J. P. Pandey et al.

Stage IB/IV (n = 43)
.. Antibody positive n =26

Stage IV (n = 32)
.. Antibody positive n=16

100 .. Antibody negative n =17 100 -+ Antibody negative n =16
g 80f L Log rank P = 0-007 80 Log rank P = 0-039
S 60} 60}
1%]
© a0l 40\ ;
: 4
© 20} 20
0 1 ll 1 1 0 1 1 1 1 1
0 12 24 36 48 60 0 12 24 36 48 60
Time after diagnosis (months)
. Antibody
Stage Overali survival “Fositive Negative P-value
Fig. 1. Kaplan—Meier survival plots of Stage NIB/V Median, month 33-0 14.0 0-007
XAGE-1b antigen-positive advanced lung g 95% Cl 30-3-35.7 8-2-19-8
adenocarcinoma patients as a function of Stage IV Medégg/’ nC;Ionth 032‘601 . 1131% 9 0-039
A -66- 1-18.

XAGE-1b antibody.

suggest that the association of y and x chains in IgG anti-
bodies directed against XAGE-1b might not be random.
Only vy and x chains carrying specific GM and KM allotypes
might form a paratope with the necessary quaternary struc-
ture for an effective recognition of the XAGE-1b epitopes.
Non-random pairing of heavy and light chains has been
reported in experimental animals [22,23].

As mentioned previously, the XAGE-1b antigen is highly
immunogenic and, therefore, an excellent vaccine candidate
for active immunotherapy. In XAGE-1b antibody-positive
patients, specific T cell responses were also frequently
observed [17]. If the results presented here are confirmed in
an independent study, they could aid in identifying subjects
(GM 1,2,17 21) who are more likely to benefit from XAGE-
1b-based vaccines. For those with the non-responder (GM
1,17 21) phenotype, XAGE-1b could be fused with appro-
priate adjuvants, such as heat shock proteins or flagellin, to
overcome the allotypic restriction in immune responsive-

100
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Fig. 2. Kaplan—Meier survival plots of XAGE-1b antigen-positive
stage IIIB/IV lung adenocarcinoma patients as a function of GM
1,2,17 21 and GM 1,17 21 phenotypes.

ness. It is relevant to note that antibody responses to certain
heat shock proteins as well as to flagellin are also influenced
by GM genotypes [24,25], making it conceivable to formu-
late a fusion XAGE-1b-heat shock protein/flagellin vaccine
that could potentially generate high antibody responses in
the majority of the population. Identification of the natural
responders/non-responders to XAGE-1b would also be
helpful in the proper evaluation of any future vaccine
efficacy trials.

Associations observed in this report can also be explained
by postulating as-yet unidentified immune response genes
for XAGE-1b whose alleles might be in linkage disequilib-
rium with those of GM and KM loci.

Although the results reported here are statistically signifi-
cant, they could also be the result of chance fluctuations, as
the P-values for the associations were not adjusted for mul-
tiple testing. Such adjustment is controversial [26], and in
the present investigation would be overly punitive, as the
multiple tests performed are not independent due to signifi-
cant linkage disequilibrium in the GM gene complex. This
is the first study of its kind, and needs to be replicated and
extended by independent investigations.

It is relevant to point out that the highly significant GM
phenotype—lung cancer association that was reported more
than three decades ago [8] has not been confirmed or
refuted by modern genome-wide association studies
(GWAS) of this malignancy [27]. One contributing factor
for this omission might be the absence of GM gene probes
in most genotyping platforms. GWAS are assumed to be
able to detect/tag all single nucleotide polymorphisms
(SNPs) in the genome whose frequency is at least 5%. This,
however, is not true. Most GM alleles are common within a
racial group (some with allele frequency >70%), but the
IGHG gene segments harbouring them are highly homolo-
gous and apparently not amenable to the high-throughput
genotyping technology used in GWAS. Because these genes
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were not typed in the HapMap or the 1000 Genomes pro-
jects, they cannot be imputed or tagged (through linkage
disequilibrium) by any SNPs that are included in the geno-
typing platforms. Therefore, a candidate gene approach
would be necessary to confirm/refute the findings reported
here.

It is hoped that these results, coupled with those identify-
ing the IGKC gene as a strong prognostic marker in human
solid tumours [18], would inspire large-scale studies to
determine conclusively the contribution of Ig GM and KM
alleles in humoral immunity to XAGE-1b. It would also be
of interest to investigate the role of these determinants in
immunity to NY-ESO-1, a prototype cancer-testis antigen.
Results from such investigations would be extremely valu-
able in devising novel immunotherapeutic interventions in
patients with lung adenocarcinoma.
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ABSTRACT

HSP90, found in all kingdoms of life, is a major chap-
erone protein regulating many client proteins. We
demonstrated that HSP90«, one of two paralogs du-
plicated in vertebrates, plays an important role in the
biogenesis of fetal PIWI-interacting RNAs (piRNA),
which act against the transposon activities, in mouse
male germ cells. The knockout mutation of Hsp90x
resulted in a large reduction in the expression of
primary and secondary piRNAs and mislocalization
of MIWI2, a PIWI homolog. Whereas the mutation
in Fkbp6 encoding a co-chaperone reduced piR-
NAs of 28-32 nucleotides in length, the Hsp90x mu-
tation reduced piRNAs of 24-32 nucleotides, sug-
gesting the presence of both FKBP6-dependent and
-independent actions of HSP90«. Although DNA
methylation and mRNA levels of L1 retrotranspo-
son were largely unchanged in the Hsp90x« mutant
testes, the L1-encoded protein was increased, sug-
gesting the presence of post-transcriptional regu-
lation. This study revealed the specialized function
of the HSP90« isofom in the piRNA biogenesis and
repression of retrotransposons during the develop-
ment of male germ cells in mammals.

INTRODUCTION

Heat-shock protein 90 (HSP90), the most abundant pro-
tein in mammalian cells, is a chaperone that stabilizes the
conformation of >200 client proteins in various physio-
logical pathways, thereby maintaining cellular homeostasis
(1,2). In mammals, there are two cytosolic HSP90 isoforms
encoded by distinct genes, Hsp90aal (HSP86; HSP90x)

and Hsp90abl (HSP84; HSP90R) sharing 86% similarity
in amino acid sequences, as well as HSP90 family pro-
teins localized in the mitochondria and endoplasmic retic-
ulum. For simplicity, we refer to Hsp90aal and Hsp90abl
as Hsp90a and Hsp908, respectively. Although Hsp908 is
ubiquitously expressed (constitutive type), Hsp90o expres-
sion is increased in response to various stresses (inducible
type), and its expression is more tissue-specific at the steady
state, being relatively higher in the testes and brain (3--5).
Whether these HSP90 proteins have specific functions re-
mains unclear.

Recently, plant and insect HSP90 proteins were im-
plicated in the biogenesis of three major classes of
small RNAs: small interfering RNA (siRNA), microRNA
(miRNA) and PIWI-interacting RNA (piRNA). In insects
and plants, the ATPase activities of HSP90 and HSP70 are
indispensable for the formation of the pre-RNA-induced

silencing complex (pre-RISC), in which double-stranded

RNA precursors of siRNA and miRNA are loaded onto
Argonaute proteins (6-8). In cultured human cells, how-
ever, chemical inhibition of HSP90 proteins does not af-
fect miRNA expression, although Argonaute-2 is mislocal-
ized (9). In animal gonads, PIWI-clade Argonaute proteins
(Piwi, Aub and Ago3 in flies and MILI, MIWI and MIWI2
in mice) play a principal role in the generation of piRNAs,
germline-specific small RNAs typically 24-33 nucleotides
(nt) in length that counteract the transposon activities (10).
In flies, Hsp90 has been implicated in piRNA production
(11,12), and its co-chaperone, Hop, regulates Piwi phos-
phorylation and thus piRNA production (12). Moreover,
silkworm Hsp90 participates in the loading of piRNA pre-
cursors onto Piwi (13). Another Hsp90 co-chaperone, Shut-
down, is important for piRNA production in flies (14), and
its mouse ortholog, FKBP6, has been proposed to facili-
tate the recycling of PIWI proteins in piRNA biogenesis
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(15). However, whether HSP90 plays a role in piRNA bio-
genesis in mice and other vertebrate species remains un-
known. Studies on the role of the mouse HSP90 proteins
in piRNA biogenesis have been hindered by the presence
of two Hsp90 genes in mice versus a single gene in insects.
Hsp90a knockout (KO) mice are viable, presumably be-
cause of the presence of functional Hsp908. However, we
revealed that KO males are infertile due to a failure in sper-
matogenesis (16,17), suggesting that Hsp90a plays a role
in spermatogenesis that cannot be replaced by Hsp908. In
this study, we investigated piRNA biogenesis in Hsp90a
KO mice and revealed a specific function of HSP90w in the
piRNA-based host-defense system against transposons in
mice.

MATERIALS AND METHODS
Animals

The Hsp90c and Mitopld KO strains were described by Ka-
jiwara et al. (17) and Watanabe et al. (18), respectively.

Antibodies

Polyclonal antibodies to HSP86 (HSP90a) and HSP84
(HSP90R) were purchased from Thermo Scientific (PA3-
013, RB-118). For immunostaining, polyclonal antibodies
against MILI (PIWIL2), MIWI2 (PIWIL4) and WDR77
were purchased from Abcam. Anti-TDRD1 and TDRD9
polyclonal antibodies and anti-MIWI2 polyclonal antibody
for immunoprecipitation were made by S. C. (Kyoto Univer-
sity) and S. K.-M. (Osaka University), respectively. Anti-
L1 ORF polyclonal antibody and Mael KO testes lysate
were generous gifts from Dr A. Bortvin (Carnegie Institute)
(19). Anti-mono and dimethyl arginine monoclonal anti-
body (7E6) used in western blot analysis was obtained from
Abcam.

