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Abstract

Background: Staphylococcus aureus, a primary source of
bacterial superantigen, is known to colonize the human re-
spiratory tract and has been implicated in airway inflamma-
tion. The potential pathological effect of staphylococcal en-
terotoxins on the respiratory tract necessitates a detailed
understanding of how they regulate innate immune cells,
particularly CD11c-expressing dendritic cells (DCs). Meth-
ods: C57BL/6 mice were challenged intranasally with staph-
ylococcal enterotoxin A (SEA) and at indicated time points
lung tissue was perfused, digested and analyzed for CD11c+
expressing cells. Results: The pulmonary CD11c+ cells can be
divided into two major populations based on their MHC I
expression. One day following intranasal SEA challenge,
there was rapid accumulation of CD11c+ cells expressing me-
dium to high levels of MHC II. The peak accumulation of
CD11c+ MHC II- population was observed 2 days after SEA
challenge; however, careful examination of this cell popula-
tion revealed that they were heterogeneous, being com-
prised of cells bearing CD3, CD19, NK1.1 and F4/80 along with
varying levels of CD11c. Nevertheless, there was a 2-fold in-
crease of CD11c+ MHC II- (CD3- CD19- NK1.1- F4/80-) cells
in the lungs. Conclusion: The mechanism of increase in the
CD11c+ MHC ll- immune progenitor population was mainly
due to cellular division rather than migration from blood to

lung. In contrast, the early and rapid accumulation of CD11c+
MHC 11" cells, conventionally known as DCs, in the lung on
day 1 was mostly due to migration from blood. Thus this
study examines the pulmonary innate immune response to

a powerful immune stimulus.  Copyright © 2008 S. Karger AG, Basel

Introduction

Superantigens (SAgs) are microbial toxins capable of
initiating a massive immune response by stimulating T
cells to release proinflammatory cytokines. They can be
of both bacterial and viral origin, but the most common
source of SAg is produced by Staphylococcus aureus [1,2].
SAgs typically initiate a massive T cell response by by-
passing the conventional antigen processing and presen-
tation pathway and directly cross-linking specific V3 re-
gions of the T cell receptor with the MHC II molecule on
the APC. Thereby they are able to activate large numbers
of CD4 and CD8 T cells bearing the preferred V@ chain
[3, 4]. Based on this mechanism, SAgs cause a number of
disorders in humans that include food poisoning, toxic
shock syndrome and exacerbation of autoimmune dis-
ease [5].

S. aureus is a Gram-positive bacterium that colonizes
the skin and mucosa of human beings and several animal
species [6]. Twenty-five percent of humans are permanent
carriers of S. aureus, and under appropriate conditions,
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when the host is most susceptible, S. aureus is capable of
causing a variety of disorders like sinusitis, endocarditis,
pneumonia, septic arthritis, food poisoning, diarrhea
and toxic shock syndrome. Although multiple body sites
can harbor S. aureus, it has recently been reported that
the anterior nares of the nose is the most frequent carrier
site [7, 8]. Given the predisposition of S. aureus to colonize
the human respiratory tract, it would not be surprising to
find a link between staphylococcal enterotoxins and air-
way inflammation.

It has been suggested that staphylococcal enterotoxins
in the respiratory tract can act as both SAg (by oligoclo-
nal T cell stimulation) and as conventional allergen. In
particular, SAg has been identified as an allergen in cer-
tain patients by the detection of IgE antibody specific to
staphylococcal enterotoxin B (SEB) [9, 10]. Collectively,
these data suggest that there is a potential link between
pulmonary disease and S. aureus or its entertoxins [6, 11].
Nevertheless, there are limited studies investigating the
effect of staphylococcal enterotoxin exposure to lung.
Few studies, with SEB, have shown that when airway mu-
cosa is exposed to SEB, there is recruitment of lympho-
cytes, especially SEB-specific T cells, eosinophils and
neutrophils to the lung. Also studies with HLA-DR3 hu-
man MHCII transgenic mice reveal similar results signi-
fying that SEB can cause airway inflammation with fea-
tures that might closely resemble conditions seen in asth-
ma [12-14].

Given the potential threat SAgs pose to the respiratory
tract, it is important to know how they modulate the in-
nate immune system in the lung. Of particular interest is
the role of dendritic cells (DCs). Recent evidence suggests
thatlung DCs play a crucial role in determining initiation
of immunity versus tolerance in the lung [15]. There are
anumber of DC subsets distributed in different compart-
ments of the lung [16] and are classified as conducting
airway DC, interstitial DC and alveolar DC. These DCs
can also be further characterized as subsets based on the
expression of cell surface markers like CD11b, CD8a,
CD4,CD103,NK1.1, Gr-1 and mPDCA-1. Each subset ap-
pears to fulfill one particular function in the lung with
myeloid DCs initiating an immune response, plasmacy-
toid DCs maintaining tolerance to harmless antigen and
CD103 expressing DCs capable of efficient endocytosis
(15, 17, 18]. While there are other APCs in the lung like B
cells and alveolar macrophages, depletion of CD1lc+
DCs, and not other APCs, abrogates the characteristic
features of asthma [19, 20]. Thus, CD11c+ cells appear to
play an important role in initiating and sustaining an im-
mune response in the lung.
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It is well known that staphylococcal enterotoxins have
a profound effect on the adaptive immune system. How-
ever, staphylococcal enterotoxins can also influence the
cells of the innate immune system, particularly DCs and
macrophages. There have been reports that show that
staphylococcal enterotoxin A (SEA) can activate DCs, as
observed by the upregulation of costimulatory molecules,
ina T cell-dependent manner [21]. Our group has shown
that SEA conditions the innate immune cells to hyperre-
spond to various pathogen-associated molecular patterns
and can even induce activation and migration of plasma-
cytoid DCs in a T cell- and IFN-vy-dependent manner
[22, 23]. SEA was chosen over SEB since SEA has the abil-
ity to bind both MHC Il and MHC IIf chains resulting
in the upregulation of costimulatory molecules on the
APC along with the production of proinflammatory cy-
tokines. This results in more robust T cell stimulation
compared to SEB, which better mimics the human situa-
tion [24, 25].

