
Differential Requirement of CD27 Costimulatory Signaling for
Naïve Versus Alloantigen-Primed Effector/Memory CD8+ T Cells

K. Yamauraa,†, O. Boenischa,†, T. Watanabea, T. Uenoa, V. Vangurib, J. Yanga, K. Tanakaa,
I. Guleriaa, J. Borstc, Y. Zhaid, J. W. Kupiec-Weglinskid, and N. Najafiana,*

a Transplantation Research Center, Brigham and Women’s Hospital and Children’s Hospital,
Harvard Medical School, Boston, MA b Immunology Research Division, Department of Pathology,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA c Division of Immunology,
The Netherlands Cancer Institute, Amsterdam, The Netherlands d Dumont-UCLA Transplant
Center, Division of Liver and Pancreas Transplantation, Department of Surgery, David Geffen
School of Medicine at UCLA, Los Angeles, CA

Abstract
CD8+ memory T cells endanger allograft survival by causing acute and chronic rejection and prevent
tolerance induction. We explored the role of CD27:CD70 T-cell costimulatory pathway in
alloreactive CD8+/CD4+ T-cell activation. CD27-deficient (CD27−/−) and wild-type (WT) B6 mice
rejected BALB/c cardiac allografts at similar tempo, with or without depletion of CD4+ or CD8+ T
cells, suggesting that CD27 is not essential during primary T-cell alloimmune responses. To dissect
the role of CD27 in primed effector and memory alloreactive T cells, CD27−/− or WT mice were
challenged with BALB/c hearts either 10 or 40 days after sensitization with donor-type skin grafts.
Compared to WT controls, allograft survival was prolonged in day 40- but not day 10-sensitized
CD27−/− recipients. Improved allograft survival was accompanied by diminished secondary
responsiveness of memory CD8+ T cells, which resulted from deficiency in memory formation rather
than their lack of secondary expansion. Chronic allograft vascu-lopathy and fibrosis were diminished
in CD27−/− recipients of class I- but not class II-mismatched hearts as compared to WT controls.
These data establish a novel role for CD27 as an important costimulatory molecule for alloreactive
CD8+ memory T cells in acute and chronic allograft rejection.

Keywords
CD8; CD4; costimulation; memory T cells; transplantation

Introduction
Human transplant recipients harbor significant numbers of alloreactive memory T cells
generated by previous encounter to alloantigens, via heterologous immunity or homeostatic
proliferation as a result of lymphoablation (1,2). Alloreactive memory T cells contribute to
both acute and chronic allograft rejection, indicating that current im-munosuppressive
therapies do not inhibit the generation or maintenance of T-cell memory (3–5). Immunologic
memory is thought to be one of the major barriers that preclude the induction of antigen-specific
tolerance in clinical transplantation (6). Donor-reactive memory T cells can precipitate

*Corresponding author: Nader Najafian, nnajafian@rics.bwh.harvard.edu.
†K.Y. and O.B. contributed equally to this work and are cofirst authors.

NIH Public Access
Author Manuscript
Am J Transplant. Author manuscript; available in PMC 2010 June 22.

Published in final edited form as:
Am J Transplant. 2010 May ; 10(5): 1210–1220. doi:10.1111/j.1600-6143.2010.03089.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



costimulatory blockade-resistant allograft rejection (7–9). Inability of classical costimulatory
blockade to induce long-term allograft survival in the presence of memory T cells prompted
investigators to block activation pathways unique to generation and the recall of memory T
cells.

The CD27:CD70 pathway, a member of the costimulatory TNF:TNFR superfamily, plays an
important role in the formation of effector and memory T cells, likely by enhancing T-cell
survival (10). CD27-deficient (CD27−/−) mice show reduced numbers of CD4+ and CD8+ T
cells in lungs and spleens after primary and secondary infection with influenza A (11). Thus,
CD27 controls the accumulation of CD4+ and CD8+ effector T cells at the site of infection.
Costimulatory effects of CD27 on both CD4+ and CD8+ T cells were also revealed in CD70-
transgenic mice, which demonstrated increased numbers of CD4+ and CD8+ T cells with
effector phenotype and accumulation of CD8+ effector T cells upon challenge to influenza
virus (12). Interestingly, upon infection with in-fluenza virus, secondary CD8+ T-cell responses
are reduced in CD27−/− mice (11,13). Many observations argue for a role of CD27:CD70
interactions in memory T-cell formation, as the formation of influenza virus-specific memory
CD8+ T cells was reduced in CD27−/− mice, as was the formation of ovalbumin-specific
memory CD8+ T cells in mice treated with anti-CD70 antibody (14). Conversely, contraction
of virus-specific CD8+ effector T cells was reduced in CD70-transgenic mice, resulting in
increased memory cell formation (12). As CD27−/− memory CD8+ T cells were also deficient
in secondary expansion, CD27 may contribute to memory cell differentiation. In contrast, the
role of CD27:CD70 signaling in CD4+ T-cell memory is relatively unexplored (10).

