Universiteit

4 Leiden
The Netherlands

mTORC]1 signaling in antigen-presenting cells of the skin restrains
CD8+ T cell priming

Pelgrom, L.R.; Patente, T.A.; Otto, F.; Nouwen, L.V.; Ozir-Fazalalikhan, A.; Ham, A.J. van der;
... ; Everts, B.

Citation

Pelgrom, L. R., Patente, T. A., Otto, F., Nouwen, L. V., Ozir-Fazalalikhan, A., Ham, A. ]J. van
der, ... Everts, B. (2022). mTORC1 signaling in antigen-presenting cells of the skin restrains
CD8+ T cell priming. Cell Reports, 40(1). doi:10.1016/j.celrep.2022.111032

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4251317

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4251317

Cell Reports

MmTORC1 signaling in antigen-presenting cells of the
skin restrains CD8" T cell priming

Graphical abstract

CD.I ,ICWT CD-] -] CAraptor

ximmunization &immunization

Skin % @ ‘o
ARA0N 2%

Skin draining LN l

MHC] CD80/86$ MHCIY J\/\CD80/86$
=l 5
W

- Y
Rrcel /%ﬁ
A 5
"0 ects

% <
4

\ 3
&

soIL-12 -~ ) el \J
3 N, . $CD80
( l &5 4MHC| EpCAM* CcD86

cD8 T
Cells L%y

MHCI CD80/86

Highlights

mTORC1 regulates DC metabolism and activation in a DC
subset-specific manner

Cross-presentation by cDC1s is supported by mTORC1
signaling

CD8* T cell priming following immunization is enhanced in
CD11cA™P'" mice

This is associated with accumulation of an immunogenic
EpCAM™* cDC1 subpopulation

Pelgrom et al., 2022, Cell Reports 40, 111032
July 5, 2022 © 2022 The Author(s).
https://doi.org/10.1016/j.celrep.2022.111032

Authors

Leonard R. Pelgrom, Thiago A. Patente,
Frank Otto, ..., Graham A. Heieis,
Ramon Arens, Bart Everts

Correspondence
b.everts@lumc.nl

In brief

How mTORC1 regulates dendritic cell
(DC) biology in vivo is unclear. Pelgrom
et al. demonstrate that DC-specific
mTORC1 deficiency potentiates
immunization-induced CD8* T cell re-
sponses. This is linked to alterations in
DC metabolism and increased immuno-
genicity of an EpCAM™* ¢cDC1 subpopula-
tion. Thus, targeting mMTORC1 may help to
boost vaccination responses.
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SUMMARY

How mechanistic target of rapamycin complex 1 (nTORC1), a key regulator of cellular metabolism, affects
dendritic cell (DC) metabolism and T cell-priming capacity has primarily been investigated in vitro, but
how mTORC1 regulates this in vivo remains poorly defined. Here, using mice deficient for mTORC1 compo-
nent raptor in DCs, we find that loss of mMTORC1 negatively affects glycolytic and fatty acid metabolism and
maturation of conventional DCs, particularly cDC1s. Nonetheless, antigen-specific CD8* T cell responses to
infection are not compromised and are even enhanced following skin immunization. This is associated with
increased activation of Langerhans cells and a subpopulation of EpCAM-expressing cDC1s, of which the
latter show an increased physical interaction with CD8* T cells in situ. Together, this work reveals that
mTORC1 limits CD8* T cell priming in vivo by differentially orchestrating the metabolism and immunogenicity
of distinct antigen-presenting cell subsets, which may have implications for clinical use of mTOR inhibitors.

INTRODUCTION

Dendritic cells (DCs) of the innate immune system are uniquely
equipped to present antigens, costimulatory molecules, and
polarizing cytokines to T cells. This gives DCs a central role in
the establishment of both protective adaptive immunity following
infections and vaccination and tolerance through induction of
anergy to host self-antigens and regulatory T cells (Kapsenberg,
2003). DCs patrol tissues until they encounter danger signals,
which is followed by rapid changes in their biology that enable
them to efficiently migrate to lymphoid tissues and appropriately
instruct the T cells there (Eisenbarth, 2019). As these changes
require concomitant changes in cellular metabolism (Patente
et al., 2019), manipulation of DC metabolism may become an
attractive therapeutic strategy for controlling the outcome of
immune responses.

Mechanistic target of rapamycin (nTOR) coordinates intracel-
lular metabolism with environmental inputs that include nutri-
ents, growth factors, and immunological cues such as cytokines.
Itis a protein complex that exists in two distinct forms with either
raptor (MTOR complex 1 [MTORC1]) or rictor (mTORC2) as one if
its core components. While mTORC2 signaling governs prolifer-
ation, survival, and cytoskeletal remodeling, mTORC1 activity
promotes increased protein synthesis and anabolic metabolism
of lipids, nucleotides, and glucose and reduces autophagy (Sax-
ton and Sabatini, 2017). mTORC1 signaling has been shown to
be vital for the metabolic reprogramming of various immune
cells (Jones and Pearce, 2017; Weichhart et al., 2015). The role
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of mMTORC1 in DC biology has been extensively studied in vitro
and seems to be context- and species-dependent (Snyder and
Amiel, 2018; Weichhart et al., 2015). In vivo-transferred murine
bone-marrow-derived DCs (BMDCs) were shown to prime stron-
ger CD8" T cell responses after toll-like receptor (TLR) triggering
in the presence of rapamycin (Amiel et al., 2012; Jagannath and
Bakhru, 2012; Jagannath et al., 2009). This was associated with
increased autophagy (Jagannath et al., 2009), a switch from
anaerobic glycolysis to oxidative phosphorylation (Amiel et al.,
2014), increased longevity, and maintenance of high costimula-
tory molecule expression (Amiel et al., 2012). These middle two
are likely secondary to autocrine effects of mTOR-controlled
TLR-induced nitric oxide (NO) production (Everts et al., 2012;
Lawless et al., 2017), so whether these findings translate to con-
ventional DCs (cDCs) that express little NO in vivo (Thwe and
Amiel, 2018) is currently unclear.

Thus far, in vivo studies using CD11c-cre raptor™™ (CD11cA"@Pt")
mice that display a selective loss of mMTORC1 signaling in
CD11c-expressing cells, which is largely restricted to DCs, re-
vealed that homeostasis of CD103" type 1 conventional DCs
(cDC1s) in the lungs (Sinclair et al., 2017) and Langerhans cells
(LCs) in the skin was critically dependent on mTORC1 signaling.
Maintenance of LCs in draining lymph nodes (Kellersch and
Brocker, 2013), CD8" ¢DC1s in the spleen, and CD11b* cDC2s
in the lamina propria (Ohtani et al., 2012) are also affected but to
a lesser degree. Functionally, mice with a CD11c-specific mTOR
deletion, in which both mTORC1 and mTORC2 signaling is
compromised, have an antigen-presenting cell (APC)
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compartmentinthe lung with altered cellular metabolism. This was
associated with a reduced capacity to mount a CD8* T cell
response upon viral infection and was directly responsible for a
shift from mounting a type 2 to a type 17 immune response
following allergen challenge (Sinclair et al., 2017). However,
whether these effects are a consequence of a defect in mTORCA
signaling, mTORC2, or both, remains unclear. Hence, while the
role of MTORC1 signaling in DCs in regulating their metabolic
and T cell-priming capacity has been extensively studied in vitro,
the role of specifically mMTORC1 signaling in regulating DC meta-
bolismand T cell-priming functionin vivo remains to be addressed.
In the current study, we found that the loss of raptor in DCs al-
ters metabolic properties and compromises the maturation of
different DC subsets in the spleen and skin-draining lymph
nodes to various degrees, which was apparent during steady-
state conditions, systemic infection, and local immunization.
These effects were most pronounced in cDC1s. Nevertheless,
the priming of CD8" T cells was not impaired but rather potenti-
ated following subcutaneous (s.c.) immunization. This latter
finding was associated with an enhanced activation phenotype
of LCs and a subpopulation of cDC1s expressing EpCAM, of
which the latter showed increased physical interactions with
CD8"* T cells in vivo. Together, these data reveal APC subset-
specific effects of loss of MTORC1 signaling and how this
controls T cell responses in vivo, with a potential role for
mTORCH1 in restricting cDC1-dependent CD8* T cell priming.

