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Disruption of Early Tumor Necrosis Factor Alpha Signaling Prevents
Classical Activation of Dendritic Cells in Lung-Associated Lymph
Nodes and Development of Protective Immunity against Cryptococcal
Infection
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ABSTRACT  Anti-tumor necrosis factor alpha (anti-TNF-a) therapies have been increasingly used to treat inflammatory diseases
and are associated with increased risk of invasive fungal infections, including Cryptococcus neoformans infection. Using a mouse
model of cryptococcal infection, we investigated the mechanism by which disruption of early TNF-« signaling results in the de-
velopment of nonprotective immunity against C. neoformans. We found that transient depletion of TNF-a inhibited pulmonary
fungal clearance and enhanced extrapulmonary dissemination of C. neoformans during the adaptive phase of the immune re-
sponse. Higher fungal burdens in TNF-a-depleted mice were accompanied by markedly impaired Th1 and Th17 responses in the
infected lungs. Furthermore, early TNF-« depletion also resulted in disrupted transcriptional initiation of the Th17 polarization
program and subsequent upregulation of Th1 genes in CD4" T cells in the lung-associated lymph nodes (LALN) of C. neofor-
mans-infected mice. These defects in LALN T cell responses were preceded by a dramatic shift from a classical toward an alterna-
tive activation of dendritic cells (DC) in the LALN of TNF-«-depleted mice. Taken together, our results indicate that early TNF-«
signaling is required for optimal DC activation, and the initial Th17 response followed by Th1 transcriptional prepolarization of
T cells in the LALN, which further drives the development of protective immunity against cryptococcal infection in the lungs.
Thus, administration of anti-TNF-a may introduce a particularly greater risk for newly acquired fungal infections that require
generation of protective Th1/Th17 responses for their containment and clearance.

IMPORTANCE Increased susceptibility to invasive fungal infections in patients on anti-TNF-« therapies underlines the need for
understanding the cellular effects of TNF-a signaling in promoting protective immunity to fungal pathogens. Here, we demon-
strate that early TNF-a« signaling is required for classical activation and accumulation of DC in LALN of C. neoformans-infected
mice. Subsequent transcriptional initiation of Th17 followed by Th1 programming in LALN results in pulmonary accumulation
of gamma interferon- and interleukin-17A-producing T cells and effective fungal clearance. All of these crucial steps are severely
impaired in mice that undergo anti-TNF-« treatment, consistent with their inability to clear C. neoformans. This study identi-
fied critical interactions between cells of the innate immune system (DC), the emerging T cell responses, and cytokine networks
with a central role for TNF-a which orchestrate the development of the immune protection against cryptococcal infection. This
information will be important in aiding development and understanding the potential side effects of immunotherapies.
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hile serving as an important inflammatory mediator, tumor

necrosis factor alpha (TNF-«) can induce many detrimental
effects in a broad range of diseases, such as sepsis, cancer, and
autoimmune disorders (1). Anti-TNF-« therapy has been widely
used for treatment of these diseases during the past decades. How-
ever, more recently it has been recognized that TNF-a blockade
significantly increases the risk for invasive fungal infections, in-
cluding Cryptococcus neoformans infection (2, 3). Thus, better
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knowledge of how TNF-« regulates immune responses during
fungal infections is needed to understand and offset the risks as-
sociated with therapies blocking TNF-« signaling.

C. neoformans triggers infection in patients with various im-
munocompromised states. After entering the host through the
respiratory tract, it can disseminate to extrapulmonary organs,
including the central nervous system (4—7). Murine models have
shown that protective anticryptococcal immunity depends on the
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generation of T cell-mediated immune responses (8, 9). Strong
Th1/Th17 responses promote the effective containment and elim-
ination of C. neoformans (10-12), while the Th2 response impairs
fungal clearance (13—15). Further, TNF-« signaling has been
shown to promote protective immune responses and subsequent
fungal clearance during cryptococcal infection with the moder-
ately virulent strain 24067 (16). Transient TNF-« depletion in
mice at the time of infection with C. neoformans resulted in a
temporary decrease in interleukin-12 (IL-12) and gamma inter-
feron (IFN-vy) production during the afferent phase, followed by
recovery of their production during the efferent phase (17, 18).
Interestingly, this recovery of protective cytokine production oc-
curred without restoration of fungal clearance (17, 18), suggesting
the possibility of a lasting defect in T cell polarization and/or ac-
tivation. Thus, the effect of early TNF-a depletion on the polar-
ization/activation of CD4" T cells during cryptococcal infection
needs to be accurately assessed.

Dendritic cells (DC) play a predominant role in presenting
antigen and directing T cell polarization (19, 20). The immature
status of DC has been previously suggested to account for the
immune dysregulation in C. neoformans-infected mice following
TNF-a depletion (18). However, more recent studies with other
antigens and/or pathogens suggest that DC can become either
classically or alternatively activated, which then directs the subse-
quent type of T cell polarization (21, 22). Classically activated DC
(DC1) show robust production of Th1/Th17-polarizing cytokines
along with high surface expression of major histocompatibility
complex class IT (MHC-II) and costimulatory molecules (23). Ro-
bust expression of all of these factors is implicated in the develop-
ment of protective Th1/Th17 responses (23). In contrast, alterna-
tively activated DC (DC2), which are implicated in the generation
of a Th2 immune bias, show diminished expression of DC1 mark-
ers, enhanced induction of Th2-polarizing cytokines, and upregu-
lation of markers consistent with those found in alternatively ac-
tivated (M2) macrophages (21, 24). The effects of early TNF-«
signaling and/or its disruption on the DC polarization profile in
the lungs and lung-associated lymph nodes (LALN) during cryp-
tococcal infection have not been studied.

