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Abstract

Background—The liver immune environment is tightly regulated to balance immune activation 

with immune tolerance. Understanding the dominant immune pathways initiated in the liver is 

important since the liver is a site for cell transplantation, such as for islet and hepatocyte 

transplantation. The purpose of this study is to examine the consequences of alloimmune 
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stimulation when allogeneic cells are transplanted to the liver in comparison to a different immune 

locale, such as the kidney.

Methods—We investigated cellular and humoral immune responses when allogeneic hepatocytes 

are transplanted directly to the recipient liver by intraportal injection. A heterotopic kidney 

engraftment site was used for comparison to immune activation in the liver microenvironment.

Results—Transplantation of allogeneic hepatocytes delivered directly to the liver, via recipient 

portal circulation, stimulated long-term, high magnitude CD8+ T cell-mediated allocytotoxicity. 

CD8+ T cells initiated significant in vivo allocytotoxicity as well as rapid rejection of hepatocytes 

transplanted to the liver even in the absence of secondary lymph nodes or CD4+ T cells. In 

contrast, in the absence of recipient peripheral lymphoid tissue and CD4+ T cells, CD8-mediated 

in vivo allocytotoxicity was abrogated and rejection was delayed when hepatocellular allografts 

were transplanted to the kidney subcapsular site.

Conclusions—These results highlight the CD8-dominant proinflammatory immune responses 

unique to the liver microenvironment. Allogeneic cells transplanted directly to the liver do not 

enjoy immune privilege but rather require immunosuppression to prevent rejection by a robust and 

persistent CD8‐dependent allocytotoxicity primed in the liver.

Introduction

The liver immune environment is of special interest within the field of transplantation due to 

the observation that MHC-mismatched whole organ liver allografts are accepted without 

immunotherapy1,2 and that a prior liver transplant can promote acceptance of donor-matched 

allografts of other organs in animal models3,4. Furthermore, immunosuppression has 

successfully been withdrawn in some liver transplant recipients without detectable clinical 

consequences5,6. Exposure of antigens to the portal circulation or the hepatic immune locale 

may promote a tolerogenic response, which is shared with a few other immune 

compartments (i.e., anterior chamber of the eye, testis)7–9. Examples include the phenomena 

of portal venous tolerance, oral tolerance, spontaneous acceptance of whole liver allografts, 

and the persistent nature of hepatotropic viruses10–12.

Despite these remarkable examples of antigen acceptance in the liver of animals and 

humans, cell transplantation into the liver has not enjoyed immune privilege in either animal 

models or in the clinical setting13,14. In fact, despite promising 1-year islet allograft survival 

rates in diabetic patients, the majority of recipients are not insulin free at 3 years 

posttransplant15,16. Similarly, allogeneic hepatocyte grafts transplanted into patients with 

metabolic disorders or liver failure exhibit significant but short-lived benefits ranging 3–26 

months posttransplant13,17–19. This disparity, between whole liver transplantation and 

parenchymal cell transplants implanted into the liver, may be explained by a tightly 

regulated balance between immune reactivity and tolerance within the liver immune 

environment10,20. As reported by Kammer et al., it is evident that the liver provides rapid 

and efficient immunity against pathogens introduced from the gastrointestinal route via 

splanchnic circulation21. Additionally, there are conflicting reports concerning the 

propensity of the liver to promote activation or tolerance of CD8+ T cell responses22–24.

Zimmerer et al. Page 2

Transplantation. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In contrast to the tolerogenicity of whole liver transplants, we have reported that 

hepatocellular allografts are highly immunogenic. Allogeneic hepatocytes initiate CD8-

mediated rejection25–29 that is resistant to therapies that readily control CD4-dependent 

rejection responses25,26,30–32. Hepatocytes also initiate CD4-dependent (CD8-independent) 

antibody-mediated rejection mechanisms25–27,33–35. The dominant mechanism of rejection, 

though, differs with the engraftment site. Hepatocyte allografts transplanted to the host liver 

(via intrasplenic injection) initiate rapid rejection, which features strong allospecific CD8-

dependent cytotoxic responses. In contrast, transplantation of donor hepatocytes to the host 

kidney results in rapid rejection with a dominant humoral effector mechanism36. However, 

in these prior studies since hepatocytes were transplanted by intrasplenic injection, the 

failure to tolerize to alloantigens could have occurred due to priming in the spleen before 

engraftment in the liver. In order to investigate alloantigen-primed immune responses 

initiated in the liver microenvironment we investigated the kinetics, magnitude, CD4-

dependence and requirement for host lymph nodes of CD8-mediated allocytotoxic responses 

stimulated by allogeneic hepatocytes transplanted to the liver by direct portal injection.

