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MHC II in antigen-presenting cells (APCs) is a key regulator of adaptive immune responses. Expression of MHC II genes is 
controlled by the transcription coactivator CII TA, itself regulated through cell type–specific promoters. Here we show 
that the transcription factor NFAT5 is needed for expression of Ciita and MHC II in macrophages, but not in dendritic cells 
and other APCs. NFAT5-deficient macrophages showed defective activation of MHC II-dependent responses in CD4+ T 
lymphocytes and attenuated capacity to elicit graft rejection in vivo. Ultrasequencing analysis of NFAT5-immunoprecipitated 
chromatin uncovered an NFAT5-regulated region distally upstream of Ciita. This region was required for CII TA and hence MHC 
II expression, exhibited NFAT5-dependent characteristics of active enhancers such as H3K27 acetylation marks, and required 
NFAT5 to interact with Ciita myeloid promoter I. Our results uncover an NFAT5-regulated mechanism that maintains CII TA 
and MHC II expression in macrophages and thus modulates their T lymphocyte priming capacity.
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Introduction
Presentation of antigen-derived peptides by MHC class II (MHC II)  
to CD4+ T lymphocytes is crucial for activating adaptive immune 
responses (DeSandro et al., 1999; Reith and Mach, 2001). Mac-
rophages and dendritic cells (DCs) are antigen-presenting cells 
(APCs) that constitutively express MHC II in steady-state condi-
tions (Reith et al., 2005). Also, when blood monocytes infiltrate 
tissues such as the gut, they acquire MHC II expression progres-
sively as they mature to macrophages (Bain et al., 2014; Jakubzick 
et al., 2017). MHC II expression in macrophages and DCs is mark-
edly enhanced by IFNγ, a cytokine produced by activated CD4 
and CD8 T lymphocytes and various innate lymphoid cell sub-
sets. IFNγ not only enhances MHC II expression in immune cells, 
but early works showed that it is a potent inducer of MHC II in 
nonimmune cells such as endothelial cells and fibroblasts, al-
lowing them to acquire antigen presentation capacity (Collins 
et al., 1984). Macrophages are promoters of tolerance in tissues 
(Soroosh et al., 2013; Shouval et al., 2014), and their expression 
of MHC II is considered part of a mechanism that samples local 
signals such as host and commensal microbial antigens that are 
presented by MHC II to CD4+ T lymphocytes for activating tissue 

tolerance. Nonetheless, MHC II in tissue macrophages can also 
activate specific effector CD4+ T cells to mount potent inflam-
matory adaptive responses by presenting antigens from necrotic 
cells or pathogens. In this context, a positive feedback loop is es-
tablished between macrophages and IFNγ-producing lymphoid 
populations by which MHC II-mediated antigen presentation and 
cytokines produced by macrophages stimulate T lymphocytes to 
produce IFNγ, which in turn enhances MHC II expression in the 
macrophage. MHC II-mediated communication between macro-
phages and lymphocytes occurs in diverse inflammation settings, 
for instance in obesity, where adipose tissue macrophages acti-
vated by stressed adipocytes drive CD4+ T cell activation and trig-
ger obesity-induced inflammation and insulin resistance (Morris 
et al., 2013; Cho et al., 2014). Another example is provided by al-
logeneic graft rejection, where macrophages from the graft and 
those infiltrating from the host proliferate locally, release proin-
flammatory mediators, and ingest dead cells from the graft to 
present their antigens to T cells that mediate cytotoxic antigraft 
responses (Grau et al., 1998; Underhill et al., 1999; Breloer et al., 
2002; Wyburn et al., 2005). These examples illustrate how the 
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ability of macrophages to express moderate levels of MHC II is 
important to ensure immune tolerance while simultaneously 
allowing them to conduct local surveillance as long as homeo-
static conditions prevail. However, upon disruption of tissue 
homeostasis, macrophages will up-regulate MHC II expression 
and antigen presentation capacity as they acquire a proinflam-
matory profile. Moderate expression of MHC II in steady-state 
macrophages distinguishes them from DCs, which express much 
higher levels of MHC II even in homeostatic conditions. In this 
regard, macrophages and myeloid DCs are thought to share com-
mon transcriptional mechanisms controlling MHC II, but differ-
ences in MHC II levels between both cell types as well as between 
homeostatic and inflammatory macrophages raise the question 
of whether macrophages might use specific mechanisms to reg-
ulate steady-state expression of MHC II.

Transcription of MHC II genes is controlled by a group of 
ubiquitously expressed factors that includes cAMP-responsive 
element binding protein (CREB1), regulatory factor X (RFX), 
and nuclear factor Y (NFY) proteins, all acting in concert with 
the MHC II transactivator (CII TA, also known as MHC2TA; Boss, 
1997). The relevance of these transcription regulators is illus-
trated by bare lymphocyte syndrome, a severe immunodeficiency 
caused by mutations in CII TA or the RFX factors, all of which are 
essential for MHC II expression (DeSandro et al., 1999; Reith and 
Mach, 2001). The expression of MHC II in different populations 
of APCs is determined by cell lineage–specific mechanisms that 
control CII TA transcription (Boss and Jensen, 2003; Reith et al., 
2005). Ciita promoter IV regulates its expression in nonhema-
topoietic APCs, promoter III drives it in cells of lymphoid origin 
such as B lymphocytes, and promoter I is the common regula-
tor of CII TA expression in macrophages and conventional DCs, 
both in homeostasis and upon IFNγ stimulation (Muhlethaler-
Mottet et al., 1997; Piskurich et al., 1998; Boss and Jensen, 2003; 
Reith et al., 2005).

NFAT5 is a transcription factor that shares structural and 
functional properties with NF-κB and NFATc proteins (Lopez-
Rodríguez et al., 1999, López-Rodríguez et al., 2001). NFAT5 
regulates gene expression in immune cells in different contexts, 
for instance during macrophage polarization and in response 
to pathogen-sensing receptors (Buxadé et al., 2012; Tellechea et 
al., 2018), during pre-TCR–induced T lymphocyte development 
(Berga-Bolaños et al., 2013), and in mature T cells (Berga-Bolaños 
et al., 2010; Alberdi et al., 2017). Apart from its ability to respond 
to specific immune receptors, NFAT5 is activated by hyperto-
nicity, and indeed its antipathogen function can be enhanced 
under hypertonic conditions such as those present in wounds 
(Aramburu et al., 2006; Jantsch et al., 2015). Previous works had 
shown that NFAT5-deficient mice had reduced T cell responses 
to alloantigens in vivo (Go et al., 2004; Berga-Bolaños et al., 
2010), a defect that was not observed in conditional KO mice in 
which only T cells were deficient in NFAT5 (Berga-Bolaños et al., 
2010). In addition, a recent article reported a human patient with 
NFAT5 haploinsufficiency who suffered impaired adaptive im-
mune responses and evidence of a primary immunodeficiency 
disorder (Boland et al., 2015). While these observations could be 
explained in part by the ability of NFAT5 to regulate macrophage 
polarization, they also raised the question of whether this factor 

could play a direct role in the capacity of APCs to contact with 
and induce antigen-dependent responses in T cells. This ques-
tion had not been addressed in earlier works, so we analyzed the 
transcriptomes of wild-type and NFAT5-deficient macrophages 
to search for potential differences in the expression of genes 
regulating antigen presentation and macrophage–lymphocyte 
contact. We show that expression of MHC II and its transcription 
coactivator Ciita are impaired in NFAT5-deficient macrophages 
and identify a remote NFAT5-dependent Ciita enhancer that reg-
ulates CII TA expression. Lack of NFAT5 attenuated the ability of 
macrophages to activate MHC II-dependent CD4 T cell responses 
in vitro and delayed the rejection of incompatible skin grafts in 
vivo. The dependence of macrophages on NFAT5 for expressing 
CII TA and MHC II distinguishes them from other APC lineages 
such as DCs and B lymphocytes.

Results
NFAT5 regulates expression of MHC II genes in macrophages
Global gene expression analysis of NFAT5-deficient bone mar-
row–derived macrophages (BMDMs) uncovered an extensive 
defect in the expression of a set of genes related to MHC II, the 
surface complex specialized in presenting antigenic peptides 
to CD4+ T lymphocytes (Fig. 1 A and Table S1). This defect was 
evidenced by a two- to fivefold decrease in mRNA levels of var-
ious MHC II genes, the invariant MHC II polypeptide CD74, and 
the MHC II transactivator CII TA, whereas genes encoding for 
other transcription regulators of MHC II, such as CREB1, RFX, 
and NFY factors, molecules coregulated with MHC II, adhesion, 
and costimulatory molecules, and MHC class I (MHCI) were not 
affected in NFAT5-deficient macrophages (Fig.  1  A and Table 
S1). We validated the findings from the transcriptome analysis 
for Ciita, H2-Aa, and H2-Ab by real-time quantitative PCR (RT-
qPCR) in independent BMDM samples from NFAT5-deficient 
mice (Nfat5−/−), myeloid-specific NFAT5-deficient mice (Nfat5fl/fl 
LysM-Cre; Tellechea et al., 2018), and in inducible NFAT5-defi-
cient mice (Nfat5fl/fl Mx-Cre; Tellechea et al., 2018; Fig. 1, B and 
C). We also confirmed the NFAT5-dependent expression of CD74 
and the MHC II gene H2-DMb1, whereas expression of transcrip-
tion factors that regulate MHC II genes (Rfx5, Nfya, and Creb1) 
and the MHCI gene H2-K1 did not require NFAT5 (Fig. 1 B). The 
dependence of CII TA and MHC II on NFAT5 was also observed 
in freshly isolated peritoneal macrophages from myeloid-spe-
cific NFAT5-deficient mice (Fig. 1 D). Flow cytometry analysis 
confirmed that impaired mRNA expression of MHC II genes in 
NFAT5-deficient macrophages was reflected in a lower propor-
tion of MHC II-positive cells, whereas their MHCI expression was 
unaltered (Fig. 1 E). Intriguingly, we found that NFAT5-deficient 
DCs, either derived from bone marrow precursors (BMDCs) with 
GM-CSF or Flt3 ligand (Flt3L) or directly isolated from spleen as 
conventional myeloid and plasmacytoid DCs, had no significant 
defect in their expression of Ciita and MHC II (Fig. S1, A–C). B 
and T lymphocytes also expressed these genes in an NFAT5-in-
dependent manner (Fig. S1 D). Our finding that the closely re-
lated lineages of macrophages and myeloid DCs differed in their 
dependence on NFAT5 for CII TA and MHC II expression was un-
expected, since until now both populations had been considered 
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Figure 1. MHC II expression in wild-type and NFAT5-deficient macrophages. (A) Reduced mRNA expression of MHC II-related genes in NFAT5-deficient 
BMDMs identified by microarray analysis (see Table S1 for additional genes). (B) mRNA expression of CII TA, H2-Ab, CD74, and H2-DMb1; MHC II regulatory 
factors Rfx5, NF-YA, and CREB1; and the MHCI gene H2-K1 in wild-type (Nfat5+/+) and NFAT5-deficient (Nfat5−/−) BMDMs. Values show the mean ± SEM of four 
independent experiments, each comparing BMDMs from one NFAT5-deficient mouse and a wild-type littermate. (C) CII TA and MHC II mRNA expression was 
analyzed by RT-qPCR in BMDMs from conditional NFAT5 deletion models. Values show the mean ± SEM of three independent experiments for LysM-Cre and six 
for Mx-Cre NFAT5 deletion models. Each experiment compared BMDMs from one NFAT5-deficient mouse and a wild-type littermate. Data for each respective 
mRNA are shown normalized to the wild-type sample, which was given a value of 1. (D) CII TA and MHC II mRNA expression in peritoneal macrophages from 
wild-type (Nfat5+/+ LysM-Cre) and Nfat5fl/fl LysM-Cre conditional KO. Each circle represents one individual mouse. Data are from 14 wild-type and 12 Nfat5fl/fl 
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to regulate these genes through the same mechanisms. Basal ex-
pression of MHC II in APCs allows them to present antigens and 
prime CD4+ T lymphocytes, boosting IFNγ production by T cells. 
In turn, IFNγ enhances MHC II expression in macrophages, thus 
reinforcing a positive feedback loop. We asked whether lack of 
NFAT5 also affected the induction of CII TA and MHC II by IFNγ 
and found that acute stimulation with this cytokine strongly 
enhanced their expression in an NFAT5-independent manner 
(Fig. 1, F and G). However, after washing out IFNγ, NFAT5-defi-
cient macrophages lost CII TA and MHC II expression faster than 
wild-type cells (Fig.  1  H). These results indicated that lack of 
NFAT5 in macrophages affected not only basal steady-state ex-
pression of CII TA and MHC II but also their sustained expression 
after transient stimulation with IFNγ. Finally, we analyzed the ef-
fect of NFAT5 in the expression of the different isoforms of Ciita 
(Muhlethaler-Mottet et al., 1997; Morris et al., 2013) in untreated 
and IFNγ-treated macrophages. Ciita expression in BMDMs was 
for the most part driven by promoter I in an NFAT5-dependent 
manner (Fig. 1 I). Promoters III and IV made a minor contribu-
tion to Ciita expression, which also seemed to be NFAT5-de-
pendent. Acute stimulation with IFNγ induced Ciita expression 
from promoters I and IV, and, consistent with our previous result 
(Fig. 1 G), this was independent of NFAT5 (Fig. 1 I). This result 
indicated that NFAT5 is a relevant factor to control Ciita expres-
sion in macrophages through its myeloid promoter I. Altogether, 
our analysis of primary myeloid and lymphoid APCs uncovered 
a selective requirement of NFAT5 in macrophages for expressing 
CII TA and MHC II.

