
Interleukin-17A negatively regulates
lymphangiogenesis in T helper 17 cell-mediated
inflammation
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During inflammation lymphatic vessels (LVs) are enlarged and their density is increased to facilitate the migration

of activated immune cells and antigens. However, after antigen clearance, the expanded LVs shrink to maintain

homeostasis. Here we show that interleukin (IL)-17A, secreted from T helper type 17 (TH17) cells, is a negative regulator of

lymphangiogenesis during the resolution phase of TH17-mediated immune responses. Moreover, IL-17A suppresses the

expression of major lymphatic markers in lymphatic endothelial cells and decreases in vitro LV formation. To investigate

the role of IL-17A in vivo, we utilized a cholera toxin-mediated inflammation model and identified inflammation and

resolution phases based on the numbers of recruited immune cells. IL-17A, markedly produced by TH17 cells even after

the peak of inflammation, was found to participate in the negative regulation of LV formation. Moreover, blockade of

IL-17A resulted in not only increased density of LVs in tissues but also their enhanced function. Taken together, these

findings improve the current understanding of the relationship between LVs and inflammatory cytokines in pathologic

conditions.

INTRODUCTION

Lymphatic vessels (LVs), which compose the circulatory system
along with blood vessels (BVs), consist of a single layer of
lymphatic endothelial cells (LECs) that have a blunt-ended
structure specialized for draining extracellular fluids.1 Under
physiological conditions LVs transport lymph fluid containing
macromolecules, such as protein and dietary lipids, into the
blood circulation.2 However, during inflammation LVs also
deliver soluble antigens and immune cells from sites of
infection. This includes antigen-presenting cells (APCs)
carrying antigens that travel along the LVs and enter draining
lymph nodes (LNs), which act as immunological platforms
bridging innate and adaptive immunity.3 In LNs CD4þ T cells
differentiate into many subsets of T helper (TH) cells (e.g., TH1,
TH2, and TH17 cells) depending on the categories of pathogens4

presented through the MHC-peptide-TCR interaction with
APCs, and then migrate to sites of infection through efferent
LVs.5 Following the elimination of antigens, the immune
system goes through a resolution phase. This process involves

the reduction of inflammation in order to maintain home-
ostasis accompanied by the elimination of granulocytes from
infection sites,6 production of anti-inflammatory cytokines,
apoptotic cell death of effector cells,7 and regression of LVs.1

Vascular endothelial cell growth factors (VEGFs), are well-
known growth factors for blood endothelial cells (BECs) and
also control lymphangiogenesis in both normal and patholo-
gical conditions.8 During inflammation, VEGFs promote
expansion and enlargement of LVs and facilitate efficient
transportation of APCs and antigens.9 Immune cells are known
to be a source of these growth factors as macrophages produce
VEGF-A, C, and D after LPS administration,10 neutrophils
enhance lymphangiogenesis by secreting bioavailable VEGF-A
and increasing total VEGF-D,11 dendritic cells (DCs) secrete
VEGF-C,12 and B cells express VEGF-A and C, and angio-
poietins.13 In addition, several studies also showed that
epithelial cells and stromal cells can produce VEGFs.14

However, little is known about anti-lymphangiogenic factors,
which are essential for regression of expanded LVs and
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resolution of immune responses in order to maintain home-
ostasis. Recently it was discovered that several cytokines
secreted by effector TH cells negatively regulate lymphangio-
genesis. For example, interferon (IFN)-g, a representative TH1
cell-associated cytokine, was reported to negatively control the
formation of LN-LVs after LPS challenge.15 Interleukin (IL)-4
and IL-13 secreted by TH2 cells also have suppressive effects on
lymphangiogenesis and play a pathogenic role in allergic
diseases by interrupting antigen clearance in peripheral
tissues.16,17 Therefore, based on the previous reports, we
hypothesized that other types of TH cells could also regulate LVs
through cytokine production.

