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Abstract
Background—It is generally accepted that all transplants are not rejected in the same fashion.
However, the extrinsic and intrinsic factors that control the recognition and rejection of a particular
allograft by the host are not well characterized.

Methods—We compared the mechanisms underlying the response to donor antigens by T cells
activated after transplantation of fully allogeneic skin and corneal grafts in mice.

Results—In corneal-transplanted mice, the CD4+ T cell response was exclusively mediated by T
cells recognizing minor antigens in an indirect fashion and producing low levels of IL-2. In contrast,
skin grafts elicited both direct and indirect CD4+ T cell responses primarily directed to MHC antigens
and characterized by high IL-2 levels. While CD8+ T cells producing γIFN were activated directly
in both skin- and corneal-grafted mice, only CD8+ T cells from skin-transplanted mice mounted a
cytotoxic response. Next, we investigated whether failure of corneal transplants to induce a CD4+

direct alloresponse is due to their poor immunogenicity or to the site of placement (eye). We observed
that corneas transplanted under the skin as well as splenocytes transplanted in the eye were both
capable of inducing direct CD4+ T cell alloreactivity.

Conclusions—This shows that, failure of orthotopic corneal allotransplants to elicit a CD4+ T cell
direct alloresponse is associated with the combination of two factors, their low immunogenicity and
the immune-privileged properties of the eye.
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Introduction
Recipient T cells recognizing MHC molecules displayed on donor cells are thought to initiate
the immune rejection of allogeneic transplants. In skin transplantation model, allogeneic MHC
class II molecules expressed on donor passenger leukocytes activate CD4+ T cells in the
recipient’s regional lymph nodes (direct allorecognition) (1). The remarkably high frequency
of precursor T cells capable of responding to an allogeneic MHC molecule is usually associated
with the strength of in vivo immune response to and acute rejection of allografts (2,3). In
addition, allotransplantation induces an oligoclonal T cell response in which recipient T cells
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recognize donor peptides presented by recipient APCs; a pathway referred to as indirect
allorecognition (4-6). A number of models relying on MHC class II deficient mice and T cell
receptor transgenic mice show that either the direct or indirect CD4+ T cell alloresponse is
sufficient to mediate acute rejection of skin allografts in rodents, presumably via differentiation
of CD8+ cytotoxic T cells (7) (8,9). However, whether this model pertains to the rejection of
all tissue and organ transplants placed in normal recipients requires further investigation.

The susceptibility to T cell-mediated rejection of and tolerance to allografts in defined donor/
recipient combinations varies upon the nature of the grafted tissue and its anatomical placement
site in the host (10). It is likely that both factors, intrinsic and extrinsic to the graft contribute
to its antigenicity and immunogenicity thereby governing the T cell alloresponse and the
immune rejection process. In this study, we investigated this question by comparing the
mechanisms underlying the recognition by and response of recipient T cells to fully allogeneic
skin and corneal allotransplants in mice. We chose these transplants as they represent two
extreme situations. Skin allografts in the classical B6 to BALB/c donor/recipient mouse model
are highly immunogenic and invariably rejected (8-10 days) via a process resistant to most
tolerance protocols. In contrast, in the same mice, fifty percent of corneal transplants are
spontaneously accepted while the remainder is slowly rejected (8-10 weeks) via a process easily
inhibitable by a variety of immunosuppressive agents. These observations prompted us to
investigate the factors governing the T cell alloimmunogenicity of these transplants. We
compared the frequency, cytokine pattern, antigen specificity and effector function of CD4+

and CD8+ T cells activated via direct and indirect allorecognition pathways in mice recipient
of fully allogeneic skin and corneal transplants placed orthotopically or heterotopically. The
mechanisms by which intrinsic and extrensic factors govern the immunogenicity and rejection
of these transplants are discussed.

Materials and Methods
Mice

Six- to 8- week-old female BALB/c (H-2d), B10.D2/nSnJ (H-2d), C57BL/10 (H-2b), C57BL/
6 (H-2b) and BALB.B (H-2b) as well as B6 MHC class II KO mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). They were maintained in our pathogen-free facility at
the Massachusetts General Hospital and treated according to institutional guidelines.

