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Abstract

Understanding the mechanisms underlying autoantibody development will accelerate therapeutic
target identification in autoimmune diseases such as Systemic Lupus Erythematosus (SLE).
Follicular helper T cells (Tth) have long been implicated in SLE pathogenesis. Yet, a fraction of
SLE patients’ autoantibodies are unmutated, supporting that autoreactive B cells also differentiate
outside germinal centers (GCs)2. Here, we describe a CXCR5~ CXCR3* PD1M CD4* T cell
helper population distinct from Tfh and expanded in both SLE blood and the tubulointerstitial
areas of patients with Proliferative Lupus Nephritis (PLN). These cells produce 1L10 and
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accumulate mitochondrial ROS (mtROS) as the result of reverse electron transport (RET) fueled
by succinate. Furthermore, they provide B cell help, independently of 1L21, through IL10 and
succinate. Similar cells are generated in vitro upon priming naive CD4* T cells with plasmacytoid
DCs (pDCs) activated with Oxidized mitochondrial DNA (Ox mtDNA), a distinct class of
interferogenic TLR9 ligand3. Targetting this pathway might blunt the initiation and/or perpetuation
of extrafollicular humoral responses in SLE.

Activation of pDCs with either chromatin-containing immune complexes (IC)*° or
neutrophil-derived Ox mtDNAS3 leads to type | IFN production. As antigen presenting cells,
pDCs also shape adaptive immune responses®:’. Indeed, pDC activation with CpGA induces
naive CD4" T cells to become regulatory (Tr1)8. Mechanistically, CoGA activates IRF7- but
only minimally NFkB-related pathways®, as detected by lower expression of IL6 and CD86
as well as decreased p65 nuclear translocation compared to CpGB (Fig. 1a, b and
Supplementary Fig. 1a—c). Ox mtDNA exclusively triggers IFN production. As CpGA, it up-
regulates major histocompatibility antigens (HLA), CD83 and CD40 (Fig. 1a, b and
Supplementary Fig. 1a—d). It uniquely induces however the I1L3 receptor a-chain (CD123),
which upon engagement with 1L3 promotes pDC survivall® (Fig. 1b and Supplementary
Fig. 1e). Activation of pDCs with either CpGA or Ox mtDNA downregulates expression of
the chemokine receptors CXCR4 and CXCR3 while increasing CCR7, which promotes
migration to secondary lymphoid organs!! (Fig. 1b and Supplementary Fig. 1f).

To explore the biological outcome of activating pDCs with these two different TLR9 ligands,
we co-cultured either type of activated pDCs with naive CD4* T cells (hereafter referred to
as CpGA or Ox mtDNA CD4* T cells) using CD3/CD28 activation as a control (hereafter
referred to as ThO cells). Upon sorting and restimulating proliferating (CFSE'®") CD4* T
cells (Supplementary Fig. 2a), both CpGA and Ox mtDNA CD4* T cells expressed similar
proinflammatory chemokine receptors and cytotoxic molecules. They also produced high
levels of IFNy and low levels of IL2 (Fig. 1c, d and Supplementary Fig. 2b). Ox mtDNA
CD4* T cells, however, secreted significantly higher levels of IL10 and IL3 (Fig. 1c, d and
Supplementary Fig. 2c).

In agreement with the reported Th1 origin of IFNy* IL10* T cells, both CpGA and Ox
mtDNA CD4* T cells expressed the Thl-associated transcription factors Thet (encoded by
TBX21) and Eomes!? as well as the chemokine receptor CXCR313 (Fig. 1c and
Supplementary Fig. 2d). Furthermore, knocking down TBX21 substantially decreased their
generation (Supplementary Fig. 2e).

CpGA-activated pDCs induce anergic CD4* T cells8. Accordingly, CpGA CD4* T cells
proliferated poorly upon reactivation (Fig. 1e and Supplementary Fig. 2f). Lack of
expression of D-type Cyclins and failure to phosphorylate the retinoblastoma tumor
suppressor protein (p-Rb) suggested their arrest in the cell cycle G1 phasel4 (Supplementary
Fig. 2g). On the contrary, Ox mtDNA CD4* T cells proliferated vigorously upon reactivation
and expressed D-type Cyclins and p-Rb (Fig. 1e and Supplementary Fig. 2f, g).

As reported for proliferating CD4* T cells!®, Ox mtDNA CD4* T cells produced higher
mtROS levels than CpGA CD4* T cells (Fig. 1f, g and Supplementary Fig. 3a), and
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treatment with MitoTempo (MT) attenuated their proliferation (Supplementary Fig. 3b, c).
Complex I (ClI) of the electron-transport chain is the major site for mtROS production during
Reverse Electron Transport (RET), an event characterized by mtROS-mediated
disintegration of complex 116, Indeed, CI levels were reduced in a mtROS- and
mitochondrial protease-dependent manner in Ox mtDNA CD4* T cells (Supplementary Fig.
3d-f). Cl degradation leads to decreased Cl-mediated respirationl” (Supplementary Fig. 3g),
which can be compensated by higher ClI activity (Supplementary Fig. 3h). Indeed, we
detected similar Maximal Respiration Rate (MMR) in CpGA and Ox mtDNA CD4* T cells
(Supplementary Fig. 3i). RET is induced upon succinate accumulationl8. Accordingly, Ox
mtDNA CD4* T cells produced and secreted higher levels of succinate than CoGA CD4* T
cells (Fig. 1h). As succinate accumulation leads to HIF-1a stabilization!®, HIF-1a was up-
regulated in Ox mtDNA compared to CpGA CDA4 T cells (Supplementary Fig. 4a).

Constitutive activation of mechanistic target of rapamycin (mTOR) in SLE T cells leads to
ROS production?0. As expected, rapamycin reduced the ability of naive CD4* T cells to
proliferate and differentiate into IFNy* IL10* producing T cells in response to Ox mtDNA-
activated pDC (Supplementary Fig. 4b). Decreased proliferation as well as mtROS and
cytokine production also occurred upon restimulation of Ox mtDNA CD4* T cells in the
presence of rapamycin (Supplementary Fig. 4c).