RESULTS

mTORC1 signaling impacts glucose uptake and major
histocompatibility complex (MHC) expression by splenic
cDC1s

Mice with a conditional deletion of raptor in CD11c-expressing
cells (CD11c~"@P'") displayed decreased steady-state phosphor-
ylation of ribosomal protein S6, a downstream target of mMTORCH1,
in both splenic cDC1s and cDC2s (Figure 1B). T cells and B cells
were not affected (Figure S1A). In contrast to what was previously
reported (Ohtani et al., 2012), the frequency and numbers of
splenic cDC1s were similar between CD11c-cre-negative
(€D11c"T) and CD11c2™@P™" |ittermates (Figures 1A and 1C).
We did, however, observe changes in their metabolism. In keep-
ing with reports that splenic cDC1s are more metabolically active
than splenic cDC2s (Du et al., 2018), cDC1s were found to have
higher uptake of the fluorescent glucose analog 2-NBDG than
other splenic DC subsets under steady-state conditions (Fig-
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ure 1D). And consistent with a well-described role for mTORC1
signaling in supporting glycolysis (Jones and Pearce, 2017; Sax-
ton and Sabatini, 2017; Snyder and Amiel, 2018; Weichhart et al.,
2015), deletion of raptor lowered 2-NBDG uptake in cDC1s but
not in cDC2s and plasmacytoid DCs (pDCs) (Figure 1D). Loss of
raptor did not affect mitochondrial mass or membrane potential
(Figure 1E). To more fully characterize changes in cellular
metabolism, we developed an antibody panel for spectral flow
cytometry that includes rate-limiting metabolic enzymes in key
metabolic pathways (Met-flow, highlighted in blue in Figure 1F)
(Anletal., 2020; Heieis et al., 2022). In support of higher metabolic
activity of cDC1s compared with cDC2s, they displayed overall
higher metabolic enzyme expression (Figure 1G). Also, consis-
tent with literature (Wu et al., 2016), pDCs showed highest
expression of carnitine palmitoyltransferase 1a (CPT1a), a trans-
porter involved in mitochondrial fatty acid oxidation. Loss of
mTORCH1 signaling in splenic DCs did not alter the expression
of the tested metabolic enzymes, except for glucose transporter
1 (GLUT1) in cDC1s. However, in line with the importance of
glycolysis for DC maturation (Everts et al., 2014; Guak et al.,
2018; Thweetal.,2017), reduced 2-NBDG uptake was accompa-
nied by impaired MHC class | and class Il surface expression in
raptor-deficient cDC1s but not cDC2s (Figure 1H). This was not
secondary to a smaller cell size, as forward scatter of cDC1s
was not significantly affected by loss of raptor (Figure 11).

CD8* T cell priming in response to, and protection
against, listeria infection is intact in CD11c*"™P'*" mice
Given the critical role for cDC1s in the priming and maintenance
of CD8" T cells (Hildner et al., 2008), we next assessed whether
reduced MHC class | expression by raptor-deficient splenic
cDC1s would affect the CD8* T cell pool of CD11¢*"@P*" mice.
Indeed, in naive CD11c*™"'™" mice, antigen-experienced
effector (EFF; CD44*CD62L") CD8* T cells were reduced in
blood, and central memory (CM; CD44*CD62L") CD8* T cells
were reduced in spleen, despite normal T cell development in
the thymus (Figures 2A, S1B, and S1C). As no significant
changes in CD4" T cell populations were found (Figures 2A,
S1B, and S1C), reduced MHC class Il expression by raptor-defi-
cient splenic cDC1s seems to have no functional consequence in
naive CD11c2™@P™" mice.

Next, to determine whether CD8" T cell responses in
CD11¢2"™@P" mice would be compromised in response to infec-
tion, mice were challenged with an ovalbumin-expressing live-
attenuated strain of Listeria monocytogenes (Lm-AActA-OVA),

Figure 1. mTORCH1 signaling is required for glucose uptake by splenic cDC1s and their MHC expression

(A) Flow gating strategy for splenic DC subsets.

(B) Flow-cytometry-based analysis of S6 phosphorylation on serine 235/236 in splenic cDCs from CD11c" mice in gray, CD11¢4™*°" mice in red, and a fluo-

rescence minus one (FMO) control in black.

(C) Frequencies and numbers of splenic DC subsets as gated in (A) are enumerated.
(D) Flow-cytometry-based analysis of uptake of fluorescent glucose analog 2-NBDG by splenic DC subsets.
(E) Flow-cytometry-based analysis of mitochondrial mass and mitochondrial membrane potential in splenic DC subsets using MitoTracker Green and TMRM, respec-

tively.

(F) Schematic of core metabolic pathways in which metabolic proteins, analyzed for their expression by spectral flow cytometry, are indicated in blue.

(G) Heatmap displaying the expression of metabolic targets in splenic DC subsets. Expression levels for each marker are shown relative to all DC subsets.

(H and l) Flow-cytometry-based analysis of MHC class |, MHC class Il, CD80, and CD86 surface protein expression (H) or forward scatter (FSC; I) of splenic cDCs.
Bars represent mean + SEM of indicated datapoints from individual mice. Unpaired Student’s t test (B, H, and I) and two-Way ANOVA (C-E) were used to assess
statistically significant differences. Data are from 1 out of 2 representative experiments (B, C, and G) or normalized geoMFI from a pool of 2 (D and E) or 3 (G-I)
independent experiments using 3-4 mice per group.
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a bacterium that primarily infects spleen and liver and depends
on splenic cDC1s for CD8* T cell-mediated clearance (Chavez-
Arroyo and Portnoy, 2020). While the overall expansion of
effector CD44*CD8* T cells in spleens of CD11¢*™" mice
was less pronounced (Figures 2B and 2C), the frequency of
OVA-specific CD8" T cells within this effector pool was
increased (Figure 2D), resulting in a comparable expansion of
OVA-specific CD8* T cells in CD11¢2"@" mjce as in CD11cVT
mice (Figure 2D). Expansion of effector CD44*CD4" T cells
was minimally affected (Figure 2C), and their capacity to produce
cytokines was unaltered (Figure S1D). In contrast, the production
of the prototypical CD8* cytotoxic T cell (CTL) cytokine inter-
feron-gamma (IFN-y) by CD44*CD8* T cells in spleens from
CD11c2"™@P" mice was higher after ex vivo restimulation with
OVA (Figure 2E). Together, this suggests that the ability of
CD11c2"™@P" mice to mount antigen-specific CD8" T cell re-
sponses to Lm-AActA-OVA infection was not compromised.

To assess whether these changes in the CD8* T cell compart-
ment would affect protection against a secondary infection,
Lm-AActA-OVA-infected mice were challenged with replica-
tion-competent Lm-OVA 3 weeks later. Frequencies of OVA-
specific CM CD8* T cells 1 day before challenge (d20) and
effector CD8" T cells 3 days after challenge were not affected
by loss of raptor (Figure S1E). In line with these results, bacterial
loads in spleen and liver did not significantly differ between the
two groups (Figure 2F), suggesting that CD8"* T cell memory for-
mation and protective immunity to Lm are not affected by the
loss of raptor in CD11c* cells.

mTORC1 signaling is required for cross-presentation
but is dispensable for longevity, maturation duration,
and cytokine production by splenic cDCs

To understand how CD11c2™@*" mice displayed an intact anti-
gen-specific CD8" T cell response to Lm infection, despite hav-
ing cDC1s with decreased surface expression of MHC class |,
we assessed how infection affected the metabolism, maturation,
and cross-priming function of splenic DCs. Raptor-deficient
splenic cDC1s maintained a decreased surface expression of
MHC class | following infection with Lm-AActA-OVA (Figure 3A).
This occurred despite restoration of their ability to take up
2-NBDG (Figure S2A), making glucose uptake, mitochondrial
membrane potential, and mitochondrial mass comparable be-
tween raptor-deficient and -competent splenic cDC1s during
Lm infection (Figure S2A). Additionally, we performed dimen-
sional reduction and unsupervised clustering on data generated
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from our Met-flow panel for a more detailed metabolic character-
ization of splenic DCs of 24 h-infected mice. Within cDC1 and
cDC2 populations (Figure 3B), we could identify several pheno-
typically distinct clusters (Figures 3C and 3D), of which the fre-
quency of cDC1 cluster PG-06 was increased and cDC2 cluster
PG-09 was reduced in response to infection in CD11cA™@Ptr
compared with CD11¢™T mice (Figures 3E and 3F). While PG-
06 displayed overall high metabolic enzyme expression, it did
not show an enhanced maturation compared with other clusters
(Figure 3D), making it unlikely that the accumulation of this cDC1
cluster underpins the CD8* T cell phenotype in the CD11cA™Pter
mice following Lm infection.

Since cross-presentation by DCs contributes to proper
priming of CD8" T cell responses against Lm infection (Reinicke
et al., 2009) and that autophagy, a process known to be
enhanced by mTORC1 inhibition (Saxton and Sabatini, 2017),
can promote cross-presentation (Mintern et al., 2015), we
tested whether cross-presentation was enhanced in DCs
lacking raptor. However, the capacity of raptor-deficient
splenic cDC1s to cross-present soluble antigen, as assessed
by their ability to present the H-2Kb-restricted OVA,57.064 Short
peptide (SIINFEKL) on MHC class | following exposure to a syn-
thetic long peptide (SLP) variant that contains this epitope, was
reduced (Figure 3G). Cross-presentation of cell-associated an-
tigen, as assessed by their ability to induce CD8* T cell prolif-
eration following stimulation with heat-killed Lm-OVA (Theisen
et al., 2018), was also reduced in raptor-deficient splenic
cDC1s, both in the presence and the absence of TLR stimula-
tion (Figure 3H).

