
Introduction
CD4 T cells play a central role in the regulation of
immune responses, including the initiation of allograft
rejection. CD4 T cells are known to be necessary for car-
diac allograft rejection, as illustrated by long-term allo-
graft survival after anti-CD4 mAb therapy or grafting
into CD4-deficient recipients (1–6). Although CD4 T
cells often are required for allograft immunity, the pre-
cise role(s) of this subset remains ambiguous owing to
the multifaceted role of CD4 T cells in cellular immune
responses. For example, although CD4 T cells are gen-
erally regarded as helper cells by facilitating other lym-
phoid cells involved in immunity (7–11), they have also
been implicated as effector cells of graft rejection
(12–14). Thus, the potential helper versus effector func-
tions of CD4 T cells in graft rejection often remain
unclear, as these activities occur simultaneously. One
major goal of this study was to determine the capacity
of CD4 T cells to mediate cardiac rejection in the
absence of other lymphoid subpopulations.

Another complication in determining the role of
CD4 T cells in allograft rejection lies in the fact that
these cells have two potential pathways of MHC class
II–restricted donor antigen recognition: (a) “direct”
recognition of allogeneic MHC class II molecules

expressed by donor antigen presenting cells (APCs),
and (b) “indirect” recognition of donor antigens
processed and presented in the context of MHC class
II molecules expressed by recipient APCs (15). CD4 T
cells characteristic of both donor MHC–restricted
direct (14) and host MHC–restricted indirect (8,
16–18) cells have been implicated in allograft immu-
nity. In the present study, we determined whether CD4
T cells alone were sufficient to trigger the rejection of
vascularized, heterotopic cardiac allografts in
immune-deficient mice. Results show that CD4 T cells
are both necessary and sufficient for mediating acute
cardiac allograft rejection, and that this response
requires donor but not host MHC class II expression,
implicating direct donor recognition in this response.

Methods
Mice. Inbred female C57BL/6ByJ (B6, H-2b), BALB/cByJ
(BALB/c, H-2d) mice, and C57BL/6-Rag1tm1/Mom (B6
rag1–/–, H-2b) were purchased from The Jackson Labo-
ratory (Bar Harbor, Maine, USA). Female C57BL/6 I-Ab-
gene targeted MHC class II–/– deficient (C2D, H-2b)
mice (19) and immune-deficient C.B-17scid/scid (SCID,
H-2d) female mice (20) were obtained from Taconic
Farms (Germantown, New York, USA). Animals were
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housed under pathogen-free conditions at the Univer-
sity of Colorado Barbara Davis Center Animal Facility,
according to NIH guidelines.

Generation of C2D rag1–/– mice. To generate immune-
deficient rag1–/– mice that were also MHC class II defi-
cient, C2D mice were crossed with B6 rag1–/– mice and
then intercrossed to generate double-deficient mice.
The rag1–/– phenotype was determined by the lack of
detectable lymphocytes in peripheral blood leuko-
cytes (PBLs), and the C2D genotype was assessed by
PCR screening of genomic DNA for the disrupted IAβb

allele. The C2D phenotype also was confirmed func-
tionally by the inability of C2D stimulator cells to
trigger in vitro proliferation of BALB/c CD4 T cells
relative to MHC class II+/+ rag1–/– stimulator cells.
Homozygous C2D rag1–/– mice then were interbred
for experimental use.

Heterotopic heart transplantation. Cardiac allografts from
BALB/c mice were transplanted heterotopically into B6,
B6 rag1–/–, or C2D B6 rag1–/– mice. Cardiac allografts
from B6 or C2D mice were transplanted heterotopically
into BALB/c mice or into SCID mice. Vascularized grafts
were transplanted according to standard microsurgical
techniques (21). Briefly, the harvested donor heart was
placed in 4°C saline until transplantation. Under
avertin-induced anesthesia, a 2-cm midline vertical
abdominal incision was made, and the abdominal cavi-
ty entered. The abdominal aorta and inferior vena cava
(IVC) were isolated below the renal vessels. An end to side
anastomosis of the donor aorta to the recipient aorta
was made using running 10-0 nylon suture. An end to
side anastomosis of the donor pulmonary artery to the
recipient IVC was made in similar fashion. The abdomi-
nal wall was closed in two layers using 5-0 silk suture in
a running fashion. A 1.0-ml bolus of sterile normal saline
was administered into the abdomen as fluid resuscita-
tion upon closing. No other supportive measures were
required during the surgery. Heart graft survival was
monitored by daily palpation with rejection defined as
cessation of detectable beat.

