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Abstract

Some hematological malignancies such as multiple myeloma are inherently resistant to immune-

mediated anti-tumor responses, the cause of which remains unknown. Allogeneic bone marrow 

transplantation (alloBMT) is the only curative immunotherapy for hematological malignancies 

due to profound graft-versus-tumor (GVT) effects but relapse remains the major cause of 

death. We developed murine models of alloBMT where the hematological malignancy is either 

sensitive (acute myeloid leukemia [AML]) or resistant (myeloma) to GVT effects. We found that 

CD8+ T cell exhaustion in bone marrow was primarily alloantigen-driven, with expression of 
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inhibitory ligands present on myeloma but not AML. Due to this tumor-independent exhaustion 

signature, immune checkpoint inhibition (ICI) in myeloma exacerbated graft-versus-host disease 

(GVHD) without promoting GVT effects. Administration of post-transplant cyclophosphamide 

(PT-Cy) depleted donor T cells with an exhausted phenotype and spared T cells displaying a 

stem-like memory phenotype with chromatin accessibility present in cytokine signaling genes 

including the IL-18 receptor. While ICI with anti-PD-1 or anti-TIM-3 remained ineffective after 

PT-Cy, administration of a decoy-resistant IL-18 (DR-18) strongly enhanced GVT effects in both 

myeloma and leukemia models, without exacerbation of GVHD. We thus defined mechanisms of 

resistance to T cell-mediated anti-tumor effects after alloBMT and described an immunotherapy 

approach targeting stem-like memory T cells to enhance anti-tumor immunity.

One Sentence Summary:

Expansion of stem-like memory T cells after depletion of exhausted alloreactive T cells enhances 

graft-versus-tumor effects.

Introduction

T cell exhaustion is a well described driver of loss of immunosurveillance in many cancers, 

including hematological malignancies (1–4). The use of immunotherapies, such as immune 

checkpoint inhibition (ICI), has been a successful strategy to enhance anti-tumor effects in 

solid tumor settings as well as selected hematological malignancies (5–7). The importance 

of precursor exhausted and stem-like memory T cell subsets in generating a sustainable 

response to immunotherapies is becoming increasingly recognized, which has generated 

interest in targeting these populations directly (8–10). In hematological malignancies, 

particularly leukemias, allogeneic stem cell transplantation (alloBMT) remains the only 

curative immunotherapy option (11). The curative potential of BMT is largely mediated by 

donor T cells recognizing recipient alloantigen comprising hematopoietic or tumor-specific 

antigens on the underlying malignancy, which is referred to as the graft-versus-tumor (GVT) 

effect (12). However, alloBMT is limited by donor T cell recognition of alloantigen on 

normal tissue, a process known as graft-versus-host-disease (GVHD), as well as relapse of 

the original malignancy attributable to immune escape (13).

Studies where patients received PD-1 blockade after alloBMT have been associated with the 

exacerbation of GVHD, consistent with the role of PD-1 in suppressing alloreactive donor 

T cell function (14, 15). While there are a number of described mechanisms for immune 

escape after alloBMT (16), some hematological malignancies (e.g. myeloma (13, 17)) are 

inherently resistant to graft-versus-tumor responses and the cause of this remains unknown. 

Importantly, eliciting a strong GVT effect without inducing lethal GVHD likely requires 

modulation of the T cell repertoire such that highly alloreactive T cells are eliminated prior 

to initiating immunotherapy and/or immunotherapy selectively targeting tumor-specific T 

cells.

In this study, we first sought to understand why some hematological malignancies are 

resistant to GVT effects by developing pre-clinical models that were sensitive (acute 

myeloid leukemia [AML]) or resistant (myeloma) to GVT after alloBMT. Secondly, we 
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utilized multiome single cell sequencing techniques to phenotype T cells in the bone marrow 

microenvironment and identify pathways that could be targeted to improve GVT effects after 

alloBMT. We observed broad, alloantigen-induced CD8+ T cell exhaustion that could be 

reduced with an immune suppressant routinely utilized after alloBMT, cyclophosphamide 

(PT-Cy), which shifted the induction of CD8+ T cell exhaustion to a malignancy-driven 

phenotype at myeloma relapse. Multiome sequencing demonstrated increased chromatin 

accessibility and RNA expression of the IL-18 receptor on stem-like memory CD8+ T cells 

after PT-Cy. Finally, we tested several immunotherapies after PT-Cy and found that while 

ICI did not induce lethal GVHD it also failed to enhance GVT effects. Conversely, an 

IL-18 cytokine mimetic (DR-18) facilitated potent anti-tumor responses in both myeloma 

and leukemia without markedly exacerbating GVHD.

Results

Graft-versus-myeloma effects are subverted after alloBMT

To determine potential factors underlying the resistance of patients with myeloma to graft-

versus-tumor effects, we generated preclinical murine models of transplantation for primary 

AML and myeloma that we found to be GVT-sensitive and GVT-resistant, respectively. 

To achieve this, we developed a system of allogeneic BMT where C57Bl/6 recipients 

are transplanted with bone marrow (BM) and T cell grafts from minor-MHC mismatched 

C3H.SW donors (alloBMT) or syngeneic C57Bl/6 donors (synBMT). We utilized a 

GFP-expressing MLL-AF9-driven leukemia that allows for monitoring of tumor cells in 

peripheral blood and Vk*MYC myeloma that secretes IgG, which can be monitored by 

serum protein electrophoresis as an M-band (albumin/gamma ratio) which is a hallmark 

of clinical disease. In mice bearing MLL-AF9-driven AML, recipients of allogeneic grafts 

had significantly reduced circulating leukemia cells and a reduced relapse-related mortality 

compared to synBMT, confirming an allogeneic graft-versus-leukemia (GVL) effect (Figure 

1A–B). Mice with late leukemia-related deaths in the alloBMT group succumbed to marrow 

failure, consistent with systemic immune control but local escape from GVL effects in the 

BM. In contrast, ineffective graft-versus-myeloma (GVM) responses were seen in Vk*MYC 

myeloma-bearing recipients with no significant difference in the rate of myeloma growth as 

determined by M-band progression. Furthermore, competing risk analysis revealed that there 

was a significantly increased risk of GVHD in alloBMT recipients compared with synBMT 

that outweighed any potential GVM effects (Figure 1C–D). Thus although an effective GVT 

response could be generated after alloBMT against AML, this was subverted in MM-bearing 

recipients; an observation which recapitulates clinical data demonstrating that myeloma 

is largely resistant to GVT effects (17). Importantly, mechanisms underpinning this GVT 

resistance could be broadly applicable clinically, as some patients with AML have reduced 

GVT sensitivity relative to highly sensitive malignancies (e.g. chronic myeloid leukemia) 

(18).

Donor CD8+ T cells undergo exhaustion in response to allogeneic rather than tumor 
antigens after alloBMT

To determine the mechanisms responsible for the ineffective GVM response after alloBMT, 

we performed immune phenotyping of CD8+ T cells in the BM between 2 and 8 weeks after 
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transplantation using flow cytometry. These experiments were performed in the absence 

of myeloma (MM-free) to control for the effects of concurrent myeloma on CD8+ T 

cell function after BMT (3). We focused on CD8+ T cells initially since GVHD in this 

model is primarily MHC class I-dependent and we have previously shown that CD8+ T 

cells are crucial to long-term myeloma-specific immunity after autologous BMT (19). We 

used multidimensional t-SNE analysis of our flow cytometry data and observed differential 

clustering of allogeneic and syngeneic CD8+ T cells by 2 weeks after transplant (Figure 

2A). This phenotype persisted through to 8 weeks after transplant. We noted a significant 

expansion of CD8+ T cells 2–4 weeks after transplant in alloBMT recipients which were 

predominately effector memory T cells (CD44+CD62L−, TEM; Figure 2B–C). Conversely, 

synBMT recipients had equivalent CD4+ and CD8+ T cell expansion with higher frequencies 

of central memory (CD44+CD62L+, TCM) versus TEM CD8+ T cells (Figure 2 B–C). 

