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Abstract
We have previously reported that CD8+ T cells significantly influence antibody production based
on the observation that post-transplant alloantibody levels in CD8-deficient murine hepatocyte
transplant recipients are markedly enhanced. However, the precise mechanism(s) contributing to
enhanced alloantibody production in the absence of CD8+ T cells is not understood. We
hypothesized that alloactivated CD8+ T cells inhibit antibody production by skewing towards a
pro-inflammatory cytokine profile; whereas, when these cells are absent, an anti-inflammatory
cytokine profile shifts the alloimmune response towards alloantibody production. To investigate
this possibility, alloantibody isotype profiles were examined in CD8-deficient and wild-type
hepatocyte recipients. We found that IgG1 (IL-4-dependent isotype) was the dominant
alloantibody isotype in wild-type recipients as well as in CD8-deficient recipients, although the
amount of alloantibody in the latter group was substantially higher. Utilizing real-time PCR we
found that CD4+ T cells from wild-type recipients significantly upregulated IFN-γ but not IL-4
mRNA. In contrast, in the absence of CD8+ T cells, CD4+ T cells switched to significantly
upregulate IL-4 mRNA, while IFN-γ was downregulated. IL-4 KO mice do not produce any post-
transplant alloantibody. However, adoptive transfer of wild-type CD4+ T cells into CD8-depleted
IL-4 KO mice restores high alloantibody levels observed in CD8-depleted wild-type recipients.
This suggests that IL-4-producing CD4+ T cells are critical for post-transplant alloantibody
production. Additionally, this CD8-mediated regulation of post-transplant alloantibody production
is IFN-γ-dependent. Further elucidation of the mechanism(s) by which CD8+ T cells influence
antibody production will significantly contribute to development of therapies to manipulate
humoral responses to antigen.
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Introduction
Transplantation has become the treatment of choice for end stage liver, renal, cardiac, and
pulmonary disease. This modality of treatment can be life saving and in the cases of renal
transplantation can vastly improve quality of life and prolong survival. The vast majority of
current immunosuppressive treatments focus on inhibition of function and proliferation of
alloreactive T cells central to the transplant rejection process. Despite the improvement in
short-term graft survival, the half-life of transplants has remained the same due to chronic
rejection, which represents the main cause of long-term graft failure (1,2). Current
experimental and clinical data implicate alloantibodies as important mediators of both acute
and chronic rejection (3-6). Acute humoral graft rejection has emerged as an important
cause of early graft dysfunction and is often more severe and resistant to immunotherapy
than conventional T cell-mediated rejection responses (7,8). Interestingly, transplant patients
treated with immunosuppressants which inhibit T cell function still develop or are at risk for
antibody-mediated rejection (9). Antibody-mediated allograft rejection and conditions which
promote humoral immunity post-transplant are not well understood despite their critical
impact on transplant outcomes.

In experimental models, post-transplant alloantibody, which is critical to acute humoral
rejection, is MHC-directed (10,11). While it is generally appreciated that CD4+ T cells and
B cells collaborate for antibody production, we and others have noted a novel inhibitory
function of CD8+ T cells manifested by the negative regulation of antibody production.
Depletion of CD8+ T cells has been shown to significantly increase antigen specific
antibody production in models of transplantation, allergy, bacterial infection, viral infection,
and platelet transfusion (12-19). In our model, alloantibodies mediate in vivo allospecific
cytotoxicity and acute hepatocellular allograft damage by a macrophage-dependent
mechanism (20). We have also noted that IFN-γ critically inhibits alloantibody production,
as alloantibody is significantly upregulated in IFN-γ KO recipient mice (12). It is well
established that pro-inflammatory cytokines, such as IFN-γ, are produced by allo-activated
CD8+ T cells (and other cells) that mediate inflammation and allograft rejection (21,22).
IFN-γ is also known to antagonize IL-4-induced B cell proliferation and IgG1 and/or IgE
class switching (23,24).

Since CD8+ T cells are known major producers of pro-inflammatory Th1-like cytokines,
such as IFN-γ, CD8+ T cell depletion could result in a skewing towards a Th2-like cytokine
dominant profile as has been suggested by Chan et al. (16). Therefore, we hypothesized that
IFN-γ-producing CD8+ T cells may inhibit alloantibody production by skewing the immune
response towards a pro-inflammatory dominant cytokine profile and, when they are absent,
the anti-inflammatory dominant cytokine profile may drive alloantibody production of a
given isotype. In order to explore this possibility, we evaluated alloantibody isotype and
cytokine profiles in wild-type and CD8-deficient transplant recipients to identify a potential
mechanism to explain the increased alloantibody produced when CD8+ T cells are absent.

Alloantibody isotype profiles in CD8 KO recipients showed that allospecific IgG1 (IL-4-
dependent isotype) accounts for the majority of the increased alloantibody produced post-
transplant. CD4+ T cells from wild-type recipients demonstrated an IFN-γ-dominant
cytokine profile, while CD4+ T cells from CD8-deficient recipients switched to an IL-4-
dominant cytokine profile. Unlike wild-type and CD8 KO transplant recipients that produce,
primarily, an IgG1 alloantibody profile, IL-4 KO recipients revealed no alloantibody
production post-transplant indicating that IL-4 is essential for IgG1 alloantibody production
in this model. In contrast, IFN-γ KO recipients have an enhanced IgG1 alloantibody
response. Following the adoptive transfer of wild-type CD8+ T cells into IFN-γ KO
recipients, alloantibody is downregulated. Furthermore, adoptive transfer of IFN-γ KO
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CD8+ T cells into CD8 KO mice does not reduce alloantibody production, suggesting a
critical role of IFN-γ-producing CD8+ T cells in the negative regulation of alloantibody
production. Understanding the mechanisms of alloantibody production and regulation are
necessary to develop novel diagnostic tools and targeted immunotherapeutic strategies to
avoid alloantibody-mediated graft damage. Additionally, these results may be widely
applicable to developing strategies to minimize immune responses to allergens or optimize
responses to vaccination or infection.

