ARTICLES

nature
immunology

https://doi.org/10.1038/541590-021-01080-3

‘ '.) Check for updates

Autocrine vitamin D signaling switches off
pro-inflammatory programs of T,1cells

Daniel Chauss'?, Tilo Freiwald ©'22°, Reuben McGregor ©'32°, Bingyu Yan®42°, Luopin Wang ®>2°,
Estefania Nova-Lamperti®¢, Dhaneshwar Kumar'®, Zonghao Zhang’, Heather Teague?, Erin E. West®,
Kevin M. Vannella™", Marcos J. Ramos-Benitez'®", Jack Bibby®, Audrey Kelly'?>, Amna Malik®,
Alexandra F. Freeman™, Daniella M. Schwartz', Didier Portilla"¢, Daniel S. Chertow", Susan John®%,
Paul Lavender®, Claudia Kemper®°"7, Giovanna Lombardi©'?, Nehal N. Mehta8, Nichola Cooper®,
Michail S. Lionakis @, Arian Laurence™, Majid Kazemian©®#>2'®< and Behdad Afzali ®"?'X

The molecular mechanisms governing orderly shutdown and retraction of CD4+ type 1 helper T (T,1) cell responses remain
poorly understood. Here we show that complement triggers contraction of T,1 responses by inducing intrinsic expression of
the vitamin D (VitD) receptor and the VitD-activating enzyme CYP27B1, permitting T cells to both activate and respond to
VitD. VitD then initiated the transition from pro-inflammatory interferon-y* T,;1 cells to suppressive interleukin-10+ cells. This
process was primed by dynamic changes in the epigenetic landscape of CD4+ T cells, generating super-enhancers and recruit-
ing several transcription factors, notably c-JUN, STAT3 and BACH2, which together with VitD receptor shaped the transcrip-
tional response to VitD. Accordingly, VitD did not induce interleukin-10 expression in cells with dysfunctional BACH2 or STAT3.
Bronchoalveolar lavage fluid CD4+ T cells of patients with COVID-19 were T,1-skewed and showed de-repression of genes

downregulated by VitD, from either lack of substrate (VitD deficiency) and/or abnormal regulation of this system.

severe and life-threatening hyper-inflammation and acute
respiratory distress syndrome (ARDS). Mortality from
severe COVID-19 remains high, in part due to the limited range
of specific immunomodulatory therapies available. Survivors, and
those with milder disease, may lose significant tissue function from
persistent inflammation and fibrosis, causing chronic lung disease.
The efficacy of dexamethasone in reducing mortality indicates the
importance of inflammation to disease severity'. Improved under-
standing of the basic mechanisms of COVID-19 will aid rational
drug design to reduce morbidity and mortality.
Pro-inflammatory immune responses are necessary for patho-
gen clearance but cause severe tissue damage if not shut down
in a timely manner’. The complement system is instrumental in

Q substantial number of patients with COVID-19 develop

pathogen clearance via recruitment and activation of immune cells’.
In brief, complement (C)3, a pro-enzyme, is activated in response
to pathogen- or danger-sensing (the lectin pathway), immune com-
plexes (classical pathway) or altered self (alternative pathway) to
generate active C3a and C3b fragments, which recruit and activate
immune cells and instigate activation of downstream complement
components’. Complement activation is a pathophysiological fea-
ture of ARDS of many etiologies’ and mediates acute lung injury
driven by respiratory viruses®. Circulating concentrations of acti-
vated complement fragments are high in COVID-19, correlate
with severity and are independently associated with mortality”*.
Polymorphisms in complement regulators are, likewise, risk factors
for poor outcomes’. Animal models of other beta-coronaviruses
have indicated complement as part of a pathologic signature of
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Fig. 1| COVID-19 CD4+* helper T cells are T,,1 skewed. a, Uniform manifold approximation and projection (UMAP) of scRNA-seq showing sub-clustering
of T cells from BALF of n=8 patients with COVID-19 and n=3 healthy controls. Stack bars (right) show cumulative cellularities across samples in patients
and controls. Dot plot of marker genes for these clusters are shown in Extended Data Fig. 1c. NK, natural killer. b,c, Heat map showing DEGs (at least
1.5-fold change in either direction at Bonferroni adjusted P < 0.05 using two-sided Wilcoxon rank-sum test) between helper T cells of n=_8 patients with
COVID-19 and n=3 healthy controls (b) and enrichment of those DEGs in Hallmark MSigDB gene sets (c). NF, nuclear factor; TNF, tumor necrosis factor.
False discovery rate (FDR)-corrected P values in ¢ are from hypergeometric tests. Highlighted in red in ¢ are Hallmark IFN-y response and complement
pathways. d, Violin plots showing expressions of T,;1-, T,2- and T,,17-specific genes, respectively, summarized as module scores, in BALF helper T cells of
patients with COVID-19 and healthy controls. Medians are indicated. Exact P values have been calculated using two-tailed Wilcoxon tests. FC, fold change.
e, Heat map showing mean expression of classic T,;1 marker genes in BALF helper T cells of patients with COVID-19 and healthy controls. Data are sourced

from GSE145926 and GSE122960.

lung injury that can be ameliorated by complement inhibition'.
Emerging clinical trial evidence, from small numbers of treated
patients, also points to potential benefits of complement targeting
in COVID-19 (ref. ).