CD4 T-cell depletion in vivo. The rat anti-mouse CD4
mAb GK 1.5 (IgG2b) (22) was produced for in vivo CD4
T-cell depletion. GK1.5 antibody was generated as
ascites in SCID mice and quantitated by an isotype-spe-
cific ELISA. BALB/c recipients were either left untreat-
ed or were treated with GK1.5 antibody (10 mg/kg)
administered intraperitoneally to the indicated BALB/c
recipients on days –1, 0, 1, and 2 relative to transplant.

CD4 T-cell purification and adoptive transfer. Cervical,
axillary, and mesenteric lymph nodes (LNs) were har-
vested from BALB/c or B6 mice. Single-cell suspensions
of LN cells were enriched for CD4 T cells by negative
selection of CD8 T cells and B cells on an
immunoaffinity column according to the manufactur-
er’s specifications (Cellect, Edmonton, Alberta, Cana-
da). Where indicated, B6 CD4-enriched lymphoid pop-
ulations were further depleted of residual MHC class
II–bearing cells with anti-I-Ab antibody (25-9-3S; IgM)
plus rabbit complement (LowTox-M; Accurate Chemi-

cal & Scientific Corp., Westbury, New York, USA) treat-
ment for 1 hour at 37°C. Cellular phenotyping of
freshly purified cells or of PBLs of adoptive transfer
recipients was determined by flow cytometry assessing
staining of FITC-labeled anti-CD4, anti-CD8, or anti-
B220 mAb’s (PharMingen, San Diego, California, USA)
detected by an EPICS ELITE ESP flow cytometer (Coul-
ter Corp., Miami, Florida, USA). CD4-enriched T cells
contained less than 0.5% contaminating CD8 T cells or
B220+ cells. Ten million unseparated LNs or CD4-
enriched T cells were injected intraperitoneally into the
indicated adoptive transfer recipients on day 0 relative
to cardiac transplant.

Mixed lymphocyte reaction of reconstituting lymphoid popu-
lations. Mixed lymphocyte reaction (MLR) of adoptively
transferred cell populations were also performed to
demonstrate cell viability and function. Briefly, 2.0 × 105

responder cells were mixed with 3.0 × 105 irradiated
(3000R) splenic stimulator cells in 96-well flat-bottom
plates. Cells, cultured in EMEM supplemented with
10% FCS, 10–5 M 2-Me, and antibiotics, were incubated
at 37°C in 10% CO2. Cultures then were pulsed with 1.0
µCi [H3]thymidine for 6 hours on the indicated day of
cell culture. Plates were harvested and counted on a
TopCount microplate scintillation counter (Packard
Instrument Corp., Meriden, Connecticut, USA).

Tissue histological examination. Transplanted and native
hearts were removed and divided in half in long axis per-
pendicular to the intraventricular septum. One half of
the transplant was fixed in 10% formalin, and the other
was imbedded in OTC and snap frozen to –70°C. The
formalin fixed tissue was paraffin embedded, and sec-
tions were cut and stained with hematoxylin and eosin
(H&E) and trichrome stains. These were examined in a
blinded fashion to determine the extent of myocardial
damage, mononuclear and granulocyte cell infiltration,
and vasculitis and/or vascular intimal proliferation.

Parallel sections were analyzed by immunohisto-
chemistry on frozen tissue sections by air drying
overnight and fixing with acetone. Sections were rehy-
drated in TBS, washed, and then blocked with 1:5 nor-
mal rabbit serum in TBS containing Vector avidin DH
(Vector Laboratories Inc., Burlingame, California,
USA). KT6 supernatant (rat anti-mouse CD4) or
YTS105 supernatant (rat anti-mouse CD8) was
applied and incubated for 45 minutes at room tem-
perature. Biotinylated rabbit anti-rat Ig (1:200) was
applied and incubated for 30 minutes. Vectastain
Elite ABC Reagent (Vector Laboratories Inc.) was
applied and then counter stained with Mayer’s hema-
toxylin. Tissue sections were examined for
immunoperoxidase staining by light microscopy for
the presence of CD4 and/or CD8 T cells.