Strikingly, the majority of CD8+ T cells expressed TIGIT, PD-1 and TIM-3 early after 

alloBMT, and both PD-1 and TIGIT expression persisted long term (Figure 2D). DNAM-1 

expression was maintained on a proportion of CD8+ T cells after alloBMT, suggesting 

that these T cells were either activated or at an early stage of exhaustion (Figure 2A) (3, 

20). Expansion of these alloreactive CD8+ TEM cells after alloBMT would be expected to 

result in enhanced tumor control relative to synBMT, but this was only seen in response 

to AML, suggesting the subversion of GVM may reflect tumor-related differences, either 

intrinsic to myeloma or related to differential effects exerted by myeloma (versus AML) on 

the tumor microenvironment (TME). We therefore investigated the expression of relevant 

inhibitory receptor ligands on the cell surface of Vk12653 myeloma and MLL-AF9 AML. 

We noted differential expression of both CD155 and PD-L1, the ligands for TIGIT and PD-1 

respectively, on VK*MYC compared to MLL-AF9 (Figure 2E). This expression of CD155 

on malignant cells has previously been demonstrated to infer resistance to T cell-dependent 

anti-tumor immunity (21). Furthermore, TIGIT has a much higher affinity than DNAM-1 for 

CD155 and will outcompete for ligand binding even if DNAM-1 expression is maintained 

on CD8+ T cells (22). Therefore, donor CD8+ T cells expressing high levels of TIGIT+ and 

PD-1+ in response to alloantigen were putatively inactivated via interaction with cognate 

inhibitory receptor ligands expressed by myeloma.

TIGIT inhibition does not enhance GVM after alloBMT

As CD155 and PD-L1 expression on myeloma cells is a potential mechanism of immune 

escape after alloBMT, we explored whether these pathways could be targeted therapeutically 

to generate GVM effects. Importantly, we have previously demonstrated that PD-1 or 

TIGIT blockade after synBMT significantly improved myeloma-specific immunity (3). PD-1 

inhibition after alloBMT can exacerbate GVHD in both preclinical models and clinical 

practice (15, 23–25). To examine whether TIGIT inhibition would impact GVHD and/or 

GVM, we treated MM-bearing recipients with TIGIT blocking antibodies. Recipients treated 

with an Fc-enabled (i.e. live) 4B1-G2a clone, αTIGIT-G2a, after transplant had significantly 

enhanced mortality compared to isotype control (cIg)-treated mice (Figure 2F). This was 

associated with an increase in GVHD clinical scores and GVHD-induced mortality, without 

an associated improvement in the GVM effect (Figure 2G–I).
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We next tested the Fc-dead anti-TIGIT G1-D265A clone (αTIGIT-G1) that does not deplete 

TIGIT-expressing regulatory T cells and hypothesized that exacerbation of GVHD would 

be less severe than the Fc-enabled TIGIT (26, 27). Indeed, mice treated with αTIGIT-G1 

from 3 weeks after alloBMT had similar overall survival compared to isotype treated mice 

(Figure S1A). GVHD, myeloma burden, and myeloma progression were similar between 

αTIGIT-G1 and cIg-treated mice (Figure S1B–D). Therefore, TIGIT inhibition was not 

sufficient to generate GVM responses after alloBMT. This is in contrast to previous data 

demonstrating that blockade of myeloma-induced TIGIT expression on CD8+ T cells could 

induce potent myeloma immunity in a synBMT model (where alloantigen is absent) (3). 

This led us to investigate whether the expression of inhibitory receptors on CD8+ T cells 

was generated by CD8+ T cell recognition of malignancy-derived antigens or broadly by 

recipient alloantigens after alloBMT.

Myeloma itself does not drive T cell exhaustion after alloBMT

In order to determine the relative contribution of tumor versus allogeneic antigens to 

CD8+ T cell exhaustion we analyzed CD8+ T cells in the BM of myeloma-bearing 

recipients (MM-bearing) or control mice that were transplanted in the absence of myeloma 

(MM-free) at 8 weeks after alloBMT, a timepoint of active myeloma progression in the 

MM-bearing cohort. We noted only a small increase in PD-1 and TIM-3 expression and 

reduced DNAM-1 expression in MM-bearing versus MM-free controls (Figure 3A–B). 

In particular, an increase in the frequency of CD101+CD38+CD8+ T cells was seen in 

MM-bearing compared to MM-free mice (Figure 3B); a phenotype that is usually associated 

with dysfunctional, terminally exhausted T cells (3, 28). Nonetheless, CD8+ T cells from 

MM-bearing mice did not have alterations in IFNγ or TNF production upon ex vivo 

restimulation (with PMA/ionomycin) after alloBMT compared with MM-free mice (Figure 

3C), likely due to the relatively low frequency of CD38+CD101+ cells within the CD8+ T 

cell compartment. Together, these data demonstrate that cytokine production by BM CD8+ 

T cells was not adversely affected by the presence of myeloma after alloBMT. Similar 

analyses in AML-bearing mice also demonstrated a significant increase in PD-1 expression 

and a concurrent decrease in DNAM-1 expression compared to AML-free mice (Figure 

3D–E). However, in AML-bearing mice the overall frequency of IFNγ+ CD8+ T cells was 

reduced (Figure 3F), indicating that tumor-induced CD8+ T cell dysfunction occurred in this 

leukemia model. The absence of exaggerated CD8+ T cell exhaustion in mice with relapsed 

myeloma after alloBMT confirms that the main driver of T cell exhaustion in this setting is 

alloantigen rather than tumor-specific antigen; potentially explaining why TIGIT blockade 

exacerbated GVHD without promoting GVM (Figure 2F–I).

Post-transplant cyclophosphamide attenuates alloantigen-induced CD8+ and CD4+ T cell 
exhaustion in the BM after alloBMT

We next investigated whether we could eliminate highly activated, alloreactive T cells 

in order to preserve T cell subsets that could be safely harnessed to improve GVT 

responses in the BM after alloBMT. To achieve this, we treated alloBMT recipients with 

a currently utilized GVHD prophylaxis strategy, post-transplant cyclophosphamide (PT-Cy) 

that strongly attenuates alloreactive T cell responses and GVHD. We first assessed T 

cell phenotypes in the BM 14 days after transplantation in MM-free mice, in order to 
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generate a dataset that could be broadly interpreted, independent of specific tumor-induced 

phenotypes. We performed single cell sequencing on sorted T cells from BM with the 10x 

Genomics Multiome platform to measure concurrent changes in gene expression (RNAseq) 

and chromatin accessibility (ATACseq). Unsupervised clustering based on weighted nearest 

neighbor algorithms identified 8 clusters within CD8+ (Figure S2) and 5 clusters within 

CD4+ (Figure S3) T cells. Clusters were annotated based on all differentially expressed 

genes in each cluster (Data file S1 and Data file S2) and we have highlighted key genes 

associated with each cluster in CD8+ (Figure 4A) and CD4+ (Figure 4B) T cells.

In untreated alloBMT recipients, CD8+ T cells highly expressed genes associated with T 

cell exhaustion while those in PT-Cy-treated alloBMT recipients had higher expression of 

stem-like memory gene signatures (Figure 4C and Figure S4) (9, 29). When T cells were 

unbiasedly clustered, the majority of CD8+ T cells from PT-Cy-treated recipients were 

within a cluster (number 6), which included stem-like memory cells (TSCM) characterized 

by Bach2, Ly6a (encoding sca-1), Il7r, Il18r1, Cd226 and absence of Pdcd1 (Figure 4A). 

