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1. Summary 
 

Allogeneic hematopoietic stem cell transplantation (HSCT) and other cellular therapies are a 

broadly used therapeutic strategy employed against a wide range of hematological 

malignancies. However, these therapies are associated with significant toxicities and their 

efficacy is still not optimal. Our ability to study the immune system at steady state, during 

physiological responses and in immunopathological diseases greatly increased during the last 

decades thanks to the technological advances coming from different fields including 

cytometry, genomics and molecular imaging. In this work, we will discuss the application of 

these techniques to the study of the immune system after allogeneic HSCT and cellular 

therapies. In particular, we will see how these approaches can be applied to the understanding 

of new diagnostic and therapeutic strategies and exploited for their optimization. We will 

discuss the development of molecular imaging strategies for the immunomonitoring of T cells 

during GvHD. We will apply the use of multiple genomic techniques to the understanding of 

GvHD suppression by immune-regulatory T cells, namely regulatory T cells (Treg) and 

invariant natural killer T (iNKT) cells. We will study the immunomodulatory effects of 

engineered CAR iNKT cells on host immune-cells leading to an amplification of their 

antitumoral effect. We will apply high-throughput T cell receptor (TCR) sequencing to the 

understanding of the immunological defects during anti-SARS-CoV-2 responses in allogeneic 

HSCT. Finally, we will discuss the future applications of this acquired knowledge to improve 

the efficacy and safety of allogeneic HSCT and cellular therapies.  
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2. Introduction 
 
2.1. Immunomonitoring in allogeneic hematopoietic stem cell transplantation (HSCT) 
and cellular therapies 
 
2.1.1 Immunomonitoring in allogeneic HSCT 
 
Allogeneic hematopoietic stem cell transplantation (HSCT) is a well-established and 

potentially curative therapy for a broad range of hematologic malignancies thanks to its Graft-
versus-Tumor (GvT) effect. Unfortunately, allogeneic HSCT is still associated with significant 

morbidity and mortality related to cancer relapse and transplant complications, namely Graft-
versus-Host Disease (GvHD).  
Cancer relapse after allogeneic HSCT results from disease resistance to chemotherapy but 

also from tumor escape from the immune control by the allogeneic immune system (Zeiser 

and Vago, 2019). Tumor immune evasion involves tumor specific factors, including loss of 

HLA genes, production of immune-suppressive molecules and/or acquisition of novel driver 

mutations, as well as immunological factors leading to an impaired alloreactive immune 

response. The quantitative or qualitative delay in post-transplant immune-reconstitution of the 

allogeneic immune system (Storek et al., 2008) are potential immunological factors 

contributing to cancer relapse. At the same time, the allogeneic immune system can react 

abnormally against host tissues resulting in GvHD. During GvHD, the interaction with host 

tissues induces donor-derived T cells activation, proliferation and migration to target organs, 

notably skin, liver and intestine (Zeiser and Blazar, 2017). The same immunological 

mechanism, donor T cell alloreactivity toward host antigens, is responsible for the beneficial 

GvT effect of allogeneic HSCT (Negrin, 2015; Figure 1).  

 
Figure 1. Graphical summary of the principles of allogeneic HSCT. 
HSC: hematopoietic stem cells. Personal material.   
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Our ability to successfully prevent and treat relapse and GvHD strictly depends on our capacity 

to predict which patients will suffer post-transplant complications before clinical manifestations 

occur. To this aim, it is critically important to have immunomonotoring strategies capable of 

detecting in advance immune-defects leading to cancer relapse or excessive immune-

activation leading to GvHD.  

The advent of systems immunology dramatically expanded our ability to investigate the 

immune system in health and disease (Benoist et al., 2006; Davis et al., 2017). High-

throughput analytical techniques can now extract extensive knowledge at the genomic, 

epigenomic, transcriptomic, and proteomic level from very limited amounts of materials. Such 

technological advances led over the last decade to an expansion of studies focusing of 

biomarkers for post-HSCT outcomes (reviewed in Paczesny, 2018). We will discuss some of 

the seminal studies that attempted to define cellular makers able to predict post-transplant 

complications.   

 

Cytometry – Cytometry, using Fluorescence activated cell sorting (FACS) and more recently 

mass cytometry by time of flight (CyTOF), is the most widely employed technique to evaluate 

quantitatively and qualitatively post-transplant immune-reconstitution. Most centers routinely 

employ flow cytometry to measure the number of immune cells, mainly T cells and in some 

centers other lymphocyte subsets, recovering after transplantation. In most centers these 

values are clinically employed to guide the interruption of anti-infectious prophylactic 

treatments. Few centers adopted qualitative analysis of T cells subpopulations, namely naïve 

CD4 T cells, in the follow-up of patients to gain further insights into the quality of T cell 

reconstitution. However, absolute lymphocyte numbers do not provide qualitative information 

useful for prediction of GvHD or relapse. Although it is well established that immune-cells 

recovering after allogeneic HSCT display many phenotypic abnormalities, ranging from 

reduced proportion of naïve T cells and increased cell differentiation increased expression of 

proliferation (Ki-67) markers (Latis et al., 2020) to upregulation of immune-exhaustion markers 

such as PD-1, 2B4 and CD160 (Noviello et al., 2019; Simonetta et al., 2019), none of these 

markers appear to be predictive of post-transplant complications.  

 

Based on the potency of several immunoregulatory T cell subsets to prevent and suppress 

GvHD in murine models and in clinical trials, several groups investigated the relationship 

between their immune-reconstitution and GvHD.  

 
Regulatory T cells are a subpopulation of CD4 T cells characterized in human and mice by 

the constitutive expression of CD25, the alpha chain of the IL-2 receptor, and the transcription 

factor FOXP3 (Sakaguchi et al., 2020). Early studies in murine models of GvHD demonstrated 
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that the co-administration of Treg at time of transplant significantly reduced GvHD severity 

and mortality in major MHC-mismatch models of GvHD without blocking the ability of T cells 

to eradicate tumor cells (Edinger et al., 2003). These results, subsequently confirmed and 

extended by many other studies, motivated the analysis of FOXP3+ CD4+ CD25+ regulatory 

T cells reconstitution after allogeneic HSCT in humans. Several studies showed the 

association between reduced frequencies of FOXP3+ CD4+ CD25+ regulatory T cells in 

patients suffering from acute (Magenau et al., 2010) and chronic (Zorn et al., 2005) GvHD. 

Such abnormalities seem to be mainly related to an altered Treg homeostasis in allogeneic 

HSCT recipients (Matsuoka et al., 2010). Based on these data, effort have been made to 

restore Treg homeostasis using pharmacological approaches such as low dose interleukin-2 

(IL-2; Koreth et al., 2011) eventually combined to the administration of Treg (Whangbo et al., 

2022). 

 

Invariant natural killer T cells are a second population of T cells able to suppress GvHD in 

animal models (Du et al., 2017; Leveson-Gower et al., 2011; Schneidawind et al., 2015, 2014; 

reviewed in Mavers et al., 2017). Although experimental evidence of the efficacy of iNKT cells 

to prevent GvHD in human is still lacking, several groups demonstrated the association 

between early recovery of iNKT cells after HSCT (Rubio et al., 2012), higher numbers of iNKT 

cells in the graft (Malard et al., 2016) and/or increased homeostatic potential of iNKT cells in 

donor cells (Rubio et al., 2017) and reduced risk of GvHD.  

 

Transcriptomic analyses – Several studies attempted to identify biomarkers of post-transplant 

complications using transcriptomic analysis conducted on cells recovered from the 

peripheral blood, on bone marrow or on GvHD-target tissues.  

Pidala and colleagues conducted the first attempts to use RNA microarrays (Pidala et al., 

2015)(Pidala et al., PLoS One. 2015) or PCR on a small list of genes (Pidala et al., 2017) to 

distinguish patients at risk of developing GvHD or after diagnosis.  

More recently, Latis and colleagues performed a transcriptomic analysis using of CD4+ and 

CD8+ T cells sorted from donors before transplant and from HSCT recipients (Latis et al., 

2020). Comparison of the transcriptome of cells from HSCT recipients with cells from donors 

revealed the upregulation of gene sets involved in T cell activation, tissue migration and 

effector functions even in the absence of GvHD. More importantly, comparison of cells from 

patients with acute GvHD at disease onset with cells from patients without GvHD revealed a 

downregulation of transforming growth factor-β (TGF-β) signaling in GvHD and an increase of 

signaling pathways and transcription factors associated with NF-κB. 

In a very elegant and comprehensive multiomics study, Dubouchet and colleagues employed, 

among other techniques, transcriptomic analyses on recipients of HLA-matched grafts to 
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investigate the immune landscape associated with operational tolerance after transplantation, 

defined by lack of acute and chronic GvHD (Dubouchet et al., 2022). Comparison of tolerant 

versus non-tolerant patients by RNA sequencing analysis revealed an overexpression of 

genes associated with T cell differentiation (IL23R and ICOS) as well as the ectoenzyme NT5E 

(ecto-5′-nucleotidase, CD73), known to catabolize adenosine 5′-monophosphate (AMP) into 

adenosine, thus exerting immunosuppression. 

Until recently limited to the study of bulk populations, next-generation sequencing approaches 

can now be employed at the single cell level. By deconvoluting immune system heterogeneity, 

single-cell technologies are particularly suited to the study of immunopathological processes 

as they allow the identification of abnormalities that would otherwise be masked by major 

skewing in cell subsets observed in pathological settings. Single-cell RNA sequencing 

(scRNA-seq) provides an analysis of the transcriptome at the single-cell level, scRNAseq 

allows for qualitative analyses of cells to define their classification in subsets, their 

differentiation and activation status and to infer insights about their biological activity.  

Assmann and colleagues employed for the first time this technology on samples recovered at 

day 30 post-HSCT from two patients, one patient who developed GvHD within 7 days from 

sampling and a second patient who did not develop GvHD (Assmann et al., 2021). Such 

analysis revealed increased expression of genes associated with T-cell activation, including 

CD69 and GADD45B as well as the upregulation of JUN and FOS in CD4 T cells from the 

patient who subsequently developed GvHD. Moreover, there was an upregulation of SLC2A3, 

encoding the glucose transporter GLUT3, in the “pre-GVHD” patient sample. Results in CD8 

T cells showed a similar trend for activation gene sets but failed to observe the upregulation 

of SLC2A3 transcription. Importantly, the authors reported an enrichment in glycolysis gene 

sets, including PKM, ENO1, and LDHA, in CD4 T cells from the pre-GvHD patient. Although 

still quite preliminary and obtained from just 2 samples from 2 patients, this work showed the 

great potential of scRNAseq for the study of GvHD, both for the better understanding of its 

physiopathology and for biomarkers identification. A second study employed scRNAseq of 

bone marrow cells from two HSCT recipients before and after undergoing HSCT for AML 

(Zheng et al., 2017). After defining the donor or the recipient origin of the cells, the 

transcriptomic analysis revealed a decrease in T cells and an increase in erythroid cells and 

monocytes in post-transplant samples from AML-patients. 

Few studies applied transcriptomics to the analysis of GvHD target tissues. Holtan and 

colleagues performed gene expression profiling on rectosigmoid biopsies from normal controls 

as well as from HSCT recipients at onset of stage 3–4 lower intestinal acute GvHD and, in 

some patients, after the GvHD became steroid refractory (Holtan et al., 2019). The analysis 

identified two genes encoding molecules previously reported to be involved in inflammatory 
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bowel disease pathogenesis, namely chitinase 3-like 1 (CHI3L1) as the most highly 

upregulated gene and aquaporin-8 (AQP8) as the most significantly decreased gene in acute 

GVHD compared with normal tissue. The analysis found as well modulation of some genes 

suggesting a potential interaction of host mucosa with microbiota, in particular upregulation of 

aryl hydrocarbon receptor (AhR) gene expression and amphiregulin (AREG) gene expression 

in acute GVHD samples compared with normal rectosigmoid biopsies. Gene set enrichment 

analysis indicated an increase in T cells gene expression as well as genes involved in 

inflammatory responses, both findings consistent with the known pathophysiology of acute 

GVHD. Interestingly, when the authors applied a cell deconvolution method, CIBERSORT, to 

estimate cell composition out of bulk transcriptomic analysis, they observed an increase in 

CD4+ activated memory T cells and of macrophages in acute GVHD samples compared with 

normal rectosigmoid biopsies. Moreover, while both onset and steroid-refractory acute GvHD 

displayed increased M1 macrophages compared with normal tissues, only steroid-refractory 

acute GvHD displayed increased M2 macrophages compared with both acute GvHD onset 

and normal biopsies. These findings are of particular interest as they move beyond the 

classical T-cell centric paradigm of GvHD pathogenesis and suggest a potential role of 

macrophages in GvHD. Finally, the authors were able to show an association of gene 

expression with early mortality finding that samples form patients surviving less than the 

median time of 82.5 days. expressed higher levels of glycerol kinase (GK), phosphoglycerate 

kinase 1 pseudogene 2 (PGK1P2), histone cluster 1 H1 family member A (HIST1H1A), and 

cytochrome C oxidase subunit 7B pseudogene 2 (COX7BP2). Based on enrichment analysis, 

this gene signature was associated with higher DNA damage and stress patterns in samples 

from patients with poor survival.  

Very recently Zouali and colleagues performed bulk RNA sequencing analysis on chronic 

GvHD skin lesions (Zouali et al., 2022). By comparing the transcriptome of lichen planus 

chronic GvHD, morphea chronic GvHD and skin from healthy controls, the authors 

demonstrated that the up regulation in both chronic GvHD subtypes of common inflammatory 

pathways, including genes involved in the IFN-gamma signaling pathway. In addition, genes 

involved in the triggering receptor expressed on myeloid cells 1 (TREM-1) pathway were 

specifically upregulated in lichen planus suggesting their potential contribution to its 

pathogenesis. 

T-cell receptor sequencing – Analysis of the sequences originating from the recombination of 

the variable (V), joining (J) and diversity (D) gene regions of T cell receptor (TCR), also known 

as TCR sequencing (TCRseq), is a powerful technique for the study of T cell biology. This 

approach allows the identification of TCR clonotypes composed by cells with the same 

specificity that can be followed over time to reconstruct the dynamics of a cell population 
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during an immune response or, in some cases, to predict the targeted antigen by inferring the 

specificity of the receptor. Given the importance of T cell reconstitution dynamics after 

allogeneic HSCT for the success of the transplant procedure and in the development of post-

transplant complications, allogeneic HSCT has been one of the first settings where TCRseq 

was employed. Overall, TCR diversity appears to be reduced in allogeneic HSCT recipients 

compared with healthy donors (Buhler et al., 2020; Kanakry et al., 2016; Leick et al., 2020; 

Meier et al., 2013, 2019; van Heijst et al., 2013) with progressive although only partial recovery 

over time (Kanakry et al., 2016; Meier et al., 2013; van Heijst et al., 2013). Such diversity 

reduction is mainly the result of the expansion of phenotypically effector memory T cells with 

lower TCR repertoire diversity than the administered donor cells (Kanakry et al., 2016; van 

Heijst et al., 2013). Several factors influencing the TCR-repertoire reconstitution have been 

reported including the graft stem cell source (van Heijst et al., 2013; Yew et al., 2015; Leick et 

al., 2020), conditioning intensity and use of antithymocyte globulin (Leick et al., 2020) and 

donor age (Buhler et al., 2020). In addition, donor/recipient CMV serostatus and event more 

CMV infection/reactivation are considered as major drivers of T-cell clonal expansion and 

diversity loss after allogeneic HSCT (Kanakry et al., 2016; Suessmuth et al., 2015; van Heijst 

et al., 2013; Buhler et al., 2020). Regarding the relationship between the TCR repertoire and 

GvHD, acute GvHD has been associated with further reduced TCR diversity (van Heijst et al., 

2013; Yew et al., 2015; Meier et al., 2019; Leick et al., 2020) leading some investigators to 

propose T cell clonal expansion as a potential biomarker for acute GvHD prediction (Leick et 

al., 2020). Only one study reported an inverse association, describing higher TCR diversity in 

patients with acute GvHD and prior systemic steroid treatment (van Heijst et al., 2013), a 

difference that could be due to the different patient cohort and stem cell source investigated. 

The analysis of the TCR repertoire in GvHD-target tissues showed little correlation with the 

TCR repertoire in peripheral blood (Meyer et al., 2013; Koyama et al., 2019; Kanakry et al., 

2016) and revealed that T-cell repertoire in biopsies from patients suffering acute 

gastrointestinal GvHD are quite unique for each single patient with little overlap among 

patients (Meyer et al., 2013; Koyama et al., 2019). This was true even in experimental animal 

models employing mice of the same strain combinations (Zheng et al., 2020). More 

importantly, higher clonal expansion in biopsies from gastrointestinal tract was associated with 

more severe GvHD in terms of histological grade and of steroid-refractoriness (Meyer et al., 

2013; Koyama et al., 2019). Little is known about the relationship between TCR repertoire 

reconstitution and risk of relapse, with one study reporting a correlation between higher TCR 

diversity and lower relapse rates (Yew et al., 2015).  

TCR-sequencing has been recently employed in two studies evaluating the impact of adoptive 

transfer of manipulated CD45RA-depleted donor lymphocytes infusions (DLI) on the repertoire 
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of HSCT recipients (Blagov et al., 2021; van Beek et al., 2022). Surprisingly, the studies did 

not reveal a positive impact of CD45RA-depleted DLI T cell clonal diversity (van Beek et al., 

2022). However, both studies were able to demonstrate the engraftment and persistence of 

pathogen-specific memory T cells, mainly cytomegalovirus (CMV)-specific cells (Blagov et al., 

2021; van Beek et al., 2022). 

Collectively, these and other results obtained using a wide range of technological approaches 

provided important clues on GvHD pathogenesis leading in some cases to the development 

of new therapeutic approaches but so far failed to provide a reliable cellular biomarker for 

post-transplant immunomonitoring. Moreover, most of these analyses were conducted on 

samples recovered from the peripheral blood which do not necessarily reflect the cell states 

at the tissue sites where tumor control and/or immunopathological reactions of GvHD take 

place. Whole-body immunomonitoring strategies are therefore urgently needed.  

 

2.1.2 Immunomonitoring after cellular therapies 
 
Over the last decades we witnessed a great progress in the development of cellular therapies 

for hematological malignancies ranging from immune effector to immunoregulatory cellular 

therapies. Most importantly, over the last five years, several cellular immunotherapies 

products were approved by the different regulatory authorities and are now part of the routine 

clinical practice.  

 

Chimeric antigen receptor (CAR) T cells are T lymphocytes engineered to express synthetic 

receptors (CARs) specific to a predetermined tumor antigen. CAR T cells revolutionized the 

way we treat several refractory hematological malignancies are now clinically available for the 

treatment of relapsed/refractory large B cell lymphoma (LBCL), B-cell acute lymphoblastic 

leukemia, mantle cell lymphoma and multiple myeloma (MM). A summary of the currently 

available products approved by any of the regulatory agencies is provided in Table 1. 

For some of these diseases, LBCL in particular, CAR T cells represent a potentially curative 

option for an important fraction of heavily pretreated patients. However, they show high 

patient-to-patient variability in expansion, activity, and overall efficacy, with only 30-50% of 

patients with LBCL experiencing long-term remission. CAR T cells are targeted ‘living drugs’ 

that need to migrate to tumor-infiltrated tissues and bind tumor-associated antigens on cancer 

cells to exert their function. Therefore, measuring their expansion and their persistence after 

administration can have prognostic significance and might impact clinical care.  
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PRODUCT SPECIFICITY DISEASE (APPROVAL) 

TISAGENLECLEUCEL  
 

CD19 B-ALL (FDA, EMA, CH) 
LBCL (FDA, EMA, CH) 
FL (FDA, EMA) 

AXICABTAGENE CILOLEUCEL 
 

CD19 LBCL (FDA, EMA, CH) 
FL (FDA, EMA, CH) 

LISOCABTAGENE MARALEUCEL  
 

CD19 LBCL (FDA, EMA, CH) 

BREXUCABTAGENE AUTOLEUCEL 
 

CD19 MCL (FDA, EMA, CH) 
B-ALL (FDA, EMA) 

IDECABTAGENE VICLEUCEL BCMA MM (FDA, EMA, CH) 

CILTACABTAGENE AUTOLEUCEL BCMA MM (FDA) 

Table 1. CAR T cell products approved by different regulatory agencies 
for different indications. Personal material. 

 

Current strategies to monitor CAR T cells include flow cytometry and PCR approaches, mainly 

performed on peripheral blood (PB) samples or, in some cases, at the tumor site when this is 

easily accessible to sampling (ex. bone marrow in B-ALL and MM).  

Molecular quantification of CAR T cells, mainly using quantitative PCR (qPCR) or droplet 

digital PCR (ddPCR) to quantify sequences from the CAR construct, is a very sensitive 

approach to detect CAR T cells and one of the most widely employed both in clinical trials and 

clinical practice. As quantified by PCR, the early expansion of CAR-T cells upon infusion 

appeared to be a predictor of response to therapy after anti-CD19 CAR T cell therapies in B-

cell malignancies (Fraietta et al., 2018; Neelapu et al., 2017; Park et al., 2018). Another 

pharmacokinetic parameter of potential clinical interest is CAR T cell persistence that in some 

settings, especially B-ALL, appears to be a predictor of long-term remissions (Gardner et al., 

2017; Fraietta et al., 2018; Finney et al., 2019; Schultz, 2020). CD19 CAR T cell persistence 

can be predicted by the duration of B-cell aplasia, but the use of this parameter is limited by 

the pre-infusion existence of B-cell aplasia as a result of previous B-cell depleting treatments 

in patients with B cell malignancies.  

Although less sensitive and potentially less specific than molecular techniques, flow 
cytometry, and more recently mass cytometry, can provide additional useful qualitative 

information in addition to CAR T cell quantification on molecules preferentially and ideally 

specifically expressed by T cells when they undergo activation during the biological process 

studied. Three main approaches are employed to specifically identify and analyze CAR T cells: 
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protein L staining, anti-idiotype staining or recognition of recombinant protein target. The three 

approaches allow phenotypic characterization of CAR T cells and comparison with 

endogenous non-CAR transduced cells. Moreover, these approaches allow the isolation of 

the CAR T cell population for in depth, high-throughput analysis.  

Collectively, the aforementioned analyses have a great potential to offer new insights into the 

biology of CAR T cells but they unfortunately lack spatial information. Indeed, among the 

challenges hindering the success of CAR T cells is an incomplete understanding of cell fate 

in vivo, including their ability to traffic to and infiltrate the tumor, and persist. Such insight into 

the mechanisms underlying treatment success or failure would be invaluable. Strategies for 

non-invasive, sensitive, real-time monitoring of CAR T cell fate post-infusion in vivo are 

therefore urgently needed. 

 
2.2. Molecular imaging in allogeneic HSCT  
 

Current approaches for the diagnosis of GvHD are based on clinical and pathological elements 

that are therefore restricted to later, symptomatic stages of the disease. Given the importance 

of timely therapeutic interventions for GvHD treatment, prediction and early detection of GvHD 

before symptoms actually occur using non-invasive imaging modalities would have a great 

impact on patients’ outcome. Conventional radiology using ultrasound, contrast-enhanced CT 

or MRI is of limited utility for accurate diagnosis of acute GvHD given the lack of specificity of 

morphological changes (Lubner et al., 2017).  

 

Molecular imaging is a branch of medical imaging focusing on non-invasively measuring 

biological processes in vivo. Molecular imaging is widely employed in clinical medicine for 

different applications, ranging from neuroimaging to cardiology. In oncology, the evaluation of 

glucose metabolism is a routinely employed tool for staging, evaluation of responses and 

follow-up of a wide range of solid and hematologic malignancies.  

Although still experimental, the application of molecular imaging to the study of the immune 

system is a rapidly expanding field. Positron emission tomography (PET) imaging is a highly 

sensitive and quantitative clinical molecular imaging modality, perfectly poised to provide non-

invasive, whole-body mechanistic insights into disease pathogenesis. For this reason, 

molecular imaging using tracers specifically allowing detection of cellular and/or molecular 

processes involved in GvHD pathogenesis represent a promising approach to develop new 

strategies for early GvHD detection at pre-symptomatic stages.  
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2.2.1 Imaging metabolism 
18F-fluorodeoxyglucose ([18F]FDG) 

18F-fluorodeoxyglucose ([18F]FDG) is the most widely employed molecular imaging tracer in 

clinical practice which takes advantage of the higher glucose consumption by metabolically 

active cells and tissues.  

Early reports suggested that molecular imaging by 18F-fluorodeoxyglucose ([18F]FDG) PET 

can visualize tissue inflammation associated with acute gastrointestinal GVHD (Stelljes et al., 

2008). Using a murine model of GvHD induced by enhanced green fluorescent protein 

(EGFP)-expressing donor cells, Stelljes and colleagues showed that increased FDG uptake 

as measured by PET correlated with tissue infiltration by histology and with results of 

fluorescence reflectance imaging. In an effort to translate these preclinical results to the clinic, 

the authors conducted PET/CT imaging in 30 patients with suspected intestinal GVHD beyond 

20 days after transplantation. Fourteen out of 17 patients (82%) with histologically proven 

GvHD displayed gut hypermetabolism compatible with GvHD. Conversely, the 13 patients in 

which biopsies did not reveal histological evidence of GvHD did not display any increased 

FDG uptake in the gut, pointing to an excellent negative predictive value of the approach.  

Such very encouraging results led to further investigation of [18F]FDG PET for GvHD 

diagnosis. Bodet-Milin and colleagues conducted a prospective pilot study evaluating the use 

of [18F]FDG PET one month after allogeneic HSCT in 42 consecutive allogeneic HSCT 

recipients (Bodet-Milin et al., 2014). [18F]FDG was detected in 15 out of 43 patients (36%)  

but only 9 of them resulted to be true positive (TP) cases based on histological findings while 

6 were false positive (FP) cases. [18F]FDG PET was negative in 27 cases (64%) 26 of them 

being true negative (TN) cases and 1 being a false negative (FN) case. These results pointed 

to a 96% negative predictive value but only a 60% positive predictive value. Moreover, no 

significant differences in SUVmax values were observed between grade 1-2 and grade 3-4 

gastrointestinal acute GvHD.  

A retrospective analysis conducted on 101 patients with clinically suspected acute intestinal 

GVHD, 74 of which with clinically and/or histologically proven intestinal acute GVHD 18F-

FDG-PET had a sensitivity of 93% and specificity of 73% (Roll et al., 2021a). Moreover, tracer 

uptake quantification using maximum standard uptake value (SUVmax) discriminated 

between patients with a fast or slow/no response. 

In a more recent prospective study, 51 allogeneic HSCT recipients with clinically suspected 

gastrointestinal acute GvHD underwent PET/CT followed by endoscopy and histological 

analysis (Cherk et al., 2022). Out of the 23 patients with histologically proven upper and/or 

lower gastrointestinal acute GvHD, 18F-FDG PET was not able to distinguish between acute 

gastrointestinal GVHD and non-GVHD inflammatory changes in the colon, yielding a 

sensitivity of 69%, a specificity of 57%, a NPV of 73% and a PPV of 59%.  
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Collectively, these prospective and retrospective analysis failed to provide convincing 

evidence for a role of 18F-FDG PET/CT for GvHD diagnosis. In an effort to increase sensitivity 

and specificity, Roll and colleagues conducted a pilot study on 21 patients with acute intestinal 

GvHD using 18F-FDG-PET-MRI (Roll et al., 2021b). The detection rate for acute intestinal 

GvHD raised from 57% of 18F-FDG-PET alone or 61% of MRI alone to 100% for 18F-FDG-

PET-MRI. Future prospective studies on larger cohorts are needed to confirm these promising 

but still preliminary results.  

Molecular imaging of tissue metabolism for GvHD detection was also assessed by Assmann 

and colleagues using MRI in murine models of syngeneic and allogeneic HSCT (Assmann et 

al., 2021). Given the role of glycolytic metabolism of pathogenic T cells in GvHD pathogenesis 

(Nguyen et al., 2016), the investigators employed hyperpolarized 13C-pyruvate (13C-MRI) to 

detect the conversion of pyruvate to lactate in GvHD target tissues. They show that 13C-MRI 

allows noninvasive detection of liver GVHD as a result of activated CD4 T cell trafficking into 

the target organ.  

 

2.2.2. Molecular imaging of T cell responses 
From the aforementioned studies, lack of ability to distinguish between GvHD and non-GvHD 

inflammation seems to be the biggest limitation to the use of 18F-FDF-PET for GvHD 

diagnosis. Given the central role of T cells in GvHD, a metabolic tracer more specifically 

targeting  T cells would potentially circumvent such limitation. Pre-clinical and clinical evidence 

indicate that molecular imaging approaches are particularly promising for the 

immunomonitoring of T cell responses providing mechanistic insights into T cell responses 

ranging from T cell trafficking to T cell activation and persistence (Li et al., 2022). Several 

approaches to track T cell in vivo have been attempted in different settings and they are 

graphically summarized in Figure 2.  

 

 
 

Figure 2. Graphical summary of the possible approaches for molecular 
imaging of T cell responses. Personal material.   
 

A first approach involves the ex vivo radio-labeling of T cells before infusion. Such approach 

has the major limitation of the limited time-frame that it is possible to analyze, due to the 
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radioisotope decay as well as to the T cell proliferation that leads to the dilution of the tracer. 

Given the very variable timeframe at which GvHD develop after HSCT that can range from 

days to months, such approach does not seem to be appropriate for GvHD detection. 

A way to overcome these limitations is to transduce T cells with reporter genes specifically 

designed to allow the imaging option. This strategy has been attempted using several 

approaches and made prove of great sensitivity in the experimental setting. However, 

regulatory and safety concerns around the potential immunogenicity of foreign reporters 

necessitates a stringent approval process. Moreover, the potential for clinical translation 

remains limited due to the high level of cell manipulation required that does not seem justified 

in the case of allogeneic HSCT.  

Strategies not requiring pre-infusion manipulation of the cell therapy product would definitely 

be more adapted for clinical translation. One approach would be the use of radiolabeled small 
molecules uptaken by T cells. Alternatively, immunoPET is gaining more and more attention 

as an approach to monitor T cells without the need of manipulating the cells before 

administration. ImmunoPET exploits the great specificity of monoclonal antibodies to 

selectively bind cells expressing the targeted antigen and imaging them thanks to their 

radiolabeling with a radiotracer. T-cell targeting immunoPET tracers developed so far can be 

classified based on the antigen they target as in two major categories: 1) tracers targeting T-

cell lineage defining molecules such as CD3, CD4 or CD8; 2) tracers targeting T-cell activation 

makers (ex. CD69, OX40, 41BB, ICOS). 

The challenge to image T cells using one or the other of such “manipulation-free” imaging 

approach is to develop a T cell specific tracer that would satisfy three main requirements 

(summarized in Table 2).  

 
 

Small 
molecules 

Lineage 
defining 

molecules 

Activation 
markers 

Preferential 
expression/uptake by the 
target cell population 

+/- - + 

Sustained 
expression/uptake 
during the biological 
activity  

+/- +/- + 

Not interfering with 
cellular biology 
(homeostasis and 
function) 

+/- +/- +/- 

 
Table 2. T-cell molecular imaging target selection requirements. Personal material. 
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First, the biological process or the antigen targeted by the tracer needs to be preferentially 

and ideally uniquely expressed by T cells when they undergo activation during the biological 

process studied. Second, the pathway or antigen targeted by the tracer should be upregulated 

in a sustained way during the whole biological process studied, in order to increase the time-

window targeted and therefore the sensitivity of the approach. Finally, and most importantly, 

the radiotracer should not interfere with the biology of T cells that are targeted, in terms of 

expansion, survival and/or function. 

 
2.2.2.1 Small molecules 
18F-30-deoxy-30-fluorothymidine 

Given the high proliferation rates of T cells during GvHD, the use of 18F-30-deoxy-30-

fluorothymidine (FLT) has been attempted in murine models of HSCT (Lee et al., 2018). FLT 

is a thymidine analog that is incorporated into the DNA at time of replication and therefore 

reflects cellular proliferation. In murine models of GvHD, 18F-FLT allowed the differentiation 

of mice developing GvHD after receiving alloreactive T cells and control mice by detecting 

higher tracer uptake in lymphnodes and spleen of GvHD mice. However, tracer uptake in 

GvHD target organs, namely the gastrointestinal tract, did not differ between GvHD and control 

mice because of high variability. This represents a major limitation for the use of this tracer for 

GvHD diagnosis given that signal outside target organs can originate from proliferation of 

hematopoietic cells other than T cells during engraftment as previously shown in a rat model 

of bone marrow transplantation (Awasthi et al., 2010).  

 

2′-deoxy-2′-[18F]fluoro-9-β-D-arabinofuranosyl guanine ([18F]F-AraG) 

9-β-D-arabinofuranosyl guanine (AraG) is the water-soluble prodrug of nelarabine, a drug 

known for its specific cytotoxicity towards T cells and clinically employed in T cell 

malignancies. AraG enters cells using two nucleoside transporters and is phosphorylated by 

either cytosolic deoxycytidine kinase (dCK) or mitochondrial deoxyguanosine kinase (dGK). 

