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Abstract

Lymphopenia is induced by lymphoablative therapies and chronic viral infections. We assessed 

the impact of lymphopenia on cardiac allograft survival in recipients conditioned with peri-

transplant costimulatory blockade (CB) to promote long-term graft acceptance. After vascularized 

MHC-mismatched heterotopic heart grafts were stably accepted through CB, lymphopenia was 

induced on day 60 post-transplant by 6.5 Gy irradiation or by administration of anti-CD4 plus 

anti-CD8 mAb. Long-term surviving allografts were gradually rejected after lymphodepletion 

(MST=74 ± 5 days post-irradiation). Histological analyses indicated signs of severe rejection in 

allografts following lymphodepletion, including mononuclear cell infiltration and obliterative 

vasculopathy. Lymphodepletion of CB conditioned recipients induced increases in CD44high 

effector/memory T cells in lymphatic organs and strong recovery of donor-reactive T cell 

responses, indicating lymphopenia-induced-proliferation and donor alloimmune responses 

occurring in the host. T regulatory (CD4+Foxp3+) cell and B cell numbers as well as donor-

specific antibody titers also increased during allograft rejection in CB conditioned recipients given 

lymphodepletion. These observations suggest that allograft rejection following partial lymphocyte 

depletion is mediated by lymphopenia-induced proliferation of donor-reactive memory T cells. As 

lymphopenia may cause unexpected rejection of stable allografts, adequate strategies must be 

developed to control T cell proliferation and differentiation during lymphopenia.
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Introduction

Although new immunosuppressive drugs have been shown to effectively prevent acute 

rejection of allogeneic grafts, the risk of rejection remains a serious problem (1, 2). Immune 

effector mechanisms dependent on CD4 helper T cells, CD8 cytotoxic T cells, and 

alloreactive antibody production have been implicated in both acute and chronic allograft 

rejection (3–6). To prevent transplant rejection by cell-mediated and humoral mechanisms, 

studies demonstrating the importance of lymphocyte depletion during induction of tolerance 

have led to clinical use of peri-transplant T cell-depleting therapies (7, 8).

Lymphopenia is observed in some pathological and physiological processes, including 

chronic viral infection, emigration of newly selected T cells from the thymus into the 

periphery prior to complete development of the repertoire, and the sequential administration 

of calcineurin inhibitors (9, 10). Several studies in humans and rodents have indicated that 

lymphopenia may be associated with autoimmune manifestations, such as insulin-dependent 

diabetes mellitus, rheumatoid arthritis, Sjögren’s syndrome, and lupus (9) (11). Signs of 

autoimmunity are also frequently observed in HIV-infected patients with consequent 

lymphopenia (9).

In lymphopenic hosts, naïve T cells undergo spontaneous slow proliferation and 

lymphopenia-induced proliferation (LIP) and differentiate into memory-like cells (12, 13). It 

is currently unknown whether transient lymphopenia and the resultant LIP of residual T cells 

affects established transplant tolerance (14, 15). Although partial T cell depletion inhibits 

the generation of alloreactive effector T cells, lymphopenia and the subsequent LIP of 

residual T cells increases resistance to tolerance and accelerates graft rejection (12, 16). 

Using a cynomolgus monkey model to produce sustained bone marrow chimerism by a non-

myeloablative strategy, we have demonstrated that LIP of residual T cells is an inevitable 

barrier to the induction of tolerance by lymphocyte depletion and a CB treatment regimen 

(17). These findings have important implications for transplantation protocols incorporating 

partial T cell depletion. To date, however, the effects of transient lymphopenia on 

established transplant tolerance and allograft rejection have not been investigated.

The present study examined whether transient lymphopenia can induce rejection of accepted 

cardiac allografts. We demonstrate that induced lymphopenia and the resultant LIP of 

residual T cells initiated the gradual rejection of allogeneic cardiac grafts that had been 

accepted by peri-transplant treat of the recipient with co-stimulation blockade (CB) 

treatment. This rejection was accompanied by diffuse infiltration of mononuclear cells and 

obliterative vasculopathy. Our results indicate that a transient lymphopenia is sufficient for 

the induction of allograft rejection in tolerant recipients.

Materials and Methods

Mice

Female BALB/c (H-2d) and C57BL/6 (H-2b) mice were obtained from Japan SLC Co. Ltd. 

(Hamamatsu City, Japan). Mice were 7–12 weeks old and housed in a specific pathogen-free 
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facility. All experiments were performed in accordance with protocols approved by the 

Animal Care and Use Committee of Tokyo University of Science.

