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Introduction
Development of graft-versus-host disease (GVHD) remains a major obstacle to long-term transplant success 
following allogeneic hematopoietic stem cell transplantation (aHSCT) (1–3). While advances in GVHD pro-
phylaxis based on the calcineurin or mTOR inhibitors have facilitated safe matched related and unrelated donor 
HSCT, limits in the success of these approaches, including delayed immune reconstitution, significantly limit the 
broader application of aHSCT to other diseases, including autoimmune disorders. Within the past 10 years, the 
use of short-term posttransplant cyclophosphamide (PTCy) following clinical aHSCT on days 3 and 4 has prov-
en an extremely effective strategy for acute GVHD prophylaxis and has facilitated a significant improvement 
and expansion in the success of mismatched HSCT, including using haploidentical and MUD donors (4–6).

One of  the most critical challenges in HSCT is the development of  therapies that suppress GVHD 
while facilitating enhanced immune reconstitution relative to existing strategies that involve long-term 
maintenance immunosuppression (2). CD4+FoxP3+ Tregs have been clearly proven capable, in murine 
models and early human clinical studies, of  reducing alloreactive anti-donor and anti-host T cell responses 
after allo-HSCT (7–13). However, native frequencies of  Tregs in donor grafts are insufficient to facilitate 
transplantation across mismatched barriers; consequently, it has become clear that therapeutic application 
of  these cells will require significant enrichment of  Tregs from their basal frequencies. Several clinical 
investigations have shown promise in the use of  ex vivo–expanded Tregs for GVHD amelioration (11–13), 
and experimental studies continue to evaluate how to expand and enhance Treg function to maximize 
their capacity to induce immune transplant tolerance and ameliorate GVHD (14–16). We have recently 
described a novel strategy that markedly expands Tregs in vivo following signaling by TNFRSF25 and 
CD25 receptors (10). Transplantation of  cells from donor mice that have undergone this transient Treg 

Posttransplant cyclophosphamide (PTCy) has been found to be effective in ameliorating acute 
graft-versus-host disease (GVHD) in patients following allogeneic hematopoietic stem cell 
transplantation (aHSCT). Adoptive transfer of high numbers of donor Tregs in experimental aHSCT 
has shown promise as a therapeutic modality for GVHD regulation. We recently described a strategy 
for in vivo Treg expansion targeting two receptors: TNFRSF25 and CD25. To date, there have 
been no direct comparisons between the use of PTCy and Tregs regarding outcome and immune 
reconstitution within identical groups of transplanted mice. Here, we assessed these two strategies 
and found both decreased clinical GVHD and improved survival long term. However, recipients 
transplanted with Treg-expanded donor cells (TrED) exhibited less weight loss early after HSCT. 
Additionally, TrED recipients demonstrated less thymic damage, significantly more recent thymic 
emigrants, and more rapid lymphoid engraftment. Three months after HSCT, PTCy-treated and TrED 
recipients showed tolerance to F1 skin allografts and comparable immune function. Overall, TrED 
was found superior to PTCy with regard to weight loss early after transplant and initial lymphoid 
engraftment. Based on these findings, we speculate that morbidity and mortality after transplant 
could be diminished following TrED transplant into aHSCT recipients, and, therefore, that TrED could 
provide a promising clinical strategy for GVHD prophylaxis.

https://doi.org/10.1172/jci.insight.121717
https://doi.org/10.1172/jci.insight.121717
https://doi.org/10.1172/jci.insight.121717


2insight.jci.org   https://doi.org/10.1172/jci.insight.121717

R E S E A R C H  A R T I C L E

expansion demonstrated effective amelioration of  GVHD following MHC-mismatched and -matched 
aHSCT and maintain graft-versus-leukemia responses critical for limitation of  relapse (10).

Although short-term effects of  cyclophosphamide on immune function are well defined (17, 18), there 
have been limited studies involving long-term immune reconstitution following PTCy (19, 20). Reports 
have noted that rates of  infection and relapse have not been significantly increased in contrast to historical 
approaches to haploidentical HSCT that were based on ex vivo T cell depletion as well as compared with 
contemporaneous haploidentical, MRD, and MUD HSCTs (5, 21–24). To date, there have been no direct 
comparisons between the use of  PTCy and Tregs regarding outcome and immune reconstitution within iden-
tical groups of  transplanted mice. It has been clear for approximately 20 years that thymopoiesis persists into 
late adulthood in humans, albeit variably, and contributes significantly to lymphoid homeostasis in healthy 
and immunocompromised adults (25–27). Prior clinical studies in humans have demonstrated that earlier 
recovery of  thymopoiesis in adults (28) and children (29) is associated with improved recovery of  naive and 
functional T cells critical for the control of  after HSCT infections.

To compare several aspects of  immune reconstitution, we examined recipients of  experimental aHSCT 
receiving either standard PTCy (i.e., using high-dose cyclophosphamide administered day +3 and +4) or 
transplant with donor cells containing high levels of  in vivo–expanded Tregs and observed that (a) both treat-
ment strategies ameliorate GVHD involving MHC-mismatched as well as MHC-matched allogeneic mod-
els; (b) both treatment strategies lead to effective immune function later after HSCT; (c) early after HSCT, 
recipients of  Treg-expanded donor (TrED) murine grafts experience significantly less weight loss and other 
clinical signs of  GVHD versus those receiving PTCy; and (d) early thymic reconstitution is markedly superi-
or in recipients of  TrED grafts. These findings suggest that the strategy of  in vivo donor Treg expansion for 
GVHD prophylaxis is accompanied by more rapid recovery of  thymopoiesis and that this strategy may pro-
mote earlier recovery of  a diverse and functional T cell repertoire during the early period following HSCT.