Impaired activation of MHC II-dependent CD4+ T cell responses 
by NFAT5-deficient macrophages
MHC II presentation of antigenic peptides by APCs is central for 
priming adaptive immune responses in CD4+ lymphocytes. We 
therefore analyzed the capacity of NFAT5-deficient macrophages 
(H2-Db) to activate allogeneic CD4+ T lymphocytes (isolated from 
BALB/c mice, H2-Dd) and observed that they were poorer inducers 
of T cell activation markers CD25, CD69, and IL-2 than wild-type 
macrophages (Fig. 2, A and B). We also analyzed NFAT5-deficient 
conventional myeloid and plasmacytoid DCs sorted from spleen, 
and they activated allogeneic CD4+ T cells to the same extent 
as wild-type DCs (Fig. 2 C). We observed that NFAT5-deficient 

macrophages presented a reduced proportion of cells expressing 
medium or high levels of MHC II protein (Fig. 2 D). In view of 
this, we used sorted NFAT5-deficient and control macrophages 
expressing the same level of MHC II (low, medium, or high) and 
found that they activated allogeneic T cells comparably (Fig. 2 E). 
This result indicated that the defective capacity of populations of 
NFAT5-deficient macrophages to activate allogeneic T cells was 
due to their having fewer cells expressing high MHC II levels. We 
then analyzed the capacity of NFAT5-deficient macrophages to 
form immunological synapses and activate early signaling events 
in TCR transgenic OTII CD4+ T lymphocytes upon MHC II-depen-
dent OVA peptide presentation. NFAT5-deficient macrophages 
induced significantly lower early protein kinase C theta (PKCθ) 
phosphorylation and later CD69 expression in OTII CD4+ T cells 
than wild-type macrophages (Fig. 2, F and G). In these exper-
iments, we also observed a reduced percentage of OTII T cells 
that remained bound to peptide-loaded NFAT5-deficient mac-
rophages 18 h after their initial contact (Fig. 2 H), showing an 
impaired capacity of NFAT5-deficient macrophages to form syn-
apses with CD4+ T cells. Altogether, these results showed that 
reduced MHC II expression in NFAT5-deficient macrophages 
impaired their capacity to activate TCR-mediated responses in 
CD4+ lymphocytes.

Delayed graft rejection in a mouse model of myeloid-specific 
NFAT5-deficient skin transplant
Given the central role of antigen presentation by MHC II in al-
lograft rejection (Rosenberg and Singer, 1992), we tested whether 
lack of NFAT5 in macrophages improved graft acceptance in a 
mouse model of skin transplant. Engraftment of allogeneic skin 
in mice is a quite stringent experimental model for determining 
immune tolerance and reflects the challenges that exist to achieve 
prolonged survival of human solid organ grafts (Rosenberg and 
Singer, 1992; Auchinloss et al., 1999). First, we confirmed that 
skin macrophages (CD11b+ F4/80+) from Nfat5fl/fl LysM-Cre mice 
had a lower percentage of MHC II+ cells, whereas skin DCs (CD11b+ 
CD11c+) did not show this defect (Fig. 3 A), which was consistent 
with our previous observations (Figs. 1 and S1, A–C). We then per-
formed sex-mismatched transplants of skin from myeloid-spe-
cific NFAT5-deficient (Nfat5fl/fl LysM-Cre) or control (Nfat5+/+ 
LysM-Cre) male donor mice in wild-type syngeneic (C57BL/6J) 

LysM-Cre conditional KO mice compiled through six independent experiments. (E) Flow cytometry analysis of MHC II and MHCI protein expression in BMDM 
from Nfat5+/+ LysM-Cre (wild-type, Nfat5+/+) and Nfat5fl/fl LysM-Cre mice (KO, Nfat5–/–) in two independent pairs of littermates. (F) Left: Representative flow 
cytometry analysis of MHC II expression in wild-type (Nfat5+/+) and NFAT5-deficient (Nfat5−/−) BMDMs. Right: Percentage of MHC II+ macrophages from BMDM 
cultures of littermate wild-type and NFAT5-deficient mice, either left unstimulated or treated with IFNγ (400 U/ml) for 24 or 48 h. Data are from six independent 
experiments with unstimulated cells and four more including unstimulated as well as IFNγ-treated macrophages. (G) mRNA levels of CII TA and MHC II genes 
in wild-type (Nfat5+/+) and NFAT5-deficient (Nfat5−/−) BMDMs, either left untreated (left) or stimulated with IFNγ (400 U/ml) for 24 or 48 h (right). Values for 
IFNγ-stimulated cells are represented relative to unstimulated cells, set as 1 for each respective gene in wild-type macrophages. Results are the mean ± SEM 
of three independent experiments, each comparing BMDMs from one NFAT5-deficient mouse and a wild-type littermate. (H) Expression of MHC II in wild-type 
and NFAT5-deficient BMDMs analyzed in basal conditions, after 24 h of IFNγ stimulation (100 U/ml), and at different days after washing out IFNγ. The upper 
panel shows the analysis of MHC II mean fluorescence intensity (MFI) in three independent pairs of wild-type and NFAT5-deficient BMDMs (mean ± SEM). 
Bottom panels show mRNA expression of CII TA and H2-Aa in the same experiment (mean ± SEM, n = 3). (I) Expression of CII TA transcripts from its different 
promoters (pI, pIII, and pIV) in wild-type (Nfat5+/+) and NFAT5-deficient (Nfat5–/–) BMDMs, either left unstimulated or stimulated with IFNγ for 24 h. CII TA Ex16 
corresponds to an mRNA region common to all CII TA transcripts, which spans exons 16 to 18 in Ciita transcript NM_001243760.2 transcribed from promoter 
I. Values show the mean ± SEM of three independent experiments, each comparing BMDMs from one NFAT5-deficient mouse and a wild-type littermate. 
Statistical significance in B, D, F, H, and I was determined with an unpaired t test, and in C and G with a one-sample t test using the respective wild-type cells 
as reference with a value of 1. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2. Activation of allogeneic CD4+ T lymphocytes by NFAT5-deficient macrophages and DCs. (A and B) Activation of allogeneic CD4+ T cells (BALB/c 
mice, H2-Dd) in a mixed leukocyte reaction (MLR; BMDM-to-T-cell ratio of 1:1) with wild-type and NFAT5-deficient BMDM (129/sv mice, H2-Db). (A) CD25 and 
CD69 induction (percentage of positive cells and mean fluorescence intensity [MFI]) in CD4+ T cells was analyzed by flow cytometry. Statistical significance was 
determined by an unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. In the right panel, the difference for CD25 MFI between wild-type and NFAT5-deficient 
BMDM at 72 h was near significant, P = 0.07. (B) IL-2 production by CD4+ T cells cocultured with wild-type and NFAT5-deficient macrophages was analyzed 
in culture supernatants at 72 h. N.D., not detected. Results in A and B show the mean ± SEM from four independent experiments, each comparing BMDMs 
from one NFAT5-deficient mouse and a wild-type littermate. Statistical significance was determined by an unpaired t test. ***, P < 0.001. (C) Induction of 
CD25 and CD69 in allogeneic CD4 T cells after 48 h of culture with sorted conventional myeloid DCs (cDCs) or plasmacytoid DCs (pDCs; DC-to-T-cell ratio, 
0.7:1) was analyzed by flow cytometry. DCs correspond to the sorting experiment shown in Fig. S1 C. The experiment analyzed DCs from three independent 
pairs of wild-type and Nfat5fl/fl Vav-Cre littermates. (D) Percentages of wild-type and NFAT5-deficient BMDM with high (hi), medium (med), or low/negative 
(lo/neg) expression of MHC II. Results show the mean ± SEM from three independent experiments, each comparing BMDMs from one NFAT5-deficient mouse 
and a wild-type littermate. Statistical significance was determined by an unpaired t test. **, P < 0.01. (E) Induction of CD25 and CD69 in allogeneic CD4 T 
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female recipients (Fig. S2 A). In this model, male skin grafts are 
rejected by female recipient T cells reacting to MHC II-presented 
male HY antigens (Rosenberg and Singer, 1992; Simpson et al., 
1997). Skin grafts whose myeloid cells lacked NFAT5 survived 
longer (median graft survival of 15.5 d, between days 13 and 18, 
with one graft persisting for longer than 25 d) than those from 
littermate wild-type mice (median survival of 14 d, between days 
12 and 16; Figs. 3 B and S2 B). Histological analysis between days 
8 and 11 after transplant showed that skin grafts from Nfat5fl/fl 
LysM-Cre male donors, despite presenting detectable inflamma-
tion in subcutaneous tissues (hypodermis, panniculus carnosus, 
and adventitia), had better reepithelialization of both epidermis 
and dermis with clear vascularization and hair follicles (Fig. 3 C). 
By contrast, skin grafts of Nfat5+/+ LysM-Cre males exhibited 
chronic severe inflammation concentrated in the hypodermis 
and poor reepithelialization with extended necrosis in both 
the epidermis and dermis. Control transplants of wild-type fe-
male skin grafts in wild-type female recipients were included 
as quality control of the surgical procedure and showed healthy 
reepithelialization and vascularization (Fig. 3 C). These experi-
ments also showed that mice transplanted with male wild-type 
skin presented a significant increase in the proportion of splenic 
effector CD8 T cells with a concomitant decrease in naive cells, 
whereas mice grafted with Nfat5fl/fl LysM-Cre skin showed an at-
tenuated CD8+ T response (Fig. 3 D). For CD4+ T cells, we observed 
a comparable proportion of effector cells in both transplant 
groups (Fig. S2 C). As CD4 cell activation during graft rejection 
precedes and controls that of CD8 cells (Rosenberg and Singer, 
1992; Auchinloss et al., 1999), it is possible that our analysis at the 
onset of rejection picked up CD8 cells still progressing to effec-
tors, whereas CD4 effector cells had already reached comparable 
levels in both genotypes of skin grafts. Altogether, results from 
the transplant experiments were consistent with the in vitro T 
cell activation assays (Fig. 2) and suggested that reduced MHC II 
expression in NFAT5-deficient macrophages attenuated T cell 
activation and delayed graft rejection in vivo.

