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ABSTRACT Filarial parasites cause functional impairment of host dendritic cells
(DCs). However, the effects of early infection on individual DC subsets are not
known. In this study, we infected BALB/c mice with infective stage 3 larvae of the
lymphatic filarial parasite Brugia malayi (Bm-L3) and studied the effect on
fluorescence-activated cell sorter (FACS)-sorted DC subsets. While myeloid DCs
(mDCs) accumulated by day 3 postinfection (p.i.), lymphoid DCs (LDCs) and CD8*
plasmacytoid DCs (pDCs) peaked at day 7 p.i. in the spleens and mesenteric lymph
nodes (mLNs) of infected mice. Increased tumor necrosis factor alpha (TNF-«) but re-
duced interleukin 12 (IL-12) and Toll-like receptor 4 (TLR4), -6, and -9 and reciprocal
secretion of IL-4 and IL-10 were also observed across all DC subsets. Interestingly,
Bm-L3 increased the expression of CD80 and CD86 across all DC subsets but de-
creased that of major histocompatibility complex class [I (MHC-Il) on mDCs and
pDCs, resulting in their impaired antigen uptake and presentation capacities, but
maximally attenuated the T-cell proliferation capacity of only mDCs. Furthermore,
Bm-L3 increased phosphorylated p38 (p-p38), but not p-ERK, in mDCs and LDCs but
downregulated them in pDCs, along with differential modulation of protein tyrosine
phosphatases SHP-1, TCPTP, PTEN, and PTP1B across all DC subsets. Taken together,
we report hitherto undocumented effects of early Bm-L3 infection on purified host
DC subsets that lead to their functional impairment and attenuated host T-cell re-
sponse.

KEYWORDS filariasis, myeloid dendritic cells, lymphoid dendritic cells, plasmacytoid
dendritic cells, flow cytometry, MAP kinases, Toll-like receptors

arasites have evolved many diverse and novel strategies to evade the host immune

response (1). These include dampening of the host's proinflammatory cytokine
response, attenuating the functions of innate immune cells; generating regulatory T
cells; and impairing the activation, maturation, and functions of host dendritic cells
(DCs), leading to their functional impairment (2-9). Impairment of host Langerhans cells
has also been reported during lymphatic filarial infections, which suggests that para-
sites not only interfere with the functions of Langerhans cells, but have also developed
means to expertly evade antigen (Ag)-presenting cell (APC) detection in the host skin
(1, 10). We recently documented the role of lung eosinophils and functional impairment
of lung macrophages during filarial manifestation of tropical pulmonary eosinophilia
(TPE) (11). This is important, as macrophages, along with DCs, not only are a hetero-
geneous group of APCs, but immature DCs circulate in the peripheral blood, where they
capture, process, and present antigens (12). Also, encounter of DCs with the pathogen
results in their maturation, characterized by increased expression of major histocom-
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patibility complex class Il (MHC-II) and costimulatory molecules, CD40, CD80, and CD86,
and their subsequent migration to the secondary lymphoid organs, where they help in
the initiation of specific immune responses, including adaptive immunity (12, 13).

Though a few reports have looked into the role of primary host DCs during the very
early stages of filarial infection (7, 8), to our knowledge, not only are DC subset-specific
studies lacking, it is also not clear to what extent these subsets are affected during the
early stages of filarial infection. In the present study, we infected BALB/c mice with
infective larval stage 3 (L3) of the filarial nematode Brugia malayi (Bm-L3) and studied
the effect of this inoculation on the recruitment patterns of different DC subsets, viz.,
myeloid DCs (mDCs), lymphoid DCs (LDCs), CD8* plasmacytoid DCs (pDCs), and CD8~
pDGCs, in the spleens and mesenteric lymph nodes (mLNs) of mice at 12 h, 3 days, 5
days, 7 days, and 10 days postinfection (p.i.). We found that Bm-L3 infection led to
differential accumulation of host DC subsets in the spleens and mLNs of infected
mice and caused variable secretion of both Th1 and Th2 cytokines, resulting in the
generation of a mixed cytokine milieu. Furthermore, we also observed differential
maturation and activation patterns of different DC subsets that correlated with their
impaired antigen uptake and presentation capacities and led to selective attenuation of
their T-cell proliferation capacities. Infection with Bm-L3 also caused moderate to
severe downmodulation of various TLRs; members of host MAP kinases (MAPKs) p38
and ERK; and protein tyrosine phosphatases, viz., SHP-1, TCPTP, PTEN, and PTP1B,
depending on the DC subset in question.

Collectively, our study demonstrates that early modulation of the immune response
by the filarial parasite is not restricted to merely skewing the host immune response to
a type 2 response but that other underlying complex mechanisms also occur, which
differentially impair the functional capacities of individual host DC subsets, rendering
them ineffective in initiating a strong adaptive immune response. Interventions that
can boost the early host immune response of host DCs during the very early stages of
filarial infection can therefore provide relief to patients suffering from filariasis.

RESULTS

Dendritic cell subsets accumulate in the secondary lymphoid organs of mice
following Bm-L3 infection. Using specific combinations of fluorochrome-tagged
monoclonal antibodies, we successfully identified four major subsets of DCs (mDCs,
LDCs, CD8™" pDCs, and CD8~ pDCs) present in the spleens and mLNs of mice and sorted
them to high purity (=98%) using a FACS Aria cell sorter, as described in Materials and
Methods and outlined in Fig. 1. After sorting analysis and cytospins, the preparations
confirmed the purity of the sorted DC subsets (Fig. 1, far right). Detailed analysis of
various DC subsets showed increased accumulation of mDCs (CD11c*, CD11b™*, and
CD8a™) in the spleens of infected mice starting from 12 h postinfection (46% = 5%)
until day 10 postinfection (53% = 5%) (Fig. 2A), while there was no major change in the
percentages of splenic LDCs (CD11c*, CD11b~, and CD8a™) during the first 10 days of
Bm-L3 infection (Fig. 2A). Interestingly, the recruitment patterns of mDCs and LDCs in
the mLNs was quite different from that observed in the spleens; while mDCs increased
soon after infection and attained their peak by day 3 postinfection (32% * 2%), they
declined rapidly thereafter and were present at their lowest levels by day 10 postin-
fection (9.0% = 5%). However, LDCs in the mLNs first declined by day 3 postinfection
(26% = 4%) but rapidly increased thereafter and reached their peak levels by day 10
postinfection (51% = 6%) (Fig. 2B).

