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Abstract
Background & Aims—Hepatocyte transplantation-induced liver inflammation impairs cell
engraftment. We defined whether proinflammatory cytokines and chemokines played roles in
regulation of hepatocyte engraftment in the liver.

Methods—We performed studies over up to three weeks in rat hepatocyte transplantation systems.
Expression of 84 cytokine-chemokine genes was studied by quantitative real-time polymerase chain
reactions. Expression of selected upregulated genes was verified by immunohistochemistry. Hepatic
recruitment of neutrophils was demonstrated by myeloperoxidase activity assays and Kupffer cell
activation was established by carbon phagocytosis assays. The role of neutrophils and Kupffer cells
in regulating expression of cytokine-chemokine genes as well as cell engraftment was determined
by cell depletion studies.

Results—Within six hours after syngeneic cell transplantation, expression of 25 cytokine-
chemokine genes increased by 2- to 123-fold, p<0.05. These genes were largely associated with
activated neutrophils and macrophages, including chemokine ligands, CXCL1, CXCL2, CCL3,
CCL4, chemokine receptors, CXCR1 or CXCR2, CCR1, CCR2, and regulatory cytokines TNF-α
and IL6. Inflammatory cells in the liver immunostained for CCR1, CCR2, CXCR1 and CXCR2,
which indicated that upregulated mRNAs were appropriately translated. When neutrophils and
Kupffer cells were depleted with neutrophil anti-serum and gadolinium chloride, respectively, before
transplanting cells, cell transplantation-induced cytokine-chemokine responses were attenuated.
Virtually all abnormalities subsided in animals treated with neutrophil anti-serum plus gadolinium
chloride. Moreover, depletion of neutrophils or Kupffer cells improved engraftment of transplanted
cells.

Conclusions—Cell transplantation-induced liver inflammation involves proinflammatory
cytokine-chemokine systems capable of modulation by neutrophils and Kupffer cells. This offers
new directions for optimizing cell therapy strategies.
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Introduction
Repopulation of the liver with hepatocyte transplantation has substantial therapeutic potential.
However, multiple barriers restrict engraftment and proliferation of transplanted hepatocytes.
1,2 For instance, 70–80% of transplanted cells are cleared from the liver within one or two days
after cell transplantation. Subsequently, disruption of the sinusoidal endothelial barrier is
required for transplanted cells to enter and integrate in the liver parenchyma.2 During that
period, multiple types of cell-cell interactions take place, including with liver sinusoidal
endothelial cells (LSEC), hepatic stellate cells (HSC) and Kupffer cells.3–5 Some interactions
are beneficial, e.g., activation of HSC promotes cell engraftment,4 whereas others are
deleterious, e.g., Kupffer cells phagocytose transplanted cells.5

Recently, cytokines and chemokines have been more specifically incriminated in tissue damage
in inflammation, sepsis, immune disorders, cancer, and other conditions.6 Chemokines are
small proteins of 8–10 kilodalton size, and are grouped into four categories, depending on the
distribution of cysteine residues in conserved locations – CC chemokines contain two adjacent
cysteines near amino terminus and constitute over 25 ligands (CCL1 to CCL28) with ability
to attract monocytes, NK, dendritic, and T and B cells, as well as eosinophils and basophils;
CXC chemokines, with separation of two amino-terminal cysteines by an amino acid (X),
constitute 17 ligands and attract neutrophils and lymphocytes; C chemokines contain two
cysteine residues and constitute two ligands, XCL1 and XCL2, with ability to attract T cell
precursors to the thymus; and CX3C chemokines contain three amino acids between two
cysteine residues, with CX3CL1 being the prototype member, which additionally serves as an
adhesion molecule. Chemokine ligands recognize widely distributed cellular receptors,
characterized by seven G protein-coupled transmembrane domains, including ten CC
chemokine receptors (CCR1-CCR10) and seven CXC chemokine receptors (CXCR1-
CXCR7). Each chemokine receptor may bind several ligands, which produces much
complexity in chemokine responses. Nonetheless, chemokine ligands and receptors are
attractive therapeutic targets. Similarly, much therapeutic focus has centered on pro-
inflammatory cytokines, such as tumor necrosis factor (TNF)-α, which serves major roles in
coordinating or amplifying inflammation in diseases.7