NFAT5 binds to regulatory regions of Ciita and MHC II 
genes in macrophages
Sequences that match the consensus NFAT5-binding site (Lopez-
Rodríguez et al., 1999) are present in the proximal promoter re-
gion of genes encoding for components of the MHC II complex, 
as well as in Ciita myeloid promoter I (Muhlethaler-Mottet et 
al., 1997; Piskurich et al., 1998; Fig. S3 A). We therefore asked 
whether NFAT5 bound these regulatory regions. Quantitative 
chromatin immunoprecipitation (qChIP) with a combination of 
two polyclonal antibodies to NFAT5 detected its specific binding 

to promoter I of Ciita and the promoter of H2-Ab both in un-
treated macrophages as well as in macrophages treated with IFNγ 
(Fig. 4 A), but we did not detect NFAT5-specific binding to the 
promoter region of H2-Aa. To obtain a wider coverage of MHC II 
and Ciita genomic regions, we decided to analyze NFAT5-immu-
noprecipitated chromatin by ultrasequencing. This approach did 
not discern specific NFAT5-binding peaks in a 200-kb region of 
mouse chromosome 17 that encompassed MHC II genes (Fig. S3 B); 
however, it identified one clear NFAT5-specific peak (peak A) −47 
kb upstream of the Ciita locus in mouse chromosome 16 (Fig. 4 B). 
Peak A contained consensus NFAT5-binding sites (5′-GGA AA-3′), 
and we confirmed specific binding of NFAT5 to it by qChIP analy-
sis of wild-type against NFAT5-deficient macrophages (Fig. 4 C). 
This binding was constitutive and occurred in steady-state condi-
tions in unstimulated macrophages and was not affected by IFNγ 
(Fig. 4 C). A second NFAT5 peak at −38 kb was observed in one of 
the ChIP-seq experiments (Fig. 4 B, upper panel), and although 
it could be detected by qChIP, its signal was weaker than for peak 
A (data not shown). We then asked whether NFAT5 also bound to 
peak A in conventional myeloid DCs but did not detect its bind-
ing, which suggests that peak A recruits NFAT5 in macrophages 
but not DCs (Fig. 4 D). Because peak A was embedded within the 
first intron of the Tvp23a gene (also known as Fam18a), we asked 
whether NFAT5 might affect its expression in macrophages. This 
was not the case, as Tvp23a mRNA was detected at nearly back-
ground levels in macrophages, and its very low expression was 
independent of NFAT5 and IFNγ (Fig. 4 E, upper panels). Nubp1, 
the gene upstream of Tvp23a, was expressed at higher levels, but 
it was also IFNγ and NFAT5 independent (Fig. 4 E, bottom pan-
els). In sum, these results identify a new NFAT5-bound element 
in macrophages that is located distally upstream of Ciita.

Peak A (–47 kb Ciita) has NFAT5-dependent characteristics of 
an active enhancer
We then analyzed peak A and Ciita promoter I by qChIP in 
NFAT5-deficient or control macrophages for different histone 
modifications that are enriched in gene enhancers (H3K4me1) 
or promoters (H3K4me3) and a modification that marks tran-
scribed regions and active enhancers (H3K27ac; Tie et al., 2009; 
Creyghton et al., 2010). We observed that peak A region had a 
slightly higher content in H3K4me1 compared with Ciita pro-
moter I, and this was NFAT5 independent (Fig. 5 A). However, 
peak A had a greater density of H3K27ac than Ciita promoter 
I, and this accumulation was NFAT5 dependent (Fig. 5 A). The 
finding that peak A was enriched in H3K27ac, a mark of tran-
scriptionally active regions, but was embedded within a gene 
(Tvp23a) that was not being transcribed suggested that it might 

cells was analyzed by flow cytometry after a 72-h MLR (BMDM-to-T-cell ratio of 1:1) with equal numbers of wild-type and NFAT5-deficient BMDMs sorted for 
high, medium, or low/negative MHC II surface expression. Results show the mean ± SEM from three independent BMDM cultures of each genotype analyzed 
in two independent MLRs. *, P < 0.05. (F–H) MHC II-dependent activation of OVA peptide-specific OTII CD4+ T cells and synapse formation by wild-type and 
NFAT5-deficient BMDMs. (F) Phospho-PKCθ was measured after 30 min of macrophage–T cell contact. The left panel shows one representative Western blot, 
and bars represent the quantification as fold-change relative to basal levels at t = 0 (which was given an arbitrary value of 1). (G) CD69 expression in T cells 
was analyzed at 14 h by flow cytometry. CD69 expression is shown as MFI. (H) Percentage of T cells forming immunological synapses (IS) with wild-type or 
NFAT5-deficient macrophages was determined by confocal microscopy after 18 h of culture. Results in F–H show the mean ± SEM from four to five independent 
BMDM cultures of each genotype, wild-type, and NFAT5-deficient, analyzed in three independent experiments. Statistical significance was determined by an 
unpaired t test. *, P < 0.05; **, P < 0.01.
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act as an enhancer element for a different gene. Enhancers are 
also characterized by being enriched in RNA polymerase II (RNA 
Pol-II), although this enhancer-associated form is not coupled to 
transcription elongation and therefore is not phosphorylated in 
serine 2 of its carboxy terminal domain (CTD) repeat YSP TSPS. 
By contrast, promoters and the body of transcribed genes are 
marked by elongation-competent RNA Pol-II phosphorylated in 
serine 2 of its CTD (p-S2 RNA Pol-II; Koch et al., 2011). We found 
that peak A in unstimulated macrophages was enriched in total 

RNA Pol-II compared with Ciita exon 2, and this enrichment was 
dependent on NFAT5 (Fig. 5 B, upper panel). Abundance of total 
RNA Pol-II in both regions was enhanced by IFNγ, and this was 
NFAT5 dependent only in peak A. Regarding p-S2 RNA Pol-II, this 
form was detected only upon IFNγ stimulation in Ciita exon 2 but 
not in peak A, and its accumulation was partially dependent on 
NFAT5 (Fig. 5 B, bottom panel). These results are consistent with 
the interpretation that NFAT5 contributed both to the acquisition 
of enhancer-associated marks in peak A and to the recruitment 

Figure 3. Rejection of myeloid-specific NFAT5-deficient skin transplants. (A) Percentage of macrophages (CD11b+ F4/80+) and DCs (CD11b+ CD11c+) and 
their MHC II expression in skin biopsies of Nfat5+/+ LysM-Cre (wild-type) and Nfat5fl/fl LysM-Cre mice. Statistical significance was determined by an unpaired t 
test. *, P < 0.05. n.s., not significant. (B) Survival of skin grafts from Nfat5+/+ LysM-Cre and Nfat5fl/fl LysM-Cre male donor mice transplanted in wild-type female 
recipients. Results correspond to 10 independent transplant experiments, in each of which separate recipient female mice were respectively transplanted with 
skin from Nfat5+/+ LysM-Cre (wild-type) and Nfat5fl/fl LysM-Cre male mice. Transplant rejection was monitored after day 7, when the protective postsurgery 
bandage was removed (indicated by the arrow). Median survival for skin grafts of Nfat5+/+ LysM-Cre male mice (n = 12) was 14 d, and median survival for skin 
grafts of Nfat5fl/fl LysM-Cre male mice (n = 13) was 15.5 d (see Fig. S2 for representative pictures illustrating the time course of graft rejection). P = 0.0023, 
calculated with a Mantel–Cox log-rank test. (C) Histological analysis (hematoxylin and eosin staining) of skin grafts from a female wild-type donor (as quality 
control for the surgical procedure) and male Nfat5+/+ LysM-Cre and Nfat5fl/fl LysM-Cre donors 10 d after transplant in female recipients. Photographs are repre-
sentative of histopathology analyses done in four control female skin transplants, six Nfat5+/+ LysM-Cre male skin transplants, and five Nfat5fl/fl LysM-Cre male 
skin transplants. Scale bar is 500 µm for the photographs in the left column, and 200 µm for the enlarged images in the right column. (D) Proportion of naive 
and effector CD8+ T cells in the spleens of transplanted mice. CD8+ T cells were analyzed in five independent transplant experiments, four of which included 
parallel controls with female mice transplanted with skin of a wild-type female donor (as shown in C). Recipient mice were sacrificed on the day when clear 
rejection was observed for wild-type Nfat5+/+ LysM-Cre male skin grafts (between days 12 and 16 after transplant). Results in the graphics are the mean ± SEM. 
*, P < 0.05. Significance was determined by a Mann–Whitney test.
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Figure 4. Binding of NFAT5 to regulatory regions of MHC II-related genes and identification of a remote NFAT5-bound region upstream Ciita. (A) 
qChIP analysis of NFAT5 binding to promoters of MHC II genes and promoter I of Ciita in untreated or IFNγ-stimulated (400 U/ml, 4 h) wild-type (W) and 
NFAT5-deficient (KO) BMDMs (n = 3). Results shown are the mean ± SEM of three independent experiments with BMDMs from wild-type and NFAT5-deficient 
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of active RNA Pol II to Ciita transcribed regions and suggest that 
peak A functioned as an NFAT5-regulated enhancer for Ciita pro-
moter I in macrophages.

Peak A (–47 kb Ciita) regulates Ciita and MHC II expression
To test whether peak A regulated the expression of Ciita, we used 
a CRI SPR-Cas9 gene editing strategy for deleting a fragment of 
145 base pairs from peak A, which included the two NFAT5 bind-
ing sites present in this region (5′-AGG AAA ATT-3′ and 5′-AGG 
AAA TT-3′; Fig. S4 A). For this approach, we used immortalized 
BMDMs (iBMDMs), which were transfected with a single vec-
tor that included expression cassettes for the Cas9 endonucle-
ase, two guide RNA (gRNA) sequences to direct the deletion of 
peak A, and GFP for flow cytometry cell sorting (see Fig. S4 A 
for the deletion strategy). After limiting dilution and expansion 
of sorted cells, we obtained clones with an intact peak A region 
(control clones, Ctrl) or with a deletion of peak A (Δ145; see Fig. 
S4, B and C, for PCR analysis of genomic DNA in iBMDM clones). 
Analysis of Δ145 peak A clones showed a substantial reduction 
in their expression of CII TA and MHC II mRNA as well as MHC II 
protein compared with control nontargeted clones (Fig. 5 C). As 
we had observed that NFAT5-deficient macrophages induced 
robust MHC II expression upon acute IFNγ stimulation but lost 
it as they returned to basal conditions (Fig. 1 H), we analyzed 
whether Δ145 peak A cells exhibited a similar response. Δ145 
peak A cells induced CII TA and MHC II expression upon acute 
IFNγ stimulation, although slightly less than control cells, and 
after IFNγ removal they were unable to sustain their expression 
(Fig. 5 C). These results showed that deletion of a small region 
containing the NFAT5 binding sites in this enhancer resembled 
the effect of suppressing NFAT5 by decreasing CII TA and MHC II 
expression and impairing macrophage ability to maintain their 
prolonged induction after transient stimulation with IFNγ. 
These results support the role of NFAT5-regulated peak A as a 
nonredundant enhancer element that regulates Ciita expression 
in macrophages.

