T CELL DYSFUNCTION IN NOVEL HUMAN ICOS DEFICIENCY

5520

A cpes  cpaoL  oxa0 4B B
& # e L £ 50 CDA0L 0100 0X40
HC 50.4 '.'A 329 ',".: 89.1 i 61.2 :_g'? 40 55
! [ i 2 30 g
M P/ }JJ\ ;‘% ?'2 Iy i
N e 0 e e A O iy BN M i e é‘ §25
" ’ # L S e #1 #2 5 "HC #1 #2
sl 5485 Bafli easi] i 614 R n=7) 2 een
;—m— ’A. ":2 > i & wq 4-1BB
b ! ol . ®
00T UM M ek Qe U e v e (g 3 60
g g g g §:
] i & & S
i 4 A a8
#2 55‘ 53.0 I 30.7 }: . :v: 55.9 8 20
A / i1 / i £
‘ "'A':é 2 "HC #1 #2
T e T T T L 1w 1o n=1)

CD4*

BTLA

C

CTLA-4

od

3

i
}z
[}
e
&Y
¥
I
]
¢

Ny
(=3

CTLA-4

HC #1 #2 HC #1 #2
(n=7) (n=7)

100] PD1

HC #1 #2 HC #1 #2
(n=7 (h=7)

0. -1
T AT R
& &

% in CD4* populaﬁon )
a ‘
<«

% In.CD4’ population
[
0

PD1

3 8

n
o

o 8

%.in. CD4* population
8 &
% in CD8* poputation
B
(=4

<

FIGURE 4. Induction of costimulatory. and inhibitory molecules in' ICOS-deficient patients. A, Induced expression of CD40L, 0X40, and 4-1BB.

PBMCs from healthy controls (HC) and ICOS-deficient patients (#1 and #2) were stimulated with plate-bound anti-CD3 mAb and anti-CD28 mAb for 48 h

and analyzed for CD40L, OX40, and 4-1BB expression by FACS. CD69 expression was monitored as an indicator of cell activation. Numbers. indicate
percentages of the cell population positive for the indicated Ags among CD4 T cells. A contour plot from one representative control of seven HC is shown
for each subsct. A dotted line indicates a control staining with isotype-matched Ab. B, Summary of frequencies of CD40L, OX40, and 4-1BB in CD4 T
cells stimulated as in A from HC (n = 7) and patients 1 and 2. FACS analysis was performed twice for the patients, and average percentages were plotted.
Error bar indicates SD. €, Induction of CTLA4, BTLA, and PD-1. PBMCs were stimulated with plate-bound anti-CD3 mAb and anti-CD28 mAb for 48 h.
Cells were stained with Abs to CTLA-4, BTLA, and PD-{ together with anti-CD4 mAb or anti-CD8 mAb. Numbers indicate percentages of cell population
positive for indicated Ags among CD4 or CD$ T cells. FACS analysis from one representative control of seven HC is shown for each subset. A dotted

siti i
line indicates a control staining with isotype-matched Ab. D, Pooled data from HC (z = 7) and patients (1 and 2). Percentages of CTLA4%,BTLA"
and PD17 CD4 T cells among CD4 T cells and that of PD-17 CD8 T cells among CD8 T cells from HC and ICOS-deficient patients (1 and 2) after
CD3/CD28 stimulation are shown. The FACS analysis was conducted three times for the patients, and average percentages were plotted. Error bar

indicates SD.

Baseline CD28 expression in CD4 T cells was similar to that of
healthy subjects (data not shown). In contrast, the frequency of
CTLA-4" CD4 T cells after CD3/CD28 costimulation was mark-
edly reduced in the patients (Fig. 4C). Combined data from seven
age-matched controls showed that CTLA-4 was induced in 47.4 &
4.9% of CD4 T cells; In conirast, induetion was observed in 30.1
and 24.6% of €D4 T cells in patients 1 and 2, respectively (Fig. 4,
C and D). Moreover, as seen in the representative plot in Fig. 4C,

of CD40L.
T cells were fully activated in the patients at the end of CD3/ the expression level of CTLA-4 in the CTLA-4" population was
also diminished in the patients.

CD28 stimulation, as evidenced by CD69 Ag expression. The lev-

-els of OX40, 4°1BB, TNFRI, and TNFRII were normal on the Induction of BTLA, another inhibitory receptor with similarities
#-surface of the T.cells in the [COS-deficient patients (Fig. 4, A and to CTLA-4 (5), was then estimated. The average percentage of
*“B, and data not shown). BTLAY CD4.T cells was slightly lower in the patients (22.0% for

«-anti-CD28, and the cells were examined at the end of incubation for

+:the expression. of TNF/TNFR family proteins ((TNFRI (CD120a),

" TNFRIT (CD120b), CD40L, 0X40, and 4-1BB) and of CD28 family
proteins (CTLA-4, BTLA, and PD1 (CD279)).

“ The analysis revealed that CD40L expression was induced nor-

mally in the patients’ CD4 T cells, indicating that the hyper-IgM

~phenotype observed in patient 2 was not due to defective induction
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FIGURE 5. - Impaired cytokine production in ICOS-deficient patients. A, Purified CD4 T cells were stimulated with plate-bound anti-CD3 mAb and
anti-CD28 mAb for 24 h or in a medium, and the levels of cytokines in the supematants were measured by ELISA, FlowCytomix, ot both. Error bars for
healthy controls (HC, n = 7) indicate SD. Experiments were repeated at least twice for the patients; and mean concentrations were plotted. B; Purified CD8
T cells were stimulated as in 4, and the levels of IEN-y in the supernatants were measured by FlowCytomix. [}, HC; &, patient t; M, patient 2. Error bars

for HC (n = 5) indicate SD. Experiments were repeated twice for the patients, and mean concentrations: were plotied. C; IL-17A mRNA expression. The
level of IL-17A mRNA was measured i anti-CD3/anti-CD28-stimulated CD4 T cells by real-time PCR. Relative mRNA level of 1L-17A was calculated

using GAPDH expression as a teference, and the mean expression level for HC (n = 5) was adjusted to 1.0. Error bar indicates SD. IL-17A mRNA
expression for the patients was measured three times, and is expressed as mean = SEM:

patient 1; 21,4% for patient 2) compared with controls (34.0 *
8.7%, n = T) (Fig. 4, C and D),

In the patients, the frequency of CD4 T cells bearing PD1, a
molecule that plays a critical role in the induction and/or mainte-
nance of T cell tolerance (1), was similar to that in controls (Fig.
4,°C and D). The percentages of PD1* CD8 T cells, which
function as inhibitory. T cells (43), were slightly reduced only in
patient 2 (29.0%) compared with controls (49:8 % 9.0%, n = 7).

Impaired prodiction of cytokines in ICOS-deficient patients

We next assessed the production of a panel of cytokines by a
FlowCytomix bead-based multiplex assay, ELISA, or both, after
incubation of CD4 T cells purified to >95% with costimulation of
“the TCR-CD3 complex via CD28.
-In contrast to previous data obtained in other cases of human

ICOS deficiency, the production of IFN-v (Thl cytokine) and IL-4
and IL-5 (Th2 cytokines) was significantly reduced (Fig. 54) in the
sopatients thanin controls (31, 33). Secretion of IL-10 and IL.-17 was
«impaited in the ICOS-deficient patients, in agreement with the pre-
vious report (33). To confirm the Th17 defect in the patients, a
real-time PCR analysis was used to quantify IL.-17A mRNA in-
“duction. The restilts, shown in Fig. 5C, demonstrate a significant
decrease in relative I1.-17A mRNA expression in ICOS-deficient T
~cells. Furthermore, induction of other cytokines, such as: IL-6,
7 IL-12 p40, TNF-q, and TNF-B, in CD4 T cells was impaired to
various degrees in the patients (Fig. 5A).

