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e Monocyte-derived human tolerogenic dendritic cells
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e TolDC-secreted lactate taken up by T cells reduces their
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e TolDCs delay xeno-GVHD development and promote a
transient increase of lactate
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In Brief

Human autologous tolerogenic dendritic
cells (ATDCs) are currently being
evaluated in a clinical trial as a cell-based
immunotherapy for kidney transplant
recipients. Marin et al. report that ATDCs
are glycolytic and produce high amounts
of lactate. This secreted lactate is taken
up by T cells, reducing their glycolytic flux
and shifting T cell responses toward
tolerance, thereby delaying graft-versus-
host disease.
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SUMMARY

Cell therapy is a promising strategy for treating pa-
tients suffering from autoimmune or inflammatory
diseases or receiving a transplant. Based on our pre-
clinical studies, we have generated human autolo-
gous tolerogenic dendritic cells (ATDCs), which are
being tested in a first-in-man clinical trial in kidney
transplant recipients. Here, we report that ATDCs
represent a unique subset of monocyte-derived cells
based on phenotypic, transcriptomic, and metabolic
analyses. ATDCs are characterized by their suppres-
sion of T cell proliferation and their expansion of
Tregs through secreted factors. ATDCs produce
high levels of lactate that shape T cell responses to-
ward tolerance. Indeed, T cells take up ATDC-
secreted lactate, leading to a decrease of their
glycolysis. In vivo, ATDCs promote elevated levels
of circulating lactate and delay graft-versus-host dis-
ease by reducing T cell proliferative capacity. The

suppression of T cell immunity through lactate pro-
duction by ATDCs is a hovel mechanism that distin-
guishes ATDCs from other cell-based immuno-
therapies.

INTRODUCTION

Current therapies for autoimmune diseases and allograft rejec-
tion generally involve the continuous use of non-specific immu-
nosuppressive drugs that are associated with increased risks
of infections, certain types of cancer, and toxicities. Cell-based
immunotherapy with ex vivo-generated tolerogenic dendritic
cells (DCs) has long been recognized as an efficient means of
promoting antigen-specific tolerance. As previously reported
by our group and others, administration of these tolerogenic
DCs to rodents prevents various autoimmune diseases (Machen
etal., 2004; Mansilla et al., 2015; Stoop et al., 2011) and rejection
of allografts (Baas et al., 2014; Hill et al., 2011; Lutz et al., 2000;
Segovia et al., 2014; Turnquist et al., 2007). The potency of tol-
erogenic DC therapy in the induction of tolerance was linked to

Context and Significance

Cell therapy is a promising strategy for treating patients suffering from autoimmune or inflammatory diseases or receiving a
transplant. The first clinical trials using tolerogenic dendritic cells (tolDCs) are in progress; therefore, a more complete un-
derstanding of their mechanisms of action is required. Researchers at Nantes University and INSERM have found that a
class of in vitro-generated tolDCs used in the clinic produces a high amount of the metabolite lactate, which effectively re-
duces glycolytic metabolism of T cells. This metabolic impairment effectively suppresses the immune response by inhibiting
T cell proliferation and differentiation to effector cells. Lactate-secreting cells, such as the dendritic cells used in this study,
may be considered as an interesting therapeutic approach toward immunosuppressive therapy.
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Figure 1. Human ATDCs Display Tolerogenic Features

(A) Expression of markers by ATDCs and MoDCs (black line) and their respective isotype controls (gray shaded) (representative of n > 4 donors; Figure S1).

Scatterplots depict MFI marker/MFI isotype control ratios in generated DCs (n > 3 donors).
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an enrichment of Tregs and to the inhibition of T cell proliferation.
Tolerogenic DCs act on T cells with contact-dependent mecha-
nisms mediated by molecules such as PD-L1, Fas-L, orimmuno-
globulin-like transcripts (ILTs) and with contact-independent
mechanisms mediated by cytokines such as interleukin (IL)-10
and TGF-p or by immunomodulatory molecules such as indole-
amine-2,3-dioxygenase (IDO) and inducible nitric oxide synthase
(INOS) (Marin et al., 2018).

In humans, tolerogenic DCs have been generated by exposure
of blood monocytes to growth factors, cytokines, or pharmaco-
logical agents (Marin et al., 2018). Our previous studies in mice
and non-human primates demonstrated the robustness of a
low-dose GM-CSF (granulocyte-macrophage-colony stimulating
factor) protocol (in the absence of other cytokines or agents) to
generate so-called autologous tolerogenic DCs (ATDCs) (Moreau
et al., 2009; Segovia et al., 2014). We also validated the safe
administration of these cells in non-human primates (Moreau
et al., 2014). Strategies for the preparation of clinical-grade
monocyte-derived tolerogenic DCs have emerged only within
the last few years and have enabled groups to investigate the
therapeutic potential of these DCs in patients suffering from auto-
immune or inflammatory diseases (Kim et al., 2018). Based on our
expertise, we developed a GMP-compatible process for produc-
ing human ATDCs. These cells are currently being administered
to kidney transplant recipients in a first-in-man phase I/Il clinical
trial to evaluate the safety and efficacy of this cellular immuno-
therapy in solid organ transplantation (NTC0225055).

Here, we characterize human ATDCs on the basis of analysis of
their phenotype and transcriptome, their suppressive properties,
and their glycolytic metabolism. Interestingly, ATDCs create a
lactate-rich environment conducive to immunosuppression. This
environment dysregulates the aerobic glycolysis of T cells and
suppresses their proliferation, as well as induces the expansion
of regulatory T cells (Tregs). The relationship between lactate pro-
duction and the therapeutic activity of human ATDCs was then
investigated in a human-into-mouse graft-versus-host disease
(GVHD) model. The mechanistic insights gained from this
research are immediately relevant to the interpretation of our clin-
ical trial and provide a further rationale for extending the clinical
applications of ATDC therapy to other clinical indications.

RESULTS

Human ATDCs Are T Cell-Suppressive DCs

ATDCs were obtained after a 6-day culture of monocytes in serum-
free AIMV medium (clinical grade medium) supplemented with 100
IU/mL of GM-CSF. For a comparator population in all subsequent
experiments, we used classic monocyte-derived DCs (MoDCs)
that were obtained by culturing monocytes in RPMI-FCS medium

supplemented with GM-CSF and IL-4 for 6 days. Because proto-
cols for the generation of ATDCs and MoDCs differ by both the me-
dium and the addition of IL-4, we also analyzed the impact of IL-4
on ATDCs (ATDCs + IL-4). Lastly, ATDCs were compared to
another population of reported tolerogenic DCs (Macedo et al.,
2013; Monti et al., 2003; Woltman et al., 2001) generated in pres-
ence of GM-CSF, IL-4, and rapamycin (iRapa-DCs).

An extensive phenotyping of ATDCs and MoDCs (Figures 1A
and S1) revealed that ATDCs shared a common expression pro-
file associated with naturally occurring myeloid DC subsets (Cao
etal., 2006; Goudot et al., 2017; Haniffa et al., 2015; Merad et al.,
2013; See et al., 2017; Segura et al., 2013) (Table S1), namely
CD11c*, HLA-DR*, CD1c*, and CD141*. Both ATDCs and
MoDCs expressed CD11b, CD206, CCR2, and CCRY. Critically,
in contrast to MoDCs and other populations tested (ATDC + IL-4
and iRapa-DCs), ATDCs did not express CD209 (DC-SIGN) but
expressed markers usually associated with monocyte-derived
macrophages, such as CD64 and CX3;CR1. ATDCs were further
characterized as CD1a~, FceR1~, CD123*, CCR5*, CCR9"¥,
PD-L17, HLA-G™, ILT-2%, ILT-3", ILT-47, and ILT-7" cells (Fig-
ure S1). Taking together and considering our previous animal
studies, we regard human ATDCs as dendritic cells with certain
macrophage-like features.

In agreement with a tolerogenic profile, ATDCs displayed
an immature phenotype (HLA-DR°*CD80/°“CD86'°“CD83~
CD40°%), whereas other generated DCs (MoDCs, ATDCs + IL-4,
and iRapa-DCs) express higher levels of these markers (Figures
1A and S1B). Furthermore, ATDCs maintain their immature state
(with no overexpression of CD83 and CD86 and a weak increase
of CD80 expression) after exposure to LPS (Figures 1B and S2A)
orother TLR ligands (Figure S2B). In contrast, MoDCs strongly up-
regulated co-stimulatory molecules under the same experimental
conditions (Figure 1B). Strikingly, even after a strong stimulation
with LPS and interferon-y (IFNvy), ATDCs secreted IL-10 but pro-
duced significantly less IL-12 than MoDCs did (Figure 1C).
Furthermore, TLR5 and TLR7-8 stimulations favored IL-10 secre-
tion by ATDCs in the absence of IL-12 production (Figure S2B).
ATDCs also expressed CCR7 (Figure S1A), implying an ability to
migrate into secondary lymphoid organs. TLR ligation increased
CCRY7 expression on ATDCs (Figure S2B), suggesting that in vivo,
the triggering of TLRs on ATDCs would favor their migration to
secondary lymphoid organs while maintaining their tolerogenic
potential. A better yield was observed in ATDCs as compared
with other DCs (Figure 1D), which is an important point for their
use in clinical trial. Rapamycin was previously reported to induce
apoptosis of MoDCs (Monti et al., 2003; Woltman et al., 2001).

Tolerogenic DCs are also defined by their ability to control
T cell proliferation. ATDCs were poor stimulators of allogeneic
T cell proliferation in mixed lymphocyte reaction (MLR)

B) ATDCs and MoDCs were either treated or not treated with LPS (n > 14 donors).
C) IL-10 and IL-12p70 concentrations in supernatants of DCs either stimulated or not stimulated with LPS-IFNy (n > 4 donors).

D) Percentage of cell recovery (n > 4 donors).