Additionally, it remains unknown to what degree T cell pro-
gramming occurs in the LALN during cryptococcal infection. For
instance, Lindel et al. presented evidence that, in contrast to T cells
isolated from lungs, LALN T cells did not produce IFN-vy in re-
sponse to cryptococcal antigen (25). Furthermore, Wiesner et al.
showed that lymphoid organ priming was not required for pul-
monary Th2 cell accumulation during cryptococcal infection
(26). Thus, further investigations of the roles of cellular and mo-
lecular interactions in LALN during development of protective
versus nonprotective anticryptococcal responses are needed.

Here, we report that early TNF-« signaling is responsible for
the acquisition of a DC1 phenotype by LALN DC, which optimally
activates and polarizes CD4" T cells to the Th17 and Th1 lineage
in the LALN during the afferent phase of cryptococcal infection.
Subsequent recruitment of Th1 and Th17 cell subsets producing
IFN-yand IL-17A in C. neoformans-infected lungs correlates with
progressive fungal clearance. In contrast, the disruption of early
TNEF-a signaling results in the development of a DC2 phenotype
by LALN DC, which ultimately leads to the development of non-
protective immune responses to C. neoformans infection.
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RESULTS

Early TNF-« depletion diminishes protective Th1l- and Th17-
biased immune responses in C. neoformans-infected mice. The
precise effect of TNF-« in T cell polarization in cryptococcal in-
fection remains unknown; thus, our first objective was to deter-
mine whether TNF-« is required for the development of a protec-
tive Th1/Th17 bias in C. neoformans-infected mice. CBA/J mice
were infected intratracheally with 10* C. neoformans and injected
with a single dose of isotype or anti-TNF-a neutralizing antibody
at the time of infection, as described previously (17). Fungal bur-
dens in the lung and spleen were compared, with concurrent anal-
ysis of cytokine production by pulmonary T cells and systemic
(serum) cytokine levels. We observed significantly higher fungal
burdens in the lungs (2 and 4 weeks postinfection [wpi]) and
spleen (4 wpi) of anti-TNF-a-treated mice than in isotype-treated
control mice, consistent with timing of the effector phase of T
cell-mediated responses (Fig. 1A and B). These data are consistent
with published work that reported that TNF-« depletion impaired
fungal control during C. neoformans infection (16, 18). Impaired
fungal clearance in TNF-a-depleted mice was associated with sig-
nificant reductions in the frequency and intensity of IFN-vy- and
IL-17A-producing pulmonary CD4" T cells at 2 wpi and 4 wpi
compared with isotype control-treated mice, as analyzed by intra-
cellular flow cytometry (Fig. 1C, D, and E). Consistently, mice
subjected to early TNF-« depletion had significantly diminished
serum concentrations of IFN-y and IL-17A at 1 and 2 wpi relative
to control mice (Fig. 1F and G). In contrast, early TNF-« deple-
tion resulted in significantly higher serum concentrations of Th2
cytokines IL-5 (2 and 4 wpi) and IL-13 (1 and 4 wpi) (Fig. 1H and
I). Collectively, these findings show that early TNF-« signaling is
required for the local development of Th1/Th17 CD4" T cell po-
larization in the lungs and a protective systemic immune response
during cryptococcal infection.

Early TNF-a depletion impairs Th1 and Th17 polarization at
the transcriptional level and CD4* T cell activation in the LALN
of C. neoformans-infected mice. Having determined that early
TNF-a signaling is required for skewing pulmonary and systemic
adaptive immune responses in favor of protective Th1/Th17 im-
mune polarization, we next sought to determine whether early
TNF-a signaling impacted T cell polarization and (or) activation
atalocation further “upstream” of the lungs in the LALN. We first
performed a kinetic analysis of mRNA expression for cytokines
and transcription factors associated with Th polarization by using
purified LALN CD4* cells obtained from mice treated with anti-
TNF-« or isotype control antibody. We observed significant re-
ductions in mRNA expression of Rorc (a Thl7 transcriptional
regulator) and IL-17A (1 and 2 wpi) (Fig. 2A and B), followed by
suppressed expression of the Thl-driving transcription factor
T-bet and cytokine IFN-+y (2 wpi) (Fig. 2C and D) in mice treated
with anti-TNF-a antibody compared to isotype control-treated
mice. In contrast, early TNF-« blockade did not affect the expres-
sion of the Th2 transcriptional factor Gata3 (Fig. 2E) and Th2
cytokines IL-4/IL-5 (Fig. 2F and data not shown) at any of the
studied time points. Finally, we evaluated the expression of FoxP3
by CD4™" T cells in the LALN at 1, 2, and 4 wpi to determine if
TNF-a showed a significant effect on Treg populations in LALN.
We found that FoxP3 expression was not affected by TNF-« de-
pletion at any of these time points (data not shown).

