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XENOTRANSPLANTATION

Adoptive transfer of double negative T
regulatory cells induces B-cell death in vivo
and alters rejection pattern of rat-to-mouse

heart transplantation
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Abstract: Background: Antibody-mediated hyperacute and acute graft
rejection are major obstacles in achieving long-term graft survival in
xenotransplantation. It is well documented that regulatory T (Treg) cells
play a very important role in regulating immune responses to self and
non-self antigens. Our previous studies have shown that
TCRof " CD3 " CD4 CDS8™ (double negative, DN)-Treg cells can sup-
press anti-donor T-cell responses and prolong graft survival in allo- and
xenotransplantation models. We have demonstrated that DN-Treg cells
can induce B-cell apoptosis in vitro through a perforin-dependent
pathway.

Methods: B6 mice received rat heart grafts, followed by 14 days of
LF15-0195 treatment. Some mice received Lewis rat cell activated
DN- Treg cells after LF treatment. DN-Treg cells, purified from perfo-
rin™~ mice and from B6 mice pre-immunized with third party rat cells,
were used as controls.

Results: In this study, we investigated the possibility that adoptive
transfer of xenoreactive DN-Treg cells could suppress B cells in vivo,
thus prolonging xenograft survival. We found that apoptotic death of B
cells significantly increased after adoptive transfer of DN-Treg cells. In
addition, anti-donor IgG subtypes were significantly inhibited in the
DN-Treg cell-treated group, in which the rejection pattern was altered
towards cellular-mediated rejection rather than antibody-mediated acute
vascular rejection. However, perforin-deficient DN-Treg cells failed to
induce B-cell death and to prolong heart graft survival, indicating a
perforin-dependent mechanism contributes to B-cell death in vivo.
Conclusions: This study suggests that adoptive transfer of xenoreactive
DN-Treg cells can inhibit B-cell responses in vivo. DN-Treg cells may be
valuable in controlling B-cell responses in xenotransplantation.
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Introduction

Xenotransplantation has the potential to provide a
virtually unlimited source of donor organs for
patients with life-threatening organ failure. Anti-
body-mediated rejection is the major challenge in
xenotransplantation. The mechanism of xenograft
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rejection in discordant models, such as pig to non-
human primate, involves pre-existing, naturally
occurring antibodies that bind to antigens on the
surface of vascular endothelial cells. This results in
vascular injury and hyperacute graft rejection [1—
4]. In a concordant animal model, such as rat to
mouse, where natural antibodies are not present,



graft-induced antibodies also appear to be respon-
sible for acute vascular rejection (AVR). Further
supporting this notion, it has been shown that
B-cell deficiency allows rat heart grafts to survive
for an extended time [5]. At present, no immuno-
suppressive drug can prevent antibody-mediated
vascular xenograft rejection in the pig-to-non-
human primate model. Thus, new therapeutic
approaches are needed to enable successful
xenotransplantation.

Current studies strongly suggest that transplant
tolerance might be achievable via the manipulation
of regulatory T (Treg) cells [6,7]. Those studies
have focused only on allotransplantation; the role
of Treg cells in xenotransplantation needs to be
explored directly. A few investigators have pro-
posed using Treg cells to enhance xenograft
survival, and a recent study has shown that human
CD4 Treg cells can suppress anti-porcine xenoge-
neic T-cell responses ex vivo [8]. Previous studies
also have implied that CD4 ™" T cells are involved in
tolerance when a regimen of CD4 and/or CD8
depletion therapy was used following rat-to-mouse
xenotransplantation [9,10]. It has been reported
that CD4 " Treg cells can directly suppress B cells
in lymphoid tissue [11] and lyse antigen-presenting
B cells through either Fas ligand (FasL)-Fas
interactions [12] or the perforin pathway [13,14].
These studies suggest the possibility of using Treg
cells to control B-cell responses.

