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The unrestricted population of CD4 " Foxp3" regulatory T
(Treg) cells, which have been known to control the expression
of autoimmune diseases and protective immunity to in-
flammatory reactions, has led to greater appreciation of
functional plasticity. Detecting and/or isolating Ag-specific
CD4 "Foxp3 ™ Tregs at the single cell level are required to
study their function and plasticity. In this study, we estab-
lished and compared both MHC class Il tetramer and intra-
cellular CD154 staining, in order to detect CD4 " Foxp3™
Treg specific for foreign Ag in acute and chronic infections
with lymphocytic choriomeningitis virus (LCMV). Our results
revealed that MHC class Il tetramer staining showed a lower
detection rate of LCMV GPgs.77-specific CD4™ T cells be-
cause most of MHC class Il tetramers were unbound and un-
stable when combined staining was performed with intra-
cellular cytokines. In contrast, intracellular CD154 staining
was revealed to be easier and simple for detecting LCMV
GPes.77-specific CD4™ T cells, compared to MHC class |l tet-
ramer staining. Subsequently, we employed intracellular
CD154 staining to detect LCMV GPgs 77-specific CD4 " Foxp3 ™"
Tregs using Foxp3°™ knock-in mouse, and found that
LCMV GPes 77-specific CD4" Foxp3™ Tregs and polyclonal
CD4 "Foxp3 ™" Tregs showed differential expansion in mice in-
fected with LCMV Arms or CI13 at acute (8 and 13 days pi)
and chronic phases (35 days pi). Therefore, our results pro-
vide insight into the valuable use of intracellular CD154

staining to detect and characterize foreign Ag-specific
CD4 "Foxp3 ™" Treg in various models.
[Immune Network 2013;13(6):264-274]

INTRODUCTION

Regulatory T cells (Tregs) are important to control the ex-
pression of autoimmune diseases and protective immunity to
inflammatory reactions in many tumors and infectious dis-
eases (1). Therefore, initially described as critical for the con-
trol of autoimmunity, Treg were found upon adoptive transfer
to prevent experimental autoimmune diseases (2,3). More re-
cently, evidences has been accumulated that Treg cells sup-
press allogeneic immune responses and prevent transplant re-
jection (4). However, despite decades of research into the
phenotypes and functions of different subsets of Tregs, only
recently have they been sufficiently well characterized to be-
gin considering how they might be targeted therapeutically,
Thus, it has been reported that manipulating the numbers
and/or function of Tregs in mice can decrease pathology in
a wide range of context, such as autoimmunity, transplant-
ation, and cancer (5-8),

Several different types of Tregs exist in human, including spe-
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cialized subsets of CD4+, CD8+, double negative cD3 CD4
CDS , 70 T cells, and natural killer T (NKT) cells, Although
these different types of Tregs work together in a network to
maintain immune homeostasis, the majority of the current
studies focus on defining the normal function of cp4” Tregs,
because these cells mediate dominant, long-lasting, and trans-
ferable tolerance in experimental models (9). Research into
how Treg can be manipulated therapeutically is most ad-
vanced for main types of CD4" Tregs: forkhead box protein
3 (Foxp3) " Tregs and interleukin-10 (IL-10)-producing type 1
Tregs (Trl). cD4” Tregs that express Foxp3 transcription fac-
tor were originally identified by their constitutive expression
of the IL-2 receptor- @ chain (CD25) (10), and for many years
these cells have been referred to as CD4 ' CD25" Tregs.
CD25, however, is not a specific marker for these cells, be-
cause it is also expressed by all activated CcD4" T cells,
Therefore, it has been believed that the Foxp3 transcription
factor is considered as a crucial marker and a lineage commit-
ment factor for CD4"CD25™" Tregs (11). In mice, expression
of Foxp3 seems to be restricted to T cells with regulatory
activity, cD4*cp2s” Treg cells expressing Foxp3 basically
full into two groups: those that are pre-existent and those in-
duced in response to the disease situations (9,10), The former
CD4+F0Xp3Jr Treg cells arise both in the thymus [natural Treg
(nTreg) cells], whereas the latter CD4+FOXP3+ Treg cells are
believed to be differentiated at the periphery [inducible Treg
(iTreg) cells] as a consequence of exposure to Ags (9,10).
Numerous studies have proposed and demonstrated that
nTreg cells are generated in the thymus through MHC class
[I-dependent T cell receptor (TCR) interactions resulting in
high avidity selection (12,13), although additional selection
mechanisms may take place. In recent years it has become
evident that Foxp3+ Treg cells can also be generated outside
the thymus under a variety of conditions (9,10). However,
little is known about the response of Treg during exposure
to foreign Ag. In organ-specific autoimmune disease, the tis-
sue inflammation and immunopathology are driven by autor-
eactive effector T cells that infiltrate the target tissue. It is be-
lieved that Treg can also expand in an Ag-specific manner
and traffic to the target tissue (14), Thus, understanding the
functions and features of expanded CD4+Foxp3Jr iTreg cells
during exposure to foreign Ags may be crucial for manipulat-
ing immunopathologic diseases caused by acute and chronic
infections, However, before characterization of CD4+FOXp3+
iTreg specific for foreign Ags, appropriate detection tools for
foreign Ag-specific CD4+FOXI)5+ iTreg cells must be developed.