Flow cytometry

Cell suspensions were prepared in FACS medium and aliquots incubated first with 

unlabeled anti-FcγR (2.4G2) to block nonspecific binding, and then stained with each Ab. 

We used a FACS Calibur with CellQuest software (BD Biosciences, San Jose, CA) for four-

color flow cytometric analyses. Absolute numbers of CD4+ T cells, CD8+ T cells, regulatory 

T cells, and B cells in each tissue were determined using a modification of the methodology 

published by Afanasyeva et al. (18, 19). In BrdU incorporation assays, mice were fed water 

containing 0.8mg/ml BrdU for 6 days before assay. BrdU incorporation was detected by 

FITC-anti BrdU mAb (eBioscience, San Diego, CA).

Cervical heart transplantation

Vascularized heterotopic cervical heart transplantation from BALB/c donors to recipient B6 

mice was performed using a non-suture cuff technique (20). Rejection was defined as loss of 

palpable cardiac contractions. Recipient mice were treated with 500 μg of anti-CD40L 

and/or 500 μg of hCTLA4Ig (costimulatory blockade; CB) on the day of transplantation, and 

every other day for 6 days (21).

Induction of lymphopenia and lymphopenia-induced proliferation

To induce lymphopenia, mice were subjected to sublethal (6.5 Gy), whole body irradiation 

(TBI) using a Cs137 source 60 days after transplantation. T cell depletion was also induced 

by treating accepted allograft recipients with anti-CD4 Ab GK1.5 plus anti-CD8 Ab 2.43 

(Bio X Cell, West Lebanon, NH) via i.p. injection of 200 ug of each on days 58, 59 and 60 

posttransplant. This protocol has previously been shown to cause ~85% CD4, CD8 T cells 

depletion (16, 15).

Mixed lymphocyte reaction assay

T cell-depleted stimulator cells were purified from spleen cell suspensions by treatment with 

mouse anti-mouse Thy1.2 IgM (HO13.4) and rabbit complement HLA-ABC (Invitrogen, 

Carlsbad, CA). To obtain T cell-enriched responder cells, total splenocytes and cervical 

lymphocytes were added to plates (Iwaki, Tokyo, Japan) coated with rabbit antibodies 

specific for mouse IgM (Cappel, Costa Mesa, CA) and after 40 min at 37°C in a CO2 

incubator, the non-adherent cells were recovered and used as responders. To compare 

alloreactive CD4+ and CD8+ T cell priming, each cell population was enriched from 

recipient cell suspensions using negative selection columns (R&D Systems, Minneapolis, 

MN, USA) to remove CD4+ or CD8+ T cells and the enriched CD4+ or CD8+ responder T 

cells (1–4×105) were co-cultured with 7×105 allogeneic stimulator cells for 96 h in 200 μL 

of complete medium (RPMI 1640 supplemented with 10% fetal calf serum, 100 U/mL 

penicillin, 100 μg/mL streptomycin, 10 mM HEPES, pH 7.55, and 50 μM 2-

mercaptoethanol) in 96-well flat-bottomed plates (Becton Dickinson Labware, Franklin 

Lakes, NJ). Cultures were pulsed with 0.5 μCi of 3H-thymidine for the final 8 h.
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T regulatory cell activity assay

Treg cell activity was determined by a proliferation-suppression assay (22, 23). CD4+CD25+ 

T cells (Treg cells) from spleens and lymph nodes from tolerant mice and LIP mice were 

fractionated using magnetic beads (Stem Cell Technologies, Vancouver, BC). T cells from 

LIP mice were then flow sorted to isolate CD62Llow, CD44high T cell populations (> 98% 

purity) using a FACSAria (BD Biosciences, San Jose, CA) for use as effector/memory T 

cells, responders. Cultures of responder cells and Treg cells at a ratio of 1:2, 1:1, and 1:0.5 

were stimulated with 1 μg/ml anti-CD3 (145–2C11) in the presence of T cell-depleted spleen 

cells that served as APCs. Proliferation of the CFSE-labeled cells was assessed after 3–4 

days by flow cytometry. All cultures were performed and analyzed in triplicate, and levels 

of proliferation in the absence of Tregs present was set at 100%.