The complement system is both hepatocyte-derived and
serum-effective, but also expressed and biologically active within
cells. Notably, activated CD4* T cells process C3 intracellularly to
C3a and C3b via cathepsin L (CTSL)-mediated cleavage'’. We have
recently shown that SARS-CoV2-infected respiratory epithelial
cells express and process C3 intracellularly via a cell-intrinsic
enzymatic system to C3a and C3b". This represents a source
of local complement within SARS-CoV2-infected lungs, where
plasma-derived complement is likely to be absent, and signifies
the lung epithelial lining as a complement-rich microenvironment.
Excessive complement and IFN-y-associated responses are both
known drivers of tissue injury and immunopathogenesis'*">. On
CD4* T cells, C3b binds CD46, its canonical receptor, to sequentially
drive Ty1 differentiation followed by their shut down, represented
by initial production of interferon (IFN)-y alone, then IFN-y together
with interleukin (IL)-10, followed by IL-10 alone'. Expression
of IL-10 by Tyl cells is a critical regulator of Tyl-associated
inflammation’. However, the exact molecular mechanisms govern-
ing orderly regulation of Tyl responses culminating in IL-10
expression remain poorly understood and may be critical in
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the recovery phase of COVID-19 and other Ty1-mediated inflam-
matory diseases.

VitD is a fat-soluble pro-hormone carefully regulated by
enzymatic activation and inactivation. Most VitD is synthesized
in the skin on exposure to ultraviolet B (UVB) radiation from
sunlight, then undergoes sequential hydroxylation to 25(OH)VitD
and 1,25(0OH), VitD, classically in the liver and kidneys, respectively.
VitD has immunomodulatory functions, hence, VitD deficiency
is associated with adverse outcomes in both infectious' and
autoimmune diseases'®. There are compelling epidemiological
associations between incidence and severity of COVID-19 and
VitD deficiency/insufficiency”, but the molecular mechanisms
remains unknown.

We found Ty1-skewed CD4* T cell responses in bronchoalve-
olar lavage fluid (BALF) of patients with COVID-19. As this is a
complement-rich microenvironment, we investigated the molecular
mechanisms governing orderly shutdown of Ty;1 responses induced
by CD46 engagement. We found that CD46 induces a cell-intrinsic
VitD signaling system, enabling T cells to both fully activate and
respond to VitD. This process was primed by epigenetic remodeling
and recruitment of four key transcription factors (TFs), VitD recep-
tor (VDR), ¢-JUN, STAT3 and BACH2. Last, we examined these
pathways in CD4* T cells from the BALF of patients infected with
SARS-CoV2 and found it to be impaired.
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Results

COVID-19 CD4* cells show T;;1 and complement signatures. We
analyzed single-cell RNA-sequencing (scRNA-seq) data from the
BALF and peripheral blood mononuclear cells (PBMCs) of patients
with COVID-19 and healthy controls (GSE145926, GSE122960
and GSE150728). Because immunity to both SARS-CoV1 and
MERS-CoV is mediated by, among other cells, IFN-y-producing
CD4" memory T cells and development of Tyl-polarized
responses in SARS-CoV2 infection? is suspected to contribute
to pathogenic hyper-inflammation, we focused our analyses on
CD4" T cells. T cell populations within BALF (Extended Data F
ig. la,b) comprised five major sub-clusters, including CD4*
helper T cells, according to well-characterized markers (Fig. la
and Extended Data Fig. 1c). Although the proportion of T cells
that were CD4* did not differ between patients and controls
(Fig. 1a and Extended Data Fig. 1d), 312 genes were upregulated
and 134 genes were downregulated in patients’ CD4* T cells (Fig. 1b
and Supplementary Table la). These differentially expressed
genes (DEGs) were enriched in noteworthy biological path-
ways, including IFN-y response and complement (Fig. lc and
Supplementary Table 1b). Examination of transcriptional pro-
grams by module score indicated that CD4* T cells in patients were
preferentially polarized toward Ty1, as opposed to type 2 helper T
(Ty2) cells or the Ty17 subset of helper T cell lineages (Fig. 1d).
Consistently, expression of core Ty;1 marker genes were higher in
patients (Fig. le).

