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Abstract

Humoral alloimmunity negatively impacts both short- and long-term cell and solid organ
transplant survival. We previously reported that alloantibody-mediated rejection (AMR) of
transplanted hepatocytes is critically dependent on host macrophages. However, the effector
mechanism(s) of macrophage-mediated injury to allogeneic liver parenchymal cells is not known.
We hypothesized that macrophage-mediated destruction of allogeneic hepatocytes occurs by cell-
cell interactions requiring Fcy receptors (FcyRs). To examine this, alloantibody-dependent
hepatocyte rejection in CD8-depleted wild-type and Fcy chain KO (lacking all functional Fcy
receptors) transplant recipients was evaluated. Alloantibody-mediated hepatocellular allograft
rejection was abrogated in recipients lacking FcryR compared to wild-type recipients. We also
investigated anti-FcyRI mAb, anti-FcyRIlI mAb, and inhibitors of intracellular signaling [to block
phagocytosis, cytokines, and reactive oxygen species (ROS)] in an /n vitro alloantibody-
dependent, macrophage-mediated hepatocytoxicity assay. Results showed that /n vitro
alloantibody-dependent, macrophage-mediated hepatocytotoxicity was critically dependent on
FcyRs and ROS. The adoptive transfer of wild-type macrophages into CD8-depleted FcyR-
deficient recipients was sufficient to induce AMR, while adoptive transfer of macrophages from
Fcy chain KO mice or ROS-deficient (p47 KO) macrophages was not. These results provide first
evidence that alloantibody-dependent hepatocellular allograft rejection is mediated by host
macrophages through FcyR signaling and ROS cytotoxic effector mechanisms. These results
support the investigation of novel immunotherapeutic strategies targeting macrophages, FcyRs
and/or downstream molecules, including ROS, to inhibit humoral immune damage of transplanted
hepatocytes and perhaps other cell and solid organ transplants.

Introduction

Clinical and experimental studies highlight the barrier that acute and chronic antibody-
mediated allograft damage poses to successful allograft survival [reviewed in (1)]. Antibody-
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mediated rejection (AMR) occurs despite the use of powerful maintenance
immunosuppressive agents and is associated with worse graft outcome than T cell-mediated
rejection (2). Theoretically, cellular transplants are more vulnerable to rejection and graft
loss due to humoral immunity than solid organ transplants (SOT) due to their smaller tissue
mass and increased exposure to circulating alloantibodies. Clinical experience implicates the
role of humoral immunity in the progressive loss of cell transplant function, such as after
initially successful pancreatic islet cell (3) or hepatocellular transplantation (4), despite
immunosuppressive therapies.

The current understanding of alloantibody-mediated damage to solid organ transplants is
limited, largely focusing on complement-dependent damage to the donor organ endothelium
(5). Complement deposition is usually detected in a perivascular location, which supports
the inference that antibodies and complement target graft endothelial cells with subsequent
ischemic graft damage [reviewed in (1, 6)]. However, it is now recognized that AMR in the
absence of complement deposition also occurs after renal transplantation and, accordingly,
the Banff criteria for clinical diagnosis of AMR was revised in 2013 (7). Cellular
transplantation is distinct from solid organ transplantation in that there is no donor
endothelium separating the vasculature and the graft parenchymal cells, which uniquely
focuses the investigation of alloantibody-mediated damage to allogeneic parenchymal cells.
Published work by our laboratory has shown that alloantibody targets allogeneic liver
parenchymal cells for immune damage and that this involves a macrophage-mediated,
complement-/ndependent mechanism (8, 9).

Experimental data and clinical data show that immune damage to transplanted organs and
cells by cellular (10-19) and/or humoral rejection (4, 8, 9, 14-21) mechanisms can occur
separately or concurrently (mixed cellular and humoral rejection) (22-25). When cell-
mediated rejection is inhibited by depletion of CD8* T cells, hepatocyte transplant recipients
produce high titer alloantibody (26) and undergo rapid rejection that is dependent on
alloantibody and macrophages (9). In our studies, alloantibody is sufficient to mediate acute
humoral rejection and is dose-dependent, as increasing amounts of transferred allosera into
immunodeficient SCID recipients accelerates the onset of rejection (8). However, when host
macrophages are genetically-deficient or depleted [macrophage-deficient (MCSF KO) or
liposomal clodronate treated recipients, respectively] in hosts with high alloantibody levels,
AMR is abrogated. Furthermore, once alloantibody is formed, the effector mechanism(s) for
AMR in this model is independent of complement, CD4" T cells, neutrophils, and NK cells

9).

Macrophages are innate immune cells that have multiple functions including phagocytosis,
antigen presentation, and cytotoxic effector functions (27, 28). Macrophages recognize
antibody-coated cells through their Fc receptors; Fcry receptors (FcyRs) specifically
recognize the Fc domain of 1gG antibody. At present, four types of FcyRs are known in
mice, three are activating (FcyRI, FcyRIIl, and FcyRIV) and one is inhibitory (FcyRIIb)
(29). 1gG antibody isotypes are selectively recognized by specific mouse FcyRs (30). The
predominant isotype of alloantibody produced in our model of hepatocyte transplantation is
IgG1 with a lesser amount of 1gG3 [(26, 31)]. Since FcyRlI is the only activating FcyR
binding 1gG3 and FcyRIII is the only FcyR binding 1gG1 (32-34), in the current studies we
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tested the role of these specific activating receptors in alloantibody-dependent, macrophage-
mediated hepatocytotoxicity. Upon recognition of target cells through Fcry receptors,
macrophages exert cytotoxic effector functions through phagocytosis, secretion of pro-
inflammatory cytokines, and/or reactive oxygen species (ROS) (28, 35, 36). Consequently,
we performed studies to further delineate the mechanism of macrophage-mediated
hepatocytotoxicity and AMR after hepatocyte transplant.