‘Interestingly, the synthesis of the different cytokines was not
=equally affected in ‘the ‘absence of ICOS: the production of IL-2
~was within =1 SD of normal values, and the IL-22 response was
-similar to that in controls; ‘

To determine whether the observed: defects in effector T cell
function can be reproduced by direct activation of: intracellular
signaling, we examined the capacity of lymphocytes to produce
cytokines after PMA/ionomycin stimulation: To that end, intracel-
lular IEN-y; IL-4, and 11.-17 were monitored in PBMCs stimulated
with PMA/Ca ionophore by flow eytometry. Fig. 64 shows that the
CDA4 T cells of the patients elicited markedly reduced Thl; Th2,
and Th17 cytokine responses: :

To corroborate these results, we measured the level of cytokines
using a FlowCytomix kit in purified CD4.T cells incubated with
PMA and ionomycin for 24 h. A similar trend was noted, as fol-

- lows: the production of IEN-v, IL-5, IL-10, TNF-¢, and TNE-8

was found to be diminished. The capacity of ICOS™"~ CD4 T cells
to produce I1.-2 and IL-6, however, was not markedly impaired
(supplemental Fig, 1).2

Because CD45RO™ T cells are the miajor producers of IFN-v,
114, and IL-17 (44) (Fig. 6A), we considered the possibility that
the impaired cytokine responses were due to the decrease in mem-
ory CD4 T cells in the patients. To fest this, we stimulated PBMCs
with PMA/ionomycin and tested for intracellular IEN-vy, IL-4, or
IL-17 in the CD4* CD45RO " population. Fig. 6, A and B, shows
that memory T cells of the patients produced less IFN-vy than the
controls. In the controls, 30% of CD45RO? memory T cells pro-
duced IFN-v, whereas in the patients, only ~10% of CD45RO"
memory T cells did so. The synthesis of IL-4 and IL-17 in the"
memory T.cell fraction was marginally decreased in the patients,

? The online. version of this article contains supplemental material,
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FIGURE 6. Defective cytokine production in T cells stimulated with PMA/ionomycin in ICOS-deficient patients. A and C; PBMC's were stimulated with

CD4 and CD4TCD45RO™ T cells (A) and in CD§ and CDS*CD45RO™ T

PMA and ionomycin for 5 (IL-17) or 8 h (IFN-y and IL-4). Cells were stained for intracellular IFN-v, IL-4, and IL-17 together with Abs to CD4 and
CD45RO or CD45RA. The same experiment was conducted in CD8 T cells for intracellular detection of IFN-v. Intracellular staining of each cytokine in

cells (C) is shown. A 'representative FACS analysis is illustrated for one of four

healthy controls (HC) (for €D4), one of five HC (for CD8), and the patients. B and D, Pooled data on IFN-+y-producing cells among PBMCs, CD4. T cells,
CD47CD45RO™ cells, CD4YCD45RA ™ cells, CD8 T cells, and CD8FCD45RO cells, in HC (1 = 4) and patients 1 and 2. [J, HC; &, patient 1; B, patient
2. Error bar for HC indicates SD. The mean percentage obtained from two separate analyses is shown for the patients.

and the decline was not as clear as that observed in IFN-y pro-
duction (Fig. 64). :

Importantly, the inability to prodice IFN-vy does not seem to be
testricted to CD4 T cells, because a marked reduction in the IFN-y
response was also evident in the CD4-negative population. To as-
sess effector function of CD8 T cells, we directly measured intra-
cellular TFN-y in CD8 T cells and a CD87 CD45RO™" population
upon stimulation with PMA/ionomycin. The results displayed in
Fig. 6, Cand D, revealed impaired IEN-y production from CD8 T
cells and memory CD8 T cells from the patients. The production
of IFN-vy was also significantly reduced in CD8 T cells stimulated
through €D3 and CD28 in the patients (Fig. 5B).

Mechanism: of defective cytokine production in patients: reduced
induction of master regulators of Thi, Th2, and Thil7 lineage
commitment :

We next investigated the mechanisnis underlying the T cell unte-
sponsiveness in the patients. One potential explanation is that their
T cells did not proliferate weil or were prone to apoptosis, or both,
in the absence of ICOS expression. To examine this possibility, the
proportion of cells that underwent PMA/ionophore-induced cell
death was assessed by annexin V/7-AAD staining. The results
showed that in the patients, this proportion was similar to or rather
Iower than that in controls. The proliferative capacity of [COS ™/
T cells, as assessed by CFSE staining, showed that their T cells
proliferated normally or even more vigoroiisly in response to CD3/
€D28 cosignal, with significantly more cells with multiple divi-
. sions, relative to controls (supplemental Fig. 2).2

Although less likely, the absence of the ICOS-ICOS-L interac-
tion' duting CD3/CD28 costimulation. of CD4 T cells may have
- contributed to impaired cytokine production in the patients. To test
*+-the possible contribution of the ICOS signal in cytokine produc-
+ tion; we: stimulated. purified CD4 T cells from healthy controls

(= 5) through CD3/CD28 with or without anti-ICOS-L blocking
Ab (45), and measured the level of cytokines in the supernatants.
Supplemental Fig. 3, A=C,” shows that the effect of ICOS blocking
is negligible in this cytokine production assay.

Another explanation for the defective production of effector cy-
tokines is that there were fundamental flaws in their development
into effector T cell subsets. We therefore investigated the expres-
sion of master transcription regulators of Thl, Th2, and Th17 lin-
eage commitments by quantitative real-time PCR.

Purified CD4 T cells were stimulated with PMA/ionomycin for
4 hor anti-CD3/CD28 for 24 h, and the mRNA expression level of
T-bet (for the Thl lineage) (46), GATA3 and MAF (for the Th2
lineage) (47, 48), and RORC/ROR-yt (for the Th17 lineage) (49)
was quantified using GAPDH expression as a control, and ex-
pressed as relative expression (RE) adjusted for the baseline ex-
pression level of healthy controls (n = 4), taken as 1.0. We ob-
served - reduced  PMA/ionophore-driven  T-bet induction in
ICOS™" CD4 T cells in the patients, and defective induction was
niore pronounced in patient 2 (Fig. 7A). Compared with controls
(RE, 16.2 + 5.3), CD3/CD28-induced T-bet expression was de-
creased in patient 1 (RE, 7.2), whereas the reduction was less
marked in patient 2 (RE, 12.4) (Fig. 7B).

GATA-3 induction was detectable after PMA/ionophore stimu-
lation. In the patients, induction of GATA-3 above the baseline
level was virtually absent in CD4 T cells (RE, 1.3 for patient 1, and
1.0 for patient 2) (Fig. 7A). The RE values of MAF in CD4 T cells
in response to PMA/ionomycin and TCR/CD28 in controls were
33 &% 14 and 44 * 1.0, respectively. In contrast, stimulation-
induced MAF expression was virtually absent in both patients (Fig.
7, A and B). :

We also observed that the expression levels of RORC in ICOS-
deficient CD4 T cells stimulated with CD3/CD28 or PMA/iono-
mycin were diminished more than 2-fold (Fig. 7, A and B).
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compared with controls (1.0-% 0.4 and 1.0 = 0.6; # = 4) and
patient I (1.0 and 1.3).

PMA/ionophore induced up-regulation’ of Cbl-b and Itch, but
not Grail, in normal subjects; whereas the induction of Cbl-b and
Itch mRNA above the baseline level was negligible in patient 2
(Fig. 8):

Of particular note was a paradoxical down-tegulation of Itch, a
regulator of NF-«B activation, upon PMA/ionophore stimulation;
which was reproducibly observed only in patient 1.

. 5
Despite poor. IFN-y production by CD8 T cells, we did not
observe low T-bet induction in purified CD8 T cells when stimu-
lated by PMA/ionomycin or by anti-CD3/anti-CD28 mAb (Fig.
7C). We then tested the expression of EOMES, a paralog of T-bet
and a franscription factor required for CD8 effector function (50;
51). Although induction was negiigible, there was a trend toward
lower baseline expression of EOMES (0.23 and 0.69 for patients 1
and 2, respectively).

Expression of the E3 ubiquitin ligases that contribute to T cell
anergy

RANKL induction was augmented. in patient 2 with
autoimniunity

- Several lines of evidence indicate that E3 ubiquitin ligases (Grail,
Cbl-b, and Itch) play important roles in the induction and mainte-
~nance of T cell tolerance (52-55). T cell stimulation without co-
«stimulation leads to up-regulation of these ligases (56). High ex-
" pression of these E3 ubiquitin ligases is related to the absence of
the expression of the effector-specific transcription factors (56, 57).
“*There has been little tesearch on the ligases in human systems.
“Because anti-CD3 stimulation did not induce appreciable up-reg-
ulation of the ligases, we examined the mRNA level of these mol:
«ecules at baseline and after PMA/ionophore stimulation using a
- sensitive real-time PCR assay.
- As shown in Fig. 8, baseline expression of the E3 ubiquitin
iligases, with the exception of Grail, was detected in the controls
sz -and patients. The mRNA levels of Cbl-b and AlP4/Itch in the
1:steady state were significantly elevated in patient-2 (2.5 and 4.3)

Patient 1 had an’ autoimmune manifestation and immunodefi-
ciency; whereas patient 2 had mild psoriasis-like cutaneous lesions
and mild skin infections. We thetefore attempted to uncover dif:
ferences in' T cell functions between two patients.

To explore the dissimilarities in their immune functions, we
assessed mRNA expression levels in negatively selected, >97%
pure CD4 T cells by comprehensive mRNA expression analysis
using a GeneChip before and after stimulation through CD3/CD28.