Here, to define the nature of cytokine-chemokine-dependent liver inflammation after
hepatocyte transplantation, we studied dipeptidyl peptidase IV-deficient (DPPIV-) rats, where
transplanted cells can be conveniently identified.2–5 We studied inflammatory changes over
up to three weeks after cell transplantation, determined what cell types contributed to
inflammation, characterized expression of cytokines-chemokines under defined experimental
conditions, and demonstrated whether prevention of inflammatory cell activation improved
cell engraftment.

Materials and Methods
Animals

DPPIV- F344 rats, 8–10 weeks old and weighing 120–200 g, and Long Evans Agouti (LEA)
rats weighing 200–250 g, were from Special Animal Core of Marion Bessin Liver Research
Center. F344 rats were from National Cancer Institute (Bethesda, MD). Animal Care and Use
Committee at Albert Einstein College of Medicine approved experimental protocols.
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Hepatocyte transplantation
Hepatocytes were isolated by collagenase perfusion of liver from F344 or LEA rats and
2×107 freshly isolated cells were injected within seconds into the spleen as described
previously.2 Control rats were not subjected to any manipulations.

Macroaggregated albumin particles (MAA)
These were commercially available (TechneScan®, Mallinckrodt Medical Inc., St. Louis, MO)
and used as described previously. 8 Each TechneScan® vial contains 8±4×106 MAA and 90%
particles are in 10 to 40 μm size range. Approximately 2×107 MAA were injected
intrasplenically into DPPIV- rats.

Analysis of mRNA expression by real-time quantitative polymerase chain reaction (qRT-
PCR)

Total RNA was isolated from liver with TRIzol Reagent (Invitrogen, Carlsbad, CA). After
DNAse treatment, 1 μg RNAs were converted to cDNA with RT2 PCR Array First Strand Kit
(SABiosciences, Frederick, MD), followed by RT-PCR with rat cytokine-chemokine arrays
(APRN 011C; SABiosciences), as recommended by the manufacturer. The array included 84
chemokine, cytokine and receptor genes, 5 housekeeping genes, 1 control for genomic DNA
contamination, 3 reverse-transcription controls to assess cDNA conversion, and 3 positive
controls with pre-dispensed DNA and oligonucleotide primers. PCR amplification was with
Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). Data were
analyzed with an Excel-based template from the manufacturer (SABiosciences). Fold-changes
in gene expression were determined with the Ct method by comparing experimental and control
samples after data were normalized with β-actin, which was expressed invariantly. Changes
in gene expression of 2-fold or greater with p-values <0.05 were considered significant. In
some instances, end-point PCR products were analyzed in 2% agarose gels with ethidium
bromide to verify single PCR products.

Identification of transplanted cells
Liver samples were frozen in cold methylbutane and stored at −80°C. Cryostat sections of 5
μm thickness were fixed in chloroform-acetone (1:1 vol/vol) for 10 min, air-dried and stained
histochemically for DPPIV with hematoxylin counterstain. 1–5 Transplanted cell numbers were
measured in 100 areas centered on portal radicles under ×100 magnification 3 d after cell
transplantation (n=3 rats per condition).

Hepatic γ-glutamyltranspeptidase (GGT) expression
Cryostat sections of 5 μm thickness were fixed in chloroform-acetone (1:1 vol/vol) for 10 min,
air-dried and stained histochemically for GGT with hematoxylin counterstain, as described
previously. 9 Liver areas with GGT were measured with Adobe Photoshop CS3 software
(Adobe Systems Inc., San Jose, CA).