Materials and Methods

Experimental animals

FVB/N (H-2q, Taconic, Hudson, NY), C57BL/6 (H-2b, Jackson, Bar Harbor, ME), CD4 KO 

(H-2b, Jackson), and LTα KO (H-2b, Jackson) mouse strains were used in this study. 

Transgenic FVB/N mice expressing human alpha-1 anti-trypsin (hA1AT) were the source of 

“donor” hepatocytes, as previously described37. Mice that were 6–9 weeks of age were used 

in experiments. All experiments were performed in compliance with the guidelines of the 

Institutional Animal Care and Use Committee of the Ohio State University (Protocol 

2008A0068-R2).

Hepatocyte transplantation and monitoring of hepatocyte survival

Hepatocyte isolation and purification were performed, as described previously25,37. 

Hepatocyte viability and purity was >95%. Donor hepatocytes were retrieved from FVB/N 

mice and transplanted into recipients by 3 different routes in these studies, including 

intrasplenic injection37, intraportal injection (injection into the portal vein distal to its 

confluence with the superior mesenteric vein), and kidney subcapsular injection36, as 

previously described. In all recipients, graft function was determined by serial detection of 

the secreted transgenic reporter product, hA1AT, in recipient serum25,37. The reporter 

protein hA1AT does not elicit an immune response and syngeneic, hA1AT-expressing 

hepatocytes survive long-term37.

Antibodies used for in vivo T cell subset depletion

Recipients were depleted of circulating CD4+ T cells using monoclonal antibody (GK1.5; 

Bioexpress Cell Culture Services, West Lebanon, New Hampshire) by intraperitoneal 

injection (250 μg, day -4, -2, 7, 14 relative to transplantation). CD8+ T cells were depleted 

by intraperitoneal injections (100 μg, day -4, -2, 7, 14 relative to transplantation; clone 

53.6.72; Bioexpress Cell Culture Services). Depletion was confirmed through flow 

cytometric analysis of recipient peripheral blood lymphocytes.
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In vivo cytotoxicity assay

Detection of in vivo cytolytic T cell function through clearance of Carboxyfluorescein 

Diacetate Succinimidyl Ester (CFSE; Molecular Probes, Eugene, OR) stained allogeneic and 

syngeneic target cells, as previously described38. No difference in cytotoxicity was observed 

when analyzing targets from the spleen or from the peripheral blood (data not shown).

Donor-reactive alloantibody titer

To quantify alloantibody titer, we analyzed the recipient serum using published methods39.

Statistical analysis

Graft survival between experimental groups was compared using Kaplan Meier survival 

curves and log-rank statistics (SPSS, Chicago, IL). For all other statistical calculations, a 1-

tailed Student’s t test was used. P<0.05 was considered significant. To demonstrate the 

distribution of the data, results are listed as the mean±standard error.

Results

Allogeneic hepatocytes transplanted into the liver immune environment elicit rapid 
rejection

To parallel the clinical hepatocyte transplantation route and to evaluate the effect of direct 

hepatocyte transplant to the recipient liver upon subsequent host immune responses, FVB/N 

hepatocytes were transplanted into wild-type (WT; C57BL/6) untreated recipient hosts 

through intraportal injection and monitored for graft survival. Intrasplenic transplant (the 

preferred route in published studies) was used as a control. Intraportal injection of 

hepatocytes into recipient mice resulted in rejection with a median survival time (MST) of 

10 days, similar to hosts receiving intrasplenic injection of hepatocytes (Figure 1). These 

data demonstrate that allogeneic hepatocytes transplanted into the liver either directly 

through the portal vein or indirectly through intrasplenic injection initiate 

immunostimulatory rather than immunotolerant responses resulting in rapid cell transplant 

rejection.

Kinetics, magnitude and persistence of CD8-mediated allocytotoxicity when allogeneic 
hepatocytes are transplanted to the liver by intraportal versus intrasplenic injection

Intrasplenic transplantation of allogeneic hepatocytes leads to maximal in vivo cytotoxic 

activity at 7 days posttransplant (90±2%). Cytotoxicity gradually decreases and returns to 

baseline levels by day 35 (day 14=26±4%, day 21=16±6%, day 35=7±2%; Figure 2A). 

Intraportal transplantation also results in high magnitude cell-mediated cytotoxicity at 7 days 

posttransplant (87±4%) but unlike after intrasplenic injection, allocytotoxicity persists 3 or 

more weeks beyond allograft rejection (day 14=93±3%, day 21=90±4%, day 35=72±13%). 