Oligonucleotides

The sequences of oligonucleotides used in this study are
listed in Supplementary Table S1.

Immunofluorescence detection of protein localization

E16.5-18.5 testes were embedded in OCT compound and
snap-frozen in liquid nitrogen or isopentane cooled in lig-
uid nitrogen. Cryosections were cut at 7-10-pum thickness
and air-dried. The sections were fixed for 10 min in 4% PFA
at 4°C, washed with PBS, permeabilized in PBS with 0.5%
Triton X-100 for 30 min at room temperature, and blocked
in PBS with 0.1% Triton X-100 and 1% BSA for 30 min
at room temperature, Primary antibodies were incubated
overnight at 4°C. Slides were washed and incubated with
Alexa Fluor 488-labeled secondary antibody for 2-3 h at
room temperature. The sections were mounted with Slow-
Fade Gold Antifade Reagent with DAPI (Life Technolo-
gies) and observed by fluorescence microscopy.

Small RNA sequencing analysis

Total RNA was extracted from wild-type (WT) and Hsp90«
KO testes on E16.5 (20 testes for each condition) by Isogen

(Toyobo, Japan) and used to create a small RNA library
using the TruSeq Small RNA Library Preparation Kit (II-
lumina). The libraries were sequenced on MiSeq (Illumina)
via 50-bp single-end sequencing. After clipping the adaptor
sequence, sequence reads of more than 10 bp were mapped
to cellular RNA and miRNA sequences in miRBase (20)
by SeqMap (21). Unmapped sequences were then mapped
to the mouse genome sequence, allowing no mismatch, and
the mouse transposon sequences obtained from RepBase
(22), allowing 2-bp mismatches. For piRNA cluster-derived
RNAs, the sequences uniquely mapped to the fetal piRNA
clusters (23) were analyzed.

The small RNA sequencing data were obtained from
Gene Expression Omnibus (GEO) for Fkbp6 KO and
its WT control (GSE39203). These data and our pub-
lished data for Mili KO, Miwi2 KO and their WT control
(GSE20327) were analyzed using the aforementioned refer-
ence sequences.

Immunoprecipitation and western blotting

Three pairs of E16.5 testes were lysed in lysis buffer [20 mM
HEPES pH 7.5, 150 mM NacCl, 2.5 mM MgCl,, 0.1% Non-
idet P-40 (NP40), 1| mM DTT, protease inhibitor cocktail
(Nacalai, Japan)] on ice using a Dounce homogenizer, and
the lysate was cleared by centrifugation at 17,800 x g for 15
min at 4°C. The lysate was incubated with anti-MIWI2 anti-
body overnight at 4°C, following which Protein A/G PLUS-
Agarose was added to collect the antibody and protein com-
plexes. The agarose beads were washed four times with wash
buffer (25 mM Tris-HCI pH 7.5, 150 mM NaCl, 2.5 mM
MgCl,, 0.05% NP40 supplemented with 1 mM DTT, pro-
tease inhibitor cocktail). Immunoprecipitants were eluted
in sodium dodecyl sulphate (SDS) sample buffer and run
on an SDS-polyacrylamide gel electrophoresis gel. Western
blotting was performed as described previously (24).

Methylation-sensitive Southern blotting

The genomic DNAs of WT or Hsp90x KO testes at P14 (5
g each) were digested by Mspl (methylation insensitive)
or Hpall (methylation sensitive) and run on a 0.8% agarose
gel. DNAs were then transferred to a Hybond XL mem-
brane (GE Healthcare), hybridized with a *2P-labeled L1
probe (25) at 42°C for 20 h and washed four times with wash
buffer (2x SSC, 0.1% SDS) at 42°C. The radioactivities on
the membrane were detected on a BAS2500 analyzer (Fuji-
film, Japan).

Northern blotting

Total RNA (10 pg each) was run on a 15% polyacrylamide
gel, transferred to a Hybond XL membrane using a semi-
dry method (100 mA, 2 h) and cross-linked by UV. The
membrane was hybridized against radioactive probes at
40°C overnight and washed four times in wash buffer (2x
SSC, 0.1% SDS). The L1 (piR-1831) and Intracisternal A
particle (IAP) (piR-4868) probes used were described pre-
viously (25).
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Figure 1. The Hsp90c mutation affected the localization but not the argi-
nine methylation of MIWI2, (A) Immunofluorescence staining of HSP90o
(green; left) or HSPY0B (green; right) in WT EI18.5 testes. Nuclei were
counter-stained with DAPI (blue). (B) Localization of piR NA-related pro-
teins (green) in E18.5 WT (top) and Hsp90a KO (bottom) testis. Bars: A: 50
pm B: 20 pm. (C) MIWI2 was immunoprecipitated from the E16.5 testes
of WT or Hsp90a KO mice and subjected to western blotting. Immuno-
precipitants were blotted for MIWI2 (top), methyl-arginine (middle) and
WDR77 (bottom). See also Supplementary Figure S1.

Germ cell preparation and bisulfite sequencing

Germ cells were purified by fluorescence activated cell sort-
ing. Prospermatogonia were isolated from PO testes of mice
carrying an Oct4-EGFP transgene. Spermatocytes were iso-
lated from P17 testes as described previously (26). Genomic
DNA was isolated by standard procedure and used for
bisulfite sequencing as described previously (27). For each
germ cell preparation, the cell purity was validated by con-
firming the percentages of DNA methylation in the Lit1 dif-
ferentially methylated region, which is completely unmethy-
lated in male germ cells and 50% methylated in somatic cells.

RESULTS

Hsp90a mutation affects the localization of MIWI2, a PIWI
protein

Immunofluorescence analysis revealed that HSP90« is
specifically expressed in germ cells (prospermatogonia) in
the testis on embryonic day 16.5 (E16.5), whereas HSP90B
is expressed in both somatic and germ cells, suggesting a
germ cell-specific function of HSP90a (Figure 1A). The
- prospermatogonia produce piRNAs at this developmental
stage, and a deficiency in the biogenesis of fetal piRNAs
in animals with mutations in piRNA-related genes such as
Mili, Miwi2, Tdrdl, Tdrd9, Mov10ll, Maelstrom and Mito-
pld leads to a failure in spermatogenesis (10). We therefore
investigated whether subcellular localization and/or expres-
sion levels of piRNA-related proteins are affected by the
Hsp90a KO mutation in E18.5 testes. Proteins involved in
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piRNA biogenesis co-localize at granules around the pe-
riphery of the nucleus. MILI, one of the two PIWI pro-
teins expressed in prospermatogonia, and TDRDI1 localize
at cytoplasmic granules at the periphery of nucleus, called
pi-bodies, whereas the other PIWI protein MIWI2 as well
as TDRD9 and MAELSTROM localizes at different cyto-
plasmic granules around the nucleus, called piP-bodies (28).
MIWI2 and TDRD9 also localize in the nucleus, which is
thought to be important for piRNA-targeted DNA methy-
lation (25,29). In Hsp90a KO mice, MILI expression and
localization were unaffected (Figure 1B and Supplementary
Figure S1A). However, we detected an obvious difference
in MIWI2 localization. Although MIWI2 localizes both at
perinuclear granules and in the nucleus in the WT germ
cells, nuclear staining was significantly decreased in Hsp90«
KO germ cells (Figure 1B), although some staining still re-
mained in nuclei. At the mRNA level, the Miwi2 expression
was not affected in Hsp90a KO testes at E16.5 (Supplemen-
tary Figure S1B).

Because MIWI2 interacts with TDRD9, a Tudor
domain-containing protein (25,30), we investigated
TDRDO9 expression in Hsp90a KO mice as well as the
expression of another Tudor protein, TDRDI, which
interacts with MILI. The localization of TDRD9 and
TDRD! was unchanged in Hsp90o KO mice (Figure
1B). The expression and localization of the other proteins
involved in fetal piRNA biogenesis, MAELSTROM and
MOVI0L1, were also unaffected in Hsp90a« KO mice
(Supplementary Figure S1C).

MIWI2 was methylated at arginines in WT and Hsp90x KO
testes

The Tudor domains in various proteins specifically bind
to methylated arginine residues (31), and it has been pos-
tulated that the MIWI2-TDRD?9 interaction depends on
the methylation of arginine residue(s) in MIWI2 at its
RA/RG motifs, which is likely catalyzed by an arginine
methyltransferase, PRMTS (32,33). PRMTS is a client pro-
tein of HSP90, and PRMT5 and HSP90« were found to
interact with MIWI2 (32). Moreover, chemical inhibition
of HSP90 activity severely diminishes the stability of the
PRMTS protein in cultured cells (34). Therefore, we in-
vestigated the arginine methylation of MIWI2 in WT and
Hsp90a KO mice. For this purpose, MIWI2 was first im-
munoprecipitated in whole cell lysates of E16.5 testes, and
the precipitants were analyzed by western blotting against
an anti-methylarginine antibody. We detected an arginine-
methylated protein in the WT preparation that co-migrated
with MIWI2 in the gel (Figure 1C), suggesting that MIWI2
is indeed methylated at arginine(s) in prospermatogonia.
The level of arginine methylation was comparable between
WT and KO preparations, suggesting that the arginine
methylation of MIWI2 is not disturbed in Hsp90a KO
mice. Presumably, HSP90B may facilitate PRMTS activ-
ity. WDR77, a co-factor of PRMTS, was detected in the
MIWI2-IP fraction of Hsp90«a KO testes, and the amount
was similar to that of WT testes (Figure 1C).