F and G) CPD-labeled CD4* T cells were cultured with allogeneic mature DCs in the presence or absence of DCs (autologous to T cells).

(
(
(
(E) DCs were cultured with allogeneic CPD-labeled CD3* T cells at different T:DC ratios. T cell proliferation was assessed by CPD dilution (n > 3 donors).
(
(

F) T cell proliferation (as described in E) (n > 3 donors).

(G) Plots depict the percentage of CD4*IFNy* and CD4*IL-17* cells; graphs show cumulative data of n > 6 donors.
p values were calculated by one-way ANOVA in (A), (D), and (F); by paired t tests in (B), (C), and (G); and by two-way ANOVA in (E). *p < 0.05, **p < 0.01,

**p < 0.001.
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Figure 2. Comparison of ATDCs with Monocytes and In Vitro- and In Vivo-Derived Cells
(A) Microarrays were performed on ATDCs, MoDCs, and rMoMacros generated from monocytes of 6 donors. Transcriptomic data of these populations (black)
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(Figure 1E) and were able to significantly suppress CD4* T cell
proliferation induced by mature DCs (Figure 1F). This suppres-
sion was associated with an inhibition of IFNy- and IL-17-pro-
ducing T cells (Figure 1G). In comparison, immature MoDCs
and other DC populations stimulated allogeneic T cell prolifera-
tion more potently and were significantly less efficient than
ATDCs in suppressing CD4* T cell proliferation (Figures 1E and
1F). Taken together, these results demonstrate the strong tolero-
genic profile of ATDCs. ATDCs clearly display greater capacity
than iRapa-DCs to suppress T cell responses in vitro. Further-
more, the absence of IL-4 during ATDC generation is a key
component for promoting their suppressive potential.

ATDCs Exhibit a Unique Transcriptomic Profile

We next compared the profile of ATDCs to that of other
monocyte-derived cells by transcriptomic analyses of paired
ATDCs, MoDCs, and resting monocyte-derived macrophages
(rMoMacros), all of which were produced from the same 6 do-
nors. Expression data from our in vitro-generated ATDCs,
MoDCs, and rMoMacros (in black) were compared with previ-
ously published expression datasets (in gray) (Goudot et al.,
2017) from monocytes, in vitro-derived DCs and macrophages,
and in vivo DCs and macrophages in a principal component
(PC) analysis (Figure 2A). We validated the combined analysis
of all these datasets by the observation that the cell types differ-
entiated within the same protocol between the public data (GM-
CSF/IL-4 MoDCs) and our study (MoDCs) clustered together.
Furthermore, our rMoMacro clustered close to the in-vitro-differ-
entiated M-CSF mo-Mac (monocyte-derived macrophage).

In our analysis, PC1 clearly separates DCs and macrophages,
whereas PC2 distinguishes monocytes, in vitro-monocyte-differ-
entiated cells, and in vivo-monocyte-differentiated cells from
ascites. This analysis highlighted that ATDCs represent an indi-
vidual subtype of cells that is distinct from monocytes, DCs, or
macrophages (Figure 2A). Because ATDCs are refractory to
TLR-mediated signals (Figures 1B, 1C, and S2), we consider
ATDCs to be a unique, maturation-resistant population of mono-
cyte-derived DCs. The uniqueness of ATDCs was also illustrated
by the full list of genes with expression fold change over 2 in
ATDCs versus MoDCs and rMoMacros (Table S2). We then
computed the rank of gene expression in ATDCs versus MoDCs
to assess the pathway enrichment in these samples with gene
set enrichment analysis (GSEA). Interestingly, gene sets associ-
ated with allograft rejection and inflammatory response were
reduced in ATDCs compared with MoDCs (Figures 2B and 2C),
thus corroborating our findings that ATDCs have tolerogenic
properties. Furthermore, the observation that ATDCs exhibited
significant enrichments of genes associated with glycolysis,
Myc targets, and mTORC1 signaling (Figures 2B and 2C) promp-
ted us to investigate the glycolytic activity of ATDCs.

ATDCs Are Highly Glycolytic Cells

To study glycolysis in ATDCs, we first investigated their glucose
consumption. ATDCs and MoDCs were cultured alone for 6 days
in the same medium, and the culture supernatants (SNs) were

analyzed (ATDC SN and MoDC SN). In accordance with our tran-
scriptomic results, ATDCs strongly took up glucose from the me-
dia (Figure 3A). Once taken up by cells, glucose is converted to
pyruvate, which is then converted to lactate or imported into
the mitochondria to fuel the tricarboxylic acid (TCA) cycle. In or-
der to determine whether ATDCs use the oxidative pathway or
the aerobic glycolysis, we performed Seahorse analyses. ATDCs
converted more glucose to lactate than did MoDCs, as shown by
basal extracellular acidification rate (ECAR) (Figure 3B). To better
characterize glucose fate in ATDCs and MoDCs, similar experi-
ments were performed before and after glucose addition in the
media. Although ATDCs and MoDCs in absence of glucose dis-
played similar ECAR levels, the addition of glucose strongly
increased ECAR values in ATDCs but not in MoDCs (Figure 3C).
In fact, glucose conversion to lactate represented around 50% of
maximal glycolytic ability of MoDCs whereas ATDCs used up to
80% of their maximal ability. Regarding their oxidative capacity,
ATDCs also displayed a higher basal oxygen consumption rate
(OCR) than did MoDCs, as well as displaying higher ATP-linked
respiration and maximal respiration (Figure 3D). Contribution of
lipid to mitochondrial respiration was investigated by the addi-
tion of exogenous palmitate with or without etomoxir, an inhibitor
of fatty acid entry in the mitochondria. Surprisingly, ATDCs did
not use exogenous palmitate to fuel the TCA, whereas these
exogenous lipids efficiently contributed to MoDC respiration
(Figure 3E). However, ATDCs may use endogenous fatty acids
as shown by the decrease of OCR value below its basal level af-
ter addition of etomoxir (Figure 3E). In agreement with these re-
sults, ATDCs displayed a significant amount of lipid droplets, but
none could be detected in MoDCs (Figure 3F). Interestingly, the
higher basal glycolysis and respiration observed in ATDCs were
associated with an enhanced intracellular ATP concentration
(Figure 3G). Besides glucose and lipids, other substrates such
as amino acids can be oxidized. Mass spectrometry analysis
performed on ATDC SN and MoDC SN revealed that ATDCs
consumed higher amounts of amino acids than did MoDCs (Fig-
ure 3H), suggesting that amino acids might be an additional
mitochondrial fuel efficiently used in ATDCs. "3C glucose exper-
iments confirmed that glucose taken up by ATDCs was more effi-
ciently converted to lactate than glucose taken up by MoDCs,
but glucose taken up by ATDCs also fueled the TCA (Figure 3I).
A higher amount of lactate was observed in ATDCs whereas
similar amounts of TCA metabolites were detected in ATDCs
and MoDCs (Figure 3l). Furthermore, ATDCs overexpressed
the lactate transporter, monocarboxylate transporter 1 (MCT7),
and pyruvate dehydrogenase kinases (PDKs) 1 and 4 (Figure 3J).
PDK enzymes inhibit pyruvate deshydrogenase (PDH), which al-
lows the production of Acetyl-CoA from glycolytic pyruvate.

To further investigate aerobic conversion of glucose to lactate
in ATDCs, we measured lactate dehydrogenase (LDH) activity
and lactate secretion. ATDCs displayed higher LDH activity (Fig-
ure 3K) and produced more lactate than the other types of DCs
we analyzed in Figure 1 and led to a pH acidification (Figure 3L).
Taken together, these results showed that ATDCs are strong
glycolytic cells and secrete high amounts of lactate.

(B and C) We performed GSEA on ATDC versus MoDC transcriptomic data with the lists of “hallmark gene sets” from the Molecular Signature Database. The
tables show the gene sets reduced or enriched in ATDCs versus MoDCs (B), whereas heatmaps depict genes that contributed the most to pathway reduction or

enrichment (C).
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ATDCs Exert Their Immunomodulatory Function

through a Non-classical Mechanism of Suppression

We next sought to clarify how ATDCs control CD4* T cell prolif-
eration in vitro (as observed in Figure 1F). First, this suppression
did not result from a competition between allogeneic stimulatory
mature DCs and ATDCs because the addition of increasing
numbers of stimulatory DCs did not impact suppression (Fig-
ure 4A). Second, to study their effects on ATDC-mediated sup-
pression, we screened some known inhibitors of T cell prolifera-
tion produced by mononuclear phagocytes. TGF-8, IL-10, iNOS,
and IDO were not involved in this suppression (Figures 4B and
4C). Furthermore, natural Tregs were not required for the sup-
pressive activity of ATDC in vitro because the suppression of
T cell proliferation was still observed with CD25-negative
T cells (Figure 4D). Finally, neither induction of anergy nor
apoptosis was responsible for ATDC-mediated suppression
(Figures S3A and S3B).

We then asked whether ATDC-T cell interactions were
required for the ATDC suppressive effect and performed exper-
iments with transwell inserts. Surprisingly, ATDC suppression
was mediated by a contact-independent mechanism because
ATDCs reduced T cell proliferation independently of being pre-
sent in the same compartment as T cells (Figure 4E). We corrob-
orated this result by showing that the transfer of suppression
assay medium (MLR + ATDC SN) was able to suppress a second
MLR as efficiently as ATDCs were themselves, indicating that
soluble factors produced, or induced, by ATDCs were involved
in T cell suppression (Figure 4F). To determine whether these sol-
uble factors were produced by ATDCs or by other cell types pre-
sent in the assay (T cells and mature DCs), we transferred ATDC
SN and MoDC SN into a new MLR. As shown in Figure 4G (white
bars), the secretome of ATDCs was responsible for T cell sup-
pression whereas MoDC SN did not modify T cell proliferation.
Furthermore, only the fraction of ATDC SN containing molecules
under 3 KDa (excluding most of the proteins) efficiently inhibited
T cell proliferation (Figures 4G and S3C).