Day 7 allocytotoxicity in recipients of hepatocellular allografts transplanted by intraportal 

injection was abrogated (6±2%) by depletion of CD8+ T cells (anti-CD8 mAb; day 6 and 7 

posttransplant) indicating that CD8+ T cells mediate the observed high cytotoxicity (Figure 

2B). These data suggest that the liver immune environment supports the development of 

persistent, high magnitude CD8+ T cell-mediated cytotoxicity.
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CD8-mediated rejection after allogeneic hepatocyte transplant directly to the liver occurs 
independent of recipient peripheral lymphoid tissue

Previous studies have shown that CD8+ T cell priming by alloantigen in the liver results in 

apoptotic death of CD8+ T cells and non-productive effector function whereas priming in 

peripheral lymph nodes promotes competent CD8+ T cell effector function22,40. To 

determine if rejection of allogeneic hepatocytes transplanted to the liver by direct portal 

injection requires priming in peripheral lymph nodes, we assessed graft survival in recipients 

that lack lymph nodes (Ltα KO mice, H-2b). LTα KO recipients rejected hepatocyte 

allografts with kinetics similar to WT mice (MST=10 days; Figure 3A). To determine if the 

development of hepatocellular rejection required recipient splenic priming, immune 

responses in splenectomized recipients were analyzed. A splenectomy was performed at 

least 7 days prior to intraportal hepatocyte transplantation. Splenectomized hosts (WT and 

LTα KO) rejected hepatocyte allografts with a MST of 10 days, which is similar to rejection 

in respective recipients with intact spleens. Thus priming in the recipient spleen is not 

necessary for prompt rejection of allogeneic hepatocytes (transplanted directly to the liver) 

in either WT or LTα KO recipients. Furthermore, rejection of allogeneic hepatocytes 

transplanted directly to the liver occurs despite the absence of both recipient spleen and 

peripheral lymphoid tissue.

To determine the importance of the CD8-dependent rejection pathway in WT and LTα KO 

recipients which undergo allogeneic hepatocyte transplant by direct portal injection, 

hepatocellular allograft survival was monitored after depletion of CD8+ T cells. When CD8-

depletion occurs prior to transplant and continues posttransplant, this prevents development 

of CD8+ allo-CTLs and also leads to a heightened alloantibody response41. Under these 

conditions transplanted hepatocytes are rejected rapidly in CD8-depleted WT recipients 

(MST=day 14)26,27,33. However, when both CD4+ and CD8+ T cells are depleted in WT 

recipients, hepatocellular allograft survival is significantly prolonged (MST>30 days; Figure 

3A) and no alloantibody (titer=8±2; Figure 3B) nor in vivo cytotoxicity (0±0%; Figure 3C) 

is detected, consistent with the interpretation that hepatocyte rejection occurs by both 

alloantibody and CD8-dependent mechanisms in WT recipients. In contrast, CD8-depleted 

LTα KO recipients exhibit prolonged graft survival (MST>35 days; Figure 3A) and no 

alloantibody (titer= 13±3; Figure 3B) nor in vivo cytotoxicity (5±2%; Figure 3C). Thus 

rejection in LTα KO but not WT recipients is solely CD8-dependent.

Further, analysis of alloantibody titers in WT and LTα KO experimental groups revealed 

that while WT recipients had high alloantibody titers (titer=92±8), LTα KO recipients did 

not (titer=13±3; Figure 3B). Despite the spleen being an important immune locale of 

alloantibody-producing B cells41,42, the spleen is not required for alloantibody production as 

this pattern of alloantibody production in WT (titer=75±14) and absence of alloantibody 

production in LTα KO (titer=9±1) recipient groups persisted even after splenectomy. CD4+ 

T cell depletion of WT recipients, as expected, completely inhibited alloantibody production 

(titer=12±2). These data indicate that both CD4+ T cells and lymph nodes are critical for 

alloantibody production in response to hepatocyte transplant to the liver. Thus rejection in 

WT recipients reflects, in part, high alloantibody titers, whereas rejection in LTα KO 

recipients is entirely mediated by CD8+ T cells.
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In vivo allocytotoxicity (day 7) was readily detected in WT (87±4%), splenectomized WT 

(77±7%), LTα KO (53±6%), and splenectomized LTα KO recipients (34±5%) as compared 

to naïve controls (2±0.1%; Figure 3C). In vivo cytotoxicity following intrasplenic36 and 

intraportal transplantation was allospecific as in vivo cytotoxicity was not observed against 

third party targets (B10.BR, H-2k) (3±1%). In vivo allocytotoxicity was reduced in CD8-

depleted (spleen intact) WT recipients (45±12%) with residual allocytotoxicity correlating 

with high alloantibody levels (titer=1300±300, Figure 3B), as previously reported33. 

Altogether, these results indicate that secondary lymphoid tissue (lymph nodes and spleen) 

is not critical for the development of CD8-mediated allocytotoxicity or rejection of 

allogeneic hepatocytes transplanted directly into the host liver by intraportal injection. In 

contrast, humoral alloimmunity in response to allogeneic hepatocytes transplanted directly 

to the liver does not occur in the absence of host lymph nodes.