Materials and Methods
Experimental animals

FVB/N (H-2q MHC haplotype, Taconic) and C57BL/6, CD8 KO, IL-4 KO, and IFN-γ KO
(all H-2b, Jackson Labs) mouse strains (all 6-9 weeks of age) were used in this study.
Transgenic FVB/N mice expressing human alpha-1 antitrypsin (hA1AT) were the source of
“donor” hepatocytes, as previously described (25). All experiments were performed in
compliance with the guidelines of the Institutional Laboratory Animal Care and Use
Committee of The Ohio State University (Protocol 2008A0068).

Hepatocyte isolation, purification, and transplantation
Hepatocyte isolation and purification was completed, as previously described (25), by
perfusing the liver with a 0.09% EGTA-containing calcium-free salt solution. The liver was
then perfused with a 0.05% collagenase solution (type IV; Sigma Aldrich, St. Louis, MO) in
1% albumin. Liver tissue was minced, filtered, and washed with RPMI 1640 containing 10%
fetal bovine serum. Hepatocytes were purified on a 50% Percoll gradient (Pharmacia
Biotech, Uppsala, Sweden). Hepatocyte viability and purity has been determined to be
consistently >95%. The hepatocytes were transplanted into recipient mice via intrasplenic
injection with subsequent circulation of hepatocytes to the liver where they engraft and can
be detected by immunohistochemical staining. Survival of transgenic donor hepatocytes was
determined by serial measurement of recipient serum hA1AT levels. As previously reported,
allogeneic hepatocytes are promptly rejected whereas syngeneic transgenic hepatocytes
survive indefinitely. Similarly allogeneic hA1AT-hepatocytes survive indefinitely in
immunodeficient SCID mice. Though in some cases the liver has been associated with
immune tolerance, we have reported that allogeneic hepatocytes are highly immunogenic
and elicit immune responses that are resistant to suppression by conventional
immunosuppression (26). We have reported that hepatocyte rejection in this model occurs
by both CD4-dependent and CD8-dependent pathways (12). The reporter protein hA1AT
does not elicit an immune response which adversely affects hepatocyte survival since
syngeneic, hA1AT-expressing hepatocytes survive long term (25).

CD8+ T cell depletion
Wild-type mice were given IP injections of 100 μg anti-CD8 antibody on day -1 and -2 prior
to transplant (clone 53.6.72; Bioexpress Cell Culture Services, West Lebanon, New
Hampshire).

Assay of total antibody
Host serum was collected on day 14 after transplant and assayed for specific IgG isotypes
(IgG1, IgG2a, and IgG3) and IgE of antibody using ELISA. In brief, 96-well plates were
coated with 2 μg/ml of goat anti-mouse IgG or goat anti-mouse IgE (eBioscience) in
Phosphate Buffered Saline (PBS) with 0.02% azide overnight at 4°C. Plates were then
blocked for non-specific binding with 20% FBS (PBS) at 37°C for 1 hr. To analyze IgG1,
IgG2a, IgG2b and IgG3, serum from B6 and CD8 KO recipients was diluted from a range of
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1 μg/ml to 0.5 ng/ml using 1:2 serial dilutions. The range of dilution for IgE was 50 μg/ml to
0.1 μg/ml. Specific binding was detected with goat anti-mouse IgG bound to alkaline
phosphatase and developed with p-nitrophenyl phosphate substrate (PNPP, Sigma).
Immunosorbance was detected at 460 nm. Quantitative measurement of IgG isotypes and
IgE in serum of transplant recipients was determined by fold differences compared to
amounts detected in control serum of naïve mice.

Assay of allospecific antibody
Antibody IgG isotypes from recipient serum was tested for allospecificity first by incubation
with allogeneic FVB/N target splenocytes. The percent binding of alloantibody isotypes
IgG1, IgG2a, IgG3, and total IgG to splenocyte targets was determined by a second
incubation with FITC-conjugated goat anti-mouse IgG Fc (Organon Teknika, Durham, NC)
or anti-mouse IgG isotypes (Invitrogen, Carlsbad, CA) and analysis by flow cytometry.
Alloantibody level is represented as the percentage of target cells labeled by secondary
fluorescent antibody as described previously (12). Positive controls for the assay were
created by tagging allogeneic splenocytes with antigen specific (i.e., anti-CD8 mAb)
antibodies of a known isotype (IgG1, IgG2a, and IgG3). All positive controls exhibited high
percentile binding (data not shown).

CD8+ and CD4+ T cell isolation and purification
Isolation and purification of CD8+ T cells and CD4+ T cells was performed for each subset
by negative selection columns as per the manufacturer's recommendations (R&D Systems,
Minneapolis, MN). Briefly, a monoclonal antibody cocktail was added to isolated
splenocytes to negatively select CD8+ T cells or CD4+ T cells. The cells were added to the T
cell Subset Column, incubated, and eluted with column buffer. The purity of the recovered
cells ranged from 90% to 95%.