In line with their capacity to produce high I1L10 levels, Ox mtDNA CD4* T cells support
IL10-dependent differentiation of naive B cells into plasmablasts?1:22 (Fig. 2a, b). Contrary
to Tfh23, however, these cells do not express CXCRS5, Bcl-6 or 1L21 (Supplementary Fig. 5a,
b). Instead, CXCR4 expression suggests a role in extrafollicular B cell responses. Yet,
CpGA CD4* T cells also produce IL10 but are weaker B cell helpers. Because succinate
modulates immune functions upon binding to SUCNR124, which is expressed by all major
human blood B cell subsets (Fig. 2c), we tested its B cell helper capacity. Indeed, blocking
SUCNRI partially inhibited Ox mtDNA CD4* T cell-driven B cell activation (Fig. 2d).
Importantly, high levels of IgM and IgG were detected in CoGA CD4* T cell:B cell co-
cultures supplemented with succinate (Supplementary Fig. 5¢). Finally, succinate synergized
with IL10 in promoting Ig secretion by naive B cells activated in vitro with CD40L
(Supplementary Fig. 5d).

To identify the signals leading to succinate accumulation in Ox MtDNA CD4* T cells, we
analyzed expression of co-stimulatory (CD28 and ICOS) and co-inhibitory (CTLA4 and
PD1) receptors known to modulate T cell metabolism?%:26, Ox mtDNA CD4* T cells
expressed higher PD1 levels (Supplementary Fig. 5¢), and PD1 ligation was necessary for
succinate and mtROS production as well as for acquisition of B cell helper function (Fig. 2e
and Supplementary Fig. 5f-h).

As Ox mtDNA is released upon activation of SLE neutrophils?, we next explored whether
cells with the phenotype of Ox mtDNA CD4* T cells were present in SLE blood. Indeed,
CXCR3* PD1M CD4* T cells were significantly expanded in the SLE memory (CD45RA")
non-Tfh (CXCR57) CD4* T cell compartment (Fig. 3a). To test their capacity to help B
cells, we sorted and co-cultured these cells with naive B cells. CXCR3* PD1!oW CD4* T
cells, CXCR3~ PD1M CD4* T cells and CD45RA™ CXCR5* CD4* T cells (Tfh) were used
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as controls (Supplementary Fig. 6a). Among them, CXCR3* PD1M CD4* T cells and Tfh
cells were equally effective at inducing naive and memory B cell differentiation into 1gG-
producing plasmablasts (Fig. 3b, ¢ and Supplementary Fig. 6b, c).

Upon TCR stimulation, SLE blood Tfh cells produced significant amounts of 1L21,
CXCL13 and IL2 while CXCR3* PD1" CD4* T cells released the highest levels of 1L10 but
no IL21 or CXCL13 (Fig. 3d and Supplementary Fig. 6d). Similar results were obtained
upon contact with naive or memory B cells (Supplementary Fig. 6€). Furthermore, CXCR3*
PD1M CD4* T cells produced the highest levels of IFNvy, IL3, mtROS and succinate (Fig.
3d-f). Neutralization of 1L10 during co-culture of naive B cells with SLE blood CXCR3*
PD1M CD4* T cells or Tth cells inhibited 1gG secretion, while Tfh cell function was mainly
dependent on 1L.2127:28, Conversely, succinate receptor blockade, but not 1L21
neutralization, decreased IgG secretion in naive B cell-CXCR3* PD1M CD4* T cell co-
cultures (Fig. 3g).

We next compared the transcriptome of SLE blood CXCR3* PD1N CD4* T cells and Tfh
cells. Principal component analysis (PCA) revealed 1230 differentially expressed transcripts
(log fold change >1.2, False Discovery Rate FDR<0.01) (Fig. 3h). Among them, CXCR3*
PD1M CD4* T cells upregulated chemokine receptors such as CCR2, CCR5 and CX3CR1
(Fig. 3i and Supplementary Fig. 6f). In addition, transcripts (GZMA, GZMB, PRF1,
GZMH, GNLY, CTSW, FCRL6, S1PR5, SLAMF7 and NKG7) as well as transcription
factors linked to cytotoxic programs?® (ZNF683, RUNX3, EOMES and TBX21) were
exclusively upregulated in CXCR3* PD1M CD4* T cells (Fig. 3i and Supplementary Fig.
6g). Gene ontology analysis identified additional gene sets involved in cell cycle regulation,
including cyclins (CCNE2, CCNB1, CCNB2 and CCNA2), cyclin dependent kinases
(CDK1) and elongation factors (E2F1, E2F2) as the top differentially expressed
(Supplementary Fig. 6h). Accordingly, p-Rb levels were increased in CXCR3* PD1M
CDA4*T cells compared to Tth cells (Supplementary Fig. 6i).

The global chromatin landscape®? of both cell types was also markedly different, with 935
differentially accessible chromatin sites (peaks). Indeed, most sites had increased
accessibility in CXCR3* PD1M CD4* T cells. Overall, opening peaks were detected for 690
genes, with 107 up-regulated in the CXCR3* PD1N CD4* T cell transcriptome (Fig. 3j)
including cytokines (IL3, IL10 and IFNG), transcription factors (TBX21 and RUNX3), pro-
inflammatory chemokine receptors (CCR3, CCR5 and CX3CR1) and cytolytic molecules
(GZMB) (Supplementary Fig. 6j).

Strikingly, the frequencies of SLE blood CXCR3* PD1" CD4* T cells and Tfh cells were
inversely correlated (Supplementary Fig. 7a). On the contrary, CXCR3* PD1" CD4* T cell
frequency correlated positively with I1gG and IgA levels (Fig. 4a). As previously
reported3132, plasmablasts were expanded in our patients’ blood. A correlative trend
between plasmablast and CXCR3* PD1" CD4™* T cell frequencies was found, but it did not
reach statistical significance (Supplementary Fig. 7b, c) most likely due to plasmablast
fragility during cryopreservation. In addition to plasmablasts, age-associated B cells (ABCs)
have been reported in SLE33:34. This cell population was expanded in our pediatric patients
and its frequency correlated with that of CXCR3* PD1N CD4* T cells (Fig. 4b, c).
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Lupus nephritis (LN), which comprises several histological classes, is one of the major
drivers of morbidity and mortality. As conventional markers of kidney function are not LN
class-specific, we asked if blood CXCR3* PD1M CD4* T cells would represent a LN
biomarker. When correlated with clinical and laboratory data, the highest frequency and
absolute numbers of blood CXCR3* PD1M CD4* T cells were detected in patients with no
LN or with LN class not associated with lymphocytic infiltration in the kidney (Class I1; Fig.
4d and Supplementary Fig. 7d). Conversely, the lowest frequency was found in patients with
proliferative nephritis (PLN, Classes Il and 1V), the most severe class of LN in children.
This distribution was not driven by immunosuppressive therapy (Supplementary Fig. 7e).