Results
Relative to PTCy treatment, use of  TrED donors results in lower early weight loss but comparable long-term outcomes 
following minor- and major-mismatched HSCT. To directly compare the capacity of  TrED with the use of  PTCy 
in the regulation of  GVHD, two established experimental models of  HSCT were used for analysis. First, 
a complete MHC-disparate HSCT was performed using B6 (H2b) donors transplanted into BALB/c (H2d) 
recipients (Figure 1). T cells were obtained from donor B6-FIR mice following expansion of  their Treg 
compartment or from unexpanded animals. Tregs were expanded by targeting the TNFRSF25 and CD25 
receptors using an agonistic fusion protein (TL1A-Ig) and low-dose IL-2, as previously described (10). 
Donor spleen cells analyzed prior to transplant regularly demonstrated 50% of  the CD4 T cells expressed 
FoxP3, as anticipated (Supplemental Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.121717DS1). Recipient BALB/c mice receiving TrED demonstrated 
consistently less weight loss within the first 3 weeks after transplant compared with recipients treated with 
cyclophosphamide on days 3 and 4 (Figure 1A). Additionally, overall clinical GVHD scores were lower in 
TrED- versus PTCy-treated recipients early after HSCT (Figure 1B). Long-term monitoring of  recipients 
indicated that there was no significant difference between PTCy and TrED recipients in weight loss, clinical 
score, or overall survival (Figure 1, A–C). Notably, similar results were obtained using a different (lower) 
dosage of  PTCy in this same HSCT model (Supplemental Figure 2).

Three weeks after transplant, the frequency and cell numbers of  donor Tregs in the spleen as well as in 
blood were significantly higher in recipients of  TrED (Figure 1D and Supplemental Figure 3A). PTCy-treat-
ed recipients also contained greater levels of  donor Tregs compared with recipients of  non-TrED without 
PTCy treatment (Figure 1D). We also examined colons of  recipients and observed that total Treg levels — 
both by percentage and numbers — were increased in TrED- versus PTCy-treated animals (Figure 1E). It 
is noteworthy that at this time point virtually all the peripheral Tregs (>90%–95%) were derived from the 
donor T cell inoculum and, therefore, CD4+RFP+. Overall, these levels of  Tregs after transplant correlated 
with the patterns of  weight loss and clinical scores in groups of  HSCT recipients. Histological assessment 
of  colonic biopsies 3 weeks (Figure 1F) after HSCT illustrated that tissue from untreated HSCT recipients 
revealed severe colitis reflected by disruption of  architecture, acute inflammation with severe lymphocyte 
infiltration, edema, mucosal thickening, and severe necrosis. In contrast, PTCy colonic tissue showed mild 
hyperplasia, mild inflammation, and edema in the submucosa. Finally, colon tissue from TrED recipients 
exhibited patchy and mild colitis without hyperplasia or necrosis.

https://doi.org/10.1172/jci.insight.121717
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To extend these highly reproducible results in this MHC-mismatched transplant model, a second inde-
pendent HSCT model involving MHC-matched, minor transplantation antigen–mismatched donors and 
recipients was examined (Figure 2). Following transplantation of  TrED B10.D2 (H2d) donor T cells into 
BALB/c (H2d) recipients, virtually identical results to those after the MHC-mismatched transplant were 
observed early after HSCT, i.e., TrED-transplanted mice demonstrated less weight loss and lower clinical 
scores compared with those of  PTCy-treated animals (Figure 2, A and B), and these differences reached 
statistical significance. Additionally, the overall survival was significantly higher in TrED- compared with 
PTCy-treated animals (Figure 2C). Histological analysis of  the skin from recipient mice indicated that 
untreated recipient tissue exhibited substantial fibrosis and thickening, accompanied by moderate infil-
tration and inflammation with patchy necrosis (Figure 2D). However, skin from PTC-treated recipients 

Figure 1. Treg-expanded donor cells show advantages over PTCy treatment early after transplant; however, long-term outcomes are comparable 
in a major MHC-mismatch model of preclinical HSCT. (A–C) A HSCT utilizing a B6 BALB/c donor/recipient mouse model involving a complete MHC 
mismatch was performed on day 0. Lethally irradiated (8.5-Gy) BALB/c mice received 5 × 106 TCD B6-CD45.1 BM cells and spleen cells from expanded 
(TL1A-Ig/IL-2; Treg-expanded donor cells [TrED] group) or untreated B6-FoxP3rfp (GVHD and PTCy group) donor mice adjusted to contain 1.1 × 106 total  
T cells. Cyclophosphamide was given on day 3 and 4 after HSCT at 80 mg/kg i.p. Weights (day 12–19) (A), clinical scores (day 12–19) (B), and survival (P = 
ns) (C) (n = 10–12). Statistical analysis for weights and clinical score was also performed to assess the overall model using JMP 13 Pro. No statistical sig-
nificance between PTCy and TrED was detected. A log-rank test was used for survival analysis. (D) Donor Treg frequencies and cell numbers in spleens 
on day 21 after HSCT are significantly higher in TrED recipients compared with PTCy-treated and GVHD control animals (n = 4). Data are expressed as 
mean ± SEM and were analyzed by ANOVA with Bonferroni correction for multiple comparisons. Data are pooled from 2 independent experiments. (E) 
Treg frequencies and cell numbers in lamina propria on day 21 after HSCT are significantly higher in TrED recipients compared with PTCy-treated and 
GVHD control animals (n = 3). Data are expressed as mean ± SEM and were analyzed by ANOVA with Bonferroni correction for multiple comparisons. 
Data shown are from 1 experiment. (F) Representative H&E-stained sections from colons on day 21 after HSCT show severe colitis in tissue from 
untreated HSCT recipients, with disruption of architecture, acute inflammation with severe lymphocyte infiltration, edema, mucosal thickening, and 
severe necrosis. In contrast, PTC colonic tissue showed mild hyperplasia, mild inflammation, and edema in the submucosa. Finally, colon tissue from 
TrED recipients exhibited patchy and mild colitis without hyperplasia or necrosis. Original magnification, ×200. Pathology scores are shown on the right 
(n = 3–6). Data (from 2 independent experiments) are shown as mean ± SEM; ANOVA with Bonferroni correction was applied for multiple comparisons. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars: 100 μm.