Transplantation
Donor central corneas were marked with a 2-mm diameter microcurette, excised by vannas
scissors and placed in phosphate-buffered saline (PBS). Recipients were anesthetized by
intraperitoneal injection of ketamine and xylazine, and the right eye was excised from a 1.5
mm diameter piece in the central cornea to prepare the graft bed. The donor cornea was placed
in the recipient bed and secured with interrupted 11-0 nylon sutures (Sharpoint; Vanguard
Houston, TX). After application of antibiotic ointment, the eyelids were closed for 3 days.
Seven days later, the sutures were removed. The degree of opacity as well as the degree of
neovascularization was assessed using a slit lamp biomicroscopy as previously described
(11). The opacification of the graft was quantified using a scoring opacity scale from 0 to 5+.
The cornea was considered to be in a rejecting phase with a score equal or beyond 2+. Skin
allografts were performed according to the technique previously described by Billingham and
Medawar (12).

Preparation of responder cells
Spleen and lymph node cells from naïve, cornea-grafted and skin-grafted BALB/c mice were
used as a source of responder cells to measure the total alloresponse as well as the direct and
indirect responses. Red blood cells were lyzed for 2 min in Tris-NH4Cl solution. Spleen cells
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were then washed twice in AIM-V (Gibco BRL, Grand Island, NY) medium containing 0.5 %
fetal calf serum (FCS) and resuspended at 107 cells/ml with 0.5 % FCS in AIM-V for use.

T cell and T cell subsets isolation
T cells as well as CD4+ and CD8+ T cell subsets were isolated from the spleen of transplanted
and naïve mice by negative selection using commercially available T cell purification columns
according to the manufacturer’s instructions (Accurate Chemical & Scientific Corp., Westbury,
N.Y) (R & D Systems, Minneapolis, MN). Purified T cells were washed in HBSS and used at
5 × 105 cells/well in ELISPOT assays.

Preparation of antigen-presenting cells
Mitomycin C-treated (MMC) splenocytes from donor and recipient naïve mice were used as
allogeneic stimulator cells or syngeneic APCs, respectively. Single cell suspensions of
splenocytes devoid of red blood cells were prepared in AIM-V containing 0.5 % FCS and
treated with MMC (50 μg/ml) for 30 min at 37° C. The cells were washed once in HBSS,
incubated for 10 min at 37° C, and washed once again before resuspension in AIM-V, 0.5 %
FCS at 1-3 × 107 cells/ml.

Preparation of sonicates
Stimulator spleen cells were suspended at 3 × 107 cells/ml in AIM-V containing 0.5 % FCS,
and sonicated with 10 pulses of 1 sec each. The resulting suspension was frozen in a dry ice/
ethanol bath, thawed at room temperature and centrifuged at 300g for 10 min to remove intact
cells.

ELISPOT assays
96-well ELISPOT plates (Polyfiltronics, Rockland, MA) were coated with a capture mAb in
sterile PBS overnight. Anti-IL-2 (JES6-1A12), -IFNγ (R4-6A2), -IL-4 (11B11) and -IL-5
(TFRK-4) capture mAbs were used at 3, 4, 2 and 5 μg/ml, respectively (Pharmingen, San Diego,
CA). On the day of the experiment, the plates were washed twice with sterile PBS, blocked for
1.5 h with PBS containing 1 % BSA, then washed 3 times with sterile PBS. Responder cells
or purified T cells were added to wells previously filled with either intact donor cells (direct
response) or syngeneic APCs together with donor sonicate (indirect response) as previously
described (13). The resulting spots were counted and analyzed on a computer-assisted ELISA
spot image analyzer (C.T.L., Cleveland, OH).

Cytotoxic T cell assays
Spleen T cells derived from BALB/c recipient mice transplanted with either B6 skin or cornea
were collected. CD8+ T cells were isolated and tested for their ability to lyse target cells derived
from either allogeneic (B6) or control syngeneic (BALB/c) mice as described elsewhere (14).