Semi-quantitative Real-Time PCR of IFN-γ and IL-4 levels
Following Trizol extraction and RNeasy purification (Qiagen, Valencia, CA), 2 μg of total
RNA were reverse transcribed. The resulting cDNA was used as a template to measure gene
expression by real-time PCR and performed as described elsewhere (27). For real-time PCR,
a common master mix (LightCycler-FastStart DNA SYBR Green I), MgCl2 (concentration
adjusted to specific primer), 0.5 μM gene-specific primer, and 1.0 μl of cDNA were used at
a final reaction volume of 10 μl (Roche, Basel, Switzerland). For each gene the following
cycling protocol was used: 95°C for 10 min followed by 40 cycles of denaturing at 95°C for
15 s, a gene-specific annealing temperature for 2 s, and a 58°C extension for 20 s. IFN-γ
(sense primer 5′-GCTCTGAGACAATGAACGCT-3′ and antisense 5′-
AAAGAGATAATCTGGCTCTGC-3′) and IL-4 (sense primer 5′-
TCGGCATTTTGAACGAGGTC-3′ and antisense 5′-GAAAAGCCCGAAAGAGTCTC-3′)
were evaluated within wild-type and CD8 KO hepatocyte recipient mice (Integrated DNA
Technologies, San Diego, CA). Mouse β-actin (sense primer 5′-
TGGAATCCTGTGGCATCCATGAAAC-3′ and antisense 5′-
AAAACGCAGCTCAGTAACAGTCCG-3′) was used as a normalization control. The gene-
specific cDNA expression was evaluated by comparing cDNA from recipient mice to their
respective naïve controls. Real-time PCR samples were performed in triplicate and analyzed
using the Roto-Gene 2000 real-time cycler (Phoenix Research Products, Phoenix, AZ).

Statistical analysis
Statistical calculations were performed using a one-tailed Student's t test to analyze
differences between experimental groups. P<0.05 was considered significant. To
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demonstrate the distribution of the data, results are listed as the mean plus or minus the
standard deviation.

Results
CD8+ T cells downregulate the production of alloantibody

We have previously reported that following transplantation of allogeneic FVB/N (H-2q)
hepatocytes, the production of alloantibodies detected in the serum of CD8-deficient (CD8
KO or CD8-depleted, H-2b) mice is significantly increased when compared to wild-type
(H-2b) recipients and naïve (non-transplanted) controls (12,20). To verify that CD8+ T cells
are integral to this observation, CD8+ T cells were adoptively transferred (10×106 cells i.v.)
to CD8 KO mice prior to hepatocyte transplant (day -1 or 0) and serial serum samples were
collected for measurement of alloantibody levels. We found that the alloantibody response is
significantly downregulated in CD8 KO recipients adoptively transferred with CD8+ T cells
(27.0±11.1% vs. 90.1±8.7%; p<0.0001, Figure 1A). These results are consistent with the
hypothesis that CD8+ T cells significantly regulate the level of alloantibody production
following transplantation.

Although alloantibody production is higher in CD8-deficient mice on day 14 as compared to
CD8-sufficient mice, it was unclear if this difference was due to differential kinetics of
alloantibody production post-transplant between the two groups. To analyze this possibility,
we quantified serum alloantibody levels over the course of 42 days in both wild-type and
CD8 KO recipient mice. Serum was collected and analyzed for alloantibody production as
previously described (12). Alloantibody was detectable within CD8 KO mice on day 7
following transplantation and was maximal by day 14 (98.4±0.4%; Figure 1B). Serum from
wild-type recipients had significantly less alloantibody 14 days post-transplant (28.8±12.1%;
p=0.040); maximal alloantibody production also occurred on day 14 following transplant.
Alloantibody levels in wild-type and CD8 KO recipients begin to progressively decline after
days 14 and 21, respectively. Thus it appears that the difference in quantity of post-
transplant alloantibody production in CD8-deficient and CD8-sufficient recipients is not
attributable to differences in the kinetics of alloantibody production.