Despite evidence for the role of the CD27:CD70 pathway in CD8+ T-cell-mediated immune
responses to viral infections, the effects on CD8+ T-cell-mediated alloimmune responses are
not completely understood. Using a complete MHC-mismatched murine model of cardiac
transplantation, we recently demonstrated that anti-CD70 mAb induces long-term survival of
allografts in CD28-deficient recipients by inhibiting the activation of effector and memory
CD8+ T cells (15). The aim of this study was to use an established murine model of sensitized
recipients of cardiac allografts (9) to further dissect the role of the CD27:CD70 pathway on
effector and memory T-cell responses to al-loantigens, with particular focus on the effects of
CD27 signaling.

Materials and Methods
Animals

C57BL/6 (B6, H2b), BALB/c (H2d), B6.C-H2bm12/KhEg (bm12), CBA/Caj (CBA) and B6.C-
H2bm1/By (bm1) mice were purchased at The Jackson Laboratory, Bar Harbor, ME.
CD27−/− B6 mice were obtained from the Netherlands Cancer Institute, Amsterdam (11) and
maintained as a breeding colony in our animal facility. All mice were used at 8 to 12 weeks of
age and housed in accordance with institutional and National Institutes of Health guidelines.

Heart and skin transplantation
To presensitize prospective cardiac allograft recipients, full-thickness skin grafts from BALB/
c donors (~1cm2) were transplanted onto the dorsal thorax of wild-type (WT) or CD27−/− B6
mice. 10 or 40 days after skin transplantation, recipients were rechallenged with vascularized
cardiac allografts from donor-type (BALB/c) or third-party (CBA) animals (9). Cardiac
allografts were heterotopically transplanted, using microsurgical techniques (16).

Antibodies and in vivo treatment protocol
For CD4 or CD8 T-cell depletion, mice received 0.1 mg anti-CD4 (GK1.5) or anti-CD8
(GK2.43) depleting mAbs (Bioexpress Cell Culture, West Lebanon, NH) i.p. at day –6, –3 and
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–1 before heart transplantation, ensuring >95% depletion of the respective cell type in the
peripheral blood on the day of transplantation. Cell counts start to recover by ~2 weeks after
the last injection, with complete recovery occurring within 10 weeks (15,17–19).

For NK cell depletion, mice received 0.2 mg anti-NK mAb (PK136; Bioex-press Cell Culture,
West Lebanon, NH) at day –3, –-2 and –1 before heart transplantation, ensuring >95% depletion
of NK cells in the peripheral blood on day 0 and day 7 posttransplantation.

Donor-specific antibodies (DSA)
Donor-type BALB/c splenocytes were incubated over 30 minutes with recipient sera in various
dilution steps and afterward stained with fluorochrome-labeled mAbs against mouse IgG1 and
IgG2a (BD Biosciences, San Jose, CA). Amount of DSA was assessed by measuring the
percentage of IgG1-or IgG2a-bearing splenocytes.

Histology
Cardiac allografts were harvested at 8 weeks after transplantation, fixed in 10% formalin,
embedded in paraffin, coronarly sectioned, stained with hematoxylin/eosin, Elastica-van
Gieson’s and Masson’s trichrome dyes and analyzed by light microscopy (20,21). The degree
of rejection was determined according to International Society of Heart and Lung
Transplantation guidelines (22). The severity of vasculopathy was graded according to the
percentage of luminal occlusion by intimal thickening with a scoring system described
previously (20,21,23,24).