Detection of Foreign Ag-specific CD4 "Foxp3 ™ Tregs
Jin Young Choi and Seong Kug Eo

Analysis of Ag-specific T cells by flow cytometry using flu-
orescent oligomers of major histocompatibility complex
(MHC)-peptide complexes, a technique known as ‘MHC tet-
ramer staining’, was introduced in 1996 by Altman et al, (15).
The procedure, little changed since the original report, allows
for the identification of T cells of interest on the basis of the
binding specificity of their cell surface receptors for particular
MHC-peptide complexes (16-18). Studies using MHC class 1
tetramers have demonstrated that current methods for enu-
merating Ag-reactive cD8" T cells vastly underestimate the
size of the Ag-specific, virally induced T cell repertoire
(17,18). However, broad application of this powerful technol-
ogy to CD4" T cells beyond a few well-defined test systems
has been slow because of the difficulty in producing class
II MHC-based reagents, a low frequency of CD4" T cells of
interest in many biological contexts, and complications
caused by low T-cell receptor (TCR) —MHC avidity.

While recently activated CD4' T cells express CD154
(CD40L) which provides costimulatory signals to activate B
cells and Ag presenting cells (APCs), resting CD4" T cells do
not express CD154. Therefore, de novo synthesized CD154
can be used to identify Ag-specific cD4" T cells in response
to Ag stimulation (19-21), The intracellular CD154 assay is al-
so compatible with intracellular cytokine staining, by which
this assay may provide additional information about Ag-eli-
cited CD4 function by quantifying cells that are capable of
stimulating APCs through CD40. Most importantly, the intra-
cellular CD154 assay provides a simple means to isolate via-
ble Ag-specific CD4" T cells, Furthermore, while few number
of peptide-MHC class II multimers are available, and knowl-
edge of the subject’s MHC haplotype is required, intracellular
CD154 assay does not necessarily identify functionally re-
sponsive cells, Recent studies found that CD4+CD25+FOXp3+
Treg cells have feature of Th17 cells at the various conditions.
Thus, the unrestricted population of CD4+CD25+FOXPS+
Treg cells has extended concept and has led to a greater ap-
preciation of functional plasticity. Therefore, in this study we
attempted to detect foreign Ag-specific CD4+FOXP5+ iTregs
using LCMV infection model, To this end, we employed two
tools for detecting foreign Ag-specific CD4+Foxp3+ iTreg
cells, including MHC class II tetramer staining and intra-
cellular CD154 staining methods, and compared the abilities
of two tools to characterize foreign Ag-specific CD4 "Foxp3 ™
iTreg cells.
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MATERIALS AND METHODS

Animals and ethic statement

C57BL/6 (H-2") mice (6 to 8-week old) were purchased from
Samtako Co. (O-san, Korea), Foxp3”" knock-in mice (H-2"),
which co-express EGFP and the regulatory T cell-specific
transcription factor Foxp3 under the control of the endoge-
nous promoter, were obtained from The Jackson Laboratory
(Sacramento, CA), Both of mouse stains were bred and main-
tained in accredited facilities at the Chonbuk National
University, All experimental procedures were pre-approved
by the Institutional Animal Care and Use Committees
(IACUC), Chonbuk National University (Permission code
2013-0040), and adhered to the guidelines set by Association
for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC), The animal facility of the Chonbuk
National University is fully accredited by the Korea Associa-
tion for Laboratory Animal Sciences (KALAS),