CD8-mediated rejection after allogeneic hepatocyte transplant directly to the liver occurs 
independent of recipient CD4+ T cells

We have previously reported using the intrasplenic transplant route that CD8+ T cells 

efficiently reject hepatocyte allografts in CD4-deficient hosts25,26,28,29. This has been 

reported using 3 models of CD4+ T cell deficiency, including CD4-depletion, genetically 

deficient recipients (CD4 KO), and CD8+ T cell reconstitution of SCID or Rag−/− hosts, with 

similar results25,26,37. To determine if CD4-independent, CD8+ T cell-dependent rejection 

responses are initiated within the liver, CD4-deficient hosts underwent intraportal 

transplantation of FVB/N hepatocytes. CD4-depleted WT recipients that underwent 

intraportal hepatocyte transplant had a mean graft survival time of 10 days (Figure 4A). The 

spleen is not required for CD8-mediated rejection as splenectomized CD4-depleted WT 

recipients rejected hepatocyte allografts with a mean survival time of 10 days. Similar graft 

rejection kinetics were also observed in splenectomized and nonsplenectomized CD4-

depleted LTα KO hosts suggesting that recipient lymph nodes and spleen are not required 

for CD4-independent, CD8-dependent rejection initiated in the liver microenvironment 

(MST=10 days). Rejection in CD4-depleted lymph node-deficient hosts was mediated by 

CD8+ T cells, as CD4-deficient LTα KO hosts depleted of CD8+ T cells do not reject 

hepatocyte allografts (Figure 4A). CD8-mediated in vivo allocytotoxicity (day 7) remained 

at readily detectable levels in CD4-depleted LTα KO recipients (32±4%) as well as for all 

other comparison groups, including CD4-depleted WT (68±6%), CD4-depleted 

splenectomized WT (43±2%), and CD4-depleted splenectomized LTα KO recipients 

(22±3%; Figure 4B). CD8-depletion in CD4-depleted LTα KO recipients abrogated 

allocytotoxicity (4±2%). These data are consistent with the interpretation that 

immunostimulatory responses initiated in the liver by allogeneic cell transplantation result in 

robust CD8-mediated allocytotoxicity and rejection which occurs even in the absence of 

lymph nodes and CD4+ T cells. However, in WT recipients which have intact lymph nodes, 

rejection occurs by CD4-dependent alloantibody production or CD8-dependent rejection 

since depletion of both CD4+ and CD8+ T cell subsets significantly prolongs graft survival 

and abrogates in vivo allocytotoxicity.
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Dominant CD4-dependent humoral immune rejection initiated by kidney subcapsular 
hepatocellular transplant requires intact peripheral lymph nodes

Kidney subcapsular hepatocellular transplant is known to initiate dominant CD4-dependent 

humoral alloimmunity and rejection36. In order to determine the importance of peripheral 

lymph nodes for alloprimed humoral immune responses and rejection after kidney 

subcapsular hepatocellular transplant, FVB/N hepatocytes (H-2q) were transplanted into the 

kidney subcapsular space of WT and LTα KO untreated recipients. Some recipients 

underwent splenectomy prior to transplantation. Spleen-intact and splenectomized WT 

recipients both developed detectable alloantibody (titer=270±60 and 210±40, respectively; 

Figure 5A) and rejected hepatocyte allografts with similar kinetics (MST=14 and 10 days, 

respectively; Figure 5B). These results indicate that the host spleen is not critical for 

alloantibody production or graft rejection following kidney subcapsular transplantation. 

However, alloantibody does not develop following kidney subcapsular transplantation in 

LTα KO recipients (spleen-intact, splenectomized, and CD8-depleted) (Figure 5A). 

Furthermore, kidney subcapsular (unlike intrahepatic) hepatocyte transplantation in LTα KO 

hosts resulted in significantly delayed rejection with MST=28 days (LTα KO vs. WT, 

MST=10 days; Figure 5B). In splenectomized LTα KO recipients, the survival time was also 

delayed (MST=49 days) but was not statistically different in comparison to spleen intact 

LTα KO hosts. Whereas CD8-depletion in WT recipients of kidney subcapsular transplants 

did not delay rejection (MST=13 days), CD8-depletion in LTα KO recipients of kidney 

subcapsular transplants resulted in long-term survival (MST>50 days, Figure 5B). CD8-

depleted WT recipients had high alloantibody levels (titer=3300±600), whereas CD8-

depleted LTαKO did not (titer=13±3; Figure 5A). Altogether, these results are consistent 

with the interpretation that, unlike hepatocytes transplanted to the liver, recipient lymph 

nodes are critical for priming of immune responses after kidney subcapsular hepatocyte 

transplant and results in the stimulation of a dominant humoral alloimmune response and a 

secondary delayed CD8-mediated immune response.