We then hypothesized that ATDCs might suppress T cell pro-
liferation either by nutrient deprivation or by secretion of lactate.
Measurement of glucose at the end of the culture confirmed that
ATDCs strongly consumed glucose from the medium (Figure 4H).
However, addition of glucose, glutamine, or pyruvate to the
suppression assay did not abrogate ATDC’s suppressive ability,

demonstrating that nutrient deprivation was not responsible for
the ATDC suppressive effect (Figures 4l, S3D, and S3E). Strik-
ingly, we found a high amount of lactate (around 10 mM) in the
suppression-assay condition (Figure 4J). Therefore, we hypoth-
esized that lactate secretion could be responsible for ATDC-
mediated suppression rather than glucose deprivation.

Lactate Secreted by ATDCs Is Involved in Their
Suppressive Activity

It has been reported that tumor-derived lactate impairs T cell
proliferation and effector functions (Brand et al., 2016; Fischer
et al., 2007). Based on these works, we investigated the role of
ATDC-derived lactate in vitro. Induction of ATDC and MoDC
apoptosis at effective concentrations of oxamic acid and
GSK2837808A precluded the use of these two inhibitors of
LDH activity (data not shown). Nevertheless, Fischer et al.
demonstrated that the neutralization of lactate with NaOH abro-
gated its suppressive effect (Fischer et al., 2007). We first
confirmed in an MLR context that lactate alone, as well as acid-
ification alone, did not significantly impair CD4* T cell prolifera-
tion (Figure 5A). However, a decrease of proliferation was
observed when T cells were cultured with 10 mM of lactate
(amount of lactate detected in the suppression assay) plus
5 mM HCI (decrease of pH of 0.4 units) (Figure 5B), demon-
strating that both acidification and lactate were required to inhibit
T cell proliferation. To test the involvement of lactate secreted by
ATDCs, we then neutralized ATDC SN with 5 mM NaOH (in-
crease of pH of 0.46 units) before its addition to the suppression
assay (Figure 5C). Our results showed that neutralization of
ATDC SN partially reversed T cell suppression (Figure 5D) and
suggested that ATDC-derived lactate inhibits CD4* T cell prolif-
eration. Furthermore, ATDC SN induced a decrease of CCND1,
IFNvy, and tumor necrosis factor alpha (TNF-o) expressions in
CD4* T cells, and this effect was partially abrogated in neutral-
izing conditions (Figures 5E-5G and S4A). These results are in
accordance with our functional assays in which ATDCs sup-
pressed T cell proliferation and inhibited Th1 differentiation (Fig-
ures 1F and 1G).

Tolerogenic DCs are known to induce both de novo generation
and expansion of different types of regulatory T cells (Marin et al.,
2018). Furthermore, Angelin et al. reported that a low glucose,
high lactate environment favors the induction of Tregs at the

Figure 3. ATDCs Are Highly Glycolytic Cells

(A) ATDCs or MoDCs were cultured alone in RPMI-FCS medium. Glucose consumption was measured in SN at day 6 (n = 5 donors).
(B-E) Analysis of extracellular acidification rate (ECAR) (B and C) or oxygen consumption rate (OCR) (D and E). Initial medium was supplemented with glucose (B,

D, and E) or not supplemented (C).
(B) Basal ECAR (n = 5 donors).

(C and D) ECAR and OCR were measured after sequential stimulations with the molecules mentioned in respective graphs (n = 5 donors).
(E) OCR were measured in DCs either cultured or not cultured with palmitate in absence or presence of etomoxir (n = 6 donors).

(F) Lipid uptake (green) were observed following incubation with lipids (one experiment representative of 3). Scale bar, 5 um.
(
(

G) Intracellular ATP was measured after differentiation (n = 4 donors).

H) Metabolomic analysis was performed on SN from DCs of 5 donors. Media without cells of each experiment were used as controls. Heatmap illustrates the

relative levels of several metabolites.

1) ATDCs and MoDCs were incubated with 3¢ glucose. Enrichments of lactate and succinate, as well as relative amount of these metabolites, were measured

(
(n =10 donors).
(J) Relative expression of indicated molecules in DCs (n > 6 donors).

(K) Lactate dehydrogenase (LDH) activity quantified in cells (n = 6 donors).
(

L) Lactate concentration was measured in different DC SN (n = 6 donors, except ATDC + IL-4, n = 3). Dotted line represents the amount measured in medium

without cells. A pH was measured as pH of DC SN minus pH of RPMI (n > 4 donors).
p values were calculated by paired t tests in (A)-(D), (G), and (I)-(K) and one-way ANOVA in (E) and (L); “p < 0.05, **p < 0.01, **p < 0.001.
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Figure 4. ATDCs Inhibit T Cell Proliferation by Soluble Factors

(A-G and I) ATDCs or ATDC SNs were added into MLR in different experimental conditions to understand how ATDCs inhibit CD4* T cell proliferation. In (A), (B),
(D)-(G), and (l), proliferation was assessed by CPD dilution, whereas thymidine uptake was used in (C).

(A) CD4™* T cells were cultured with different amounts of allogeneic mature DCs (5 x 10%, 1 x 10%, and 2 x 10°) with or without autologous ATDCs (n = 3 donors).
(B and C) Anti-TGFB, anti-IL-10, and inhibitors of IDO and iNOS were added in a suppressive assay (B, n = 6 donors; C, n > 3 donors).

(D) Total CD4* T cells or CD4*CD25™ T cells were cultured with allogeneic mature DCs in the presence or absence of ATDCs (n = 12 donors).

(E) CD4* T cells were cultured with allogeneic mature DCs with or without ATDCs in a transwell assay (n = 3 donors).

(F) SNs from MLR or suppression assay (MLR + ATDC) were transferred to a new MLR (n > 9 donors).

(G) DC SNs were transferred to a new MLR. ATDC SNs were filtrated on 3 KDa filter, and both fractions were tested and compared with unfiltrated SN conditions
(n > 3 donors; see also Figure S3C).

(legend continued on next page)
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expense of effector T cells (Angelin et al., 2017). Our results
showed that ATDC SN induced a higher percentage of CD4*
CD25*FoxP3" Tregs among total CD4* T cells (Figures 5H and
S4B) and an increase of FOXP3 expression (Figure 51). However,
neutralization of ATDC SN did not abrogate its effects, suggest-
ing that another soluble factor from ATDC secretome contrib-
uted to this Treg induction or that lactate secreted by ATDCs
did not require acid environment to expand and/or generate
Tregs. Because the percentage of Treg and Foxp3 expression
increased in T cells cultured with ATDC SN, we investigated
the effect of ATDC SN on expansion of CD4*CD25*CD127'°%
natural Tregs in vitro. ATDC SN increased the expansion of these
Tregs (Figure 5J). Furthermore, ATDC SN-expanded Tregs pre-
served their Foxp3 expression (Figure 5K) and their suppressive
ability (Figure 5L). Taken together, these results showed that the
secretome of ATDCs favors Treg expansion and inhibits total
CD4* T cell proliferation and Th1 differentiation.

ATDC-Secreted Lactate Enters T Cells and Impairs Their
Glycolytic Metabolism

Lactate can be taken up by cells through a MCT1 transporter that
cotransports lactate and protons. Expression of MCT1 was de-
tected on CD4* T cells and upregulated after stimulation (Fig-
ure S4C). Fischer et al. previously demonstrated that lactate
required acid environment to be transported by MCTs (Fischer
et al., 2007). In this context, we confirmed that NaOH was able
to block the uptake of lactate in T cells by using labeled lactate
(Figure S4D). We then examined the capacity of CD4* T cells to
take up ATDC-derived lactate. In the absence of stimulation,
intracellular lactate was increased in CD4" T cells incubated
with ATDC SN but not in CD4* T cells after incubation with
ATDC SN neutralized with NaOH (Figure 6A). Similarly, increased
lactate uptake was also observed in stimulated T cells with ATDC
SN but was only partially reduced when ATDC SN was neutral-
ized (Figure 6B). This partial reduction could possibly explain
why neutralized ATDC SN only partially raised ATDC-mediated
T cell suppression or IFNy expression (Figures 5D and 5F).
Furthermore, ATDC SN reduced glucose uptake (2-NBDG),
GLUTT1 expression (glucose transporter), and MYC expression
(transcription factor responsible for glycolysis induction) in stim-
ulated T cells (Figures 6C-6E). These results suggest that
increased intracellular lactate detected in T cells was because
of increased lactate uptake rather than higher glycolytic activity.
Because these metabolic changes are associated with
decreased proliferation, these results further suggest that
T cells are using lactate rather than glucose to fulfill their meta-
bolic needs. The preferential use of lactate over glucose to fuel
the TCA cycle has been previously shown in human non-small-
cell lung cancer cells sustaining tumor metabolism (Faubert
et al., 2017). To formally prove that a high amount of lactate
(10 mM, as detected in suppression assay) can be taken up by
T cells and process to the TCA, experiments with '3C-lactate
and "3C-glucose were performed. As shown in Figure 6F, labeled
lactate was taken up by T cells and processed in the TCA in a

dose-dependent manner. Furthermore, a decrease of lactate
and TCA metabolites derived from labeled glucose was observed
in the presence of 10 mM lactate, demonstrating that high doses
of lactate downregulate glycolysis (and possibly glucose uptake)
(Figure 6F). Taken together, these results strongly suggest that
ATDC-secreted lactate is taken up by T cells to fuel their TCA cy-
cle and downregulates T cell glycolysis.