The expression of most mRNAs from CD4 T cells poststimu-
lation showed a remarkably high correlation between patients 1
and 2. However, we identified >100 genes that were differently
expressed between the patients, and sought to identify the gene(s)
that may. explain ‘the phenotypic difference from ' these ‘genes.
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FIGURE 8. A, Expression levels of E3 ubiquitin ligases. Cbl-b and Itch
mRNA levels were measured by real-time RT-PCR, as indicated in Fig. 5.
Purified CD4 T cells from healthy controls (HC; n = 4) and patients (1 and
2) were activated with PMA/ionomycin or incubated in the medium only
for 4 h. mRNA levels for Cbl-b and Itch were quantified in duplicate with
18S rRNA as a réference, and baseline expression. in HC was adjusted to
1.0. Error bars indicate SD for HC and SEM for patients. Expression of
Grail (RNF128) was not detectable before or after stimulation in this assay
(data not shown). B, Level of RANKL mRNA expression. CD4 T cells
from HC (n = 7) and patients (I and 2) were stimulated with anti-CD3/
anti-CD28 mAb, and RANKL mRNA expression was measured. Expres-
sion was quantified with 18S RNA as a reference; and the mean expression
level of HC was adjusted to 1.0. [J, HC; &, patient 1; M, patient 2. Error
bars indicate SD for controls and SEM for patients. P/I: PMA/ionomycin.

Among them; TNFSF1I' (RANKL) showed >2-fold higher ex-
pression in patient 1" after stimulation: In addition, RANKL ex-
pression was >50% higher in patient I than in the controls.

Because RANKL was identified as a candidate key molecule
involved ' in the pathogenesis- of RA (58, 59), we quantified
RANKL mRNA in CD3/CD28-stimulated CD4 T cells by real-
time PCR. The result shown in Fig. 8B demonstrates that com-
pared with healthy controls, RANKL induction was higher in pa-
tient 1, but lower in patient 2.

Discussion
In this study, we describe broad defects in T cell function in two
siblings with a novel deficiency. of human ICOS. Most of the ab-
normalities: presented in this study have not been reported in hu-
mans, and some have not been reported in the murine model of
ICOS deficiency.
The marked decline in two T cell subpopulations, memory CD4
T cells and CTLA-47CD45RO™ Tregs, can be explained, at least
in part, by a recent observation: that the ICOS-ICOS-L interaction
#plays an important role in the: expansion and survival of these
“:effector T cells (23, 60). :
With regard to CD4 memory T cells, we observed significant
+*yednctions in the numbets of both TCMs and TEMs in the steady
< state; which were not observed in the previously reported cases of
“~human ICOS deficiency (31-33). A reduction in the number of
“TEMs, but not of TCMs, was demonsirated in ICOS knockout
- mice by Burmeister et al. (23). TEMs were decteased up to 4-fold
:'in the steady state; the decrease was more pronounced in older
‘..mice, TEMs and TCMs display significant and intermediate ICOS
=;expression, respectively (23). Through detailed research on expan-
sion, differentiation, and survival of effector T cells in the absence
i of 1COS, they suggested that ICOS controls the pool size of ef-
-feetor T cells. These data suggest that both memory subsets may

T CELL DYSFUNCTION IN NOVEL HUMAN ICOS DEFICIENCY

require ICOS for proliferation and survival in humans. Therefore,
a decline in total memory cells may be observed in ICOS-deficient
mice over a longer observation period and/or after recurrent infec-
tions. Alternatively, it is equally plausible that the ICOS-ICOS-L
interaction plays a pivotal role in commitment to memory T cells.

CTLA-4"CD45ROFICOS*CD4"CD25% Tregs, commonly
observed in adults, were virtually absent in our ICOS-deficient
patients. The reduction was seemingly counterbalanced by an in-
creased number of CTLA-4~CD45RO™ Tregs. Although the con-
tribution of ICOS to the expansion and maintenance of Tregs as a
whole has been previously reported (23, 41), our observation ad-
dresses the role of ICOS in the maintenance of an IL-10-producing
memory subset of Tregs, but not TGF-B-producing  CTLA-
47 CD45ROTICOS”: naive Tregs. Supporting this is the observa-
tion that in mice, ICOS™ Tregs display a stict propensity to un-
dergo rapid apoptosis in culture unless signaled by ICOS-L (23).

The decrease in the number of CTLA-4" Tregs may be alter-
natively explainied by defective induction of a gene that regulites
Treg development. A recent study in mice has demonstrated that
ROR-t controls the development of IL-10-producing Tregs that
coexpress ICOS in addition to CCL20 (61): This finding may sug-
gest that the decrease in CTLA-4"CD45ROTFoxP3" Tregs is a
consequence of reduced induction of ROR-y/RORC; as observed
in the present study.

Another notable T cell defect in our patients was the impaired
capacity of their T cells to mount Thl, Th2; and Th17 responses.
Reduced cytokine production was observed not only when the pa-
tients™ CD4 T cells were activated by costimulatory signals, but
also when they were stimulated by PMA/ionomycin.

Although the ICOS-ICOS-L interaction was important in vivo in
the generation and/or maintenance of effector memory and central
memory cells, the absence of an ICOS signal throngh ICOS-L did
not seem to contribute to the T cell effector defects observed in our
ex vivo experiments. First; ICOS-L expression was not induced in
purified T cells upon CD3/CD28 costimulation (supplemental Fig.
3A).% In addition, blocking potential ICOS-ICOS-L interaction in
the controls did not result in decreased cytokine production or in
decreased up-regulation of MAF and RORC (supplemental Fig. 3,
B and C)? '

Additional experiments indicated that there was an abnormality
at the level of transcriptional regulation of Thl, Th2, and Th17
polarization; and decreased induction of the master regulators T-
bet, GATA-3, MAF, and RORC in the patients. Previous research
on niice has shown that ICOS regulates MAF expression and
GATA-3 induction (62), and our present study points to an addi-
tional role of ICOS in the complete induction of T-bet and RORC:

One major factor confributing to the poor effector T cell re-
sponses in the patients conld be the decrease in total memory CD4
T cells. This is particularly likely in the case of IL-4 and I1.-17
production, because the memory T cells had only mild defect in
producing IL-4 and IL-17. Although the CD4'CD45RO™ T cells
in the patients displayed a significantly reduced ability to produce
IFN-y, the decreased response may be explained by pronounced
reduction in TEMs in the patients. To determine whether the mem-
ory T cell compartment in our patients is functionally defective or
intact on a per cell basis, we would need further analysis of various
parameters of the T cell effector functions in naive T cells, TCMs,
and TEMs.

Nurieva et al. (56) demonstrated that murine ICOS™ CD4 T
cells showed defective induction of T-bet, GATA-3, and EOMES
in the absence of CD28 costimulation because of up-regulation of
E3 ubiquitin ligases: Grail, Cbl-b, and Itch. It is uncertain whether
the augmented baseline expression of E3 ubiquitin ligases is rel:
evant to the observed effector T cell dysfunction, because this was
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confirmed only in patient 2. It is rather unlikely that the different
expression of the E3 ubiquitin ligases contributed to the T cell
defects in the patients because augmented induction of these Ii-
gases was not detected in the patients.

In contrast to the global impairment in cytokine synthesis, IL-2
production was only marginally affected. Supporting this observa-
tion, induction of transcription factors for IL-2 (c-Jun/c-Fos) was
normal in the patients (data not shown). Similarly, induction of
IL-21 and TGF-B was also unaffected in the CD4 T cells of the
patients, although their induction was modest under costimulatory
conditions (data not shown). It should be noted that production of
IL-22, a Th17 cytokine fundamental for the development of pso-
riasis, showed normal induction; and that both the patients had
psoriatic cutaneous lesions (63). Although whether IL-17A and
IL-22 ‘are produced by the same Th17 subset is still unclear (64,
65), our data suggest an TL-22-producing CD4 T cell subset is not
functionally impaired in the patients.

Previous studies in mice have shown that ICOS is necessary for
optimal CD8 T cell responses (34). ICOS can directly. stimulate
CD8 T cells (35); and ICOS-Ig-treated mice displayed diminished
IEN-yproduction by CD8 T cells. Our study has demonstrated that
CD8 memory cells are reduced in ICOS deficiency, and that CD8
Trcells in the absence of ICOS can mount a very low IFN-v re-
sponse, for the first ime in humans. ICOS is induced on terminally
differentiated CD28 " CD8 effector T cells (11); and thus, may play
a role in maintaining the CD8 subset. Thetefore, a decrease in the
number of IFN-y-producing CD8 T cells could be ascribed to the
reduction in CD45RO™* mémory CD8 T cells o in CD287CD8 T
cells (data not shown) in our ICOS-deficient patients. IFN- pro-
duction is regulated by T-bei and EOMES cooperatively or redun-
dantly in CD8 T cells (50, 51). T-bet induction was tiormal when
stimulated with PMA/ionomycin or anti-CD3/anti-CD28, whereas
a baseline expression of EOMES was decreased in CD8 T cells in
the patients. Although this may explain the impaired prodiiction in
part, further research on the CD8 T cells stimulated with vatious
common y-chain cytokines would be necessary to assess whether
the transcriptional regulation of CD8 effector functions is impaired
in the absence of ICOS.