Our results together suggest that in the absence of
HSP90a, MIWI2 fails to enter the nucleus even though
MIWTI2 is methylated and its associated partners, TDRD9
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and MAELSTROM, are properly expressed and localized.
Failure in MIWI2 translocation is also observed in Mili,
Tdrdl, Tdrdl2, Maelstrom, Movl0ll and Fkbp6 mutant
mice (15,25,35-37), all of which are deficient in piRNA bio-
genesis to various degrees. Therefore, we analyzed small
RNAs from WT and Hsp90o mutant testes. For compar-
ison, we also analyzed published small RNA sequencing
data for Mili, Miwi2 and Fkbp6 KO testes and their WT
controls.

Hsp90o mutation displayed a remarkable decrease in fetal
piRNAs

Fetal piRNAs are classified into two types: primary and
secondary piRNAs. Primary piRNAs are generated from
precursor RNAs transcribed from ~200 genomic regions
called piRNA clusters. Transposon-derived RNAs are also
the sources of the primary piRNAs. These primary piRNAs
preferentially have uracil at the first position, and they are
loaded onto MILI. MILI cleaves RNAs containing trans-
poson sequences that are complementary to the primary
piRNA. This generates secondary piRNAs, which prefer-
entially have adenine at the 10th position. The secondary
piRNAs are loaded onto either MILI or MIWI2 to guide
the cleavage of complementary RNAs, a process called the
ping-pong cycle. We therefore analyzed both types of piR-
NAs as well as miRNAs.

Small RNA libraries were generated from WT and
Hsp90a KO testes at E16.5 and deeply sequenced (Figure
2A). The miRNA reads in the WT and KO libraries were
comparable (83.2 and 83.9% of the total 20-23-nt RNAs,
respectively). In contrast, the levels of 24-33-nt small RNAs
uniquely mapped to the previously identified fetal piRNA
clusters, representing primary piRNAs, were reduced by
~3-fold in the KO testes (Figure 2B and C). The levels of 24—
33-nt small RNAs mapped to transposon sequences, con-
sisting of primary and secondary piRNAs, were also re-
duced by ~3-fold (Figure 2D and E). Similar trends were
observed in the Fkbp6 co-chaperone mutant (Figure 2B and
D; Xiol et al. (13)); however, the effect was larger in Hsp90«
mutants than in Fkbp6 mutants. The Fkbp6 mutation re-
duced the expression of small RNAs in the range of 28—
32 nt, the size range of MIWI2-bound piRNAs; however,
it did not affect 24-27-nt RNAs, the size range of MILI-
bound piRNAs (Supplementary Figure S2A). In contrast,
the Hsp90x mutation equally suppressed the expression
of 24-32-nt RNAs (Supplementary Figure S2C), suggest-
ing the presence of both FKBP6-dependent and FKBP6-
independent actions of HSP90«. In any event, these re-
sults indicate that HSP90a plays a role in the biogenesis
and/or stability of piRNAs in prospermatogonia. Whereas
the Mili mutation severely downregulates both cluster- and
transposon-derived piRNAs, the Miwi2 mutation does not
reduce cluster-derived piRNAs (Figure 2B and D; Aravin
et al. (35)). Therefore, the downregulation of both types of
piRNAs in Hsp90a KO germ cells suggests that HSP90«
affects both the activity of MIWI2 and the upstream reac-
tion(s) in the piRNA biogenesis pathway, possibly primary
piRNA biogenesis and/or stability.

To study the role of HSP90« in the piRNA pathway in
more detail, we analyzed small RNAs mapped to the con-
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Figure 2. The Hsp90x KO mutation reduced both cluster- and
transposon-derived small RNAs in E16.5 testes. (A) Length distributions
of small RNA sequences in WT (blue) and Hsp90a KO (red) fetal testes.
(B, D) Small RNA sequence reads (24-33 nt) from Hsp90«, Fkbp6, Mili
and Miwi2 KO testes (vertical axis), which were uniquely mapped to the
fetal piRNA clusters (B) or the consensus sequences of mouse transposons
(D), are plotted against those from the respective WT controls (horizontal
axis). Each plot represents one of the clusters (B) or transposons (D). All
sequence reads are normalized as per million miRNA reads. The dashed line
indicates a 3-fold reduction in the KO library, and the solid line indicates
no change. (C, E) The nucleotide bias at the Ist and 10th positions in the
24-33-nt small RNAs mapped to the piRNA clusters (C) and transposons
(E) in WT and KO testes.

sensus sequence of A-type LINE-1 (L1), one of the most
active retrotransposons in the mouse genome (Figure 3A).
Both sense and antisense small RNA levels were reduced in
the KO testes. Although this global reduction, the mapped
24-33-nt small RNAs in the KO library displayed a bias
toward uracil at the first position and adenine at the 10th
position as well as a 10-bp overlap between sense and an-
tisense small RNAs (Figures 2C, E and 3B), which are the
hallmarks of piRINAs generated via the ping-pong cycle. We
also detected an ~3-fold reduction in the expression of piR-
NAs derived from Gf-type L1, another active L1 subfamily,
in KO testes.

In addition to the length range of typical piRNAs, we
detected a number of 19-nt small RNAs, which were po-
sitioned immediately upstream of 24-33-nt piRNAs on the
same strand and were complementary to 29-nt piRNAs on
the opposite strand (Figure 3A, C, and Supplementary Fig-
ure S2). Most (79%) 19-nt RNAs were associated with piR-
NAs that have adenine at the 10th position, and the 19-nt
peak was not observed for cluster-derived small RNAs (Fig-
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ure 3D). Therefore, these 19-nt RNAs are likely the byprod-
ucts of piRNA production via the ping-pong cycle, as has
been suggested for 19-nt RNAs present in adult testes con-
taining pachytene and prepachytene piRNAs (38,39). In ad-
dition, the presence of 16-nt byproducts was evident (Fig-
ure 3A, C and Supplementary Figure S2). The amounts of
these 19- and 16-nt byproducts were only slightly reduced
by the Hsp90« mutation. It has been reported that in cul-
tured silkworm cells, chemical inhibition of HSP90 results
in the accumulation of such 16-nt byproducts in the PIWI
complex, suggesting that HSP90 facilitates the recycling of
PIWI for efficient ping-pong cycling (15). In the mouse sys-
tem, however, our data imply that neither RNA cleavage nor
PIWI recycling is affected by HSP90a inactivation; thus, it
appears more likely that HSP90a plays a role in stabilizing
24-33-nt piRNAsS, such as stabilizing piRNA—protein com-
plexes.

L1 retrotransposons are derepressed in the fetal germ cells of
Hsp90o KO mice

The reduction of L1-derived 24-33-nt piRNAs prompted
us to investigate whether the expression of this retrotrans-
poson is misregulated in mutant prospermatogonia. Thus,
we compared the expression of the L.1-encoded ORF1p pro-
tein in WT and Hsp90a KO testes at E18.5 by immunoflu-
orescence. The number of ORF1p-positive germ cells was
significantly increased in the fetal Hsp90a KO testis (Fig-
ure 4A). Furthermore, western blotting of the whole testes
lysates (E16.5) revealed a definite increase in ORFlp lev-
els in the mutant testes (Figure 4B). In contrast, L1 mRNA
levels were largely unchanged in these testes (Figure 4C),
suggesting that the effect occurs at the post-transcriptional
level. Consistently, the DNA methylation levels of the pro-
moter sequences of A- and Gf-type L1 were largely similar
between WT and KO PO prospermatogonia (Figure 4D).

Postnatal piRNA levels derived from retrotransposons were
reduced in Hsp90« KO mice

We also investigated the effect of the Hsp90« KO mutation
on piRNA biogenesis and DINA methylation in postnatal
germ cells. Northern blot analysis of testis RNA on post-
natal day 24 (P24) against piRNA derived from IAP, an-
other active retrotransposon, revealed a severe reduction in
piRNA levels in the mutant testes (Figure 5A). The reduc-
tion of L1-derived piRNA was unclear because of smear-
ing; however, longer RNAs were accumulated in the mu-
tant testes, very similarly to Mitopld KO testes, which are
deficient in piRNA production and show an increased L1
mRNA level at postnatal stages (18). These results suggest
that, at the postnatal stages, L1 transcription is increased
in Hsp90a KO testes. The DNA methylation level in the
L1 promoters was partially reduced in the Hsp90«a mutant
testes at P15 when analyzed by methylation-sensitive en-
zyme digestion and Southern blot, although it was not as
much as Mitopld KO testes (Figure 5B). However, when an-
alyzed by bisulfite sequencing, the L1 promoters were nor-
mally methylated in Hsp90a KO meiotic germ cells (sper-
matocytes) at P17 (Figure 5C), as in the PO prospermato-
gonia (Figure 4D). Although there might be a difference in
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Figure 4. Increase in L1-encoded protein levels in Hsp90wx KO testes. (A) Immunofluorescence detection of L1 ORF1 protein in E18.5 testes. (B) Western
blot analysis of L1 ORF1 protein in E16.5 testes lysates. Maelstrom KO testis lysate (gifted from Dr A. Bortvin) was used as a positive control, and B-actin
served as a loading control. (C) The gene expression of L1 OrfI in WT (blue) and Hsp90« KO (red) testes at E16.5 and P10 was determined by quantitative
RT-PCR and normalized by the ActB expression level. (D) DNA methylation levels of retrotransposon sequences in WT and KO prospermatogonia (at
P0) determined by bisulfite-PCR sequencing. Open and closed circles represent unmethylated and methylated CpG sites, respectively.

methylation in several limited loci of L1, the profound de-
crease in piRNA production did not affect DNA methyla-
tion of a bulk of L1 promoters.