ATDCs Delay GVHD Development in Humanized Mice
and Dampen T Cell Proliferation In Vivo

Injection of human PBMCs (peripheral blood mononuclear cells)
into NSG (NOD-SCID-IL2rg™"~) immunodeficient mice provides
a reliable model of human-into-mice xenogeneic GVHD (Shultz
et al., 2007). Prior to the clinical trial, we investigated ATDC
fate after injection and whether ATDCs achieve regulatory activ-
ity in vivo. To this aim, irradiated NSG mice received human
PBMCs in the presence or absence of autologous ATDCs (with
the aim to mirror the clinical settings). As shown in Figures 7A
and S5A, ATDC injection led to a significant delay in GVHD
development that is shown by an increase in survival time and
a reduction of weight loss in mice treated with ATDCs + PBMCs
compared with mice treated with PBMCs alone. We then studied
the fate of ATDCs after injection with gold nanoparticles-labeled
ATDCs revealed by inductively coupled plasma mass spectrom-
etry (ICP-MS). This highly sensitive technique allows the detec-
tion of rare cells in tissues (Managh et al., 2014) and did not
modify the tolerogenic properties of ATDCs in vitro (Figures
S5B-S5D). Gold-labeled ATDCs were tracked from day 3 to
day 14 post cell injection, and the highest concentrations of
ATDCs per mg of tissue were detected in liver, lung, and spleen;
there was a peak at day 6 in the spleen (Figure 7B). Due to the
respective weights of these organs, the total amount of Au was
much higher in liver than in lung and spleen (Figure S6A). The
accumulation of human myeloid cells after IV injection in these
tissues has already been shown by others in humans (Hutchin-
son et al., 2011). In contrast, no gold staining was observed in
heart and intestine, and low staining was present in kidney
(data not shown). As gold was detected in homogenized tissue,
it cannot be excluded that the detected signal was expressed by
dead ATDCs or mouse phagocytic cells. A second technique
was used to formally prove that gold staining coincided with
the presence of viable ATDCs in the spleen where the adaptive
immune response takes place. ATDCs were stained with
Qtracker marker (Rosen et al.,, 2007), and splenocytes were
analyzed by flow cytometry (Figures 7C and S6B). ATDCs, which
represent less than 2% of total human CD45" cells, were still
alive in vivo 6 days post-injection (viability reached 93.7% =+
5.1%; n = 5 mice). Furthermore, ATDCs maintained their imma-
ture phenotype and their negative expression of CD209 after in-
jection, suggesting that ATDCs did not become immunogenic
cells after injection (Figure 7C). Indeed, one of the major con-
cerns associated with injection of tolerogenic DCs in humans
is the risk that these cells become immunogenic DCs in response
to inflammatory signals encountered in vivo. Strikingly, ATDCs

() MLR and suppression assays were performed with increasing concentrations of glucose. Glucose concentration of the RPMI medium is 9 mM (n = 3 donors).
(H and J) Glucose (H) and lactate (J) concentrations were measured in the SN from MLR and MLR + ATDC conditions (n > 9 donors).
p values were calculated by two-way ANOVA in (A), (B), and (D) and by one-way ANOVA in (E)—(G), and paired t tests were used in (C), (H), and (J); *p < 0.05, *p <

0.01, **p < 0.001.
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Figure 5. ATDC-Secreted Lactate Impairs CD4* T Cell Proliferation
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also preserve the same expression of LDH after injection, sug-
gesting that they kept a strong glycolytic capacity in vivo. Impor-
tantly, this result was supported by a transient increase of lactate
concentration in the serum of mice receiving ATDCs one week
after cell injection and detected with mass spectrometry (MS)
(Figure 7D) and blood gas (Figure S6C) analyses.

Human cell reconstitution in blood and spleen did not appear
modified between mice receiving or not receiving ATDCs over
time (Figures S6D-S6F). Although some studies reported that
Treg therapy prevented the development of xeno-GVHD in asso-
ciation with a reduction of human T cell engraftment (Cuende
etal., 2015; Hippen et al., 2011; Mutis et al., 2006), others showed
that Tregs, MDSCs, or a low dose of cyclosporine A delays GVHD
development without reduction of cell engraftment (Chakraborty
et al.,, 2013; Hannon et al., 2014; Sendergaard et al., 2013;
Wang et al., 2019). In models of transplant arteriosclerosis and
skin grafts in immunodeficient mice, injections of human Tregs
also prevented graft rejections without reduction of human cell en-
graftments (Nadig et al., 2010; Zaitsu et al., 2017). This absence of
correlation between treatment efficacy and the reduction of cell
engraftment could be explained by the unspecific homeostatic
proliferation that occurs in these immunodeficient mouse models
and relies on non-classical mechanisms of cell activation (Tchao
and Turka, 2012). In order to investigate the proliferative potential
of T cells upon T cell receptor (TCR) ligation, we ex vivo stimulated
splenocytes from both ATDC-treated and non-ATDC-treated
mice with anti-CD3 and anti-CD28 antibodies. Our results high-
lighted that CD4" T cells from ATDC-treated mice displayed a
lower proliferative capacity than those from control mice (Fig-
ure 7E) and suggested that ATDCs delay GVHD through the
reduction of TCR-mediated proliferation of T cells. Taken
together, our in vivo experiments showed that ATDCs delay
GVHD development by controlling CD4* T cell proliferation in as-
sociation with a transient increase of circulating lactate.

DISCUSSION

The role of lactate as an immunosuppressive metabolite has
been well described in the tumor microenvironment (TME).
Indeed, high lactate concentrations were detected in tumor bi-
opsies, in correlation with metastatic spread and poor survival
(Walenta et al., 2000). As early as 1927, Otto Warburg described
that tumor cells rely on glycolysis even in the presence of oxygen
(Warburg et al., 1927). This aerobic glycolysis is followed by
increased lactate production by cancer cells, leading to an accu-
mulation of lactate in the TME. A recent work showed that

lactate, produced in cancer cells under tyrosine kinase inhibi-
tors, could be an actor in tumor escape by instructing the TME
to sustain an adaptive resistance to targeted therapies (Apicella
et al., 2018). Furthermore, an elegant work from Zhang et al.
showed that lactate was also a crucial compound of antiviral
response escape because it negatively regulates RIG1-like re-
ceptors activation, leading to an inhibition of type 1 IFN induction
(Zhang et al., 2019).

Back to the cancer field, previous works reported that lactate
was able to suppress T cell proliferation and strongly diminish
pro-inflammatory cytokine production in T cells (Brand et al.,
2016; Fischer et al., 2007). Similarly, we showed that ATDCs
create a lactate-rich environment that promotes lactate uptake
by CD4* T cells and fuels TCA in these cells. On the basis of pre-
vious results, we could hypothesize that lactate accumulation im-
pairs LDH kinetics in T cells and leads to a decrease in pyruvate to
lactate formation and a decrease in NAD™ refill, resulting in a
decrease in GAPDH (glyceraldehyde 3-phosphate dehydroge-
nase) activity and a decrease in glycolytic activity (Angelin et al.,
2017). Because glycolytic enzymes such as GAPDH favor inflam-
matory cytokine production (Chang et al., 2013), a reduced glyco-
lytic activity could also explain the decreased expression of IFNy
and TNF-a.in CD4* T cells cultured with ATDC SN. Our results also
highlighted a reduced expression of cyclinD1in T cells treated with
ATDC SN, which was reversed in neutralized conditions. Interest-
ingly, CyclinD1 expression is regulated by the metabolic sensor
mTOR1 (Averous et al., 2008). Akt-mTOR signaling pathways
have also been described to promote glycolysis (notably GLUT1
trafficking and MYC expression) and Th1/Th17 differentiation. It
is thus highly possible that ATDCs control T cells by modulating
these signaling pathways.

Inversely, the lactate-rich environment induced by ATDCs
favored Treg expansion. These results are consistent with a
study reporting that Tregs are not impaired by lactate and even
preserve their immunosuppressive function through Foxp3
expression (Angelin et al., 2017). The authors showed that
Foxp3 suppresses the myc gene and consequently downregu-
lates glycolysis. Foxp3 also controls metabolic changes by the
upregulation of oxidative phosphorylation (OXPHOS) and an
increased NAD:NADH ratio that allow Treg functions under
lactate-rich conditions (Angelin et al., 2017). However, our re-
sults showed that neutralization of ATDC SN does not affect
the percentage of Tregs or the expression of Foxp3, suggesting
that other soluble factors from ATDC SN are responsible for Treg
induction. Another possible explanation is that lactate from
ATDCs does not act on T cells and Tregs only through MCT

(C) pH was measured in ATDC SNs either neutralized or not neutralized with 5 mM NaOH and diluted with the same volume of RPMI medium (to mimic sup-

pression assay) (n = 3 donors).

(D and H) SN from DCs, either neutralized or not neutralized with NaOH, were transferred to a new MLR.

(
(H) Proportions of CD4*CD25*Foxp3* cells (n = 12 donors).
(
(

D) CD4* T cell proliferation was assessed by CPD dilution (one representative experiment and graph showing cumulative data of >8 donors).

E-G and I) CD4* T cells were stimulated with PMA and ionomycin in the absence or presence of ATDC SN or NaOH-neutralized ATDC SN. Expressions of CCND1
E, n = 16 donors), IFNy (F, n = 18 donors), TNF-a (G, n = 17 donors), and Foxp3 (I, n = 12 donors). See also Figure S4A.

(J-L) Purified CD4*CD25*CD127'°% Tregs were expanded in presence or absence of ATDC SN.

(J) Fold of Treg expansion (n = 8 donors).
(K) Foxp3 expression (histograms representative of n = 5 donors).
(L) Suppressive ability (n = 8 donors) of Tregs.

p values were calculated by one-way ANOVA in (A) and (D)—(l); paired t tests in (B), (C), and (J); and unpaired t test was used in (L). No statistical difference was
observed in (L) between control SN and ATDC SN from two-way ANOVA; *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 6. ATDC-Secreted Lactate Is Taken up
by T Cells and Downregulates Their Glycolysis
(A—E) CD4™" T cells were unstimulated (A) or stimulated
(B-E) in absence or presence of ATDC SN or NaOH-
neutralized ATDC SN.