ELISPOT assay
ELISPOT assays were performed using mouse IFN-γ/IL-4 ELISPOT Kits (BD Biosciences).
0.5 × 106 unselected splenocytes or 0.1–0.25 × 106 enriched CD4+ or CD8+ T cells derived
from splenocytes of CD27−/− or WT B6 recipient mice were used as responder cells and
restimulated with 0.5 × 106 irradiated splenocytes from naïve donor-type (BALB/c) or third-
party (CBA) mice. To obtain enriched (>93%) CD4+ or CD8+ T cells, splenocytes were purified
by MACS using a CD4 or CD8a T-cell isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany).

Flow cytometry
Unselected splenocytes from allograft recipients were stained with fluorochrome-labeled
mAbs against CD4, CD8, CD25, CD44 and CD62L (BD Biosciences). Percentages of effector-
memory CD4+ or CD8+ T cells expressing the CD44highCD62Llow phenotype were calculated
as described (25).

Statistics
Kaplan–Meier survival graphs were constructed, and the log-rank comparisons of the groups
were used to calculate p-values. Student’s t-test was used for comparison of means between
two groups or one-way ANOVA if more than two groups were present. Data were expressed
as mean ± standard error of the mean.

Results
CD27 does not affect priming of naïve CD4+ or CD8+ cells during alloimmune responses

To investigate the role of the CD27:CD70 pathway in acute cardiac rejection, we used
CD27−/− and WT B6 mice as recipients of fully MHC-mismatched allografts from BALB/c
donor animals. CD27−/− and WT mice rejected allografts at a similar tempo (Figure 1A). To
dissect the effects of CD27-deficiency on CD4+ and CD8+ T-cell-mediated allo-graft rejection,
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BALB/c allografts were transplanted into CD27−/− or WT animals after pretreatment with
depleting anti-CD4 or anti-CD8 mAb (15,17–19). Transient depletion of CD4+ T cells resulted
in a marked but equal prolongation of allograft survival in both CD27−/− and WT recipients
(Figure 1B). Compared to untreated animals, depletion of CD8+ T cells did not affect allograft
survival in any recipients (Figure 1C). Interestingly, CD27−/− mice showed higher frequencies
of alloreactive IFN-γ- and IL-4-producing splenocytes and CD8+ effector-memory cells when
compared to WT animals 7 days after transplantation (Figure 2).

CD27 is crucial for activation of alloreactive CD8+ but not CD4+ memory T cells
To determine the differential role of CD27 signaling to alloreactive effector and memory T
cells, CD27−/− and WT B6 mice were sensitized with skin allografts from BALB/c donors 10
days (to generate effector-type alloreactive T cells) or 40 days (to generate memory-type
alloreactive T cells) prior to transplantation of BALB/c cardiac allografts (9). CD27−/− and
WT recipients sensitized on day –10 rejected heart allografts at a similar tempo (mean survival
time [MST] = 2 vs. 2 days; n = 5/5; NS), suggesting that primed alloreactive effector T cells
do not require CD27-costimulation for their activation. In contrast, cardiac allografts survived
longer in CD27−/− recipients sensitized on day –40, compared to corresponding WT recipients
(Figure 3A). This survival benefit was not observed in fully MHC-mismatched third-party
cardiac allografts from CBA donors against which no specific memory cells were generated
after sensitization with BALB/c skin grafts (MST 7 vs. 7 days; n = 5/5; NS). To determine
whether the improved survival of BALB/c cardiac allografts in day 40-sensitized CD27−/−

recipients is based on impaired function of CD4+ or CD8+ memory cells, CD4+ or CD8+

memory T cells were targeted with depleting mAb in day 40-sensitized CD27−/− and WT
recipients of BALB/c hearts. Efficiency of CD4+ and CD8+ memory T-cell depletion was
confirmed using Flow Cytometry (day 0 CD4: 0.04 ± 0.008%; CD8: 0.03 ± 0.009%; n = 8 and
day 7 post cardiac transplantation CD4: 0.38 ± 0.23%; CD8: 0.52 ± 0.12%; n = 5; peripheral
blood). Improved allograft survival in CD27−/−compared to WT animals was not only
preserved, but even enhanced after CD4+ T-cell depletion (Figure 3B). In contrast, CD8+ T-
cell depletion did not affect allograft survival in CD27−/− animals, as CD8+ memory T cells
are not functional in these mice, but increased allograft survival in WT animals, in which intact
CD8+ memory T cells mediate rejection (Figure 3C).