Because lower numbers of blood CXCR3* PD1" CD4* T cells in PLN might reflect their
migration into the kidney, tissue sections from SLE patients without LN and with different
LN classes were analyzed by immunofluorescence. Different degrees of CD3* T cell
infiltrates were detected in the peritubular areas of a significant fraction (13/17) of PLN
sections (Supplementary Fig. 7f, g). Across these PLN sections, 27.1% + 10.3% (mean *
SEM) of CD3* T cells co-expressed IFNy* and I1L10* (Fig. 4e). While the presence of
cytotoxic CD8" T cells in LN has been reported, all infiltrating IL10* CD3* T cells co-
expressed CD4 (Supplementary Fig. 7h). Furthermore, similar to circulating CXCR3* PD1M
CD4* T cells, infiltrating 1L10* CD3* T cells co-expressed PD1 (Supplementary Fig. 7i)
and were positive for nitrotyrosine (93% = 6.1%; mean + SD; Fig. 4f). Because intrarenal B
cells are also a feature of PLN36, we examined the spatial relationship between IL10* CD3*
T cells and CD20* B cells. As shown in Fig. 4g, a large fraction (43.2% * 16%; mean + SD)
of IL10* CD3* T cells appeared in close proximity to CD20* B cells.

Recently, a population of CXCR5~ PD1M CD4* T cells (Tph) was reported expanded in
rheumatoid arthritis (RA). Similar to Tth, Tph induce B cell differentiation and antibody
secretion in an IL21- and CXCL13-dependent manner3’. The cells that we describe herein
produce neither IL21 nor CXCL13 and exhibit a distinctive transcriptome and chromatin
landscape compared to Tfh. Importantly, they help B cells through a unique mechanism
involving 1L10 and succinate.

New roles for succinate, an intermediate of the tricarboxylic acid (TCA) cycle, outside
metabolism have recently emerged, including its synergism with LPS to induce IL1p
production by macrophages?4. While the effects of succinate on innate immunity are well
recognized, this is the first report implicating it in the shaping of adaptive immune
responses.

B and T cells are a prominent feature of PLN infiltrates36. Patients with PLN, however, carry
the lowest numbers of blood CXCR3* PD1M CD4* T cells. Instead, IFNy* IL10* ROS*
PD1M CD4* T cells are found in the peritubular areas in close proximity to B cells. Of note,
succinate receptor (SUCNRL) is expressed in a variety of tissues, especially the Kidney.
Within this organ, the highest receptor density is found in the proximal tubular epithelium.
There, triggering of the receptor leads to release of renin from the juxtaglomerular
apparatus. Consequently, succinate has been implicated in the pathogenesis of diabetic
nephropathy and renovascular hypertension38, Whether T cell-derived succinate directly
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contributes to kidney damage in PLN, the main class of LN associated with reno-vascular
hypertension, deserves further studies.

The novel CD4* T cell population that we describe, and propose to designate “Th10”,
expands the spectrum of B cell-helper T cells and might contribute to SLE pathogenesis and
end organ damage in a variety of ways. These cells provide unique mechanistic clues for
therapeutic intervention in a disease for which only one new drug has been approved in more
than 60 years.

Patient samples:

This study was approved by the Institutional Review Boards of the University of Texas
Southwestern Medical Center, Texas Scottish Rite Hospital for Children, Baylor-
Scott&White Health Care Systems, Pathologists Bio-Medical Laboratories and Weill
Cornell Medical College. Informed consent was obtained from all patients or their parents/
guardians. Blood samples were obtained from patients fulfilling the diagnosis of SLE
according to the criteria established by the American College of Rheumatology. Healthy
pediatric control samples were obtained via and IRB-approved protocol from children whose
parent/guardian completed a questionnaire indicating that the child 1) had no chronic illness
and 2) had not been ill, received any vaccinations or suffering from seasonal allergies at the
time of blood collection or during the month beforehand. Renal biopsies (FPE) from control
(n = 6) or SLE patients displaying class Il (n = 4), Il (n =9), class IV (n = 8) Lupus
nephritis (LN), as defined by the International Society of Nephrology/Renal Pathology
Society revised LN classification criteria and who on review of records fulfilled the
American College of Rheumatology revised criteria for the classification of SLE3940, were
obtained from Pathologists Bio-Medical Laboratories (Lewisville, TX). All relevant ethical
regulations were followed while conducting this work.

Flow cytometry and cell sorting:

For CXCR3* PD1M CD4* T cell quantification, cryopreserved cells were thawed into warm
RPMI/10% FBS, washed once in cold PBS, and stained in PBS/1% BSA with the following
antibodies for 45 min: anti-CD4 PE-Cy7 (Clone SK3), anti-CXCR5 AlexaFluor 647 (Clone
RF8B2), anti-CD45RA APC-H7 (Clone H100), anti-PD1 Brilliant Violet 421 (Clone
EH12.2H7), anti-CD3 V500 (Clone RPA-T4), anti-CXCR3 Brilliant Violet 785 (Clone
GO25H7). Antibodies used in additional panels included anti-CD21 FITC (Clone Bu32),
anti-CD27 PE (Clone M-T271), anti-IgD PerCP Cy5.5 (Clone 1A6-2), anti-CD38 PE-Cy7
(Clone HBY), anti-CD19 AF700 (Clone H1B19), anti-CD11c V450 (Clone B-ly6), anti-CD3
Brilliant Violet 650 (Clone OKT3). Cells were washed in cold PBS, passed through a 70-um
filter, and data acquired on a BD Fortessa, BD Canto Il or Cytek Aurora flow cytometer.
Data were analysed using FlowJo 10.0.7. For pDC isolation, the total dendritic cell fraction
was obtained from healthy buffy coats by magnetic cell sorting with EasySep™ Human pan-
DC Enrichment Kit (Stem Cell Technology; cat # 19251) following the manufacturer’s
instructions. Highly pure (>99%) pDCs (Linl- HLADR* CD11c™ CD123* cells) were then
isolated from this fraction by FACS sorting with the following antibodies: anti-Lin1 FITC,
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anti-HLADR APC-H7 (Clone G46-6), anti-CD11c APC (Clone S-HCL-3) and anti-CD123
PE (Clone 9F5). The “Lin1” cocktail was composed of CD3, CD14, CD16, CD19, CD20,
and CD56 antibodies (BD Biosciences; cat # 340546). Fresh peripheral blood naive CD4 T
cells (>99% pure) were isolated using EasySep™ Human Naive CD4* T Cell Enrichment
Kit (Stem Cell Technology; cat # 19155) following the manufacturer’s instructions. Naive
CD4* T cells where labeled with 5 pM carboxy-fluorescein diacetate succinimidyl ester
(CFSE; Thermo Fisher) following the manufacturer’s instructions. Were described, primed
(CFSE!*w) CD4* T cells were sorted from pDC/CD4 T cell co-cultures at day 6. 7ADD and
anti-CD123 antibody (Clone 9F5) were used to remove dead cells and contaminating pDCs,
respectively.

