Figure 3B). Gene networks were
mapped by IPA to investigate the regulatory signiﬁcance of
these differences (Supplemental Figure S3A). In allogeneic
controls treated with mycophenolate mofetil and tacrolimus,
the top network was Cxcl8 (or Il8), a cytokine that engages
Cxcr1 and Cxcr2 (that also binds Cxcl2), with several active
downstream regulators.30 The major functions of Cxcl8

Figure 3

Regulation by etanercept (ETN) and thalidomide (Thal) of cytokines, chemokines, and receptors affected within 6 hours by allogeneic cells with
mycophenolate mofetil (MMF) and tacrolimus (TAC). A: The proportion of genes returning to normal or lower expression levels was signiﬁcantly different after
adding ETN or Thal to MMFþTAC regimen. B: Violin plots for gene expression after ETN or Thal, including quartile distributions, and levels of residual upregulated genes versus healthy controls. The dotted black line at the top indicates baseline mRNA levels after allogeneic transplants with MMFþTAC
versus healthy controls. The differences were signiﬁcant for both ETN and Thal. C: Engraftment of allogeneic hepatocytes after adding Thal to MMFþTAC
increased by severalfold, as indicated by DPP-4 histochemistry (red) and morphometric quantitation of donor cells in the liver). Data are expressed as means 
SEM (C). n Z 3 biological replicates in each group (A and B); n Z 6 (C). ***P < 0.001 versus MMFþTAC (t-test). Original magniﬁcation, 400 (C).
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Figure 4 Effector cell responses 6 hours after allogeneic cell transplants with or without mycophenolate mofetil (MMF), tacrolimus (TAC), and/or etanercept (ETN). Analysis of Kupffer cell (KC) activation with carbon uptake (A), appearance of myeloperoxidase (MPO) and polymorphonuclear neutrophils
(PMNs) (B), and prevalence of Cxcr2 expression in inﬁltrating or parenchymal liver cells (C). Charts at the bottom provide morphometric analysis from multiple
animals per condition. Allogeneic cells with or without MMFþTAC rapidly induced phagocytosis in KCs, along with accumulation of PMN and Cxcr2 expression in
inﬁltrating or parenchymal cells. Each of these processes decreased after ETN was added to MMFþTAC. *P < 0.05 versus controls (ANOVA with Bartlett tests);
y
P < 0.05 versus AlloþMMFþTACþETN (ANOVA with Bartlett tests); and zP < 0.05 versus Allo alone (ANOVA with Bartlett tests). Data are expressed as
means  SEM. n Z 3 in each group. Original magniﬁcation,  400 (AeC). HPF, high-power ﬁeld.
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include induction of chemotaxis in PMNs or other granulocytes and that of phagocytosis in macrophages.
Remarkably, after etanercept or thalidomide treatment, the
Cxcl8 network was silenced and various downstream regulators were inhibited (Supplemental Figure S3, B and C). To
further substantiate the beneﬁt of prior TNF-a antagonism
for allografts, recipients with immunosuppression with or
without thalidomide were studied (n Z 6) (Figure 3C). The
cell engraftment after thalidomide was threefold to fourfold
greater throughout the 2-week study after transplantation
(P < 0.0001, t-test).
KC activity with carbon phagocytosis (Figure 4A) was
examined to validate the contribution of early innate responses of TNF-a and Cxcl8 after cell transplantation
(n Z 6 each) (6 hours). In allogeneic cells with or without
mycophenolate mofetil and tacrolimus treatment, carboncontaining KCs increased versus healthy controls by 9- 
1-fold and 7-  1-fold, respectively, whereas after mycophenolate mofetil, tacrolimus, and etanercept treatment, the
increased reduced to 3-  1-fold (P < 0.05, ANOVA).
Similarly, myeloperoxidase and PMNs increased in

allogeneic cells with or without mycophenolate mofetil and
TAC versus healthy controls by 6-  0.4-fold and 4- 
0 .1-fold, respectively, but after mycophenolate mofetil,
tacrolimus, and etanercept treatment, this increase attenuated to 2-  0.1-fold (P < 0.05, ANOVA) (Figure 4B). The
Cxcr2-positive inﬁltrating or parenchymal cells in allotransplants with or without mycophenolate mofetil and
tacrolimus versus healthy controls increased 11-  1-fold
and 8-  0.1-fold, respectively, and after mycophenolate
mofetil, tacrolimus, and etanercept treatment, the increase
was 5-  0.7-fold (P < 0.05, ANOVA) (Figure 4C). This
re-emphasized the key role of TNF-a as a driver of innate
responses in allograft rejection.
For further loss-of-function studies, TNF-a was neutralized by etanercept before and after cell transplantation with
twice per week dosing because drug half-life in rats is 46 to 77
hours.13 In a retrorsine/PH liver repopulation model
(Figure 5A), transplanted hepatocytes, including allogeneic
ones, linearly proliferate during the initial few weeks.11
Allogeneic (LEA) hepatocytes engrafted in liver treated
with mycophenolate mofetil and tacrolimus throughout the