In vivo treatment with anti-CD4 and anti-CD8 monoclonal antibodies
Anti-CD4 (GK1.5) and anti-CD8 (53-6.72) monoclonal antibodies (mAbs) were purified from
hybridoma culture supernatants using protein G-sepharose gel (Amersham Pharmacia,
Piscataway, NJ). Mice were injected with 1 mg of mAb on days -3 and -1 pre-transplantation,
and then days 5, 12, 19 and 26 post-transplantation.
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Results
Direct and indirect alloresponses by CD4+ T cells in skin- and cornea-transplanted mice

We compared the frequencies and cytokine patterns of CD4+ T cells activated in direct and
indirect fashions following skin or corneal allotransplantation. BALB/c mice were grafted with
cornea or skin derived from fully allogeneic C57BL/6 (B6) donors. At the time of rejection
(10 days for skin and 5 weeks for cornea), recipient purified T cells (from lymph nodes and
spleens) were restimulated in vitro with MMC-treated donor APCs (direct pathway) or
recipient APCs + donor sonicates (indirect pathway). The frequency of activated inflammatory
T cells producing IL-2 and γIFN was then measured by ELISPOT as previously described
(13).

Naïve, CD4+ T cells from non-transplanted mice mounted a direct T cell response typical of
a primary in vitro mixed lymphocyte reaction (MLR) characterized by some expansion of IL-2-
(> 150 spots/million T cells) but not γIFN-producing T cells (Fig. 1 A-B). No naïve T
lymphocytes were primed in vitro via indirect allorecognition, a feature that is thought to reflect
the low precursor frequency of these cells in non-transplanted mice (Fig. 1 C-D).

Fully mismatched B6 skin grafts were recognized via both the direct and indirect pathways by
CD4+ T cells in BALB/c recipient’s lymphoid organs. As shown in Fig 1 A-B, the direct
response was characterized by a massive expansion/activation of inflammatory Th1 cells
producing IL-2 and γIFN. CD4+ T cells activated via indirect allorecognition exhibited a similar
cytokine pattern while they were present at much lower frequencies. Strikingly, corneal
allotransplants failed to induce any direct CD4+ T cell alloreactivity (Fig. 1 A-B). In turn,
corneal-transplanted mice which rejected their grafts mounted a significant indirect T cell
response mediated by CD4+ T cells (Fig. 1 C-D). Interestingly, no alloresponses were detected
in mice that had spontaneously accepted corneal grafts (data not shown).

Differential contribution of minor and MHC antigens to the indirect alloresponse by CD4+ T
cells in skin- and cornea-transplanted mice

We compared the contributions of minor Ag and MHC antigens to the indirect alloresponse
by CD4+ T cells in mice transplanted with either skin or cornea. Corneas and skins from fully
mismatched (minor Ag + MHC) C57BL/6 and C57BL/10 (H-2b) mice were grafted onto
BALB/c (H-2d) mice. To measure the overall indirect response, splenocytes from grafted mice
were challenged in vitro with recipient BALB/c APCs exposed to sonicates prepared from fully
allogeneic (C57BL/6 or C57BL/10) donors. We then compared the indirect responses to MHC
and minor antigens by restimulating CD4+ T cells with BALB.B (MHC-mismatched) and
B10.D2 (minor Ag-mismatched) sonicates, respectively. Following skin transplantation, both
MHC and minor antigens induced an indirect alloresponse (Figure 2). In contrast, the entire
indirect CD4+ T cell alloresponse in cornea-transplanted mice was directed exclusively to
minor antigens (Figure 2).

Partial activation/differentiation of CD8+ alloreactive T cells in cornea-transplanted mice
A high frequency (> 800 per million T cells) of IFN-γ-producing CD8+ T cells sensitized
through direct allorecognition was observed in BALB/c mice rejecting either corneal or skin
allografts (Fig. 3). In contrast, the frequency of CD8+ T cells producing IL-2 was barely higher
than that found in naïve mice. In another set of experiments, CD8+ T cells from BALB/c
recipients of either B6 skin or cornea grafts were collected at the time of rejection and tested
for their ability to kill donor target cells in vitro. As shown in Figure 3, only CD8+ T cells from
skin-transplanted mice mounted vigorous allospecific CTL responses. Therefore, while
CD8+ T cells from cornea-transplanted mice mount potent direct alloresponses characterized
by γIFN production, they do not differentiate into functional cytotoxic T cells.
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Interrelationships between alloreactive CD4+ and CD8+ T cells in skin- and cornea-grafted
mice and their roles in the rejection process