DISCUSSION

The HSP90 proteins play a pivotal role for maintaining the
integrity of cellular functions by supporting the activities of
many client proteins, and this HSP90’s function has been
proposed to be important for the robustness of develop-
mental pathways under genetic or environmental pertur-
bations (i.e. canalization) (40,41). In the germ cells, main-
taining the integrity of the genome and epigenome is espe-
cially important, because they convey the genetic and pos-
sibly epigenetic information to the progenies. The germline
piRNA system is an efficient host defense system against
the mutagenic effects of active transposons by cleaving their
RNAs and epigenetically silencing their promoters. We re-
cently revealed that Hsp90a is essential for spermatogen-

esis (17), and in this report, we showed that HSP90w is
important for piRNA production and post-transcriptional
repression of retrotransposons in mouse fetal germ cells.
Several proteins indispensable for piRNA production have
been identified, and there are even more proteins regulat-
ing these key proteins. The PIWI-clade Argonaute proteins,
MILI and MIWI2, are the most centered in the mouse fetal
piRNA system as they form complexes with primary piR-
NAs, cleave the transposon-derived RNAs to generate sec-
ondary piRNAs and mediate DNA methylation of trans-
posons such as L1. The loss of HSP90« decreased both
MILI- and MIWI2-bound fractions of fetal piRNAs by ~3-
fold, but not completely. The remaining piRNAs showed
the hallmarks of ping-pong cycle, which indicate that the
RNase (slicer) activity of the PIWI protein(s) is still work-
ing in KO germ cells. Nevertheless, the decrease was enough
to derepress retrotransposons.
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Figure 5. The expression levels of piRNA and the DNA methylation of L1
and IAP retrotransposons. (A) Northern blot analysis of piRNAs derived
from L1and IAP in P24 testes. Mitopld KO testes were used as a control for
piRNA defects. (B) DNA methylation state of L1 5-UTR was detected by
Southern blot analysis of testes DNA digested by a methylation-insensitive
(Mspl; M) or methylation-sensitive (Hpall; H) restriction enzyme. (A, B)
Asterisks indicate the expected band sizes. (C) DNA methylation levels of
retrotransposon sequences in WT and KO spermatocytes (at P17) deter-
mined by bisulfite-PCR sequencing. Open and closed circles represent un-
methylated and methylated CpG sites, respectively.

The reports on the piRNA system have been accumulat-
ing in this decade. However, the mechanisms of piRNA-
mediated retrotransposon silencing are still not fully un-
derstood, especially in the series of steps: (i) the loading of
MILI-generated piRNAs onto MIWI2, (ii) the transloca-
tion of MIWI2-piRNA complex into nucleus and (iii) the
introduction of DNA methylation in retrotransposon pro-
moters. TDRD9, which contains a Tudor domain recog-
nizing methylated arginine residues, has been shown to co-
localize with and binds to MIWI2 at piP-bodies and both
proteins are also present in nucleus, suggesting its role in
the MIWI2 translocation (25). The other PIWI proteins in
postnatal germ cells, MILI and MIWI, have been shown to
be methylated by an HSP90 client protein, PRMTS, which
is a type II protein methyltransferase (32,33). However, it
was unknown whether MIWI2 is methylated in vivo, al-
though MIWI2 has the PRMT5-methylation motif and can
be methylated by PRMTS in vitro (32,33). Here, we showed
that MIWI2 is indeed methylated in fetal germ cells. But,
it is likely that the level of the MIWI2 methylation was not
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affected in prospermatogonia at E16.5 by the Hsp90« defi-
ciency, demonstrating that the arginine methylation is not
sufficient for the MIWI2 protein to translocate into nuclei.
Interestingly, even with the arginine methylation of MIWI2,
the subcellular localization patterns of MIWI2 and TDRD9
became different in Hsp90x KO germ cells; TDRD? still
can enter the nucleus in the mutant. Given the function
of HSP90w in protein transport across membranes in den-
dritic cells (16,24), it is tempting to speculate that HSP90x
may function as a chaperone for MIWI2 translocation. This
prospect should be explored in future studies.

Despite the low efficiency of MIWI2 nuclear transloca-
tion and the low amount of piRNAs, the DNA methylation
levels at L1 promoters were not severely affected. Therefore,
the small amounts of MIWI2-piRNA complexes in the nu-
cleus might be enough to guide de novo DNA methylation of
the retrotransposon promoters. We showed that L1 mRNA
is highly produced even in the WT fetal testes and is not
extra-elevated in the Hsp90a KO testes. On the other hand,
the amount of the L1-encoded protein was significantly el-
evated in the Hsp90a mutant testes. These features, i.e. de
novo DNA methylation is not affected but the expression of
L1 iselevated at the protein level, are very similar to the phe-
notype of the mutant of Maelstrom (28), a gene known to be
involved in the piRNA-based transposon silencing system.
Therefore, L1 is repressed at the post-transcriptional level in
fetal male germ cells (prospermatogonia), and Maelstrom
and HSP90a are likely involved in it. On the other hand,
the piRNA-guided DNA methylation at the L1 promoter is
important for transcriptional silencing in later (postnatal)
stages, as evidenced by an increase in L1 mRNA after birth

sibly involved in several distinct steps in normal male germ
cell development, because HSP90 is a chaperone that stabi-
lizes a numerous client proteins in cytosol and in nucleus.
Further study is needed to elucidate whether the deficiency
in post-transcriptional regulation of retrotransposons in the
Hsp90a KO fetal germ cells is directly linked to the defi-
ciency in piRNA biogenesis.

Involvement of the HSP90 chaperone complexes in the
mouse piRNA biogenesis was first suggested in the study
of FKBP6, HSP90’s co-chaperone, in which the authors
showed that the Fkbp6 KO mice had a defect in piRNA
production, especially in MIWI2-bound piRNA (15). They
also analyzed the effect of an HSP90 inhibitor, Gel-
danamycin (GA), on the piRNA biogenesis in cultured silk-
worm cells. The GA-treatment resulted in the accumula-
tion of additional ~16-bp small RNA species which are
likely byproducts of the RNA cleavage reaction by Ago3,
a PIWI protein. Thus, they suggested that FKBP6 in mice
and HSP90 in silkworm are involved in efficient recycling
of the slicer enzyme. On the other hand, our computational
analysis on the published sequence data revealed that the
ping-pong byproducts are not accumulated in Fkbp6 KO
testes, similarly to the HSP90o KO testes. It is of note
that, in Hsp90a KO testes, not only MIWI2-bound piR-
NAs but also MILI-bound piRNAs are reduced, indicat-
ing the presence of both FKBP6-dependent and FKBP6-
independent actions of HSP90a. This seems to parallel with
the insect piRNA system where at least two different HSP90
co-chaperones, Hop and Shutdown (Fkbp6 ortholog), are
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required (12,14). The reduction of both MILI- and MIWI2-
bound piRNAs by the Hsp90x mutation also suggests that
the steps where HSP90« is involved in the piRNA biogen-
esis pathway include a step(s) upstream of the enzymatic
reactions by MILI. Therefore, in analogy to the role of the
insect HSP90 machinery in the formation of piRNA-PIWI
complex (13) and siRNA-Ago2 complex (8), it is conceiv-
able that the mouse HSP90a machinery has important roles
in the formation and/or stability of the MILI-piRNA and
MIWI2-piRNA complexes, the later being dependent on
the FKBP6 co-chaperone.

The two cytosolic HSP90 isoforms were generated by
gene duplication in the common ancestor of vertebrates
and maintained thereafter, with the amino acid sequence
and the expression pattern being diverged (44). However,
whether the two isoforms are functionally diverged, partic-
ularly whether HSP90« with more tissue-specific expres-
sion has indispensable functions, remains controversial. A
function specific to HSP90a would be its extracellular role
in regulating matrix metalloproteinase activity and cancer
metastasis (45). However, little is known about the differ-
ence in their intracellular functions. We previously demon-
strated that HSP90« plays a more important role than
HSP90B in the membrane translocation and presentation of
exogenous antigens in mouse dendritic cells (16,24). In this
study, our data revealed that HSP90« plays specific roles in
the epigenetic regulatory systems against transposons dur-
ing germ cell development. The single insect gene of HSP90
is also involved in piRINA biogenesis and transposon silenc-
ing (11,12), hinting that the function of the HSP90 machin-
ery in piRNA biogenesis is conserved in metazoans. After
gene duplication and functional divergence, this piRNA-
related function may have become specific to Hsp90« in ver-
tebrates or at least in mammals. Then, under the selection,
Hsp90a may have become highly expressed in male germ
cells.
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‘We have shown that transcriptional noise is
well predicted by molecularly detailed models
for the two most common promoter architec-
tures in E. coli as the various genetic knobs are
tuned. This agreement is not the result of fitting
theory curves to data, because the predicted curves
are generated using physical parameter values
reported elsewhere in the literature and in that
sense are zero-parameter predictions. Earlier re-
ports of “bursty” transcription (5, 21) are based
on the observation that the Fano factor is greater
than 1 for constitutive mRNA production (as well
as direct kinetic measurements). Various explan-
atory hypotheses have been proposed, including
transcriptional silencing via DNA condensa-
tion by nucleoid proteins (22), negative supercoil-
ing induced by transcription, or the formation
of long-lived “dead-end” initiation complexes
(23). Although our data do not rule out these
hypotheses, we find that extrinsic noise is suf-
ficient to explain the deviation from Fano = 1in
our constitutive expression data (Fig. 2B). Thus,
we find no need to invoke alternative hypothe-
ses to explain the observed “burstiness” of con-
stitutive transcription.