For B cell isolation, CD19* cells were obtained from healthy buffy coats by magnetic cell
sorting with EasySep™ Human B Cell Enrichment Kit (Stem Cell Technology; cat #
19054). Enriched cells were then stained with anti-lgD APC (Clone 1gD26), anti-CD27 PE
(Clone MT271) and anti-CD19 FITC (Clone H1B19) and then sorted as IgD*CD27-CD19*
cells (naive), IgD~CD27*CD19* cells (memory) or IgD*CD27*CD19™ cells (double
positive). For blood CD4* T cell subset sorting, frozen PBMCs from SLE patients were
stained with anti-CD4 PE-Cy7, anti-CXCR5 AlexaFluor 647, anti-CD45RA APC-H7, anti-
PD1 Brilliant Violet 421, anti-CD3 V500 and anti-CXCR3 Brilliant Violet 785 as described
above. Then, CXCR3* PD1!W CD4* T cells, CXCR3~ PD1M CD4* T cells, CXCR3* PD1Mi
CD4* T cells populations were sorted from the CD3* CD4* CD45RA™ CXCR5™ cell
fraction. Where described, CD3* CD4* CD45RA™ CXCR5* CD4* T cells (Tfh) were also
sorted for comparison. Cell sorting was performed on a BD FACSAria Fusion or BD
FACSMelody cell sorter using a 100um nozzle. Sort gates were drawn as depicted in
Supplementary Fig. 2a and 6a. Cell purity was routinely >98%. For functional analyses,
cells were sorted into cold RPMI/10% FBS. For RNA analyses, sorted cells were lysed in
RLT lysis buffer (Qiagen) with 1% p-mercaptoethanol (Sigma).

Ox mtDNA generation and pDC activation:

Ox mtDNA was generated as previously described3. Briefly, healthy neutrophils were pre-
incubated with IFNa.2f3 (2000 U/ml; Schering Corp.) for 90 min at 37 C and then
extensively washed before incubation with anti-RNP 1gG (50 pg/ml) purified from SLE
patient sera. Neutrophil supernatants were then collected, centrifuged for 10 min at 14009
and stored at —80 C. PDCs (5x10° cells/well — 96 U bottom plate) were cultured with 40%
v/v Ox mtDNA-containing neutrophil supernatants (referred in the text as “Ox mtDNA”) or
with 5 pg/ml of either CpGA (ODN-2216; Invivogen) or CpGB (ODN-2006; Invivogen) for
24 h. The volume of Ox mtDNA-containing neutrophil supernatants and the concentration of
CpGA were selected based on their capacity to trigger similar levels of IFNa production by
pDCs.

PDC analysis:

PDCs were cultured as described in the paragraph above, and cytokine levels in the
corresponding supernatants were measured with Flex Set Kit (BD Biosciences). For flow
cytometry analysis, cells were stained with anti-CD80 APC (Clone L307), anti-CD86 PE
(Clone FUN-1), anti-CD83 FITC (Clone HB15e), anti-CD40 PE (Clone 5C3), anti-HLADR

Nat Med. Author manuscript; available in PMC 2019 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Caielli et al. Page 8

APC-H7 (Clone G46-6), anti-CD123 PE (Clone 9F5), anti-CXCR4 PECy7 (Clone 12G5),
anti-CXCR3 Brilliant Violet 785 (Clone GO25H7) or anti-CCR7 APC (Clone 3D12). To
assess the effect of 1L3 on cell viability, activated pDCs were treated with recombinant
human 1L3 (50 ng/ml — BD Biosciences), cultured for an additional 24 h and then stained
with the annexin VV—apoptosis detection kit (BD Biosciences) following the manufacturer’s
instructions.

Migration assay:

For Transwell-migration assays, 5 x 10* activated pDCs were applied in 100 pl cRPMI to
6.5-mm diameter Transwell inserts that were separated from the lower chamber by
polycarbonate membranes containing 5-um pores (Costar). The lower compartments were
filled with cRPMI and 1 pg/ml CCL19 or CCL21 (R&D Systems). Cells were then allowed
to migrate through the bottom of the chamber for 18 h. The number of transmigrated cells
relative to input was then measured.

CDA4 T cell differentiation, activation and analysis:

12 x 10* freshly sorted allogeneic naive CD4* T cells were co-cultured with activated pDCs
(DCIT cell ratio of 1:6) in round-bottom 96-wells culture plates for 6 days. Were described,
MitoTempo (MT - 50 puM — SantaCruz Biotechnology) Rapamycin (100 nM - SantaCruz
Biotechnology) or anti-PD1 antibody (clone EH12.2H7 — 10 pg/ml - Biolegend) were added
during the co-culture. As a control, 12 x 104 naive CD4* T cells were activated with 2 ul of
Dynabeads human T cell activator CD3/CD28 (Thermo Fisher) for 6 days (referred in the
text as “Th0”). For intracellular cytokine staining, primed CD4* T cells were re-stimulated
with 50 ng/ml PMA, 2 ug/ml lonomycin and 1 pl of GolgiPlug (BD Biosciences) for 5 h.
Cells were then stained with a combination of anti-1L10 APC (Clone JES3-19F1) and anti-
IFNy PE-Cy7 (Clone B27) antibodies with Cytofix/Cytoperm Fixation and Permeabilization
Solution (BD Biosciences) following the manufacturer’s instructions. For re-stimulation
experiments, 5 x 104 primed (CFSE!'®W) CD4* T cells or sorted SLE patient CD4* T cells
were re-stimulated with 10 ug/ml of plate-bound anti-CD3 (OKT3 - Biolegend) and 2 pg/ml
of soluble anti-CD28 mAb (Biolegend) for 24 h. Cytokine levels in the corresponding
supernatants were measured with Flex Set Kit (BD Biosciences). For Thet and HIF1a
intracellular staining, CD4* T cells were stained with anti-HIF1a antibody (Clone 546-16;
Biolegend) or anti-Thet antibody (Clone 4B10; Biolegend) with Foxp3 fix/perm buffer set
(Biolegend) following the manufacturer’s instructions. Dead cells were excluded from the
analysis by labeling with LIVE/DEAD fixable Aqua (Thermo Fisher) prior to fixation/
permeabilization.

Proliferation assay:

CD4 T cell proliferation was measured by resazurin reduction, as previously described?L,
Briefly, primed (CFSE!W) CD4* T cells were seeded at 5 x 10 cells and re-stimulated with
10 ug/ml of plate-bound anti-CD3 (OKT3) and 2 ug/ml of soluble anti-CD28 mAbs. After
incubation for 20 h, medium supplemented with 40 uM resazurin was added for an
additional 4 hr. Resazurin reduction to resorufin was measured fluorometrically using a
SpectraMax M5 (Molecular Devices). Results obtained were expressed in fluorescence
arbitrary units (AU). Alternatively, proliferation was assessed by flow cytometry using the
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Click-1T EdU Flow Cytometry Proliferation Kit, according to the manufacturer’s
instructions (Thermo Fisher).

In vitro Tfh cell generation:

Human Tfh cells were generated as previously described*2. Briefly, after overnight
stimulation of naive CD4* T cells with Dynabeads human T cell activator CD3/CD28
(Thermo Fisher) in complete RPMI medium, cells were transferred to 96-well plates coated
with anti-CD3 and supplemented with 2 pg/ml of soluble anti-CD28 mAb (Biolegend),
human recombinant IL-23 (25 ng/ml; Biolegend) and human recombinant TGFB1 (5 ng/ml;
Biolegend). After 4 d cells were collected and used for analysis.

B cell cultures:

For B/T cells co-cultures, naive or memory B cells were co-cultured with CD4* T cells (2 x
10% B cells - 2 x 104 CD4 T cells) in the presence of endotoxin-reduced SEB (500 ng/ml;
Sigma Aldrich) in cRPMI supplemented with 10% heat-inactivated FBS. Where described,
anti-1L10 (10 pg/ml - clone JES3-9D7 - Biolegend LEAF™ purified antibody), anti-
SUCNR1/GPR91 (20 pg/ml — Novus Biological), anti- IL21R (10 pg/ml - clone 17A12 -
Biolegend LEAF™ purified antibody) or succinate (2 mM — Sigma-Aldrich) were added
during the co-cultures. Sodium azide and other preservatives were removed from the
antibody preparations by protein desalting with Zeba Spin Desalting Columns (7K MWCO;
Thermo Fisher). IgM and IgG concentrations were measured at day 12 in the corresponding
supernatants with Flex Set Kit (BD Biosciences). For T cell-independent B cell
differentiation, naive B cells (5 x 10 cells) were co-cultured with irradiated (77Gy) human-
CDA40L transfected fibroblasts#3 (0.5 x 104 cells) in cRPMI supplemented with 10% heat-
inactivated FBS. Recombinant human IL10 (Biolegend, 500 ng/ml) and/or succinate (2 mM
— Sigma-Aldrich) were added during the co-cultures. IgG and IgM concentrations were
measured at day 12 in the corresponding supernatants with Flex Set Kit (BD Biosciences).

Immunofluorescence microscopy (IF):

Cells were settled on poly-L-lysine coated glass coverslips for 20 min at 37C, rinsed with
PBS and then fixed with 4% paraformaldehyde for 20 min at room temperature. Cells were
permeabilised with 0.05% TritonX-100 in PBS for 5 min at room temperature and then
treated with Blocking Buffer (5% goat serum and 1% BSA in PBS) for 30 min at room
temperature. Primary (anti-p65 antibody; Abcam, cat # ab16502) and secondary antibody
stainings were carried out in Staining Buffer (1% BSA in PBS). Isotype specific anti-mouse
or anti-rabbit AlexaFluor-488 or AlexaFluor-568 were used as secondary antibodies.
Counterstaining of cell nuclei was performed with Hoechst stains (Molecular Probes).
Samples were mounted with ProLong Gold Antifade Reagent (Molecular Probes) and
examined with a Leica TCS SP5 confocal laser-scanning microscope equipped with a
63x/1.4 oil objective. ImageJ software (NIH; Bethesda MD) was used for analysis. The
percentage of co-localization was calculated from the Manders’ Overlap Coefficient using
the ImageJ “Co- localization analysis” plugin (NIH; Bethesda MD).
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Quantitative real-time PCR (qPCR):

5 x 10% were lysed with 50 pl of Cell-to-Ct lysis buffer (Thermo Fisher). cDNA was directly
synthesized from cell lysates with the Cell-to-Ct Kit (Thermo Fisher). Quantitative real-time
PCR was performed with TagMan Gene Expression Assays (Applied Biosystems) on a 7500
Real-Time PCR System (Applied Biosystems). p-actin was used as housekeeping gene.