In addition to the reduced numbers of effector T cells, which
either potentiate or inhibit T cell responses, the present study dem-
onstrates for the first ime an aberrant induction of negative co-
stimulatory molecules on activated T cells in ICOS-deficient pa-
tients. CTLA-4 and BTLA are induced upon activation and
transmit an-inhibitory signal to T cells to regulate the balance
between T cell activation, tolerance, and immunopathology (3=5).
Costimulatory and coinhibitory molecules are normally induced in
the absence of ICOS in mice and humans (23, 31). In our patients,
however, induction of CTLA-4 and BTLA following CD3/CD28
signaling was impaired. Although the molecular basis of the de-
fective expression is still not known, this may be ascribed to the
decreased memory T cell subset in the patients. At all events, our
findings imply that an inhibitory signal to suppress activated T
cells could not be appropriately induced in the patients.

Collectively, these data highlight the positive contribution of
ICOS to the maintenance of, or commitment to, effector T cells and
a subset of Tregs, and the induction of negative costimulatory re-
ceptors on activated T cells. The immunodeficiency in our ICOS-
deficient patients, although mild, can be understood by the defects
in their effector T cell functions as well as in T cell-dependent B
cell help, but a reasonable explanation is still required for the de-
velopment of autoimmunity, RA, IBD, IP, and psoriasis in ICOS-
+ deficient patients:

Most studies have depicted ICOS as a positive costimulator in
the immune reaction.: For example, research in ICOS-deficient
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mice suggests that ICOS is critically involved in antoimmune de-
velopment and allogeneic reactions (21, 25-29). There are, how-
ever, some fesults indicating that abrogation of the ICOS-ICOS-L
interaction aggravates the disease process. For example, in some
initial studies on ICOS-null mice, experimental autoimmune en-
cephalomyelitis was unexpectedly exacerbated and allergen-de-
pendent airway sensitivity was augmented (14, 66, 67). What is the
role of ICOS in autoimmune development?

Burmeister et al. (23) reported that ICOS suppoits the expansion
and survival of Thi or Th2 responder cells, Th17 cells; and
FoxP3" tegulatory effector cells; They hypothesized that the ab-
sence of ICOS function in a particular mouse model would result
in a phenotype reflecting a deficiency of the dominant effector T
cell type. Thus, blockade of the ICOS-ICOS-L. interaction could
mainly affect Treg subsets and lead to the development of auto-
immune disorders.

Our observations in human ICOS deficiency may fit the concept
of ICOS as an agonist molecule. In our ICOS-deficient patients,
defects in T cell function leading to termination of the activated T
cell response may have been dominant.

Another question remains, as we observed a wide range of au-
toimmune diseases in patient 1, but not in patient 2. Although
phenotypic variation in siblings with the same mutation is not.un-
common in human genetic disorders, there might have been some
contributing factor(s); ;

First, our analysis showed paradoxical down-regulation of Iich
expression after PMA/ionophore stimulation in patient 1, Because
Itch induction is important in the control of NF-«B activation (55),
an- activation signal in the absence of CD28 costimulation may
have led fo continuous inflammation in patient 1.

Second, although the T cell immune functions and stimulation-
induced mRNA expression patiern of CD4 T cells were strikingly
similar between the siblings, we found that the T cells of patient 1
showed exaggerated induction of RANKL expression and poorer
production of IEN-y. Previous studies demonstrated that T cells,
which contribute to the development of RA and IBD; were char-
acterized by poor IFN-y production, production of inflammatory
cytokines including IL-17A and TNF, and RANKL expression
(59). Although IL-17A induction was not increased; the aug-
mented RANKL expression and poor IFN-y production in T cells
may have contributed to the antoimmune disease progression.
Characterization of RANKL-expressing 1L.-17A-negative T cells
requires further investigation.

Third, we surmised that a major infectious episode may have
upset the subtle balance between effector T cells and Tregs in our
patients. In fact, patient 1 developed a series of autoimmune dis-
orders after a severe bacterial infection.

Finally, the reason for the apparent discrépancy in T cell furic-
tions between the ICOS-deficient patients presented in. this study
and the ICOS. deficiency described in previous reports (31-33) is
elusive. One possibility that explains the difference in cytokine
production in our patients and ICOS deficiency in previous reports
could be different stimulation condition (dose of mAb and inci-
bation period). Howevet, it is unlikely because effective cytokine
synthesis from the T cells was not observed in our patients even
with an increased dose of anti-CD28 mAb and with longer time
petiods (supplemental Fig. 4).% This indicates the presence of other
intrinsic factor(s).

Another possibility is the difference in the mutation site of the
ICOS gene. Out patients harbored a homozygous single-base de-
letion at codon 285 located in the extracellular domain, whereas
other ICOS deficiencies have homozygous deletion in exons 2 and
3 of the ICOS gene (33). In addition to defective ICOS expression,
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this mutation may result in the expression of a 120-aa ICOS pro-
tein that affects immune function, for example, by binding to
ICOS-L on B cells, monocytes, or a subset of T cells. Despite
extensive investigation, however, we have been unable to demon-
strate the expression of a truncated ICOS protein in our patients’
lymphocytes.

In summary, the present study on T cell functions in two novel

ICOS-deficient patients has shown that the interaction. between
ICOS and ICOS-L is critical for the development and maintenance
of multiple types of effector cells and Tregs, and that the defects
are at least in part due to diminished memory T cells and/or im-
paired induction of master regulators, Collectively, the results of
our study highlight a major role of ICOS as a coordinator of T cell
immune responses and T cell maintenance.
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Introduction

Abstract - Toll-like receptor 9 (TLR9) signals induce important pathways in the early defense
against microbial pathogens. Although TLRY signaling can activate memory B cells directly,
efficient naive B cell responses seem to require additional, but as yet unidentified, signals. We
explored the effects of RP105 (CD180) on CpG DNA-activated naive and memory B cells from
normal ‘controls and patients with common variable immunodeficiency (CVID). RP105
dramatically enhanced CpG DNA-induced proliferation/survival by naive B cells but.not by
memory. B cells. -This enhancement was mediated by TLR9 upregulation. induced by RP105,
{eading to Akt activation and sustained NF-xB activation. CpG DNA-activated CVID B cells showed
enhancement of proliferation/survival by RP105 and: produced specific IgM antibody to Strep-
tococcus pneumoniae - polysaccharides in response to interleukin-21 stimulation. Thus, RP105::
strongly affects expansion of the naive B-cell pool, and suggests that the putative RP105 ligand
{s) upon cytokine stimulation facilitates antibody-mediated acute pathogen clearance.

© 2010 Elsevier Inc. All rights reserved.

microbial components: and initiate signaling cascades: not
only by evoking innate immune responses [1}, but also by
potentiating subsequent adaptive immune responses. - An

Innate. immune responses are initiated through various
pathogen  receptors,  including Toll-like' receptors. (TLRs)
and. NOD-like ‘receptors - (NLR). TLRs recognize. various

Abbreviations: TLR, Toll-like receptor; Ig; Immunoglobulin;. NF-
B, Nuclear factor kappa B; ixBe; | kappa B kinase o; CVID, common
variable immunodeficiency; XLA, X-linked: agammaglobulinemia;
LPS, lipopolysaccharide; SP; Streptococcus pneumoniae.

* Corresponding author. Fax: +81 263 37 3228.
E-mail address: yama_k@shinshu-u.ac.jp (K. Yamazaki).

1521-6616/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
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important consequence of TLR mediated signaling is poly-
clonal activation of B cells leading to the production: of
germline-encoded, 'poly-reactive antibodies: that are be-
lieved to be an essential part of the first line defense against
systemic bacterial and viral infections [2]. Human B cells
express TLR1 and TLR6-10 and the expression predominate
TLR9 and TLR10 [3,4]. While naive human B cells express
TLRY at low levels, memory B cells express TLRY at
constitutively higher levels [5]. The CpG motif of bacterial
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DNA, the ligand of TLR9, plays an important role in early
immunoglobulin (Ig) responses against pathogens. CpG DNA-
activated B cells proliferate, produce cytokines, and become
high secretors of immune globulins [6-8]. This ligand has
been shown to be a most potent inducer of generation of
plasma_cells.not only from memory and germinal center B
cells, but also from naive B cells, although to a lesser extent
[91.
RP105 (CD180), originally discovered as a murine. B cell
surface molecule; protects B cells from irradiation-induced
apoptosis [10]. RP105 is considered to be B cell specific and is
physically associated with MD-1, a surface molecule that is
necessary for cell surface expression of RP105. in human B
cells [11]. The observation that B cells from RP105-deficient
mice exhibit impaired lipopolysaccharide (LPS)-driven pro-
liferative responses suggests that RP105 signals cooperate
with TLR4 in LPS-induced B cell activation [12], and that
putative RP105 ligand(s) act as potentiators of polyclonal B
cell activation. Although TLR9 expression is high in B.cells,
the effect of RP105 on TLRY responses in human B cells is
unknown. :

To address. this point, we examined the role of RP105
signals on CpG DNA-activated human naive and memory B
cell responses. We found that CpG DNA-activated human
naive B cells, obtained either from normal individuals or from
patients with common variable immunodeficiency (CVID),
underwent marked expansion in vitro by RP105 signals and, if
co-cultured with interleukin (IL)-21, produced IgM, which is
specific to Streptococcus pneumoniae polysaccharide.