Neutrophil activation
Hepatic myeloperoxidase (MPO) was measured with tetramethylbenzidine substrate (Sigma
Chemical Co., St. Louis, MO) as described previously. 10 For MPO histochemistry, 5 μm thick
cryosections were fixed in 4% paraformaldehyde and 50% ethanol followed by incubation with
Peroxidase Indicator Reagent, as recommended (procedure 390A, Sigma). Presence of
neutrophils was verified with immunostaining by fixing sections in cold acetone for 10 min
and blocking with 3% goat serum in phosphate buffered saline, pH 7.4 (PBS), 0.1% bovine
serum albumin (BSA) and 0.1% Triton (Sigma) followed by incubation with rabbit anti-rat
neutrophil serum, 1:100 in PBS (51140 AD; Inter-cell Technologies, Jupiter, FL). After
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washing with PBS, sections were incubated with goat anti-rabbit IgG (1:500; Sigma) for 30
min at 37°C and developed with DAB+ (K3467, DakoCytomation, Dako North America Inc.,
Carpinteria, CA). Neutrophils were counted in 25 consecutive areas centered on portal radicles
under ×200 magnification (n=3 animals per condition).

Kupffer cell and other inflammatory cell activations
Animals were given 1 h pulse of 0.1 mL India ink injected intrasplenically before sacrifice, as
previously described.3 Liver samples were frozen and 5 μm cryostat sections were stained for
DPPIV activity to identify transplanted cells followed by hematoxylin counterstaining to
visualize Kupffer cells with carbon. Kupffer cell activity was graded in 25 areas centered on
portal radicles under ×200 magnification (n=3 rats per condition): grade 1, minimal carbon;
grade 2, intermediate carbon; and grade 3, maximal carbon incorporation. Sections were
stained with hematoxylin and eosin to determine accumulation of other inflammatory cell
types, e.g., lymphocytes, eosinophils and basophils.

Verification of cytokine expression
Cryosections of 5 μm thickness were fixed in 4% paraformaldehyde in PBS for 10 min and
blocked with 3% serum in PBS, 0.1% BSA, 0.1% Triton. This was followed by incubation
with 1:50 to 1:100 goat or rabbit antibodies against CCR1 (sc-6125, Santa Cruz Biotechnology
Inc., Santa Cruz, CA), CCR2 (sc-31564, Santa Cruz), CCR3 (18–511–244683, GenWay
Biotech, Inc., San Diego, CA), CCR5 (ab65850, Abcam Inc., Cambridge, MA), CXCR1
(NB300–697, Novus Biologicals, Littleton, CO), and CXCR2 (ab14935, Abcam) for 30 min
at room temperature and overnight at 4°C. Secondary antibodies were anti-goat or anti-rabbit
peroxidase-conjugated IgG (1:200, Sigma) and color was developed with DAB+ (K3467,
DakoCytomation).

Manipulation of animals to decrease cytokine activation
To deplete neutrophils, 1 ml rabbit anti-neutrophil rat antiserum (anti-PMN) (Inter-cell
Technologies) was given intraperitoneally 16–18 h before cell transplantation, as described
previously. 11 To deplete Kupffer cells, gadolinium chloride (GdCl3) was dissolved in normal
saline and 10 mg/kg was given intrasplenically 16–18 h before cell transplantation, as described
previously. 3 To deplete both neutrophils and Kupffer cells, GdCl3 was given initially followed
by neutrophil antiserum.

Study design
First, we examined onset of inflammation 6 h, 1 d, 3 d, and 1, 2 and 3 weeks after cell
transplantation (n=3 each), plus untreated control rats (n=3; total, 21 rats). Tissues were
analyzed for cell engraftment, liver ischemia and hepatic inflammation, including cytokine-
chemokine profiles. In additional animals, nonparenchymal liver cells were isolated by
collagenase perfusion with untreated control rats (n=3), and rats 6 h or 1d after cell
transplantation (n=3 each), to demonstrate inflammatory cells by flow cytometry (total, 9 rats).
Rats were given MAA to demonstrate changes in hepatic ischemia, inflammation and cytokine-
chemokine expression after 1 d and 3 d (n= 3 each; total 6 rats). Additional rats were given
allogeneic LEA rat hepatocytes followed by analysis of cytokine-chemokine responses after 6
h, 1 d and 3 d (n=3 each; total 9 rats). Next, we examined whether depletion of neutrophils
and/or Kupffer cells with anti-PMN and GdCl3, respectively, altered cell transplantation-
induced changes (n=3 each; total 12 rats). Finally, we addressed whether depletion of
neutrophils and Kupffer cells improved cell engraftment after 3 days and after 2 weeks
compared with untreated control rats (n=3 each; total 18 rats). The experiments were repeated
2–3 times to reproduce major findings.
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Statistical Analysis
Data are shown as means±SD. Significances were analyzed by t-test, Chi-square test or
ANOVA and Holm-Sidak method for pairwise comparisons of mean responses with SigmaStat
3 (Systat Software Inc., Point Richmond, CA). P <0.05 was considered significant.

