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Autoantigen Immunization at Different Sites Reveals a Role for
Anti-Inflammatory Effects of IFN-y in Regulating Susceptibility to
Experimental Autoimmune Encephalomyelitis?
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Department of Immunology, University of Texas Southwestern Medical Center, Dallas, TX 75390

Abstract

Experimental autoimmune encephalomyelitis is induced in B10.PL (H-2Y) mice by immunization
with the immunodominant N-terminal epitope of myelin basic protein, Ac1-9. In the present study,
we show that the site of immunization impacts disease incidence and severity. This effect is more
marked in female mice than in males. Although immunization in the flanks is effective in eliciting
disease, delivery of Ag in the footpad and tailbase results in poor induction. Analyses of the immune
responses in female mice following different immunization regimens indicates that resistance to
disease is accompanied by higher levels of IFN-y and CD11b*Gr-1'"t myeloid cells. Such myeloid
cells are known to have a suppressive function, and consistent with this knowledge, blockade of IFN-
v results in increased disease activity and decreased levels of splenic CD11b*Gr-1"t cells.
Conversely, injection of adjuvants (CFA or Pam3CSKy) in the footpad decreases experimental
autoimmune encephalomyelitis incidence and severity. Our study indicates that the site of
immunization can impact the magnitude of the ensuing inflammatory response, and that at a certain
threshold a protective, regulatory circuit can be elicited.

Murine experimental autoimmune encephalomyelitis (EAE)6 is taken to be a representative
model of multiple sclerosis (1). In H-2" mice, CD4* T cells that recognize the immunodominant
N-terminal epitope of myelin basic protein (MBP) acetylated at the N terminus (Ac1-9)
associated with the MHC class Il molecule, I-AY, play a central role in the disease process
(2). Disease is initiated by entry of autoreactive T cells into the CNS, followed by the influx
of macrophages and the activation of resident cells such as microglial cells (3,4). This
inflammatory environment results in CNS destruction involving demyelination that in turn
causes ascending paralysis.

A limitation toward understanding the triggers of autoimmunity has, until recently, been the
lack of available tools such as appropriate peptide-MHC multimers and sensitive ELISpot
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assays to quantitatively assess autoreactive T cell responses (5-8). As a result, factors such as
the impact of gender on quantitative aspects of pathogenic T cell responses are poorly
understood. We have developed the use of MBP1-9:1-A! multimers to detect Ag-specific T
cells in the B10.PL mouse model of EAE (5,9) and are using these to gain insight into the
processes that lead to autoimmunity.

In the current study we have analyzed the effect of immunization site (footpad and tailbase or
flank) on the incidence and severity of disease in B10.PL mice. We observe that the site of
immunization with the MBP epitope, Ac1-9, can impact EAE severity and incidence, with
flank immunization inducing greater disease activity relative to delivery of Ag in the footpad
and tailbase. This difference is more marked in female mice relative to male mice, and is
consistent with earlier studies in B10.PL mice in which the disease susceptibility of female
mice was lower (10). To investigate the mechanistic basis for the differences in disease activity,
we have used MBP1-9:1-AY multimers (5) to enumerate and characterize autoantigen-specific
T cell responses following immunization. We show that the immunization site affects the
magnitude of the T cell response in female mice, with higher levels of Ag-specific T cells in
the spleens correlating with disease resistance. The higher T cell responses are accompanied
by increased levels of IFN-y and CD11b*Gr-1""t myeloid suppressor cells (MSCs) that have
been demonstrated to have suppressive activity in murine models of cancer, autoimmunity and
infectious disease (11-15). The anti-inflammatory effects that we observe can be reversed or
enhanced by delivery of anti-IFN-y Ab or adjuvants, respectively. Consistent with the IFN-y
dependence of MSCs, a lower number of these cells was observed in spleens of mice treated
with anti-IFN-y Ab. Our analyses have relevance to understanding the factors that regulate
pathogenic T cell responses in murine EAE.

Materials and Methods

Reagents and cell lines

The N-terminal-acetylated peptide of MBP (Acl-9, ASQKRPSQR) was purchased from CS
Bio. The TLR2 antagonist lipopeptide, Pam3CSK4,, was purchased from EMC
Microcollections.