Enrichment of complement pathway (Fig. 1c) was notable
because (1) we recently identified complement as one of the most
highly induced pathways in lung CD4" T cells?; (2) SARS-CoV2
potently induces complement, especially complement factor 3
(C3), from respiratory epithelial cells”’; (3) COVID-19 lungs are
a complement-rich microenvironment”; and (4) CD4* T lym-
phocytes in COVID-19 lungs have a CD46-activated signature'’.
Because CD46 drives both Ty1 differentiation and shutdown, char-
acterized by IFN-y and IL-10 expression, respectively'®, we deter-
mined the state of Ty1 cells in COVID-19 BALE IL10 mRNA was
dropped out in scRNA-seq, but detectable in bulk RNA-seq from
BALF (Extended Data Fig. le). Consistently we observed signifi-
cant enrichment of Ty;1-related genes in patient cells compared to
controls, but ~fivefold lower IL10 (Extended Data Fig. 1e). Similar
examination within scRNA-seq of PBMCs (Extended Data Fig. 2a,b)
did not show meaningful differences in Tyl, T2 or T17 lineage
genes (Extended Data Fig. 2¢). Collectively, these data indicated the
Tyl program and complement signature as features of helper T cells
at the site of pulmonary inflammation where virus-specific T cells
may be concentrated” and are consistent the notion that COVID-19
Ty1 cells were in the inflammatory phase of their lifecycle compared
to healthy controls.

Complement induces an autocrine T cell VitD shutdown pro-
gram. Prolonged and/or hyper-Tyl activity is pathogenic'*".
To discover how shutdown of Tyl cells could be accelerated, we
explored how complement regulates Tyl shutdown in healthy
cells. CD46, engaged by environmental or intracellularly gener-
ated C3b, works co-operatively with T cell receptor signaling to
drive Ty1 differentiation then subsequent shutdown'®. Thus, T cells
activated with anti-CD3 and anti-CD46 produce IFN-y, then
co-produce IL-10 before shutting down IFN-y to produce only
IL-10 (ref. ') (Fig. 2a). T cells secreting neither cytokine (IFN-y~
IL-10" cells) are also appropriately activated as they upregulate
activation markers (CD25 and CD69; Extended Data Fig. 3a,b)
and proliferate (Extended Data Fig. 3c,d). Because this CD46 sys-
tem is not present in mouse T cells, we explored its function in
human CD4* T lymphocytes. Unless specified otherwise, we used
regulatory T (T,,) cell helper T cell-depleted CD4" helper T cells
(CD4*CD25%) throughout. After anti-CD3+anti-CD46 activa-
tion, we flow-sorted cells from each quadrant by surface cytokine
capture (Fig. 2a) and performed transcriptome analysis (Extended
Data Fig. 4a-c). Comparing transcriptomes of IFN-y*IL-10-,
IFN-y*IL-10" and IFN-yIL-10" against IFN-y-IL-10- helper T cells,
~2,000 DEGs were in common (Fig. 2b, Extended Data Fig. 4d and
Supplementary Table 1c,d). These were enriched for proteins whose
molecular function pertained to TF biology (Extended Data Figs. 2c
and 4e,f and Supplementary Table le), indicating that a key role of
CD46 is to regulate TFs. In total, 24 TFs were induced by CD46 in
cytokine producing CD4* cells (Fig. 2d), including VDR (Fig. 2d).
VDR was notable for two reasons. First, independent prediction of
TFs regulating DEGs of BALF CD4* T cells and lung biopsies of
COVID-19 versus healthy donors returned VDR among the top
candidates (Fig. 2e and Supplementary Table 1f). Second, CYP27B1
was concurrently induced in the transcriptome data (Fig. 2d).
CYP27B1 is the la-hydroxylase catalyzing the final activation of
VitD, converting 25(OH)VitD to biologically active 1,25(OH),VitD.
Inducible expression of CYP27B1 and VDR in helper T cells indi-
cated the likely presence of an autocrine/paracrine loop, whereby
T cells can both activate and respond to VitD. Although both are
described in activated T cells**, the molecular mechanism and
consequences are unknown. Anti-CD3+anti-CD28 stimulation
of T cells activates C3 processing intracellularly by CTSL, gener-
ating autocrine C3b to ligate CD46 on the cell surface'?, which in
turn enhances C3 processing to further generate C3b'”. To estab-
lish that CYP27BI and VDR are induced by complement, we con-
firmed that anti-CD3 + anti-CD28 and anti-CD3 + anti-CD46 both
stimulate these genes in T cells and that this effect was nullified by a
cell-permeable CTSL inhibitor, which blocks intracellularly gener-
ated C3b (Fig. 2f). Similarly, T cells from CD46-deficient patients
did not upregulate CYP27B1 or VDR with either stimulus (Fig. 2g).