At high doses, phosphorylated AraG-inhibits DNA synthesis thus inducing T cell death. At the 

very low mass levels required for imaging, AraG specifically enters T cells without inducing 

detectable cell death (Namavari et al., 2011). The Gambhir group at Stanford University 

developed the radiotracer 2′-deoxy-2′-[18F]fluoro-9-β-D-arabinofuranosyl guanine ([18F]F-

AraG) (Namavari et al., 2011). Ronald and colleagues employed for the first time 18F-AraG in 

a mouse model of GvHD (Ronald et al., 2017). After confirming in vitro that 18F-AraG 

preferentially accumulates in activated T cells, they show that 18F-AraG allows to efficiently 

measure T cell expansion in secondary lymphoid organs during GvHD. Unfortunately, the 

important background noise coming from the liver precludes any analysis of the liver itself and 

of the gastrointestinal tract, two major GvHD-target organs. Given the easier spatial resolution 
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in and the favorable kinetics observed with 18FAraG in humans (Ronald et al., 2017), an 

attempt to clinically translate this approach for GvHD diagnosis is currently ongoing at Stanford 

University (NCT03367962).  

 

2.2.2.2 Imaging T cell lineage markers 

Targeting T cell lineage defining markers such as CD3, CD4 and/or CD8 is an obvious 

approach for immunoPET molecular imaging of T cell mediated processes, including GvHD.  

The high levels of expression of T cell lineage defining markers at cell surface represents one 

of the main advantages of this strategy. So far only CD3 immunoPET has been tested in 

murine models of GvHD. 

 

CD3 

Pektor and colleagues employed PET/MRI imaging with a 89Zr-labeled anti-human CD3 mAb 

in a murine model of xenogeneic GvHD (Pektor et al., 2020). They demonstrated higher tracer 

uptake in GvHD target organs, namely the liver, as well in secondary lymphoid organs at 

different timepoints after human PBMC administration into lymphodepleted mice. Interestingly, 

they employed Treg administration as GvHD prophylaxis and they were able to show 

significantly reduced T cell infiltration in Treg treated mice. Although promising, this proof-of-

concept report did not address one of the major risks of targeting CD3 in immunopathogenic 

contexts such as GvHD, namely the risk of interfering with T cell biology eventually by 

exacerbating the disease. Moreover, targeting CD3 might also interfere with T cells by 

chronically stimulating them, eventually leading to T cell exhaustion and therefore potentially 

limiting the graft versus tumor effect.  

 

2.2.2.3 Imaging T cell activation markers 

Targeting T cell restricted markers upregulated during T cell activation display the potential 

significant advantage of providing qualitative information in addition to the quantitative one.  

 

HLA-DR 

HLA-DR is a human Class II MHC molecule expressed on a variety of immune cells, including 

T cells during activation. Van Elssen and colleagues developed radiolabeled Variable 

Fragments of Heavy Chain Antibodies (VHH) to target human HLA-DR and employed it to 

image T cell activation in a murine model of xenogeneic GVHD (Van Elssen et al., 2017) in 

mice reconstituted with human fetal thymus, liver, and liver-derived hematopoietic stem cells 

(BLT mice). PET uptake was higher within the liver of mice displaying signs of severe GVHD 

versus control mice but the authors were unable to correlate early PET findings with 

subsequent GvHD before the overt disease occurred. Moreover, the authors attribute tracer 
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uptake deriving from HLA-DR binging to tissue infiltration by activated T cells, although the 

contribution of other non-T cells HLA-DR+ immune compartment, such as monocytes and 

macrophages, could not be excluded given the lack of specificity of HLA-DR as a T cell lineage 

marker.  

 

OX40 

OX40 (CD134) is a member of the TNF receptor superfamily and its expression is highly 

restricted to activated T cells in which it acts as a costimulatory molecule. Because of its T-

cell specificity, OX40 was identified as a target for immunoPET detection. Alam and 

colleagues developed a murine OX40-specific monoclonal antibody (64Cu-OX40mAb) that 

enables noninvasive imaging of murine OX40+ activated T cells (Alam et al., 2018). Based on 

previous studies showing an increase in OX40 expression at the T-cell surface during acute 

GvHD (Tittle et al., 1997; Lamb et al., 1999; Kotani et al., 2001; Sanchez et al., 2004; Paz 

Morante et al., 2006; Tkachev et al., 2017) and considered the role OX40 plays in acute GvHD 

pathogenesis (Stüber et al., 1998; Blazar et al., 2003; Tkachev et al., 2017; Tripathi et al., 

2019), we tested the ability of OX40-immunoPET to image activated T cells in vivo in a major 

MHC-mismatch murine model of acute GvHD (Alam et al., 2020). We showed that OX40-

immunoPET successfully detected T-cell activation, expansion, and target-tissue infiltration in 

a murine model of acute GvHD. Importantly, owing to its high sensitivity, OX40-immunoPET 

could detect signs of GvHD even before clinical symptoms manifest. A major limitation of our 

approach however was that our 64Cu-OX40mAb tracer interfered with T cell biology and, 

given the agonistic nature of the monoclonal antibody employed, led to further T-cell activation 

and to exacerbation of GvHD when administered early after HSCT. These results stress the 

need to develop biologically inert tracers for imaging purposes and to carefully select imaging 

targets to avoid interfering with T cell activation and therefore with disease pathogenesis.  

 

2.2.3 Imaging tissue damage  
Once considered a passive target of T cell cytotoxic function during GvHD, the target tissue 

epithelium is more and more recognized as an active player in GvHD pathogenesis. Such 

attention to the phenotypic and functional changes of enterocytes during acute GvHD led Scott 

and colleagues to the identification of tryptophan-rich sensory protein oxygen sensor (TSPO) 

protein as a marker expressed by enterocytes during gastrointestinal acute GvHD (Scott et 

al., 2022). TSPO is an outer mitochondrial membrane protein previously reported to be 

overexpressed by enterocytes after stimulation with inflammatory mediators such as tumour 

necrosis factor-alpha (TNF-alpha) and IL-8, leading to its overexpression in inflammatory 

bowel diseases (IBD). After demonstrating enterocytic TSPO expression in tissue biopsies 

from patients with gastrointestinal acute GvHD, the authors performed a prospective pilot 
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study of PET/CT using [18F]GE-180, an already reported third-generation high-affinity TSPO 

radiotracer, in eight allogeneic HSCT adult recipients with a clinical suspicion of 

gastrointestinal acute GvHD. They demonstrated tracer uptake specifically at the intestinal 

level and correlation between uptake and histology in six out of eight participants. Although 

preliminary and despite the fact that TSPO detection might not be completely specific to 

enterocytes in this system given TSPO expression by other cells during inflammation, such as 

macrophages, this proof-of-concept study provides for the first-time evidence for molecular 

imaging of target epithelium during GvHD as a strategy to detect tissue damage and potentially 

to monitor response to treatment during the healing process.  

 

Collectively, we have seen how different molecular imaging strategies can be applied to the 

study of different phases of GvHD pathogenesis (Figure 3). Clinical trials will identify one or 

more tracers and approaches with the highest sensitivity and specificity for GvHD diagnosis 

and monitoring.  

 

 

 
 

Figure 3. Graphical summary of the approaches and radiotracers tested 
in preclinical models of GvHD. Personal material.   
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3. Publications  
3.1. Publication 1  
 

Xiao Z*, Alam IS*, Simonetta F*, Chen W, Scheller L, Murty S, Lohmeyer JK, Ramos TL, 

James ML, Negrin RS, Gambhir SS. ICOS ImmunoPET Enables Visualization of Activated T 

Cells and Early Diagnosis of Murine Acute Gastrointestinal GvHD. Blood Advances 
2022;6(16):4782-4792.  

(*co-first author) 

 

In this study we investigated the use of ICOS-immunoPET for the detection of T cell activation 

and GvHD diagnosis in a murine model of acute gastrointestinal GvHD. In a previous work, 

we had shown that using an immunoPET tracers targeting the T-cell activation marker and 

costimulatory molecule OX40 allowed the detection of T cell expansion and tissue infiltration 

in murine models of GvHD (Alam et al., 2020). Unfortunately, such approach presented a 

major limitation related to the toxicity of our tracer that, despite the very low dose of antibody 

employed, interfered with T cell biology and exacerbated GvHD. To circumvent this limitation 

we looked for alternative target molecules for which immunoPET tracers were previously 

reported using available RNAseq datasets of T cells during GvHD that we and others 

previously generated. Our analysis identified the Inducible T-cell COStimulator (ICOS), a T 

cell activation marker and costimulatory molecule of the CD28/cytotoxic T lymphocyte antigen 

4 (CTLA-4) family, as a marker selectively upregulated in activated T cells during GvHD. After 

confirming at the protein level ICOS upregulation on T cells during GvHD, we employed a 

tracer generated by the Gambhir group using a murine ICOS-specific antagonistic monoclonal 

antibody radiolabeled with 89Zr (Xiao et al., 2020) (Xiao et al, Cancer Res 2020) that we have 

previously employed in a CAR T cell immunomonitoring study (Simonetta et al., 2021a). We 

demonstrated that ICOS-immunoPET efficiently allowed monitoring of alloreactive T cell 

activation, expansion, and tissue infiltration in a major MHC-mismatch murine model of acute 

GvHD (Figure 4). Importantly, our approach was not associated with any detectable toxicity 

thus circumventing the major limitation of our previous study using OX40-immunoPET. 

Moreover, we were able to show that the use of ICOS-immunoPET did not interfere with the 

antitumor of allogeneic T cells. In conclusion, thanks to the high specificity and sensitivity, 

without any detectable toxicity, ICOS-immunoPET represents a compelling method for the 

early detection of GvHD that we aim to translate to clinical studies. 
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Figure 4. Graphical representation of the ICOS-immunoPET approach for 
early detection of T cell activation and expansion in a murine model of 
GvHD. Personal material published as graphical abstract in Blood Advances 

2022. 
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Allogeneic hematopoietic cell transplantation (HCT) is a well-established and potentially

curative treatment for a broad range of hematological diseases, bone marrow failure

states, and genetic disorders. Acute graft-versus-host disease (GvHD), mediated by donor

T cells attacking host tissues, still represents a major cause of morbidity and mortality

following allogeneic HCT. Current approaches to diagnosis of gastrointestinal acute

GvHD rely on clinical and pathological criteria that manifest at late stages of disease.

New strategies allowing for GvHD prediction and diagnosis, prior to symptom onset, are

urgently needed. Noninvasive antibody-based positron emission tomography (PET)

(immunoPET) imaging of T-cell activation post–allogeneic HCT is a promising strategy

toward this goal. In this work, we identified inducible T-cell costimulator (ICOS) as a

potential immunoPET target for imaging activated T cells during GvHD. We demonstrate

that the use of the Zirconium-89-deferoxamine-ICOS monoclonal antibody PET tracer

allows in vivo visualization of donor T-cell activation in target tissues, namely the

intestinal tract, in a murine model of acute GvHD. Importantly, we demonstrate that the

Zirconium-89-deferoxamine-ICOS monoclonal antibody PET tracer does not affect GvHD

pathogenesis or the graft-versus-tumor (GvT) effect of the transplant procedure. Our data

identify ICOS immunoPET as a promising strategy for early GvHD diagnosis prior to the

appearance of clinical symptoms.

Introduction

Allogeneic hematopoietic cell transplantation (HCT) is an effective treatment for a broad range of hemato-
logical diseases. Despite its success, allogeneic HCT is still associated with a significant transplant-
related morbidity and mortality related to posttransplant complications, namely graft-versus-host disease
(GvHD). Acute GvHD results from the activation of donor T cells and subsequent cytolytic attack of host
tissues, mainly skin, liver, and intestine.1 Unfortunately, current methods for GvHD diagnosis do not enable
early diagnosis at a presymptomatic stage because they mostly rely on the assessment of clinical symp-
toms combined with tissue biopsies of target organs.
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There is, therefore, a critical need to develop noninvasive strategies
to accurately diagnose GvHD at early stages. Positron emission
tomography (PET) is a promising approach for whole-body molecu-
lar imaging of GvHD. [18F]Fluorodeoxyglucose (18F-FDG)-PET ena-
bles noninvasive measurement of alterations in glucose metabolism
and has demonstrated high sensitivity for detecting acute GvHD
prior to the appearance of pathological signs.2-4 18F-FDG, how-
ever, is taken up by all cells with elevated glycolysis (eg, inflamma-
tory cells, cancer cells) and thus lacks sufficient specificity to
distinguish intestinal GvHD from other causes of gastrointestinal
inflammation.3,4 Because donor T-cell activation is considered one
of the earliest events in acute GvHD pathogenesis,1,5,6 we and
others have reported the noninvasive detection of activated T cells
using the small-molecule metabolic PET tracer 29-deoxy-29-[18F]flu-
oro-9-b-D-arabinofuranosyl guanine (18F-FAraG). PET imaging with
18F-FAraG enabled early detection of activated T cells during
murine GvHD,7 a strategy that is currently under clinical investiga-
tion for early diagnosis of acute GvHD in HCT patients at our insti-
tution (#NCT03367962; clincialtrials.gov). Although this imaging
approach is more specific than 18F-FDG-PET, it is still hindered by
suboptimal T-cell specificity as the targeted metabolic pathways of
18F-FAraG can also be upregulated in other tissues or cells.

To address the limited specificity of metabolic tracers, several
groups have been exploring the use of immunoPET, which com-
bines the high specificity of monoclonal antibodies (mAbs) or
antibody fragments targeting a particular cell surface marker with
PET radioisotopes. PET imaging of GvHD targeting the T-cell
lineage–defining marker CD38 and the activation marker HLA-DR9

has been reported. Although CD3 imaging enables T-cell visualiza-
tion, it fails to report on T-cell activation status. Conversely, HLA-DR
expression reflects T-cell activation, as well as that of the myeloid
compartment, thus lacking specificity for tracking activated T-cells
alone. We recently reported a 64Cu-labeled OX40 mAb, which non-
invasively visualized murine OX401, activated T cells10 and enabled
detection of acute GvHD in a major histocompatibility complex
(MHC)-mismatch murine model.11 Despite clearly delineating acti-
vated T cells in vivo, this approach unfortunately has limited utility as
the immunoPET tracer, based on an agonist clone, led to the exac-
erbation of acute GvHD and, consequently, serious toxicity.11

In an effort to find new potential biomarkers to successfully and
safely image activated T cells in acute GvHD by immunoPET, we
identified the inducible T-cell costimulatory receptor (ICOS), a T-cell
activation marker in the CD28/cytotoxic T lymphocyte antigen-4
(CTLA-4) family. Employing our previously reported Zirconium-89
(89Zr)-labeled, murine ICOS–specific antagonistic monoclonal anti-
body,12,13 we demonstrate that ICOS immunoPET successfully vis-
ualizes the dynamics of activation, expansion, and tissue distribution
of alloreactive T cells in a MHC-mismatch murine model of acute
GvHD, with high specificity and sensitivity and without any detect-
able toxicity, thus providing a compelling method for the early detec-
tion of gastrointestinal GvHD.

Methods
Animals and animal study approval
Female BALB/cJ (H-2kd), C57BL/6J (H-2kb), and NOD.Cg-
Prkdcscid-Il2rgtm1Wjl/SzJ (NSG) mice were purchased from the
Jackson Laboratory. Luciferase (Luc)1 transgenic C57BL/6-L2G85

mice6 were bred at Stanford University. All animal procedures were
approved by the Stanford Administrative Panel of Laboratory Animal
Care. All federal and state regulations governing the humane care
and use of laboratory animals were upheld.

RNA sequencing data analysis

Previously published RNA sequencing (RNA-seq) datasets from
GvHD models (National Center for Biotechnology Information Gene
Expression Omnibus accession number GSE17216914 and EMBL-
EBI ArrayExpress E-MTAB-686515) were analyzed. Murine CD4
and CD8 T cells were analyzed pre- and 7 days post–allogeneic
HCT, as previously described,14 and data from human T cells were
analyzed pre- and 14 days post–IV injection into sublethally irradi-
ated NSG mice.15 Differential gene expression analysis was per-
formed using DESeq216 version 1.28.1, and data were visualized
using ggplot2 version 3.3.4.

MHC-mismatch murine models of acute GvHD

Female BALB/cJ mice (8-10 weeks) received lethal total body irradi-
ation (TBI), consisting of 2 doses of 440 cGy, 4 hours apart (total
dose 880 cGy). Splenocytes were harvested from Luc1 transgenic
C57BL/6 or FVB/N L2G85 mice, and donor T cells were purified by
positive selection (Miltenyi Biotec). T-cell–depleted bone marrow
(TCD-BM) was obtained from C57BL/6J or FVB/NJ mice by homog-
enizing bones, collecting the bone marrow suspension, and deplet-
ing both CD4 and CD8 T cells using MicroBeads (Miltenyi Biotec).
Irradiated BALB/cJ recipients were injected with 5 3 106 TCD-BM
cells and 1 3 106 T cells IV to induce acute GvHD. After transplan-
tation, mice were monitored daily, and GvHD score was assessed at
day 4 and weekly thereafter as previously described.17 In experi-
ments evaluating the graft-versus-tumor (GvT) effect, 2 3 105 luc1

A20 lymphoma cells were injected IV into the BALB/c recipient mice
via a tail vein at time of transplantation; GvHD mice in these experi-
ments received T cells from wild-type C57BL/6J mice.

Xenogenic GvHD model

Female NSG mice were sublethally irradiated (2 Gy) and injected IV
with 107 human peripheral blood mononuclear cells (PBMCs) iso-
lated from healthy human volunteers (Stanford Blood Center) using
Ficoll-Paque (GE Healthcare) gradient centrifugation. Mice were
monitored daily, and GvHD score was assessed weekly as previ-
ously described.17

Flow cytometry

Spleens were harvested on days 4 and 7 post–allogeneic HCT, or
day 14 after human PBMC injection, for the MHC-mismatch murine
acute and xenogenic GVHD models, respectively. Splenocytes
were resuspended in phosphate-buffered saline (PBS) buffer con-
taining 2% fetal bovine serum. Intestines were collected at day 7,
flushed with PBS, and mechanically dissected into pieces. Tissues
were digested with 1 mg/mL21 Collagenase IV (Life Technologies)
for 30 minutes, and lymphocyte was isolated using a Percoll
(Sigma-Aldrich) gradient. Fluorescence-activated cell sorting
(FACS) staining was performed at 4"C with the following antibod-
ies: fluorescein isothiocyanate anti-mouse CD45.1 (clone A20),
BV785 anti-human/mouse/rat ICOS (C398.4A) and isotype control
antibody (HTK888), APC anti-mouse Thy1.1 (OX-7), APC/Fire750
anti-mouse CD19 (clone 6D5) and anti-mouse CD45.2 (104),
BV421 anti-mouse CD4 (GK1.5), BV605 anti-mouse CD3 (17A2),
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Figure 1. Identification of ICOS as a biomarker of acute GvHD. (A-B) Volcano plots summarizing the differential gene expression analysis performed on publicly
available RNA-seq data comparing murine (A) and human (B) T cells recovered from murine models of acute GvHD with cells prior to adoptive transfer. Vertical dashed lines
on volcano plots indicate a log2 fold change of 1.5; horizontal dashed lines indicate an adjusted P value of .05. Genes encoding for selected activation markers previously

employed as immunoPET targets are highlighted in red. (C) Representative FACS histograms (left panels) and summary of percentages (right panels) of ICOS expression on
CD90.11CD45.11CD41 (top panels) and CD81 (bottom panels) T cells recovered from the spleen 4 and 7 days post–adoptive transfer of C57BL/6 T cells into allogeneic
BALB/c recipients. Values are summarized as box plots, representing the range, first quartile, median, third quartile, and eventual outliers. Results are pooled from 2

independent experiments (n 5 9-11 mice per group). Day 4 and 7 values were compared with day 0 values using a nonparametric Mann-Whitney U test. P values are
indicated. (D) Representative FACS histograms (left panels) and summary of percentages (right panels) of ICOS expression on human-CD451 murine-CD452 CD31 T cells
recovered from spleen 14 days post–adoptive transfer of human PBMCs from healthy donors into sublethally irradiated NSG mice. Results are pooled for a total of 9 mice

(n 5 2-4 mice per group). Day 14 and 0 values were compared using a nonparametric Mann-Whitney U test. P values are indicated. (E-F) Uniform Manifold Approximation
and Projection plots of FACS data obtained from the analysis of spleens recovered at day 7 after MHC-mismatch murine allogeneic HCT (E) or at day 14 upon induction of
xenogeneic GvHD by adoptive transfer of PBMCs into NSG mice (F). ICOS-expressing cells are depicted in red.
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BV650 anti-CD8 (53-6.7), Pacific Blue anti-human CD45 (2D1),
BV605 anti-human CD3 (OKT3), BV650 anti-human CD4 (OKT4),
and BV711 anti-human CD8a (RPA-T8). All antibodies were pur-
chased from Biolegend. Data were acquired on a BD LSR II flow
cytometer (BD Biosciences) and analyzed using FlowJo version
10.7.1 (BD Biosciences).

Bioluminescence imaging

Mice were anesthetized using 2% isoflurane and injected intraperi-
toneally with D-luciferin (10 mg/kg). Bioluminescence imaging (BLI)
was performed using the IVIS Spectrum imaging system (Perkin
Elmer), and data were analyzed with Living Image Software 4.1 (Per-
kin Elmer) or using an Ami LED-illumination–based imaging system
(Spectral Instruments Imaging, Tucson, AZ) and analyzed with Aura
Software (Spectral Instruments Imaging).

Bioconjugation and 89Zr radiolabeling
of monoclonal antibodies
89Zr radiolabeled ICOS antibody (rat clone 7E.17G9, Bio X cell)
was prepared as previously described.12 Briefly, 1 mg of antibody
was diluted to 1 mg/mL in PBS, and the pH was adjusted to 8.8 to
9.0 prior to addition of deferoxamine-isothiocyanate (DFO-SCN)
chelate (Macrocyclics) dissolved in DMSO (Thermofisher). The bio-
conjugation reaction was allowed to proceed for 1 hour at 37"C,
after which the DFO-modified mAb was washed using a 2 mL Viva-
spin filter with a 50 kDa cutoff (Sartorius) to remove unbound
chelate. Matrix-assisted laser desorption/ionization (MALDI)-mass
spectrometry was conducted on the bioconjugates to determine
final chelate:mAb ratios (1.5-2.5 chelates per antibody), and final
protein concentrations were determined using a Thermo Scientific
NanoDrop UV-Vis spectrophotometer. For radiolabeling, #1 mCi
89Zr oxalate (3D Imaging), adjusted to pH 7.1 to 7.8 using 1 M
Na2CO3, was incubated with the DFO-ICOS mAb for 1 hour at
37"C with gentle agitation. Free 89Zr oxalate was removed, and
89Zr-DFO-ICOS mAb was purified using 7K MW cutoff zeba spin
desalting column (Thermofisher) and centrifuged for 1 minute at
1000g. Final radiochemical purity of .99% of 89Zr-DFO-ICOS
mAb was determined using instant thin-layer chromatography using
chromatography strips (Biodex).

Small animal PET/CT imaging, image analysis,
and biodistribution (BioD) study
All PET/computed tomography (CT) imaging studies were per-
formed using Siemens Inveon small animal Multi-Modality-PET/CT.
Mice were anesthetized using isoflurane (2% to 2.5% for induction
and 1.5% to 2.0% for maintenance) delivered by 100% oxygen. 50
microcurie (mCi) (1 mCi/mL, mass dose injected; 7 mg) 89Zr-DFO-
ICOS mAb was administered IV via the tail vein on day 4 post-trans-
plantation. At 24 and 48 hours post–tracer injection, 15-minute
static PET scans were acquired, followed by a CT scan to provide
an anatomic reference and for attenuation correction of the PET
data. PET reconstruction and region of interest (ROI) analysis of the

PET images were performed using a 3-dimensional volume drawing
mode.11

Mice were euthanized following completion of the PET/CT scan at
48 hours. Blood, mesenteric lymph node (mLN), liver, spleen, heart,
left kidney, large intestine, bone (femur), and muscle were collected,
and wet weights were immediately recorded to allow normalization
of tissue-associated radioactivity to tissue weight. An automatic g
counter (Hidex AMG) was used to determine the tissue-associated
radioactivity for each tissue collected. Both PET and BioD data
were normalized to injected dose and were expressed as percent-
age injected dose/g of tissue.

Assessment of the impact of ICOS mAb on GvHD
and GvT

The antibody used for PET imaging, murine-specific ICOS mAb
(clone 7E.17G9), or the appropriate isotype control (clone LTF-2)
were administered IV as a single dose (10 mg in 100 mL of sterile
PBS) on day 4 post-HCT. The dose was determined based on the
upper limit of antibody administered during PET imaging studies
(7 mg antibody was injected per PET tracer dose).

Statistical analysis

Statistical analyses were performed using R version 4.0.2 with R
studio Version 1.3.1056. Data were visualized using ggplot2 version
3.3.4. Heatmaps were generated using Pheatmap version 1.0.12.
Principal component analysis (PCA) was performed using the
FactoMineR package version 2.41 and visualized using the factorex-
tra package version 1.0.7. Receiver operating characteristic(ROC)
curves were calculated and plotted using plotROC version 2.2.1.

Results
ICOS is strongly upregulated on murine and human
T cells in models of acute GvHD

To identify surface markers of T-cell activation as potential new
immunoPET targets for GvHD imaging, we interrogated an RNA-
seq dataset we recently published14 containing data obtained from
murine CD4 and CD8 T cells, pre- and 7 days post–MHC-
mismatched allogeneic HCT. After analyzing differential gene
expression between cells at day 0 and at day 7, we focused our
attention on genes encoding T-cell surface activation molecules pre-
viously employed as immunoPET targets, namely OX40,11 ICOS,12

CD69,18 and GITR.19 Among these molecules, the gene encoding
ICOS was the most highly differentially expressed in CD4 (log2 fold
change, 2.57; adjusted P 5 1.24E-71; Figure 1A) and CD8 T cells
(log2 fold change, 1.90; adjusted P 5 3.52E-58; Figure 1A). Inter-
estingly, Icos transcription was upregulated to a higher extent than
Tnfrsf4 (CD4: log2 fold change, 2.36; adjusted P 5 2.28E-05;
CD8: log2 fold change, 1.70; adjusted P 5 9.30E-23), which enco-
des OX40, a molecule we previously reported as a target for sensi-
tive immunoPET imaging of acute GvHD.11 To assess whether Icos
transcription was similarly upregulated on activated human T cells,

Figure 2 (continued) 89Zr-DFO-ICOS mAb immunoPET imaging of acute GvHD. (A) Representative BLI of a mouse with acute GvHD at day 4 post-HCT. (B)
Reference atlas indicating the location of key clearance and lymphoid organs as well as GvHD target tissues. (C) Representative 89Zr-DFO-ICOS mAb PET/CT images

acquired 48 hours after tracer administration at day 4 after HCT in TBI control (n 5 5), bone marrow control (n 5 7), or GvHD (n 5 11) mice. Key organs, namely spleen
(red arrow), cervical lymph node (cLN) (black arrow), mLN (green arrow), and intestine (yellow arrow), are highlighted. Images are representative of 2 independent
experiments. %ID/g, percent injected dose per gram.
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we analyzed a second publicly available RNA-seq dataset obtained
from human T cells pre- and 14 days post-injection into alymphoid
NSG mice induced with xenogeneic GvHD.15 In agreement with
the murine data, Icos was the most significantly upregulated T-cell
activation marker among those preselected (log2 fold change, 2.30;
adjusted P 5 4.42E-37; Figure 1B).

We then compared murine CD41 and CD81 T cells from CD45.1
and CD90.1 C57BL/6 donor mice preinjection with those recov-
ered at day 4 and 7 post-HCT into allogeneic CD45.2 and CD90.2
BALB/c recipients to assess ICOS expression on T cells during
GvHD at the protein level. We detected significantly higher propor-
tions of ICOS1 cells among both CD41 and CD81 donor-derived
CD45.11 CD90.11 T cells recovered at day 4 (CD4: median, 66%
[range, 39%-77%], P 5 1.2e-05; CD8: 52% [36%-67%], P 5
.0002) and at day 7 (CD4: 86% [60%-92%], P 5 5.7e-06; CD8:
76% [50%-87%], P 5 5.7e-06) post-HCT compared with day 0
(CD4: 9% [5%-23%]; CD8: 9% [1%-25%]; Figure 1C). Similar
results were obtained when a second mouse model of acute GvHD
(FVB/N into BALB/c mice) was employed (supplemental Figure
1A). Moreover, ICOS was strongly upregulated at the surface of
CD4 and CD8 T cells infiltrating the intestine at day 7 after trans-
plantation (supplemental Figure 1B). We next analyzed ICOS
expression by human T cells in a model of xenogeneic GvHD.
T cells recovered from spleens of NSG mice 14 days after transfer
of human PBMCs showed significantly higher percentages of

ICOS1 cells compared with T cells prior to injection (day 14: 62%
[49%-78%]; day 0: 5% [4%-8%]; P 5 .0091; Figure 1D). Unsuper-
vised clustering of splenocytes recovered from GvHD mice at day 7
post–MHC-mismatch HCT showed that ICOS expression selec-
tively identified donor-derived CD41 and CD81 T cells, distinguish-
ing them from BM-derived and host-derived cells (Figure 1E).
Similarly, in splenocytes recovered from xenogeneic GvHD mice at
day 14 post-hPBMC transfer, ICOS expression identified activated
human CD41and CD81 T cells, distinguishing them from both
mouse cells and other human immune cells (Figure 1F).

Collectively, these results demonstrate that ICOS expression is sig-
nificantly upregulated by both mouse and human T cells in 3 murine
models of acute GvHD.

89Zr-DFO-ICOS mAb immunoPET enables
visualization of ICOS1-activated T cells in
acute GvHD

We next evaluated the ability of ICOS-targeted immunoPET to visu-
alize allogeneic T-cell activation and migration to target tissues dur-
ing murine acute GvHD using 89Zr-DFO-ICOS mAb. Acute GvHD
was induced by adoptive transfer of Luc1 T cells, allowing in vivo
T-cell detection, localization, and monitoring via BLI. On day 4 after
HCT, a time point when no obvious signs of disease were
observed, BLI detected donor-derived Luc1 T cells in the spleen, as
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Figure 3. Quantitative PET ROI and BioD analysis of 89Zr-DFO-ICOS mAb in acute GvHD. (A) Quantitative ROI analysis of PET images (upper panels) and BioD
(lower panels) of spleen, mLN, intestine, liver, heart, kidney, bone, and muscle 48 hours after tracer injection in TBI (blue; n 5 5), BM (green; n 5 7), or GvHD mice (red;
n 5 11). Values are summarized as box plots, representing the range, first quartile, median, third quartile, and eventual outliers. Tracer uptake in GvHD and TBI or BM mice

was compared using the Mann-Whitney U test. (B) Correlation between tracer uptake measured by PET ROI image analysis with that determined by BioD analysis,
evaluated using a Spearman rank correlation coefficient test. Results are pooled from 2 independent experiments. %ID/g, percent injected dose per gram.
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well as in the mesenteric and cervical LNs (Figure 2A); this is in
agreement with previously reported allogenic T-cell expansion in
secondary lymphoid organs at this early stage of GvHD.6 We then
evaluated the capacity of 89Zr-DFO-ICOS mAb to detect allogenic
T-cell activation during GvHD. To this end, splenic T cells and TCD-
BM were adoptively transferred to induce GvHD, and 50 mCi of
89Zr-DFO-ICOS mAb was administrated IV at day 4 post-HCT.
Mice receiving only TBI (TBI group) were used as a control to
assess nonspecific tracer accumulation as a result of tissue damage
and inflammation during conditioning. Mice receiving TCD-BM in
the absence of T cells (BM group) were used as an additional con-
trol to evaluate signal derived from 89Zr-DFO-ICOS mAb binding to
allogeneic hematopoietic cells other than T cells. PET images were
acquired 24 and 48 hours after tracer administration; the 48-hour
imaging timepoint was selected for further analysis due to optimal
signal/noise ratios. A reference atlas of a representative volume-
rendered technique PET/CT image with the location of key clear-
ance organs, lymphoid organs, and GvHD target tissues is shown
in Figure 2B. PET signal was observed in the heart and the liver of
all groups (Figure 2C), depicting the antibody tracer circulating in
the blood and its hepatic clearance, respectively.20 Conversely,

89Zr-DFO-ICOS mAb PET signal in the spleen, mLN, and abdominal
region was pronounced in GvHD mice (Figure 2C).