It is also unclear if the presence of CD8+ T cells rapidly kill the hepatocytes, thereby
eliminating the source of alloantigen required for generation of the alloantibody response.
Upon analyzing recipient serum hA1AT levels to measure allogeneic hepatocellular graft
survival, we found that there is no statistically significant difference in hA1AT levels
between our CD8 KO and wild-type recipients on day 7 following transplantation
(Supplemental Figure 1A). However, to address this further, we have performed a second
sequential hepatocyte transplant into wild-type recipients and measured subsequent
alloantibody production compared to CD8-depleted WT recipients with only one hepatocyte
transplant. Wild-type recipients that underwent a successive transplant on day 5 had
superimposable serial hA1AT levels as a CD8-depleted wild-type mouse following a single
transplant (Supplemental Figure 1B). Nevertheless, the same marked differences in serum
alloantibody were noted in WT versus CD8-depleted WT recipients (Supplemental Figure
1C). These data support the contention that the differences in amounts or persistence of
alloantigen does not contribute to the enhanced alloantibody response in CD8-deficient
recipients. We next addressed the possibility that CD8+ T cells, through influence on the
pro-inflammatory/inflammatory cytokine balance, skew the immune response away from
humoral immunity.
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Post-transplant alloantibody isotype analysis reveals an IgG1-dominant profile
If CD8+ T cells influenced the amount of alloantibody produced by skewing towards a pro-
inflammatory cytokine balance, then, in their absence, we would predict that a relatively
anti-inflammatory Th2-type cytokine milieu would develop, driving the production of Th2-
isotype dominant alloantibody responses. We next determined the isotypes of post-transplant
alloantibodies in the presence or absence of CD8+ T cells. Serum total antibody was tested
for alloantibody isotypes IgG1, IgG2a, IgG3 and IgE by ELISA. Serum from CD8 KO
transplant recipients was found to have significant enhancement of IgG1 (5.07±0.71 fold;
p<0.002) isotype, but not IgG2a, IgG3, or IgE as compared to naïve control mice. Wild-type
transplant recipients also exhibited elevated IgG1 levels (1.8±0.5 fold; p=0.020), but to a
significantly lesser degree than CD8 KO recipients (Supplemental Figure 2; p<0.0001). To
determine the post-transplant antibody allospecificity, we performed a flow cytometric
analysis using allogeneic target splenocytes. Serum from wild-type and CD8 KO transplant
recipient mice was diluted (1:10 or 1:500) and incubated with splenocytes harvested from
allogeneic FVB/N mice. Naïve serum from wild-type and CD8 KO mice served as negative
controls. The binding percentage of total IgG and IgG isotypes including IgG1, IgG2a, and
IgG3 to allogeneic splenocytes was measured using FITC labeled secondary antibodies. As
previously noted, there was an increase in total alloantibody in the serum from CD8 KO
transplant recipients. As predicted, there was a dominant antibody isotype which was
allospecifc (IgG1 subtype) and significantly enhanced in amount in CD8-deficient recipients
(94.5±3.7%) compared to serum from both naïve (1.0±0.1%) and wild-type recipient mice
(6.9±0.6%) at the 1:10 dilution; (p<0.0001 for both comparisons; Figure 2). Wild-type
recipient serum also showed subtle, but significant levels of IgG1 as compared to naïve mice
(6.9±0.6%; p=0.0001). IgG2a and IgG3 subtypes in serum from either wild-type or CD8 KO
recipients did not show significant binding to allogeneic targets. This preference for an
IgG1-dominant alloantibody profile, following CD8-depletion, has been verified in other
transplant strain combinations (i.e., FVB/N recipients of C57BL/6 hepatocytes; data not
shown). Although IgG1 antibody isotype is the dominant alloantibody produced in both
CD8-deficient and wild-type recipients, the overall amount of IgG1 alloantibody is
significantly enhanced in CD8-deficient mice following transplantation. IgG1 production is
predominantly regulated by IL-4 cytokine production which is the hallmark of a Th2
immune response (28). Therefore, it is possible that CD8+ T cells regulate IgG1 production
by influencing the relative magnitude of Th2 cytokine production in recipient mice. We next
investigated cytokine production by CD4+ T cells in CD8-sufficient and CD8-deficient
recipients.

CD4+ T cells switch from an IFN-γ-dominant to an IL-4-dominant cytokine expression in the
absence of CD8+ T cells

To examine the expression of IFN-γ and IL-4 within T cells in transplant recipient mice,
splenocytes were isolated from CD8 KO and wild-type recipients on day 3 and 7 following
transplant. CD4+ and CD8+ T cells were isolated from recipients splenocytes using negative
selection columns and purity was confirmed to be >90% by FACS analysis. Phenol/
chloroform extraction was utilized to harvest mRNA followed by reverse transcription to
cDNA. IFN-γ and IL-4 mRNA was then quantified using real-time PCR and data is given as
fold increase as compared to naïve control. On day 3 following transplantation, IFN-γ
mRNA derived from wild-type recipients was shown to be significantly upregulated in
CD8+ T cells (2.0±0.1 fold, p<0.0001) and to a lesser degree in CD4+ T cells (1.5±0.1 fold,
p=0.0020; Figure 3A). Conversely, CD4+ T cells from CD8 KO recipients demonstrated
downregulation of IFN-γ (0.3±0.01 fold, p=0.0004). IL-4 expression in CD4+ T cells
isolated from wild-type recipients did not significantly change as compared to naïve
controls. However, in the absence of CD8+ T cells, CD4+ T cells from CD8 KO recipients
exhibited significantly enhanced levels of IL-4 mRNA as compared to naïve control
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(1.9±0.1 fold, p=0.0005; Figure 3B). This demonstrates that the cytokine profile of CD4+ T
cells shifts towards IL-4 expression in the absence of CD8+ T cells. On day 7 posttransplant,
there is evidence of a reversion to baseline for both IFN-γ and IL-4. Similar results were
demonstrated when evaluating whole splenocytes from wild-type and CD8 KO recipient
mice (Supplemental Figure 3).