In this study, we examined the effect of intranasal
(i.n.) SEA treatment on the lung CD11c+ population. We
report that SEA induces the accumulation of CD1lc+
MHC II+ and CD11c+ MHC II- cells in the lung. This
occurs in two waves, with the first wave resulting in in-
creased numbers of CD11c+ MHC II+ DCs and the sec-
ond wave resulting in increased numbers of CDIllc+
MHC II- cells. We investigated the reason behind this
phenomenon, and found that rapid DC accumulation on
day 1 was mostly because of recruitment from blood.
However, the accumulation of CD11c+ MHC II- cells ap-
pears to be an in situ event, with these cells endowed with
self-renewal capacity. We hypothesize that the lung re-
sponds to a powerful local immune stimulus by inducing
CDl1lc+ MHC II- progenitors for self-renewal.

Materials and Methods

Mice, Reagents and in vivo Treatments

C57BL/6 mice were purchased from Charles River — National
Cancer Institute (Frederick, Md., USA). The green fluorescent
protein (GFP)-transgenic mice [C57BL/6-TgN(ACTbEGEFP)10sb]
with enhanced GFP expression under the control of a chicken -
actin promoter have been described previously [26], and were
purchased from The Jackson Laboratory (Bar Harbor, Me., USA).
TCRB3 KO mice were a kind gift from Dr. T.V. Rajan (Depart-
ment of Immunology, University of Connecticut Health Center).
All mice were maintained in the Central Animal Facility at the
University of Connecticut Health Center in accordance with fed-
eral guidelines.

SEA was purchased from Toxin Technology (Sarasota, Fla.,
USA). Mice received 0.2, 1 or 5 g of SEA diluted in balanced salt
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solution (BSS) either through the intraperitoneal (i.p.) or through
the i.n. route. i.n. challenge involved anesthetizing mice with iso-
flurane (Vedco, St. Joseph, Mo., USA) in a vaporizing chamber
(Vaporizer Sales and Service, Rockmart, Ga., USA). After anes-
thetization, the indicated dose of SEA, diluted in 50 wl of BSS, was
pipetted on the nostrils of mice, and this volume was inhaled in-
stantly.

PE-conjugated anti-MHC II (M5/114.15.2), anti-CD3¢ (145-
2Cl11), anti-CD19 (MB19-1), anti-CD8«a (53-6.7), anti-F4/80
(BMS), anti-CD11b (M1/70) and control ratIgG2bk, FITC-conju-
gated anti-MHC II (M5/114.15.2), biotin-labeled anti-MHC II
(M5/114.15.2), anti-F4/80 (BMS8), control rat IgG2a and control
hamster IgG and were purchased from eBioscience (San Diego,
Calif., USA). PE-conjugated anti-NKI1.1 (NKR-P1B and NKR-
P1C) (PK136) and anti-CD4 (GK1.5), FITC-conjugated streptavi-
din, APC-conjugated anti-CDl11lc (HL3) and hamster IgGIA1,
PerCP-conjugated streptavidin and CD11b (M1/70), biotin-la-
beled anti-CD40 (3/23), anti-CD86 (GL1), anti-CD80 (16-10A1),
anti-CD3e (145-2C11), anti-CD19 (MB19-1), anti-NK1.1 (NKR-
P1B and NKR-P1C) (PK136) were purchased from BD Bioscienc-
es (Mountain View, Calif., USA).

Tissue Processing and Cell Isolation

Lung tissue was perfused, dissected, and digested in the pres-
ence of 1.3 mM EDTA. After 30 min of EDTA treatment, the tissue
was incubated in collagenase (Invitrogen Life Technologies) for
1 h. Cells were then crushed through nylon mesh cell strainers
(Falcon/BD Biosciences) and washed with BSS.

Spleens, peripheral lymph nodes (PLNs; inguinal, axillary and
brachial), mesenteric lymph nodes (MLNs) and mediastinal
lymph nodes (LN) were homogenized individually in 1 ml of col-
lagenase D (Roche, Indianapolis, Ind., USA) solution (3.3 mg/ml
collagenase D, 10 mM HEPES, and 2% FBS in MEM). After a 30-
min culture at 37°C and 5% CO,, 100 wl of 0.1 M EDTA in PBS
was added to the well before crushing the cells through nylon
mesh cell strainers. These were then treated with ammonium
chloride to lyse red blood cells. Blood from B6-GFP mice was di-
rectly placed into heparin-containing BSS medium. The red blood
cells were lysed using ammonium chloride and washed with BSS.
Cells from blood and other tissues were washed with BSS and
counted using a Z1 particle counter (Beckman Coulter, Miami,
Fla., USA).