ROI analysis confirmed markedly increased tracer uptake in the
spleen (median, 38.68% ID/g [range, 29.90-44.89]), mLN (25.15%
ID/g [19.38-40.39]), and intestine (19.53% ID/g [15.31-35.67])
of GvHD mice compared with both TBI (spleen, 10.91% ID/g
[10.45-14.7], P 5 6.3e-05; mLN, 9.77% ID/g [7.79-10.93],
P 5 .0005; intestine, 7.62% ID/g [5.23-9.51], P 5 .00046) and
BM (spleen, 10.91% ID/g [10.45-14.70], P 5 6.3e-05; mLN,
12.65% ID/g [10.69-17.43], P 5 6.3e-05; intestine, 8.87% ID/g
[7.42-16.26], P 5 .0001) controls (Figure 3A, upper panels).
Slightly but significantly reduced levels of tracer accumulation were
detected in the hearts of GvHD mice (5.96% ID/g [4.05-8.49])
compared with both TBI (14.04% ID/g [12.07-15.99], P 5 .00046)
and BM (12.70% ID/g [10.40-14.51], P 5 6.3e-05) controls; signal
was also reduced in the kidney of GvHD mice (3.61% ID/g
[0-9.01]) compared with TBI controls (6.30% ID/g [6.16-6.76];
P 5 .04; Figure 3, upper panels). These results are compatible with
a sink effect, in which binding of the tracer to tissue-resident antigen
effects signals reduction in the blood.
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Figure 4. Assessment of 89Zr-DFO-ICOS mAb PET imaging as a potential tool for gastrointestinal GvHD early diagnosis. (A) Heatmap visualization and hierarchical
clustering of normalized ICOS PET ROI values (rows) from single transplant recipients (columns). Data shown are pooled from 2 independent experiments. (B) PCA of

normalized ICOS PET ROI values. Each arrow represents the relative contribution of each ROI. (C) ROC analysis showing sensitivity against 1 2 specificity for
distinguishing GvHD mice from other cohorts based on PET ROI values for organs identified by the PCA analysis (spleen, mLN, and intestine) and for muscle as a
negative control.
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Ex vivo BioD analysis using g counting of tissues, performed follow-
ing the 48-hour PET acquisition, showed a similar trend to the PET
ROI quantification, with significantly increased tracer uptake mea-
sured in lymphoid tissues and intestines of GvHD mice vs controls
(TBI: spleen P 5 .0022; mLN, P 5 .0015; intestine P 5 .0038;
BM: spleen P 5 6.3e-05; mLN P 5 6.3e-05; intestine, P 5 .0037)
(Figure 3A, lower panels). Correlation analysis confirmed good con-
cordance between PET ROI and BioD measurements, showing a
significant positive correlation in spleen (R2, 0.59; P 5 1.8e-05),
mLN (R2, 0.6; P 5 3.2e-05), and intestine (R2, 0.51, P 5 .0001;
Figure 3B). Collectively, our data indicate that 89Zr-DFO-ICOS mAb
immunoPET noninvasively and specifically captures the expansion of
ICOS1, activated donor-derived T cells during murine acute GvHD.

ICOS immunoPET signals from intestine, spleen, and
mLN have high diagnostic potential for early
detection of murine acute gastrointestinal GvHD

We next evaluated the capability of 89Zr-DFO-ICOS mAb PET
signal from different tissues to enable early diagnosis of murine
acute gastrointestinal GvHD. Unsupervised hierarchical clustering
based on ROI quantification of all tissues from mice in the PET
dataset readily distinguished the GvHD group from TBI and BM
mice (Figure 4A). Similarly, PCA clearly segregated mice from the
GvHD group from other mice across the PC1, which accounted for
46% of the variance (Figure 4B). Spleen, mLN, and intestine PET
ROIs were the strongest contributors in distinguishing mice in the
GvHD group from other cohorts across PC1 (Figure 4B). To evalu-
ate the diagnostic potential of 89Zr-DFO-ICOS mAb for early detec-
tion of acute GvHD, we employed ROC analysis. Spleen, mLN, and
intestine ROIs had excellent diagnostic potential for GvHD diagno-
sis (spleen area under the curve [AUC], 1; mLN AUC, 1; intestine
AUC, 0.99; Figure 4C), whereas, as predicted, muscle ROI had no
diagnostic potential (AUC, 0.5). This analysis indicates that the
89Zr-DFO-ICOS mAb PET signal from secondary lymphoid organs
and the intestine have an optimal diagnostic potential for murine
acute gastrointestinal GvHD.

ICOS mAb does not affect murine acute GvHD
pathogenesis or the GvT effect

Targeting costimulatory molecules with antibodies can potentially
have perturbative effects on T-cell biology and, therefore, impact
GvHD pathogenesis, leading to increased lethality.11 To reduce the
risk of potential toxicity of the 89Zr-DFO-ICOS mAb tracer, we pur-
posefully chose an antagonist ICOS mAb (clone 7E.17G9) for this
study.21 To experimentally test the safety of the ICOS mAb employed,
10 mg cold anti-ICOS or isotype control mAb was administrated at
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Figure 5. Administration of ICOS mAb at tracer doses does not impact

murine acute GvHD or the GvT effect. GvHD score (A) and animal survival
(B) after allogeneic HCT. Two-way analysis of variance was used to compare
GvHD score and log-rank test to compare survival curve between GvHD mice

receiving 10 mg of cold anti-ICOS mAb (continuous red line) and isotype mAb
(dashed red line) IV at day 4 post–allogenic transplantation. (C) Representative
in vivo BLI images of A20luc1 cell burden 7 days post-HCT in GvHD mice and BM
controls having received cold anti-ICOS mAb or isotope control at day 4 post-HCT.

Results are pooled from 2 independent experiments (n 5 10 mice/group) and
compared using a nonparametric Mann-Whitney U test.
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day 4 post-HCT. No significant differences were observed in GvHD
score (Figure 5A) or overall survival (Figure 5B) in mice injected with
anti-ICOS mAb compared with those receiving the isotype control
mAb, thus indicating that anti-ICOS mAb administered at imaging
doses does not exacerbate acute GvHD pathogenesis.

Given the antagonistic nature of the anti-ICOS clone employed, we
next assessed whether its administration at imaging doses would
interfere with the antitumor potential of the allogeneic HCT. Mice
were injected IV with luc1 A20 lymphoma cells (2 3 105) at the
time of HCT. At day 4 after transplantation, mice were randomized
and injected with unlabeled anti-ICOS or isotype control mAb
(10 mg). Tumor progression was assessed by BLI at day 7. T cells
transferred at the time of HCT in GvHD mice led to significantly
lower tumor burden compared with mice receiving BM alone, for
both isotype control and anti-ICOS mAb-treated mice (Figure 5C).
Importantly, no significant differences in antitumor control in GvHD
mice were observed between anti-ICOS or isotype control mAb
treatment groups (Figure 5C). Collectively, these data demonstrate
that the antagonistic anti-ICOS mAb used in our tracer neither alters
the course of GvHD nor impairs the GvT effect of the HCT proce-
dure, suggesting that ICOS immunoPET represents a safe, as well
as a sensitive, approach for acute gastrointestinal GvHD diagnosis.

Discussion
Acute GvHD remains the major cause of nonrelapse mortality in
allogeneic HCT recipients; early diagnosis would be greatly aided
by the development of noninvasive approaches to detect global
T-cell activation throughout different tissues in the body, given the
key role of these cells in acute GvHD pathogenesis.

Although small-molecule PET tracers such as 18F-FDG3,4 and 18F-
FAraG7 have been evaluated, their utility for acute GvHD diagnosis
is limited because the metabolic pathways they target are also upre-
gulated in other tissues or cells, which can lead to low specificity.
To date, other T-cell–targeted immunoPET imaging approaches in
mouse models of GvHD have suffered from a lack of sensitivity or
specificity8,9 or from toxicity.11 We previously reported the preclini-
cal development of such an immunoPET tracer targeting OX40.11

Although this approach displayed excellent sensitivity for GvHD
detection in a murine model of allogeneic HCT, the tracer also exac-
erbated GvHD, thus preventing its clinical translation for this particu-
lar application. To circumvent these limitations, here we assessed
activation markers upregulated by both murine and human T cells in
GvHD mouse models and identified ICOS as a potentially suitable
target for immunoPET. Our preclinical results are in agreement with
the recently reported molecular profiling of T-cell subsets from
patients with acute GvHD, which demonstrated that ICOS was
among the genes with the highest increase in transcript levels in
both CD4 and CD8 T cells.22 Consistent with our previously
reported OX40-immunoPET approach, ICOS immunoPET exhibited
optimal diagnostic potential in a murine model of acute GvHD.
Importantly, the ICOS tracer reported here overcomes the limitations
of OX40-immunoPET as the antagonistic ICOS antibody used
avoids any significant toxicities on GvHD pathogenesis and does
not interfere with the GvT effect, thus promoting the overall trans-
plant success while avoiding disease relapse. These differences
may be due to the use of an antagonistic mAb in lieu of an agonistic
clone for the tracer, as well as the different roles of ICOS and
OX40 in acute GvHD pathogenesis.23-26 Notably, ICOS has a

paradoxical role in the regulation of alloreactive CD4 T cells and
CD8 T cells in murine models of acute GvHD, genetic ablation of
ICOS in CD4 T cells having a protective effect, and in CD8 T cells
exacerbating the disease.26 For this reason, we are working on the
generation of a clinical tracer with a high affinity and no agonist/
antagonist and Fc-effector functions before moving to phase 1
imaging studies in HCT recipients.

Future optimization of our ICOS immunoPET imaging approach,
using alternative vector formats, would allow us to minimize nonspe-
cific binding to other cells mediated through the Fc region and also
address 2 limitations of this study. First, 89Zr-labeled mAbs impart
higher radiation doses to patients than 18F-radiolabeled tracers. The
use of smaller engineered antibodies (scFv and nanobodies) and
protein scaffolds with shorter serum half-lives would allow for the
use of short-lived isotopes (eg, 18F) for convenient same-day imag-
ing while significantly reducing the radiation dose. Second, our
89Zr-DFO-ICOS mAb tracer does not allow GvHD detection in the
liver, another key target tissue, due to the hepatic accumulation of
whole mAbs. The use of antibodies with a mutant Fc region, which
abrogates binding to Fc receptors or smaller formats lacking the Fc
region altogether and which shows renal clearance, may significantly
reduce background liver signal and allow extension of this diagnos-
tic approach beyond acute gastrointestinal GvHD. Such tracer opti-
mization would also allow the extension of ICOS immunoPET to
liver and lung imaging for diagnosis of chronic GvHD, a condition in
which ICOS expression has been shown to be upregulated at the
surface of pathogenic T cells.27-29

Despite the fact that our ICOS immunoPET approach specifically
detects activated T cells, T-cell activation in the gastrointestinal
tract is not solely restricted to GvHD and can also be observed in
other transplant-related complications, namely cytomegalovirus coli-
tis. We believe that, upon clinical translation, ICOS immunoPET
will need to be integrated in the whole clinical and biological
workup and that its combination with biomarkers of GvHD
(ST2, REG3a) or infection (cytomegalovirus viral load) will further
increase the specificity of our approach.

In conclusion, we have identified ICOS as a highly sensitive and spe-
cific imaging biomarker for the in vivo visualization of allogenic,
donor-derived, activated CD4 and CD8 T cells during acute gastro-
intestinal GvHD. ICOS immunoPET has the potential to have signifi-
cant clinical impact and improve overall management of HCT
recipients by enabling early diagnosis of acute gastrointestinal
GvHD.

Acknowledgments
The authors would like to acknowledge Jason Lee, Frezghi
Habte, and Laura Pisani at the Stanford Center for Innovation in
In-Vivo Imaging (SCI3) for their assistance with the preclinical
imaging studies. They are grateful to members of the Stanford
FACS facility for sharing their expertise. They thank Kenneth Lau
for assistance with mass spectrometry. Special thanks to Behnaz
Mobashwera and Emily Deal for editing the manuscript.

This work was supported in part from funding from the Ben &
Catherine Ivy Foundation (S.S.G.), the Canary Foundation
(S.S.G.); National Cancer Institute (NCI), National Institutes of
Health (NIH) (grants R01-CA201719-05 [S.S.G. and M.L.J.]
and R01-CA23158201 and P01-CA49605 [R.S.N.]); the Parker

4790 XIAO et al 23 AUGUST 2022 • VOLUME 6, NUMBER 16

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/16/4782/1913929/advancesadv2022007403.pdf by guest on 05 January 2023

Federico Simonetta
30



Institute for Cancer Immunotherapy (S.S.G. and R.S.N.); the
Department of Radiology, Stanford University (I.S.A.); the Geneva
University Hospitals Fellowship (F.S.); the Swiss Cancer League
(BIL KLS 3806-02-2016 to F.S.); the Dubois-Ferri!ere-Dinu-Lipatti
Foundation (F.S.); the American Society for Blood and Marrow
Transplantation (New Investigator Award 2018 to F.S.); and the
Geneva Cancer League (LGC 20 11 to F.S.).

We dedicate this paper to the memory of our cherished
mentor and friend, Sanjiv S. Gambhir, and his extraordinary con-
tributions to the field of molecular imaging and early disease
detection.

Authorship
Contribution: Z.X., I.S.A., F.S., R.S.N., and S.S.G. conceived and
designed research studies; I.S.A., F.S., and Z.X. developed meth-
odology, conducted experiments, and acquired and analyzed

data; L.S., J.K.L., and T.L.R. developed methodology, conducted
experiments, and acquired data; W.C. and S.M. conducted
experiments; and I.S.A., F.S., Z.X., M.L.J., and R.S.N. wrote the
manuscript.

Conflict-of-interest disclosure. The authors declare no competing
financial interests.

Sanjiv S. Gambhir died on 18 July 2020.

ORCID profiles: J.K.L., 0000-0003-4311-0317; T.L.R., 0000-
0002-0696-7197.

Correspondence: Robert S. Negrin, Center for Clinical Scien-
ces Research, 269 Campus Drive, Room 2205, Stanford, CA
94305; e-mail: negrs@stanford.edu; and Israt S. Alam, Stanford
University, 318 Campus Drive, Clark Center, Stanford, CA
94305; e-mail: israt@stanford.edu.

References

1. Zeiser R, Blazar BR. Acute graft-versus-host disease – biologic process, prevention, and therapy. N Engl J Med. 2017;377(22):2167-2179.

2. Stelljes M, Hermann S, Albring J, et al. Clinical molecular imaging in intestinal graft-versus-host disease: mapping of disease activity, prediction,
and monitoring of treatment efficiency by positron emission tomography. Blood. 2008;111(5):2909-2918.

3. Bodet-Milin C, Lacombe M, Malard F, et al. 18F-FDG PET/CT for the assessment of gastrointestinal GVHD: results of a pilot study. Bone Marrow
Transplant. 2014;49(1):131-137.

4. Roll W, Evers G, Strotmann R, et al. Fluorodeoxyglucose F 18 for the assessment of acute intestinal graft-versus-host disease and prediction of
response to immunosuppressive therapy. Transplant Cell Ther. 2021;27(7):603-610.

5. Hill GR, Ferrara JL. The primacy of the gastrointestinal tract as a target organ of acute graft-versus-host disease: rationale for the use of cytokine
shields in allogeneic bone marrow transplantation. Blood. 2000;95(9):2754-2759.

6. Beilhack A, Schulz S, Baker J, et al. In vivo analyses of early events in acute graft-versus-host disease reveal sequential infiltration of T-cell subsets.
Blood. 2005;106(3):1113-1122.

7. Ronald JA, Kim B-S, Gowrishankar G, et al. A PET imaging strategy to visualize activated T cells in acute graft-versus-host disease elicited by
allogenic hematopoietic cell transplant. Cancer Res. 2017;77(11):2893-2902.

8. Pektor S, Schl€oder J, Klasen B, et al. Using immuno-PET imaging to monitor kinetics of T cell-mediated inflammation and treatment efficiency in a
humanized mouse model for GvHD. Eur J Nucl Med Mol Imaging. 2020;47(5):1314-1325.

9. Van Elssen CHMJ, Rashidian M, Vrbanac V, et al. Noninvasive imaging of human immune responses in a human xenograft model of graft-versus-host
disease. J Nucl Med. 2017;58(6):1003-1008.

10. Alam IS, Mayer AT, Sagiv-Barfi I, et al. Imaging activated T cells predicts response to cancer vaccines. J Clin Invest. 2018;128(6):2569-2580.

11. Alam IS, Simonetta F, Scheller L, et al. Visualization of activated T Cells by OX40-ImmunoPET as a strategy for diagnosis of acute graft-versus-host
disease. Cancer Res. 2020;80(21):4780-4790.

12. Xiao Z, Mayer AT, Nobashi TW, Gambhir SS. ICOS is an indicator of T-cell-mediated response to cancer immunotherapy. Cancer Res. 2020;
80(14):3023-3032.

13. Simonetta F, Alam IS, Lohmeyer JK, et al. Molecular imaging of chimeric antigen receptor T Cells by ICOS-ImmunoPET. Clin Cancer Res. 2021;
27(4):1058-1068.

14. Maas-Bauer K, Lohmeyer JK, Hirai T, et al. Invariant natural killer T-cell subsets have diverse graft-versus-host-disease-preventing and antitumor
effects. Blood. 2021;138(10):858-870.

15. Ehx G, Somja J, Warnatz H-J, et al. Xenogeneic graft-versus-host disease in humanized NSG and NSG-HLA-A2/HHD mice. Front Immunol. 2018;
9:1943.

16. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):
550.

17. Cooke KR, Kobzik L, Martin TR, et al. An experimental model of idiopathic pneumonia syndrome after bone marrow transplantation: I. The roles of
minor H antigens and endotoxin. Blood. 1996;88(8):3230-3239.

18. Tako B, Knopf P, Maurer A, et al. CD69-ImmunoPET enables early response evaluation of cancer immunotherapies. In: IMAGING IMMUNITY – from
Nanoscale to Macroscale j Insights from Biophysics 14th ESMI Winter Conference, 12-17 January 2020, Ecole de Physique des Houches, Les
Houches, France.

23 AUGUST 2022 • VOLUME 6, NUMBER 16 ICOS immunoPET FOR SAFE EARLY DETECTION OF GI-GvHD 4791

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/16/4782/1913929/advancesadv2022007403.pdf by guest on 05 January 2023

https://orcid.org/0000-0003-4311-0317
https://orcid.org/0000-0002-0696-7197
https://orcid.org/0000-0002-0696-7197
mailto:negrs@stanford.edu
mailto:israt@stanford.edu
Federico Simonetta
31



19. Krebs S, Ahad A, Carter LM, et al. Antibody with infinite affinity for in vivo tracking of genetically engineered lymphocytes. J Nucl Med. 2018;
59(12):1894-1900.

20. National Institute of Diabetes and Digestive and Kidney Diseases. LiverTox: Clinical and Research Information on Drug-Induced Liver Injury.
Accessed Day Month Year.

21. Maazi H, Patel N, Sankaranarayanan I, et al. ICOS:ICOS-ligand interaction is required for type 2 innate lymphoid cell function, homeostasis, and
induction of airway hyperreactivity. Immunity. 2015;42(3):538-551.

22. Latis E, Michonneau D, Leloup C, et al; CRYOSTEM Consortium. Cellular and molecular profiling of T-cell subsets at the onset of human acute
GVHD. Blood Adv. 2020;4(16):3927-3942.

23. Blazar BR, Sharpe AH, Chen AI, et al. Ligation of OX40 (CD134) regulates graft-versus-host disease (GVHD) and graft rejection in allogeneic
bone marrow transplant recipients. Blood. 2003;101(9):3741-3748.

24. Tripathi T, Yin W, Xue Y, et al. Central roles of OX40L-OX40 interaction in the induction and progression of human T cell-driven acute graft-versus-host
disease. Immunohorizons. 2019;3(3):110-120.

25. Taylor PA, Panoskaltsis-Mortari A, Freeman GJ, et al. Targeting of inducible costimulator (ICOS) expressed on alloreactive T cells down-regulates
graft-versus-host disease (GVHD) and facilitates engraftment of allogeneic bone marrow (BM). Blood. 2005;105(8):3372-3380.

26. Yu X-Z, Liang Y, Nurieva RI, Guo F, Anasetti C, Dong C. Opposing effects of ICOS on graft-versus-host disease mediated by CD4 and CD8
T cells. J Immunol. 2006;176(12):7394-7401.

27. Zhang M, Wu Y, Bastian D, et al. Inducible T-cell co-stimulator impacts chronic graft-versus-host disease by regulating both pathogenic and
regulatory T cells. Front Immunol. 2018;9:1461.

28. Parker MH, Stone D, Abrams K, Johnson M, Granot N, Storb R. Anti-ICOS mAb targets pathogenic IL-17A-expressing cells in canine model of
chronic GVHD. Transplantation. 2021;105(5):1008-1016.

29. Kong X, Zeng D, Wu X, et al. Tissue-resident PSGL1loCD41 T cells promote B cell differentiation and chronic graft-versus-host disease-associated
autoimmunity. J Clin Invest. 2021;131(1):e135468.

4792 XIAO et al 23 AUGUST 2022 • VOLUME 6, NUMBER 16

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/16/4782/1913929/advancesadv2022007403.pdf by guest on 05 January 2023

Federico Simonetta
32



 33 

3.2. Publication 2  
 

Maas-Bauer K, Lohmeyer JK, Hirai T, Ramos TL, Fazal FM, Litzenburger UM, Yost KE, 

Ribado JV, Kambham N, Wenokur AS, Lin PY, Alvarez M, Mavers M, Baker J, Bhatt AS, 

Chang HY, Simonetta F#, Negrin RS#. Invariant natural killer T-cell subsets have diverse graft-

versus-host-disease-preventing and antitumor effects. Blood. 2021;138(10):858-870. doi: 

10.1182/blood.2021010887. 

(# Co-senior authors) 

 

Invariant Natural Killer T (iNKT) cells are a small subset of innate immune lymphocytes that 

have a great translational potential for allogeneic HSCT, as they lack any GvHD-induction 

potential while displaying strong antitumor as well as immune-regulatory activity. Previous 

studies have shown that iNKT cells are able to prevent GvHD in murine models (Leveson-

Gower et al., 2011). Once considered a homogeneous population, it is now well established 

that murine iNKT cells differentiate during thymic development into three distinct sublineages, 

distinguished based on the expression of transcription factors and effector molecules and 

named according to the classification of conventional T cells: Th1-like iNKT (iNKT1) cells, Th2-

like iNKT (iNKT2) cells, and Th-17 like iNKT (iNKT17) cells. Whether different iNKT 

sublineages had different GvHD suppressive effect and/or antitumor activity was not known. 

In this work we addressed this question.  

In order to identify surface molecules whose combination would allow us to isolate viable 

iNKT1, iNKT2, and iNKT17 cells, we performed a single cell RNA sequencing analysis using 

the 10x Genomics technology on murine thymic iNKT cells isolated from 8-10 week-old FVB/N 

mice by flow cytometry based on PBS-57-CD1d-Tetramer staining. The results of this analysis 

together with previously published knowledge, allowed us to develop a sorting strategy to 

isolate highly purified iNKT1, iNKT2 and iNKT17 cells, whose purity was confirmed by intra-

nuclear staining for the transcription factors PLZF and RORgT. The transcriptomic and 

epigenomic heterogeneity of the different iNKT sublineages was investigated by RNAseq and 

ATACseq  (assay for transposase-accessible chromatin using sequencing) respectively. More 

importantly, using in vitro and in vivo assays, we demonstrated that iNKT1 cells displayed the 

strongest antitumor potential. Conversely, only iNKT2 and iNKT17 cells protected from GVHD, 

whereas iNKT1 cells lack any immune-regulatory potential (Figure 5). Our study showed for 

the first time functional differences between the iNKT sublineages and provided important 

information to guide future development of iNKT cell based immunotherapies.   
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Figure 5. Graphical representation of the antitumor and immunoregulatory 
effects of iNKT sublineages. Personal material published as graphical abstract 

in Blood 2021.  
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Invariant natural killer T (iNKT) cells are a T-cell subset with potent immunomodulatory prop-
erties. Experimental evidence inmice and observational studies in humans indicate that iNKT
cells have antitumor potential as well as the ability to suppress acute and chronic graft-ver-
sus-host-disease (GVHD). Murine iNKT cells differentiate during thymic development into
iNKT1, iNKT2, and iNKT17 sublineages, which differ transcriptomically and epigenomically
and have subset-specific developmental requirements. Whether distinct iNKT sublineages
also differ in their antitumor effect and their ability to suppress GVHD is currently unknown.
In this work,we generated highly purifiedmurine iNKT sublineages, characterized their tran-
scriptomic and epigenomic landscape, and assessed specific functions. We show that iNKT2

and iNKT17, but not iNKT1, cells efficiently suppress T-cell activation in vitro and mitigate murine acute GVHD in vivo.
Conversely, we show that iNKT1 cells display the highest antitumor activity against murine B-cell lymphoma cells both
in vitro and in vivo. Thus, we report for the first time that iNKT sublineages have distinct and different functions, with
iNKT1 cells having the highest antitumor activity and iNKT2 and iNKT17 cells having immune-regulatory properties.
These results have important implications for the translation of iNKT cell therapies to the clinic for cancer immunotherapy
as well as for the prevention and treatment of GVHD.

Introduction
Allogeneic hematopoietic cell transplantation (HCT) is a highly
effective therapy for a broad range of life-threatening hematologic
malignancies, genetic abnormalities, and bone marrow failure sta-
tus. It is unfortunately, however, associated with significant mor-
bidity and mortality related to transplant complications, namely
acute graft-versus-host disease (GVHD) and immune deficiencies.
During acute GVHD, the interaction with host tissues induces
donor-derived T-cell activation, proliferation, andmigration to tar-
get organs, notably skin, liver, and intestine, leading to cell dam-
age and clinical manifestations.1 Preclinical murine models of
GVHD strongly support the feasibility of selectively preventing
GVHD by using cellular immunotherapy.

Invariant natural killer T (iNKT) cells are an innate lymphocyte pop-
ulation expressing a semi-invariant T-cell receptor that recognizes
glycolipids presented in the context of the non-polymorphic mol-
ecule CD1d. Through modulation of innate and adaptive immune
cells, iNKT cells display an extremely versatile panel of func-
tions,2,3 ranging from antitumor effects to immune-regulatory
activity. Experimental evidence in mice4-8 and observational

studies in humans9,10 indicate that iNKT cells have the potential
to suppress acute and chronic GVHD.11

It is now well established that murine iNKT cells differentiate dur-
ing thymic development into at least 3 distinct sublineages,
iNKT1, iNKT2, and iNKT17 cells; these sublineages are classified
based on the expression of transcription factors and effector mol-
ecules.12-15 Several studies provided insights into the develop-
mental requirements16-19 and molecular characteristics15,20,21 of
the distinct iNKT sublineages, but no formal evidence of their
functional heterogeneity exists. Therefore, whether one or multi-
ple sublineages are suitable for antitumor and/or GVHD immuno-
therapy is not known.

In the current work, the molecular and functional heterogeneity
of murine iNKT subsets was assessed and the function of
iNKT1, iNKT2, and iNKT17 cells was tested with respect to their
antitumor effects. Moreover, we assessed the ability of each
iNKT cell sublineage to prevent GVHD in murine models of
HCT. For the first time, we show that iNKT2 and iNKT17 cells,
but not iNKT1 cells, display an immune-regulatory effect

KEY PO INT S

! iNKT2 and iNKT17, but
not iNKT1, cells mitigate
murine acute GVHD.

! iNKT1 cells exert
stronger antitumor
effects in vitro and
in vivo.

858 blood® 9 SEPTEMBER 2021 | VOLUME 138, NUMBER 10 © 2021 by The American Society of Hematology

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/10/858/1821500/bloodbld2021010887.pdf by guest on 18 N

ovem
ber 2021

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2021010887&domain=pdf&date_stamp=2021-09-09
Federico Simonetta
35



mitigating murine acute GVHD and that iNKT1 cells have the
strongest antitumor effect.

Methods
Mice
BALB/cJ (H-2kd), C57Bl/6J (H-2kb), and FVB/NJ (H-2kq) mice were
purchased from The Jackson Laboratory. Luc1 transgenic FVB/N
L2G85 mice22 were bred at Stanford University. All animal experi-
ments were approved by the Administrative Panel on Laboratory
Animal Care at Stanford University.

Flow cytometric analysis
Reagents used for fluorescence-activated cell sorting (FACS) anal-
ysis are summarized in the supplemental Methods (available on
the Blood Web site). Samples were acquired on a BD LSRII (BD
Biosciences) andwere analyzed by using FlowJo 10.5.0 (Tree Star).

Genomics analyses
Materials andmethods used for genomics analyses are detailed in
the supplemental Methods.

Isolation of iNKT sublineages
Single-cell suspensions from thymi harvested from 6- to 8-week-
old FVB/N mice were incubated with biotinylated anti-CD19,
anti-CD8a, anti-CD62L, anti-TCR-gd, anti–GR-1, anti-Ter119, and
streptavidin beads (BD) and negatively enriched. After staining
with anti–inducible T-cell costimulator (ICOS), anti-CD27, anti–T-
cell receptor (TCR)-b, anti-CD24, anti-CD4, anti–programmed
cell death protein 1 (PD-1), streptavidin, and PBS-57–CD1d tetra-
mer, cells were sorted on an FACSAria II (BD). Cell purity was
assessed by FACS after transcription factor staining with anti-
PLZF and anti-RORgT and was consistently .92%.

In vitro cytotoxicity assay
The CD1d-transduced A20 B-cell lymphoma cell line was a kind
gift of Mitchell Kronenberg (La Jolla Institute for Immunology, La
Jolla, CA). A20-CD1d cells were loaded for 4 hours with 250 ng/
mL a-galactosylceramide (KRN7000, REGiMMUNE), washed,
stained by using a CellTrace CFSE Proliferation Kit (Life Technolo-
gies), and plated in round bottom 96-well plates at 10000 cells
per well. FACS-sorted iNKT1, iNKT2, and iNKT17 cells were
mixed with A20-CD1d cells at an effector:target ratio of 4:1. After
24 hours, cells were stained for CD19 and B220 and viability dye,
and analyzed by FACS. iNKT-mediated cytotoxicity was calculated
as percentage of death compared with A20-CD1d cells cultured
alone.

In vivo tumor model
CD1d-transduced A20 B-cell lymphoma cells (2 3 10e4) resus-
pended in phosphate-buffered saline were injected intravenously
by tail vein into alymphoid BALB/c Rag12/2 gC2/2 mice or into
sublethally (4.4 Gy) irradiated wild-type BALB/c mice. Sorted
splenic CD41 iNKT cells, iNKT1, iNKT2, or iNKT17 cells (5 3
10e4), were injected intravenously on the same day. Mice were
monitored daily and euthanized if moribund or when lower limb
paralysis appeared.

In vitro suppressive assay
CD41 conventional T cells (Tcon) were enriched from splenocytes
of luc1 FVB/N mice with CD4 MicroBeads (Miltenyi Biotec). After

staining with a Violet Proliferation Kit (Life Technologies), cells
were plated in a round bottom 96-well plate at a concentration
of 30000 cells per well with anti-CD3/anti-CD28 activation beads
(1:1 ratio; Invitrogen). FACS-sorted iNKT1, iNKT2, and iNKT17
cells were mixed with CD4 Tcon at a 1:1 ratio. After 96 hours, cells
were stained for CD25, ICOS, and fixable viability dye and ana-
lyzed by FACS. iNKT-mediated suppression was calculated as a
percentage of reduction of mean number of cell cycles per cell
compared with control cells cultured without iNKT cells.

Allogeneic bone marrow transplantation
Donor CD41 andCD81 conventional T cells (Tcon) were prepared
from splenocytes of luc1 FVB/N mice and enriched with CD4 and
CD8 MicroBeads (Miltenyi Biotec). Cell purity was consistently
.95%. T-cell–depleted bone marrow (TCD-BM) was prepared
by crushing bones from FVB/N mice and depleting T cells with
CD4 and CD8 MicroBeads. BALB/c recipient mice were lethally
irradiated with 8.8 Gy in 2 doses administered 4 hours apart. On
the same day, 4 3 106 TCD-BM cells and 1.0 3 106 Tcon from
luc1 FVB/N mice were injected intravenously. Sorted iNKT1,
iNKT2, or iNKT17 cells were coinjected. Transplanted animals
housed with food containing sulfamethoxazole and trimethoprim
were monitored daily, and weight and GVHD scores23 were
assessed weekly. Survival was analyzed by using the Kaplan-
Meier method and log-rank test. Weight loss and GVHD clinical
score were analyzed by 2-way analysis of variance with Bonferroni
correction. A value of P , .05 was considered statistically signifi-
cant. All transplant experiments were performed with sex-
matched mice between 8 and 12 weeks of age.

Multiplex cytokine assays
Sera were collected from recipient mice on day 7 after transplan-
tation. Cytokines were analyzed by using a multiplex assay system
(Th1/Th2 Cytokine 11-Plex Mouse ProcartaPlex Panel; Invitrogen)
and quantitated by using the Luminex 200 System (Luminex).

Histopathology
Tissues were fixed in 10% neutral buffered formalin. Tissue proc-
essing, staining with hematoxylin and eosin, and digital photomi-
crography were conducted by HistoWiz. Tissue sections were
evaluated and scored for GVHDblindly by an experienced pathol-
ogist (N.K.) according to a previously published system.24

Statistical analysis
Statistical analyses were performed by using Prism 6 (GraphPad
Software) and R 3.5.1 with R studio 1.1.453 (RStudio, Public
Benefit Corporation).