Peak A (–47 kb Ciita) interacts with Ciita promoter I in native 
chromatin in an NFAT5-dependent manner
One mechanism by which enhancers stimulate transcription is 
by looping together remote regulatory elements and promoters. 
We used chromatin conformation capture (3C) analysis to test 
whether there was an intrachromosomal association between 

peak A and Ciita promoter I in primary macrophages. A basic 
diagram illustrating the 3C assay, as well as the positions of 
convergent and tandem primers used to analyze the association 
between both DNA regions, is shown in Fig. S5. PCR analysis 
of the 3C assay products with convergent primers yielded the 
189-bp fragment predicted for a loop between peak A and Ciita 
promoter I only in samples from wild-type macrophages but not 
with NFAT5-deficient cells (Fig. 5 D). Similarly, tandem prim-
ers only produced the correct 163-bp amplicon in samples from 
wild-type macrophages (Fig. 5 D). Respective ligation and load-
ing controls yielded the same amplified products in NFAT5-de-
ficient and control macrophages. Sequencing of the PCR bands 
amplified with convergent and tandem primers in wild-type 
macrophages confirmed that they corresponded to the correct 
3C product comprising a fusion between peak A and Ciita pro-
moter I upon religation of the AflII restriction site (Fig. S5 C). 
By contrast, this interaction was not detected in conventional 
myeloid DCs (Fig. 5 E). These results indicated that NFAT5 facil-
itated the formation of a loop that brought the remote enhancer 
peak A into contact with Ciita promoter I in macrophages. Alto-
gether, our identification of an NFAT5-regulated Ciita enhancer 
that controls MHC II expression in macrophages reveals a dis-
tinct mechanism that distinguishes them from other myeloid 
and lymphoid APCs.

Discussion
Expression of MHC II genes and their transcription coactivator 
CII TA is primarily regulated at the transcriptional level. Ciita 
expression in APCs is tightly controlled by the activity of three 
different cell type–specific promoters, with promoter I driving 
expression of Ciita and consequently MHC II genes in myeloid 
cells. Here we identify a distinct remote enhancer for Ciita in pri-
mary macrophages that is controlled by the Rel family transcrip-
tion factor NFAT5. This enhancer formed an NFAT5-dependent 
intrachromosomal contact with Ciita myeloid promoter I and 
was needed to sustain CII TA and MHC II expression in macro-
phages in steady-state conditions and after stimulation with the 
MHC II-inducing cytokine IFNγ. The dependence of macrophages 
on NFAT5 for expressing MHC II distinguishes them from their 
closely related myeloid lineage of conventional DCs, which also 
transcribe Ciita from promoter I and until now were thought to 
use the same mechanisms to express these genes.

littermate mice. (B) ChIP-seq analysis of wild-type and NFAT5-deficient BMDMs showing the position of NFAT5-binding site peak A 47 kb upstream of the Ciita 
locus. Two independent experiments are shown. For experiment 1 (accession no. GSE107948), sequences were aligned to mouse chromosome 16 sequence 
in UCSC Genome Browser NCBIm37/mm9, and for experiment 2 (accession no. GSE107950), the sequence used was mouse chromosome 16 in UCSC Genome 
Browser GRCm38/mm10. Positions of genes Nubp1 and Tvp23a (Fam18a; the latter overlapping with Ciita peak A) are shown. (C) qChIP analysis of NFAT5 
binding to peak A upstream of Ciita in macrophages left untreated (–) or stimulated with IFNγ (100 or 400 U/ml, 4 h; n = 5, except n = 3 for IFNγ 100 U/ml). 
Results show the mean ± SEM of four independent experiments comparing five pairs of BMDM cultures from wild-type and NFAT5-deficient littermate mice, 
all including unstimulated cells and treatment with 400 U/ml IFNγ, and three of them also including IFNγ 100 U/ml. (D) qChIP analysis of NFAT5 binding to 
peak A in conventional myeloid DCs (cDCs) in comparison with BMDMs and peritoneal macrophages (pMs). Binding of NFAT5 to peak A region in cDCs and pMs 
is represented as relative to its binding in wild-type BMDMs. qChIP with anti-NFAT5 antibodies in NFAT5-deficient BMDMs and with a preimmune serum are 
shown as negative controls. Results show the mean ± SEM of three independent experiments. (E) mRNA expression of Ciita, Tvp23a, and Nubp1 in wild-type 
and NFAT5-deficient BMDMs. RNA samples were extracted from three independent pairs of BMDM cultures from wild-type and NFAT5-deficient littermates. 
The left panels show the comparison between Ciita and Tvp23a or Nubp1 mRNA expression levels, and the right panels show the lack of responsiveness of 
Tvp23a and Nubp1 to IFNγ stimulation (400 U/ml, 24 h). Statistical significance in A and C–E was determined by an unpaired t test. *, P < 0.05; **, P < 0.01; 
***, P < 0.001. n.s., not significant.
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Figure 5. Characterization of NFAT5-binding site peak A upstream Ciita. (A) qChIP assays with antibodies specific for histone H3 and its indicated modifi-
cations in peak A and Ciita promoter I (Ciita pI) in wild-type and NFAT5-deficient BMDMs. Results show the mean ± SEM of four independent experiments, each 
comprising BMDMs from one NFAT5-deficient mouse and a wild-type littermate. *, P < 0.05; **, P < 0.01. (B) qChIP assays comparing the binding of RNA-Pol 
II and its transcription elongation-associated form (phosphorylated serine 2 of its CTD) to peak A and exon 2 of Ciita in wild-type (WT) and NFAT5-deficient 
(KO) BMDMs left untreated or stimulated with IFNγ (400 U/ml, 4 h). Results show the mean ± SEM of four independent experiments, each comparing one pair 
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Consistent with the role of NFAT5 supporting MHC II ex-
pression in macrophages, we observed delayed rejection of 
skin grafts and reduced induction of effector T cells in mice 
transplanted with skin from myeloid-specific NFAT5-deficient 
mice. Although graft rejection could also involve other myeloid 
APCs, such as DCs, our observation that NFAT5-deficient skin 
DCs expressed normal levels of MHC II suggested that their an-
tigen presentation capacity would not be impaired by the lack 
of NFAT5. Results in the transplant experiments also agree with 
our coculture assays showing a weaker capacity of NFAT5-defi-
cient macrophages to directly activate MHC II-dependent T lym-
phocyte responses. The role of NFAT5 in macrophages during 
stimulation of T lymphocyte responses may not be limited to its 
control of MHC II expression. In this regard, we had previously 
shown that NFAT5 enhances proinflammatory polarization of 
macrophages, which would be consistent with promoting type 
1 immune responses that contribute to graft rejection (Wyburn 
et al., 2005; Tellechea et al., 2018). Although this dual contri-
bution of NFAT5 cannot be easily dissociated apart when an-
alyzing T cell responses during graft rejection, our finding 
that an early MHC II-dependent TCR signaling event, PKCθ 
phosphorylation, was weaker in T cells stimulated in vitro by 
NFAT5-deficient macrophages strongly suggested a direct de-
fect in MHC II-mediated TCR activation preceding later effects 
by macrophage-secreted cytokines. Therefore, the global effect 
of NFAT5 in an immune response would be determined by dif-
ferent aspects, including its roles in macrophage MHC II expres-
sion and proinflammatory macrophage polarization (Buxadé et 
al., 2012; Tellechea et al., 2018). Because NFAT5 may well influ-
ence other players in inflammatory responses such as DCs and 
T lymphocytes (Alberdi et al., 2017), the different NFAT5-me-
diated contributions could be interconnected, as inflammatory 
type 1 responses and MHC II expression positively regulate each 
other. In this regard, the need for NFAT5 in MHC II expression in 
steady-state macrophages suggests that NFAT5 could take part 
in an activation loop between macrophages and T cells (Morris 
et al., 2013; Cho et al., 2014). Reduced MHC II in NFAT5-deficient 
macrophages would decrease activation of CD4+ T lymphocytes 
and limit their production of factors such as IFNγ that in turn 
reinforce classic macrophage polarization, including enhanced 
transcription of CII TA and MHC II (Biswas and Mantovani, 
2010). Our finding that IFNγ-stimulated NFAT5-deficient mac-
rophages, as well as those lacking the NFAT5-regulated Ciita 
peak A enhancer, rapidly down-regulated MHC II after removing 
IFNγ also suggests that NFAT5 would be relevant for sustaining 
MHC II expression in macrophages in inflammatory environ-

ments where stimulatory cytokines delivered locally by T lym-
phocytes might fluctuate.

Our results show that NFAT5 can regulate Ciita transcription 
through a remote enhancer 47 kb upstream of the myeloid Ciita 
promoter I. This remote element exhibited NFAT5-dependent 
active enhancer marks, formed a loop with Ciita promoter I in 
an NFAT5-dependent manner, and its deletion in macrophages 
resembled the effect of reduced CII TA and MHC II expression 
observed in NFAT5-deficient macrophages. Still, differences 
in the expression of CII TA and MHC II were more drastic in 
iBMDM lacking Ciita enhancer than NFAT5-deficient macro-
phages, which could be due to the presence of transcription 
regulators other than NFAT5 that control this enhancer. For 
instance, among other factors that act in myeloid cells, the de-
leted element contains potential binding sites for PU.1 (5′-AGT 
TCC TCTT-3′) or Maf (5′-GGG TGG TGA CAT CGC TGTA-3′) factors, 
which play relevant roles in the control of macrophage en-
hancers (Ghisletti et al., 2010; Soucie et al., 2016). Distal ele-
ments forming intrachromosomal loops with Ciita promoters 
had been found in nonhematopoietic cell lines and B cells. In the 
carcinoma cell lines SW13 and HeLa, IFNγ-induced expression 
of CII TA was boosted by the chromatin remodeler BRG1, which 
facilitated interactions between distal regions and Ciita pro-
moter IV (Ni et al., 2008). In human and mouse B cells, another 
set of distal elements was shown to interact with Ciita promoter 
III (Lohsen et al., 2014), and at least one of them required the 
transcription factor PU.1 to mediate this interaction (Yoon and 
Boss, 2010). None of these elements coincided with the −47-kb 
NFAT5-regulated Ciita enhancer identified in our current study. 
Our characterization in macrophages of an NFAT5-controlled 
Ciita regulatory mechanism different from those described in 
other cell types, together with the finding that NFAT5 was not 
required for CII TA and MHC II expression in DCs and B cells, 
suggests a remarkable diversity in mechanisms regulating 
MHC II expression in different APCs. Because differentiation 
and activation of immune cells is accompanied by extensive 
remodeling of chromatin architecture (Lin et al., 2012; Hakim 
et al., 2013; Bunting et al., 2016), the use of different distal ele-
ments to control cell type–specific Ciita promoters could likely 
be adapted to the chromatin topology of different types of APCs. 
Given that CII TA is critical for MHC II expression, it is tempting 
to speculate that evolution might have favored a diversification 
of strategies for controlling Ciita transcription in different APC 
lineages, so that mutations or dysfunctions that disrupted its 
expression in one type of APC would not affect others. In this 
regard, several questions arise, for instance how different APC 

of BMDM cultures from wild-type and NFAT5-deficient littermate mice. Statistical significance was determined by an unpaired t test. *, P < 0.05; **, P < 0.01. 
(C) Effect of deletion of peak A on CII TA and MHC II expression in iBMDMs. Upper panels show mRNA expression of CII TA, H2-Aa, and H2-Ab in two control 
clones (Ctrl) and two clones with deletion of a 145-bp region in peak A comprising the two consensus NFAT5 binding sites (Δ145), following the CRI SPR-Cas9 
approach described in Fig. S4. Lower panels show the time course of MHC II protein expression analyzed in parallel by flow cytometry. Results shown are from 
one experiment comparing the respective clones in basal conditions, 24 h after IFNγ stimulation, and 6 and 14 d after washing out IFNγ. Reduced expression of 
MHC II expression in Δ145 clones was confirmed in two additional independent flow cytometry analyses (data not shown). (D) Two independent 3C experiments 
(representative of four independently performed experiments) showing the NFAT5-dependent intrachromosomal looping between peak A and Ciita promoter 
I in macrophages, detected by PCR amplification with diagnostic convergent and tandem primers. See Fig. S5 for a diagram of the 3C assay and sequencing 
analysis of the amplified 3C bands. (E) Two independent 3C experiments comparing the formation of intrachromosomal looping between peak A and Ciita 
promoter I in BMDMs (M) and myeloid conventional DCs. The upper panel includes wild-type (W) and NFAT5-deficient DCs (K).
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lineages may acquire specific MHC II expression mechanisms 
during their ontogeny and how they regulate these mecha-
nisms in response to environmental cues and immunological 
challenges. Unveiling the mechanistic basis of these processes 
might contribute to a better understanding of APC functional 
diversity and reveal as-yet-unsuspected pathological conse-
quences of their deregulation.