>
>

Fig. 2 | VDR and CYP27B1 are induced by complement and predicted as regulators of the T,,1 program in COVID-19. a, Representative flow cytometry
showing IFN-y and IL-10 in CD4* helper T cells activated with anti-CD3+ anti-CD46 and the four quadrants (A, B, C and D) from which cells were
flow-sorted for transcriptome analysis. Live and single cells are pre-gated. b, Venn diagram showing number of DEGs (+ >1.5-fold at unadjusted P<0.05
using analysis of variance (ANOVA)) comparing cells in quadrants B, C and D against A, respectively (n=4 experiments). ¢, Enrichment of Gene Ontology
molecular function terms in shared DEGs (intersect of Venn diagram in b), ranked by statistical significance. Marked are terms corresponding to TF
activity. d, Heat map of induced TFs in anti-CD3 + anti-CD46-activated helper T cells at each stage of the lifecycle shown in a. Highlighted are VDR and
expression of CYP27BI. e, EnrichR-predicted ENCODE and ChlIP enrichment analysis TFs regulating the DEGs between COVID-19 versus healthy donor
helper T cells (top) and lung biopsies (bottom). Shown are Benjamini-Hochberg adjusted P values from hypergeometric tests. f, VDR (left) and CYP27B1
(right) mRNA, in helper T cells activated or not, as indicated, with or without cathepsin L inhibitor (CTSL inh.) (n=5 experiments). g, VDR (left) and
CYP27B1 (right) mRNA in helper T cells of a patient with CD46-deficiency, activated or not, as indicated (n=3 experiments). h,i, Representative flow

cytometry (h) and cumulative data from n=6 independent experiments (i) showing IFN-y and IL-10 in helper T cells activated with anti-CD3 + anti-CD46
with or without carrier, active (1,25(0OH)2D3) or inactive (25(OH)D3) VitD. j, IL10 in helper T cells activated with anti-CD3 + anti-CD46 with or without
inactive (25(0OH)D3) VitD, with siRNA targeting VDR, CTSL or CYP27B1 or non-targeting (NT) siRNA (n=5 experiments). Data in a-d are from GSE119416.
Data in e (top) are from GSE145926 and GSE122960. Data in e (bottom) are from GSE147507. Data in g are from microarrays®. Bars in f,g,i show

mean + s.e.m. Box plots in j show median value and the range extends from minimum to maximum. All statistical tests are two-sided. *P<0.05 **P < 0.01
***P<0.001****P<0.0001 by ANOVA.
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Collectively, these data indicated that CD46 ligation by complement
induces both the enzyme and receptor to enable helper T cells to
fully activate and respond to VitD.

As proof of principle that this autocrine/paracrine intracel-
lular VitD system is involved in Tyl shutdown, we stimulated
CD4" T cells with anti-CD3 +anti-CD46 with or without active
(1,25(0OH),) or inactive (25(OH)) VitD. Both forms of VitD signifi-
cantly repressed IFN-y and increased IL-10 (Fig. 2h,i), indicating
that the cells had acquired the ability to activate and respond to VitD.
We cultured similarly stimulated cells with inactive VitD and silen-
ced CTSL, VDR or CYP27BI using siRNA and assessed IL10 tran-
scription. A significant reduction in IL10 was evident on silencing

any of these components (Fig. 2j and Extended Data Fig. 5), indicat-
ing that they are all required for producing IL-10. Altogether, these
data indicated existence of a complement-induced intracellular
autocrine/paracrine VitD system promoting T cell shutdown.