The following fluorescently labeled Abs were used for flow cytometry and purchased from
BD Biosciences: FITC-, PerCP-, and allophycocyanin-labeled anti-CD4 (L3T4), PerCP-
labeled anti-CD45 (30-F11), FITC-labeled and purified anti-TCR Va2 (B20.1),
allophycocyanin-labeled anti-IFN-y (XMG1.2), PE-labeled anti-TNF-a (MP6-XT22), PE-
labeled anti-1L-17 (TC11-18H10), PerCP- and PE-labeled anti-Gr-1 (RB6-8C5),
allophycocyanin-labeled anti-CD11b (M1/70) and allophycocyanin-labeled anti-BrdU. FITC-
labeled anti-BrdU was obtained from Invitrogen. PE-labeled anti-F4/80 was purchased from
eBioscience. Anti-1-AY Ab was purified from the 10.2.16 hybridoma (16) and labeled with
FITC using standard methods.

Hybridomas expressing anti-IFN-y Ab (R4-6A2, rat IgG1) and a rat IgG1 isotype control
(CRL-1912) were purchased from the American Type Culture Collection. They were expanded
in culture medium containing FCS depleted of bovine IgG by passage over protein G-
Sepharose. 1gGs were purified from culture supernatants using protein G-Sepharose. For use
in some experiments, anti-IFN-y Ab (R4-6A2) was purchased from BD Biosciences or
eBioscience.

Recombinant peptide-MHC multimers

To detect Ac1-9:1-AY-specific CD4" T cells, biotinylated MBP1-9[4Y]:I-AY multimeric
complexes (tetramers) were generated and purified as previously described (5,9). For detection,
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tetrameric complexes were prepared by incubating sites specifically biotinylated MBP1-9
[4Y]:1-AY with PE-labeled Extravidin (Sigma-Aldrich) in an optimized molar ratio for 10-30
min at 4°C (5). The peptide-1-A! complexes were made using a higher affinity analog of MBP,
MBP1-9[4Y] (17-19) because multimers containing the wild-type MBP1-9 epitope are
unstable (5). The position 4 substitution of lysine by tyrosine (4Y) has been shown to not affect
the qualitative nature of T cell recognition (17,20,21).

B10.PL (H-2") male and female mice were purchased from The Jackson Laboratory.
Transgenic male and female mice expressing the 3-chain of the 172.10 TCR (22,23),
backcrossed onto the B10.PL background, were provided by Dr. J. Goverman (University of
Washington, Seattle, WA). Mice were bred and maintained in a specific pathogen-free
environment at the University of Texas Southwestern Medical Center animal facility in
compliance with institutional guidelines. All mice were 6 to 10 wk of age when experiments
were initiated.

Induction of EAE

For induction of EAE, male and female B10.PL mice were s.c. immunized with 200 pg of the
N-terminal-acetylated epitope of MBP, Ac1-9, in one footpad and the tailbase (50 pl at each
site, footpad/tailbase immunization) or at two or four sites in the flanks (25 or 50 ul at each
site, flank immunization). Peptide was emulsified in CFA (Sigma-Aldrich) supplemented with
4 mg/ml Mycobacterium tuberculosis (Difco). For delivery of the lipopeptide adjuvant,
Pam3CSK,4 was emulsified in IFA at a concentration of 500 pg/ml (Sigma-Aldrich) and s.c.
injected only in one footpad (50 pl) of mice previously immunized with Ac1-9/CFA in the
flanks. For delivery of CFA or IFA without peptide, adjuvants were diluted with an equal
volume of PBS and emulsified. Mice were injected with 50 pl of each emulsion in the footpad
following immunization with Ac1-9/CFA in the flanks. Pertussis toxin (200 ng/mouse; List
Biological Laboratories) in PBS was i.p. injected at the time of immunization and 48 h later.

EAE evaluation was performed as described (24): 0, no paralysis; 1, limp tail; 2, moderate hind
limb weakness; 3, severe hind limb weakness; 4, complete hind limb paralysis; 5, quadriplegia;
and 6, death due to disease. Clinical signs of EAE were assessed for up to 30 days after

immunization. Mean clinical scores were derived from scores for all mice within each group
and include disease-free mice. Mice that showed an EAE score of 4 for longer than 5 days or
a score of 5 were sacrificed for ethical reasons and in accordance with institutional guidelines.