To provide further evidence for the presence and activity of CD8+ memory T cells independent
of the effectors generated from naïve CD8+ precursors and CD4+ T cells, we administered 500
μg of CTLA4-Ig to day 40-sensitized and CD4-depleted CD27−/− or WT recipients before
transplantation of BALB/c cardiac allografts. CTLA4-Ig effectively prevents activation of
naïve T cells, but not proliferation and maintenance of memory CD8+ T cells, which are CD28-
independent. CTLA4-Ig prolonged allograft survival in sensitized CD4-depleted CD27−/−, but
not WT mice (MST 16 vs. 6 days; n = 6/4; p = 0.01). These data confirm the lack of efficacy
of CTLA4-Ig on memory CD8+ T cells in sensitized WT mice and the importance of CD27
for the generation of functional CD8+ memory T cells. Taken together, these results reveal a
crucial role of CD27 for alloreactive memory CD8+ T-cell function.

To evaluate the role of CD27 costimulation in providing memory T-cell help to B-cell-mediated
production of DSA, we measured DSA (IgG1, IgG2a) in the sera of CD27−/−and WT recipients
of BALB/c cardiac allografts 47 days after skin sensitization/7 days after heart transplantation.
The amount of both types of DSA was not different between CD27−/− and WT animals (Figure
4).

Finally, allograft survival in NK cell-depleted mice is similar to that in undepleted mice in both
CD27−/− (MST 6 vs. 7 days; n = 5/5; NS) and WT recipients (MST 4 vs. 5 days; n = 5/5; NS).
In contrast, transient double depletion of CD4+ and CD8+ T cells in sensitized WT animals
strongly prolonged cardiac allograft survival as compared to undepleted mice (MST 17 vs. 5
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days; n = 5/5; p = 0.0035), establishing T cells as the major mediators of acute rejection in this
model.

CD27 deficiency suppresses secondary responsiveness of alloreactive CD8+ memory T cells
by hampering their generation/survival

Secondary responsiveness is determined by the number of antigen-specific memory cells
formed and their capacity for secondary expansion. To determine the mechanisms by which
CD27 deficiency prolongs allograft survival in the memory phase of the alloimmune response,
we determined the frequency of IFN-γ (Th1)- or IL-4 (Th2)-producing alloreactive T cells in
sensitized CD27−/− and WT B6 recipients before (to determine memory formation) and after
transplantation of BALB/c hearts (to determine secondary expansion) by ELISPOT assays.
Forty days after skin transplantation, the frequency of alloreactive IFN-γ-producing
splenocytes was lower in CD27−/− than in WT recipients (Figure 5A), but there was no
difference between the two groups in response to third-party cells from CBA mice to which
the animals were not sensitized (49 ± 2 spots/0.5 × 106 cells [CD27−/−] vs. 34 ± 6 [WT]; n =
2/2). These findings again confirm the effect of CD27 deficiency on memory-type rather than
primary alloimmune responses.

Lower secondary responsiveness of memory cells was also confirmed in recipients of BALB/
c cardiac allografts following sensitization with BALB/c skin grafts (Figure 5A). However,
CD27 deficiency did not affect the secondary expansion of memory cells, as measured by fold
increase of the frequency of IFN-γ-producing splenocytes between days 40 and 47 (3.3-fold
increase in CD27−/− vs. 3.1-fold increase in WT recipients).

To determine the dominant cell type producing IFN-γand IL-4, splenocytes were separated
into CD4+ and CD8+ T cells at day 40 post skin transplantation. Although frequency of IFN-
γ-producing CD4+ T cells was lower in CD27−/− recipients, the depressed overall frequency
of IFN-γ-producing cells in CD27−/− recipients was mainly due to a significantly decreased
number of IFN-γ-producing CD8+ memory T cells (Figure 5C). In contrast, the frequency of
IL-4-producing cells did not differ between CD27−/− and WT recipients at any time point,
neither among unselected splenocytes (Figure 5B) nor among purified CD4+ and CD8+

splenocytes (Figure 5D).