VitD induces IL-10 via autocrine/paracrine IL-6/STAT3. We next
investigated the effects of VitD on CD4* T cells. In all subsequent
experiments cells were activated with anti-CD3 and anti-CD28
(as this stimulus also signals through CD46 (ref. '*)) and we
used active 1,25(0OH),VitD. We confirmed that VDR protein was
induced by T cell activation (Extended Data Fig. 6a), VitD-enhanced
VDR expression” (Extended Data Fig. 6a) and VitD-bound VDR
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translocated to the nucleus (Extended Data Fig. 6b,c). VitD upregu-
lated 262 genes and downregulated 128 genes in helper T cells (Fig. 3a
and Supplementary Table 2a,b), which was not due to alterations
in cell proliferation or death (Extended Data Fig. 6d). Classical
VitD-regulated genes, including CTLA4, CD38 and CYP24A1, were
induced and both type 1 (IFNG) and type 17 (IL17A, IL17F, IL22
and IL26) cytokines were repressed (Fig. 3b,c), consistent with pre-
vious reports®. Genes induced by VitD included two cytokines,
IL10 and IL6 and several TFs, including JUN, BACH2 and STAT3
(Fig. 3b,c). As IL-10-producing CD4*FoxP3~ T,,, type 1 (Tr1) cells
can be induced from naive helper T cells by VitD*, we noted that
genes induced/repressed by VitD were not enriched in Tr1 cell signa-
ture genes (Extended Data Fig. 6e) and did not exhibit the archetypal
surface phenotype of Trl cells (CD49b*LAG3*+") (Extended Data
Fig. 6f). Similarly, FOXP3, the master TF of natural T, cells, was
not upregulated by VitD (Supplementary Table 2b). Genes regulated
by VitD were most significantly enriched for cytokines (Extended
Data Fig. 6g). Unexpectedly, IL6, usually a pro-inflammatory cyto-
kine, was the most highly induced gene in the hierarchy of cytokines
regulated by VitD (Extended Data Fig. 7a). We confirmed repres-
sion of IFN-y and IL-17 and induction of IL-10 and IL-6 proteins
in VitD-treated helper T cells (Extended Data Fig. 7b) and noted
a strong dose-response relationship between VitD concentrations
and these effects (Fig. 3d). To confirm again the autocrine/para-
crine VitD activation system at the protein level (Extended Data
Fig. 5¢), we observed repression of IFN-y and IL-17 and induction
of IL-10 and IL-6 by helper T cells treated with only inactive 25(OH)
VitD, indicating intracellular conversion of 25(OH)VitD to active
1,25(0OH),VitD (Extended Data Fig. 7d).

IL-6 is a pleiotropic cytokine expressed by most stromal and
immune cells®. Yet it is not commonly attributed to CD4* T cells.
We established that IL6 mRNA and protein were produced by
T cells and induced by VitD (Extended Data Fig. 7e) and that VitD
treatment significantly increased intracellular expression of IL-6
(Extended Data Fig. 7f). In these experiments, there was a strong
correlation between IL-6 and IL-10 produced in response to VitD
(Fig. 3e), suggesting a potential causal relationship. Accordingly, we
stimulated helper T cells with VitD, with or without tocilizumab,
an IL-6 receptor (IL-6R)-blocking antibody used clinically to treat
IL-6-dependent cytokine release syndrome, including that seen in
COVID-19 (ref. *?). Tocilizumab significantly impaired IL-10 pro-
duced by VitD, indicating that IL-6R signaling induced by auto-
crine/paracrine IL-6 promotes IL-10 in VitD-treated helper T cells
(Fig. 3f). IL-6 can cooperate with IL-27 (ref. **) or IL-21 (ref. **) to
promote IL-10 production in mouse T cells. However, both these
cytokines were repressed by VitD in our transcriptomic analyses
(Supplementary Table 2b), so it did not seem likely that these
cytokines cooperate with IL-6 to induce IL-10 in this setting.

Addition of exogenous IL-6 without VitD did not induce IL-10
(Extended Data Fig. 7g) but increased pro-inflammatory IL-17
(Extended Data Fig. 7h), as has been reported™. These data indi-
cate that pro-inflammatory functions of IL-6 may be restricted
or averted by the production of anti-inflammatory IL-10 in the
presence of VitD in human helper T cells (Fig. 3f).

Genes differentially expressed by VitD were enriched in cyto-
kine signaling pathways, which are commonly mediated through
phosphorylation of signal-dependent TFs, including JAK-STATs
(Extended Data Fig. 6g). We therefore carried out a phospho-kinase
protein array using lysates of carrier and VitD-treated cells. Five
proteins showed significant differences in phosphorylation between
carrier and VitD, most notably c-JUN and STAT3, both of which
were significantly more phosphorylated (Fig. 3g,h and Extended
Data Fig. 7i). Immunoblotting confirmed induction of both STAT3
protein and STAT3 phosphorylation by VitD (Fig. 3i and Extended
Data Fig. 7j). IL-6 potently drives STAT3 activation by phos-
phorylation®. STAT3 phosphorylation induced by VitD was abro-
gated by blockade of the IL-6R with tocilizumab, indicating that
VitD-induced IL-6 is responsible for STAT3 phosphorylation (Fig. 3i
and Extended Data Fig. 7j). Conversely, STAT3 protein expression
was dependent on VitD but independent of IL-6 signaling, as IL-6R
blockade did not reverse its induction by VitD (Fig. 3i and Extended
Data Fig. 7j). By contrast, both c-JUN expression and phosphoryla-
tion were dependent on VitD and mostly independent of IL-6 (Fig. 3i
and Extended Data Fig. 7j). As VitD-induced STAT3 phosphoryla-
tion was mediated by IL-6, we investigated whether STAT3 drives
IL-10 produced by VitD. Both a cell-permeable STAT3 inhibitor and
knockdown of STAT3 by siRNA significantly impaired IL-10 pro-
duced in response to VitD (Fig. 3j,k and Extended Data Fig. 7k,]).
Likewise, VitD failed to produce significant IL-10 from helper T cells
of patients with hyper-IgE syndrome, which have dominant nega-
tive STAT3 mutations and are unable to transduce STAT3 signal-
ing normally (Fig. 3j). Collectively, these data established that VitD
induces STAT3 and IL-6 and autocrine/paracrine IL-6R engage-
ment phosphorylates STAT3, which promotes production of IL-10.