In recent studies, we have discovered that T-cell
receptor (TCR)af " CD3"CD4 CDS8™ (double
negative, DN)-Treg cells possess immune regula-
tory functions, and they play an important role in
the development of tolerance after transplantation
[15-18]. We have demonstrated that mouse DN-
Treg cells specifically can eliminate activated
syngeneic anti-donor CD4" T cells and CDS8"
T cells [15,16,18,19]. Furthermore, transfusion of
DN-Treg cells leads to significant prolongation of
donor-specific skin and heart allografts in a
single major histocompatibility complex (MHC)-
mismatched model [15,16,20]. In support of our
findings, others have reported that DN-Treg cells
are highly potent in suppressing alloimmunity
both in vitro and in vivo in an antigen-specific
manner [21]. DN-Treg cells can down-regulate
CDS8 ™" T-cell-mediated immune responses in auto-
immune and infectious disease models [22,23].
Our recent study has shown that DN-Treg cells,
activated by xenoantigen, can kill syngeneic B
cells through a perforin/granzyme-dependent
pathway in vitro [24]. In this study, we investigate
whether adoptive transfer of DN-Treg cells can
induce B-cell death in vivo, thereby modulating
the pattern of rat-to-mouse xenograft rejection.

DN-Treg cells suppress B cells

Materials and methods
Animals

C57BL/6 (B6, H-2®) and B6 perforin-deficient
(PFN™") mice as well as Brown Norway (RT1")
and Lewis rats (RT1') were purchased from
Jackson Laboratories (Bar Harbor, ME, USA)
and Charles River Laboratories (Wilmington, MA,
USA). Animals were maintained in the animal
facility at the University of Western Ontario using
approved protocols and procedures.

Antibodies and reagents

At various time points after activation, DN-Treg
cells were characterized with fluorescent-conju-
gated monoclonal antibodies that specifically rec-
ognize the af-TCR, CD3, CD4, CDS8, CD25,
CD28, NKI.1, and ¢5-TCR (eBioscience, San
Diego, CA, USA). Data were acquired and ana-
lyzed on a Cytomics FC500 flow cytometer (Beck-
man Coulter, Fullerton, CA, USA). Isotype
controls included mouse IgG1 (anti-rat, 1C7) and
total mouse IgG1 (BD Pharmingen, San Diego,
CA, USA). IgG subtype antibodies were purchased
from Caltage (San Diego, CA, USA).

Isolation of DN-Treg cells

B6 mice were immunized twice (—10 and —1 days)
with Lewis or Brown Norway rat spleen cells
(3 x 107) before isolating DN-Treg cells. Spleen
and lymph node cells were treated with anti-CD4
and anti-CD8 MACS beads (MiltenyiBiotec,
Auburn, CA, USA) to deplete CD4 " and CD8 " T
cells. The remaining cells were added to anti-CD90
(Thy-1)-coated MACS beads (MiltenyiBiotec) to
purify CD4 CDS8™ T cells. Viability and purity of
the cells were monitored by flow cytometry. The
purity of naive DN-Treg cells was monitored by
flow cytometry and TCRy$ CD3 " CD4 CDS§”
NK1.17 cells were > 92% pure. Further purification
was performed if necessary.

Heart transplantation

Intra-abdominal heterotopic cardiac transplanta-
tion was performed using 2-week-old Lewis rats
(25 to 30 g) as donors. Recipient mice were
treated with the immunosuppressive analog of
15-deoxyspergualin, LF15-0195 (LF provided by
Fournier Laboratories, Daix, France), at 2 mg/kg
(dissolved in 0.9% sodium chloride) subcutane-
ously from day 0 to postoperative day 14.
DN-Treg cells were purified from B6 mice that
had been immunized with either Lewis or Brown
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Norway rat spleen cells (3 x 107) 7 to 10 days
earlier and boosted 1 day before purification. A
total of 5 x 10® DN-Treg cells were purified from
immunized B6 mice, and then intravenously
adoptively transferred into a transplanted mouse.
DN-Treg cells were transferred on days 16, 25,
and 35 or days 16, 20, and 25 after transplan-
tation.

Quantitation analysis of anti-donor Ig type

When cardiac impulses were no longer palpable,
the graft and blood were removed for ex vivo
studies. The circulating donor-specific Ig levels in
recipient sera (1 : 100 dilution) were evaluated by
flow cytometry, using donor spleen cells as
targeting cells. The increase fold of mean fluores-
cent intensity was calculated according to serum
obtained from naive B6 mice before transplanta-
tion. The detecting anti-mouse IgM, IgG, IgGl,
IgG2a, IgG2b, and IgG3-FITC were purchased
from Caltag Laboratories (Burlingame, CA,
USA).