CD8-mediated in vivo cytotoxicity on day 7 was significantly lower following kidney 

subcapsular transplantation (35±2%; Figure 5C) as compared to intraportal transplantation 

in WT recipients (87±4%; Figure 3C). Unlike WT recipients which received hepatocyte 

transplant by intraportal injection (Figure 2B), CD8-depletion did not abrogate peak in vivo 

cytotoxicity (day 7) in WT kidney subcapsular recipients (59±3%; Figure 5C) and 

allocytotoxicity in these recipients corresponded with high alloantibody (titer=3300±600, 

Figure 5B). Allocytotoxicity in WT kidney subcapsular recipients was readily detectable 

despite the absence of host spleen (36±5% in splenectomized WT recipients). However, in 

vivo cytotoxicity (day 7) was negligible in all LTα KO kidney subcapsular recipient groups 

[untreated (6±1%), splenectomized (5±1%), or CD8-depleted (4±2%)]. Collectively, these 

data suggest that whereas intrahepatic allogeneic cell transplant stimulates robust and unique 

CD8-mediated allocytotoxicity and rejection which does not depend on priming by CD4+ T 

cells or host lymph nodes, other sites such as kidney subcapsular transplantation stimulates 

humoral alloimmunity and rejection, which depends on CD4+ T cells and host lymph nodes. 

Our data also underscore the importance of, peripheral lymph nodes to the priming of host 

humoral alloimmune responses but not to CD8-mediated alloimmune responses which are 

primed in the liver.
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Discussion

Both the current experimental studies and clinical experience highlight that hepatocytes can 

be successfully transplanted either by intraportal or by intrasplenic injection13,17–19. 

However, despite reports that the liver immune environment may lead to poor CD8+ T cell 

activation and apoptosis contributing to tolerance induction43, we report here that allogeneic 

hepatocytes are highly immunogenic and are rejected rapidly, in a CD8-dependent manner. 

In fact, intraportal transplant of allogeneic hepatocytes results in high magnitude CD8-

mediated in vivo allocytotoxicity which persists much longer than in recipients transplanted 

by intrasplenic injection. However, this enhanced primary response does not necessarily 

correlate with changes in CD8+ T cell memory responses since CD8+ T cell memory 

phenotypes are similar for intrasplenic and intraportal hepatocyte transplant recipients 

(unpublished observations). Intrahepatic CD8-mediated allocytotoxicity (and hepatocyte 

rejection) following intraportal injection occurs even in the absence of CD4+ T cells and 

lymphatic structures (including peripheral lymph nodes, Peyer’s patches, and spleen). These 

data are consistent with the concept that the liver immune environment supports unique 

(CD4-independent) CD8-mediated alloantigen-specific cytotoxic responses which are high 

magnitude and long-lived. This was unexpected since a large body of literature underscores 

that the maturation of conventional cytotoxic CD8+ T cells in response to tumor antigen or 

infection, is dependent on both CD4+ T cells and priming in lymph nodes44–46. In the 

current study, the development of this CD4-independent, cytotoxic CD8+ T cell response 

and rejection primed within the liver immune environment is unique in comparison to T cell-

dependent rejection in other transplant models including skin, heart, intestine, islet cell 

(kidney subcapsular injection), and graft versus host disease. In these other transplant 

models, graft rejection is highly dependent on peripheral lymphoid tissue as shown by 

studies which report significantly reduced alloimmune responses and delayed rejection in 

the absence of secondary lymph nodes and the spleen47–50. These disparate outcomes for 

hepatocyte compared to other allografts likely reflect the differences in the immune 

environment of the liver and other sites as well as differences in tissue immunogenicity34. 

For example, we have previously reported that CD4+ T cell depletion of islet transplant 

recipients (whether transplanted by intraportal or kidney subcapsular route) in the same 

MHC recipient/donor combination as hepatocyte transplant recipients in the current study 

results in prolonged allograft survival (>70 days)51. These long-term surviving islet 

allografts remain susceptible to rejection since, adoptive transfer of alloreactive CD4-

independent CD8+ T cells (stimulated by hepatocyte transplant) results in rejection52.

Unique features of the liver immune environment include the abundance of CD8+ T cells 

trafficking through the organ, the unusually high proportions of resident immune 

populations such as NK, NKT cells, and tissue specific antigen presenting populations 

(hepatic stellate cells, liver sinusoidal endothelial cells, dendritic cells, Kupffer cells), and 

possible direct interactions of the trafficking CD8+ T cells with engrafted hepatocytes10,53. 