As rapamycin can promote BMDC longevity and sustain high
costimulatory molecule expression after TLR stimulation (Amiel
etal., 2012), we next assessed survival and maturation of splenic
¢DCs from CD11c¢"T and CD11¢2™*°" mice after ex vivo TLR
stimulation. However, no differences in survival (Figure S2B) or
maturation (Figure S2C) were observed. Likewise, production
of interleukin-12 (IL-12), a cytokine that increases IFN-y produc-
tion by CD8" T cells (Mashayekhi et al., 2011) and that is known
to be sensitive to mTOR inhibition (Snyder and Amiel, 2018), was
unaffected (Figure 3l). IL-10 production, which can limit CD8*
T cell priming independent of IL-12 (Fu et al., 2015), was also
unaffected (Figure 3J). More importantly, when mice were immu-
nized with these cDC1s, no differences were observed in CD8*
T cell-priming capacity (Figures 3K and 3L). Taken together,
these data suggest that raptor deficiency in splenic cDC1s com-
promises MHC class | expression and cross-presentation,

Figure 2. CD8" T cell priming in response to listeria infection and host protection are intact in mice with raptor-deficient APCs
(A) On the top, a gating strategy for splenic T cell subsets. Frequencies and numbers of splenic T cells are enumerated on the bottom.
(B-E) CD11c™T and CD11¢A™@P" mice were infected with 5 x 10° Lm-AActa-OVA intravenously (i.v.), and splenic T cell responses were analyzed 7 days later by

flow cytometry.
(B) Total cell numbers in spleen.

(C) Frequencies and numbers of splenic CD8" T cell subsets as analyzed by flow cytometry. For representative histograms, see Figure S1B.

(D) Frequencies and numbers of OVA-specific CD8" Tag cells based on KPOVA-tetramer staining as analyzed by flow cytometry.

(E) Splenocytes were stimulated with SIINFEKL in the presence of Brefeldin A and analyzed for OVA-specific IFN-y production by CD8* Tag cells using flow cytometry.
(F) Mice were infected with 5 x 10° Lm-AActa-OVA by retro-orbital i.v. injection and challenged 21 days later with 5 x 10 Lm-OVA. The burden of LM-OVA in

spleen and liver were determined on day 24.

Bars represent mean + SEM of indicated data points from individual mice. Unpaired Student’s t test (A), one-way ANOVA (B-E), and two-way ANOVA (F) were
used to assess statistically significant differences. Data are from 2 experiments using 1-3 mice per group (A), 3 experiments using 1-4 mice per group (B-E), or 2

experiments using 5-7 mice per group (F).
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without significantly affecting their longevity, maturation dura-
tion, cytokine production, and CD8" T cell priming.

mTORC1 signaling supports maturation of migratory
skin cDCs

As mTOR signaling impacts DC biology differently depending on
the tissue DCs reside in (Sinclair et al., 2017), we extended our
investigation to skin-draining lymph nodes (sdLNs) (Figure 4A).
Steady-state phosphorylation of ribosomal protein S6 was
reduced in raptor-deficient sdLN cDCs and LCs (Figures 4B
and S3A). Under steady-state conditions, both the frequency
and number of migratory DCs (migDCs) were higher in sdLNs
from CD11c2™'" mice than in sdLNs from CD11c¢"T mice
(Figures 4A and 4C), suggesting that loss of raptor might poten-
tiate their migration. In contrast, and in line with work showing
that LCs depend on mTORC1 signaling for their survival (Kel-
lersch and Brocker, 2013), we found that deletion of raptor in
CD11c-expressing cells decreased LC frequency within the
migratory APC (migAPC) gate (Figures 4A and 4C). However,
due to the overall increased migAPC pool size (Figure 4C), the to-
tal number of LCs in sdLNs was not different between CD11cVT
and CD11¢c2™@'" mice (Figure 4C). Resident DC (resDC)
homeostasis was unchanged (Figures 4A and 4C). Like splenic
cDC1s, skin migDC1s showed high 2-NBDG uptake, mitochon-
drial membrane potential, and mass relative to other APCs
(Figures 4D, 4E, and S3B). However, none of these parameters
were affected at steady state by loss of raptor in any of the DC
subsets (Figures 4D and 4E). To more fully characterize possible
changes in cellular metabolism, we performed Met-flow analysis
(Figure 1F). This revealed that sdLN cDC1s generally display
higher expression of metabolic enzymes than cDC2s and
pDCs. However, expression of acetyl-coenzyme A (CoA)
carboxylase 1 (ACC1), a cytosolic enzyme involved in fatty acid
synthesis, was selectively high in LCs, and its expression was
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dependent on raptor in cDC1s, cDC2s, and LCs (Figure 4F). In
addition, CPT1a and respiratory chain complex cytochrome C
(CytC) were inversely affected by loss of raptor in LCs; ACCA
expression decreased, while CytC expression increased. These
metabolic changes were accompanied by impaired maturation
of migDC1s and migDC2s (Figures 4G and S3C). On the other
hand, LC maturation was not affected by loss of raptor (Fig-
ure 4G). Together, these data reveal that loss of mTORC1
signaling affects steady-state metabolism and maturation of
migratory skin APC subsets to various degrees, with the stron-
gest effects on LC metabolism and cDC1 maturation.

mTORC1 signaling in CD11c-expressing cells limits
CD8* T cell priming following s.c. immunization

Because raptor-deficient sdLN migAPCs displayed an overall
weaker maturation profile, we first investigated if the T cell
compartment in sdLNs from CD11c™P*" mice was changed un-
der steady-state conditions. Corresponding with the data from
the circulation, the frequency of effector CD8* T cells was
reduced in sdLNs from naive CD11c*™@*" mice (Figure 5A).
Since we found raptor-deficient cDC2s in sdLNs to have
reduced MHC class Il expression (Figure 4F), which has been
implicated in favoring the priming of CD4* T helper 2 (Th2) cells
in vivo (van Panhuys et al., 2014), we evaluated their capacity to
prime Th2 responses. In addition, pharmacological inhibition of
mTORC1 in human monocyte-derived DCs has been shown to
enhance their Th2-priming capacity in vitro (Hussaarts et al,,
2013). However, loss of raptor in CD11c-expressing cells did
not affect the secretion of type 2 cytokines by sdLN cells after
footpad injection with a soluble antigen extract of Schistosoma
mansoni eggs (Figure 5B) nor the production of type 2 cytokines
by CD44*CD4" cells in the liver and draining hepatic LNs during
systemic S. mansoni infection (Figure S4). Together, these data
suggest that mMTORC1 signaling in CD11c-expressing cells is

Figure 3. mTORC1 signaling is required for cross-presentation but dispensable for longevity, maturation duration, and cytokine production

of splenic cDCs

(A) CD11c"T and CD11c2™@P'" mice were infected with 2.5 x 10° Lm-AActA-OVA by retro-orbital i.v. injection, and splenic cDC surface protein expression of

indicated surface markers was analyzed 1 day later by flow cytometry.

(B) Unbiased opt-SNE analysis of cDC population cDC1s and cDC2s are indicated.

(C) Phenograph clustering performed on splenic cDCs using metabolic and lineage markers.

(D) Heatmap displaying expression of metabolic, activation, and lineage markers from clusters identified in (C).

(E) Contour plots overlaid on opt-SNE analysis as shown in (B) displaying distribution of cells for CD11c"¥T and CD11c2™*" mice challenged with PBS or

2.5 x 10° Lm-OVA for 1 day.

(F) Left: volcano plot displaying the clusters as displayed in (C) and (D) with significant differences in frequency between Lm-OVA-challenged CD11¢"" and
CD11c"™@*" mice. Right: graphics displaying frequencies of cDC1 and cDC2 clusters 06 and 09.

(G) Flow cytometry-based analysis of cross-presentation in splenic cDCs from CD11¢T mice in gray, CD11c

and a SIINFEKL-positive control in blue.

Araptor mice, a no-antigen negative control, in black,

(H) Sort-purified splenic cDC1s from CD11¢"Tand CD11c2"@*" mice were cultured for 3 days with CTV-labeled OT-I T cells in the presence of 1 x 107 heat-killed
Lm-OVA, and T cell proliferation was assessed by CTV dilution.

(1) Splenocytes from naive WT and CD11c2"@P*" mice were stimulated with indicated TLR ligands in the presence of Brefeldin A and analyzed for production of IL-
12p40/p70 by splenic cDCs using flow cytometry.

(J-L) In vivo FIt3L-expanded splenic cDC1s and cDC2s were sorted using a flow cytometer and (J) put into culture with or without polylC, after which supernatants
were analyzed for indicated cytokines by cytokine bead array or (K and L) conditioned with OVA and polyIC for 5 h ex vivo before transfer into recipient mice by
footpad injection.

(K) Frequencies and numbers of OVA-specific CD8" Tae cells based on KPOVA-tetramer staining as analyzed by flow cytometry.

