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Abstract

The transcription factor B-lymphocyte-induced maturation protein-1 (Blimp-1) plays important
roles in embryonic development and immunity. Blimp-1 is required for the differentiation of
plasma cells, and mice with T-cell-specific deletion of Blimp-1 (Blimp-1 CKO mice) develop a
fatal inflammatory response in the colon. Previous work demonstrated that lack of Blimp-1 in
CD4* and CD8* T cells leads to intrinsic functional defects, but little is known about the
functional role of Blimp-1 in regulating differentiation of T helper (h) cells /7 vivoand their
contribution to the chronic intestinal inflammation observed in the Blimp1CKO mice.

Here we show that Blimp-1 is required to restrain the production of the inflammatory cytokine
IL17 by Th cells in vivo. Blimp-1CKO mice have greater numbers of IL17-producing
TCRB*CD4"cells in lymphoid organs and in the intestinal mucosa. The increase in IL17-
producing cells was not restored to normal levels in wild type and Blimp-1CKO-mixed bone
marrow chimeric mice, suggesting an intrinsic role for Blimp-1 in constraining the production of
IL17 /n vivo. The observation that Blimp-1-deficient CD4* T cells are more prone to differentiate
into IL17*/IFNy* cells and cause severe colitis when transferred to Ragl-deficient mice provides
further evidence that Blimp-1 represses IL17 production. Analysis of Blimp-1 expression at the
single cell level during Th differentiation reveals that Blimp-1 expression is induced in Th1 and
Th2 but repressed by TGFp in Th17 cells. Collectively, the results described here establish a new
role for Blimp-1 in regulating IL17 production in vivo.

Introduction

IL17 is an inflammatory cytokine produced by T helper (h) 17 cells (1), a Th subset that
develops independently (2, 3) of the transcription factors T-bet and GATA-3, which are
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required for the development of Thl and Th2 cells respectively (4). Th17 cells are
associated with protection against bacterial and fungal infections encountered at mucosal
surfaces (5) but also with several auto-inflammatory disorders, including rheumatoid
arthritis, psoriasis, multiple sclerosis, corticosteroid-resistant asthma and inflammatory
bowel disease (6, 7).

Differentiation of Th17 cells is induced by the cytokines TGFp, IL6 and IL1p (8-10), and it
is dependent upon the expression of the transcription factors RORyt and RORa (11, 12),
which induce transcription of the //Z7a gene (11). ROR-yt acts in cooperation with RORa
and other transcription factors, including STAT3, IRF-4, BATF and Runx1, to induce full
commitment of precursors to the Th17 subset (13-15). Activation of ROR-yt also promotes
expression of the receptor for interleukin-23 (11), which is thought to maintain the
expansion and pathogenesis of mature Th17 cells (16).

Although Th17 cells are clearly a distinct Th subset, recent data demonstrate that similar to
other Th subpopulations, Th17 cells are considerably plastic and can acquire features and
carry on effector functions characteristics of other Th subsets (17, 18). Th17 cells can
express the regulatory T cell (Treg) specifying factor Foxp3 under certain conditions, and in
the context of infectious and autoimmune inflammation, Th17 cells can also produce IFNy
and I1L17 simultaneously (17, 19). IL17/IFN+y double-positive (ILL7*/IFNy*) T cells are
found in elevated numbers in inflamed tissues of both humans and mice (20-22), and similar
populations are observed in Th17 cells differentiated /n vitro from human and murine naive
CD4* T cells (21-23). Recent studies indicate that IL23 signaling is important for the
differentiation of IFNy*/IL17* CD4" T cells both /n vivoand in vitro (23, 24), but the
transcriptional mechanisms underlying the differentiation and/or conversion of these cells
from conventional (IFN-y negative) Th17 cells are poorly understood.

Blimp-1 (also called PRDI-BF1 in humans) is a transcription factor (encoded by the
PRDM-1 gene) that plays crucial roles in regulating B and T lymphocyte function. Blimp-1
is expressed in both Treg and conventional T cells (25-27). Previous studies show that in
Foxp3* Treg cells Blimp-1 interacts with IRF-4 to induce IL-10 production (26). However,
little is known about Blimp-1’s role in non Treg cell function and how lack of Blimp-1
contributes to the development of chronic mucosal inflammation. Despite their documented
deficiency in producing 1L-10, Blimp-1-deficient Tegs can suppress T cell-mediated colitis
(25, 28) suggesting that defects in other T cell subsets may underlie the chronic intestinal
inflammation developed in the Blimp-1CKO mice. The studies described herein address this
possibility and identify a new, Treg-independent role for Blimp-1 in controlling intestinal
mucosal homeostasis by limiting the numbers of IL17-producing Th cells in vivo.

Materials and Methods

Mice

C57BL/6 Pramifiox/floxcpa-Cre* (Blimp-1 CKO) and Prdm1*'* CD4-Cre (Control) and
mice were generated as previously described (25, 29). Previously described (30) C57BL/6
Pram1f1ox/floxcp19-Cre* mice were kindly donated by Dr. M. McHeyzer-Williams
(Department of Immunology and Microbial Science, The Scripps Research Institute, La
Jolla, California, USA). Mice bearing a BAC transgene encoding yellow fluorescent protein
(YFP) under the control of Blimp-1 regulatory elements (Blimp-1 YFP reporter mice) (31)
were also described previously (32). In these mice, YFP expression closely recapitulates
Blimp-1 mRNA expression(32). Foxp3-IRES-GFP knock-in) (33) (Foxp3 reporter) mice
were donated by Vijay Kuchroo (Brigham and Women’s Hospital Harvard Medical School)
and crossed to C57BL/6 Pram1M1oX/floxcp4-Cre* mice to generate Ctrl and Blimp-1CKO
Foxp3-reporter mice. All mice were maintained in a specific pathogen-free animal facility at
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the Cedars-Sinai Medical Center (CSMC) and handled in accordance with the institutional
guidelines.