Materials and Methods

Experimental animals.

FVB/N (H-29 MHC haplotype, Taconic), CD8 KO (H-2P, Jackson Labs, Ca8aimMak
targeted mutation), C57BL/6 [wild-type (WT); H-2P, Jackson], and p47-deficient (H-2P,
Jackson, Ncf1™1 spontaneous mutation) mouse strains (all 6-10 weeks of age) were used in
this study. Fcy chain KO mice (H-2P, Feer1g?™IRav targeted mutation), a generous gift from
Dr. J. Ravetch (Rockefeller University), were also used in this study. Transgenic FVB/N
mice expressing human a—1-antitrypsin (hA1AT) were the source of “donor” hepatocytes,
as previously described (37). All animals were maintained in sterile housing at The Ohio
State University and all experiments performed in compliance with the guidelines of the
IACUC of The Ohio State University (Protocol 2008 A0068-R2).

Hepatocyte isolation, purification, and transplantation.

Hepatocyte isolation and purification were performed, as previously described (37).
Hepatocyte viability and purity were consistently >95%. Donor FVB/N hepatocytes (2x10°)
were transplanted by intrasplenic injection with rapid circulation (less than 24 hours) of
donor hepatocytes to the host liver where they engraft. Donor hepatocytes can be detected by
immunohistochemical staining for hA1AT throughout the parenchyma of the host liver (37).
Graft survival was determined by detection of secreted hA1AT by ELISA in serial recipient
serum samples (37, 38). Graft survival was reflected by stable and persistent serum hA1AT
levels, whereas graft rejection was reflected by loss of serum hAL1AT to undetectable levels
(<0.5 pg/ml). The reporter protein hA1AT does not elicit a deleterious immune response to
transplanted hepatocytes; consequently, syngeneic, hA1AT-expressing hepatocytes survive
long-term in both WT and CD8-depleted transplant recipients (37).

CD8* T cell depletion.

Mice underwent CD8* T cell depletion by treatment with 100 pg (intraperitoneal injection)
of anti-CD8 monoclonal antibody on day -3 and -1 prior to transplant and weekly post
transplant (clone 53.6.72; National Cell Culture Center, Minneapolis, Minnesota). Depletion
was confirmed through flow cytometric analysis of recipient peripheral blood lymphocytes
(<1% CD8* peripheral blood lymphocytes).

Donor-reactive antibody titer.

To measure alloantibody titer, we analyzed the recipient serum using published methods
(21). Briefly, serum was serially diluted and incubated with allogeneic FVB/N target
splenocytes. Splenocytes were then stained with FITC-conjugated goat anti-mouse 1gG Fc
(Organon Teknika, Durham, NC). The mean channel fluorescence intensity (MFI) was
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measured for each sample and the dilution that returned the MFI observed when the
splenocytes were stained with the 1:4 dilution of naive C57BL/6 serum was divided by two
and recorded as the titer.

Isolation, culture and purity of Bone Marrow Macrophages.

Bone marrow macrophages (BMM) were isolated and cultured as previously described (39).
Briefly, bone marrow cells were collected by flushing the femurs of mice with DMEM and
cultured in BMM media (50% DMEM, 20% heat inactivated FBS, 30% L-cell conditioned
media, 50 pM 2mercaptoethanol) for 7 days. The culture plates were washed to obtain only
the adherent cells and subsequently scraped off the plate. BMM derived in this manner were
>98% positive for macrophage markers, F4/80 and CD11b, as determined by flow
cytometry.

In vitro alloantibody-dependent, macrophage-mediated hepatocytotoxicity assay.

Purified mouse FVB/N allogeneic hepatocytes (H-29) were incubated for 30 min (37°C)
with serum from naive mice (control) or mice with high alloantibody titers (CD8 KO
recipients, H-2P; collected 14 days post transplant). Allosera consisted of blood from
hepatocyte transplant recipients that was collected and freshly centrifuged. Allosera was
confirmed to be high alloantibody titer by flow cytometric assessment of binding to
allogeneic targets, as previously described (21). Aliquots of control or alloantibody-
incubated hepatocytes (1.5x10° cells/well) were then added to 12-well plates with
hepatocyte media (RPMI 1640, 10% fetal bovine serum, 1% antibiotics, 10mM HEPES,
10mM B-mercaptoethanol, 2mM L-glutamine). RAW 264.7 macrophages (BALB/c derived,;
H-29), a gift from Susheela Tridandapani (Ohio State University Medical Center, Columbus,
Ohio) or BMM were pre-incubated with IFN-y (2.5 ng/mL; 18 hours prior to co-culture)
and then added to the co-cultures as effector cells.

In some experimental groups, macrophages were incubated for 30 minutes with anti-FcyRI
(2 pg/million cells; clone N-19; Santa Cruz Biotechnologies, Santa Cruz, California), anti-
FcyRII (2 pg/million cells; R&D Microsystems, Minneapolis, MN), or both antibodies [2
ug/million cells of rat 1IgG (Sigma Aldrich) was used as a negative control]. In addition, anti-
C5 mAb (clone BB5.1, Hycult Biotech Inc., Plymouth Meeting, PA) was added to co-
cultures to investigate the role of complement. In other experimental groups, co-cultures
were treated with UO126 (5-10 pM), LY294002 (20-80 pM), BAY11-7085 (5-20 uM; all
inhibitors from Thermo Fisher Scientific, Waltham, MA), anti-TNF-a mAb (5-20 pug/mL;
clone MP6-XT22MP6; National Cell Culture Center, Minneapolis, MN), cytochalasin D (1-
10 pg/mL; Sigma Aldrich), superoxide dismutase (200-1,000 U/mL; Sigma Aldrich), or
Apocynin (0.25-1 mM; Sigma Aldrich). Macrophages were added to the co-culture wells at
a 10:1 effector to target (E:T) ratio. Macrophage-hepatocyte co-cultures were incubated for
an additional 8 h at 37°C. Supernatants were then collected and analyzed for lactate
dehydrogenase (LDH) release as an indicator of cellular cytotoxicity (CytoTox-ONE
Homogenous Membrane Integrity Assay, Promega, Madison, WI). Baseline LDH was
determined by PBS-treated hepatocytes and 100% LDH was determined by lysis buffer of
hepatocytes alone (Promega). Color development was determined on a Spectramax Plus
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microplate reader (Molecular Devices) at a wavelength of 590 nm. Results were confirmed
by trypan blue staining of hepatocytes and macrophages following co-culture.