Detection of alloantibody production. Alloreactive anti-
body production was assessed by the ability of sera
from grafted animals to fix complement to 51Cr-labeled
Con A blast target cells. Briefly, 104 labeled blast target
cells were mixed with serial twofold dilutions of test
sera and rabbit complement (LowTox-M) in 200 µl and
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incubated in 96-well V-bottom tissue culture plates for
1 hour at 37°C. The 51Cr release was measured on a
microplate scintillation counter, and end-point titers
were determined as the reciprocal of the serum dilution
producing 51Cr-release greater than 3 SD above repli-
cate wells of target cells plus complement alone.

Statistical analysis. Mann-Whitney U and Fischer exact
tests using commercially available software were used
to determine significance of graft survival data in adop-
tive transfer studies.

Results and Discussion
CD4 T cells are both necessary and sufficient for acute cardiac
allograft rejection in immune-deficient recipients. Previous
studies indicate that CD4+ T cells are necessary for
cardiac allograft immunity (6, 23–27). Consistent with
these studies, the depletion of recipient CD4 T cells
with a short course of mAb therapy (GK1.5) prevent-
ed acute rejection of B6 cardiac allografts with 4/4
grafts functioning for greater than 60 days (Figure 1a).
The role of CD4 T cells in rejection was further ana-
lyzed in an adoptive transfer model using immune-
deficient SCID recipients. Donor B6 (H-2b) cardiac
allografts survived greater than 60 days in unreconsti-
tuted SCID mice (Figure 1b), in contrast to the acute
rejection of these grafts in immune-competent
BALB/c recipients. At harvest (>60 days), such heart
allografts established in SCID mice lacked any overt
histological evidence of acute rejection or graft vascu-

lopathy (Figure 2). Furthermore, such SCID hosts
failed to demonstrate peripheral endogenous, or
“leaky,” host-derived lymphocytes over the course of
the experiment (Table 1). Initial studies were per-
formed to determine the number of wild-type BALB/c
lymph node cells required to transfer robust cardiac
allograft rejection to immune-deficient SCID recipi-
ents. On the basis of our previous studies of islet allo-
graft rejection (28) and cardiac allograft rejection,
either 3 × 107 (n = 5) or 1 × 107 (n = 7) BALB/c lymph
node cells were transferred to SCID mice bearing B6
heart allografts, with acute rejection triggered in a
mean of 9.6 ± 1.8 and 12.4 ± 1.7 days, respectively (P =
NS). Because these two dosage groups did not show
significant differences in rejection rates, 1 × 107 cells
were used for adoptive transfer in subsequent studies,
to minimize the risk of transferring contaminating
lymphocytes (CD8 T cells or B cells) in experiments
involving purified CD4 T cells. Importantly, LN cells
depleted of CD4 T cells were unable to reconstitute
cardiac allograft rejection to SCID hosts (Figure 1b).
Thus, CD4 T cells were required for acute cardiac allo-
graft rejection in either wild-type recipients or in recip-
ients with adoptively transferred cellular immunity.

To determine whether CD4 T cells were actually suf-
ficient for triggering acute cardiac allograft rejection,
allograft-bearing SCID mice were reconstituted with
purified BALB/c CD4 T cells. Such CD4 T cells acutely
rejected cardiac grafts in a time course comparable to
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Figure 1
CD4 T cells are necessary for cardiac allograft rejection. (a) C57BL/6
cardiac allografts are rejected in immune competent BALB/c recipi-
ent (n = 10, mean = 8.3 ± 1.6 days), whereas mice treated with 10
mg/kg of anti-CD4 antibody (GK-1.5) do not reject C57BL/6 hearts
(n = 4; >60 days × 4). (b) C57BL/6 cardiac allografts are not reject-
ed in unreconstituted C.B-17scid (SCID) mice (n = 12; >60 days ×
12). C57BL/6 cardiac allografts are rejected in SCID mice reconsti-
tuted with LN cells from immune competent BALB/c mice (n = 7;
mean = 12.4 ± 4.5 days), whereas BALB/c cell donors treated with
10 mg/kg of anti-CD4 antibody (GK-1.5) before transfer do not
reject C57BL/6 hearts (n = 4; >60 days × 4).