Results
Cell transplantation activated hepatic inflammation

Transplanted syngeneic hepatocytes were in portal vein radicles and liver sinusoids 6 h after
intrasplenic injection of cells (Fig. 1A), and were present 1 d, 3 d and 1, 2 and 3 weeks after
syngeneic cell transplantation, although transplanted cells had largely been cleared from
vascular spaces within 3 d, whereas cells surviving beyond 3 d showed engraftment throughout
the 3 week period (Fig. 1B–D). After cell transplantation, GGT was widely expressed in
hepatocytes, hepatic MPO activity increased and neutrophils-expressing MPO and reacting
with anti-PMN serum accumulated, maximally 6 h and 1 d after cell transplantation (see below),
followed by return of MPO-positive neutrophils to normal levels 3 d after cell transplantation.
Kupffer cells incorporated more carbon throughout after cell transplantation, although this was
greatest 6 h after cell transplantation.

Studies with qRT-PCR arrays indicated significant changes in cytokine-chemokine genes, such
that 6 h after cell transplantation 25 of 84 genes were upregulated by >2-fold before declining
subsequently (Fig. 2A). This was similar to the kinetics of changes in neutrophils and Kupffer
cells after cell transplantation. Gene expression increased from 2- to over 120-fold, including
genes typically associated with neutrophils (e.g., CXCL1, CXCL2, and the receptor, CXCR2),
macrophages (e.g., CCL3, CCL4, and the receptors, CCR1 and CCR2, along with CCL9,
CCL10), and other cells, such as lymphocytes (e.g., CCL17, IL-1 and IL-6 groups) (Fig. 2B).
TNF-α and associated genes, e.g., Ltb, TNFrSF1b and ABCF1, were also of interest. Analysis
of PCR products verified presence of single bands (Fig. 2C). Immunostaining for several
chemokine receptors further verified that changes observed at the mRNA level were
representative of changes at the protein level (Fig. 2D). In normal livers, only occasional
sinusoidal cells were positive for CXCR1, CXCR2 and CCR1, whereas after cell
transplantation, increased numbers of infiltrating cells with these receptors, 3–6 cells per high
power field, p<0.05, were present in the liver. These receptors were not expressed in
parenchymal liver cells.

The choice of these receptors for immunostaining was determined by the connections between
upregulated chemokine ligands and receptors, which are complex, as indicated by mapping of
cell transplantation-induced changes (Fig. 3). Some inflammatory effectors were more
activated after cell transplantation, e.g., neutrophil and macrophage-related genes were
represented much more, rather than lymphocyte-related chemokines, which was to be expected
after transplantation of syngeneic cells, where acquired immune responses should not have
been induced.

To determine whether hepatic changes following cell transplantation were different from those
induced by inanimate particles, we studied animals after injection of MAA, which reproduced
the distribution of hepatocytes in liver sinusoids in previous studies. 8 After MAA
administration, we observed greater GGT expression (12±2% liver area after MAA versus 9
±1% after hepatocyte transplantation, p<0.05, ANOVA with Holm-Sidak method), indicating
onset of hepatic ischemia, 9 as well as evidence for hepatic inflammation with activation of
neutrophils and Kupffer cells, although these cells were less pronounced compared with after
cell transplantation, 11±1 versus 21±1, and 18±1 versus 32±1 cells per lobule, respectively)
(Fig. 4). Analysis of cytokine-chemokine expression with arrays was instructive since changes
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after MAA were restricted to 40-fold increase in TNF expression only after 6 h and increased
expression of the receptor, TNFrsf1a, to 421-fold and 114-fold above normal after 6 h and 3
d, respectively. This contrasted markedly with extensive changes in cytokine-chemokines after
transplantation of syngeneic hepatocytes.