Treatment of mice with anti-IFN-y Ab

Female B10.PL mice immunized with 200 pg Ac1-9 in the footpad and tailbase, as described
above, were treated with 100 pg of anti-IFN-y Ab (rat 1gG1, R4-6A2) injected through the tail
vein on days 6 and 9 after immunization. As a control, 100 pg of an irrelevant rat IgG1 Ab was
used. Female B10.PL mice immunized in the flanks with 200 pg Ac1-9, as described above,
were used as a control for EAE induction. In some experiments, mice were sacrificed at
different time points following immunization and CD11b*Gr-1* populations analyzed by flow
cytometry.

Flow cytometric analyses

For CNS analyses of immunized mice, animals were anesthetized and perfused through the
right ventricle with 10 ml of ice-cold PBS containing 2 mM EDTA disodium salt. Spleens,
lymph nodes (LNs), and CNS (brain and spinal cord) samples were subsequently harvested
into cold RPMI 1640 (Invitrogen) containing 2 mM EDTA disodium salt. Cell suspensions
were obtained by passing tissues through a thin wire mesh. CNS suspensions were pulsed at
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1000 rpm to discard debris and then treated as for the cell suspensions from the other tissues.
Suspensions were depleted of RBCs using ammonium chloride buffer and then washed twice
with cold PBS.

For flow cytometric analyses, all cell suspensions were treated with Fc block (CD16/CD32
Abs; BD Biosciences) for 10 min before staining with the appropriate combinations of
fluorescent Abs at 4°C and then washed using standard methods. To detect Ag-specific
CD4* T cells in LNSs, spleens, and CNS samples, cells were incubated with PE-labeled MBP1-9
[4Y]:1-AY multimers together with other fluorescently labeled Abs (as indicated in the figure
legends) at 12°C for 2 h and washed twice. When staining for Va2 expression was conducted,
cells were incubated with multimers and other Abs before washing and incubation with the
anti-Vo2 Ab. Labeled cells were acquired using a FACSCalibur (BD Biosciences) and
analyzed using the software (FlowJo Tree Star) or WinMDI 2.8 (Scripps Research Institute,
http://facs.scripps.edu). Cell counts of each subpopulation were estimated by adding 2 x 104
propidium iodide-labeled BW5147 cells to each tube before flow cytometric analysis, and cell
numbers were determined for each sample as previously described (25). Macrophage
populations were demarcated based on forward scatter vs side scatter and CD45 expression vs
side scatter as described (9).

In vivo proliferation analysis by BrdU staining

Four hours before harvesting tissues, all mice were i.p. injected twice at 2-h intervals with 500
ug of BrdU (BD Biosciences). Mice were sacrificed 2 h after the last BrdU injection. Single
cell suspensions of LNs and spleens were obtained as described above and stained with PerCP-
labeled anti-CD4. Labeled cells were then washed, fixed, permeabilized and treated with
DNase at 37°C for 60 min to expose DNA. Cells were washed and stained with FITC-or
allophycocyanin-labeled anti-BrdU Abs at room temperature for 20 min and finally washed
and analyzed by flow cytometry as above.

In vitro activation assays

Intracellular

Spleen cells (3 x 10%/well) were cultured in 96-well plates in complete DMEM containing 2
mM -glutamine, 5 x 107> M 2-ME, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml
streptomycin (Invitrogen), and 10% FCS. Ac1-9 peptide was added at different concentrations
as indicated in the figure legends. Following 3 days of stimulation, IFN-y levels in culture
supernatants were determined by ELISA as previously described (26) and expressed as mean
+ SE of triplicate wells. Proliferation following 96 h of culture was analyzed by adding 1 pCi
of [3H]thymidine (Amersham Biosciences) to each well for the last 16 h, and was expressed
as [3H]thymidine incorporation (mean cpm = SE of triplicate wells).

cytokine detection

Splenocytes were harvested as described above from mice immunized at distinct injection sites
with 200 pg of Ac1-9 at different time points following immunization. Splenocytes (2 x 106/
well in 48-well plates) were stimulated with 50 pg/ml Ac1-9 in complete DMEM for 4 h at
37°C in a 5% CO, incubator. For each experimental condition, four to six wells were used. A
total of 1 pl of Golgi Plug containing brefeldin A (BD Biosciences) was added to the cultures.
Cells were then pooled for each condition, washed twice with PBS, and fixed with 5% formalin
at room temperature for 20 min. Cells were then washed once with PBS, once with 1% BSA/
PBS, and permeabilized with 0.1% saponin in 1% BSA/PBS at room temperature for 10 min.
Cells were stained with FITC- or Alexa Fluor 488-labeled anti-CD4, allophycocyanin-labeled
anti-1IFN-y, and PE-labeled anti-1L-17, or allophycocyanin-labeled anti-CD4 and PE-labeled
anti-TNF-o, washed and analyzed by flow cytometry as described above.
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Statistical analyses