Figure 5

Effect of neutralizing Tnfa by etanercept (ETN) on cell engraftment and proliferation. A: Schematic of the timeline for preconditioning of
dipeptidylpeptidase (DPP)-4enegative rats with retrorsine/partial hepatectomy (PH) followed by ETN or vehicle and then transplantation of allogeneic hepatocytes. Twice-weekly mycophenolate mofetil (MMF) and tacrolimus (TAC) without or with etanercept (ETN) were followed by animal sacriﬁce 3 weeks after
cells for assays. B: Representative foci containing transplanted DPP-4epositive hepatocytes (red) after 3 weeks. C and D: Morphometry for transplanted cell
foci per high-power ﬁeld (C) and transplanted cell numbers in individual focus (D). Adding ETN to MMFþTAC increased cell engraftment and proliferation
kinetics by more than twofold. Data are expressed as means  SEM (C and D). n Z 6 in each group. ***P < 0.001 versus cellsþMMFþTAC (t-tests). Original
magniﬁcation, 200 (B). LEA, LongeEvans Agouti.
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3-week study period (n Z 6). In animals with mycophenolate
mofetil, tacrolimus, and etanercept, transplanted cells
engrafting as discrete DPP-4epositive cell foci increased by
2.2-fold versus mycophenolate mofetil and tacrolimus
[65  8 and 29  11 per 10 high-power ﬁelds, respectively; n
Z 50 areas each (n Z 6 each), P < 0.05, t-test] (Figure 5B).
Transplanted cells proliferated less than reported in prior
studies, probably because of partial immunosuppression with
the mycophenolate mofetil and tacrolimus regimen.11
Nonetheless, individual foci contained signiﬁcantly more
transplanted cells with mycophenolate mofetil, tacrolimus,
and etanercept versus those with mycophenolate mofetil and
TAC (n Z 6 each) (P < 0.05, Mann-Whitney test)
(Figure 5C). The top quartile with largest foci in recipients of
mycophenolate mofetil, tacrolimus, and etanercept exhibited
2.3-fold more transplanted cells (P < 0.05) (Figure 5D). This
emphasized that TNF-a actively interfered in engraftment
and proliferation of allografted cells.