IL-4 producing CD4+ T cells critically regulate production of allospecific antibody post-
transplant

To further determine the role of IL-4 cytokine in alloantibody production we analyzed serum
alloantibody levels in IL-4 KO recipients on day 14 following transplantation. Allospecific
binding by total IgG and isotypes IgG1, IgG2a and IgG3 was again measured using flow
cytometry. Post-transplant alloantibody (total IgG) production was abrogated in IL-4 KO
recipients (1.7±1.5%; Figure 4A) when compared to serum alloantibody levels detected in
wild-type recipient mice (9.7±6.2%; p=0.0025; Figure 1). CD8+ T cell depletion (100 μg,
days -1, -2) enhanced alloantibody production in IL-4 KO recipients (5.0±3.0%; p=0.013),
but not to the extent that it did in CD8-depleted wild-type recipients (76.2±14.3%; Figure 1)
suggesting that IL-4 is a critical cytokine which drives alloantibody production following
transplantation. To verify that IL-4 KO mice have allo-responsive B cells, IL-4 KO mice
were adoptively transferred with wild-type (IL-4 sufficient) CD4+ T cells prior to
transplantation. Adoptive transfer of CD4+ T cells significantly upregulated alloantibody
production in CD8-depleted IL-4 KO mice (50.4±16.7% vs. 5.0±3.0; p<0.0001, Figure 4A).
Without CD8-depletion, the adoptive transfer of CD4+ T cells stimulates marginal levels of
alloantibody production (8.1±1.7%; data not shown) demonstrating that alloantibody
production in IL-4 KO mice is also regulated by CD8+ T cells. As expected, IgG1 remained
the dominant post-transplant alloantibody isotype following the adoptive transfer of CD4+ T
cells. This data suggests that IL-4-producing CD4+ T cells are critical for the development
of alloantibody production post-transplant in this model. Interestingly, IL-4 KO mice that
are CD8-depleted have markedly enhanced hepatocyte survival (all survive beyond 42 days)
when compared to IL-4 KO mice or IL-4 KO mice adoptively transferred with wild-type
CD4+ T cells (Figure 4B). This is likely due to the elimination of both CD8+ T cell-
mediated and CD4-dependent antibody-mediated rejection mechanisms. This transplant
outcome is notable since in all other experimental conditions performed in this study (i.e.,
wild type, CD8 KO, and IFN-γ KO recipients), transplanted hepatocytes have a median
survival time of 10 to 14 days post-transplant. The results also imply that in the absence of
CD8+ T cells, CD4-dependent hepatocyte rejection is mediated entirely by alloantibody and/
or IL-4.

IFN-γ positive CD8+ T cells suppress post-transplant IgG1-dominant alloantibody
production in IFN-γ KO recipients

We have previously published that post-transplant alloantibody levels are increased in IFN-γ
KO recipients (21.3±6.0%; p=0.01) (12), though the reason for these results were not clear.
Upon further investigation, IgG isotypes were largely skewed towards IgG1 with negligible
levels of IgG2a in these IFN-γ KO recipients (Figure 5A). In light of the current findings,
we postulated that the relatively suppressed pro-inflammatory cytokine milieu in these
recipients led to conditions favoring humoral immunity. CD8-depletion in IFN-γ KO
recipients did not further enhance alloantibody production as compared to untreated IFN-γ
KO recipients (21.2±4.4% vs. 21.3±6.0%, respectively; p=ns). We concluded that this was
likely due to the absence of IFN-γ producing CD8+ T cells. To investigate this hypothesis,
we adoptively transferred wild-type (IFN-γ-sufficient) CD8+ T cells into IFN-γ KO
recipients to restore a (CD8-mediated) pro-inflammatory cytokine dominance which we
suspected was necessary to suppress post-transplant alloantibody production. As predicted,
the adoptive transfer of wild-type CD8+ T cells (10×106 cells, day 0 with respect to
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transplantation) resulted in significant inhibition of post-transplant alloantibody production
as compared to that of IFN-γ KO recipients (7.7±3.6% vs. 21.3±6.0%; p=0.0001). In
contrast, the adoptive transfer of IFN-γ KO CD8+ T cells into IFN-γ KO recipients did not
significantly affect alloantibody production (26.4±6.8%; p=ns). Furthermore, the adoptive
transfer of IFN-γ KO CD8+ T cells into CD8 KO mice did not reduce alloantibody
production when compared to alloantibody levels in CD8 KO mice (70.2±19.9% vs.
86.4±13.2%, respectively; p=ns, Figure 5B) unlike results we observed when wild type
CD8+ T cells were transferred (27.0±11.1%, Figure 1A). These data suggest that IFN-γ is
essential for CD8+ T cell-mediated regulation of post-transplant alloantibody production.

Discussion
Both clinical and experimental studies highlight the barrier that alloantibody-mediated acute
and chronic rejection pose to successful allograft survival (3-6,29,30). Acute antibody-
mediated rejection occurs despite the use of maintenance immunosuppression to prevent
rejection and is associated with worse graft outcome than T cell-mediated rejection (9).
Many current immunosuppressive treatments effectively inhibit alloreactive T cell
responses. Therefore, it is somewhat surprising that de novo acute antibody-mediated
rejection occurs in the setting of effective regulation of CD4+ T cells known to be critical to
antibody production. We and others have previously reported that post-transplant production
of alloantibody is markedly enhanced in the absence of CD8+ T cells (12,16,17,31). Thus it
is possible that immunosuppressive agents or other conditions which impair or deplete CD8+

T cell function might promote alloantibody production post-transplant. The current studies
investigate the novel hypothesis that CD8+ T cells regulate the amount and isotype of
alloantibody produced after transplant by modulating the cytokine phenotype of CD4+ T
cells.