We further assessed the level of expansion, activation status,
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FIG 1 Neutralization of TNF-a results for diminished Th1- and Th17-biased immune responses in C. neoformans-infected mice. Mice were infected intratra-
cheally with 10* C. neoformans 52D and treated with anti-TNF-« antibody or an isotype control at the time of infection. (A and B) Fungal burdens in the lungs
(A) and spleens (B) were higher during the efferent phase of infection in TNF-a-depleted mice than in the control mice. (C) Flow cytometry analysis detected
diminished frequencies of IFN-vy- and IL-17A-positive CD4™ T cells from the lungs in TNF-a-depleted mice compared to the control mice. (D and E) Bar graphs
represent the mean fluorescence intensity of IFN-+y-positive (D) and IL-17A-positive (E) CD4* T cells at 0, 1, 2, and 4 wpi. (F and G) Serum cytokine analysis
revealed significantly lower levels of IFN-vy (F) and IL-17A (G) in TNF-a-depleted mice than in control mice. (H and I) Significantly higher levels of IL-5 (H) and
IL-13 (I) in the serum were detected at 1, 2, or 4 wpi in TNF-a-depleted mice than in the control mice. Results represent means = SEM pooled from two separate
matched experiments (1 = 6 mice for each time point). A two-way ANOVA with a Bonferroni posttest was used for comparisons of all individual means. *, P <

0.05; **, P < 0.01 compared with control mice.
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FIG 2 Neutralization of TNF-« affects Th1/Th17 polarization of CD4* T cells in the LALN of C. neoformans-infected mice. Leukocytes were isolated from the
LALN of infected mice and helper T cells were sorted using anti-CD4 magnetic beads. Total RNA was isolated and analyzed by RT-qPCR. The mRNA expression
levels of Th17/Th1/Th2 transcriptional regulators Rorc, T-bet, and Gata3, respectively (A, C, and E) and Th17/Th1/Th2-driving cytokines IL-17A, IFN-v, and
IL-4, respectively (B, D, and F) in the CD4™* T cells were analyzed. Note that there was a significant suppression of Th17 and Th1 markers, but not Th2 markers,
in the TNF-a-depleted mice compared to the control mice. Results represent means * SEM pooled from two separate matched experiments (1 = 6 mice for each
time point). A two-way ANOVA with a Bonferroni posttest was used for comparison of all individual means. *, P < 0.05; **, P < 0.01 compared with control

mice.

and cytokine production by CD4* T cells in the LALN of C. neo-
formans-infected mice by using flow cytometry. We found that
early depletion of TNF-« was associated with reduced LALN leu-
kocyte numbers at 2 and 4 wpi (Fig. 3A). Although the percentage
of CD4* T cells did not differ between treatment groups (Fig. 3B),
we identified a lower total number of CD4" T cells at 2 wpi in
TNF-a-depleted mice than in isotype control-treated mice
(Fig. 3C). Intracellular flow cytometry analysis showed that in

4 mBio® mbio.asm.org

contrast with upregulation of mRNA expression for IFN-vy or
IL-17A, the LALN T cells in both control and TNF-a-depleted
mice were not producing these cytokines (Fig. 3D), suggesting
that the T cells became prepolarized at the transcriptional level in
the LALN but required restimulation at the infected lungs for the
production of cytokine proteins. However, T cell activation ana-
lyzed by surface expression of CD25 and CD69 markers showed a
significantly lower percentage of CD4" T cells expressing these
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FIG 3 Neutralization of TNF-« results in impaired expansion and activation of CD4™" T cells in the LALN of C. neoformans-infected mice. Leukocytes were
isolated from LALN of TNF-a-depleted and control mice and analyzed by flow cytometry. (A) Total numbers of leukocytes were reduced in the anti-TNF-a-
treated mice compared to control mice. (B and C) A similar frequency (B) but lower total number (C) of CD4 ™ T cells in anti-TNF-a-treated mice relative to
levels in control mice were detected. (D) Flow cytometry analysis showed that CD4" T cells from LALN do not produce IFN-vy or IL-17A at the protein level in

(Continued)
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markers at 2 and 4 wpi in TNF-a-depleted mice compared to
isotype control-treated mice (Fig. 3E, F, and G). Collectively, these
data show that disruption of early TNF-a signaling in mice in-
fected with C. neoformans profoundly inhibits early events associ-
ated with the Th1/Th17 CD4* T cell programming, expansion,
and activation in the LALN.

Early TNF-a depletion impairs dendritic cell accumulation
but does not affect their spatial relationships with CD4™* T cells
in the LALN of C. neoformans-infected mice. Disrupted T cell
polarization and activation in the LALN of C. neoformans-infected
mice following early TNF-a blockade suggested a defect in the
interactions of antigen-presenting cells (APCs) with naive T cells
in the LALN. Prior studies had shown that DC take up fungal
antigen in the lungs (27), traffic to the LALN, and orchestrate the
subsequent adaptive T cell response (20, 28, 29). We therefore
examined whether the defects in T cell polarization, expansion,
and activation observed in TNF-a-depleted mice were associated
with changes in DC accumulation and immunophenotype in the
LALN. We first assessed the effects of early TNF-a depletion on
the frequency and total number of DC (CD11c¢* MHC-IIM) and
two DC subsets: CD11b*™ DC (CD11b* CD1037), as well as a
small proportion of the conventional CD11b* CD103~ DC which
acquired a CD11b* CD103" phenotype postinfection (30) and
CD103" DC (CD11b~ CD103%). Both of these DC subsets can
take up antigens, migrate to the LALN, and prime T cells (31). We
found that early depletion of TNF-« resulted in an overall reduc-
tion in relative percentages and total numbers of DC, as well as
reductions in percentages and total numbers of both CD11b* and
CD103* DC subsets at 2 wpi compared to the isotype control-
treated mice (Fig. 4A to G). These data indicated that early TNF-«
signaling contributes to optimal DC accumulation in the LALN
during C. neoformans infection.

We next sought to determine whether early TNF-« altered the
spatial relationships between DC and CD4™" T cells in the LALN of
TNF-a-depleted mice. Specifically, we evaluated the frequency of
CD47" T cells in tight contact with CD11c* DC in the LALN by
using confocal microscopy (Fig. 5). The representative images
show antibody-stained CD4* T cells and CD11c" cells in the
LALN and the assessment of contacts between these cell subsets
(Fig. 5A). Analysis of interactions between CD4" and CD11c™
cellsin the LALN revealed a comparable percentage (20 to 30%) of
CD4* T cells were in contact with DC in isotype control- and
anti-TNF-a-treated mice (Fig. 5B). These data suggest that while
early TNF-a signaling has an effect on total numbers of DC and
CD4* T cells in the LALN, it had no major effect on their spatial
relationships and interactions.

