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Abstract

Promoting immune tolerance to transplanted organs can minimize the amount of 

immunosuppressive drugs that patients need to take, reducing lifetime risks of mortality and 

morbidity. Regulatory T cells (Tregs) are essential for immune tolerance, and preclinical studies 

have shown their therapeutic efficacy in inducing transplantation tolerance. Here, we report the 

results of a phase 1/2 trial (ARTEMIS, NCT02474199) of autologous donor alloantigen–reactive 

Treg (darTreg) therapy in individuals 2 to 6 years after receiving a living donor liver transplant. 

The primary efficacy endpoint was calcineurin inhibitor dose reduction by 75% with stable liver 

function tests for at least 12 weeks. Among 10 individuals who initiated immunosuppression 

withdrawal, 1 experienced rejection before planned darTreg infusion, 5 received darTregs, and 4 

were not infused because of failure to manufacture the minimal infusible dose of 100 × 106 

cells. darTreg infusion was not associated with adverse events. Two darTreg-infused participants 

reached the primary endpoint, but an insufficient number of recipients were treated for assessing 

the efficacy of darTregs. Mechanistic studies revealed generalized Treg activation, senescence, 

and selective reduction of donor reactivity after liver transplantation. Overall, the ARTEMIS 

trial features a design concept for evaluating the efficacy of Treg therapy in transplantation. The 

mechanistic insight gained from the study may help guide the design of future trials.

INTRODUCTION

Liver transplantation is a life-saving treatment for patients with end-stage liver disease, 

but immunosuppression required to prevent allograft rejection imposes substantial lifetime 

risks of morbidity and mortality for recipients (1, 2). Minimization of immunosuppression 

exposure may therefore yield substantial long-term health benefits. Among the primary solid 

organs that are transplanted, the liver is known for promoting immune tolerance (3). Liver 

transplant tolerance can spontaneously develop and be unveiled through immunosuppression 

withdrawal (4, 5). However, the rate of spontaneous tolerance is low, especially early after 

transplantation. Therapies that can accelerate the development of tolerance, thus reducing 

the cumulative burden of generalized immunosuppression, may offer substantial benefits. 

Because of the liver’s robust regenerative ability, a rejection that is rapidly diagnosed and 

successfully treated does not incur long-term sequelae. Consequently, liver transplantation 

presents a safe context to evaluate experimental tolerance-promoting therapies that require 

cessation of conventional immunosuppression for demonstration of efficacy.
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Regulatory T cells (Tregs) are essential for immune tolerance to both self and environmental 

antigens, and their ability to suppress unwanted immune activation can be therapeutically 

harnessed to induce transplant tolerance (6, 7). In solid organ and hematopoietic stem 

cell transplantation, Tregs are necessary for establishing tolerance (8). Tregs have a 

distinct therapeutic profile compared to small-molecule and biological immunosuppressive 

drugs. Tregs migrate to sites of inflammation and have many distinct immunoregulatory 

mechanisms to both respond and adapt to a spectrum of inflammatory conditions (9). Tregs 

are long-lived, and their therapeutic effect may persist beyond their lifespan through a 

process termed infectious tolerance (10). The polyclonal pool of Tregs contains a small 

fraction of donor alloantigen–reactive Tregs (darTregs). darTregs that are activated by donor 

antigens can exhibit suppressive functions in the graft and draining lymph nodes to inhibit 

the activation of graft-rejecting effector T cells. Thus, on a per-cell basis, darTregs are more 

potent than polyclonal Tregs (PolyTregs) for graft protection (11, 12). We hence developed 

a good manufacturing practice (GMP)–compliant darTreg manufacturing process to enable 

darTreg therapy in humans (13). Here, we report the design and results of the phase 1/2 

study, “darTregs to enable minimization of immunosuppression in liver transplantation” 

(ARTEMIS, NCT02474199). The objective of the study was to evaluate the safety and 

efficacy of darTregs for the promotion of liver transplantation tolerance.

RESULTS

Clinical trial design

ARTEMIS was a single-arm, open-label trial to determine the safety and efficacy of a 

single intravenous dose of darTregs to facilitate immunosuppression minimization after liver 

transplantation. The primary endpoint was the percentage of individuals who could stably 

reduce immunosuppression by 75% with discontinuation of a second drug, if applicable, 

and the secondary endpoint was the percentage of individuals who could be completely 

weaned off immunosuppression for 1 year while maintaining biochemical and histological 

stability. ARTEMIS aimed to enroll 9 to 11 participants to receive darTregs. This sample 

size was calculated on the basis of previous data from AWISH and WISPR studies showing 

that 33.6% of adult liver transplant recipients could tolerate a 75% reduction of calcineurin 

inhibitors (14, 15). With nine participants, a success rate of 77.8% (seven of nine) would 

provide 89% power at an α of 0.05 to conclude that this differed from the baseline rate of 

33.6%, using an exact one-sided binomial test. Similarly, with 11 participants, a success rate 

of 73.7% (8 of 11) would provide 85% power to conclude that this differed from the baseline 

rate.

In mouse models, many millions of PolyTregs are required to induce transplant tolerance, 

which scales to several billions of Tregs in humans (16). The frequency of darTregs is 

estimated to be 10 to 20% within a PolyTreg population. Thus, for darTregs, the effective 

dose for inducing graft tolerance in humans could be reduced by 80 to 90% to hundreds of 

millions (16). While preparing for the ARTEMIS trial, a pilot trial of Treg therapy in liver 

transplantation was reported (17). Trial participants received a single infusion of autologous 

cell preparation enriched for darTregs 13 days after liver transplantation and 8 days after 

a single dose of cyclophosphamide. Immunosuppression was withdrawn gradually, and 
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7 of 10 treated patients met the criteria of the trial-defined end point of tolerance. A 

potential correlation of higher Treg dose with successful immunosuppression withdrawal was 

observed: Tolerance was achieved in four of four participants who received greater than 300 

× 106 darTregs, two of three participants who received 100 × 106 to 300 × 106 darTregs, and 

one of three participants who received fewer than 100 × 106 darTregs. Thus, for ARTEMIS, 

we selected 300 × 106 to 500 × 106 darTregs as the target dose to permit complete 

immunosuppression withdrawal and 100 × 106 as a minimal infusible dose. Participants 

who received 100 × 106 to 300 × 106 were allowed to reduce immunosuppression by 75%.