Large intestines (LI) lamina propria lymphocyte isolation

Large intestines (cecum, colon and rectum) were removed, opened longitudinally, cleaned
and cut into strips 1 cm in length. Tissues were washed in ice-cold PBS and subjected to
enzymatic digestion as previously described (34). Lamina propria mononuclear cells were
purified on a 45%/72% Percoll gradient by centrifugation for 20 min at 25 °C and 600g.
with no brake.

Antibodies and flow cytometry

Antibodies used for cell surface staining were Alexa-700 -conjugated TCRp, Pacific Blue-
conjugated anti-CD4, Phycoerythrin-conjugated anti-CD25, Allophycocyanin (APC)-
conjugated anti-CD44 (all from Biolegend), PE-conjugated anti- IL17A, Alexa-647-
conjugated anti-IL17F, PE-conjugated anti- IL4 and APC-conjugated IFN-y-(eBioscience).
Cell surface staining was performed as previously described (25). Samples were analyzed on
a LSRII analyzer (BD, San Jose, CA).

Determination of cytokine production

Total cell suspensions obtained from the LI-LP, spleen (SP), and mesenteric lymph nodes
(mLN) were stimulated with plate-bound anti-CD3 (5 pg/ml) plus anti-CD28 (0.5 pg/ml)
for 24 hours with addition of Brefeldin-A (BFA, 1mg/ml) for the last 6 hours. The
production of IL17 and IFN+y was determined by ELISA on supernatants collected at 18
hours (before BFA addition) using eBioscience ELISA Kkits, following the manufacturer’s
instructions. Where indicated, IL17, IL4 and IFN-y were also detected by intracellular
staining, as previously described (29). Cells were analyzed on a LSRII analyzer. Cytokine
staining was evaluated in live, CD4* TCRB*gated lymphocytes.

Quantitative real-time PCR (QRT-PCR)

Total mMRNA was isolated using RNAeasy kits (Quiagen) according to the manufacturer’s
instructions. Reverse transcription was performed on equal amounts of RNA (as determined
by Nanodrop measurements) for each sample using Superscript 111 (Invitrogen). SYBR
Green incorporation quantitative real-time PCR was performed using a FastStart SYBR
Green Master mix (Roche) in the Realplex? Mastercycler ep gradient S (Eppendorf). Primers
used are described on Supplemental Table I.

Mixed Bone marrow chimera

Recipient mice (CD45.1* wild-type) were lethally irradiated (10 Gy) for depletion of
hematopoietic cells. Donor Ctrl (CD45.1%) or Blimp-1CKO (CD45.2%) Lin bone marrow
cells, enriched for hematopoietic progenitors by magnetic bead depletion (StemCell
Technologies), were injected intravenously and chimeras were analyzed 6-8 weeks later.

T Cell Transfer model of colitis

Induction of colitis by transfer of naive CD4* T cells was performed as previously described
(24, 35), with the following modifications: C57BL/6 Ragl™~ mice were injected i.p. (4x10°
cells in 200 ul of PBS) with naive CD4*CD25-CD45RBHIS" or CD4* CD25~ CD44low
sorted from SP and LN from 4-6 week-old Ctrl or Blimp-1 CKO mice or
CD4*CD25-CD44!°W Foxp3~cells sorted from Ctrl or Blimp-1CKO-Foxp3reporter mice.
Mice were weighed weekly and inspected for clinical signs of disease (including weight
loss, hunched appearance, pilo-erection of fur coat, and loose stool). Mice presenting
clinically severe disease were sacrificed according to the CSMC Animal Care and Use
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Committee guidelines. At 7-12 weeks post-transfer, recipient mice were sacrificed and
colons were removed, cleaned in ice-cold PBS, and pieces of ~0.5 cm in length were
obtained from the proximal, middle and distal portion of the colon and fixed immediately in
10% formalin. Fixed tissue was later embedded in paraffin and 3 wm sections were cut and
stained with Hematoxylin-Eosin (H&E). Samples were coded and scored by a pathologist in
a blinded fashion as previously described (35).

T cell isolation and in vitro T helper differentiation

Naive CD4* (CD25~ CD44!oW) or effector (CD25~ CD44!°W) T cells were sorted from
spleen and lymph nodes cell suspensions, using a FACSAria 111 fluorescent cell sorter (BD
Biosciences, San Jose, CA). Purity of sorted cells preparations were > 98%. For /n vitroT
helper differentiation, sorted naive CD4* T cells were stimulated in Iscove’s DMEM media
(Cellgro, Manassas, VA) supplemented with 10% Fetal Bovine Serum (Omega scientific,
Inc. Tarzana, CA) and penicillin/streptomycin (Cellgro) with plate-bound anti-CD3 (5 g/
ml), anti-CD28 (2.5 p.g/ml) (both from BioXcell, West Lebanon, NH), and rHulL-2 (25 U/
ml; Roche) (neutral conditions). Experimental Th1 conditions also included rMulL12 (5 ng/
ml) plus anti-1L4 (10 pg/ml) in addition to IL2. Th2 conditions included rMulL-4 (10 ng/
ml) and anti-IFN+y (10ng/ml). Th17 conditions excluded IL2 and included IL1p (20ng/ml),
IL23 (50 ng/ml), IL6 (10 ng/ml), TGF (5ng/ml) (Promega), anti-IL4 and anti-IFNy. With
the exception of TGFp, all recombinant cytokines were obtained from eBioscience, Inc.
Neutralizing antibodies anti- IFNy and anti-1L4 were obtained from Bio X Cell. Cells were
split every 3 days and fresh medium (with the appropriate recombinant cytokines) added
each time cells were split. For experiments in which TGF was used to repress Blimp-1
expression, recombinant TGFP was only added at the beginning of the cultures and not
replaced upon cell splitting of the cells. Re-stimulation was performed with Phorbol
Myristate Acetate (PMA, 50 ng/ml) and lonomycin (500 ng/mL) (both from Sigma Aldrich)
for 4 hours; BFA was added in the last 2 hours or with plate-bound anti-CD3 for 6 hours
(BFA added in the last 2 hours).

Western Blots

Whole cell lysates (30 ng/sample) were subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) transferred to Invitrolon™ PVDF membranes (Invitrogen) and
immunoblotted with monoclonal a-mouse Blimp-1 (3H2E8), or monoclonal a-mouse B-
actin (Sigma).