Similarly, the recruitment patterns of CD8a™ and CD8~ pDCs in the spleens and
mLNs of mice also showed an interesting trend. While CD8a™* pDCs declined marginally
in the spleens by day 5 postinfection, they reached their peak by day 7 postinfection
(10% = 2%), only to decline abruptly by day 10 postinfection (3% * 1%) to a point
approximately 3-fold lower than in uninfected mice (Fig. 2A). However, CD8a~ splenic
pDCs moderately increased after infection and attained their peak between day 7 and
day 10 postinfection (8% = 3%) (Fig. 2A). Similarly, CD8a™ pDCs in the mLNs initially
declined by day 3 postinfection (7% = 2%) but then increased rapidly to reach their
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FIG 1 Immunophenotyping and sorting of host dendritic cell subsets. A gating strategy for identification and sorting of
different host dendritic cell subsets present in the CD11c-positive cell fraction from mouse spleens is shown. A similar strategy
was adopted for mLNs, except that the cells were not sorted. Post-sort dot plots and May-Grunwald-Giemsa-stained cytospins
(right) illustrate very high purity (=98%) of the sorted cells.

peak levels by day 7 postinfection (23% * 2%), only to decline suddenly by day 10
postinfection (9% = 2%) (Fig. 2B). However, quite surprisingly, just like splenic LDCs,
CD8a~ pDCs in the mLNs did not show any major change during the entire course of
infection (Fig. 2B). Quite interestingly, we observed a largely similar trend in the
recruitment kinetics of various DC subsets at day 3 and day 7 post-Bm-L3 infection
when absolute quantification of these subsets was done using TruCount beads (BD
Biosciences, San Jose, CA) (Fig. 2C and D).

Taken together, these results show that infection with Bm-L3 leads to differential
recruitment kinetics of various DC subsets in the secondary lymphoid organs of mice,
which might either be correlated with the establishment of L3 infection within the host
or due to the molting of Bm-L3 to the L4 stage, with a bearing on the consequences
of initiation of adaptive immunity in the host during the early days of filarial infection.

Bm-L3 differentially modulates the cytokine secretion patterns of different DC
subsets. Secretion of Th1 (tumor necrosis factor alpha [TNF-a] and interleukin 12
[IL-12]) and Th2 (IL-4 and IL-10) cytokines was analyzed in mDCs, LDCs, and pDCs
post-Bm-L3 infection, as outlined in Materials and Methods. Our results, shown as
percentages of cytokine-secreting cells in Fig. 3, show increased TNF-« secretion by all
DC subsets post-Bm-L3 infection, with a more prominent increase at day 7 postinfec-
tion than in uninfected mice (P = 0.05 for mDCs and LDCs and P = 0.001 for pDCs at
day 7). However, quite contrary to the heightened pattern of TNF-« secretion, secretion
of IL-12 mostly decreased across all DC subsets at day 3 but increased at day 7
postinfection compared to uninfected mice (P = 0.01 for mDCs at day 3 and day 7,
P = 0.001 for LDCs at day 3 and day 7, and P =< 0.05 for pDCs at day 3). Similarly, while
reduced secretion of IL-10 was seen in mDCs and LDCs at day 3 p.i. compared to
uninfected controls (P = 0.05 for mDCs and LDCs at day 3), it increased by day 7
compared to day 3 postinfection (P = 0.001 for mDCs and P = 0.01 for LDCs at day 7).
Interestingly, quite contrary to observations in mDCs and LDCs, secretion of IL-10 was
higher in pDCs at both day 3 and day 7 p.i. than in uninfected controls (P < 0.01 at day
3 and P =< 0.001 at day 7). Also interesting was the observation of highly elevated levels
of IL-4 across all DC subsets at day 3 postinfection compared to uninfected controls
(P = 0.007 at day 3 for all DC subsets). Although levels of IL-4 decreased significantly
by day 7 p.i. compared to day 3 p.i. (P = 0.001 at day 7 for all DC subsets), they
remained at higher levels than in uninfected controls (P =< 0.01 at day 7 for all DC
subsets). These results suggest that Bm-L3 differentially affects the cytokine-secreting
potentials of different DC subsets during the initial stages of infection, which might
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FIG 2 Kinetics of host dendritic cell subset accumulation in the secondary lymphoid organs of mice. (A
and B) Percentages of various host DC subsets as enumerated by flow cytometry in spleens (A) and mLNs
(B) of mice at different time points post-Bm-L3 infection. (C and D) Absolute quantification of each DC
subset, using TruCount beads, in spleens (C) and mLNs (D) of mice at day 3 and day 7 post-Bm-L3
infection. The data represent means = SD of the results of three independent experiments with at least

5 or 6 animals/group. P values of =0.05 (*) and =0.01 (**) were considered significant and highly
significant, respectively. Cont, control.

have a bearing on the recruitment patterns of DCs and other leukocytes in the
secondary lymphoid organs of infected mice.

Toll-like receptors are downregulated following infection with Bm-L3. Tran-
script levels of different Toll-like receptors (TLRs), viz., TLR2, -4, -6, and -9, were analyzed
in flow-sorted mDCs, LDCs, and pDCs at day 3 and day 7 post-Bm-L3 infection using
real-time reverse transcription (RT)-PCR, as described in Materials and Methods. The
results show that, compared to uninfected mice, infection with Bm-L3 leads to signif-
icant downregulation of nearly all TLRs across all DC subsets, with the exception of
TLR2, which was moderately elevated (approximately 2.3-fold and 4.7-fold in LDCs and
pDCs, respectively) at day 3 postinfection (Fig. 4A) (P =< 0.001 in LDCs and P =< 0.01 in
pDCs). Interestingly, mDCs showed maximal 10-fold downregulation of TLR2 and TLR4
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FIG 3 Estimation of cytokine secretion by host dendritic cell subsets. A CD11c-positive cell fraction from
mouse spleens was subjected to intracellular staining using monoclonal antibodies against TNF-«, IL-4,
IL-10, and IL-12, and the cells were subsequently acquired on a BD FACS Aria flow cytometer, as
described in Materials and Methods. The data represent means and SD of the DC subsets secreting the
respective cytokines at day 3 and day 7 post-Bm-L3 infection from the results of three independent
experiments with 5 or 6 mice/group. P values of =0.05 (*), =0.01 (**), and =0.001 (***) were considered
significant, highly significant, and very highly significant, respectively.