We focused on participants 2 to 7 years after liver transplantation when the rate of 

spontaneous tolerance was below 15% (15, 18). Individuals in this early posttransplant 

period may derive greater benefit from minimizing immunosuppression to reduce risks 

of infections, malignancy, renal failure, and metabolic syndrome from cumulative drug 

exposure (2). Results from previous trials of immunosuppression withdrawal showed 

that 25% of the participants experienced graft rejection after a 50% reduction of 

immunosuppression (fig. S1) (14, 15), suggesting alloimmune activation at this step. 

Infusing darTregs just before the 50% dose reduction would minimize the negative impact of 

calcineurin inhibitor–based immunosuppression on the infused darTregs and might allow the 

cells to be activated by donor antigens to express suppressive function. With all the above 

considerations, we thus designed the ARTEMIS protocol as illustrated in Fig. 1A.

Clinical trial progression

The ARTEMIS trial enrolled participants in three centers, University of California, San 

Francisco (UCSF), Mayo Clinic Rochester, and Northwestern Medical Center. After 

reviewing the medical records of 322 living donor transplant recipients and identifying 

25 eligible participants according to protocol-defined eligibility criteria (table S1), a total 

of 15 participants were enrolled between June 2016 and October 2018. Five were excluded 

before initiating immunosuppression withdrawal (Fig. 1B). The 10 participants who initiated 

immunosuppression withdrawal were considered as the intent to treat population (Table 

1). One individual developed abnormal liver tests within 6 weeks after initiating drug 

withdrawal requiring an increase of immunosuppression, thus failing eligibility for darTreg 

infusion.

Nine participants reduced immunosuppression per protocol (tables S2 and S3), maintained 

stable liver tests, and were eligible for darTreg infusion. darTreg manufacturing was initiated 

for all nine participants, and five products met release criteria (table S4 and fig. S2), whereas 

the others were not released all because of insufficient dose. Five participants received 

darTregs, two participants received the target dose (378 × 106 and 461 × 106 cells), and three 

participants received a lower dose (126 × 106, 136 × 106, and 190 × 106 cells; Fig. 1C). Four 

participants did not have infusible darTreg products. There were no adverse events related to 

darTreg infusion.

A total of five rejection episodes, all deemed serious by the trial protocol, occurred: one 

before and four after darTreg infusion (Fig. 1C and table S5). All participants were treated 

with increased immunosuppression, thus meeting the trial definition of rejection. All five 
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rejection episodes were deemed to be unrelated to darTreg infusion by the medical monitor, 

and all were resolved.

Among the 10 participants who initiated immunosuppression withdrawal, 2 (20%; 95% 

confidence interval, 2.52 to 55.61%) achieved the primary endpoint of reducing calcineurin 

inhibitor by 75% and discontinuation of a second drug for those who entered on a two-drug 

regimen. No participants attempted complete immunosuppression withdrawal. The trial was 

completed in December 2019 when all the enrolled individuals completed protocol-defined 

follow-ups.

darTreg manufacturing

A major challenge encountered during the ARTEMIS trial was darTreg manufacturing. 

Together, the UCSF GMP facility manufactured 22 darTreg products according to a process 

detailed in a master file submitted to the U.S. Food and Drug Administration (MF15431). 

We compared manufacturing data for individuals in the ARTEMIS trial to eight others 

for which freshly collected peripheral blood or leukapheresis products were also used as 

starting material, similar to ARTEMIS [excluding three that started with frozen cells and 

one that had conventional CD4+ T cell (Tconv) outgrowth]. In general, lower cell numbers 

throughout the 16-day manufacturing process were observed for ARTEMIS participants 

than for non-ARTEMIS patients (Fig. 2A), leading to lower product yield (Fig. 2B). No 

correlation between Treg product yield and participant age was observed (fig. S3A). Viability 

of the Tregs on day 16 of cell manufacturing was comparable between products that reached 

the infusible dose and those that did not (Fig. 2C).

Lower darTreg product yield correlated with a lower number of Tregs purified from the 

starting material (Fig. 2D). For all participants enrolled in Treg therapy clinical trials 

supported by the UCSF Treg manufacturing program, absolute Treg counts in the peripheral 

blood were quantified using a Treg TruCount assay. Compared with participants in all other 

trials, ARTEMIS participants had significantly lower absolute Treg counts in the peripheral 

blood (P = 0.0007; Fig. 2E). In both ARTEMIS and non-ARTEMIS patients, we observed 

a trend of declining Treg counts with increased age (fig. S3B). The rates of Treg count 

decline were similar between ARTEMIS and non-ARTEMIS patients, losing about five 

Tregs per microliter of blood per decade of life. ARTEMIS participants had lower Treg 

counts at all ages, suggesting an additional impact of being after liver transplantation (fig. 

S3B). Among ARTEMIS participants, those who did not receive darTreg infusion due to 

insufficient dose had a trend of lower Treg TruCounts. However, two participants with the 

highest Treg TruCount only had a partial dose produced, suggesting that other factors may 

have contributed.