https://doi.org/10.1172/jci.insight.121717
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showed mild fibrosis with mild inflammation and some infiltrate and hyperplasia. In contrast, no fibrosis 
or thickening was observed, with only mild inflammation, in TrED recipients. Similarly, the GI tract was 
examined on day 31 in this matched model, and we observed infiltrates and inflammation in the colons of  
PTCy-treated recipients compared with little change in TrED recipients (data not shown). Notably, lung 
tissue was also examined >6 months after HSCT (Figure 2E). The tissue pathology of  untreated mice 
undergoing GVHD included a marginal infiltration and fibrosis. Interestingly, infiltrates and fibrosis were 
also readily observed in the PTCy-treated recipients, whereas few alterations were observed in the long-
term survivors receiving TrED transplants (Figure 2E and Supplemental Figure 4).

Functional immunity is intact in HSCT recipients receiving TrED or treated with PTCy. To assess the function-
al immunity in TrED- or PTCy-treated hematopoietic stem cell transplanted recipients, we investigated if  
tolerance to donor and recipient antigens and concomitant ability to reject third-party allografts was present 
in both groups of  recipients 3 months after HSCT, when 100% lethality had occurred in untreated animals. 
Two heterotopic skin grafts were applied to the trunk of  each mouse, one from B6×BALB/c F1 (H2b/d) mice 
and one from C3H/HeJ third-party (H2k) donors (Figure 3). Notably, all mice accepted the F1 skin grafts, 

Figure 2. Comparison of TrED and PTCy treatment in a minor MHC-mismatch model shows comparable results to the major MHC-mismatch model. 
(A–C) A HSCT utilizing a B10.D2 BALB/c donor/recipient mouse model across a MHC-matched, minor histocompatibility antigen mismatch was performed 
using 8 × 106 non-TCD BM cells + 25 × 106 spleen cells from either untreated (GVHD and PTCy group) or TL1A-Ig/IL-2–expanded (TrED group) B10.D2 donor 
mice (BM: n = 8; GVHD and PTCy: n = 12; TrED: n = 17). Percentage of initial weight (day 10–24, P < 0.0001) (A), clinical score (day 10–24, P < 0.0001) (B) and 
survival (**P < 0.01) (C) are presented. Survival was analyzed by log-rank test. Statistical analysis for weights and clinical score was also performed to 
assess the overall model using JMP 13 Pro. P < 0.05 for all the groups. (D) Representative H&E staining from untreated recipient skin on day 31 after HSCT 
exhibited substantial fibrosis and thickening accompanied by moderate infiltration and inflammation with patchy necrosis. However, skin from PTC-treat-
ed recipients showed mild fibrosis with mild inflammation and some infiltrate and hyperplasia. In contrast, no fibrosis or thickening was observed with 
only mild inflammation in TrED recipients. Original magnification, ×200. Pathology scores are shown on the right (n = 3–4). Data are shown as mean ± 
SEM; ANOVA with Bonferroni correction was applied for multiple comparisons. *P < 0.05. Data are pooled from 2 independent experiments. Scale bars: 100 
μm. (E) Representative H&E staining (chosen from 2 independent experiments) from recipient lung on day 200 after HSCT exhibited multifocal areas of 
moderate chronic, active inflammation, and fibrosis. The inflammation was characterized mainly by lymphocytes and macrophages with smaller numbers 
of neutrophils. Many alveoli also contained large macrophages and foamy cytoplasm in the PTCy compared with the TrED group, which was within normal 
limits. Original magnification, ×200. Pathology scores are shown on the right (n = 6–8). Data are shown as mean ± SEM; ANOVA with Bonferroni correction 
was applied for multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bars: 100 μm.

https://doi.org/10.1172/jci.insight.121717
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indicating that tolerance was present in both donor and host alloantigens (Figure 3A). In contrast, all C3H/
HeJ grafts were rejected in both groups by day 18 (Figure 3B). These results suggest that, at this time after 
transplant, T cell immune reconstitution was sufficient to enable generation of  first set allograft rejection 
responses in both groups of  HSCT recipients.

Recipients of  either TrED or PTCy treatment were also examined for their ability to generate T cell 
recall responses following priming against alloantigens. Recipients were therefore injected twice (14 days 
apart) with C3H/HeJ spleen, lymph node (LN), and thymus cells 3 months after transplant (Figure 4A).  
Four days following the second immunization, animals received a challenge cell dose containing 
CFSE-labeled spleen cells from both C3H/HeJ and B6×BALB/c F1 (H2b/d) mice. Cytotoxicity was 
determined 18 hours later by relative levels of  H2k versus H2b/d target cells via flow cytometric analy-
sis. Although no killing was detected in unprimed transplant recipients, both TrED and PTCy groups 
showed comparable levels of  killing against H2k target cells (Figure 4). Notably, neither group demon-
strated killing against target cells expressing self  (i.e., donor H2b or recipient H2d) antigens (Figure 4B).