IL-17A, predominantly produced by TH17 cells, binds to the
IL-17 receptor (IL-17R) complex composed of IL-17RA and IL-
17RC,18 which are expressed on immune cells, epithelial cells,
and endothelial cells.19,20 Although TH1 and TH2 cytokines
such as IFN-g and IL-4 activate Janus kinase (JAK) and signal
transducer and activator of transcription (STAT) proteins, IL-
17A signaling is mediated by different molecules named NF-kB
activator 1 (Act1) and TNF receptor-associated factor 6
(Traf6).19 Act1 interacts with IL-17R complex through SEFIR
domain and ubiquitinates E3 ubiquitin ligase Traf6 without
degradation resulting in the recruitment of kinase TAK1 and
activation of classical NF-kB pathway.21,22 In addition, there is
another pathway that is accompanied by I-kB kinase (IKKi)-
mediated Act1 phosphorylation and interaction with Traf2–
Traf5 instead of Traf6, eventually induction of CXCL1 mRNA
stabilization.23,24

IL-17A plays a central role in TH17-associated inflammation
including fungal infection and autoimmune diseases.25 A well-
known function of IL-17A is the recruitment of macrophages
and neutrophils to infection sites during inflammation.25,26 In
contrast, less is known about the effect of IL-17A on LECs and
LV formation. To this end, we investigated the roles of IL-17A
in LV formation and found that IL-17A negatively regulates
lymphangiogenesis during the resolution of acute inflamma-
tion. Furthermore, we show that IL-17A supplementation
inhibits gene expression of major lymphatic markers both in
LECs and during in vitro lymphangiogenesis, even under
lymphatic growth factor-enriched conditions. Furthermore,
this role of IL-17A was confirmed using an in vivo TH17-
mediated inflammation model where blockade of IL-17A was
found to cause not only increased LV formation but also
enhanced LV function in the lung during the resolution phase.
Therefore, our results suggest that IL-17A plays a prime role
in LV regression after a TH17-mediated immune response.
Together these findings provide expanded insights into the
control of lymphangiogenesis during immune regulation.

RESULTS

Suppression of LEC marker expression by IL-17A in vitro

To investigate the possibility that LECs respond to T cell
cytokines, we first examined the expression of IL-17RA and IL-
17RC as well as other cytokine receptors on LECs. We showed
mRNA expression of IL-17RA and IL-17RC in human LECs

(hLECs) and protein expression of IL-17RC in mouse LECs
(mLECs), indicating that LECs may respond to IL-17A directly
through the expression of IL-17R (Supplementary Figure S1
online). We next investigated the effect of IL-17A on hLECs
in vitro and compared with IFN-g, a strong anti-
lymphangiogenic factor.15 The level of Prospero homeobox
protein 1 (Prox-1) mRNA was downregulated at both 36 h
(B0.67-fold) (Figure 1a) and 72 h (B0.75-fold) (Figure 1b)
after treatment with recombinant human IL-17A (rhIL-17A).
In addition, the expression of lymphatic vessel endothelial
hyaluronan receptor-1 (LYVE-1), another LEC-specific surface
protein, was also diminished (B0.64-fold) at 72 h (Figure 1d)
after addition of rhIL-17A but was not affected at the 36 h time
point (Figure 1c). Similar to the results in a previous study,15

treatment with rhIFN-g decreased Prox-1 (B0.49-fold) and
LYVE-1 (B0.05-fold) mRNAs at 72 h after treatment
(Figure 1b, d). LYVE-1 expression showed delayed response
against cytokine treatment compared with Prox-1 as the
expression of LYVE-1 is regulated by Prox-1 activity.27

Correspondingly, immunocytochemistry analysis showed that
the expression of Prox-1 was reduced (B0.73-fold) at 72 h after
rhIL-17A treatment (Figure 1e, f). Although the effect of
IL-17A was not strong as IFN-g, we found that IL-17A also
has a modest inhibitory effect on major lymphatic marker
expression. In contrast, another TH17-related cytokine, IL-22,
did not cause a decrease in expression of Prox-1 nor LYVE-1 in
hLECs, thereby indicating that hLECs specifically respond to
IL-17A (Supplementary Figure S2).

We also investigated the putative signaling pathways of IL-
17A which regulate gene expression in hLEC. As described
before, Traf6 is a well-known downstream molecule of IL-
17A,19 and we treated with Traf6 inhibitor peptide or control
peptide along with IL-17A on hLECs. We found that Traf6
inhibitor peptide restored mRNA expression of LYVE-1 almost
completely (B1.12-fold) (Figure 2a). At the same time, we
showed partial recover of Prox-1 expression in mRNA (B0.85-
fold) (Figure 2b) and protein level (B0.81-fold) (Figure 2c, d),
respectively.

