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ABSTRACT Tumor necrosis factor (TNF) antagonists are popular therapies for in-
flammatory diseases. These agents enhance the numbers and function of regulatory
T cells (Tregs), which are important in controlling inflammatory diseases. However,
elevated Treg levels increase susceptibility to infections, including histoplasmosis.
We determined the mechanism by which Tregs expand in TNF-neutralized mice in-
fected with Histoplasma capsulatum. Lung CD11c� CD11b� dendritic cells (DCs), but
not alveolar macrophages, from H. capsulatum-infected mice treated with anti-TNF
induced a higher percentage of Tregs than control DCs in vitro. CD11b� CD103�

DCs, understood to be unique to the intestines, were augmented in lungs with anti-
TNF treatment. In the absence of this subset, DCs from anti-TNF-treated mice failed
to amplify Tregs in vitro. CD11b� CD103� DCs from TNF-neutralized mice displayed
higher retinaldehyde dehydrogenase 2 (RALDH2) gene expression, and CD11b�

CD103� RALDH� DCs exhibited greater enzyme activity. To determine if CD11b�

CD103� DCs migrated from gut to lung, fluorescent beads were delivered to the gut
via oral gavage, and the lungs were assessed for bead-containing DCs. Anti-TNF in-
duced migration of CD11b� CD103� DCs from the gut to the lung that enhanced
the generation of Tregs in H. capsulatum-infected mice. Therefore, TNF neutralization
promotes susceptibility to pulmonary H. capsulatum infection by promoting a gut/
lung migration of DCs that enhances Tregs.
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Tumor necrosis factor alpha (TNF) is a fundamental cytokine in mounting an immune
response; however, high levels are detrimental and emerge in inflammatory dis-

eases, including Crohn’s disease, rheumatoid arthritis, and plaque psoriasis. TNF antag-
onists are commonly used to treat these diseases and exert their effects by enhancing
the numbers and function of regulatory T cells (Tregs). Patients display compromised
numbers and functions of Tregs, and those who respond to anti-TNF therapy exhibit
increased numbers of circulating Tregs and restored Treg suppressive activity. A
disadvantage of TNF neutralization is that it leads to increased susceptibility to infec-
tions, including fungal infections.

Histoplasmosis, caused by the dimorphic fungus Histoplasma capsulatum, is the
most common fungal infection arising in patients receiving TNF antagonists (1). H.
capsulatum exists in soil throughout the world but is endemic to the Mississippi River
and Ohio River valleys in the United States. Immunocompetent people generally clear
pulmonary infection with minimal symptoms; however, immunocompromised individ-
uals can develop severe, life-threatening disseminated disease. Clearance of the fungus
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hinges on successfully mounting a Th1 response. TNF neutralization disrupts the
coordination between the innate and adaptive immune systems and prompts vulner-
ability to H. capsulatum infection in both mice and humans (2, 3). Mice treated with
anti-TNF manifest higher fungal burdens and succumb to H. capsulatum infection (3).
The dampened immune response is preceded by an amplification of Tregs beginning
at day 4 postinfection (p.i.) in the lungs and day 7 p.i. in the lymph nodes (4, 5).
Elimination of Tregs in TNF-neutralized mice rescues the mice from succumbing to H.
capsulatum infection (4), thus highlighting the power of this cell population to stifle
protective immunity.

Dendritic cells (DCs) are the bridge between the innate and adaptive immune
systems. They present antigen to T cells to activate a T cell response. In the lungs,
conventional CD11c� DCs (cDCs) are divided into two subsets: CD11b� CD103�

(cDC1s) and CD11b� CD103� (cDC2s) (6, 7). cDC1s require the transcription factors
Batf3 and IRF8 for differentiation and survival and best present antigen to CD8� T cells
(8–14). cDC2s express IRF4 and are specialized at interacting with CD4� T cells to
promote helper T cells or Tregs (15–25). A third population of cDCs is found in the
intestines: CD11b� CD103� cDC2s. These migratory DCs are dependent on IRF4 and
Notch2 and induce peripherally derived Tregs by secreting transforming growth factor
� (TGF-�) and retinoic acid (16, 26–28). However, the role of CD11b� CD103� DCs
outside the intestine remains obscure.