A strong correlation was observed between darTreg product yield and Treg fold expansion 

during the 16-day culture period (Fig. 2F). To explore factors that might have affected Treg 

expansion to donor alloantigens, we assessed the correlation of Treg fold expansion, Treg 

donor age, counts of CD4+ T cells, Tregs, monocytes, and granulocytes in the peripheral 

blood, the doses of tacrolimus and mycophenolate at trial enrollment, and numbers of human 

leukocyte antigen (HLA) class I and class II mismatches using multivariable correlation 

analysis (fig. S4). Negative correlations between Treg TruCount and age and between HLA 
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class II mismatches and granulocyte TruCount were observed. No correlation with other 

parameters was observed. Together, these analyses suggest the importance of Treg counts and 

their responsiveness to alloantigen stimulation to Treg product yield.

Pharmacokinetics of infused darTregs

darTregs were manufactured in the presence of deuterated glucose, which resulted in the 

incorporation of deuterium into the genome of darTreg products. Deuterium enrichment 

in genomic DNA by gas chromatography–mass spectrometry can be used to track these 

autologous cells after infusion (19). Deuterium enrichment was detected in circulating Tregs 

in all infused participants. The signal peaked early after infusion and persisted for many 

months (Fig. 3A). The peak deuterium signals had a positive linear correlation with the 

number of darTregs infused (Fig. 3B), suggesting that the number of infused cells did not 

exceed an engraftment threshold. For participants 2 and 4, who received target doses of 

darTregs and were monitored for more than 300 days for deuterium, a pattern of two-phase 

decay was evident, as we have previously described in type 1 diabetes (19). A two-phase 

exponential decay model estimated that 80 to 90% of the infused darTregs were in the fast 

decay pool with a calculated half-life of about 50 days. The slow pool enrichment remained 

stable with very long half-lives estimated in both participants (Fig. 3C).

ARTEMIS Treg characteristics

To investigate the cellular basis of low darTreg expansion, we performed RNA sequencing 

(RNA-seq) transcriptomic profiling of Tregs sorted from archived peripheral blood 

mononuclear cells (PBMCs) collected for Treg manufacturing. The analysis included 

samples from eight ARTEMIS participants collected during stage 2 of immunosuppression 

withdrawal, six kidney transplant (KTx) patients 6 to 12 months after transplant on 

standard immunosuppression, two patients before KTx, and three patients with type 1 

diabetes. These 19 samples were selected on the basis of Treg manufacturing records to 

include 7 low, 6 medium, and 6 high expanders (defined by referencing the manufacturing 

records of comparable products; table S6). This sample set included those used in darTreg 

and PolyTreg manufacturing [high variability in Treg expansion was also observed during 

PolyTreg manufacturing (20)]. Grouping these samples together may allow the identification 

of features shared by low expanders in both platforms. Gene set enrichment analysis of 

differentially expressed genes showing the highest correlation with Treg fold expansion 

across all 19 samples revealed that low expansion was enriched in pathways of immune 

activation, cytokine signaling, and epigenetic regulation with an underrepresentation of 

pathways involved in translation regulation and ribosomal biogenesis (data file S1). Similar 

results were observed when the analysis was restricted to the ARTEMIS samples, which 

identified an increase in immune activation pathways and in negative regulation of T cell 

proliferation along with down-regulation of pathways involved in translation and ribosomal 

biogenesis (Fig. 4A and data file S2). These data suggest that low-expander Tregs have 

a distinct transcriptomic profile that includes both effector activation and senescence 

characteristics (21, 22).

We additionally performed a 30-parameter spectral flow cytometry analysis focusing on 

markers of T cell activation and exhaustion using 23 PBMC samples that overlapped with 
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those in the RNA-seq analysis (table S6). After data acquisition of individual samples, 

events in the CD4+FOXP3+HELIOS+ Treg gate (fig. S5) for all samples were digitally 

pooled and displayed on Uniform Manifold Approximation and Projection (UMAP) to 

visualize marker expression as heatmaps (Fig. 4B). Most Tregs expressed CD45RO and FAS, 

indicative of previous antigen experiences. A subset of CD45RO Tregs expressed an HLA-

DR+ CD25hi and CTLA-4+ phenotype. These markers were positively correlated with Ki67 

expression, suggesting active cell cycling. A distinct CXCR3+ Treg population was observed, 

but it did not overlap with the HLA-DR+ Tregs. Among HLA-DR+–activated Tregs, a 

subgroup of CD38+ expressed markers typically associated with T cell exhaustion, including 

programmed cell death protein 1 (PD1), killer cell lectin-like receptor G1 (KLRG1), and 

T cell immunoglobulin (Ig) mucin-3 (TIM3), whereas another subset highly expressed 

CD39 and T cell immunoreceptor with Ig and ITIM domains (TIGIT). Transcription factor 

inhibitor of DNA binding 2 (ID2) was high among all three subsets of activated Tregs. 

Interferon regulatory factor 4 (IRF4) expression was higher among the CD38+ subset, and 

thymocyte selection–associated high mobility group box (TOX) was higher among the 

CD39+ Tregs. T cell factor 1 (TCF1)high Tregs occupied an area of the UMAP that was nearly 

completely opposite of that of the HLA-DR+ Tregs.

Tregs in ARTEMIS participants showed an enrichment for the CD38+ and CD39+ Treg 

subsets but relatively depleted of the CXCR3+ Tregs (Fig. 4C). We then explored whether 

any of these Treg phenotypes correlated with Treg expansion during darTreg manufacturing. 