Pillarisetty et al. reported that while bulk liver dendritic cells are less able to stimulate CD8+ 

T cell activation than spleen dendritic cells, 20% of the liver’s native dendritic cells are 

equally capable of T cell activation as their splenic counterparts54. In contrast, the kidney 

does not harbor large populations of CD8+ T cells or recruit CD8+ T cells, and is generally 
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populated by fewer immune cells in comparison to the liver. Additionally, the rejection 

response to transplants in the kidney site, in contrast to the liver site, is associated with a 

dominant humoral alloimmune responses and significantly lower magnitude of CD8+ T cell 

cytotoxicity36.

Alloantibody production exhibited critical dependence on the presence of both CD4+ T cells 

and lymph nodes following both intraportal and kidney subcapsular transplantation. This is 

likely due to the requirement of germinal center formation and cytokine-mediated help for B 

cell activation and antibody production55,56. These factors account for the differential 

requirement for lymph nodes in rejection depending on whether allogeneic hepatocytes were 

directly transplanted to the liver (CD8+ T cell dominant rejection, lymph node-independent) 

or kidney subcapsular space (alloantibody dominant rejection, lymph node-dependent). 

Alloantibody also accounts for differences observed for the in vivo allocytotoxicity results in 

WT and CD8-depleted recipients. When WT recipients are depleted of CD8+ T cells, 

alloantibody production is heightened and corresponds with in vivo alloantibody-dependent 

macrophage-mediated cytotoxicity33. We have previously reported that the enhanced amount 

of alloantibody production observed in CD8-depleted WT recipients occurs due to the 

depletion of CD8+ T cells which downregulate alloantibody production35 in part by killing 

antibody producing B cells posttransplant41.

We hypothesize that CD8+ T cells are directly activated in the liver by allogeneic MHC I 

expressed on transplanted hepatocytes. This is consistent with findings by others that allo-

MHC I is sufficient to activate CD8-mediated responses57. Likewise, CD8+ T cell activation 

within the liver is further supported by in vitro and in vivo studies that suggest hepatocytes 

directly activate CD8+ T cells in response to bacterial and viral peptides presented by 

hepatocyte self MHC Class I24,58. Allogeneic hepatocytes could also transfer allogeneic 

MHC I to liver antigen presenting cells through exosomes, as in reports that hepatocytes 

release exosomes that can be absorbed by other hepatocytes59 and may enhance the activity 

of dendritic cells60. Allogeneic MHC I cross-dressed onto host antigen presenting cells 

could also sufficiently activate CD8+ T cells61 and induce rejection. Another possible 

explanation for the development of strong CD8+CTL function and CD8-mediated rejection 

of intrahepatic hepatocellular transplants (despite lack of secondary lymphoid organs and 

CD4+ T cells) is that the liver can develop tertiary lymphoid tissues called portal tract-

associated lymphoid tissue, or PALT. PALT forms as the result of the infiltration of 

extrahepatic dendritic cells, B cells, T cells, and vascular cells62,63. It has previously been 

demonstrated that tertiary lymphoid structures can develop rapidly64 and are able to support 

activation of CD8+ T cells65. Furthermore, Hofmann et al. has hypothesized that, 

evolutionarily, the liver served as a surrogate lymphoid organ and may represent a remnant 

before lymph nodes developed66.

Some limitations of this study include the use of LTα KO mice. LTα KO hosts have been 

shown to be deficient in TNF-α, a proinflammatory cytokine with critical roles in immune 

stimulation and cell apoptosis67. However, Liepinsh et al. showed that the decreased TNF-α 
expression in LTα KO mice was limited to myeloid cells, and T cells exhibited normal TNF-

α expression67. Since CD8-mediated rejection is not impeded in CD4-depleted LTα KO 

recipients, it can be inferred that the decreased myeloid expression of TNF-α in LTα KO 
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mice does not significantly interfere with CD8+ T cell development or effector activity. 

Another consideration is the secretion of hA1AT by transgenic hepatocytes. It has been 

previously reported that high dose hA1AT administration (4 mg68) can significantly reduce 

mortality associated with graft versus host disease or delay islet transplant rejection 

(multiple doses of 1–2 mg69,70). However, this does not appear to be the case with the 

current studies since transplanted transgenic hepatocytes are readily rejected. Furthermore, 

transgenic hepatocytes secrete comparatively much smaller amounts of hA1AT into the 

serum (0.01–0.05 mg/mL) well below the “therapeutic” serum levels of hA1AT (0.5–1 

mg/mL) associated with immunoregulatory effects reported in other studies.