Many interesting earlier experiments make
it difficult to interpret differences between pro-
moters and induction conditions in terms of
distinct physical parameters because of the wide
variety of promoter architectures in play as well
as the diverse mechanisms of induction. We have
instead taken a “synthetic biology” approach of
building promoters from the ground up. By di-
rectly controlling aspects of the promoter archi-
tecture, our goal has been to directly relate changes
in promoter architecture to changes in observed
gene expression variability. We believe that this
work has demonstrated that mutations in reg-
ulatory DNA can alter gene expression noise. This
suggests that gene expression noise may be a
tunable property subject to evolutionary selec-
tion pressure, as mutations in regulatory DNA
could provide greater fitness by increasing (or
decreasing) variability. Demonstrating the rele-
vance of this hypothesis in natural environments
remains an ongoing challenge.
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IMMUNE TOLERANCE

Detection of self-reactive CD8"
T cells with an anergic phenotype
in healthy individuals

Yuka Maeda,! Hiroyoshi Nishikawa,'* Daisuke Sugiyama,’ Danbee Ha,'
Masahide Hamaguchi," Takuro Saito,' Megumi Nishioka,? James B. Wing,'
Dennis Adeeghbe, Ichiro Katayama,? Shimon Sakaguchi'*

Immunological tolerance to self requires naturally occurring regulatory T (T,.g) cells. Yet
how they stably control autoimmune T cells remains obscure. Here, we show that T, cells
can render self-reactive human CD8" T cells anergic (i.e., hypoproliferative and cytokine
hypoproducing upon antigen restimulation) in vitro, likely by controlling the costimulatory
function of antigen-presenting cells. Anergic T cells were naive in phenotype, lower than
activated T cells in T cell receptor affinity for cognate antigen, and expressed several
coinhibitory molecules, including cytotoxic T lymphocyte-associated antigen-4 (CTLA-4).
Using these criteria, we detected in healthy individuals anergic T cells reactive with a skin
antigen targeted in the autoimmune disease vitiligo. Collectively, our results suggest that
Treg cell-mediated induction of anergy in autoimmune T cells is important for maintaining

self-tolerance.

aturally occurring CD25"CD4" regulatory T
(Tyeg) cells, which specifically express the
transcription factor FoxP3, actively main-
tain immunological self-tolerance and ho-
meostasis (7). Developmental or functional
anomalies of natural T, cells can cause auto-
immune diseases (such as type I diabetes), aller-
gy, and immunopathological diseases (such as
inflammatory bowel disease) (Z). How T cells
effectively control potentially hazardous self-
reactive T cells in humans remains an open ques-
tion. In particular, it is unknown whether Tieg
cell-mediated suppression for a limited period
has a critical long-lasting effect on cell fate and an-
tigen reactivity of autoimmune T cells.
To address this issue, we examined proliferation,
cytokine production, and cell fate of antigen-
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Japan. *Department of Dermatology, Graduate School of
Medicine, Osaka University, Osaka 565-0871, Japan.
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specific CD8* T cells in peripheral blood mono-
nuclear cells (PBMCs) from healthy individuals
stimulated in vitro with self-antigen peptide in the
presence or absence of natural FoxP3*CD25"CD4"
Treg cells. Melan-A (also known as MART-1) used
in the experiments is a self-antigen expressed by
normal melanocytes and some melanoma cells
and targeted in vitiligo vulgaris, an autoimmune
disease of the skin (2-5). In the absence of Ty
cells, Melan-A-specific CD8* T cells [detectable
by major histocompatibility complex (MHC) tetra-
mers and peptide tetramers] expanded over 10
days from very few cells to a sizable fraction
when cultured with peptide-pulsed autologous
antigen-presenting cells (APCs) (Fig. 1A) (6). Nat-
ural T, cells, which appeared to be activated by
endogenous self-peptides and class 1T MHC on
autologous APCs (7-9), suppressed the expansion
of Melan-A tetramer-positive (Tet") CD8" T cells
in a dose-dependent manner. Similar stimulation
with irrelevant peptide NY-ESO-1, another self-
and tumor antigen, failed to induce Melan-
ATet"CD8" T cells. In cultures containing Ty, cells,
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we noted an accumulation of Tet"'CD8" T cells
that had divided once and then stopped further
proliferation. This proliferation-aborted popula-
tion increased in ratio, whereas the population
under multiple cell divisions reciprocally de-
creased, in proportion to the number of added
Ty cells. The proliferation-aborted cells had sig-
nificantly lower tetramer staining intensity than
the cells that had vigorously proliferated in the
absence of Ty cells (peak a versus b in Fig. 14,
Fig. 1B, and fig. S1). The staining intensity of T cell
receptor-of (TCR-af) chains was equivalent in
both populations, which indicated that the lower
tetramer staining intensity was not due to down-
modulation of TCR but to lower TCR affinity for
the Melan-A peptide, as supported by significantly
lower ratios of tetramer versus TCR-off staining

intensities (Fig. 1C). Functionally, they produced
reduced levels of cytokines such as interferon-y
(IFN-y), tumor necrosis factor-o (INF-¢), and in-
terleukin 2 (IL-2) (Fig. 1, D and E), despite the addi-
tion of exogenous I1-2 to maintain cultured T cells.
Furthermore, upon secondary stimulation, they re-
mained hypoproliferative and produced very low
amounts of cytokines (fig. S2). Thus, antigenic stim-
ulation under T cell-mediated suppression al-
lows responder T cells with relatively low affinity
TCRs for a self-antigen to divide once but prevents
their further proliferation, which drives them into
a profoundly and stably hypoproliferative and
cytokine-hypoproducing state, which can be im-
munologically defined as “anergy” (10-13).

In contrast with anti-Melan-A responses, CD8"
T cells from the same donor, who had detectable
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Fig. 1. Natural T, cells render low-affinity self-reactive CD8" T cells anergic upon antigen
stimulation. (A) Melan-A-specific CD8" T cell induction. CFSE-labeled CD8" T cells of HLA-A*0201* healthy
individuals were stimulated by T cell-depleted, y-irradiated, and Melan-Ayg.35 peptide—pulsed APCs with
graded numbers of CD25"8"CDA* T cells for 10 days (6). Dotted lines mean Tet"CD8" cells showing no
CFSE dilution. Control tet: NY-ESO-1is7165/HLA-A*0201 tetramer. Ty refers to CD8" effector T cells. (B) Tet,
TCR-ap, and CD8 staining of Tet*CD8"* T cells. Results in (A) and (B) are representative of 10 independent
experiments. (C) Relative tetramer staining intensities, calculated as mean fluorescence intensity (MFI) of Tet/
MF| of TCR-ap staining of Tet"CD8" T cells (n = 5). (D and E) Cytokine production of Tet'CD8" T cells by
intracellular staining (D) and enzyme-linked immunosorbent assay (E) (6). Representative result of three
independent experiments. The labels a and b in (B) to (E) mean the cell accumulations like a or b in (A). Error
bars indicate means + SEM. The significance was assessed by Student's two-tailed paired t test.
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serum anticytomegalovirus (CMV) immunoglobu-
lin G (IgG) antibody, had CMV peptide-specific T
cells with a memory phenotype (fig. S3, A to D).
CMV-specific CD8" T cells, whether they were in a
naive or memory cell fraction, vigorously prolif-
erated and produced inflammatory cytokines even
at a high T,.to-responder T cell ratio, with no
significant differences in CMV tetramer staining
intensity among CD8" T cells proliferating in the
presence or absence of Ty cells (fig. S3, E to H).
However, high numbers of Ty, cells completely
inhibited the proliferation of polyclonally activated
naive CD8" T cells without allowing a single cell
division (fig. S4). The nondividing CD8" T cells
proliferated as actively as nonsuppressed cells upon
restimulation after removal of Tg cells.
Collectively, Typ-cell dosage, the immunologi-
cal states of responder T cells (e.g., in a naive or
memory state), and their TCR affinity for cognate
antigen contribute to Ty cell-mediated induc-
tion of anergy. This is an active process and dif-
fers from a mere naive nonproliferative state.
Microarray gene expression analysis revealed
that activated or anergic Tet*CD8" T cells or
Tet™CD8" T cells obtained from T-absent or
-present cell cultures were substantially different
in gene expression profiles (Fig. 2A). As the most
striking differences, the transcription of CTLA4,
encoding the coinhibitory molecule CTLA4: (14),
was significantly up-regulated, whereas BCL2, en-
coding the apoptosis-inhibiting molecule B cell
lymphoma-2 (BCL-2) (15), was down-regulated in
anergic CD8" T cells, as confirmed by quantita-
tive reverse transcription polymerase chain reac-
tion (RT-PCR) (Fig. 2B). There were no significant
differences in the expression of PDCDI encoding
the coinhibitory molecule PD-1; the genes en-
coding the anergy-related molecules GRAIL,
CBL-B, and EGR-2 (16-19); BAT3, TBX21, and
EOMES, putative markers for exhausted CD8* T
cells (20, 21); and p27KIP1, a cyclin-dependent
kinase inhibitor. Anergic CD8* T cells did not
express FoxP3 (Fig. 2B and fig. S5A). The ma-
Jjority (>90%) of anergic CD8" T cells expressed
both CTLA-4 and the chemokine receptor CCR7,
which differed from the phenotype of activated
or naive CD8" T cells (Fig. 2, C and D, and fig.
S5, B to D) (22, 23). Functionally, during secondary
stimulation of anergic Tet"CD8* T cells with
Melan-A peptide-pulsed APCs after removal of
Tiee cells, antibody blockade of CTLA-4 and
PD-1 at doses enhancing cytokine production by
activated conventional T cells failed to rescue
proliferation resistance or cytokine hypoproduc-
tion of anergic CD8* T cells (fig. S5E) (24).
Addition of a high dose of I1-2 induced apoptosis
in restimulated Tet'CD8" T cells rather than
abrogating their hyporesponsiveness. Nevertheless,
anergic CD8" T cells were not in the process of
immediate apoptosis (fig. S6), despite their lower
BCL2 expression than activated T cells (Fig. 2B).
Thus, anergic CD8" T cells induced by Ty, cell-
mediated suppression are distinct from activated
or naive T cells in gene and protein expression
profiles. They also appear to be different from
“exhausted” CD8" T cells, which develop as PD-1*
hypoproliferative and cytokine-hypoproducing cells
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in chronic viral infections and in tumor tissues,
because exhausted CD8" T cells are reportedly
CCR7, CD45RA™, and BAT3", and their exhaus-
tion can be rescued by a PD-1-blocking antibody
(21, 24-26).