We found a significant inverse correlation between the percentages of HLA-DR+ (P = 

0.0226), KLRG1+ (P = 0.0093), or PD1hi (P = 0.0251) Tregs and darTreg expansion and a 

significant (P = 0.0204) positive correlation between the amount of TCF1 expression and 

darTreg expansion (Fig. 4D and fig. S6). No correlation was found between the expression 

of CXCR3, ID2, IRF, or TOX and darTreg expression. These findings are consistent with 

RNA-seq results and suggest that the low-expander Tregs have features of activation and 

prior antigen experiences.

The liver is known for its ability to induce immune tolerance to antigens that it expresses 

(23, 24). Mechanisms of tolerance induction by the liver elucidated in mouse studies 

include trapping and deletion of activated effector T cells, induction of T cell anergy and 

exhaustion, and inducing Tregs (25–28). We therefore measured donor reactivity of Tregs in 

ARTEMIS participants using a modified mixed lymphocyte reaction assay, referred to as the 

alloantigen-reactive T cell frequency (ATF) assay, in which recipients’ PBMCs were labeled 

with a cell tracker dye (CTD) and stimulated with CD40L-activated B cells from donors for 

4 days (29). The proliferation of donor-reactive Tregs was readily measured and quantified 

using CTD dilution (fig. S7). We compared precursor frequencies of donor-reactive Tregs 

in ARTEMIS participants to a reference dataset of lung transplant recipients before and 1 

year after transplant. The median (range) darTreg precursor frequency was 14.2% (4.7 to 

38.5) before lung transplant, which remained similar 1 year after transplant. The median 

(range) precursor frequencies of darTregs in ARTEMIS participants were 7.9% (2.0 to 

9.0), significantly lower than those in lung recipients, both before (P = 0.0059) and after 

transplant (P = 0.0123; Fig. 4E). To determine whether the low proliferation of ARTEMIS 

Tregs was due to deficiency in growth factors, we repeated the ATF assay in the presence 

of interleukin-2 (IL-2), IL-7, IL-15, IL-6, and tumor necrosis factor–α (TNF-α), all have 

Tang et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2024 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



been shown previously to promote human Treg expansion (30–35). None of these cytokines, 

either singly or in various combinations, changed the ARTEMIS participants’ Treg response 

to donor antigens (Fig. 4F and fig. S8). In contrast, Tconv and CD8+ T cell responses to 

donor antigens were increased by IL-2, IL-7, and IL-15 (fig. S9).

To explore whether donor-reactive Tregs were deleted by the transplanted liver, we measured 

Treg repertoire diversity in ARTEMIS participants using T cell receptor (TCR) sequencing. 

We reasoned that if as high as 10 to 20% of Tregs have direct alloreactivity to a mismatched 

donor, then their deletion would result in holes in the Treg repertoire and reduced repertoire 

diversity. We sequenced TCRα and TCRβ chains of 60,000 Tregs purified from ARTEMIS 

(n = 8), post-KTx (n = 6), and control (n = 8) PBMCs. Repertoire diversity was measured 

using D50 indexes of the complementary-determining region 3 (CDR3) of TCRα and 

TCRβ chains. D50 is the percent of unique T cell clones that account for the cumulative 

50% of total CDR3s counted in the sample (36). Thus, a diverse repertoire with equal 

representation of all clones has a D50 of 50. The median D50 of ARTEMIS Tregs was 

between 4.6 and 13.5 for TCRα and between 6.6 and 22.5 for TCRβ, not different from 

Tregs in post-KTx and control individuals (fig. S10A). Because CDR1 and CDR2 encoded 

by the V gene segments contribute to the recognition of allogeneic major histocompatibility 

complex (MHC) molecules (37), we compared TCRα and TCRβ V gene usage by Tregs 

from the three cohorts. No obvious changes in V gene usage were observed (fig. S10, B 

and C). Overall, these analyses show that Tregs in ARTEMIS participants remained similarly 

diverse when compared to normal controls and KTx recipients on immunosuppression.

Treg donor reactivity after liver transplantation

Because ARTEMIS participants were enrolled 2 to 7 years after liver transplantation, no 

pretransplant baseline samples were available for direct comparison of Treg donor reactivity 

before and after transplant. Therefore, we obtained, from the Immune Tolerance Network, 

peripheral blood samples collected in the AWISH study (NTC00135694) (15), a clinical trial 

of immunosuppression withdrawal trial in de novo liver transplant recipients. Longitudinal 

samples from 16 AWISH specimens collected before transplant as well as 6 months and 2 

years after transplant were analyzed using the ATF assay. In pretransplant AWISH samples, 

between 27 and 63% of Tregs had diluted the CTD by the end of the 4-day assay (Fig. 5, 

A to C). After liver transplantation, proliferation induced by donor B cells was significantly 

reduced (P = 0.0088). In contrast, proliferation induced by a mixture of allogeneic B cells, 

selected to maximize the coverage of distinct HLA supertypes, did not change (Fig. 5, A 

and B). Further analyses of the dye dilution data show a reduced frequency of donor-reactive 

Treg precursors after liver transplantation (Fig. 5D). Moreover, among the Tregs that entered 

the cell cycle, the percentage of Tregs that had divided five times or more, indicative 

of higher proliferative potential, was lower for posttransplant compared to pretransplant 

specimens. Conversely, the percentage of Tregs that had divided only once was higher 

(Fig. 5E). Together, these results show a substantial and selective reduction of Treg donor 

reactivity as early as 6 months after liver transplantation, which persisted until 2 years 

after transplantation. Furthermore, the reduced reactivity can be attributed to either reduced 

frequency, decreased proliferative potential of darTregs, or both.
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To determine whether the reduced donor reactivity was limited to the Treg compartment, 

we similarly analyzed the proliferative responses of CD4+ Tconv and CD8+ T cells. Donor-

reactive CD4+ Tconv showed a significant reduction of precursor frequency and proliferative 

potential by 2 years (P = 0.0068), but not at 6 months after transplant (fig. S11). Donor-

reactive precursors of CD8+ T cells were significantly reduced at both 6-month (P = 0.0024) 

and 2-year (P = 0.0195) time points (fig. S12, A to C); however, the proliferative potential 

of the remaining donor-reactive cells was mostly unchanged (fig. S12, D and E). For both 

CD4+ Tconv cells and CD8+ T cells, reactivity to a mixture of allogeneic B cells remained 

unchanged after transplantation, demonstrating that the observed changes were not due to 

generalized immunosuppression but selective to donor antigens. Overall, the kinetic analyses 

of T cell donor alloantigen reactivity showed a selective reduction of donor reactivity in 

all T cell compartments after liver transplantation, which may underlie the difficulties in 

manufacturing darTregs for the ARTEMIS trial.