These changes in gene expression were mirrored by changes in chromatin accessibility as 

we observed a similar skewing towards stem-like signatures measured by gene accessibility 

scores (Figure 4C). Taken together, these findings confirm a fundamental change in the 

phenotype of CD8+ T cells surviving PT-Cy. Analogous to the CD8+ T cell compartment, 

CD4+ T cells from alloBMT recipients were enriched for the same exhaustion signature, 

while those in PT-Cy-treated recipients were largely enriched for a TSCM signature (Figure 

4D and Figure S5). Furthermore, chromVAR analysis highlighted motifs associated with 

exhaustion (i.e. NR4A1 (30), NFATC (31)) in T cells from control alloBMT recipients, 

while T cells from PT-Cy-treated alloBMT recipients had motifs associated with stemness 

(i.e. TCF7 (32), KLF) (Figure S6). To identify functional relevance of PT-Cy-driven 

epigenetic changes, we measured chromatin accessibility in key cytokine receptor genes 

and noted that Il18r1 (IL-18R), Il2ra (IL-2Rα) and Il7r (IL-7R) demonstrated increased gene 

activity scores after PT-Cy in both CD8+ and CD4+ T cells (Figure 4E–F).

Finally, we corroborated our sequencing data of BM T cells from alloBMT recipients with 

and without PT-Cy with flow cytometry at the same timepoint, including synBMT recipients 

as a baseline for any immune effects of transplantation itself. We confirmed that CD8+ T 

cells had an exhausted phenotype after alloBMT, characterized by expression of high levels 

of TIGIT, PD-1, TOX and TIM-3 proteins, while syngeneic T cells were DNAM-1+ without 

inhibitory ligand expression (Figure 4G–H and Figure S7A). CD8+ T cells from PT-Cy-

treated alloBMT recipients had significantly increased DNAM-1 and reduced TIGIT, PD-1 

and TOX expression, with a phenotype intermediate to T cells from alloBMT recipients 

without PT-Cy and recipients of synBMT (where alloantigen was absent). Interestingly, 

PT-Cy treatment did not abrogate granzyme B production by CD8+ T cells, as determined 

by both RNA and protein expression (Figure S4 and S7A). The striking effect of PT-Cy 

on the CD4+ T cell compartment was also by confirmed by flow cytometry such that 

the CD4+ T cell exhaustion signature in FoxP3− conventional CD4+ T cells from PT-Cy-

treated recipients were largely indistinguishable from synBMT recipients, consistent with a 

dominant effect on class II-dependent alloreactivity (Figure 4I–J and Figure S7B). Together 

these data demonstrate that PT-Cy reduced the frequency of alloreactive, exhausted T cells 
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in the BM of alloBMT recipients, and instead enriched for TSCM populations, offering a 

potential platform on which to subsequently generate tumor-specific responses.

PT-Cy is permissive of myeloma-driven T cell exhaustion after alloBMT

We next treated MM-bearing recipients with PT-Cy after alloBMT and compared myeloma 

growth and survival to untreated recipients to determine whether the loss of putative 

alloreactive T cells in the BM impacted the control of myeloma. PT-Cy resulted in early 

myeloma cytoreduction with reduced M-bands at 4 weeks after alloBMT that was also 

seen in recipients of T cell depleted BM (Figure 5A–B), consistent with the expected 

cytoreduction mediated by cyclophosphamide. However, this PT-Cy effect was not durable 

as there was a subsequent increase in myeloma progression as determined by M-band 

8 weeks after alloBMT in PT-Cy-treated recipients (Figure 5A). Consistent with this 

effect, total T cell numbers were also concurrently reduced by PT-Cy at D+14 and D+21 

after alloBMT (Figure S9A–B). Taken together, these data suggest that direct myeloma 

cytoreduction partially counteracts the loss of alloreactive T cells mediating graft-versus-

tumor effects after PT-Cy.

Having established that PT-Cy reduced alloantigen-induced T cell exhaustion, enriched for 

a TSCM phenotype, and did not significantly reduce overall survival, we next sought to 

determine whether the presence of myeloma in the BM would alter T cell phenotypes in 

PT-Cy-treated alloBMT recipients with relapsed disease. We analyzed CD8+ and CD4+ 

T cells at 7 weeks post-transplant, from the BM of MM-bearing and MM-free allograft 

recipients that were treated with and without PT-Cy. In untreated recipients, there was 

high expression of TIGIT, TIM-3 and TOX on CD8+ T cells regardless of whether the 

mice were MM-free or had active myeloma, indicative of broad alloantigen-driven T cell 

exhaustion (Figure 5C, F–G). In MM-free PT-Cy-treated recipients, the majority of the 

CD8+ T cells were DNAM-1+TIGIT− and did not express TOX or TIM-3 (Figure 5C, 

F–G); consistent with maintained depletion of exhausted alloreactive T cells observed at 

D+14 (Figure 4). However, in MM-bearing PT-Cy-treated recipients, the majority of the 

CD8+ T cells were DNAM-1−TIGIT+ with high expression of TOX and TIM-3 (Figure 5C, 

F–G); consistent with the onset of myeloma-driven T cell exhaustion. Notably, even at this 

late timepoint, the reduction in total numbers of CD4+ and CD8+ T cells in PT-Cy-treated 

recipients was maintained (Figure 5D). In PT-Cy-treated MM-free recipients, there was an 

increase in CD8+ central memory (TCM; CD44+CD62L+) and a decrease in terminal effector 

(TEFF; CD44−CD62L−) T cells, consistent with maintenance of the memory populations we 

identified at earlier timepoints (Figure 4C and Figure 5E). Increased expression of TOX 

and inhibitory receptors, including the terminal exhaustion markers TIM-3 and CD101, on 

effector cells in MM-bearing compared with MM-free PT-Cy-treated recipients is consistent 

with the expansion of exhausted, putatively myeloma-specific T cells; a phenotype observed 

at MM progression after synBMT (3). Therefore, PT-Cy effectively eliminated alloantigen-

driven CD8+ T cell exhaustion and enabled exhaustion to instead be driven by myeloma. 

Although there was a marked effect on CD4+ T cells after PT-Cy, there were only subtle 

differences in this compartment in MM-free versus MM-bearing recipients, including an 

increase in TOX but not TIGIT or TIM-3 expression (Figure 5C, H–I). This finding is 

unsurprising, given the high expression of MHC class I and absence of MHC class II on 
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Vk*MYC myeloma cells (19). Finally, we confirmed the presence of tumor-driven T cell 

exhaustion after PT-Cy in the MLL-AF9 AML model. We observed an increased frequency 

of TIM-3+CX3CR1− CD8+ T cells at 3 weeks post-transplant in mice with relapsed AML 

compared to AML-free recipients after PT-Cy (Figure S8). Expression of CX3CR1 was 

used to exclude transitionary effector cells that contaminate the TIM-3+ population at earlier 

timepoints in tumor progression (33).