Viruses and animal infection

Lymphocytic choriomeningitis virus (LCMV) Armstrong (Arms)
and Clone 13 (Cl13) strains were kindly provided by Dr, Sang
Jun Ha (Yeonse University, Korea), LCMV were propagated
in BHK-21 cells for 48 h using DEM supplemented with 2.5%
fetal bovine serum (FBS), penicillin (100 U/ml), and strepto-
mycin (100 U/ml). BHK-21 cultures were infected with LCMV
at a multiplicity of infection of 0.01, and then incubated in
a humidified CO, incubator for 1 h at 37°C, After absorption,
the 10 ml of maintenance medium containing 2,5% fetal bo-
vine serum was added. Approximately 48 h after infection,
culture media of infected BHK-21 cells were harvested and
used for virus titration by plaque formation on Vero cells. The
virus stocks were stored in aliquots at -80°C until use,
C57BL/6 and Foxp3”" knock-in mice were infected intra-
venously (i.v.) with 2x10° PFU of LCMV Arms or 2% 10° PFU
of LCMV Cl13,

Reagents and antibodies
Several mAbs were obtained from eBioscience or BD
Biosciences (San Diego, CA) for FACS analysis and other ex-
periments; fluorescein isothiocyanate (FITC) conjugated-anti-
mouse-CD4  (RM4-5), phycoerythrin  (PE) conjugated-anti-
mouse-CD154 (MR1), CD4 (RM4-5), peridinin chlorophyll pro-
tein complex (PerCP) conjugated-anti-mouse-CD4 (RM4-5),
F4/80 (BMS8), IFN-7y (XMG1.2), and allophycocyanin (APC)
conjugated-anti-mouse-TNF- @ (MP6-XT22), 1-A” MHC class 11

tetramer complexes that were refolded with synthetic LCMV
GPes.77, GP1a6140 and GPso epitope peptides and subsequently
conjugated with allophycocyalnin (APC) were kindly pro-
vided by NIH Tetramer Core Facility (Emory University,
Atlanta, GA). LCMV GPg— (DIYKGVYQFKSV, DIY), GP1x10
(TSAFNKKTFDHTLMS, TSA), and GPs2 (TMFEALPHIIDEVIN,
TMF) epitope peptides (22,23) were chemically synthesized
at Peptron Inc. (Daejeon, Korea),

MHC class Il tetramer staining for detecting LCMV-
specific CD4™ T cells

To detect LOMV Ag-specific CD4 ™ T and CD4+Foxp3+ Treg
cells by using MHC class 1I tetramer staining, three-color fluo-
rescent staining was performed. Briefly, splenocytes (2% 10°
cells) prepared from mice infected with LCMV were incubated
with each APC-labeled MHC class II tetramers (I—Ah/DIY,
I-A"/TSA, and I-A”/TMF) in RPMI1640 medium containing 2%
FBS for 3 h at 37°C, followed by fixation with 0.2% form-
aldehyde fixation buffer for 10 min at 4°C. After staining with
appropriate amount of PE-CD4 and PerCP-F4/80 antibodies
for 20 min at 4°C, cells were washed twice with phosphate
buffered saline (PBS). Flow cytometric acquisition of multiple
parameters was performed on a Becton Dickinson FACSCali-
bur (Becton Dickinson, SanJose, CA, USA). Appropriate MHC
class 1 tetramer controls (I-A"/CLIP) were used in all
experiments, Data were analyzed using FlowJo version 7.6.5
software (Tree Star, San Carlos, CA).

Intracellular CD154 and cytokines staining for detect-
ing viable LCMV-specific CD4" T cells