DISCUSSION

ARTEMIS was designed to assess the safety and efficacy of darTreg therapy in liver 

transplant recipients. The trial design allowed for an assessment of both safety and 

efficacy with a modest number of participants. This efficient design is highly desirable 

for early-stage cell therapy trials with labor-intensive cell manufacturing processes. The 

efficacy endpoint, stable reduction, or complete cessation of immunosuppression after 

Treg therapy is supported by the results of previous multicenter, prospective clinical trials 

of immunosuppression withdrawal in liver transplant recipients and supports an efficacy 

assessment of Treg therapy.

The ARTEMIS trial achieved accrual of nine participants eligible for darTreg infusion; 

however, only five participants received darTregs and all infusions were well tolerated. 

Infused Tregs were detected in circulation in all participants, and evidence of a small long-

lived subset of the infused Tregs was seen. An insufficient number of participants were 

treated for efficacy assessment. The failure to manufacture a full dose for most participants 

was associated with reduced Treg counts and Treg donor reactivity, possibly from years of 

exposure to the donor's liver under immunosuppression.

Mechanistic studies revealed dysfunction of darTregs after liver transplantation. Antigen 

recognition in the liver leads to deletion and hyporesponsiveness of antigen-specific CD4+ 

Tconv cells and CD8+ T cells in mouse models and clinical liver transplantation (25, 28, 

38, 39), in contrast to no change after lung transplantation, and increased after kidney 

and small intestine transplantation (40–42). Although these previous studies in transplant 

recipients did not analyze Treg dynamics, recognition of antigens in the liver leads to Treg 

expansion in mouse models (26, 27, 43). We thus anticipated that darTreg frequency would 

increase after liver transplantation, especially when immunosuppression is gradually reduced 

to enable donor alloantigen recognition in a noninflamed environment that is conducive 

to Treg induction. Contrary to this expectation, our mechanistic analyses together suggest 

a progressive process of Treg activation, exhaustion, senescence, or deletion after liver 

transplantation.
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There are likely multiple reasons for the dichotomous findings in humans and mouse 

models. We speculate that one contribution may be immunosuppression use in humans 

after liver transplantation (44). Calcineurin inhibitors are very effective at suppressing IL-2 

expression, a cytokine essential for Treg differentiation and survival. This may explain 

the low number of Tregs by TruCount in ARTEMIS participants. Moreover, calcineurin 

inhibitors and mycophenolate have been both implicated in inducing cellular senescence 

(45, 46), a phenotype of low-expander Tregs revealed in RNA-seq analyses of this study. 

The reduction of Treg donor reactivity after liver transplant may explain why spontaneous 

transplant tolerance is rare, despite the deletion and inactivation of donor-reactive CD4+ 

Tconv cells and CD8+ T cells. Future studies are needed to define the cellular and molecular 

underpinnings of Treg dysfunction after liver transplantation.

There has been intense interest in using low-dose IL-2 or CD25-dependent IL-2 muteins 

to selectively expand Tregs to treat autoimmune diseases (47, 48). In mouse models of 

transplantation, IL-2 therapy reverses the Treg dysfunction induced by calcineurin inhibitors 

and promotes transplantation tolerance (49, 50). Recently, we have shown that low-dose 

IL-2 therapy increased not only the persistence of infused Tregs in the circulation but 

also the cytotoxic T cell signature in patients with type 1 diabetes (51). In ARTEMIS, 

we stimulated Tregs with donor antigens in vitro, in the presence of exogenous IL-2 and 

common γ chain cytokines, IL-7 and IL-15, to determine whether Treg dysfunction could 

be reversed. Although the response of Tregs to the addition of these cytokines did not 

change, the proliferation of CD8+ T cells markedly increased. These results echo the lack of 

donor-specific Treg expansion following the in vivo administration of low-dose IL-2 to liver 

transplant recipients in a clinical trial (LITE, NCT02949492) that has a very similar design 

to ARTEMIS (52). Together, these results suggest that reduced IL-2 in transplant recipients 

maintained on calcineurin inhibitors may pose a substantial challenge to exogenous Treg 

therapy and tolerance induction. IL-2 therapy may not have sufficient selectivity for Treg 

enhancement in transplant recipients.

The ARTEMIS study has several limitations. The enrollment was restricted to living donor 

transplant recipients due to the need for donor B cells to manufacture darTregs, thereby 

excluding deceased donor liver transplant recipients. Manufacturing darTregs for ARTEMIS 

was proven to be difficult. Mechanistic studies correlated an unexpected decrease in Treg 

donor reactivity after liver transplantation with poor manufacturing outcomes, but the 

cellular and molecular underpinning of Treg dysfunction after liver transplantation remains 

to be elucidated. It is presently unclear how the Tregs may be rescued if it is possible. Lastly, 

with only two participants receiving the target dose and a total of five infused participants, 

the study was not sufficiently powered to assess safety or efficacy of darTregs. Moreover, 

four of the five participants treated with darTregs experienced an acute rejection episode 

during immunosuppression reduction, including a patient treated with the target dose of 

darTreg. Although these rejections were assessed as unrelated to darTreg administration, 

these data are suggestive of limited efficacy of darTreg therapy in preventing graft rejection.