Utilizing a murine model of pulmonary histoplasmosis, we sought to determine the
mechanism for elevated Treg levels with TNF antagonism in H. capsulatum-infected
mice. We report that TNF neutralization during H. capsulatum infection causes DC-
mediated Treg amplification, which prevents clearance of the fungus. Furthermore, we
show that the CD11b� CD103� DCs responsible for inducing Tregs are recruited from
the gut to the lung. These results demonstrate that TNF is critical in maintaining
homeostasis and that the absence of TNF leads to dysregulation of lung and gut
immunity.

RESULTS
Amplified Tregs with TNF antagonism in Foxp3-GFP mice. Previously, we have

shown that mice infected with H. capsulatum and treated with anti-TNF display
increased lung Tregs, characterized as CD4� CD25�, as early as 4 days p.i (3). Recent
studies have shown the transcription factor Forkhead box P3 (Foxp3) to be a master
regulator for this lineage and an important marker for Tregs (29–31). Therefore,
Foxp3-green fluorescent protein (GFP) mice were used to assess Tregs by fluorescence-
activated cell sorting (FACS). Anti-TNF-treated mice infected intranasally (i.n.) with H.
capsulatum displayed a higher percentage and cell number proportion of Tregs in the
lungs as early as 4 days p.i. (Fig. 1A, B, and C; see Fig. S1 in the supplemental material).
Thus, the use of Foxp3-GFP reporter mice recapitulated the original findings and serves
as a model for characterizing Tregs.

Stability of Foxp3 expression promotes Treg suppressor activity (32). The Foxp3
mean fluorescent intensity (MFI) in Tregs from anti-TNF-treated mice was increased
compared to control mice (Fig. 1D and E). This suggests the suppressor activity of Tregs
is superior in the absence of TNF. This finding agrees with previous work showing that
TNF antagonism not only increases the numbers of these cells, but augments suppres-
sor activity (33).

The Ikaros family transcription factor Helios has been described as a marker for
natural Tregs as opposed to peripheral Tregs (34). To determine whether the increased
Tregs were thymically or peripherally derived, CD4� CD25� Foxp3� Tregs were sorted
from the lungs of day 4 p.i. mice treated with isotype control antibody or anti-TNF. The
expression level of Helios was decreased in Tregs from anti-TNF-treated mice compared
to control mice (Fig. 1F), indicating the increased Tregs are peripherally derived.

DCs, but not alveolar macrophages, expand Tregs with TNF neutralization. In
the lungs, DCs and alveolar macrophages independently induce differentiation and
expansion of Tregs (35–37). To elucidate which population of cells is responsible for the
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amplification of Tregs with TNF antagonism, DCs (CD11c� CD11b� major histocom-
patibility complex class II� [MHC-II�]) and alveolar macrophages (CD11c� CD11b�

F4/80�) were assessed by FACS from the lungs of day 3 p.i. mice treated with anti-TNF
or isotype control antibody. These cells were cocultured with splenic CD4� CD25�

Foxp3� T cells from uninfected Foxp3-GFP mice. DCs, but not alveolar macrophages,
from anti-TNF-treated mice generated higher percentages of Tregs than control mice

FIG 1 TNF antagonism induces increased Treg levels in H. capsulatum-infected mice. Foxp3-GFP mice were infected with 2 � 106 H. capsulatum
yeasts i.n. and treated with anti-TNF or isotype control antibody. Lungs were harvested at day 4 p.i. and assessed for Tregs via flow cytometry.
(A) Representative density plots of CD4� CD25� Foxp3� T cells. Cells demarcated by the diamonds represent CD4� CD25� Foxp3� Tregs. (B)
Percentages of CD4� CD25� Foxp3� T cells. (C) Cell number proportions of CD3� CD4� CD25� Foxp3� Tregs to total CD3� CD4� T lymphocytes.
(D) Representative histograms of Foxp3 MFI. (E) MFI of Foxp3 gated on CD4� CD25� cells. (F) CD4� CD25� Foxp3� Tregs were sorted from day
4 p.i. lungs, and RNA was extracted. Helios gene expression was assessed by qRT-PCR. The data represent means and standard errors of the mean
(SEM) (n � 4 to 8 mice/group; representative of the results of at least two experiments). *, P � 0.05; **, P � 0.01; #, P � 0.001.
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(Fig. 2A, B, and C). This expansion was a consequence of concurrent H. capsulatum
infection and TNF antagonism, as it did not occur in coculture with DCs from uninfected
mice (Fig. 2D).