Table 1
FACS analysis of lymphocyte populations used for adoptive transfer to SCID recipients

Cell populationA Recipient Day of analysis TCR CD4 CD8 B220
(days after transfer) (%) (%) (%) (%)

Before transferB

Unseparated LN – 0 56.5 46.5 12.1 36.8
Purified CD4 – 0 97.3 97.1 0.0 0.1

PBL of adoptive transfer recipient

Unseparated LN SCID 14 38.8 25.0 11.3 1.3
Purified CD4 SCID 14 26.8 24.7 0.2 0.5
None BALB/c 14 63.3 48.8 14.1 25.1
None SCID 60 2.7 0.1 0.2 0.2

AA total of 1 × 107 unseparated LN cells or purified CD4 T cells were adoptively transferred to SCID mice grafted with cardiac allografts. Cells used for adop-
tive transfer were phenotyped by FACS analysis on the day of cell transfer or were analyzed in PBLs of adoptive transfer recipients on the day indicated. For
comparison, PBL analysis is shown for control BALB/c or unreconstituted SCID cardiac allograft recipients. BPhenotyped on the day of cell transfer.



either control immune-competent BALB/c animals or
SCID mice receiving unseparated whole LN cells (Fig-
ure 3a). Therefore, adoptive transfer of CD4+ T cells
alone is sufficient to restore primary acute rejection of
cardiac allografts in SCID mice. Several criteria of cel-
lular phenotyping were used to verify that the trans-
ferred CD4 T cell populations were indeed devoid of
demonstrable contaminating CD8 T cells or B cells. In
animals reconstituted with CD4 T cells, the enriched
CD4 T-cell population contained less than 0.5% CD8 T
cells or B cells as detected by FACS analysis of the adop-
tively transferred cells both prior to cell transfer and at
the conclusion of the experiment through the analysis
of the PBLs of SCID recipients (Table 1). In addition,
immunohistochemical analysis of tissue sections of
cardiac allografts rejected by purified CD4 T showed
pronounced infiltration of CD4 T cells without
detectable contaminating CD8 or B cells (Figure 2).
Finally, recipients of cardiac allografts were tested for
the presence of complement-fixing antibodies reactive
against donor-type target cells. Results indicated that
although wild-type BALB/c mice and a proportion of
SCID recipients of whole LN cells produced robust
antibody responses, SCID recipients of purified CD4 T

cell did not generate detectable donor-reactive anti-
bodies (Figure 4). Taken together, we conclude that
CD4 T cells are both necessary and sufficient to trigger
primary acute cardiac allograft rejection in the absence
of either CD8 T cells or B cells. Although these lym-
phoid subsets may certainly contribute to graft rejec-
tion, neither CD8 T cells nor B cells are required for
acute rejection, consistent with results in other heart
allograft studies (6, 29). In contrast, other tissues, such
as pancreatic islet rejection, can require CD8 T cells for
acute rejection (28, 30).

CD4 T–mediated rejection requires donor MHC class II
expression. A key issue regarding CD4-mediated rejection
was whether the rejection occurred via direct MHC class
II presentation by the graft and/or via indirect donor
antigen presentation by host MHC class II–bearing
APCs (15). To determine whether direct presentation of
donor MHC class II is essential for acute CD4-mediat-
ed rejection, SCID mice were grafted with C2D heart
allografts such that the host, but not the donor,
expressed MHC class II. Results indicate that most C2D
heart allografts survived more than 60 days after CD4
T-cell transfer (Figure 3b), in sharp contrast to the acute
rejection of MHC class II–bearing allografts (Figure 3a).
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Figure 2
Histological assessment of cardiac allografts. (a) Rejection of B6
cardiac allografts in untreated wild-type BALB/c recipients. (b)
Rejection of C2D cardiac allografts in untreated wild-type BALB/c
recipients. Grafts (a and b) demonstrate interstitial lymphocytic
infiltrate, cardiac myocyte necrosis, and vasculitis consistent with
acute rejection. (c) C57BL/6 donor heart harvested from SCID at
greater than 60 days, demonstrating normal cardiac myocytes
and vasculature without evidence of rejection. (d) C57BL/6 donor
heart rejected in SCID mice reconstituted with LN cells, demon-
strating acute rejection with mild lymphocytic infiltrate, cardiac
myocyte necrosis. (e) C57BL/6 donor heart rejected in SCID
reconstituted with purified CD4 T cells. Moderate lymphocytic
infiltrate and myocyte necrosis. (f) CD4 immunohistochemical
staining in C57BL/6 donor hearts rejected in SCID mice recon-
stituted with CD4 T cells (day 14 after cell transfer). (g) Immuno-
histochemical staining in C57BL/6 donor hearts rejected in SCID
mice reconstituted with CD4 T cells (same animal as depicted in
f). Note the lack of detectable CD8-positive staining. (h) C2D
C57BL/6 cardiac allograft from a CD4 T-cell reconstituted SCID
mouse 60 days after CD4 T-cell transfer. Mild acute rejection with
vasculitis, with pronounced intimal proliferation, is seen within
the vessel wall consistent with the lesion of transplant coronary
disease. All photomicrographs, ×165.