Materials and methods
Mice
Nfat5+/− heterozygous mice were maintained in a pure 129/sv 
background and were crossed to obtain Nfat5−/− mice and control 
Nfat5+/+ littermates as described previously (López-Rodríguez et 
al., 2004). Nfat5-floxed mice (pure C57BL/6 background) have 
been described previously (Berga-Bolaños et al., 2010). For induc-
ible deletion of NFAT5, Nfat5 floxed mice were crossed with mice 
carrying the Cre recombinase under the control of the Myxovi-
rus resistance-1 (Mx-Cre) gene promoter (Kühn et al., 1995). 
Mx-Cre mice were a gift of M. Schmidt-Supprian (Technische 
Universität München, München, Germany). To induce Mx-Cre 
expression in vivo, Mx-Cre Nfat5fl/fl and control Mx-Cre Nfat5+/+ 
mice were injected intraperitoneally with poly(I):poly(C) (pIC, 15 
mg/kg) three times, every other day. Bone marrow was extracted 
12 d later and cultured to obtain wild-type and NFAT5-deficient 
BMDMs. Mice lacking Nfat5 in myeloid cells were obtained by 
crossing Nfat5-floxed mice with LysM-Cre mice (Clausen et al., 
1999), purchased from the Jackson Laboratory. Mice lacking 
Nfat5 in blood cell lineages were obtained by crossing Nfat5-
floxed mice with Vav-Cre mice (Stadtfeld and Graf, 2005), pro-
vided by T. Graf (Center for Genomic Regulation, Barcelona, 
Spain). OTII mice with a transgenic Vα2Vβ5 TCR specific for 
OVA323−339 peptide epitope in the context of IAb (Barnden et 
al., 1998) were housed at the animal facility of Centro de Investi-
gaciones Biológicas (Madrid, Spain) and used for obtaining MHC 
II-restricted OVA-specific CD4 T lymphocytes. All experiments 
were performed using 6–10-wk-old NFAT5-deficient and control 
littermate mice that were bred and maintained in our animal fa-
cility in specific pathogen–free conditions. Animal handling and 
experiments were in accordance with protocols approved by the 
respective Animal Care and Use Committees of the Barcelona 
Biomedical Research Park (PRBB)/Universitat Pompeu Fabra 
(UPF; Barcelona, Spain) and Centro de Investigaciones Biológi-
cas (for OTII mice) and were performed in accordance with the 
Declaration of Helsinki and the European Communities Council 
Directive (86/609/EEC).

Reagents
pIC was from InvivoGen (tlrl-pic), formaldehyde and glycine 
were from Sigma-Aldrich, LPS was from Sigma-Aldrich (Esch-
erichia coli 055:B5; L2880), and recombinant mouse IFN-γ was 
purchased from ImmunoTools (12343534). Trizma base, glycine, 
EDTA, β-glycerophosphate, PMSF, leupeptin, pepstatin A, apro-
tinin, SDS, and Triton X-100 were from Sigma-Aldrich. Sodium 
fluoride (NaF) was from Merck. CellTracker Green 5-chloro-
methylfluorescein diacetate was from Thermo Fisher Scientific 
(C2925). Polyornithine, Hoechst 33342, β-mercaptoethanol, 

and phalloidin-tetramethyl-rhodamine B isothiocyanate were 
from Sigma-Aldrich.

Cell isolation and culture
BMDMs were generated as previously described (Buxadé et al., 
2012). Briefly, mice were sacrificed and the femoral and tibial 
marrow was flushed from the bones with DMEM supplemented 
with 2  mM glutamine, 50  µM β-mercaptoethanol, and 1  mM 
sodium pyruvate plus penicillin/streptomycin (incomplete me-
dium). Cells were then resuspended in complete DMEM (incom-
plete medium supplemented with 10% heat-inactivated FBS) 
with 25% (vol/vol) L929-conditioned medium (as the source of 
M-CSF) and incubated for 7 d in polystyrene dishes at 37°C in 
5% CO2 atmosphere. Differentiated macrophages were harvested 
with PBS plus 5 mM EDTA by gentle pipetting, washed with PBS, 
and plated in tissue culture plates (2 × 106 cells/3 ml per well). 
iBMDMs have been described (Baroja-Mazo et al., 2014) and were 
provided by P. Pelegrín (Biomedical Research Institute of Mur-
cia, University Clinical Hospital Virgen de la Arrixaca, Murcia, 
Spain). iBMDMs used for CRI SPR-Cas9–mediated gene editing 
were confirmed to be mycoplasma negative and expressed basal 
surface MHC II as well as MHC II and CII TA mRNA levels compa-
rable to fresh BMDM. They were maintained in complete DMEM 
and harvested by vigorous pipetting. BMDCs were obtained by 
culturing bone marrow cell suspensions in GM-CSF–supple-
mented medium for 10 d (Zal et al., 1994). Mature BMDCs were 
induced by stimulating GM-CSF–derived BMDCs with LPS (1 µg/
ml) during the last 48 h of culture. BMDCs were also generated 
by culturing bone marrow cell suspensions with 200 ng/ml Flt3L 
(ImmunoTools; 12343305) for 10 d and sorting them as CD11c+ 
B220− cells. Peritoneal macrophages used for mRNA analysis 
were harvested by two consecutive lavages with 5 ml of ice-cold 
PBS, and then isolated with magnetic beads coated with an-
ti-CD11b antibody (M1/70.15 hybridoma supernatant). Conven-
tional DCs (CD11c+ B220−) and plasmacytoid DCs (CD11c+ B220+) 
used for mRNA or qChIP analysis were obtained from spleens by 
flow cytometry cell sorting excluding dead cells and neutrophils 
(Ly6G+). Thioglycollate-elicited peritoneal macrophages used for 
qChIP were isolated with magnetic beads coated with anti-CD11b 
antibody (M1/70.15 hybridoma supernatant) from peritoneal 
lavages of mice that had been injected with 3% Brewer thiogly-
collate medium (1 ml/mouse) 5 d earlier. B and T lymphocytes 
for mRNA analysis were isolated from spleen cell suspensions 
with magnetic beads coated with anti–mouse Ig and anti-CD4 
antibodies, respectively. Skin macrophages and DCs used for flow 
cytometry analysis were obtained by excising a 2-cm2 piece of 
mouse back skin, mincing it with a scalpel, and digesting it with 
0.5 mg/ml collagenase A (Roche; 10103578001) and 0.01% DNaseI 
(Sigma-Aldrich; D4263-5VL) in complete DMEM medium with-
out β-mercaptoethanol during 1 h at 37°C with rotation. Samples 
were then filtered through a 70-µm cell strainer, and the filter 
was washed with 20 ml of DMEM. Filtered cells were then cen-
trifuged for 8 min at 1,200 rpm (330 g), and pellets were resus-
pended in 200 µl of PBS containing 10% FBS and 0.1% sodium 
azide. Cells were then analyzed by flow cytometry to determine 
the percentage of MHC II+ cells in skin macrophages (CD11b+ 
F4/80+) and DCs (CD11b+ CD11c+).
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mRNA analysis by RT-qPCR
Total RNA was isolated using the High Pure RNA Isolation kit 
(Roche; 11828665001) and quantified in a NanoDrop spectropho-
tometer (ND-1000). Typically, between 0.5 and 1 µg total RNA for 
BMDMs or 50–100 ng for peritoneal macrophages was retrotran-
scribed to cDNA using Transcriptor First Strand cDNA Synthesis 
Kit reverse transcription system (Roche; 04897030001). For RT-
qPCR, LightCycler 480 SYBR Green I Master (Roche; 4887352001), 
LightCycler 480 Multiwell Plate (Roche; 04729749001), and 
the LightCycler 480 Real-Time PCR System (Roche) were used 
according to the instructions provided by the manufacturer. 
Samples were normalized to L32 ribosomal protein mRNA lev-
els using LightCycler software, version 1.5. Primers used for RT-
qPCR analysis are listed in Table S2.

Flow cytometry
Macrophage and DC suspensions were blocked for 20 min in 
PBS containing 10% FBS, 0.1% sodium azide, and an antibody to 
Fcγ receptors CD16/CD32 (1 µg antibody/106 cells; eBioscience; 
14-0161). Cells were then incubated with fluorochrome-labeled 
isotype control antibodies or surface marker–specific antibodies 
(1 µg antibody/106 cells) and analyzed with FAC SCalibur or LSR II 
flow cytometers and FAC SDiva software (BD Biosciences). Flow 
cytometry analysis of CD69 induction during T cell activation by 
peptide-loaded macrophages was done as described (Riol-Blanco 
et al., 2009) using a Coulter Epics XL cytofluorometer with CXP 
Analysis software (Beckman Coulter). The following antibodies 
were used: FITC anti-mouse CD11b (clone M1/70, eBioscience; 
11-0112-85); APC–eFluor 480 anti-mouse F4/80 (clone BM8, 
eBioscience; 47-4801-80); PE anti-mouse MHC II (I-A/I-E; clone 
M5/114.15.2, eBioscience; 12-5321-82); APC anti-mouse MHC II 
(I-A/I-E; clone M5/114.15.2, eBioscience; 17-5321); PE anti-mouse 
MHCI (28-14-8, eBioscience; 12-5999-82); FITC anti-mouse CD11c 
(N418, eBioscience; 11-0114-81); PE anti-mouse B220 (RA3-6B2, 
eBioscience; 12-0452-83); PE/Cy7 anti-mouse Ly6G (1A8, Bio-
Legend; 127618); PE/Cy7 anti-mouse CD3ε (clone 145-2C11, Bio-
Legend; 100320); PE-Cyanine5 anti-mouse CD4 (clone RM4-5, 
eBioscience; 15-0042-83); APC-Cy7 anti-mouse CD8a (clone 53-
6.7, BD PharMingen; 561967); PE anti-mouse CD44 (clone IM7, 
eBioscience; 12-0441-83); APC anti-mouse CD62L (clone MEL-14, 
BD PharMingen; 553152); FITC anti-mouse CD25 (clone 7D4, BD 
PharMingen; 553072); PE anti-mouse CD69 (clone H1.2F3, eBio-
science; 12-0691-82); and FITC anti-mouse CD69 (clone H1.2F3, 
BioLegend; 104505).

Western blot
Conjugates of OTII CD4 T cells and BMDMs were solubilized by 
boiling in SDS sample buffer (100 mM Tris HCl, pH 6.8, 0.05 mM 
sodium orthovanadate, 0.5 mM EDTA, 3% SDS, 1 mM EDTA, 2% 
β-mercaptoethanol, and 5% glycerol). After extraction, samples 
were separated by SDS-PAGE and electrotransferred to nitrocel-
lulose membranes. After blocking with 5% nonfat milk in TBS, 
membranes were incubated with primary antibodies diluted in 
TBS plus 0.05% Tween 20 solution and 5% BSA. Subsequently, 
the membranes were incubated with suitable peroxidase-con-
jugated secondary antibodies (Santa Cruz Biotechnology), and 
immunoreactive bands were visualized using enhanced chemi-

luminescence reagents (Pierce). Anti-phospho-PKCθ (Thr538; 
Santa Cruz Biotechnology; sc-33885) and anti–α-tubulin (H-300, 
Santa Cruz Biotechnology; sc5546) antibodies were used. PKCθ 
is expressed in T lymphocytes but not in BMDMs (unpublished 
data; https:// www .immgen .org/ ). The intensity of the immuno-
blot bands was quantified by densitometry using Multi Gauge 
software (Fujifilm).