Transwell assay.

Transwell macrophage:hepatocyte co-cultures were used to assess the importance of cell
contact for /n vitro macrophage-mediated hepatocytotoxicity. IFN-y activated macrophages
were FcyR-stimulated by incubation with formalin-fixed alloantibody-incubated
hepatocytes and separated by a transwell membrane (3.0 um pore Polyester Membrane,
Corning Life Sciences, Lowell, MA) from viable (not formalin fixed) target alloantibody-
incubated allogeneic hepatocytes in the bottom well, as described above. After 8 hours,
supernatant was analyzed for LDH release to assess hepatocyte cytotoxicity. No LDH is
released from formalin-fixed hepatocytes.

Statistical analysis.

Results

Graft survival between experimental groups was compared using Kaplan-Meier survival
curves and log-rank statistics (SPSS). Other Statistical calculations were performed using a
one-tailed Student’s t test to analyze differences between experimental groups. A<0.05 was
considered significant. To demonstrate the distribution of the data, results are listed as the
mean plus or minus the standard error.

In vitro alloantibody-dependent macrophage-mediated hepatocytotoxicity is contact-

dependent.

It has been reported that hepatocyte apoptosis can be mediated by a variety of mechanisms,
including soluble factors such as macrophage-derived TNF-a [reviewed in (40)]. To
determine if macrophages require direct cell contact to mediate alloantibody-dependent
hepatocytotoxicity or whether this can occur by the macrophage-mediated release of soluble
factors, we utilized a transwell co-culture system in which the semi-permeable membrane
allows for passage of soluble factors but prevents contact between cells in chambers on
either side of the membrane. Target FVB/N hepatocytes (1.5x10° cells) were plated in the
bottom of all wells. In the transwell inserts, we added RAW 264.7 effector macrophages
(10:1, 1.5x106 cells) pretreated with murine IFN-y (2.5 ng/mL). To stimulate effector
function of macrophages in the transwell, transwell macrophages were co-cultured with
alloantibody-incubated, formalin-fixed allogeneic hepatocytes or media alone as a negative
control. As a positive control, macrophages were added directly to the bottom well with
alloantibody-incubated viable target hepatocytes. Following 8 hours of co-culture,
supernatant was analyzed for lactate dehydrogenase (LDH) release. Significant hepatocyte
cytotoxicity was only observed when cell-cell contact was intact (57.3+8.0%, p=0.001;
Figure 1A). Cytotoxicity was confirmed to be specific to hepatocytes by Trypan Blue
staining. In the absence of cellular contact, activated macrophages did not mediate cytotoxic
damage of viable hepatocytes since cytotoxicity in transwell co-cultures (11.4+1.6%, p=ns)
was similar to that of hepatocytes cultured alone (8.2+0.5%; Figure 1B) and significantly
less than cytotoxicity in macrophage:hepatocyte co-cultures without transwells (57.3+8.0%,
p<0.001; Figure 1A). Macrophages not activated with IFN-y prior to co-culture did not
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mediate significant /n vitro hepatocytotoxicity (not shown). Immunoblot analysis of IFN--y-
treated macrophages shows that only macrophages co-cultured with alloantibody-incubated,
formalin-fixed hepatocytes substantially upregulate expression of phosphorylated or
intracellular signaling proteins such as p-ERK, p-SerAkt and p-NFkB which is consistent
with macrophage activation through FcyR (Figure 1C).

In vitro macrophage-mediated hepatocytotoxicity is FcyRI- and FcyRIll-dependent.

In order to determine if macrophages require FcyRI and/or FcyRIII to mediate
hepatocytotoxicity, we blocked FcyR-mediated signaling using antibodies directed towards
FcyRI and FeyRIII. Prior to co-culture, macrophages were incubated with control rat 1gG,
anti-FcyRI mAb, and/or anti-FcyRI mAb (2 ug per 1x108 macrophages). The
macrophages were washed with PBS and then added to a co-culture with alloantibody-
incubated target hepatocytes for 8 hours. No macrophage-mediated cytotoxicity is observed
for hepatocytes incubated with naive control serum (9). Treatment with anti-FcyRl mAb
(24.3+4.3%) or anti-FcyRIH mAb (24.7+4.0%, p<0.0001 for both) significantly reduced
macrophage-mediated cytotoxicity against alloantibody-incubated hepatocytes in
comparison to control IgG-treated macrophages (49.8+2.7%; Figure 2). When combination
treatments were tested in co-cultures (blocking both FcyRI and FcyRIII), macrophage-
mediated cytotoxicity was abrogated (3.2+1.0%, p<0.0001). The addition of anti-C5 mAb
(45.6£6.9%, p=ns) to the co-cultures did not significantly alter macrophage-mediated
hepatocytotoxicity indicating that alloantibody-dependent, macrophage-mediated
hepatocytotoxicity is independent of complement. In contrast, our results show that
macrophages require both FcyRI and FcyRIII to mediate /7 vitro alloantibody-dependent
hepatocytotoxicity. Next, we investigated the role of FcyR-mediated signaling on /n vivo
alloantibody-dependent hepatocyte rejection.

Alloantibody-dependent hepatocyte rejection is FcyR-dependent.