Results

For statistical analyses, SPSS software was used. Normal distribution of experimental data was
tested using Kolmogorv-Sminorff test. The Kruskal-Wallis nonparametric test was used to
compare all experimental groups and when significant differences were found, the Mann-
Whitney U test was used for pairwise comparisons. In all cases, values of p < 0.05 were
considered to indicate significant differences.

Immunization at different body sites affects EAE incidence and severity

Male or female B10.PL mice were immunized in the footpad and tailbase or flanks with 200
pg of the N-terminal-acetylated epitope of MBP, Ac1-9. Disease incidence and severity were
monitored. Significantly lower disease activity was seen in female mice following footpad/
tailbase immunization relative to flank immunization (Fig. 1, top). By contrast, although
immunization in the flanks appeared to result in higher disease activity with a more chronic
course relative to footpad/tailbase immunization in male mice, the incidence was the same and
the differences in mean clinical score were not significant (Fig. 1). In addition, immunization
at either two or four sites in the flanks was more effective in inducing disease relative to footpad/
tailbase delivery in female mice (Fig. 1 and data not shown), indicating that the difference in
disease is due to variations in delivery site rather than the number of immunization sites used.

The site of immunization affects adaptive and innate immune responses

We investigated the possible mechanistic basis for the difference in disease incidence and
severity in female mice following immunization at different sites. The analysis of Ag-specific
tetramer-positive CD4* (CD4*tet™) T cells using MBP1-9[4Y]:1-AY multimers (5,9), and
proliferating CD4* T cells, in spleens and pooled LNs indicated differences for cells isolated
from female mice immunized in the footpad/tailbase or flanks (Fig. 2A). Higher percentages
of Ag-specific and proliferating cells were observed in the spleens and pooled LNs of mice
immunized in the footpad/tailbase relative to the flanks, and these differences were most
marked at day 10 following immunization (Fig. 2A). EAE is characterized by an inflammatory
infiltrate in the CNS comprising (Ag-specific) CD4" T cells, macrophages and granulocytes
(4,27,28). Consistent with the higher disease activity, more infiltrating CD4* T cells and
macrophages were observed in the CNS of female mice that had been immunized in the flanks
relative to those immunized in the footpad/tailbase (Fig. 2A). We also assessed cytokine
production following immunization of female mice at different sites. The greater percentage
of Ag-specific T cells in the spleen of female mice immunized in the footpad/tailbase was
accompanied by a higher level of inflammatory cytokine production (IFN-y and TNF-a) (Fig.
2B). Because IFN-y has been shown to down-regulate the number of Th17 (IL-17-producing)
cells (29-32), we also analyzed the production of this cytokine. Again, however, higher levels
were observed in female mice following footpad/tailbase immunization, indicating that the
elevated levels of IFN-y do not appear to suppress the in vivo expansion of Th17 cells.

Similar T cell responses in male and female mice following footpad/tailbase immunization

Because male mice appeared to be more susceptible to EAE relative to females following
footpad/tailbase immunization (Fig. 1), we compared immune responses across gender
following immunization at these sites. This gender difference in disease susceptibility was also
observed in B10.PL mice that transgenically express the B-chain of the 172.10 TCR mice
(23) (VB172.10 mice) that is specific for Ac1-9 complexed with 1-AY (Fig. 3A). The higher
number of Ag-specific T cells in these transgenic mice facilitates their quantitation. Analyses
of Ag-specific CD4* T cells using MBP1-9[4Y]:1-AY tetramers (5,9) at day 11 (B10.PL mice)
or day 4 (VB172.10 mice) postimmunization indicated that the percentages of such cells were
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similar in the spleen and pooled LNs in male and female mice (Fig. 3B). The ratio values of
Va2 to Va2~ tetramer-positive cells were analogous, indicating that the T cell repertoires
were similar. Analysis of the absolute numbers of tetramer-positive cells at day 11 (B10.PL
mice) and day 4 (VB172.10 mice) also indicated that, consistent with the data shown in Fig.
3B, there were not major differences across gender (Fig. 3C). However, by day 18 (B10.PL
mice) or day 11 (VB172.10 mice) postimmunization, the number of Ag-specific T cells in both
LNs and spleens of female mice was higher, possibly because these cells had not infiltrated
into the CNS.