Cell Staining and Flow Cytometry

For flow cytometry, cells were stained with primary Abs in the
presence of a blocking solution containing 5% normal mouse se-
rum (Sigma-Aldrich), 10 pg/ml human v-globulin (Sigma-Al-
drich), and 0.1% sodium azide in culture supernatant from the
2.4.G.2 hybridoma (anti-FcR) [27]. After 30 min on ice, the cells
were washed in wash buffer containing 3% FBS and 0.1% sodium
azide in BSS. If secondary incubation was necessary, cells were
washed and resuspended in wash buffer, and incubated on ice
with streptavidin-FITC, streptavidin-PE or streptavidin-PerCP
for 30 min. In some experiments a number of primary antibodies,
conjugated either to Biotin or PE, were used to exclude major cell
types (dump gating). For figure la and b, we gated on all the
CD1lc+ MHC II+ cells. This was done to include all DC subsets
that might be expressing intermediate levels of CD11c or MHC II.
Subsequently, we gated on CD11c" MHC I+ cells to analyze the
bona fide DC population. The cells were assayed on a FACSCali-
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bur (BD Biosciences, Mountain View, Calif., USA) flow cytome-
ter and data were analyzed using either CELL Quest software (BD
Biosciences) or FlowJo software (Tree Star, Ashland, Oreg.,
USA).

Adoptive Transfer of GFP+ Blood Cells

As described above, peripheral blood cells were collected from
the B6-GFP-transgenic mice and from 0.8 to 2 X 107 were adop-
tively transferred into C57BL/6 mice. Adoptive transfer refers to
intravenous injection. One day after transfer, the mice were chal-
lenged i.n. with BSS or SEA (1 pg). For some experiments mice
were also challenged i.p. with nothing or SEA (1 pg). Atindicated
time points after challenge, mice were sacrificed and various tis-
sues like lung, spleen, PLN, MLN and mediastinal LNs were pro-
cessed as described above.

Isolation of CD11c+ MHCII- Cells from the Lung Tissue

Single cell suspensions from lung tissue were incubated with
MHC II microbeads (Miltenyi Biotec, Auburn, Calif., USA). The
MHC II+ cells were depleted by passing them over a magnetic
bead depletion column. The flow-through was approximately 95%
MHC II-. These MHC II-depleted cells were then incubated with
CD11c+ microbeads and positively selected for CD11c+ cells.

Propidium Iodide Staining for Cell Cycle Analysis

For intracellular propidium iodide staining, purified CD11c+
cells obtained from MHC II-depleted fractions were stained with
anti-CD11c APC and a cocktail of anti-CD3g, anti-CD19, anti-
NK1.1 and anti-F4/80 FITC on ice for 30 min. After several wash-
es, the cells were fixed and pelleted. The pelleted cells were then
resuspended in solution containing 5 mM EDTA, 5 mg/ml prop-
idium iodide, 5 mg/ml RNaseA, and 0.3% saponin in PBS. The
presence of saponin permeabilizes the cell membrane allowing
propidium iodide to bind to the DNA of viable cells. All stained
cells were assayed on a FACSCaliber by collecting the cell events
ataminimum of 10*/s. The data were analyzed using FlowJo soft-
ware (Tree Star).

Results

i.n. SEA Treatment-Induced Accumulation and

Activation of CD11c+ MHCII+ Cells 24 h after

Challenge

To identify if i.n. SEA treatment had any effect on the
lung CDl11c+ population, we challenged mice with BSS
or 1 ug of SEA. The dose of SEA was determined after
careful titration analysis (data not shown). To character-
ize the lung CD11c+ cells, forward scatter and side scat-
ter'® cells were gated and analyzed for the expression of
CDllc+ MHC II+ and CDl1lc+ MHC II- cells. CD11c
expression was determined by isotype control staining
(fig. 1a). MHC II expression was also determined by iso-
type control staining (data not shown) and the gates were
drawn to include both MHC TI" and MHC II'® expres-
sion. The side scatter™ cells were not included in the
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Fig. 1. Lung CDl1lc+ MHC II+ DCs in-
crease in number and are activated 1 day
after i.n. SEA challenge. a To characterize
the effect of SEA on lung CD11c+ cells, the
CDllc+ MHC II+ and CDl1lc+ MHC II-
subpopulations were analyzed. An exam-
pleof gatingand analysis strategy is shown.
b To study the effect of i.n. SEA challenge,
lung tissue was isolated at indicated time
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analysis region as they stained positive for both CDl11c
and Siglec-F. Therefore, the gates for forward and side
scatter were drawn to carefully exclude Siglec-F+
macrophages [17] (online suppl. fig. 1, www.karger.com/
d0i/10.1159/000128660). An exhaustive time kinetics
study was done to monitor the percentage and number
of CD11c+ MHC II+ cells in response to BSS or 1 pg of
SEA. Mice were sacrificed at 0.2, 12, 24, 48 and 72 h after
challenge. The percentage of CD1lc+ MHC II+ cells,
24 h after challenge, was 3-fold over BSS treatment. In-
terestingly, the percentage decreased by 48 h and the fold
increase over BSS treatment was now 1.7-fold. This trend
was also observed in numbers, where a 3.7-fold increase
of CD11c+ MHC II+ cells was observed 24 h following
challenge (fig. 1b). The CD11c+ MHC II+ cells have tra-
ditionally been described as DCs [28], and results from
figure 1b suggest that the peak of DC accumulation in
the lung is on day 1. To determine if these cells were bona
tide DCs, it was important to analyze their activation
status. Analyzing activation markers on CD11c™ MHC
II+ cells enables easier tracking of changes in their ex-
pression levels. Therefore, CD11cM MHC 11+ cells (fig. 1c,
top left) were examined for the expression of various ac-
tivation markers like CD80, CD86, CD40, 4-1BBL and
OX40L. The lung DCs did not upregulate 4-1BBL or
OX40L in response to 1 pg of SEA (data not shown);
however, these cells did upregulate expression of CD86
and CDA40 (fig. 1c, top panel), along with a moderate in-
crease of CD80 (data not shown). The expression levels
of CD86 peaked by 12 h after which it started to gradu-
ally decline and was almost at base level by 48 h. Inter-
estingly, CD40 expression peaked by 12 h and continued
to remain high even 48 h postchallenge (fig. 1c, bottom
panel). Thus the CD11c+ MHC II+ cells were bona fide
DCs that were activated and increased in numbers in re-
sponse to SEA challenge.