Mixed leukocyte reaction
Wild-type and NFAT5-deficient 129/sv BMDMs (H-2Db) were 
seeded in 48-well plates (0.5 × 106 cells/well) before adding 
allogeneic CD4+ T cells from Balb/c mice (H-2Dd). T cells were 
isolated from the spleen and peripheral lymph nodes by posi-
tive selection using Dynabeads Mouse CD4 (Invitrogen; 114.45D) 
and DET ACHaBEAD Mouse CD4 (Invitrogen; 124.06D) according 
to the manufacturer’s instructions. CD4+ T cells were added to 
the BMDM cultures in a 1:1 ratio. IL-2 production was measured 
in 72-h culture supernatants (eBioscience; BMS820FFSA), and 
T cell activation was analyzed after 48 and 72 h of coculture by 
flow cytometry using anti-CD4, anti-CD69, and anti-CD25 fluo-
rescently labeled antibodies.

MHC II-restricted activation of OTII CD4 T lymphocytes and 
analysis of immunological synapses
CD4 OTII TCR transgenic CD4 T lymphocytes were obtained from 
spleens of 8-wk-old mice by negative immunomagnetic cell sort-
ing (Miltenyi; 130-104-454), and immunological synapses were 
analyzed as previously described (Riol-Blanco et al., 2009). Briefly, 
wild-type or NFAT5-deficient BMDMs were first incubated for 30 
min with 10 µg/ml OVA323-339-peptide (ISQ AVH AAH AEI NEA GR, 
GenScript; RP10610) in serum-free RPMI. Subsequently, OVA-pep-
tide–loaded BMDMs and OTII CD4 T cells were mixed (ratio of 
1 BMDM to 5 CD4 T cells) in RPMI supplemented with 10% FCS 
(complete medium). The conjugates were spun (50 g, 5 min) in a 
conical tube, maintained in complete medium at 37°C in 5% CO2 
atmosphere for the times indicated in the legend of Fig. 2 F, and an-
alyzed by Western blot for phospho-PKCθ (Thr538) induction (30 
min after conjugate formation), flow cytometry for CD69 expres-
sion (14 h after conjugate formation), and confocal microscopy 
for synapse formation (18 h after conjugate formation). Confocal 
microscopy analysis of synapses was done as previously described 
(Riol-Blanco et al., 2009). Briefly, CD4 T cells were labeled for 30 
min at 37°C with the fluorescent cell tracker 5-chloromethylfluo-
rescein diacetate (5 µM) in 0.1% BSA in PBS and then extensively 
washed in PBS. Conjugates of 5-chloromethylfluorescein diace-
tate–labeled CD4 T cells and BMDM were fixed in 4% parafor-
maldehyde in PBS (15 min at room temperature) and then plated 
for 30 min onto coverslips coated with polyornithine (20 µg/ml). 
Subsequently, conjugates were permeabilized with 0.2% Triton 
X-100 (10 min at room temperature). Cells were first treated with 
0.1% BSA (15 min) to block unspecific binding and then stained 
with phalloidin-tetramethylrhodamine and Hoechst 33342. Be-
fore mounting, samples were extensively washed with PBS and 
distilled water. Coverslips were mounted in fluorescent mounting 
medium, and representative fields were photographed through 
an oil-immersion lens. Laser-scanning confocal microscopy was 
performed with argon and helium/neon laser beams attached to 

https://www.immgen.org/
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an Ultra-spectral Leica TCS-SP2-AOBS inverted epifluorescence 
microscope using oil-immersion objectives. Image analysis was 
performed using Photoshop 7.0 (Adobe Systems) and Image soft-
ware (Sánchez-Sánchez et al., 2004). For statistical analysis, 
50–100 single and synapse-forming BMDMs were examined.

Mouse skin transplantation
The method used for full-thickness skin grafting was adapted 
from McKay et al. (2006) and Rosenberg (2001) and approved 
by the institutional Animal Ethical Committee (PRBB/UPF An-
imal Care and Use Committee). Donor and recipient mice were 
shaved the day before transplant. For this, the anterior part of 
the back was first shaved with a battery-operated razor and 
then chemically depilated with shaving cream (Vichy) to ensure 
complete hair removal. The day of transplantation, the donor 
tissue was first harvested from CO2-euthanized mice. The skin 
was sampled from the depilated dorsal part of the mouse using 
a 1.5-cm-diameter biopsy punch. The tissue with epidermis and 
dermis was placed in PBS until grafting to recipient mice. The 
recipient mouse was anesthetized with isoflurane, and a skin 
disc of the same size as the graft was surgically removed with 
the biopsy punch. The donor skin was then placed over the graft 
bed and secured in place with 6/0 silk sutures. The skin graft was 
covered with sterile Vaseline-impregnated gauze, and the recip-
ient mouse was wrapped in a sterile bandage fixed with 4/0 silk 
sutures to avoid premature removal while allowing limb motion 
and ambulation. Transplanted animals were individually placed 
in clean cages under a heating lamp until they recovered from 
the anesthesia. 7 d after transplant, the bandage was carefully 
removed, and grafts were monitored daily for signs of rejection. 
Complete rejection was determined by necrosis affecting ≥90% 
of the graft. Histopathology analysis of skin grafts was done be-
tween days 8 and 11 after transplant. Briefly, tissue samples from 
euthanized mice were fixed overnight in 10% neutral buffered 
formalin, embedded in paraffin, sectioned in 3-µm-thick slabs, 
and dried. Slides were dewaxed and rehydrated through suc-
cessive washes in graded ethanol to water before staining with 
hematoxylin and eosin. Microphotographs were taken with an 
Olympus DP73 digital camera. Assessment of naive and effec-
tor T lymphocytes in transplanted animals was done on the day 
when clear rejection of male Nfat5+/+ LysM-Cre skin grafts was 
observed, which ranged from day 12 to 16. Mice were sacrificed, 
their spleens were removed, and splenocytes were isolated after 
red blood cell lysis with ACK lysing buffer (Lonza; 10-548E). T 
lymphocytes were analyzed by flow cytometry using PE/Cy7 an-
ti-CD3ε and APC-Cy7 anti-CD8a or PE-Cyanine5 anti-CD4 anti-
bodies for gating CD8+ and CD4+ T lymphocytes, respectively. PE 
anti-CD44 and APC anti-CD62L antibodies were used to identify 
naive (CD62L+ CD44−) or effector (CD62L− CD44+) T cells.

Microarray analysis
Published microarray data of differential gene expression in wild-
type and NFAT5-deficient BMDMs (Buxadé et al., 2012), with 
Gene Expression Omnibus (GEO) accession number GSE26343, 
were used for identifying NFAT5-regulated MHC-related genes 
as well as genes encoding for surface receptors and adhesion mol-
ecules mediating macrophage–T lymphocyte interactions.

qChIP
BMDMs cultured in 15-cm-diameter polystyrene dishes (18–20 
× 106 cells), either left untreated or stimulated with IFNγ if in-
dicated, were fixed with 0.75% formaldehyde for 10 min at room 
temperature. Formaldehyde was then quenched with glycine 
(final concentration 0.26 M) for 5 min. After the plates were 
washed twice with cold PBS, cells were collected with cell scrap-
ers and lysed in 0.5 ml lysis buffer (1% SDS, 10 mM EDTA, 50 mM 
Tris-HCl, pH 8, 1 mM PMSF, 5 µg/ml leupeptin/aprotinin, 1 µg/
ml pepstatin A, 10 mM NaF, 10 mM sodium orthovanadate, and 
10 mM β-glycerophosphate) for 30 min rotating at room tem-
perature. Lysates were sonicated using the Bioruptor sonication 
system (Diagenode; Bioruptor UCD-200TM-EX). Each sample 
was divided in 2 × 1.5-ml tubes containing 250  µl lysate and 
sonicated for six cycles (30 s ON/OFF) at the high power setting 
to obtain DNA fragments between 500 and 1,000 bp. After son-
ication, samples were centrifuged to remove insoluble debris, 
supernatants were collected, and 5% of each sample was sepa-
rated to use as a measure of chromatin input for normalization. 
The rest of the sample was diluted 1/10 in ChIP dilution buffer 
(1% Triton X-100, 20 mM Tris-HCl, pH 8, 2 mM EDTA, 150 mM 
NaCl, 1 mM PMSF, 5 µg/ml leupeptin, 5 µg/ml aprotinin, 1 µg/
ml pepstatin A, 10 mM NaF, 10 mM sodium orthovanadate, and 
10 mM β-glycerophosphate) for immunoprecipitation. Samples 
were precleared with protein A Sepharose beads (GE Healthcare; 
17-0780-01) that were previously preadsorbed with fish sperm 
DNA (Roche; 11 467 140 001) and BSA (New England Biolabs; 
B9001S) for 1 h at 4°C. Specific antibodies were added to the ly-
sates after removing the preclearing beads and incubated over-
night at 4°C. Preadsorbed protein A Sepharose beads were then 
added, incubated for 1 h at 4°C, and washed three times with 
ChIP washing buffer (0.1% SDS, 1% Triton X-100, 20 mM Tris-
HCl, pH 8, 2 mM EDTA, and 150 mM NaCl) and once with final 
washing buffer (0.1% SDS, 1% Triton X-100, 20 mM Tris-HCl, pH 
8, 2 mM EDTA, and 500 mM NaCl). To elute the DNA, beads were 
incubated with elution buffer (1% SDS and 100 mM NaHCO3) 
for 15 min at room temperature. To reverse the cross-linking, 
samples were incubated overnight at 65°C with 5 ng/µl RNase 
(Roche; 11 119 915 001), and DNA was purified using the Qiagen 
PCR purification system. Antibodies used for ChIP were as fol-
lows: for NFAT5, a mixture of two rabbit polyclonal antibodies 
to the amino-terminal or DNA binding domain regions (Lopez-
Rodríguez et al., 1999) was used, and preimmune serum served 
as control; for RNA Pol-II, anti-RNA polymerase II CTD repeat 
YSP TSPS antibody (Abcam; ab817) was used and a normal mouse 
IgG (Santa Cruz; sc-2025) included as a control; for RNA Pol-II 
Ser2, anti-RNA polymerase II CTD repeat YSP TSPS (phospho  
S2) antibody (Abcam; ab5095) and a normal rabbit IgG (Santa 
Cruz; sc-2027) were used. For histone modifications, anti-his-
tone H3 monomethyl K4 antibody (Abcam; ab8895), anti-histone 
H3 trimethyl K4 antibody (Abcam; ab8580), and anti-histone H3 
acetyl K27 antibody (Abcam; ab4729) were used, with a normal 
rabbit IgG (Santa Cruz; sc-2027) included as a control. Immu-
noprecipitated chromatins and their respective inputs were 
analyzed by RT-qPCR using the primers listed in Table S2. Im-
munoprecipitated DNA from each sample was normalized to its 
respective chromatin input.
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Ultrasequencing of immunoprecipitated chromatin (ChIP-seq)
Lysates from formaldehyde-fixed wild-type and NFAT5-defi-
cient BMDMs (fourteen 15-cm-diameter polystyrene dishes with 
18–20 × 106 cells per plate) were obtained as described above for 
ChIP assays, except that sonication used two rounds of 10 cycles 
(30 s ON/OFF) at high power setting to obtain DNA fragments 
of 200–300 bp. After sonication, samples were centrifuged for 5 
min at 13,000 rpm (15,700 g) at room temperature, and superna-
tants were collected together. Chromatin aliquots from the wild-
type and NFAT5-deficient BMDM samples were separated to use 
as a measure of chromatin input. 900 µg sonicated chromatin 
from each genotype was diluted 1/10 in the same ChIP dilution 
buffer used above for conventional ChIP and precleared with 
200 µl protein A agarose beads (Diagenode; kch-503-008) pre-
viously preadsorbed with BSA (Diagenode blocker for ChIP-Ab 
binding beads; kch-bloCKR-200) for 1 h at 4°C. For NFAT5 im-
munoprecipitation, a mixture of two rabbit polyclonal antibodies 
specific for NFAT5 amino-terminal or DNA binding domain re-
gions (Lopez-Rodríguez et al., 1999) was added to the precleared 
lysates and incubated overnight at 4°C. Preadsorbed protein A 
agarose beads were added, incubated for 1 h at 4°C, and washed 
three times with ChIP washing buffer and once with final wash-
ing buffer. To elute the DNA, beads were incubated with elution 
buffer (1% SDS and 100 mM NaHCO3) for 15 min at room tem-
perature. To reverse the cross-linking, samples were incubated 
with 5 ng/µl RNase (Roche) for 1 h at 37°C and 350 µg/ml pro-
teinase K (Roche; 03115801001) for 2 h at 56°C and were left over-
night at 65°C. Samples were purified by phenol extraction using 
the Phase Lock Gel system (5 Prime; 2302810). Finally, samples 
were resuspended in 30 µl Qiagen PCR purification elution buffer 
and quantified using PicoGreen and a Qubit fluorometer (Invi-
trogen). 20 ng of each sample was sequenced with an Illumina 
Genome Analyzer II platform (Illumina) at the Genomics Core 
Facility of the Center for Genomic Regulation (Barcelona, Spain). 
For sequencing, libraries were prepared using the NEBNext Ultra 
DNA Library Prep Kit for Illumina (New England Biolabs; E7370) 
according to the manufacturer’s protocol from 5–10 ng starting 
material. Final libraries were analyzed using the Agilent Bioan-
alyzer with a DNA High Sensitivity chip to estimate the quantity 
and check size distribution and were then quantified by qPCR 
using the KAPA Library Quantification Kit (KapaBiosystems; 
KK4835) before sequencing with Illumina TruSeq v3 chemistry 
on a HiSeq 2000. Reads produced by the ChIP-seq experiment 
GSE107948 were mapped using Bowtie aligner (v.0.12.7) to the 
reference genome NCB IM37.57 (mm9) with the option --best. 
Peaks were called by using MACS v.1.3.7.1 without creating the 
model and using the NFAT5-deficient macrophage sample (KO) 
as control. No input tracks were sequenced in the GSE107948 
experiment. Reads from the second experiment, GSE107950, 
which included sequencing of the input DNA, were aligned using 
Bowtie2 (v.2.2.8) to the reference mm10 and fed to MACS (v.1.4.1) 
for peak calling again without building the model. Profiles were 
then created as bedgraph format by using BEDTools (v.2.25.0). 
The FastQC tool was used to check read quality. ENS EMBL anno-
tation (versions 63 and 75) was used to annotate the peaks and 
detect the closest transcription start site (TSS). ChIP-seq signals 
around TSSs were calculated using BEDTools over TSS overlap-