Consistent with the higher disease incidence and severity in male mice, the number of
CD4*tet* T cells and macrophages infiltrating the CNS were substantially higher in male mice
relative to female mice at times around the peak of overt disease (day 18 for B10.PL mice, day
11 for VB172.10 mice postimmunization) (Fig. 3C). However, analysis of the in vitro recall
responses of cells isolated 11 days postimmunization indicated similar proliferation and IFN-
vy production in male and female mice (Fig. 3D). The difference in disease incidence and
severity between male and female mice following footpad/tailbase immunization is therefore
not due to variations in peripheral Ag-specific T cell numbers or their responsiveness.
Consequently, we decided to focus our subsequent analyses on female mice following
immunization at distinct sites because this focus resulted in clear differences in T cell responses

(Fig. 2).

The site of immunization affects the number of CD11b*Gr-1* myeloid cells

CD11b*Gr-1* (MSCs) have recently been shown to have potent antiinflammatory effects in
different models of inflammation (11-15). Specifically, the Gr-1* cells can be divided into two
subpopulations, Gr-1M9" and Gr-11"t, of which the Gr-1i"t subset have more potent suppressive
activity in EAE (14). The number of these cells increase markedly in the spleens of female
mice following injection with emulsified CFA (without peptide) (14) (Fig. 4A). We therefore
analyzed these cell subsets in the spleens of mice that had been immunized with Ac1-9 (in
CFA) at distinct sites (Fig. 4, B and C). Correlating with the induction of a higher number of
Ag-specific T cells, we observed a higher number of myeloid cells in the spleens in female
mice immunized in the footpad/tailbase relative to the flanks (Fig. 4C). These differences were
particularly marked for the CD11b*Gr-1I"t population and became apparent from day 10
postimmunization onward. Taken together, the dependence of MSCs on IFN-y (12-14,33)
combined with the higher level of IFN-y-producing CD4" T cells in spleens of females
immunized in the footpad/tailbase might therefore contribute to a regulatory circuit that results
in lower disease incidence. Conversely, in flank-immunized female mice, a combination of the
lower number of both splenic myeloid cells and IFN-y-producing CD4* T cells might
predispose mice toward disease.

IFN-y blockade exacerbates EAE incidence and severity and results in a decrease in the
number of splenic CD11b*Gr-1'"t cells

The dependence of MSCs on IFN-y in both EAE and other disease models (12-14,33) prompted
us to assess whether reduction of IFN-y levels in vivo might lead to enhanced susceptibility to
disease. Female mice were therefore immunized in the footpad/tailbase or flanks and treated
with anti-IFN-y Ab or isotype control. IFN-y blockade resulted in disease incidence and
severity in footpad/tailbase-immunized mice that was analogous to that seen in flank-
immunized, female mice (Fig. 5A). Importantly, analysis of CD11b*Gr1i" cell number
following anti-IFN-y treatment indicated that IFN-y blockade resulted in a reduced number of
MSCs on days 13 and 15 postimmunization, which in turn correlates with increased disease
susceptibility (Fig. 5B).
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Adjuvant delivery in the footpad protects against EAE

Because CFA is a potent inducer of MSCs (14) as shown (Fig. 4A), we also analyzed whether
the induction of inflammatory responses via delivery of CFA or other potent TLR agonists
such as Pam3CSKy (in IFA), in the footpad would prevent disease development in female mice.
Female mice were immunized with Ac1-9 in the flanks and with adjuvant only in the footpad.
This regimen resulted in inhibition of disease for both adjuvants (Fig. 5C) that was not seen
when IFA was used. Thus, the delivery of adjuvants such as CFA or Pam3CSK,4 without Ag
in the footpad results in protection against disease induction, consistent with the concept that
this innate stimulation results in an anti-inflammatory feedback loop.