Early TNF-a depletion impairs classical activation and pro-
motes alternative activation of DC in the LALN of C.
neoformans-infected mice. The effect of TNF-a on DC polariza-
tion status in LALN during cryptococcal infection is unknown.
Thus, our final objective was to determine whether changes in T
cell polarization in LALN of C. neoformans-infected mice in re-
sponse to TNF-a depletion were linked to changes in DC polar-

Figure Legend Continued

ization. We first compared DC mRNA expression of phenotypic
genes marking classical (DC1) and alternative (DC2) activation by
using reverse transcript-quantitative PCR (RT-qPCR). Our re-
sults demonstrated that the infected control group showed a
strong induction of IL-12b and profound suppression of IL-10
compared to uninfected mice, consistent with an early DC1 po-
larization in the LALN (Fig. 6A and B). However, we also observed
a temporary elevation in IL-4 induction by LALN DC in infected
control mice at 1 wpi (Fig. 6C). Importantly, TNF-a depletion
resulted in a significantly lower expression level for Thl-
polarizing (IL-12 and TNF-a) and Th17-polarizing (IL-23 and
IL-21) cytokines, especially at 1 and/or 2 wpi compared to control
mice (Fig. 6A and D to F), but the elevation in IL-4 expression in
these mice at 1 wpi was not as high as that in the isotype control-
treated group. However, the expression of IL-4 in TNF-a-
depleted mice further increased at 2 wpi and exceeded that of
control mice at 4 wpi, while expression of IL-10 was higher in
TNEF-a-depleted mice than in control mice at both 1 and 4 wpi
(Fig. 6B and C). Reduced expression in Th1- and Th17-polarizing
cytokines in DC from TNF-a-depleted mice was accompanied by
lower expression of the costimulatory genes CD40 (1 and 2 wpi)
and CD86 (2 wpi) (Fig. 7A and B). In contrast, DC from anti-
TNF-a-treated mice showed significantly higher mRNA expres-
sion for alternative activation markers gal3 (4 wpi) and fizz1 (1, 2,
and 4 wpi) than control mice (Fig. 7C and D).

Lastly, in order to exclude the interference of contaminating
cells and confirm DC specificity of our qPCR data, we evaluated
the surface expression of DC1 markers PDL1, CD40, and CD86 by
DC from the LALN of C. neoformans-infected mice by using flow
cytometry. In parallel with our mRNA analyses, a significantly
lower proportion of DC expressing DC1 markers (PDL1 and
CD86) were observed in anti-TNF-a-treated mice (relative to iso-
type treated controls) at 1, 2, and 4 wpi and CD40 at 2 wpi (Fig. 8).
Thus, early TNF-« signaling promotes optimal activation of DC,
which in light of our data is the earliest, most significant and
lasting effect on DC populations in the LALN.

DISCUSSION

While the effect of early TNF-« depletion on the development of a
nonprotective immune response against C. neoformans infection
has been demonstrated (16, 17), the immunological basis for this
effects is poorly understood. Here we demonstrated that a single
dose of anti-TNF-a treatment profoundly suppressed Thl and
Th17 CD4" T cell responses in the lungs and induced a long-term
impairment in fungal clearance. Our immunological analysis
mechanistically linked these effects with a requirement for TNF-a
signaling for the initial polarization of Th1 and Th17 cells at the
transcriptional level and their progressive activation in LALN,
which in turn is associated with optimal accumulation and classi-
cal activation of DC at this site. Collectively, our data substantially
advance our understanding about the role of early TNF-« signal-
ing in promoting protective host defenses against cryptococcal

either TNF-a-depleted or control groups at 2 wpi. The bar graphs on the right present the frequency of IFN-y- and IL-17A-producing CD4* T cells in the LALN
of infected mice. (E) T cell activation analyzed by flow cytometry revealed lower surface expression of the activation markers CD25 and CD69 by CD4 ™" T cells
at 2 and 4 wpi in TNF-a-depleted and control mice. (F and G) The bar graphs present the frequency of CD25-positive (F) and CD69-positive (G) cells as
percentages of total CD4" T cells. Results represent means == SEM pooled from two separate matched experiments (1 = 6 mice for each time point). A two-way
ANOVA with a Bonferroni posttest was used for comparison of all individual means. *, P < 0.05 compared with control mice.
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FIG 4 Neutralization of TNF-« impairs DC accumulation in the LALN of C. neoformans-infected mice. Leukocytes were isolated from the LALN of TNF-a-
depleted or control mice at 0, 1, 2, and 4 wpi. (A) Representative flow cytometric plots show the gating scheme for DC (CD11c¢* MHC-IIM), CD11b* DC, and
CD103* DC at 2 wpi in TNF-a-depleted mice compared to the control mice. (B to D) Frequency of gated DC (B), CD11b* DC (C), and CD103" DC (D)
decreased in the anti-TNF-a-treated mice compared to the control mice at 2 wpi. (E to G) Lower total numbers of DC (E), CD11b* (F), and CD103 " (G) subsets

were also detected in TNF-a-depleted mice than control mice. Results represe
for each time point). A two-way ANOVA with a Bonferroni posttest was used

lung infection and help to explain the increased susceptibility to
this pathogen in patients receiving anti-TNF-« agents.