TNF neutralization requires CD11b� CD103� DCs for Treg amplification. DCs
comprise a heterogeneous population, and several subpopulations are known to
expand Tregs in the periphery, including CD103�, CD11b� CD103�, PD-L1�, and
PD-L2� DCs (27, 28, 38–40). To determine if any of these populations were elevated
with TNF antagonism, mice were infected with H. capsulatum and treated with anti-TNF
or isotype control antibody, and at day 3 p.i., their lungs were assessed for Treg-
inducing DC populations by flow cytometry. Anti-TNF-treated mice displayed an ele-
vation in the percentage of CD11b� CD103� DCs, but the cell number was decreased
(Fig. 3A and B; see Fig. S2 in the supplemental material). However, the percentage of
total CD11c� CD11b� MHC-II� DCs was reduced in the lungs of anti-TNF-treated mice
(Fig. 3C); thus, the ratio of CD11b� CD103� DCs to CD11c� CD11b� DCs was increased
in the anti-TNF-treated mice (Fig. 3D). The modulation in CD11b� CD103� DCs was not
caused by increased inoculum size (Fig. 3E), anti-TNF treatment in the absence of
infection (Fig. 3F), or neutralization of interferon gamma (IFN-�), another critical pro-

FIG 2 DCs from anti-TNF-treated H. capsulatum-infected mice amplify Tregs. (A to C) Mice were infected with 2 � 106 H.
capsulatum yeasts i.n. and treated with anti-TNF or isotype control antibody. Lungs were harvested at day 3 p.i., and DCs
(CD11c� CD11b� MHC-II�) (A and B) and alveolar macrophages (CD11c� CD11b� F4/80�) (C) were assessed by FACS. The cells
were cocultured with splenic CD4� CD25� Foxp3� T cells from uninfected Foxp3-GFP mice in the presence of 1 �g/ml
anti-CD3, 5 �g/ml anti-CD28, 3 ng/ml TGF-�, and 5 ng/ml IL-2. (D) Mice were treated with anti-TNF or isotype control antibody.
Lungs were harvested 3 days after treatment, and DCs (CD11c� CD11b� MHC-II�) were assessed by FACS. The cells were
cocultured as described above. The data represent means and SEM of the results of at least 3 experiments. Lungs of 4 to 8
mice were pooled for each experiment. *, P � 0.05.
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FIG 3 CD11b� CD103� DCs induce Tregs. (A to D) Mice were infected with 2 � 106 H. capsulatum yeasts i.n. and treated with anti-TNF or isotype control
antibody. Lungs were harvested at day 3 p.i. and assessed for DC populations by FACS. The DCs were gated on CD11c� CD11b� MHC-II�. (E) Mice were infected
with 2 � 106 or 1 � 107 H. capsulatum yeasts i.n. Lungs were harvested at day 3 p.i., and DCs were assessed by FACS. (F and G) Mice were treated with anti-TNF
(F), anti-IFN-� (G), or isotype control antibody. Lungs were harvested 3 days after treatment, and DCs were assessed by FACS. The data represent means and
SEM (n � 8 mice/group; representative of the results of two experiments). (H to J) Mice were infected with 2 � 106 H. capsulatum yeasts i.n. and treated with
anti-TNF or isotype control antibody. Lungs were harvested at day 3 p.i. and assessed for DC populations by FACS. The DCs were first gated on CD11c� MHC-II�.

(Continued on next page)
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inflammatory cytokine promoting clearance of H. capsulatum (Fig. 3G) (41). The per-
centages of CD103� DCs and decreased PD-L1� and PD-L2� DCs were unchanged (Fig.
3H, I, and J; see Fig. S3 in the supplemental material).

To ascertain if TNF antagonism required the CD11b� CD103� DC population for the
augmentation of Tregs, DCs were cocultured with T cells in the absence of CD11b�

CD103� DCs. CD11c� CD11b� MHC-II� CD103� DCs were assessed by FACS from day
3 p.i. mice treated with anti-TNF or isotype control antibody and cocultured with
splenic CD4� CD25� Foxp3� T cells from uninfected Foxp3-GFP mice. In the absence
of the CD11b� CD103� DC population, expansion of Tregs was not observed (Fig. 3K).
Therefore, the CD11b� CD103� DC population was responsible for the elevated Tregs
with TNF antagonism.