To detect viable CD4" T cells specific for epitope peptide
derived from LCMV, intracellular CD154 staining were used
together with intracellular cytokine staining, as previously de-
scribed (19-21). Briefly, cells (2x10° cells/well) were re-
suspended in RPMI1640 media with 10% FBS, 2 mM L-gluta-
mine, 100 U/ml penicillin and 100 pg/ml streptomycin (all
from Gibco) in 96-well U-bottomed plate, After stimulation
with LCMV-derived peptide epitopes (1 ¢ g/ml) in the pres-
ence of PE-CD154 antibodies for 12 h at 37°C, the intracellular
accumulation of cytokines was facilitated by the addition of
monensin (2 ££M), Monensin was added to the Ag-stimulated
cells 6 h before harvest. The cells were then washed twice
with PBS, and surface stained for FITC-CD4 antibodies for 20
min at 4°C, after which they were washed twice with 1 ml
of PBS containing monensin, After fixation, the cells were
washed twice permeabilization buffer (eBioscience, San
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Diego, CA) and then stained intracellularly with PerCP-IFN- ¥ the control of the endogenous promoter (Fig. 1A), have been
and APC-TNF- @ antibodies in permeabilization buffer for 30 used to characterize the differentiation of CD4+Foxp$+ Treg
min at room temperature, Finally, the cells were washed under various conditions, Using Foxp3™" knock-in mice, we
twice with 1 ml of PBS and applied to flow cytomeric addressed de novo expression of transcription factor Foxp3
analysis, in sorted CD4+Foxp37 Th cells by stimulation of anti-CD3
and CD28 antibodies in the presence of TGF- 8, known as
RESULTS a main inducer of CD4+FOXp?)+ Treg cells. CD4+FOXp37 Th
cells were observed to express Foxp3 molecules with 72
Detection of foreign Ag-specific CD4 "Foxp3 " iTregs h-stimulation of anti-CD3 and CD28 antibodies in the pres-
by MHC class Il tetramer staining ence of TGF-# (Fig, 1A), which indicated that Foxp3™"
Foxp3™ knock-in mice, which are designed to co-express knock-in mice could be useful for detecting and characteriz-
EGFP and the Treg-specific transcription factor Foxp3 under ing CD4+Foxp3+ nTreg and iTreg cells, Using this Foxp3™"
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Figure 1. Detection of LCMV Ag-specific CD4 " Foxp3™ iTreg by MHC class Il tetramer staining. (A) Diagram of Foxp3°" and iTreg detection.
CD4 Foxp3 ™ T cells sorted from Foxp3°" knock-in mice were stimulated with anti-CD3/CD28 in the presence or absence of TGF-B for 72
h. The conversion of CD4 Foxp3  Th cells to CD4 Foxp3" iTregs was evaluated by the expression of GFP fused by Foxp3 molecule. (B)
Detection of LCMV-specific CD4 "Foxp3 ™ iTreg specific for three epitopes. Foxp3®" knock-in mice that had been previously infected with LCMV
Armstrong (Arms) were sacrificed to prepare the splenocytes 7 days pi, and the levels of CD4™ T cells specific for different epitopes of LCMV
Ag were detected by each MHC class Il tetramer staining (I-A”DIY, -A*/TSA, and -A”TMF). MHC class 1l tetramer (-A°/CLIP) was used for
negative control. (C) Opimization of condition to detect LCMV GPeg7-specific CD4Foxp3 ™ iTreg. Staining conditions for MHC class Il tetramer
included I-A’/CLIP, -A”/DIY (42 pg/ml), and I-AY/DIY (70 pg/ml). After staining with MHC class Il tetramer, cells were fixed, stained with anti-CD40
and F4/80 antibody. Some cells were stained by anti-CD4 and F4/80 antibody without fixation. The values in dot-plot denote the average
percentage of detected CD4"I-A”DIY™ T cells after gating on F4/80-negative cells. (D) Detection of LCMV GPgs77-specific CD4 " Foxp3™ iTregs
by MHC class Il tetramer staining. The splenocytes from LCMV-infected Foxp3“" knock-in mice were prepared 7 days pi and used for MHC
class Il tetramer (I-A%/DIY, 42 and 70 pg/ml) staining to detect CD4 Foxp3" Treg cells specific for LCMV GPes77 epitope. The values in dot-plot
denote the average percentage of Foxp3™I-ADIY" gated on CD4" T cells derived from three independent experiments.
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Figure 2. Detection of LCMV-specific CD4" T cells by intracellular CD154 staining. (A) Detection of viable LCMV-specific CD4" T cells by
intracellular CD154 staining. The splenocytes from mice infected with LCMV Arms or Cl13 were prepared 7 days pi and simulated with each
specific epitope peptide (LCMV GPes.77, GP126-140, and GPe.20) in presence of PE-conjugated anti-CD154 antibody for 12 h. Splenocytes that was
not stimulated with peptlde in the presence of PE-conjugated anti-CD154 antibody were used for negative control. The values in dot-plot represent
the percentage of CD4™ T cells specific for each LCMV epitope peptide. (B) The profile of IFN-7 and TNF-a@ expression in LCMV Ag-specific
CD4" T cells detected by intracellular CD154 staining. Following 12 h-stimulation of each epitope peptlde in the presence of PE-conjugated
CD154 antibody, the cells were stained with anti-CD4 antibody and the expression of IFN-7 and TNF-a in CD1547CD4" T ceIIs was determmed
by intracellular cytokine staining. The values in dot-plot represent the average percentage of IFN-7 and TNF-@ in CD154"CD4" T cells.