Day 7

by day 7 postinfection and 21-fold and 29-fold downregulation of TLR6 and TLR9 at day
3 postinfection (P = 0.01 for both TLRs). Similarly, LDCs showed 9-fold downregulation
of TLR4 (P = 0.05) and TLR9 (P = 0.01) at day 3 postinfection and 8-fold downregulation
of TLR6 by day 7 postinfection. Likewise, pDCs reported approximately 9-fold down-
regulation of TLR9 on day 3 postinfection (P < 0.05) and about 12-fold downregulation
of TLR6 by day 7 postinfection. To lend weight to our findings, we also studied the
expression patterns of these TLRs at the protein level using flow cytometry, as de-
scribed in Materials and Methods. Our results, plotted as histograms in Fig. 4B, largely
matched the results obtained at the mRNA level with a few exceptions. The mean
fluorescence intensity (MFI) of each TLR present on the host DC subset is given in Table
1. These results show that infection with Bm-L3 rapidly downmodulated the expression
patterns of different TLRs present on different host DC subsets, which might have a
bearing on the development of the overall inflammatory response of the host during
the early stages of filarial infection.

Bm-L3 modulates the expression of costimulatory and maturation markers on
host DC subsets. To evaluate the effects of Bm-L3 infection on the costimulatory and
maturation markers CD80, CD86, and MHC-II present on DCs, flow-sorted DC subsets
were processed as described in Materials and Methods. The results shown in Fig. 5A
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FIG 4 Estimation of TLRs in host dendritic cell subsets. (A) Real-time RT-PCR was used to measure transcript levels
of different TLRs in flow-sorted mDCs, LDCs, and pDCs at day 3 and day 7 post-Bm-L3 infection. The values
represent fold changes (means + SD) compared to an uninfected control. (B) Surface expression of TLR2, -4, and
-6 and intracellular expression of TLR9 on each DC subset at day 3 and day 7 post-Bm-L3 infection, as assessed by
flow cytometry. The data are representative of the results of three independent experiments with 5 or 6
mice/group. P values of =0.05 (*), =0.01 (**), and =0.001 (***) were considered significant, highly significant, and
very highly significant, respectively.

reveal that expression of CD80 increased significantly at day 3 postinfection in mDCs
(P = 0.01) and LDCs (P = 0.05) and increased even further by day 7 postinfection in
mDCs (P < 0.001), LDCs (P = 0.01), and pDCs (P = 0.001). Interestingly, expression of
CD86 also increased significantly in mDCs and pDCs by day 7 postinfection (P < 0.05
for both), but surprisingly, there was no change in the expression of CD86 on LDCs
during the course of infection. Of note, the expression of MHC-II decreased in mDCs
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TABLE 1 MFIs of different TLRs on DC subsets in sham-infected and Bm-L3-infected mice
at day 3 and day 7 postinfection

MFI

Cell type Infection? TLR2 TLR4 TLR6 TLR9

mDC Cont 3,306 * 706 1,319 £77 20,503 + 238 2,741 + 233
Day 3 2,644 + 392 1,184 £ 146 9,858 * 1,295 2,622 = 307
Day 7 3,649 * 244 1,131 £ 145 8,628 * 21 2,270 = 368

LDC Cont 1,670 =170 760 £ 21 11,567 = 786 1,444 = 36
Day 3 1,965 * 475 624 =78 8,422 + 2,947 1,495 £ 95
Day 7 1,776 = 46 742 =17 4,236 =796 1,514 £ 212

pDC Cont 2,298 =135 949 + 52 14,569 *+ 1,249 4,325 + 258
Day 3 2,915 * 656 907 £ 109 13,687 = 87 3,162 = 44
Day 7 2,776 =712 1,190 = 274 11,896 *+ 557 4,125 £ 217

aCont, sham-infected (control) mice; Day 3 and Day 7, Bm-L3-infected mice at day 3 and day 7 postinfection.

and pDCs by day 7 postinfection (P = 0.01 for mDCs and P = 0.05 for pDCs), but once
again, no change was reported in LDCs during the course of infection (Fig. 5A). These
results show that Bm-L3 differentially modulates the expression patterns of costimu-
latory and maturation markers on host DCs, depending on the dendritic cell subset in
question.

Bm-L3 infection impairs the antigen uptake, antigen presentation, and T-cell
proliferation capacities of dendritic cell subsets. The effects of Bm-L3 on the antigen
uptake (phagocytosis), antigen presentation, and T-cell proliferation capacities of dif-
ferent flow-sorted DC subsets were studied, as described in Materials and Methods. Our
results show that Bm-L3 selectively decreased the antigen uptake capacity of pDCs at
both day 3 and day 7 postinfection (Fig. 5B) (P = 0.05), but in contrast, it marginally
increased that of mDCs at day 7 postinfection (P = 0.05); however, no major change
was observed in the antigen uptake capacity of LDCs compared to uninfected controls
(Fig. 5B). Interestingly, Bm-L3 selectively decreased the antigen presentation capacity of
mDCs at day 7 postinfection (Fig. 5C) (P = 0.05) and that of pDCs at day 3 and day 7
postinfection (P = 0.05), but once again, the antigen presentation capacity of LDCs
remained unaltered during the course of infection (Fig. 5C). These results show that
Bm-L3 selectively modulates the antigen uptake and presentation capacities of mDCs
and pDCs but does not affect that of LDCs.

To further elucidate the effects of impaired antigen uptake and presentation capac-
ities of host DC subsets on the priming of the T-cell response, flow-sorted DC subsets
were cocultured with naive CD4+ T cells as described in Materials and Methods, and
our results showed that infection with Bm-L3 leads to maximal impairment of the T-cell
proliferation capacity of mDCs at day 7 postinfection (Fig. 5D) (P =< 0.01). Although we
did observe some reduction in the T-cell proliferation capacities of LDCs and pDCs at
day 7 postinfection compared to day 3 postinfection (P = 0.01 for LDCs and P =< 0.001
for pDCs) (Fig. 5D), no major effect was seen in LDCs and pDCs compared to controls.
These results again imply that Bm-L3 causes selective attenuation of the T-cell prolif-
eration capacity of host DC subsets, which might affect the overall induction of an
adaptive host immune response in infected animals.