Future trial designs will need to address manufacturing challenges in darTregs after liver 

transplantation. With the advent of genome editing and synthetic biology, it is possible 

to engineer Tregs with desired alloantigen specificity without a need for donor tissue. 
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Additional features may be engineered to endow Treg products with resistance to calcineurin 

inhibitors and independence from IL-2 (53). Alternative to genetic engineering of Treg 

products, enrolling participants early after transplant before Treg dysfunction is established 

may improve darTreg manufacturing. In addition, depleting donor alloantigen–reactive CD4+ 

Tconv cells and CD8+ T cells could be synergistic with Treg infusion so that fewer infused 

Tregs can exert dominant immune regulation. In this regard, a pilot study of Tregs following 

cyclophosphamide-mediated depletion provides proof-of-concept data that demonstrate that 

intentional induction of liver transplantation tolerance is achievable (17).

MATERIALS AND METHODS

Study design

The ARTEMIS study aims to evaluate the safety and efficacy of autologous darTregs in 

liver transplantation. The trial enrolled male and female participants between 18 and 70 

years of age 2 to 7 years after receiving a living donor liver transplant. The key eligibility 

criteria are summarized in table S1. Immunosuppression was reduced stepwise (tables S2 

and S3), and darTregs were infused shortly before the 50% reduction of immunosuppression. 

The primary safety endpoint was the occurrence of Common Terminology Criteria for 

Adverse Events (CTCAE) grade 3 or higher adverse events including infusion reaction and 

cytokine release syndrome, grade 3 or higher infections as defined by the trial protocol, and 

any malignancy including posttransplant lymphoproliferative disease. The primary efficacy 

endpoint was the reduction of calcineurin inhibitor dosing by 75% and discontinuation 

of a second immunosuppressive drug, if applicable, with stable liver tests for at least 12 

weeks. All infused participants (targeted and infusible doses) were permitted to reduce 

calcineurin inhibitor dose reduction by 75% and discontinue a second agent if applicable 

(primary endpoint). Only participants who received the targeted dose and successfully 

minimized immunosuppression as defined above would be offered the option of proceeding 

with complete immunosuppression withdrawal for assessing the secondary efficacy endpoint 

of achieving tolerance. More details on trial procedures can be found in Supplementary 

Materials and Methods.

darTreg manufacturing

Autologous darTregs were manufactured for individual trial participants at the UCSF GMP 

facility using a process previously published (13). Briefly, the process began with the 

production of stimulated B cells (sBCs) by two rounds of stimulation of donor PBMCs 

with irradiated K562 cells expressing CD40L. The resulting sBCs were irradiated and 

cryopreserved in CS10 medium. Recipient Tregs were purified from 1 U of whole blood or 

5 liters of leukapheresis product using fluorescence-activated cell sorting (FACS) based on 

the phenotype of CD4+CD25+CD127lo/−. The expansion cultures were initiated by mixing 

purified Tregs and thawed sBCs at a ratio of 1 Treg to 4 sBCs in a Treg expansion medium 

consisting of X-Vivo 15 base and 10% human AB serum supplemented with IL-2 (300 

IU/ml). The cells were restimulated with anti-CD3– and anti-CD28–conjugated beads on 

day 11 and harvested on day 16. After debeading and quality control assessments, products 

that met the minimal infusible dose and the preset release criteria were formulated in 

infusion solution and released for infusion (table S4). For participants at Mayo Clinic and 
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Northwestern University, the products were shipped in containers validated to maintain 

temperatures between 2° and 10°C. Infusions were completed within 30 hours of final 

product formulation. Aliquots of archived darTreg products were submitted to EpigenDx for 

analysis of methylation of nine cytosines in the FOXP3 Treg-specific demethylated region 

(assay ID: ADS783-FS2). Reagent information can be found in table S7.

Flow cytometry

Cryopreserved PBMCs were thawed, washed, and stained with fixable viability dye for 

20 min before additional staining with cell surface fluorochrome-conjugated antibodies 

for another 30 min. The cells were then washed, fixed, and permeabilized in the 

Foxp3 transcription factor staining buffer set before staining with fluorochrome-conjugated 

antibodies for intracellular proteins for 60 min. All incubations were carried out in the dark 

at 4°C. Antibodies used for flow cytometry are summarized in table S8. The stained cells 

were washed before analysis on a Navios (Beckman Coulter) or an Aurora (Cytek) flow 

cytometer. Data analyses were performed using FlowJo (Tree Star Inc.) and Kaluza software 

(Beckman Coulter).

ATF assay

The assay was performed as previously described (29). Briefly, recipient PBMCs were 

labeled with a CellTrace Violet dye (Invitrogen) and mixed with appropriate donor sBCs 

at the ratio of 2 sBCs to 1 PBMC. To assess general alloreactivity, a mixture of six sBCs 

with distinct HLA types was used instead of donor sBC to stimulate the recipient PBMCs. 

The cells were cultured in RPMI 1640 medium supplemented with GlutaMAX, 10% human 

AB serum (Omega Scientific), 1% nonessential amino acids, 1% sodium pyruvate, and 1% 

penicillin/streptomycin (all reagents were from Gibco unless stated otherwise) for 84 to 96 

hours before staining with antibodies to CD4, CD8, FOXP3, and HELIOS (table S8) as 

described above for flow cytometry. The samples were measured on a Navios (Beckman 

Coulter) flow cytometer, and CellTrace Violet dilution in Tregs (CD4+FOXP3+HELIOS+), 

Tconv (CD4+, not Treg gate), and CD8+ T cells were analyzed using Kaluza software 

(Beckman Coulter).