In limited studies, we also examined changes in cytokine-chemokine expression following
transplantation of allogeneic LEA rats into DPPIV- rats. As allogeneic cells are rejected
through adaptive immune responses subsequent to the completion of cell engraftment, we
restricted our studies to this cell engraftment phase. Remarkably, the number of cytokine-
chemokines upregulated after allogeneic cells was similar to syngeneic cells, 23 versus 25 after
6 h and 17 versus 14 after 1 d. These responses were similar 83% and 88% cases and dissimilar
in 17% and 22% cases after 6 h and 1 d, respectively. Additional expression of chemokines
after allogeneic cell transplants pertained to recruitment or trafficking of lymphocytes,
dendritic cells, NK cells, and eosinophils, including CCL11, CCL12, CCL19, CCL25, as well
as CCR3, CCR6 and CCR7.

Consistent with the differences in the cellular responses following syngeneic and allogeneic
transplants, we did not observe accumulation of lymphocytes, eosinophils or basophils in
tissues after transplantation of syngeneic cells. Similarly, isolation of nonparenchymal cells
by collagenase perfusion of livers followed by flow cytometry in recipients of syngeneic cells
did not indicate increases in CD3-positive lymphocytes or CD161-positive NK cells (not
shown). Therefore, we next approached the issue of what innate cell types were major
contributors of tissue inflammation by cell depletion studies in syngeneic animals.

Neutrophils and Kupffer cells largely contributed to hepatic inflammation
We transplanted syngeneic hepatocytes in rats after anti-neutrophil serum or GdCl3. As before,
transplantation of cells without these manipulations activated neutrophils and Kupffer cells
(Fig. 5). However, accumulation of neutrophils and of Kupffer cell activation was markedly
attenuated after cell transplantation in animals treated with anti-PMN, GdCl3, or both.

Depletion of neutrophils, as well as Kupffer cells, resulted in complete normalization of 17
and 13 of the 25 upregulated genes, 68% and 52%, respectively, whereas depletion of
neutrophils plus Kupffer cells normalized 19 of 25 genes (76%) (Fig. 6). Moreover, many genes
were expressed at lower levels. Taken together, cell transplantation in animals treated with
anti-PMN plus GdCl3 either normalized or decreased expression in 24 out of 25 genes (96%).
It was noteworthy that neutrophil depletion was especially effective in preventing upregulation
of TNF-α-related genes, including TNF-α itself, TNFrSF1b, Ltb, and ABCF1. These genes
were still expressed in GdCl3-treated rats. On the other hand, GdCl3 was more effective than
anti-PMN in preventing upregulation of CCL3, CCL4, CXCL9, and IL1R1.

To verify these qRT-PCR findings, we performed immunohistochemical stainings. This
demonstrated marked increases 6 h after cell transplantation in infiltrating inflammatory cells
expressing CCR1, CCR2 and CXCR1 (Fig. 7). By contrast, expression of these chemokine
receptors in animals treated with anti-PMN, GdCl3, or both, diminished.

Regulation of hepatic inflammatory cells improved cell engraftment
If chemokines and cytokines released from neutrophils and Kupffer cells affected transplanted
cells, then depletion of these inflammatory cells should have improved cell engraftment.
Therefore, we studied rats treated with anti-PMN, GdCl3, or both, followed by cell
transplantation and analyzed cell engraftment after 3 d, as well as 2 weeks (Fig. 8). We found
significant improvements in cell engraftment after either anti-PMN or GdCl3, which increased
after 3 d on average by 2.8 and 3.2-fold above controls, respectively, p<0.05, and remained
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similarly increased after 2 weeks on average by 3.1 and 2.9-fold above controls, respectively,
p<0.05. However, the combination of anti-PMN and GdCl3 produced mortality in animals 2–
3 d after cell transplantation, leading to survival of only 1 out of 6 rats in two separate studies,
although in the one surviving animal, transplanted cell numbers were greater than after either
anti-PMN or GdCl3 alone.