knock-in mouse system, we tried to detect foreign Ag-specific
CD4+FoxpS+ Treg cells by using MHC class II tetramer stain-
ing method in LCMV infection model, C57BL/6 mice were in-
fected i.v., with LCMV Arms, and the frequency of cp4” T
cells specific for three epitope, GPs.77 (DIY), GP1ag.140 (TSA),
and GPs2 (TMF), were detected by MHC class II tetramer
(I-A"/DIY, T-A"/TSA, and I-A”/TMF) (Fig. 2B). Data revealed
that 1-A"/TSA and I—Ah/TMF—specific CD4" T cells were de-
tected at very low frequencies, whereas I—Ah/DIY—specific
CD4" T cells showed a higher frequency compared to other
T cells, This indicates that LCMV
GPg7 (DIY) is immune-dominant epitope of CcD4" T cell re-

epitope-specific CD4 *

sponses in LCMV Arms infection, Next, we tried to detect
LCMV-specific CD4+ T cells under various conditions using
-A"/DIY to find optimal condition of MHC class II tetramer

staining, Staining with MHC class II teramer -A”/DIY (42 and
70 ug/ml) followed by fixation and surface cp4* staining
showed a comparable detection frequency of LCMV
GPgs77-specific cp4t T cells, but surface CD4 staining with-
out fixation after MHC class II tetramer (I-A"/DIY) staining
showed a significant loss of LCMV GPgr-specific CD4" T
cells (Fig. 1C). Thus, surface staining of CD4 and other mole-
cules after MHC class II tetramer staining followed by fixation
showed better results to detect LCMV GPgs.77-specific cp4’
T cells.

MHC class II tetramer I-A"/DIY staining, which was estab-
lished in the preliminary experiment, was employed to detect
LCMV GPgs7r-specific CD4 Foxp3 ™ iTreg in LCMV-infected
Foxp3™ knock-in mice, Two different amounts of MHC class
11 tetramer (I-A"/DIY, 42 and 70 ug/ml) were used to detect
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Figure 3. Detection of LCMV GPe677-
specific CD4"CD154 "Foxp3™ iTreg.
(A) Detection rate of LCMV GPgg.77-
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LCMV GPg7-specific CD4 Foxp3 " iTregs (Fig. 1D). Staining
with T-A’/DIY MHC class 11 tetramer (42 and 70 ug/ml)
showed similar frequencies of LCMV GPg.77-specific cp4t
Foxp3 " iTreg cells (0.036% and 0,033%, respectively). Also,

T cells at the indicated stimulation
time point.

-A”/CLIP MHC class 11 tetramer (42 and 70 ug/ml) used as
a negative control showed detection rates of 0.002% and
0.008%, respectively, These results indicate that LCMV
GPgs.77-specific CD4+FOXp3+ iTreg cells could be detected by
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combined staining with MHC class II tetramer -A"/DIY and
CD4 antibody, although staining with MHC class II tetramer
(I-A°/DIY) showed a low detection rate of LCMV GPgs77-spe-
cific CD4+FoxpSJr Tregs.