C57BL/6 (WT) and Fcy chain KO mice (H-2P) were transplanted with allogeneic FVB/N
hepatocytes (H-29) on day 0. Both WT and Fcy chain KO recipients rejected hepatocellular
allografts with a median survival time of 10 days and 14 days, respectively (p=ns; Figure
3A), indicating that host adaptive immune responses are not impaired in Fcy chain KO mice
and consistent with published findings that humoral and CD8-mediated immune responses
readily occur in Fcy chain KO mice (41, 42)]. To focus on AMR without the influence of
CD8* T cellular-mediated rejection, cohorts of recipients were CD8-depleted by
intraperitoneal administration of anti-CD8 mAb on days -3, —1, and weekly post transplant
until day 49. As previously reported, CD8-depleted recipients are high alloantibody
producers and rapidly reject hepatocellular allografts with a median survival time of 14 days.
Furthermore, rejection in these CD8-depleted recipients is alloantibody-dependent and
macrophage-mediated (8, 9). Similarly, in the current studies, positive control CD8-depleted
WT mice (high alloantibody producers) rapidly rejected hepatocellular allografts with a
median survival time of 14 days (Figure 3B). In contrast, CD8-depleted Fcy chain KO
recipients, also high alloantibody producers, exhibited significantly delayed rejection with
ongoing hepatocellular survival to the study endpoint on day 50 in all recipients. Once anti-
CD8 mAb treatment was stopped though, hepatocyte rejection occurred in all recipients by
day 63 indicating that long-term engrafted hepatocytes remain vulnerable to (CD8-mediated)
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hepatocyte rejection. The occurrence of rejection 14 days after cessation of anti-CD8 mAb
treatment was expected since this time-frame corresponds with reconstitution of CD8* T
cells in the periphery and transplanted hepatocytes are highly susceptible to CD8* T cell
mediated rejection (13, 43—-45). Our data is consistent with the interpretation that, despite the
presence of high alloantibody titers (Figure 3C), transplanted allogeneic hepatocytes are not
rejected in CD8-depleted recipients with impaired FcyR signaling. However, when anti-CD8
mADb therapy is discontinued, allogeneic hepatocytes are rejected by CD8-dependent cellular
rejection pathway (9). Based on our prior studies which showed that only depletion of host
macrophages prevented alloantibody-dependent hepatocyte rejection in CD8-depleted
recipients, we investigated potential molecular mechanisms which could play a role in
alloantibody-dependent, macrophage-mediated hepatocytotoxicity.

In vitro alloantibody-dependent macrophage-mediated hepatocytotoxicity is reactive
oxygen species-dependent.

We tested the capacity of intracellular signaling inhibitors to block /n vitro alloantibody-
dependent, macrophage-mediated hepatocytotoxicity. The inhibitors tested included UO126
(inhibits MAPK/Erk kinases MEK1 and MEK?2), LY 294002 (inhibits PI3K), BAY11-7058
(inhibits IKK) in comparison to DMSO (vehicle control). Only incubation with UO126 (5
uUM) significantly inhibited macrophage-mediated hepatocytotoxicity (28.4+2.0%, p<0.0001)
as compared to DMSO control (58.9+£2.1%; Figure 4A). Treatment with LY294002 (20 uM;
58.3+2.3%) or BAY11-7085 (5 uM; 51.9+2.5%) did not inhibit macrophage-mediated
cytotoxicity. Furthermore, higher doses of LY294002 (40, 80 uM) and BAY11-7085 (10, 20
UM) failed to inhibit cytotoxicity (data not shown). These three inhibitors target multiple
cytotoxic effector pathways including phagocytosis and cytokines (46—48). However, in
contrast to the other agents, UO126 has been shown to target ROS (49, 50).

Results with UO126 prompted studies to more specifically investigate the role of ROS in
alloantibody-dependent, macrophage-mediated hepatocytotoxicity. In order to do this,
superoxide dismutase (an enzyme that degrades ROS), and apocynin (inhibits NADPH
oxidase and ROS production) were used to interfere with ROS-mediated effects in the
macrophage-mediated hepatocytotoxicity assay. Macrophages were treated with superoxide
dismutase (200, 500, 1,000 U/mL) or apocynin (0.25, 0.5, 1.0 mM) in co-culture with
alloantibody-incubated hepatocytes. Treatment with superoxide dismutase resulted in a
dose-dependent inhibition of macrophage-mediated hepatocytotoxicity (cytotoxicity at doses
200 U/mL=69.8+2.7%, 500 U/mL=35.4+1.6%, 1,000 U/mL=28.7+3.0%; p<0.0005 for 500
and 1,000 U/mL doses) compared to DMSO treated control macrophages (cytotoxicity at
DMSO doses 0.1%=58.4+4.8%, 0.5%=66.9+3.8%, 1.0%=65.5+2.9%). Apocynin, at all
concentrations tested, significantly inhibited macrophage-mediated hepatocytoxicity
(cytotoxicity at doses 0.25 mM=16.2+3.4%, 0.5 mM=8.7+2.6%, 1.0 mM=0+0%; p<0.0001
for all) and was abrogated at the 1.0 mM concentration (Figure 4B). Treatment with anti-
TNF-a mADb, tested across a wide range of doses, did not interfere with macrophage-
mediated hepatocytoxicity (cytotoxicity at doses 5 pg/mL=61.8+5.5%; 10 ug/
mL=66.6+1.1%; 20 ug/mL=64.3+1.9%). Cytochalasin D (an inhibitor of actin
polymerization), which inhibits FcyR co-localization and phagocytosis, significantly
reduced macrophage-mediated hepatocytotoxicity (cytotoxicity at doses 1 pg/
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mL=37.3+1.1%; 5 ug/mL=44.2+1.8%; 10 ug/mL=39.3+2.8%; p<0.0009 for all doses).
Altogether these results identify the critical role of FcyR-signaling and ROS in alloantibody-
dependent, macrophage-mediated hepatocytotoxicity.