Results
Single-cell RNA sequencing identifies surface
molecules for isolation of highly purified iNKT
sublineages
In agreement with previous reports,14 thymic iNKT from BALB/c
mice, but not C57BL/6 mice, display sizeable populations of
iNKT1, iNKT2, and iNKT17, defined by the differential expression
of the transcription factors PLZF and RORgT (supplemental Figure
1A-B), whereas splenic iNKT cells were dominated by iNKT1 cells
in both mouse strains (supplemental Figure 1A,C). Thymic iNKT
cells from FVB/N mice displayed all 3 sublineages, with a slight
dominance of iNKT2 cells, whereas splenic iNKT cells were mostly

DIFFERENT FUNCTIONS OF iNKT CELL SUBSETS blood® 9 SEPTEMBER 2021 | VOLUME 138, NUMBER 10 859

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/10/858/1821500/bloodbld2021010887.pdf by guest on 18 N

ovem
ber 2021

Federico Simonetta
36



iNKT17
99.2%

ICOS

TCRβ

CD27

RORγt

PB
S-

57
 C

d1
d

PD
-1

CD
4

PL
ZF

Te
tra

m
er

E

iNKT17iNKT2iNKT1

lcos Pdcd1 Cd4

3

2

1

Ge
ne

 co
un

t (
lo

g 10
)

D

iNKT17iNKT2iNKT1

3

2

1
iNKT17iNKT2iNKT1

3

2

1

iNKT17iNKT2iNKT1

Pxdc1
Sdc1
Bik
Emb
Tmem176b
Lgals3
5830411n06rik
Pdcd1
Tmem176a
Lmo4

II4
Phgdh
Npepl1
Lbh
Smpdl3a
Cd4
Izumo1r
II6ra
Zfos1
1700097n02rik

Nkg7
Cd7
Fcer1g
Xcl1
Ly6c2
Crip1
Rgs1
S100a6
Gzma
Ccl5

Expression
(z-score)

2

1

0

-1

C

iNKT17

iNKT2

iNKT1

Tbx21 Zbtb16 Rorc

-1.0

10
20
30
40

50

-0.5
0.0
0.5
1.0

B

Percent Expressed

Average Expression

UMAP_1
-5.0

-6

-4

-2

0

2

4

-2.5 0.0 2.5 5.0

Single Cell RNAseq

iNKT1 iNKT2

iNKT17

UM
AP

_2

A

iNKT2
95.3%

iNKT1
98.8%

Pxdc1
Sdc1
Bik
Emb
Tmem176b
Lgals3
5830411N06Rik
Pdcd1
Tmem176a
Lmo4

II4
Phgdh
Npepl1
Lbh
Smpdl3a
Cd4
Izumo1r
II6ra
Zfos1
1700097N02Rik

Nkg7
Cd7
Fcer1g
Xcl1
Ly6c2
Crip1
Rgs1
S100a6
Gzma
Ccl5

Bulk RNAseq Expression
(z-score)

1

0

-1
-1.5

1.5

-0.5

0.5

F

iN
KT1

7

iN
KT2

iN
KT1

Figure 1.

860 blood® 9 SEPTEMBER 2021 | VOLUME 138, NUMBER 10 MAAS-BAUER et al

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/138/10/858/1821500/bloodbld2021010887.pdf by guest on 18 N

ovem
ber 2021

Federico Simonetta
37



represented by iNKT1 cells. Given the distribution of iNKT subli-
neages, FVB/N thymi were selected as a cellular source.

We next performed single-cell RNA sequencing (scRNA-seq) on
thymic FVB/N iNKT cells sorted from individual animals based
on PBS57-loaded tetramer staining. The cells segregated into 3
clearly defined clusters expressing genes characteristic of iNKT1,
iNKT2, and iNKT17 cells (Figure 1A). Expression of Tbx21,
Zbtb16, and Rorc genes, encoding the key lineage-defining tran-
scription factors T-Bet, PLZF, and RORgT, respectively, further
confirmed the identities of the clusters (Figure 1B). iNKT1 cells
expressed the highest levels of transcripts from genes associated
with cytotoxic effector function (Nkg7, Gzma, and Ccl5), iNKT2
cells expressed the highest level of Il4, and iNKT17 cells preferen-
tially expressed genes previously reported to identify Th17-like
iNKT cells, namely Sdc1 (Figure 1C).

This analysis revealed several differentially expressed tran-
scripts encoding cell surface–expressed molecules. In particu-
lar, Icos and Pdcd1 (encoding PD-1) were expressed at high
levels in iNKT2 and iNKT17 cells, whereas they were barely
detectable in iNKT1 cells (Figure 1D). In agreement with previ-
ous reports, iNKT1 and iNKT17 cells were almost devoid of Cd4
transcripts. Combining these molecules with others reported
in the literature (CD2712), we developed a FACS-isolation strat-
egy yielding highly purified iNKT sublineages, as confirmed by
intracellular staining for RORgT and PLZF (Figure 1E). Bulk RNA-
seq analysis of the sorted populations confirmed the distribu-
tion of differentially expressed genes identified by scRNA-seq
(Figure 1F).

Assay for transposase-accessible chromatin
sequencing reveals distinct chromatin accessibility
profiles of iNKT sublineages
We next profiled the chromatin accessibility of the obtained iNKT
sublineages using assay for transposase-accessible chromatin
sequencing (ATAC-seq). Pairwise analyses showed that iNKT2
and iNKT17 cells had more accessibility differences compared
with iNKT1 cells, with relatively fewer differences detected
between iNKT2 and iNKT17 cells (Figure 2A). Hierarchical cluster-
ing further confirmed that iNKT2 and iNKT17 cells displayed
closer chromatin accessibility profiles compared with iNKT1 cells
(Figure 2B). Focusing on differential ATAC-seq peaks at promoter
and transcription start sites for immunologically relevant genes,
iNKT1 cells displayed increased accessibility at the interferon-g
(Ifng) locus as well as at the granzyme A (Gzma) and granzyme B
(Gzmb) loci. In iNKT2 cells, we observed increased chromatin
accessibility in the promoter of the gene encoding the T helper
2 (Th2)-chemokine receptor CCR4, as well as in Il4 promoter.
Finally, iNKT17 cells selectively displayed increased chromatin
accessibility at promoters of genes encoding Th17-related cyto-
kines (Il17a and Il17f) and subset-specific cytokine receptors

(Il1r1 and Il23r). iNKT1-specific chromatin accessibility regions
were enriched for Runt-related and ETS-related-gene transcription
factors as well as for T-bet and Eomes binding motifs (supplemen-
tal Figure 2), as previously reported.25 iNKT2-specific regions
were enriched for GATA family transcription factor binding sites.
Finally, iNKT17-specific regions were enriched for binding sites
of the Th17-regulating factors RORgT and BATF. Collectively,
these data reveal that each iNKT sublineage has distinct chromatin
accessibility profiles and that iNKT2 and iNKT17 cells are more
epigenomically similar to one another than to iNKT1 cells.

iNKT1 cells display epigenomic and transcriptomic
potential for cytotoxic molecule production and
exert the strongest antitumor effect in vitro
and in vivo
Wenext examined chromatin accessibility and expression levels of
genes encoding molecules involved in antitumor effects of iNKT
cells.26 iNKT1 cells were the only subset displaying high promoter
chromatin accessibility and active transcription of Gzmb and Prf1
(Figure 3A). Moreover, multiple peaks were specifically enriched
in iNKT1 cells at putative distal regulatory regions for the Gzmb
gene (supplemental Figure 3). The promoter of the gene encod-
ing for Fas-ligand (Fasl), a key molecule in iNKT killing of tumor
cells,26,27 was accessible in all three sublineages, but higher acces-
sibility was detected in iNKT1. Similarly, we observed higher chro-
matin accessibility at putative distal regulatory regions both
upstream and downstream of the Fasl gene in iNKT1 cells.
Accordingly, iNKT1 cells uniquely expressed Fasl transcripts at
detectable levels. To assess each iNKT sublineage cytotoxic activ-
ity against target tumor cells, we incubated sorted iNKT1, iNKT2,
or iNKT17 cells together with a-galactosylceramide–loaded,
CD1d-transduced murine A20 lymphoma cells. iNKT1 cells dis-
played significantly higher cytotoxic activity against CD1d-
expressing A20 cells while iNKT2 and iNKT17 cells had minimal,
if any, effect (Figure 3B). We next assessed the antitumor activity
of iNKT sublineages in vivo. We first used spleen-derived CD41

iNKT cells in a B-cell lymphoma model allowing the use of very
low numbers of iNKT cells (supplemental Figure 4A). Lownumbers
of spleen-derived CD41 iNKT cells (53 10e4) had no effect when
coinjected with CD1d-expressing A20 cells (23 10e4) into Rag12/2

gC2/2 BALB/c mice. Conversely, in a fully immune competent
model of partial and transient lymphopenia induced by sublethal
(4.4 Gy) irradiation, low-dose splenic CD41 iNKT cells significantly
extended animal survival (supplemental Figure 4B), indicating an
interplay between adoptively transferred allogeneic iNKT cells
and host cells. We then used this model to assess the in vivo anti-
tumor potential of each iNKT sublineage. Invariant NKT1 cells sig-
nificantly extended animal survival in this model, whereas upon
adoptive transfer of iNKT2 cells and iNKT17 cells, we observed
a trend toward improved survival that did not reach statistical
significance (Figure 3C). Collectively, these results indicate that

Figure 1. Identification of surface molecules for sorting of iNKT sublineages using scRNA-seq. (A) Uniform manifold approximation and projection (UMAP) plot of
scRNA-seq data showing distinct clusters of iNKT cell subsets: iNKT1 (blue), iNKT2 (red), and iNKT17 (green) cells. (B) Dot-plot showing the proportion of cells (dot
size) and the scaled (z score) gene expression of genes encoding for the iNKT sublineage-defining transcription factors T-Bet (Tbx21), PLZF (Zbtb16), and RORgT
(Rorc). (C) Single-cell heatmap representing the 10 most highly differentially expressed genes in thymic iNKT cell subsets. Expression for each gene is scaled (z scored)
across single cells. (D) Normalized counts of Icos, Pdcd1, and Cd4 RNA expression. (E) FACS-sorting strategy for isolation of iNKT sublineages based on surface molecules
starting from CD19–, CD8a–, CD62L–, TCRgd–, GR-1–, Ter119–, and CD24– cells. Cell purity of FACS-sorted iNKT sublineages assessed by intranuclear staining for the tran-
scription factors PLZF and RORgT. (F) Heatmap representing the 10 most highly differentially expressed genes identified in scRNA-seq analysis in bulk RNA-seq analysis
performed on sorted populations. Expression for each gene is scaled (z scored) across single rows.
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iNKT1 cells exert stronger antitumor activity than iNKT2 and
iNKT17 cells both in vitro and in vivo.

iNKT sublineages display different immune-
regulatory effects in vitro
We next analyzed the potential of iNKT sublineages to produce
cytokines. We detected the highest Ifng chromatin accessibility
at the promoter site (Figure 4A) and at putative distal regulatory
sites (supplemental Figure 5) in iNKT1 cells. We also detected
high levels of Ifng transcripts in iNKT1 cells, whereas this transcript
was virtually undetectable in iNKT2 and iNKT17 cells. Similar lev-
els of Tnf accessibility and transcripts were detectable in all 3 sub-
lineages. Regarding the Il4 locus, encoding for interleukin-4 (IL-4),
a cytokine playing a crucial role in iNKT-mediated immune-regu-
lation,4,23 iNKT2 displayed the highest chromatin accessibility at
the promoter site and the highest levels of messenger RNA

transcripts. We observed at this site enrichment for binding motifs
of transcription factors with highest accessibility in iNKT2, includ-
ing Gata3, Lef1, and Znf263. iNKT17 cells partially shared with
iNKT2 cells an increased accessibility at the Il4 locus compared
with iNKT1 cells, which expressed the lowest levels. Conversely,
chromatin accessibility and generally limited transcripts were
detectable at the IL-13 (Il13) locus in the 3 sublineages. Regarding
Th17-related cytokines, both chromatin accessibility and transcrip-
tion of Il17a and Il22 genes were restricted to iNKT17 cells.

We next tested the immune-regulatory abilities of the iNKT subli-
neages in vitro. The 3 iNKT sublineages displayed a mild but sig-
nificant inhibitory effect on CD4 Tcon proliferation (Figure 4B-C,
left panels). This effect was mainly independent from cell death
induction by iNKT cells, as iNKT2 cells (but not iNKT1 and
iNKT17 cells) induced a slight but significant reduction in CD4

iNKT2

iNKT1

iNKT17

B

Runx3

Promoter

Ifng
Xcl1
Nkg7
Gzma
Gzmb
II12rb2

Tnfrsf4
Cd81

II4
Ccr4
Cxcr5

II17a
II17f
Sdc1
Pxdc1
II1r1
II23r

II17re
Amph
Tnfrsf21

Sox4

Subset

z-score

ATACseq
2,500 peaks

1

0

-1

-1.5

1.5

-0.5

0.5

iNKT2

VS
iNKT1

iNKT17

VS
iNKT1

iNKT17

VS
iNKT2

A

-Lo
g 1

0 (a
dj

us
te

d 
p-

va
lu

e)

0

25

50

75

100

125
ATACseq

Log2 fold change

0

25

50

75

100

125

0

0-5 5

25

50

75

100

125

Figure 2. Analysis of the chromatin accessibility landscape in iNKT sublineages. (A) Volcano plots showing significance and log2 fold change of ATAC-seq peaks in
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Tcon viability (supplemental Figure 6A). Interestingly, iNKT2 cells,
and to a lesser extent iNKT17 cells, inhibited CD25 and ICOS
upregulation on CD4 Tcon, whereas we observed no phenotypic
differences in CD4 Tcon cocultured with iNKT1 cells. Similarly,
coculture with iNKT2 and iNKT17 cells, but not with iNKT1 cells,
induced a significant reduction in the proportion of interferon-g
(IFN-g)–expressing CD4 Tcon (supplemental Figure 6B). Con-
versely, coculture of iNKT1 cells was associated with a slight but
significant increase in tumor necrosis factor-a (TNF-a)–expressing
CD4 Tcon (supplemental Figure 6B). Collectively, these results
show that distinct iNKT sublineages have different cytokine pro-
duction potential and immune-regulatory effects in vitro.

iNKT2 and iNKT17 cells, but not iNKT1 cells,
protect from acute murine GVHD
To assess in vivo the ability of each iNKT sublineage to protect
from acute GVHD, we used a major histocompatibility complex
mismatch murine model of acute GVHD, in which sorted FVB/N
iNKT1, iNKT2, or iNKT17 (5 3 104) cells were injected together
with luciferase-expressing FVB/N Tcon (1 3 106; Tcon/iNKT ratio
of 20:1) and TCD-BM cells (43 106) into lethally irradiated BALB/c
mice. Compared with mice that only received Tcon, mice that
received iNKT2 or iNKT17 cells displayed a significant survival
benefit (Figure 5A), whereas those that received iNKT1 cells
showed no survival benefit. In addition, weight and GVHD score
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were also improved in the groups that received iNKT2 or iNKT17
cells compared with mice that received iNKT1 cells. Importantly,
transfer of as few as 13 104 (Tcon/iNKT ratio of 100:1) iNKT2 cells,
but not iNKT1 or iNKT17 cells, were able to significantly suppress
GVHD (Figure 5B). No significant differences were observed in cell
proliferation, activation marker expression (ICOS and CD25), or
cytokine production (TNF-a and IFN-g) in CD4 and CD8 Tcon cells
recovered from mice transplanted in the presence or absence of
different iNKT sublineages (data not shown). Similarly, we did

not observe any significant difference in serum levels of proinflam-
matory cytokines, including IFN-g, TNF-a, IL-2, IL-6, and IL-18 (Fig-
ure 5C). Conversely, iNKT1 treatment was associated with a
significant reduction in the Th2-like cytokines IL-5 and IL-13. These
results indicate a different balance between Th1 and Th2 cytokines
during GVHD depending on the iNKT sublineage administered.
Collectively, these results indicate that iNKT2, and to a lesser
extent iNKT17, but not iNKT1, exerted significant immune-
regulatory function in a murine model of acute GVHD.
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Transcriptomic analysis of Tcon during GVHD
reveals differential immune-modulation induced by
iNKT sublineages
To gain further insights into the functional heterogeneity of
iNKT sublineages in GVHD prevention, we performed RNA-
seq analysis on CD4 and CD8 Tcon recovered at day 7 after
HCT with or without iNKT sublineages. Principal component
analysis clearly segregated CD4 and CD8 Tcon recovered
from recipients treated with iNKT cells from untreated mice
along PC1 (Figure 6A-B). iNKT cell treatment was associated
with higher transcription of genes encoding the immunomodu-
latory cytokine receptor Il27ra, as well as of the transcription

factor Stat, and reduced transcription of genes encoding
Ctla4 and Il18r1, as well as chemokine receptors such as
Ccc9 in CD4 Tcon and Ccr2 in CD8 Tcon cells. Differential
impact of different iNKT sublineages on Tcon transcriptome
was revealed by principal component 2 that explained 14%
and 21% of the variance in CD4 and CD8 Tcon, respectively.
iNKT1-treated CD4 (Figure 6A,C) and CD8 (Figure 6B,D)
Tcon segregated separately from iNKT2- and iNKT17-treated
cells that were partially overlapping, especially for CD8 T cells.
Gene Set Enrichment Analysis for Hallmark gene sets revealed
that iNKT2 and iNKT17 cells, but not iNKT1 cells, induced a sig-
nificant reduction in G2M checkpoint and mitotic spindle gene

C

pg
/m

l 1500

1000

2000

500

0

0.029 0.043

Tc
on

Tc
on

+iN
KT1

Tc
on

+iN
KT2

Tc
on

+iN
KT1

7

IFN-γ

150

100

200

50

0

Tc
on

Tc
on

+iN
KT1

Tc
on

+iN
KT2

Tc
on

+iN
KT1

7

TNF-α

100

50

0

Tc
on

Tc
on

+iN
KT1

Tc
on

+iN
KT2

Tc
on

+iN
KT1

7

IL-2

6000

4000

2000

0

Tc
on

Tc
on

+iN
KT1

Tc
on

+iN
KT2

Tc
on

+iN
KT1

7

IL-6

1500

1000

2000

50

0

Tc
on

Tc
on

+iN
KT1

Tc
on

+iN
KT2

Tc
on

+iN
KT1

7

IL-18

1500

2000

1000

50

0
Tc

on

Tc
on

+iN
KT1

Tc
on

+iN
KT2

Tc
on

+iN
KT1

7

IL-5

30

20

10

0

Tc
on

Tc
on

+iN
KT1

Tc
on

+iN
KT2

Tc
on

+iN
KT1

7

IL-13
40

**

*

***
***

*
*

100

50

0
0 30

Time after BMT (days)

p=0.0359

Su
rv

iva
l (

%
)

60

B

W
ei

gh
t (

%
)

Time after BMT (days)

100

80

60

40
0 30 60

Gv
HD

 sc
or

e

Time after BMT (days)

10

8

6

2

4

0
0 30 60

TBI BM Tcon 1x10e6  Tcon 1x10e6+
iNKT1 5x10e4  

Tcon 1x10e6+
iNKT2 5x10e4  

Tcon 1x10e6+
iNKT17 1x10e4  

100

50

0
0 30

Time after BMT (days)

p=0.0071

p=0.01

Su
rv

iva
l (

%
)

60

**
**

**
**

W
ei

gh
t (

%
)

Time after BMT (days)

100

80

60

40
0 30 60

*

*

***

Gv
HD

 sc
or

e

Time after BMT (days)

10

8

6

2

4

0
0 30 60

A TBI BM Tcon 1x10e6  Tcon 1x10e6+
iNKT1 5x10e4  

Tcon 1x10e6+
iNKT2 5x10e4  

Tcon 1x10e6+
iNKT17 5x10e4  
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sets in CD4 Tcon, whereas only iNKT2 cells suppressed themitotic
spindle gene sets in CD8 Tcon (supplemental Figure 7A-B).

Interestingly, iNKT1 cells, but not iNKT2 or iNKT17 cells, induced
a downregulation of genes of the oxidative phosphorylation set
both in CD4 and CD8 Tcon. iNKT2 and iNKT17 cells induced fur-
ther upregulation of Il27ra and further downregulation of Il18r1 in
Tcon compared with Tcon treated with iNKT1 cells (Figure 6C-D).
In addition, iNKT2 and iNKT17 cells induced the downregulation
of genes encoding cytokine receptors and integrins involved in
Tcon migration to target tissues, including Itgam in CD4 and
Ccr2, and Itga4 and Itga1 in CD8 Tcon. Importantly, iNKT subline-
age administration did not prevent the upregulation of gene sets
involved in T-cell effector responses, namely Th1 differentiation of
CD4 T cells (supplemental Figure 7C-D) and cytotoxicity of CD8

T cells (supplemental Figure 7E-F). Collectively, these results indi-
cate that distinct iNKT sublineages differentially modulate Tcon
transcriptome.

iNKT2 and iNKT17 cells, but not iNKT1 cells,
reduce intestinal tissue damage during murine
acute GVHD
We next aimed to confirm at the protein level the differential
modulation of molecules by different iNKT sublineages. We first
focused our attention on the gene encoding for IL-18Ra, a mole-
cule essential for IL-18 signaling and for sustaining IFN-g transcrip-
tion crucial in GVHD.28 iNKT2 and iNKT17 cells, but not iNKT1
cells, significantly suppressed IL-18Ra expression at CD8 and
evenmore at the CD4 Tcon cell surface (Figure 7A). Next, we ana-
lyzed the surface expression of CD49d or integrin a4, encoded by
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Figure 6. Adoptive transfer of distinct iNKT subsets differentially affect CD4 and CD8 Tcon transcriptome during murine acute GVHD. RNA-seq analysis of CD4
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the Itgam gene and necessary for the constitution of the a4b1
integrin, recently reported to play a crucial role in T-cell migration
to GVHD-target tissues.29 As shown in Figure 7B, iNKT2 and
iNKT17 cells, but not iNKT1 cells, induced a significant downregu-
lation in CD49d expression in CD4 Tcon, with iNKT2 cells also hav-
ing a significant impact on CD49d levels on CD8 Tcon cells.

To assess whether the iNKT17 cell immune-modulation observed
in mice receiving iNKT2 and iNKT17 cells was associated with
reduced damage at GVHD target sites, we performed a histo-
pathologic analysis of the small intestine and colon at day 7 after
transplantation.We found that recipients receiving iNKT2 and to a
lesser extent iNKT17 cells displayed reduced composite GVHD
pathology scores compared with recipients of conventional T cells

alone, whereas iNKT1 cells did not display any significant effect
(Figure 7C). Collectively, these results indicate that iNKT2 and
iNKT17 cells, but not iNKT1 cells, suppress pathways involved in
GVHD pathophysiology, including IL-18R and CD49d expression,
and reduce intestinal tissue damage in a murine model of acute
GVHD.

Discussion
iNKT cells are a cell subset with pleiotropic functions ranging from
cytotoxic effects to immune-regulatory activity. The demonstra-
tion of the existence of iNKT sublineages expressing distinct tran-
scription factors and cytokines12 provided a potential explanation
for iNKT cell pleiotropic activity. However, our knowledge of the
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functions of iNKT sublineages has been limited to observational
studies,30-33 and formal demonstration of their distinct functional
roles has been missing. The current study shows, for the first
time, that distinct iNKT cell sublineages display differential effec-
tor and immune-regulatory functions.

Our analyses of the potential to produce cytotoxic molecules, as
well as the in vitro and in vivo tumormodels, point to a preferential
cytotoxic activity by iNKT1 cells comparedwith iNKT2 and iNKT17
cells. These results are in agreement with previous studies report-
ing the unique ability of iNKT1 cells to produce granzyme B upon
short-term stimulation.34 Moreover, after establishing an in vivo
B-cell lymphoma model allowing for the analysis of the antitumor
immunomodulatory effect of iNKT cells, we showed that iNKT1
cells display also the highest antitumor potential in vivo (Figure 3C).

iNKT cells have been reported to regulate GVHD through IL-4
production4,35 and cytotoxic activity against recipient antigen-
presenting cells.8 We found that iNKT2 and iNKT17 cells, but
not iNKT1 cells, are able to mitigate GVHD induced by allogeneic
Tcon. According to our genomic analysis, iNKT2, and to a lesser
extent iNKT17, displayed higher chromatin accessibility at the Il4
promoter site and detectable messenger RNA transcripts ex vivo,
pointing to both cell subsets as potential IL-4 producers. These
data are in agreement with the report fromGeorgiev et al,34 which
showed that iNKT2 and iNKT17 produce IL-4 at the protein level.

We can therefore speculate that IL-4 production ability by iNKT2
and iNKT17 is a key mechanism in their GVHD suppressive activ-
ity, although this hypothesis could not be experimentally tested as
IL-4 signaling is necessary for physiological development of iNKT
cell sublineages (Jung-Hyun Park, National Cancer Institute, oral
presentation, 28 September 2016), and IL-42/2 cells therefore
cannot be used for this purpose. Conversely, despite their higher
cytotoxic potential, iNKT1 cells did not display any significant
impact on GVHD progression. This scenario suggests that den-
dritic cell cytotoxicity might not be amajormechanism of suppres-
sion in our mouse model, although the paucity of dendritic cells
after transplantation did not allow us to experimentally assess
this hypothesis.

Our transcriptomic analysis points to some gene sets modulated
by all iNKT subsets, including upregulation of the immunomodu-
latory cytokine receptor Il27ra as well as downregulation of Ctla4.
At the same time, the analysis reveals the preferential modulation
of cell cycle genes by iNKT2 and iNKT17 cells. Moreover, some
pathways important for GVHD pathogenesis such as the IL-18/
IL-18Ra axis, necessary for IFN-g transcription induction andmain-
tenance inGVHD,28 and CD49d/integrin a4 expression, crucial for
T-cell migration to GVHD-target tissues,29 were preferentially
modulated by the administration of iNKT2 and iNKT17 cells. Inter-
estingly, iNKT1 cells seemed to downregulate Tcon gene sets
involved in oxidative phosphorylation, suggesting the induction
of a metabolic switch toward glycolysis, a proinflammatory meta-
bolic state in GVHD.36,37 Collectively, our data confirm at the tran-
scriptomic level that distinct iNKT sublineages differentially affect
Tcon during GVHD and increase our knowledge about mecha-
nisms involved in GVHD prevention by iNKT cells.

Finally, differences in iNKT sublineage tissuemigration might con-
tribute to the differences in GVHD suppression. It is well estab-
lished that iNKT sublineages have tissue-specific distribution at

steady state,14 and whether this might influence their immuno-
therapeutic potential remains to be investigated.

Recently, Erkers et al38 reported an extensive characterization of
human iNKT heterogeneity and identified a CD4–CD941 popula-
tion with iNKT1-like properties and a CD41 population producing
higher levels of IL-4. Due to the paucity of iNKT cells in human
peripheral blood, current clinical trials using iNKT cells involve
in vitro expansion protocols (#NCT03605953). The demonstration
that iNKT2 and to a lesser extent iNKT17 cells, but not iNKT1
cells, protect from murine GVHD suggest that in vitro expansion
protocols allowing the preservation or acquisition of the
IL-4–producing, Th2-like phenotype should be preferred for
GVHD suppression over protocols inducing a more cytotoxic
cell profile that would bemore suitable for antitumor applications.
We provide the first complete chromatin accessibility atlas of all 3
iNKT sublineages associated with paired transcriptomic analysis.
We believe that this transcriptomic and epigenomic atlas of
murine iNKT sublineages will be a valuable resource to guide
the development of iNKT cellular products for immunotherapy.

In summary, this study provides a formal demonstration of differ-
ential functions exerted by different iNKT sublineages. Our find-
ings have important implications to orient clinical translation of
iNKT-based therapies.
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Given their potent antitumor effect and their lack of GvHD-induction potential, iNKT cells 

appear as a very promising cell population for the development of allogeneic cellular therapies 

to be used off-the-shelf. Several groups already reported the preclinical use of human iNKT 

cells engineered with a chimeric antigen receptor (CAR) to target several types of 

malignancies (Heczey et al., 2014; Rotolo et al., 2018; Heczey et al., 2020). In this work, we 

generated for the first time murine CAR iNKT cells to be employed in immunocompetent 

models of cancer. This allowed us to investigate the interplay between CAR iNKT cells and 

the host endogenous immune system. After showing that CD19-CAR iNKT cells were able, 

similarly to conventional CAR T cells, to exert a direct antitumor effect against CD19-

expressing lymphoma cells, we showed for the first time that allogeneic CAR iNKT cells 

display a potent immune-adjuvant effect toward the host immune system (Figure 6). In 

particular, CAR iNKT cells were able to induce activation of host CD8 T cells through their 

cross-priming. We showed that CAR iNKT cell treatment had an impact on host CD8 T cell 

transcriptome and TCR repertoire. More importantly, despite their short persistence in vivo, 

allogeneic CAR iNKT cells lead to the development of an antitumor immunological memory 

that lasted longer than the physical persistence that could be transferred to other animals in a 

sequential adoptive transfer experiment. Our data were published in the same period of a 

series of articles reporting the contribution of the epitope spreading phenomenon in 

conventional CAR T cell effect (Conde et al., 2021; Dhodapkar et al., 2022). Interestingly, our 

direct comparison between CAR iNKT cells and conventional CAR T cells suggest that CAR 

iNKT cells might be significantly stronger than conventional CAR T in exerting such effect in 

our model. If our data will be confirmed in humans, these finding might have a significant 

impact in the design of new, allogeneic CAR-based therapies.  
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Figure 6. Graphical representation of the direct and indirect antitumor effect 
of CAR iNKT cells. Personal material, unpublished.  
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Allogeneic CAR Invariant Natural Killer T Cells Exert
Potent Antitumor Effects through Host CD8 T-Cell
Cross-Priming
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Arielle S. Wenokur1, Jeanette Baker1, Amin Aalipour3,4, Xuhuai Ji5, Samuel Haile6, Crystal L. Mackall6,7,8,
and Robert S. Negrin1

ABSTRACT
◥

Purpose: The development of allogeneic chimeric antigen recep-
tor (CAR) T-cell therapies for off-the-shelf use is a major goal that
faces two main immunologic challenges, namely the risk of graft-
versus-host disease (GvHD) induction by the transferred cells and
the rejection by the host immune system limiting their persistence.
In this work we assessed the direct and indirect antitumor effect of
allogeneic CAR-engineered invariant natural killer T (iNKT) cells, a
cell population without GvHD-induction potential that displays
immunomodulatory properties.

Experimental Design: After assessing murine CAR iNKT cells
direct antitumor effects in vitro and in vivo, we employed an
immunocompetent mouse model of B-cell lymphoma to assess the

interaction between allogeneic CAR iNKT cells and endogenous
immune cells.

Results:Wedemonstrate that allogeneic CAR iNKT cells exerted
potent direct and indirect antitumor activity when administered
across major MHC barriers by inducing tumor-specific antitumor
immunity through host CD8 T-cell cross-priming.

Conclusions: In addition to their known direct cytotoxic effect,
allogeneic CAR iNKT cells induce host CD8 T-cell antitumor
responses, resulting in a potent antitumor effect lasting longer than
the physical persistence of the allogeneic cells. The utilization of off-
the-shelf allogeneic CAR iNKT cells could meet significant unmet
needs in the clinic.

Introduction
Chimeric antigen receptor (CAR) T cells have resulted in dramatic

and effective therapy for a range of relapsed and refractory malignan-
cies. The use of autologous cells for the generation of CAR T cells
represents a significant limitation to their widespread use for a number
of significant reasons, including the impact of disease and treatment on
the T-cell product, costs of individual production, and the time
required to produce the cellular product for patients with often rapidly
progressive disease. The development of universal allogeneic CAR T
cells could address these challenges yet faces two major limitations,

namely the risk of graft-versus-host disease (GvHD) induction by the
allogeneic cells that recognize host tissues and the rejection of the CAR
modified cells by the host immune system. Ablation of the T-cell recep-
tor (TCR; refs. 1–4) or use of non–MHC-restricted innate lymphocytes
have been attempted to prevent GvHD (reviewed in ref. 5). Similarly,
ablation ofMHC class-Imolecules to limit rejection by the host immune
system (6) has been employed in preclinical models.