Despite experimental evidence for portal venous tolerance induction12, the current studies 

indicate that robust CD8-dependent alloimmune responses and cell transplant rejection occur 

when allogeneic cells are transplanted directly to the liver by intraportal injection. Clinical 

experience to date with hepatocyte or islet transplant to the liver demonstrate the failure to 

achieve long-term cellular allograft survival despite the use of conventional 

immunosuppression. Thus, in contrast to the immunotolerant theory of the liver 

microenvironment which would predict the need for minimal immunosuppression, the 

current studies highlight the need to develop more effective immunotherapeutic strategies to 

target both unique CD8-mediated immune responses primed in the liver and conventional 

alloimmune rejection pathways13,17,18,71.

Nonstandard Abbreviations

hA1AT human alpha-1 antitrypsin

Splx splenectomy

MST median survival time

Ltα KO lymphotoxin-alpha knockout

WT wild-type
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Figure 1. Allogeneic hepatocytes elicit rapid rejection whether transplanted directly (intraportal) 
or indirectly (intrasplenic) to the liver microenvironment
FVB/N (H-2q) hepatocytes were transplanted into untreated wild-type (WT; H-2b) recipients 

by intraportal injection (n=10) or by intrasplenic (n=15) injection. Graft rejection occurred 

promptly in both recipients transplanted directly to the liver by intraportal injection and 

those transplanted by conventional intrasplenic injection (MST=10 days, p=ns).
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Figure 2. Alloimmunity initiated by hepatocellular transplantation directly (intraportal 
injection) to the liver induces high magnitude and persistent CD8-medated in vivo 
allocytotoxicity
FVB/N hepatocytes (H-2q) were injected into untreated wild-type hosts (WT; H-2b) by 

intraportal injection or by intrasplenic injection. A) Allospecific in vivo cytotoxic effector 

activity was measured serially following transplantation, in both recipient groups. Both 

groups developed high magnitude cytotoxicity by 7 days posttransplant (intraportal=87±4%, 

intrasplenic=90±2%), but intraportal injection uniquely resulted in sustained cytotoxic 

activity beyond the time of graft rejection (day 14=93±3%, day 21=90±4%, day 

35=72±13%), whereas recipients receiving intrasplenic injection showed a sharp decrease in 

cytotoxicity following graft rejection (day 14=26±4%, day 21=16±6%, day 35=7±2%; 

p<0.01 for all time points, signified by “*”). Each data point represents n=4–6 animals per 

time point. B) CD8+ T cell depletion using monoclonal antibodies on days 6 and 7 

posttransplant, 48 hours prior to the in vivo cytotoxicity assay (day 7 posttransplant), 

eliminated the cytotoxic effector function in hepatocyte recipients (6±2%; p<0.001, signified 

by “*”; n=4) demonstrating that in vivo effector function in hepatocyte recipients is CD8-

mediated. The error bars represent standard error.
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Figure 3. Rejection of allogeneic hepatocytes transplanted directly to the liver (intraportal 
injection) readily occurs in the absence of recipient peripheral lymphoid tissue
FVB/N hepatocytes (H-2q) were transplanted through intraportal injection into untreated 

wild-type hosts (WT; n=10), WT hosts with previous splenectomy (splx; n=6), LTα KO 

hosts (lacking peripheral lymph nodes; n=6), and LTα KO hosts with previous splenectomy 

(n=6; all H-2b). A) Graft rejection occurred with similar kinetics in all groups (MST=10 

days; p=ns). CD8-depletion did not prolong graft survival in WT recipients (MST=day 14, 

n=4), whereas graft survival was significantly prolonged in CD8-depleted LTα KO 

recipients (MST>30; p<0.001; n=3). Prolonged graft survival was observed in WT recipients 

only following both CD4- and CD8-depletion (MST>30; p<0.001; n=4). B) Alloantibody 

production was evaluated in recipient mice on day 14 following transplantation. Following 

intraportal transplantation, WT recipients developed significant levels of alloantibody 

(titer=92±8; n=6) which was abrogated in CD4-deficient recipients (titer=12±2; n=5; 

p<0.001, signified by “*”) but remained intact despite splenectomy (splx; titer=75±14; n=4; 

p=ns). Significantly higher levels were observed following CD8-depletion in WT recipients 

(titer=1300±300, n=3, p<0.001 as compared to WT recipients, as signified by “**”). 