SDS-PAGE and Western blot:

Cells were washed in PBS and then lysed in RIPA buffer in the presence of Halt Protease
and Phosphate Inhibitor Cocktail (Thermo Fisher). Samples were incubated on ice for 30
min and then centrifuged (130009 for 10 min at 4C). The supernatants containing the protein
fraction were collected and stored at —80C until further analysis. Protein concentration was
estimated using the BCA kit (Thermo Fisher) following the manufacturer’s instructions. 10—
20 pg of proteins were resuspended in 5x Lane Marker Reducing Sample Buffer (Thermo
Fisher), boiled for 5 min at 100C and then subjected to electrophoresis with Mini-
PROTEAN TGX Precast Gel (BIO-RAD). The proteins were then transferred to PVDF
membranes with the TransBlot Turbo System (BIO-RAD), blocked for 1 h 5% nonfat dry
milk in TBST (Tris Buffered Saline containing 0.1% Tween20) and incubated overnight at
4C with the primary antibodies. Anti-SUCNRL1 (Cat # NBP1-00861; Novusbio), anti-
GAPDH (Cat # 2118; Cell Signaling), anti-pRb Ser807/811 (Cat # 9308; Cell Signaling),
anti-Cyclin D1 (Cat # 2989; Cell Signaling), anti-Cyclin D2 (Cat # 3741; Cell Signaling),
anti-Cyclin D3 (Cat # 2936; Cell Signaling), anti-Nitrotyrosine (Cat # 9691; Cell Signaling),
anti-NDUFA9 (Cat # ab110412; Abcam), anti-NDUFAS8 (Cat # ab199681; Abcam), anti-
SDHA (Cat # ab110412; Abcam), anti-UQCRC2 (Cat # ab110412; Abcam) and anti-ATP5A
(Cat # ab110412; Abcam) were used as primary antibodies. After washing in TBST, the
membranes were incubated for 1 h at room temperature with Poly HRP-conjugated anti-
rabbit or anti-mouse 1gG (Thermo Fisher). ECL Plus reagents (Amersham) were used for
detection. Digital images were acquired with ChemiDoc MP System (BIO-RAD) and
analyzed with Image Lab Software (BIO-RAD).

siRNA knockdown:

Knockdown of TBX21 in primary human naive CD4* T cells was done using ACCELL
SiRNA SMARTDpool designed and validated by Dharmacon (Lafayette, CO). A non-targeting
SiRNA was used as negative control. 12 x 104 freshly sorted allogeneic naive CD4* T cells
were activated with pDCs (DC/T cell ratio of 1:6) for 24 h before adding 1 uM of ACCELL
SiRNA. 96 h post-transfection, cells were re-stimulated with 50 ng/ml PMA, 2 pg/ml
lonomycin and GolgiPlug (BD Biosciences) for 5 h and analyzed for intracellular cytokine
production as described above. Protein knockdown was validated by flow cytometry.

Microarray analysis of pDCs:

Total RNA was isolated using the RNeasy kit (Qiagen), amplified and then labeled with
Illumina TotalPrep RNA amplification kit (Invitrogen). Agilent 2100 Analyzer (Agilent
Technologies) was used to assess RNA integrity. Biotinylated complementary RNA (CRNA)
was hybridized to lllumina Human-6 Beadchip Array version 2 and scanned on Illumina
Beadstation 500. Fluorescent hybridization signals were assessed with Beadstudio software
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(Illumina), and statistical analysis and hierarchical clustering were performed with
GeneSpring 7.3.1 software (Agilent Technologies).

RNA preparation and Sequencing Library Preparation:

Total RNA was isolated from cell lysates using a modified protocol for the RNAqueous™
Micro Total RNA Isolation Kit (Thermo Fisher) including on-column DNase digestion and
analyzed for quality using the RNA 6000 Pico Kit (Agilent). For in vitro generated CD4* T
cells, Poly-A enriched NGS library construction was performed using the KAPA mRNA
Hyper Prep Kit (KAPA Biosystems) using 500ng of input total RNA according to
manufacturer’s protocol using 9 amplification cycles. Individual libraries were quantitated
via gPCR using the KAPA Library Quantification Kit, Universal (KAPA Biosystems) and
equimolar pooled. Final pooled libraries were sequenced on an Illumina NextSeq 500 with
paired-end 75 base read lengths. For ex vivo isolated CD4* T cells, NGS library
construction was performed using the SMART-Seq v4 Ultra Low Input RNA kit (Clontech)
using 2ng of input total RNA according to manufacturer’s protocol using 12 amplification
cycles to generate cDNA. Sequencing libraries were prepared using the Nextera XT DNA
Library Prep Kit (Illumina) using 150pg of cDNA according to manufacturer’s protocol.
Individual libraries were quantitated using Qubit dsSDNA HS Assay Kit (Thermo Fisher) and
equimolar pooled. Final pooled libraries were sequenced on an lllumina NextSeq 500 with
paired-end 75 base read lengths.

RNA-seq data processing and analysis:

Quality control of raw reads was performed with FASTQC. Reads were aligned to the
reference human genome (GRCh38) using hisat2 after quality and adapter trimming by
cutadapt. After sorting bam files by name using samtools, HTSeg-count program was used
to quantify total numbers of read counts mapped to genome. The RNA-seq data analysis was
perform in R programming language. DESeq2 R package was used for size factor and
dispersion estimation calculation and differential gene expression analysis.

ATAC-seq library generation and sequencing:

ATAC-seq was performed as previously described30. 20,000 unfixed nuclei were tagged
using Tnb5 transposase (Nextera DNA sample prep Kit; Illumina) for 30 min at 37°C, and the
resulting library fragments were purified using a Qiagen MinElute kit. Libraries were
amplified by 10-12 PCR cycles, purified using a Qiagen PCR cleanup kit, and finally
sequenced on an Illumina HiSeq 2500 with 75 bp paired-end reads to a minimum depth of
30 million reads per sample. At least two technical replicates were processed per biological
sample.

ATAC-seq preprocessing and bioinformatics analysis:

Reads were trimmed using trimmomatic*4 and mapped to the GRCh37/hg19 assembly of the
human genome using bwa-mem®®. Duplicate reads were removed using samtools and
technical replicates were merged into a single bam file. Peak calling was performed using
MACS2 with “--nomodel --shift 37 --extsize 73 --broad” parameters, and only peaks with g-
value < 0.05 were selected. Peaks overlapping blacklisted regions as defined by the
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ENCODE project were discarded. Consensus peaks present in at least two samples were
obtained using the DiffBind R package. Peaks were annotated to the closest transcription
start sites in the UCSC hg19 knownGene transcriptome using the ChIPSeeker R package®®.
Peaks with differential chromatin accessiblility were found using a generalized linear model
in EdgeR using the population as covariate. Genome tracks of read coverage per base pair
and per million mapped reads were generated using HOMER?*’ makeUCSCfile with
parameters “-res 1 -norm 1e6”, and visualized with the IGV genome browser.