Previous studies demonstrated that transient depletion of
TNF-o during the afferent phase of the immune response to
C. neoformans infection resulted in a dysregulated pulmonary cy-
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nt means = SEM pooled from three separate matched experiments (n = 10 mice
for comparison of all individual means. *, P < 0.05 compared with control mice.

tokine profile (17, 18). However, those studies did not identify
cellular sources of pulmonary cytokines and also showed an in-
triguing recovery of robust production of IFN-v and other pro-
tective cytokines by pulmonary leukocytes at 2 wpi (18). In the
current study, we have substantially advanced our understanding
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FIG 5 Histological examination of dendritic cell/T cell interactions in the
LALN of C. neoformans-infected mice. (A) After isolation, LALN were frozen
rapidly in OCT medium. Sections were stained with primary fluorescent anti-
bodies against CD4 (red), CD11c (green), and DAPI (blue). The white arrows
indicate pairs of CD4 and CD11c cells engaged in direct contact. Images were
obtained on a fluorescence microscope, and contacts between CD4" and
CD11c™ cells were enumerated. (B) Bar graphs presenting the percentage of
CD4* cells in contact with CD11c™ cells at 0, 1, 2, and 4 wpi. Results represent
means = SEM pooled from two to three separate matched experiments (n = 3
mice for each time point).

about the protective role of early TNF-a by showing that early
TNEF-a signaling is required for optimal accumulation of Th1 and
Th17 cells in C. neoformans-infected lungs. Both IFN-+y- and IL-
17A-positive CD4™" T cells were recruited into the lungs of control
mice at 2 and 4 wpi, while transient depletion of TNF-a« signifi-
cantly blunted this process (Fig. 1C). The magnitudes of both Th1
and Th17 effector cytokine production by CD4* T cells remained
diminished at 4 wpi as a result of early TNF-a depletion (Fig. 1D
and E); this effect of anti-TNF-« therapy on T cell polarization
persisted even after the systemic serum levels of IFN-yand IL-17A
were no longer suppressed (Fig. 1F and G). The strong association
between fungal clearance and the production of Th1/Th17 cyto-
kines by pulmonary CD4* T cells but not the overall cytokine
output from pulmonary leukocytes (17, 18) provides an impor-
tant insight that T cell-derived cytokines, rather than cytokines
from other cellular sources, are most likely a critical determinant
of successful host defense against C. neoformans. Collectively,
these findings along with the temporal concordance support that
the induction of protective Th1 and Th17 effector cells in the lungs
is the most crucial aspect of TNF-a biological activity during cryp-
tococcal infection.

T cell expansion and immune polarization are initiated in the
lymph nodes as a result of interactions between antigen-specific T
cells and APCs (32, 33). We showed that early TNF-a signaling
supports LALN T cell expansion, orchestrates initial Th lineage
polarization at the transcriptional level, and significantly contrib-
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utes to the progressive CD4 " T cell activation in the LALN. Inter-
estingly, these changes did not occur simultaneously. Rather, our
mRNA expression data demonstrated that Th17 bias precedes the
expansion of the Th1 response, as these events occurred at 1 versus
2 wpi, respectively (Fig. 2A to D). Likewise, the initial effect of
TNF-a depletion on Th polarization is restricted to the Th17 arm,
while Th1 parameters remain unaltered at 1 wpi (Fig. 2A to D).
These results suggest that early Th17 bias in LALN may actively
promote the subsequent development of Thl immunity. This
possibility is supported by other studies showing that IL-17A ex-
pression can be an upstream factor enhancing IFN-+y production
during C. neoformans infection (34). We have shown here for the
first time that this initial Th17 bias of CD4" T cells in LALN is
TNF-a dependent.

Importantly, a previous study showed that CD4™" T cells from
the LALN during C. neoformans infection were a proliferating but
nonpolarized population as determined by flow cytometry for cy-
tokine expression (25). Our data show that CD4" T cells from the
LALN at least to some degree become prepolarized at the tran-
scriptional level, as determined by mRNA analysis for both master
transcriptional factors and cytokines. Together with the results of
Lindell’s study (25), these data indicate that organ-specific signals
from the lung tissue environment provide a final step in activation
of the prepolarized Th1 and Th17 cells for cytokine production.
Thus, our data provide novel insights into the polarization/acti-
vation processes occurring in the LALN which lead to the devel-
opment of protective anticryptococcal immunity.

Quite surprisingly, TNF-a depletion had no effect on the
mRNA expression of Th2 transcriptional regulator GATA3 and
Th2 cytokines in the LALN (Fig. 2E and F). This finding was in
contrast to the significant increases in systemic Th2 cytokines
(Fig. 1H and I) and the reported increase in the production of Th2
cytokines by lung leukocytes post-TNF-a depletion (18). The lack
of differences in GATA3 and IL-4 expression in LALN T cells
obtained from anti-TNF-a-treated mice (relative to isotype
control-treated mice) points out that Th2 skewing of CD4™ T cells
may occur through the action of signals outside the LALN. In
support of this view, a recent report showed that the local inflam-
matory environment in the lungs (infected with C. neoformans
H99) shapes the differentiation and/or promotes the selective ex-
pansion of Th2 cells (26). It is also possible that, in the absence of
strong Th1/Th17 immunity in the lungs, a Th2 response can de-
velop by default during C. neoformans infection.

In addition to the changes in T cell polarization, we also ob-
served defects in expansion and activation of CD4* T cells in the
lungs (data not shown) and LALN (Fig. 3C and E) of TNF-a-
depleted mice. These changes in LALN corresponded to dimin-
ished numbers of CD4 " T cells in the lungs also may contribute to
the impaired fungal clearance in TNF-a-depleted mice, in addi-
tion to the disrupted T cell polarization. Collectively, our kinetic
assessment of CD4™" T cell populations demonstrates that disrup-
tion of early TNF-« signaling interferes with optimal expansion,
initial Th1/Th17 lineage polarization events, and the overall level
of CD4* T cell activation in the LALN.