Quantitation of cytokine-producing T cells

Priming of graft donor-reactive T cells to IFN-γ and IL-2 producing cells was quantified by 

ELISPOT assays as previously described (18). Briefly, lymph node responder cells and 

mitomycin C-treated self, donor and third-party stimulator cell populations were cocultured 

for 24 h at 37°C in serum-free HL-1 media in 96 well Multiscreen-IP (Millipore, Billerica, 

MA) plates coated with anti-IFN-γ or anti-IL-2 capture mAb. To compare alloreactive CD4+ 

and CD8+ T cell priming, each cell population was enriched from recipient cell suspensions 

using negative selection columns (R&D Systems, Minneapolis, MN) to remove CD4+ or 

CD8+ T cells from the suspension and the enriched CD4+ or CD8+ responder T cells were 

stimulated with T cell depleted splenocytes from graft donor, third-party allogeneic or 

recipient strain mice. After 24 h, all cells were washed from the plate and biotinylated anti-

IFN-γ or anti-IL-2 detecting mAb (BD Biosciences, San Jose, CA) was added, followed by 

alkaline phosphatase-conjugated anti-biotin antibody (Vector Laboratories, Burlingame, 

CA). After development with nitroblue tetrazolium/5-bromo-4-chloro-30-indolyl substrate 

(Bio-Rad Laboratories, Hercules, CA), the total number of spots per well was quantified 

using an ImmunoSpot Series 3 Analyzer (Cellular Technology Ltd., Shaker Heights, OH).

Graft histology

Transplanted hearts were harvested from recipients after irradiation at weekly intervals. 

Tissues were fixed in neutral buffered 20% formalin until processed, and embedded in 

paraffin. Sections, 5 μm, were stained with hematoxylin and eosin (H&E) and Masson’s 

trichrome. To evaluate allograft rejection, the number of vessels, including coronary arteries 

and arterioles, with obliterative vasculopathy was counted in each section, in a blinded 

manner by a single histologist.

Donor-specific antibody detection and quantitation by flow cytometry

Flow cytometry to detect and quantitate donor-specific antibodies in non-recipient and 

cardiac graft recipient serum was performed using a previously reported method (24, 23). In 

brief, aliquots of donor or recipient strain thymocyte suspensions were incubated with serial 

dilutions of recipient sera taken pretransplant and at several time points between 

transplantation and rejection. After 30 min, the cells were washed and suspended in staining 

buffer (Dulbecco’s PBS with 2% FCS/0.2% NaN3) containing FITC-conjugated goat anti-
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mouse IgG serum (Jackson Immuno Research, West Grove, PA). The mean channel 

fluorescence (MCF) of each dilution of each serum sample was determined and the dilution 

that returned the MCF to the level observed when Kd thymocytes were stained with a 1:4 

dilution of normal wild-type serum was divided by two and reported as the titer.

Statistics

Each experiment was performed three or more times to confirm the reproducibility of the 

results and representative data are shown. Students’ t test was used to examine the 

significance of the data obtained by FACS, ELISPOT, and MLR analyses when applicable. 

Differences in graft survival between different experimental groups were tested for 

statistical significance using the log-rank sum test. For the suppression assays, one-way 

ANOVA with Dunnet’s post-test was performed. In all analyses, P values <0.05 were 

considered statistically significant differences.

Results

Lymphopenia leads to the rejection of accepted cardiac allografts

In order to test the effect of induced lymphopenia on accepted cardiac allografts, C57BL/6 

mice received full MHC-mismatched BALB/c hearts and were conditioned with CTLA4-Ig 

and anti-CD40L mAb on days 0, 2, 4, and 6 post-transplant, and then were subjected to 6.5 

Gy TBI on day 60 post-transplant. Consistent with a previous report (21), costimulation 

blockade prolonged survival of all allografts more than 200 days. Recipients treated with 

TBI on day 60 post-transplant rejected the allografts within 35–167 days after irradiation 

(median survival 74 ± 5 days after irradiation; Figure 1a). Syngeneic grafts in B6 recipients 

showed no graft loss even 300 days after irradiation, indicating that the rejection of 

allografts was due to alloimmune responses and not due to non-specific radiation-induced 

injury (Figure 2a). To the impact of LIP on accepted allografts using a different 

lymphodepletion strategy, recipients of accepted allografts were treated with CD4- plus 

CD8-depleting antibodies on days 58, 59, and 60 post-transplant (Figure 1b). This treatment 

also provoked rejection of the allografts within 55–115 days after antibody treatment 

(median survival 78 ± 4 days after depletion; Figure 1b).