A more rapid lymphoid engraftment is seen in TrED compared with PTCy recipients. Following transplant, 
experiments were performed to assess the origin of  lymphoid cells present in recipients of  both TrED and 
PTCy treatment from 1–3 months after HSCT. To determine if  cells in the peripheral blood were derived 
from mature donor T cells, transplanted hematopoietic progenitors, or surviving recipient lymphocytes, flow 
analysis was performed after staining with anti-CD45.1 and anti-Kb mAbs (Figure 5). After the first month 
after HSCT, TrED recipients had the highest levels of  donor bone marrow–derived (BM-derived) (CD45+, 
H2Kb+) CD4+CD8– and CD4–CD8+ T cells (Figure 5) as well as Tregs (Supplemental Figure 3B). By 2 
months after HSCT, T cell engraftment was comparable in the two groups, and, by 3 months, both TrED 
and PTCy recipients were virtually indistinguishable (Figure 5). These latter findings are consistent with the 
clinical scores and survival of  both groups but support the notion that there is greater de novo lymphopoiesis 

Figure 3. Functional immunity is intact in TrED recipients and PTCy-treated animals. TrED and PTCy recipients 
received 2 skin grafts, applied on the trunk of each mouse, 1 from B6×BALB/c F1 (H2b/d) mice and 1 from C3H/HeJ 
third-party (H2k) donors 3 months after HSCT. Grafts were assessed and scored on days 7, 8, 9, 12, 15, 18, 25, and 32 (n 
= 4). (A) Allograft score. Graft scoring was performed as follows: 0, intact graft and healthy appearance; 1, inflamed 
graft, but without signs of necrosis observed; 2, inflamed graft and less than 25% necrosis observed; 3, inflamed graft 
and between 25% and 75% necrosis observed; and 4, greater than 75% necrosis detected or loss of graft. (B) Allograft 
survival. All mice accepted the F1 (B6×BALB/c) skin grafts, whereas all C3H/HeJ grafts were rejected in both PTCy and 
TrED transplant recipients by day 18. (C) Representative photographs of skin grafts present on recipient mice on days 7 
and 32 from both groups (PTCy, left; TrED, right).

https://doi.org/10.1172/jci.insight.121717
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derived from donor HSCs in mice undergoing TrED versus PTCy transplant treatment. Consistent with 
these observations, we detected greater levels of  naive CD4 T cells for the first 2 months and naive CD8 
T cells for the first 3 months (Supplemental Figure 5). We also observed that >90% of  CD11b+Gr-1+ cells, 
which may include MDSCs at 1 month in all transplant groups, were derived from the donor marrow — 
consistent with the rapid recovery of  myeloid cells 2–4 weeks after transplant (data not shown).

Superior recovery of  thymopoiesis in TrED- compared with PTCy-treated HSCT recipients. Three weeks follow-
ing MHC-mismatched HSCT in TrED- or PTCy-treated recipients, thymic tissues were first analyzed for 
total cell numbers and T cell subsets including, CD4+FoxP3+ Tregs. Significantly, greater overall numbers 
of  thymocytes (5–10 times) were consistently identified in recipients of  TrED- compared with PTCy-treat-
ed or control animals (Figure 6A). The first and earliest sign of  thymic injury in animal models and in 
humans is loss of  intermediate CD4+CD8+ double-positive (DP) thymocytes. Notably, phenotypic assess-
ment of  DP thymocytes and more mature single-positive (SP) cells demonstrated that TrED recipients 
had relatively normal levels of  CD4+CD8– and CD4–CD8+ SP cells as well as DP thymocytes (Figure 6B). 
PTCy-treated recipients contained few DP thymocytes and a preponderance of  SP cells, indicating thymic 
injury and impaired thymopoietic recovery (Figure 6B). This pattern of  injury and dysregulation of  thymo-
poiesis was similar to that seen in untreated animals with clinical GVHD, which is known to directly effect 
primary and secondary lymphoid tissues, including the thymus (Figure 6B).

Because of  the differences in overall thymocyte numbers, the relative frequency of  thymic progeni-
tor cells, i.e., CD4–CD8– double-negative (DN) cells, was greater in PTCy-treated and untreated HSCT 
recipients compared with those treated with TrED (Figure 6B). Assessment of  the DN CD44/CD25 
subsets present at 3 weeks found no significant difference between the 4 DN subsets in TrED- and 
PTCy-treated recipients, although there was a trend toward increased DN4 (CD44–CD25–) cells, but it 
was not significant (Supplemental Figure 6A). Examination of  DN subsets approximately 1 week later 
showed a statistically significant increase in DN4 and a decrease in DN3 (CD44–CD25+) subsets in 
TrED recipients versus PTCy-treated HSCT mice (Supplemental Figure 6B). In summary, differences 
were observed in both progenitor and developing thymocyte populations between HSCT recipients of  
TrED or PTCy treatment.

Next, the origin of SP-developing thymocytes was examined (Figure 6C). Low levels (<20%) CD45.1+ thy-
mocytes derived from transplanted donor progenitor cells were identified in tissue from untreated or PTCy-treat-
ed recipients (Figure 6C). In contrast, assessment of thymocytes in TrED recipients demonstrated much greater 
levels (60%–80% of all SP cells) of donor stem cell–derived CD45.1+ thymocytes, consistent with the high-
er overall thymocyte numbers and normal SP/DP phenotype of these tissues. Interestingly, examination of  
Treg numbers and frequency in the thymuses of all transplanted groups indicated that the highest numbers and  