DC play central roles in host defenses to C. neoformans and
other fungi through their ability to direct the development of im-
mune responses toward either protective or nonprotective immu-
nity (26, 35). Recruitment of sufficient numbers of DC to the
LALN is one of the proposed mechanisms for ensuring develop-
ment of protective immunity to C. neoformans (36, 37). Consis-
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FIG 6 Neutralization of TNF-a suppresses mRNA expression of pro-Thl and Th17 cytokines but promotes expression of pro-Th2 cytokines in LALN of
C. neoformans-infected mice. DC from LALN were selected by using anti-CD11c magnetic beads. mRNA expression levels of IL-12b (A), IL-10 (B), IL-4 (C),
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mice.

tently, our data demonstrated that early TNF-« signaling is
required for robust DC accumulation in the LALN, especially
the CD11b* DC subset, which has been shown to be particu-
larly important for priming protective Th17 cell responses to
pulmonary fungal infections (38). While early TNF-a signaling
is crucial for DC accumulation and CD4* T cell proliferation
in the LALN, our microscopy analysis suggested that it does not
affect the spatial relationships and interactions between DC/T
cells in the LALN. However, the possibility cannot be excluded
that the time duration of the interactions are distinct between
control and TNF-a-depleted mice, which may affect subse-
quent T cell responses; further studies are needed to clarify this
point.

The most significant defect in DC recruitment was observed at
2 wpi, while a defect in mRNA expression of the Th17-driving
transcriptional factor Rorc and IL-17A is already well developed

July/August 2016 Volume 7 Issue 4 e00510-16

by 1 wpi. This disparity suggests that the change in DC activation,
rather than diminished DC recruitment to the LALN, is the up-
stream cause of the immune dysregulation resulting from early
TNF-a« depletion. In agreement, transient TNF-« depletion has
been previously associated with accumulation of immature DC
(18). However, many characteristics of immature DC are also dis-
played by mature DC2, which motivated our broader analysis of
DC1/DC2 signatures displayed by DC in the LALN. Our study
revealed that expression of the DC1 signature by DC in the LALN
was significantly reduced in response to TNF-a depletion
(Fig. 6A and D to F and 7A and B). In contrast, expression of
DC2 markers was significantly higher in TNF-a-depleted mice
than in control mice (Fig. 6B and C and 7C and D). Interest-
ingly, TNF-« depletion resulted in decreased DC1 gene expres-
sion mainly at 1 wpi, while DC2 genes showed the most signif-
icant increase at 4 wpi (Fig. 7), indicating that DC1 gene

mBio® mbio.asm.org 9


mbio.asm.org

Xu et al.

am Control e= TNFa depleted

8 CD40
7

= 6

S o

3] %

S 4

2 4 *

3 2

°

w1

week 1 week2  week4

354 Gal3 *
: i

- 254

.0

g 2

=

S 154

o

;10.

S s d—l-l
o-.ﬂ-.-l o]

week 1 week 2 week 4

40n CD86
354
c 30s
S )
o
S 20
2
£ 15 %
3 104
5]
W s
 ul W
week 1 week 2 week 4
84 Fizz *
2
] 1
c *
O s
=)
S 4
2 4
T 2
s *
e 1._d-.-|
o ik
week 1 week 2 week 4

FIG 7 Neutralization of TNF-a suppresses mRNA expression of the DCI signature and promotes expression of the DC2 signature in LALN of C. neoformans-
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was used for comparison of all individual means. *, P < 0.05 compared with control mice.

upregulation and DC2 gene downregulation are likely guided
by distinct regulatory pathways, the former directly dependent
on TNF-« signaling.

We showed that expression of CD40, which interestingly also
belongs to the tumor necrosis factor receptor (TNFR) superfamily
(39), was significantly lower in LALN DC of TNF-a-depleted mice
than in isotype control-treated mice (Fig. 7A and 8). Since CD40
signaling plays protective roles during C. neoformans infection
(40), the effects of TNF-a depletion could be mediated partly
through the suppressed CD40 expression. However, the CD40
signaling pathway was shown to have a stronger effect on the mag-
nitude of T cell responses or T cell recruitment (40), while in the
present study TNF-a signaling was shown to have a stronger effect
on classical DC activation and the subsequent Th1/Th17 bias dur-
ing C. neoformans infection. Future studies explaining the cross
talk between CD40 and TNFRs signaling during C. neoformans
infection will clarify this point.

In summary, our novel findings that early TNF-« signaling is
required for accumulation and classical activation of DC in the
LALN provide mechanistic explanations for TNF-a-triggered
Th1/Th17 CD4™" T cell prepolarization in LALN cells and subse-
quent polarization in the lung T cells in infected mice. Impor-
tantly, TNF-a-driven DC1 activation and protective T cell re-
sponses identified one mechanism of the increased susceptibility
to cryptococcal and other fungal infection in patients undergoing
treatments with TNF-a blockade therapies.

10 mBio® mbio.asm.org

MATERIALS AND METHODS

Mice. Female CBA/] mice were obtained from Jackson Laboratories (Bar
Harbor, ME). Mice were housed under specific-pathogen-free conditions
in the Animal Care Facility at the VA Ann Arbor Healthcare System. Mice
were age to 8 to 10 weeks at the time of infection and were humanely
euthanized by CO, inhalation at the time of data collection. All experi-
ments were approved by the University Committee on the Use and Care of
Animals and the Veterans Administration Institutional Animal Care and
Use Committee.