We have previously shown that in wild-type recipients, CD8+ T cell-mediated rejection is
dominant and humoral immunity is negligible after hepatocyte transplant (32). Activated
CD8+ T cells can produce high levels of pro-inflammatory cytokines including IFN-γ which
has been shown to be essential in CD8+ T cell-mediated rejection (32,33). Cytokines are
also important to humoral immunity; it is well established that IFN-γ and IL-4 cytokines
mediate antibody class switching, with IFN-γ promoting IgG2a and IL-4 promoting IgG1/
IgE production (34). Yet, we do not detect significant levels of alloantibody in the setting of
hepatocyte rejection in wild-type recipients across multiple strain combinations
(unpublished results). Interestingly, in the absence of IFN-γ, we have noted that IgG1
alloantibody levels are significantly enhanced (32). Based on our observations that
deficiency of CD8+ T cells or the cytokine IFN-γ are independently associated with
enhanced alloantibody, we postulated that CD8+ T cell-mediated regulation of post-
transplant alloantibody production might be IFN-γ-dependent. If so, adoptive transfer of
wild-type, but not IFN-γ KO, CD8+ T cells into IFN-γ KO and CD8 KO recipients should
suppress alloantibody production in these recipients. Indeed, this is what we found (Figure
5A and 5B). We are aware that CD8+ T cells can be induced to produce IL-4 under
conditions that promote Th2 cytokine responses (35,36). However, if this was a significant
contribution to alloantibody production in our model, we would have expected a significant
increase in alloantibody production when IFN-γ-/- CD8+ T cells were transferred into IFN-
γ-/- recipients. This did not occur indicating that CD8+ T cell-mediated IL-4 production does
not appear to be a major path under these conditions (Figure 5A).

Furthermore, we found that CD8+ (and to a lesser degree CD4+) T cells have an IFN-γ-
dominant cytokine profile in wild-type recipients which is consistent with our hypothesis
that IFN-γ producing CD8+ T cells downregulate alloantibody production. Although IFN-γ
is known to drive IgG2a antibody responses in mice, we only detected low levels of IgG2a
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in wild-type recipient serum. Since C57BL/6 mice have a predominant Th1 response, it is
surprising that IgG2a alloantibody is not produced in these mice following transplantation.
However, the absence of IgG2a, a complement fixing antibody isotype, is consistent with
our previous results demonstrating that complement is not required for antibody-mediated
hepatocyte rejection or in vivo allocytotoxicity (20) and that complement deposition is not
observed histologically (data not shown). In contrast, in CD8-deficient recipients, high
levels of alloantibody are produced and we found that IgG1 is the predominant allospecific
antibody isotype. Since it is known that IL-4 is the signature cytokine responsible for IgG1
production as well as the hallmark cytokine necessary to drive a Th2 immune response
(37,38), we investigated the cytokine profile of CD4+ T cells. We revealed the novel finding
that the cytokine profile of CD4+ T cells switches, from an IFN-γ to an IL-4-dominant
profile in the absence of CD8+ T cells. This suggests that the production of IFN-γ by CD8+

T cells drives the post-transplant immune response towards an IFN-γ pro-inflammatory
cytokine profile and suppression of an IL-4 anti-inflammatory cytokine profile which
influences the amount and type of alloantibody produced post-transplant. This scenario is
congruent with the known antagonizing role of IFN-γ in the regulation of IL-4. This IFN-γ-
mediated control exists at several levels of regulation including suppression of Th2 CD4+ T
cells differentiation and/or inhibition of IL-4 signal transduction (39,40). In our transplant
model, IFN-γ producing CD8+ T cells might similarly suppress CD4+ T cell differentiation,
IL-4 production, and/or IL-4 signaling resulting in the downregulation of IgG1 alloantibody
levels post-transplant. In the absence of IFN-γ producing CD8+ T cells, CD4+ T cells
express an anti-inflammatory, IL-4-dominant cytokine profile which drives IgG1
alloantibody production. In the absence of IL-4, no alloantibody is detected post-transplant.
Interestingly, these CD8-depleted IL-4 KO recipients have markedly enhanced graft
survival, despite the presence of CD4+ T cells. These results are consistent with previous
reports in our laboratory by Horne et al. showing enhanced graft survival in CD8-depleted B
cell KO mice suggesting that CD4-mediated graft rejection in this model is primarily
antibody-mediated (12). However, high levels of alloantibody production in IL-4 KO
hepatocyte recipients can be triggered by recipient depletion of CD8+ T cells and adoptive
transfer of wild-type CD4+ T cells and is correlated with prompt hepatocellular graft
rejection.

Specific cytokine producing CD8+ T cells are also reported to critically influence the
development of other antibody responses in vivo. For example, Sanchez et al. reported
enhanced levels of IgE antibody, which is IL-4-mediated, in ovalbumin immunized CD8-
deficient mice (41). Further studies determined that the regulation of antigen specific IgE
production by CD8+ T cells was in part due to IFN-γ and IL-12 (18). However, this group
concluded that CD8-derived IFN-γ is not essential for regulation of alloantibody because
wild-type CD8+ T cells adoptively transferred into IFN-γ KO OVA immunized mice failed
to suppress IgE antibody levels. Furthermore, OVA specific IgG1 levels in wild-type mice
were unaffected by the adoptive transfer of antigen specific CD8+ T cells. Thomas et al.
proposed that CD8+ T cell regulation of antibody was isotype specific to IgE production
(18). These results differ from our studies which show that the adoptive transfer of wild-type
CD8+ T cells into IFN-γ KO recipients significantly suppresses IgG1 alloantibody levels to
the low levels observed in wild-type recipients. This difference might be explained by
differences in immune responses to nominal peptide antigen versus cellular alloantigen.
Although Thomas et al. have demonstrated that substantial levels of allospecific IgE
antibody exist on day 14 following OVA/alum immunization, in our studies at comparable
time points IgE was not detectable by ELISA in wild-type or CD8-deficient mice following
hepatocyte transplantation (18). Thus, although both of these antibody isotypes appear to be
regulated by CD8+ T cells and are dependent on IL-4 cytokine signals, there are many other
factors (number of B cell divisions, concentration of IL-4, etc.) which determine
commitment towards the production of IgG1 or IgE isotypes (42,43). Compartmentalization
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of transplanted hepatocytes to the liver likely also impacts the immune responses observed
as we have previously published that the site of hepatocyte engraftment influences the
cellular versus humoral dominance of alloimmune responses (44 and unpublished data).