To investigate mechanisms underlying the loss of accepted cardiac allografts in recipients 

subjected to lymphopenia, we examined graft histology at days 49 and 63 after TBI (i.e. 

days 109 and 126 post-transplant). The histology of cardiac allografts in recipients 

conditioned with CB without TBI maintained normal appearance at 126 days after 

transplantation (Figure 2b). In contrast, allografts in CB conditioned recipients receiving 

TBI began to show changes characteristic of severe rejection, including diffuse infiltration 

of mononuclear cells and obliterative vasculopathy with diffuse intimal thickening in 

coronary arteries 30 days after TBI (Figure 2c and 2d).

Despite continued graft survival as assessed by palpation, histologic analysis of allografts 

after recipient TBI exhibited evidence of fibrosis (Figure 2c and 2d). The number of 

coronary arteries and arterioles affected with obliterative vasculopathy in this group ranged 

from 64–87% of vessels observed at 63 days after TBI (Figure 2e). These results suggest 
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that TBI breaks tolerance to cardiac allografts that were accepted by CB treatment and that 

this leads to rejection of the allograft.

Memory phenotype T cells accumulate in the spleen and lymph nodes after induction of 
lymphopenia

T and B cell numbers in the spleen and lymph nodes (LN) of naïve mice were significantly 

reduced 5 days after TBI (Figure 3a). Lymphopenia lasted approximately 28 days following 

irradiation and then rapid recovery of T and B cells was observed in the peripheral blood 

(Figure 3b). In CB-conditioned heart allograft recipients, lymphopenia lasted approximately 

40 days following irradiation and then rapid recovery of T and B cells was observed in the 

peripheral blood, with recovery of the CD4 T cells occurring more rapidly (Figure 3b). 

When CB-conditioned allograft recipients were treated with CD4- plus CD8-depleting 

antibodies, a similar recovery from lymphopenia began 40 days after antibody treatment. In 

both treatment strategies, severe T cell lymphopenia was followed by the expansion of T 

cells in the periphery, suggesting lymphopenia-induced proliferation (LIP). To address this, 

the proliferation of the remaining endogenous T cells in naïve mice subjected to TBI was 

examined through BrdU incorporation and vigorous proliferation of T cells in the spleen and 

LN was observed 30 days after TBI (Figure 3c). Following LIP, T cells increase expression 

of effector/memory marker molecules such as CD44 and differentiate directly into 

functional memory T cells (13). In order to determine whether the rejection provoked by LIP 

was associated with increased effector/memory T cells, we analyzed the phenotypes of 

CD4+ and CD8+ T cells in the spleen and LNs of CB conditioned allograft recipients given 

TBI on day 60 post-transplant. CD4+ and CD8+ T cells from CB-conditioned recipients not 

rejecting their allografts expressed similar levels of CD44 as T cells in naive B6 mice 

(Figure 4a and b). In CB conditioned allograft recipients given TBI to induce lymphopenia, 

there were substantial increases in CD44high populations of both CD4+ and CD8+ T cells n 

the spleen and LN within 60 days after irradiation (Figure 4c). Overall, the results suggest 

that CD44high T cells arising during LIP may play an important role for rejection of the 

accepted cardiac grafts.

Alloreactivity of T cells in cervical lymph nodes is restored following irradiation of tolerant 
recipients

To investigate the potential restoration of anti-donor T cell reactivity in CB conditioned 

allograft recipients treated with TBI, we examined T cell recall responses to donor APCs by 

MLR and ELISPOT assays. T cells in the spleen and cervical LN from CB-conditioned 

recipients showed lower alloreactive proliferative responses against BALB/c donor APCs, 

whereas the responses to APCs from third party C3H mice were similar to that of T cells 

from normal B6 mice (Figure 5a). In contrast, T cells in cervical LN from allograft 

recipients conditioned with CB and then irradiation-induced lymphopenia had strong donor-

reactive proliferative responses, though these were less than that observed in naïve B6 mice. 

Donor alloreactive responses of T cells in the LN of lymphopenic recipients was higher than 

in the spleen, suggesting that proliferating T cells encounter higher concentrations of donor 

alloantigens in regional/draining LN than in the spleen. Similar results were observed when 

CD8+and CD4+T cells were purified from recipient cervical lymph node cell suspensions 
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and tested for proliferative responses. CD8+ T cells had higher donor-reactive proliferative 

responses than CD4+ T cells (Figure 5a).