Agonist immunotherapies are required to promote GVM after PT-Cy

Given the presence of myeloma-driven expression of inhibitory receptors on CD8+ T cells 

after PT-Cy relapse, we tested the anti-myeloma efficacy of immune checkpoint inhibition 

(ICI) in PT-Cy-treated alloBMT recipients (Figure 6A). We administered ICIs, either anti-

PD-1 or anti-TIM-3, from D+7 for 4 weeks and observed no reduction in myeloma burden 

in ICI-treated mice (Figure 6B–C). For ICI to be effective, there must be an appropriate 

ratio of ICI-responsive T cells to tumor burden (34). Importantly, PT-Cy resulted in reduced 

expression of inhibitory receptors (Figure 4C) in the context of strongly reduced overall 

T cell numbers (Figure S9) at the timepoint where ICI was administered. These data 

suggest that immunotherapies targeting a ‘brake’ on T cell function were unlikely to drive 

effective anti-myeloma responses in this setting. To that end, we next investigated two 

immunotherapies with known direct agonist activity, decoy-resistant IL-18 (DR-18 (35)) 

and anti-CD137 (4–1BB (19)). DR-18 is a synthetic cytokine that is resistant to the IL-18 

binding protein, which usually counteracts the pro-inflammatory effects of native IL-18 

in vivo. In solid tumor models, DR-18 promotes IFNγ-dependent, CD8+ T cell-mediated 

anti-tumor responses (35). We were especially interested in this agonist as IL-18R gene 

expression and chromatic accessibility was increased in both CD4+ and CD8+ TSCM cells 

(Figure 4A–B, E–F). Furthermore, IL-18R is known to be expressed on human memory 

T cells, and we have confirmed expression of IL-18R on CD4+ and CD8+ TSCM in 

patients who underwent allogeneic stem cell transplantation (Figure S10) (36). The CD137 

agonist was chosen due to known anti-myeloma activity in other preclinical models and 

CD137 (Tnfrsf9) was broadly expressed across CD8+ T cell clusters irrespective of PT-Cy 

treatment (Figure S3) (19, 37). When administered from 3 days after PT-Cy, both agonist 

immunotherapies promoted anti-myeloma responses, as evidenced by decreased M-bands 

at 4 and 6 weeks compared to PT-Cy alone (Figure 6D). Although GVHD clinical scores 

were minimally elevated in agonist-treated mice, they remained below those of alloBMT 

recipients without PT-Cy (Figure 6D), consistent with the absence of substantial GVHD.

We next investigated the mechanisms of action of DR-18 and anti-CD137 after PT-Cy. We 

observed a significant increase in the concentration of serum IFNγ and, to a lesser extent, 

TNF in DR-18- but not anti-CD137-treated recipients compared with PT-Cy alone (Figure 

6E). We then tracked immune responses in individual mice over time using serial bone 

marrow aspirates. At four weeks after alloBMT, CD8+ T cells from PT-Cy-treated mice 

could be grouped into three populations: non-activated/bystander (DNAM-1+TIGIT− and 

CD39−TIM3−), activated/effector (DNAM-1+TIGIT+ and CD39intTIM3−), and exhausted 

(DNAM-1−TIGIT+ and CD39hiTIM3+) cells. Interestingly, DR-18 preferentially expanded 

the activated/effector T cell subset whereas anti-CD137 promoted the exhausted phenotype 

(Figure 6F); an outcome possibly driven by the stem-like properties of the CD8+ T cells 

Minnie et al. Page 8

Sci Immunol. Author manuscript; available in PMC 2023 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expressing IL-18R. NK cells were also expanded in DR-18-treated mice (Figure 6G). 

Importantly, there was an almost complete elimination of MM cells from the BM of 

recipients treated with DR-18 or anti-CD137 by 6 weeks after alloBMT (Figure 6H). At this 

6-week timepoint, we also noted an expansion of CD8+ and CD4+ T cells in anti-CD137-

treated mice in BM but not in blood (Figure 6I and Figure S11A). In DR-18-treated mice, 

there was no change in T cell numbers; however, the number of DNAM-1+ and cytolytic NK 

cells was significantly increased specifically in the marrow but not in the blood (Figure 6 I–J 

and Figure S11A–B).

Unbiased clustering of CD4+ and CD8+ T cell flow cytometry data utilizing FlowSOM 

revealed differential relative expansion of several immune phenotypes across treatment 

groups (Figure 6 K–L) (38). Heatmaps depict mean fluorescence intensity (MFI) of each 

included marker across 12 populations within CD4+ T cells (Figure S12A). In αCD137-

treated mice, Treg frequency was reduced while exhausted and effector CD4+ T cell subsets 

were increased compared with DR-18-treated and PT-Cy only recipients (Figure S12B). 

DR-18 treatment specifically expanded a CD62L− Treg population (Figure S12C), suggested 

to be less suppressive and highly activated (39), without expanding the overall frequency 

of Tregs compared to PT-Cy only recipients. In the CD8+ T cell compartment, DR-18 

promoted CD8+ T cell activation with a relative enrichment in non-exhausted effector 

populations (Figure 6L and Figure S13) and increased frequency of DNAM-1+TIGIT+ 

and CD39intTIM3− subsets (Figure 6M–N) compared to PT-Cy alone recipients. At this 

timepoint, CD8+ T cells from αCD137-treated recipients were largely terminally exhausted 

(Figure 6 L–N) although the total number of cytotoxic granzyme B+ or perforin+ CD8+ T 

cells was increased (Figure 6O–P). In the blood, DR-18 reduced the total number of CD4+ 

and CD8+ T cells, however treatment increased the frequency of TEM in both compartments 

(Figure S11A, C–D). Treatment with αCD137 increased expression of granzyme B, PD-1, 

CD39 and TOX on CD8+ T cells in the blood but not to the same extent as observed in 

the BM (Figure S11E). Therefore, agonist immunotherapy promoted immune cell activation, 

largely in the BM TME, and generated potent myeloma immunity after PT-Cy. Interestingly, 

DR-18 treatment generated a less terminally exhausted phenotype compared to anti-CD137, 

potentially due to the expression of IL-18R on stem-like CD8+ and CD4+ T cells after 

PT-Cy.

Decoy-resistant IL-18 promotes potent graft-versus-leukemia effects.

We next sought to explore the combination of agonist immunotherapy with PT-Cy in a 

model of haploidentical transplantation (haploBMT); a setting where PT-Cy is a clinical 

standard of care. In this model, there is a major genetic mismatch between the recipient 

and the donor whereby lethal GVHD occurs in the absence of any immunosuppressive 

interventions. Here we utilized a BCR-ABL-NUP98hox9 leukemia, which is GVL-sensitive 

(Figure 7A). In this model, untreated halpoBMT recipients developed lethal GVHD and 

although PT-Cy reduced the incidence of lethal GVHD, treatment increased relapse-related 

mortality such that there was no difference in overall survival (Figure 7B). DR-18 

administration after PT-Cy significantly improved GVL responses and overall survival while 

CD137 agonism had no anti-tumor efficacy in this model (Figure 7B).
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To explore the mechanisms of DR-18-driven GVL in a haploBMT setting, we utilized donor 

cells from a triple reporter mouse (FoxP3-RFP x IL-10-GFP x IFNγ-YFP) to measure in 

vivo cytokine production without re-stimulation. We performed phenotyping in mice with 

low leukemia burden to minimize the effect of tumor cells on T cell number in the BM. PT-

Cy-treated recipients had reduced CD8+ T cell numbers in the BM, but increased NK cells 

compared to untreated haploBMT recipients (Figure 7C). The frequency of IFNγ+ CD8+ T 

cells was minimally decreased after PT-Cy while CD4+ IFNγ production was unaffected 

(Figure 7D). DR-18 did not alter IFNγ production from T cells after PT-Cy (Figure 

7D) but did increase DNAM-1 expression (Figure 7E–F) and reduced TOX and TIM-3 

expression (Figure 7G) on CD8+ T cells. CD8+ T cells from DR-18-treated recipients also 

had significantly increased granzyme B (GrzB) and granzyme A (GrzA) secretion compared 

to both untreated haploBMT recipients and PT-Cy alone (Figure 7H). Interestingly, DR-18 

also increased the frequency of IFNγ−producing and GrzA+GrzB+ NK cells compared 

to both PT-Cy alone and untreated haploBMT recipients (Figure 7I–J). Together, these 

data highlight the ability of DR-18 to drive potent GVL effects by reducing CD8+ T cell 

exhaustion and expanding cytotoxic NK cells after haploBMT with PT-Cy.

Discussion

Allogeneic BMT is the only curative treatment for many hematological malignancies, 

however some malignancies, particularly myeloma, are inherently resistant to GVT effects. 