ping peaks and normalizing the coverage for the total number of 
mapped reads. After MACS analysis for peak calling, peak A in 
the first experiment (GSE107948) did not achieve a significant 
enrichment in wild-type macrophages, whereas in the second ex-
periment (GSE107950), it showed a statistically significant value 
(−LOG10 [q value] = 19.116; q value = 7.66 × 10−20) in wild-type 
macrophages. Two independent experiments were performed 
and analyzed, and their respective GEO accession numbers are 
GSE107948 and GSE107950.

3C analysis
BMDMs cultured in 15-cm-diameter polystyrene dishes (18–20 
× 106 cells) were fixed with 1% formaldehyde for 10 min at room 
temperature. Formaldehyde was then quenched with glycine 
(final concentration 0.125 M) for 5 min at room temperature. 
After 15 min on ice, plates were washed with cold PBS, and cells 
were collected with cell scrapers and 0.5 ml fresh lysis buffer 
(10 mM Tris HCl, pH 8, 10 mM NaCl, 0.2% NP-40, 1 mM PMSF, 
5 µg/ml leupeptin/aprotinin, 1 µg/ml pepstatin A, 10 mM NaF, 
10 mM sodium orthovanadate, and 10 mM β-glycerophosphate). 
Cells were then lysed on ice with a pestle B dounce homogenizer 
(15 strokes followed by 1 min on ice, repeated 15 times). After 30 
min on ice, cell lysates were centrifuged for 5 min at 2,500 g at 
room temperature, and the supernatant was discarded. The pel-
let was washed twice with 500 µl of 1× restriction enzyme buffer 
and split into two 1.5-ml tubes with 362 µl per tube to separate 
“digested-not-ligated” and “digested-and-ligated” samples. Next, 
38 µl of 1% SDS was added to each sample, heated at 65°C for 10 
min, and digested overnight at 37°C with 400 U AflII restriction 
enzyme (New England Biolabs; R0520). After the first digestion, 
fresh AflII (200 U) was added and incubated for an additional 2 h. 
Finally, the enzyme was inactivated by adding 86 µl of 10% SDS 
and heating at 65°C for 30 min. Samples were then transferred 
to a 15-ml tube and ligated as follows: first, 745 µl of 10% Triton 
X-100 and 745 µl of 10× ligation buffer (500 mM Tris HCl, pH 
7.5, 100 mM MgCl2, and 100 mM dithiothreitol) were added, and 
samples were incubated at 37°C for 30 min; then 80 µl of 10 mg/
ml BSA, 80 µl of 100 mM ATP, 5,960 µl of milliQ H2O, and 4,000 
units of T4 ligase (Thermo Fisher Scientific; EL0013) were added 
and incubated at 16°C for 4–5  h. After ligation, samples were 
treated with 37 µl of 22 mg/ml proteinase K (Roche) overnight 
at 65°C and purified by phenol/chloroform extraction. Samples 
were then treated with 1 µl of 10 mg/ml RNase A for 15 min at 
37°C, and phenol extraction was repeated. Purified DNA was re-
suspended in 75 µl Qiagen PCR purification elution buffer and 
stored at −20°C or directly analyzed by PCR using the primers 
listed in Table S2. PCR products were run in 2% agarose gels, and 
Sanger sequencing was performed on purified bands from the gel 
(Genomics Facility, UPF).

CRI SPR-Cas9 gene editing
A 145-bp region between positions 10,433,585 and 10,433,748 of 
mouse chromosome 16 (Chr 16 [qA1], UCSC Genome Browser; 
GRCm38/mm10), comprising two putative NFAT5 binding sites 
in peak A Ciita enhancer (described in this paper), was chosen 
for CRI SPR-Cas9–mediated gene editing (illustrated in the sche-
matic diagram of Fig. S4 A). Complementary DNA sequences for 
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two 19-nucleotide gRNAs flanking the target region were sub-
cloned in the CRI SPR-Cas9 vector pSpCas9 (BB)-2A-GFP (PX458; 
Addgene; 48138). The resulting vector was introduced in iBMDM 
by electroporation (5 µg plasmid/10 × 106 cells in 0.4-cm gap cu-
vettes (Bio-Rad) at 320 V, 975 µF in a Bio-Rad Gene Pulser, and 
24  h later, cells were sorted by flow cytometry based on GFP 
expression. Sorted cells were plated (5 cells/well) in 96-well 
round-bottom tissue culture plates, expanded, and cloned by lim-
iting dilution to obtain individual iBMDM cell lines with either 
an intact peak A or a deletion (Δ145 peak A). Deletion of peak A 
was confirmed by PCR analysis of genomic DNA with diagnostic 
primers. gRNA sequences and diagnostic primers for deletion 
analysis are listed in Table S2.

Statistical analysis
All data are presented as mean ± SEM. Data were analyzed with 
GraphPad Prism 6 software. Normality (Gaussian distribution) of 
samples was determined by a D’Agostino–Pearson normality test 
before calculating statistical significance with an unpaired t test 
(for sets of samples with a Gaussian distribution) or Mann–Whit-
ney test (samples with a non-Gaussian distribution). A one-sam-
ple t test was used when samples were compared with a reference 
control sample (set to an arbitrary value of 1). Specific statistics 
analyses, number of samples, and independent experiments 
done are indicated in each respective figure legend.

Accession numbers
ChIP-sequencing raw data of this study has been deposited 
under a controlled data access at the GEO, accession numbers 
GSE107948 and GSE107950.