Methods
Patient population

Three Japanese females with well-documented: CVID were
included in this study after informed consent was obtained.
Mean age was 40 years, ranging from 16 to 42 years with a
median age at the onset of 18 years. All three patients
presented: with- severe: hypogammaglobulinemia, normal
numbers’ of circulating B cells (4.9+2.1%) and absence of
memory B cells (CD27 naive B cells 92.1+3.2% of total B cells).
All received regular infusions of intravenous immunoglobulin.

Antibodies and reagents

Anti-CD27  monoclonal antibody (mAb) (8H5, IgG1) was
provided by Dr. T. Morimoto (Institute of Medical Science,
University of Tokyo, Tokyo, Japan). Anti-RP105 mAb (MHR73,
1gG1) was described previously [10]. FITC-conjugated anti-
CD20 mAb (anti-CD20-FITC), PE-conjugated anti-CD38 mAb
(anti-CD38-PE), PE-conjugated streptavidin, anti-mouse IgG-
FITC and anti-lgD-FITC were obtained from DAKO Japan
(Tokyo, Japan); anti-CD40 mAb (G28-5; [gG1) from American
Type Culture Collection (Manassas, VA); PerCP-conjugated
anti-CD20 mAb (anti-CD20-PerCP) and goat anti-mouse Ig-FITC
from Becton Dickinson (San Jose, CA); and anti-TLR9-PE from
eBioscience (San Diego, CA). Staphylococcus aureus Cowan
strain (SAC) and Propinium iodide (Pl) were obtained from
Sigma Chemical (Perth, Australia); I.-21 from Biosource
(Camarillo, CA) and the proteasome inhibitor, MG132 from
Calbiochem (San Diego, CA). The CpG oligodeoxynucleotide

2006 with the sequence 5’ TCG TCGTTTTGTCGT TTTGTCGTT
3" was purchased from Sigma-Aldrich Japan (Tokyo, Japan).

Cell preparation and culture

Human B cells were purified from peripheral blood of healthy
adult volunteers, from the three CVID patients and from
normal cord blood using the human B cell enrichment
cocktail, RosetteSep (1gG1: StemCell Technologies, Vancou-
ver, Canada), which uses antibodies: that are. bound. as
bispecific antibody complexes directed against common cell
surface antigens on human hematopoietic cells (CD2, CD3,
CD16, CD36, CD56) and glycophorin A on red bload cells, The
isolated B cells did not express activation makers, and their
purity exceeded 90%. The residual cells.contained with <1%
of CD3" T cells, <2% of CD56% NK cells, <1% of CD14*
monocytes. and <7% of dendritic cells (CD123” plasmacytoid
dendritic cells and CD11c’ myeloid dendritic cells). CD20*
CD27: or CD207.CD277 B cells were separated using magnetic
micro-beads coated with anti-CD27 mAb. (Miltenyi Biotec.,
Bergisch Gladbach, Germany). The sorted CD27~ naive B cells
contained <3% of CD27’ B cells.

Purified human total, naive or memory B cells were cultured
in RPMI-1640 containing 10% fetal calf serum (Hyclone; Logan,
UT) using 96-well round-bottom plates (Nunc, Roskide, Den-
mark) in the presence of various stimuli at a final cell density of
5x10°/mL in a volume of 200 pL per well for 2 to 14 days at
37 °Cin a humidified atmosphere with 5% CO,.

Flow cytometric analysis

Double or triple-color analyses of B cell surface molecules
were performed by FACScalibur (Becton' Dickinson).: The
antibody-coated cells were gated on living cells by cell size
and granularity, and then counted by flow cytometry.

B cell proliferation

After 72 h of culture in the presence of medium alone, SAC,
anti-CD40 mAb and CpG DNA with or without anti-RP105 mAb
or Mouse 1gG1(Zymed, South San Francisco, CA) as an isotype
control; the purified B cells were pulsed with 0.5 pCi [*HJ-
thymidine; incubated for additional 15 h, and harvested by
an automatic cell harvester (Packard, Meriden, CT). [PH}-
thymidine incorporation was measured by a liquid scintilla-
tion analyzer (Packard).

Assessment of cell survival

Purified human B cells were cultured in the presence of medium
alone, anti-CD40 mAb and CpG DNA, anti-RP105 mAb, CpG DNA
plus anti-RP105 mAb or Mouse IgG1 as an isotype control for 7 or
14 days. Dead and viable cells were discriminated by staining
with Pl, and evaluated by flow cytometry.

Preparation of nuclear and cytosolic extracts

Cultured B cells (1x 108 cells) were suspended in sotution A
(10 mM Hepes-NaOH, 10 mM KCl, 2 mM MgCl;, 1 mM
dithiothreitol, 0.1 mM EDTA and 0.1 mM phenylmethylsulfonyl
fluoride) and incubated for 15 min at 4 °C. After addition of
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250 ul of 10% Nonidet P-40, the cell suspension was incubated
for 30 min at 4 °C and centrifuged. The supernatant was saved
as the cytosolic extract. The pellet was resuspended in
solution C (50 mM Hepes-NaOH, 50 mM KCL,. 300 mM NaCl,
1 mM dithiothreitol, 0.1 mM EDTA, 0.1 mM phenylmethylsul-
fonyl fluoride and 10% glycerol) and kept at 4 °C for 30 min.
After centrifugation, the supernatant was saved as the nuclear
extract,

Immunoblot analysis

Nuclear or cytosolic extracts prepared from cultured B cells
were separated by 10% SDS-polyacrylamide gel electrophore-
sis. The separated proteins were transferred electrophoreti-
cally to polyvinylidene difluoride membranes and incubated
with rabbit polyclonal antibodiés to human I kappa B kinase o
(I«Ba) {Santa Cruz Biotech., Santa Cruz CA), g-actin (Cell
Signaling Technology, Danvers;: MA}, NF-xB RelA (p65), p50
(Santa Cruz Biotech.) or Phospho-Akt (Serd73). (Cell Signaling
Technology). Membranes were incubated with alkaline phos-
phatase-conjugated goat anti-rabbit lgG antibody (Promega
Corporation, WI) or horseradish peroxidase-conjugated anti-
rabbit IgG antibody (Amersham Biosciences, Buckinghamshire,
UK). Protein bands were visualized by the alkaline phosphatase
color reaction or by the ECL system (Amersham Biosciences).

A €D20 positive B cells

Enzyme-linked immunosorbent assay (ELISA) to
measure lgs

Purified human B cells were cultured for 7 days. The
supernatants were added to 96-well flat-bottom plates
(Nunc) coated with goat anti-human lgs (Kirkegaard &
Perry Laboratories, Gaithersburg, MD). After overnight
incubation at 4 °C, alkaline phosphatase-conjugated goat
anti-human 1gG, IgA or IgM (Sigma chemical) was added.
Color detection was performed with 3-[cyclohexylamino]-1-
propanesulfonic acid buffer containing p-Nitrophenyl phos-
phate (Sigma chemical). No cross-reactions between IgG, igA
and IgM were observed.

Quantitative real-time PCR

Total RNA was extracted from purified B cells cultured for 2
days: with various stimuli. First-strand cDNA copies were
synthesized by using random. hexamers: as: primer. (Applied
Biosystems, Foster city, CA) and Improm-Ii reverse transcrip-
tion system (Promega, Madison, Wi). Quantitative real-time
PCR was performed on an ABI Prism 7000 sequence detector
{Applied Biosystems) and TagMan reagents: (Applied Biosys-
tems), according to the. manufacturer's.instructions. The
identification numbers of TagMan MGB primer/probe sets for
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Figure 1

!

RP105 expression on resting and stimulated B cells. (A) Human peripheral resting B cells were stained with anti-RP105 mAb

followed by goat anti-mouse Ig-FITC or mouse 1gG-FITC as the isotype control, and anti-CD20-PerCP and anti-CD27-biotin followed by
streptavidin-PE. Three-color analysis was conducted by gating on CD20 positive B cells. (B) B cells were cultured in the presence of
medium alone, SAC (0.01%), anti-CD40 mAb (1 ug/mL), or CpG DNA (1 ng/mL) for 2 days. The cultured cells were stained with anti-
CD20-PerCP or anti-RP105 mAb-biotin followed by streptavidin-PE. Flow cytometric analysis was conducted by gating on CD20 positive
B cells. Histogram data indicating fluorescence intensity are displayed with PE for anti-RP105 (fitled-in area) and isotype control {open
area). The results depicted are representative of three independent experiments.
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B-lymphocyte-induced maturation protein-1 (Blimp-1), acti-
vation-induced cytidine deaminase (AID) and &, microglobu-
lin (BaMG) were as follows: Hs00153357_ml (Blimp-1),
Hs00221068_ml (AID), and Hs99999907_ml (p,MG).