Here we developed murine models of alloBMT that recapitulate these clinical observations 

in order to uncover the immunological mechanisms therein. High expression of inhibitory 

receptors after alloBMT in the absence of tumor antigen, together with our observed lack 

of GVM but exacerbated GVHD after ICI, suggests that alloantigen primarily drives T 

cell exhaustion after alloBMT in myeloma. Upregulation of TIGIT and PD-1 on CD8+ 

T cells after alloBMT presumably enhanced myeloma-mediated suppression of activated 

alloreactive T cells in a tumor-antigen independent manner, as both PD-L1 and CD155 

were highly expressed on VK12653 but were largely absent on MLL-AF9-driven AML. The 

reduction in IFNγ production in CD8+ T cells from mice with relapsed AML compared to 

AML-free mice suggests that these T cells were at a more terminal stage of dysfunction 

that was driven by tumor-antigen. Nonetheless, a previous study has shown that TIGIT 

inhibition did not enhance GVL in a preclinical AML model, although anti-PD-1 did provide 

some anti-tumor activity (40). Vk*MYC myeloma expresses clinically relevant inhibitory 

ligands as both CD155 and PD-L1 have been observed on malignant plasma cells in patients 

with myeloma (41–46). Furthermore, these ligands are expressed on AML cells in some 

patients and may also contribute to GVT resistance and/or immune escape across several 

hematological malignancies (47–49).

The interaction of inhibitory ligand with their coupled receptors on T cells inhibits T cell 

cytolytic activity, reduces effector cytokine production, limits proliferation, and results in T 

cell apoptosis (50, 51). Importantly, inhibitory receptors are also highly expressed on human 

CD8+ T cells in patients receiving either matched or haploidentical donor grafts (52, 53). 

Patients with relapsed disease after matched alloBMT had increased expression of inhibitory 

receptors on BM CD8+ T cells compared to those achieving a complete response (52, 54), 

whereas there was no effect of tumor relapse on T cell exhaustion in haploidentical alloBMT 
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recipients (52). These clinical observations corroborate our hypothesis that alloantigen is a 

key driver of T cell exhaustion after alloBMT. These effects make subtle changes in T cell 

exhaustion at relapse difficult to ascertain and examination of this will require longitudinal 

analysis of CD8+ T cell subsets by single cell approaches in large prospective studies of 

PT-Cy versus standard immune suppression in patients who relapse versus those who do 

not. Together with our findings, these data suggest that subversion of alloreactive T cells by 

inhibitory ligand expression may be operative in hematological malignancies.

Alloantigen not only increased expression of inhibitory receptors by donor T cells, 

but also the expression of exhaustion-associated gene signatures, chromatin accessibility 

within exhaustion-associated genes, and exhaustion-associated motifs. PT-Cy reduced these 

exhaustion signatures in both CD8+ and CD4+ T cells and instead enriched for stem-like 

memory phenotypes and Tcf7-driven motifs. We propose that establishment of a myeloma-

driven exhaustion phenotype at relapse enabled agonistic immunotherapy interventions 

capable of enhancing myeloma-specific immunity without driving the lethal GVHD (as 

seen after ICI in the absence of PT-Cy). The inability of ICI to drive myeloma immunity 

after PT-Cy is likely due to cytoreduction of T cells and/or the absence of inhibitory receptor 

expression on TSCM cells that are specifically enriched after PT-Cy. TSCM cells have been 

described in the peripheral blood of patients after PT-Cy and our data demonstrates that 

TSCM reside in the BM and have high expression of the IL-18R (55, 56). Furthermore, 

we have demonstrated that human TSCM express the IL-18R after alloBMT. DR-18 

administration after PT-Cy may act directly on these TSCM cells to promote myeloma 

immunity and IFNγ production. IFNγ secretion by donor CD8+ T cells is inversely 

correlated with their ability to cause GVHD explaining the absence of lethal GVHD after 

DR-18 (57). The lack of ICI efficacy and the potent anti-tumor effects of DR-18 also reflects 

the need for agonists that act as an accelerator to drive T cell activation after PT-Cy rather 

than the need for antibodies that block immunological brakes, checkpoints, in cells that are 

putatively not highly activated at the time of immunotherapy.

The mechanisms of action of PT-Cy have been explored in other studies using very high 

donor T cell doses and variable but often lower cyclophosphamide doses than used in 

our studies and clinically (58, 59). These studies demonstrate donor T cell depletion with 

relative sparing of regulatory T cells. Whether alloreactive T cells are differentially depleted 

by PT-Cy is less clear with disparate results depending on the T cell dose and alloreactive 

T cell clone being tracked. Certainly, we have noted early and profound depletion of all 

donor T cells, including alloreactive clones, by PT-Cy. Likewise, the effect of PT-Cy on 

GVL, if any, is not clear in clinical studies where patients are transplanted with heterogenous 

malignancies and levels of measurable residual disease that limit the power to discriminate 

effects (60–63). Importantly, the number of T cells needed to mediate an effective GVL 

response is substantially lower than that required to mediate lethal GVHD and so T cell 

depletion in vivo by PT-Cy does not necessarily mitigate an effective GVL, although 

it is likely quantitatively modified. Notably, a recent study provides clinical support for 

our hypothesis that PT-Cy reduces alloantigen T cell exhaustion and instead facilitates 

tumor-driven T cell exhaustion. In this study, authors observed a broad reduction in T cell 

exhaustion signatures by GSEA analysis in patients treated with PT-Cy, which was then 

increased in patients that went on to relapse (64). In our study, we demonstrated that T cell 
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exhaustion only occurred in the presence of high myeloma burden in the BM after PT-Cy, 

despite the fact that alloantigen persists at this site indefinitely through residual recipient 

stromal cells (65). Together, these data strongly suggest that tumor antigen, rather than 

alloantigen, drives T cell exhaustion after PT-Cy however this hypothesis requires formal 

examination in subsequent studies.

Utilization of donor NK cells to enhance GVL is being increasingly studied, particularly 

in context of haploidentical transplantation where missing MHC class I and NK-sensitive 

AML represent favorable immunological contexts to exploit this effect (66, 67). This is 

particularly relevant for DR-18, since this cytokine had a stimulatory effect on NK cells, in 

addition to the effects on CD8+ T cells both in our transplantation models and previously 

published solid tumor systems (35). We have not excluded this effect as a complimentary 

mechanism of anti-tumor activity, and it is highly likely that the combination of both T 

and NK cell-mediated GVL is operative. AML is particularly sensitive to NK cell-mediated 

killing and this may underlie the lack of efficacy of CD137 agonism in leukemia, as 

αCD137 did not elicit the same NK cell expansion and activation as was seen with DR-18.

In conclusion, we have identified a previously unappreciated mechanism of ineffective 

GVT after alloBMT whereby T cell exhaustion is driven primarily by alloantigen and 

exacerbation of GVHD does not confer enhanced GVM. Rather, the use of PT-Cy eliminated 

donor T cell exhaustion signatures and enriched for stem cell memory gene activity 

early post-alloBMT. This immunophenotype can be targeted with agonistic immunotherapy 

approaches to enhance GVM and GVL without exacerbating GVHD in both MHC-

matched and haploidentical transplantation models. These data provide the rationale for 

investigation of the use of PT-Cy based immune suppression as a platform for subsequent 

agonist immunotherapies after allogenic stem cell transplantation. More broadly, our data 

demonstrate that stem-like memory T cells are more responsive to agonist immunotherapies 

than immune checkpoint inhibition and can be targeted by DR-18 to promote anti-tumor 

effects without driving terminal T cell exhaustion.

Materials and Methods

Study Design

This study was designed to interrogate mechanisms behind ineffective graft-versus-tumor 

(GVT) responses after allogeneic stem cell transplantation. We developed murine models 

that were sensitive or resistant to GVT effects and used flow cytometry alongside 

multiomic single cell RNA sequencing approaches to interrogate CD4 and CD8 T cell 

phenotypes in the bone marrow. We then used post-transplant cyclophosphamide and agonist 

immunotherapies to overcome GVT resistance and drive potent anti-tumor responses. Mice 

were randomly assigned to groups in all experiments without investigator blinding. All n 
values reflect biological replicates and numbers of mice per group are included, with the 

statistical test performed, in the caption for each figure.