Figure 4. aHSCT recipients of both TrED and PTCy are able to mount T cell recall responses following priming against alloantigens. Three months 
after HSCT, recipients were immunized twice, 14 days apart, with 50 × 106 spleen, LN, and thymic cells from third-party complete MHC-disparate C3H/
HeJ mice (H2k). Four days after the last immunization, splenocytes from both third-party C3H/HeJ (H2k) and F1 cells (BALB/c × C57/Bl6; H2b/d) were 
labeled with high (5 μM) and low (0.5 μM) levels of CFSE, respectively, and inoculated at a ratio of 1:1 (20 × 106 total) into groups of (a) unimmunized 
BM-transplanted BALB/c (“control”) mice and the immunized mice from both (b) TrED- and (c) PTCy-treated recipients. 12–18 hours later, all mice were 
sacrificed and cytotoxicity was assessed in the spleen by gating on the CFSE+ cells (n = 5). Cytotoxicity was calculated using the following formula: 
1 – (C3Hsample × F1control)/(C3Hcontrol × F1sample) × 100. (A) TrED and PTCy recipients show comparable anti-C3H/HeJ H2k third-party cytotoxicity. Data are 
expressed as mean ± SEM and were analyzed by a 2-tailed unpaired t test. Data are pooled from 2 independent experiments. (B) Representative flow 
cytometry histograms. Lower fluorescent peaks of CFSE-labeled C3H versus F1 cells indicate cytotoxicity against these third-party target cells.
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frequencies of CD4+FoxP3+/CD4+ were found in the TrED HSCT recipients (Figure 6D). Notably, these Tregs 
were derived from mature donor T cells contained in the transplant and not produced by the recipient thymus.

These results confirm that early thymic function is superior in recipients of  TrED versus PTCy-treated 
or untreated HSCT recipients. These findings are consistent with the engraftment results, demonstrating that 
peripheral blood of  TrED recipients contained significantly higher levels of  donor stem cell–derived T cells 
within the first month after HSCT (Figure 5). We therefore hypothesized that the generation of  recent thymic 
emigrants (RTEs) early after HSCT would depend on whether recipients were transplanted with TrED or 
received PTCy treatment. To address this question, BALB/c mice were transplanted using B6-RAG2p-GFP–
mismatched donor BM and B6-WT splenic T cells (Figure 7). Peripheral blood from groups of  mice was 
examined 3–4 weeks after HSCT (Figure 7 and Supplemental Figure 7A). As anticipated RTEs were readily 
identified in recipients receiving BM alone without development of  GVHD and were marginally detectable 
in mice undergoing (i.e., untreated) GVHD (Figure 7A). Importantly, there was virtually no difference in the 
levels of  both CD4+ and CD8+ RTE populations in PTCy-treated recipients compared with untreated GVHD 
mice (Figure 7A). However, CD4+ and CD8+ RTE were readily identified and markedly different in TrED 
recipient blood compared with those in PTCy or GVHD mice (P > 0.001) (Figure 7). Notably, examination 
of  CD19+ recent marrow emigrant B cells followed a similar pattern to the RTE T cell observations. While 
PTCy-treated recipients did contain significant levels of  recent marrow emigrants B cells, TrED recipients 
contained a significantly higher frequency of  this population, which was comparable to that present after 
transplantation of  BM alone (Figure 7A, right). It is important to point out that no differences were detected 
in the RTE levels present between PTCy and TrED recipients 2 months after HSCT (Supplemental Figure 
7B). In total, the findings are consistent with the presence of  enhanced thymic function early after transplant 
resulting in elevated RTE production and higher levels of  lymphoid engraftment in recipients of  TrED.

Figure 5. More rapid peripheral engraftment in TrED recipients compared with PTCy-treated animals. The origin of 
lymphoid cells from transplanted mature donor T cells (CD45.1–, H2Kb+), transplanted hematopoietic progenitors (T cell–
depleted bone marrow = (CD45.1+, H2Kb+), or surviving recipient lymphocytes (host: CD45.1–,H2Kb–), present in recipients 
of TrED and PTCy was assessed in peripheral blood by flow cytometry from 1–3 months after HSCT by staining with 
directly conjugated anti-CD45.1 and anti-Kb mAbs. A significantly faster engraftment of CD4 and CD8 cells was detected 
in TrED recipients compared with PTCy-treated and GVHD controls (first column, day 30). GVHD, n = 3; PTCy and TrED, n = 
8–10. Data are expressed as mean ± SEM and were analyzed by a 2-tailed unpaired t test. ***P < 0.001; ****P < 0.0001.
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Discussion
The administration of  PTCy early after HSCT is an extremely effective GVHD prophylaxis strategy and 
has promoted a dramatic expansion of  haploidentical and mismatched clinical aHSCT (4, 5, 30). More 
recently, the administration of  Tregs with transplantation of  donor T cells has also shown promise as a 
strategy to ameliorate development of  acute GVHD (11, 13, 31). The purpose of  the present studies was to 
utilize well-characterized models of  preclinical aHSCT to directly compare the PTCy and TrED approach 
with regard to inhibition of  GVHD and the effect of  these strategies on the recovery of  thymopoiesis and 
a functional T cell repertoire.

Our studies demonstrated that long-term weight loss and clinical scores were not significantly differ-
ent between groups of  recipients treated with PTCy or transplanted with TrED. However, we found that 
TrED-transplanted recipients exhibited less weight loss and lower clinical scores in the critical period early 
after HSCT, when NRM is most likely to occur. Additionally, initial peripheral lymphoid engraftment 
derived from transplanted BM stem/progenitor cells was higher in TrED- versus PTCy-treated recipients. 
Consistent with this observation, thymocyte phenotype as well as this tissue’s function following TrED 
transplant was better — as evidenced by virtually normal levels of  SP and DP thymocytes and the presence 
of  greater levels of  RTEs derived from donor BM progenitor cells during the first month after HSCT.