Mitochondrial ROS detection:

Primed (CFSE!®W) CD4* T cells were sorted and loaded for 30 min at 379C with MitoSox
Red (2.5 UM - Thermo Fisher) and MitoTraker Deep Red (25 nM - Thermo Fisher Cells).
Cells were then re-stimulated with 10 pg/ml of plate-bound anti-CD3 (OKT3 - Biolegend)
and 2 pg/ml of soluble anti-CD28 (Biolegend) for 1 h. Cells were then washed and subjected
to flow cytometry analysis or immunofluorescence microscopy. Alternatively, total PBMCs
from healthy donors or SLE patients were loaded for 30 min at 37C with MitoSox Red (2.5
UM - Thermo Fisher). Cells where then stained as described above and analyzed by flow
cytometry.

Succinate assay:

Succinate was measured with the Succinate Colorimetric Assay Kit (Abcam) following the
manufacturer’s instructions. Briefly, 5 x 10* CD4* T cells were homogenized with 50 pl of
Succinate Assay Buffer for 5 min on ice. 10 pl of lysates were then used for the assay.

Seahorse assays:

Complex I and Il-linked mitochondrial respiration was determined using a modified version
of a previously described method*8. Briefly, XF24 cell culture microplates (Seahorse
Bioscience) were coated with Cell-Tak (50uL at 22.4 ug/mL; Corning) and 15 x 10 primed
(CFSE!°W) CD4 T cells were plated in MAS-BSA assay solution (220 mM mannitol, 70 mM
sucrose, 10 mM KH2PO4, 5 mM MgCI2, 2mM HEPES, 1 mM EGTA, 0.2% fatty acid free
BSA) containing XF Plasma Membrane Permeabilizer (2nM; Seahorse Bioscience) and
ADP (4mM; Santa Cruz Biotechnology). Complex | activity was assessed by measuring the
oxygen consumption rates (OCR) in response to the complex | substrate pyruvate (10 mM;
Sigma Aldrich). Malate (5 mM; Sigma Aldrich) was added togheter with pyruvate to allow
oxaloacetate production and condensation with acetyl CoA, allowing normal pyruvate
dehydrogenase (PDH) flux#8. Complex 11 (SDH) activity was assessed by measuring the
OCR in response to the complex | substrate succinate (10 mM; Sigma Aldrich). Rotenone (2
UM; Sigma Aldrich) was added togheter with succinate to prevent accumulation of
oxaloacetate, which is a potent inhibitor of SDH*8. For maximal respiration rate (MMR)
measurement, the assay was performed in Seahorse medium (DMEM supplemented with 2
mM glutamine, 25 mM glucose and 1 mM pyruvate). MMR was defined as the OCR after
the addition of oligomycin (2 uM; Sigma Aldrich) and FCCP (2 uM). All extracellular flux
analyses were performed using an XF-24 Extracellular Flux Analyzer (Seahorse Bioscience)
as recommended by the manufacturer.
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Immunofluorescence of paraffin-embedded kidney sections:

Tissue sections were de-paraffinized in xylene for 10 min, washed with 100% ethanol
followed by 95, 80, 70 and 50% ethanol, and then rinsed in distilled water. For antigen
retrieval, tissue sections were boiled for 10 min in 10 mM sodium citrate buffer (pH 6.0)
containing 0.05% Tween-20. After two washes with distilled water and two washes with
PBS, tissue sections were permeabilized for 30 min at room temperature in PBS/0.1% Triton
X-100. Sections were blocked for 1 h at room temperature in blocking buffer (PBS/1% BSA/
0.5% Fish Gelatin/5% goat serum) and then incubated overnight at 4 °C with the primary
antibody diluted in blocking buffer. Anti-CD3 (Clone OKT3; Biolegend), anti-IL10 (Clone
A47-25-17; Abcam), anti-IFNy (Cat # ab25101; Abcam), anti-Nitrotyrosine (Cat #
ab42789; Abcam), anti-CD20 (Clone EP459Y; Abcam), anti-CD4 (Clone EPR6855;
Abcam), anti-PD1 (Clone EPR4877; Abcam) and anti-Aquaporinl (Clone B-11; SantaCruz
Bio) were used as primary antibodies. Tissue sections were then probed with Alexa Fluor
conjugated secondary antibodies, diluted in blocking buffer, at room temperature for 60 min.
Counterstaining of cell nuclei in tissue sections was performed with the Hoechst stains
(Thermo Fisher). Samples were then mounted with ProLong Gold Antifade Reagent
(Thermo Fisher). Digital images were taken using LSM 880 confocal microscope with
Airyscan High Resolution Detector (Carl Zeiss Microscopy). ImageJ software (NIH;
Bethesda MD) was used for data analysis.

Serum immunoglobulin levels:

Serum levels of 1gG and IgA were measured with total human 1gG and IgA Flex Set Kits in
accordance with the manufacturer’s instruction (BD Biosciences).

Statistical Analysis:

No specific statistical methods were used to predetermine sample size. All results are
presented as the mean = SEM. The significance of the difference between groups was
analyzed as described in the figure legends. Pearson’s correlation coefficients with 2-tailed P
values were determined in the analysis of correlations. P values less then 0.05 were
considered statistically significant. All statistical analyses were performed using GraphPad
Prism Software (v7.0e).