VitD alters epigenetics and recruits c-JUN, STAT3 and BACH2.
VitD-bound VDR interacts with histone acetyl transferases, tran-
scriptional co-activators, co-repressors and chromatin remodeling
complexes to modulate transcription. We explored the effects of
VitD on T cell epigenetic landscapes, using memory CD4* T cells
(these cells express VDR without requiring pre-activation). We
profiled genome-wide histone 3 lysine 27 acetylation (H3K27Ac),
a marker of active regions of the genome, using cleavage under
target and release using nuclease (CUT&RUN) in VitD and
carrier-treated cells. VitD induced dynamic changes in histone
acetylation genome-wide (Fig. 4a,b), indicating significant changes

>
>

Fig. 3 | VitD induces IL-10 in helper T cells by enhancing IL-6-STAT3 signal transduction. a, Number of DEGs between VitD and carrier-treated helper
T cells (£ >1.5-fold change at FDR < 0.05). b, Scatter-plot showing mRNA expression (RPKM) of genes in helper T cells treated with VitD or carrier.
VitD-induced and -repressed genes are depicted in red and blue, respectively. Noteworthy genes are annotated (black), including classical VitD-induced
genes (orange); n=3 independent biological experiments. ¢, Heat map showing expression of select genes from b. d, Dose-response of indicated
cytokines from helper T cells treated for 72 h with VitD. Stars indicate statistically significant changes in comparison to O nM of VitD; n=3 experiments.
e, Pearson correlation between IL-6 and IL-10 concentrations in culture supernatants of VitD-treated helper T cells. Shown is the correlation line, plus
95% confidence interval. f, IL-10 concentrations in supernatants of helper T cells cultured with VitD, with and without tocilizumab; n=3 experiments.

g, Representative image from n=2 experiments of a phospho-kinase array (array of 43 kinases in duplicate spots) carried out on 3-d lysates of carrier- or
VitD-treated s. Location of STAT3 phosphorylated at lysine 705, c-JUN phosphorylated at serine 63 and reference spot (to which all spots are normalized)
are indicated. h, Heat map showing normalized phosphorylation values of differentially phosphorylated proteins following VitD treatment (Extended Data
Fig. 7i) in n=2 donors. i, Immunoblots of lysates of helper T cells treated with carrier or VitD with and without, tocilizumab (Toc) at the concentrations
shown. Shown are representative images from n=3 experiments (quantified in Extended Data Fig. 7). j, IL-10 production from helper T cells cultured with
carrier or VitD, with or without a STAT3 inhibitor (STAT3i). Genotype of cells (WT, STAT3 wild type; DN, STAT3 dominant negative) is indicated; n=3
experiments. Each dot represents an individual donor. k, IL-10 production from helper T cells transfected with control siRNA or siRNA targeting STAT3;
n=>5 experiments. Unless indicated, all cells were activated with anti-CD3 + anti-CD28. Cumulative data in d,fj,k depict mean+s.e.m. All statistical tests
are two-sided. *P<0.05, **P< 0.01, ***P < 0.001, ****P < 0.0001 by one-way (d,j k) and two-way ANOVA (f).
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in enhancer architecture. By 48 h after VitD treatment, ~25,000 and
~21,000 H3K27Ac peaks were induced and repressed, respectively
(Fig. 4c,d and Supplementary Table 3a). Loci of genes transcrip-
tionally induced by VitD showed increased histone acetylation
and those repressed by VitD had reduced histone acetylation (Fig. 4c).
The size of these peaks was significantly affected by VitD, leading
to generation of new super-enhancer (SE) architectures and
promotion of existing SEs (Fig. 4e). SEs are complex regulatory
domains consisting of collections of enhancers critical for regulating