Discussion
These studies advanced insights into innate responses following cell transplantation in the liver.
First, profiling of chemokines and cytokines offered clues to the nature of inflammatory cells
recruited by cell transplantation, i.e., neutrophils and Kupffer cells. Second, depletion of
neutrophils and Kupffer cells permitted dissection of inflammatory mechanisms induced by
cell transplantation. Third, suppression of chemokine and cytokine expression after depletion
of neutrophils and Kupffer cells improved engraftment of hepatocytes in the liver.

Here, we limited studies of allogeneic cell transplants to the short-term and avoided xenogeneic
cell transplants, which additionally activate a variety of adaptive immune responses.12,13 By
contrast, transplantation of syngeneic cells permitted analysis of the innate immune system,
which proved important in the initial clearance and engraftment of transplanted cells.
Transplantation of autologous hepatocytes will be appropriate in some conditions for cell
therapy with genetically-modified hepatocytes, as was examined in familial
hypercholesterolemia.14 Also, suitable autologous cells, e.g., those derived from person-
specific induced stem cells, will eventually be of interest for cell therapy. Of course, allogeneic
and xenogeneic donor cells are of considerable interest for cell therapy, although analysis of
relevant cytokine-chemokine-dependent pathways in such cell transplants will require detailed
further work, where our studies here should provide an excellent comparison. Our targeted
array-based approach to elucidate cytokine-chemokine changes was effective. High-density
microarrays to study genome-wide transcriptional changes offer an alternative approach,15

although this approach generates far larger datasets, requiring more complex analyses, and our
conclusions regarding inflammatory mechanisms would likely not have changed.

Neutrophils and Kupffer cells emerged in our studies as predominant effectors of cell
transplantation-induced early inflammation. Increased expression of CCL3, CCL4, CXCL1
and CXCL2, which are released from macrophages, neutrophils or epithelial cells, 16,17 was
in agreement with recruitment of neutrophils and Kupffer cells. CCL3 binds CCR1 and CCR5,
CCL4 binds CCR5, and CXCL1 and CXCL2 bind CXCR2, as well as other receptors (Fig. 3).
6 The potency of CXCL1 and CXCL2 in attracting neutrophils to sites of inflammation is well
established,18 whereas CCL3 is chemotactic for monocytes, eosinophils and basophils.19

CXCL4 is expressed in activated platelets with additional roles in attracting neutrophils,
monocytes or lymphocytes, although its receptor, CXCR3, was not overexpressed after
syngeneic cell transplantation.20,21 Our results suggested potential roles for additional
chemokines. For instance, CCL17, CCL22, CXCL9 or CXCL10 are released by macrophages,
as well as eosinophils.22 CXCL10 may additionally be released from endothelial cells,23 which
should be relevant since LSEC are damaged by cell transplantation.2 Similarly, Bcl6 (B-cell
leukemia/lymphoma 6 protein) and its receptor CXCR5, were expressed after cell
transplantation. Bcl6 is required for the function of germinal B cells though not for
differentiation of memory B cells.15,24 Our histological studies did not demonstrate
accumulation of eosinophils or basophils and we did not identify accumulation of lymphocytes
or NK cells in the liver, which was in agreement with their playing little or no roles in this
setting of hepatic inflammation after syngeneic cell transplants.

Our studies with anti-PMN and GdCl3 substantiated the role of neutrophils and Kupffer cells
in the inflammatory response after cell transplantation. Simultaneous depletion of neutrophils
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and Kupffer cells virtually abolished the early inflammatory response after cell transplantation.
Crosstalk between neutrophils and Kupffer cells likely accounted for these changes in
chemokine expression. Depletion of neutrophils with anti-PMN before cell transplantation
decreased CXCL1 expresssion, although CXCL2 expression increased, suggesting that the
latter was additionally expressed elsewhere. In GdCl3-treated animals, expression of CXCL1,
as well as CXCL2 increased by 60- and 457-fold, respectively, likely due to expression from
neutrophils. By contrast, neutrophil depletion had smaller effects on CCL3 and CCL4
expression compared with normalization of their expression after Kupffer cell depletion,
consistent with their production in the latter. Expression of CCR1, CCR2, CXCR1, CXCR2
and CXCR5 was normal under both conditions.