Chromatin Immunoprecipitation

ChlP assays were performed as previously described (29). Briefly, naive CD4* T cells were
sort-purified from cell suspensions of lymph nodes and spleens from wild type mice and
stimulated with plate bound anti-CD3, plus anti-CD28 under Th2 polarizing conditions.
After seven to eight days cells were re-stimulated with PMA and ionomycin for 4 hours
before crosslinking by fixation with 1.1 % paraformaldehyde for 10 min at room
temperature. Sonicated chromatin from 4-5x107 cells was immunoprecipitated with 25 ul of
either rabbit anti-Blimp-1 polyclonal antibody (clone 267, recognizing the C terminal of
Blimp-1) (36) or pre-immune serum as a control. Quantitative real-time PCR using SYBR
Green incorporation was performed in DNA recovered from IP and input samples (See table
Il for primers sequences). Fold enrichment for each sample was calculated by dividing the
percentage of input values obtained with anti-Blimp by the values obtained with control
antibody followed by normalization to the values obtained from the input chromatin.
Analysis of sequence homology and identification of putative Blimp-1 consensus sites were
performed using ECR browser (http://ecrbrowser.dcode.org) and rVista 2.0 software. All
genomic sequences were obtained from Ensembl.
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Retroviral gene transduction

Statistics

Results

Recombinant retroviruses encoding Blimp-1 (in the MigR1 vector, containing an internal
ribosomal entry site—GFP cassette) were produced from transfected Plat-E packaging cells
(37) and were used to transduce naive CD4" T cells stimulated under Th17-polarizing
conditions or CD3"B220" cells sorted from the spleens of PrdmiF1oX/Flox cD19-CRE*/~ and
Prdm1Flox/Flox cp19 cre~'~ mice and stimulated for 24hrs with 2 wg/ml of LPS (Sigma).
Transduction was performed by mixing the B cells (24 hours after stimulation) or the T cells
(48-56 hours after stimulation) with supernatant-containing virus and Polybrene (8 pg/ml,
Sigma) and then centrifuged at RT for 90 minutes (10,000xg). After transduction B cells
were re-plated in regular media and T cells re-plated under Th17-polarizing conditions. B
cells were re-stimulated with LPS (10 pg/ml) two days after transduction and analyzed 36
hours after LPS re-stimulation. T cells were analyzed three and four days after transduction
and upon re-stimulation with PMA and lonomycin.

Student’s #test with two-tailed distribution of equal variances was used to calculate
probability (p) values, using the JIMP software (SAS Institute Inc., NC).

Lack of Blimp-1is associated with accumulation of CD4" T cells in the colon and
increased production of IL17 in vivo

In order to identify the cellular mechanisms leading to the inflammatory response observed
in the intestinal mucosa of the Blimp-1CKO mice, we first investigated the presence of T
cells in the inflammatory infiltrate observed in 8-16 week-old mice with signs of colitis
development. We found that the absolute numbers of mononuclear cells recovered from the
large intestines (LI; cecum, colon and rectum) lamina propria (LI-LP) were significantly
higher in the Blimp-1 CKO mice (Fig. 1A). Both the percentages and absolute numbers of
TCRB*CD4* were elevated in the LI-LP of Blimp-1CKO mice; CD4* T cells percentages
were on average twofold higher in the Blimp-1CKO mice (Fig. 1B), while the absolute
numbers were three to four-fold higher in the Blimp-1 CKO mice (Fig. 1B). Thus, Blimp-1-
deficient CD4* T cells accumulate in the colonic lamina propria.

To characterize the CD4* T cells that accumulated in the intestinal mucosa of Blimp-1CKO
mice, we next investigated the production of the cytokines IFN+y and IL17A by these cells,
as these two cytokine have been shown to play effectors roles in intestinal inflammation. LI-
LP were isolated from Ctrl and Blimp-1 CKO mice and stimulated with plate-bound anti-
CD3 plus anti-CD28 for 24 hours and IFN-y and IL17A production were measured in the
supernatants (Fig. 1C). The amount of IFN+y detected in the supernatant of these cultures
was similar in Ctrl and Blimp-1 CKO mice (Fig. 1C, right), but LI-LP from Blimp-1 CKO
mice produced significantly more IL17A than cells from Ctrl mice (Fig. 1C, left).

To determine if the increased production of IL17A and IFN-y was restricted to the LI
mucosa, we measured production of these cytokines in SP and mLN of Blimp-1 CKO mice
after /n vitro TCR stimulation. Intracellular cytokine staining (ICC) and FACS analysis
showed increased percentages (Fig. 1D-E) and absolute numbers (Fig. 1F) of IL17A-
producing cells in both SP and mLN of Blimp-1 CKO mice. In addition, we also observed
an increase in the percentage of IL17F* cells in the SP of Blimp-1 CKO mice (Fig. 1D). In
both Ctrl and Blimp-1 CKO mice, approximately 50% of the IL17A* cells were also
IL17F", but CKO mice had two to three- fold more I1L17-producing cells (Fig. 1D).
Different from the observed for IL17 production, the percentages of IFNy-producing cells
was elevated in the mLNs but not in the spleen of Blimp-1CKO mice (Fig. 1D-E) and no
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significant differences were observed in the absolute numbers of IFN-y-producing cells in
Ctrl and Blimp-1CKO mice (Fig. 1F). Secretion of IL17A was also significantly increased in
the SP and mLNs of the CKO mice (Fig. 1G). Thus, lack of Blimp-1 is associated with
increased production of 1L17, and to a lesser extent, IFN-y /n vivo.

Blimp-1-deficient Effector/Memory CD4* T cells have increased expression of genes
associated with the Th17 differentiation program

Characterization of the IL17-producing cells present in the Blimp-1CKO mice revealed that
they were all antigen-experienced cells, which expressed high levels of CD44 (data not
shown). Sort-purified CD44M3h CD25~ CD4™ cells from pooled mLN and SP from
Blimp-1CKO had higher frequency of IL17 producers and secreted significantly more
IL17A protein than Ctrl cells upon /n vitro re-stimulation (Fig. 2A-B). They also expressed
significantly higher amounts of //17a, Rorc, 1123rbut not BatfmRNA than Ctrl cells when
stimulated /n vitro (Fig. 2C). Thus, the expression of Th17 signature genes is up-regulated in
Blimp-1-deficient antigen-experience CD4* T cells, suggesting that Blimp-1 is required to
control the differentiation and/or accumulation of Th17 cells in vivo.