CD4+ alloreactive T cells activated directly or indirectly are capable on their own of eliciting
acute rejection of a fully allogeneic skin transplant (15-17). On the other hand, CD8+ CTL can
be generated without CD4+ T cell help in certain mouse strains and cause skin allograft rejection
on their own (18,19). Here, we investigated the relationships between CD4+ and CD8+ T cells
in cornea-transplanted mice and examined their contribution to the rejection. Recipient BALB/
c mice were treated in vivo with either GK1.5 anti-CD4 or 53-6.72 anti-CD8 depleting
monoclonal antibodies (mAbs), then transplanted with a B6 cornea. T cell subset depletion,
direct and indirect alloresponses and graft rejection were monitored.

In anti-CD4 mAb-treated mice, FACS analysis confirmed the nearly complete depletion (98%)
of CD4+ but not CD8+ T cells (data not shown). Removal of CD4+ T cells abrogated both the
indirect alloresponse by CD4+ T cells (Figure 4A) and the direct alloresponse by CD8+ T cells
(Fig.4B). Aditionally, recipients treated with anti-CD4 mAbs permanently accepted B6 corneal
allografts (data not shown). This shows that CD4+ T cell indirect response is required both for
the activation of CD8+ T cells through the direct pathway and for the rejection of fully
mismatched corneal transplants. Next, recipient BALB/c mice were treated in vivo with the
53-6.72 anti-CD8 antibody. Greater than 85 % of the CD8+ T cells were depleted under these
conditions, whereas the CD4+ T cell population was unaffected (data not shown). Despite
incomplete depletion of CD8+ T cells in recipients, anti-CD8 mAb treatment resulted in
functional elimination of the CD8+ T cell direct alloresponse (Figure 4B). As shown in Figure
4A, the elimination of the CD8+ T cell-mediated direct response cell did not impact the
frequency of CD4+ T cells activated indirectly. Finally, removal of CD8+ T cells had no effect
on the rejection of corneal allografts (data not shown). Therefore, while skin grafts can be
rejected by CD4+ and CD8+ T cells activated directly or indirectly to MHC and minor antigens,
corneal allotransplants are strictly rejected by CD4+ T cells activated indirectly to donor minor
antigens.

The lack of direct CD4+ T cell alloreactivity in cornea-transplanted mice is associated with
the poor immunogenicity of corneas and the immunoprivileged nature of the eye

Unlike skin grafts, orthtopic corneal allotransplants fail to induce a CD4+ T cell-mediated direct
alloresponse. We tested whether this is due to the poor immunogenicity of the cornea or to the
immune privileged nature of the eye. First, corneal transplants were placed under the skin of
a mouse footpad. Ten days later, potent direct CD4+ T cell responses were recorded in draining
popliteal lymph nodes and spleen (Table 1). Interestingly, this response was directed to both
MHC and minor histocompatibility antigens (data not shown). Therefore, when placed
heterotopically in a non immune-privileged site corneal allografts induce CD4+ T cell direct
alloreactivity to donor MHC antigens. In another set of experiments, two million B6
splenocytes were injected in the vitreous cavity of BALB/c mice, a site known for its immune
privilege nature. Strikingly, ten-twelve days later, robust direct CD4+ T cell responses were
found in both cervical lymph nodes and spleen (Table 1), suggesting that the presence of bona
fide spleen bone marrow-derived professional APCs can overcome the immune privilege
properties of the eye. Altogether, these results show that the failure of orthotopic transplants
to elicit CD4+ T cell alloreactivity results from the combination of two factors: 1) the poor
immunogenicity of the cornea and, 2) the immune privileged status of the eye.

Discussion
MHC vs. minor antigens in indirect allorecognition of corneal and skin transplants

Direct allorecognition by T cells is limited to donor MHC molecules (20,21). On the other
hand, the nature of the antigens governing indirect alloresponses is still controversial. Initial
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studies on indirect allorecognition focused on MHC peptides based upon the assumption that
alloreactive T cells interact preferentially with MHC rather than other proteins (22-25). It is
clear, however, that a large variety of non-MHC proteins can serve as a source of minor antigens
for processing by recipient APCs and presentation to recipient T cells (26). Our T cell frequency
analyses using ELISPOT in the skin transplant model indicate the prevalence of MHC vs. other
antigens in indirect alloresponses. It is noteworthy that the processing of MHC molecules seems
to be favored in general given that a large proportion of the peptides that have been eluted from
the grooves of MHC molecules are actually MHC peptides (27). This phenomenon may bias
indirect allorecognition toward determinants derived from MHC rather than minor antigens.