To assess the priming of donor-reactive T cells in CB conditioned recipients of BALB/c 

cardiac allografts given TBI on day 60 post-transplant, recipient LN cell suspensions were 

prepared on day 120 post-transplant and numbers of donor-reactive T cells producing IFN-γ 

and IL-2 were enumerated by ELISPOT assay. Whereas low numbers of donor-reactive T 

cells producing IFN-γ were observed in LN of CB-induced, allograft tolerant mice, the 

numbers in LIP-treated CB-conditioned recipients were markedly higher, near those 

observed during acute rejection of the allografts in non-treated recipients on day 7 post-

transplant (Figure 5b). Numbers of donor-reactive T cells producing IL-2 in irradiated 

allograft recipients conditioned with CB were lower than non-treated allograft recipients 

rejecting their allografts but significantly higher than the numbers in LN from CB-tolerant 

mice. These results indicate that lymphopenia restores donor alloreactivity, mainly in 

regional LN, resulting in rejection of accepted cardiac allografts.

Lymphocyte depletion markedly increases the proliferation of Tregs

It has been proposed that the outcome of an immune response depends on the balance of 

effector and regulatory T cells. Thus, we next investigated the effect of lymphocyte 

depletion on the pool of Tregs in CB-conditioned allograft recipients with vs. without TBI. 

Specifically, we focused on CD4+FoxP3+ cells because these cells exist as a measurable 

minority population in naive mice and have been shown to promote long-term graft survival 

and tolerance in several transplantation models (25–27).

Previous reports on the expansion of Tregs during LIP have yielded contradictory results, 

with one study showing reduced numbers and another showing full restoration of Tregs 

following LIP (15, 27, 28). To determine whether Tregs go through LIP to the same extent 

as CD4+FoxP3− T cells, CB-conditioned allograft recipients were sacrificed 60 days after 

irradiation (day 120 post-transplant), and the percentage of CD4+Foxp3+ cells was assessed 

by intracellular staining. The percentage of Foxp3+ cells recovered from LN of recipients 

with LIP was significantly higher than that from LN of naïve, untreated, and CB-tolerant 

mice (Figure 6a). Similarly, the percentage of Foxp3+ CD4+ T cells was 1.5–2.5 fold higher 

in the spleen following irradiation of recipients. Approximately 25% of CD4+ cells 

expressed Foxp3 both in the spleen and LN. The total numbers of CD4+ T cells, CD8+ T 

cells, B cells, and regulatory T cells in the spleen and cervical LN are shown in Figure 6b. 

Interestingly, the actual numbers of each cell population in LN were significantly higher in 

LIP treated recipients than in CB-tolerant recipients whereas numbers of each cell 

population in the spleen were lower in LIP-treated recipients than in CB-tolerant recipients 

except for the numbers of Tregs. These results suggest that alloreactive T cells tend to 

accumulate in regional lymph nodes after lymphopenia.

Proliferative response of alloreactive effector/memory T cells is not inhibited by Tregs 
from CB-tolerant and LIP-treated recipients

The activities of Tregs in recipients with CB conditioned accepted cardiac allografts and in 

recipients during irradiation-induced LIP were directly tested by isolating the CD4+CD25+ 

Iida et al. Page 7

Am J Transplant. Author manuscript; available in PMC 2014 November 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



T cells from the spleen and LN from each group of recipients and adding these Treg cells to 

co-cultures of effector/memory T cells induced by the LIP plus T cell-depleted donor APCs 

and anti-CD3ε mAb. Splenic and LN resident Tregs from CB-tolerant or from LIP recipients 

were unable to suppress the proliferation of the LIP-induced effector/memory T cells as 

there were no differences in this proliferation when compared to proliferation observed in 

the absence of the added Treg populations (Fig. 6c). However. Tregs isolated during 

irradiation-induced LIP significantly suppressed the proliferation of primary effector T cells 

induced in response to donor heart allografts. Thus, the increased CD4+FoxP3+ Tregs 

induced during allograft recipient LIP were unable to inhibit the activation of the effector/

memory T cells induced during LIP, consistent with the allograft injury and rejection 

observed. The ability of the Tregs to inhibit the activation of donor-reactive primary effector 

T cells suggests that it is the LIP-induced effector/memory T cells that are resistant to the 

suppressive activity of the Tregs rather than a defect in the function of the regulatory T cells.