(A and B) Intracellular lactate (n = 5 donors).

(C-E) Expressions of 2-NBDG (C, n = 6 donors),
GLUTT (D, n =18 donors), and MYC (E, n = 25 donors).
(F) Enrichments of metabolites in stimulated CD4*
T cells incubated with '3C lactate or with 'C glucose in
presence of 1-10mM lactate (n = 7 donors).

p values were calculated by one-way ANOVA in (A) and
(B), and paired t tests were used in (C)—(F); *p < 0.05,
**p < 0.01, **p < 0.001.
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transporters but also through acid-independent mechanisms.
For instance, Gpr81 is a receptor of lactate reported to be ex-
pressed by immune cells, and its deletion was associated with
a reduced differentiation of Tregs in mice (Ranganathan et al.,
2018). Further proteomic, metabolomic, or lipidomic analyses
will be instrumental in identifying other soluble factors, secreted
or converted by ATDCs, which could participate in this
immunosuppression.

Regarding the study of aerobic glycolysis and oxidative
pathway in DCs, Malinarich et al. reported that human tolero-
genic VitD3-Dex DCs display a higher glycolytic capacity
and a higher mitochondrial respiration than do mature DCs

ON OO

l after injection

(Malinarich et al.,, 2015). Here, using
another protocol to derive human tolero-
genic DCs, we confirmed these metabolic
characteristics in comparison to immature
MoDCs. The absence of IL-4 in ATDC gen-
eration is notably crucial to the suppres-
sive properties of ATDCs and to their
strong glycolytic capacity. IL-4 is a mole-
cule known to induce PPARY, a key regu-
lator of lipid metabolism (Bouhlel et al.,
2007). Further experiments will be required
to understand how IL-4, currently used to
differentiate different populations of tolero-
genic DCs, modulates DC function and metabolic changes. In
contrast to human DCs, increased glycolysis and lactate pro-
duction observed after stimulation of murine DCs by TLR ago-
nists have been associated with the acquisition of immunostimu-
latory functions (Everts et al., 2014). Following stimulation, these
murine GM-CSF-derived DCs express iNOS and produce NO
that inhibits OXPHOS and thus favors glycolysis (Everts et al.,
2012). The involvement of iINOS is clearly different between mu-
rine and human DCs because our transcriptomic analysis re-
vealed no overexpression of INOS in our ATDCs. Furthermore,
iINOS inhibitor did not reverse the suppressive capacity of
ATDCs. Regarding lactate on DCs, it has been reported that
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human MoDCs stimulated with LPS and lactate produce less IL-
12 as compared with MoDCs stimulated with LPS only (Gottfried
etal., 2006; Nasi et al., 2013). We then postulate that lactate pro-
duced by ATDCs favors its own resistance to TLR-ligand stimu-
lation. Further experiments will be necessary to investigate
whether lactate contained in ATDC SN could influence the matu-
ration and function of surrounding DCs.

Analysis of the ATDC phenotype and transcriptome indicates
that ATDCs also shared some features with macrophages. Inter-
estingly, lactate from the TME favors the polarization of anti-in-
flammatory M2-like tumor-associated macrophages (Colegio
et al., 2014). However, initial studies reported that the meta-
bolism of anti-inflammatory M2 macrophages was mainly based
on OXPHOS fueled by fatty acid oxidation whereas inflammatory
M1 macrophages displayed a glycolytic metabolism. Neverthe-
less, the requirement of fatty acid oxidation, as well as a potential
role of glycolysis, in M2 polarization have been recently recon-
sidered (Divakaruni et al., 2018; Nomura et al., 2016; Wang
et al., 2018).

Concomitantly to the phase I/ll trial evaluating the safety of
ATDCs, this study allowed us to decipher the mechanisms
responsible for the tolerogenic activity of ATDCs, and it paves
the way to the extension of their clinical application. Lactate-
secreting cells, such as ATDCs, should be thus considered as
an interesting therapeutic approach for immunosuppressive
therapy but these results also raise fundamental questions about
the involvement of these myeloid cells in the evasion of immune
responses in the TME.

Limitations of Study

In vivo experiments indicated that ATDCs were able to delay
GVHD in association with a transient increase of circulating
lactate and a downregulation of CD4* T cell proliferative capac-
ity. However, we could not formally prove that the increased
circulating lactate observed in ATDC-treated mice was only
due to ATDCs and that this elevated lactate was involved in
in vivo effects of ATDCs. To demonstrate these two points, we
sought to block LDH activity in ATDCs before injection. Unfortu-
nately, ATDCs did not survive in presence of such inhibitors. One
can speculate that ATDCs stimulate PBMCs to produce lactate
in vivo. However, our in vitro results showed that ATDC-secreted
lactate impaired T cell glycolytic activity (Figure 6). Finally, a role
for lactate in controlling immune response to a transplant was
recently shown. In this study, the injection of lactate was able
to increase heart allograft survival in mice (Angelin et al., 2017).
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-human CCR2 (CD192), dil:1/20
anti-human CCR5 (CD195), dil:1/20
anti-human CCR7 (CD197), dil:1/20
anti-human CCR9 (CD199), dil:1/20
anti-human CD11b, dil:1/50
anti-human CD11c, dil:1/100
anti-human CD123, dil:1/20
anti-human CD127, dil:1/50
anti-human CD14, dil:1/100
anti-human CD141, dil:1/20
anti-human CD1a, dil:1/50
anti-human CD1c, dil:1/25
anti-human CD20, dil:1/20
anti-human CD206, dil:1/50
anti-human CD209, dil:1/50
anti-human CD25, dil: 1/50

anti- human CD28, 1ug/mL
anti-human CD3, dil:1/50

anti- human CD3, 1pg/mL

anti-human CD4, dil:1/50

anti-human CDA40, dil:1/50
anti-human CD45, dil:1/50
anti-human CD56, dil:1/12
anti-human CD64, dil:1/25
anti-human CD80, dil:1/300
anti-human CD83, dil:1/100
anti-human CD86, dil:1/50
anti-human CX3CR1, dil:1/20
anti-human FceR1, dil:1/20
anti-human FoxP3, dil:1/15
anti-human HLA-DR, dil:1/100
anti-human HLA-G, dil:1/200
anti-human IFN-v, dil:1/100
anti- human IL10, dil:1/50
anti-human IL-17A, dil:1/50

anti-human ILT2 (CD85j), dil:1/50

anti-human ILT3 (CD85k), dil:1/50
anti-human ILT4 (CD85d), dil:1/50
anti-human ILT7 (CD85 g), dil:1/20

R&D systems

BD Biosciences
BD Biosciences
R&D systems
Beckman Coulter
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

BD Biosciences

BD Biosciences

European Collection of
Authenticated Cell Culture

BD Biosciences

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
BD Biosciences
Thermo Fisher Scientific
BD Biosciences
BD biosciences
Thermo Fisher Scientific

Miltenyi Biotech
BD Biosciences
R&D systems

BD Biosciences

clone 48607, Cat#FAB151A; RRID: AB_357048
clone 2D7/CCRS5, Cat#556903; RRID: AB_398619
clone 3D12, Cat#557648; RRID: AB_396765

clone 112509, Cat#FAB179A; RRID: AB_357088
clone BEAR1, Cat#IM0530; RRID: AB_130987
clone S-HCL-3, Cat#333144; IVD

clone 9F5, Cat#551065; RRID: AB_394029

clone hIL-7R-M21, Cat#557938; RRID: AB_2296056
clone M5E2, Cat#557742; RRID: AB_396848
clone 1A4, Cat#559781; RRID: AB_397322

clone HI149, Cat#555808; RRID: AB_396142
clone L161, Cat#46-0015-42; RRID: AB_10548936
clone 2H7, Cat#556633; RRID: AB_396502

clone 19.2, Cat#551135; RRID: AB_394065

clone DCN46, Cat#551265; RRID: AB_394123

clone M-A251, Cat#557753, Cat#555431,
Cat#555434; RRID: AB_396859, RRID: AB_395825,
RRID: AB_398598

clone 28.2, Cat#555726; RRID: AB_396069

clone UCHT1, Cat#555332, Cat#555333;
RRID: AB_395739, RRID: AB_395740

clone OKT3, Cat# 86022706; RRID: CVCL_2665

clone RPA-T4, Cat#555346, Cat#555347,
Cat#560650; RRID: AB_395751, RRID: AB_395752,
RRID: AB_1727476

clone 5C3, Cat#555588; RRID: AB_395963

clone HI30, Cat#557748; RRID: AB_396854

clone B159, Cat#557711; RRID: AB_396820

clone 10.1, Cat#555527; RRID: AB_395913

clone L307.4, Cat#561134; RRID: AB_10565974
clone HB15e, Cat#551058; RRID: AB_394025

clone 2331, Cat#555660; RRID: AB_398608

clone 2A9.1, Cat#17-6099-42; RRID: AB_11149136
clone AER-37, Cat#25-5899-42; RRID: AB_2573495
clone PCH101, Cat#45-4776-42; RRID: AB_10854725
clone G46-6, Cat#561225; RRID: AB_10584333
clone 87G, Cat#17-9957-42; RRID: AB_10671139
clone B27, Cat#557995; RRID: AB_396977

clone JES3-9D7, Cat#554495; RRID: AB_395432

clone eBio64DEC17, Cat#17-7179-42;
RRID: AB_1582221

clone GHI/75, Cat#130-101-552; RRID: AB_2659386
clone ZM3.8, Cat#564181; RRID: AB_2738649
clone 287219, Cat#FAB2078N

clone 17G10.2, Cat#562340; RRID: AB_10893797

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
anti-human LDH, dil:1/200 Abcam Cat#Ab9002; RRID: AB_306930

anti-human PDL-1 (CD274), dil:1/20
anti-human TNFa, dil:1/50
anti-mouse CD45, dil:1/500
anti-sheep IgG(H+L), dil:1/80