Corneal allografts displaying mismatches at minor histocompatibility loci are more readily
rejected than their MHC-disparate counterparts (28). In our study, the absence of indirect
alloreactivity to MHC determinants does not result from a competition between MHC- and
minor antigen-derived peptides since no indirect response is detectable in MHC-disparate
donor/recipient combinations (29). The exclusive restriction of CD4+ T cells to minor antigens
might result from a reduced expression of MHC antigens in the normal cornea (absence of
MHC class II and reduced MHC class I expression) (30). Additionally, the absence of CD4+

T cell direct alloreactivity in corneal-transplanted mice may account for the bias of the indirect
response toward minor antigens. Consistent with this hypothesis is the observation that minor
antigens play a dominant role in the rejection of APC-depleted thyroid grafts which do not
induce direct CD4+ T cell alloresponses(31). We surmise that the direct CD4+ T cell
alloresponse may bias the indirect repose to MHC antigens by increasing both expression and
shedding of donor MHC molecules (via IFN-γ and TNFα) thereby boosting the processing of
these antigens by recipient APCs.

Roles of CD4+ and CD8+ T cells to the rejection of allogeneic skins and corneas
Following skin transplantation, CD4+ T cells recognizing directly or indirectly donor MHC
are sufficient to reject the allografts, presumably by inducing cytotoxic T cell responses. In
corneal-grafted individuals, activation of the CD8+ T cell response is strictly dependent upon
indirect sensitization of CD4+ T cells to minor antigens (29). These CD8+ T cells do not
contribute to rejection of allografts (19,29,32,33). Apparently, in this setting, the help provided
by CD4+ T cells is insufficient. Supporting this view, Peeler et al have reported that, in the
absence of donor professional APCs, the induction of CTL responses depends upon the
diversity of minor antigens presented by recipient APCs (34). In that study, a male cornea
expressing a single minor antigen H-Y could not trigger a CTL response in female recipients
unless donor-derived Langerhans cells (LCs) were provided along with the graft. In contrast,
a CTL response could be initiated independently of graft derived-LCs when recipient and donor
were mismatched for multiple minor antigens (34). These observations suggest that in the
absence of a cognate CD8+T-APC-CD4+T interaction (direct allorecognition), the quantity of
antigens presented through the indirect pathway determines the strength of indirect CD4+

alloreactivity and thereby controls the fate of the CTL response. This situation is reminiscent
of that described by Smith et al. during viral infection with HSV in which the ability of non-
cognate CD4+-CD8+ T cell interaction to ensure CTL functions depends on the quantities of
viral peptides provided exogenously (35). In this model, inefficient “licensing” of APCs was
responsible for the lack of productive maturation of CD8+ T cells, a conclusion that presumably
pertains to corneal transplantation.