Quantification of deuterium in circulating Tregs

PBMCs from patients who had received an infusion of darTregs were collected on days 1 

and 6 and on months 1, 3, 6, 12, and 18. CD4+CD25+CD127lo/− Tregs were sorted, and 

cell pellets were cryopreserved at −80°C. Samples were later used for batched analyses of 

deuterium content in the genomic DNA, as previously described (19).

TCR sequencing

Patient Tregs were FACS-purified using CD4+CD25+CD127lo/− markers from PBMCs 

cryopreserved at the start of darTreg manufacture. At least 60,000 Tregs were sorted for 

each sample and preserved in TRIzol reagent (Invitrogen). Total RNA was extracted from 

each sample using the Direct-zol RNA Microprep Kit (Zymo Research), and 60 ng of total 

RNA was submitted to iRepertoire Inc. for TCRα and TCRβ repertoire sequencing using the 
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Illumina MiSeq platform. Data analysis was performed using the online analytic tool iRweb 

(iRepertoire Inc.)

RNA sequencing

RNA was extracted from FACS-purified CD4+CD25+CD127lo/− Tregs as described above 

for TCR sequencing. RNA libraries were prepared and amplified using TruSeq Stranded 

mRNA sample preparation with the corresponding kit (Illumina Inc.). Paired-end 101–base 

pair sequencing was done, reaching about a total of 50 million reads by sample. RNA-seq 

data analyses are described in detail in Supplementary Materials and Methods.

Statistical methods

Raw, individual-level data are presented in data file S3. For clinical data, categorical and 

continuous variables were compared using Fisher’s exact and two-sample Student’s t tests. 

Clinical statistical analyses were performed using SAS version 9.4 (SAS Institute). Treg 

manufacturing and research laboratory data were analyzed using MS Excel and GraphPad 

Prism version 9.3.1. Statistical tests used for each dataset are provided in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ARTEMIS trial overview.
A graphical summary of the ARTEMIS trial protocol (A) and consort diagram (B) are 

shown. (C) Clinical progression of individual participants until they were off protocol due 

to rejection, manufacturing failure, or withdrawn from study. Doses of darTregs infused are 

listed in blue (M, million).
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Fig. 2. ARTEMIS darTreg manufacturing outcome and correlative data.
(A) Treg expansion during the 16-day darTreg manufacturing for ARTEMIS (n = 10) and 

non-ARTEMIS individuals (n = 8). The star at day 0 indicates sBC stimulation, and the 

arrowhead at day 11 indicates aCD3/28 bead stimulation. (B) Day 16 darTreg (D16Treg) 

product yield is shown for ARTEMIS (n = 10) versus non-ARTEMIS individuals (n = 8). 

Mann-Whitney test was used to assess the statistical significance of the difference between 

the two groups. (C) Day 16 viability was measured in infused (n = 5) and not infused (n 
= 5) darTreg products in the ARTEMIS trial. Mann-Whitney test was used to assess the 

statistical significance of the difference between the two groups. (D) Correlation between 

number of Tregs purified on day 0 of culture initiation and day 16 darTreg product yield. 

Spearman correlation was used to assess the significance of the correlation. (E) Absolute 

(Abs.) Treg numbers per microliter of blood were measured using the Treg TruCount assay, 

and results from ARTEMIS (n = 9) and participants in other trials [type 1 diabetes, n 
= 25; pre-islet transplant, n = 4; pre-kidney transplant (KTx), n = 3; post-KTx, n = 9; 

pre-liver transplant, n = 3; pemphigus, n = 5; total, n = 51] were compared. The statistical 

significance of the difference between the two groups was assessed using an unpaired t test. 

For ARTEMIS, black symbols indicate products that failed to meet the minimal infusible 

dose. White symbols are products that achieved the full target dose. Half white symbols are 

products that achieved a partial dose. (F) Correlation between Treg fold expansion during 

the 16 days of culture and day 16 darTreg product yield. Spearman correlation was used 

to assess the significance of the correlation. In (A), (B), (D), and (F), the shaded area 

is below the 100 × 106 minimal infusible dose, and the black dashed line indicates the 

target dose threshold of 300 × 106. For all panels, ARTEMIS participants are represented 

in orange and non-ARTEMIS data points are shown in blue. (A), (B), (D), and (F) include 
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all darTreg GMP products manufactured at the UCSF facility except four (three due to 

the use of cryopreserved instead of fresh PBMCs as starting materials and one due to 

outgrowth of contaminating CD4+ Tconv cells). Data for ARTEMIS include 10 data points 

from nine participants because manufacturing was attempted twice for participant 3. (C) and 

(E) included all available data. Data in (B) and (C) are presented as box- and-whisker plots 

showing all data points. The spread of the whiskers represents the range, the height of the 

box represents the inner quartile range, and the line in the box represents the median of 

the dataset. Data in (E) are presented as truncated violin plots showing all data points. The 

median is indicated by the thick white line, and the inner quartile range is indicated by the 

thin white lines.
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Fig. 3. Pharmacokinetics of Treg products after infusion.
(A) Percent deuterium enrichment in the genomic DNA of peripheral blood Tregs collected 

after Treg infusion. The numbers of infused darTregs are indicated in the legend. (B) The 

relationship between the number of cells infused and the peak of deuterium enrichment was 

assessed using simple linear regression. (C) The biphasic exponential decay model was used 

to calculate the clearance rates (T1/2) and relative size of the two distinct kinetic pools (fast 

and slow) of darTregs for participants 2 and 4. Day 1 data points were excluded from curve 

fitting due to variable mixing and trafficking of the infused darTregs at this early time point. 