Anti-donor antibody formation following lymphocyte depletion

While transplant rejection in rodent models is primarily mediated by donor-reactive T cells 

(29–31), a role for donor-reactive antibodies in acute and chronic rejection of clinical 

transplants has been reported (4, 5). In our experiments, we found that the percentage and 

numbers of B cells in LN significantly expanded in both untreated and lymphopenia induced 

allograft recipients after allograft rejection when compared to B cell numbers in CB-tolerant 

hosts (Figures 6b and 7a). The anti-donor antibody titers in CB-tolerant mice were 

equivalent to those observed in naïve B6 mice whereas anti-donor antibody titers increased 

after lymphopenia induction and graft rejection (Figure 7b). The levels of anti-donor 

antibody were higher than those in CB-treated tolerized recipients, but lower than those in 

untreated allograft rejecting recipients. These findings demonstrate that inducible 

lymphopenia in CB tolerant hosts not only restores allograft donor reactive T cell responses 

but also restores donor-reactive antibody production that may contribute to the gradual 

allograft rejection.

Discussion

In the current study, we demonstrate that transient lymphopenia is a factor that initiates 

rejection of stable cardiac allografts. During lymphopenia, qualitative histological changes 

such as myocardial atrophy, coronary occlusion, fibrosis and mononuclear cell infiltration 

were observed in the grafts. Consistent with a previous study (13), we found that both CD8+ 

and CD4+ T cells with a memory phenotype accumulated in the spleen and LN after 

induction of lymphopenia. Analysis of the proliferative capacity and the function of donor-

reactive T cells revealed the reversal of T cell non-responsiveness induced by allograft 

recipient CB conditioning following induction of lymphopenia. These results suggest that 

LIP and accumulation of donor-reactive T cells are mechanistic components underlying 

rejection of allografts in CB-conditioned recipients. The reduction of lymphocytes by 

cytotoxic drugs, irradiation, or certain viruses is known to lead to lymphopenia-induced 

proliferation and the subsequent restoration of normal T-cell levels (32). Transplant 

recipients that develop a malignancy are in some instances treated with irradiation as a 

component of the cancer therapy, often with a reduction in immunosuppression administered 
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for the graft. The current studies indicate that such treatment could conceivably lead to LIP 

with adverse effects on graft outcome.

Using an adoptive transfer of TCR transgenic T cells specific for influenza virus 

hemagglutinin (HA) into lymphopenic mice transgenically expressing insulin promoter 

driven HA (InsHA), Le Saout, et al. demonstrated that memory-like CD8+ and CD4+ T cells 

cooperate to break peripheral tolerance during the lymphopenic conditions, resulting in the 

induction of autoimmune diabetes (33). Neither adoptive transfer with only CD8+ T cells 

into lymphopenic hosts nor transfer with both CD4+ and CD8+ T cells into replete hosts was 

sufficient to induce autoimmune diabetes. Furthermore, in tumor models LIP was observed 

to induce IL-2 and IFN-γ production by adoptively transferred T cells resulting in 

suppression of tumor growth (34, 35). These reports are in accord with our observation that 

LIP following lymphopenia breaks transplant tolerance achieved by CB conditioning and 

causes allograft rejection.

Alloimmune responses involve both effector lymphocytes and regulatory T cells and it is the 

balance between the functions of these two populations that determines allograft outcome 

(36). Human and non-human primate recipients with acquired donor-specific 

hyporesponsiveness often have Foxp3+ lymphocyte infiltrates in allografts and their 

presence is associated with excellent graft function (37, 38). Moreover, recent studies 

showed that adoptive transfer with in vitro expanded regulatory T cells can induce long term 

allograft tolerance (39, 40). Therefore, the localization and significance of Foxp3+ CD4+ T 

cells in transplantation is of considerable clinical and immunological interest. In our study, 

during lymphopenia, the proportions of CD4+ FoxP3+ T cells were elevated by 

approximately 2.5-fold and 1.6-fold in the spleen and LN, respectively, when compared with 

those in untreated, allograft-rejecting recipients. Similar results were obtained with the 

absolute number of Tregs in spleen and LN following LIP of CB conditioned allograft 

recipients. Our findings regarding the modest increases in regulatory T cells in lymphopenic 

hosts are consistent with recent reports modeling LIP in RAG knockout mice or inducible 

lymphopenia by antibody-mediated depletion of T cells (12, 15). Despite higher levels of 

Foxp3+ cells in lymphatic tissues, CB-treated recipients that developed lymphopenia 

rejected their allografts, suggesting that CD62LlowCD44high effector /memory T cells that 

have undergone proliferation after lymphopenia are resistant to the suppressive activities of 

Tregs and mediate allogeneic cardiac graft rejection. This interpretation is supported by 

studies in other models indicating that reactivated memory T cells are resistant to regulation 

by Treg cells (41, 42).