The precise phenotype of IFN-γ+ allo-activated CD8+ T cells and effector mechanism(s) by
which they regulate alloreactive CD4+ T cell cytokine phenotype and subsequent
alloantibody quantity and isotype remain to be determined. CD8+ T cells may act directly on
CD4+ T cells and/or B cells to inhibit IL-4 production and IgG1 antibody production,
respectively. Alternatively, it is possible that CD8+ T cells could indirectly produce these
effects through interaction with other cell subsets. It has been reported that subsets of
activated CD8+ T cells upregulate IL-10 and TGF-β, which are able to induce CD4+ T
regulatory cells and/or Th17 cells which could influence B cell production of antibody
(45-52). In other models there is evidence that CD8+ T cells can induce dendritic cells (DCs)
to secrete IL-12 which regulates IgE levels in vivo (18) by promoting the generation of IFN-
γ-producing cells that inhibit the generation of Th2 cells and IgE class switching (18,53).
Yoshimoto et al. also suggested that B cells, in response to stimulation from IL-12/IL-18,
might produce IFN-γ as a potential autocrine cytokine to inhibit IgG1/IgE production (54).

Perhaps CD8+ T cells directly regulate antibody production by impacting alloprimed B cell
survival. Precedence for (CD25+) T cell-mediated apoptosis of autoreactive B cells exists in
models of peripheral tolerance (55). If a similar mechanism were operative in our model we
would expect to see more alloprimed B cells in CD8 KO recipients. Results to date showing
similar numbers of IgG1+ B cells in WT and CD8 KO recipients on days 5 and 7 but
markedly increased numbers in CD8 KO recipients by day 11 demonstrate that B cells
appear to have a greater propensity for proliferation and/or survival in CD8-deficient
recipient mice as compared to wild-type recipient mice (unpublished results). Further studies
are necessary to determine if CD8+ T cells regulate post-transplant alloantibody production
through direct or indirect effects on CD4+ T cells, dendritic cells, and/or B cells.

In summary, our in vivo studies provide first evidence in that in the absence of CD8+ T cells,
a distinct cytokine milieu emerges which is IL-4-dominant; whereas, in wild-type recipients
the cytokine milieu is IFN-γ-dominant. CD8+ T cells influence the proinflammatory/anti-
inflammatory cytokine phenotype of CD4+ T cells that correlates with the level of the
subsequent IgG1-dominant alloantibody isotype and quantity of alloantibody produced.
Further elucidation of the mechanisms by which CD8+ T cells regulate the amount and
isotype of post-transplant alloantibody will be important to the development of
immunotherapeutic strategies to suppress alloantibody production and humoral-mediated
allograft damage post-transplant. Our findings may also have relevance to in vivo regulation
of antibody production in response to autoimmune or infectious antigenic stimuli.
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Nonstandard Abbreviations

AT Adoptive transfer

hA1AT human alpha-1 antitrypsin
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Figure 1. CD8+ T cells downregulate the production of alloantibody
A) Wild-type and CD8 KO mice (H-2b) were transplanted with allogeneic FVB/N (H-2q)
hepatocytes. Serum was tested for alloantibody on day 14 following transplantation by
incubating sera with FVB/N splenocytes and staining with a secondary antibody specific to
the Fc portion of mouse IgG. Transplanted wild-type mice showed a low but significant
production of alloantibody (9.7±6.2%, n=25) as compared to naïve controls (non-
transplanted; 1.7±0.7%, n=6; p=0.004, as denoted by “*”). The production of alloantibodies
detected in the serum of CD8-deficient (CD8 KO, n=17 or CD8-depleted, n=8, H-2b)
recipients is significantly increased when compared to wild-type (H-2b) recipients and naïve
controls (90.1±8.7% and 76.2±14.3%, respectively; p<0.0001 for all comparisons, as
denoted by “**”). Furthermore, when CD8+ T cells were adoptively transferred (AT;
10×106 cells i.v.) to CD8 KO mice prior to transplant, the alloantibody response is
significantly downregulated (27.0±11.1%, n=5; p<0.0001, as denoted by “***”). B) Serum
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from wild-type and CD8 KO recipients collected over 42 days (n=4 for both). Alloantibody
levels were maximal by day 14 in both CD8 KO (98.4±0.3%) and wild type recipients
(28.8±12.1%; p=0.040, as denoted by “*”) and remained higher in CD8 KO recipients at all
time points thereafter.