Mice—Female C57BL/6 mice were purchased from the Animal Resources Centre (Perth, 

Western Australia, AUS) or Jackson Laboratory (Bar Harbor, ME, USA). C3H.SW mice 

were purchased from Jackson Laboratory and subsequently bred in house (QIMR Berghofer 
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Medical Research Institute, Brisbane, QLD, AUS; Fred Hutchinson Cancer Center, Seattle, 

WA, USA). Female B6D2F1 mice were purchased from Charles River and subsequently 

bred in house (Fred Hutchinson Cancer Center). FoxP3-RFP x IL-10-GFP x IFNγ-YFP 

mice were bred in house (Fred Hutchinson Cancer Center). Mice were housed in sterile 

microisolator cages and received acidified (pH 2.5), autoclaved water and normal chow. 

Mice were 8–12 weeks of age when used in experiments. All animal procedures were 

performed in accordance with protocols approved by the institutional animal ethics 

committee.

Stem cell transplantation—Recipient mice were injected intravenously with Vk12653, 

which originated from Vk*MYC transgenic mice (68, 69), two weeks prior to BMT (1×106 

CD138+CD19neg cells; MM-bearing mice) or with an MLL-AF9-driven acute myeloma 

leukemia (MLL-AF9; AML, 0.1×106.GFP+) or BCR-ABL-NUP98hox9 (1.0×106.GFP+) on 

D0 (AML-bearing mice) (70, 71). Recipients were transplanted as described previously with 

BM and T cell grafts (doses detailed in the Figure Legends) administered via tail vein 

injection the day after lethal irradiation (1000cGy, 137Cs source) (72). Every two weeks, 

serum samples were collected from MM-bearing recipients and M-band was quantified 

as previously described using a Sebia Hydrasys serum protein electrophoresis system 

(HYDRASYS 2 Scan) (68). Leukemia cell number in blood was calculated weekly using 

flow cytometry to quantify GFP+ cells in blood. Recipients were monitored daily, up to 120 

days post-BMT, and sacrificed when hind limb paralysis occurred or clinical scores reached 

≥6 (73). In competing risk analyses, deaths were attributed to myeloma if the M-band was 

above 0.28, a previously defined relapse threshold (19). In the leukemia models, leukemic 

death was defined by a white blood cell count above 50 × 106/ml or a GFP+ leukemia 

frequency above 50% in blood or BM.

For some experiments, mice were treated with 100 μg anti-TIGIT mAb (4B1, Bristol Myers 

Squibb) or mouse IgG2a (anti-KLH) twice a week for 4 weeks from D+14 post-alloBMT. 

For other experiments, mice were treated with 100 μg Fc-dead anti-TIGIT mAb (D265A, 

Bristol Myers Squibb) or mouse IgG1 (anti-KLH.1) twice a week for 6 weeks from 

D+21 post-alloBMT. Cyclophosphamide (Fischer Scientific; 99.5%, MP Biomedicals™) was 

administered I.P at 50 mg/kg on D+3 and D+4 after alloBMT (PT-Cy). After PT-Cy, 100 

μg of anti-TIM-3 mAb (RMT3–23, BioXcell), anti-PD-1 mAb (RMP1–14, BioXcell), or 

anti-CD137 (4–1BB, 3H3, BioXcell) and related isotypes were administered i.p twice a 

week while 8 μg DR-18 (described (35)) was administered s.c. twice a week from D+7 for 4 

weeks. DR-18 was supplied by Simcha Therapeutics (New Haven, CT).

Cell preparation for flow cytometry—Recipient mice were sacrificed 2–8 weeks 

post-transplant and cells from BM or blood were harvested. For bone marrow aspirates, 

mice were anesthetized and treated with a local analgesic (0.5% lidocaine) followed 

by injection of 30 μL of PBS into the femur to allow up to 10 μL of marrow to be 

aspirated for FACS analysis. For surface marker phenotyping, isolated cells were incubated 

with Fc-block prior to staining with fluorescently tagged antibodies (listed in Table S1), 

on ice for 30 minutes. For intracellular staining, cells were surface-labelled, fixed and 

permeabilized (eBiosciences – Foxp3 Transcription Factor Staining Buffer Kit) prior to 
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intracellular staining at room temperature for 60 minutes. To measure cytokine production, 

cells were stimulated for 4 hours at 37°C with PMA (500 ng/mL) and ionomycin (50 

ng/mL) (Sigma-Aldrich) with Brefeldin A (BioLegend). All samples were acquired on a BD 

LSR Fortessa (BD Biosciences) or BD FACSymphony A3 (BD Biosciences) and analyzed 

using FlowJo software (v10). tSNE analysis was performed using the FlowJo plugin with 

default settings on a concatenated sample with 3000 CD8 T cells per mouse. FlowSOM 

analysis was performed with 3000 – 4000 CD8 or CD4 T cells per mouse concatenated after 

downsampling (38).

Single cell RNA/ATAC sequencing—Naïve C57Bl/6 mice were transplanted with 

C3H.SW grafts and were untreated (alloBMT) or treated with 50 mg/kg PT-Cy on 

D+3 and D+4 (PT-Cy). Bone marrow was harvested from femurs (4 mice pooled per 

group) at D+14 after alloBMT and T cells were sort purified (CD90.2+CD4+ and 

CD90.2+CD8+) before nuclei preparation according to the 10x Genomics Multiome protocol 

(CG000365_DemonstratedProtocol_NucleiIsolation_ATAC_GEX_Sequencing_RevB.pdf). 

Nuclei (also herein referred to as cells) were captured and libraries were generated according 

to manufacturer’s specifications. Libraries were sequenced using an Illumina NovaSeq 6000 

targeting a depth of 25,000 reads per cell per library.

Single cell RNA/ATAC analysis—Reads were demultiplexed and processed using 

cellranger-arc v1.0.1 aligning reads to GENCODE vM23/Ensembl98. Peaks were called 

from each sample’s fragment file (cellranger output) using MACS2(74) using the parameters 

‘--nomodel --extsize 200 --shift −100’. Quantification of reads in MACS2 peaks were 

calculated and integrated with cellranger RNA output using Signac (75). Cells meeting the 

following criteria (calculated using Signac) were retained for downstream analysis: percent 

mitochondrial RNA reads < 10%; 3 > log10(ATAC counts) < 4.5; 3 > log10(RNA/UMI 

counts) < 4.5; Fraction of reads in peaks > 40%; TSS percentile > 75%. RNA/UMI 

counts were subject to a variance-stabilized normalization procedure using Seurat’s (76) 

‘glmGamPoi’ (77) function prior to dimensionality reduction using PCA. ATAC data after 

TFIDF/SVD (75) dimensionality reduction was integrated with reduced-dimensionality 

RNA data (PCA matrix) using the WNN (78) function with default parameters. CD4 and 

CD8 cells were defined using absolute RNA/UMI counts greater than 0. Cells with counts 

for both CD4 and CD8 were further excluded. Clusters were identified using the standard 

Seurat workflow. Gene activity scores and Motif scores were calculated using Signac (75) 

and ChromVar (79).

External Data

To identify genes specific for Tscm cells, publicly available data single cell RNA sequencing 

data were obtained from GEO (GSE152379) and processed using Seurat. To generate a 

high confidence list of Tscm-specific genes, we identified those genes specific to BACH2 

overexpressing cells (9) using a strict filter of a q value of < 0.001 and log2 fold change of 

> 1, removing ribosomal protein genes (Rpl* and Rps*) and included critical Tscm genes, 

Bach2, Bcl2, Eomes, Myb, Tnfsf8. Gene set for exhaustion (Tex) was generated taking data 

from published bulk expression profiles (29) and filtered using the same cutoffs. Gene set 
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scores were calculated using the AddModuleScore function in Seurat. Statistical test for 

gene set scores was calculated using Wilcoxon rank sum in R.