Immunohistochemistry

A portion of the graft was collected on day of
rejection, embedded in O.C.T. compound, and
snap frozen in liquid nitrogen. Cryostat sections
were fixed in acetone and stained for graft-
infiltrating CD4 and CDS as well as deposition of
IgG using a standard protocol. All slides were
stained by a strepavidin-biotin immunoperoxidase
and its substrate method as described in our
previous studies [5,25,26]. IgG deposition and
infiltrating T cells were further quantified by
calculating the positive stained area using Image-
Pro Plus software (MediaCybernetics, Bethesda,
MD, USA). At least six fields were calculated per
slide.

Statistical analysis

The obtained data were compared using Student’s
t-test. P-value less than 0.05 were considered
significant.

Results

Adoptive transfer of DN-Treg cells induces B-cell death in vivo
while prolonging rat-to-mouse heart graft survival

In our previous study, we demonstrated that DN-
Treg cells can lyse B cells in vitro through a
perforin/granzyme-dependent pathway [24]. In this
study, we assessed the possibility of eliminating B
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cells in vivo through adoptive transfer of DN-Treg
cells.

We treated B6 mice recipients receiving Lewis
rat cardiac xenografts with 2 mg/kg LF from day
0 to day 14. DN-Treg cells were purified from B6
mice that had been pre-immunized with Lewis or
Brown Norway rat spleen cells (3 x 107) 7 to
10 days earlier. A total of 5 x 10° DN-Treg cells
were then adoptively transferred into each trans-
planted mouse on days 16, 25, and 35 or days 16,
20, and 25. As summarized in Table 1, Lewis rat
cells and short-term LF treatment significantly
prolonged Lewis heart xenograft survival
(62.1 &£ 13.9 days vs. 32.3 £ 6.0 days in LF-
treated alone group, P < 0.001, Student’s f-test).
Interestingly, adoptive transfer of DN-Treg cells,
purified from mice immunized with Brown Nor-
way rat spleen cells, also prolonged Lewis rat
heart xenograft survival (43.4 £ 7.0 days wvs.
323 £ 6.0 days in LF-treated alone group,
P < 0.05, Student’s -test). Although Brown Nor-
way specific DN-Treg cells were not as effective as
Lewis specific DN-Treg cells (43.4 + 7.0 days vs.
62.1 £ 13.9 days), these results indicate that the
effect of DN-Treg cells in prolonging xenografts is
not xenoantigen specific.

Prolongation of xenogeneic heart grafts may be
a result of two possibilities: DN-Treg cells
suppress T-cell responses, subsequently limiting
T-dependent B-cell responses [27,28]; second,
DN-Treg cells directly attack B cells in vivo.
We assessed the latter possibility in our study.
Spleen cells were administered on various days as
listed in Table 1. Apoptotic death of B cells was
measured by staining with anti-CD19 and 7-
AAD. As shown in Fig. 1A, adoptive transfer of
DN-Treg cells elicited substantial B-cell apoptotic
death (by percentage) even though absolute B-cell
numbers varied among mice. Adoptive transfer of
DN-Treg cells significantly induced apoptotic
death of B cells as compared with groups treated
with LF-alone or PFN™/~ DN-Treg cells (mean

Table 1. Lewis rat-to-mouse heart xenografts

Treat treatment Individual survival (days) MST + SD (days)

None 14,15, 16, 16 17, 18 160 + 1.4
LF alone 22,29, 32, 32, 33, 33, 34, 44 323+ 6.0
LF, PFN™/"DN-Treg 30, 31, 32, 40, 42, 44 365+ 62
LF, B6 DN-Treg? 37, 42, 42, 60, 64,70, 81, 84 62.1 + 139
LF, 3rd party DN-Treg” 35°, 40, 44, 44, 54 434 +70

LF: 2mg/kg, 0 to 14 days, DN-Treg cell transfusion: days 16, 25, 35 or 16, 20, 25
after xenograft heart transplantation.

P < 0.001 vs. LF-alone. Student's t-test.