Invariant Natural Killer T (iNKT) cells are a rare subset of innate
lymphocytes representing less than 1% of the total lymphocyte pop-
ulation both in humans and mice. iNKT cells express a semi-invariant
TCR recognizing glycolipids presented in the context of the mono-
morphic, MHC-like molecule CD1d. Because of their peculiar TCR
constitution and antigen recognition modality, iNKT cells do not
display any GvHD induction potential and can even prevent GvHD
(reviewed in ref. 7). iNKT cells display potent direct antitumor activity
through production of cytotoxic molecules (8). Several groups suc-
cessfully generated human CAR iNKT cells provided with antitumor
potential as assessed in vitro and in xenogeneic murine models (9–13).
These studies revealed several advantages of using CAR iNKT cells
over conventional CAR T cells, including their lack of induction of
xeno-GvHD (9), their preferential migration to tumor sites (9), and
their capacity of CAR iNKT to target both the natural ligandCD1d and
the CAR-targeted antigen (12). In addition to their direct cytotoxic
effect, iNKT cells are known for their strong immunomodulatory
effect. In particular, iNKT cells induce CD8 T-cell cross-
priming (14, 15) through the licensing of CD103þCD8alpha dendritic
cells (16–18), allowing the establishment of long-lasting antitumor
CD8 T-cell responses in murine models (19–22).

In this study, we tested the hypothesis that induction of host CD8
T-cell cross-priming by allogeneic CAR iNKT cells would allow the
establishment of an antitumor immunity lasting beyond the physical
persistence of the transferred cells. Taking advantage of the immu-
noadjuvant role of iNKT cells and their lack of GvHD-inducing
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potential, we demonstrate that allogeneic CAR iNKT cells exert, in
addition to their previously reported direct antitumor effect (9–13), an
indirect effect through the induction of host CD8T-cell cross-priming.

Materials and Methods
Mice

BALB/cJ (H-2Kd) and FVB/NJ (H-2Kq) mice were purchased from
The Jackson Laboratory. Firefly Luciferase (Lucþ) transgenic FVB/N
mice have been reported previously (23) and were bred in our animal
facility at Stanford University. BALB/c Rag1"/"gamma-chain"/" and
BALB/c BATF3"/" mouse strains were kind gifts of Dr. Irving Weiss-
man andDr. Samuel Strober, respectively, andwere bred in our animal
facility at Stanford University. All procedures performed on animals
were approved by Stanford University’s Institutional Animal Care and
Use Committee andwere in compliance with the guidelines of humane
care of laboratory animals.

CAR iNKT and conventional CAR T generation
Murine CD19.28z CAR iNKT and conventional CAR T cells

specifically recognizing the murine CD19 molecule were generated
using an adaptation of previously reported protocols (24). Murine
CD19 (mCD19) CAR stable producer cell line (25) was kindly
provided by Dr. Terry J. Fry. iNKT cells were negatively enriched
from FVB/Nmouse spleen single-cell suspensions and using amixture
of biotinylated mAbs (GR-1, clone: RB6–8C5; CD8a, clone: 53–6.7;
CD19, clone: 6D5; TCRgd, clone: GL3; TER119/erythroid cell, clone:
TER-119; CD62L, clone: MEL-14; BioLegend) and negative selection
by anti-biotin microbeads (BD IMag Streptavidin Particles Plus DM,
BDBiosciences). The enriched fraction (typically 10–30% enrichment)
was then stimulated for 5 days with a synthetic analog of a-galacto-
sylceramide (KRN7000, 100 ng/mL, REGiMMUNE) in the presence
of human IL2 (100 UI/mL; NCI Repository) and human IL15
(100 ng/mL; NCI Repository). Cells were grown in DMEM media
supplemented with 10% heat-inactivated FBS, 1 mmol/L sodium
pyruvate, 2 mmol/L glutamine, 0.1 mmol/L nonessential amino acids,
100 U/mL penicillin, and 100 mg/mL streptomycin at 37#C with 5%
CO2. Conventional T cells were enriched from FVB/N mouse spleen
single-cell suspensions using the mouse Pan T Cell Isolation Kit II
(Miltenyi Biotec) according to the manufacturer’s protocol. T cells

were activated for 24 hours with Dynabeads Mouse T-Activator CD3/
CD28 (Life Technologies) in the presence of human IL2 (30U/ml) and
murine IL-7 (10 ng/mL; PeproTech) in RPMI1640 media supplemen-
ted with 10% heat-inactivated FBS, 1 mmol/L sodium pyruvate,
2 mmol/L glutamine, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin at 37#C with 5% CO2. Activated cells were then transduced by
culturing them for 48 hours in retronectin-coated plates loaded with
supernatant harvested from the stable producer line 48 hours after
culture. Invariant NKT cell purity was evaluated by flow cytometry
using PE-conjugated PBS-57–loaded mCD1d tetramer (NIH Tetra-
mer Facility) and TCR-b (clone H57–597; BioLegend). Transduction
efficacy was measured by flow cytometry after protein L staining (26).
CAR iNKT cell numbers were adjusted based on transduction efficacy
before in vitro or in vivo use and the same number of untransduced
iNKT cells was used as control. In experiments comparing CAR iNKT
and conventional CAR T cells, percentages of transduced cells were
adjusted to the same transduction efficacy (50%).

In vitro cytotoxic assay
In vitro cytotoxic assays were performed as described previous-

ly (27). Briefly, murine CD19.28z CAR iNKT or conventional CAR T
cells were co-cultured for 24 hours with luciferase-transduced A20
cells (A20yfpþ/lucþ; ref. 28). A20yfpþ/lucþ cells tested negative for
Mycoplasma by PCR in October 2017, were cryopreserved in liquid
nitrogen, thawed, and cultured for maximum 1 week before use.

In vivo bioluminescence imaging
In vivo bioluminescence imaging (BLI) was performed as previously

described (27), using an IVIS Spectrum imaging system (Perkin Elmer)
and Living Image Software 4.1 (Perkin Elmer) or using an Ami LED-
illumination based imaging system (Spectral Instruments Imaging)
with Aura Software (Spectral Instruments Imaging).

In vivo murine tumor models
We employed two systemic B-cell lymphoma mouse models

reported previously (28). Briefly, CD19-expressing BCL1
lucþ

(5$ 104) or A20lucþ cells (2$ 104) resuspended in PBS were injected
intravenously by tail vein into alymphoid BALB/c (H-2Kd) Rag1"/"

gamma-chain"/" mice. For tumor induction in immunocompetent
mice, tumor cells were injected intravenously into sublethally (4.4 Gy)
irradiated BALB/c mice. For syngeneic bone marrow transplantation,
BALB/c mice were lethally irradiated (8.8 Gy in 2 doses administered
4 hours apart) and transplanted with syngeneic BALB/c bone marrow
cells (5$ 106) after T-cell depletion using CD4 and CD8 MicroBeads
(Miltenyi Biotec). For retransfer experiments, bone marrow cells from
alymphoid BALB/c (H-2Kd) Rag1"/" gamma-chain"/" mice were
used to exclude any potential contribution frombonemarrow–derived
T or NK cells after reconstitution.

Flow cytometry analysis
In vitro cultured cells or ex vivo isolated cells were resuspended in

phosphate-buffered saline (PBS) containing 2% FBS. Extracellular
staining was preceded by incubation with purified FC blocking reagent
(Miltenyi Biotech). Cells were stained with: TIM3 (clone: RMT3–23)
APC, CD62 L (clone: MEL-14) AF700, CD19 (clone: 6D5) APC-
Fire750, CD44 (clone: IM7) PerCpCy5.5, PD-1 (clone: 29F.1A12)
BV605, CD8a (clone: 53–6.7) BV650, NK1.1 (clone: PK136) BV711,
ICOS (clone: C398.4A) BV785, CD25 (clone: PC61.5) PE, TCRb
(clone: H57–597) PE/Dazzle594, and Thy1.1 (clone: HIS51) PeCy7.
All antibodies were purchased from BioLegend. Dead cells were
excluded using Fixable Viability Dye eFluor 506 (eBioscience).

Translational Relevance
The use of autologous cells for the generation of chimeric

antigen receptor (CAR) T cells represents a significant limitation
to the widespread use of this therapeutic approach. The develop-
ment of allogeneic CAR T cells for off-the-shelf use still faces two
major obstacles, namely the risk of graft-versus-host disease
(GvHD) induction and the rejection by the host immune system.
In this work, we show that allogeneic CAR-engineered invariant
natural killer T (iNKT) cells, a cell population without GvHD-
induction potential and with strong immunomodulatory proper-
ties, exerted potent antitumor activity by inducing tumor-specific
antitumor immunity through host CD8 T-cell cross-priming. The
induction of host antitumor immunity by allogeneic CAR iNKT
cells resulted in a long-lasting antitumor effect going beyond their
physical persistence.We believe that allogeneic CAR iNKT cells are
promising candidates for the development of off-the-shelf CAR
therapies, an important unmet need in the clinic.

Allogeneic CAR iNKT Cells Elicit Host CD8 T Cells
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Samples were acquired on a BD LSR II flow cytometer (BD Bios-
ciences), and analysis was performedwith FlowJo 10.5.0 software (Tree
Star).

RNA and TCR sequencing analysis
Host CD4 and CD8 T cells were FACS-sorted from pooled spleens

from 3 mice treated with allogeneic CAR iNKT or untreated control,
frozen in TRizol, and conserved at "80#C. RNA was extracted using
the TRizol RNA isolation method (Thermo Fisher Scientific) com-
bined with the RNeasyMinElute Cleanup (Qiagen). Full-length cDNA
was generated using the Clontech SMARTer v4 Kit (Takara Bio USA,
Inc.) prior to library generation with the Nextera XT DNA Library
Prep Kit (Illumina, Inc.). Libraries were pooled for sequencing on the
Illumina HiSeq 4000 platform (75 bp, paired-end). Sequencing reads
were checked using FastQC v.0.11.7. Estimated transcript counts and
transcripts per million (TPM) for the mouse genome assembly
GRCm38 (mm10) were obtained using the pseudo-aligner Kallisto.
Transcript-level abundance was quantified and summarized into gene
level using the tximport R package. Differential gene expression was
performed using the DESeq2 R package version 1.22.221, using FDR <
0.05. Gene-set enrichment analysis conducted using the fgsea R
package. For TCR sequencing, libraries were prepared from the
synthesized full-length cDNA using the nested PCR method reported
previously (29, 30). Sequencing was performed by using the Illumina
MiSeq platform after Illumina paired-end adapters incorporation.
TCRb sequence analysis was performed with VDJFasta. After total
count normalization, downstream analysis was performed on the
1,000 most represented clonotypes across the samples using the
FactoMineR and factoextra R packages.

Statistical analysis
The Mann–Whitney U test was used in cross-sectional analyses to

determine statistical significance. Survival curves were represented
with the Kaplan–Meier method and compared by log-rank test.
Statistical analyses were performed using Prism 8 (GraphPad Soft-
ware) andR version 3.5.1 Comprehensive RArchiveNetwork (CRAN)
project (http://cran.us.r-project.org) with R studio version 1.1.453.

Results
Allogeneic CAR iNKT cell antitumor effect is significantly
enhanced in the presence of host lymphocytes

To study the interaction of allogeneic CD19-specific CAR iNKT
cells with the host immune system, we utilized a fully murine exper-
imental system and transduced murine iNKT cells expanded ex vivo
from FVB/N mice with a previously reported CAR construct (24)
composed of the variable region cloned from the 1D3 hybridoma
recognizing murine CD19 linked to a portion of the murine CD28
molecule and to the cytoplasmic region of themurine CD3-zmolecule
(CD19.28z CAR; Fig. 1A). The cytotoxic potential of CD19.28z-CAR
iNKT was confirmed by in vitro cytotoxic assays against the CD19-
expressing A20 lymphoma cell line, revealing dose-dependent cyto-
toxicity of the CD19.28z-CAR iNKT cells (Fig. 1B). As predicted,
untransduced iNKT did not display any significant cytotoxic effect
against A20 cells (Fig. 1B) according to their lack of expression of
CD1d. We next evaluated in vivo the direct antitumor effect of
allogeneic CAR iNKT cells using BALB/c (H-2Kd) Rag1"/" gam-
ma-chain"/" mice as recipients (Fig. 1C and F). FVB/N (H-2Kq)
derived allogeneic CAR iNKT cells significantly controlled tumor
growth (Fig. 1D) and improved animal survival (Fig. 1E) compared
with both untreated mice andmice receiving untransduced iNKT cells

after administration to MHC-mismatched immunodeficient mice
receiving CD19-expressing BCL1 B-cell lymphoma cells. In a second,
more aggressive model of B-cell lymphoma using A20 cells (Fig. 1F),
allogeneic CAR iNKTminimally affected tumor growth as revealed by
BLI (Fig. 1G) and slightly but significantly improved survival (Fig. 1H)
compared with untreated mice and mice treated with untransduced
iNKT cells.

To assess the interplay between the transferred CAR iNKT cells and
the host immune cells, we employed the A20 tumor model to test the
antitumor activity mediated by allogeneic CAR iNKT cells in an
immunocompetent model (Fig. 2A) using as recipients wild-type
BALB/c mice receiving sublethal irradiation (4.4 Gy) leading to a
partial and transient lymphopenia. The antitumor effect of 1 $ 106

allogeneic untransduced iNKT and CAR iNKT cells was greatly
enhanced in this partially lymphopenic model, leading to long-term
survival of all treatedmice (Fig. 2B). Interestingly, a dose as low as 5$
104 untransduced iNKT cells (Fig. 2C) was sufficient to significantly
extend animal survival (Fig. 2D) and the addition of the CAR further
improved the effect of iNKT leading to long-term survival of all CAR
iNKT-treatedmice (Fig. 2D). To further stress themodel, we tested the
antitumor effect of untransduced iNKT andCAR iNKT cells in a high-
burden, pre-established tumor model in which high numbers (2.5 $
105) of A20 cells were injected 7 days before the adoptive transfer of
the effector cells (Fig. 2F). In this model, untransduced iNKT dis-
played a minimal although statistically significant effect (Fig. 2F),
whereas the administration of CAR iNKT cells significantly improved
animal survival compared with both untreated mice and mice receiv-
ing untransduced iNKT cells (Fig. 2F).

Collectively, these in vitro and in vivo data confirm the direct
antitumor effect of murine CAR iNKT cells and revealed an improved
effect of untransduced iNKT and, evenmore, of CAR iNKT cells in the
presence of host lymphocytes.

Host CD8 T-cell cross-priming contributes to the indirect
antitumor effect of allogeneic CAR iNKT cells

The striking difference in allogeneic CAR iNKT effect observed in
mice with partial lymphopenia (Fig. 2B and D) compared with
genetically alymphoid mice (Fig. 1H) suggested a role for host-
derived lymphocytes in the antitumor effect. To test the hypothesis
that host CD8 T-cell cross-priming mediates the indirect antitumor
effect of allogeneic CAR iNKT cells, we employed as recipients BALB/c
BATF3"/" mice, in which CD8 T-cell cross-priming is impaired as a
result of the absence of BATF3-dependent CD103þ CD8alphaþ
dendritic cells (31).

The effect of allogeneic CAR iNKT cells was partially abrogated in
A20-receiving BATF3"/" mice as compared to WT mice (Fig. 3A
and B), supporting the hypothesis that the impact of allogeneic CAR
iNKT cells is mediated, at least partially, by the activation of host CD8
T cells via their cross-priming. To further assess the synergistic effect of
allogeneic CAR iNKT cells and host-derived CD8T cells, we employed
an autologous bone marrow transplantation model, co-administering
allogeneic FVB/N CAR iNKT with syngeneic BALB/c CD8 T cells at
the time of transplantation with T-cell–depleted syngeneic BALB/c
bone marrow cells and transfer of A20 lymphoma cells into lethally
irradiated (8.8 Gy) BALB/c recipients. Co-administration of allogeneic
CAR iNKT and autologous CD8 T cells resulted in a synergistic effect,
significantly improving tumor control (Fig. 3C) and animal survival
(Fig. 3D) compared to mice receiving no treatment, as well as to mice
receiving either allogeneic CAR iNKT or autologous CD8T cells alone.
Collectively these data indicate that CD8 T-cell cross-priming is
necessary for allogeneic CAR iNKT cells to exert their full antitumor
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Figure 1.
In vitro and in vivo antitumor activity of murine CAR iNKT cells. A, Representative FACS-plot of untransduced (left) and mCD19.28z-CAR–transduced
(right) murine iNKT cells. iNKT were identified as PBS-57 CD1d tetramer–positive cells and CAR transduction was quantified by Protein L staining. B, Mean
and SD of cytotoxicity relative to the untreated control at different Effector:Target (E:T) ratios. Results are representative of two independent
experiments performed in triplicate. C and F, Schematic representation of the BCL1

lucþ (C) and A20lucþ (F) into Rag1"/" gamma-chain"/" recipient
experiments. D and G, Representative in vivo bioluminescence (BLI) images of BCL1

lucþ (D) and A20lucþ (G) tumor cell progression in Rag1"/" gamma-
chain"/" treated with untransduced iNKT cells (blue boxes and dots), CAR iNKT cells (red boxes and dots), or untreated (gray box and dots). E and H,
Survival of mice receiving BCL1

lucþ (E) or A20lucþ (H) and treated with untransduced iNKT cells (blue lines), CAR iNKT cells (red lines), or left untreated
(NT, gray lines). Results are pooled from two independent experiments with a total of 6 to 9 mice per group. BLI results were compared using a
nonparametric Mann–Whitney U test and P values are shown when significant. Survival curves were plotted using the Kaplan–Meier method and
compared by log-rank test. P values are indicated when significant.
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effect and suggest a synergy between these two cytotoxic T-cell
compartments.

Allogeneic CAR iNKT-cell treatment modulates host CD8 T-cell
phenotype, transcriptome, and TCR repertoire

To gain further insights into the impact of CAR iNKT cells on host
T cells, we performed phenotypic analysis of host T cells recovered at
day 7 and 14 after treatment with allogeneic CAR iNKT cells. At these
timepoints, allogeneic CAR iNKT cells were already undetectable as
revealed by in vivo tracking by bioluminescence (Supplementary
Fig. S1A), flow cytometry (data not shown), and as suggested by the
progressive increase of B-cell numbers (Supplementary Fig. S1B). We
observed a significant increase in the number of CD8 T cells recovered
at day 7 and day 14 from the spleen of mice treated with CAR iNKT
cells compared with untreated mice (Fig. 4A). Immunophenotypic
analysis revealed higher proportions of cells with a central memory

(CD62Lþ CD44þ) and reduced proportions of cells with an effector
(CD62L– CD44–) or effector memory (CD62L" CD44þ) phenotype
in CD8 T cells recovered at day 7 after allogeneic CAR iNKT treatment
compared with untreated mice (Fig. 4B). CD4 T-cell numbers were
increased at day 7 but not at day 14 after allogeneic CAR iNKT
treatment (Supplementary Fig. S2A), and CD4 T-cell phenotype was
only minimally affected by CAR iNKT treatment (Supplementary
Fig. S2B). A transcriptomic analysis performed on CD8 T cells FACS-
sorted at day 14 revealed the upregulation of genes associated with
cytotoxic antitumor activity (Lyz2, Gzma, Gzmm, Fasl) and the down-
regulation of genes involved with responses to type I interferon (Irf7,
Ifitm1, Ifi27l2a; Fig. 4C). Gene Set Enrichment Analysis (GSEA) for
Gene Ontology (GO) Biological Processes confirmed the upregulation
of antitumor gene sets (Fig. 4D) and the downregulation of the type I
IFN signature. In agreement with our phenotypic results, a GSEA
performed using two well-established memory CD8 T-cell gene
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signatures revealed enrichment in CD8 T-cell memory genes (Fig. 4E
and F). Transcriptomic analysis of CD4 T cells showed a similar
downregulation of genes involved in responses to type I interferon
(Irf7, Ifit1, Ifit3; Supplementary Fig. S2C) but did not reveal any
consistent pattern of expression of genes involved in antitumor activity
or cellular differentiation (Supplementary Fig. S2C). To assess the
impact of CAR iNKT treatment on the TCR repertoire of CD8 T cells,
we performed paired TCR-b sequencing. Hierarchical clustering based
on the 1,000 most represented TCR clonotypes revealed a closer
relationship between the TCR repertoire of CD8 T cells recovered
frommice receiving CAR iNKT cells compared with CD8 T cells from
untreated mice (Fig. 4G). Accordingly, principal component analysis
(PCA) showed close similarity in the TCR repertoire of CD8 T cells

from allogeneic CAR iNKT-treatedmice, whereas cells from untreated
mice displayed high heterogeneity (Fig. 4H). Analysis of the TCR
repertoire of CD4 T cells did not reveal any impact of allogeneic CAR
iNKT treatment (Supplementary Fig. S2D). Collectively, these results
indicate that allogeneic CAR iNKT-cell treatment shaped the hostCD8
T-cell compartment phenotypically, transcriptomically, and in terms
of clonal repertoire.

Allogeneic CAR iNKT-cell treatment induces long-lasting host
CD8 T-cell tumor-specific responses

To formally prove that allogeneic CAR iNKT cells induce tumor-
specific host immune responses, at day 60 after treatment, we recov-
ered splenocytes frommice receiving A20 lymphoma cells and treated
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with allogeneic CAR iNKT cells. Recovered splenocytes were trans-
ferred into new lethally irradiated BALB/c recipients together with
bone marrow from Rag1"/" gamma-chain"/" BALB/c mice and A20
cells (Fig. 5A). Unprimed splenocytes from mice receiving only
sublethal irradiation were used as control. Splenocytes primed in the
presence of allogeneic CAR iNKT significantly extended the survival of
mice compared with both untreated mice and mice receiving
unprimed splenocytes (Fig. 5B, left). To assess the contribution of
CD8 T cells to this protective effect, we performed the same exper-
iment retransferring only allogeneic CAR iNKT-primed or unprimed
CD8 T cells. As shown in Fig. 5B (right), host CD8 T cells from
allogeneic CAR iNKT-treated mice significantly extended animal
survival comparedwith bothmice left untreated or receiving unprimed
CD8 T cells. Collectively, these experiments formally demonstrate that
allogeneic CAR iNKT treatment induced a long-lasting tumor-specific
host CD8-dependent antitumor immunity in allogeneic recipients.

Allogeneic CAR iNKT cells outperform conventional CAR T cells
in the presence of host lymphocytes

To assess the advantage that this indirect antitumor effect could
confer to allogeneic CAR iNKT cells over allogeneic conventional CAR
T cells, we compared these two populations. Given the potent direct
antitumor activity of conventional CAR T cells (Supplementary
Fig. S3A), a dose of as little as 2.5 $ 105 conventional CAR T cells
was sufficient to significantly extend mouse survival when adminis-

tered into alymphoid animals (Supplementary Fig. S3B), and this dose
was selected for comparison to CAR iNKT cells. As shown in Fig. 6A
and B, during partial lymphopenia conventional CAR T cells signif-
icantly extended animal survival, whereas CAR iNKT cells dramati-
cally outperformed conventional CAR T cells leading to tumor control
and survival of all treated mice. Collectively, these results demonstrate
that allogeneic CAR iNKT cells were significantly more effective than
allogeneic conventional CAR T cells in inducing extended tumor
control in immunocompetent hosts.

Discussion
In this study, we demonstrated in a murine model of CD19þ

lymphoma that allogeneic CAR iNKT cells exert, in addition to their
previously reported direct antitumor effect (9, 10, 12), an even stronger
indirect antitumor effect mediated by the induction of host immunity.

The potential contribution of the host immune system in the
effect of CAR T cells has been shown in preclinical (32–42) and
clinical (43–45) studies. Recent studies indicate that immunogenic cell
death eliciting endogenous cell responses contribute to the effects of
adoptively transferred immune effector cells, including TCR-
transgenic T cells (46, 47) and NK cells (46). We hypothesized that
induction of bystander host antitumor responses might be a partic-
ularly interesting approach in the allogeneic setting, as CAR cells
administered across majorMHC barriers will be invariably rejected by

Figure 4.
Allogeneic CAR iNKT-cell treatment modulates host CD8 T-cell number, phenotype, transcriptome, and TCR repertoire. Number (A) and immunophenotype (B) of
host CD8 T cells recovered from spleen 7 and 14 days after tumor induction inmice treatedwith allogeneic CAR iNKT cells (red boxes and symbols) or untreated (gray
boxes and symbols). Median (black dashed line) and upper/lower range (gray dotted lines) of CD8 T-cell counts in naive mice are represented. Results are pooled
from two independent experiments with a total of 5 to 13 mice per group. Groups were compared using a nonparametric Mann–Whitney U test and P values are
shown. C, Heatmap representing differentially expressed genes in host CD8 T cells FACS-sorted from recipients treated or not with allogeneic CAR iNKT cells.
Expression for each gene is scaled (z-scored) across single rows. Each column represents independent experiments with one to two biological replicates per
experiment. D, Top 10 enriched terms/pathways in CD8 T cells from untreated (gray bars) and CAR iNKT-cell–treated (red bars) animals revealed by GO Biological
Process analysis usingGSEA.E and F,Enrichment plots displaying the distribution of the enrichment scores for the genes downregulated during transition fromnaive
CD8 T cells versus memory CD8 T cells according to the Luckey and colleagues (E; ref. 66) or Kaech and colleagues (F; ref. 67) signatures. Gene signatures were
obtained from Molecular Signatures Database (MSigDB; C7: immunologic signatures). G and H, Hierarchical clustering (G) and PCA (H) of the top 1,000 clonotypes
based on TCRb sequencing of CD8 T cells from hosts treated with allogeneic CAR iNKT cells (red) or left untreated (gray).
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Figure 5.
Allogeneic CAR iNKT-primed host CD8 T cells display long-lasting antitumor immunity. A, Schematic representation of the sequential adoptive transfer experiment.
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transplanted mice receiving primed (red line) or unprimed (blue line) splenocytes (left) or CD8 T cells (right). Untreated controls are depicted in gray. Results are
pooled from two independent experimentswith a total of 10 to 14mice per group. Survival curveswere plotted using the Kaplan–Meiermethod and compared by log-
rank test. P values are indicated when significant.
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the host immune system. After confirming in a fully murine model the
previously reported direct cytotoxic effect of CAR iNKT cells (9–13),
we demonstrate that allogeneic CAR iNKT cells efficiently induce
antitumor immune responses in the recipient. Using BATF3"/"mice,
a classically employed model of conventional type 1 dendritic cell
(cDC1) deficiency (38, 46, 31, 48), we show that host CD8 T-cell cross-
priming is necessary for the full action of CAR iNKT cells. However,
BATF3deficiencyaffects several lineages, includingCD8Tcells (49, 50)
and Treg (51). To circumvent this limitation, we completed our
analysis with an adoptive transfer model using wild-type recipients
and wild-type CD8 T cells, indicating a synergy between allogeneic
CAR iNKT cells and host-type CD8 T cells. Importantly, we show that
retransfer of CAR iNKT-primed CD8 T cells allow for the transfer of
protective antitumor immunity. In our study, we focused our attention
on the induction of host CD8 T-cell responses that, lasting longer than
the physical persistence of the administered allogeneic cells, would
provide long-term antitumor protection. However, we cannot exclude
that other mechanisms, including host NK-cell activation (52) or
killing of tumor-associated macrophages (53), can contribute to the
early effects of CAR iNKT cells in our model.

iNKT cells are an ideal platform for off-the-shelf immunotherapies
given their lack of GvHD-induction potential (7) without need for
deletion of their endogenous TCR, a manipulation that has been
recently shown to alter the CAR T-cell homeostasis and persis-
tence (54). Moreover, despite being a rare lymphocyte population,
iNKT cells can be easily expanded ex vivo to numbers needed
for clinical uses (55–58) and several clinical trials using ex vivo
expanded autologous iNKT cells have been already successfully
conducted (59–61). However, previous reports indicate that the ability
of iNKT cells to expand in vitro may vary widely among individuals
(62), a potential limitation for generation of autologous or allogeneic
MHC-matched products. Use of allogeneic, off-the-shelf iNKT cells to
be administered across MHC barriers will circumvent this potential
limitation as universal donors whose iNKT cells display optimal
expansion potential can be selected. Moreover, our results indicate
that extremely low numbers of CAR iNKT cells persisting for a very
limited time are able to induce a potent, long-lasting antitumor effect
through their immunomodulatory role. Such an effect is in accordance

with what we previously reported in the GvHD settings, where
similarly low numbers (5 $ 10e4) of CD4þ iNKT cells were able to
efficiently prevent GvHD induced by conventional T cells in a major
MHC-mismatch mouse model of bone marrow transplanta-
tion (63, 64), even when rapidly rejected third-party cells were
employed (65).

A phase I clinical trial employing CD19-specific allogeneic CAR
iNKT cells for patients with relapsed or refractory B-cell malignancies
is currently ongoing (ANCHOR; NCT03774654). In analogy to what
performed with conventional CAR T cells, this clinical trial involves
the administration of a lymphodepleting regimen containing fludar-
abine and cyclophosphamide before CAR iNKT-cell infusion. Our
results indicate that a major component of allogeneic CAR iNKT cells’
effect derives from their interplay with the host immune system, an
interaction that can significantly be impaired by the lymphodepleting
conditioning. Future studies will determine whether the conventional
fludarabine/cyclophosphamide lymphodepletion interferes with CAR
iNKT-cell effect and will test alternative regimens to optimize both the
homeostasis and the immunoadjuvant effect of the administered
product.

In conclusion, our results represent the first demonstration of an
immunoadjuvant effect exerted by an allogeneic CAR cell product
toward the host immune system, resulting in long-lasting antitumor
effects that go beyond the physical persistence of the allogeneic cells.
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3.4. Publication 4 
Lohmeyer JK, Hirai T, Turkoz M, Buhler S, Lopes Ramos T, Köhler N, Baker J, Ji X, Villard J, 

Melotti A, Wagner I, Pradier A, Wang S, Ji X, Becattini S, Villard J, Merkler D, Chalandon Y, 

Negrin RS#, Simonetta F#. Analysis of T cell Repertoire and Transcriptome Identifies 

Mechanisms of Regulatory T cell (Treg) Suppression of GvHD. Blood 2022, Accepted  

(#co-senior author) 

 

CD4+ CD25+ FOXP3+ regulatory T cells (Treg) were the first immunoregulatory T cell 

population to be reported to suppress GvHD in murine models of HSCT without interfering 

with the graft-versus-tumor effect (GvT) of the transplantation procedure (Edinger et al., 2003). 

Leveraging on these preclinical experiments, several groups successfully transferred the 

Treg-immunotherapy concept for GvHD prevention to the human setting in pilot clinical trials  

(Di Ianni et al., 2011; Martelli et al., 2014; Meyer et al., 2019; Pierini et al., 2021) and the first 

multicentric randomized phase III clinical trial (NCT05316701) is currently ongoing. However, 

the cellular and molecular mechanisms underlying this dissociation of GvHD from GvT by Treg 

are not fully understood. This knowledge appeared essential for the further development of 

Treg-based therapies in GvHD and, more broadly, to generate new therapies that would 

prevent and treat GvHD without interfering with the GvT effect of the transplant procedure. In 

this work we addressed this issue by using paired transcriptomic and TCR repertoire analysis 

of CD4 and CD8 Tcon as well as Treg in the previously reported murine model of GvHD 

suppression by Treg. Our analysis identified several potential mechanisms through which Treg 

modulate Tcon function after allogeneic HSCT (Figure 7). First, we observed an increased 

transcription of IL-10 and IL-35 encoding genes in Treg mirrored by a downstream 

upregulation in genes involved in IL-10 and IL-35 signaling in Tcon, suggesting that these two 

molecular pathways are involved in the Treg/Tcon interaction during GvHD suppression. 

Second, we found a transcriptional metabolic switch induced in Tcon by the Treg 

coadministration characterized by the upregulation of genes involved in oxidative 

phosphorylation and the downregulation of genes involved in glycolysis. Interestingly, such 

changes in the transcription of genes involved in T cell metabolism were detected also at the 

target tissue level when our sequencing analysis was performed on colon tissues from mice 

with GvHD treated or not with Treg. In addition, in colon tissues from mice treated with Treg, 

we observed a downregulation of genes part of the signaling cascade of several inflammatory 

molecules including IFN-g, IL-6 and TNF-a. Collectively, our results identified multiple non 

redundant potential mechanisms of GvHD suppression by Treg. Moreover, in addition to these 

positive results, some negative results are as well of particular interest in understanding 

mechanisms of GvHD suppression by Treg. First, our analysis of the Tcon TCR repertoire in 

the presence or absence of Treg indicate that Treg coadministration does not preclude the 
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expansion of alloreactive Tcon clonotypes. Second, despite the fact that Treg as well undergo 

clonal restriction during GvHD suppression, we did not find evidence of increased similarity 

between the Treg and Tcon TCR repertoire during GvHD suppression, suggesting that the 

antigens recognized by Treg and Tcon differ and/or that Treg and Tcon have distinct activation 

modalities after allogeneic HSCT. 