To assess the impact of CD27 on the generation of al-loreactive CD4+ and CD8+ effector-
memory cells, the percentage of CD4+ and CD8+ cells with effector-memory
(CD44highCD62Llow) and, in case of CD8+ cells, also central-memory (CD44highCD62Lhigh)
phenotype were measured by Flow Cytometry. Being not significantly different in naïve
animals (2.1 ± 0.04 vs. 2.2 ± 0.24%; n = 3/3; NS), CD8+ effector-memory T cells were
significantly lower in CD27−/− recipients compared to WT recipients at any time point post
skin sensitization (Figures 6A and B). Interestingly, the extent of the effect of CD27 deficiency
on the percentage of CD8+ effector-memory cells was similar in all three groups as compared
to WT controls: 1.7-fold decrease at 40 days post skin sensitization, 2.2-fold decrease at 44
days post skin transplantation/4 days post heart transplantation; and 2-fold decrease at 47 days
post skin transplantation/7 days post heart transplantation. All in all, these data confirm the
crucial role of CD27 for alloreactive CD8+ memory formation/survival rather than their
secondary expansion. CD8+ central-memory T cells did not significantly differ between
CD27−/− and WT animals at day 40 post skin transplantation, but CD27−/− animals showed
lower CD8+ central-memory cells both at day 44 post skin transplantation/day 4 post heart
transplantation (13.9 ± 1.7 vs. 23.2 ± 0.9%; n = 3/3; p = 0.009) and at day 47 post skin
transplantation/day 7 post heart transplantation (21.3 ± 1.5 vs. 27.4 ± 1.2%; n = 3/3; p = 0.03),
compared to WT animals, resulting in a net decrease of the entire CD8+ memory T-cell pool
in CD27−/− animals (day 44 post heart transplantation/day 4 post heart transplantation: 16.0 ±
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1.8 vs. 27.9 ± 1.2%; n = 3/3; p = 0.005; day 47 post skin transplantation/day 7 post heart
transplantation: 34.8 ± 2.5 vs. 54.2 ± 1.9%; n = 3/3; p = 0.003).

In contrast, frequencies of CD4+ effector-memory T cells did not differ between CD27−/− and
WT recipients at any time point (Figures 6C and D), suggesting a key role of CD27 for the
generation/activation of CD8+ effector-memory T cells.

CD27 deficiency prevents chronic allograft vasculopathy and fibrosis in a model of CD8+ T-
cell-mediated chronic allograft rejection

Chronic inflammation as in chronic viral infections has been associated with exhaustion of
effector CD8+ T cells and in failure of memory CD8+ T-cell development, a process attributed
to chronic CD70-driven costimulation (26). Thus, the effects of CD27 deficiency were
evaluated in models of chronic allograft rejection, using CD27−/− and WT B6 mice as recipients
of cardiac allografts from bm1 (single MHC-class I-mismatch) or bm12 (single MHC-class II-
mismatch) donors. Chronic allograft rejection is primarily mediated by alloreactive CD8+

(bm1) or CD4+ (bm12) effector-memory T cells (27,28). As expected, CD27−/− and WT B6
recipients accepted bm1 and bm12 allografts indefinitely (both models: MST >56 vs. >56 days;
n = 6/6; NS). Despite similar allograft survival, there was no or only minimal evidence of
chronic allograft vasculopathy in two-thirds of CD27−/− recipients of bm1 hearts at day 56
posttransplantation (representative example Figure 7A, left panel), whereas bm1 allografts in
WT recipients showed thickened intima and mild-to-severe occlusion of many intramyocardial
and epicardial arteries (Figure 7A, right panel), with a clear overall trend toward lower
vasculopathy scores in CD27−/− recipients compared to WT recipients (Figure 7C). In contrast,
bm12 allografts showed various degrees of arteriosclerosis in both CD27−/− and WT recipients,
with no difference in the resulting vasculopathy scores at day 56 posttransplantation (Figure
7C). Interstitial fibrosis of bm1 allografts was very mild in CD27−/−recipients (Figure 7B, left
panel), but strongly distinctive in allograft epi- and myocardium of WT recipients (Figure 7B,
right panel). In contrast, a similarly severe degree of interstitial fibrosis was observed in both
CD27−/− and WT recipients of bm12 allografts (Figure 7D).

On day 56 posttransplantation, ELISPOT assays revealed decreased frequencies of IFN-γ-
producing splenocytes in CD27−/− recipients of bm1 allografts as compared to WT recipients
(Figure 8A), but there was no difference between CD27−/− and WT recipients of bm12
allografts (Figure 9A). Enriched CD4+ and CD8+ T cells (purity >93%) revealed CD8+ T cells
to be the major source of IFN-γproduction in the bm1 model, and CD8+ IFN-γ-producing T
cells to be decreased in CD27−/− mice (Figure 8B), whereas CD4+ T cells were the major source
of IFN-γ production in the bm12 model and did not differ between CD27−/− and WT recipients
(Figure 9B). Taken together, these data establish the primary role of CD8+ T cells in the bm1
model and the impact of CD27 molecule on their activation.