BD Biosciences
BD Biosciences
BD Biosciences
Jackson ImmunoResearch

clone MIH1, Cat#558065; RRID: AB_647176
Clone 6401.1111, Cat#340511; RRID: AB_400434
clone 30-F11, Cat#550994; RRID: AB_394003
Cat#713-095-147; RRID: AB_2340719

Biological Samples

Healthy adult blood

French Blood Service,
Nantes, France

N/A

Chemicals, Peptides, and Recombinant Proteins

GM-CSF

IL-4

Rapamycin

LPS

Human recombinant IFN-y
Cell proliferation Dye
Thymidine, [Methyl-3H]
2-NBDG

CCCP

Oligomycin

Rotenone

Antimycin A

Etomoxir sodium salt hydrate
2-Deoxy-D-glucose
Glucose

Glutamine

Pyruvate

HCI

Sodium L-lactate
Aminoguanidine hemisulfate salt
1-Methyl-D-tryptophan
Phorbol 12-myristate 13-acetate
lonomycin

BrefeldinA

Viability Dye

DAPI

Human recombinant IL-2
13C-Glucose

13C-Lactate

Qtracker

Collagenase D

NaOH

Gold nanoparticles

FOXP3/Transcription factor staining
buffer set

CellGenix

CellGenix

Sigma

Sigma

R&D systems
ebioscience

Perkin Elmer

Thermo Fisher Scientific
Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

GIBCO

GIBCO

Sigma

VWR

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific
Novartis

Cambridge isotope laboratories
Cambridge isotope laboratories
Thermo Fisher Scientific
Sigma

Sigma

Sigma

Thermo Fisher Scientific

Cat#1412-050
Cat#1403-050
Cat#553210-100UG
Cat#L4391-1MG
Cat#285-1F-100
Cat#65-0840, Cat#65-0842
Cat#NET027A005MC
Cat#N13195

Cat# C2920

Cat# 75351

Cat# R8875

Cat# A8674

Cat# E1905

Cat# D8375
Cat#A2494001
Cat#25030081
Cat# S8336
Cat#20252-290
Cat#L7022
Cat#A7009
Cat#452483
Cat#8139-5MG
Cat#l9657-1MG
Cat#B7651-5MG
Cat#65-0866
Cat#62247

34009 562 158 6 7
CLM-1396
CLM-1579
Cat#Q25001MP
Cat#11088866001
Cat#795429
Cat#753645
Cat#.00-5523-00

Critical Commercial Assays

Human monocyte isolation kit Il
Human CD4+ T cell isolation kit
Human CD25+ isolation kit

Human Pan T cell isolation kit

MiltenyiBiotec
MiltenyiBiotec
MiltenyiBiotec
MiltenyiBiotec
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Cat#130-091-153
Cat#130-096-533
Cat#130-092-983
Cat#130-096-535
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human IL-10 ELISA BD OptEIA BD Biosciences Cat#555157
Human IL-12p70 ELISA BD OptEIA BD Biosciences Cat#559258
Reagent Cobas Integra LDH Roche Cat#30047321211
ATPLite Luminescence ATP detection assay PerkinElmer Cat#6016941
system

RNeasy mini kit QIAGEN Cat#74106

Fast SYBR Green MasterMix Thermo Fisher Scientific Cat#438618
Micro BCA Protein assay kit Thermo Fisher Scientific Cat#23235

Seahorse XF- Palmitate BSA FAO substrate kit Agilent Cat#102720-100
Deposited Data
ATDCs, MoDCs and rMoMacro microarrays NCBI GEO GEO: GSE104438

Experimental Models: Organisms/Strains

NOD-SCID-IL2rg"~

Charles River

Strain code: 614

Oligonucleotides

Primers forPDK1, PDK4, HPRT, GLUT1, This paper N/A

MYC, IFNG, TNFA, CCND1, FOXP3, MCT1,

see Table S3

Software and Algorithms

FlowJo VX FlowJo https://www.flowjo.com/

GraphPad Prism V5

FIJI running Imaged, version 1.52p
Seahorse Wave 2.4

R software

aroma.affymetrix

sva package

ade4 package
car package

Gene-E
MassLynx
Target Lynx

Graphpad Software
ImagedJ
Agilent

R Development Core Team, 2005

Bengtsson et al., 2008
Johnson et al., 2007

Dray and Dufour, 2007
Fox and Weisberg, 2019

Broad Institute
Waters Corporation
Waters Corporation

https://www.graphpad.com/
http://imagej.net/
https://www.agilent.com/
https://www.r-project.org
http://www.aroma-project.org/

https://bioconductor.org/packages/release/
bioc/html/sva.html

http://pbil.univ-lyon1.fr/ADE-4

https://cran.r-project.org/web/packages/
car/index.html

https://software.broadinstitute.org/GENE-E/
https://www.waters.com/waters/home.htm

https://www.waters.com/waters/home.htm

Xcalibur V2.2 ThermoScientific https://www.thermofisher.com/
Other
AIMV medium Thermo Fisher Scientific Cat#0870112-DK

RPMI 1640 Medium

RPMI 1640 Medium, no glucose
Glucose —test strips

Lactate- test strips

Thermo Fisher Scientific
Thermo Fisher Scientific
NOVA Biomedical
NOVA Biomedical

Cat#11875093
Cat#11879020
Cat#42214
Cat#47486

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Aurélie Mor-
eau (aurelie.moreau@univ-nantes.fr). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Healthy Volunteers

Human blood cells from healthy volunteer donors (French Blood Service, Nantes, France) were used in this project. Blood collection
at French Blood Service is regulated by the Order of 5™ April 2016 relating to blood donors screening criteria. An agreement transfer
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exists between French Blood service and the CRTI laboratory. Around 270 blood samples were used in this study and all donors
(mixed, men and women; 18-65 years old) gave their informed consent.

Xenogeneic GVHD Model

8-12 weeks old male NOD/SCID//i2rg~'~ mice (Charles River) bred in the Labex IGO humanized rodent facility were used in this study.
Mice were exposed to a conditioning dose of 1.5 Gray of whole-body gamma irradiation and then received 5x10° thawed PBMCs and
5x10° autologous ATDCs simultaneously by IV route on the same day. Animals that displayed a reduction greater than 20% total of
body weight were sacrificed according to the local ethical committee guidelines. These experiments performed in mice were carried
out in strict accordance with the protocol approved by the Commitee on the Ethics of Animal Experiments of Pays de la Loire.
Mice were housed under specific pathogen-free conditions (health status checked every three months) and classical husbandry
conditions (12 h-light/dark cycles, 21 + 1°C and standard chow diet (Safe, A04-10, U8221G10R)).

METHOD DETAILS

Cell Generation

Dendritic cells were generated from monocytes isolated from healthy volunteer donors. Monocytes were isolated either by elutriation
of PBMCs (Clinical Development and Transfer Platform, Nantes, France) or by magnetic labeling (untouched cells, Human monocyte
Isolation kit Il). ATDCs were differentiated following a 6 day-culture of 2.5 x 10 monocytes in 5ml of AIMV medium CTS supple-
mented with recombinant human GM-CSF at 100U/mL in a 6-well plate. To obtain MoDC, 2.5x10® monocytes were incubated in
a 6-well plate in 5 mL of complete medium (RPMI 1640 medium containing 10% Fetal Calf serum (FCS), 1% L-glutamin, 1% antibi-
otics, 1mM Sodium Pyruvate, 1mM HEPES, 1% non-essential amino acids) supplemented with recombinant human IL-4 (200U/mL)
and recombinant human GM-CSF (100U/mL) for 6 days. ATDC + IL-4 were differentiated in AIMV medium supplemented with recom-
binant human GM-CSF (100U/mL) and IL-4 (200U/mL). iRapa-DCs were initially differentiated similarly to MoDCs and rapamycin
(10ng/mL) was then added to the medium at day 2 and 4. LDH activity was measured in DCs using the Roche diagnostic kit on a
Cobas 8000 device (Roche Diagnostics, Mannheim DE) according to the manufacturer’s protocol. This assay is based on the mea-
sure of NADH appearance after transformation of lactate from pyruvate by LDH.

ATDC and MoDC SN were obtained following cultures of DCs (0.25 x10° cells/mL) in complete RPMI medium. After 6 days, super-
natants were collected and frozen at —80°C until use. In some experiments, supernatants were filtrated to 3-KDa filters (VWR) and
both fractions were tested in MLR assay.

Mature DCs were obtained after a 48 h stimulation of MoDC with LPS at 1ug/mL. To evaluate the maturation resistance, DCs
(either ATDCs or MoDCs) were cultured 48 h in a 96-well plate at 0.5x10° cells/well or in a 24-well plate at 1x10° cells/well in complete
medium in presence of LPS (200ng/mL) alone or LPS and IFN-y (50ng/mL).

DCs were generated from mixed donors (men and women) and all DC cultures were performed at 37°C with 5% CO,,

Antibodies and Flow Cytometry

Antibodies used in this study are listed in Key Resources Table. For intracellular staining, cells were stained then fixed/permeabilized
according to the ThermoFisher protocol. Permeabilized cells were incubated in Perm. Buffer with anti-IFN-vy, IL-17A or appropriate
isotype control (with human sera). Foxp3 and LDH stainings were performed according to the Foxp3 manufacturer’s protocol. LDH
staining was revealed using a FITC-coupled anti-sheep IgG(H+L) secondary antibody. For glucose intake assay, cells were incubated
with 200 uM 2-NBDG diluted in free glucose medium RPMI 1640 medium (+) L-Glutamine, (-) D-Glucose, for 30 min at 37°C and 5% of
CO:.. For the detection of intracellular cytokines, PMA (50ng/mL), ionomycin (1uM) and brefeldinA were added for 5 h before staining.
Dead cells were excluded using DAPI or Fixable Viability Dye eFluor450 or eFluor506. Flow cytometry was performed on a FACS
Canto Il or a FACS LSR (BD Biosciences) and analyzed with FlowJo software.