Our results demonstrate that anti-donor antibody production was also restored after 

induction of lymphopenia, whereas anti-donor antibody titers in CB-tolerized hosts were 

similar to those in naïve mice (Figure 7b). The restoration of anti-donor antibody production 

might lead to the activation of antibody dependent cellular cytotoxicity and complement 

dependent cytotoxicity against donor cells; however, the precise mechanisms underlying 

chronic antibody mediated rejection in transplantation remain unclear (4). Several previous 

studies suggest that the lymphopenia-induced expansion of CD4+ T cells can induce 

systemic autoimmunity accompanied by hypergammaglobulinemia and autoantibody 

production (43, 44). In the transplantation setting, our results indicate that tolerance of T 
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cells is broken in graft-draining lymph nodes following LIP and that expansion of B cells is 

also observed in lymph nodes of lymphopenic hosts, suggesting that the restoration of the 

alloreactive CD4+ T cell response induces the activation of B cells. Thus, transient 

lymphopenia is sufficient to initiate both cellular and humoral alloimune mechanisms 

involved in allograft rejection.

In summary, our results demonstrate an unfavorable effect of lymphopenia in CB-

conditioned recipients in solid organ transplantation. Even after CB treatment has 

established donor-specific tolerance, its effect can be negated following induction of 

lymphopenia. Selective costimulatory blockade is now being used clinically to induce 

tolerance or prolong graft survival (45, 46). However, investigators and clinicians should be 

aware that induced lymphopenia may cause later allograft rejection. Thus, it is necessary to 

develop strategies to obtain the optimal extent of depletion or to control proliferation caused 

by lymphopenia to avoid the subsequent accumulation of pathogenic donor-reactive cell 

types that could lead to graft rejection.
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Figure 1. Transient lymphopenia leads to rejection of cardiac allografts in CB conditioned 
recipients
C57BL/6 mice received complete MHC-mismatched BALB/c heterotopic heart transplants 

with or without 500 μg of anti-CD40L mAb plus 500 μg of hCTLA4-Ig (CB conditioning) 

on the day of transplantation and every other day for 6 days to promote long-term allograft 

survival. One group of the CB conditioned recipients was (a) sub-lethally irradiated (6.5 Gy 

on day 60 post-transplant; and, (b) another group was treated on days 58, 59, and 60 post-

transplant with CD4− and CD8− depleting antibodies. Allograft survival was monitored by 

palpation.
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Figure 2. Histological examination of representative cardiac grafts in irradiated hosts
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a–d) Cardiac grafts were harvested from B6 recipients at the indicated time points post-

transplant and prepared sections stained with H&E (upper row) or Masson’s trichrome 

(lower row). Original magnification ×200; inserts ×400. e) Bars represent the combined 

mean ± SEM of the occlusion area of heart grafts observed in 10–20 microscopic frames of 

view taken from no fewer than six different cardiac grafts per group.
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Figure 3. Lymphopenia and subsequent lymphopenia-induced proliferation of residual T cells 
following lymphocytes depletion
a) Naive C57BL/6 mice were subjected to 6.5Gy whole body irradiation and numbers of T 

and B cells in the spleen and LN were assessed 5 days later by antibody staining and flow 

cytometry analysis. b) The kinetics of lymphocyte population recovery in the peripheral 

blood of CB-conditioned heart allograft recipients following irradiation or treatment with 

CD4- plus CD8-depleting mAb as assessed by antibody staining and flow cytometry 

analysis. c) The proliferation of residual T cells in the spleen and LN 30 days of naïve mice 

after irradiation as assessed by BrdU incorporation.
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Figure 4. Appearance of CD4 and CD8 T cells expressing high levels of CD44 following transient 
lymphopenia
a and b) The presence of CD44high, memory phenotype CD4+ and CD8+ T cells in the 

spleen and LN of naïve C57BL/6 mice, untreated C57BL/6 recipients of BALB/c cardiac 

allografts on day 7 post-transplant, CB-conditioned, tolerant allograft recipients on day 120 

post-transplant, and CB-conditioned allograft recipients subjected to irradiation on day 120 

post-transplant. c) The frequency of CD44high T cells among total CD4+ or CD8+ T cells in 

the spleen and LN of the mice in analyzed in a and b. Data are expressed as mean % 

CD44high in gated CD4+ and CD8+ T cell populations ± SD. P values were calculated using 

the two-tailed paired Students’ t-test.
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Figure 5. Donor-reactive T cells responses are recovered in CB-conditioned heart allograft 
recipients following transient lymphopenia
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a) Spleen and LN cell suspensions were prepared from naïve C57BL/6 mice, untreated 