To further investigate the role of macrophage-derived ROS, we tested WT and p47-deficient
bone marrow-derived macrophages (BMM) in the /n vitro macrophage-mediated
hepatocytotoxicity assay. Since p47 is a subunit of NADPH oxidase, it is required for ROS
production (51). Co-culture of hepatocytes with BMM that are p47-deficient led to
significantly reduced hepatocytotoxicity (8.3+£3.8%) compared to co-culture with WT BMM
(38.6+6.1%; p<0.0009; Figure 4C). Collectively, these studies implicate ROS as critically
important cytotoxic effector molecules released by macrophages downstream of
alloantibody-dependent FcyR-mediated signaling.

Alloantibody-dependent macrophage-mediated hepatocyte rejection is FcyR and ROS-

dependent.

To investigate the role of ROS on /n vivo alloantibody-dependent, macrophage mediated
hepatocyte rejection, CD8-depleted Fcy chain KO mice (H-2P) were transplanted with
allogeneic FVB/N hepatocytes (H-29) on day 0. CD8-depletion occurred by intraperitoneal
administration of anti-CD8 mAb on days -3, —1, and weekly post transplant until day 35.
Fcy chain KO recipients were adoptively transferred with WT, p47-deficient, or control Fcy
chain KO BMM (5x10° cells) immediately following transplant. BMM preparations were
>98% pure as shown by F4/80 and CD11b dual expression by flow cytometry (Figure 5A).
CD8-depleted WT and Fcy chain KO recipients both produce high amounts of alloantibody
(peak on day 14 post transplant) with the same predominant IgG1 and low titer IgG3
alloantibody isotype profile (Supplemental Figure 1). Adoptive transfer of WT BMM led to
rapid rejection of allogeneic hepatocytes (MST=day 17) with all recipients rejecting by day
21 (Figure 5B). In contrast, adoptive transfer of p47-deficient BMM (which do not produce
ROS) into CD8-depleted Fcy chain KO recipients did not precipitate acute hepatocyte
rejection in the majority of recipients (MST>45 days). In fact, eighty-percent of recipients
which received adoptive transfer of p47-deficient BMM had ongoing graft survival at post
transplant day 35 study endpoint (when anti-CD8 mAb therapy was discontinued) which
was significantly prolonged compared to the recipients which received WT BMM
(p<0.0001) (Figure 5B). Likewise, the adoptive transfer of control Fcy chain KO BMM did
not precipitate rejection in the majority of recipients (MST>45 days). Eighty-three percent
of recipients which received Fcy chain KO BMM had ongoing graft survival at post
transplant day 35 study endpoint. Following the cessation of anti-CD8 mAb treatment on
day 35 post transplant in recipients adoptively transferred with p47-deficient or Fcy chain
KO BMM, hepatocyte rejection occurred in all recipients by day 56 post transplant which
correlated with the repopulation of peripheral CD8* T cells. In order to investigate the
possibility that impaired /n vivo macrophage-mediated hepatocyte rejection by p47-deficient
or Fcy chain KO BMM compared to WT BMM was due to impaired trafficking to the site of
allogeneic hepatocyte engraftment in the host liver, we performed studies to determine the
localization of fluorescently-labeled BMM after intravenous injection. Bone marrow
macrophages were stained with CFSE before adoptive transfer by intravenous injection into
hepatocyte transplant recipients. Recipients of CFSE™ BMM from all three groups were
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detected within the host liver by multiphoton microscopy. Thus, we found that WT, Fcy
chain KO, and p47 KO BMM appear to have comparable trafficking since macrophages
from all three groups were detected in the host liver (Supplemental Figure 2). Altogether,
these results support a humoral alloimmune mechanism of hepatocyte rejection which is
mediated by macrophage FcyR signaling and macrophage-derived, ROS-mediated
hepatocytotoxicity.

Discussion

We have previously reported that allogeneic hepatocytes initiate a robust humoral
alloimmune response and that alloantibody (in the absence of cell-mediated rejection) is
sufficient to mediate hepatocellular allograft rejection in a dose-dependent fashion (8). In the
setting of high alloantibody titers without the use of immunosuppressants, hepatocellular
allograft rejection occurs between 10 and 17 days post transplant (9). Allogeneic
hepatocytes express predominantly MHC class | (52), though in some studies hepatocytes
may be induced to express MHC class Il (53). In our murine hepatocyte transplant model,
we have detected predominantly MHC class | reactive alloantibodies (unpublished
observations). However, results from clinical studies have reported the detection of both
MHC class | and MHC class Il reactive alloantibodies in association with the loss of
hepatocellular allograft function after hepatocyte transplantation (4). Thus, both
experimental and clinical studies implicate the importance of humoral alloimmune injury to
the short-lived survival of transplanted hepatocytes.

We previously reported a critical role for macrophages in mediating alloantibody-dependent
hepatocytotoxicity /n vitro and alloantibody-dependent hepatocyte rejection in vivo (8, 9). In
the current studies, we found that alloantibody-dependent, macrophage-mediated
cytotoxicity to allogeneic hepatocytes in co-cultures is critically dependent on cell contact
and the presence of Fcy receptors. Blockade of both FcyRI and FcyRIII abrogated in vitro
alloantibody-dependent, macrophage-mediated hepatotoxicity. Alloserum used in the co-
cultures were collected from high alloantibody producing CD8-deficient hepatocyte
recipients (both WT and Fcy chain KO recipients) and is largely 1gG1 with low level 1gG3
and undetectable levels of 19G2a/lgG2b (26). Therefore, in the /n vitro studies we targeted
FcyRI and FcyRIII since these are the only FcyRs which recognize 19G3 and 1gG1
isotypes, respectively (30).