Following aHSCT, patients experience increased rates of  infection due to neutropenia and delays in 
recovery of  quantitative and functional lymphoid immunity (32–34). This immune impairment occurs in 
part as a consequence of  slow lymphoid reconstitution, which can delay effective antiviral and other immune 
responses for months or years following aHSCT (35–39). Such delay can result from damage occurring 
from conditioning as well as alloreactive GVH responses, which injure central as well as peripheral immune 

Figure 6. Faster thymic recovery in TrED recipients compared with PTCy-treated animals and GVHD controls early after HSCT. Three weeks after HSCT, 
thymic tissue was analyzed for total cell numbers (A), phenotype (B), engraftment (C), and Tregs (D) (n = 4–6). (A) Significantly greater cell numbers were 
identified in TrED recipients compared with PTCy-treated and control animals. Data from 3 pooled independent experiments are shown as mean ± SEM; 
ANOVA with Bonferroni correction was applied for multiple comparisons. (B) Normal levels of CD4+CD8– and CD4–CD8+ SP as well as DP thymocytes are 
detected in TrED recipients. PTC-treated animals and GVHD controls show an abnormal pattern of thymocytes, with few DP cells and a prevalence of SP 
cells (left). Representative dot plots for each group are shown (right). (C) Assessment of the origin of developing thymocytes shows a significantly faster 
engraftment from donor CD45.1+ stem cells in the CD4+ and CD8+ SP compartment in TrED recipients compared with PTCy-treated animals and GVHD 
controls. Data are expressed as mean ± SEM and were analyzed by a 2-tailed unpaired t test. Data are pooled from 2 independent experiments. (D) TrED 
recipients exhibit higher frequencies and numbers of donor CD4+Foxp3+ Tregs. Data from 3 pooled independent experiments are shown as mean ± SEM; 
ANOVA with Bonferroni correction was applied for multiple comparisons. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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compartments (28, 33, 40). The overall immunocompromised state in patients promotes bacterial and other 
microbial infections, and, together with GVHD, these complications are responsible for the largest portion 
of  morbidity in nonrelapsed transplant recipients as well as patients transplanted for nonmalignant disorders 
(41). Accordingly, important objectives of  strategies to alleviate posttransplant complications are to reduce 
transplant-related mortality, prevent GVHD, and promote efficient immune reconstitution and engraftment.

Comorbidities present in HSCT recipients at the time of  transplant are associated with decreased overall 
survival due to increased rates of  nonrelapse mortality (NRM), including adverse outcomes associated with 
acute and chronic GVHD (42–44). Thus, GVHD prophylaxis strategies that minimize additional systemic 
toxicities in the early posttransplant period should provide clinical benefits by lowering NRM risks after 
aHSCT. During the first 7–10 days after transplant, recipients of  TrED but not PTCy treatment demon-
strated less weight loss and lower clinical scores compared with untreated HSCT recipients. One potential 
clinical benefit would be to decrease risks of  early GI toxicities that in humans could lead to increased rates 
of  bacterial translocation of  the gut, which contributes to the risk of  bacterial sepsis and NRM.

Notably, we observed significantly greater levels of  lymphoid engraftment present in peripheral tissues 
in TrED- compared with PTC-treated recipients. Accordingly, we hypothesized that thymic function was 
stronger in TrED recipients. In contrast to untreated or PTCy-treated recipients, the relative frequency of  SP 
and DP (>65%) thymocyte populations was virtually normal in TrED recipients, and overall cell numbers 
were also greater in these animals. To more directly assess thymic function in these groups of  transplant 
recipients, levels of  RTEs were assessed, and significantly higher levels of  RTEs were detected in the periph-
ery of  TrED recipients, correlating with the observed thymocyte phenotypic profiles. Hence, we anticipate 
that immune function at this time point will be more effective in TrED recipients. Less thymic damage could 
be a consequence of  greater suppression of  alloreactive donor anti-host T cells as well as direct effects of  
cyclophosphamide within the thymic compartment (45–47). Such activity could involve damage to stromal 
cells, including cortical and medullary epithelium that are vital to normal thymocyte differentiation, and 
studies are currently in progress to examine such a mechanism (47). Although there is clearly a difference 

Figure 7. Significantly higher frequencies of recent thymic/marrow emigrants in TrED recipients versus PTCy-treated 
animals and GVHD controls early after HSCT. A HSCT utilizing a B6 BALB/c donor/recipient mouse model involving 
a complete MHC mismatch was performed on day 0. Lethally irradiated (8.5-Gy) BALB/c mice received 5 × 106 TCD 
B6-RAG2p-GFP BM cells and spleen cells from expanded (TL1A-Ig/IL-2; TrED group) or untreated B6-FoxP3rfp (GVHD 
and PTCy group) donor mice adjusted to contain 1.1 × 106 total T cells. Cyclophosphamide was given on day 3 and 4 after 
HSCT at 80 mg/kg i.p. Recent thymic/marrow emigrants (RTEs/RMEs) were analyzed in PB by flow cytometry 3 weeks 
after HSCT (BM, n = 2; GVHD, n = 5; PTCy and TrED, n = 8). (A) Significantly higher frequencies of CD4+ and CD8+ RTEs as 
well as CD19+ B cells (RMEs) are detected in TrED recipients compared with PTCy-treated animals and GVHD controls. 
Data are expressed as mean ± SEM and were analyzed by a 2-tailed unpaired t test. (B) A representative histogram 
from the TrED and the PTCy group is shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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in these preclinical transplants regarding lymphoid reconstitution early after HSCT, it is important to point 
out that survivors of  PTCy and TrED treatment both demonstrated effective overall lymphoid reconstitu-
tion and acceptance of  donor and recipient skin grafts, concomitant with rejection of  third-party complete 
mismatched tissue allografts. Hence, tolerance to donor and recipient self-antigens as well as effective in 
vivo immune responsiveness was evident in both groups of  long-term survivors. These findings indicate that 
functional thymic reconstitution does occur (we did not detect differences in thymocyte numbers at later 
time points, day 60; data not shown) — albeit more slowly in PTCy-treated recipients. It may be notable 
that, although B cells were not extensively examined here, overall CD19+ levels in the blood and spleen — 
including CD19+ recent marrow emigrants — were also higher in TrED versus PTCy recipients. Thus, taken 
together with the above findings, the observations support the notion that the use of  TrED resulted in less 
overall damage to central, i.e., thymus and BM, lymphoid compartments compared with the use of  day 3 
and 4 high-dose cyclophosphamide in mice receiving myeloablative HSCT. Autoreactive T cells have been 
posited to contribute to chronic GVHD (cGVHD), and abnormal lymphoid differentiation may contribute 
to development of  such T cells (48, 49). Therefore, although cGVHD was not evaluated in the present stud-
ies, it is possible that establishment of  earlier normal immune T and B differentiation and reconstitution 
after allo-HSCT may diminish development of  such autoreactive lymphoid cells and decrease cGVHD. It 
may therefore be noteworthy that, although TGF-β is a major effector molecule of  Tregs, in contrast to 
PTCy-treated animals, recipients of  TrED transplants did not exhibit fibrosis in lung tissue 6–7 months after 
HSCT (Figure 2 and Supplemental Figure 4).