Detection of foreign Ag-specific CD4"CD154" Foxp3™
iTreg

However, staining with MHC class 11 tetramer to detect cp4*
FoxpBJr iTregs may be not useful for functional analysis be-
cause most of MHC class II tetramers were unbound when
performed intracellular cytokine staining (Data not shown),
For this reason, we introduced an intracellular CD154 staining
method to detect CD4 Foxp3' iTregs specific for LCMV
GPgs.77 epitope. This method is thought to be the most rele-
vant to our experimental purpose, allowing for functional
analysis due to the detection of viable Ag-specific cp4t T
cells by intracellular CD154 staining, Therefore, we accessed
optimal staining strategies of intracellular CD154 staining
method to detect CD4+ T as well as CD4+FoXp3Jr Treg cells
specific for LCMV GPg.77  epitope. We first detected
LCMV-specific CD4™ T cells by intracellular CD154 staining
in C57BL/6 mice infected with LCMV Arms or Cl13, After 7
days pi, we measured the frequency of LCMV GPg.77,
GPi26140, and GPg-specific CD4™ T cells by 12 h-stimulation
with corresponding epitope peptide in the presence of
PE-conjugated CD154 antibody (Fig. 2A). Data indicate that
LCMV GPizs140 and GPsao-specific CD4™" T cells were detected
at a very low frequency, whereas LCMV GPgs7-specific cp4t
T cells were detected with higher frequency, as revealed that
LCMV GPgs77 epitope was immune-dominant epitope in MHC
class T tetramer staining, Since the loss of CD4" T cell func-
tion was induced during chronic LCMV infection (24-26), we
also compared GPss77-specific CD4" T cells detected in LCMV
Arms infection to those in LCMV Cl13 infection, The higher
frequency of LCMV GPgs77-specific cD4" T cells in LCMV
Arm infection at the acute phase (7 days pi) was observed.
To confirm the functionality of LCMV-specific CD4" T cells
detected by intracellular CD154 staining, we examined the
profiling of IFN-7 and/or TNF-a@ expression in LCMV-specif-
ic D4 T cells by performing intracellular cytokine staining
with intracellular CD154 staining (Fig. 2B). When compared
the expression of IFN-7 and TNF-a cytokines in LCMV
Arms and Cl13, higher frequency of IFN- 7 - producing cD4 "
T cells specific for LCMV GPe.77 epitope was detected in
LCMV Arms-infected mice, compared to LCMV Cl13-infected
mice, These results imply the exhaustion of LCMV-specific

CD4" T cells in LCMV Cl13-infected mice, and suggest that
cellular CD154 staining could be useful to evaluate the func-
tionality of LCMV-specific CD4™ T cells by combined staining
with intracellular cytokine staining,

We then checked the changes in the frequency of LCMV
GPgs 7-specific CD4" T cells at acute (7 days pi) and chronic
phases (44 days pi) of LCMV-infected mice, depending on
stimulation periods, LCMV GPgg77-specific cD4" T cells in
LCMV-infected mice 7 days pi reached a peak after 12 h-stim-
ulation with LCMV GPgs77 epitope peptide, as shown by the
frequency and absolute number of LCMV GPgs77-specific cp4’t
T cells (Fig. 3A and B). However, a longer stimulation in-
duced an increased frequency and absolute number of LCMV
GPgs.77-specific cD4" T cells detected by intracellular CD154
staining when LCMV GPes.77-specific CD4™ T cells were ana-
lyzed 44 days pi (Fig. 3C and D). Thus, these results indicate
that 12 h-stimulation of splenocytes prepared from LCMV-in-
fected mice with epitope peptide can provide better results
to detect LCMV-specific CD4" T cells with intracellular CD154
staining method.,

Differentfial expansion of foreign Ag-specific CD4"
CD154 Foxp3™ iTreg and CD4 Foxp3 " Treg in acute
and chronic LCMV infection

Using intracellular CD154 staining, we determined the fre-
quency of LCMV GPgs77-specific CD4+CD154+FOXP3+ iTreg
cells at acute (8 and 13 days pi) and chronic phase (35 days
pi) in Foxp3”™ knock-in mice that were previously infected
with LCMV Arms or Cl13, C57BL/6 mice infected with LCMV
Arms showed a lower frequency of polyclonal CD4+Foxp3+
Treg cells at the acute phase, compared to mice infected with
LCMV Cl13 (Fig. 4A). In contrast, CD4 " CD154 Foxp3 " iTreg
cells were observed at a higher frequency in LCMV Arms-in-
fected mice at acute phase (8 and 13 days pi) as well as
chronic phase (35 days pi) (Fig. 4B), and the frequency and
absolute number of such LCMV GPgs77-specific cD4 CD154 "
Foxpﬁ+ iTreg cells were lower in mice infected chronically
with LCMV Cl13 than those of mice infected with LCMV Arms,
However, the frequency of polyclonal CD4+FoxpS+ Treg
cells was interestingly detected at higher levels in mice in-
fected with LCMV Cl13, compared to those of mice infected
with LCMV Arms (Fig, 4C). It is also likely that the frequency
and absolute number of LCMV GPgs-7-specific CD4 "CD154 "
Foxp§+ iTreg and polyclonal CD4+Foxp3+ Treg cells in
mice infected with LCMV Cl13 was gradually increased in
course of time, Therefore, these results suggest that foreign
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Ag-specific CD4+CD154+FOXP3+ iTreg and polyclonal cD4”
FoxpSJr Treg cells could elicit differential expansion pattern
in mice infected with LCMV Arms or Cl13 in acute and chron-