(L) Splenocytes were stimulated with SIINFEKL in the presence of Brefeldin A and analyzed for OVA-specific IFN-y production by CD8* T cells using flow cytometry.
Bars represent mean + SEM of indicated data points from individual mice. One-way ANOVA (A, K, and L), two-way ANOVA (F-H), and two-way ANOVA for
repeated measures (I-J) were used to assess statistically significant differences. Data are from 1 experiment using 4 mice per group (A-F), 1 experiment using 3
mice per group (G), representative of 1 out of 2 experiments with 3-4 mice per group (H), 5 experiments using 1 mouse per group (1), 1 experiment using 3 mice per
group (J), or 1 experiment using 2-4 mice per group (K and L).
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not important for the generation of Th2 cell responses. Finally,
we assessed whether the reduced activation profile of sdLN
migDC1s in CD11¢*"@*" mice would affect CD8* T cell priming
following s.c. immunization. Mice were immunized with the TLR9
ligand CpG-B in combination with a synthetic 43-mer-long
peptide from the human papillomavirus (HPV) E7 protein that
contains the immunodominant and H-2Db-restricted epitope
RAHYNIVTF (E7-SLP), a combination that predominantly acti-
vates cDC1s and requires cross-presentation for priming of
CD8"* T cells (Maynard et al., 2019). Of note, this peptide does
not contain any I-Ab restricted CD4* T cell epitopes, which
allows for assessing CD8" T cell priming without CD4* T cell
help. This resulted in enhanced frequencies and numbers of
E7-specific CD8* T cells in sdLNs from CD11c2™@P*" mice
compared with sdLNs from their CD11c"T littermates
(Figure 5C), as well as enhanced IFN-y production by these cells
after ex vivo antigen-specific restimulation (Figure 5D). These ef-
fects were independent of antigen or TLR stimulus, as enhanced
IFN-y production by CD8" T cells and trends toward higher fre-
quencies and numbers of antigen-specific CD8" T cells were
also observed in CD11¢*™@'" mice after immunization with
CpG-B with full-length OVA (Figures 5E and 5F) or polylC with
E7-SLP (Figure 5G).

mTORC1 signaling constrains activation of LCs and a
subpopulation of EpCAM* cDC1s in response to s.c.
immunization

To find a mechanistic basis for the enhanced IFN-y production
by CD8" T cells in CD11c™@P*" mice after s.c. immunization,
we assessed how loss of raptor affected metabolism, matura-
tion, cytokine production, and migration of sdLN migAPCs
in response to these immunizations. TLR stimulation resulted
in increased S6 phosphorylation in wild-type (WT) cDC2s
and LCs and remained low in all migAPC subsets from
CD11cA™@P" mjice (Figure S5A). After TLR stimulation, all
raptor-deficient migAPC subsets showed increased mitochon-
drial membrane potential (Figure 6A) as well as restoration of
MHC class | surface expression (Figure 6B). Raptor-deficient
LCs were the only subset to additionally show enhanced costi-
mulatory molecule expression (Figures 6B and S5B-S5D) and
IL-12 production (Figures 6C and S5E). To better understand
the interaction between loss of raptor and immunization, Met-
flow data (Figure 1E) were subjected to dimensional reduction
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and unsupervised clustering. We could identify cDC1s, cDC2s,
and LCs (Figure 6D) that could be further split into several pheno-
typically distinct clusters (Figures 6E and 6F). Frequencies of
several clusters were changed as a consequence of loss of
raptor in CD11c-expressing cells and/or immunization (Fig-
ure 6G). Among those, LC clusters PG-06 and PG-10 were
most strongly modulated by raptor deletion (Figure 6H). PG-10,
abundant in WT mice and characterized by high ACC1 and low
PD-L1 expression, was largely replaced by PG-06, which
instead displayed low ACC1 but high CPT1a and PD-L1 expres-
sion (Figures 6F, 6H, and S6). These pronounced changes in the
phenotype of raptor-deficient LCs prompted us to explore their
role in the enhanced CD8" T cell response of immunized
CD11c2"™@P" mice. We first evaluated LC migratory capacity
from the skin to the sdLNs in a fluorescein isothiocyanate
(FITC)* skin-painting model, but no differences were found 24
and 72 h after painting (Figure 6l). We then sorted LCs from the
sdLNs of CpG-B + OVA-immunized mice and cocultured them
with naive OT1 cells, but proliferation and IFN-y production
were unaltered by loss of raptor in LCs (Figures 6J and 6K).
This suggests that despite the more inflammatory profile of
LCs from CD11c*"@P'" mice, they do not play a prominent role
in the potentiated CD8" T cell response in these mice.

The unsupervised clustering additionally revealed an EpCAM*
cluster within the total cDC1 population (PG-09; Figure 6H) that
selectively increased in frequency following immunization of
CD11¢*"™@P"" mice (Figures 7A and 7B). Notably, this EpCAM*
cDC1 subpopulation from CD11¢*"@*°" mice was characterized
by high expression of glycolytic and mitochondrial markers
relative to other cDCH1 clusters (Figure 6F) and, unlike EpCAM™
cDC1s, maintained its activation profile, or even increased it in
the case of CD80, after immunization (Figures 7C-7E). Due to
the rarity of these cells, we were not able to sort them to interro-
gate their T cell-priming capacity ex vivo. We therefore instead
quantified the frequency of physically interacting DC-T cell pairs
by flow cytometry following immunization (Giladi et al., 2020)
(Figure S7) as a measure of active T cell priming by DCs in situ.
This specifically revealed a significantly increased frequency of
EpCAM* cDC1-CD8" T cell pairs in sdLNs from CD11cA™@Pter
mice compared with CD11c"T mice following immunization
(Figure 7F). Taken together, these alterations in the cDC1
compartment may help to explain the enhanced CD8"* T cell
response in CD11¢™@P*°" mice after s.c. immunization.

Figure 4. mTORCH1 signaling is required for maintenance of MHC expression by migratory skin cDCs and of ACC1 expression by cDCs and

LCs

(A) Flow gating strategy for LCs and DC subsets in skin-draining lymph nodes (sdLNs).

(B) Flow-cytometry-based analysis of S6 phosphorylation on serine 235/236 in pDCs, migcDC1s, migcDC2s, and LCs from sdLNs out of CD11c¢"T and
CD11c2"™@*" mice. Representative histograms are in Figure S3A. sdLNs were a pool of brachial, axillary, and inguinal LNs.

(C) Frequencies and numbers of LC and DC subsets in sdLNs as gated in (A) are enumerated. Migratory DCs are migAPCs minus LCs in the left panel.

(D) Flow-cytometry-based analysis of overall metabolic pathway engagement by sdLN LCs and cDCs using the fluorescent glucose analog 2-NBDG.

(E) Flow-cytometry-based analysis of mitochondrial mass and mitochondrial membrane potential in sdLNs of LC and cDC subsets using MitoTracker Green and

TMRM, respectively.

(F) Heatmap displaying the expression of metabolic targets in sdLN pDC, LC, and migDC subsets. Expression levels for each marker are shown relative to all DC

subsets.

(G) Flow-cytometry-based analysis of surface expression of indicated markers of sdLN migcDC1s, migcDC2s, and LCs.
Bars represent mean + SEM of indicated data points from individual mice. Unpaired Student’s t test (A, C, F, and G) and two-way ANOVA (D and E) were used to
assess statistically significant differences. Data are from 1 out of 2 representative experiments using 4 mice per group (B, C, and F) or relative geoMFI from a pool

of 2 independent experiments (D, E, and G).
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DISCUSSION

In the present study, we aimed to determine how mTORC1 reg-
ulates DC metabolism and their T cell priming capacity in vivo.
We show that the metabolic and immunological phenotype of
professional APCs are differently affected by loss of mTORC1
signaling, depending on their origin and location. Apart from
compromised MHC class | expression, deletion of raptor mini-
mally affected splenic cDC phenotypes. On the other hand,
loss of raptor resulted in a strongly reduced maturation profile
of migAPCs in sdLNs, while conversely increasing their abun-
dance, with the notable exception of LCs and an EpCAM*
cDC1 subpopulation. These latter findings were associated
with a potentiated ability of CD11c2™P*" mice to mount CD8*
T cell responses following s.c. immunization. Together, these
data highlight distinct functional effects of mMTORC1 signaling
on different APC subsets and suggest that mTORC1 acts as a
negative regulator of CD8" T cell priming in dermal cDC1s.

In line with a recent study (Du et al., 2018), we found that
splenic cDC1s display higher uptake of the fluorescent glucose
analog 2-NBDG, mitochondrial mass, and membrane potential
than splenic cDC2s. We here report that the expression of
several rate-limiting enzymes in key metabolic pathways are
also higher in splenic cDC1s than cDC2s and that this feature
of a generally metabolically more active cDC1s extends to skin
migDC1s, as they had higher mitochondrial mass, mitochondrial
membrane potential, and expression of several metabolic en-
zymes than migDC2s. Consistent with a well-described role for
mTORCH1 signaling in supporting glycolysis (Weichhart et al.,
2015), 2-NBDG uptake by splenic cDC1s was reduced following
loss of mMTORC1 signaling, although this appeared not to be
mirrored by reduced Glut1 or PKM expression in these cells. In
fact, loss of raptor had little impact on the expression of any of
the analyzed metabolic enzymes in splenic cDCs under steady
state. In contrast, 2-NBDG uptake by sdLN APC subsets was
not affected by loss of raptor, while ACC1 expression was
strongly reduced in all migAPCs. How mTORCH1 differentially af-
fects the metabolism of DCs at different locations is currently un-
clear but is likely to be influenced by local nutrient and growth
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factor availability, which are both important determinants of
mTORC1 activity.