This activation of neutrophils and Kupffer cells after cell transplantation was in agreement
with their roles in other forms of liver injury, e.g., ischemia-reperfusion injury, an inevitable
additional accompaniment of hepatocyte transplantation.25 This type of liver injury occurs in
phases, where Kupffer cells mediate the initial response through proinflammatory cytokines,
e.g., TNF-α or IL-6, in association with neutrophils.26 Our data showing greater expression of
TNF-α and its receptor, TNFrSF1b, as well as the associated genes Ltb and ABCF1, which
participate in TNF-α-induced inflammation,27,28 along with normalization of this TNF-α group
only after anti-PMN, indicated that these changes were due to neutrophil activation. Moreover,
neutrophils may activate release of TNF-α and IL6 from macrophages.29 Also, TNF-α may
induce expression of multiple chemokines by itself from parenchymal cells, e.g., CCL3, CCL4,
as well as CCR1 and CCR2, 30 or in cooperation with other cytokines, e.g., TNF-α induced
expression of CCL9, CCL10, CCL17, and CCL22 in the presence of IL4 or interferon-γ. 22,
23 Therefore, TNF-α is likely to have played a major role in liver inflammation after cell
transplantation. Similarly, upregulation of an IL6 receptor along with IL6 signal transducer,
and of IL1 receptor along with tollip, 31 should indicate roles for these cytokines. Increased
availability of C3 complement component and integrin beta2 was probably helpful in directing
chemokines to suitable sites.6,32 Proteolytic cleavages of chemokines by matrix
metalloproteinases, which are expressed after cell transplantation,4 may promote their
chemokine activity.6

These mechanisms of inflammation should be highly significant for defining organ-specific
perturbations after cell transplantation and for guiding strategies in cell and gene therapy. The
role of chemokine receptors, such as CCR1, CCR2, CCR5 and CXCR3, in allografts has been
studied in knockout mice for tissue (pancreatic islets), epithelium (cornea) or solid organ
(cardiac) transplantation.33–35 The precise mechanisms by which the inflammatory
environment of the liver following cell transplantation may impair cell engraftment are
unknown at present. However, cell isolation with collagenase digestion produces significant
perturbations in hepatocytes. While exposure of such hepatocytes to discrete pro-inflammatory
cytokines, e.g., TNF-α, by itself, is insufficient for cell necrosis or apoptosis, 36 the combination
of multiple cytokine-chemokines in the presence of additional perturbations related to ischemia
or other hepatic changes may cause cytotoxicity. Our studies offer several chemokine and
cytokine targets that can be directly blocked with drugs to demonstrate changes in cell
engraftment and for improving outcomes in cell therapy. Among potential drug targets should
include receptors, such as CXCR2 to block neutrophil-specific activities, and CCR1, CCR2 or
CCR5 to block Kupffer cell or monocyte-specific activities. Similarly, blockade of TNF-α
should offer suitable means to overcome additional inflammatory perturbations. Targeting of
specific molecules should produce lesser general toxicity, as observed with the combination
of anti-PMN plus GdCl3 in our studies. As chemokines and cytokines are naturally involved
in allograft responses through NK, dendritic, antigen-presenting, and T and B cells,
transplantation of allogeneic or xenogeneic cells will likely benefit from these insights,
although further work will be necessary to establish the significance of additional cytokine-
chemokine changes following such cell transplants.
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Figure 1. Transplanted hepatocytes identified by DPPIV histochemistry in DPPIV- rats
Shows transplanted cells (red color) in the liver 6 h (A), 1 d (B), 3 d (C) and 1 week (D) after
transplantation. Note transplanted cells in sinusoids and portal radicles after 6 h (A). Fewer
transplanted cells were present later (B–D), although transplanted cells were present
throughout the 3-week duration of studies. Orig. mag. ×400; hematoxylin counterstain.