Discussion

The current study provides insight into the factors that lead to overt EAE in B10.PL mice. We
observe that female mice are more resistant to the induction of EAE when they are immunized
in the footpad/tailbase relative to the flanks, but that the effect of immunization site is less
marked in male mice. For female mice immunized at distinct sites, our data show that relative
to flank immunization, footpad/tailbase immunization results in a higher number of Ag-specific
T cells in spleens and pooled LNs that paradoxically lead to increased disease resistance. These
observations are reminiscent of our earlier studies in which we reported that immunization of
mice with high effective doses of autoantigen (MBP1-9[4Y]) induce an increased level of Ag-
specific T cells, resulting in an antiinflammatory feedback loop involving IFN-y (9).

Significantly, we demonstrate that higher levels of IFN-y producing cells and CD11b*Gr-1*
myeloid cells are induced in the spleens of female mice following footpad/tailbase
immunization relative to flank immunization. IFN-y is known to have both proinflammatory
and anti-inflammatory effects (34,35). The ability of IFN-y to induce NO production by
myeloid cells such as macrophages and neutrophils is well documented (11,13,36-38). Recent
studies have also shown that the monocytic subset of CD11b*Gr-1'"t cells are involved in
mediating anti-inflammatory effects in murine EAE (14). Furthermore, this suppression is
dependent on IFN-y production by CD4* T cells. Consistent with these observations, when the
CD11b*Gr-1M9" and CD11b*Gr-11" populations of myeloid cells are compared following
footpad/tailbase vs flank immunization of female mice, more marked increases in the
CD11b*Gr-1" population in footpad/tailbase-immunized mice are seen. In addition, footpad/
tailbase immunization combined with IFN-y blockade results in exacerbation of disease
incidence and severity, combined with decreased levels of CD11b*Gr-1'""t cells. These
observations are congruent with the IFN-y dependence of these suppressor cells. Conversely,
delivery of adjuvants (CFA, Pam3CSKy) in the footpad/tailbase combined with Ag
immunization in the flanks of female mice protects against disease. Such adjuvants are known
to act through TLR2/4 (CFA) and TLR1/2 (Pam3CSKy), and as such can elicit potent innate
stimulation of myeloid cells (Refs. 39 and 40, and this study).

Alternative mechanisms for the anti-inflammatory effects of IFN-y have also been described
that include the inhibition of the development of IL-17-producing cells (29-32) or the induction
of CD3( down-regulation viaa mechanism that involves MSCs (41,42). Our data do not support
arole for IFN-y regulatory effects on Th17 cells because IL-17-producing cell numbers are
higher in female mice following Ag delivery via footpad/tailbase relative to flanks.
Furthermore, we do not observe T cell hyporesponsiveness in mice that are protected against
disease, indicating that CD3{ down-regulation does not occur.

The factors that lead to the gender differences following immunization in the footpad and
tailbase of male and female mice remain enigmatic, although our data allow for the exclusion
of several possible mechanisms. First, comparison of immunized male and female mice
indicates that there is no major difference in either Ag-specific T cell numbers or Ag

J Immunol. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pastor et al.

Page 8

responsiveness across genders. In addition, we observe a similar number of CD11b*Gr1iM cells
in male and female mice following immunization (data not shown). Second, our in vitro
restimulation data in which we do not see differences in responsiveness of splenic cells from
male vs female mice indicate that gender-specific variations in regulatory T cells (43) or other
regulatory cells in male and female B10.PL mice cannot account for the differences in disease
susceptibility. Furthermore, a recent study has shown that regulatory T cells do not control
autoimmunity in the inflamed CNS in EAE (44), although other studies have suggested that
regulatory T cells expand in the CNS concomitant with the resolution of disease (45). Based
on our comparative studies of male and female mice, our data would, however, be congruent
with the possibility that the difference in disease susceptibility is due to gender variation in
blood-brain barrier permeability, which in turn could be hormonally regulated (46,47). In this
context, the gender difference in disease susceptibility is observed for VB172.10 mice in which
EAE can be induced in the absence of pertussis toxin, consistent with earlier observations
indicating that variations in the effects of pertussis toxin across gender cannot fully account
for increased disease activity in male B10.PL mice (10). In addition, it is possible that female
hormones are conducive to the anti-inflammatory effects of MSCs.

In conclusion, our observations indicate a role for antiinflammatory effects of IFN-y-dependent
MSCs that manifest their protective effects following immunization in the footpad and tail-
base, but not in flanks, of female B10.PL mice. These studies have relevance to understanding
the regulatory mechanisms that lead to EAE, in addition to suggesting that the modulation of
MSCs might provide a therapeutic option.
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FIGURE 1.