Regulation of IL17 production by Blimp-1 is intrinsic to CD4* effector T cells

Increased numbers of 1L17-producing CD4* T cells in Blimp-1 CKO mice could result from
intrinsic effects of Blimp-1 in regulating the differentiation/accumulation of Th17-cells /n
vivo or could result from the previously described impaired Treg cell function in these mice
(25, 26), as defective Treg cell responses can facilitate priming and development of 1L17
and IFN-y-producing cells (38-40). Alternatively, the increased numbers of IL-17 producing
cells could be a secondary effect of the ongoing inflammation in the colon of these mice
(25). In order to distinguish these possibilities, we next analyzed the expression of IL17 in
CD4* T cells from chimeric mice generated with a mixture of wild type and Blimp-1CKO
bone marrow cells. In order to delay the development of severe inflammation in the chimeric
mice, we designed our experiments such that the hematopoietic compartment in the
reconstituted mice would contain significantly more Ctrl than Blimp-1-deficient cells. Thus,
in all sites analyzed, the majority of TCRB*CD4" cells were Blimp-1-sufficient (Fig. 3A and
data not shown).

In both compartments, Blimp-1-suficient and Blimp-1-deficient, the frequency of Foxp3™*
Treg cells was similar (Fig. 3C). In the Blimp-1-deficient compartment however, the
frequency of IL17-producing (but not of IFN-y-producing) cells was significantly increased
in comparison to the wild type compartment in all sites evaluated, including the LI-LP (Fig.
3). Thus, Blimp-1-deficient CD4" T cells are intrinsically more prone to differentiate into
IL17-producing cells.

Blimp-1-deficient CD4* T cells differentiate into IL-17*/IFNy* cells and cause severe colitis
in Rag1-deficient mice

To determine if the absence of Blimp-1 can lead to the preferential differentiation of IL17
and/or IFNy producing cells in vivo, we transferred CD4* naive (CD44!°W/CD25") Ctrl or
Blimp-1 CKO cells into Rag1-deficient (Ragl~~) mice and monitored colitis development
in the recipient mice. Rag1™~ mice receiving Ctrl cells developed colitis and wasting
disease as indicated by histological analysis and total body weight loss. Ragl™~ mice
receiving Blimp-1-deficient cells showed signs of disease earlier than mice receiving
Blimp-Z1sufficient cells (Fig. 4A) and also developed more severe colitis, with more
prominent inflammation in the colon (Fig. 4B) and significantly increased colitis scores
(average score=3+0.9) than in those receiving Ctrl cells (average score=1+0.7) (Fig. 4C).
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Evaluation of cytokine production upon ex vivo TCR stimulation of cells from mLN and LI-
LP revealed that while the percentages of IFNvy or IL17-single producer cells were only
marginally increased in the Blimp-1CKO mice, the percentage of IFN+y and IL17-double
producer cells were significantly increased in the mLN of mice transferred with Blimp-1-
deficient cells (Fig. 4D-E). However, the absolute numbers of IL17*, IFN-y*, and IL17%/
IFN-y* cells were all significantly increased in the LI-LP of mice injected with Blimp-1-
deficient cells in comparison to mice injected with Ctrl cells (Fig. 4F). To determine if the
differences we observed between Ctrl and Blimp-1 CKO cells-mediated colitis was due to
differential induction Foxp3* Treg cells from the injected naive cells, we repeated these
experiments using naive CD4* T cells isolated from Ctrl or Blimp-1-CKO mice that had
been previously bred with Foxp3-reporter mice. This strategy allowed us to exclude Foxp3*
cells from the pool of naive cells adoptively transferred to the Ragl™~ mice and
subsequently monitor the development of Foxp3-expressing cells in the recipient mice.
Rag1~/~ mice injected with CD4* naive [CD44'°YCD25-GFP~(Foxp3~) cells] from
Blimp-1CKO mice developed more severe colitis than mice injected with Blimp-1-suficent
cells (data shown), similarly to that described above, indicating that the increased severity of
colitis caused by Blimp-1deficient cells was not due to differential contamination of the
transferred cells with Foxp3* Treg cells. Moreover, analysis of GFP expression in cells from
the recipient mice showed that Foxp3* cells developed in greater numbers from Blimp-1-
deficient than from Ctrl cells (Fig. 4G), indicating that increased inflammation in mice
injected with Blimp-1-deficient was not due to impaired induction of Foxp3* cells.

Blimp-1 expression is selectively regulated during Th differentiation

The results described above indicated that expression of Blimp-1 suppresses the
differentiation of Th17 cells /n vivo, and that in the absence of Blimp-1 more cells tend to
differentiate into IL17* or IL17*/IFNy™ cells. We reasoned that if Blimp-1 antagonizes
Th17 differentiation, its expression should be down regulated in cells differentiated under
Th17 conditions, as opposed to cells that usually do not produce I1L17, such as Th1l and Th2
cells. Previous studies have shown that Blimp-1 is expressed in CD4* T cells differentiating
into either Th1 or Th2 conditions, but while one group showed increased expression of
Blimp-1 in Th2 cells (41) another showed similar expression in Th1l and Th2 cells (28).
Neither of these studies investigated Blimp-1 expression in Th17 cells. In order to clarify
whether Blimp-1 expression is, in fact, differentially regulated during Th differentiation, we
used cells from previously described Blimp-1-YFP reporter mice (29, 32) to analyze
Blimp-1 expression at the single cell level during Th differentiation /n vitro.