 

 

 
 

Figure 7. Graphical representation of the immunoregulatory effects of Treg 
on conventional T cell transcriptome and repertoire during murine acute 
GvHD. Personal material to be published as graphical abstract in Blood 2023.  
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$QDO\VLV�RI�7�FHOO�5HSHUWRLUH�DQG�7UDQVFULSWRPH�,GHQWLILHV�0HFKDQLVPV�RI�5HJXODWRU\�7�FHOO���
�7UHJ��6XSSUHVVLRQ�RI�*Y+'���
���
-XOLDQH�.��/RKPH\HU���7RVKLKLWR�+LUDL�����0XVWDID�7XUNR]���6WHSKDQH�%XKOHU���7HUHVD�/RSHV�5DPRV�����
1DWDOLH� .|KOHU����� -HDQHWWH� %DNHU��� $VWULG� 0HORWWL����� ,QJULG� :DJQHU��� $PDQGLQH� 3UDGLHU������� 6LVL���
:DQJ�����;XKXDL�-L���6LPRQH�%HFDWWLQL���-HDQ�9LOODUG�����'RURQ�0HUNOHU�����<YHV�&KDODQGRQ�����5REHUW���
6��1HJULQ����)HGHULFR�6LPRQHWWD�����������
���
�� 'LYLVLRQ� RI� %ORRG� DQG� 0DUURZ� 7UDQVSODQWDWLRQ� DQG� &HOOXODU� 7KHUDS\�� 6WDQIRUG� 8QLYHUVLW\����
6WDQIRUG��&$����
��'HSDUWPHQW�RI�8URORJ\��7RN\R�:RPHQ
V�0HGLFDO�8QLYHUVLW\��7RN\R��-DSDQ����
�� 7UDQVSODQWDWLRQ� ,PPXQRORJ\� 8QLW� DQG� 1DWLRQDO� 5HIHUHQFH� /DERUDWRU\� IRU� +LVWRFRPSDWLELOLW\�����
'HSDUWPHQW�RI�'LDJQRVWLF��*HQHYD�8QLYHUVLW\�+RVSLWDOV��*HQHYD��6ZLW]HUODQG����
�� 'HSDUWPHQW� RI� 0HGLFLQH� ,�� 0HGLFDO� &HQWHU� �� 8QLYHUVLW\� RI� )UHLEXUJ�� )DFXOW\� RI� 0HGLFLQH�����
8QLYHUVLW\�RI�)UHLEXUJ��)UHLEXUJ��*HUPDQ\����
��7UDQVODWLRQDO�5HVHDUFK�&HQWHU�IRU�2QFRKHPDWRORJ\��'HSDUWPHQW�RI�0HGLFLQH��)DFXOW\�RI�0HGLFLQH�����
8QLYHUVLW\�RI�*HQHYD��*HQHYD��6ZLW]HUODQG����
��'HSDUWPHQW�RI�3DWKRORJ\�DQG� ,PPXQRORJ\��)DFXOW\�RI�0HGLFLQH��8QLYHUVLW\�RI�*HQHYD��*HQHYD�����
6ZLW]HUODQG����
�� 'LYLVLRQ� RI� +HPDWRORJ\�� 'HSDUWPHQW� RI� 2QFRORJ\�� *HQHYD� 8QLYHUVLW\� +RVSLWDOV�� *HQHYD�����
6ZLW]HUODQG����
��+XPDQ�,PPXQH�0RQLWRULQJ�&HQWHU��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��&$����
��'LYLVLRQ�RI�&OLQLFDO�3DWKRORJ\��*HQHYD�8QLYHUVLW\�+RVSLWDOV��*HQHYD��6ZLW]HUODQG����
����
����
��5�6�1�DQG�)�6��DUH�FR�VHQLRU�DXWKRUV�����
����
:RUG�FRXQW��� $EVWUDFW���������
� � 0DLQ�WH[W����������
)LJXUHV�������
6XSSOHPHQWDO�)LJXUHV�������
6XSSOHPHQWDO�0HWKRGV�������
5HIHUHQFHV��������
5XQQLQJ�WLWOH��$QDO\VLV�RI�7UHJ�VXSSUHVVLRQ�PHFKDQLVPV�RI�*Y+'����
����
�&RUUHVSRQGLQJ�DXWKRUV��5REHUW�6��1HJULQ��0'��QHJUV#VWDQIRUG�HGX��DQG�)HGHULFR�6LPRQHWWD��0'�����
3K'� �IHGHULFR�VLPRQHWWD#XQLJH�FK��� 'LYLVLRQ� RI� %ORRG� DQG�0DUURZ� 7UDQVSODQWDWLRQ� DQG� &HOOXODU����
7KHUDS\�� 'HSDUWPHQW� RI� 0HGLFLQH�� 6WDQIRUG� 8QLYHUVLW\� 6FKRRO� RI� 0HGLFLQH�� &HQWHU� IRU� &OLQLFDO����
6FLHQFHV�5HVHDUFK�%XLOGLQJ��5RRP�����������:��&DPSXV�'ULYH��6WDQIRUG��&$��������86$�������
� ����
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$EVWUDFW����
����
&'��)2;3��� UHJXODWRU\�7� FHOOV� KDYH�GHPRQVWUDWHG� HIILFDF\� LQ�JUDIW�YHUVXV�KRVW�GLVHDVH� �*Y+'�����
SUHYHQWLRQ�DQG�WUHDWPHQW��3UHFOLQLFDO�DQG�FOLQLFDO�VWXGLHV�LQGLFDWH�WKDW�7UHJ�DUH�DEOH�WR�SURWHFW�IURP����
*Y+'� ZLWKRXW� LQWHUIHULQJ� ZLWK� WKH� JUDIW�YHUVXV�WXPRU� �*Y7�� HIIHFW� RI� KHPDWRSRLHWLF� FHOO����
WUDQVSODQWDWLRQ� �+&7��� DOWKRXJK� WKH� XQGHUO\LQJ� PROHFXODU� PHFKDQLVPV� DUH� ODUJHO\� XQNQRZQ�� 7R����
HOXFLGDWH�7UHJ�VXSSUHVVLYH�IXQFWLRQ�GXULQJ�in vivo VXSSUHVVLRQ�RI�DFXWH�*Y+'��ZH�SHUIRUPHG�SDLUHG����
7� FHOO� UHFHSWRU� �7&5α, Τ&5β� JHQHV�� UHSHUWRLUH� VHTXHQFLQJ� DQG� 51$� VHTXHQFLQJ� DQDO\VLV� RQ����
FRQYHQWLRQDO�7�FHOOV� �7FRQ��DQG�7UHJ�EHIRUH�DQG�DIWHU� WUDQVSODQWDWLRQ� LQ�DQ�0+&�PDMRU�PLVPDWFK����
PRXVH�PRGHO�RI�+&7��:H�VKRZ�WKDW�ERWK�7UHJ�DQG�7FRQ�XQGHUZHQW�FORQDO�UHVWULFWLRQ�DQG�WKDW�7UHJ����
GLG� QRW� LQWHUIHUH� ZLWK� WKH� DFWLYDWLRQ� RI� DOORUHDFWLYH� 7FRQ� FORQHV� DQG� WKH� EUHDGWK� RI� WKHLU� 7&5����
UHSHUWRLUH�� KRZHYHU�� PDUNHGO\� VXSSUHVVHG� WKHLU� H[SDQVLRQ�� 7UDQVFULSWRPLF� DQDO\VLV� UHYHDOHG� WKDW����
7UHJ� SUHGRPLQDQWO\� DIIHFWHG� WKH� WUDQVFULSWRPH�RI�&'��7FRQ� DQG� WR� D� OHVVHU� H[WHQW� RI�&'��7FRQ�����
PRGXODWLQJ� WKH� WUDQVFULSWLRQ� RI� JHQHV� HQFRGLQJ� SUR�� DQG� DQWL�LQIODPPDWRU\� PROHFXOHV� DV� ZHOO� DV����
HQ]\PHV� LQYROYHG� LQ� PHWDEROLF� SURFHVVHV�� LQGXFLQJ� D� VZLWFK� IURP� JO\FRO\VLV� WR� R[LGDWLYH����
SKRVSKRU\ODWLRQ��)LQDOO\��7UHJ�GLG�QRW�LQWHUIHUH�ZLWK�WKH�LQGXFWLRQ�RI�JHQH�VHWV�LQYROYHG�LQ�WKH�*Y7����
HIIHFW�� 2XU� UHVXOWV� VKHG� OLJKW� LQWR� WKH� PHFKDQLVPV� RI� DFXWH� *Y+'� VXSSUHVVLRQ� E\� 7UHJ� DQG� ZLOO����
VXSSRUW�WKH�FOLQLFDO�WUDQVODWLRQ�RI�WKLV�LPPXQRUHJXODWRU\�DSSURDFK������
����
����
.H\�3RLQWV�����

�� 5HJXODWRU\�7�FHOOV�PRGXODWH�FRQYHQWLRQDO�7�FHOOV�WUDQVFULSWRPH�GXULQJ�*Y+'�VXSSUHVVLRQ�E\����
DIIHFWLQJ�VHYHUDO��QRQ�UHGXQGDQW�SDWKZD\V�����

�� 5HJXODWRU\�7�FHOOV�XQGHUJR�DFWLYDWLRQ�DQG�FORQDO�H[SDQVLRQ�GXULQJ�*Y+'�VXSSUHVVLRQ�����
����
����
� ����
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,QWURGXFWLRQ�����
����
$OORJHQHLF� KHPDWRSRLHWLF� FHOO� WUDQVSODQWDWLRQ� �+&7�� LV� D�ZHOO�HVWDEOLVKHG� DQG� SRWHQWLDOO\� FXUDWLYH����
WKHUDS\�IRU�D�EURDG�UDQJH�RI�KHPDWRORJLF�PDOLJQDQFLHV�GXH�WR� WKH�JUDIW�YHUVXV�WXPRU��*Y7��HIIHFW�����
8QIRUWXQDWHO\��DOORJHQHLF�+&7�LV�VWLOO�DVVRFLDWHG�ZLWK�VLJQLILFDQW�PRUELGLW\�DQG�PRUWDOLW\�UHODWHG�WR����
FDQFHU� UHODSVH� DQG� WUDQVSODQW� FRPSOLFDWLRQV�� QDPHO\� JUDIW�YHUVXV�KRVW� GLVHDVH� �*Y+'��� 7KH����
LPPXQRORJLFDO� PHFKDQLVP� UHVSRQVLEOH� IRU� *Y+'�� L�H�� GRQRU� 7� FHOO� DOORUHDFWLYLW\� WRZDUG� KRVW����
DQWLJHQV�� LV� DOVR� UHVSRQVLEOH� IRU� WKH� EHQHILFLDO� *Y7� HIIHFW� RI� DOORJHQHLF� +&7��� %HFDXVH� RI� WKH����
LQWHUFRQQHFWLRQ�EHWZHHQ�WKHVH�WZR�SKHQRPHQD��QRQH�RI�WKH�FXUUHQWO\�HPSOR\HG�VWUDWHJLHV�WR�*Y+'����
SUHYHQWLRQ�DQG�WUHDWPHQW�FDQ�HIILFLHQWO\�WDUJHW�*Y+'�ZLWKRXW�DIIHFWLQJ�*Y7������
����
,PPXQRUHJXODWRU\� FHOOXODU� WKHUDSLHV� DUH� D� SURPLVLQJ� DSSURDFK� IRU� *Y+'� SUHYHQWLRQ� DQG����
WUHDWPHQW�����:H�DQG�RWKHUV�KDYH�SUHYLRXVO\�VKRZQ�LQ�SUHFOLQLFDO�PXULQH�PRGHOV�WKDW�&'��)2;3������
UHJXODWRU\�7�FHOOV��7UHJ��DUH�DEOH�WR�SURWHFW�IURP�*Y+'�ZLWKRXW�LQWHUIHULQJ�ZLWK�WKH�*Y7�HIIHFW�RI����
+&7�±���(IIRUWV�DUH�RQJRLQJ�WR�WUDQVODWH�WKH�XVH�RI�7UHJ�DGRSWLYH�WUDQVIHU�IRU�*Y+'�SUHYHQWLRQ�±������
DQG�WUHDWPHQW������WR�WKH�FOLQLF�ZLWK�SURPLVLQJ�UHVXOWV������
����
7KH� SUHFLVH� FHOOXODU� DQG� PROHFXODU� PHFKDQLVPV� XQGHUO\LQJ� *Y+'� VXSSUHVVLRQ� E\� 7UHJ� DUH����
LQFRPSOHWHO\� XQGHUVWRRG�� 7ZR� QRQ�H[FOXVLYH� DQG� SRWHQWLDOO\� FRPSOHPHQWDU\� PRGHOV� H[LVW�� 7UHJ����
FRXOG�TXDQWLWDWLYHO\�DIIHFW�7�FHOO�UHVSRQVHV�E\�OLPLWLQJ�WKH�DFWLYDWLRQ�DQG�H[SDQVLRQ�RI�DOORUHDFWLYH�7����
FHOO� FORQHV� DQG�RU� PLJKW� TXDOLWDWLYHO\� PRGXODWH� 7� FHOO� IXQFWLRQ� E\� VHOHFWLYHO\� LQWHUIHULQJ� ZLWK����
SDWKZD\V�UHVSRQVLEOH�IRU�*Y+'�EXW�GLVSHQVDEOH�IRU�*Y7��7R�JDLQ�IXUWKHU�LQVLJKWV�VXSSRUWLQJ�RQH�RU����
WKH�RWKHU�RI�WKHVH�PRGHOV��ZH�SHUIRUPHG�SDLUHG�7�FHOO�UHFHSWRU��7&5��DQG�51$�VHTXHQFLQJ�DQDO\VLV����
RQ�7FRQ�DQG�7UHJ�EHIRUH�DQG�DIWHU�WUDQVSODQWDWLRQ�XVLQJ�DQ�0+&�PDMRU�PLVPDWFK�PRXVH�PRGHO�RI����
DFXWH�*Y+'�� ����
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0DWHULDO�DQG�PHWKRGV�����
����
$FXWH�*Y+'�PXULQH�PRGHO����
'RQRU� &'��� DQG� &'��� FRQYHQWLRQDO� 7� FHOOV� �7FRQ�� ZHUH� VHSDUDWHO\� LVRODWHG� IURP� VSOHQRF\WHV����
KDUYHVWHG� IURP� &'����� 7K\���� OXF�� &��%O��� PLFH� E\� QHJDWLYH� HQULFKPHQW� �6WHPFHOO��� 7� FHOO±���
GHSOHWHG�ERQH�PDUURZ��7&'�%0��FHOOV�ZHUH�SUHSDUHG�IURP�&'�����7K\����&��%O���PLFH�E\�ILUVW����
FUXVKLQJ� ERQHV� IROORZHG� E\� 7� FHOO� GHSOHWLRQ� XVLQJ� &'�� DQG�&'��0LFUR%HDGV� �0LOWHQ\L� %LRWHF������
&'����� 7K\���� )R[3��*)3��&'��� 7UHJ�ZHUH� )$&6� VRUWHG� IURP�&'��&'���GHSOHWHG� VLQJOH� FHOO�����
VXVSHQVLRQV�IURP�VSOHHQV�DQG�O\PSK�QRGHV�IURP�&'�����7K\����)R[3�*)3��&��%O���XVLQJ�D�%'�����
)$&6�$ULD�,,��&'�����7K\����%$/%�F�PLFH�ZHUH�OHWKDOO\�LUUDGLDWHG������*\��DQG�WUDQVSODQWHG�ZLWK�����
�[��H��7&'�%0�FHOOV� IURP�&'�����7K\����&��%O���PLFH�DORQH�RU� WRJHWKHU�ZLWK�&'�����7K\��������
&��%O���)R[3��*)3��7UHJ���[��H���RQ�GD\����2Q�GD\����&'������7K\�����&��%O���7FRQ���[��H�������
&'��&'�� UDWLR�  � ����� ZHUH� LQMHFWHG� WR� LQGXFH� *Y+'�� ,UUDGLDWHG� ���� *\�� V\QJHQHLF� &��%O�������
UHFLSLHQWV� UHFHLYLQJ� &��%O��� &'������ 7K\����� 7&'�%0� DQG� &'������ 7K\����� 7FRQ� DORQH� ZHUH�����
XVHG� DV� FRQWUROV�� 0LFH� ZHUH� PRQLWRUHG� GDLO\�� DQG� ERG\� ZHLJKW� DQG� *Y+'� VFRUH� ZHUH� DVVHVVHG�����
ZHHNO\�������
�����
&HOO�LVRODWLRQ�����
5HFLSLHQW�PLFH�ZHUH�HXWKDQL]HG���GD\V�DIWHU�+&7����GD\V�DIWHU�7FRQ�DGRSWLYH� WUDQVIHU��DQG�VLQJOH�����
FHOO� VXVSHQVLRQV� REWDLQHG� IURP� VSOHHQV� DQG� O\PSK� QRGHV�� &HOOV� IURP� �� DQLPDOV� SHU� JURXS� ZHUH�����
SRROHG�WR�REWDLQ���ELRORJLFDO�UHSOLFDWHV�LQ�HDFK�RI�WKH�WZR�LQGHSHQGHQW�H[SHULPHQWV��$IWHU�)F�EORFN�����
�0LOWHQ\L��� FHOOV� ZHUH� LQFXEDWHG� ZLWK� WKH� IROORZLQJ� DQWLERGLHV� �%LR/HJHQG��� &'�� �%9������ &'������
�%9������ 7K\���� �3(��� &'����� �3(�&\���� &'����� �$3&��� +��NG� �ELRWLQ�� DQG� &'��� �ELRWLQ������
IROORZHG�E\�VWUHSWDYLGLQ�$3&�)LUH��'RQRU�GHULYHG�7K\�����&'������&'��DQG�&'��7FRQ�DV�ZHOO�DV�����
7K\�����&'������&'���)R[3��*)3��7UHJ�ZHUH�)$&6�VRUWHG��7FRQ�DQG�7UHJ�WDNHQ�IURP�WKH�GRQRU�����
DOLTXRW� EHIRUH� LQMHFWLRQ� RU� UHFRYHUHG� DW� GD\� �� SRVW�+&7� ZHUH� IUR]HQ� LQ� 7UL]RO� �7KHUPR� )LVKHU�����
6FLHQWLILF��DQG�FRQVHUYHG�DW�í���&�XQWLO�DQDO\VLV�������
�����
6XSSOHPHQWDO�0HWKRGV�����
$QLPDOV�HPSOR\HG�LQ� WKH�VWXG\�DV�ZHOO�DV�PDWHULDOV�DQG�PHWKRGV�XVHG�IRU�ELROXPLQHVFHQW� LPDJLQJ�����
�%/,��� JHQRPLFV� DQDO\VHV�� KLVWRSDWKRORJLFDO� DQDO\VHV� DQG� VWDWLVWLFDO� DQDO\VHV� DUH� GHWDLOHG� LQ� WKH�����
6XSSOHPHQWDO�0HWKRGV������
�����
�����
� �����
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5HVXOWV�����
�����
7UHJ�WUHDWPHQW� LQKLELWHG�7FRQ�H[SDQVLRQ�DQG�WDUJHW�WLVVXH� LQILOWUDWLRQ�ZLWKRXW�DIIHFWLQJ�WKHLU�����
7&5�UHSHUWRLUH�EUHDGWK������
:H�HPSOR\HG�D�ZHOO�HVWDEOLVKHG�PRXVH�PRGHO�RI�*Y+'�LQ�ZKLFK�7UHJ�ZHUH�WUDQVIHUUHG�DW�WLPH�RI�����
+&7��WZR�GD\V�SULRU�WKH�DGRSWLYH�WUDQVIHU�RI�7FRQ����$V�SUHYLRXVO\�GHVFULEHG��PLFH�WUHDWHG�ZLWK�7UHJ�����
SULRU� WR�7FRQ�WUDQVIHU�VKRZHG�VLJQLILFDQWO\�LPSURYHG�VXUYLYDO�DQG�*Y+'�VFRUHV�FRPSDUHG�WR�PLFH�����
UHFHLYLQJ�7FRQ�DORQH� �6XSSOHPHQWDO�)LJXUH��$���7KH�XVH�RI�7FRQ�LVRODWHG�IURP� OXFLIHUDVH��GRQRUV�����
UHYHDOHG�WKDW�WKLV�HIIHFW�ZDV�DVVRFLDWHG�ZLWK�D�VLJQLILFDQW�UHGXFWLRQ�RI�7FRQ�H[SDQVLRQ�DW�GD\���DIWHU�����
WUDQVSODQWDWLRQ� �GD\� �� DIWHU� 7FRQ� DGPLQLVWUDWLRQ�� 6XSSOHPHQWDO� )LJXUH� �%�&��� $W� WKLV� WLPH� SRLQW������
SUHYLRXVO\�UHSRUWHG�WR�EH�WKH�SHDN�RI�7FRQ�H[SDQVLRQ����7UHJ�WUHDWPHQW�DOVR�DIIHFWHG�WKH�ORFDOL]DWLRQ�����
RI�OXF��7FRQ��7KH�7FRQ�GHULYHG�VLJQDO�ZDV�PDLQO\�UHVWULFWHG�WR�VHFRQGDU\�O\PSKRLG�RUJDQV��VSOHHQ�����
DQG�O\PSK�QRGHV��DQG�UHGXFHG�LQ�WKH�DEGRPLQDO�UHJLRQ�LQ�PLFH�UHFHLYLQJ�7UHJ�FRPSDUHG�WR�XQWUHDWHG�����
PLFH�ZLWK�*9+'��6XSSOHPHQWDO�)LJXUH��%��������
%DVHG�RQ� WKHVH�UHVXOWV��ZH�ILUVW�K\SRWKHVL]HG� WKDW�7UHJ�ZRXOG� LQKLELW� WKH�H[SDQVLRQ�RI�DOORUHDFWLYH�����
FORQHV� GXULQJ�*Y+'�E\� FRQWUROOLQJ� WKH�7&5� UHSHUWRLUH� EUHDGWK�� VLPLODUO\� WR�ZKDW�ZDV� SUHYLRXVO\�����
VKRZQ�GXULQJ�DQWLYLUDO� UHVSRQVHV����7R� WKLV� DLP�� DW�GD\��� DIWHU�+&7��ZH� UH�LVRODWHG�GRQRU�GHULYHG�����
&'������7K\������&'��DQG�&'��7FRQ�SUHYLRXVO\�DGPLQLVWHUHG�WR�V\QJHQHLF�&'������&��%O���PLFH�����
RU�DOORJHQHLF�&'������%$/%�F�PLFH�LQ�WKH�SUHVHQFH�RU�DEVHQFH�RI�&'������)2;3�JIS��7UHJ��)LJXUH�����
�$���$V�H[SHFWHG��WKH�DQDO\VLV�RI�WKH�7&5�UHSHUWRLUH�EDVHG�RQ�VHTXHQFLQJ�RI�WKH�7&5�DOSKD�DQG�EHWD�����
FKDLQV�UHYHDOHG�D�VLJQLILFDQW�FORQDO�UHVWULFWLRQ�RI�ERWK�&'���)LJXUH��%��OHIW�SDQHO��DQG�&'���)LJXUH�����
�&��OHIW�SDQHO��7FRQ�UHFRYHUHG�IURP�DOORJHQHLF�+&7�UHFLSLHQWV�FRPSDUHG�ZLWK�7FRQ�IURP�V\QJHQHLF�����
+&7�UHFLSLHQWV��,PSRUWDQWO\��VXFK�FORQDO�UHVWULFWLRQ�LQ�DOORJHQHLF�+&7�UHFLSLHQWV�ZDV�QRW�LQKLELWHG�����
E\�7UHJ� WUHDWPHQW� �)LJXUH��%�&�� OHIW�SDQHOV���&ORQDO�RYHUODS�EHWZHHQ�7FRQ�FROOHFWHG�DW�GD\���DQG�����
WKRVH� EHIRUH� LQMHFWLRQ� ZDV� UHGXFHG� LQ� DOORJHQHLF� +&7� UHFLSLHQWV� FRPSDUHG� WR� V\QJHQHLF� FRQWUROV�����
�)LJXUH��%�&��PLGGOH�SDQHOV��DQG�7UHJ�GLG�QRW�LQKLELW�VXFK�UHGXFWLRQ�LQ�FORQDO�RYHUODS��)LJXUH��%�&������
ULJKW�SDQHOV���&ROOHFWLYHO\��RXU�GDWD�LQGLFDWH�WKDW�7UHJ�DIIHFWHG�WKH�H[SDQVLRQ�DQG�WKH�ORFDOL]DWLRQ�RI�����
7FRQ�DIWHU�+&7�ZLWKRXW�LPSDFWLQJ�WKH�7&5�UHSHUWRLUH�EUHDGWK�RI�7FRQ�DQG�WKH�LQLWLDO�DFWLYDWLRQ�RI�����
DOORUHDFWLYH�7�FHOO�FORQHV�GXULQJ�*Y+'������
�����
7UHJ�WUHDWPHQW�DIIHFWHG�&'��DQG�WR�D�OHVVHU�H[WHQW�&'��7FRQ�WUDQVFULSWRPH�GXULQJ�*Y+'�����
:H�QH[W�HYDOXDWHG�WKH�LPSDFW�RI�7UHJ�WUHDWPHQW�RQ�&'��DQG�&'��7FRQ�DW�WKH�WUDQVFULSWRPLF�OHYHO������
3ULQFLSDO�FRPSRQHQW�DQDO\VLV��3&$��RI� WKH� WRS������PRVW�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�DFURVV�DOO�����
VDPSOHV�UHYHDOHG�WKDW�����RI�WKH�YDULDQFH�ZDV�H[SODLQHG�E\�3&���ZKLFK�FOHDUO\�VHJUHJDWHG�&'��DQG�����
&'��7FRQ� UHFRYHUHG� DW� GD\� �� IURP� DOORJHQHLF� UHFLSLHQWV� IURP� FHOOV� EHIRUH� LQMHFWLRQ� RU� UHFRYHUHG�����
IURP� V\QJHQHLF� UHFLSLHQWV� �)LJXUH� �$��� UHYHDOLQJ� D� GRPLQDQW� HIIHFW� RI� WKH� DOORJHQHLF� WUDQVSODQW�����
SURFHGXUH�RQ�WKH�GLIIHUHQW�7�FHOO�SRSXODWLRQV��3&��ZDV�PDLQO\�GULYHQ�E\�QDwYH�7�FHOO�JHQHV��Ccr7, ����
Sell, Il6ra, Il6st, Foxo1�� WKDW� ZHUH� SURJUHVVLYHO\� GRZQUHJXODWHG� DORQJ� 3&��� SRLQWLQJ� WR� 7� FHOO�����
DFWLYDWLRQ�HIIHFWRU�GLIIHUHQWLDWLRQ� DV� D�PDLQ� HOHPHQW� DIIHFWHG�E\� WKH� WUDQVSODQWDWLRQ� LQWR� DOORJHQHLF�����
PLFH�DQG�� WR�D� OHVVHU� H[WHQW�� LQWR�V\QJHQHLF� UHFLSLHQWV� �)LJXUH��$���7UHJ� LPSDFW�RQ�&'��DQG�&'������
7FRQ�WUDQVFULSWRPH�ZDV�UHYHDOHG�E\�3&���)LJXUH��$��ZKLFK�FRQWULEXWHG�WR�������DQG�������RI�WKH�����
YDULDQFH� LQ� &'�� DQG� &'�� 7FRQ�� UHVSHFWLYHO\�� 7UHJ� WUHDWPHQW� PDLQO\� DIIHFWHG� &'�� 7FRQ�����
WUDQVFULSWRPH��)LJXUH��$��OHIW�SDQHO��LQGXFLQJ�WKH�GRZQUHJXODWLRQ�RI�����JHQHV�DQG�WKH�XSUHJXODWLRQ�����
RI�����JHQHV� �)LJXUH��%�� OHIW�SDQHO�� FRPSDUHG� WR�7FRQ� LQ� WKH�DEVHQFH�RI�7UHJ�� ,Q�SDUWLFXODU��7UHJ�����
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FRDGPLQLVWUDWLRQ� LQGXFHG� WKH� GRZQUHJXODWLRQ� RI� SURLQIODPPDWRU\� JHQHV� �Il18rap�� DQG� RI� 7K������
VLJQDWXUH�JHQHV��Tbx21, Il12rb1, Il12rb2��FRPSDUHG�WR�7FRQ�LQMHFWHG�DORQH��+RZHYHU��FRPSDUHG�WR�����
UHVWLQJ� FHOOV� �GD\� ��� RU� WR� FHOOV� LQMHFWHG� LQWR� V\QJHQHLF� UHFLSLHQWV�� 7UHJ� VWLOO� DOORZHG� VLJQLILFDQW�����
XSUHJXODWLRQ� RI� Tbx21�� HQFRGLQJ� IRU� WKH� 7K��PDVWHU� UHJXODWRU� WUDQVFULSWLRQ� IDFWRU� 7�EHW�����
�6XSSOHPHQWDO�)LJXUH�����7UHJ�SURPRWHG�WKH�XS�UHJXODWLRQ�RI�DQWL�LQIODPPDWRU\�JHQHV��Il18bp��DQG�����
7K�� VLJQDWXUH� JHQHV� �Ccr4, Il4�� LQ� &'�� 7FRQ� �)LJXUH� �%� OHIW� SDQHO�� 6XSSOHPHQWDO� )LJXUH� ��������
&RQYHUVHO\��RQO\�D� OLPLWHG�LPSDFW�RI�7UHJ�WUHDWPHQW�ZDV�REVHUYHG�RQ�&'��7FRQ��)LJXUH��$��ULJKW�����
SDQHO��ZLWK�RQO\����JHQHV�XSUHJXODWHG�DQG����JHQHV�GRZQUHJXODWHG��)LJXUH��%��ULJKW�SDQHO��LQ�7UHJ�����
WUHDWHG�&'��7FRQ�FRPSDUHG� WR�XQWUHDWHG�&'��7FRQ��&ROOHFWLYHO\�� WKHVH� UHVXOWV� UHYHDOHG� WKDW�7UHJ�����
GLG� QRW� LQWHUIHUH� ZLWK� WKH� PDMRU� WUDQVFULSWRPLF� FKDQJHV� DVVRFLDWHG� ZLWK� 7� FHOO� DFWLYDWLRQ�HIIHFWRU�����
GLIIHUHQWLDWLRQ� GXULQJ� *Y+'� EXW� H[HUWHG� D� &'��GRPLQDQW� LPPXQRPRGXODWRU\� HIIHFW� RQ� OLQHDJH�����
VSHFLILF�JHQHV�VXSSUHVVLQJ�7K��GLIIHUHQWLDWLRQ�������
�����
7UHJ�XQGHUZHQW�FORQDO�UHVWULFWLRQ�DQG�DFWLYDWLRQ�GXULQJ�*Y+'�VXSSUHVVLRQ�����
:H�QH[W�SHUIRUPHG�WKH�VDPH�LQWHJUDWHG�DQDO\VLV�RI�WKH�7&5�UHSHUWRLUH�DQG�WKH�WUDQVFULSWRPH�RQ�7UHJ�����
GXULQJ�*Y+'�VXSSUHVVLRQ��6LPLODU�WR�ZKDW�ZH�REVHUYHG�LQ�7FRQ��7UHJ�XQGHUZHQW�FORQDO�UHVWULFWLRQ�����
GXULQJ�*Y+'�VXSSUHVVLRQ��DV�UHYHDOHG�E\�D�VLJQLILFDQWO\�LQFUHDVHG�7&5Į�DQG�7&5ȕ�FORQDOLW\�LQGH[�����
DW� GD\� �� FRPSDUHG� WR� EHIRUH� LQMHFWLRQ� �)LJXUH� �$��� $FFRUGLQJO\�� ZH� REVHUYHG� RQO\� OLPLWHG� 7&5�����
RYHUODS� EHWZHHQ� GD\� �� DQG� GD\� ��7UHJ� �)LJXUH� �%�&��� 7KHVH� UHVXOWV� LQGLFDWHG� WKDW� GXULQJ�*Y+'�����
VXSSUHVVLRQ�7UHJ�XQGHUZHQW�FORQDO�UHVWULFWLRQ�DW�D�VLPLODU�H[WHQW�DV�&'��7FRQ��ILJXUH��%���7R�DVVHVV�����
ZKHWKHU�7UHJ�DQG�&'��7FRQ�UHDFWHG�WR�WKH�VDPH�DQWLJHQV�GXULQJ�*Y+'��ZH�QH[W�FRPSDUHG�WKH�7&5�����
UHSHUWRLUH�RI�WKHVH�WZR�VXESRSXODWLRQV��:H�REVHUYHG�D�VPDOO�FORQDO�RYHUODS�EHWZHHQ�7UHJ�DQG�&'������
7FRQ� EHIRUH� LQMHFWLRQ� DQG� WKLV� ZDV� IXUWKHU� UHGXFHG� DW� GD\� �� DIWHU� WUDQVSODQWDWLRQ� �)LJXUH� �'�(�������
VXJJHVWLQJ�WKDW�7UHJ�DQG�&'��7FRQ�UHVSRQVHV�GXULQJ�*Y+'�DUH�HQJDJLQJ�GLIIHUHQW�FHOO�FORQRW\SHV�����
WULJJHUHG� E\� GLIIHUHQW� HSLWRSHV� RU� DQWLJHQV�� 7KH� LQFUHDVHG� DFWLYDWLRQ� VWDWH� RI� 7UHJ� GXULQJ� *Y+'�����
VXSSUHVVLRQ�ZDV�IXUWKHU�VXSSRUWHG�E\�WKH�WUDQVFULSWRPLF�DQDO\VLV�UHYHDOLQJ�GRZQ�UHJXODWLRQ�RI�JHQHV�����
FKDUDFWHUL]LQJ� QDLYH�7UHJ� �Sell�� DQG� XS�UHJXODWLRQ� RI� VHYHUDO� JHQHV� LQYROYHG� LQ� DFWLYDWLRQ� VXFK� DV�����
Icos��Tnfrsf4��HQFRGLQJ�WKH�FRVWLPXODWRU\�PROHFXOH�2;�����Ccr2��Klrg1�DQG�Gzmb��)LJXUH��)���$IWHU�����
WUDQVSODQWDWLRQ�� 7UHJ� SUHVHUYHG� WKH� GLVWLQFW� WUDQVFULSWRPLF� VLJQDWXUH� REVHUYHG� EHIRUH� LQMHFWLRQ�����
�6XSSOHPHQWDO�)LJXUH��$��IXUWKHU�HQKDQFHG�E\�WKH�XS�UHJXODWLRQ�RI�JHQHV�LQYROYHG�LQ�7UHJ�DFWLYDWLRQ�����
DQG� VXSSUHVVLYH� IXQFWLRQ� �Ccr4, Ccr8, Gata3, Il9r, Il2ra, Il10, Tnfrsf18, Tnfrsf4, Areg������
�6XSSOHPHQWDO� )LJXUH� �%��� &ROOHFWLYHO\�� WKHVH� GDWD� LQGLFDWH� WKDW� GXULQJ� *Y+'� VXSSUHVVLRQ� 7UHJ�����
XQGHUJR�DFWLYDWLRQ�DQG�FORQDO�UHVWULFWLRQ�VLPLODUO\�WR�ZKDW�ZDV�REVHUYHG�LQ�&'��7FRQ��DOWKRXJK�WKH�����
DQDO\VLV� RI� WKH� 7&5� UHSHUWRLUH� RI� WKH� WZR� SRSXODWLRQV� LQGLFDWHG� GLYHUJHQFH� UDWKHU� WKDQ� LQFUHDVHG�����
VLPLODULW\�EHWZHHQ�7UHJ�DQG�&'��7FRQ�GXULQJ�*Y+'��������
�����
3DLUHG� WUDQVFULSWRPLF� DQDO\VLV� RI� 7UHJ� DQG� 7FRQ� LGHQWLILHG� ,/���� DQG� ,/���� DV� SRWHQWLDO�����
PHFKDQLVPV�RI�*Y+'�VXSSUHVVLRQ�����
7UHJ�HPSOR\�D�ZLGH�UDQJH�RI�PHFKDQLVPV�WR�VXSSUHVV�LPPXQRSDWKRORJLFDO�SURFHVVHV��UDQJLQJ�IURP�����
SURGXFWLRQ�RI�LPPXQRVXSSUHVVLYH�PROHFXOHV�WR�PHWDEROLF�PRGXODWLRQ�RI�WDUJHW�FHOOV�������7R�LQIHU�WKH�����
GRPLQDQW�PHFKDQLVPV�RI�VXSSUHVVLRQ�HPSOR\HG�E\�7UHJ�WR�FRQWURO�*Y+'�IURP�WUDQVFULSWRPLF�GDWD������
ZH�DQDO\]HG�WKH�WUDQVFULSW�H[SUHVVLRQ�RI�VXSSUHVVLYH�PROHFXOHV�LQ�7UHJ�EHIRUH�DQG�DIWHU�+&7�DV�ZHOO�����
DV� WKH� H[SUHVVLRQ� RI� JHQH� VHWV� LQGXFHG� E\� VXFK� PROHFXOHV� LQ� 7FRQ�� :H� GLG� QRW� REVHUYH� DQ\�����
GLIIHUHQFHV�LQ�Tgfb�JHQH�H[SUHVVLRQ�EHWZHHQ�7UHJ�EHIRUH�LQMHFWLRQ��GD\����DQG�7UHJ�UHFRYHUHG�DW�GD\�����
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�� DIWHU�+&7� �)LJXUH� �$���$FFRUGLQJO\��*HQH� 6HW� (QULFKPHQW�$QDO\VLV� �*6($�� RI� 7*)ȕ�LQGXFHG�����
JHQHV�GLG�QRW�UHYHDO�DQ\�GLIIHUHQFHV�EHWZHHQ�7FRQ�WUHDWHG�RU�QRW�ZLWK�7UHJ��)LJXUH��%���&RQYHUVHO\������
7UHJ�DW�GD\���DIWHU�+&7�H[SUHVVHG�KLJKHU�WUDQVFULSW�OHYHOV�RI�Il10�DQG�Ebi3��HQFRGLQJ�IRU�RQH�RI�WKH�����
WZR�VXEXQLWV�FRQVWLWXWLQJ�,/�����FRPSDUHG�WR�7UHJ�EHIRUH�LQMHFWLRQ��)LJXUH��$���$FFRUGLQJO\��*6($�����
UHYHDOHG�D�VLJQLILFDQW�HQULFKPHQW�RI�,/����LQGXFHG�JHQHV�LQ�&'��7FRQ�DQG�,/����LQGXFHG�JHQHV�LQ�����
&'��DQG�&'��7FRQ��)LJXUH��%���)LQDOO\��GD\���7UHJ�GLVSOD\HG�D�VLJQLILFDQW�XSUHJXODWLRQ�RI�WKH�Il2ra�����
JHQH��HQFRGLQJ�WKH�DOSKD�FKDLQ�RI�WKH�,O���UHFHSWRU��)LJXUH��$���,Q�DGGLWLRQ�WR�EHLQJ�D�FRQVWLWXWLYHO\�����
H[SUHVVHG�PDUNHU� LQ�7UHJ� WKDW� LV� IXUWKHU� XSUHJXODWHG� GXULQJ� DFWLYDWLRQ�� ,/��5$�H[SUHVVLRQ� LV� DOVR�����
HVVHQWLDO� LQ�,/���GHSULYDWLRQ�RI�7FRQ��DQ�DGGLWLRQDO�7UHJ�PHFKDQLVP�RI�VXSSUHVVLRQ�������*6($�IRU�����
,/���LQGXFHG�JHQHV�LQ�7FRQ�GLG�QRW�UHYHDO�DQ\�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�7FRQ�UHFRYHUHG�IURP�����
PLFH� WUHDWHG� RU� QRW� ZLWK� 7UHJ� �)LJXUH� �%��� &ROOHFWLYHO\�� RXU� WUDQVFULSWRPLF� UHVXOWV� VXSSRUW� WKH�����
LQYROYHPHQW� RI� ,/���� DQG� ,/���� SURGXFWLRQ� E\� 7UHJ� DQG� WKHLU� GRZQVWUHDP� VLJQDOLQJ� LQ� 7FRQ� DV�����
PDMRU�PHFKDQLVPV�RI�VXSSUHVVLRQ�RI�*Y+'�E\�7UHJ�������
�����
7UHJ�PRGXODWHG�JHQHV�LQYROYHG�LQ�PHWDEROLF�SDWKZD\V�IDYRULQJ�R[LGDWLYH�SKRVSKRU\ODWLRQ�DQG�����
VXSSUHVVLQJ�JO\FRO\VLV�LQ�&'��DQG�&'��7FRQ�����
7R� ORRN� IRU� DGGLWLRQDO� PHFKDQLVPV� RI� 7UHJ� VXSSUHVVLRQ� GXULQJ� *Y+'�� ZH� SHUIRUPHG� *6($� IRU�����
+DOOPDUN� JHQH� VHWV� RQ� &'�� DQG� &'�� 7FRQ� LQ� WKH� SUHVHQFH� RU� DEVHQFH� RI� 7UHJ�� 7KLV� DQDO\VLV�����
LGHQWLILHG� WKH�R[LGDWLYH�SKRVSKRU\ODWLRQ�JHQH�VHW�DV� WKH� WRS�RQH� LQGXFHG�LQ�&'��7FRQ��)LJXUH��$������
DQG� WKH� WRS� WKLUG� LQ� &'�� 7FRQ� �)LJXUH� �%��� *LYHQ� WKH� UHFHQWO\� GLVFRYHUHG� LPSRUWDQFH� RI� 7� FHOO�����
PHWDEROLVP�LQ�*Y+'��±����ZH�DQDO\]HG�LQ�GHWDLO� WKH� LPSDFW�RI�7UHJ�RQ�JHQHV�LQYROYHG�LQ�WKH�PDLQ�����
PHWDEROLF�SDWKZD\V��)LJXUH��&���7UHJ�WUHDWPHQW�VLJQLILFDQWO\�VXSSUHVVHG�WKH� WUDQVFULSWLRQ�RI�JHQHV�����
LQYROYHG� LQ� JO\FRO\WLF� SURFHVVHV� LQFOXGLQJ�Slc2a1�� HQFRGLQJ� IRU� WKH� JOXFRVH� UHFHSWRU�*/87��� DQG�����
Pkm��HQFRGLQJ�IRU�WKH�NH\�JO\FRO\WLF�HQ]\PH�S\UXYDWH�NLQDVH��LQ�ERWK�&'��DQG�&'��7FRQ��)LJXUH�����
�&��� &RQYHUVHO\�� 7UHJ� WUHDWPHQW� OHG� WR� D� JOREDO� XS�UHJXODWLRQ� RI� JHQHV� HQFRGLQJ� IRU� HQ]\PHV�����
LQYROYHG� LQ�R[LGDWLYH�SKRVSKRU\ODWLRQ� �2;3+26��)LJXUH��&���:H�GLG�QRW� REVHUYH� DQ\� VLJQLILFDQW�����
LPSDFW� RI� 7UHJ� RQ� 7FRQ� WUDQVFULSWLRQ� RI� JHQHV� LQYROYHG� LQ� IDWW\� DFLG� R[LGDWLRQ� �)$2�� RU� WKH�����
WULFDUER[\OLF�DFLG��7&$��F\FOH��)LJXUH��&���$QDO\VLV�RI�PHWDEROLF�JHQH�VHWV� LQ�7UHJ�DW�GD\���SRVW�����
+&7� FRPSDUHG� WR�7UHJ� EHIRUH� LQMHFWLRQ� UHYHDOHG� DQ� HQULFKPHQW� LQ� ERWK�2;3+26� DQG� JO\FRO\VLV�����
JHQH� VLJQDWXUHV� DQG� D� WUHQG� WRZDUG� HQULFKPHQW� RI� )$2� JHQH� VLJQDWXUHV� �6XSSOHPHQWDO� )LJXUH� ��������
&ROOHFWLYHO\�� RXU� UHVXOWV� GHPRQVWUDWHG� WKDW� 7UHJ� VLJQLILFDQWO\� PRGXODWHG� JHQHV� LQYROYHG� LQ� 7FRQ�����
PHWDEROLVP�� OHDGLQJ� WR� WKH�GRZQUHJXODWLRQ�RI�JHQHV� LQYROYHG� LQ�JO\FRO\VLV�DQG� WKH�XSUHJXODWLRQ�RI�����
WKH�RQHV�UHVSRQVLEOH�IRU�R[LGDWLYH�SKRVSKRU\ODWLRQ��SRLQWLQJ�WR�D�PHWDEROLF�VKLIW�RI�7FRQ�LQGXFHG�E\�����
7UHJ�GXULQJ�*Y+'�������
�����
7UHJ� UHGXFHG� LQILOWUDWLRQ� E\� DFWLYDWHG� 7� FHOOV� DQG� LQIODPPDWLRQ� LQ� LQWHVWLQDO� WLVVXHV� ZKLOH�����
LQGXFLQJ�R[LGDWLYH�SKRVSKRU\ODWLRQ�����
7R� DVVHVV� WKH� LPSDFW� RI� 7UHJ� WUHDWPHQW� LQ� *Y+'�WDUJHW� RUJDQV�� ZH� SHUIRUPHG� D� WUDQVFULSWRPLF�����
DQDO\VLV�RI�FRORQLF�WLVVXHV�KDUYHVWHG�DW�GD\���DIWHU�WUDQVSODQWDWLRQ�IURP�PLFH�UHFHLYLQJ�7FRQ�LQ�WKH�����
SUHVHQFH�RU�DEVHQFH�RI�7UHJ��:H�GHWHFWHG�VLJQLILFDQWO\�UHGXFHG�Cd3e� WUDQVFULSWV� LQ� WKH�FRORQ�IURP�����
PLFH�UHFHLYLQJ�7UHJ�FRPSDUHG�WR�PLFH�UHFHLYLQJ�7FRQ�DORQH��)LJXUH��$���6LPLODUO\��ZH�REVHUYHG�D�����
UHGXFWLRQ�LQ�WUDQVFULSWV�RI�WKH�Trac, Trbc1�DQG�Trbc2�JHQHV��HQFRGLQJ�7&5�VXEXQLWV��6XSSOHPHQWDO�����
)LJXUH� �$��� ,PPXQRKLVWRFKHPLVWU\� VWDLQLQJ� IRU�&'�� RI� FRORQLF� WLVVXHV� IURP�PLFH� UHFHLYLQJ� 7UHJ�����
FRQILUPHG�D� UHGXFWLRQ� LQ�7�FHOO� LQILOWUDWLRQ�FRPSDUHG�ZLWK� WLVVXHV� IURP�PLFH� UHFHLYLQJ�7FRQ�DORQH�����
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�6XSSOHPHQWDO� )LJXUH� �%�&���:H� KDYH� SUHYLRXVO\� VKRZQ� WKDW� H[SUHVVLRQ� RI� WKH� 7�FHOO� DFWLYDWLRQ�����
PDUNHUV�,&26�DQG�2;���LV�D�VHQVLWLYH�SDUDPHWHU�IRU�*Y+'�PRQLWRULQJ����������:H�GHWHFWHG�UHGXFHG�����
WUDQVFULSW�OHYHOV�RI�ERWK�Icos�DQG�Tnfrsf4��HQFRGLQJ�,&26�DQG�2;���UHVSHFWLYHO\��ZKRVH�H[SUHVVLRQ�����
SRVLWLYHO\�FRUUHODWHG�ZLWK�Cd3e�H[SUHVVLRQ��)LJXUH��$��������
3&$�SHUIRUPHG�RQ�WKH�WRS������PRVW�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�FOHDUO\�VHJUHJDWHG�WLVVXHV�IURP�����
PLFH�UHFHLYLQJ�7FRQ�DQG�7UHJ�IURP�PLFH�UHFHLYLQJ�7FRQ�DORQH��ZLWK�D�3&��H[SODLQLQJ�������RI�WKH�����
YDULDQFH��)LJXUH��%���'LIIHUHQWLDO�JHQH�H[SUHVVLRQ�DQDO\VLV�LGHQWLILHG�����GRZQ�UHJXODWHG�JHQHV�DQG�����
���XS�UHJXODWHG�JHQHV�LQ�WKH�FRORQ�IURP�PLFH�UHFHLYLQJ�7UHJ�WUHDWPHQW�FRPSDUHG�WR�PLFH�UHFHLYLQJ�����
7FRQ� LQ� WKH� DEVHQFH�RI�7UHJ� �6XSSOHPHQWDO�)LJXUH��'���*6($�IRU�+DOOPDUN�JHQH� VHWV�RQ� FRORQLF�����
WLVVXHV� IURP�PLFH� UHFHLYLQJ�7UHJ� LGHQWLILHG� WKH� R[LGDWLYH� SKRVSKRU\ODWLRQ� JHQH� VHW� DV� WKH� WRS� RQH�����
LQGXFHG� �)LJXUH� �&�'��� &RQYHUVHO\�� WKH� WRS� +DOOPDUN� JHQH� VLJQDWXUH� VXSSUHVVHG� E\� 7UHJ� ZDV�����
DOORJUDIW�UHMHFWLRQ��)LJXUH��&�'���,Q�DGGLWLRQ��7UHJ�DGPLQLVWUDWLRQ�ZDV�DVVRFLDWHG�ZLWK�D�VLJQLILFDQW�����
GRZQUHJXODWLRQ�RI� JHQH� VLJQDWXUHV� LQYROYHG� LQ� WKH� VLJQDOLQJ� SDWKZD\V� RI� VHYHUDO� SURLQIODPPDWRU\�����
PROHFXOHV�LQFOXGLQJ�71)α��,)1γ��,/���67$7��DQG�,/���-$.�67$7���)LJXUH��&��������
&ROOHFWLYHO\�� WKH� WUDQVFULSWRPLF� DQDO\VLV� RI� FRORQLF� WLVVXHV� UHYHDOHG� DQ� LPSDFW� RI� 7UHJ� RQ� FRORQ�����
LQILOWUDWLRQ� E\� DFWLYDWHG� 7FRQ�� VXSSUHVVLRQ� RI� WLVVXH� LQIODPPDWLRQ� DQG� LQGXFWLRQ� RI� R[LGDWLYH�����
SKRVSKRU\ODWLRQ�GXULQJ�*Y+'������
�����
7UHJ�WUHDWPHQW�GLG�QRW�DIIHFW�WKH�LQGXFWLRQ�RI�HIIHFWRU�JHQH�VHWV�LQYROYHG�LQ�*Y7�HIIHFW�����
:H�DQG�RWKHUV�KDYH�SUHYLRXVO\�VKRZQ�WKDW�7UHJ�DUH�FDSDEOH�RI�VXSSUHVVLQJ�*Y+'�ZLWKRXW�LPSDLULQJ�����
WKH�*Y7�HIIHFW�RI� WKH� WUDQVSODQW�SURFHGXUH���:H� WKHUHIRUH�K\SRWKHVL]HG� WKDW�7UHJ� WUHDWPHQW�ZRXOG�����
KDYH�PLQLPDO�LI�DQ\�LPSDFW�RQ�7FRQ�WUDQVFULSWLRQ�RI�HIIHFWRU�PROHFXOHV�LQYROYHG�LQ�WKH�*Y7�HIIHFW������
7R�WHVW�WKLV�K\SRWKHVLV��ZH�FRPSDUHG�WKH�WUDQVFULSWLRQ�RI�HIIHFWRU�PROHFXOHV�LQ�7FRQ�UHFRYHUHG�DW�GD\�����
��IURP�DOORJHQHLF�PLFH�WUHDWHG�RU�QRW�ZLWK�7UHJ��$V�VKRZQ�LQ�)LJXUH��$��WKH�DGGLWLRQ�RI�7UHJ�GLG�QRW�����
LQKLELW�EXW� IXUWKHU� LQFUHDVHG� WKH� WUDQVFULSWLRQ�RI�Ifng�� Il2 DQG�Tnf� LQ�&'��7FRQ��$FFRUGLQJO\��7UHJ�����
GLG�QRW�SUHYHQW�WKH�XSUHJXODWLRQ�RI�JHQH�VHWV�LQYROYHG�LQ�OHXNRF\WH�PHGLDWHG�F\WRWR[LFLW\�DIWHU�+&7�����
�)LJXUH��%���6LPLODU�UHVXOWV�ZHUH�REVHUYHG�LQ�&'��7FRQ�ZKHUH�7UHJ�GLG�QRW�SUHYHQW�WKH�XSUHJXODWLRQ�����
RI�F\WRWR[LF�JHQHV�LQFOXGLQJ�Ifng, Gzmb DQG Prf1 �)LJXUH��&���QRU�WKH�HQULFKPHQW�LQ�JHQHV�LQYROYHG�����
LQ� OHXNRF\WH� PHGLDWHG� F\WRWR[LFLW\� �)LJXUH� �'��� &ROOHFWLYHO\�� WKHVH� UHVXOWV� GHPRQVWUDWH� WKDW� 7UHJ�����
WUHDWPHQW�GLG�QRW�LQWHUIHUH�ZLWK�WKH�LQGXFWLRQ�RI�JHQHV�HQFRGLQJ�HIIHFWRU�PROHFXOHV�LQYROYHG�LQ�WKH�����
*Y7�HIIHFW�RI�+&7�������
�����
� �����
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'LVFXVVLRQ������
�����
,Q�WKLV�ZRUN�ZH�XVHG�LQWHJUDWHG�7&5�UHSHUWRLUH�DQG�WUDQVFULSWRPLF�DQDO\VLV�RI�PXULQH�7FRQ�DQG�7UHJ�����
WR�JDLQ�IXUWKHU�LQVLJKWV�LQWR�WKH�PHFKDQLVPV�RI�DFXWH�*Y+'�VXSSUHVVLRQ�E\�7UHJ��2XU�UHVXOWV�LQGLFDWH�����
WKDW� 7UHJ� WUHDWPHQW� GLG� QRW� LQWHUIHUH� ZLWK� WKH� DFWLYDWLRQ� DQG� GLIIHUHQWLDWLRQ� RI� DOORUHDFWLYH� 7FRQ�����
FORQHV� GXULQJ�*Y+'��7UHJ� SUHGRPLQDQWO\� DIIHFWHG� WKH�&'��7FRQ� DQG� WR� D� OHVVHU� H[WHQW� WKH� &'������
7FRQ� WUDQVFULSWRPH�� PRGXODWLQJ� WKH� WUDQVFULSWLRQ� RI� JHQHV� HQFRGLQJ� SUR�� DQG� DQWL�LQIODPPDWRU\�����
PROHFXOHV�DV�ZHOO�DV�HQ]\PHV�LQYROYHG�LQ�JO\FRO\WLF�SURFHVVHV������
�����
&'��&'���)2;3���UHJXODWRU\�7�FHOOV�DUH�D�ZHOO�HVWDEOLVKHG� LPPXQRPRGXODWRU\�FHOO�SRSXODWLRQ�����
DEOH� WR� VXSSUHVV� FRQYHQWLRQDO� 7� FHOO� UHVSRQVHV� HPSOR\LQJ� VHYHUDO�� QRQ�PXWXDOO\� H[FOXVLYH������
PHFKDQLVPV����2XU�DQDO\VLV�LGHQWLILHG�PXOWLSOH�SDWKZD\V�SRWHQWLDOO\�LQYROYHG�LQ�7UHJ�VXSSUHVVLRQ�RI�����
*Y+'��QDPHO\� DQWL�LQIODPPDWRU\� F\WRNLQH� SURGXFWLRQ�PLUURUHG�E\�GRZQVWUHDP�7FRQ� VLJQDOLQJ�RI�����
,/����DQG�,/����DV�ZHOO�DV�D�PHWDEROLF�VZLWFK�RI�7FRQ�IURP�JO\FRO\VLV�WR�R[LGDWLYH�SKRVSKRU\ODWLRQ������
&RQYHUVHO\��ZH� GLG� QRW� ILQG� HYLGHQFH� IRU� D� UROH� RI�7*)ȕ� SURGXFWLRQ� DQG� FRPSHWLWLRQ� IRU� ,/��� DV�����
GRPLQDQW�PHFKDQLVPV�RI�7UHJ�VXSSUHVVLRQ��7KH�VWXG\�RI�7FRQ�DQG�7UHJ�WUDQVFULSWRPH�GXULQJ�*Y+'�����
OLPLWHG� RXU� DQDO\VLV� WR� 7� FHOO� LQWULQVLF� PHFKDQLVPV� RI� VXSSUHVVLRQ� ZKLOH� LW� GLG� QRW� DOORZ� XV� WR�����
HYDOXDWH� WKH� UHOHYDQFH� RI� F\WRO\VLV� RI� HIIHFWRUV� DQG�$3&V��3UHYLRXV� VWXGLHV� DGGUHVVLQJ� WKH� UROH� RI�����
F\WRO\VLV�PHGLDWHG�E\�7UHJ�WKURXJK�SURGXFWLRQ�RI�F\WRWR[LF�PROHFXOHV�IDLOHG�WR�ILQG�HYLGHQFH�IRU�D�����
UROH�RI�JUDQ]\PH�%���DQG�VKRZHG�H[SHULPHQWDO���DQG�FOLQLFDO���HYLGHQFH�IRU�D�UROH�RI�JUDQ]\PH�$�LQ�����
7UHJ�PHGLDWHG� VXSSUHVVLRQ� RI�*Y+'��2XU� WUDQVFULSWRPLF� DQDO\VLV� IRXQG� DQ�XSUHJXODWLRQ�RI�Gzmb�����
DQG�Gzma�LQ�7UHJ�DIWHU�WUDQVSODQWDWLRQ��)LJXUH��)��������
�����
5HFHQW�VWXGLHV�SRLQW�WR�DQ�LPSRUWDQW�UROH�RI�PHWDEROLF�UHJXODWLRQ�RI�7�FHOOV�GXULQJ�*Y+'��UHYLHZHG�����
LQ�Mohamed et al�����0XULQH�VWXGLHV�UHYHDOHG�WKDW�GRQRU�7�FHOOV�XQGHUJR�PHWDEROLF�UHSURJUDPPLQJ�����
DIWHU�DOORJHQHLF�+&7��VZLWFKLQJ� IURP�IDWW\�DFLG�ȕ�R[LGDWLRQ� �)$2��DQG�S\UXYDWH�R[LGDWLRQ�YLD� WKH�����
WULFDUER[\OLF� �7&$�� F\FOH� WR� DHURELF� JO\FRO\VLV��. 8VLQJ� WUDQVFULSWRPLF� DQG�PHWDERORPLF� DQDO\VLV������
$VVPDQQ�DQG�FROOHDJXHV���FRQILUPHG�WKDW�PXULQH�GRQRU�&'���7�FHOOV�DFTXLUHG�D�KLJKO\�JO\FRO\WLF�����
SURILOH� GXULQJ� DFXWH� *Y+'� DQG� VKRZHG� � LQFUHDVHG� WUDQVFULSWLRQ� RI� JO\FRO\WLF� HQ]\PHV� LQ� KXPDQ�����
&'���7�FHOOV� LVRODWHG� IURP�DOORJHQHLF�+6&7�UHFLSLHQWV� MXVW�EHIRUH� WKH�RQVHW�RI�DFXWH�*Y+'��2XU�����
WUDQVFULSWRPLF� UHVXOWV� VXJJHVW� WKDW�7UHJ� LQKLELW� WKH�PHWDEROLF� VZLWFK�RI�7FRQ� WRZDUG�JO\FRO\VLV�E\�����
LQWHUIHULQJ� DW� GLIIHUHQW� FUXFLDO� SRLQWV�� :H� REVHUYHG� D� GHFUHDVH� LQ� WKH� WUDQVFULSWLRQ� RI� WKH� JHQH�����
HQFRGLQJ�WKH�JOXFRVH�WUDQVSRUWHU�*/87���ZKLFK�FRQWULEXWHV�WR�WKH�SDWKRJHQLFLW\�RI�DOORJHQHLF�7FRQ�����
GXULQJ� *Y+'������� 0RUHRYHU�� 7UHJ� LQKLELWHG� WKH� LQGXFWLRQ� RI� JHQHV� HQFRGLQJ� VHYHUDO� JO\FRO\WLF�����
HQ]\PHV�� LQFOXGLQJ� ��SKRVSKRIUXFWR���NLQDVH�IUXFWRVH�����ELSKRVSKDWDVH� �� �3).)%���� WKH� UDWH�����
OLPLWLQJ� IDFWRU� LQ� JO\FRO\WLF� PHWDEROLVP� ZKRVH� VSHFLILF� SKDUPDFRORJLFDO� LQKLELWLRQ� XVLQJ� ���������
S\ULGLQ\O�������S\ULGLQ\O����SURSHQ���RQH����32��KDV�EHHQ�VKRZQ�WR�SURWHFW�DJDLQVW�DFXWH�*Y+'��������
7� FHOO� PHWDEROLF� ILWQHVV� WKURXJK� JO\FRO\VLV� DQG� R[LGDWLYH� SKRVSKRU\ODWLRQ� �2;3+26�� KDV� EHHQ�����
UHFHQWO\�VKRZQ�WR�SOD\�DQ�HVVHQWLDO�UROH�LQ�WKH�*Y7�HIIHFW�DIWHU�DOORJHQHLF�+&7����,Q�RXU�H[SHULPHQWV������
7UHJ�QRW�RQO\� LQKLELWHG� WKH� WUDQVFULSWLRQ�RI�JO\FRO\WLF�JHQHV�EXW�DOVR� LQFUHDVHG� WKH� WUDQVFULSWLRQ�RI�����
2;3+26�UHODWHG�JHQHV��VXJJHVWLQJ�D�PHWDEROLF�VZLWFK�WRZDUG�PLWRFKRQGULDO�UHVSLUDWLRQ�DV�D�VRXUFH�����
RI� HQHUJ\�� 7KHVH� UHVXOWV�� VR� IDU� HQWLUHO\� EDVHG� RQ� WUDQVFULSWRPLF� DQDO\VLV�� ZLOO� QHHG� IXQFWLRQDO�����
YDOLGDWLRQ�EHIRUH�EHLQJ�H[SORLWHG�WR�LPSURYH�WKH�HIILFDF\�RI�7UHJ�EDVHG�WKHUDSLHV������
�����
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7KH�QHHG�IRU�7&5�DFWLYDWLRQ�DV�ZHOO�DV�WKH�QDWXUH�RI�WKH�DQWLJHQV�UHFRJQL]HG�E\�7UHJ�GXULQJ�*Y+'�����
LV�VWLOO�GHEDWHG��7KH�EHQHILFLDO�HIIHFWV�RI�ORZ�GRVH�,/���WUHDWPHQW�RQ�7UHJ�QXPEHUV�DQG�IXQFWLRQ�LQ�����
FKURQLF� *Y+'��±��� VXJJHVW� WKDW� F\WRNLQH�PHGLDWHG� 7UHJ� DFWLYDWLRQ� LV� VXIILFLHQW� IRU� *Y+'�����
VXSSUHVVLRQ� ZLWKRXW� WKH� QHHG� IRU� 7&5� WULJJHULQJ�� +RZHYHU�� ZH� SUHYLRXVO\� VKRZHG� WKDW� 0+&�����
GLVSDULWLHV�EHWZHHQ�7UHJ�DQG�WKH�KRVW�ZHUH�QHFHVVDU\�DV�ERWK�GRQRU�DQG�WKLUG�SDUW\�7UHJ�EXW�QRW�KRVW�����
7UHJ�SURWHFW�IURP�*Y+'�LQ�PXULQH�DOORJHQHLF�+&7���SRLQWLQJ�WR�D�FULWLFDO�UROH�RI�7&5�DFWLYDWLRQ�IRU�����
DOORUHDFWLYH� 7UHJ� VXSSUHVVLRQ� RI� *Y+'�� 2XU� SUHVHQW� VWXG\� IXUWKHU� VXSSRUWV� D� PRGHO� RI� 7&5�����
PHGLDWHG�7UHJ�DFWLYDWLRQ�IRU�*Y+'�VXSSUHVVLRQ��JLYHQ�WKH�FORQDO�UHVWULFWLRQ�WKDW�7UHJ�XQGHUJR�DIWHU�����
DOORJHQHLF�+&7��,QWHUHVWLQJO\��ZH�REVHUYHG�D�GLYHUJHQFH�UDWKHU�WKDQ�D�FRQYHUJHQFH�RI�7FRQ�DQG�7UHJ�����
FORQRW\SHV� GHWHFWHG� DIWHU�+&7� FRPSDUHG� WR� WKH� VWHDG\� VWDWH�� VXJJHVWLQJ� WKDW� 7FRQ� DQG�7UHJ� UHDFW�����
DJDLQVW�GLIIHUHQW�DQWLJHQV�GXULQJ�*Y+'��7KH�FRQWULEXWLRQ�RI�7FRQ�GHULYHG�,/���WR�WKLV�SURFHVV�LV�QRW�����
H[FOXGHG�������
�����
2XU�UHVXOWV�KDYH�FOLQLFDO�LPSOLFDWLRQV�JLYHQ�WKH�LQFUHDVLQJ�LQWHUHVW�LQ�7UHJ�EDVHG�WKHUDSLHV�IRU�*Y+'�����
SUHYHQWLRQ�DQG�WUHDWPHQW��7KH�3HUXJLD�JURXS�SLRQHHUHG�WKH�DGRSWLYH�WUDQVIHU�RI�IUHVK�7UHJ�IROORZHG�����
E\�7FRQ�LQ�D�7�FHOO�GHSOHWHG��&'���VHOHFWHG�+/$�KDSORLGHQWLFDO�+&7�SODWIRUP��������GHPRQVWUDWLQJ�����
WKH� SRWHQWLDO� RI� KXPDQ� 7UHJ� WR� SUHYHQW� *Y+'� EXW� WR� VWLOO� DOORZ� WKH� *Y7� HIIHFW� LQ� SDWLHQWV�� :H�����
UHSRUWHG�D�VLPLODU�DSSURDFK�LQ�+/$�PDWFKHG�UHFLSLHQWV�. 5HFHQWO\�� WKHUDSHXWLF�DGRSWLYH� WUDQVIHU�RI�����
7UHJ�HQULFKHG�GRQRU�O\PSKRF\WH�LQIXVLRQ�FRPELQHG�ZLWK�ORZ�GRVH�,/���KDV�EHHQ�UHSRUWHG�LQ�FKURQLF�����
*Y+'����$� EHWWHU� XQGHUVWDQGLQJ� RI� WKH�PHFKDQLVPV� RI�*Y+'� VXSSUHVVLRQ� E\�7UHJ� LV� SDUWLFXODUO\�����
UHOHYDQW�QRZ�WKDW��DIWHU�\HDUV�RI�PRQRFHQWULF�HDUO\�SKDVH�FOLQLFDO�WULDOV�DQG�QRZ�PXOWLFHQWULF�SKDVH�����
,,,�FOLQLFDO�WULDOV. ����
�����
*LYHQ� WKH� UDULW\� RI�7UHJ�� VHYHUDO� JURXSV� DWWHPSWHG� WR�ex vivo� H[SDQG� WKHP� IURP� FRUG�EORRG����� RU�����
IURP�SHULSKHUDO�EORRG��. 2XU�UHVXOWV�SRLQW� WR� WKH�QHHG�RI�RSWLPL]LQJ�FXOWXUH�FRQGLWLRQV�WR�IDYRU�WKH�����
H[SDQVLRQ�RI�,/����DQG�,/����SURGXFLQJ�7UHJ���������
�����
2XU�GDWD� UHYHDO� WKDW��GXULQJ�*Y+'�VXSSUHVVLRQ��7UHJ�SUHVHUYHG�D� WUDQVFULSWRPLF� VLJQDWXUH�GLVWLQFW�����
IURP� &'�� DQG� &'�� 7FRQ� �6XSSOHPHQWDO� )LJXUH� ���� $PRQJ� GLIIHUHQWLDOO\� H[SUHVVHG� JHQHV�� ZH�����
LGHQWLILHG� JHQHV� HQFRGLQJ� VHYHUDO� VXUIDFH�PDUNHUV�� LQFOXGLQJ�.LOOHU� FHOO� OHFWLQ�OLNH� UHFHSWRU� IDPLO\�����
PROHFXOHV� �Klrc1, Klrd1, Klrk1, Klrb1b��� CD160� DQG� F\WRWR[LF� DQG� UHJXODWRU\� 7� FHOO� PROHFXOH�����
�Crtam���(IIRUWV�DUH�RQJRLQJ�WR� WDUJHW� WKHVH�DQG�RWKHU�PDUNHUV� WR�VHOHFWLYHO\�GHSOHWH�DOORUHDFWLYH�7�����
FHOOV�ZKLOH�VSDULQJ�7UHJ�������
�����
2XU�DQDO\VLV�RQ�7UHJ�DQG�7FRQ�ZDV�FRQGXFWHG�RQ�FHOOV�UHFRYHUHG�IURP�VHFRQGDU\�O\PSKRLG�RUJDQV�����
�6/2�� DQG� QRW� RQ� *Y+'�WDUJHW� WLVVXHV� DV� SUHYLRXVO\� UHSRUWHG� E\� RWKHU� JURXSV� ZKR� IRFXVHG� RQ�����
7FRQ��±���� :H� GHFLGHG� WR� VWXG\� 6/2� EHFDXVH� WKLV� LV� WKH� VLWH� ZKHUH� 7UHJ� VXSSUHVVLRQ� RI� 7FRQ�����
PHGLDWLQJ� *Y+'� LV� EHOLHYHG� WR� WDNH� SODFH������0RUHRYHU�� WKH� UHGXFWLRQ� LQ� 7FRQ� WLVVXH� LQILOWUDWLRQ�����
XSRQ�7UHJ�WUHDWPHQW�SUHFOXGHG�WKH�LVRODWLRQ�RI�VXIILFLHQW�QXPEHUV�RI�7FRQ�DQG�7UHJ�IURP�WKH�*Y+'�����
WDUJHW� WLVVXHV� VLWHV� WR� FRQGXFW� WKLV� NLQG� RI� DQDO\VLV�� +RZHYHU�� RXU� EXON� DQDO\VLV� RI� WKH� FRORQ�����
UHFRYHUHG� IURP� PLFH� UHFHLYLQJ� 7FRQ� LQ� WKH� SUHVHQFH� RU� DEVHQFH� RI� 7UHJ� VXSSRUWV� WKH� UHVXOWV� ZH�����
REWDLQHG�LQ�6/2��LGHQWLI\LQJ�WKH�2;3+26�VLJQDWXUH�DV�WKH�PRVW�VWURQJO\�XSUHJXODWHG�RQH�XSRQ�7UHJ�����
WUHDWPHQW� DQG� LGHQWLI\LQJ� VHYHUDO� LQIODPPDWRU\�PROHFXOHV� VLJQDOLQJ� SDWKZD\V� VXSSUHVVHG� E\� 7UHJ�����
DGPLQLVWUDWLRQ�������
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�����
2XU�VWXG\�KDV�VHYHUDO�OLPLWDWLRQV��)LUVW��RXU�DQDO\VLV�ZDV�SHUIRUPHG�DW� WKH�SHDN�RI�7FRQ�H[SDQVLRQ�����
DQG�ODFNV�WKH�G\QDPLF�LQIRUPDWLRQ�DERXW�WKH�HDUO\�LPSDFW�RI�7UHJ�GXULQJ�WKH�YHU\�ILUVW�GD\V�RI�*Y+'�����
VXSSUHVVLRQ�� 8QIRUWXQDWHO\�� WKH� OLPLWHG� QXPEHU� RI� FHOOV� WKDW� LV� SRVVLEOH� WR� UHFRYHU� DW� HDUOLHU� WLPH�����
SRLQWV�UHSUHVHQW�DQ�REVWDFOH�WR�WKLV�DQDO\VLV��6HFRQG��WKH�VWUDLQ�FRPELQDWLRQ�RI�&��%O���GRQRUV�LQWR�����
%$/%�F�UHFLSLHQWV�LV�NQRZQ�WR�EH�PRUH�GHSHQGHQW�RQ�&'���7�FHOOV�ZKHUH�LW� LV�SRVVLEOH�WKDW�RWKHU�����
VWUDLQ�FRPELQDWLRQV�PRUH�GHSHQGHQW�RQ�&'���7�FHOOV�PD\�VKRZ�PRUH� LPSDFW�RI�7UHJ�RQ� WKLV�FHOO�����
SRSXODWLRQ�������
�����
,Q� FRQFOXVLRQ�� RXU� UHVXOWV� SURYLGH� IXUWKHU� LQVLJKWV� LQWR� WKH� PHFKDQLVPV� RI� 7UHJ� VXSSUHVVLRQ� RI�����
*Y+'��0RUHRYHU�� RXU� GDWD� VXSSRUW� D� PRGHO� LQ� ZKLFK� 7UHJ� TXDOLWDWLYHO\�PRGXODWH� 7FRQ� IXQFWLRQ�����
WKURXJK�VHYHUDO�PHFKDQLVPV�UDWKHU�WKDQ�SUHYHQWLQJ�WKH�DFWLYDWLRQ�RI�DOORUHDFWLYH�FORQHV��SURYLGLQJ�D�����
SRWHQWLDO�H[SODQDWLRQ�IRU�WKH�DELOLW\�RI�7UHJ�WR�VXSSUHVV�*Y+'�ZKLOH�DOORZLQJ�*Y7��������
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)XQGLQJ�����
7KLV�ZRUN�ZDV�VXSSRUWHG�IURP�IXQGLQJ�IURP�WKH�5���&$����������561���3���&$�������561���WKH�����
3DUNHU� ,QVWLWXWH� IRU� &DQFHU� ,PPXQRWKHUDS\� �561��� WKH� *HUPDQ� &DQFHU� $LG� 0LOGUHG� 6FKHHO�����
3RVWGRFWRUDO�)HOORZVKLS��-./���WKH�6ZLVV�&DQFHU�/HDJXH�%,/�./6���������������)6���WKH�*HQHYD�����
&DQFHU�/HDJXH�/*&��������)6���WKH�$PHULFDQ�6RFLHW\�IRU�%ORRG�DQG�0DUURZ�7UDQVSODQWDWLRQ�1HZ�����
,QYHVWLJDWRU� $ZDUG� ����� �)6��� WKH� 'XERLV�)HUULqUH�'LQX�/LSDWWL� )RXQGDWLRQ� �)6��� WKH� &KRRVH/LIH�����
)RXQGDWLRQ��)6���WKH�)RQGDWLRQ�*XVWDYH�	�6LPRQH�3UpYRW��WR�)6���WKH�)RQGDWLRQ�+HQULHWWH�0H\HU��WR�����
)6��� WKH� *UXHQHZDOG�=XEHUELHU� )RXQGDWLRQ� �1.��� )ORZ� F\WRPHWU\� DQDO\VLV� DQG� VRUWLQJ� ZHUH�����
SHUIRUPHG�RQ�LQVWUXPHQWV�LQ�WKH�6WDQIRUG�6KDUHG�)$&6�)DFLOLW\�SXUFKDVHG�XVLQJ�D�1,+�6���6KDUHG�����
,QVWUXPHQWDWLRQ� *UDQW� �6��55������������ 6HTXHQFLQJ� ZDV� SHUIRUPHG� RQ� LQVWUXPHQWV� LQ� WKH�����
6WDQIRUG�)XQFWLRQDO�*HQRPLFV�)DFLOLW\�� LQFOXGLQJ� WKH�,OOXPLQD�+L6HT������SXUFKDVHG�XVLQJ�D�1,+�����
6���6KDUHG�,QVWUXPHQWDWLRQ�*UDQW��6��2'�������������
�����
$XWKRU�FRQWULEXWLRQV�����
-./��7+��07��)6�FRQFHLYHG�DQG�GHVLJQHG�UHVHDUFK�VWXGLHV��-./��7+��07��7/5��$0��,:��$3��6:������
)6�FRQGXFWHG�H[SHULPHQWV��-./��6%��1.��6:��)6�DQDO\]HG�GDWD��;-��GHYHORSHG�PHWKRGRORJ\�DQG�����
DQDO\]HG� GDWD�� -%�� GHYHORSHG� PHWKRGRORJ\� DQG� SURYLGHG� HVVHQWLDO� UHDJHQWV�� 6%�� -9�� '0�� <&�����
SURYLGHG�HVVHQWLDO�WRROV�DQG�LQWHOOHFWXDO�LQSXW��-./��)6�DQG�561�ZURWH�WKH�PDQXVFULSW��)6�DQG�561�����
VXSHUYLVHG�WKH�UHVHDUFK�����
�����
&RPSHWLQJ�LQWHUHVWV�����
$OO�RWKHU�DXWKRUV�KDYH�GHFODUHG�WKDW�QR�UHOHYDQW�FRQIOLFW�RI�LQWHUHVW�H[LVW������
�����
'DWD�DQG�PDWHULDOV�DYDLODELOLW\�����
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D, Vu DL, Melotti A, Arm I, Eberhardt CS, Tamburini J, Kaiser L, Chalandon Y, Simonetta F. 
T cell receptor sequencing reveals reduced clonal breadth of T-cell responses against SARS-