CD11b� CD103� DCs have increased RALDH2 expression and aldehyde dehy-
drogenase activity, but not TGF-�. CD11b� CD103� DCs generate Tregs by secreting
TGF-� and retinoic acid (27, 28, 42). While no differences were found in whole-lung
TGF-� protein or CD11b� CD103� DC gene expression (Fig. 4A and B), the expression
level of the retinoic acid-producing enzyme retinaldehyde dehydrogenase 2 (RALDH2)
was amplified in total DCs and CD11b� CD103� DCs from the lungs of H. capsulatum-
infected, anti-TNF-treated mice compared to control mice (Fig. 4C and D). RALDH2
activity was measured using an Aldefluor kit (Stem Cell Technologies, Vancouver, BC,
Canada) and flow cytometry. The CD11b� CD103� Aldefluor� DC population from the
lungs of H. capsulatum-infected, anti-TNF-treated mice had a higher MFI than the
CD11b� CD103� Aldefluor� DC population from control mice (Fig. 4E), suggesting
CD11b� CD103� DCs rely on increased retinoic acid but not enhanced TGF-� to induce
Tregs in H. capsulatum-infected mice treated with anti-TNF.

CD11b� CD103� DCs migrate from gut to lung. The CD11b� CD103� DC
population is unique to the intestines (11), prompting the hypothesis that CD11b�

CD103� DCs migrate from gut to lung in H. capsulatum-infected mice treated with TNF
antagonist. To investigate this hypothesis, we used two different approaches. First,
fluorescently labeled H. capsulatum was used as a surrogate label for cells in the gut.
Tandem dimeric Tomato (tdTomato)-H. capsulatum was delivered via oral gavage to H.
capsulatum-infected and anti-TNF- or isotype control antibody-treated mice. Three days
after i.n. infection, the lungs and intestines were collected to assess for fluorescent H.
capsulatum. Confocal images established the presence of tdTomato-H. capsulatum in
the lungs 3 days after oral gavage (Fig. 5A). Employing Amnis ImagestreamX (Millipore,
Billerica, MA) to characterize cells with imaging flow cytometry, CD11b� CD103� DCs
containing fluorescent H. capsulatum were identified in the lungs 3 days p.i. (Fig. 5B),
indicating the cells migrated from the intestine to the lungs. However, due to concern
that the oral gavage of fluorescently labeled H. capsulatum increased the overall fungal
burden in the mice, we implemented a second method.

The same experiment was repeated using fluorescently labeled beads to address the
concern over increased fungal burden. The mice were infected with H. capsulatum,
treated with anti-TNF or isotype control antibody, and gavaged daily with fluorescently
labeled beads. The lungs were collected at day 3 p.i. and analyzed using Amnis
ImagestreamX. As a control, mice were given an i.n. dose of 2 � 106 beads, and lungs
were collected 3 days later and analyzed using imaging flow cytometry (Fig. 5C and D).
Cells containing fluorescently labeled beads were present in the lungs (Fig. 5E), and
anti-TNF-treated mice harbored higher percentages, but not numbers, of bead-
containing CD11b� CD103� cells (Fig. 5F, G, and H). Therefore, these data suggest
CD11b� CD103� DCs migrate from gut to lung when TNF is neutralized in H. capsu-
latum infection.

FIG 3 Legend (Continued)
(I) Mice were infected with 2 � 106 H. capsulatum yeasts i.n. and treated with anti-TNF or isotype control antibody. Lungs were harvested at day 3 p.i., and
CD11c� CD11b� MHC-II� CD103� DCs were assessed by FACS. Cells were cocultured with splenic CD4� CD25� Foxp3� T cells from uninfected Foxp3-GFP mice
in the presence of 1 �g/ml anti-CD3, 5 �g/ml anti-CD28, 3 ng/ml TGF-�, and 5 ng/ml IL-2. Lungs of 4 mice were pooled for each experiment. The data represent
means and SEM of the results of 3 experiments. *, P � 0.05; **, P � 0.01; #, P � 0.001.
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Because the CD11b� CD103� DCs were augmented in the lungs at day 3 p.i., we
examined the blood at days 1 and 2 p.i. for a greater percentage of CD11b� CD103�

DCs. At day 2 p.i., but not day 1 p.i., the proportion of CD11b� CD103� DCs to total
CD11c� CD11b� MHC-II� DCs was increased in the circulation of anti-TNF-treated H.
capsulatum-infected mice compared to control mice (Fig. 5I), indicating the CD11b�

CD103� DCs migrate through the blood, and in elevated proportions, when TNF is
neutralized. CD11b� CD103� DCs were present in the lymph nodes at day 3 p.i., but
there was no difference between control mice and anti-TNF-treated mice (see Fig. S4 in
the supplemental material).

Recently, two markers, CD101 and TREM1, have been shown to define the intestinal
CD11b� CD103� DC population. CD101 and TREM1 are absent from other cDC subsets
in the intestine and both CD103� and CD11b� cDCs in the lung (43). To determine the
origin of the CD11b� CD103� lung DCs, lungs from H. capsulatum-infected mice
treated with anti-TNF or isotype control antibody were stained for CD101 and TREM1.
Consistent with recent findings of intestinal DC CD101 and TREM1 expression, around
75% of CD11b� CD103� DCs in the lungs of anti-TNF-treated and control mice
displayed CD101 and TREM1 (Fig. 5J), signifying the CD11b� CD103� DCs were of gut
origin.

DISCUSSION

In this study, we established that the principal cell population responsible for the
increased Tregs in TNF-neutralized mice infected with H. capsulatum is CD11b�

CD103� DCs. Total cDC2s from the lungs amplified Tregs in vitro, and in the absence
of the CD11b� CD103� subset, cDC2s failed to expand Tregs. Because this population
is understood to be unique to the intestines, we surmised that the cells were migrating
from the gut to the lung. The proportion of CD11b� CD103� DCs is enhanced in the
blood, and they are present in the lymph nodes, and by using fluorescent H. capsulatum
or beads to label the gut cells, we confirmed the bead-containing CD11b� CD103� DCs
were present in the lungs. Because the CD11b� CD103� DCs are present in equal
percentages in the lymph nodes of anti-TNF and isotype control antibody-treated mice,
we speculate the intestinal CD11b� CD103� DCs migrate from blood to lymph nodes
to lung. In the absence of TNF, CD11b� CD103� DCs migrate in higher percentages to
the lungs from the lymph nodes. To our knowledge, we are the first to report that DCs
migrate from the intestinal tract to the lungs.

TNF directly impacts the function of Tregs. Phosphorylation of Foxp3 at Ser418
controls the transcriptional activity and ultimately the suppressive activity of Tregs. TNF
signaling produces a protein phosphatase, PP1, that dephosphorylates Foxp3 Ser418,
leading to Treg dysfunction (44). It is less clear how Treg function is directly influenced
by the absence of TNF. Rheumatoid arthritis patients have a defect in Treg number and
function, and those who respond to anti-TNF therapy display rescued Treg function and
increased numbers (33). The augmentation of Tregs is recapitulated in mice treated
with anti-TNF (4). Although it is possible that the absence of TNF impacts several cell
populations, in our model, augmentation of Tregs was not due to direct effects of the
absence of TNF on Tregs, but rather, to Treg induction by DCs.

DCs not only promote tolerance, but also aid in H. capsulatum clearance. Mice
displayed decreased cDC2 numbers starting at day 1 p.i.; however, this reduction was
not dependent on H. capsulatum infection, as uninfected mice treated with anti-TNF
also exhibited a decrement in cDC2s. Diminished DC numbers upon TNF neutralization
emerge in other pulmonary fungal infections, including Cryptococcus neoformans;
however, the loss is not seen until 2 weeks p.i. (45, 46). The abatement in cDC2s
beginning at day 1 p.i. likely contributes to impaired immunity to H. capsulatum. The
decline in DCs is also observed in people receiving anti-TNF therapy. Patients with
psoriatic plaques responding to the TNF antagonist etanercept display diminished
dermal DCs in plaques, due to either decreased infiltration (47) or apoptosis (48).
Anti-TNF treatment also reduces levels of the DC chemoattractant chemerin in sera of
rheumatoid arthritis patients (49). Treatment with the anti-TNF therapy adalimumab in
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patients with the inflammatory dermal disease hidradenitis suppurativa results in fewer
CD11c� DCs in inflamed skin (50). The cause of the decrement in DCs with TNF
antagonism remains unknown, but it may be related to DC reliance on TNF for
maturation (51, 52) and survival (53, 54). In vitro, TNF blockade induces DC apoptosis,
and the surviving DCs display a semimature phenotype (55). Because the decline in DCs
begins at day 1 p.i. and is sustained throughout the course of infection, we speculate
that the cause is a combination of factors, including reduced recruitment to the lung
and insufficient DC maturity.