genes of particular importance to cell identity and risk of genetic
disease’”. VitD-modified SEs included those associated with
BACH2, STAT3, IL10 and other genes induced by VitD (Fig. 4e
and Supplementary Table 3b). To identify potential TFs recruited
to these loci, we carried out TF DNA motif finding at H3K27Ac
peak loci induced by VitD. The top enriched motifs were VDR,
AP-1 family members, notably c-JUN and BACH2, and STAT3
(Fig. 4f). All three of these were TFs transcriptionally induced
by VitD (Fig. 3b,c) and two of these, c-JUN and STAT3, were also
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Fig. 4 | VitD reshapes epigenetic landscape of helper T cells. a, Genome-wide H3K27Ac CUT&RUN peaks 45 min, 48 h and 72 h after VitD or
carrier-treatment of helper T cells. b, Differential H3K27Ac peaks (signal > 0.2, >1.5 X FC) after VitD or carrier-treatment of helper T cells at the indicated
time points. ¢, Scatter-plot showing H3K27Ac CUT&RUN peak signal intensities 48 h after VitD or carrier-treatment of helper T cells. Indicated are
VitD-induced peaks (red) and VitD-repressed peaks (blue). Highlighted are select peaks at loci of interest. Data show a representative example from

n=2 independent experiments. d, Heat maps showing H3K27Ac signal at VitD-repressed and VitD-induced peaks (bottom) and histograms showing
normalized signals in carrier and VitD-treated cells (48 h) (top). e, Ranked order of H3K27Ac-loaded enhancers induced by VitD in helper T cells after 48 h.
SEs are indicated. Marked are the relative positions, ranked according to signal intensity (higher indicates greater signal intensity), of enhancers attributed
to selected genes. f, Enriched TF DNA motifs at H3K27Ac peak loci induced by VitD. Shown are TF families on the left and representative TF members
enriched in the data on the right. Unless indicated, all in vitro T cell experiments depicted in Fig. 4 have been activated with anti-CD3 +anti-CD28.

post-transcriptionally more phosphorylated after VitD (Fig. 3g,h).
Thus, we reasoned that they are likely to play an important role in
gene regulation by VitD.

We carried out c-JUN CUT&RUN and VDR, STAT3 and BACH2
cleavage under target and tagmentation (CUT&Tag) in VitD- or
carrier-treated cells (Extended Data Fig. 8a and Supplementary
Table 4) to identify genome-wide distribution of these TFs. Genome-
wide binding of all four TFs was increased after VitD (Fig. 5a) and
they were recruited to H3K27Ac peak loci induced by VitD (Fig. 5b
and Extended Data Fig. 8b). VDR, c-JUN, STAT3 and BACH2 each
bound ~20-40% of genes differentially expressed by VitD, signifi-
cantly higher than other loci in the genome (Fig. 5¢). Indeed, ~60%
of DEGs were bound by at least one of these TFs (Fig. 5d), half of
which were bound by more than one (Fig. 5¢). Genes bound by two
or more TF included STAT3, IL10 and BACH2 (Fig. 5f), indicating
the complexity of gene regulation downstream of VitD exposure
and interaction of multiple TFs within a gene regulatory network
(Fig. 5g). Collectively, these data showed reshaping of the epigenome
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by VitD, generating new and augmenting existing enhancers and
recruitment of transcriptional regulators to these loci to modify
transcriptional output. BACH2, IL10 and STAT3 were exemplars
of loci at which VDR binding generated new SEs, to which c-JUN,
BACH2 and STAT3 were recruited (Fig. 5h and Extended Data
Fig. 8c,d) and transcriptional output was increased (Fig. 3b,c).

We noted that STAT3 is directly bound by VDR (Fig. 5f,g and
Extended Data Fig. 8d), but we did not find a CUT&Tag VDR peak
proximal to the IL6 locus. This may be because IL6 is a lower affin-
ity target, has a distal VDR binding site or because VDR binds this
site earlier than the time point at which we carried out CUT&Tag.
Thus, because ChIP-qPCR is more sensitive than genome-wide
techniques when applied to individual loci, we performed qPCR
for STAT3 and IL6 promoters, as well as CYP24A1 (a positive
control locus), in anti-VDR ChIP fragments (Fig. 5i). We found
strong enrichment of CYP24A1 and STAT3 promoters and moder-
ate enrichment of the IL6 promoter in anti-VDR ChIP fragments,
indicating that these loci are all directly bound by VDR and that
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VDR binding at IL6 is at lower affinity than the other two loci
(Fig. 5i). In summary, these data indicated VitD-induced dynamic
changes in genome-wide enhancer architecture and recruitment of
several TFs to loci that could explain ~60% of the VitD-dependent
variance in gene expression.