In these studies macrophage-hepatocytotoxicity assays were performed with RAW cells
(Balb/c, H-29) or BMM (C57BL/6, H-2P). The occurrence of in vitro macrophage-mediated
hepatocytotoxicity only occurs in macrophage-hepatocyte co-cultures containing allogeneic
hepatocytes (FVB/N, Balb/c, or C57BL/6) and allosera (but not third-party sera;
Supplemental Figure 3A,B). However, macrophage-mediated hepatocytotoxicity does not
require concordance between macrophage strain and the host strain source of allosera. For
example, C57BL/6 BMM mediate hepatocytotoxicity of FVB/N hepatocytes when co-
cultured with allosera from FVVB/N-primed Balb/c mice (Supplemental Figure 3C). This
observation likely reflects the fact that both 1gG Fc domain and FcyR are highly conserved
[reviewed in (54, 55)].
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In vivo studies also highlighted the importance of FcyRs in alloantibody-dependent
hepatocyte rejection since AMR did not occur in CD8-depleted Fcy chain KO recipients
(unlike in CD8-depleted WT recipients) despite high alloantibody titers. The difference
observed in hepatocellular allograft survival in CD8-depleted WT versus Fcy chain KO
recipients cannot be attributed to differences in alloantibody isotypes produced since
isotypes in both WT and Fcy chain KO recipient mice are comparable (Supplemental Figure
1). Instead we found that adoptive transfer of WT FcyR-bearing macrophages (but not
BMM from Fcy KO mice) into CD8-depleted Fcy chain KO hepatocyte recipients is
sufficient to precipitate acute rejection in all recipients by three weeks post transplant.
However, once anti-CD8 mAb immunotherapy was stopped, acute rejection occurred in all
recipients within three weeks indicating that these hosts were not tolerant and engrafted
hepatocytes in these hosts remained vulnerable to CD8-mediated rejection. FcyRs are
expressed on cell types other than macrophages; however we did not investigate their role on
NK cells or neutrophils since we previously determined that neither of these cell subsets
significantly contribute to /n vivo alloantibody-dependent hepatocyte rejection (9).
Nevertheless, our studies do not definitively exclude a potential role of other FcryR-bearing
cell types in alloantibody-dependent hepatocyte rejection.

While macrophages can be categorized into pro-inflammatory classic M1 or anti-
inflammatory “alternative” M2 phenotypes, they are known to respond to different
environmental cues with a high degree of plasticity (56) and have multiple effector pathways
including phagocytosis, cytokine production, NO and/or ROS production (reviewed in (57)).
FcyR signaling in monocytes and macrophages drives the activation of numerous signaling
cascades, including the MAPK (mitogen-activated protein kinase) pathway (including Erk
and Jnk). This signaling mediates phagocytosis, NADPH oxidase assembly, and ROS
production (29). Inhibitors of MEK1/2 (including UO126 used in these studies) prevent ROS
production (49, 50) but also target multiple other cytotoxic effector pathways (46). ROS,
including 0,®-, H,0,, ®OH, etc., activate Jnk and caspases important in mediating
apoptotic cell death /n vitro (58) and necrosis /in vitro (59). Parenchymal cells, including
hepatocytes and renal tubules, are susceptible to ROS-mediated apoptosis /n vivo (60). RAW
cells and BMM [as well as peritoneal exudate cells (9)] used in our /in vitro hepatotoxicity
assay are all known to release ROS (61, 62). Substantial inhibition of macrophage-mediated
hepatocytotoxicity /n vitrowith U0126, directed subsequent studies to further evaluate the
role of macrophage-derived ROS using ROS-deficient BMM from p47 KO mice. No
hepatocytotoxicity was observed in macrophage-hepatocyte co-cultures when macrophages
were ROS-deficient. Similarly, adoptive transfer of ROS-deficient macrophages into CD8-
depleted Fcy chain KO hepatocyte recipients was not sufficient to precipitate acute
rejection. Thus, both /n vitro and in vivo results support a paradigm of alloantibody-
dependent hepatocyte rejection which occurs by an antibody dependent, cell-mediated
cytotoxic mechanism triggered by FcyR signaling on host macrophages which induces
ROS-dependent cytotoxic damage of allogeneic liver parenchymal cells.

Reactive oxygen species have been implicated in a variety of processes mediating early
immune injury of transplanted cells and organs including ischemia reperfusion injury and
initiation of a pro-inflammatory cascade (60, 63) which promotes alloreactive immune
responses [reviewed in (64)]. Transplantation of cells such as pancreatic islets are
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particularly susceptible to ROS-mediated damage not only following transplantation but also
prior to transplant during the cell isolation process [reviewed in (65)]. Consequently, much
attention has been focused on approaches to reduce early ROS-mediated allograft injury
including the use of redox scavengers such superoxide dismutase mimetics, anti-oxidants,
ion chelators, organ ischemic pre-conditioning as well as strategies to boost endogenous
anti-oxidant defenses (66—68). Whereas the role of ROS in initiating early allograft damage
is well recognized, the current report is the first to associate ROS as an effector mechanism
of AMR and to identify macrophage-derived ROS as a critical effector in alloantibody
mediated hepatocyte rejection.

It is likely that the dominant mediators of alloantibody-dependent, macrophage-mediated
hepatocyte rejection are infiltrating host macrophages rather than residential liver
macrophages (i.e., Kupffer cells). First, it is known that the ROS response is minimal in
Kupffer cells (69, 70) and their primary effector function is phagocytosis (71). In contrast,
infiltrating macrophages are known to have a strong ROS response (72). Second, this
premise is also supported by our prior work where we found that macrophage-deficient
recipients (MCSF KO, op/op) (73) are resistant to alloantibody-mediated hepatocyte
rejection despite high alloantibody titers (9). MCSF KO mice are known to have impaired
macrophage infiltration to sites of inflammation (74, 75). However, Kupffer cells (liver
resident macrophages) are present in MCSF KO mice [albeit reduced in number (73, 76)]
and retain normal phagocytic capability, killing activity, and exhibit enhanced NO release
(75). Therefore, evidence to date suggests that infiltrating, rather than residential
macrophages are the main cellular effectors of alloantibody mediated hepatocyte rejection.