The increase in the CD11b� CD103� DC population in the lungs is unexpected.
CD11b� CD103� DCs have been previously described only in the lungs of 129S6/SvEv
mice (56). Batf3 knockout mice on this background, which are deficient in CD103�

cDC1s, display reduced percentages and numbers of CD11b� CD103� DCs in their

FIG 4 RALDH2 expression and ALDH activity are increased in CD11b� CD103� DCs from anti-TNF-treated,
H. capsulatum-infected mice. Mice were infected with 2 � 106 H. capsulatum yeasts i.n. and treated with
anti-TNF or isotype control antibody. Lungs were harvested at days 1 and 3 p.i. (A) Protein concentrations
were determined in lung homogenates by ELISA. The data represent means and SEM (n � 8 mice/group;
representative of the results of two experiments) (B) CD11c� CD11b� MHC-II� CD103� DCs were assessed
by FACS from day 3 p.i. lungs, and RNA was extracted. TGF-� gene expression was assessed by qRT-PCR.
(C and D) CD11c� CD11b� MHC-II� DCs (C) or CD11c� CD11b� MHC-II� CD103� DCs (D) were assessed by
FACS from lungs, and RNA was extracted. Lungs of 4 mice were pooled for each experiment. The data
represent means and SEM of the results of at least 3 experiments. (E) Aldefluor expression was assessed by
FACS. The data represent means and SEM (n � 8 mice/group; representative of the results of two
experiments). *, P � 0.05; #, P � 0.001.
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FIG 5 CD11b� CD103� DCs migrate from the gut to the lung. Mice were infected with 2 � 106 H. capsulatum yeasts i.n. and treated with anti-TNF or isotype
control antibody. (A and B) At the time of infection, 4 � 106 tdTomato-H. capsulatum yeasts were delivered via oral gavage. Lungs were harvested at day 3
p.i. and assessed by confocal microscopy (A) and Amnis ImagestreamX (B). The data are representative of the results of two experiments containing 8
mice/group. BF, bright field. (C and D) Mice were treated with 4 � 106 beads i.n., and lungs were harvested 3 days after treatment. Bead-containing cells were

(Continued on next page)
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lungs compared to control mice (56), suggesting lung CD11b� CD103� DCs belong to
the cDC1 group. Contrary to these findings, it has been speculated that in the lungs, the
CD103� cDC2s upregulate CD103 under inflammatory conditions to produce a CD11b�

CD103� population; however, no published data exist to support this conclusion (57).
The increase in CD11b� CD103� DCs is specific to TNF neutralization, as it does not

develop in H. capsulatum-infected mice administered neutralizing antibody to IFN-�.
Patients with inflammatory bowel disease (IBD) exhibit reduced numbers of CD103�

DCs in the inflamed intestine, and treatment with the TNF antagonist adalimumab
reverses this decrement (58, 59). The cause of the diminished CD103� DCs transpiring
during IBD is unknown; however, it has been speculated that it is attributable to
changes in migration (60). This would be consistent with our findings, as the CD11b�

CD103� DCs migrate from the gut to the lung in mice infected with H. capsulatum and
treated with anti-TNF. The fraction of DCs that express ALDH is also diminished in
ulcerative colitis patients, suggesting retinoic acid influences intestinal health and
suppression of inflammation.