PP < 0.05 vs. LF-alone. Student's t-test. Mice received LF + third party (BN rat)
DN-Treg cells.

‘The mouse died with a beating heart.
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Fig. 1. DN-Treg cells induce apoptotic death of B cells in vivo.
B6 mice received Lewis rat heart grafts and were treated with
2 mg/kg LF from day 0 to day 14. DN-Treg cells (5 x 10%) were
purified from B6 or PFN™/~ mice that had been immunized
with either Lewis or Brown Norway rat spleen cells (3 x 107)
10 days previously and then boosted 1 day before purification,
before being intravenously adoptively transferred into trans-
planted mice. Multiple DN-Treg cell transfers were performed
on days 16, 25, and 35 or days 16, 20, and 25 after trans-
plantation. 7-AAD staining was performed to determine the
percentage of apoptotic B and T cells in spleens of recipient
mice by gating on the CD19" or CD3™ cells. (A) Phenotype
analysis of B cells in one of the recipient spleens. (B) Pooled
CDI19" and 7-AAD™ staining results from each group. (C)
Pooled CD3™ and 7-AAD ™ staining results from each group.
P-value, calculated by Student’s ¢-test, was compared with DN-
Treg + LF co-treated groups in all experiments.

apoptosis: 39.9% vs. 21.8% and 15.5%; Fig. 1B).
Adoptive transfer of third party DN-Treg cells
also induced B-cell apoptosis, indicating an
antigen non-specific function of DN-Treg cells.
Hence, this data indicates that adoptive transfer
of DN-Treg cells can control B-cell responses in
vivo by PFN-dependent and antigen-independent
mechanisms, which correlates with the survival
results presented (Table 1).

Interestingly, we found that not only B cells, but
also CD3" T cells, became apoptotic after DN-
Treg cell treatment (Fig. 1C). Although the level of

DN-Treg cells suppress B cells

apoptotic T cells was much lower than B cells, this
result supports the notion that DN-Treg cells can
suppress anti-donor CD4" and CD8" T-cell
responses [27].

Adoptive transfer of DN-Treg cells inhibits anti-donor antibody
production

Next, we studied if an increased B-cell apoptosis
level after DN-Treg cell treatment is correlated
with production of anti-donor antibody.

Sera, collected on days of rejection, were used
for antibody subtyping. The anti-donor total IgG
and IgM levels were significantly inhibited in
mice receiving DN-Treg cells + LF treatment
(Fig. 2A, IgG: P < 0.05, IgM: P < 0.01, com-
pared to LF-alone, Student’s t-test). Interestingly,
all mice generated dominant IgGl and IgG2b
subtypes against donor antigens in LF-alone
group. The level of IgGl, not IgG2b, was
significantly inhibited after DN-Treg cell transfer
(Fig. 2A). However, transfer of DN-Treg cells
from PFN™~ mice did not affect anti-donor IgG
and IgG subtypes production (Fig. 2A), lending
support to our previous finding that DN-Treg
cells mediate B-cell death in a PFN-dependent
manner.

We further assessed direct evidence of antibody
inhibition in the grafts using immunohistochem-
istry analysis. As shown in Fig. 2B, IgG deposi-
tion was reduced after DN-Treg cell treatment.
We quantified the antibody deposition area by
image analysis (Image-Pro; MediaCybernetics) to
estimate the IgG-stained positive area. The
pooled statistical data indicate that the IgG
positive area was significantly reduced after
DN-Treg cell treatment vs. LF-alone treatment
(27.1% vs. 10.0%, Fig. 2C, P < 0.01, Student’s
t-test). Hence, our results indicate that adoptive
transfer of DN-Treg cells can limit anti-donor B-
cell responses as well as reduce antibody produc-
tion and deposition in the donor graft.