Bm-L3 impairs activation of MAP kinases in host DC subsets. Filarial antigens
modulate the expression of several kinases, including MAP kinases, which affects the
overall proinflammatory signaling cascade of the host cellular machinery. We eluci-
dated the effect of Bm-L3 on the expression patterns of two key members of the MAP
kinase pathway, phosphorylated p38 (p-p38) and p-ERK, in flow-sorted mDCs, LDCs,
and pDCs, as described in Materials and Methods. Our results show that compared to
uninfected controls, infection with Bm-L3 led to significant upregulation of p-p38 in
mDCs and LDCs at day 3 postinfection (Fig. 6A) (P = 0.05 for mDCs and P = 0.01 for
LDCs); even though this decreased slightly in mDCs by day 7 postinfection, it was still
at higher levels than in controls (P =< 0.05). However, unlike mDCs and LDCs, significant
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FIG 5 Assessment of maturation markers and T-cell proliferation capacities of host dendritic cell subsets. (A)
Expression of maturation and costimulatory markers was assessed on flow-sorted mDCs, LDCs, and pDCs at day 3
and day 7 post-Bm-L3 infection using flow cytometry. Representative histograms show MFI values of DC subsets
at the given time points. (B and C) Antigen uptake (phagocytosis) and antigen presentation capacities of
flow-sorted mDCs, LDCs, and pDCs were assessed at day 3 and day 7 post-Bm-L3 infection by incubating the cells
with either FITC-dextran or DQ-ovalbumin, respectively, followed by acquisition on a BD FACS Aria flow cytometer,
as described in Materials and Methods. Shown are percentages of phagocytic cells (B) and MFIs (C) of DC subsets
at the given time points. (D) Mitochondrial activity, as a measure of T-cell proliferation, was measured by XTT assay
by coculturing flow-sorted mDCs, LDCs, and pDCs with CD4+ T cells, as described in Materials and Methods. Shown
are optical densities at 450 nm (OD,,) of DC subsets at the given time points. The data are representative of three
independent experiments with at least 5 or 6 animals/group. P values of =0.05 (*), =0.01 (**), and =<0.001 (***) were
considered significant, highly significant, and very highly significant, respectively.

downregulation of p-p38 was observed in pDCs at day 7 postinfection (P = 0.01).
Interestingly, in contrast to p-p38, significant downregulation of p-ERK was noted in
mDCs and pDCs at day 7 postinfection (Fig. 6A) (P = 0.01 for mDCs and pDCs), but no
significant change was reported in LDCs during this period. Furthermore, to gain
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flow-sorted mDCs, LDCs, and pDCs at day 3 and day 7 post-Bm-L3 infection. The values represent fold changes
(means = SD) compared to an uninfected control. The data are representative of three independent experiments
with 5 or 6 mice/group. P values of =0.05 (*) and =0.01 (**) were considered significant and highly significant,
respectively.

deeper insights into the role of negative regulators of the MAP kinase signal transduc-
tion pathway, we measured the transcript levels of protein tyrosine phosphatases
SHP-1, TCPTP, PTEN, and PTP1B in flow-sorted DC subsets and found moderately
upregulated levels of SHP-1, TCPTP, PTEN, and PTP1B at day 3 postinfection only in
mDCs (Fig. 6B) (P = 0.05 for SHP-1 and PTEN); however, quite surprisingly, all protein
tyrosine phosphatases were downregulated at day 3 postinfection in LDCs and pDCs (P
= 0.01 for TCPTP and PTP1B in LDCs and P = 0.05 for SHP-1 and PTEN in pDCs),
although some moderately upregulated levels of TCPTP and PTP1B were seen in LDCs
at day 7 postinfection (P =< 0.01) and of SHP-1 and PTEN in pDCs at day 7 postinfection
(P = 0.05). Taken together, these results show that Bm-L3 differentially modulates not
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only the expression of key members of the MAP kinase signaling pathway, but also that
of protein tyrosine phosphatases during the early phase of filarial infection.

DISCUSSION

Filarial parasites cause chronic infections that are usually clinically asymptomatic
and without significant pathology (10). However, the effects of filarial worms on various
subsets of host DCs during the very early stages of infection remain obscure. Recently,
using a mouse model of TPE, we showed that the pathogenesis of TPE is characterized
by functional impairment of alveolar macrophages (AM¢s), alternative activation of
lung macrophages, and upregulation of antiapoptotic genes by eosinophils, which led
to severe lung inflammation and compromised host lung immunity (11). Extrapolating
our findings even further, in the present study, we infected BALB/c mice with infective
Bm-L3 and studied the effect of this infection on flow-sorted DC subsets present in the
secondary lymphoid organs of mice. We observed that, compared to uninfected
controls, Bm-L3 infection disturbed the homeostasis of DC subpopulations present in
the secondary lymphoid organs of infected mice, as contrasting trends of mDC and LDC
accumulation were noted in the secondary lymphoid organs of infected mice. While
mDCs slightly increased in spleens during the course of infection, LDCs, after an initial
drop at day 3 p.i. in mLNs, showed preferential accumulation between day 5 and day
10 p.i. However, it is important to note that the slight increase in the mDC pool after
Bm-L3 infection might be due to the infiltration and subsequent differentiation of
circulating inflammatory monocytes into the spleen. However, concrete evidence for
this is lacking, and further investigations into the phenomenon using chimeric mice are
needed to substantiate our hypothesis. Also, the initial loss of LDCs might be due to the
preferential apoptosis of the cells, as LDCs are responsible for activating CD8* T cells
and subsequent initiation of a cytotoxic immune response against the parasite; there-
fore, we believe that this might be an evasion strategy honed by the parasite during the
initial stages of infection. Furthermore, preferential accumulation of CD8~ pDCs was
also observed only in the spleens of infected mice at day 10 p.i., but not in the mLNs,
which shows that Bm-L3 differentially modulates the recruitment pattern of host DC
subsets during the early stages of filarial infection. This observation is in line with an
earlier report documenting an expanded pool of circulating mDCs during patent
human filarial infection (14) and selective migration of DC subsets during other parasitic
infections (7).