All available data are included in (A) and (B). Decay curve analyses in (C) exclude day 

1 data points (white circles) based on the reasoning that the infused Tregs may not have 

sufficient time to reach equilibrium.
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Fig. 4. Deep profiling of Tregs in ARTEMIS participants.
(A) Whole-genome transcriptomic analysis of ARTEMIS Tregs was performed using RNA-

seq. Bars correspond to the top pathways over- and underrepresented in the list of genes 

differentially expressed between Tregs classified as low (n = 5) and high/mid expanders 

(n = 3) during Treg manufacturing, as assessed by gene set enrichment analysis to have 

adjusted P ≤ 2.12 × 10−5 with the highest (blue) or lowest (red) normalized enrichment 

score. (B and C) Spectral flow analysis of Tregs for ARTEMIS participants (n = 8), post-KTx 

individuals (n = 7), and nonimmunosuppressed control individuals (CTL; n = 8). (B) Data 
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from CD4+FOXP3+HELIOS+ cells (n = 64,286 cells) from all individuals were pooled to 

create a UMAP to visualize marker expression as heatmaps. (C) Data from ARTEMIS 

(n = 23,704), post-KTx (n = 15,149), and CTL (n = 25,062) participants were separated 

and projected on the same UMAP in (B) for comparisons. (D) Spearman correlations of 

Treg-expressed markers and darTreg expansion during manufacturing were analyzed. (E) 

Donor-reactive Treg frequencies in ARTEMIS (n = 7) participants were compared with 

historical data obtained from lung transplant (Lung Tx) recipients before (n = 38) and 1 year 

after transplantation (n = 8). Kruskal-Wallis test with Dunn’s multiple comparisons was used 

to determine the statistical significance of the differences. (F) The impact of added cytokines 

on ARTEMIS (n = 7) donor-reactive Treg precursor frequencies was measured. Friedman's 

test with Dunn’s multiple comparisons was used to determine the statistical significance of 

the differences. Two ARTEMIS samples were excluded from analysis in (E) and (F) due 

to low cell recovery from cryopreservation and insufficient events collected during flow 

cytometry data acquisition. Violin plots are used to summarize the data in (E) and (F). The 

center lines of the box-and-whisker plots are medians, the ranges of the whiskers are from 

the maximum to the minimum, and individual data points are shown, color-matched by 

donor, in (F). P values are listed above the graphs. Samples used are detailed in table S6. 

ARTEMIS participant 1 was excluded from the analyses due to the lack of banked samples, 

and participant 9 was excluded due to ineligibility for darTreg manufacturing.
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Fig. 5. Treg donor reactivity before and after liver transplantation.
Liver transplant recipients’ PBMCs banked from the AWISH study (n = 16) were labeled 

with CTD before stimulation with activated B cells from the liver donors or a panel of 

allogeneic (pan allo) B cells. CTD dilution was measured on day 4 of culture by flow 

cytometry. (A) Representative flow cytometric histograms of CTD dilution and analysis 

gates for CTDlow cells for CD4+ FOXP3+HELIOS+ Tregs. (B) Violin plot summaries of 

percentages of Tregs in the CTDlow gate stimulated by donor or pan allo B cells. Individual 

data points are represented by white circles, the medians are shown as thick black lines, 

and the inner quartiles are marked with thin black lines. Mixed-effects analysis was used to 

assess the significance of the changes over time. (C) Paired analyses are shown comparing 

the percentages of CTDlow Tregs before transplant (Pre-Tx; n = 16) and at 6 months (n 
= 14) or 2 years (n = 12) after transplantation. Wilcoxon test was used to assess the 

statistical significance of the differences observed. (D) Frequencies of darTreg precursors 

were calculated and summarized. Mixed-effects analysis and Wilcoxon test were used to 

assess the statistical significance of the differences observed. (E) Summary of percentages 

of Tregs in the CTDlow gate that had five or more rounds of cell division (left) and those 

that had divided only once (right). Mixed-effects analysis and Tukey multiple comparison 

posttest were used to assess the significance of the changes over time. P values are listed 

above the graphs. In all panels, the 6-month time point excludes two samples and the 2-year 

time point excludes four other samples due to insufficient cells recovered after thawing. 

Details of samples used in the analyses can be found in data file S3.
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Table 1.

Demographics for the participants who initiated immunosuppression withdrawal.

Donor

 Age (years) 33 (21–54)*

 Male sex 5 (50%)†

 White race 8 (80%)†

 Hispanic ethnicity 2 (20%)†

Recipient

 Age at enrollment (years) 60 (24–70)*

 Age at transplant (years) 55 (20–67)*

 Time from transplant to screening biopsy (years) 3 (2–6)*

 Male sex 6 (60%)†

 White race 7 (70%)†

 Hispanic ethnicity 2 (20%)†

 Diagnosis

  Hepatitis C 4 participants

  Cryptogenic/nonalcoholic steatohepatitis 3 participants

  Metabolic/genetic 2 participants

  Alcohol 1 participant

Time from transplant to screening biopsy (years) 3 (2–6)*

Alanine aminotransferase (U/liter) 18 (13–38)*

γ-Glutamyltransferase (U/liter) 16 (10–100)*

Alkaline phosphatase (U/liter) 74(61–87)*

Immunosuppression

  Tacrolimus monotherapy 6 participants

  Tacrolimus + mycophenolate mofetil 3 participants

  Cyclosporine + mycophenolate mofetil 1 participant

Donor-recipient HLA mismatches

 HLA class I (A, B, C; total of 6 alleles) 3 (0–5)*

 HLA class II (DRB1 and DQB1; total of 4 alleles) 2 (1–3)*

*
Median (minimum to maximum).

†
Number of participants (% of all participants).
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