BACH?2 regulates the VitD response in CD4* T cells. BACH2 is a
critical immunoregulatory TF**. We confirmed that VitD induces
BACH?2 protein expression in helper T cells (Fig. 6a). Psoriatic
skin is rich in CD4" T cells, psoriasis severity is associated with
low active VitD levels® and is frequently treated successfully with
VitD*. We therefore performed confocal imaging on the dermis
of patients with psoriasis treated, or not, with VitD. VitD treat-
ment significantly increased numbers of BACH2* cells and greater
numbers of intranuclear foci of BACH2, compared to untreated
skin (Fig. 6b-e), confirming that BACH2 is induced by VitD
in vivo. Genes regulated by VitD were ~two- to threefold enriched
for BACH2 binding than those not regulated by VitD (Fig. 6f,g).
Indeed, BACH2-induced genes and BACH2-repressed genes were
more highly expressed in VitD-treated and carrier-treated cells,
respectively (Extended Data Fig. 9a,b), indicating a BACH2 sig-
nature in VitD-regulated genes. Among the most highly enriched
in the leading edge of BACH2-induced genes was the IL-6 recep-
tor a-chain (IL6R) (Extended Data Fig. 9a,c). These observations
suggested that a significant proportion of VitD-driven transcrip-
tion is BACH2-dependent. Thus, we compared transcriptomes of
VitD-treated helper T cells from a healthy control (BACH2V"T)
to those from a BACH2 haploinsufficient patient (BACH2W'2¢F),
VitD-induced genes were significantly enriched in the transcrip-
tomes of wild-type cells (Fig. 6h and Supplementary Table 5a),
indicating that normal BACH2 concentrations are required for
appropriate regulation of VitD-induced genes (Extended Data
Fig. 9¢). The same pattern of enrichment was not found for
VitD-repressed genes (Extended Data Fig. 9d), potentially indicat-
ing that half-normal concentrations of BACH2 are sufficient for
repression of VitD targets. Thus, some, but not all, type 1 and type
17 inflammatory cytokines (IFNG and IL17F, but not ILI17A) were
repressed by VitD in BACH2 haploinsufficient cells (Extended Data
Fig. 9e and Supplementary Table 5b).

To better understand the VitD transcriptional regulatory
network, we integrated VitD up- and downregulated genes in
BACH2W™Tand BACH2W™? CD4* T cells together with TF bind-
ing from CUT&Tag and CUT&RUN (Fig. 6i). The 75% and 66%
of genes normally up- and downregulated by VitD, respectively,
were not regulated by VitD in BACH2 haploinsulfficient cells. Of
these, 28% and 14%, respectively, were directly bound by BACH2
(Fig. 6j) and functionally annotated as cytokine and cytokine-
cytokine receptor signaling genes, including IL6R and ILI10
(Fig. 6k). As noted, VitD promoted IL-10 via IL-6 signaling through
IL-6R and STAT3 (Fig. 3f-j). Despite higher basal messenger RNA,
IL6 was still induced by VitD when BACH2 levels were sub-normal,
but IL10 was not, signifying that the IL-6-STAT3-IL-10 axis was

disrupted in BACH2 haploinsufficiency (Fig. 6i-1 and Extended
Data Fig. 9e). Indeed, IL6R was not appropriately induced when
BACH?2 levels were sub-normal (Fig. 6i-1 and Extended Data
Fig. 9¢). In animals, the IL67 gene is a direct genomic target of Bach2
and Bach2 knockout status significantly impairs expression of Il6r
(Extended Data Fig. 9f). Similar binding of this gene by BACH2
was evident in human cells (Fig. 6m), presumably explaining why
BACH2 haploinsufficiency impaired IL6R expression. As BACH2
also binds IL10 (Fig. 5h), it is likely that BACH2 deficiency also
contributes directly to lower VitD-induced IL10 transcription.
Collectively, these data indicate that BACH2 is a VitD-induced pro-
tein regulating a significant portion of the VitD transcriptome, with
a key role in mechanisms that stimulate expression of IL-10.

VitD is predicted to retract the Tyl program in COVID-19.
There is compelling epidemiological association between incidence
and severity of COVID-19 and VitD deficiency/insufficiency", but
the molecular mechanisms remain unknown. Given preferential
Tyl polarization in COVID-19 BALF (Fig. 1d and Extended Data
Fig. 1e), we hypothesized that VitD could be mechanistically impor-
tant for hyper-inflammation in COVID-19 and may be a therapeu-
tic option. We studied expression of VitD-regulated genes (Fig. 3a
and Supplementary Table 2b) in COVID-19 BALF helper T cells.
Expression of VitD-repressed genes, summarized as module score,
was significantly higher in patient helper T cells than healthy con-
trols (Fig. 7a). This was further corroborated by gene set enrich-
ment analysis (GSEA) showing that genes more highly expressed in
patient compared to control cells were enriched in VitD-repressed
genes (Fig. 7b). On a per-cell basis the VitD-repressed module
score correlated strongly with the T};1 score in BALF helper T cells
(Fig. 7c), indicating a reciprocal relationship between Tyl genes
and VitD-repressed genes. By contrast, VitD-induced genes were
not substantially different (Extended Data Fig. 10a), nor were
VitD-regulated genes different in PBMCs of patients compared to
healthy donors (Extended Data Fig. 10b). To asses