Interestingly, the percentages of CD8" pDCs peaked at day 7 p.i. in both the spleens
and mLNs of mice, which correlates with a previous report in which it was shown that
following antigenic challenge, activated pDCs express high levels of CD8, regardless of
their previous expression of CD4 (15). However, thereafter, CD8* pDCs showed an
abrupt fall in their percentages by day 10 postinfection in both the secondary lymphoid
organs, which might be due to selective apoptosis of host APCs, as reported previously
(6), or could be correlated with the molting of infective L3 larvae into stage L4, resulting
in altered kinetics of DC subset recruitment, as reported previously (16, 17).

Quite importantly, our absolute quantification data for various DC subsets obtained
using TruCount beads largely matched the trend of preferential accumulation of these
subsets observed in the spleens and mLNs of infected mice. Though there were some
minor exceptions, occasional disparities observed between the percentage of a partic-
ular cell obtained through hierarchical gating and the absolute number of the same cell
obtained using TruCount beads have been documented previously by several other
researchers (18). Furthermore, our results showing increased TNF-a secretion by all DC
subsets correlates with an earlier report of increased TNF-« production during parasite
infections (7). Also, we believe that increased TNF production across all DC subsets can
also be due to involvement of TNF-inducible nitric oxide synthase (iNOS)-secreting (TiP)
DCs; however, to substantiate this hypothesis, further investigation is required. Also, the
contrasting patterns of IL-4 and IL-10 secretion are in line with a previous report
showing that during murine filariasis, IL-10 counterregulates IL-4-dependent effector
mechanisms, thereby providing causal evidence of existing antagonistic activity be-
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tween IL-4 and IL-10 in vivo (19). It is also worth noting that while mature DCs
synthesize high levels of IL-12 (20), which resist the suppressive effects of IL-10 required
for parasite establishment (21), release of several excretory-secretory (ES) products by
the infective larvae also impairs both the Th1 and Th2 pathways (22). Boonstra and
colleagues have also suggested that distinct murine DC subsets are preprogrammed to
direct either Th1 or Th2 development (23, 24), which suggests that helminths modulate
host immunity by modifying DC responsiveness in a manner that favors a Th2 outcome
(7). Collectively, we believe that a very complex scenario emerges soon after the onset
of Bm-L3 infection in which different DC subsets and a rapidly evolving cytokine milieu
act together to shape the overall immune response of the host (15, 25).

Considering the importance of TLRs during filarial and other parasitic infections
(26-30), we investigated the mRNA and protein expression patterns of different TLRs in
flow-sorted host DC subsets and found heavy downregulation of TLR6 and TLR9 in
mDCs, LDCs, and pDCs compared to TLR2 and TLR4, which is in agreement with a
previous report in which it was shown that TLR6 is required for full activation of DCs in
order to induce a robust proinflammatory cytokine response, which means that Bm-L3
might have subverted the early host proinflammatory response by downregulating
TLR6 expression (31). Daehnel and colleagues have also reported that activation of DCs
is dependent on Toll-like receptor 2 (32), while others have shown TLR2-dependent
functional anarchy of Md¢s during secondary challenge with B. malayi (33). Also,
downregulation of TLR4 has been correlated with alternative activation of Mds (34, 35).
Altogether, we believe that differentially modulated expression patterns of TLRs on
host DCs might have been one of the factors behind differential secretion of Th1 and
Th2 cytokines, as TLR2 ligands have been shown to stimulate a Th2 response (36), while
TLR6 has been shown to induce TNF-« and IL-12 secretion (31), and both TLR2 and TLR4
have been shown to differentially activate human dendritic cells (37).

Parasitic infections are also known to induce distinct DC phenotypes in terms of
costimulatory molecule expression and cytokine production (7). In our case, we ob-
served increased expression of CD80 and CD86, along with decreased expression of
MHC-II, on mDCs and pDCs, which meant that Bm-L3 differentially altered the expres-
sion of these markers on DC subsets. Increased expression of costimulatory molecules
supports the idea that inhibitory signals are also delivered by CD80 and CD86 to T cells
to prevent their differentiation and also for induction of regulatory T cells (38). While
increased TNF-« secretion has been linked to DC maturation (35), the fact that not all
DC subsets showed similar expression patterns of maturation and costimulatory mark-
ers or had similarly modulated antigen uptake and presentation capacities suggests
that some other factors, possibly excretory-secretory products released by the infective
larvae, might have been responsible for the phenomenon (5, 39, 40). Importantly,
support for this notion is evident from the work carried out by Everts et al., who showed
that human mDCs infected with Schistosoma haematobium had lower levels of HLA-DR
expression than those of uninfected individuals (8).

Furthermore, since DC maturation is associated with reduction in phagocytic ability
but enhanced antigen presentation capacity, we checked the two functions using flow
cytometry. While pDCs and mDCs showed both reduced antigen uptake and reduced
antigen presentation, they were not significantly altered in LDCs, which was not
surprising, as LDCs, despite having the most efficient endocytosing ability of all splenic
DC subsets (41), use a different mechanism of antigen uptake, e.g., mannose receptor
(MR), which is exclusively expressed by them (42, 43), as documented during some
bacterial infections (44).

Also, studies have shown that some pathogens induce normal maturation of cells
while effectively containing their antigen presentation capacities, which might provide
an answer to the differential maturation, antigen uptake, and presentation capacities of
individual DC subsets observed in our case (39, 45). Taking the data at hand and
previously published studies together, it is not clear whether the impaired Ag-
presenting capacity of some DC subsets observed in our case can be explained by the
decreased expression of MHC class Il and other costimulatory molecules alone or
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whether additional mechanisms are involved, as it has been documented that signals
controlling the expression of costimulatory molecules on DCs are distinct and depend
on the pathogen stimulus in question (46, 47).

Nevertheless, the differential immunomodulation of DC subsets prompted us to ask
if it would translate into impairment of the T-cell-activating capacities of host DC
subsets. Our results showed significantly attenuated T-cell proliferation capacity of
mDCs at day 7 p.i. compared to other DC subsets, which was in line with our
observation of the reduced MHC-II expression and reduced antigen-presenting capacity
of these cells. While additional studies are needed to specifically identify the role of
enhanced IL-10 secretion by these cells at day 7 p.i. as a reason behind the attenuated
T-cell proliferation capacity, previous reports have shown that IL-10-modulated DCs do
induce antigen-specific anergy in CD4* and CD8* T cells (48). Collectively, we believe
that the parasite’s interference with the antigen-presenting machinery of DCs and their
ability to prime naive T cells are crucial for the decision as to whether tolerance or
immunity will be induced (8, 49, 50).