As expected, purified BALB/c CD4 T cells responded to
B6 MHC class II+/+ stimulator cells in vitro but failed to
respond to C2D stimulator cells, illustrating the
requirement of donor MHC class II for primary direct
CD4 alloreactivity (Figure 5). These results strongly
implicate the direct pathway of donor MHC class II
recognition in acute CD4-mediated rejection. Addi-
tionally, as the recipients in these experiments were
MHC class II+, this finding also implies that indirect
CD4 T-cell recognition of donor antigens in the context
of recipient MHC class II is not sufficient for acute rejec-
tion. These results differ from previous results by Auch-
incloss et al. showing that CD8 T cell–depleted hosts
can mount a CD4-dependent indirect response result-
ing in the rejection of class II–deficient skin allografts
(8). In that study, it is possible that host B cells con-
tributed to rejection. Alternatively, it is possible that
skin and heart allograft immunity differ in their respec-
tive requirements for graft rejection. Different types of
tissues and organs often demonstrate distinct cellular
requirements for rejection. For example, donor MHC
class I is necessary for islet (31) but not heart (32) rejec-
tion in the same donor-recipient combination. Also,
CD4 T cells are required for islet but not fetal pancreas
rejection (33). Thus, the tissue or organ type used for
transplantation represents an important variable in dic-
tating the cellular requirements for rejection.

It is conceivable that the allogeneic MHC class II
itself is a significant target antigen of indirect CD4
reactivity that may be important for rejection. Indeed,
CD4 T cells that indirectly recognize donor MHC
class II–derived peptides clearly have the ability to
contribute to allograft responses (18, 34–36).
Although this form of recognition certainly occurs,
we find this explanation unlikely to account for the
failure of CD4 T cells to reject C2D cardiac allografts.
First, if MHC class II is a dominant antigen eliciting
the indirect pathway, this reactivity should be reflect-
ed by alloantibody responses because CD4 T-cell help
for B cells is presumably a consequence of indirect
presentation of donor antigens in association with
recipient MHC class II. However, we found that C2D
hearts elicit a donor-reactive antibody response that
is indistinguishable from that generated against
MHC class II–bearing hearts in wild-type BALB/c

recipients (data not shown), indicating that donor
MHC class II is not required for the generation of
robust anti-donor antibody responses. Second, CD4
T cells can contribute to cardiac allograft rejection in
the absence of donor MHC class II expression. C2D
hearts are in fact acutely rejected in SCID hosts by
unseparated LN cells with kinetics equal to B6 MHC
class II+/+ hearts (Figure 3). Importantly, parallel
experiments in wild-type BALB/c mice show that the
rejection of C2D heart allografts is CD4 T cell
dependent, despite the absence of direct CD4 reactiv-
ity (Figure 3). That is, although BALB/c hosts acutely
reject C2D hearts, anti-CD4 mAb therapy prevents
this response (Figure 6). Thus, indirect CD4 T-cell
reactivity can play an important role in recognizing
the C2D graft. This result itself illustrates the fact
that CD4 T cells have alternate means of contributing
to cardiac allograft rejection, serving as direct effector
cells when donor class II is present, or serving as
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Figure 3
CD4 T cells are sufficient for acute rejection of MHC class II+/+ but
not C2D cardiac allografts. (a) C57BL/6 cardiac allografts survive
greater than 60 days in SCID recipients (open triangles). Mice
reconstituted with either unseparated LN cells (filled circles; n = 7)
or purified CD4 T cells (open circles; n = 10) reject C57BL/6 hearts
acutely (mean rejection of 12.4 ± 4.5 and 12 ± 4.7 days, respec-
tively). (b) C2D C57BL/6 cardiac allografts survive more than 60
days in SCID recipients (open triangles). Mice reconstituted with
unseparated LN cells (filled circles; n = 6) acutely reject C2D
C57BL/6 cardiac allografts in 9.8 ± 0.3 days, whereas purified
CD4 T cells (open circles; n = 8) do not reject the majority of C2D
C57BL/6 hearts (graft survival of 50; >60 × 7 days).