Collectively, these studies highlight the critical role of host macrophage FcyR signaling and
ROS mediated cytotoxicity in alloantibody-mediated hepatocyte rejection. Our results may
have relevance not only for transplanted hepatocytes (4), but also for AMR of other cell
types such as pancreatic islets (77, 78), bone marrow (79) and potentially for solid organ
transplants when the integrity of the endothelial vasculature is compromised (9). For
example, it is interesting to note that macrophages are detected in the interstitium and
peritubular capillaries concurrent with other pathologic features diagnostic of AMR after
kidney transplantation (80, 81). Similar studies have reported that detection of intravascular
macrophages correlates with AMR after cardiac (82, 83) and liver (84) transplantation.
Furthermore, in the presence of pathogenic autoantibodies as in lupus nepbhritis,
macrophages are deleterious to renal parenchymal cells (85) and macrophage infiltration
into the renal tubules and glomeruli is associated with a poor outcome in lupus nephritis
(86). Thus, results in the current studies may be relevant to parenchymal cell immune
damage in other conditions involving pathogenic antibodies. These results raise the
possibility of developing novel immunotherapeutic strategies targeting macrophages,
selected FcyRs and/or downstream cytotoxic effector molecules such as ROS to inhibit
ongoing AMR. ROS scavengers have been shown to prolong graft survival in models of skin
transplant (87) and it will be interesting to test these and other strategies to mitigate
alloantibody mediated hepatocyte rejection. Additional studies in other cell and solid organ
transplant models will be required to determine the generalizability of our findings to other
allografts. A report by Sunay ef al. raises caution regarding potential untoward effects of
targeting FcyRIIIL. In their studies using a murine model of cardiac transplantation, they
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unexpectedly found accelerated rejection of cardiac allografts which were transplanted into
FcyRIN KO recipients (88). These “paradoxical” results were attributed to overall pro-
inflammatory immune responses, enhanced alloantibody production, and complement
activation arising from disruption of FcyRI11-dependent macrophage-mediated clearance of
apoptotic bodies. The differences observed between these two studies could be related to
other non-FcyR related defects associated with the FcyRII1 KO host, differences in AMR
mechanisms for cell and solid organ transplant, differences in alloantibody isotypes (in our
studies alloantibody was predominantly non-complement activating IgG1 whereas
alloantibody produced in the cardiac transplant model was predominantly complement
activating 1gG2a and 1gG2b isotypes) and/or differences associated with targeting a single
FcyR (FcyRII) versus all FcyRs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro macrophage-mediated hepatocytotoxicity is contact-dependent.
FVB/N hepatocytes were isolated and cultured /n vitro. Allogeneic hepatocytes were

incubated with alloserum or control serum from naive mice. RAW 264.7 macrophages were
activated by pretreatment with IFN-y (2.5 ng/mL; 18 hours). Following pretreatment,
macrophages (Mac; 1.5x108 cells) were washed and co-incubated with hepatocytes (1.5x10°
cells). A) In positive control co-cultures, activated macrophages and allogeneic hepatocytes
were co-cultured in the same well. When activated macrophages and viable hepatocytes
were co-cultured with alloantibody for 8 hours, significant cytotoxicity was observed
[57.3+£8.0%, p<0.0005 compared to hepatocytes cultured alone (8.2+0.5%), with serum from
naive mice (7.5+0.7%), or with alloserum (15.1+1.3%), as denoted by “*”; n=4 for all
conditions] as reflected by LDH release in the culture supernatant. B) In other co-cultures,
macrophages were separated from viable hepatocytes by a transwell membrane. To activate
macrophages in the transwell group, cells were co-cultured with formalin-fixed
alloantibody-incubated hepatocytes (ffHc) in the transwell and viable hepatocytes were in
the bottom well. Following 8 hours of co-culture, supernatant was analyzed for LDH release.
In the absence of activated macrophage cell contact with viable allogeneic hepatocytes
(transwell), minimal cytotoxicity was detected in co-cultures (last bar: activated
macrophages= 11.4+1.6%; p=ns compared to hepatocytes cultured alone and p=.0004
compared to positive control culture in (A); n=4 for all conditions). Data for co-cultures in

J Immunol. Author manuscript; available in PMC 2019 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zimmerer et al.

Page 19

(A) and (B) are representative from triplicate experiments. C) To confirm activation of
macrophages by formalin-fixed alloantibody-incubated hepatocytes, macrophages were
lysed at 15, 30, and 60 minutes after co-culture. Macrophages were tested for
phosphorylated-Erk, SerAkt, and NFxB by western blot. Beta actin was used as a loading
control.
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Figure 2. In vitro macrophage-mediated hepatocytotoxicity is FcyRI- and FcyRI11-dependent.
Macrophage:hepatocyte co-cultures consisted of FVB/N hepatocytes and RAW 264.7

macrophages activated by pretreatment with IFN-y (2.5 ng/mL; 18 hours). Prior to co-
culture RAW macrophages were incubated with FcyRI and/or FcyRIII blocking antibody (2
ug per million macrophages) or control 1gG. The macrophages were washed with PBS and
then added to the hepatocyte co-culture for an 8 hour incubation (1.5x108 cells macrophages
and 1.5x10° hepatocytes). Control 1gG-treated macrophages mediated hepatocytotoxicity
against alloantibody incubated target hepatocytes (49.8+2.7%; n=24). Anti-FcyRIl mAb
(24.3£4.3%; n=11) and anti-FcyRIIl mAb (24.7+4.0%; n=9) treatment significantly blocked
macrophage-mediated hepatocytotoxicity (p<0.0001 for both, as denoted by “*”).
Combination treatment with both anti-FcyRI and anti-FcyRIII mAbs completely inhibited
macrophage-mediated hepatocytotoxicity (3.2+1.0%; n=12, p<0.0001, as denoted by “**”).
Data is combined from duplicate experiments.
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Figure 3. Alloantibody-mediated hepatocellular allogr aft rejection is FcyR-dependent.
C57BL/6 (wild-type; WT) and Fcy chain KO mice (H-2P) were transplanted with allogeneic