ic phase,

DISCUSSION

In this study, we established and compared both MHC class
Il tetramer and intracellular CD154 staining to detect cD4”
FoxpS+
chronic infections of LCMV. It was revealed that MHC class

iTregs specific for LCMV GPgs.77 epitope in acute and

11 tetramer (I-A"/DIY) staining showed a lower detection rate
than intracellular CD154 staining, and was not suitable to
characterize the functionality of LCMV GPg.77-specific cp4’t
T cells because most of MHC class II tetramers were revealed
to be unbound and unstable when intracellular cytokine stain-
ing was performed. In contrast, intracellular CD154 staining
has been shown to become easier and simpler for detecting
LCMV GPg77-specific cp4’ T cells, compared to MHC class

II tetramer staining. Subsequently, we employed intracellular
CD154 staining to detect LCMV GPgs.77-specfic CD4+FoxpSJr
iTreg using Foxp3”" knock-in mouse, and found that LCMV
GPgs.77-specific CD4+FOXp3+
F()Xp5+ Treg showed differential expansion in mice infected
with LCMV Arms or Cl13. Our results provide an insight into

iTreg and polyclonal cD4 "

the valuable use of intracellular CD154 staining to detect and
characterize foreign Ag-specific CD4+FoxpS+ iTreg in various
models including those of infection as well as autoimmune
diseases.

Classically, MHC class I tetramer staining technology en-
abled us to characterize epitope peptide-specific cD8" T cells
at a single cell level in a variety of studies (18), Similarly,
several groups have developed MHC class II tetramer staining
to detect Ag-specific CD4" T cells (17). However, the gen-
eration and use of MHC class II tetramer staining seemed
more problematic those that of MHC class I tetramer staining.
Moreover, to detect Ag-specific CD4™ T cells by MHC class
II tetramer, the sequence of epitope peptide and character
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of MHC II haplotype should be revealed. Similarly, MHC class
11 teramer (I-A"/DIY) staining seemed difficult to detect LOMV
GPgs77-specific CD4™ T cells by sensitivity and binding stabil-
ity of tetramers under staining conditions, Moreover, since in-
tracellular cytokine staining in responses to epitope peptide
GPgs7 showed a higher frequency of functional effector cD4”
T cells, it is likely that most MHC class II (I-A"/DIY) tetramer
did not bind to cognate TCR of CD4" T cells, This may cause
the underestimate of Ag-specific CD4" T cells in vivo,

In recent years, de novo synthesized CD154 was shown
to be a useful marker to identify Ag-specific CD4" T cells
in a stimulation assay (19-21), Indeed, CD154 staining was
previously limited by the highly transient nature of CD154 ex-
pression (27,28), which is rapidly internalized and/or de-
graded after surface expression (28) or is sometimes secreted
(29). To overcome this limitation, simple incorporation of flu-
orescently conjugated antibody to CD154 and monensin in
the culture during Ag stimulation showed stable staining of
CD154 molecule (21). Using this intracellular CD154 staining,
we could stably detect CD4" T cells specific for several LCMV
epitope peptides. The advantage of intracellular CD154 stain-
ing is that the defined sequence of epitope peptide is not
absolutely required for detecting Ag-specific CcD4" T cells,
Also, this assay is compatible with intracellular cytokines
staining (19-21), although it cannot be used with brefeldin A,
which completely blocks surface expression of CD154. Using
combined staining of intracellular CD154 with intracellular cy-
tokine (IFN-7 and TNF-a@), we found that most of LCMV
GPgs.77-specific cD4" T cells were dysfunctional in mice
which were chronically infected with LCMV Cl13, This result
is in accordance with the generation of exhausted cpst T
cells specific for LCMV in chronic LCMV infection (24-20).
Subsequently, this intracellular CD154 staining to detect
Ag-specific CD4 " T cells was subjected to detect CD4+FOX})5+
iTregs specific for LOMV GPgs7 epitope peptide in Foxp3™™
knock-in mice infected with LCMV, Interestingly, we found
the different expression of Foxp3 transcription molecule in
polyclonal CD4" and LCMV GPgs.77-specific cp4ep1s4t T
cells at acute (8 and 13 days) and chronic (35 day) phase
after infecting mice with LCMV Arms or Cl13, This result sug-
gests that differential expansion of polyclonal and LCMV
GPes.77-specific CD4+FoXpSJr iTreg could affect viral persis-
tence during process of acute and chronic LCMV infection,