Moreover, we found that raptor-deficient cDCs show a consis-
tent reduction in MHC class | surface expression during steady
state. Lower baseline MHC class | expression on raptor-deficient
cDCs did not, however, translate into an impaired ability of
CD11c2"P" mice to mount CD8* T cell responses to foreign an-
tigens. This was apparent during both systemic (listeria infection)
and local (s.c. immunization with TLR ligands) immunological
challenge or after adoptive transfer. In fact, antigen-specific
CD8" T cell responses in CD11¢™@P*°" mice were even potenti-
ated following s.c. immunization. While our data suggest that
the latter observation—as discussed in more detail below—
may be driven by a small subpopulation of highly active
cDCH1s, the intact CD8" T cell priming after listeria infection is
likely to have a different basis. Although Lm primarily infects
splenic macrophages and liver Kupffer cells, cDC1s are also
directly infected and serve as a critical entry point to establish
infection (Edelson et al., 2011). Following internalization, the bac-
teria can escape from phagosomes and access the host cytosol
for replication. Hence, listeria-derived antigens from both exog-
enous/vacuolar and cytosolic origin can be presented in MHC
class |, via cross- and direct presentation, respectively (Reinicke
et al., 2009; Villanueva et al., 1995). Our observation that cross-
presentation is reduced in raptor-deficient splenic cDC1s might
indicate that, instead, presentation of cytosolic listeria-derived
antigens is enhanced. mTORC1 inhibition is well known to pro-
mote autophagy, which, by breaking down intracellular bacteria,
can directly serve as a host protective mechanism (Jagannath
et al., 2009; Riebisch et al., 2021) as well as by facilitating the
generation of peptides for presentation on MHC class | (Fieg|
et al., 2013). Further studies are required to determine whether
enhanced presentation of autophagy-derived antigens can
compensate for lower MHC class | expression and explain the
uncompromised ability of CD11c2™"*" mice to mount antigen-
specific CD8" T cell responses following listeria infection.

Several aspects of cDC biology at the population level—
including longevity, the magnitude and duration of expression
of costimulatory markers, and cytokine expression and

Figure 5. mTORC1 signaling in CD11c-expressing cells limits CD8+ T cell priming following s.c. immunization but not Th2 polarization

(A) On the top, a gating strategy for T cell subsets in sdLNs, as shown in Figure 2A. Frequencies and numbers of splenic T cells are enumerated on the bottom.
(B) CD11cT and CD11cA™@P" mice were immunized with S. mansoni soluble egg antigens (SEAs) by s.c. footpad injection, draining popLNs were collected
7 days later, and supernatants from ex vivo restimulated cells were analyzed for indicated cytokines by cytokine bead array.

(C and D) Mice were immunized with HPV SLP and 25 ng CpG-B by s.c. tailbase injection, and T cell responses in draining inguinal lymph nodes (ingLNs) were
analyzed 7 days later by flow cytometry.

(C) Representative histograms, frequencies, and numbers of E7-specific CD8* Tag cells based on DPE7-tetramer staining as analyzed by flow cytometry.

(D) IngLN cells were stimulated with E7-SLP in the presence of Brefeldin A and analyzed for HPV-specific IFN-y production by CD8" Tag cells using flow cytom-
etry.

(E and F) Mice were immunized with OVA and 25 ng CpG-B by s.c. footpad injection, and T cell responses in draining popLNs were analyzed 7 days later by flow
cytometry.

(E) Representative histograms, frequencies, and numbers of OVA-specific CD8" Tag cells based on KPOVA-tetramer staining as analyzed by flow cytometry.
(F) PopLN cells were stimulated with SIINFEKL in the presence of Brefeldin A and analyzed for OVA-specific IFN-y production by CD8* Tag cells using flow cy-
tometry.

(G) Mice were immunized with HPV peptide and polylC by s.c. tailbase injection, and T cell responses in draining ingLNs were analyzed 7 days later by flow
cytometry. IngLN cells were stimulated with E7-SLP in the presence of Brefeldin A and analyzed for E7-specific IFN-y production by CD8" Txg cells using flow
cytometry.

Bars represent mean + SEM of indicated datapoints from individual mice. Unpaired Student’s t test (A), two-way ANOVA (B), and one-way ANOVA (C-G) were
used to assess statistically significant differences. Data are from 1 experiment using 3 mice per group (A), 1 experiment using 4-5 mice per group (B), 1 experiment
using 2-4 mice per group (C and D), 1 experiment using 2-5 mice per group (E and F), or 1 experiment using 2 lymph nodes from 2-3 mice per group (G).
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migration—that could potentially explain the differences in CD8*
T cell phenotype between CD11cVT and CD11¢2P°" mice were
not substantially different between TLR-stimulated cDCs from
both strains, both in vivo and ex vivo. This shows that the pheno-
type of increased survival and duration of costimulatory molecule
expression by TLR-activated granulocyte macrophage-colony-
stimulating factor (GM-CSF)-induced DCs (GMDCs) after treat-
ment with rapamycin, resulting in an enhanced CD8* T cell-prim-
ing capacity following adoptive transfer in vivo (Amiel et al., 2012;
Jagannath and Bakhru, 2012; Jagannath et al., 2009), does not
translate to cDCs. This likely stems from the fact that TLR-acti-
vated GMDCs, in contrast to cDCs, express inducible NO syn-
thase (iNOS) to produce NO in an mTORC1-dependent manner
(Thwe and Amiel, 2018), which has been shown to poison mito-
chondrial respiration in an autocrine manner and thereby
compromise longevity of GMDCs (Everts et al., 2012). In search
of an alternative explanation for the potentiated antigen-specific
CD8" T cell response following s.c. immunization in CD11¢A™Ptr
mice, we explored the role of LCs in this phenotype. In contrast to
cDCs, loss of raptor augmented the activation of LCs, as re-
flected by increased CD80, CD86, and IL-12 expression and
maintenance of MHC class | expression following immunization
with TLR ligands. In addition, only LC frequencies, and not total
numbers, were significantly reduced in sdLNs, which is largely
consistent with earlier studies (Kellersch and Brocker, 2013).
Moreover, we found that among the migAPCs, LCs showed the
most significantly changed metabolic and immunological pheno-
type after raptor loss. Metabolically, the increased CPT1a
expression at the expense of ACC1, together with increased
mitochondrial membrane potential, indicates a shift towards
catabolism. This metabolic state has both been linked to support-
ing tolerogenic as well as immunogenic properties of DCs (Mali-
narich et al., 2015; Qiu et al., 2019; Sun et al., 2019). Whether
there is a causal link between catabolic metabolism and immuno-
genicity in raptor-deficient LCs remains subject for further study.
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Ex vivo cocultures, however, did not reveal an enhanced CD8*
T cell priming capacity of raptor-deficient LCs, suggesting that
these phenotypic differences in the total LC population are not
sufficient to explain the potentiated CD8" T cell priming in
CD11¢~"@P" mice. This would be largely consistent with studies
showing that murine LCs are poor cross-presenters compared
with murine cDC1s and human LCs (Artyomov et al., 2015; Ka-
plan, 2017) and are dispensable for the generation of CD8*
T cell responses to various infections (Allan et al., 2003; Igyarto
et al.,, 2011; Kaplan, 2017; Seneschal et al., 2014). However,
this does not exclude the possibility that increased IL-12 produc-
tion by raptor-deficient LCs —analogous to what has been shown
for IL-12-producing monocyte-derived DCs (Hilligan et al.,
2020)—may assist cDCs in supporting or enhancing generation
of cellular type 1 immune responses in CD11¢™@P*" mice.
Finally, we identified a subpopulation of cDC1s, characterized
by EpCAM expression, that selectively accumulated in sdLNs of
immunized CD11¢*"@'" mice. This population was character-
ized by higher metabolic enzyme and costimulatory molecule
expression compared with that same subset from CD11cVT
mice and higher MHC class | expression than the EpCAM™
cDC1 population from these mice. Importantly, corresponding
with this highly immunogenic phenotype, this population physi-
cally interacted more frequently with CD8" T cells in sdLNs of
immunized CD11c2™#*" mice. EpCAM* cDC1s have recently
been identified in the context of cutaneous bacterial infections,
where they were found to play a key innate role by recruiting neu-
trophils through production of vascular endothelial growth factor
o (VEGFa) (Janela et al., 2019). However, in this study, their role
in CD8" T cell priming was not assessed. Now, our findings
would indicate that this population can also have an important
role in regulating adaptive immune responses. Interestingly,
VEGFa. expression by EpCAM* ¢DC1s was found to depend
on hypoxia inducible factor 1o (HIF1a), a transcription factor
known to promote glycolysis. In line with this, we show here

Figure 6. mTORC1 signaling supports activation of migratory skin cDCs but constrains activation of Langerhans cells in response to

subcutaneous immunization

(A-H) CD11c"YT and CD11c2"@P*" mice were immunized with 25 ug CpG-B by s.c. tailbase injection, and draining ingLNs were analyzed 24 h later by flow cytom-

etry.

(A) sdLN LC and migDC subsets were analyzed by flow cytometry using the fluorescent glucose analog 2-NBDG, MitoTracker Deep Red, and TMRM to evaluate
glucose uptake, the mitochondrial mass, and mitochondrial membrane potential, respectively.

(B) Flow-cytometry-based analysis of surface expression of indicated markers by migDC1s, migDC2s, and LCs.

(C) IngLN cells from naive WT and CD11c2™@P*°" mice were ex vivo stimulated with 5 ug/mL CpG-B in the presence of Brefeldin A and analyzed for production of IL-

12p40/p70 by indicated APCs using flow cytometry.

(D) Unbiased opt-SNE analysis of migAPC population in which migcDC1s, migcDC2s, and LCs are indicated.
E) Phenograph clustering performed on migAPCs using metabolic and lineage markers.
F) Heatmap displaying expression of metabolic, activation, and lineage markers from clusters identified in (E).