Sorted naive (CD44!°"CD25) CD4*T cells from Blimp-1-YFP reporter mice were
stimulated under neutral, Thl, Th2 or Th17 conditions (Supplementary Fig. 1) and Blimp-1
mMRNA expression (as reported by YFP) was analyzed at different time points. As expected
from previous reports (41, 42), stimulation of naive CD4* T with plate-bound anti-CD3 plus
anti-CD28 induced expression of Blimp-1 in a small percentage of cells; addition of IL2 to
these cultures (neutral conditions) increased expression, especially at later time points (Fig.
5A). Cells cultured under Thl or Th2 conditions began to express Blimp-1 sooner than cells
cultured in neutral conditions, but Thl cells expressed significantly more than Th2 cells at
earlier time points (Fig. 5A). However, at day 7.5, more than 70% of Thl and Th2 cells
expressed high levels of Blimp-1 (Fig. 5A-B). In contrast to cells stimulated under neutral,
Th1 or Th2 conditions, cells cultured under Th17 conditions did not up-regulate Blimp-1
significantly throughout the experiment, and less than 5% of the cells expressed Blimp-1 at
day 7.5 post stimulation (Fig. 5B). Analysis of Blimp-1 steady-state mMRNA (Fig. 5C) and
protein levels (Fig. 5D) in these cells confirmed the differential expression of Blimp-1
during Th differentiation. Thus, Blimp-1 is expressed in Th1 and Th2 cells but not in Th17
cells.

J Immunol. Author manuscript; available in PMC 2013 December 15.
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We next investigated the regulation of Blimp-1 expression by different Th polarizing
cytokines. Previous studies (28, 41, 42) have reported contradictory results on the induction
of Blimp-1 by Th1 and Th2-inducing cytokines. We found that IL2, 1L4, IL6 and IL12 were
each capable of enhancing expression of Blimp-1 by anti-CD3 plus anti-CD28 stimulation
(which alone induced little expression of Blimp-1) (Fig. 6A), but at different magnitudes,
with 1L12 being the best inducer, followed by IL2 and then IL4. Amongst Th17 inducing
cytokines, IL6 was the best inducer of Blimp-1 expression, although in comparison to IL2,
IL4 and 1L12, IL6 was a poor inducer. Neither IL1f nor 1L23 induced Blimp-1 expression;
in fact these cytokines partially inhibited Blimp-1 expression induced by IL6 (Fig. 6A).
Since the expression of Blimp-1 in cells stimulated with a combination of IL6, IL23 and
IL1B was higher than in cells stimulated under Th17 conditions (Fig. 6A) (which included
TGFp in addition to I1L6, 1L23 and IL1p),we suspected that TGFf could have an inhibitory
effect on Blimp-1 expression. We, therefore, compared Blimp-1 expression induced by the
combination of TCR (and co-stimulation) and 1L2, IL12, or IL4 in the absence or presence
of TGFpB. We found that TGF led to significant inhibition of Blimp-1 expression in these
cultures (Fig. 6A). Evaluation of Blimp-1 steady-state mRNA levels confirmed these results
(Fig. 6B).

We next sought to determine if TGFf could inhibit expression of Blimp-1 induced by the
combination of IL2 and IL12. TGFp inhibited Blimp-1 expression induced by TCR and co-
stimulation in combination with IL2 and IL12 in a dose-dependent manner (Fig. 6C). Even
at concentrations lower than the required amounts used to induce Th17 differentiation /n
vitro, TGF led to significant inhibition Blimp-1 expression in cells cultured simultaneously
with IL12 and IL2. These results were also confirmed by mRNA expression measured by
gRT-PCR (Fig. 6D). Together, these results establish TGFp as a potent suppressor of TCR
and cytokine-induced Blimp-1 expression during Th17 differentiation.

Blimp-1 binds to the ll17a gene in vivo but is not sufficient to repress Th17
differentiation—The observation that lack of Blimp-1 is associated with increased
expression of //217a mRNA and protein as well as several other Th17 genes (Fig. 2) and that
Blimp-1 expression is selectively down regulated during Th17 differentiation (Fig. 5)
suggested that Blimp-1 could function as a repressor of the Th17 program. Blimp-1 has
potent transcriptional repression capabilities and directly regulates the transcription of
several cytokine genes (26, 29, 41). Thus, we first sought to determine if Blimp-1 response
elements could be identified in the //7a gene. We identified many putative Blimp-1 binding
sites at the //17a promoter region as well as in regions downstream of the transcription start
site (data not shown). We then tested if Blimp-1 could bind to three of the sites we
identified. Using wild type Th2 polarized cells, we found significant enrichment for Blimp-1
at at least one of these sites (located at approximately 3.3 Kb upstream of the transcription
start site, TSS). We also detected some enrichment for Blimp-1 binding on a site located 7.2
Kb upstream of the TSS, but in this case there was no significant difference in comparison to
nonspecific binding on a control gene (Fig. 7A). The third site investigated is located further
downstream (approximately 44.9 Kb from the TSS) showed no enrichment for Blimp-1
binding (Fig. 7A). Thus, in Th2 cells Blimp-1 can bind to at least one site in the //17a gene.

To determine if Blimp-1 could suppress //17aactivity in Th17 cells, we used retrovirus
transduction to enforce Blimp-1 expression in cells stimulated under Th17 polarizing
conditions and measured I1L17 production. Expression of Blimp-1 (as indicated by a GFP
reporter), and confirmed by gqRTPCR (data not shown) did not result in significant decrease
of IL17A or IL17F production (Fig. 7B-C). However, transduction with the same retroviral
construct was able to partially restore plasma cell formation in Blimp-1-deficient B cells
stimulated /n vitro (Supplemental Fig. 2), indicating that functional Blimp-1 protein is
expressed from this construct. Therefore, although Blimp-1 is bound to the //Z7agene in
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Th2 cells, it is not sufficient to repress //17atranscription in cells stimulated under Th17
conditions.

Discussion

The results of this study provide evidence for a non-redundant role for the transcriptional
regulator Blimp-1 in constraining the numbers of IL17-producing Th cells /n vivo. We
showed that spontaneous development of chronic intestinal inflammation in mice with T
cell-specific deletion of Blimp-1 was associated with accumulation of IL17-producing Th
cells in vivo. Furthermore, Blimp-1-deficient naive CD4* T cells preferentially
differentiated into 1L17 and IFN-y-double-producing cells and caused severe colitis when
transferred to Rag1~/~ mice. Consistent with a role for Blimp-1 in keeping the numbers of
Th17-producing cells under control, we demonstrated that Blimp-1 was selectively
expressed in Thl and Th2 but not in Th17 cells.