To further understand the molecular basis behind the mixed cytokine response and
attenuated T-cell proliferation capacity of host DCs, we investigated the expression
patterns of key members of the MAP kinase signaling pathway, viz., ERK and p38, as
they have been implicated in the maturation and activation of DCs (30, 51-54). In fact,
the roles of TLR2- and TLR9-mediated proinflammatory cytokine induction and activa-
tion of the MAPK and NF-kappa B pathways have been documented in the develop-
ment of pathology in human lymphatic filariasis (55). Also, B. malayi is known to
produce a p38 MAP kinase ortholog (Bm-MPK1) that modulates the activity of host MAP
kinases, leading to dampened cytokine production (56, 57).

We observed elevated levels of p-p38 expression in mDCs and LDCs at day 3
postinfection. While p-p38 expression was still higher in mDCs at day 7 p.i. than in
uninfected controls, it dropped in pDCs at day 7 p.i. Similarly, levels of p-ERK dropped
in mDCs and pDCs at day 7, while they remained largely unchanged in LDCs. These data
are intriguing if correlated with the expression of IL-10 and IL-12, as it has been shown
that not only is ERK activation linked to upregulation of IL-10 in mouse DCs (58), but the
ERK pathway is also involved in the negative regulation of IL-12 production by
immature DCs (iDCs), but not mature DCs, while the p38 MAPK pathway appears to
positively regulate IL-12 production in iDCs but not in mature DCs, suggesting that the
roles of ERK and p38 MAPK in IL-12 production are developmentally changed in murine
DCs (59). In our case, too, different DC subsets exhibited different maturation statuses
at different time points, which might be correlated with their differentially regulated
patterns of MAPK activation.

Moreover, since MAPK signaling is regulated by phosphotyrosine phosphatases
(60-63), we asked ourselves whether infection with Bm-L3 would result in activation of
phosphotyrosine phosphatases. To address this question, we elucidated the mRNA
expression levels of tyrosine phosphatases in flow-sorted DC subsets and observed
upregulated levels of protein tyrosine phosphatases, particularly SHP-1, TCPTP, PTEN,
and PTP1B, in mDCs at day 3 postinfection. This observation fits well with data reported
by Martin-Granados and colleagues, who have shown that kinases Erk1/Erk2 and
SAPK/JNK are regulated by SHP-1, whose absence results in increased phosphorylation,
hinting at a regulatory strategy, and specifically a novel immune evasion strategy, that
the parasites have evolved to evade the host immune response (64). It is also worth
noting that while PTP1B regulates the maturation of dendritic cells (64), SHP-1 has been
implicated in regulating CD40 signaling reciprocity (65). Furthermore, studies have
underlined the importance of SHP-1-mediated negative regulation in maintaining NO
homeostasis, (66), which lends weight to the notion that parasites have developed
means to modulate the signaling pathways in the host in order to establish themselves
inside the host (51).

In summary, working with purified host DC subsets, we showed that complex
interactions occur between infective larvae of B. malayi and host DC subsets during the
very early stages of filarial infection. These interactions are not only distinct and diverse
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in nature, but intriguingly complex, as they involve paradoxical functions that affect
cytokine release, maturation of cells, expression of TLRs, phagocytosis, and the antigen-
presenting capability of cells that either stimulate or halt T-cell responses, leading to
the control of infection or progression of disease. We also observed that the magnitude
of activation or the functional impairment of various DC subsets investigated in this
study showed considerable variation, which we believe depended on the molting
process of the infective larvae within the host, the developmental stage of the DC
subsets in question, or the exposure of the DCs to the various excretory-secretory
products released by the infective larvae, which might have provided variable stimuli,
resulting in sometimes weak or transient activation of one subset but not the other and
differential activation and selective modulation of various DC functions that led to
impaired T-cell proliferation. All this shows that the infective larvae have cleverly
mastered the art of evading the initial host immune response to further enhance their
establishment inside the host. Though the exact effect exerted on each subset by the
infective larvae cannot be clearly ascertained without the use of loss/gain of function,
what is clear from the data is that the molecular basis of parasite-derived and DC-
derived differences remains enigmatic, as the parasite employs selective and differen-
tial modulation of host DC subsets, including alterations in DC signaling pathways, as
an evasion strategy for its establishment. Hence, immunoregulatory or tolerogenic
strategies that can modulate the numbers and/or functions of individual host DC
subsets might help in optimizing the host immune response during the earliest
host-parasite interface, which would help to advance our understanding of the host-
parasite interactions.

MATERIALS AND METHODS

Animals and parasite. Six- to eight-week-old BALB/c mice were used for all experiments, in
accordance with our Institutional Animal Ethical Committee (IAEC) guidelines. B. malayi was maintained
in Mastomys coucha, and the third infective larval stage of the parasite (Bm-L3) (n = 50) recovered from
infected Aedes aegypti mosquitos was used to infect mice via the intraperitoneal (i.p.) route. Uninfected
control animals were administered (i.p.) only sterile phosphate-buffered saline (PBS).

Reagents. The cDNA synthesis kit; SYBR green master mix; TRIzol reagent; DQ ovalbumin; anti-mouse
monoclonal antibodies directed against F4/80, TLR2, TLR4, TLR6, and TLR9; and fluorescein isothiocya-
nate (FITC)-labeled secondary IgG antibody were purchased from Thermo Fisher Scientific (Waltham,
MA). May-Grunwald-Giemsa stain was purchased from Merck & Co. (Darmstadt, Germany). CD11c and
CD4 magnetic cell separation (MACS) kits were purchased from Miltenyi Biotec (Bergisch-Gladbach,
Germany). PDCA-1 anti-mouse monoclonal antibody was purchased from eBioscience (San Diego, CA).
The fixation and permeabilization kit; brefeldin A; cell strainers; red blood cell (RBC) lysis buffer; TruCount
tubes; and other anti-mouse monoclonal antibodies, viz., CD11¢, CD11b, CD8a, CD45R, CD80, CD86,
MHC-II, TNF-q, IL-4, IL-12, and IL-10, were purchased from BD Biosciences (San Jose, CA). p-p38 and p-ERK
antibodies were purchased from Cell Signaling Technology (Danvers, MA), while FITC-dextran was
purchased from Sigma (St. Louis, MO).