T Cell Assays

For MLR assay, allogeneic CD3* T cells were isolated using a pan T cell isolation kit and cultured in 96-well plates with DCs at different
ratios. T cells were labeled with Cell Proliferation Dye (CPD) and T cell proliferation was measured after 5 days by CPD dilution by flow
cytometry.

To investigate the suppressive function of ATDCs, autologous CD4* T cells were selected using a CD4* T Cell isolation kit Il and
CD4*CD25" cells were selected following an additional depletion of CD25* cells using a CD25" isolation kit. In most of the experi-
ments, T cells were labeled with Cell Proliferation Dye (CPD) efluor450 and cultured in 96-well plates with DC (ATDCs or MoDCs)
ata1:1 ratio and with mature DCs at a 1:0.1 ratio for 6 days. In Figure 4C, proliferation was assessed by the addition of 1p.Ci *H-thymi-
dine/well for the last 8 h. In some experiments, supernatants from MLR in the presence or absence of ATDCs were collected. These
supernatant were then frozen at —80°C until use. A volume of 100uL of supernatants was added to a new assay to test suppressive
activity. The neutralization of supernatants was performed by addition of NaOH to a final concentration of 5 mM. In other experiments,
transwells (3 um pore size, Corning) were added to the well to define whether contact dependent mechanisms occurred. In some
experiments, Glucose, Glutamine, Pyruvate, HCI or NaLactate were added to the medium. In other assays, inhibitors of INOS (Amino-
guanonidine, 100 uM) and IDO (1-Methyl-D-tryptophan, 20uM) or anti-IL10 antibody (clone JES3-9D7, 10pug/mL) or anti-TGF- (clone
2GT, 2ug/mL) were added in the suppressive assay.
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Anti-CD3/anti-CD28 Stimulation
CD4* purified T cells (5x10° cells) were stimulated with 1pg/mL of anti-CD3 (OKT3 clone), 1pg/mL of anti-CD28 (28.6 clone) in 48 well-
plate for 5 days at 37°C and 5% CO,. ATDC SN was added at day 0 and represented 50% of the final medium volume.
PMA-Ilonomycin Stimulation
CD4* purified T cells (5x10° cells) were cultured in 96 well-plate overnight before the stimulation with Phorbol 12-Myristate 13-acetate
(PMA) and ionomycin in presence or absence of ATDC SN for 5 h.

T cells were isolated from mixed donors (men and women) and all T cell cultures were performed at 37°C with 5% CO,.

Treg Expansion and Suppressive Ability

CD4*CD25*CD127 T cells were purified by cell sorter (ARIAIl, BD Biosciences) and 3x10° cells were stimulated with 1mg/mL of anti-
CD83 (OKTS3 clone), 1mg/mL of anti-CD28 (28.6 clone) and 1000U/mL of IL-2 (Proleukin) for 14 days in 48 well plates. Medium was
replaced at day 7. ATDC SN was added at day 0 and day 7 and represented 50% of the final medium volume. To evaluate their sup-
pressive ability, expanded Tregs (1.25; 2.5 or 5x10° cells) were cultured with autologous purified CPD-labeled CD4*CD25™ T cells
(5x10° cells) and mature DCs (5x10* cells). T cell proliferation was evaluated 6 days later by CPD dilution. Treg were isolated from
mixed donors (men and women) and Treg expansion and assays were performed at 37°C with 5% CO,,

Metabolic Assay

ATDC or MoDC were plated on Seahorse Bioanalyzer XFe24 or XFp culture plates (120.000 or 100 000 cells/well respectively) in Sea-
horse XF-base medium supplemented with 9mM of glucose, 0,86mM of NaOH, 1mM of pyruvate and 2mM of glutamine. Before the
experiment, cells were incubated 20 min at 37°C and 0% CO.. Drugs used during the plate reading were CCCP (2,5uM), oligomycin
(2,5 uM), Rotenone (1uM), Antimycin A (1puM), Etomoxir (50pM) and 2-DG (100mM). Palmitate oxidation assay was performed using
Agilent Seahorse XF Palmitate-BSA FAO substrate kit according to manufacturing protocol. OCAR and ECAR readouts were ob-
tained using Seahorse XF24 analyzer. Seahorse data analysis was performed using Seahorse Wave 2.4 software. Glycolytic capacity
was calculated as ((Glucose — basal)x100)/(oligomycin-basal), basal respiration was calculated as basal-antimycin, ATP linked respi-
ration was calculated as basal — oligomycin and maximal respiration was calculated as FCCP — antimycin.

IL-10 and IL-12 ELISAs

To measure IL-10 and IL-12p70 production after LPS/IFNy stimulation, culture supernatant of unstimulated and stimulated ATDCs
and MoDCs were harvested after 48 h. Level of these cytokines was determined by capture ELISA according to the manufacturer’s
instructions.

Lactacte/Glucose/ pH Measurements

Glucose and lactate were quantified from supernatants of DC cultures and from MLR in presence or not of ATDC with Glu — Test strips
and Lac - Test strips respectively. pH was measured in supernatants of DC cultures with HANNA pH210 microprocessor pH meter at
room temperature.

ATP Measurement

ATDC or MoDC were plated on flat bottom 96 wells plate (50.000 cells/well) in complete media. Intracelullar ATP was measured using
ATPlite Luminescence ATP Detection Assay System according to manufacturer protocol. Luminescence was measured with a
SPARK 10M (TECAN) plate reader.

RNA Extraction and Quantitative PCR

Total RNA from cell cultures was extracted with RNeasy mini kit according to manufacturer protocol. MRNA were reverse transcribed
into first strand cDNA using poly dT oligonucleotide and Moloney murine leukemia virus reverse transcriptase (Invitrogen). Real-time
quantitative PCR was performed in a ViiA7 Real-Time PCR system (Thermofisher) Detection System using Fast SYBR Green master
mix. The oligonucleotides used are listed on Table S3. Relative expression was calculated with the 2" method.

Agilent Microarray Hybridization

Transcriptomic analysis was performed on ATDCs, MoDCs and rMoMacro. The Agilent data have been deposited in GEO (GEO:
GSE104438). In the microarray experiments, CD14* sorted monocytes from 6 different donors were used to differentiate ATDCs,
MoDCs and rMoMacro from the same samples. ATDCs were generated as described in cell generation section, whereas MoDCs
were cultured for 6 days in IMDM medium (Invitrogen) supplemented with 10% FBS (Gemini), 1000 U/mL rhGM-CSF (Miltenyi),
1000 U/mL rhiL-4 (Miltenyi) at a concentration of 0,5x10° cells/mL. rMoMacro were obtained following a 7 day-culture of 1 x 10°
monocytes in 3 mL of RPMI 1640 medium supplemented with 10% FCS (Biochrom), 2 mM Glutamax (Invitrogen), 100 U/mL penicillin-
100 ug/mL streptomycin, and 100ng/mL rhM-CSF (R&D) in 6-well plate. RNA were extracted from cultured cells using the RNeasy
Plus Mini kit and then labeled and hybridized on Agilent whole genome oligo Microarrays (8x60K) according to the “One-Color Micro-
array-Based Gene Expression Analysis” protocol (Agilent) (Riquelme et al., 2013). Background corrected intensity values were quan-
tile normalized and log2 transformed. Gene Set Enrichment Analysis (GSEA) was performed on ATDCs and MoDCs using the lists of
hallmark gene sets from the Molecular Signature Database (http://software.broadinstitute.org/gsea/downloads.jsp) using default
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parameters. Core enrichment genes corresponding to those contributed the most to the observed enrichment were extracted from
GSEA and their differential expression was represented as heatmaps using GENE-E software.

Based on the common genes, these expression datas were then combined with public Affymetrix microarray datasets obtained
from human monocytes, and from in vitro- and in vivo- differentiated DCs and macrophages (GEO: GSE40484, GSE102046) (Goudot
et al., 2017). Affymetrix HuGene1.1 ST raw data files were normalized by the robust multiarray average (RMA) algorithm and sum-
marized, after background correction, using the R package aroma.affymetrix (Bengtsson et al., 2008; R Development Core Team,
2005). The Agilent and Affymetrix processed datasets were matched using gene symbol as primary identifier. The Agilent gene
expression data was then adjusted to the Affymetrix one using the ComBat function of the sva package (Johnson et al., 2007), as
done in Carpentier et al. (2016). Principal Component Analysis (PCA) was performed as described in Goudot et al. (2017) in order
to compare all the above myeloid subsets within each other. Briefly, we used the dudi.pca function of the ade4 package (Dray
and Dufour, 2007) and ellipses were drawn using the dataEllipse function of the car package (Fox and Weisberg, 2019) with the level
parameter set at 0.5.

Confocal Microscopy
ATDC and MoDC were stained with Bodipy and then fixed with Prolong Gold with DAPI. Confocal microscopy was performed using
A1 R Si Confocal Microscope (Nikon, France). Image analysis was performed using Fiji software.