Our observation that IL17-producing cells selectively accumulate in the Blimp-1-deficient
CD4* T cell compartment of Ctrl and Blimp-1CKO-mixed-bone marrow chimeric mice
(Fig. 3) indicate a Treg-independent, effector T cell-intrinsic role for Blimp-1 in repressing
the production of IL17 /n vivo. This is further supported by our findings that Blimp1-
deficient naive CD4* T cells generated more IL17-producing cells than control cells and
caused severe colitis upon adoptive transfer to Ragl™~mice. These results cannot be
attributed to a defective Treg response in the absence of Blimp-1, because Blimp-1 deficient
CD4* T cells led to the generation of Foxp3* Treg cells in greater numbers than control
cells. Although 1L10 production is defective in a small subset of Foxp3* Blimp-1-deficient
Tregs (25, 28, 41), IL10-deficient Tregs can block adoptive T cell transfer—induced colitis
(43, 44) and similar findings have been reported for Blimp-1-deficent Tregs (28).

The mechanisms underlying repression of IL17 production/Th17 differentiation by Blimp-1
remains to be fully elucidated. Our observation that Blimp-1-deficient CD4* T cells had
increased amounts of //Z27amRNA, suggested that Blimp-1 could regulate IL17 production
at the transcriptional level. In addition, Blimp-1 deficient CD4* effector T cells had
increased amounts of //23rand RORC mRNA, suggesting that Blimp-1 might directly
repress these genes. Consistent with this possibility Blimp-1 consensus binding sites can be
found in conserved, putatively regulatory regions in both loci (data not shown).
Alternatively, since expression of //23rand //17aare both positively regulated by Rorc
(encoding RORyt), Blimp-1 might also regulate //23rand //17aindirectly by acting as a
repressor of Rorc.

Our observation that Blimp-1 can bind to at least one site on the //17a promoter in Th2 cells
suggested that Blimp-1 might function to directly repress the //Z7a gene during Th2
differentiation. In fact, //17asite -3.2, which shown significant enrichment for Blimp-1
binding is located approximately 2 Kb downstream of conserved non coding sequence 2
(CNS2, also called CNS5), an important regulatory region in the //17a promoter (45, 46).
Consistent with the idea that Blimp-1 could repress //17ain Th2 cells, deficiency of the
histone lysine methyltransferase G9a, which can function as a co-factor for Blimp-1-
mediated repression (47) leads to increased production of IL17A in Th2 polarized cells (48).
However, forced expression of Blimp-1 in cells differentiating under Th17 conditions did
not result in a significant decrease of IL17A or IL17F production (Fig. 7B—C). Expression of
PrdmI mRNA in transduced Th17 cells that expressed Blimp-1 was similar to that of
developing Th2 cells (data not shown). Nevertheless, it is possible that repression of //17ain
Th17 cells requires higher amounts of Blimp-1 protein than achieved in our experiments.
Alternatively, repression of the //17aby Blimp-1 might require co-repressors that are
selectively expressed in Th2 (and potentially Th1) but not in Th17 cells. Such a mechanism
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could play a role in preserving //17aactivity in Th17 cells that are exposed to conditions
where Blimp-1 expression can be induced.

Our results presented here show that TGFf signaling is a potent repressor of Blimp-1
expression and might function to repress Blimp-1 expression during Th17 differentiation.
Interestingly, a recent study using /n vitro generated Th17 cells to induce colitis upon
transfer into Ragl™~ mice demonstrate that the extinction of 1L17 production in Th17 cells
that become IFNy-producers in the presence of IL12 and 1L23 is contingent upon limited
amounts or complete absence of TGFB (23). The presence of TGFp resulted in maintenance
of IL17 production in these cells (23). Using Experimental Autoimmune Encephalomyelitis
(EAE) as a model of inflammation, Ghoreschi et al (49) made similar observations, showing
that Th17 cells generated in the presence of IL23 and absence of TGF retained the capacity
to make IL17 while simultaneously turning on IFN-y production (49). Based on these
observations, our results showing that Blimp-1-deficient T cells generate more IL17*/IFNy™*
cells under inflammatory conditions suggest a model whereby induction of Blimp-1
expression could be required to repress IL17 production in Th17 cells converting into IFNy-
producing cells. According to this model, under highly inflammatory conditions where IL12
is abundant and TGFp scarce, IL12 would lead to induction of Blimp-1 expression in Th17
cells, in addition to inducing expression of T-bet and IFN+y. Blimp-1 expression under these
conditions would result in the repression of both, IL17 and IL23R, thus restraining the
formation and/or maintenance of the IL17*/IFNy™* cells. In the absence of Blimp-1, 1L12
would lead to IFN+y production, but would fail to repress IL17 and favor the generation/
maintenance of the IL17*/IFNy™* cells.

One caveat of this model is the assumption that IL12 could induce Blimp-1 and IFN-y
simultaneously, which is at odds with our previous observation that in CD4* T cells
stimulated under neutral conditions, Blimp-1 binds to and suppresses transcription of both
Tbx21and /fng (41). It is possible, however, that the /fng gene regions bound by Blimp-1
are not equally accessible in T cells stimulated under neutral conditions and in cells
responding to 1L12 and transitioning into Thl cells (or “ex Th17 cells™) developing during
mucosal inflammation. In addition to differential accessibility of Blimp-1 binding regions at
the /fng locus, these different Th subpopulations may also diverge in the expression of co-
activators and co-repressors which could interact with Blimp-1 to counteract or favor
repression of /fng. The same arguments can be made to explain the fact that Th1 cells
express high levels of Blimp-1 while making high amounts of IFN-y. Evaluation of Blimp-1-
binding sites occupancy in cells stimulated under neutral conditions side by side with cell
transitioning from Th17 to Th1 will be required to clarify this.