Adoptive transfer of DN-Treg cells alters immunohistochemistry
pattern of AVR in heart xenograft

Although adoptive transfer of DN-Treg cells
prolonged survival of xenografts, all grafts were
eventually rejected (Table 1). Because the above
data indicate that adoptive transfer of DN-Treg
cells can inhibit B-cell-mediated xenograft rejec-
tion, we used immunohistochemistry analysis to
further assess direct evidence in the grafts. LF-
treated grafts showed strong vasculitis and hem-
orrhage. Heart graft vessels had been severely
damaged (Fig. 3A, H &E staining), indicating
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Fig. 2. Adoptive transfer of DN-Treg cells inhibits anti-donor
antibody production and graft deposition. Sera were collected
from mice with rejected grafts. The anti-donor IgM, IgG,
1gGl1, I1gG2a, I1gG2b, and 1gG3 were measured against donor
spleen cells as described in the Materials and methods. Increase
ratio of anti-donor mean fluorescence intensity (MFI) was
calculated according to sera obtained from naive B6 mice be-
fore transplantation (A). Immunohistochemistry was per-
formed according to a standard protocol. Graft-deposition
total IgG of one mouse from each treatment group was pre-
sented (B). IgG deposition was quantified by image analysis
(Image-Pro, MediaCybernetics) to estimate the IgG stained
positive area (magnification x200). Six random areas were
calculated from each slide. The statistical data were pooled
from eight mice from each treatment group (C). P-value was
calculated by Student’s z-test.

antibody-mediated vascular graft rejection. Inter-
estingly, although tissue damage was also seen in
DN + LF co-treated mice, a high level of graft-
infiltrating cells was present in these mice com-
pared to the LF-alone mice (Fig. 3A, H &E
staining). Furthermore, increased levels of CD4™"
and CD8" T cells were observed in grafts
(Fig. 3A). We further quantified infiltrating T cells
using image analysis software (Image-Pro Plus,
Media Cybernetics). As shown in Fig. 3B, graft-
infiltrating CD4" T cells were significantly in-
creased after co-treatment with DN-Treg cells and
LF, compared to LF-alone treatment (P < 0.01,
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Fig. 3. Pathology analysis of heart xenografts. Routine
pathology and immunohistochemistry were performed
according to standard protocols. H&E staining and graft-
infiltrating CD4" and CD8" T cells from one mouse in each
treatment group (A). Graft-infiltrating CD4" and CD8" T
cells were quantified using Image-Pro Plus software (Media-
Cybernetics). Six random areas were calculated from
each slide. Statistical data were pooled from all mice from
each treatment group (B). P-value was calculated by Student’s
t-test.

Student’s #-test). Although low levels of infiltrating
CDS8™" T cells were found in both groups, similar to
the pattern of CD4 " T cells, the mice treated with
DN-Treg cells had more infiltrating CD8 " T cells
compared to LF-alone group (P < 0.01, Student’s
t-test). Hence, co-treatment using DN-Treg cells
and LF may suppress B-cell responses and control
AVR, but this is not efficient to control later cell-
mediated xenograft rejection. Taken together, our
immunohistochemistry data suggest that adoptive
transfer of DN-Treg cells can alter the xenograft
rejection pattern from AVR to one of cell-mediated
rejection.



Discussion

Because the major barrier to xenotransplantation
is antibody-mediated AVR, the first goal to
achieving its success is the establishment of B-cell
tolerance, either by eliminating or regulating anti-
donor B-cell responses. Currently, conventional
immunosuppressive drugs, which are successful in
allotransplantation, cannot prevent AVR after
xenograft heart transplantation. In this study, we
demonstrated that xenoantigen-activated DN-Treg
cells can eliminate syngeneic B cells in vivo while
prolonging rat-to-mouse heart xenograft survival.
We have identified a mechanism of xenoreactive
DN-Treg cell-mediated B-cell apoptotic death in
vivo that is dependent on perforin/granzymes.
Together, our data indicate that DN-Treg cells
can mediate immune regulation in xenotransplan-
tation by targeting B cells.

Although adoptive transfer of DN-Treg cells
prolonged xenograft survival, we found that Brown
Norway-specific DN-Treg cells could also prolong
Lewis rat heart xenograft survival (Table 1), indi-
cating the effect of DN-Treg cells could be xenoan-
tigen non-specific. This result supports our previous
in vitro finding that DN-Treg cells do not form a
classical immunological synapse with target B cells
in vitro [24]. The TCR-MHC recognition may not
be needed for the killing, however, the engagement
of cell adhesion molecules lymphocyte function-
associated antigen (LFA)-1 and its ligand inter-
cellular adhesion molecule 1 is necessary [24].
Recent studies have supported the notion that
neither the formation of a stable and mature
immunological synapse nor complete signaling are
required for T-cell cytotoxicity [29], and CD8™
T cells can form an antigen-independent ring
junction with APC [30]. Our in vitro and in vivo
results indicate that DN-Treg cells can suppress B
cells through a bystand mechanism.