C. neoformans. C. neoformans strain 52D was recovered from 10%
glycerol frozen stocks stored at —80°C and grown to stationary phase at
37°C in Sabouraud dextrose broth (1% Neopeptone, 2% dextrose; Difco,
Detroit, MI) on a shaker. The cultures were then centrifuged and the
pellets were washed with nonpyrogenic saline (Travenol, Deerfield, IL).
Cells were counted via hemocytometer and diluted to 3.3 X 10° yeast/ml
in sterile nonpyrogenic saline.

Intratracheal inoculation of C. neoformans and TNF-« depletion.
Mice were anesthetized via intraperitoneal (i.p.) injection of ketamine/
xylazine (100/6.8 mg/kg of body weight) and were restrained on a foam
plate. A small incision was made through the skin covering the trachea.
The underlying salivary glands and muscles were separated. A 30-gauge
needle was attached to a 1-ml tuberculin syringe with a C. neoformans
suspension (3.3 X 10° yeast cells/ml). Infection was performed by intra-
tracheally injecting 30 ul (10* CFU) of inoculum into the lungs. After
inoculation, the skin was closed with cyanoacrylate adhesive, and the mice
were monitored during recovery from the anesthesia. TNF-a depletion
was performed through i.p. injection of 0.25 mg of an anti-TNF-« mono-
clonal antibody (MAb; clone TN3-19.12; Leinco Technologies, Inc.) or
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FIG 8 Neutralization of TNF-« suppresses surface expression of the DCI signature in the LALN of C. neoformans-infected mice. Cells isolated from LALN were
analyzed by flow cytometry. The surface expression levels of PDL1, CD40, and CD86 by DC (CD11c* MHCIIPsh) were measured. Representative histograms at 2 wpi
(A) and mean fluorescence intensity of DC expressing these signatures at 0, 1, 2, and 4 wpi are shown (B). Note a significant suppression of classical activation markers
by DC from LALN of TNF-a-depleted mice. Bars illustrate means = SEM pooled from two to three separate matched experiments (7 = 6 mice for each time point). A
two-way ANOVA with a Bonferroni posttest was used for comparisons of all individual means. *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with control mice.

isotype control antibody (clone PIP; Leinco Technologies, Inc.) at the
time of infection as described previously (17, 18). This single i.p. injection
of anti-TNF-a MAD at the time of infection (day 0), as with repeated i.p.
injections (day 0, 3, 6, 9), has been shown to cause a greater than 80%
reduction in the TNF-« protein level in the lungs of C. neoformans-in-
fected mice at 7 days p.i. (16, 18).

Lung/spleen CFU assay. For determination of fungal burdens in the
lungs and spleens, small aliquots of dispersed lung and spleen cells were
collected. Series of 10-fold dilutions of the samples were plated on Sab-
ouraud dextrose agar plates in duplicate 10-ul aliquots and incubated at
room temperature. C. neoformans colonies were counted 2 days later, and
the number of CFU was calculated on a per-organ basis.

Lung leukocyte isolation. The lungs from each mouse were excised,
washed in RPMI 1640, and digested enzymatically as previously described
(41). In brief, lungs were minced with scissors followed by gentle magnet-
ically activated cell sorting (MACS) homogenization and incubated at
37°C for 35 min in 5 ml/mouse digestion buffer (RPMI 1640, 5% fetal
bovine serum, penicillin and streptomycin [Invitrogen, Grand Island,
NY]; 1 mg/ml collagenase A [Roche Diagnostics, Indianapolis, IN]; and
30 ug/ml DNase I [Sigma, St. Louis, MO]). The cell suspension and tissue
fragments were further dispersed by gentle MACS homogenization and
were centrifuged. Erythrocytes in the cell pellets were lysed by addition of
3 ml NH,CI buffer (0.829% NH,Cl, 0.1% KHCO,, and 0.0372%
Na,EDTA; pH 7.4) for 3 min followed by addition of a 10-fold excess of
RPMI 1640 medium. Cells were resuspended and subjected to syringe
dispersion and filtered through a sterile 100-um nylon screen (Nitex,
Kansas City, MO). The filtrate was centrifuged for 30 min at 1,500 X g
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with no brake in the presence of 20% Percoll (Sigma) to separate leuko-
cytes from cell debris and epithelial cells. Leukocyte pellets were resus-
pended in 5 ml complete RPMI 1640 medium and enumerated on a he-
mocytometer after dilution in trypan blue (Sigma).

Total serum cytokine levels. Serum was obtained from blood samples
collected by severing the vena cava of the mice before lung excision. Blood
samples were first allowed to clot and then centrifuged at 10,000 rpm for
20 min to separate serum. Quantification of serum cytokines (IFN-vy,
IL-17A, IL-5, and IL-13) was performed using a LEGENDplex cytometric
bead array (CBA) kit (mouse T helper cytokine panel; BioLegend, San
Diego, CA) following the manufacturer’s specifications and read on an
LSRII flow cytometer (Becton, Dickinson Immunocytometry Systems,
Mountain View, CA). Analysis was performed using BioLegend’s LEG-
ENDplex software.