(

(

(G) Contour plots overlaid on opt-SNE analysis as shown in (D) displaying distribution of cells for CD11¢VT and CD11¢2"P*" mice immunized with either PBS or CpG-B.
(H) Top: Volcano plot displaying the clusters as displayed in (E) and (F) with significant differences in frequency between CpG-B-immunized CD11¢"T and
CD11c2"™@'°" mice. Bottom: graphics displaying frequencies of LC clusters 10 and 06.

() Mice were painted on their flank with inflammatory FITC, and frequencies of FITC* migcDC1s, migcDC2s, and LCs were analyzed on the indicated days by flow
cytometry.

(J and K) LCs were flow sorted and cocultured with CTV-labeled OT-I T cells (either in the presence or absence [blue] of OT-I peptide) to evaluate the
(J) proliferation and (K) IFN-y secretion by OT-I T cells 3 days later.

Bars represent mean + SEM of indicated data points from individual mice. Two-way ANOVA (Aand H), two-way ANOVA for repeated measures (C), and one-way
ANOVA (K) were used to assess statistically significant differences. Data are from 1 experiment using 2 lymph nodes from 2 mice per group (A), 3 experiments
using 1 mouse per group (B), representative of 1 out of 2 independent experiments using 4-6 mice per group (C), 1 experiment using 3-4 mice per group (D),
representative of 1 out 2 independent experiments using 3-4 mice per group (E-l), and 1 experiment using pooled sorted LCs from 4 CpG-B-immunized mice. (A
and B) Data represent normalized geoMFI relative to PBS-injected CD11c¢"VT group.
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Figure 7. Loss of mMTORC1 signaling results in accumulation of a subpopulation of immunogenic EpCAM*cDC1s with increased potential to
interact with CD8" T cells following immunization
(A-C) Mice were immunized with 25 pg CpG-B and 50 ug OVA by s.c. tailbase injection, and draining ingLNs were analyzed 24 h later by flow cytometry.

(A) opt-SNE analysis (top left panel) in which cDC1 cluster PG_09 and remaining cDC1 clusters (PG04_PG11_PG13) are indicated. Expression patterns of XCR1
and CD326 (EpCAM) by these clusters are shown in the middle plot. Frequency of PG_09 within DC gate is shown on right.
(B) Frequency of EpCAM™ and EpCAM* cDC1s in naive and CpG-B-immunized mice based on manual gating as shown in top panels.
(C) Maturation status of EpCAM* and EpCAM™~ ¢DCf1s in naive and CpG-B-immunized mice.
(D) IngLN cells from naive CD11c"/T and CD11¢2™P*°" mice were stimulated ex vivo with CpG-B and analyzed for production of IL-12p40/p70 by EpCAM* and

EpCAM™ cDCf1s using flow cytometry.
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that EpCAM* cDC1s have higher 2-NBDG uptake and glycolytic
enzyme expression than EpCAM™ cDC1s. Interestingly, we have
previously shown this metabolic profile to be required for DCs to
optimally prime CD8"* T cell responses (Everts et al., 2014).
Hence, in the light of the well-known key role of cDC1s in priming
CD8" T cell responses (Hildner et al., 2008), these findings pro-
vide support for an important role for EpCAM* cDC1s, possibly
in conjunction with LC-derived IL-12, in underpinning the
enhanced CD8* T cell priming observed in CD11c*"™@*" mice
following s.c. immunization.

In conclusion, our observations highlight that pharmacological
inhibition of MTORC1 may be a viable means to boost cellular
immunity following vaccination. Interestingly, since LCs have
also been reported to promote CD4™* T follicular helper cell differ-
entiation, germinal center formation, and humoral responses in a
variety of settings (Bouteau et al., 2019; Levin et al., 2017; Mar-
schall et al., 2020; Yao et al., 2015; Zimara et al., 2014), not only
cellular, but also humoral, immune responses may benefit from
local mMTORC1 inhibition in response to vaccination and clearly
warrant further study. In summary, our data provide evidence
for distinct effects of mMTORC1 signaling on the metabolic and
immunological phenotype and CD8* T cell-priming function of
different APC subsets, with selectively an inhibitory role for
mTORC1 in these processes in LCs and a subpopulation of
cDC1s, which may have implications for vaccination practices.

Limitations of the study

Although DCs are the primary cell type expressing CD11c, it is
not limited to these cells. Therefore, we cannot formally rule
out the possibility that some of the observed effects in the
CD8" T cell compartment in CD11¢2™@P*" mice are a conse-
quence of changes in CD11c-expressing cells other than DCs.
In addition, due to the low frequency of EpCAM* cDC1s, we
were not able to functionally test the CD8* T cell-priming ability
of these cells. In this context, LC-specific hLangerin-cre and
cDC1-specific XCR1-cre strains can be valuable tools to further
elucidate the link between mTORC1 signaling in these cells and
CD8* T cell priming in vivo.
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MHC Il (Clone: 2G9; BUV 395)
MHCII (Clone: M5/114.15.2; APC-eF780)
OVA tetramer (Clone: -, PE)

pS6 (ser240) (Clone: N4-41; PE)
Siglec-H (Clone: 511; APC)

Siglec-F (Clone: E50-2440; BV480)
Streptavidin (Clone: -; PerCP-Cy5.5)
Streptavidin (Clone: -; BV605)
Streptavidin (Clone: -; BV785)

XCR1 (Clone: ZET; BV650)

XCR1 (Clone: ZET; BV421)

Glut1 (Clone: EPR3915; Dylight 405)
PKM (Clone: EPR10138(B); PE)
Cytc (Clone: 7H8.2C12; PE-Cy7)
G6PD (Clone: EPR20668; APC-Cy7)
CPT1A (Clone: EPR21843-71-2F; PE-Cy5)
ACC1 (Clone: EPR23235-147; AF488)
SDHA (Clone: EPR9043(B); AF647)

Invitrogen/eBioscience
BioLegend
Invitrogen/eBioscience
BD Biosciences
Invitrogen/eBioscience
Invitrogen/eBioscience
BD Biosciences
Invitrogen/eBioscience
BD Biosciences
BioLegend
Invitrogen/eBioscience
BioLegend
Invitrogen/eBioscience
BD Bioscience
Invitrogen/eBioscience
in house
Invitrogen/eBioscience
BioLegend

BD Biosciences
BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

AbCam

AbCam

AbCam

AbCam

AbCam

AbCam

AbCam

Cat# 45-5932-80; RRID: AB_2723342
Cat# 108467; RRID: AB_2876421
Cat# 25-7311-82; RRID: AB_469680
Cat# 561479; RRID: AB_10898181
Cat# 11-7311-41; RRID: AB_10718840
Cat# 53-7101-82; RRID: AB_469926
Cat# 554480; RRID: AB_398560
Cat# 17-7177-81; RRID: AB_763580
Cat# 554389; RRID: AB_395361

Cat# 141604; RRID: AB_10895905
Cat# 11-5321-82; RRID: AB_465232
Cat# 116511; RRID: AB_492918

Cat# 56-5321-80; RRID: AB_494010
Cat# 743876; RRID: AB_2741827
Cat# 47-5321-82; RRID: AB_1548783
Cat# 560430; RRID: AB_2572667
Cat# 129611; RRID: AB_10643574
Cat# 746668; RRID: AB_2743940
Cat# 405214

Cat# 405229

Cat# 405249

Cat# 148220; RRID: AB_2566410
Cat# 148216; RRID: AB_2565230
Cat# ab252403

Cat# ab206129

Cat# ab237966

Cat# ab231828

Cat# ab235841

Cat# ab272704

Cat# ab240098

Bacterial and virus strains

OVA-expressing Listeria monocytogenes
OVA-expressing Listeria monocytogenes strain
deficient in actin assembly-inducing protein
(Lm-dActA-OVA)

Gift from S Schoenberger (La Jolla, USA)
Gift from S Schoenberger (La Jolla, USA)

Foulds et al., 2002
Brockstedt et al., 2004

Chemicals, peptides, and recombinant proteins

CellTraceTM Violet Cell proliferation Kit
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
LIVE/DEAD Fixable Blue Dead Cell Stain Kit
OVA SIINFEKL peptide

Ovalbumin

PolylC

CpG-B

LPS

MitoTracker Green

Invitrogen™

Thermo Fischer Scientific
Thermo Fischer Scientific
In house

InvivoGen

InvivoGen

InvivoGen

InvivoGen

Invitrogen

Cat#f C34557
Cat#L.34965

Cat# L34962

N/A

Cat# vac-pova-100
Cat# TLRL-PIC
Cat# TLRL-1826-1
Cat# TLRL-PELPS
Cat# M7514

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
MitoTracker DeepRed Invitrogen Cat# M22426
TMRM Thermo Cat# T668
2-NBDG Invitrogen Cat# N13195
Phorbol 12-myristate 13-acetate (PMA) Sigma Catt P-8139t
lonomycin Sigma Cat# 1-0634
Brefeldin A Sigma Cat# B7651
RPMI 1640 GlutaMAX Gibco Cat# 61870-010
Colagenase D Roche Cat# 11088866001
DNAse | Sigma Cat# D4263
FITC Sigma Cat# F3651
Dibutylphalate Sigma Cat# 524980
Critical commercial assays