Human Samples

PBMC from an IRB approved study of immune reconstitution in patients receiving 

allogeneic stem cell transplantation at the Fred Hutchinson Cancer Center were thawed and 

resuspended in pre-warmed culture media containing DNase1. Cells were washed twice with 

PBS prior to incubating with FVS440UV (BD Biosciences) and Fc Block (Human TruStain, 

Biolegend) for 15 minutes at room temperature. Cells were washed and then stained with 

surface flow cytometry antibodies for 30 minutes on ice. Cells were washed and fixed with 

eBioscience FoxP3 staining kit according to manufacturer’s protocol prior to intracellular 

staining at room temperature for 1 hour.

Statistical analysis—Data presented as mean ± SEM and p<0.05 was considered 

significant. Survival curves were plotted using Kaplan-Meier estimates and compared 

by Log-rank (Mantel-Cox) test. M-bands were modeled as previously described (3, 19) 

and the M-band relapse threshold (G/A above 0.282) has been previously reported (3, 

19). Competing risk analysis was performed using the cmprsk R package. Comparisons 

between two groups were performed with t-test or Mann-Whitney U test and comparisons 

between three or more groups were performed with one-way ANOVA and Tukey’s multiple 

comparisons test for normally distributed data or with Kruskal-Wallis and Dunn’s multiple 

comparisons test for nonparametric data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Data and materials availability

New RNA sequencing data are available at the Gene Expression Omnibus (GEO) repository 

under accession number GSE211464. DR-18 was provided by Simcha Therapeutics 

under an MTA and requests for access should be addressed to Dr. Aaron Ring 

(aaron.ring@yale.edu). All other data needed to evaluate the conclusions in the paper are 

present in the paper or the Supplementary Materials.
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Figure 1: Graft-versus-tumor effects were subverted after alloBMT in myeloma-bearing but not 
leukemia-bearing recipients.
C57Bl/6 (B6) recipients injected with Vk*MYC myeloma (MM-bearing; D-14) or MLL-

AF9 (AML-bearing; D0) were lethally irradiated and transplanted with 5 × 106 BM with 0.5 

× 106 CD4+ + 0.5 × 106 CD8+ T cells from B6 (synBMT) or C3H.SW (alloBMT) donors. 

(A) Experimental schematic. (B) AML-bearing recipients were bled weekly to quantify the 

total number of circulating GFP+ AML cells and competing risk analysis was performed 

to determine risk of death due to acute myeloid leukemia (AML) or GVHD. n = 11/group 
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from 2 experiments. Mann-Whitney U test for AML burden. (C) Experimental schematic. 

(D) MM-bearing recipients were monitored for tumor burden using M-band (G/A). M-bands 

were modeled to calculate a predictive rate of tumor growth (solid line), with shaded 

confidence intervals and M-band relapse threshold shown as dotted line. Competing risk 

analysis was performed to determine risk of death due to myeloma (MM) or graft-versus-

host disease (GVHD). n = 20/group from 3 experiments. * p<0.05, ** p<0.01.
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Figure 2: Alloantigen-driven inhibitory receptor expression corresponded with ligand expression 
on myeloma and blockade exacerbated GVHD.
B6 recipients were transplanted with 5 × 106 BM with 0.5 × 106 CD4+ + 0.5 × 106 CD8+ 

T cells from B6 (synBMT) or C3H.SW (alloBMT) donors. (A-D) BM was harvested, 

and T cells were phenotyped at 2, 4, 6, and 8 weeks post-transplant (n = 3–8 from 

1–2 experiments). # p<0.05 when alloBMT and synBMT were compared using two-way 

ANOVA with Tukey’s multiple comparisons test. (A) t-SNE analysis identified CD8+ T 

cell clusters based on PD-1, TIGIT, TIM-3, DNAM-1, CD44 and CD62L expression at 2 
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weeks and 8 weeks post-transplant (n = 3–5). (B) CD4+ and CD8+ T cell number. (C) 
Frequency of effector CD8+ T cells (CD44+CD62L−, TEM) and central memory T cells 

(CD44+CD62L+, TCM). (D) Frequency of TIGIT+, PD-1+, TIM3+ CD8+ T cells. (E) FACS 

plots of PD-L1 and CD155 expression on Vk12653 (red) and MLL-AF9 (blue). (F- I) 
Recipients were treated with 100 μg/mouse of anti-TIGIT (clone G2a; αTIGIT-G2a) or 

mIgG2a isotype control (cIg) twice a week from 2 weeks to 6 weeks post-transplant. (F) 
Median overall survival analyzed with Log-rank test, (G) M-band (log gamma/albumin) at 6 

and 8 weeks after alloBMT, (H) clinical score and (I) competing risk analysis. (n = 10/group 

from 2 experiments). Data represent mean ± SEM. Two-way ANOVA with Tukey’s multiple 

comparisons test. *p<0.05, ***p<0.001.
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Figure 3: CD8+ T cell exhaustion was primarily driven by alloantigen and not tumor antigen 
after alloBMT.
B6 recipients were transplanted with 5 × 106 BM with 0.5 × 106 CD4+ + 0.5 × 106 CD8+ 

T cells from C3H.SW (alloBMT) donors. (A-C) Myeloma-bearing (MM-bearing) or naïve 

(MM-free) recipients were sacrificed at 8 weeks post-transplant and BM was harvested to 

assess CD8+ T cell phenotype. (A) representative t-SNE analysis of PD-1, TIGIT, TIM-3, 

DNAM-1, CD101 and CD38 expression and (B) frequency of DNAM-1+, TIM-3+, TIGIT+, 

PD-1+, DNAM-1−PD-1+ and CD101+CD38+ cells within CD8+ T cells. (C) Frequency of 
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IFNγ and TNF-expressing cells within CD8+ T cells after PMA/ionomycin re-stimulation. 

(n = 11–12/group from 2 experiments; TNF and TIM-3 n = 3–6/group from 1 experiment). 

(D-F) MLL-AF9-bearing (AML-bearing) or naïve (AML-free) mice were sacrificed 4 weeks 

post-transplant and BM was harvested to assess CD8+ T cell phenotype. (D) t-SNE analysis 

of PD-1, TIGIT, TIM-3 and DNAM-1 expression and (E) frequency of DNAM-1+, TIM-3+, 

PD-1+, TIGIT+ and DNAM-1−PD-1+ cells within CD8+ T cells. (F) Frequency of IFNγ-

expressing cells within CD8+ T cells after PMA/ionomycin re-stimulation. (n = 9/group 

from 2 experiments). Data represent mean ± SEM. Mann-Whitney U test or Student’s t-test 

were used for numerical values. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 4: PT-Cy reduced alloreactive T cell exhaustion and enhanced stemness in bone marrow
B6 recipients were transplanted with 5 × 106 BM with 0.5 × 106 CD4+ + 0.5 × 106 CD8+ T 

cells from C3H.SW donors (alloBMT) or B6 donors (synBMT). Some alloBMT recipients 

were treated with 50 mg/kg cyclophosphamide on D+3 and D+4 after transplantation 

(alloBMT + PTCy). Mice were sacrificed 14 days after transplant and BM was harvested 

and pooled from 4 mice per group. (A-F) CD8+ and CD4+ T cells were sort purified 

from BM of alloBMT and alloBMT + PT-Cy recipients and nuclei were processed for 10x 

genomics multiome sequencing. (A) WNN embedding of combined ATAC and RNA data 
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of CD8+ cells colored by cluster (top) than annotated using CD8+ T cell specific markers 