C57BL/6 recipients of BALB/c cardiac allografts on day 7 post-transplant, CB-conditioned, 

tolerant allograft recipients on day 120 post-transplant, and CB-conditioned allograft 

recipients subjected to irradiation on day 120 post-transplant. As indicated unseparated cells 

or enriched CD4+ or CD8+ T cell populations were cultured with syngeneic, BALB/c donor-

derived, or third-party allogeneic C3H spleen cells that had been depleted of T cells for 88 

hours and then pulsed with 3H-thymidinde for 8 hours before harvest and assessment of 3H-

thymidine incorporation. Data represent the mean ± SEM 3H-thymidine incorporation of 

triplicate cultures from a single experiment that is representative of three others. b) T cells 

were enriched from LNs by negative selection and were cultured with BALB/c donor spleen 

cells that had been depleted of T cells to enumerate donor-reactive T cells producing IFN-γ 

and IL-2 by ELISPOT assay. The data indicate the mean number of donor-reactive T cells 

producing the test cytokine ± SEM. *p = 0.032 versus CB-tolerant recipients; **p = 0.014 

versus CB-tolerant recipients; ***p = 0.029 versus untreated rejection recipients. Data are 

representative of two independent experiments.
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Figure 6. Transient lymphopenia of CB-conditioned allograft recipients increases Foxp3+ CD4+ 

T cells in LN and spleen without suppressing the alloreactive effector/memory T cell response
a) Spleen and LN cell suspensions were prepared from naïve C57BL/6 mice, untreated 

C57BL/6 recipients of BALB/c cardiac allografts on day 7 post-transplant, CB-conditioned, 

tolerant allograft recipients on day 120 post-transplant, and CB-conditioned allograft 

recipients subjected to irradiation on day 120 post-transplant and stained with anti-CD4 and 

anti-FoxP3 mAb to determine the percentage of double positive cells. The percentage of 

Foxp3+ cells in the CD4+ T cell population was higher in irradiated recipients than in the 

other groups (p < 0.001, for both spleen and LN). b) The total numbers of CD8 T, CD4 T, B 

cells, and CD4+FoxP3+ Treg cells per mg of lymphoid tissue was determined by antibody 
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staining and flow cytometry analysis at the time of spleen and LN harvest of each group. 

**p < 0.01; ***p < 0.001. c) For test Treg cells, CD4+CD25+ T cells were isolated using 

magnetic beads (Stem Cell Technologies, Vancouver, BC) on day 120 post-transplant from 

the spleen and LN of either CB-conditioned, tolerant allograft recipients or CB-conditioned 

allograft recipients subjected to irradiation. For use as LIP effector/memory responder T 

cells, T cells from LIP mice on day 120 post-transplant were flow sorted to isolate 

CD62Llow, CD44high T cells (> 98% purity) using a FACSAria (BD Biosciences, San Jose, 

CA). For use as primary effector T cell responders, T cells from the spleen and lymph nodes 

of LIP mice were obtained on day 120 post-transplant and the CD4+CD25+ T cells removed. 

Responder T cell populations were labeled with CFSE and these cells and the isolated Treg 

cell populations added to cultures of donor-derived T cell depleted spleen cells and anti-CD3 

mAb in the indicated responder T cell: regulatory T cell ratios. After 4 days of culture, the 

degree of responder T cell proliferation was determined by assessing CFSE dilution in flow 

cytometry analyses. All cultures were performed and analyzed in triplicate, and levels of 

proliferation in the absence of Tregs was set at 100%. n.s., p > 0.05.
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Figure 7. Transient lymphopenia in CB conditioned allograft recipients induces the 
accumulation of B cells in lymph nodes and restores antibody production against allogenic 
antigens
a) Flow cytometry analysis of T and B cells in the spleen and LN of naïve C57BL/6 mice, 

untreated C57BL/6 recipients of BALB/c cardiac allografts on day 7 post-transplant, CB-

conditioned, tolerant allograft recipients on day 120 post-transplant, and CB-conditioned 

allograft recipients subjected to irradiation on day on day 120 post-transplant. b) Serum 

from naïve, untreated-rejecting allograft recipients on day 7 post-transplant, CB-

conditioned, tolerant allograft recipients on day 120 post-transplant, and CB-conditioned 

allograft recipients subjected to irradiation on day on day 120 post-transplant was collected 

and tested for reactivity to BALB/c thymocytes using flow cytometry-based analyses to 
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determine donor-reactive antibody titers. Data indicate mean titer ± SEM for n=5/group and 

are representative of two independent experiments. **p < 0.01
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