Treg cells suppress the activation and/or pro-
liferation of responder T cells (27), at least in
part, by down-regulating the expression of the
costimulatory molecules CD80 and CD86 on APCs
(fig. S7A) (28, 29). To determine whether low ex-
pression or down-modulation of CD80 and CD86
on dendritic cells (DCs) was responsible for the
induction of antigen-specific anergic CD8" T cells,
we stimulated carboxyfluorescein succinimidyl
ester (CFSE)-labeled CD8" T cells with autologous
immature or mature DCs pulsed with Melan-A
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Fig. 2. Distinct phenotype and function of anergic CD8" T cells produced
by T, cell suppression. (A) Global mRNA expression profile. Tet"CD8" T
cells induced at CD8" T cells: Teg cell ratios of 1:0.5 and 1:0 were subjected to
microarray analyses. Gene expression reportedly associated with CD8" T cell
function was compared among the indicated four groups and expressed as a
heat map. Correlation distances shown were calculated by h-clust (6). Represent-
ative of two independent experiments. (B) mRNA expression measured by
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peptide in the presence of graded amounts
of CTLA-4-immunoglobulin (CTLA-41g), which
blocked CD80 and CD86 (fig. S7B) (30). In con-
trast to the vigorous proliferation of Tet*CD8" T
cells cultured with mature DCs, the majority of
Tet*CD8" T cells generated with immature
DCs, and some with mature DCs with a high
dose (100 pg/ml) of CTLA-4dg, were proliferation-
aborted after one cell division (Fig. 3A). The
proliferation-aborted T cells (peaks ¢ and d in Fig.
3A) were lower than proliferating T cells in Melan-
A tetramer staining intensity (Fig. 3B), and high-
ly expressed CTLA~4 and CCRY7 (fig. S7, C and D);
they formed a discrete CT1.A-4/CCR7 double-
positive population (Fig. 3C and fig. S7E). They
produced significantly lower amounts of IFN-y,
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TNF-a, and I1-2 compared with Tet"CD8" cells,
having proliferated in culture with mature DCs
(fig. S7F). Similar to peptide stimulation, polyclonal
antibody against CD3-specific monoclonal anti-
body (mAb) stimulation of CTLA4™ naive CD8* T
cells in the presence of CTLA-4lg produced cells
that were proliferation-aborted after one cell di-
vision (fig. S8A). Notably, increasing CTLA-4lg
dose proportionally intensified CTLA4 expres-
sion by the aborted cells, while stably maintaining
their high CCR7 expression (fig. S8, A and B).
Taken together, antigen presentation with low
CD80 and CD86 costimulation is able to drive
CD8* T cells to differentiate into CTLA-4"CCR7"
anergic cells. DCs with moderate CD80 and
CD86 reduction can concurrently generate both
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quantitative real-time PCR. Fold changes of mRNA level as [Tet(+) with Teg] versus
[Tet(+) without Tegl in five independent experiments are shown. Error bars in-
dicate means + SEM. (C and D) Expression of cell surface molecules by Tet*CD8"
Tecells induced at CD8" Tcells: Treg cell ratios, 1:1 and 1:0. Representative histogram
staining pattern (C) and contour plot staining pattern of CTLA-4 and CCR7 (D).
Data are representative of five independent experiments (n = 10). The significance
was assessed by Student's two-tailed paired t test.

A mDC + CTLA-4lg B
mDC Fy pg/ml 10 pg/ml 100 pg/ml l imDC
©
K 0.3% 0.1% | ..
% - ] ,,,,,,,,,
o) Y-S R 5
= 3 Melan-A Tet TCR-aff
CDs8
c Tet(+) Tet(+) Tet(-)
g onimDC on mDC onimDC
4 1174 |
E a b . °
c
3
(@] i | ’
e ol e 4 0.4 ; 0
b oree 52

Number of cell division

Fig. 3. DC expression of CD80 and CD86 controls the generation of CTLA-4*CCR7" low-affinity anergic self-reactive T cells. (A) Melan-A—specific
CD8* T cell induction. CFSE-labeled CD8* T cells of HLA-A*0201" healthy individuals were stimulated with y-irradiated, Melan-Azs.35 peptide—pulsed
monocyte-derived immature or mature DCs. CTLA-4lg was added into mature DCs cultures at indicated concentrations (6). (B) Tet, TCR-a8, and CD8
staining intensity of Tet*CD8" T cells shown in (A). (C) Representative contour plot staining pattern of Tet™ or Tet"CD8" T cells shown in (A) for CTLA-4
and CCR7. Data in (A) to (C) are representative of five independent experiments.
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activated T cells and anergic T cells, in part, de-
pending on TCR affinity.

The above in vitro findings prompted us to ask
whether healthy individuals harbored such aner-
gicself-reactive CD8" T cells. Direct ex vivo staining
of CD8* T cells in PBMCs of healthy donors (n = 10)
for Melan-A peptide and MHC tetramer, with
CD8* T cells from vitiligo patients (n = 10) as a
positive control, revealed that a small number of
Tet"CD8" T cells were indeed present in healthy
individuals and constituted ~0.03% of CD8" T
cells in PBMCs, which contrasted with high per-
centages (~0.1%) in vitiligo patients (Fig. 4, A and
B) (6). Two-thirds of the former had a naive

(CCR7'CD45RA") phenotype, whereas the majo-
rity of the latter had an effector or memory
phenotype (Fig. 4C and fig. S9A) (4, 5). The
Tet"™CD8™ T cells from healthy individuals had
significantly lower tetramer staining intensity
than those from vitiligo patients (Fig. 4, D and E).
They expressed CTLA-4 at higher levels than
Tet"CD8" T cells from vitiligo patients or
Tet"CD8" T cells from healthy individuals, or ac-
tivated CD8" T or natural Ty cells (Fig. 4F and fig.
S9, B to D), and ~90% of the Tet"CD46RA'CDS" cells
were double positive for CTLA-4 and CCR7 (Fig.
4G and fig. S9B). Functionally, Tet*CD8" T cells
directly prepared from healthy donors scarcely

produced IFN-y, TNF-a, or IL-2, contrasting
with active cytokine production by naive Tet
CD8" T cells (Fig. 4H) or Melan-A-specific CD8" T
cells from vitiligo patients (4, 31).

To determine further the function of these an-
ergic T cells, we cocultured CTLA-4" and CTLA-4"
fractions of naive (CCR7'CD46RA") CD8" T cells
from healthy individuals and assessed the prolif-
erative activity of Tet"CD8" T cells present in each
fraction (Fig. 41). The CTLA-4" fraction, which
constituted less than 10% of naive CD8" T cells in
healthy donors, contained the majority (~95%)
of Melan-A Tet*CD8" T cells before stimulation
(Fig. 4, 1 to K). These CTLA4"Tet" cells were
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Fig. 4. Detection of low-affinity anergic self-reactive CTLA-4*CCR7'CD8"*
T cells in healthy individuals. (A) Melan-ATet"CD8" T cells in PBMCs of a
healthy donor (HD) and a vitiligo patient. (B) Percentages of Tet*CD8* T cells
in HDs and vitiligo patients (n = 10). (C) CCR7 and CD45RA expression by
Tet*CD8™ T cells in an HD and a vitiligo patient. (D) Tet, TCR-aB, and CD8
staining intensity of Tet*CD8" T cells in an HD and a vitiligo patient. (E)
Ratios of MFI of tetramer staining to MFI of TCR-a staining in Tet"CD8" T
cells in HDs and vitiligo patients (n = 4 each). (F) Expression of cell surface
molecules by Tet™ or Tet"CD8" T cells in a representative HD and a vitiligo
patient. (G) Representative staining for CTLA-4 and CCR7 of Tet” or Tet™
cells in CD45RA™CD8* T cells of an HD. Data shown in (A), (C), (D), (F),
and (G) are representative of four independent experiments. (H) Cytokine
production by Tet"CD8* T cells in HDs assessed by intracellular staining
with CCR7*CD45RATet™CD8™ T cells as control. Data summarize four
independent experiments. (1) Proliferation and cytokine production of
CTLA-4* or CTLA-4™ naive CD8" Tcells in HDs. CCR7*CD45RA*CD&" Tcells
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CTLA-4

from HD PBMCs were further separated into CTLA-4* and CTLA-4™ cells,
labeled with Cell Trace Violet (CTV) or CFSE, respectively, mixed at a 1:1 ratio,
stimulated with Melan-Ae.35 peptide—pulsed APCs for 10 days (top) or CD3/
CD28-specific mAb for 5 days (bottom), and assessed for proliferation by
CTV or CFSE dilution (red and blue, respectively) (6). Numbers in right two
figures represent the numbers of cells in each cell fraction. SSC, side scatter.
(J) Representative tetramer staining of the cell mixtures before (Pre) and
after (Post) Melan-Age.35 peptide stimulation for 10 days. Numbers represent
percentages of Tet"CD&" cells in the CTLA-4" or CTLA-4" fraction (red and
blue, respectively). (K) Percentages of Tet"CD8" T cells in the CTLA-4* (red)
or CTLA-4~ (blue) fraction in the cell mixtures before (Pre) and after
(Post) cell culture as shown in (I) and (J). (L) BCL2 mRNA expression of
CTLA-4*CCR7*CD45RA Tet"CD8"* and CTLA-4"CCR7"'CD45RA Tet*CD8" T cells
measured by quantitative real-time PCR. Data in () to (L) are representative
of at least three independent experiments. Error bars indicate means + SEM.
The significance was assessed by Student's two-tailed paired t test.
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hypoproliferative, low in BCL2 expression, and
prone to die upon Melan-A stimulation (Fig. 4, I
to L). In contrast, the CTLA4~ fraction, which
initially contained fewer than 5% of total Tet"CD8"
T cells, gave rise to proliferating Tet*CD8” T cells,
which made up ~95% of total Tet"CD8* T cells
after stimulation (Fig. 4, I to K). In addition,
polyclonal stimulation of the cell mixtures with
CD3-specific and CD28-specific mAb revealed that
the CTLA-4" fraction as a whole was hypoprolifer-
ative (Fig. 4I) and cytokine hypoproducing (fig.
SOE), in contrast with active proliferation and
cytokine production of the CTLA4 fraction.