Figure 4
Alloantibody production from cardiac allograft recipients. Anti-B6
complement-fixing antibody titers were determined in the following
experimental groups: wild-type BALB/c hosts grafted with B6 heart
allografts (squares); nongrafted control SCID mice (diamonds);
SCID mice grafted with B6 hearts and reconstituted with 107 BALB/c
whole LN cells (circles); and SCID mice grafted with B6 hearts and
reconstituted with 107 purified BALB/c CD4 T cells (triangles).



helper cells for graft rejection when the transplant is
devoid of MHC class II. We are currently pursuing the
nature of this CD4 T cell collaboration with other
lymphoid subpopulations in the rejection of C2D
heart allografts. Finally, CD4 T cells do not require
recipient MHC class II expression to acutely reject car-
diac allografts (see below). Therefore, although indi-
rect reactivity to donor MHC class II occurs, such a
response is not necessary for acute rejection.

In the absence of donor MHC class II antigens, CD4+ T cells
appear to mediate transplant coronary vasculopathy.
Although C2D cardiac allografts are not rejected acute-
ly in SCID mice reconstituted with only CD4 T cells,
these hearts did show clear evidence of vascular
changes at the time of graft harvest (60 days). Histo-
logical evidence of intimal proliferation in the coronary
and aortic vasculature consistent with transplant coro-
nary vasculopathy was seen in these grafts (Figure 2h).
Hearts that survived long term in SCID mice that were
not reconstituted with lymphoid cells did not have
detectable coronary vasculopathy even after longer
engraftment periods (>100 days). This finding indi-
cates that despite the inability of CD4 T cells to gener-
ate direct donor reactivity to C2D grafts, the presenta-
tion of donor antigens by recipient MHC class II can
result in graft vascular pathology. This important sec-
ondary observation indicates that: (a) the indirect path-
way is not sufficient to trigger acute, CD4-mediated
rejection, and (b) transplant coronary vasculopathy can
be triggered by CD4 T cells in the absence of donor
MHC class II and host CD8 T-cell or B-cell responses.
We are currently pursuing the nature of the chronic
vascular changes seen in this model system.

CD4 T cells trigger acute cardiac allograft rejection in the
absence of the indirect pathway. As discussed earlier,
donor MHC class II expression by the graft was nec-
essary for acute CD4 T cell–mediated cardiac allo-
graft rejection. This finding implicates the predomi-
nance of the direct pathway of donor recognition in
this response and suggests that indirect antigen
recognition by CD4 T cells is insufficient for mediat-

ing acute rejection. However, these results do not pre-
clude a potentially significant role for indirect recog-
nition in the activation or expression of CD4-medi-
ated immunity. For example, primary indirect CD4
reactivity could conceivably be required to facilitate
direct CD4 reactivity in vivo. To determine whether
CD4-dependent indirect recognition was required for
rejection, we performed reciprocal experiments to
those described earlier, i.e., whether MHC class
II–bearing cardiac allografts could be rejected by CD4
T cells in the absence of host MHC class II expres-
sion. To accomplish this, C2D animals were bred
with immune-deficient B6 rag1–/– mice to generate
C2D/rag1 double-deficient recipients. BALB/c car-
diac allografts were transplanted into either MHC
class II+ rag1–/– or C2D rag1–/– recipients that subse-
quently were reconstituted with purified, MHC class
II-depleted CD4 T cells. Results indicate that CD4 T
cells can in fact trigger acute cardiac allograft rejec-
tion in the absence of host MHC class II (Figure 7).
Thus, indirect donor antigen presentation by host
MHC class II is not required for acute CD4-mediated
cardiac allograft rejection. In contrast, using this
same model system we have recently found that CD4
T cells do require host MHC class II for the rejection
of rat islet xenografts (R.G. Gill et al., work in prepa-
ration), a result consistent with other studies of skin
xenograft rejection (37). Thus, other forms of CD4-
mediated rejection do indeed require antigen recog-
nition in association with host MHC class II.