FVBI/N hepatocytes (H-29) on day 0. A cohort of recipients was CD8-depleted (days -3, -1,
and weekly post transplant until day +49) to suppress cell-mediated rejection. A) Allogeneic
hepatocyte rejection occurred rapidly in both WT (n=5; MST=day 10) and Fcy chain KO
(n=6; MST=day 14) recipients. B) Alloantibody-mediated hepatocyte rejection in CD8-
depleted WT mice also occurred rapidly (n=5; MST= day 14). In contrast alloantibody-
mediated rejection was not observed in CD8-depleted Fcy chain KO recipients (n=4) by the
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end of the study period (day 50). C) Alloantibody titer was measured on day 14 post
transplant. WT (titer=90+5) and Fcy chain KO (titer=75+10) recipients both produced
similar alloantibody titers (control serum from naive mice represented by the dashed line).
CD8-depleted WT mice produced markedly increased alloantibody (titer=1800+89)
compared to WT recipients (p<0.0001, as denoted by “*”). CD8-depleted Fcy chain KO
recipients also exhibited a significantly increased alloantibody titer (titer=1062+157)
compared to Fcy chain KO recipients (titer=75+10; p<0.0001, as denoted by “**”). Titers in
CD8-depleted WT and Fcy chain KO recipients were comparable. Data for all is combined
from duplicate experiments.
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Figure 4. In vitro macrophage-mediated hepatocytotoxicity isreactive oxygen species-dependent.
All macrophage:hepatocyte co-cultures consisted of FVB/N hepatocytes, activated

macrophages and alloserum. RAW 264.7 macrophages and BMM were activated by
pretreatment with IFN-y (2.5 ng/mL; 18 hours). A) During co-culture of hepatocytes and
RAW macrophages, cultures were treated with DMSO control, UO126, LY 294002, or
BAY11-7058. While treatment with LY 294002 (58.3+2.3%; n=12, 20 uM; p=ns) and
BAY11-7085 (51.9+2.5%; n=12, 5 uM, p=ns) did not inhibit macrophage-mediated
hepatocytotoxicity compared to positive control (58.9£2.1%; DMSO control, n=20),
treatment with UO126 (28.4+2.0%; n=14, 5 uM; p<0.0001, as denoted by “*”) significantly
inhibited macrophage-mediated cytotoxicity of alloantibody-incubated hepatocytes. Data is
combined from triplicate experiments. B) In a separate cohort, co-cultures were incubated
with DMSO (vehicle control), anti-TNF-a mADb, cytochalasin D, superoxide dismutase
(SOD), or apocynin. Both superoxide dismutase (200 U/mL= 69.8+2.7%; 500 U/mL=
35.4+1.6%; 1,000 U/mL=28.7+3.0%; n=4 for all, p<0.0005 for 500 and 1,000 U/mL, as
denoted by “**”) and apocynin (0.25 mM=16.9+4.0%; 0.5 mM=9.6+3.0%; 1.0 mM=0%0%;
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n=5 for all, p<0.0001 for all, as denoted by “***”) significantly inhibited macrophage-
mediated hepatocytotoxicity (apocynin abrogated cytotoxicity at 1.0 mM) as compared to
DMSO-treated co-cultures (0.1%=62.6+3.3%, 0.5%= 66.9+3.8%, 1.0%= 65.5+2.9%; n=6
for all). RAW cells incubated with anti-TNF-a. mAb at all doses tested (5 ug/
mL=61.845.5%; 10 ug/mL=66.6+1.1%; 20 ug/mL=64.3+1.9%; n=4 for all) had no effect on
macrophage-mediated hepatocytotoxicity. Cytochalasin D (inhibitor of actin polymerization
and FcyR co-localization) significantly impaired macrophage-mediated hepatocytotoxcity (1
pg/mL=37.31£1.1%; 5 pg/mL=44.2+1.8%; 10 pg/mL=39.3+2.8%; n=4 for all, p<0.009 for all
doses, as denoted by “*”). Data is combined from duplicate experiments. C) Bone marrow
macrophages (BMM) were isolated from WT and p47 KO mice and co-cultured with
allogeneic hepatocytes and alloserum. Macrophage-mediated hepatocytotoxicity was
significantly impaired in co-cultures containing p47-deficient BMM (8.3+3.8%; n=6) which
cannot produce ROS compared to WT BMM (38.6+6.1%; n=6, p=0.0009, as denoted by
“*). Data is combined from duplicate experiments.
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Figure 5. Macrophage-mediated alloantibody-dependent hepatocyte rejection is mediated by

FcyR and ROS.

Fcy chain KO (H-2P) mice were transplanted with allogeneic FVB/N hepatocytes (H-29) on
day 0. All recipients were CD8-depleted (days —3, —1, and weekly post transplant until day
+35) to suppress cell-mediated rejection. On the same day of transplant, recipients were
adoptively transferred (AT) with bone marrow macrophages from WT, Fcy chain KO, or
p47-deficient mice. A) Representative data shows that adoptively transferred bone marrow
macrophages cells were >98% macrophages as determined by dual expression of F4/80 and
CD11b by flow cytometry. B) Adoptive transfer of WT bone marrow macrophages
precipitated rapid rejection (MST= 17; n=4) while adoptive transfer of Fcy chain KO (n=6)
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and p47-deficient (n=5) bone marrow macrophages did not (MST > 45 days, p<0.0001 for
both).
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