Preparation of single-cell suspension. Mice were euthanized at different time points, i.e., at 12 h,
day 3, day 5, day 7, and day 10 post-Bm-L3 infection, along with uninfected controls, and their spleens
and mLNs were carefully excised and used for preparation of single-cell suspensions. Briefly, spleens and
mLNs were gently minced and passed over a 40-um cell strainer to remove clumps. Thereafter, the cell
suspension was centrifuged at 300 X g for 10 min at 4°C, and contaminating erythrocytes in the
splenocyte fraction were lysed using RBC lysis buffer. Next, the cells were centrifuged and suspended in
ice-cold MACS buffer (1X PBS, pH 7.2, 0.5% bovine serum albumin [BSA], 2 mM EDTA), and CD11c-
positive cells were enriched using CD11c magnetic beads, as described below.

Purification of CD11c-positive cells. CD11c-positive cells present in the spleens and mLNs were
purified from single-cell suspensions from control and infected mice at different time points using a
CD11c magnetic cell separation kit following the instructions of the manufacturer. Briefly, single-cell
suspensions were incubated with Fc block on ice for 10 min to avoid Fc receptor-mediated antibody
binding. Thereafter, the cells were washed, centrifuged, and incubated with CD11c beads (1 ul beads/106
cells) for 20 min at 4°C. After subsequent washes, the cells were passed over a MACS MS column that was
finally flushed with MACS buffer to obtain CD11c-positive cells, as described recently (67). Aliquots of
CD11c-positive cells were assessed for purity using a BD FACS Aria flow cytometer and were consistently
found to contain ~90% CD11c-positive cells.

Immunophenotyping of CD11c-positive cells. CD11c-positive cell fractions from spleens and mLNs
(containing mostly dendritic cells and Mds) were separately incubated with an antibody cocktail
containing the following monoclonal antibodies: CD45R-allophycocyanin (APC), CD11c- peridinin chlo-
rophyll protein (PerCP)-Cy5.5, CD11b-phycoerythrin (PE)-Cy7, CD8a-FITC, F4/80-Pacific Blue, and PDCA1-
PE for 20 min at 4°C. After incubation, flow cytometric data were acquired on 5-decade log-scale dot plots
displaying the forward scatter (FSC) area versus the side scatter (SSC) area. First, hierarchy gates were set
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in FSC-A-versus-SSC-A dot plots to exclude contaminating dead cells and cell debris; a second hierarchy
gate was set in an FSC-A-versus-FSC-H dot plot to exclude cell doublets; and thereafter, cell populations
within the FSC-A-versus—FSC-H dot plot were segregated according to their differential expression
profiles of the above-mentioned markers.

Briefly, as outlined in Fig. 1, a fluorescence-activated cell sorter (FACS) dot plot of F4/80* against
CD11b helped us in gating out splenic M¢s (CD11cPos, CD11bPes, and F4/80°°¢) from other CD11c-
positive cells (nonsplenic-M¢ pool). Furthermore, since the latter fraction contained both conventional
dendritic cells (cDCs) and non-cDCs, the two populations were separated from each other by plotting
CD45R against CD11¢, which helped us in differentiating between c¢DCs (CD11c" and CD45R"e9) and
non-cDCs (CD11c™d and CD45RPos). The CDCs were further subgated into either mDCs or LDCs based on
the expression of CD11b and CD8a surface markers: while mDCs were CD11cP°s, CD11bres, and CD8a"e9,
LDCs were CD11cPos, CD11breg, and CD8ares. Similarly, from the non-cDC pool, a dot plot of PDCA-1
against CD8a yielded two different subsets of pDCs, viz., PDCA-1pP°s CD8ar°s pDCs and PDCA-1p°s CD8aned
pDCs. However, since the numbers of individual pDC subsets were low, for sorting purposes, we sorted
pDCs as a single population by plotting PDCA-1 against CD45R, which yielded a very distinct PDCA-1r°s
CD45Rres pDC pool (Fig. 1). Taken together, this gating strategy helped us in discriminating splenic Mds
from splenic DCs and also helped us in identifying four prominent splenic DC subsets, i.e,, mDCs, LDCs,
CD8aros pDCs, and CD8a"e9 pDCs, in the spleens of mice. A similar gating strategy was used for mLNs
(data not shown). Data acquisition and compensation were done on a FACS Aria flow cytometer, and
analysis was done using FACS DIVA software (BD Biosciences).

Absolute quantification of dendritic cell subsets in the spleens and mLNs. To elucidate to what
extent infection with Bm-L3 influenced the numbers of each dendritic cell subset present in the
secondary lymphoid organs of mice, we used commercially available TruCount beads (BD Biosciences)
and quantified the absolute numbers of each DC subset present in the spleens and mLNs of control mice
and Bm-L3-infected mice at day 3 and day 7 postinfection, following the instructions of the manufac-
turer. Briefly, DCs were enriched from both the spleens and mLNs, using CD11c beads as described
above, and all the CD11c* cells were suspended in 50 ul of FACS buffer. Thereafter, the cell suspension
was added to TruCount tubes containing a calculated number of beads (in this case, 47,000), followed
by addition of 20 ul of antibody cocktail containing CD11c-FITC, CD45R-APC, CD11b-PE-Cy7, PDCA-1-PE,
CD8a-PerCP-Cy5.5, and F4/80-Pacific Blue. The tubes were then incubated for 15 min in the dark at room
temperature, and the total volume was adjusted to 500 wl using FACS buffer. The cells were subsequently
acquired on a BD FACS Aria flow cytometer, and absolute quantification was done, following the
instructions of the manufacturer.

Flow cytometry-assisted cell sorting of different dendritic cell subsets. While we studied the
kinetics of recruitment for all four prominent DC subsets, i.e., mDCs, LDCs, CD8aP°s pDCs, and CD8ane9
pDCs, in the spleens and mLNs of infected mice at 12 h, day 3, day 5, day 7, and day 10 post-Bm-L3
infection, sorting and other detailed functional investigations were carried out only on splenic DCs at day
3 and day 7 post-Bm-L3 infection because of the insufficient numbers of DC subsets present in the mLNs.
Also, since the numbers of individual pDC subsets (CD8ar°s and CD8a"e9 pDCs) were low, the subsets
were sorted as a single population (referred to below as sorted pDCs) using the PDCA-1-versus-CD45R
dot plot, as shown in Fig. 1. Flow cytometry-assisted cell sorting was carried out with uninfected and
Bm-L3-infected mice at two different time points, i.e,, day 3 and day 7 post-Bm-L3 infection, because
Bm-L3 organisms undergo their first molting (to L4) inside the host in approximately a week, so we
wanted to evaluate the effect of Bm-L3 infection on host DCs at early (day 3) and late (day 7) time points
that coincided with their molting process. Briefly, single-cell suspensions of spleens from at least 6 to 8
identically treated mice were pooled, and CD11c-positive cells were enriched using CD11c beads, as
described above. Sorting was carried out using a high-speed FACS Aria flow cytometer (BD Biosciences)
fitted with a 70-um nozzle, as described recently (11, 67). After sorting, the sorted cells were subjected
to analysis to ascertain their purity, and a small fraction was used to prepare cytospins (Fig. 1, extreme
right), while the remaining cells were used to carry out other immunological assays, as detailed below.