Zimmerer et al. Page 17

J Immunol. Author manuscript; available in PMC 2011 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Post-transplant alloantibody isotype analysis reveals an IgG1-dominant profile
Serum from naïve and recipient mice was collected on post-transplant day 14 and
allospecific antibody levels were measured by flow cytometry, as previously described.
Total IgG levels are significantly higher in CD8 KO recipients as compared to wild-type
recipients and naïve control (p<0.05). Wild-type recipient serum (diluted 1:10) showed
elevated levels of IgG1 (6.9±0.6%) which account for a majority of the allospecific IgG.
CD8 KO recipient serum (diluted 1:10) also showed enhanced allospecific IgG1 antibody
isotype (94.5±3.7%) compared to serum from both naïve (1.0±0.1%) and wild-type recipient
mice (6.9±0.6%; p<0.0001 for both comparisons, as denoted by “*” and “**”, respectively).
Diluted serum (1:500) from CD8 KO recipients also showed that elevated levels of IgG1
(31.5±3.2%) accounts for the majority of the allospecific IgG. IgG2a and IgG3 subtypes did
not show significant allospecificity from either wild-type or CD8 KO recipients. The graph
depicts representative data of 3 experiments. Standard deviations were calculated by 3
samples per experiment.
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Figure 3. CD4+ T cells switch from an IFN-γ-dominant to an IL-4-dominant cytokine expression
in the absence of CD8+ T cells
Splenocytes were isolated from CD8 KO and wild-type recipient mice on day 3 and 7 post-
transplant. Total RNA was then purified and cDNA for IFN-γ and IL-4 was amplified
utilizing real-time PCR. CD4+ and CD8+ T cells were isolated and purified from splenocytes
using negative selection columns A) IFN-γ mRNA derived from wild-type recipients was
significantly upregulated in CD8+ T cells (2.0±0.1 fold, p<0.0001) and in CD4+ T cells
(1.5±0.1 fold, p=0.0020). Conversely, CD4+ T cells from CD8 KO recipients demonstrated
downregulation of IFN-γ (0.3±0.01 fold, p=0.0004). B) IL-4 mRNA was significantly
upregulated in CD4+ T cells isolated from CD8 KO (1.9±0.1 fold; p=0.0005) but not in
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wild-type recipients. Data were expressed as the mean fold increase relative to cells
collected form naïve control mice. All real-time PCR data were normalized to the level of
mouse β-actin mRNA. Error bars denote the standard deviation of duplicate experiments
(triplicate wells/sample). Significant upregulation or downregulation is denoted by “*”.
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Figure 4. IL-4 producing CD4+ T cells critically regulate production of allospecific antibody
post-transplant
A) Serum from IL-4 KO recipients was collected 14 days following transplantation and
analyzed for allospecific IgG alloantibody isotypes IgG1, IgG2a, and IgG3 using flow
cytometry. Alloantibody production in IL-4 KO recipients was abrogated (1.7±1.5%, n=6)
as compared to wild-type recipient mice (9.7±6.2%; p=0.0025; Figure 1). CD8+ T cell
depletion enhanced alloantibody production in IL-4 KO recipients (5.0±3.0%, n=6; p=0.013)
but not to the extent that it did in CD8-depleted wild-type recipients (76.2±14.3%; Figure 1).
Adoptive transfer of wild type CD4+ T cells (n=5) resulted in significant upregulation of
alloantibody production in CD8-depleted IL-4 KO recipient mice (50.4±16.7% vs. 5.0±3.0;
p<0.0001, as denoted by “*”). B) To analyze hepatocyte survival, cohorts of IL-4 KO
recipient mice were untreated (n=6), CD8-depleted (n=6), or both CD8-depleted and
adoptively transferred with 10×106 wild-type CD4+ T cells (n=5). Hepatocyte grafts were
monitored for survival by serum hA1AT levels. IL-4 KO recipients that were untreated or
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were adoptively transferred with wild-type CD4+ T cells (and CD8-depleted) rejected their
transplants with median survival time of 14 days. However, IL-4 KO recipients that were
only CD8-depleted exhibited significantly enhanced graft survival, with 100% cumulative
survival 42 days post-transplant (p<0.0001).
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Figure 5. IFN-γ positive CD8+ T cells suppress post-transplant IgG1-dominant alloantibody
production in IFN-γ KO recipients
A) To determine whether recipient IFN-γ critically influences alloantibody production post-
transplant, wild-type (H-2b) and IFN-γ KO mice (H-2b) were tested for the production of
allo-specific antibodies 14 days following the transplantation of allogeneic FVB/N (H-2q)
hepatocytes. Allospecific binding of total IgG as well as isotypes IgG1, IgG2a and IgG3 was
measured by flow cytometry. IFN-γ KO recipients had increased alloantibody levels
compared to wild-type recipient mice (21.3±6.0%, n=8; p=0.01, as denoted by “*”). CD8-
depletion of IFN-γ KO recipients did not further enhance the level of alloantibody
production (21.2±4.4%, n=5; p=ns). The adoptive transfer of 10×106 wild-type CD8+ T cells
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into IFN-γ KO mice on day 0 (day of transplant, n=6) significantly suppressed post-
transplant alloantibody production (7.7±3.6% vs. 21.3±6.0%; p=0.0001, as denoted by
“**”). Similar to wild-type recipients, IgG1 is the dominant alloantibody produced in IFN-γ
KO recipients. The adoptive transfer of IFN-γ KO CD8+ T cells into IFN-γ KO recipients
did not significantly affect alloantibody production (26.4±6.8%, n=5; p=ns). B)
Additionally, the adoptive transfer of IFN-γ KO CD8+ T cells into CD8 KO recipient mice
(n=5) did not reduce alloantibody production as compared to untreated CD8 KO recipient
mice (70.2±19.9% vs. 86.4±13.2%, respectively, p=ns).
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