Discussion
The current studies reveal major roles for cytokines, chemokines, and receptors in allograft rejection. Remarkably,
despite relatively few gene probes in mRNA expression
arrays, they were sufﬁcient for identifying critical cellular
events and processes that were noted previously during
short-term or long-term rejection in entire transcriptome
analyses.2,3 In addition, differences in tissue inﬂammation
following syngeneic and allogeneic cells, as well as modiﬁcations with mycophenolate mofetil and tacrolimus
immunosuppression, were readily apparent. This ﬁnding
likely reﬂects the major contribution in allograft rejection of
relatively few cytokines, chemokines, and receptors. The
resultant demonstration of TNF-aerelated inﬂammation in
allografts is highly signiﬁcant, in particular because its
antagonism rebalanced expression of multiple associated
cytokines, chemokines, and receptors to improve outcomes.
The downstream effects or regulator networks were noteworthy for candidate innate immune cells (ie, PMNs and
KCs). This ﬁnding provides validation for the experimental
allograft approach using cell transplantation models.
The gene expression signatures of early and persistent
inﬂammatory cell recruitments (eg, monocyte/macrophages
(KCs), PMNs, and others) add mechanistic detail. Syngeneic cells that elicit innate responses and allogeneic cells
that induce further accretive responses identiﬁed regulatory
effects in gene networks of Tnfa and related chemokines and
receptors. mRNA expression in whole tissues was similar to
that reported in previous human allograft studies.2,3
Importantly, this whole tissue approach avoids confounding from cell isolationerelated artifacts. Remarkably, TNFa antagonism by etanercept and thalidomide controlled
activation of chemokines and receptors, upstream regulator
networks, and effector responses. Consequently, TNF-a
antagonism improved engraftment and proliferation of
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allogeneic cells to syngeneic cell levels.13,16 Not only will
this ﬁnding be signiﬁcant for transplanting allogeneic cells,
tissues and organs, it will also help in the interpretation of
the pathology of tissue injury in long-term rejection.2 From
this study, gene expression datasets suggest a role of TNFrelated cytokines, although prospective studies of this
mechanism will be helpful.
The syngeneic and allogeneic hepatocyte transplant
models with or without immunosuppression allowed the
dissection of the roles of cytokines, chemokines, and receptors in rejection. Although prolonged hepatic inﬂammation after syngeneic cell transplants was previously noted
with activation of KCs and inhibition of hepatobiliary
transporter activity,31,32 persistent overexpression of Tnfa
and other chemokines and receptors in these studies remains
surprising. The ability to reverse these negative inﬂammatory responses in hepatic functions by anti-inﬂammatory
drugs (eg, prostaglandin-endoperoxide synthase inhibitors,
naproxen, or celecoxib), which also provide hepatoprotection by improving transplanted cell engraftment,21,32 offers suitable means to augment TNF-a
inhibition in the transplant setting.
The hepatocyte allograft models reproduced short-term
rejection observed in solid organs (liver, heart, and kidneys)
with activation of IFNG and IFNG-stimulated genes, which
are ampliﬁed by TNF-a and chemokine receptors, such as
CCR5 (through CCL3, CCL4, and CCL5) or CXCR3
(through CXCL4, CXCL9, CXCL10, or CXCL 11), to foster
T and T-regulatory subset recruitments.2,3,6 These regulator
responses were reproduced with ﬁdelity in gene networks
presented by differentially expressed cytokines, chemokines,
and receptors. On the other hand, interventions based on
interruption of selected chemokines alone are of unclear
signiﬁcance for allograft rejection. For instance, blocking
CXCR3 in cardiac allograft recipients did not improve outcomes in one study,33 even though IFN-geproducing
effector cells decreased and improved allograft survival in
another study.34 Because numerous chemokines and receptors are expressed despite immunosuppression in allogeneic transplants, difﬁculties in separating their individual
signiﬁcances are inevitable because of i) overlaps in ligandreceptor interactions; ii) lack of clarity in regulation of
effector cell activities; iii) uncertainties in regulation of other
injurious or protective cytokines, chemokines, and receptors;
and iv) unknown effects in most cases of chemokines or receptors on rejection outcomes.
In this study, the functional genomics approach to characterize networks with IPA offered informative portraits of
regulators in transplant conditions, including for liver
regeneration (after syngeneic cells) or cellular nature of
inﬂammation (after allogeneic cells with or without mycophenolate mofetil and tacrolimus). Previously, gene
expression analysis with microarrays in human allografts
identiﬁed TNFA as a key gene in short-term rejection35,36
and chronic hepatic injury.2 Through TNF-a signaling,
activation of NF-kB network in human allografts,3,37 along
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with potential contributions of NF-kB essential modulator
or receptor-interacting protein kinases, should be signiﬁcant
for cell apoptosis or necroptosis.38 The NF-kB signaling
conjoins cell survival and apoptosis (eg, after ischemic
preconditioning), although DNA damage in this setting may
inhibit hepatic proliferation.39
The prominence of Tnfa among persistently up-regulated
cytokines, chemokines, and receptor genes following allografts with mycophenolate mofetil and tacrolimus treatment
points to macrophages (KCs) and granulocytes (PMNs) as
effector types, although this role in the latter is generally
less recognized. The PMNs and KCs efﬁciently express
TNF-a and chemokines and receptors,6,15 including Ccl11,
Ccl25, Cxcl2, Cxcl4, Cx3cl1 (ligands for Cccr3, Ccr9,
Cxcr2, Cxcr4, and Cx3cr1, respectively), and Ccr1, which
binds Ccl3, Ccl-4, and Ccl-5, as well as the IL-8 receptor
agonist (or Cxcr1) with ligands of Cxcl1 and Cxcl2 sharing
90% sequence identity and Cxcl8 (also known asIL-8).30
These ligand-receptor interactions are signiﬁcant individually and together for chemotaxis, migration, adhesion, and
activation of effector cells.6,30
Despite redundancies conferred by the overlapping nature
of chemokine activities in cells, blocking speciﬁc chemokines or receptors is of interest for allografts. For instance,
an antagonist of Ccxl8, the topmost active upstream regulator network in allogeneic cells treated with mycophenolate
mofetil and tacrolimus, decreases acute injury in the rat
renal allograft model.40 The rejection of pancreatic
islet allografts in a murine model decreases with less PMN
activation after blocking Cxcr1/2 with reparixin (alias
repertaxin).41 In addition, repertaxin decreases PMN activation and improves engraftment of syngeneic hepatocytes.16 Similarly, blocking Cxcr4, along with simultaneous
mycophenolate mofetil, decreases vascular injury and shortterm rejection in cardiac allografts.42 This ﬁnding is relevant
for hepatic grafts because Cxcl4 (ligand for Cxcr4) is
persistently expressed in allogeneic hepatocytes with
mycophenolate mofetil and tacrolimus treatment. More
recently, sustained Ccl22 release was shown to recruit Tregulatory cells in rodents to improve tolerance of allogeneic vascularized grafts.5
In conclusion, the extraordinary suppression of cytokines,
chemokines, and receptors after TNF-a neutralization portends its potential in allograft setting. In one study, TNF-a
blockade decreased alloantibody formation and inﬂammatory cells to increase graft survival in rat cardiac allograft
and xenograft models.43 Similarly, in late-onset allograft
rejection in patients, TNF-a neutralization by inﬂiximab
controlled orthoclone-muromonab-CD3 or corticosteroidresistant intestinal allograft rejection.44 Whereas TNF-a
blockade may increase susceptibility to infections, it is
better tolerated in people undergoing transplantation of liver
versus other organs.45 Improving outcomes in allografts
with thalidomide is another possibility because this drug has
additional immunomodulatory properties and prevents vasculopathy after aortic allografts in rats.46 Finally, TNF-a
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inhibition offers new directions for combating tissue injury
in long-term rejection, which is another unmet need.2
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