Specific IgG or IgM antibodies against pneumococcal
polysaccharides

5. pneumoniae polysaccharide-specific’ (SP-specific) igG or

arbitrarily set at 20,000 U/mL. The lower detection limit of
this assay was 4 U/mL.

Statistical analysis

Statistical significance between two groups was determined
by unpaired Student's t-test {StatMate 3). Cell sizes were
analyzed by Mann-Whitney U analysis (StatMate 3). Differ-
ences were considered significant when p values were less

IgM was measured by ELISA. The protocol was identical tothe  than 0.01.
Ig ‘assay with the following exceptions. The cell culture
supernatants were applied to 96-well flat bottom plates Results

coated with 0.5 pg/mL of Pneumovax (Banyu Co., Tokyo,
Japan), which is composed of 23 polysaccharide types. The
concentration of SP-specific IgG or IgM was expressed as units
per mL using a standard. curve obtained from absorbance
values of serial dilutions of pooled serum of healthy donors.
The: amounts..of SP-specific g in' pooled: serum were

RP105 expression in human B cells

The expression of RP105 by human B cell subpopulations was
examined at resting state and following activation. At resting
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Figure2 - RP105 cross-linkage enhances proliferation, TLR9 expression and growth. (A) Naive or memory B cells were cultured for 72 h with
or without anti-RP105 mAb (1 ng/mL) in the presence of medium alone, SAC (0.01%), anti-CD40 mAb (1 ug/mL) or CpG DNA (1 ug/mL}).
Proliferation assays were performed in triplicate, and results are shown as mean £ SD. The results depicted are representative of five
independent experiments. **indicates significant difference between cultures with or without anti-RP105 mAb at p<0.001. (B).Naive B
cells were cultured for 24 h in the presence of medium alone or anti-RP105 mAb (1 j1g/mL). The surface and intracellular TLR9
expression of cultured cells was measured by flow cytometry by staining with anti-CD20-FITC and anti-TLR9-PE; Flow cytometric. .

analysis was conducted by gating on CD20 positive B cells. Histogram plots shown are B cells cultured in medium alone (closed area) and

with anti-RP105 mAb (open area). The data shown are representative of three independent experiments. (C) Naive B cells (left panel)
and memory B cells (right panel) were cultured for 7 days with or without anti-RP105mAb. The cultured cells were cytospun and stained
with May-Giemsa staining. The size of individual cells was measured. The size of cells stimulated with anti-RP105 mAb was shown as fold
change compared with the average cell size cultured with medium alone and results are shown as mean+5SD.
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state, both CD20* CD27~ naive and CD20* CD27* memory B
cells expressed RP105 at similar levels (Fig.. 1A). -Purified
human B cells stimulated with SAC, anti-CD40 mAb, or CpG
DNA showed a twofold increase in RP105 expression (Fig. 1B).
Although we evaluated that the RP105 surface expression of
naive and memory B cells in the presence of medium, SAC,
anti-CD40 mAb or CpG DNA, no difference of RP105 surface
expression was.observed between naive and memory B cells
(data not shown). :

Promotion of proliferation and cellular enlargement
of naive B cells by cross-linking RP105

We investigated the difference, if any, between human naive
and memory B cell proliferation in ‘response: to RP105.
Although RP105 cross-linkage alone did not significantly
affect B cell proliferation; it increased the proliferation of
naive B cells synergistically with anti-CD40 mAb or CpG DNA,
but not with SAC (Fig. 2A). In contrast, anti-RP105 mAb did

not enhance proliferation of similarly stimulated memory B
cells (Fig. 2A). Notably, surface and intracellular expression
of TLR9 by naive and memory B cells was upregulated by anti-
RP105 mAb- (Fig. 2B). In contrast to the surface TLRY
expression, the intracellular TLR9 expression was lower in
naive B cells than that in memory B cells at resting state and
the expression was significantly increased. in naive B cells
compared with memory B cells by RP105 cross-linkage (Fig.
2B). We next measured the size of individual naive and
memory -B. cells microscopically after staining with May-
Giemsa.. The majority of naive B cells but not memory B cells
were enlarged following stimulation with anti-RP105 mAb
alone (Fig.-2C). :

RP105 cross-linking enhances survival of B cells and
activation of Akt and NF-kB

The addition of anti-RP105 mAb to CpG DNA-stimulated naive
B cells cultured for 7 days dramatically increased the number
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Figure 3 ' The effects of RP105 on B cells survival through activation of Akt and NF-kB. Human naive or memory B cells (1x 10% cells)
were cultured in the presence of medium alone, anti-CD40 mAb (1 pg/mL), CpG DNA (1 jig/mL), anti-RP105 mAb (1 ng/mL), or CpG
DNA plus anti-RP105 mAb for 7 days and the number of viable cells determined (A} or for 14 days when the percentage of viable cells
was determined (B). Cultured cells were stained with PI. Viable cell numbers were estimated by flow cytometry as: [viable cell
number]=[cultured cell number]x[percentage of viable cells]. The results depicted are representative of four independent
experiments. (C) Human B cells were stimulated with medium alone, CpG DNA (1 pg/mL), anti-RP105 mAb (1 pg/mL), or CpG DNA plus
anti-RP105 mAb for 30 or 60 min. Whote cell lysates were analyzed by Western blotting with antibodies to Phospho-Akt and j3-actin. A
similar result was obtained in another experiment. (D) Human B cells were pre-treated with or without MG132 (40 uM), a proteasome
inhibitor, for 2 h and then stimulated with CpG DNA (1 pg/mL) or anti-RP105 mAb (1 ug/ml) for 1 h. The cytosolic extracts were
analyzed by immunoblotting with antibodies to IkBa and p-actin (upper panel). The nuclear extracts were analyzed by
immunoblotting with antibodies to RelA (p65) and p50 (lower panel). (E) Human B cells were stimulated with CpG DNA (1 jig/mL)
or CpG DNA plus anti-RP105 mAb (1 ug/mL) for 0, 60, 120, 180, or 240 min. Whole cell lysates were analyzed by Western blotting with
antibodies to IxBa and -actin. The data shown are representative of those from.three independent experiments.
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of viable cells in culture. (Fig. 3A). The percentage of viable
naive B cells, activated with CpG DNA for 14 days, was
significantly increased in the presence of anti-RP105 mAb
(Fig. 3B). In contrast; cross-linkage of RP105 did not increase
the viability of CpG DNA-stimulated memory B cells (Fig. 3B).

Because the activation of Akt plays-a role in cell growth
and survival [13], we next examined Akt phosphorylation in
activated B cells by Western blotting. As shown in Fig::3C, B
cells cultured for 30-or 60 min in the presence of both anti-
RP105 mAb and CpG DNA increased Akt phosphorylation,
while: CpG DNA or anti-RP105 mAb alone failed to induce Akt

phospholylation (Fig. 3C). Activation of NF-xB prolongs cell
survival through inhibiting apoptosis [14]. We therefore
examined -NF-xB- activation by assessing the quantity of
cytoplasmic lkBa, the inhibitor of NF-«B activation, and by
estimating nuclear translocation of RelA (p65) and p50. As
shown in Fig. 3D (upper panel), IkBa was degraded in
response to stimulation with either. CpG DNA or anti-RP105
mAb; this degradation was inhibited by the proteasome
inhibitor, MG132. The degradation of 1xBa was paralleted by
the translocation of p65 and p50 to the nucleus (Fig. 3D,
lower panel). [kBa levels were restored to normal within120
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Figure 4 The effects of RP105 cross-linking on Ig production and plasma cell differentiation in B cells. (A} Purified total, naive,
“and memory B cells were cuttured with or without anti-RP105 mAb (1 ng/mL} in the presence of SAC (0.01%), anti-CD40 mAb
{1 ng/mL), or CpG DNA (1 ug/mL) for 7 days (ieft panel). Total and naive B cells were cultured with or without IL-21 (25 ng/mL)in
the presence of ‘medium alone, CpG DNA, anti-RP105 mAb, or CpG DNA plus anti-RP105 mAb (right panel). 1gG; IgM, or IgA
concentrations in culture supernatants were measured by ELISA. The results depicted are representative of four independent
experiments. * indicates significant difference between cultures with or without IL-21 at p<0.01. (B) Purified peripheral B cells
were cultured with medium alone, CpG.DNA (1 jig/mL), anti-RP105 mAb (1 pg/mL); or CpG DNA plus anti-RP105 mAb with or without
IL-21 (25 ng/mL) for 3 days. mRNA was isolated and Blimp-1 and AID expression was determined by quantitative real-time PCR. Data

were normalized to p,MG mRNA and shown’as fold-change compared with samples incubated with medium alone. Data are
representative of results from twa similar experiments. (C) Purified naive B cells were cultured in the presence of medium alone,
anti-CD40 mAb (1. ug/mL), CpG DNA (1 pg/mL), anti-RP105 mAb (1 g/mL}, or CpG DNA plus anti-RP105 mAb with or without IL-21
{25 ng/mL) for 7 days. Cultured cells were stained with anti-CD20-FITC and anti-CD38-PE. The fraction of CD38™2" cells, which is the
upper polygonal gate on the chart, was considered to be the plasma cell population. The results depicted are representative of
three independent experiments.