The suppressive function of CD4 " Treg cells has
been previously shown to be mediated by IL-10,
CTLA-4, and/or membrane-bound TGF-p [31]. In
addition, recent studies have suggested that chemo-
kine metabolism [32], indirect tryptophan metab-
olism [33], FasL [12], and granzymes [34] could
also be involved in the function of Treg cells. In
previous studies, alloreactive DN-Treg cells sup-
presssd CD8" T cells through the Fas-FasL
interaction [15,16,22]. However, DN-Treg cells
can also suppress CD4" T cells through a Fas-
independent mechanism involving the inhibition of
IL-2 production in CD4" T cells [35]. Interest-
ingly, in our previous in vitro study, the xenoan-
tigen-activated DN-Treg cells target both B and T
cells by a perforin/granzyme-dependent pathway,

DN-Treg cells suppress B cells

rather than FasL-dependent pathway [24]. In this
study, we have further shown that DN-Treg cells
can induce B-cell apoptotic death in vivo, and this
is perforin dependent (Fig. 1). Our finding that
DN-Treg cells eliminate B cells in vivo and in vitro
via a perforin-dependent mechanism indicates that
DN-Treg cells, activated by xenoantigen, are
different from alloantigen-activated ones. This is
worthy of further investigation in terms of TCR/
xeno MHC and co-stimulator interactions.

A recent study has reported that CD4" Treg
cells can directly suppress B cells in lymphoid tissue
[11]. In this study, we found a high percentage of
apoptotic B cells in recipient spleens (Fig. 1B), in
which 9.6% of DN-Treg cells were found among
CD3™" T cells (data not shown). Furthermore, the
levels of anti-donor IgM and IgG were significantly
inhibited after DN-Treg cell transfer (Fig. 2A). A
similar pattern was also seen in immunohistochem-
istry in staining (Fig. 2B and data not shown).
Quantification of antibody deposition by image
analysis indicates that DN-Treg cell treatment
significantly inhibited anti-donor antibody levels
in the graft (Fig. 2C), indicating that DN-Treg
cells are capable of attacking activated B cells after
xenotransplantation.

The finding that DN-Treg cells can significantly
delay xenoheart rejection through suppression of
anti-donor antibodies is supported by immunohis-
topathological data in which DN-Treg mice
showed much less deposition of IgG in the graft
(Fig. 2B,C). Although adoptive transfer of DN-
Treg cells could prolong graft survival, and one
mouse had no signs of AVR with fewer infiltrating
cells after 50 days (data not shown) [24], all grafts
were eventually rejected. Immunohistochemistry
data indicate that graft-infiltrating CD4" and
CDS8" T cells significantly increased in DN-Treg
cell-treated group (Fig. 3), suggesting the rejection
pattern has been altered towards cellular-mediated
rejection. Although we found that T-cell apoptosis
occurs after DN-Treg cell treatment (Fig. 1C), the
effect of DN-Treg cells was not efficient or sus-
tained, and the grafts were all rejected (Table 1).
Hence, it is necessary to develop a new strategy that
will increase the in vivo efficacy of DN-Treg cells
over the long term as adoptive transfer of DN-Treg
cells did not induce tolerance in these recipients.
Further investigations are needed to optimize the
conditions for maintaining DN-Treg cells in vivo as
this may play a vital role in the ultimate success of
achieving tolerance after xenotransplantation.

In summary, we have shown that adoptive
transfer of DN-Treg cells can induce B-cell apop-
totic death in vivo and can limit anti-donor
antibody responses, thereby altering the rejection
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pattern from AVR to cell-mediated rejection.
Further studies should assess whether DN-Treg
cells could be combined with currently available
immunosuppressive protocols to prevent antibody-
mediated rejection in a large animal model.
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