These results collectively indicate that healthy
individuals harbor at least two distinct popula-
tions of self-reactive CD8" T cells: one that is func-
tionally anergic and expresses CTLA-4 and CCR7
and another that is CTLA~4" and naive in function
and phenotype. The latter, especially those with
high-affinity TCRs, may become activated and ex-
pand upon self-antigen stimulation in the absence
or reduction of natural T, cells, as shown in
Fig. 1A,

Thus, anergic self-reactive T cells, which are phe-
notypically distinct from other T cells, are physio-
logically present in the immune system. They
appear to be generated, at least in part, as a result
of Tygmediated suppression, which can deter-
mine cell fate of responder T cells (ie., activated,
anergic, or ignorant) upon antigenic stimulation,
depending on the number and suppressive activ-
ity of Treg cells, the TCR affinity and differentia-
tion states of responder T cells, and the condition
of APCs. This Ty.,-dependent switching of re-

1540 19 DECEMBER 2014 « VOL 346 ISSUE 6216

sponder T cell fate can be a key target in controlling
autoimmunity and tumor immunity, as illustrated
by our analysis of Melan-A-specific immune re-
sponses, as well as a variety of other physiological
and pathological immune responses.
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SUMMARY

B cells can suppress autoimmunity by secreting
interleukin-10 (IL-10). Although subpopulations of
splenic B lineage cells are reported to express IL-
10 in vitro, the identity of IL-10-producing B cells
with regulatory function in vivo remains unknown.
By using IL-10 reporter mice, we found that plasma-
blasts in the draining lymph nodes (dLNs), but not
splenic B lineage cells, predominantly expressed
IL-10 during experimental autoimmune encephalo-
myelitis (EAE). These plasmablasts were generated
only during EAE inflammation. Mice lacking plas-
mablasts by genetic ablation of the transcription fac-
tors Blimp1 or IRF4 in B lineage cells developed an
exacerbated EAE. Furthermore, IRF4 positively regu-
lated IL-10 production that can inhibit dendritic cell
functions to generate pathogenic T cells. Our data
demonstrate that plasmablasts in the dLNs serve
as IL-10 producers to limit autoimmune inflammation
and emphasize the importance of plasmablasts as
IL-10-producing regulatory B cells.

INTRODUCTION

In the context of autoimmune disorders, B cells can be patho-
genic effectors through their production of autoantibodies.
However, evidence is accumulating that B cells can also be
immunosuppressive in T-cell-mediated autoimmune and in-
flammatory diseases. Examples are collagen-induced arthritis
(CIA) (Mauri et al., 2003), systemic lupus erythematosus (SLE)
(Watanabe et al, 2010), and experimental autoimmune enceph-
alomyelitis (EAE), an animal model of human multiple sclerosis

1040
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(MS) (Fillatreau et al., 2002; Matsushita et al., 2008). The regu-
latory function of B cells is considered to be mainly determined
by the secretion of interleukin-10 (IL-10), which is controlled by
signals from Toll-like receptors (TLRs) (Lampropoulou et al.,
2008), CD40 (Maurt et al., 2003), and B cell antigen receptors
(BCR) (Fillatreau et al., 2002). To date, several unique popula-
tions of splenic IL-10-competent B cells (regulatory B cells)
have been described. They include CD21"CD23MIgMM transi-
tional 2-marginal zone precursor (T2-MZP) B cells (Evans
et al., 2007) and CD1d"CD5* B cells (Matsushiia et al., 2008)
that have been reported to inhibit autoimmunity. In addition,
splenic CD138" plasma cells were also reported to express
IL-10 (Shen et al., 2014). However, these populations produce
detectable IL-10 only when stimulated ex vivo. Thus, despite
progress made in understanding the importance of B-cell-
derived IL-10, there has been no definitive identification of
in vivo IL-10-producing B cells with regulatory function during
autoimmunity.

In humans, a role for B-cell-derived IL-10 in downregulation of
inflammatory reactions has been suggested in autoimmune dis-
eases such as MS or SLE (Blair et al., 2010; Duddy st al., 2007;
Mauri and Bosma, 2012). Treatment with rituximab for B cell
depletion efficiently ameliorated the disease progression in
some autoimmune diseases, presumably because of elimination
of pathogenic B cells (Glircan st al., 2009). However, this might
work in part because of selective survival and repopulation of
regulatory B cell subsets (Duddy et al, 2007; Todd et al,
2014). The functional and clinical importance of human IL-10-
competent B cells has begun to be elucidated but more must
be learned about their characteristics.

Here we have exploited IL-10 reporter mice to identify in vivo
IL-10-producing B cells and demonstrate that CD138* plasma-
blasts, proliferating immature plasma cells, are the predominant
source of IL-10 during EAE development. IL-10-producing plas-
mablasts were generated specifically in the draining lymph no-
des (dLNs) but not in the spleen after EAE induction. By genetic
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Figure 1. Plasmablasts Are the Dominant IL-10-Producing B Lineage Cells during EAE

(A) Flow cytometry of Venus expression in B220* and CD138*CD44" cells harvested from spleen, dLNs, and spinal cords of wild-type (shaded histogram) and
1110Ve"s* (open histogram) mice 14 days after MOGgs.ss immunization. Percentages of Venus* B cells are shown.

(B) Flow cytometry of cells from spleen and dLNs of Prdm17 9%+ mice 14 days after MOGgs.s5 immunization. GFP™ and GFPM populations of CD138* cells are

gated and their percentages are shown.

(C) Flow cytometry of CD138*CD44" cells from spleen and dLNs of wild-type mice 14 days after MOGgs.ss immunization. Percentages of Ki-67" cells are shown.

Data are representative of at least three independent experiments in (A)=(C).

(D) Absolute number of CD1387CD44" or their Venus™ cells from spleen and dLNs of //70V*"*** mice before and 7, 14, 21, and 28 days after MOGgs.ss im-
munization. Data are representative of two independent experiments. Data are presented as mean + SEM for four mice. NS, not significant. *p < 0.05 versus day

0 (Welch’s t test).
See also Figure S1.

approaches, we show that plasmablasts in the dLNs were critical
for limiting EAE progression. In addition, IL-10 production by
plasmablasts requires IRF4 and can prevent dendritic cells
from generating pathogenic T cells. Furthermore, human plas-
mablasts also preferentially secrete IL-10, further highlighting
plasmablasts as the IL-10-producing regulatory B cells.

RESULTS

Plasmablasts Are the Main IL~10-Producing B Cells
during EAE

To identify in vivo IL-10-producing B cells and their distribution
during autoimmune disease, we elicited EAE in mice carrying
a transgene of Venus, a variant of yellow fluorescent protein
(1710Ve™s), which allows tracking of IL-10" cells (Atarashi
et al,, 2011). Although previous reports suggested that several
splenic B cell subsets can produce IL-10 (Mauri and Bosma,

2012; Yanaba et al., 2008), we observed little Venus expression
in B220™ B cells before and 14 days after immunization with
myelin oligodendrocyte glycoprotein peptide (MOGss.ss) (Fig-
ure 1A and Figures S1A-S1D available online). In contrast,
CD138*CD44" cells expressed Venus markedly in the dLNs,
only modestly in spleen, and not at all in the spinal cords (Fig-
ures 1A, S1C, and S1D). ELISA assays also demonstrated that
the CD138"CD44" population expressing Venus had a poten-
tial to produce IL-10 (Figure $1E). CD138" cells are composed
of highly proliferative plasmablasts and nondividing plasma
cells that express intermediate and high amounts of Blimp1
(encoded by the Prdm1), respectively (Kallies et al., 2004). By
utilizing EAE-induced heterozygous Prdm19® knockin mice
(Prdm19™*), we confirmed that CD138* cells in spleen and
dLNs were largely GFP™ plasma cells and GFP™ plasmablasts,
respectively (Figure 1B). CD138*CD44" cells in dLNs, but not
spleen, were proliferating, as demonstrated by Ki-67 staining

Immunity 47, 1040-1051, December 18, 2014 ©2014 Elsevier inc. 1041
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(Figure 1C). Whereas the absolute number of CD138*CD44"
cells and their Venus™ cells was essentially constant in spleen,
those in dLNs expanded to a peak on day 14 after MOGas.s5
immunization (Figure 1D). Thus, these results indicate that
CD138* plasmablasts in dLNs are the principal IL-10-producing
B lineage cells during EAE.