i.n. SEA Treatment Induced Peak Accumulation of

CDlIc+ MHC II- Cells 48 h after Challenge

Apart from the CD11c+ MHC II+ DCs, SEA also had
an effect on the CD11c+ MHC II- population. At 24 h
post-SEA challenge, the percentage of CD11c+ MHC II-
cells was only 1.6-fold over BSS treatment while there was
a 3-fold increase in percent of DCs at the same time point
(compare fig. 1b to fig. 2a). However at 48 h, when the fold
increase in percent of DCs was 1.7, the CD11c+ MHCII-
cells increased in percentage by 3.3-fold over BSS treat-
ment. This pattern was observed in the total numbers as
well (fig. 2a). To uncover whether these cells expressed
any DC-like characteristics, expression levels of costimu-
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latory molecules like CD86 and CD40 were analyzed.
Compared to BSS treatment, the expression of both the
costimulatory molecules appeared to be upregulated by
12 h. While the expression levels of CD40 reduced by
48 h, CD86 expression remained unchanged after activa-
tion (fig. 2b). However, when compared to DCs, the MFI
of costimulatory molecule expression in CD11c+ MHC
II- population was at least 80-100 units lower (compare
fig. 1c, bottom panel to fig. 2b) suggesting that the ex-
pression levels were slightly over background staining.
Thus, SEA induced accumulation of lung CD11c+ cells
with a first wave resulting in an increase in the percent-
age and number of CD11c+ MHC II+ DCs at 24 h, fol-
lowed by a second wave resulting in an increase in the
CDl11c+ MHC II- cell population at 48 h. This CD11c+
MHC II- cell population could potentially be a progeni-
tor for different immune cell types, and cells with a sim-
ilar phenotype have been described by other groups as a
putative immediate DC precursor population [29-32].

CDlIc+ MHC II- Lineage- (CD3+ CDI19+ NK1.1+

F4/80+) Cells Increased in Percentage 48 h after SEA

Challenge

The CD11c+ MHC II- population is highly heteroge-
neous and is comprised of T cells, B cells, NK cells and
macrophages, all of which express varyinglevels of CD11c
on their surface after activation. Thus, it becomes very
important to examine the effect of SEA on CD11c+ MHC
IT- CD3- CD19- NKI1.1- F4/80- population. Since CD3,
CD19, NK1.1 and F4/80 are markers for T cells, B cells,
NK cells and macrophages, we designated the cocktail of
CD3+ CD19+ NK1.1+ F4/80+ cells as ‘lineage+ cells. In
figure 2, we observed a 3.3-fold increase in the percentage
of SEA-treated CD11c+ MHC II- cells over the vehicle
BSS treatment. Fold difference in percentage analyzed
here as increase in percentage also resulted in an increase
in actual numbers at this time point. To examine if there
still existed a fold increase in the percentage of SEA-treat-
ed CD11c+ MHCII- cells after eliminating lineage+ cells,
a dump gate analysis was performed, where PE-conju-
gated anti-CD3, anti-CD19, anti-NK1.1 and anti-F4/80
were excluded and the lineage- cells were analyzed for
the expression of CD11c and MHCII. A 3.3-fold increase
in the percentage of CD11c+ MHC II- cells was observed
without excluding the lineage+ cells (fig. 3a), while a 2.8-
fold increase was observed after excluding the lineage+
contaminants (fig. 3b) demonstrating that excluding the
lineage+ cells had a minor effect. To determine which cell
type was the cause for contamination, we first included
CD19 while excluding all other lineage+ cells in our anal-
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Fig.2.Lung CD11c+ MHCII- subpopulation increases in number
2 days after i.n. SEA challenge. a An example of gating and analy-
sis strategy for surface expression of CD11c and MHC II is shown
(left panel). The percentage and total number of CD11c+ MHC
II- cells were calculated at indicated time points (right panels).
These data were derived from those in figure 1b; 3 experiments
(n=6-8 in the BSS and n = 6-8 in the SEA group) represented as

ysis region. Including CD19 reduced the percent of total
CD11c+ MHC II- cells in the BSS and SEA treatments;
however, the fold increase of SEA over BSS was now 3.6
(fig. 3¢). Inclusion of anti-F4/80, while excluding all oth-
er lineage+ cells in the analysis region, altered the percent
of CD1lc+ MHC II- cells resulting in a fold increase of
only 1.7-fold (fig. 3d). Nevertheless the major contami-
nant of CDl1lc+ population was NK cells. When anti-
NK1.1 antibody was included in the analysis region while
excluding otherlineage+ cells, the total percent of CD11c+
MHCII- cells increased significantly in both the BSS and
SEA treatments. Though NK1.1 cells constituted a large
percent of CD11c+ MHC II- cells, the fold increase in
SEA treatment over BSS was only 1.9 (fig. 3e). This sup-
ports the notion that SEA treatment did increase the per-
cent of CD11c+ MHC II- progenitor cell population in

64 Int Arch Allergy Immunol 2008;147:59-73

mean * SEM. b The bar graphs show the mean fluorescence in-
tensity of CD86 and CD40 calculated at 12, 24 and 48 h time
points after BSS (grey bars) or 1 pgin. SEA challenge (open bars).
These are data derived from the same experiments shown in fig-
ure 1c; 3 independent experiments (n = 6-8 in the BSS and n =
6-8 in the SEA group) presented as mean * SEM.

the lung, although it was necessary to carefully to exclude
all possible lineage contaminants.