(bottom). (B) CD4+ T cells clustered and annotated in a manner analogous to (A). (C) 
Embedding in (A) colored by experimental group (left). Centered and scaled cumulative 

gene expression (abbrev. ‘exp’) and gene accessibility (abbrev. ‘acc’, using gene activity 

score) of TEX and TSCM genes in CD8+ T cells by experimental group (right). Wilcoxon 

Rank Sum test. (D) Embedding in (B) colored by experimental group (left). Centered and 

scaled cumulative gene expression (abbrev. ‘exp’) and gene accessibility of TEX and TSCM 

genes in CD4+ T cells by experimental group (right). Wilcoxon Rank Sum test. (E-F) Gene 

accessibility scores of key cytokine receptor genes by experiment group in (E) CD8+ T 

cells and (F) CD4+ T cells. (G-J) Representative flow cytometry plots of PD-1 versus TOX 

expression in CD8+ and CD4+ conventional (FoxP3−) T cells. (H) Frequency of TOX+, 

PD-1+ and DNAM-1+ within CD8+ T cells (J) and CD4+ conventional T cells. (n = 7–10 /

group from 2 experiments, TOX n = 3 – 5 /group from 1 experiment). Data represent mean 

± SEM. One-way ANOVA with Tukey’s multiple comparisons test. * p<0.05, ** p<0.01, 

***p<0.001, ****p<0.0001.
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Figure 5: PT-Cy enabled the generation of myeloma-driven CD8+ T cell exhaustion.
B6 MM-bearing recipients were transplanted with 5 × 106 BM with 0.5 × 106 CD8+ and 

0.5 × 106 CD4+ T cells from C3H.SW donors. (A) MM-bearing recipients of T cell replete 

grafts were untreated (alloBMT) or administered 50 mg/kg cyclophosphamide on D+3 and 

D+4 (PT-Cy) and monitored for myeloma burden using M-band (log G/A; n = 24 from 

4 experiments; Mann-Whitney U test) and survival (n = 17 from 3 experiments; Log-rank 

test). (B) MM-bearing recipients of T cell deplete BM grafts (TCD) were treated as above 

and monitored for M-band (n = 5 from 1 experiment; Student’s t-test). (C-I) MM-bearing 
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and MM-naive recipients were treated as above and BM was harvested at 7 weeks post-

transplant for immunophenotyping using flow cytometry (n = 8 – 14 from 2 experiments). 

(C) Representative contour plots. (D) CD8+, conventional CD4+ (FoxP3−), and regulatory 

CD4+ T cell enumeration per femur. (E) Frequency of naïve T (TN; CD44−CD62L−), 

central memory T (TCM; CD44+CD62L+), effector memory T (TEM; CD44+CD62L−), and 

effector T (TEFF; CD44−CD62L−), (F) DNAM-1 and TIGIT expressing cells, and (G) 
TOX+, CD101+ and TIM-3+ cells within CD8+ T cells. (H) Frequency of DNAM-1 and 

TIGIT expressing cells and (I) TOX+, CD101+ and TIM-3+ cells within conventional CD4+ 

T cells. Data represent mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons 

test or Kruskal-Wallis test with Dunn’s multiple comparisons test. * p < 0.05 ** p < 0.01 

*** p <0.001
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Figure 6: Agonist immunotherapy promoted GVM after PT-Cy.
B6 MM-bearing recipients were transplanted with 5 × 106 BM and 1 × 106 CD8+ and 

1 × 106 CD4+ T cells from C3H.SW donors. Recipients were administered 50 mg/kg 

cyclophosphamide on D+3 and D+4 and then either a vehicle control or immunotherapy 

from D+7 for 4 weeks. (A) Experimental design. (B) M-band of recipients treated with 

rIgG2a (PT-Cy) or anti-PD-1 (PT-Cy + αPD-1). n = 10 from 2 experiments at 4 weeks; n 

= 5 from 1 experiment at 6 weeks. (C) M-band of recipients treated with rIgG2a (PT-Cy) 

or anti-TIM-3 (PT-Cy + αTIM-3). n = 5 from 1 experiment. (D-P) MM-bearing recipients 
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were treated with PBS (PT-Cy), or 8 μg/dose DR-18 (PT-Cy + D-18), or 100 μg/dose 

anti-CD137 (PT-Cy + αCD137). Bone marrow aspirates (BMA) were performed at 4 weeks 

post-transplant from one femur. Mice were then sacrificed at 6 weeks post-alloBMT and BM 

from both femurs was harvested. n = 10–12 from 2 experiments unless otherwise stated. 

(D) M-band at 4 and 6 weeks post-alloBMT and GVHD clinical (including alloBMT mice 

not treated with PTCy; n = 5 from 1 experiment). (E) IFNγ and TNF (pg/ml) in serum at 

D+10 and D+21 after alloBMT (n = 5 from 1 experiment). (F) Concatenated contour plots 

of TIGIT versus DNAM-1, and TIM-3 versus CD39 expression on CD8+ T cells from BMA 

(representative of 2 experiments). (G) Concatenated density plots of NK cell frequency 

(Nkp46+ CD49b+) within white blood cells from BMA. (H) Myeloma and (I) T and NK cell 

total numbers per femur at week 6. (J) Number of DNAM-1+ and granzyme A+ perforin+ 

(GrzA+Pfp+) NK cells (n = 5/group from 1 experiment). (K-L) FlowSOM clustering was 

performed on concatenated (K) CD4+ and (L) CD8+ T cells at week 6 post-transplant. 

Heatmaps depict relative frequencies of populations across treatment groups. Populations 

are colored based on expected anti-tumor properties. Green = activated effector or memory 

populations, orange = cytolytic, red = exhausted/suppressive and black = unknown. (M) 
Frequency of DNAM-1 and TIGIT and (N) CD39 and TIM-3 expressing cells within CD8+ 

T cells at week 6. (O) Fold change in granzyme B (GrzB+) expression on CD8+ T cells and 

(P) total number of perforin-expressing (Pfp+; n = 5/group from 1 experiment) CD8+ T cells 

at week 6 post-transplant. Data represent mean ± SEM. One-way ANOVA with Tukey’s 

multiple comparisons test or Kruskal-Wallis test with Dunn’s multiple comparisons test. * p 

< 0.05 ** p < 0.01 *** p <0.001.
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Figure 7: DR-18 promotes GVL after haploidentical transplantation.
B6D2F1 recipients were lethally irradiated and transplanted with 5 × 106 BM and 2 × 

106 T cells from HULK (IFNγ-YFP x IL-10-GFP x FoxP3-RFP) donors and 1 × 106 BCR-

ABL-NUP98hox9 leukemia cells. Recipients were untreated (haploBMT) or administered 

50 mg/kg PT-Cy on D+3 and D+4 (PT-Cy) with or without decoy resistant IL-18 (PT-Cy 

+ DR-18; 8μg twice weekly from D+7 to week 5) or CD137 agonist antibody (PT-Cy + 

αCD137; 100 μg twice weekly from D+7 to week 5). (A) Experimental design. (B) Number 

of GFP+ leukemia cells in blood, leukemic death and overall median survival. (C-J) Mice 
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with <5% leukemia cells in BM were sacrificed at 21 days after transplantation and BM was 

analyzed (n = 4–5; 1 experiment). (C) Total numbers of CD8+ T, CD4+ T, and NK cells. 

(D) Percentage of IFNγ-producing CD8+ and CD4+ T cells. (E) Co-expression of DNAM-1 

and TIGIT and (F) MFI on CD8+ T cells. (G) Expression of TIM-3 and TOX on CD8+ T 

cells. (H) Granzyme A and B expression in CD8+ T cells. (I) IFNγ and (J) granzyme A and 

B production in NK cells. One-way ANOVA with Tukey’s multiple comparisons test and 

Log-rank for survival. Data is mean ± SEM * p<0.05, **p<0.01, ***p<0.001
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