Retinoic acid secretion by CD103� DCs induces Tregs by enhancing TGF-� signaling
and suppressing the action of interleukin 6 (IL-6) (27, 28, 61). Lamina propria CD11b�

CD103� DCs in mice and CD103� DCs in humans have been shown to express RALDH2
(27, 62, 63). Retinoic acid-secreting CD11b� CD103� DCs shape Tregs, not only in the
gastrointestinal (GI) tract, but also in the skin during development. In neonatal mice,
commensal fungi drive intestinal CD11b� CD103� RALDH� DC migration to gut-
draining mesenteric lymph nodes. Surprisingly, the CD11b� CD103� RALDH� DCs also
migrate to the skin-draining inguinal lymph nodes via the efferent lymph and blood-
stream. However, the trafficking of these cells to the inguinal lymph nodes is restricted
to the first 4 weeks of life (63), contrary to our findings of migration of CD11b� CD103�

DCs in adult mice.
Interaction along the gut/lung axis is not a new phenomenon. Up to 50% of adult

patients with IBD present with lung involvement, including lung inflammation or
impaired lung function (64–67). The gut microbiota affects immunity at distal sites,
including the lung. Allergic asthma is ameliorated by gastric Helicobacter pylori extract
treatment; improvement in asthma symptoms is dependent on enrichment of Batf3-
dependent CD11b� CD103� DCs in the lungs (68). Under certain conditions, including
a murine sepsis model, the gut microbiota can migrate to the lungs (69), demonstrating
a direct migration along the gut/lung axis. However, the translocation of CD11b�

CD103� DCs had not been observed prior to our studies. We show relocation of
resident cDCs to the lungs during pulmonary H. capsulatum infection (Fig. 5F and J) and
that anti-TNF treatment results in dysregulated coordination between the gut and lung
with regard to CD11b� CD103� DCs (Fig. 5G). Treatment with TNF antagonism leads to
susceptibility to other pulmonary infections, including the fungal pathogens Aspergillus
fumigatus, Blastomyces, and Coccidioides and the intracellular bacterium Mycobacterium
tuberculosis. Whether the CD11b� CD103� DCs migrate from the gut to the lung and
ultimately reduce clearance of the other pathogens by amplifying Treg numbers
remains unresolved.

In summary, we identified the vital subset of DCs responsible for Treg amplification
in TNF-neutralized, H. capsulatum-infected mice. It is commonly accepted that the
CD11b� CD103� DCs are exclusive to the intestinal tract; however, we show compel-
ling evidence that the CD11b� CD103� DCs migrate from the gut to the lung under
these inflammatory conditions. The CD11b� CD103� DCs express RALDH2 and mani-
fest increased activity of RALDH. Preventing the migration of the CD11b� CD103� DCs

FIG 5 Legend (Continued)
assessed by Amnis ImagestreamX. The data are representative of two mice. (E to H) Mice were treated with 4 � 107 beads via oral gavage on days 0, 1, and
2 p.i. Lungs were harvested at day 3 p.i. and assessed by Amnis ImagestreamX. (I) Blood was drawn from the mice at day 2 p.i., and DCs were assessed by FACS.
(J) Lungs were harvested at day 3 p.i., and DCs were assessed by FACS. The data represent means and SEM (n � 8 mice/group; representative of the results
of two experiments). *, P � 0.05; **, P � 0.01.
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could potentially be used to prevent susceptibility to infections when TNF is neutral-
ized.

MATERIALS AND METHODS
Mice. C57BL/6 (wild-type [WT]) and Foxp3-GFP mice were obtained from Jackson Laboratory and

maintained by the Department of Laboratory Animal Medicine, University of Cincinnati, which is
accredited by the American Association for Accreditation of Laboratory Animal Medicine. Animal
experiments were in accordance with the Animal Welfare Act guidelines of the National Institutes of
Health.

Preparation of H. capsulatum and infection of mice. The H. capsulatum yeast strains G217B and
tdTomato-expressing G217B (kindly provided by Chad Rappleye, Ohio State University) were grown for
72 h at 37°C as previously described (3). To produce infection in mice, 6- to 12-week-old mice were
inoculated i.n. with 2 � 106 yeast cells in an approximately 30 �l of Hanks’ balanced salt solution (HBSS)
(HyClone, Logan, UT).

In vivo neutralization of TNF-�. At the time of infection, mice were given an intraperitoneal (i.p.)
injection of 1 mg/0.5 ml rat anti-mouse TNF-� from cell line XT-22.1 (National Cell Culture Center,
Minneapolis, MN).