Foxp3/transcription factor staining buffer set eBioscience Cat# 00-5523-00
Bicinchoninic acid (BCA) protein assay kit Pierce Cat# PIER23225

Experimental models: Cell lines

Flt3L-secreting B16 melanoma cells Gift from E Pearce (Washington Mach et al., 2000
University, USA)

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX:000664

Mouse: ltgax-cre The Jackson Laboratory JAX:008068

Mouse: Rptor-fl/fl The Jackson Laboratory JAX:013188

Mouse: OT Il BL/6J The Jackson Laboratory JAX:004194

Mouse: OT | BL/6J The Jackson Laboratory JAX:003831
Software and algorithms

FlowJo v10 TreeStar www.flowjo.com
GraphPad Prism v9 GraphPad Software www.graphpad.com
oMIQ oMIQ Www.omig.ai

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bart Everts
(b.everts@lumc.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

ltgax-cre Rptor-fl/fl (CD11c-cre raptor-fl/fl or CD11c2"@P*" mice), transgenic with OVA specific CD4 T cells (OT-II), transgenic with
OVA specific CD8+ T cells (OT-I) and wild type (WT) mice, both male and female and all on a C57BL/6J background, were bred under
SPF conditions at the Leiden University Medical Center (LUMC), Leiden, The Netherlands. Mice were culled through cervical dislo-
cation. Anaesthesia with isoflurane was used for L. monocytogenes infection and ketamine with either dexdomitor or xylazine
was used for S. mansoni infection. Animal experiments were performed when the mice were between 8 and 16 weeks old. Animal
experiments were performed in accordance with local government regulations, EU Directive 2010/63EU and Recommendation
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2007/526/EC regarding the protection of animals used for experimental and other scientific purposes, as well as approved by the
Dutch Central Authority for Scientific Procedures on Animals (CCD). Animal license number AVD116002015253.

FIt3L-secreting B16 melanoma cells

FIt3L-secreting B16 melanoma cells were kindly provided by Dr. Edward Pearce and passaged every 3—4 days using a Trypsin-EDTA
solution (Sigma, Zwijndrecht, The Netherlands) followed by replating in T175 culture flasks at 2 x 10° cells in 35 mL of media
comprised of DMEM High Glucose (Biowest, Nuaillé, France) supplemented with 10% FCS (Capricorn, Den Haag, The Netherlands),
100 U/mL penicillin (Eureco-pharma, Ridderkerk, The Netherlands) and 100 pg/mL streptomycin (Sigma).

METHOD DETAILS

Digestion of murine tissues

Lymphoid organs were collected in 500 pL of no additives media (naRPMI = RPMI-1640 supplemented with GlutaMAX™ [#61870-
010, Gibco, Bleiswijk, The Netherlands], which should contain Ca2* for the collagenase) in a plate and mechanically disrupted using
the back-end of a syringe before addition of 50 uL of a digestion media (dRPMI = naRPMI supplemented with 11 x collagenase D
(#11088866001, Roche, Woerden, The Netherlands; end concentration of 1 mg/mL) and 11x DNase | (#D4263, Sigma, Zwijndrecht,
The Netherlands; end concentration of 2000 U/mL) for 20 min at 37°C and 5% CO.. Single cell suspensions were filtered after
digestion with a 100 um sterile filter (#352360, BD Biosciences, Vianen, The Netherlands) before counting in complete RMPI
(cRPMI = naRPMI supplemented with 10% heat-inactivated FCS [#S-FBS-EU-015, Serana, Pessin, Germany], 25 nM B-mercaptoe-
thanol [#M6250, Sigma], 100 U/mL penicillin [#16128286, Eureco-pharma, Ridderkerk, The Netherlands; purchased inside the
LUMC] and 100 ng/mL streptomycin [#S9137, Sigmal]). Spleens were subjected to red blood cell lysis (inhouse; 0.15 M NH4CI,
1 mM KHCOS3, 0.1 mM EDTA [#15575-038, Thermo, Waltham, Massachusetts, United States] in ddH20) for 2 min at room
temperature before counting.

Generation of bone marrow-derived GMDCs

BM cells were flushed from mouse femurs and tibia and plated in ‘Nunc™ Cell-Culture Treated 6-well plate’ wells (#140675, Thermo;
approximate growth area of 9.5 cm?) at a seeding density of 2 x 10°6 cells in a volume of 3 mL of complete RPMI for BM cells (cRPMI-
BM = RPMI-1640 supplemented with GlutaMAX™ and also 5% FCS, 25 nM B-mercaptoethanol, 100 U/mL penicillin and 100 ug/mL
streptomycin was put in) to which 20 ng/mL of recombinant GM-CSF (#315-03, PeproTech, Hamburg, Germany) was added. Media
was refreshed on day 3-4 by adding 3 mL cRPMI-BM with 40 ng/mL GM-CSF and on day 7 by first removing 3 mL of supernatant and
then adding 3 mL cRPMI-BM with 40 ng/mL GM-CSF. Semi-adherent cells were harvested for various assays on day 8. Alternatively,
semi-adherent cells were collected on day 7 and seeded in a flat bottom 96-well plate (Nunc™; #167008, Thermo) at 1 x 10°5 cells in
avolume of 200 pL of fresh cRPMI-BM with 20 ng/mL GM-CSF and rested overnight. Minimum rest time after transfer of GMDCs was
2-3 h.

Flow cytometry

In general, single cell suspensions underwent viability staining for 20 min at room temperature using the LIVE/DEAD™ Fixable Aqua
(#L.34957, Thermo; 1:400 in PBS [from LUMC pharmacy; Braun, Zeist, The Netherlands) or Blue (#L23105, Thermo; 1:1000 in PBS)
and fixation for 15 min at room temperature using 1.85% formaldehyde (F1635, Sigma) in PBS solution before surface staining with
antibodies in an in-house cell separation buffer (= PBS supplemented with 0.5% BSA [fraction V, #10735086001, Roche, Woerden,
The Netherlands] and 2 mM EDTA) for 30 min at 4°C. For detection of metabolic proteins cells were permeabilized with eBioscience
permeabilization buffer (#00-8333-56 — Thermo) followed by intracellular staining with a cocktail of antibodies against the metabolic
proteins. Antibodies were purchased from AbCam and conjugated in house with AbCam Lightening-Link Conjugation kit. See sup-
plementary Table S1 for further information on metabolic antibodies and fluorochrome conjugation. For detection of phosphorylated
S6 on Ser235/236, single cell suspensions in cRPMI where returned to a cell incubator (37°C &5% CO,) for 1 h after which 16% pltra-
pure formaldehyde (#18814-20, Polysciences, Hirschberg an der Bergstrae, Germany) was added until the concentration reached
4% and the cells were left for 10 more minutes in the incubator to fix. For example, 67 pL of 16% plLtra-pure formaldehyde was added
to 200 plL of cell solution. Viability staining was not done before fixation to minimise changes in phosphorylation status. Single cell
suspensions were first stained with anti-phosphorylated S6 in 1x Permeabilization Buffer (#00-8333-56, Thermo) for 1 h at room
before staining with other antibodies in the in-house cell separation buffer for 30 min at 4°C. For detection of mitochondrial mass
and mitochondrial membrane potential, single cell suspensions were incubated with respectively 200 nM MitoTracker Green
(#M7514, Invitrogen) or 200 nM TMRM (#T668, Thermo) in cRPMI for 30 min in a cell incubator. Subsequent viability and surface
staining were done for 30 min on ice. No fixation occurred before running the samples. Uptake of 2-NBDG (N13195, Invitrogen)
was done in a similar fashion but with 15 min of incubation. CD8+ T cells bearing antigen-specific T cell receptors were quantified
using in-house produced tetramers of MHCI:peptide complexes with SIINFEKL (KPOVA-tetramer) or RAHYNIVTF (DPE7-tetramer)
as their respective epitopes. For detection of antigen-specific cytokine production by T cells, single cell suspensions in cRPMI
were restimulated with either 1 ng/mL of SIINFEKL (in-house) or 1 pg/mL of RAHYNIVTF (in-house) in the presence of 10 ng/mL
of Brefeldin A (#B7651, Sigma) for 4 h in a cell incubator. For polyclonal restimulation, single cell suspensions were stimulated
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with both 0.1 ug/mL of PMA (#P-8139, Sigma) and 1 ug/mL of ionomycin (#1-0634, Sigma) in the presence of Brefeldin A. These single
cell suspensions underwent intracellular cytokine staining (ICS) with antibodies in the 1x Permeabilization Buffer. For detection of
IL-12 by DCs, single cell suspensions were stimulated with either 100 ng/mL of LPS, 10 pg/mL of PolylC or 5 ung/mL of CpG-B
(#TLRL-PELPS, #TLRL-PIC and #tIrl-1826-1, respectively [all InvivoGen, Toulouse, France]) and all in the presence of Brefeldin A
for 5 hiin a cell incubator. Cross presentation was quantified by surface staining with an anti-Kb-SIINFEKL antibody after 3 h of stim-
ulation with OVA SLP (in house; 50 ng/mL for skin draining lymph node cells) in the presence of 10 ng/mL PolylC. SIINFEKL (1 ng/mL)
was used as positive MHCI loading control. All samples were run on a BD LSR II,FACSCanto Il or Cytek Aurora 5 lasers and analyzed
using FACS Diva 8 (all BD Biosciences) and FlowJo (Version 10, TreeStar, Meerhout, Belgium).