In line with our observation that IL17-producing cells accumulate in the Blimp-1CKO mice
and that Blimp-1-deficient T cells fail to turn off the //17gene under inflammatory
conditions, recent genome-wide association studies (GWAS) reveal strong association
between the gene encoding Blimp-1 (PRDM1) and Inflammatory (50, 51)Bowel Disease
(IBD). One of the forms of IBD, Crohn’s disease (CD) is also associated with the
accumulation of IL17*/IFNvy* cells in the intestinal lesions) (21, 22). Although the
functional implications of the PRDM1 polymorphisms associated with IBD remain
unknown, one intriguing possibility is that these polymorphisms cause decreased expression
or partial loss of function of Blimp-1 resulting in the accumulation of IL17*/IFNy* cells in
the intestinal lesions of CD patients.

Plasticity of the CD4* T cells is now a recognized trait of immune responses, especially
under conditions associated with inflammatory disorders. Understanding the mechanisms
regulating T helper cell plasticity in these conditions will be essential in considering new
therapeutic approaches to treat these diseases. The involvement of Blimp-1 in counteracting
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the differentiation of the highly inflammatory IL17*/IFNy* producing cells in vivoas well
as its potential role in repressing //17aexpression in Thl and Th2 cells that we report here
might represent initial steps towards the understanding the mechanisms regulating effector T
cell response under chronic inflammatory conditions.
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Figure 1. Accumulation of CD4* TCRB™ cells in the colon and increased amounts of IFNy and
IL17-producing cells in Blimp-1 CKO mice

A) Total numbers of mononuclear cells in the large intestines (LI: cecum, colon and rectum)
lamina propria (LP) in 8-16 week-old Prdm1**CD4-CRE*/~(Ctrl) and PramiF/F CD4-
CRE*~ (CKO) mice. Each symbol represents one animal (circles, Ctrl; triangles, CKO) and
bars represent average for each group. Results shown are representative of 5 independent
experiments. B) Percentages of TCRB*CD4™ T cells (FACS plots) and total numbers of
TCRB*CD4™* T cells (chart) in LI-LP from Ctrl and Blimp-1CKO mice. C) Production of
and IL17A (left) and IFNy (right) measured by ELISA on supernatants of LI-LP cells
stimulated with plate-bound anti-CD3 plus anti-CD28 for 24 hours. D) Intracellular staining
(ICC) for IL17A and IFN+y (D, left plots) or IL17A and IL17F (D, right plots) and FACS
analysis of CD4*TCRp* cells in mesenteric lymph nodes (mLN, top row) and spleen (SP,
bottom row) from Ctrl and CKO mice. SP and mLN total cell suspensions were stimulated
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as in C) before analysis (BFA was added in the last 6 hours). Data shown are from gated
TCRB*CDA4" cells. E-F) combined results of the percentage (E) or absolute numbers (F) of
IL17A or IFNy* CD4" T cells in SP or mLN from 5-6 independent experiments for a total
of 6-8 mice per group. G) Production of IL17A (ELISA) by cells from SP or mLN after 18
hours stimulation w/plate-bound anti-CD3 plus anti-CD28. Data show is the average and
SEM from three different experiments with three to seven mice per group.
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Figure 2. Increased expression of IL17 and Th17-signature genes in Blimp-1-deficient effector/
memory cells )
CDA4™ antigen-experienced (CD44H19M) T cells were sorted from pooled SP and mLN from

Ctrl or Blimp-1 CKO mice and stimulated /n vitro with plate-bound anti-CD3 plus anti-
CD28 and IL17 production was measured by ICC staining and FACS analysis at 6 hours (A)
or in the supernatants by ELISA at 48 hours (B). //17a, 1/23r, RORC, and BATF steady state
mMRNA levels (C) were measured by gRT PCR in Ctrl and Blimp-1 CKO stimulated as in
(A). Results shown in A-C are representative of two to three independent experiments with
three to five mice/group. Bars show average and error bars represent SEM. Results in C are
presented relative to 785 expression.
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Figure 3. Increased production of 1L17 by Blimp-1-deficient CD4* T cells in mixed-bone
marrow chimeric mice

Wild type CD45.1-irradiated mice received a total of ~4 x 106 HSC-enriched mixed BM
cells from Ctrl (CD451.1) and Blimp-1CKO (CD451.2) mice. Eleven weeks after bone
marrow cells transfer, mLN, SP and LI-LP cells were isolated from chimeric mice,
stimulated as described in Fig. 1D and IL17 (A) production was analyzed in TCRB*CD4*
cells in the CD45.2™ (Ctrl) or CD45.2* (Blimp1CKO) gates. B, Frequency of IFN+y-
producing TCRB*CD4" cells from the MLN and SP from chimeric mice (stimulation and
analysis done as in A). C) Frequency of Foxp3-expressing cells in the Ctrl and Blimp-1CKO
compartments in the SP and mLN from chimeric mice (gated as shown in A). Plots (A-C)
show compiled results from four to nine different chimeric mice.
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Figure 4. Blimp-1 CKO CD4™ T cells differentiate into 1L17 and IFNy-double producer cells in
vivo and cause severe colitis in Ragl_/_ mice

Rag1~~ mice were injected i.p. with 4x10° naive (CD44!°WCD257) CD4* T cells sorted
from Ctrl or Blimp-1 CKO mice and monitored for symptoms of colitis development and
wasting disease, including body weight loss daily (A). Six to seven weeks after T cell
transfer, recipient mice were euthanized and colons were collected and processed for H&E
staining (B, 20 X magnifications) and histological analysis. Slides were analyzed blindly.
Colitis score (C) was graded semi-quantitatively from 0-4, as previously described (35) each
symbol represent one animal (the circles and triangles represent Ctrl and CKO,
respectively). D) ICC staining and FACS analysis of cells from mLN from recipient mice 7
weeks after adoptive T cell transfer of Ctrl (circles) or Blimp1CKO (triangles) cells. mLN
cells were stimulated /7 vitro for 24 hours with plate-bound aCD3 plus a.CD28 before
staining. FACS plots show cells in the TCRB*CD4* gate. E) Combined results (each symbol
represent one animal, and bars represent average of five to six different experiments) of the
percentage of IL17A*, IFNy™*, or ILL7TA*/IFNy* CD4* T cells in the mLN (left panel), or
LI-LP (right panel) for a total of six to seven mice per group. F) Absolute numbers of
IL17A*, IFNy™, or ILL7A*/IFNy* CD4* T cells in the mLN based on the percentages
shown in E. G) Percentages of TCRB* CD4*Foxp3* cells in the mLN (left) or LI-LP (right)
of Rag™'~ mice injected with Ctrl or Blimp-1 CKO 4x10° naive [CD44!°WCD25-GFP~
(Foxp3™)] CD4* T cells and analyzed six to seven weeks later. Data are representative of
five (A—C) three (E-F) different experiments, with a total of four to seven mice per group.
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Figure 5. Blimp-1 is expressed in Thl and Th2 but not Th17 cells