Estimation of intracellular cytokines. Intracellular cytokines secreted by splenic mDCs, LDCs, and
pDCs were estimated by ex vivo intracellular staining of the respective cells, as described recently (68).
Briefly, ~4 X 106 CD11cP°s cells enriched from mouse spleens at day 3 and day 7 post-Bm-L3 infection,
along with uninfected controls, were incubated with 10 pg/ml of brefeldin A in the dark for 6 h in a CO,
incubator set at 37°C. After incubation, the cells were washed and stained with the following monoclonal
antibodies: CD45R-APC, CD11c-PerCP-Cy5.5, CD11b-PE-Cy7, CD8a-FITC, and F4/80-Pacific Blue. Next, they
were fixed, permeabilized, and distributed equally into four separate tubes, followed by addition of
PE-labeled anti-mouse monoclonal antibodies directed against TNF-«, IL-12, IL-4, and IL-10. Data acqui-
sition and compensation were done on a FACS Aria flow cytometer, and analysis was done using FACS
DIVA software, as described recently (11).

Analysis of costimulatory molecules and the phagocytosis and antigen presentation capacities
of dendritic cell subsets. Expression of maturation and costimulatory molecules was assessed on
flow-sorted mDCs, LDCs, and pDCs by incubating the flow-sorted cells (n = 50,000) with anti-mouse
monoclonal antibodies directed against CD80, CD86, and MHC-II for 20 min in the dark at 4°C. After
incubation, the cells were washed and acquired on a FACS Aria flow cytometer. Similarly, the phagocy-
tosis and antigen presentation capacities of flow-sorted DC subsets were measured by incubating each
DC subset with either FITC-dextran (1 mg/ml) or DQ-ovalbumin (0.5 mg/ml) in separate tubes for 1 h in
a CO, incubator at 37°C, and the increase in FITC fluorescence was subsequently measured by flow
cytometry (11).
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TABLE 2 Primer sequences used for real-time RT-PCR

Primer (5'-3")
Gene Forward Reverse
B-Actin TGGAATCCTGTGGCATCCATGAA TAAAACGCAGCTCAGTAACAGTC
SHP-1 AGTCTCACGCTACCCTGCTA AGTCTATCGGGTGGAAGCCT
TCPTP TTAACACAGGGCCCACTTCC CTGTCATCCGTTGGCCAGTA
PTEN TCCTGCAGAAAGACTTGAAGGT AGGATACTGTGCAACTCTGC
PTP1B TTACCAGGACATTCGACATGAA CTCCTCTGGGCTTCTTCCAT
TLR2 CACCACTGCCCGTAGATGAAG AGGGTACAGTCGTCGAACTCT
TLR4 ATGGCATGGCTTACACCACC GAGGCCAATTTTGTCTCCACA
TLR6 TGAGCCAAGACAGAAAACCCA GGGACATGAGTAAGGTTCCTGTT
TLR9 ATGGTTCTCCGTCGAAGGACT GAGGCTTCAGCTCACAGGG

T-cell proliferation capacities of dendritic cell subsets. The T-cell proliferation capacities of
FACS-sorted mDCs, LDCs, and pDCs were estimated by coculturing each DC subset (n = 5,000) with
2 X 10° CD4* T cells that were purified from the spleens of naive mice using CD4 magnetic beads
(Miltenyi Biotec). The cells were cocultured in 96-well flat-bottom plates (Corning) for 48 h in a CO,
incubator at 37°C, and mitochondrial activity, as a measure of T-cell proliferation, was subsequently
measured by XTT assay as described recently (11).

Real-time RT-PCR. Total cellular RNA was isolated, quantified, and reverse transcribed from flow-
sorted mDCs, LDCs, and pDCs as described previously (69). Reactions were run on a Step One Plus
thermal cycler (Applied Biosystems) using SYBR green master mix. The B-actin gene was used as the
reference gene, and mean fold changes were calculated according to the 2-22¢" method (70). After the
reactions were over, melting-curve analysis was performed to confirm the specificity of amplicon
formation. The primer sequences used for RT-PCR are listed in Table 2.

Expression of TLRs on DC subsets by flow cytometry. CD11c* purified cells were collected from
spleens of uninfected and Bm-L3-infected mice at day 3 and day 7 postinfection and stained with the
following anti-mouse monoclonal antibodies: CD45R-APC, CD11c-PE, CD11b-PE-Cy7, CD8a-PerCP-Cy5.5,
and F4/80-Pacific Blue. The labeled cells were then distributed equally into four different tubes, and each
tube was further incubated with FITC-labeled anti-mouse TLR2, TLR4, TLR6, or TLR9. Appropriate gating
strategies, as shown in Fig. 1, were used to identify each DC, and TLR expression was analyzed using FACS
DIVA software.

MAP kinase assay. Estimation of MAP kinase activity was carried out as described previously (8).
Briefly, freshly sorted DC subsets (n = 200,000 cells) were fixed, permeabilized, and stained with primary
antibodies against p-p38 and p-ERK for 20 min at 4°C, followed by addition of FITC-labeled secondary IgG
antibody. After a brief incubation, the cells were washed again with ice-cold PBS and acquired on a FACS
Aria flow cytometer. Data analysis was done using FACS DIVA software.

Statistics. The data are presented as means and standard deviations (SD) derived from the results
of at least three independent experiments with at least 6 to 8 animals/group. Statistical analysis was
carried out using Student’s t test, and P values of =0.05, =<0.01, and =0.001 between different
groups or time points were considered significant, highly significant, and very highly significant,
respectively.
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