Why cannot orthotopic corneal-transplants elicit a direct CD4+ T cell response?
In skin-grafted mice, the migration of MHC class II+ donor-derived DCs to the recipient’s
lymph nodes triggers a potent direct CD4+ T cell alloresponse (36,37). The most puzzling
feature of corneal allografts resides in their inability to trigger direct alloreactivity by CD4+ T
cells. Until recently, the cornea was thought to be devoid of bone marrow-derived professional
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APCs, a conclusion that had emerged from studies showing the absence of MHC class II
molecules on any corneal cell (38). However, Liu et al recently reported that cervical lymph
nodes draining corneal allografts contain MHC class II+ donor DCs (39). In a subsequent study,
Hamrah et al. formally documented the presence of CD11c+ DCs and CD11b+ macrophages
in the corneal epithelium (40). In addition, Sonosva et al have reported that CD34+ corneal
stromal cells are bone marrow-derived and express hemopoietic stem cell markers (41). The
inescapable conclusion is that the cornea does contain mobile bone marrow-derived cells and
that the prevailing dogma was incorrect. It is important to note that, DCs, the most potent APC
in peripheral tissues, universally do not express MHC class II, CD80 (B7.1), or CD86 (B7.2)
in the central cornea, reflecting a highly immature state (40,42). It has become clear, however,
that after transplantation, donor corneal DCs migrate to the recipient’s draining lymph nodes
where they express normal levels of MHC class I and II and costimulation receptors on their
surface (39). Why don’t these MHC class II+ DCs trigger a CD4+ direct alloresponse? It is
possible that the initial lack of expression of MHC class II and/or costimulation receptors on
donor corneal DCs leads to recipient T cell anergy. Also, direct alloantigen presentation by
these immature DCs may lead to activation of some regulatory T cells (Tregs). In addition,
some Tregs may be activated indirectly and suppress direct CD4+ T responses in corneal -
transplanted mice. Indeed, studies by W. Streilein and J. Niederkorn show that APCs derived
from immunoprivileged sites exert suppressor effects on inflammatory T cells (43,44). This
suggests that any circumstances that would disrupt immune privilege in the eye could render
these corneal DCs capable of inducing inflammatory T cell responses. This situation is
observed in “high risk” recipients of activated mature corneal transplants displaying an
inflamed eye bed environment (45). In these recipients, donor corneal DCs express MHC class
II molecules as well as CD40, CD80 and CD86 coreceptors at the time of transplantation
(45). These transplants induce potent CD4+ direct alloresponses in draining lymph nodes and
undergo acute rejection (1 week), a result suggesting that the lack of immunogenicity of corneal
DCs is not an intrinsic property of these cells. Alternatively, it is likely that corneal DCs present
in the eye are maintained in a resting immature state that favors their tolerogenic properties.
In support of this, previous studies by Niederkorn’s group showed that heterotopic corneal
allografts induce a CTL response (46). Here, we show that B6 corneal allografts placed
subcutaneously in BALB/c mice trigger CD4+ T cell direct alloreactivity. In addition, we report
that spleen cells placed in the vitreous cavity of the eye also induce direct alloresponses by
CD4+ T cells. Therefore, the lack of a direct T helper direct response after corneal
transplantation is due to combined poor immunogenicity of corneal DCs and immune-
privileged properties of the eye. Taken together, these observations indicate that early
expression of elevated levels of donor MHC class II on donor DCs promoted by local
inflammation is an essential element of the induction of CD4+ T cell direct alloresponses and
the differentiation of CD8+ CTL, a phenomenon that is typical of skin but not corneal
transplants (47).

Concluding remarks
The mechanisms underlying the recognition of and alloresponse to fully allogeneic skin and
corneal allotransplants are fundamentally different. Skin grafts can be rejected either by
CD4+ or CD8+ T cells activated directly or indirectly against MHC or minor antigens. On the
other hand, only CD4+ T cells activated indirectly by minor antigens reject corneal allografts.
In this model, a lack of CD4+ direct alloreactivity is due presumably to delayed expression of
MHC class II on donor DCs as well as low alloantigen density. This results in partial activation
of CD8+ T cells characterized by γIFN production but no CTL function, a phenomenon
associated with the lack of acute rejection of corneal allografts. Therefore, the magnitude and
antigen specificity of direct and indirect alloresponses by CD4+ and CD8+ T cells vary
considerably with the nature of the transplant and the anatomical site of grafting. Both elements