Potentiation of TLR9 responses for human naive B-cell growth through RP105 signaling 7

min following CpG DNA stimulation. In contrast, costimula-
tion of B cells with anti-RP105 mAb and CpG DNA resulted in
reduced levels of IkBa for up to 180 min (Fig. 3E),
demonstrating that RP105 and TLR9 signals acted synergis-
tically on NF-«xB activation.

Effects of RP105 signals on Ig production, and
plasma cell differentiation

We niext investigated the ‘effect of anti-RP105 mAb on ig
synthesis by B cells.” in"contrast “to~its effect on B cel
proliferation, enlargement of cell size and survival, RP105
signals did not enhance !gG, IgM, or igA production in the
presence of SAC, anti-CD40 mAb, or CpG DNA by total, naive,
or memory B cells (Fig. 4A, left panel). The data in Figs. 2, 3
and 4A (left panel) indicated that RP105 signals affected
specifically for protiferation, with no obvious influence on Ig
production. In order to make the conclusion firmer; we
investigated the effect of RP105 in the presence of IL-21,
which is known to be one of the most potent inducers of Ig
production and B cell differentiation [15=18]. In total and
naive B cells, iL-21 enhanced CpG DNA-induced 1gG and IgA
production (Fig. 4A, right panel). However, RP105 stimula-
tion did not affect absotutely Ig production by total and naive
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B cells, even in the presence of IL-21 (Fig. 4A, right panel). In
support of these findings, RP105 cross-linkage had no
additional effect on the expression of AID or Blimp-1
mRNAs, which were maximally upregulated in response to
CpG. DNA- stimulation - (Fig.. 4B). The . addition. of IL-21
consistently enhanced CpG DNA-induced AID and. Blimp-1
expression. (Fig: 4B). This. increase of AID and Blimp-1
expression was not. further ‘enhanced by the addition of
anti-RP105 mAb. (Fig. 4B). RP105 cross-linkage alone did not
induce B cell differentiation into CD38M" plasma cells and

- did not enhance plasma cell differentiation in the presence

of CpG DNA (Fig. 4C). The addition of IL-21 markedly
enhanced plasma cell differentiation of naive B cells in the
presence of anti-CD40 mAb or CpG DNA, whereas RP105
cross-linkage slightly induced plasma cell differentiation of
naive B cells in addition of IL-21 (Fig. 4C). These findings
indicate that the effect on plasma cell differentiation by
RP105 signals is less than that by anti-CD40 mAb or CpG DNA
in the presence of IL-21.

Antibody production against'S. pneumoniae (SP)
We next examined the roles of polyclonal B cetll stimulation

in physiologically more relevant systems and measured the
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Figure 5 The effect of RP105 signaling on Streptococcus pneumonige-specific antibody production by B cells. Purified adult naive or
memory B cells or cord blood B cells were cultured in the presence of medium alone, CpG DNA (1 pg/mL), anti-RP105 mAb (1 ng/mL),
or CpG DNA plus anti-RP105 mAb with or without IL-21 (25 ng/mL) for 7 days. The concentration of SP-specific igG or IgM in culture
supernatants was measured by ELISA; The results depicted are representative of four independent experiments.
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production of germline-encoded, polyreactive antibodies,
which is specific to S. pneumoniae polysaccharide (SP-
specific antibodies) by purified human naive and memory B
cells. CpG DNA induced the production of SP-specific igG and
IgM in memory and, to a lesser extent, naive B cells (Fig. 5).

IgM than 1gG antibody production (Fig. 5), whereas SP-
specific antibody production by memory B cells was not
affected by IL-21 (Fig. 5). RP105 alone or in conjunction with
other stimuli did not affect SP-specific IgG/IgM production by
naive or memory B cells {Fig. 5). These results confirmed that

As expected, [L-21 enhanced CpG DNA-induced production of
SP-specific antibodies by naive B cells with greater effect on

RP105 signals did not contribute to the production of Igs
including germline-encoded antibodies, which is specific to
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Figure 6 - Characteristics of CVID B cells. (A) Mononuclear cells isolated from normal adult blood, cord blood, or peripheral blood of
three CVID patients were stained with anti-igD-FITC, anti-CD20-PerCP and anti-CD27-biotin followed by streptavidin-PE. Three-color
analysis was performed by gating on CD20 positive B cells. (B) CVID B cell surface expression of TLR9. CVID B cells were cultured in the
presence of medium alone or anti-RP105 mAb (1 pg/mL) for 24 h. The cultured cells were stained with anti-CD20-FITC and anti-TLR9-
PE. Flow cytometric analysis was conducted by gating on CD20 positive B cells. Histogram plots shown are B cells cultured in medium
alone (filled-in area) and in anti-RP105 mAb (open area) (see Fig. 2B for normal control). The data shown are one experiment for each
of three CVID patients. (C) CVID B cells or control B cells were cultured in the presence of medium alone, CpG DNA (1 ng/mi); anti-
RP105 mAb (1 pg/mL), or CpG DNA plus anti-RP105 mAb for 72 h. Proliferation assays were performed in triplicate; and results are
-shown as mean  SD. The data shown are one experiment for each of three CVID patients. (D) CVID B cells or control B cells {1x10° cells)
were cultured in the presence of medium alone, CpG DNA, anti-RP105 mAb, or CpG DNA plus anti-RP105 mAb for 7 days. Cultured cells
were stained with Pl and viable cell numbers were estimated by flow. cytometry as: [viable cell number}={cultured cell
number] x [percentage of viable cells]. Similar results were obtained in a duplicate experiment. (E) CVID B cells or normat adult B cells
were cultured in the presence of medium alone, CpG DNA, anti-RP105 mAb, or CpG DNA plus anti-RP105 mAb. 1gG or lgh
concentrations in culture supernatants were measured by ELISA. The results depicted are representative of three independent
experiments. (F) CVID B cells or normal adult B cells were cultured in the presence of anti-CD40 mAb (1 ng/mL) plus IL-21 (25 ng/mL),
CpG DNA plus IL-21, or CpG DNA plus anti-RP105 mAb plus IL-21 for 7 days. The concentration of SP-specific 1gG or IgM in culture
supernatants was measured by ELISA. The dashed line shows the lower detection limit of this assay. ‘
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S. pneumoniae polysaccharide. In contrast, IL-21 is involved
in the production of both SP-specific IgM and'1gG antibody by
naive B cells. This observation is supported by the finding
that IL-21 enhanced SP-specific IgM production by CpG DNA-
stimulated: cord: blood B cells (Fig.' 5), which are almost
entirely CD27: B cells (Fig. 6A).

Characteristics of common variable immunodeficiency
(CVID) B cells

To explore the effect of RP105 cross-tinkage on CVID B cells,
we enrolled three patients whose B cells consisted almost
exclusively of CD27" naive B cells as shown in Fig. 6A. Surface
expression of TLR9 by CVID B cells in response to RP105 cross-
linkage showed a similar increase (Fig. 6B) as normal control
naive B célls (see Fig. 2B). The proliferation of CVID B cells
was remarkably increased with CpG DNA plus anti-RP105 mAb
similar to control total B cells (Fig. 6C). In addition, the
viability of cultured CVID B cells increased comparably to
healthy adult total B cells when CpG DNA and anti-RP105
mAb were added together to the culture (Fig. 6D). However,
the production of 1gG and igM was not enhanced in presence
of the CpG DNA and anti-RP105 mAb by CVID B cells (Fig. 6E).
Notably, in the presence of IL-21; SP-specific lgM was
produced by B cells from the three CVID patients stimulated
with anti-CD40 mAb or CpG DNA, but SP-specific IgG was not
(Fig. 6F). Interestingly, under such conditions, much higher
amounts of anti-SP IgM antibodies were produced by CVID B
cells than by healthy adult B cells.