Flow Cytometry showed decreased CD8+ effector-memory and central-memory T cells and a
decreased total CD8+ memory T-cell pool in CD27−/− recipients of bm1 al-lografts as compared
to WT recipients (Figure 8C), whereas the frequencies of CD4+ effector-memory cells were
similar in CD27−/− and WT recipients of bm12 allografts (Figure 9C). These mechanistic data
establish the key role of memory CD8+ T cells in the bm1 model and underline the importance
of CD27 for their activation.

Discussion
This study is the first to provide direct evidence for differential requirement of the CD27:CD70
costimulatory pathway for naïve versus primed memory CD8+ T cells in alloim-munity. We
first asked whether activation of alloreactive CD8+/CD4+ T cells may have different CD27
costimulation requirements in naïve versus primed environments. To differentiate between

Yamaura et al. Page 6

Am J Transplant. Author manuscript; available in PMC 2010 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effector and memory primed T cells, we used an established model in which mice are presen-
sitized with donor-type skin allografts 10 or 40 days before cardiac engraftment (9,29–31).
Our data demonstrate that CD27 signals are not essential for activation of naïve allore-active
CD4+/CD8+ T cells, as both naïve CD27−/− and WT recipients rejected BALB/c hearts with
the same tempo, and temporary depletion of CD4+ or CD8+ T cells did not result in differences
in allograft survival between the two groups. These conclusions were supported by the
frequencies of alloreactive splenocytes in naïve CD27−/− and WT controls on day 7 after
cardiac transplantation, revealing more than adequate priming of CD27−/− recipients, and by
similar alloresponses to third-party (CBA) splenocytes in CD27−/− and WT mice after 40 days
of sensitization to BALB/c skin grafts. Although not completely excluding a role for CD27
signaling to naïve T cells in primary al-loimmune responses, these findings are consistent with
previous data showing the dominant role of CD28 costim-ulation in priming of naïve T cells
(32). In fact, our group previously demonstrated that blockade of CD70-induced indefinite
graft survival in all CD28-deficient animals (15). These data suggest that the CD27:CD70
pathway is integral to the initiation of alloimmune responses in vivo, especially in the absence
of CD28.

Moreover, our data show that CD27 signaling is required for optimal activation of alloreactive
CD8+ memory T cells, as judged by survival benefit of cardiac allografts in day 40-sensitized
CD27−/− recipients when compared to WT controls. Although the survival seemed biologically
minor, its importance was underlined by the fact that it was further enhanced by depletion of
memory CD4+ T cells, but completely disappeared when memory CD8+ T cells were
eliminated. These findings may seem subtle, but they are biologically important and consistent
with complementary and collective contribution of other costimulatory receptors such as 4–
1BB and OX40 to formation of CD8+ memory T cells (33). Our mechanistic studies
demonstrated diminished secondary responses of CD8+CD27- memory T cells to alloantigen,
as demonstrated by declines in IFN-γproduction and expression of effector phenotypes. Our
data confirm previous findings, albeit not in an alloimmune model, that secondary CD8+ T-
cell responses are reduced in CD27−/− mice (11,13).

Secondary responsiveness of CD8+ memory T cells is determined by the number of antigen-
specific memory cells formed, maintenance of memory T cells and their capacity for secondary
expansion (3,6). CD27 deficiency may affect any or all of these steps. It is established that the
magnitude of the expansion phase of the primary immune response and the degree of
contraction determine the size of the generated memory T-cell pool. Our in vivo data, showing
similar cardiac allograft survival rates in unprimed as well as day 10-sensitized CD27−/− and
WT mice, and corresponding mechanistic studies point to no major differences in primary
alloresponses or in the number of resultant effector T cells. Our in vivo and mechanistic data
of day 40-sensitized mice clearly establish the importance of CD27 signaling for generation
of memory CD8+ T cells. The decline in the number of alloantigen-specific memory CD8+ T
cells in CD27−/− mice could be due to decreased survival or increased contraction of
alloantigen-specific primed CD8+ T cells. In fact, contraction of virus-specific CD8+ effector
T cells was reduced in CD70-transgenic mice, resulting in increased memory cell formation
(12). While the maintenance of memory T cells is thought to be mainly dependent on cytokines
such as IL-15, CD27 stimulation can promote survival of primed CD8+ T cells and thereby
increase the allospecific memory T-cell pool (11,33,34). The vigor of recall response can be
also attributed to the intrinsic antigen hyperresponsiveness of memory T cells.