Alloantibody production was abrogated in WT recipients following CD4- and CD8-

depletion (titer=8±2). Alloantibody was not detected in any lymph node deficient hosts (LTα 
KO; titer=13±3; n=4), LTα KO with splenectomy (splx; titer=9±1; n=4), or CD8-depleted 

LTα KO recipients (titer=13±3; n=3; p<0.001 for all groups compared to WT recipients, 

signified by “***”). The dotted line represents naïve serum control. C) CD8-mediated in 

vivo allocytotoxicity was readily detected in WT (87±4%; n=7), splenectomized WT 

(77±7%; n=4), LTα KO (53±6%; n=3), and splenectomized LTα KO recipients (34±5%; 

n=3) as compared to naïve controls (2±0.1%; p<0.01 for all, signified by “*”). In vivo 

cytotoxicity was significantly reduced but still detectable in CD8-depleted WT recipients 

(45±12%; n=3; p=0.04 compared to WT, signified by “**”). Cytotoxicity was only 
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abrogated in WT recipients following both CD4- and CD8-depletion (0±0%; p<0.001). In 

contrast, CD8-depletion abrogated in vivo cytotoxicity in LTα KO recipients (5±2%; n=3; 

p=0.004, signified by “***”).
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Figure 4. Hepatocyte transplant directly to the liver (intraportal injection) elicits CD8-dependent 
rejection (but not alloantibody production) in the absence of CD4+ T cells and peripheral 
lymphoid tissue
FVB/N hepatocytes (H-2q) were transplanted to the liver by intraportal injection into CD4-

deficient wild-type (WT), LTα KO and/or splenectomized (splx) hosts. A) Rejection kinetics 

were unchanged in the absence of host CD4+ T cells in WT, LTα KO and/or splenectomized 

hosts. Allogeneic hepatocytes were rejected with similar rapid kinetics in CD4-depleted 

(wild type) hosts (MST=10 days), CD4-depleted hosts with splenectomy (MST=10 days), or 

CD4-depleted LTα KO hosts with splenectomy (in the absence of both host lymph nodes 

and spleen) (MST=10 days; p=ns; n=5–6 samples per condition). Following CD8-depletion, 

splenectomized CD4-deficient WT (n=4) and LTα KO recipients (n=3) exhibit long-term 

survival of transplanted hepatocytes (MST>30 days; p=0.002). B) CD8-mediated in vivo 

allocytotoxicity was detected in CD4-depleted WT (68±6%; n=4), CD4-depleted 

splenectomized WT (43±2%; n=3), CD4-depleted LTα KO recipients (32±4%; n=5), and 

CD4-depleted splenectomized LTα KO recipients (22±3%; n=4; p<0.005 for all groups 

compared to naïve control, signified by “*”). Following CD8-depletion, allocytotoxicity was 

abrogated in CD4-depleted WT (0±0%; n=4) and CD4-depleted LTα KO recipients (4±2%; 

n=3; p<0.008, signified by “**” compared to CD4-deficient recipients).
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Figure 5. Dominant humoral alloimmunity elicited by kidney subcapsular hepatocyte 
transplantation is critically dependent on CD4+ T cells and peripheral lymphoid tissue
FVB/N hepatocytes (H-2q) were transplanted to the kidney subcapsular site in untreated 

wild-type (WT) hosts, WT hosts with previous splenectomy, untreated lymph node deficient 

hosts (LTα KO), and LTα KO hosts with previous splenectomy (all H-2b). A) Alloantibody 

production was evaluated in recipient mice on day 14 following transplantation. Following 

kidney subcapsular transplant, WT recipients (titer=270±60; n=5) and splenectomized WT 

recipients (titer=210±40; n=3) produced significant amounts of alloantibody. Significantly 

higher alloantibody levels were observed following CD8-depletion in WT recipients 

(titer=3300±600, n=3, p<0.001 as compared to WT recipients, as signified by “*”). 

Alloantibody levels were minimal in LTα KO (titer=10±1; n=3), splenectomized LTα KO 

recipients (titer=13±3; n=3), and CD8-depleted LTα KO recipients (titer=13±3; n=3; p<0.02 

for all comparisons, as signified by “**”). The dotted line represents naïve serum control. B) 
Rejection of allogeneic hepatocytes after transplant to the kidney subcapsular site was not 

delayed in the absence of host spleen alone (WT splx, MST=10 days compared to MST=14 

days for WT; p=ns). Rejection was significantly delayed in the absence of host lymph nodes 

(LTα KO, MST=28 days; p=0.001 relative to WT), in the absence of both host lymph nodes 

and spleen (LTα KO splx MST=49 days; p=0.002 relative to WT; p=ns relative to LTα KO; 

n=5–6 samples per condition), and in CD8-depleted LTα KO recipients (long-term survival, 

MST>50 days, n=3, p<0.001). C) In vivo allocytotoxicity was detected in WT (35±2%; 

n=3), splenectomized WT (36±5%; n=3), and CD8-depleted WT kidney subcapsular 

recipients (59±3%; n=3; p<0.002 compared to naïve control). In vivo cytotoxicity was 

negligible in all LTα KO recipients (6±1%; n=3), including splenectomized (5±1%; n=3) or 

CD8-depleted LTα KO recipients (4±2%; n=3; p=ns for all compared to naïve control).
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