GFP+ DCs Trafficked from Blood to LNs after i.p.

SEA Challenge

Given the increase in numbers of lung CD11c+ MHC
II+ DCs on day 1 and the increase in the number of
CD11c+ MHC II- progenitor cell population on day 2, it
was essential to determine the dynamics of this increase.
Blood has been shown to be a reservoir of CD11c+ MHC
[T+ DCs and CD11c+ MHC II- putative precursor popu-
lation [30-32]. We had demonstrated earlier that, in re-
sponse to peripheral SEA challenge, the number of con-
ventional (all DCs except plasmacytoid DCs) and plas-
macytoid DCs increased in the spleen, PLN and MLN by
24 h [22], and this increase was not the result of DCs rep-
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Fig. 3. SEA induced an increased percentage of CDIllc+
MHC II- lineage- (CD3+ CD19+ NKI1.1+ F4/80+) cells.
a An example of gating strategy to analyze CD11lc+ MHC
II- cells is shown (left panel). Data are from 3 independent
experiments with an n = 7 in each bar and represented as
mean * SEM. b An example of gating strategy to analyze
CDl1lc+ MHC II- cells after excluding lineage+ (CD3+,
CD19+, NK1.1+ and F4/80+) cells is shown (left panel). c An
example of gating strategy to analyze CD11c+ MHCII- cells
after excluding lineage+ (CD3+, F4/80+ and NK1.1+ but not
CD19+) cells is shown (left panel). d An example of gating
strategy to analyze CD11lc+ MHC II- cells after excluding
lineage+ (CD3+, CD19+ and NK1.1+ but not F4/80+) cells is
shown. e An example of gating strategy to analyze CD1lc+
MHC II- cells after excluding lineage+ (CD3+, CD19+ and
F4/80+ but not NK1.1+) cells is shown (left panel). The bar
graph in the right panel shows the percentage of gated
CD1lc+ MHCII- cells 2 days after BSS or SEA i.n. challenge.
Fold increase in percentage of CD11lc+ MHC II- cells after
SEA treatment is indicated. Data are from 3 independent
experiments with an n = 6 in each bar and represented as
mean * SEM.
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licating in situ (data not shown). Therefore, we deduced
that DC accumulation in the tissues and LNs must be the
result of migration from blood and to investigate this
process a GFP transfer system was set up as shown
(fig. 4a). Naive C57BL/6-green fluorescent protein (B6-
GFP) blood cells consisted of 2.2 = 0.2% CD1lc+ MHC
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II- cells and 0.16 * 0.04% CDIl1c+ MHC II+ DCs (data
not shown). We tracked GFP+ cells 24 h after i.p. SEA
challenge and observed preferential recruitment of GFP+
CDI11c" mPDCA-1- cells to the PLN (fig. 4b). Preferen-
tial recruitment of GFP+ CD11c" mPDCA-1- cells to the
MLN was also observed in response to SEA, but very lit-
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Fig. 4. GFP+ DCs are preferentially recruited to the LNs from
blood after i.p. SEA challenge. a Schematic showing GFP transfer
experiments. b Gating strategy to detect GFP+ CD11c+ mPDCA-
1- cells before and after SEA challenge. GFP+ cells were gated
(upper panels) based on no transfer controls (lower panels). Data
are from PLN and is 1 representative experiment of 6 performed.
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age of SEA-treated GFP+ CDl1lc+ mPDCA-1- cells over naive,
which was equated to 1-fold. The right bar graph shows the aver-
age fold difference in total number of SEA-treated GFP+ CD11c+
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ual mouse and then calculating the mean fold difference and
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tle effect was observed in spleen. The average fold in-
crease in percent GFP+ CD11c™ mPDCA-1- cells in the
spleen was 1.07 £ 0.17; PLN was 2.16 £ 0.64 while the
MLN was 4.58 * 1.88. The average fold increase in the
number of these cells was 1.12 £ 0.24 fold over BSS in
spleen, 4.08 £ 1.33 for PLN and 7.22 * 2.56 for the MLN
(fig. 4¢). Table 1 shows the actual number of GFP+ CD-
11c" mPDCA-1- cells recruited from blood to different
tissues from all the experiments. This suggested that the
robust and preferential increase in DC numbers observed
in peripheral and MLNs after an i.p. SEA challenge com-
pared to naive was a result of migration from blood.