Induction of EAE in male and female B10.PL following immunization with Ac1-9 peptide at
different sites. Male and female mice (five mice per group) were immunized in the footpad/
tailbase or in the flanks with 200 g of the N-terminal-acetylated epitope of MBP, Ac1-9,
emulsified in CFA supplemented with 4 mg/ml Mycobacterium. A total of 200 ng of pertussis
toxin was i.p. administered on days 0 and 2 after immunization. The clinical score of EAE was
determined daily as described in Materials and Methods. Disease incidence (number of mice
showing disease symptoms/total number of mice) for each group was as follows: females, 2/5
mice (footpad/tailbase-immunized) and 4/5 mice (flank-immunized); males, 4/5 mice (footpad/
tailbase-immunized) and 4/5 mice (flank-immunized). p < 0.01, significant differences
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determined by Mann-Whitney U test were observed between female B10.PL mice immunized
in the footpad/tailbase vs the flanks from days 17-23. No significant differences were found
in male mice following immunization at different sites. Data are representative of at least four
independent experiments.
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FIGURE 2.

Analyses of immune responses in female mice following immunization in the footpad and
tailbase or flanks. Female B10.PL mice were immunized in the flanks or footpad/tailbase as
described for Fig. 1. A, Percentage of Ag-specific tetramer-positive CD4* T cells (CD4*tet™)
determined using PE-labeled MBP1-9[4Y]:I-AY tetramers and PerCP-labeled anti-CD4 Abs
in pooled (inguinal, popliteal, and cervical) LNs, spleens, and percentage of total CD4™ T cells
or macrophages in CNS samples, from mice at days 6, 8, 10, 13, and 15 after immunization.
Samples were pooled from two mice per time point and treatment. In vivo proliferation of
CD4* T cells was evaluated by i.p. injection of BrdU before harvesting LNs and spleens.
Percentage of CD4*BrdU* cells was determined by flow cytometry. B, Percentage of
CD4*IFN-y*-, CD4*TNF-0*-, and CD4*1L-17*-producing T cells from mice following 6, 8,
10, 13, and 15 days immunization. Splenocytes were incubated with 10 pg/ml Ac1-9 for 4 h
in the presence of Golgi Plug and cytokine production assessed by intracellular cytokine
staining. Data in B show results from analyses of spleen cells pooled from two mice per time
pointand treatment. EAE scores of mice on day of sacrifice were 0, except for flank-immunized
mice on day 10 (scores of 0 and 3), day 13 (scores of 0 and 1), and day 15 (scores of 0 and 2).
Data are representative of at least two independent experiments. p < 0.05, p < 0.02, or p<0.01
for significant differences determined by Mann-Whitney U test as indicated.
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EAE incidence and severity, absolute numbers and functional responses of Ag-specific T cells
in male and female mice following footpad/tailbase immunization. Male or female B10.PL or
VB172.10 mice were immunized with 200 pg of Ac1-9 in the footpad and tailbase, and B10.PL
mice (but not VB172.10 mice) were treated with pertussis toxin as described for Fig. 1. A,