High dimensional spectral flow cytometry analysis

Samples were imported in OMIQ software and parameters were scaled using a conversion factors ranging from 6000-20000.
Samples were subsequently gated on DCs and subsampled using a maximum equal distribution across groups. After sub-sampling,
opt-SNE was performed using the metabolic proteins and lineage markers (CD172a, XCR1 and CD326) as parameters. Next, pheno-
graph clustering (k = 100) was performed using the same parameters used for the opt-SNE. Data was further analysed with EdgeR to
determine significant differences in the clusters among different genotypes. Heatmaps and volcano plots were generated in R, using
OMIQ-exported data for each cluster.

In vitro co-culture of DCs and OT I T cells

Mice were subcutaneously injected with either PBS or 25 g of CpG-B with 50 ug of OVA for 24 h. LCs from IngLNs were purified by
FACS and 4 mice per genotype were pooled. LCs were then incubated with CTV pre-labelled OT-I T cells in a ratio of 1:50 (1000
LC:50000 T cells) either in the presence or absence of OT-I peptide (1 pg/mL). After 3 days, T cells were harvested and the dilution
of CTV was evaluated as a proxy for proliferation. In vitro cross-presentation assays was performed using 10000 sorted splenic
cDC1s and 25000 CTV-labelled OT-I cells in the presence of 10 million HKLM-OVA, as previously described (Theisen et al.,
2018). After 3 days OT-I cells were harvested and CTV proliferation was evaluated by flow cytometry.

In vivo DC-T cell interaction

Mice were subcutaneously injected with either PBS or 25 ng of CpG-B with 50 ug of OVA for 24 h. IngLn was collected, digested with
a mild digestion mix (1 mg/mL of collagenase D for 30 min at 37°C) to preserve the interaction between cells. Cell suspension was
then stained with anti-CD3, anti-CD19, anti-CD8, anti-MHC I, anti-Siglec-H, anti-XCR1 and anti-CD326. Analysis was performed
as previously described (Giladi et al., 2020). Briefly, after exclusion of B cells and pDCs, frequency of doublets expressing
CD3*"CD8" as well as MHCII" and DC subset-specific markers were quantified by flow cytometry.

Preparation of Listeria monocytogenes bacteria

Listeria monocytogenes bacteria were scraped from a glycerol stock and transferred to a 15 mL round bottom polysterene tube
(#352051, Corning, Amsterdam, The Netherlands) with 3 mL of ‘Brain Heart Infusion (BHI) Broth’ (#37500, BD Biosciences) and
incubated overnight at 37° with the cap loose and the tube rotating at 200 rpm. The next day, 20 and 50 pL of bacteria solution
was transferred to new tubes with broth and cultured for another 3 h. The optical density (OD) was measured at 600 nm (OD600) using
a spectrophotometer (#Ultrospec 100 pro, GE Healthcare, Hoevelaken, The Netherlands after takeover of Amersham Biosciences by
GE Healthcare) and the concentration of bacteria solution was corrected until the OD600 value corresponded approximately to
1.2 x 1078 colony forming units (CFU) per mL of broth, which was previously determined by titration. To make new glycerol stocks,
1 mL of the overnight cultured bacterial solution and 500 pL of pure glycerol were mixed well and stored at —80°.

Listeria monocytogenes infection and challenge

Mice were infected with a live attenuated OVA-expressing L. monocytogenes strain deficient in actin assembly-inducing protein
(Lm-dActA-OVA), which is required for escape from phagosomes and cell-to-cell spreading (Poussin, Cell Res 2010). Bacteria
were centrifuged at 2000 rpm for 10 min at 4° and brought to 2.5 x 107 CFU per mL of PBS. Mice were sedated with isoflurane
and infected by retro-orbital intravenous (i.v.) injection with 200 pL of bacteria in PBS (=5 x 10° CFU). The remaining bacteria
were brought to 10® CFU per mL of PBS and 50 pL of this bacteria solution (=50 CFU) was plated on a ‘BHI Agar Plate’ (#255003,
BD Biosciences) and incubated overnight at 37° for control counting of colonies next day. Mice were culled 7 days later, and organs
were processed as described above. Alternatively, 21 days after infection, mice were challenged with 5 x 10* OVA-expressing wild
type bacteria (Lm-OVA) in 200 pL of PBS by retro-orbital i.v. injection and at day 24, mice were culled, and organs were processed as
described above. Bacterial load in the organs was determined by taking 100 uL of a 5 mL single cell suspension in PBS and lysing this
in 900 pL 0.1% Triton X-100 (T8532, Sigma) in mQ (1:10 single cell suspension:0.1% Triton) and making further dilutions of 1:100 and
1:1000 before plating on a agar plate and overnight incubation at 37° for control counting of colonies the next day.

In vivo cDC expansion, isolation, sorting and transfer

The in vivo expansion of cDCs using FIt3L-secreting B16 melanoma cells and their subsequent sorting, ex vivo conditioning and
transfer into recipient mice to induce DC-specific T cell responses was done as described previously (Pelgrom et al., 2019).
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cDC1s were stimulated with 100 pg/mL of ovalbumin (OVA; #vac-pova-100, InvivoGen) and 10 pg/mL of PolylC. 300.000 cells were
transferred.

Preparation of Schistosoma mansoni soluble egg antigens

S. mansoni eggs were isolated and processed into a SEA preparation as described previously (Everts et al., 2009). Protein concen-
tration was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce, #PIER23225). Endotoxin contamination was deter-
mined by a direct comparison of SEA batches to LPS in a TLR4-transfected Human Embryonic Kidney 293 (HEK) reporter cell line, in
which IL-8 secretion by 5 x 10® HEK cells after stimulation with 10 ug of SEA is expected to be similar or less than after stimulation
with 1-3 ng/mL of LPS.

Schistosoma mansoni acute infection

Mice were infected with S. mansoni (Puerto Rican strain; Naval Medical Research Institute) by 30 min of percutaneous exposure to 60
cercariae (or up to 100 cercariae) on shaved abdomen. Mice were culled 8 weeks later. Cercariae were kept at 30 cercariae per mL of
store bought Barleduc water, which was kept very carefully at 31°C. Female mice were anesthetized by intraperitoneal (i.p) injection
with 300 uL of 50 mg/kg bodyweight ketamine +0.5 mg/kg bodyweight dexdomitor, while male mice were anesthetized with
50 mg/kg bodyweight ketamine +10 mg/kg bodyweight xylazine. Female mice were assisted in waking up by i.p. injection with
150 uL of 0.4 mg/kg bodyweight antisedan. All injections were done using PBS and a 25G needle. All anaesthetics were bought
at the LUMC pharmacy. Livers were processed like spleens except that single cell suspensions were centrifuged twice at 20 g for
10 min in PBS to remove hepatocytes before red blood cell lysis.

In vivo T cell priming and DC activation following immunization

For evaluation of T cell priming, mice were injected s.c. either with a) 5 ug of LPS together with 25 ug of OVA and emulsified in 40 pL of
incomplete Freunds’ adjuvant (IFA; #vac-ifa-10, InvivoGen) in the hind footpad, or b) 10-25 ng of CpG-B with OVA and in IFA in the
footpad, or c) 25 pg of PolylC with 100 pg of E7-SLP in 50 pL of PBS in the tailbase, or d) 25 ug of CpG-B with E7-SLP in PBS in the
tailbase. Mice were culled 7 days later and draining popLNs were collected after footpad injection and draining ingLNs were collected
after tailbase injection. For evaluation of DC activation, OVA- and E7-SLP were omitted and draining LNs were collected after 24 h
instead of 7 days.

Cytometric bead array

Cell culture supernatants were analysed for IFNy, IL-4, IL-5, IL-10 and IL-13 secretion using a cytokine bead array (#1558296,
#558298, #558302, #558300 and #558349 respectively and all BD Biosciences) on a flow cytometer as recommended by the manu-
facturer, but with both the beads and antibodies diluted 1:10 relative to the original recommendation.

FITC painting

Mice were painted with 20 uL of inflammatory FITC paint (5 mg/mL fluorescein isothiocyanate [#F3651, Sigma] in a 1:1 mix of dibu-
tylphalate [#524980, Sigma] and acetone [#100014, Merck, Amsterdam, The Netherlands]) on shaved flanks and draining ingLNs
were collected either 1 or 3 days later.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis as specified in figure legends were performed with Prism 9 (GraphPad software Inc., San Diego, California, United
States). When differences between two groups were analysed, unpaired Student’s t test was used; when differences between more
than two groups were analysed, the one-way unpaired analysis of variance (ANOVA) corrected for multiple comparisons using
Tukey’s multiple comparison test was used. When two different factors were present in the analysis, differences between groups
were evaluated by two-way ANOVA) corrected for multiple comparisons using Sidak’s multiple comparison test. Further information
about type of test and number of mice used in each experiment, can be found in figure legends. Graphs with multiple time points were
analysed with a simple linear regression. A p value <0.05 was considered significant (*/# for p < 0.05, **/## for p < 0.01 and ***/### for
p < 0.001).
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