Recruitment of GFP+ CD11c" MHC I+ DCs Is

Observed in the Lung by Day 1 following Intransal

SEA Challenge

Using this peripheral blood cell tracking system, the
mechanism behind accumulation of DCs (CD11cM MHC
I1+ cells) after i.n. SEA challenge was investigated in the
pulmonary immune system. As shown in the schematic,
GFP blood cells were adoptively transferred, and a day
later mice were challenged i.n. with SEA (fig. 5a). On day
1 after challenge, the percentage of total GFP+ cells that
entered the lungs or the draining mediastinal LN was al-
most the same. In fact, the average percentage of bulk
GFP+ cells that entered the lungs was exactly 0.20% for
both BSS and SEA treatments (fig. 5b). The actual num-
ber of bulk GFP+ cells entering the lungs was also ap-
proximately the same, with BSS treatment resulting in an
average of 36,856 cells while SEA treatment resulted in
the recruitment of an average of 40,790 cells. The medi-
astinal LN followed a similar trend, although there was a
2-fold increase in the actual bulk numbers recruited (data
not shown). We next investigated if CD11c™ MHC II+
DCs migrated from blood to the lungs or to the medias-
tinal LN on day 1 (fig. 5¢). The percentage of GFP+ CD-
11c" MHC 1T+ DCs that entered the lungs after BSS treat-
ment was 0.04%, while SEA treatment resulted in an in-
crease to 0.06%. However, no such increase was seen in
the mediastinal LN; on the other hand, there was a 1.6-
fold reduction (fig. 5d). Although the fold increase in the
percentage of GFP+ CD11c" MHC IT+ DCs that entered
the lung after SEA challenge was 1.4-fold, a 2.9-fold in-
crease was observed in the actual numbers (fig. 5e¢). In the
mediastinal LN, the actual number of DCs that migrated
was very few and it was difficult to obtain reproducible
numbers. The immediate requirement of DCs to the lung
following a powerful local immune response might ex-
plain the failure of GFP+ DCs to traffic to the draining
LNs. This suggests that, 1 day after i.n. SEA challenge,
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Table 1. Intraperitoneal SEA challenge induces migration of transferred GFP+ cells from blood to LNs

Experiment Mouse Total number of GEP+ CD11cM mPDCA-1- cells

PLN MLN spleen

naive SEA naive SEA naive SEA
1 1 70,200 110,250 36,210 126,000 89,600 78,720
2 1 9,975 93,610 1,050 13,176 63,624 133,100
3 1 23,087 58,942 1,152 19,759 225,799 343,683
4 1 8,448 54,720 2,686 13,780 84,400 93,280
5 1 9,715 35,765 1,992 8,898 103,140 58,776
6 1 264,876 219,760 68,076 39,101 162,121 93,588

GFP blood cells (0.8-2 X 107) were adoptively transferred to B6 mice on day 1. On day 0, recipient mice were challenged with
nothing or 1 g of SEA delivered via the i.p. route. The mice were then sacrificed on day 1 and PLN, MLN and spleen were isolated to
track GFP+ CD11c" mPDCA-1- cells. Data represent actual number of GFP+ CD11c" mPDCA-1- cells detected in various tissues and

are from 6 different experiments n = 6).

there is a marginal increase in the total number of cells
that enter the lungs and a 2.9-fold increase in the number
of GFP+ CD11c" MHC II+ DCs. Thus, the 3.7-fold in-
crease in CD11c+ MHC II+ cell numbers observed on day
1 (fig. 1b) was partly due to migration of DCs from the
blood to the lung in response to pulmonary SEA chal-
lenge.

Migration of Cells to the Lungs Is Restricted by Day 2

following i.n. SEA Challenge

To investigate the increase of CD11c+ MHC II- CD3-
CD19- NK1.1- F4/80- cells in the lungs on day 2 (fig. 2),
we employed the same strategy of adoptively transferring
GFP+ blood cells as shown in the schematic (fig. 6a).
When the percentage of GFP+ bulk cells that entered the
lungs on day 2 after SEA challenge was analyzed, an un-
expected 2-fold reduction was observed with the percent-
age going down from 0.20 to 0.10%. In contrast, there was
a 2-fold increase in the percentage of GFP+ bulk cells en-
tering the draining mediastinal LN (fig. 6b). These bulk
GFP+ cells were predominantly lymphocytes that were
responding to SEA stimulus (data not shown). This
showed that the lung constricted the migration of cells
from blood, whereas the reverse occurred in the medias-
tinal LN. To analyze the migration pattern of GFP+
CDllc+ MHC II- CD3- CD19- NK1.1- F4/80- cells, the
gating strategy shown in figure 6¢c was employed. In the
3 experiments performed with a total of 7 mice, very few
to no GFP+ CDl1c+ MHC II- lineage- cells entered the
lung or mediastinal LN after SEA challenge; however,
there were a few GFP+ CDl11c+ MHC II+ lineage- DCs

Superantigens Induce Accumulation of
CD1lc+ Cells in the Lung

that entered the lung and mediastinal LN (table 2). There-
fore, given the predisposition of the lung to deny immi-
gration of cells on day 2, we hypothesized that increases
in CD11c+ MHCII- lineage- progenitor population must
be the result of its capacity to self-renew in situ.