In CD4+FOXP5+ Treg study, an unresolved issue that re-
mains is whether foreign Ag-specific CD4+FoxpS+ Treg cells
are present in peripheral tissues, because such cells cannot

be directly detected. A few study groups identified foreign
Ag-specific CD4" T cells in peripheral lymphoid tissues, but
failed to show their presence at a single cell level (30). It
is speculated that these foreign Ag-specific Tregs may origi-
nate from activated CD4 " effector T cells and are iTregs
(30-32). Otherwise, foreign Ag-specific Tregs could be de-
rived from conversion of naive Foxp?)+ nTregs into memory
nTregs, in a similar fashion to the development of Ag-reactive
memory CD4 " effector T cells that develop from Foxp3 na-
ive CD4" T cells (33). According to a previous report, the
unchanged highly demethylated TSDR Foxp3 within CD154 "
Tregs is in favor of the development of foreign Ag-specific
Tregs from nTregs in CMV infection, rather than the develop-
ment from CD4 " effector T cells (34). However, it is un-
certain whether LCMV GPgs77-specific CD4 ' CD154 Foxp3 "
Tregs were generated from nTreg or from CD4 " effector T
cells in response to Ag stimulation, because the demethyla-
tion status of Foxp3 was not assessed. One intriguing finding
study is that the ratio of LCMV
GPes.77-specific CD4" Th to CD154+FOX})5+ Tregs was found
in mice infected with between LCMV Arms and Cl13, i.e,,
approximately 0.029 and 0.059 ratio of LCMV GPg77-specific
CD4"CD154 Foxp3™ Treg to CD47CD154" Th at acute
phase (8 days pi of LCMV Arms vs Cl13) and approximately
0.048 and 0,083 ratio of LCMV GPg7r-specific CD4* CD154 "
F0Xp3+ Treg to cD4"cD154" Th at chronic phase (35 days
pi of LCMV Arms vs Cl13). The proportion of LCMV
GPgs-specific CD4'CD154 Foxp3" Treg in  Ag-specific
CD154 CD4 ™" population appeared to be gradually increased,
as the duration of infection passed. The formation of Ag-spe-

in this differential

cific Treg to Th in a fixed ratio between acute and chronic
phases indicates that despite acute and chronic infection, for-
eign Ag-specific CD4+CD154+FoxpSJr Tregs may be con-
versely increased at the late phase of infection, in order to
LCMV
GPgs.77-specific CD4+CD154+FOXP3+ Treg compartment was
determined to be filled with Ag-specific CD4 CD154" Th
cells as a mirror image of the memory CD4 " effector
population, Also, our results support the results from TCR

break the exuberant effector response. Hence,

repertoire analysis of effector CD4" T and Treg cells, which
did not show any evidence for affinity for autoreactive Ag
(35), and the results from VB T cell analysis which showed
that human CD4CD25" " Tregs equally share complex and
comparable repertoires with CD4CD25  Th counterparts
(36). Moreover, our results are strengthened by the result that

CMV seropositivity resulted in a similar shift in VB repertoire
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in effector CD4" Th and Treg cells (36). Direct identification
of foreign Ag-specific CD4+FOXp3+ Treg at a single cell level
using fine analytic tools will facilitate further Treg research
and provide more complete understanding of the significance
and interaction of Tregs in human disease and immune
responses. Furthermore, isolation and propagation of viable
foreign Ag-specific CD4 "Foxp3 " Tregs are of potential benefit
in future immunotherapy with CD4+FOXp5+ Treg cells,
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