Online supplemental material
Fig. S1 (related to Fig. 1) includes the expression of MHC II-related 
genes in NFAT5-deficient DCs and B and T lymphocytes. Fig. S2 
(related to Fig. 3) shows a diagram of the skin graft assays, rep-
resentative examples of graft progression, and the analysis of the 
activation of spleen CD4+ T cells from all experimental groups by 
the time of rejection. Fig. S3 (related to Fig. 4) illustrates the po-
tential NFAT5 binding sites in the promoters of Ciita, H2-A2, and 
H2-Ab and also shows the results obtained in the ChIP-seq analy-
sis in the MHC II locus. Fig. S4 (related to Fig. 5) shows the strat-
egy used for the CRI SPR-Cas9–induced deletion and the primers 
used for screening the clones obtained. It also includes the PCR 
results obtained with the diagnostic primers. Fig. S5 (related to 
Fig. 5) illustrates the 3C assay and the result obtained by sequenc-
ing the AflII-cut and ligated products comprising the myeloid 
promoter of Ciita and peak A. Table S1 (related to Fig. 1) shows 
the expression of genes encoding for molecules involved in the 
activation and communication between innate immune cells and 
T lymphocytes in NFAT5-deficient and control BMDMs. Table S2 
lists the sequences of all primers used in this study classified by 
different technical approaches.
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Figure S1. Expression of MHC II-related genes in NFAT5-deficient DCs and B and T lymphocytes. (A) CII TA and MHC II mRNA expression in wild-type 
and NFAT5-deficient BMDCs with GM-CSF or Flt3L. Immature BMDCs were derived by culture with GM-CSF, and mature BMDCs were induced from imma-
ture cells by treatment with LPS. Results are the mean ± SEM of three independent experiments for GM-CSF–induced BMDCs and another three for Flt3L-in-
duced cells, each comparing one wild-type and one NFAT5-deficient littermate. ***, P < 0.001. (B) MHC II surface expression in conventional myeloid DCs 
(cDCs) isolated from spleens of mice lacking NFAT5 in hematopoietic lineages (Nfat5fl/fl Vav-Cre) and control mice (Nfat5+/+ Vav-Cre). Results from three mice 
of each genotype are shown. (C) Sorting strategy and analysis of CII TA and MHC II mRNA levels in cDCs and plasmacytoid DCs (pDCs) isolated from the spleen 
of mice lacking NFAT5 in blood lineages (Nfat5fl/fl Vav-Cre) and control mice (Nfat5+/+ Vav-Cre). mRNA analysis (mean ± SEM) shows the result of three inde-
pendent sorting experiments, each comprising one wild-type mouse and one Nfat5fl/fl Vav-Cre littermate. (D) CII TA and MHC II mRNA expression in splenic 
B and CD4+ T lymphocytes (T) from Nfat5fl/fl Mx-Cre and control mice. Results are the mean ± SEM of three independent experiments, each comparing B and 
T lymphocytes from one NFAT5-deficient mouse and one wild-type littermate. Data for each respective mRNA in A and B are shown normalized to wild-type 
cells, which were a given a value of 1. Statistical significance was determined with a one-sample t test.
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Figure S2. Rejection of myeloid-specific NFAT5-deficient skin transplants. (A) Diagram of the skin transplant approach. (B) Pictures show the time 
course (between days 10 and 17 after transplant) of skin rejection in female recipient mice transplanted with skin of female wild-type, male Nfat5+/+ Ly-
sM-Cre, or Nfat5fl/fl LysM-Cre donors. Survival data for skin grafts of each mouse genotype are shown in Fig. 3 B. (C) Proportion of naive and effector CD4+ T 
cells in the spleen of transplanted mice. CD4+ T cells were analyzed in five independent transplant experiments, each of them including skin from Nfat5+/+ 
LysM-Cre male (wild-type) and Nfat5fl/fl LysM-Cre male donors transplanted in female recipients and a control transplant of wild-type female skin to female 
recipient, as shown in Fig. 3 C. Each group of recipient mice was sacrificed on the day when clear rejection was observed for the wild-type skin graft (between 
days 12 and 16 after transplant). Results in the graphics are the mean ± SEM. Statistical significance was determined by a Mann–Whitney test. *, P < 0.05.
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Figure S3. Potential NFAT5 binding sites in the promoters of Ciita and MHC II genes and NFAT5 ChIP-seq analysis in the MHC II locus region. (A) 
Diagram illustrating the presence of potential NFAT5 consensus binding sites ([A/T]GGA AA) in promoter regions of Ciita and MHC II genes H2-Aa and H2-Ab. 
Exon 1 of each gene is depicted. Sequences were obtained from Ensembl (NM_001243760.2 for Ciita, ENS MUST00000040655.12 for H2-Aa, and ENS 
MUST00000040828.5 for H2-Ab). Red arrows indicate the positions of primers used to amplify the immunoprecipitated chromatin in Fig. 4 A. (B) ChIP-seq 
analysis of NFAT5 binding to the MHC II locus region in wild-type and NFAT5-deficient BMDMs. Graphics correspond to the two independent ChIP-seq exper-
iments shown in Fig. 4 B. The bottom panel includes the density of sequencing reads for whole chromatin (peaks in purple) before ChIP with anti-NFAT5 
antibodies (green peaks). These experiments show no evident binding of NFAT5 in the chromatin regions analyzed. The accession numbers for these datasets 
are GSE107948 (upper panel) and GSE107950 (lower panel).
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Figure S4. CRI SPR-Cas9 gene editing strategy for deletion of peak A in the distal Ciita enhancer. (A) DNA sequence of the region comprising peak A is 
shown with the positions of gRNA1 and gRNA2 used for CRI SPR-Cas9–mediated deletion of a 145-bp region in Ciita peak A and the primers used to screen 
iBMDM clones. NFAT5 consensus binding sites are shown in capital letters, and boxed sequences mark the expected cut sites. (B) Table indicating the pre-
dicted length of PCR products amplified from genomic DNA of control clones and clones with a deletion of peak A (Δ145) with the sets of diagnostic primers 
indicated in A. (C) PCR analysis with diagnostic primers in the parental iBMDMs, control clones (Ctrl), and Δ145 clones (Δ145).
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Figure S5. 3C assay between peak A and promoter I. (A and B) Schematic diagram of the 3C assay. In A, genomic regions I and II (such as peak A enhancer 
and Ciita promoter I) are brought together in vivo by the action of chromatin regulators or transcription factors, such as NFAT5. Upon cross-linking, digestion 
with a specific restriction enzyme (in this case AflII, indicated by small triangles), and ligation, they will yield a mixture of ligated products, some of which 
would occur only if regions I and II were initially juxtaposed (represented in the boxes). These can be identified by PCR with diagnostic convergent or tandem 
primers and confirmed by sequencing. In B, regions I and II are not interacting, and the 3C assay will not produce ligated products amplifiable with the diag-
nostic primers. (C) Comparison of the predicted sequence of the expected 3C product and the sequence of the PCR products obtained with convergent or 
tandem primers in the 3C assay shown in Fig. 5 D with wild-type BMDMs. Sequences of 3C products with both forward and reverse primers show extensive 
alignment with peak A (blue overlay) and Ciita promoter I (yellow overlay) regions, respectively upstream and downstream of the AflII site (marked in red 
underlined). Positions of forward and reverse sequencing primers are indicated with arrows.
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Table S1. Microarray analysis of mRNA expression of histocompatibility and T cell costimulation genes in wild-type and NFAT5-deficient BMDMs

Gene name Fold change P value Adjusted P value

MHC II-related

Ciita 0.272 0.000004 0.0100

Cd74 0.386 0.000010 0.0180

H2-Aa 0.206 0.000004 0.0104

H2-Ab1 0.285 0.000007 0.0138

H2-Eb1 0.244 0.000016 0.0247

H2-DMa 0.324 0.000101 0.0909

H2-DMb1/2 0.448 0.000511 0.2141

H2-Eb2 0.921 0.458000 0.9993

Btn2a2 1.103 0.317000 0.9993

Creb1 0.982 0.836000 0.9993

Nfya 1.118 0.241000 0.9993

Nfyb 0.833 0.082000 0.9993

Nfyc 0.909 0.282000 0.9993

Rfx1 0.986 0.884000 0.9993

Rfx2 0.942 0.425000 0.9993

Rfx3 0.947 0.678000 0.9993

Rfx4 0.980 0.823000 0.9993

Rfx5 0.931 0.553000 0.9993

Rfx6 1.031 0.787000 0.9993

Rfx7 0.804 0.203100 0.9993

Rfx8 1.011 0.926000 0.9993

Rfxap 0.972 0.629000 0.9993

Rfxank/Nr2c2ap 0.860 0.185000 0.9993

T cell costimulation

Itgal (CD11a) 0.862 0.333000 0.9993

Itgb2 (CD18) 0.902 0.150000 0.9993

Icam1 0.988 0.916000 0.9993

Icam2 0.984 0.817000 0.9993

Cd40 0.725 0.005820 0.6438

Cd80 (B7.1) 0.836 0.274000 0.9993

Gene name Fold change P value Adjusted P value

Cd86 (B7.2) 0.799 0.217000 0.9993

MHCI-related

B2m 0.892 0.101000 0.9993

H2-D1 0.930 0.340000 0.9993

H2-K1 0.744 0.002940 0.5052

H2-M1 0.906 0.200000 0.9993

H2-M10.1 0.976 0.753000 0.9993

H2-M10.2 0.945 0.565000 0.9993

H2-M10.3 0.937 0.548000 0.9993

H2-M10.4 0.942 0.751000 0.9993

H2-M10.5 0.964 0.704000 0.9993

H2-M10.6 0.963 0.640000 0.9993

H2-M11 0.867 0.080300 0.9993

H2-M2 0.835 0.196000 0.9993

H2-M3 0.657 0.000645 0.2517

H2-M5 0.914 0.203000 0.9993

H2-M9 0.966 0.666000 0.9993

H2-Q1 0.927 0.340000 0.9993

H2-Q10 0.975 0.760000 0.9993

H2-Q2 0.921 0.517000 0.9993

H2-Q5 0.655 0.047800 0.9993

H2-Q6 0.811 0.029000 0.9993

H2-Q8 0.736 0.023600 0.9912

H2-T10 0.696 0.015100 0.8701

H2-T23 0.714 0.010600 0.7926

H2-T24 0.458 0.001340 0.3670

H2-T3 0.898 0.290000 0.9993

H2-T9 0.802 0.092600 0.9993

Tap1 0.529 0.000526 0.2175

Tap2 0.792 0.013300 0.8454

Tapbp 0.784 0.048200 0.9993

Results correspond to four independent macrophage samples of each mouse genotype. Genes marked in bold showed reduced expression in NFAT5-
deficient macrophages. The accession number for this set of data is GSE26343.
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Table S2. Primers used

Gene, gene region, primer, gRNA sequence, 
or diagnostic primer Forward (5′–3′) Reverse (5′–3′)

mRNA analysis by RT-qPCR (gene)

Nfat5 CAG CCA AAA GGG AAC TGG AG GAA AGC CTT GCT GTG TTC TG

Ciita AGG CCT ATG CCA ACA TTG CG CCA TAG CAT GCT CTT CCG GG

Ciita Exons 16-18 TGC GTG TGA TGG ATG TCC AG CCA AAG GGG ATA GTG GGT GTC

Ciita-pI ACA GGG ACC ATG GAG ACC ATAG GGG TCG GCA TCA CTG TTA AGG

Ciita-pIII GCC GGA GTT GCA AGA CCA TAG GGG TCG GCA TCA CTG TTA AGG

Ciita-pIV GAG ACT GCA TGC AGG CAG CAC GGG TCG GCA TCA CTG TTA AGG

Cd74 TTG CTG ATG CGT CCA ATG TC GGG TCA TGT TGC CGT ACT TG

H2-Aa AGG TGA AGA CGA CAT TGA GG AAC TCA GGA AGC ATC CAG AC

H2-Ab CCA TTA CCT GTG CCT TAG AG GAA CTG GTA CAC GAA ATG CC

H2-DMb1 AGC CTT CTC CAG CGT TTGC TTT GGG CTA CTC GGA CAG ATG

H2-K1 CGC TGA TCA CCA AAC ACA AGTG CAG CAC CTC AGG GTG ACT TTA TC

CREB1 TCA AGC CCA GCC ACA GAT TG ATT GGG CAG CTG CAC TAA GG

NF-YA AAG TCC AGA CCC TCC AGG TAG GGC ACA GCC TGT ACC ATG ATG

Rfx5 GCA GAG CGT CTA TGA TGC CTA TC GCC TTG ATG TCA GGG AAG ATC TC

Nubp1 CGT TGG GAA AAG CAC GTT CAG TGG CCC ACA GAT ATC GAT GTC

Tvp23a AGC CAG AAA GGT CTC TGC AAAC CAG ATC ACT GGG CAG ATG ATG AG

ChIP (gene region)

H2-Aa promoter AGG TGG ATC ATC TCA CAA TTT GG GCT TGC ATG CAT CAT GAG TTA GC

H2-Ab promoter AGG CAG AGG CTG CAG ATT ATTG AGC AGA CAA ACA TGG CCA TTC

Ciita promoter I CTG CAC CGG AAT GAG GAA AC AGC CTT GCA GCA TCC AAA AC

Ciita peak A GGT GGT GAC ATC GCT GTA TGAC TCT CCT CCA CAC AGG CTT GAG

Ciita exon 2 AGA GGG CAG CTA CCT GGA ACTC GCC AGG TCC ATC TGG TCA TAG

3C (primer)

Convergent TGA GAG AAC TGA GTG ATA CC GAT GAG TCT CGT GAA ATT GC

Tandem ATA CCC TGT TCA CTC AGC CAG CAT GGA ATC ATT TTC CCA GCC AGC CTG CTA TGT ATC CTC

Ligation control TGG GTT TGT GCA CAT GAA TGA AGG TGT CTG CTC ACC CGC AAT GAT GAT GAC

Loading control GGT GGT GAC ATC GCT GTA TGAC TCT CCT CCA CAC AGG CTT GAG

CRI SPR-Cas9 genome editing

gRNA sequences CAT TGC AGC TGG ATA CCAG (gRNA1-target site) ACT GAG ACA GTA ACG GCCA (gRNA2-target site)

Diagnostic primers
GTG GTA TCC TGG TGC CTT GTTG (Fwd1) TGT CTC CTC CAC ACA GGC TTG AG (Rev1)

AGT TGG TCA TTG CAG CTG GAT AC (Fwd2) ATC TTG GGA GGC TGA CAT TTTG (Rev2)