Recent work suggests that in fact CD27:CD70 interaction may be important for the recall of
CD8+ memory T cells (10). Our data in skin-sensitized hosts challenged with a donor-type
cardiac allograft clearly establish lack of a role of CD27 signaling for secondary expansion of
alloreactive memory CD8+ T cells.
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The role of CD27:CD70 pathway in generation of memory CD8+ T cells in models of chronic
viral infection in which CD70 is continuously upregulated on both dendritic cells (DCs) and
T cells has been discussed controversially. Expression of CD70 on DCs resulted in continuous
generation of CD8+ memory T cells (35), but transgenic expression of CD70 on T cells resulted
in exhaustion of effector CD8+ T cells and in failure of memory CD8+ T-cell development
(26). Prevention of chronic allograft vasculopathy (CAV) and fibrosis in CD27−/− recipients
of bm1 allografts in a chronic cardiac transplantation model demonstrate the importance and
continuous function of CD27 for CD8+ memory formation in this setting.

NK cells were recently shown to acquire memory cell-type features and mediate biological
effects upon reactivation, as demonstrated in a murine model of cytomegalovirus (36). By
depleting NK cells before cardiac transplantation in sensitized CD27−/− and WT mice, we
demonstrated that NK cells, with or without memory function, are not relevant in this model
of memory T-cell-mediated allograft rejection.