Lineage— CD11c+MHC II- Cells Self-Renewed in the

Lung after SEA Challenge

To test this idea, CD11c+ MHC II- cells were isolated
from the lungs of BSS or 36 h i.n. SEA-treated mice and
analyzed for DNA content using propidium iodide stain-
ing [33]. The gates for the forward and side scatter analy-
sis were drawn so that the CD11c+ population was sepa-
rated from cellular doublets and the contaminating lin-
eage+ cell population (fig. 7a). Again the gates for the
CDl1c versus lineage+ cells were set to include only the
CD1lIc+ cells without any contaminants. Any shift in the
position of the gates resulted in the inclusion of lineage+
cells, which did proliferate in response to SEA. Therefore
without a careful gating strategy, the proliferation of lin-
eage+ cells could be mistaken for CD11c+ lineage- cells.
Analysis of the CD11c+ MHC II- lineage- population,
after BSS treatment, uncovered a very small percentage
of cells in S phase of cell cycle, while there was an identi-
tiable dividing population after SEA challenge (fig. 7b).
Specifically, 36 h after SEA i.n. challenge, 5.6 £ 0.8% of
the CDl1lc+ MHC II- lineage- cells were in S phase,
which wasa 10.4-fold increase over BSS treatment (fig. 7c).
To find out if this self-renewal process after SEA chal-
lenge was a T cell-based inflammatory-dependent phe-
nomenon, a similar experiment was performed in B6
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TCRB3 KO mice. Data from 3 different experiments with
a total of 6 mice showed that in the absence of T cells, the
ability of CD1lc+ MHC II- lineage- cells to enter cell
cycle was restricted (table 3). The average fold increase in
percent of cells entering S phase in the B6 TCRBd KO
mice after SEA challenge was minimal, and in these ex-
periments the wild-type control was 4.5-fold greater than
BSS treatment. Thus, unlike cell migration from blood to
lung, which was significantly limited, self-renewal was a
deliberate and T cell-dependent event for the CDI1lc+
MHC II- lineage- progenitor cell population.
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Discussion

This report investigated the effect of i.n. SEA admin-
istration on the lung CD11c+ population. We demon-
strated for the first time that SEA caused rapid increas-
es in the lung of two different CD11c+ populations. The
reason behind this phenomenon was the profound ef-
fect of staphylococcal enterotoxins on the lung with the
ability to induce migration and self-renewal of these
subpopulations. These results underscore the fact that
effects of SAgs on the adaptive immune system are pre-
ceded by robust activation of the innate immune sys-
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tem, although they themselves are dependent upon T
cells.

DCs migrate from the periphery to the LNs or the site
of inflammation [28]. They have a very short half-life,
which is further reduced under conditions of stress [34—
36]. Thus an increase in the total CD11c+ cells in a tissue
would most probably be due to cells migrating from the
periphery. As mentioned earlier, increases in the CD11c+
population occurred in two waves, with the first wave re-
sulting in increased numbers of CD11c+ MHC II+ DCs
on day 1 (fig. 1b). This increase could partly be due to
DCs migrating from the blood; alternatively putative im-
mediate DC precursors have been recently described in

Superantigens Induce Accumulation of
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the lung [30] and these precursors are known to give rise
to CD11c+ MHC II+ DCs. Therefore there is the possibil-
ity that SAg challenge could induce these precursors to
give rise to DCs. Most likely the mechanism behind in-
creased DC numbers on day 1 is a combination of the
above-mentioned factors.

Previously, we have shown that i.p. injection of SEA
could induce the activation of conventional (all DCs ex-
cept plasmacytoid DCs) and plasmacytoid DCs in the
spleen [22]. Similarly i.n. SEA challenge also induced the
upregulation of DC activation markers like CD80, CD86
and CD40 on CD11c" MHC IT+ cells in the lung (fig. 1c).
Thus SAgs could also cause the activation of DCs in the
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Fig. 7. Lineage— CD1lc+ MHC II- cells self-renew in the lung in
response to pulmonary SEA challenge. a Gating strategy to detect
lung lineage- CD11c+ MHCII- cells entering cell cycle, 36 h post-
SEA challenge. Data are from 1 representative experiment of 3
performed. b The bar graph shows the percentage of CD11c+
MHC II- lineage- cells in S phase of cell cycle. ¢ The bar graph
shows the average fold difference in percentage of SEA-treated
CD1lc+ MHC II- lineage- cells in S phase of cell cycle over the
vehicle-alone BSS treatment. The bar graphs were generated by
calculating the fold difference of SEA over BSS treatment in each
individual mouse, and then calculating the mean fold difference
and its SEM. All data are from 3 independent experiments (n =7
for the BSS and n = 7 for the SEA group) represented as mean *
SEM.

Table 2. GFP+ lineage- CD11c+ MHC II- cells fail to migrate from blood to lung or mediastinal LN (MedLN) after i.n. SEA chal-

lenge
Experiment Mouse Lung MedLN
% CD11c+MHCII+ % CD11c+MHCII- % CD11c+MHCII+ % CD11c+MHCII-
BSS SEA BSS SEA BSS SEA BSS SEA
1 1 0.04 0 0 0 0 0.05 0 0
2 0 0.02 0 0 0 0.07 0 0
3 0.30 0 0 0 0 0 0 0
2 1 0.06 0.07 0 0.01 0 0 0 0
2 0.15 0 0 0 0.20 0.09 0 0
3 1 0.77 0.36 0.02 0.01 0.04 0 0 0
2 0.07 0.27 0.01 0.005 0 0.01 0 0

GFP blood cells (0.8-2 X 107) were adoptively transferred to B6 mice on day -1. On day 0, recipient mice were challenged with BSS
or 1 g of SEA delivered via the i.n. route. The mice were then sacrificed on day 2 and lung and MedLN were isolated to track GFP+
cells. Data represent percent of lineage— CD11c+ MHC II+ GFP+ cells and percent of lineage—- CD11c+ MHC II- GFP+ detected in lung
and MedLN and are from 3 different experiments (n = 7).
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Table 3. Absence of T cells inhibits self-renewal of CD11c+ MHC
II- cell population after SEA challenge

Experi- Mouse Cells in S phase, %
t
. C57BL/6 TCRBS KO
BSS SEA BSS SEA
1 1 1.04 5.2 0.3 0.63
2 0.66 0.13
2 1 0.55 2.58 0.13 0.27
2 0.32 0.35
3 1 0.68 2.58 0.35 1
2 0.42 0.95