It may be interesting to consider our results in the context of  more cell-based versus more cytokine-based 
GVHD. Thus, investigating the outcomes of  PTCy and TrED in transplants following lower intensity condi-
tioning could be informative with regard to the relative effectiveness of  these treatment strategies. For exam-
ple, it is possible that differences in cytokine levels could result in different levels of  donor anti-host alloreac-
tive T cells. However, to date several reports have not identified differences in PTCy effectiveness with respect 
to engraftment and transplant outcomes after varying levels of  conditioning in haploidentical HSCT (50, 51).

Finally, the mechanism of action of  these two strategies differ remarkably, i.e., chemo-induced deletion of  
conventional cells (by PTCy) versus suppression of  conventional lymphocytes and APC (by Tregs), and this 
likely underlies the findings of  early differences between PTCy and TrED usage in the present experiments 
(see Table 1 summary). Nonetheless, in total, the findings demonstrate that the use of  TrED in the experi-
mental aHSCTs employed here was as effective as PTCy treatment, with regard to GVHD amelioration, and 
support the hypothesis that use of  TrED may provide benefit for recipients early after transplant, with respect 
to transplant-related mortality and initial immune function. While we and others have investigated GVT fol-
lowing the use of  donor Tregs (10, 52), it will be important in future investigations, to employ suitable tumors 
and a valid model to precisely assess and directly compare the effectiveness of  both of  the treatment strategies.

Methods
Mice. Wild-type BALB/c (H2d), B6×BALB/c F1 (H2d,b), and C3H/HeJ (C3H; H2k) mice were purchased 
from Taconic or The Jackson Laboratory. B6-FoxP3rfp were provided by R. Flavell (Yale University, New 
Haven, Connecticut, USA) (53), B6-CD45.1 and B10.D2 (H2d) mice were bred in our facility. RAG2p-
GFP mice were provided by R. Tisch (University of  North Carolina, Chapel Hill, North Carolina, USA) 
(54, 55). Mice were used at 6–12 weeks of  age and were maintained in pathogen-free conditions at the 
University of  Miami animal facilities.

Table 1. Outcomes following allogeneic HSCT comparing untreated recipients with recipients treated with PTCy or the use of TrED

First 3–4 weeks after HSCT PTCy treatment days 3–4 TrED transplant
Early body weight Decreased Increased
Early clinical score Increased Decreased

Thymic damage No difference Decreased
RTEs No difference Increased

Engraftment No difference Increased
Overall survival Increased Increased
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Antibodies and reagents. Commercial antibodies for use in flow cytometry were purchased from BD Bio-
sciences (CD25 [PC61); CD45.1 [A20]; H2Kb [AF6-88.5]), Biolegend (CD4 [RM4-5 or GK1.5]; CD8 [53-
6.7]; CD19 [6D5]; CD44 [IM7]; Foxp3 [FJK-16s]) or eBioscience (CD62L [MEL-14]); and recombinant 
mouse IL-2 and α-IL-2 mAb, clone JES6-5H4, were purchased from eBioscience. The IL-2/α-IL-2 complex 
was generated by incubating 1.5 μg recombinant mouse IL-2 with 8 μg JES6-5H4 for 15 minutes at room 
temperature. The fusion protein TL1A-Ig was generated as described previously (56).

Flow cytometry. Single-cell suspensions were prepared from different organs (spleen, LN, BM, colon). 
Peripheral blood was collected in heparinized tubes. PBMCs were isolated by standard Ficoll density gradient 
centrifugation. 106 cells were preblocked with anti-mouse CD16/CD32 and stained with different antibody 
combinations. Intracellular staining was performed according to standard procedures. Flow cytometric anal-
ysis was performed on a BD LSR Fortessa HTS instrument. DIVA or FlowJo software was used for analysis.

Histologic analysis and immunohistochemistry. Tissues from animals on day 21 (major), 31, and 200 (minor 
antigen) after HSCT were fixed in 10% formalin and embedded in paraffin. Sections were stained with 
H&E and Masson’s trichrome (lung) for histologic examination. Images were acquired using the Keyence 
BZ-X700 microscope. Tissue samples were scored following a modified system described by D. Kaplan, et 
al. (57). In brief, multiple parameters were used to compare pathology scores between groups in the skin, 
lung, and the colon (3, 2, and 4 parameters, respectively).