Discussion

This study demonstrates that signaling through RP105, a TLR-
like molecule, promotes: expansion, proliferation,  and
survival of human naive B cells activated through TLR9.
Such effects were not seen in memory B cells. RP105
signaling promoted neither differentiation into plasma cells
nor lg production by naive or memory B cells. These selective
effects of RP105 signaling were also observed in cord blood B
cells and in CVID B cells. CpG DNA-activated-naive B cells
produced germline-encoded, polyreactive antibodies, which
is specific to S. pneumoniae potysaccharide with help of the
cytokine, IL-21. These findings indicate that RP105 signaling
potentiates naive B cell responses to TLRY signals, thereby
contributing potentially to innate host defense against
microbes. Lastly, we also observed that RP105 signals
enhanced the proliferation of naive B cells through CD40
signaling. This finding is consistent with the report that
signaling through RP105 in combination with CD40 ligand
decreased the time taken to enter division for naive and
memory B cells, and it had a more potent effect on naive B
cells than on memory B cells [19]. Although CD40 ligand
expression was not confined in activated T cells [20], this
observation suggested that RP105 could be involved in T cell-
dependent antibody responses of naive B cells.

TLRY, expressed by human B cells and plasmacytoid
dendritic cells, recognizes unmethylated CpG DNA [21]. The
majority of TLRY is present within the endosomal compart-
ment, though a recent study showed that TLR9 appears on

the surface of B cells during activation [22]. It has been

reported that TLR9Y signaling promotes cell cycle entry and

survival [23] and induces class switch recombination in B
cells-[24]. In addition, Bing et al. showed that CpG DNA
initiates germline immunoglobulin. heavy- chain constant
region Cy1, Cy2 and Cy3: gene: transcription in fotal and
naive: B-cells in cooperation with iL-10: [25].-In contrast,
previous reports showed that CpG DNA alone did not produce
IgG by naive B cells [5,26,27]. The reason of the discrepan-
cies may be due to B-cell concentrations in the culture.
Huggins et al. reported that activation and proliferation of
CpG DNA-activated CD27~ naive B cells required high-density
cell-cell contact [28]. In addition, insufficient IgG secretion
was observed by CpG DNA-stimulated CD2Z7~ naive B cells
under low density. culture  conditions in previous reports
[5,26,27]. Furthermore, CpG DNA supports the differentia-
tion of naive, memory and cord blood transitional B cells into
plasma’ cells [28,29]; eventually leading to Ig production
[30]. Since it was reported that most of plasma cells
differentiated from naive B cells by CpG DNA and cytokines
had germ-line heavy chain gene sequences [28], it seems
that naive B cells differentiate into plasma cells directly by
TLRY signaling probably without differentiation to memory B
cells. Specifically, CpG DNA sustains proliferation and
differentiation of memory B cells independently of antigen,
thus supporting maintenance of the serological meniory [26].
However, the effect of CpG. DNA on naive B cells was
reported to be much less prominent than its effect on
activated memory B cells [26]. This observation suggests that
naive B cells require an initial trigger to upregulate TLR9
expression.  Ruprecht et al. reported that naive B cells
responded to CpG DNA only after BCR engagement [27]. Since
our: data demonstrate that the surface and intracellular
expression of TLRY is upregulated by RP105 cross-linkage, we
propose that RP105 signaling serves: as an. initiator and
potentiator of TLRI responses in naive B cells,

RP105 expression has been demonstrated in human
monocytes, B cells, and myeloid dendritic cells, but not in
plasmacytoid dendritic cells [31]: In our experiments, both
naive and memory B cells expressed RP105. equally, but
responded differently to RP105 cross-linkage, suggesting
that RP105 signal transduction varies between naive and
memory B cells. While RP105 was shown to negatively
regulate TLR4 signaling of dendritic cells in responses to LPS
{31,32], RP105 signaling by itself induced activationand
proliferation of B cells [11,33,34]. Furthermore, it was
reported that RP105 signaling cooperated with TLR4 signal-
ing in human B cell activation and proliferation [12]. We have
shown here that RP105 signaling synergizes with TLRO
signaling in proliferation and survival of human naive B
cells; whereas we observed no synergistic growth-promoting

 effects of RP105 signaling on B cell proliferation stimulated

with the TLR5 ligand flagellin (data not shown). The
augmenting effect of RP105 signals might not be specific to
TLR9.

Our data suggest several mechanisms by which RP105
signals may synergize with CpG DNA to enhance naive B-cell
expansion. Our observation that TLR9 induced activation of
Akt was enhanced by RP105 cross-linkage (Fig. 3C) is in
agreement with the recent observation that B lymphocyte
stimulators, such as BAFF, induce B-cell growth and survival
through the activation of the phosphatidylinositol 3-kinase
(PI3-k)/Akt pathway [13]. Enhanced Akt activation could
directly promote growth and survival of naive B cells by .
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RP105/TLRY co-stimulation. Our second observation that
RP105 and TLR9Y co-signaling sustained the activation of NF-
kB (Fig. 3E) is relevant in view of the previously reported
findings that NF-«B is a downstream target of Akt [14,35].
In"B cells, RP105 signals seem to activate the pathways
involving Lyn/CD19/Vav complexes and Pi3-k [36,37]. Given
that Akt and NF-xB_activation was reduced in Vavi™/~
Vav2~’~ double knock out B cells, RP105 signals used Vav1
and. Vav2 to activate NF-xB and Akt;, which is well known as
the target of PI3-k [38]. In addition; B cells: lacking p110
delta subunit of PI3-k were reported to-exhibit severe
reduction in. ixB-degradation that was efficiently induced
upon ' RP105 “cross-linkage. in wild-type: B cells [39].
Therefore, RP105 signals activate Akt and NF-«xB via PI3-k
pathway. We hypothesize that the Akt-NF-«xB pathway is

instrumental in the RP105-mediated enhanced proliferation

and. ‘prolonged. survival- of naive human B. cells.. This
interpretation is supported by the recent observation that
antigen-induced: proliferation by lymphocytes depends on
NF-xB activation [40], which prolongs cell survival through
inhibition of apoptosis [14].

Notably, our findings show: that naive B cells have much
greater responses of proliferation and survival to RP105 and
TLRY signals than memory B cells. We suggest on two reasons
for the difference of responses between naive and memory B
cells. First, the enhancement of intracellular expression of
TLR9 in naive B cells and memory B cells after stimulating
with: anti-RP105 mAb is- different. The intracellular TLR9
expression was lower in naive B cells than that in memory B
cells at-resting state (Fig. 2B). Since the expression was
significantly increased in naive B cells compared with
memory B cells by RP105 cross-linkage (Fig. 2B), RP105
signaling may synergistically affect the proliferation with
TLRY signaling especially in naive B cells more robustly than
that in memory B cells. Second, we speculate that the signals
emanated upon RP105 cross-linkage might be different in
naive and memory B cells.

Unexpectedly, RP105 signals do not play a role in g
production, which seem to be controlled by IL-21; a strong
inducer of human B cell differentiation and Ig production
[15-17,41-43]. IL-21 is generated not only by CD4* T cells,
but also by NKT cells [44]. Our data show that CpG DNA-
stimulated naive B cells differentiated into plasma cells and
produced immunoglobulins including SP-specific antibody in
the presence of 1L-21. However, even with IL-21 present,
RP105 did not enhance Ig production, indicating that RP105
signals are not involved in Ig synthesis. It is intriguing that
both RP105 and IL-21 act on naive B cells rather than on
memory B cells and synergize with TLR9 signals despite
having individually distinct roles: while RP105 enhances
naive B-cell growth and survival, 1L-21 induces naive B-cell
differentiation into plasma cells and Ig production.

Finally, we investigated the effect of cross-linking RP105

on peripheral blood B celis isolated from three classic CVID

patients. CVID B cells, although almost exclusively naive and
CD27, increased TLR9 expression in response to RP105
stimulation. In addition, CVID B cells showed increased
viability and proliferation when co-cultured with CpG DNA
and anti-RP105 mAb. Most importantly, CVID B cells
activated by CpG DNA or by anti-CD40 mAb produced Igh
but not 1gG anti-SP antibody at high titers in response to IL-
21. CVID is a heterogeneous " disorder characterized by

hypogammaglobulinemia and reduced numbers of memory
B cells but normal numbers of naive B cells [45,46]. Affected
patients tend to present with milder clinical symptoms and
develop less invasive bacterial disease when compared with
X-linked agammaglobulinemia patients who exhibit absence
of circulating B cells and fail to produce antigen-specific
antibody. Since antibody-producing memory B cells, both
switched and unswitched, play an important role in the
defense. against. systemic bacterial . infections [47], our
observation that naive B cells can produce germline-encoded
SP-specific IgM antibody is relevant and suggests that CVID B
cells: are capable of contributing to theelimination of
invasive pneumococcal infections.

Although neither endogenous nor exogenous ligands for
RP105 have been identified to-date [32], it has been
speculated that RP105-specific ligands might be derived
from pathogens or may consist of molecules generated by
cells involved in innate immunity [11]. Our findings support
the possibility that RP105 and its ligand(s) are instrumental
for the proliferation; growth and survival by naive B cells.
The identification of RP105-specific ligand(s) will not: only
improve - our ‘understandings. of ‘naive  B:cell function in
primary immune responses, but may in addition lead to the
development  of novel therapeutic strategies to improve
rapid clearance of pathogen from the circulation.
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