LALN leukocyte isolation and magnetic bead separation. To collect
LALN leukocytes, lymph nodes were removed from the mediastinum and
then mechanically dispersed by using a 1-ml sterile syringe plunger to
press them through a 70-um cell strainer (BD Falcon, Bedford, MA) in
complete medium. After centrifugation at 2,500 rpm for 5 min, the super-
natant was removed and the cell pellets were saved for further use. In some
experiments, CD4™ T cells of the LALN were isolated using an EasySep
Mouse CD4™" T cell enrichment kit (Stem Cell Technologies, Vancouver,
Canada). Greater than 98% of the recovered cells were CD4™" cells as
determined using flow cytometry. CD11c™ DC were sorted using the Ea-
sySep mouse CDI1lc positive selection kit (Stem Cell Technologies).
Greater than 90% of the recovered cells were CD11c* as determined using
flow cytometry.
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RT-qPCR. Total RNA was prepared using TRIzol reagent (Invitro-
gen), and first-strand cDNA was synthesized using a reverse transcription
kit (Qiagen, Hilden, Germany) according to the manufacturer’s instruc-
tions. mRNA was quantified with SYBR green-based detection by using a
LightCycler96 system (Qiagen) according to the manufacturer’s proto-
cols. Forty-five cycles of PCR (95°C for 15 s followed by 60°C for 30 s) were
performed on a cDNA template. The data were normalized to 185 mRNA
levels, compared with baseline expression levels in corresponding samples
from the uninfected mice, and expressed as the fold induction.

Abs and flow cytometric analysis. For flow cytometry experiments,
antibodies (Abs) were purchased from BioLegend (San Diego, CA), in-
cluding rat anti-murine CD16/CD32 (clone 93); CD45 (clone 30-F11)
conjugated to AF700; CD3 (clone 145-2C11), CD19 (clone 6D5), CD69
(clone H1.2F3), or IFN-vy (clone XGM1.2) conjugated to peridinin chlo-
rophyll protein-Cy5.5; CD4 (clone GK1.5), CD1lc (clone N418), or
CD25 (clone DC61) conjugated to allophycocyanin-Cy7; PDLI (clone
10F962) conjugated to allophycocyanin; and MHC class II/I-AX (clone
11-5.2) conjugated to fluorescein isothiocyanate; CD103 (clone 2E7) or
IL-17A (clone TC11-18H10) conjugated to phycoerythrin (PE); CD11b
(clone M1/70) conjugated to PE-dazzle; CD40 (clone 3/23) conjugated to
PE-Cy5; CD86 (clone GL-1) or CD45 (30-F11) conjugated to PE-Cy7;
CD3 (clone 17A2) conjugated to BV650.

AD cell staining was performed as previously described (42). Data were
collected on a FACS LSR2 flow cytometer by using FACSDiva software
(Becton, Dickinson Immunocytometry Systems, Mountain View, CA)
and analyzed using FlowJo software (tree Star, San Carlos, CA). The fol-
lowing gating strategy was used to identify DC in the LALN: first, consec-
utive gates identified singlets, live cells, and CD45™" leukocytes; next, neg-
ative gating was used to remove lymphocytes (low forward scatter
[ESClow] cells expressing CD3 or CD19). DC were then identified within
the remaining cell populations as cells expressing both CD11c and high
levels of MHC-II. Thereafter, the relative expression levels of PDLI,
CD40, and CD86 were evaluated. In some experiments, subsets of
CD11b* and CD103* DC were identified. To identify CD4* helper T
cells, singlet and live cells were first selected and the total number of
CD45" leukocytes were identified. Next, the CD3" CD4+ cells were
identified as helper T cells. Thereafter, the relative expression levels of
specific cytokines or activation markers were evaluated. Total numbers of
each cell population were calculated by multiplying the frequency of the
population by the total number of leukocytes (e.g., the percentage of
CD45% cells multiplied by the original hemocytometer count of total
cells). Isotype-matching control antibodies were used to set gates for pos-
itive events in all of the flow cytometric analyses.

Confocal microscopy. Excised LALN were rapidly frozen in OCT-
filled mounting molds (Sakura Finetek USA Inc., Torrance, CA). Frozen
microtome sections (6 wm thick) were mounted on adhesive slides and
fixed in ice-cold acetone. Sections were washed in Dulbecco’s phosphate-
buffered saline (DPBS) for 10 min and then were blocked with 10 mg/ml
of LEAF-purified anti-mouse CD16/32 antibody (BioLegend) in DPBS
for 30 min at room temperature. Primary antibodies were added at a 1:400
or 1:1,000 (vol/vol) dilution in DPBS for Alexa Fluor 488 anti-mouse
CD11c antibody or Alexa Fluor 594 anti-mouse CD4 antibody, respec-
tively. Slides were then incubated for 1 h in the dark at room temperature.
After washing in DPBS three times (3 min per wash), ProLong Gold an-
tifade mountant with 4’,6-diamidino-2-phenylindole (DAPI; Life Tech-
nologies) was used for mounting the coverslips. In control experiments,
matching isotype antibodies (isotype and fluorochrome) were used in-
stead of the primary antibodies.

Confocal analysis was performed using a spinning disk confocal mi-
croscope (Olympus, America Inc., Center Valley, PA) with a digital
charge-coupled-device camera (Hamamatsu Photonics, Hamamatsu, Ja-
pan) for image capture and an arc lamp illumination source providing
excitation wavelengths of 350 to 700 nm and three-color emission analy-
ses. The acquired digital images were processed and analyzed using Stereo
Investigator software version 9 (MBF Bioscience, Williston, VT).
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For interaction analysis, images were captured at X200 magnification.
DC were defined as cells expressing high-threshold CD11c¢ fluorescence
and helper T cells were defined as cells expressing CD4 fluorescence. For
cell contact analysis, the total number of close contacts between CD11c™
cellsand CD4 ™" cells was determined and normalized to the total number
of identified CD4* T cells. At least 10 fields were randomly sampled per
mouse.

Calculations and statistics. All values are reported as means = stan-
dard errors of the means (SEM). A two-way analysis of variance
(ANOVA) with a Bonferroni posttest was used for comparison of all in-
dividual means. Means with P values of <0.05 were considered signifi-
cantly different.
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