Krohn et al. Page 12

Gastroenterology. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Expression of Chemokine and cytokine genes
(A) Shows cumulative changes in gene expression. (B) List of 25 genes expressed more after
cell transplantation. (C) Shows endpoint PCR products of selected genes. (D)
Immunohistochemical staining of CCR1, CXCR1 and CXCR2 in liver from normal animal
and animals 6 h after cell transplantation. Note that proteins were expressed in only infiltrating
cells (arrows). Orig. mag. ×400; hematoxylin counterstain.
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Figure 3. Mapping of chemokine-cytokine and receptor interactions
Genes with increased expression after cell transplantation are shown (asterisks, red boxes) in
map modified from Kyoto Encyclopedia of Genes and Genomes (KEGG;
http://www.genome.ad.jp/dbget-bin/get_pathway?org_name=rno&mapno=04060).
Expression of other genes not included in the array might also have been altered. Note, IL8RB
= CXCR2; BLR1 = CXCR5.
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Figure 4. Hepatic changes after sinusoidal deposition of MAA or syngeneic hepatocytes
Shown is hepatic GGT expression (panels on left), MPO-positive neutrophils (middle panels)
and activated Kupffer cells containing carbon in tissues from normal untreated animals (A),
animals after transplantation of syngeneic cells (B) and animals given MAA (C). Arrows
indicate representative GGT-stained area, MPO-positive neutrophils and carbon-containing
Kupffer cells. Note that cell transplantation and MAA resulted in activation of GGT expression,
neutrophil infiltration and carbon containing Kupffer cells. Charts in (D) provide cumulative
analysis of these changes. Asterisks in charts indicate p<0.05 versus untreated controls. Orig.
mag., panels showing GGT, ×40, other panels, ×400; hematoxylin counterstain.
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Figure 5. Depletion of neutrophils and Kupffer cells after anti-PMN and GdCl3
(A) MPO-stained neutrophils in the liver from normal rat, rat 6 h after cell transplantation
alone, or rat treated with anti-PMN before cell transplantation. Note accumulation of
neutrophils after cell transplantation (arrows), including their proximity to hepatocytes as
shown in the panel at higher magnification, and their depletion after anti-PMN. Panel B shows
cumulative decreases in MPO-positive cells and hepatic MPO activity after various treatments.
(C) Shows carbon-containing Kupffer cells in normal rat, and rats 6 h after cell transplantation
(arrows), where DPPIV-positive transplanted cells (red color) are present, whereas in animal
treated with GdCl3, carbon uptake decreased. (D) Shows cumulative analysis of changes in
Kupffer cell activation with fewer Kupffer cells containing carbon after GdCl3.
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Figure 6. Changes in cytokine-chemokine gene expression after depletion of neutrophils and
Kupffer cells
(A) Shows gene expression profiles in rats 6 h after cell transplantation alone versus cell
transplantation after anti-PMN, GdCl3 or both. (B) Chart indicates cumulative differences in
gene expression after various treatments. The data indicated that anti-PMN plus GdCl3 largely
normalized changes in gene expression.
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Figure 7. Immunostaining verified expression of CCR1, CCR2 and CXCR1 decreased after
neutrophils and Kupffer cells were depleted
Shown are livers from normal animals (A), animals after cell transplantation alone (B) and
animals treated with anti-PMN (C), GdCl3 (D) and anti-PMN plus GdCl3 (E) before cell
transplantation. Immunostaining is indicated for CCR1 (left), CCR2 (middle), and CXCR1
(right). Cell transplantation increased receptor expression (arrows, B), whereas depletion of
neutrophils or Kupffer cells decreased their expression. Orig. mag. ×400; hematoxylin
counterstain.
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Figure 8. Depletion of neutrophils and Kupffer cells improved cell engraftment in liver
Shows DPPIV-positive transplanted cells (red color) in control rat (A), and rats treated with
either anti-PMN (B) or GdCl3 (C). (D) Morphometric counts of transplanted cells indicating
that anti-PMN and GdCl3 improved cell engraftment. Orig. mag. ×400; methylgreen
counterstain.
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