Boisgérault et al. Page 7

Transplantation. Author manuscript; available in PMC 2010 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are likely to influence the fate of the alloimmune response by governing the immunogenicty
and tolerogenicity of dendritic cells.
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Figure 1. Frequency and cytokine production of inflammatory alloreactive T cells in mice
transplanted with fully allogeneic corneal and skin transplants
Spleen cells were harvested from naïve BALB/c mice (non-transplanted) as well as BALB/c
mice grafted with either B6 corneas or B6 skins. CD4+ T cell subsets were isolated and tested
for their ability to mount direct and indirect alloresponses. To measure direct alloreactivity
(panels A and B), T cells were mixed with MMC-treated B6 APCs (ratio 1:1), and tested in
ELISPOT for IL-2 (panels A) and γIFN (panels B) cytokines. To measure indirect alloreactivity
(panels C (IL-2) and D (γIFN)), CD4+ T cells were cultured in the presence of recipient APCs
and donor-derived sonicates. The frequencies of cytokine-producing T cells are expressed in
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number of spots per million T cells. Data represent the mean ± SD of three to four independent
experiments including at least 5 mice individually tested.
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Figure 2. Indirect alloresponses to MHC and minor antigens in mice transplanted with allogeneic
skins and corneas
BALB/c (BALB background, MHC:H-2d) mice were transplanted with fully allogeneic
corneas or skins from either B6 (top panel: B6 background, MHC:H-2b) or B10 (lower panel:
B10 background, MHC:H-2b). To measure the overall indirect alloresponse, recipient spleen
T cells were isolated and stimulated in vitro with recipient APCs + donor fully allogeneic B6
sonicates. To measure indirect alloresponse to minor antigens, BALB/c recipient’s T cells were
stimulated with recipient APCs + minor-mismatched B10.D2 sonicates (B10 background,
MHC:H-2d). To measure indirect alloresponse to MHC antigens, BALB/c recipient’s T cells
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were stimulated with recipient APCs + MHC-mismatched BALB/B sonicates (BALB
background, MHC:H-2b)
T cells from transplanted mice exposed to recipient APCs only and T cells from non-
transplanted (naïve) mice stimulated with sonicates were used as controls. The number of IL2-
producing T cells was measured using an ELISPOT assay. Data represent the mean ± SD of
three independent experiments including at least 3 mice individually tested.

Boisgérault et al. Page 14

Transplantation. Author manuscript; available in PMC 2010 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. CD8+ T cell responses in skin- and cornea-grafted mice
CD8+ T cells from skin- and cornea-transplanted BALB/c mice were isolated. The frequencies
of T cells producing IL-2 (top panel) and γIFN (middle panel) in response to donor B6 irradiated
splenocytes were measured by ELISPOT. The frequencies of cytokine-producing T cells are
expressed in number of spots per million T cells. Data represent the mean ± SD of three to four
independent experiments including at least 5 mice individually tested.
The lower panel shows anti-donor cytotoxic response of spleen CD8+ T cells derived from
BALB/c mice transplanted with either skin or cornea from allogeneic B6 donors. CD8+ T cells
from cornea-transplanted BALB/c mice were tested for their cytolytic activity towards B6
allogeneic target cells (λ) and syngeneic BALB/c control target cells (μ). CD8+ T cells from
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skin-grafted mice were tested for their ability to kill allogeneic B6 (ν) and syngeneic BALB/
c control (θ) target cells. Results are expressed as % cytotoxicity i.e. (experimental -
spontaneous 51Cr release) / (total - spontaneous 51Cr release) × 100. The spontaneous release
ranged from 10 to 15% of maximal release. The data shown here are representative of 3 separate
experiments.
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Figure 4. Effects of in vivo depletion of CD4+ and CD8+ T cells on alloresponses in cornea-
transplanted mice
The X axis represents control BALB/c naïve mice (no Ab treatment, no transplant) as well as
BALB/c mice transplanted with a B6 cornea and treated in vivo with a control Ab or Abs
directed to CD4 and CD8 molecules. The frequencies of activated allospecific T cells were
measured using an ELISPOT assay. Panel A represents the indirect IL-2 alloresponse. Panel
B represents the direct γIFN alloresponse. Data represent the mean ± SD of two to four
independent experiments including at least 3 mice individually tested.
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Table 1
CD4+ T cell direct alloresponses and sites of graft placement
Allospecific CD4+ T cell alloresponse via the direct pathway was investigated after placement of B6 skin, cornea or
splenocytes in a BALB/c recipient’s immune-privileged site (eye) or a nonimmune-privilged site (under the skin).
Orthotopic skin and corneal transplants were used as positive and negative controls, respectively. The frequency of
activated CD4+ T cells producing IL-2 was measured by an ELISPOT assay. Data represent the mean ± SD of three
independent experiments including at least 3 mice individually tested

CD4+ direct T cell alloresponse (IL-2 spots)

Orthotopic Under the skin In the eye vitreous cavity

Skin transplant 540 ± 42 nd nd

Corneal transplant 14 ± 3 398 ± 39 nd

Splenocytes nd 432 ± 67 675 ± 49
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