In conclusion, our data reveal that alloreactive memory CD8+ T-cell-mediated alloimmune
responses have differential requirements for CD27 costimulation compared to their naïve
counterparts and that targeting this molecular pathway may be an important novel target for
clinical intervention. Further clarification of the mechanisms of CD27:CD70 interaction is
required to allow for rational interventions for the induction of durable transplantation tolerance
in humans.
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Figure 1. BALB/c cardiac allograft survival in CD27−/− and wild-type (WT) B6 recipients
(A) Both CD27−/− (n = 5) and WT recipients (n = 5) rejected allografts at a similar tempo. (B)
Depletion of CD4+ cells in both CD27−/− (n = 5) and WT recipients (n = 5) significantly
prolonged allograft survival, but there was no difference in allograft survival between the two
groups. (C) Depletion of CD8+ cells had no effect on allograft survival in both CD27−/− (n =
5) and WT recipients (n = 5).
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Figure 2. Frequency of IFN-γ(Th1)- and IL-4 (Th2)-producing alloreactive T cells, as assessed by
ELISPOT (A, B) and percentage of alloreactive CD4+ and CD8+ effector-memory cells, as
measured by flow cytometry, in CD27−/− and wild-type (WT) B6 recipients 7 days after
transplantation of BALB/c hearts
(A, B) The frequency of alloreactive IFN-γ- and IL-4-producing splenocytes was significantly
increased in CD27−/− recipients compared to WT recipients. (C, D) While the frequency of
alloreactive CD4+ effector-memory cells did not differ between CD27−/− and WT recipients,
the frequency of CD8+ effector-memory T cells was significantly higher in CD27−/− recipients
compared to WT recipients. Data and density plots are representative of two independent
experiments (n = 3/3 each).
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Figure 3. BALB/c cardiac allograft survival in CD27−/− and wild-type (WT) B6 recipients
presensitized with donor-type skin transplantation 40 days prior to cardiac transplantation
(A) Allografts survived significantly longer in CD27−/− recipients (n = 5) compared to WT
recipients (n = 5). (B) Improved allo-graft survival in CD27−/− recipients was preserved and
further enhanced after depletion of CD4+ T cells (n = 5). (C) Allograft survival did not differ
between CD27−/− (n = 5) and WT (n = 5) recipients after CD8+ T-cell depletion.
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Figure 4. Donor-specific antibodies (DSA) production in day 40 skin-sensitized CD27−/− and wild-
type B6 recipients 7 days after cardiac transplantation, assessed by flow cytometry
(A) CD27 deficiency did not affect production of IgG1-type DSA. (B) CD27 deficiency did
not affect production of IgG2a-type DSA. Data are shown as percentage of IgG1- or IgG2a-
loaded splenocytes, and are representative of two independent experiments (n = 3/3 each).
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Figure 5. Frequency of IFN-γ(Th1)- and IL-4 (Th2)-producing alloreactive T cells in day 40 skin-
sensitized CD27−/− and wild-type (WT) B6 recipients prior to and 4 and 7 days after cardiac
transplantation, assessed by ELISPOT
(A) The frequency of alloreactive IFN-γ-producing splenocytes was significantly decreased in
CD27−/− recipients compared to WT recipients on day 40 after skin sensitization and 4 and 7
days after challenge with donor-type cardiac transplantation. (B) The frequency of alloreactive
IL-4-producing splenocytes did not differ between CD27−/− and WT recipients at any of above
time points. (C) The frequency of IFN-γ-producing CD4+ T cells purified from splenocytes
was lower in CD27−/− animals than in WT controls on day 40 after skin transplantation;
however, the decline in frequency of IFN-γ-producing CD8+ memory T cells purified from
same splenocytes was markedly more enhanced in CD27−/− mice as compared to WT controls.
(D) The frequency of donor-specific IL-4-producing cells among purified CD4+ or CD8+ T
cells derived from day 40-sensitized splenocytes did not differ between CD27−/− and WT mice.
Data are representative of three independent experiments (n = 3/3 each) and indicate the mean
of quintuplicate results in each experiment. *p < 0.05; ***p < 0.001.
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Figure 6. Frequency of alloreactive CD4+ and CD8+ effector-memory T cells in day 40-sensitized
CD27−/− and wild-type (WT) recipients prior to and 4 and 7 days after the cardiac transplantation
(A) and (B) The frequency of CD8+ effector-memory T cells was significantly decreased in
CD27−/− recipients compared to WT recipients at any time point examined. (C) and (D) The
frequency of CD4+ effector-memory T cells did not significantly differ between CD27−/− and
WT recipients over the studied time course. The density plots shown are representative of at
least three separate experiments (n = 3/3 each). *p < 0.05; ***p < 0.001.
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Figure 7. Histological findings of single MHC class I (bm1)- or class II (bm12)-mismatched
allografts in B6 CD27−/− and wild-type (WT) recipients
(A) Elastica-van Gieson’s staining of bm1 allografts shows essentially normal vessels in
CD27−/−recipients compared to advanced arteriosclerosis in WT recipients (× 200). (B)
Masson’s trichrome stainings of bm1 allografts show only mild epicardial fibrosis in
CD27−/− recipients, but severe epicardial and in-tramyocardial fibrosis in WT recipients. (C)
Vasculopathy score. Bm1 but not bm12 allografts display a lower degree of graft
arteriosclerosis in CD27−/− recipients compared to WT recipients. (D) Fibrosis rate. Bm1 but
not bm12 allografts display a lower degree of fibrosis in CD27−/−recipients compared to WT
recipients.
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Figure 8. Frequencies of alloreactive IFN-γ-producing splenocytes and CD8+ memory T cells in
CD27−/− and wild-type (WT) B6 recipients of bm1 allografts
(A) The frequency of alloreactive IFN-γ-producing splenocytes was significantly decreased in
CD27−/−recipients compared to WT recipients. (B) Alloreactive CD8+ T cells are the main
source of IFN-γproduction. Frequency of CD8+ IFN-γ-producing splenocytes is significantly
decreased in CD27−/− animals. (C) The frequency of CD8+ effector-memory and CD8+ central-
memory cells as well as the overall CD8+ memory T-cell pool was significantly decreased in
CD27−/− animals when compared to WT animals. Data are representative of two independent
experiments (n = 3/3 each). ELISPOT data are shown as the mean of quintuplicate results in
each experiment. *p < 0.05; **p < 0.01.
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Figure 9. Frequencies of alloreactive IFN-γ-producing splenocytes and CD4+ memory T cells in
CD27−/− and wild-type (WT) B6 recipients of bm12 allografts
(A) The frequency of alloreactive IFN-γ-producing splenocytes was similar in CD27−/− and
WT recipients. (B) Alloreactive CD4+ T cells are the main source of IFN-γproduction.
Frequency of CD4+ IFN-γ-producing splenocytes are similar in CD27−/− and WT animals. (C)
The frequency of CD4+ effector-memory cells is similar in CD27−/− and WT animals. Data
are representative of two independent experiments (n = 3/3 each). ELISPOT data are shown
as the mean of quintuplicate results in each experiment.
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