Disease score in male (M) and female (F) VB172.10 mice. Disease incidence was 5/5 mice for
males, and 2/5 for females. p < 0.05 for significant differences determined by Mann-Whitney
U test observed between male and female VV172.10 mice from days 12—35. B, Analyses of a
number of Ag-specific tetramer-positive CD4" T cells (CD4*tet*) using PE-labeled MBP1-9
[4Y]:1-AY multimers/tetramers (5), FITC-labeled anti-Va2, and PerCP-labeled anti-CD4 Abs
following immunization of mice. Percentage of CD4*tet™ T cells (Va2* or Va27, as indicated
in respective quadrants) in spleens and in pooled inguinal and popliteal LNs in male and female
mice on day 10 (B10.PL mice) and day 4 (VB172.10 mice). Data in B show results from analyses
of spleens or pooled inguinal and popliteal LNs from three mice per group. C, Number of cells
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per mouse in spleens, LNs (inguinal and popliteal), and CNS following immunization. Data
shown are derived from pooled organs from three mice per group. Mice were sacrificed on
days 11 and 18 postim-munization for B10.PL mice and on days 4 and 11 postimmunization
for VB172.10 mice. Analyses of the number of Ag-specific CD4* T cells were conducted using
PE-labeled MBP1-9[4Y]:I-AU tetramers (5,9), FITC-labeled anti-Va2, PerCP-labeled anti-
CD4, and allophycocyanin-labeled anti-CD45 Abs. Histogram plots represent the number of
CD4*tet* T cells or macrophages, except for CNS in B10.PL mice where the number of total
CD4* T cells are shown due to the reduced number of CD4*tet* T cells. *, p < 0.05 for
significant differences determined by Mann-Whitneys U test between male and female mice.
D, Proliferation and IFN-y secretion of splenocytes isolated from male (M) and female (F)
mice at day 11 postimmunization with Ac1-9 (MBP) following in vitro restimulation with
Ac1-9. Cells were pooled from n = 2 to 3 mice per group. Error bars indicate SEs. Differences
between male and female mice were not significant as determined by Kruskal-Wallis test. Data
are representative of at least two independent experiments, with disease experiments (in A)
being conducted three times.
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FIGURE 4.

Induction of myeloid cells following immunization of female B10.PL mice at different sites.
A, Female mice were injected in the footpad with PBS or CFA and CD11b*Gr-1"9" and
CD11b*Gr-1"'myeloid cell populations analyzed by FSC/SSC and Gr1/CD11b parameters in
pooled spleens 10 days later. Percentage of myeloid subsets in total splenocytes are shown.
B, Gr-1high and Gr-1int myeloid cell populations in spleens were analyzed as in A for female
mice immunized in footpad/tailbase or flanks (as described for Fig. 1) at different days
postimmunization. C, Absolute numbers of Ag-specific tetramer-positive CD4* T cells
(CD4*tet*), CD11b*Gr-19h and CD11b*Gr-1it myeloid cells for the same animals that were
used to generate data shown in B. Data in A and C show results from analyses of organs pooled
from two mice per group. For B and C, EAE scores of mice on day of sacrifice were 0, except
for flank-immunized mice on day 10 (scores of 0 and 3), day 13 (scores of 0 and 1), and day
15 (scores of 0 and 2). p < 0.05 or p < 0.01 for significant differences determined by Mann-
Whitney U test between flank- and footpad/tailbase-immunized mice. Data are representative
of at least two independent experiments.
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FIGURE 5.

Impact of IFN-y blockade and adjuvants on EAE induction in female mice. A, Female B10.PL
mice (five mice per group) were immunized in the flanks (control group), or in the footpad/
tailbase with 200 pg of Ac1-9 emulsified in CFA. Pertussis toxin was delivered i.p. on days 0
and 2 postimmunization (200 ng). Mice immunized in the footpad/tailbase were treated with
100 pg of anti-IFN-y Ab, or isotype-matched control Ab, on days 6 and 9 postimmunization.
Both flank-immunized mice and mice immunized in the footpad/tailbase followed by treatment
with anti-IFN-y Ab showed significantly higher EAE scores relative to footpad/tailbase-
immunized mice treated with isotype control. p < 0.05 by Mann-Whitney U test for days 16—
30. No significant difference between flank-immunized mice and footpad/tailbase-immunized
mice treated with anti-IFN-y Ab was found. B, Analysis of the number of CD11b*Gr1i" cells
in spleens of female B10.PL mice following treatment of mice as in A. Data shown represent
mean cell number for individual spleens isolated from a total of n = 4-7 mice for each time
point shown, and are compiled from three different experiments. Mice treated with anti-1FN-
y Ab show a significantly lower number of CD11b*Gr1i" cells in spleens relative to isotype

J Immunol. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pastor et al.

Page 19

control treated mice on days 13 and 15. p = 0.012 by Mann-Whitney U test. C, Female B10.PL
mice (five mice per group) were injected in the footpad with PBS, CFA, Pam3CSKy, or IFA,
immediately following immunization with Ac1-9 in the flanks. Mice treated in the footpad
with CFA showed lower clinical scores relative to animals treated with PBS or IFA. p < 0.05
for comparison with PBS for days 14-21 or p < 0.05 for comparison with IFA for days 17-19
determined by Mann-Whitney U test. No significant difference was found when CFA and
Pam3CSK, treatments were compared. Data shown are representative of at least two
independent experiments.
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