Data availability:

Expression array data from pDCs is available at the Gene Expression Omnibus (GEO)
GSE93679. Expression array data from in vitro generated CD4" cells is available at the
GEO database under GSE118951. Expression array data from ex vivo isolated CD4* cells is
available at the GEO database under accession GSE109843. ATAC-sequencing data is
available at the GEO database under accession GSE110017. Uncropped data for
Supplementary Fig. 2g can be accessed in Supplementary Fig. 8a. All other relevant data are
available from the corresponding author directly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ox mtDNA induces a unique pDC phenotype.
a, Cytokine profile of pDCs activated for 24 h with media, CpGB, CpGA or Ox mtDNA

(n=7 independent experiments). b, Gene expression profile of pDCs in response to CpGA or
Ox mtDNA (n=3 independent experiments). ¢, Gene expression profile of ThO, CpA and Ox
mtDNA CD4* T cell (n=3 independent experiments). d, e Cytokine profile (d) and
proliferation (e) of ThO, CpGA or Ox mtDNA CD4* T cells upon reactivation with CD3/
CD28 (n=3 independent experiments). f, g MtROS production by CpGA or Ox mtDNA
CD4* T cells was assessed by flow cytometry (f, n=3 independent experiments) or by
immunofluorescence microscopy (g, one representative of three independent experiments).
Scale bar = 7 um. h, Intracellular (left) and extracellular (right) succinate levels in CpGA or
Ox mtDNA CD4* T cells (n=5 independent experiments). Shown are mean +s.e.m.;
statistical analysis by nonparametric one-way ANOVA (a-e) and two-tailed nonparametric
unpaired t-test at 95% CI (f, h).
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Figure 2. Ox mtDNA CD4™ T cells help B cells through 1L10 and succinate.
a, Percentage of IgD~ CD27* and CD27* CD38" B cells upon co-culture with CpGA or Ox

mtDNA CD4* T cells (n=3 independent experiments). Representative flow cytometry
density plots are also shown. b, IgM and IgG levels in the supernatants from CpGA or Ox
mtDNA CD4* T cells and naive B cell co-cultures (n=6 independent experiments). c,
Immunoblot analysis of succinate receptor (SUCNRZ1) expression by purified human B cells
subsets (n=3 independent experiments). d, IgM and IgG levels in the supernatants from Ox
mtDNA CD4* T cell and naive B cell co-cultures in the presence of anti-SUCRN1 (n=3
independent experiments). e, IgM and IgG levels in the supernatants from co-cultures of Ox
mtDNA CD4* T cells, generated in the presence of isotype control or anti-PD1 antibody,
and naive B cells (n=3 independent experiments). Shown are mean + s.e.m.; statistical
analysis by nonparametric one-way ANOVA (b) and two-tailed nonparametric unpaired t-
test at 95% Cl (a, d, e).
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Figure 3. Memory CXCR5~ CXCR3* PD1M CD4* T cells represent the blood counterpart of Ox
mtDNA CD4* T cells.

a, Percentage of CXCR3~ PD1M CXCR3* PD1M and CXCR3* PD1!oW CD4* T cells in the
blood CD45RA™ CXCR5™ compartment of healthy controls (n=13), SLE patients (n=27) or
JDM patients (n=6). b-c, 1gG levels (b, n=12 independent experiments) and CD20/CD38
expression (c, n=4 independent experiments) on naive B cells co-cultured with CXCR3~
PD1M CD4* T cells, CXCR3* PD1M CD4* T cells, CXCR3* PD1/°% CD4* T cells or Tth
cells. d, Cytokine profile of sorted CXCR3* PD1N CD4* T cells and Tth cells (n=18
independent experiments). e-f, Succinate (e, n=12 independent experiments) and mtROS (f,
n=5 independent experiments) levels in CXCR3* PD1M CD4* T cells and Tth cells. g, IgG
levels in the supernatants from co-cultures of CXCR3* PD1M CD4* T cells or Tth cells and
naive B cells (n=8 independent experiments). h, Top: principal component analysis (PCA) of
RNA-seq data corresponding to genes differentially expressed between CXCR3* PD1hi
CD4* T cells and Tfh cells (n=7 independent experiments). Bottom: volcano plot of up-
regulated genes in each population (DESeq2, Wald test, adjusted p-value <0.05 and fold
change >2). i, Heat map of differentially expressed transcripts in CXCR3* PD1N CD4* T
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cells and Tth cells (n=7 independent experiments). j, Top: PCA of ATAC-seq data on peaks
differentially accessible between CXCR3* PD1Mi CD4* T cells (n=4 independent
experiments) and Tfh cells (h=2 independent experiments). Bottom: chromatin sites with
differential accessibility. Plot indicates the number of opening/closing chromatin peaks in
CXCR3* PD1M CD4* T cells when compared to Tfh cells (EdgeR, adjusted p-value < 0.05
and fold change >2). Shown are mean + s.e.m.; statistical analysis by nonparametric one-
way ANOVA (a-c; g) and two-tailed nonparametric unpaired t-test at 95% CI (d-f).
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Figure 4. IL10" IFNy*" ROS™ PD1* CD4* T cells accumulate in PLN lesions. _
a, Pearson correlation analysis between the frequency of SLE blood CXCR3* PD1" CD4* T

cells and serum immunoglobulin IgG and IgA levels (n=14 biologically independent
samples). b, Representative flow cytometry density plot (left) and percentage of
CD19*CD21-CD11c* B cells (ABCs) among CD3~ CD19* cells (right) in the blood of
healthy donors (n=6) or SLE patients (n=25). ¢, Pearson correlation analysis between the
frequency of blood CXCR3* PD1" CD4* T cells and ABCs. d, Percentage of CXCR3*
PD1M CD4* T cells in blood of SLE patients with nephritis Class 11 (n=4 biologically
independent samples), Class I11/1V (PLN; n=15 biologically independent samples) or
without kidney disease (n=20 biologically independent samples). e, Representative
immunofluorescence microscopy of CD3, IFN-y and 1L10 staining in the kidney of a class
IV LN section. The percentage of CD3* IFNy* IL10*; CD3* IFNy* IL10™ and CD3* IFNy
~1L10* cells is also shown (n=10 class 111/1V PLN samples; 5 dHPF [digital High Power
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Field] per sample). f, Representative immunofluorescence microscopy of CD3,
Nytrotyrosine and 1L10 staining in the kidney of a class IV LN section. The percentage of
CD3* IL10* Nytrotyrosine* and CD3* IL10~ Nytrotyrosine™ cells is also shown (n=5 class
I11/1V PLN samples; 4 dHPF per sample). g, Representative immunofluorescence
microscopy of CD3, IL10 and CD20 staining in the kidney of a class IV LN section. The
percentage of CD3* IL10* and CD3" IL10~ cells adjacent to CD20* B cells is also shown
(n=5 class 111/1VV PLN samples; 4 dHPF per sample). Scale bar = 10 um. Shown are mean +
s.e.m.; statistical analysis by nonparametric one-way ANOVA (d) and two-tailed
nonparametric unpaired t-test at 95% CI (Welch’s correction b; f-g).
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