CoV-2 after natural infection and vaccination in allogeneic hematopoietic stem cell transplant 

recipients. Ann Oncol. 2022 S0923-7534(22)04144-8. doi: 10.1016/j.annonc.2022.09.153. 

 

The SARS-CoV-2 pandemic represented an unprecedented opportunity to investigate the 

ability of allogeneic HSCT recipients to react to antigens, presented in the context of natural 

infection and/or vaccination, toward which neither the donor nor the recipient had been 

previously exposed. After the mRNA-based vaccines became available we were among the 

first groups reporting reduced antibody response rates in allogeneic HSCT recipients in 

comparison with the general population (Mamez et al., 2021). Subsequently, in this second 

work we extended our analysis to SARS-CoV-2 specific T cell responses. We used for the first 

time high-throughput TCR beta sequencing to identify, quantify and characterize SARS-CoV-

2-specific T cell clonotypes in allogeneic HSCT recipients and healthy controls after both 

COVID-19 natural infection and vaccination. Our analysis revealed a reduced breadth of 

SARS-CoV-2 specific T cell responses to infection and vaccination in allogeneic HSCT 

recipients compared to healthy controls. Such a reduction in different SARS-CoV-2-specific T 

cell clonotypes was associated with a reduction in the number of T cells producing IFN-g after 

restimulation with SARS-CoV-2 peptides as measured by ELISpot. Conversely, no 

relationship between SARS-CoV-2 specific T cell clonal breath and humoral responses was 

observed. As previously reported, allogeneic HSCT recipients displayed an increased clonality 

and a reduced TCR diversity. Importantly, the inverse correlation between the breadth of 

SARS-CoV-2 specific T cell clonotypes and the clonality of the TCR repertoire pointed to the 

impaired immune-reconstitution and reduced TCR diversity after allogeneic HSCT as a main 

cause of reduced responses against SARS-CoV-2. Our results demonstrate, for the first time 

using a new pathogen as a model, that allogenic HSCT recipients have a reduced ability to 

mount physiological T cell responses against new epitopes as a consequence of their impaired 

immune-reconstitution.   



tumor event: a propensity score-matched cohort analysis of the GEC-
ESTRO Breast Cancer Working Group Database. Int J Radiat Oncol Biol
Phys. 2021;110(2):452e461.

T cell receptor sequencing reveals reduced clonal
breadth of T-cell responses against SARS-CoV-2
after natural infection and vaccination in
allogeneic hematopoietic stem cell transplant
recipients

Allogeneic hematopoietic stem cell transplantation (HSCT)
recipients have a higher risk of developing severe coronavi-
rus disease (COVID-19) and a higher mortality rate compared
with the general population (Ljungman et al.1) potentially
also as a consequence of their reduced ability to respond to
vaccination (Mamez et al.2; Redjoul et al.3; Einarsdottir
et al.4). To evaluate the magnitude and breadth of T-cell
responses against SARS-CoV-2 in allogeneic HSCT recipients,
we carried out high-throughput T cell receptor (TCR)
repertoire profiling on cells recovered from allogeneic HSCT
recipients or healthy controls (HC) after COVID-19 natural
infection or messenger RNA (mRNA)-based vaccination.

Peripheral blood samples were obtained after COVID-19
infection from allogeneic HSCT recipients (n ¼ 11;
Supplementary Tables S1 and S2, available at https://doi.
org/10.1016/j.annonc.2022.09.153) or HC (n ¼ 10;
Supplementary Material, available at https://doi.org/10.
1016/j.annonc.2022.09.153). A total of 6 out of 11 pa-
tients were under immunosuppression for active (n ¼ 3) or
resolved (n ¼ 3) graft-versus-host disease. T-cell receptor
(TCR) beta sequencing (Supplementary Material, available
at https://doi.org/10.1016/j.annonc.2022.09.153) identified
SARS-CoV-2 specific T-cell clonotypes in both HC and HSCT
recipients after COVID-19 infection (Figure 1A). No differ-
ence was observed in the proportion of T cells specific for
SARS-CoV-2 between HSCT recipients and HC (data not
shown). The diversity of the SARS-CoV-2-specific T-cell clo-
notypes, a measure previously shown to be inversely
associated with severity of the disease (Elyanow et al.5),
however, was significantly reduced in HSCT recipients
compared with HC (Figure 1B). Enzyme-Linked ImmunoSpot
(ELISpot) assay (Supplementary Material, available
at https://doi.org/10.1016/j.annonc.2022.09.153) showed
significantly lower numbers of interferon- g (IFN-g) spot
forming units (SFU) after stimulation of PBMCs from HSCT
recipients with peptides from both the SARS-CoV-2 spike (S)
protein (Figure 1B, upper panel) and the membrane glyco-
protein (M) plus the nucleocapsid phosphoprotein (N)
proteins (data not shown) compared with HC. A significant
positive correlation between SARS-CoV-2-specific T-cell
clonotypes and IFN-g SFU was observed (Figure 1B, upper
panel). Conversely, we detected no significant difference in
anti-S immunoglobulin G (IgG) titers and no correlation

between antibody titers and different clonotypes
(Figure 1B, middle panel). HSCT recipients displayed a less
diverse TCR repertoire compared with HC as revealed by
higher Simpson clonality and the Simpson clonality nega-
tively correlated with the number of different SARS-CoV-2-
specific T-cell clonotypes (Figure 1B, lower panel).

We next carried out the same analysis on samples
recovered from allogeneic HSCT recipients (n ¼ 11;
Supplementary Tables S1 and S2, available at https://doi.
org/10.1016/j.annonc.2022.09.153) or from healthy con-
trols (n ¼ 10) after vaccination with three doses of mRNA-
based SARS-CoV-2 vaccines (Supplementary Material,
available at https://doi.org/10.1016/j.annonc.2022.09.153).
We observed a significant reduction in different S-protein-
specific T-cell clonotypes in allogeneic HSCT recipients
compared with HC (Figure 1C and D). ELISpot analysis
revealed significantly lower numbers of IFN-g SFU in HSCT
recipients compared with HC and a slightly significant pos-
itive correlation between the ELISpot and the TCR-seq re-
sults (Figure 1D, upper panel). We observed slightly reduced
anti-S titers in HSCT recipients compared with HC and a
trend toward a positive correlation between S-specific clo-
notypes and anti-S titers (Figure 1D, middle panels). We
detected a negative correlation between the Simpson
clonality and the number of different S-protein-specific T-
cell clonotypes after vaccination (Figure 1D).

Our results indicate that allogeneic HSCT recipients
display reduced breadth of SARS-CoV-2-specific T-cell clo-
notypes after COVID-19 infection and vaccination. No clear
correlation was detected between TCR clonal breadth and
anti-S IgG titers. The clonal breadth defect was associated
with increased T-cell clonality after HSCT, pointing to the
reduced diversity of the TCR repertoire as a mechanism
leading to impaired cellular responses against SARS-CoV-2 in
HSCT recipients.
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Figure 1. Reduced SARS-CoV2-specific T-cell clonotypes after COVID-19 infection and vaccination in allogeneic HSCT recipients. (A, C) SARS-CoV-2-specific T-cell
clonotypes visualized based on the putative sequence of the SARS-CoV-2 genome recognized. (B, D) Scatter plots and marginal bar plots correlating and comparing the
number of different SARS-CoV-2-specific T-cell clonotypes/1000 T cells, the anti-S IFN-g SFU, the anti-S IgG titers and the Simpson clonality index in HC and HSCT.
Differences between groups were assessed using the ManneWhitney U test. Correlations were evaluated using a Spearman rank correlation coefficient test.
GP, glycoprotein; HC, healthy controls; HSCT, hematopoietic stem cell transplantation; IFN, interferon; IgG, immunoglobulin G; NTD, N-terminal domain; PP, phos-
phoprotein; RBD, receptor binding domain; SFU, spot forming units.
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4. Conclusion and perspectives 
 
In the works summarized above we demonstrated how the use of multimodal 

immunomonitoring after allogeneic HSCT and cellular therapies can lead to further diagnostic 

and therapeutic developments. Previously restricted mainly to the quantitative evaluation of 

persistence and expansion of the administered cellular therapies, immunomonitoring can 

nowadays provide big amounts of quantitative and qualitative information about the cell 

therapy product as well as about its interaction with the host. We will next discuss how the 

knowledge acquired from these studies can be further extended in future research and 

hopefully exploited for clinical translation over the next years.  

 

4.1. Molecular imaging of allogeneic HSCT and cellular therapies - summary of the 
results and future directions 
In our molecular imaging studies, we exploited radiotracers for the identification of activation 

markers previously generated for monitoring of endogenous immune responses, such as 

OX40 (Alam et al., 2018) and ICOS (Xiao et al., 2020), to the field of allogeneic HSCT and 

adoptive cellular therapies. In a first study, we tested the use of OX40-immunoPET in murine 

models of HSCT and we demonstrated that this approach was able to detect T cell activation, 

expansion, and tissue infiltration during acute GvHD (Alam et al., 2020). However, our strategy 

had a major limitation related to the toxicity of the tracer employed: the 64Cu-OX40mAb was 

generated using an agonist anti-OX40 mAb and this led to the exacerbation of GvHD when 

administered early after allogeneic HSCT. These results stress the importance of testing the 

biological impact of radiotracers targeting immunological molecules. Given the extremely low 

mass doses employed for imaging purposes, very little if any biological effect is expected from 

the use of radiotracers. However, considered the extremely high specificity and affinity of mAb 

we can expect that, depending on the agonistic or antagonistic nature of the antibody 

employed and on the nature of the immune-process investigated (immune-effector therapy or 

immuno-pathological process), a given radiotracer can exert null, positive or negative effects. 

To circumvent this limitation we undertook two, potentially complementary approaches: 1) we 

used publicly available data that we and other generated in independent studies to identify 

alternative molecules to be used as targets; 2) given the immunopathological nature of the 

process investigated (GvHD) we moved from an agonistic to an antagonistic mAb. Our 

analysis of already available RNAseq data identified ICOS as a potential candidate for GvHD 

imaging both in murine and human cells. After confirming ICOS expression at the protein level 

on T cells during GvHD, we demonstrated that immunoPET using a 89Zr-DFO-ICOSmAb 

efficiently visualized T cell activation, expansion and tissue infiltration during murine GvHD 

(Xiao et al., 2022). Importantly, we did not observe any toxicities of our tracer. This can be due 



 93 

to the target molecule selected and/or to the antagonist nature of the mAb employed. 

Allogeneic HSCT is primarily performed for its GvT effect and the use of an antagonistic mAb 

might therefore results of an interference of the radiotracer of such antitumor effect. Using a 

classical GvT model employing the A20 lymphoma cell line in a major MHC-mismatch model 

of HSCT, we demonstrated that the administration of tracer doses of anti-ICOS mAb did not 

interfere with the ability of allogeneic T cells to control tumor growth. We cannot exclude that 

having switched from an agonist to an antagonist clone for OX40 might have resulted in a 

similar safety profile without the need to change the molecular target.  

An even better approach would be to design a tracer that has no biological effect on the 

molecule target, neither agonistic nor antagonistic. This would allow to use a given tracer 

independently of the biological process investigated. However, this will need in most cases 

the generation of entirely new mAb clone as the great majority of already available ones were 

developed to activate or to block biological pathways. Alternatively, antibody fragments 

generated from already available clones might allow the use of previously developed mAbs 

after depriving them of their biological activity. No matter the approach that will be employed, 

for future clinical translation it will be essential to extensively test the safety of the radiotracer 

before employing it in patients.  

Once a promising immunoPET radiotracer will be identified for molecular imaging of GvHD, it 

will remain the issue of how to employ it in clinical practice. One option would be to employ it 

as a screening strategy in all allogeneic HSCT recipients at selected time points after 

transplantation. Given the high complexity and the significant costs of immunoPET, it is 

however unlikely that this approach will prove to be cost-effective when employed as a general 

screening tool. A second option could be to restrict its use to patient populations at particular 

risk of developing GvHD based on some clinical criteria (ex. donor type employed). 

Alternatively, the use of immunoPET for detection of gastrointestinal GvHD, the deadliest form 

of GvHD, could be triggered by other clinical signs frequently preceding or accompanying it 

such as skin GvHD. Given the great results accomplished with the use of blood biomarkers of 

GvHD, such as REG3α and ST2 (Levine et al., 2015), we can imagine a scenario in which 

immunoPET use will be triggered by positive results coming from the cheaper and more easily 

accessible blood biomarkers.  

In addition to GvHD diagnosis, immunoPET has a great potential as a tool to assess the 

severity of GvHD in order to guide therapy. We have recently seen the promising results of 

clinical trials adjusting the intensity of anti-GvHD therapy based on the severity of GvHD 

assessed on clinical and biological criteria (Pidala et al., 2020; Etra et al., 2022). Similarly, 

immunoPET could be used to evaluate the extent and severity of GvHD in a more 

comprehensive way compared to endoscopy and biopsies thus allowing to identify patients at 

low and high risk GvHD and helping to adapt the treatment accordingly.  
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The use of immunoPET targeting activation molecules can be applied to other forms of T-cell 

based therapies such as for example CAR T cells. We were the first to attempt this using 

ICOS-immunoPET in a murine model of B-cell lymphoma treated by CAR T cells (Simonetta 

et al., 2021a). Using the aforementioned 89Zr-DFO-ICOSmAb, we showed that ICOS-

immunoPET was able to detect CAR T cell activation and expansion at the tumor site. 

Similarly, to our GvHD-studies, we tested the safety of our tracer in this setting and showed 

that tracer doses of ICOS mAb did not interfere with CAR T cell expansion, persistence and, 

most importantly, antitumor activity.  

Based on these and other (Hirai et al., 2021) preclinical results we obtained using murine 

specific tracers, we are now in the process of developing human specific tracers to be 

employed for clinical transition. This work, still conducted in collaboration with Drs Israt Alam 

and Michelle James at Stanford University who are leading the molecular imaging part, will 

aim to develop anti-human OX40- and ICOS-specific 89Zr-radiolabeled monoclonal antibodies 

with minimal biological activity that we will test in murine model of xenogeneic GvHD and CAR 

T cell therapy. Once the tracers will be developed and preclinically validated, we will proceed 

to their clinical translation in patients receiving allogeneic HSCT and immune-effector cellular 

therapies.  

 

4.2. Immune-effector and immuno-regulatory cellular therapies - summary of the results 
and future directions 
We have discussed four examples of how high-throughput sequencing technologies can 

provide quantitative and qualitative information about the adoptively transferred cells as well 

about the endogenous cells and tissues.  

 

In Maas-Bauer et al., 2021, we employed a wide range of molecular techniques, including 

RNAseq, single-cell RNAseq and ATACseq, to better define the transcriptomic and 

epigenomic heterogeneity of iNKT cell subsets. After conducting a series of in vitro and in vivo 

functional assays demonstrating the functional heterogeneity of iNKT1, iNKT2 and iNKT17, 

we performed a transcriptomic analysis of CD4 and CD8 Tcon recovered after transplantation 

in the presence of the different iNKT cell subsets. This was to the best of our knowledge the 

first transcriptomic analysis assessing the impact of an immunoregulatory cellular therapy for 

GvHD prevention. Collectively, this study was important in order to define the characteristics 

of iNKT cellular products needed for different cellular therapy applications, namely iNKT1 for 

anti-tumor therapies and iNKT2 and/or iNKT17 for immune-regulatory therapies. Leveraging 

on these results we are now in the process of developing expansion protocols to specifically 

obtain human iNKT cells displaying an iNKT1 or an iNKT2 phenotype with the plan to exploit 



 95 

the different cellular products for different purposes, iNKT1 as immune-effector therapy 

against cancer and iNKT2 as immune-regulatory therapy to prevent GvHD.  

As an extension of our preclinical work on iNKT cells, we built upon the antitumor effect of 

iNKT1 cells by expanding splenic-derived murine iNKT cells and engineering them with a 

murine CD19 CAR (Simonetta et al., 2021b). Having for the first time fully murine CAR iNKT 

cells allowed us to study their interplay with the host immune system and to demonstrate that 

CAR iNKT cells have both a direct and, most importantly, an indirect antitumor effect by 

inducing CD8 T cell cross-priming. This effect was, in our model, stronger with CAR iNKT cells 

than in conventional CAR T cells. Importantly, given that the long-term antitumor effect was 

mediated by host T cells rather than from the allogeneic product whose persistence was 

extremely limited, CAR iNKT cells led to only a very transient on-target off-tumor effect on 

normal B cells, with prompt resolution of the B-cell aplasia. This offers a major advantage if 

we want to exploit the potential of CAR iNKT cells in diseases where on-target off-tumor 

toxicities cannot be tolerated, such as in myeloid malignancies. A major limitation to the 

development of CAR T cells against acute myeloid leukemia (AML) is the fact that most 

available targets expressed at AML cells surface are expressed by normal myeloid progenitors 

and/or mature cells as well. An on-target off-tumor effect would therefore lead to a non-

clinically tolerable myelotoxicity. We hypothesize that taking advantage of their indirect effect 

and their short persistence, allogeneic CAR iNKT cells can circumvent such obstacle. We are 

therefore developing CAR iNKT cells targeting a series of myeloid surface antigens including 

CD33, CD123 and CD38 that we are testing in vitro and in vivo. Given their lack of alloreactive 

potential, we hypothesize that CAR iNKT cells targeting different antigens might be mixed 

even when originating from different donors. Being able to multiplex off-the-shelf allogeneic 

CAR T cells with different specificities would be extremely useful in an extremely 

heterogeneous disease such as AML.  

 

CD4+ CD25+ FOXP3+ regulatory T cells (Treg) are a second immune-regulatory cell 

population that is currently at a more advanced stage of clinical development compared to 

iNKT cells for GvHD prevention. The preclinical studies demonstrating their efficacy in the 

experimental setting are now 20 years old (Edinger et al., 2003) and this approach is now 

finally tested in an ongoing phase III prospective randomized, multicenter clinical trial. Despite 

this, we still don’t know the mechanisms through which Treg can suppress GvHD without 

interfering with the GvT effect of the transplant procedure. To elucidate them, we applied an 

analytical pipeline similar to the one employed in our iNKT study to evaluate the impact of 

Treg on Tcon during GvHD prevention (Lohmeyer et al., 2022). We combined the analysis of 

the transcriptome with the analysis of the TCR repertoire on Tcon and Treg before and after 

transplantation. Our results identified several qualitative transcriptomic effects of Treg on Tcon 
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in addition to provide strong evidence that Treg as well undergo clonal expansion and 

activation during GvHD suppression. Importantly, our data point to a series of non-redundant, 

complementary mechanisms employed by Treg to suppress GvHD. Some of them are 

classical Treg-suppression mechanisms such as IL-10 and IL-35 production. In addition, our 

analysis revealed a major impact of Treg in the modulation of the transcription of genes 

involved in T cell metabolism, with suppression of the transcription of genes encoding 

molecules involved in glycolysis and upregulation of those involved in oxidative 

phosphorylation. Conversely, Treg upregulated genes involved in both glycolysis and 

oxidative phosphorylation suggesting that they can rely on both pathways for their activation, 

expansion and function during GvHD suppression. We plan to build upon this finding to 

develop pharmacological protocols of GvHD prevention based on metabolism modulators, to 

either reduce glycolysis, by inhibiting hexokinase using 3-Bromopyruvate or transketolase 

using oxythiamine, and/or enhance oxidative phosphorylation using the pyruvate 

dehydrogenase kinase (PDK) inhibitor dichloroacetate for example. In particular, we are 

interested in combining such and immune-metabolic modulators with Treg therapy with the 

aim of maximizing their function. Such approach will be tested in preclinical models of GvHD 

using both murine and human cells.  

 

Our Treg and iNKT studies combined offer a comprehensive analysis of the transcriptomic 

impact of the two main immunoregulatory T cell populations, Treg and iNKT cells, reported to 

suppress GvHD in murine models of HSCT and whose clinical translation is currently ongoing.  

Some conclusions can be drawn by the combined analysis of the two datasets to obtain a list 

of genes suppressed in CD4 and CD8 Tcon by both Treg and iNKT cells. We believe that this 

combined analysis will offer a great opportunity to identify genes involved in GvHD but 

dispensable for the GvT effect. We plan to use the CRISPR/Cas9 technology to knock-out one 

or more of these genes at the same time in Tcon to be tested in murine models of GvHD using 

both murine and human cells. Our hypothesis is that ablation of Treg/iNKT-modulated genes 

using gene editing will allow the generation of a cellular product deprived of any GvHD 

induction potential but retaining its antitumor capacity. There is a great interest in developing 

new strategies of graft and donor lymphocyte infusion engineering based on the selection of 

different cell population (ex. CD45RA-depletion, TCRαβ/CD19-depletion) to prevent GvHD but 

still provide a benefit in terms of antitumor effect. If our objective will be achieved, our future 

studies will pave the way to the use of gene edited grafts and donor lymphocyte infusions. 

 

Our recent study on T cell responses to SARS-CoV-2 antigens after natural infection or 

vaccination investigated the mechanisms underlying the impaired responses previously 

reported in allogeneic HSCT recipients and incompletely understood. We used high-
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throughput T cell receptor (TCR) beta sequencing and ELISpot to study SARS-CoV-2-specific 

T cells in allogeneic HSCT recipients and healthy controls. Our analysis revealed a reduced 

breadth of SARS-CoV-2 specific T cell responses to infection and vaccination in allogeneic 

HSCT recipients compared to healthy controls, pointing to the impaired immune-reconstitution 

and reduced TCR diversity after allogeneic HSCT as a main cause of reduced responses 

against SARS-CoV-2 (Pradier et al., 2022). Although somewhat predictable, our results 

demonstrate, for the first time using an infection that neither the donor nor the recipient had 

encountered before as a model, that the TCR restriction observed after allogeneic HSCT leads 

to an impaired ability of HSCT recipients to mount physiologically diverse response against 

new antigens. We predict that such abnormality will not be exclusive of SARS-CoV-2-specific 

T cell responses but will be found in T cells with other specificities and we hypothesize that 

this might at least in part justify the state of immune-impairment observed in allogeneic HSCT 

recipients against viral infections. We are testing this hypothesis in an ongoing observational 

study investigating immune-reconstitution in haploidentical HSCT recipients, known to display 

a high degree of immune-deficiency post-transplant. Moreover, we will assess the ability of 

haploidentical allogeneic CD45RA-depleted DLI to restore TCR diversity and, hopefully, 

improve protection in a phase I clinical trial currently ongoing in our Division (CE 2019-02433, 

Swiss Medic authorization number: 2020TpP1009, PI: Anne-Claire Mamez, MD).  
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