HSCT experiments. For the HSCT in the major MHC-mismatch model (B6 BALB/c), female BALB/c 
mice (H2d) received ablative conditioning with 8.5-Gy total body irradiation 1 day prior to transplant. 
BM cells were obtained from femurs, tibias, and vertebrae from sex-matched B6-CD45.1 (H2b; Thy1.2) 
or RAG2p-GFP donor animals. A single-cell suspension of  marrow cells was prepared by flushing bones 
with a 21-gauge needle, and the cells were filtered through a 100-μm nylon mesh. T cell depletion (TCD) 
of  donor marrow cells was achieved via complement-mediated lysis using anti–T cell–specific antibody 
HO-13-4 (hybridoma supernatant, mouse anti-Thy1.2 IgM; ATCC) provided by Bruce Blazar (University 
of  Minnesota, Minneapolis, Minnesota, USA), anti-CD4 mAb (clone 72.4), anti-CD8 mAb (clone H02.2), 
and rabbit complement (Cedarlane Laboratories). The marrow cells were incubated at 37°C for 45 minutes, 
washed twice in RPMI, and resuspended for hematopoietic cell transplant. Marrow TCD was routinely 
>99%. Donor T cells were prepared from spleens obtained from B6-FoxP3rfp expanded or nonexpanded 
animals. Donor cells were stained for T cells (anti-CD4, clone RM4-5; anti-CD8, clone 53-6-7) and adjust-
ed to 1.1 × 106 T cells per mouse prior to mixing with BM. Recipient mice were transplanted (day 0) with 
TCD BM (5 × 106) and 1.1 × 106 T cells i.v. in a 0.2-ml volume via tail vein injection.

For the MHC-matched, minor antigen–mismatch model (B10.D2 BALB/c), lethally irradiated (8.0-
Gy) BALB/c mice were transplanted (day 0) with 8 × 106 non-TCD BM cells and 25 × 106 splenocytes 
from B10.D2 mice.

GVHD was assessed by monitoring recipients for changes in total body weight, clinical signs, and overall 
survival. The clinical signs of GVHD were recorded for individual mice. Recipients were scored on a scale from 
0 to 2 for 5 clinical parameters (58): (a) weight loss; (b) diarrhea; (c) fur texture; (d) posture; and (e) alopecia.

Donor Treg expansion. TL1A-Ig (50 μg) was administered i.p. on days 1–4; rmIL-2 (1.5 μg) bound to 
α–IL-2 mAb (clone JES6-5H4; 8 μg) on days 4 and 6. Mice were sacrificed on day 7, and spleen cells were 
used as T cell source in HSCT (10).

Cyclophosphamide treatment. Cyclophosphamide was administered i.p. (80 or 50 mg/kg) on day 3 and 4 
after HSCT (4, 59).

Skin transplant. Allograft dorsal ear skin from euthanized F1 (B6×BALB/c, MHC H-2b/d) mice and 
C3H (MHC H-2k) mice was transplanted onto a 0.5 × 0.5 cm2 prepared left lateral thoracic cavity skin bed 
of  an isoflurane-anesthetized BALB/c mice 3 month after B6 allogenic HSCT (MHC H-2b/d alleles). The 
F1 skin allografts were placed cephalad and ventral and the C3H skin allografts caudal and dorsal at the 
prepared skin bed site. The site was covered with an adhesive bandage, which remained in place for 6 days. 
Allograft appearance and integrity was assessed subsequently on days 7, 8, 9, 12, 15, 18, 25, and 32. Graft 
scoring was as follows: 0, intact graft and healthy appearance; 1, inflamed graft, but no signs of  necrosis; 
2, inflamed graft and less than 25% necrosis; 3, inflamed graft and between 25% and 75% necrosis; and 4, 
greater than 75% necrosis or loss of  graft (60).

In vivo cytotoxicity assay. Three months after HSCT, mice were immunized twice (14 days apart) with 50 × 
106 third-party C3H splenocytes, LN cells, and thymocytes. Four days after the last immunization, splenocytes 
from third-party C3H and F1 cells (BALB/c × C57/Bl6) were labeled with high (5 μM) and low (0.5 μM) levels 
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of CFSE, respectively, and inoculated at a ratio of 1:1 (20 × 106 total) in an unimmunized, BM-transplanted 
control mouse and the immunized surviving mice from the PTCy and Treg groups. 12–18 hours later the mice 
were sacrificed and cytotoxicity was assessed in the spleen by gating on the CFSE+ cells. Cytotoxicity was cal-
culated using the following formula: 1 – (C3Hsample × F1control)/(C3Hcontrol × F1sample) × 100 (61). The control was 
a nonimmunized BM-only-transplanted mouse in which no cytotoxicity of C3H cells was happening.

Statistics. JMP 13 Pro (SAS) was used to compile the clinical scores and weights of  the major and minor 
histocompatibility complexes. We plotted the means of  the clinical scores and weights for each day and 
treatment group. Analysis was performed assessing the overall model. The overall model by least squares 
determined the regression of  each treatment group, parameter estimates, and ANOVA.

All other statistical analysis was performed using GraphPad Prism. Values shown in graphs represent 
the mean of  each group + SEM. Survival data were analyzed with the Mantel-Cox log-rank test. Non-
parametric unpaired 2-tailed t test was used for comparisons between 2 experimental groups, and multiple 
variable analysis was performed using ANOVA. A P value less than 0.05 was considered significant.

Study approval. All experiments were performed in accordance with the Guide for the Care and Use of  
Laboratory Animals (National Academies Press, 2011), and the protocol was approved by the IACUC of  the 
University of  Miami Miller School of  Medicine.
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