A) Blimp-1 expression as reported by YFP in Naive CD4* T cells sorted from YFP
transgenic Blimp-1 reporter mice and stimulated under neutral (with 1L2), Th1,Th2 or Th17
conditions for 3.5 (top row) or 7.5 (bottom row) days. FACS Plots shown are from the gated
live, CD4" cells in the well. B) Average percentages (and standard deviation) of YFP
positive cells shown in A for five independent experiments, for a total of seven different
mice. C) Steady state Blimp-1 mRNA at d7.5 in cells from experiment shown in A). D)
Immunoblotting of total cell lysates obtained from cells stimulated as in A) for 5.5 days
(Ntrl=Neutral), using antibodies to Blimp-1 or B-actin.

J Immunol. Author manuscript; available in PMC 2013 December 15.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Salehi et al.

Blimp-YFP

Blimp-YFP

Page 21
IL2 IL12 IL4 IL6 IL1p IL23 IL6+IL23+IL1pB
[T6% | 2.0%)[5:9% | 39.4%|[56% | 551%|-[21% | 21.0%|[7.0% | 94%|.[07% | 19%|:[T5% | 17%|<[02% | 35%
i | B ] S | Y _ 4 3 {
Sl { ! ! { TRE TR
154.0% _42.4%!" 13.9% 5078% 11.5% 37.8%. " 15.0% 71.9%." 138.1%__45.6%" 143.6%__53.8% " 154.8%__42.0%. 3.1% 93.2%
<
+TGF 201 Foo ‘Q_QQOJ"":
i 3 _PS003____
IL2 IL12 IL4 IL6 < 40 e RS0.05_ 11
[01% | 0.0%|<42% | 4.1%|.:[69% | 7.9%|.[0.8% | 08%|.-[02% | 02% g HE
: | 9 i g B
; e | =1 g2 B
e G AR SRR BT s _p<0.0005 §_
[72.9%_27.0%) “151.0% _40.7%| " 146.2% 39.0%|"156.2% _42.2%|" 165.6% _34.1% = o
—_— IL2 + +
CD44 IL12 + +
IL4 + +
IL6 + + +
p<0.006 IL1B # *
=== . IL23 + o+
| p<0.01 H TGFB s
! i
< 0064 ! i
zZ 1 1
o 1 1
€ : 1
@ 004! F
2 1 I
= i
3 0.02 :Ei‘l
E i
o 1
0
IL2 +
IL12 +
L4 +
IL1b + +
IL6 + o+
IL23 + o+ IL2+IL12
TGFp & D Es000
1
+TGFp <
E
T0%] 68.3% iD.S%' 0.3%] 50.1% 1’0 0%/ 195% - [0.0% 28% %
| : ] / ; = 001 -
oo B Q
’ : ‘ i ! a # @ 0.001 -
lo1%  405% “lo1%  496% “loow 805w “loon _ o72% ’

0.1% 30.6%

TGFB (ng/ml)
CD44

Figure 6. Blimp-1 expression is induced by Th1 and Th2-inducing cytokines but repressed by
TGFB in Th17-developing cells

A) Naive CD4" T cells from Blimp-1 reporter mice were stimulated with plate-bound anti-
CD3 plus anti-CD28 alone or in the presence of the indicted cytokines and YFP (Blimp-1)
expression was analyzed by FACS at d5. B) gRT-PCR analysis of Blimp-1 mRNA
expression in the same cells from experiment shown in (A). C) Dose-dependent inhibition of
Blimp-1 expression by TGF in Blimp-1 reporter naive CD4* T cells stimulated as
indicated in the presence of different amounts of TGFp for 5 days and then analyzed by
FACS. D) gRT-PCR analysis of Blimp-1 mRNA expression in the same cells from
experiment shown in (C). Data shown are from one experiment with pooled cells from three
mice; similar results were obtained in 2 independent experiments.
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Figure 7. Blimp-1 binds to the murine [117a gene in Th2 cells but it is not sufficient to repress
IL17 production in Th17 cells

A) Chromatin Immunoprecipitation (ChlIP) analysis of wild-type Th2 polarized cells re-
stimulated with PMA and ionomycin, followed by immunoprecipitation of chromatin with
anti-Blimp-1 or control antibody and quantitative PCR analysis of binding of Blimp-1 at
different regions upstream (-3.3, =7.2 Kb ) or downstream (+44.9Kb) of the transcription
start site of the murine //17a gene or a negative control region in the SNA/L3 gene; results
were normalized to those of the input chromatin, followed by the ratio of results obtained
with anti-Blimp-1 antibody and control antibody (nonspecific background). Data are
representative of three to four independent experiments (mean and SEM). B—C) Production
of IL17 upon enforced expression of Blimp-1 in Th17 cells. Naive CD4* T cells were
stimulated under Th17 conditions and transduced with retrovirus expressing GFP only (Ctrl
RV) or GFP and Blimp-1 as a bi-cistronic message (Blimp-1 RV); cells were re-stimulated 3
(B) or 4 (C) days after transduction and analyzed for IL17A (top plots) or IL17F (bottom
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plots) production. Plots shown are from CD4* (B) or CD4*GFP*(C) cells. Chart in C shows
the average and SEM of three independent experiments.
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