This latter result may be considered somewhat sur-
prising for at least two different reasons. First, previ-
ous studies have indicated that recent CD4+ thymic
emigrants persist poorly in an MHC class II–deficient
environment, presumably due to a requirement for
tonic CD4/MHC class II interactions in the periphery
(38, 39). Thus, there is some question whether CD4 T
cells can function under extrathymic MHC class II–/–

conditions. In the current studies using peripheral,
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Figure 5
MLR of purified CD4+ lymphocytes. Proliferative response of (a)
unseparated LN cells or (b) purified CD4 T cells to either MHC class
II+ (C57BL/6) or MHC class II–/– (C2D) stimulator cells in vitro.

Figure 6
CD4 T cells are necessary for acute rejection of C2D cardiac allo-
grafts. BALB/c recipients of C2D heart allografts were either untreat-
ed (filled circles; n = 3) or were depleted of CD4 T cells (open circles;
n = 7) through a short-course of anti-CD4 mAb therapy (GK1.5) as
described in Methods.



mature CD4 cells derived from wild-type mice, we
have not noted this pronounced diminution in
peripheral CD4 T cells after adoptive transfer to C2D
hosts. A recent study, however, shows that mature
CD4hi T cells depleted of CD8lo double-positive T cells
can persist for at least several months in C2D hosts
(40), a result consistent with our own study. Further-
more, in the present study, the recipient does contain
MHC class II expressed by the donor transplant,
which makes the current model distinct from previ-
ous studies of CD4 T cells in C2D hosts. That is, it is
possible that the donor MHC class II facilitates CD4
T-cell function in the absence of endogenous MHC
class II. A second point is that other studies suggest
that host expression of costimulatory molecules, espe-
cially host CD80/86, play a greater role in cardiac allo-
graft rejection than do donor costimulatory mole-
cules (41). Such results highlight the importance of
costimulation by host APCs in rejection, possibly
through indirect antigen recognition. It is not clear
how our results and these previous studies using
CD80/86-deficient mice can be reconciled. However,
the function of CD4 T cells that develop in a
CD80/86-deficient environment may differ from
wild-type CD4 T cells used in our study. This impor-
tant issue remains to be resolved.

In summary, these data demonstrate that CD4 T
cells are both necessary and sufficient to trigger acute
cardiac allograft rejection. Thus, CD4 T cells can
function as effector cells in cardiac allograft immuni-
ty in the absence of other lymphocyte subpopula-
tions. This does not exclude or minimize the contri-
bution of other cells (CD8 or B cells) to acute
rejection, but indicates that these cells are not
required for the acute response. Importantly, CD4-
mediated rejection appears to primarily depend on
direct donor recognition of MHC class II and occurs
without a requirement for indirect presentation of
donor antigens by host MHC class II molecules. The
effector mechanism(s) of CD4-mediated heart allo-
graft rejection remains unclear. In a skin allograft
model, CD4 T cells could mediate rejection without a
requirement for perforin, FasL (CD95L), or TNF, sug-
gesting that prototypical cytotoxic T lymphocyte
mechanisms were not required for graft rejection (42).
We are currently investigating whether CD4-mediat-
ed cardiac allograft rejection shows similar properties.

Also, it is not clear what type of donor MHC class II
interaction is critical for CD4 T cell–mediated rejec-
tion. Bone marrow chimera experiments should aid in
determining whether tissue parenchymal and/or vas-
cular cell versus hematapoietic cell MHC class II
expression is required for acute rejection. Although
these important issues remain to be resolved, it is
clear that CD4 T cells function as formidable effector
cells capable of mediating primary acute rejection.
The ambiguity regarding the contribution of CD4 T
cells to acute rejection may lie in the fact that both
helper and effector properties of CD4 T cells occur
simultaneously during unmodified graft rejection.
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