Isolation of lung leukocytes. Lungs were homogenized in 5 ml of HBSS using a gentleMACS
Dissociator (Miltenyi Biotec) and incubated with 40 U of DNase I (Roche, Mannheim, Germany) and 2
mg/ml of collagenase D (Roche) for 30 min at 37°C. The dissociated lungs were filtered through a 40-�m
nylon mesh (Spectrum Laboratories, Rancho Dominguez, CA). Leukocytes were isolated using Lympho-
lyte M (Cedarlane Laboratories, Burlington, ON, Canada). All cell solutions were filtered through 60-�m
nylon mesh (Spectrum Laboratories).

Flow cytometry and cell sorting. Cells were washed with 1% bovine serum albumin in HBSS (pH
7.4) and stained at 4°C for 30 min. The cells were analyzed using the BD Accuri C6 (BD Biosciences, San
Jose, CA) and FCS Express software or Amnis ImagestreamX and analyzed with Amnis Ideas software. The
cells were sorted on a MoFlo XDP (Beckman Coulter, Brea, CA). The following monoclonal antibodies
(MAbs) were purchased from BD Biosciences: IAb-fluorescein isothiocyanate (FITC), CD103� phycoeryth-
rin (PE), CD11b� peridinin chlorophyll protein (PerCP), CD11c� allophycocyanin (APC), CD11b� APC-Cy7,
CD103� BV510, CD11c� PE-Cy7, CD25� APC, CD4� PE, CD3� PerCP, and CD274 (PD-L1)-PE. The following
MAbs were purchased from eBioscience: TREM1-eFluor660, CD101� PE-Cy7, and CD11c� APCeFluor780.
F4/80-APC and CD273 (PD-L2)-APC were purchased from BioLegend. The gating strategy for isolation of
CD11b� CD103� DCs can be found in Fig. S2 in the supplemental material.

Assessment of ALDH activity. ALDH activity was assessed using the Aldefluor kit (StemCell,
Vancouver, Canada). Cells were stained according to the manufacturer’s instructions. For each sample,
1 � 106 cells were suspended in 1 ml Aldefluor assay buffer with 5 �l activated Aldefluor reagent in the
presence or absence of the ALDH inhibitor diethylaminobenzaldehyde. Samples were incubated at 37°C
for 45 min.

DC/alveolar macrophage and T cell coculture. DCs or alveolar macrophages were assessed by
FACS from mouse lungs and cocultured with FACS-assessed splenic CD4� CD25� Foxp3� T cells
from uninfected Foxp3-GFP mice in a ratio of 1 DC or alveolar macrophage to 10 T cells for 5 days
in the presence of 1 �g/ml anti-CD3, 5 �g/ml anti-CD28, 3 ng/ml TGF-�, and 5 ng/ml IL-2 (Peprotech,
Rocky Hill, NJ).

RNA isolation, cDNA synthesis, and qRT-PCR. RNA was isolated from whole lungs of mice using
TRIzol (Invitrogen), and RNA was isolated from FACS-assessed DCs and T cells using an RNAeasy kit
(Qiagen, Valencia, CA). Oligo(dT)-primed cDNA was prepared using the reverse transcriptase system
(Promega, Madison WI). Quantitative reverse transcription-PCR (qRT-PCR) analysis was performed using
TaqMan master mixture and primers obtained from Applied Biosystems (Foster City, CA). Samples were
analyzed with an ABI Prism 7500. The beta-2 microglobulin gene was used as an internal control. The
conditions for amplification were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for
15s and 60°C for 1 min.

Cytokine and chemokine quantification. Mouse TGF-�1 enzyme-linked immunosorbent assay
(ELISA) material was purchased from R&D Systems.

Oral gavage of H. capsulatum or beads. Four million tdTomato-H. capsulatum yeasts suspended in
100 �l HBSS were orally gavaged concurrently with anti-TNF treatment and i.n. infection. Forty million
purple carboxyl fluorescent particles (1.7 to 2.2 �m; catalog number CFP-2062-2; Spherotech, Lake Forest,
IL) were suspended in 100 �l sterile water and orally gavaged daily for 3 days.

Confocal microscopic analysis of lung tissue. Lungs were fixed with 10% formalin, removed, and
embedded in paraffin blocks. Sections were viewed on a Zeiss LSM 510 confocal microscope and
analyzed using Zeiss Zen software.

Statistics. Nonpaired Student t tests were used for two-group comparisons.
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