Mass Spectrometry Analyses on DCs and T Cells

Absolute Quantification of Metabolites

Lactate, citrate, succinate, fumarate and malate were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
in serum or cell lysate samples. All solvents were LC-MS grade and purchased from Biosolve. Standard compounds were obtained
from Sigma Aldrich. A pool of reference standard solutions was prepared and serially diluted in water to obtain 7 standard solutions
ranging 0.1-100 umol/L. CD4* purified T cells (2,5x10° cells) were incubated overnight before their stimulation with PMA/ionomycin
in presence or absence of ATDC SN for 5 h. After stimulation cells were washed twice at 4°C and frozen in liquid nitrogen. Cells were
then lysed with distilled water and centrifugated. One part of supernatants was used for protein quantification with bicinchoninic
acid assay kit according to supplier’s instructions and the other part was used for metabolite quantification. Briefly, exogenous
13C-metabolite labeled internal standards were added and supernatants were deproteinized by adding 4:1 methanol and then
centrifuged. Supernatants were recovered and dried using nitrogen stream. Finally, dried samples were solubilized in water con-
taining 0.1% formic acid and then injected into the LC-MS/MS system. LC-MS/MS analyses were performed on a Xevo TQD mass
spectrometer with an electrospray (ESI) interface and an Acquity H-Class UPLC device (Waters Corporation, Milford, USA). Sam-
ples (10 puL) were injected onto a UPLC BEH C4g column (2.1 x 100 mmi.d., 1.7 um particle size; Waters Corporation) held at 35°C,
and compounds were separated with a linear gradient of mobile phase B (100% ACN, 0.1% formic acid) in mobile phase A (5%
ACN, 0.1% formic acid) at a flow rate of 400 uL/min. Mobile phase B was kept constant for 1 min at 1%, linearly increased from
1% to 90% for 5 min, kept constant for 1 min, returned to the initial condition over 0.5 min, and kept constant for 1.5 min before
the next injection. Targeted compounds were then detected by the mass spectrometer with the ESl interface operating in the nega-
tive ion mode (capillary voltage, 2.5 kV; desolvatation gas (N,) flow and temperature, 900 L/h and 450°C; source temperature,
150°C). The multiple reaction monitoring (MRM) mode was applied for MS/MS detection as detailed below. Chromatographic
peak area ratios between unlabeled compounds and their respective internal standards constituted the detector responses. Stan-
dard solutions were used to plot calibration curves for quantification. Data acquisition and analyses were performed with MassLynx
and TargetLynx (+ IsoCor) softwares, respectively. Metabolite concentrations in cell lysates were normalized with total protein con-
tents of samples.

Compound MRM (m/z) Cone (V) Collision (eV)
Citrate 190,9 — 110,9 25 15
13C,-citrate 192,9 — 111,9 25 15
Fumarate 114,9 — 70,9 20 10
13C,-fumarate 116,9 — 71,9 20 10
Lactate 88,93 — 44,9 30 15
13C,-lactate 91,94 — 45,9 30 12
Malate 132,9 — 114,9 25 15
13C-malate 133,9 — 115,9 25 15
Pyruvate 86,9 — 42,9 20 12
3C-pyruvate 87,9 — 43,9 20 12
Succinate 116,9 — 72,9 25 15
ds-succinate 120,9 — 76,9 25 15
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Glucose and Lactate Tracking

For glucose tracking in ATDCs and MoDCs, cells were cultured in DMEM supplemented with 1mM of pyruvate, 2mM of glutamine and
9mM of "*C-Glucose for 24 h. For glucose and lactate tracking experiments in CD4* T cells, cells were stimulated with PMA and ion-
omycin for 5 h in DMEM medium supplemented with 1mM of pyruvate and 2mM of glutamine and 9 mM of '2C- or '*C-glucose and
1mM or 10mM of 2C- or '3C lactate. Carbon isotope tracing was quantified in samples (prepared as described above) by liquid chro-
matography-high resolution mass spectrometry (LC-HRMS). LC-HRMS analyses were performed on a Synapt G2 HRMS Q-TOF
mass spectrometer equipped with an ESI interface operating in the negative mode and an Acquity H-Class UPLC device (Waters
Corporation). Compounds were separated as described above and the ful-HRMS mode was applied for detection (m/z range 50-
600) at a mass resolution of 25,000 full-widths at half maximum. The ionization settings were as follows: capillary voltage, —1 kV;
cone voltage, 30 V; desolvation gas (N,) flow rate, 900 L/h; desolvation gas/source temperatures, 550/120°C. Leucine enkephalin
solution (2 ng/mL, 50% acetonitrile) was infused at a constant flow rate of 10 uL/min in the lockspray channel, allowing for correction
of the measured m/z throughout the batch (theoretical m/z 554.2658 in negative mode). Data acquisition and processing were
achieved using MassLynx and TargetLynx softwares. Both labeled and unlabeled compounds were detected by their calculated
exact theoretical m/z with a mass tolerance of + 0.001 Da. Enrichments were then deducted as follow: M+3 count peak area for
lactate or M+2 area for malate and succinate / total relative amount of lactate, malate or succinate respectively.

Metabolomics and Lipidomics Analyses

Supernatants were obtained from ATDCs and MoDCs cultured alone in complete media for 6 days. As a control, complete media
were incubated for 6 days in the same conditions. All supernatants were filtered in 10 kDa columns before extraction. LC-HRMS me-
tabolomics and lipidomics fingerprints were acquired on a Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped
with a Heated ElectroSpray lonization (HESI) source operated in positive and negative electrospray ionization mode (ESI+ and ESI-
respectively). Full instrument calibration was performed using ProteoMassT LTQ/FT-Hybrid ESI Pos/Neg (MERCK). Xcalibur soft-
ware was used for the generation of all chromatographic peaks acquired in full scan mode. The chromatographic separation was
performed with a high performance liquid chromatography (HPLC) system (1200 Infinity Series from Agilent Technologies).

For untargeted metabolomics, the analysis was done on a Hypersil Gold C4g column (2.1 mm x 100 mm i.d., 1.9 um particle size,
Thermo Fisher Scientific). Mobile phases consisted in water containing 0.1% acetic acid (A) and acetonitrile containing 0.1% acetic
acid (B). The used elution gradient (A:B, v:v) was as follows: 95:5 from 0 to 2.40 min; 75:25 at 4.50 min; 30:70 at 11 min; 0:100 at 14 min
to 16.5 min; 95:5 at 19 min to 25 min. The injected volume was 5 pL, the flow rate was 400 pL/min and the temperature of the column
was maintained at 35°C.

For untargeted lipidomics analysis, the chromatographic separation was performed using a reverse phase CSH C1g (100 X 2.1 mm
i.d., 1.7 um particle size) column (Waters Corporation) using ACN:H,0 (60:40) and IPA:ACN:H,0 (88:10:2) as solvent A and B, respec-
tively; both containing 10 mM ammonium acetate and 0.1% acetic acid. The programmed gradient was as follows (A:B, v:v): 60:40 at
0 min; 50:50 at 2 min; 30:70 at 12 min; 1:99 at 17 min; 60:40 at 26-30 min. The flow rate was maintained at 300 pL/min during the
analysis. The column temperature was set at 45°C and the injection volume was 5 pL.

Results of mass spectrometry were compared with the data from Human Metabolome DataBase (HMDB). Heatmap was per-
formed using Gene-E, using the metabolite relative quantity values. The relative quantity values are shown in z-score.

In Vivo Experiments

ATDC tracking was evaluated by the injection of gold labeled ATDCs. At the end of the differentiation of the ATDCs, 50-nm gold nano-
particles were added to each well. After one h of incubation at 37°C and 5% CO2, cells were harvested and washed 3 times in PBS.
Cells were injected as described above in the experimental model section. Mice were sacrificed at day 3, day 6, day 10 and day 14.
The presence of gold nanoparticles in different tissues was analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) as
previously described (Au mean of 3 biopsies/organ) (Managh et al., 2013, 2014). Briefly, the samples were digested in small volumes
of concentrated acid. Following evaporation of the acid, a 5% aqua regia solution was used to reconstitute the samples. Analyses
were performed on a sector-field ICP-MS instrument (Element 2XR; Thermo Scientific, Bremen, Germany). The instrument was fitted
with a cyclonic spray chamber, a conical glass concentric nebulizer (both from Glass Expansion, West Melbourne, VIC, Australia),
and a 0.25-mm inner diameter probe (Elemental Scientific, Omaha, NE). Gold is known to have a high affinity for the surfaces of
the sample introduction system. Therefore, to minimize memory effects, solutions of 5% aqua regia and 10 mM cysteine were aspi-
rated between samples.

To analyze ATDC phenotype in vivo, cells were labeled with Qtracker605 before injection according to the manufacturer instruc-
tions. Briefly, a 10nM labeling solution containing Qtracker Component A and Component B was prepared, incubated 5 min at room
temperature and added to the cells (1x10° cells/mL) in complete medium. After 30 min incubation at 37°C and 5% CO2, cells were
washed 3 times in PBS before injection. Animals were sacrificed 6 days later and spleen was collected and digested with collagenase
D during 30 min at 37°C. ATDC staining was then performed on splenic cells and analyzed by flow cytometry.

To evaluate the engraftment of the human cells, blood cells were stained with anti-human CD45, anti-mouse CD45 and were then
analyzed by flow cytometry. The engraftment of human cells was calculated as [% of human CD45* cells / (% of human CD45™ cells +
% of mouse CD45*cells)]x100.

Lactate quantifications in blood at day 7 was measured by mass spectrometry (serum) or using ABL90 Flex Plus technology (blood
gas, Radiometer, France).
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To analyze in vivo mechanism of action of ATDCs, mice were sacrificed 21 days after injection of PBMC or PBMC/ATDCs. Blood
cells were collected and splenocytes were prepared as described above before staining. CPD-labeled splenocytes (3 millions) were
stimulated with 1pg/mL of plate-bound anti-CD3 (OKT3 clone) and 1pg/mL of soluble anti-CD28 (28.6 clone) in 24 well-plate for
3 days before measuring T cell proliferation by CPD dilution.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was conducted using GraphPad Prism software. Results were expressed as the mean + SEM and data were
assumed to follow a normal distribution. As detailed in figure legends, group comparisons were made using 1way ANOVA, 2way
ANOVA or Student’s t tests (paired or unpaired). Survival curve was analyzed by log-rank (Mantel-Cox) test. *p < 0.05, **p < 0.01,
***p < 0.001. “n” corresponds to the number of individual donors or the number of individual mice analyzed.

DATA AND CODE AVAILABILITY
Microarray and Genomic Data Accession Numbers

We have deposited our microarray data in the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo). The acces-
sion numbers for the data reported in this paper are GEO: GSE104438.
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