Plasmablasts in the dLNs Negatively Regulate EAE
Inflammation

A key question is whether IL-10*CD138" cells are functionally
competent to inhibit EAE. To directly address this issue, we
elicited EAE in mice conditionally lacking Blimp1 in B lineage
cells by crossing of Prdm1" with Mb1°"®* mice (called
Prdm1¥"Mb 1%+ here). Plasma cell differentiation and antibody
responses were impaired in these mice (Figures S2A and S2B).
EAE development in Prdm17'Mb 1% mice was greatly exacer-
bated as compared to Mb7°"®* control mice (Figure 2A). Consis-
tent with the exacerbated EAE, CD4™ T cells, particularly those
producing interferon-y (IFN-vy) (Th1 cells) and IL-17 (Th17 cells),
increased in the spinal cords of Prdm1"Mb1°®* mice (Fig-
ure 2B). When stimulated with MOGias.ss, Prdm17"Mb 717+ LN
cells produced more IFN-y and IL-17 than Mb1°™®~ cells (Fig-
ure 2C). Thus, we conclude that CD138* plasmablasts/plasma
cells limit EAE inflammation.

Given that IL-10-producing CD138" cells are detected in both
spleen and dL.Ns during EAE, it remained important to test which
secondary lymphoid organ is critical for EAE attenuation. L-se-
lectin (CD62L), also known as Sell, is an essential homing recep-
tor that governs migration into the peripheral LNs. To explore the
involvement of LN B cells in EAE suppression, we generated
mixed bone marrow (BM) chimeras by transferring a mixture of
BM cells from pMT (80%) and Sell™’~ (20%) mice into lethally
irradiated wild-type mice. The Sell deficiency was restricted
to B cells in the resultant BM chimera (B-Sell~'~) mice. These
mice lacked B lineage cells in LNs, but not spleen, and ex-
hibited increased disease severity compared with control mice
(Figure 2D). In striking contrast, mice that had splenectomy
developed EAE normally (Figure 2E). B cell population and plas-
mablast differentiation in the dLNs was not affected by splenec-
tomy. Collectively, these data suggest that plasmablasts in the
dLNs negatively regulate EAE, but that splenic B lineage cells
are dispensable for its suppression.

Nevertheless, published studies have claimed a functionally
important role of splenic B cells to reduce EAE in adaptive trans-
fer experiments (Fillatreau st al., 2002; Matsushita et al., 2008).
Based on our above findings, we reasoned that adoptively
transferred splenic B cells might give rise to plasmabilasts in
the dLNs that then regulate EAE. We therefore examined EAE
in tMT mice with adoptively transferred splenic B cells isolated
from Prdm1”Mb1°* or Sel”~ mice and control mice.
Although the mice that received B cells from control mice
resolved EAE symptoms, these suppressive effects were not
observed when Prdm1¥Mb1°7* and Sell~'~ B cells were trans-
ferred (Figures 2F and 2H). As expected, plasmablast differenti-
ation from conirol B cells, but not Prdm1¥"Mb1°"* and Sell~'~ B
cells, occurred in LNs (Figures 2G and 2I). These results suggest
that splenic B cells can suppress EAE in an adoptive transfer
setting but that their plasmablast differentiation in the dLNs
might be required.

Immunity
Regulatory Role of Plasmablasts in Autoimmunity

EAE Induces Generation of GC-Independent
Plasmablasts that Produce IL-10 Preferentially

To gain insight into cellular aspects of IL-10-producing plas-
mablasts in the dLNs, we first investigated the cell surface
phenotype. Most LN plasmablasts in EAE mice expressed high
amounts of CD43, CXCR4, and major histocompatibility com-
plex Il (MHCH) and low amounts of B220, CD38, and CXCRS5 (Fig-
ure 3A). Many of them also had undergone immunoglobulin (Ig)
class-switch recombination (Figure 3B), which commonly occurs
in both extrafollicular and germinal center (GC) responses (Klein
and Dalla-Favera, 2008). Because an extensive expansion of
GC B cells in the dLNs was detected during EAE (Figure 3C),
we investigated the involvement of GCs in regulatory plasma-
blast generation. We elicited EAE in mice in which the transcrip-
tion factor Bcl6 was functionally disrupted by inserting a YFP
gene in both of the Bci6 alleles (Bcl6Y™YP) (Kitano et al., 2011)
and found that Bci6Y™Y® mice exhibited normal EAE despite of
their lack of GC B cells (Figures 3D and 3E). The plasmablast
generation was not significantly influenced by loss of Bcl6 (Fig-
ure 3E). Thus, EAE attenuation does not necessarily require GC
responses.

We next assessed the potential contribution of anti-inflamma-
tory cytokines besides IL-10 in plasmablasts. Because pub-
lished studies have suggested that splenic B cells or plasma
cells secrete IL-4, IL-13, IL-35, and transforming growth factor-
B (TGF-B) (Mauri, 2010; Shen et al., 2014), we examined their
expression in plasmablasts by quantitative RT-PCR analysis. In
agreement with our data obtained with IL-10 reporter mice,
CD138*CD44" plasmablasts, but not CD19*CD138~ B cells,
highly expressed IL-10 (Figure 3F). By contrast, the amount of
114, 1113, 1127 (I127b/p28), 1135 (I112a/l127b), and Tgfb1 mRNA
in CD138*CD44" cells was decreased or comparable to that
in CD19" cells. Consistent with that, ELISA and Bio-Plex sus-
pension assay demonstrated preferential IL-10 secretion by
CD138*CD44" cells (Figure 3G). Although IL-6 and IFN-y pro-
duced by B cells have been reported to contribute to EAE
pathogenesis (Barr et al., 2012; Matsushita et al., 2008), CD138*
CD44" cells had little expression of their mRNA and proteins.
Collectively, EAE-induced plasmablasts in the dLNs predomi-
nantly produce IL-10.

IRF4 Is Essential for Plasmablast IL-10 Production

We next investigated the mechanisms by which plasmablasts
produce IL-10. In a previous study, we found that B cells could
secrete IL-10 after BCR stimulation in a Ca®* influx-dependent
way (Matsumoto st al, 2011). However, this occurred only
when B cells were preactivated with TLR agonists. Thus, we
reasoned that TLR-dependent transcription factors would be
required for plasmablast differentiation and/or IL-10 production.
To this end, LPS-stimulated B cells from Prdm19®+ mice were
sorted on the basis of GFP and CD138 expression followed by
stimulation with anti-lgM (Figure 4A). IL-10 secretion was
restricted to GFP* fractions and drastically enhanced by
BCR ligation (Figure 4B). Because both CD138"GFP* and
CD138~GFP* populations are known to have characteristics of
antibody secretion and proliferative responses (Kaliies et al,,
2004), we concluded that plasmablasts are the principal IL-10
producers in vitro. Unexpectedly, however, B cells lacking Blimp1
proteins secreted IL-10 normally despite having impaired CD138"
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Figure 2. Plasmablasts in the dL.Ns Negatively Regulate EAE Inflammation

(A) Clinical EAE scores for Mb7°™®/* and Prdm17"Mb1°* mice immunized with MOGgs ss. The EAE score is shown as mean + SEM for six to seven mice.

(B) Absolute number of cells from spinal cords harvested from Mb 7+ and Prdm1¥Mb 1%+ mice 14 days after MOGgs.ss immunization. Data are presented as
mean + SEM for five mice.

(C) ELISA of IFN-y and IL-17 by cells isolated from the dLNs of Mb1%** and Prdm17"Mb1°"* mice 14 days after EAE induction followed by stimulation with
MOGas.s5 for 48 hr. Data are presented as mean + SD.

(A-C) *p < 0.05 versus Mb1°™®"* mice (Mann-Whitney U test).

(D) Clinical EAE scores for B-Sell ™~ (chimeric mice generated by transplanting a mixture of BM cells from pMT (80%) and Sell~'~ (20%) mice and two control
chimera groups: wild-type mice lethally irradiated and reconstituted with 80% pMT plus 20% wild-type bone marrow (B-WT) or reconstituted with 80% wild-type
plus 20% Seli~'~ bone marrow (Seli?°%). The absolute number of B220* and CD138*CD44" cells harvested from spleen and dLNs of chimeras 14 days after
MOGas.s5 immunization is shown on the right. Data are shown as mean + SEM for five to ten mice. *p < 0.05 versus B-WT mice (Mann-Whitney U test).

(E) Clinical EAE scores for sham-operated, splenectomized, and intact wild-type mice immunized with MOGgs.ss. Absolute number of B220* and CD138*CD44"
cells from dLNs of sham-operated and splenectomized mice 14 days after MOGgs 55 immunization is shown on the right. Data are shown as mean + SEM for five
to seven mice. NS, not significant (Mann-Whitney U test).

(F) Clinical EAE scores for uMT mice immunized with MOGgs_ss after injecting splenic B cells harvested from Mb 15+ and Prdm17"Mb1°7 /* mice 28 days after
EAE induction. The EAE score is shown as mean = SEM for five to six mice. *p < 0.05 versus Prdm1""Mb1%"** B cells (Mann-Whitney U test).

(G) Flow cytometry of cells from dLNs of pMT mice immunized for 12 days with MOGas.ss after injecting splenic Mb1°+ and Prdm1¥'Mb 15+ B cells.

(H) Clinical EAE scores for pMT mice immunized with MOGgs.ss after injecting splenic B cells harvested from wild-type and Sell~'~ mice. The EAE score is shown
as mean = SEM for five to nine mice. *p < 0.05 versus Sefl~'~ B cells (Mann-Whitney U test).

(1) Flow cytometry of cells from dLNs of uMT mice immunized for 12 days with MOGis_ss after injecting splenic wild-type and Sel/~~ B cells. CD19* and CD138*
cells are gated and their percentages are shown (G and ).

Data are representative from three (A-D and F) or two (E and G-l) independent experiments. See also Figure S2.
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