C57BL/6 or B6 TCR3d KO mice were treated with BSS or 1 pg
of SEA. 36 h after challenge, lung CD11c+ MHC II- cells were ob-
tained by depleting MHC II+ cells and then positively selecting
for CDl11c. Gating strategy, similar to the one performed in figure
7a, was done to detect lineage- CD11c+ MHC II- cells entering
cell cycle 36 h post-SEA challenge. Data represent percent of lin-
eage— CD11c+ MHCII- cells in S phase of cell cycle and are from
3 different experiments [n = 3 (C57BL/6) or n = 6 (B6 TCR3d
KO)J.

lung apart from inducing accumulation. However the
CD1lc+ MHC II- population expressed very low levels of
these activation markers (fig. 2b) and these data are con-
sistent with existing reports about this population [37].
Major DC subsets that have been characterized in the
lung [15] were also identified after SEA challenge, with
myeloid DCs (CD11c+ MHC II+ CD11b+) being the pre-
dominant DC subset (data not shown). Thus, the CD11cM
MHC II+ cells, identified in the lung, were DCs which
were activated and increased in numbers in response to
SEA pulmonary challenge.

CDl11c expression is rather promiscuous, with a vari-
ety of cell types expressing this marker on their surface
(38, 39]. Therefore studying the CD11c+ MHC II- cell
population was difficult, as this population was hetero-
geneous. One of the major concerns while examining
CDl11c+ lung cells was the fact that one could be studying
alveolar macrophages [16] instead of a putative progeni-
tor population. In our studies, we exclude the possibility
that these cells could be macrophages by gating out Si-
glec-F+ and F4/80+ cells from the analysis. Siglec-F-ex-
pressing macrophages found in abundance in the lung
[16] are double positive for Siglec-F and CD11c, and hence
contribute to a large percentage of the total CD11c+ pul-
monary cells [17]. This population was identified in the
forward and side scatter gates and carefully excluded
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from the analysis (online suppl. fig. 1, www.karger.com/
doi/10.1159/000128660). Additionally while examining
CD11c+ MHC II- cells, T, B, NK cells and macrophages
also had to be excluded and this was done based on CD3,
CD19, NK1.1 and F4/80 expression. Markers like CD4,
CD8, B220, CD11b and Gr-1 were not used for exclusion
studies as these have been reported to be present on
CDl1lc+ MHC II- population [29, 37]. Ultimately there
was indeed an increase in the percentage of CD11c+ MHC
I1- cell population after excluding all possible contami-
nants (fig. 3b). This population has been described as a
putative DC precursor population found mainly in blood
but has also been reported to be present in the lung [29,
30, 32].

A peripheral blood cell tracking technique was em-
ployed to determine if migration from blood was the rea-
son behind increased numbers of DCs in the tissues
(fig. 4a). Apart from CD11c+ MHC II- population, blood
also contains CD11c+ MHC II+ DCs, albeit in very low
numbers [40, 41]. The percentage of DCs and CD11c+
MHC II- population in B6-GFP blood was comparable
to naive B6 blood (data not shown). GFP+ DCs could be
detected in the MLN, PLN and spleen after i.p. SEA chal-
lenge (fig. 4d). Blood DCs have been reported to be inef-
ficient in migrating across the high endothelial venules
although reports suggest that the immediate precursors
found in blood have this capacity [29, 42]. Thus GFP+
DCs observed in the LNs could be GFP+ CD11lc+ MHC
II- precursors migrating from the blood and upregulat-
ing MHC II expression to become DCs in the LNs.

We used this GFP transfer system to investigate if the
increased DC numbers on day 1 was the result of migra-
tion from blood. After GFP transfer and i.n. SEA chal-
lenge, GFP+ DCs were observed in the lung (fig. 5¢). Al-
though DCs from blood have been reported to be ineffi-
cient in crossing high endothelial venules to enter LNs,
they are efficient in trafficking to tissues [42, 43]. How-
ever, the fold increase of GFP+ DCs resulting from migra-
tion did not completely account for the increase in DC
numbers seen on day 1. This could be due to the fact that
the transferred cells would also migrate to tissues like
spleen, probably with much greater affinity, thereby di-
luting the number of cells available to migrate to the
lung.

The most surprising result was observed on day 2,
when lung restricted the entry of cells from the blood by
2-fold (fig. 6b), while at the same time the mediastinal LN
had doubled its intake. The reason for this restriction
could be due to the fact that lung, in itself, was a reservoir
for progenitors which could give rise to a number of im-
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mune cell types. Alternatively, there is also the possibil-
ity of emigration of cells from the lung to the draining
mediastinal LN. The lung may be programmed in such a
way that at the height of inflammation, it possesses a suf-
ficient pool of progenitors that could generate cells ca-
pable of mounting an immune response. Supporting this
theory, very few GFP+ CD11lc+ MHC II- cells could be
tracked in the lung (fig. 6c). However when CD11c+ MHC
II- cells were isolated from lung and analyzed for DNA
content a small percentage of these cells were in the S
phase of cell cycle 36 h post-SEA challenge (fig. 7a). This
suggests that replenishment of the putative progenitor

cell population could be an in situ self-renewal phenom-
enon. Thus we hypothesize that lung probably has the
capacity to regenerate cell types after a powerful pulmo-
nary immune stimulus from an existing pool of progeni-
tors without having to depend solely on migration from
bone marrow.
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