We next performed a tube formation assay which is an
in vitro model of lymphangiogenesis that reflects the ability of
endothelial cells to make connections with adjacent cells. To
this end, hLECs or mLECs were cultured on Matrigel-coated
dishes with or without rhIL-17A or rmIL-17A and tube
formation was examined at 24 h after seeding (Figure 3a, f).
The results showed decreases in tube length (Figure 3b, g), tube
area (Figure 3c, h), the number of junctions (Figure 3d, i) and
tubes (Figure 3e, j) in the rIL-17A treated group compared
with the control. Collectively, these data indicate that
IL-17A inhibits gene expression of major lymphatic
markers through a Traf6-dependent manner and suppresses
in vitro lymphangiogenesis.

Immune cell recruitment, cytokine production, and
lymphangiogenesis following CTO challenge

Defining inflammation and resolution phases. Thus far, we have
shown a role for IL-17A as a negative regulator of major
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Figure 1 Suppression of major lymphatic marker expression after IL-17A treatment. 1�105 of hLECs were cultured for 72 h with 500 ng/ml of rhIFN-g or
rhIL-17A. (a–d) Prox-1 and LYVE-1 mRNA level at 36 h (a, c) and 72 h (b, d) after treatment with rhIFN-g or rhIL-17A were examined by real-time RT-PCR.
Each group, n¼ 3. Data are representative of three experiments. *Po0.05, **Po0.01 was compared with the control by unpaired Student’s t-test. (e) Prox-1
protein expression was examined by confocal microscopy at 72 h after rhIFN-g or rhIL-17A treatment. Scale bar¼ 50mm. (f) Prox-1 signal intensity was
measured by Image J. Each group, n¼ 5. Data are representative of three experiments. **Po0.01 versus control by non-parametric Mann–Whitney test.

Figure 2 Effects of Traf6 inhibition on major lymphatic marker expression. 1� 105 of hLECs were cultured for 72 h with 500 ng/ml of rhIL-17A. Indicated
concentration of specific inhibitor peptides was added following rhIL-17A treatment. LYVE-1 (a) and Prox-1 (b) mRNA level at 72 h after rhIL-17A and
inhibitor peptide treatment were examined by real-time PCR. Each group, n¼ 3. Data are representative of three experiments. **Po0.01 was compared
with the control by unpaired Student’s t-test. (c) Prox-1 protein expression was examined by confocal microscopy at 72 h after rhIL-17A and 50 mM of
inhibitor peptide treatment. Scale bar¼50 mM. (d) Prox-1 signal intensity was measured by Image J. Each group, n¼ 5. Data are representative of three
experiments. *Po0.05, **Po0.01 versus control by non-parametric Mann–Whitney test.
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lymphatic markers and in vitro lymphangiogenesis. Next, we
adopted an acute TH17 inflammation model to show the in vivo
inhibitory effects of IL-17A on LVs. As described before,
intranasal immunization with cholera toxin mixed with OVA
peptide (CTO) induced TH17-dominant immune responses,
during which peaked TH17 cell differentiation and IL-17A
production was observed for a week.28 To define the
inflammation and resolution phases, we enumerated the
numbers of immune cells recruited into the lung by collecting
and analyzing bronchoalveolar lavage (BAL) fluid as an
indication of the severity of inflammation over time. Total
BAL cell counts were dramatically increased 7 days after CTO
challenge, with the highest count at day 10 (B10-fold),
indicating the peak of inflammation (Figure 4a). The total BAL
cell counts then started to decrease after day 10, indicating the
start of the resolution phase and continued to decrease until
reaching the basal level at day 21 following the initial challenge.
As neutrophilia is one of the most important indicators of
TH17-mediated responses, we also enumerated CD11bþ

Ly6Gþ neutrophils and found a similar trend to that of
the total BAL count, with a peak at day 10 and return to baseline
by day 21 after CTO challenge (Figure 4b and Supplementary
Figure S3a, b). Interestingly, the proportion of CD4þ T cells in
BAL fluid was retained at B40% until day 21 after CTO
challenge and the number of CD4þ T cells was also higher
in resolution phase compared with day 7 (Figure 4c and

Supplementary Figure S3c, d). Thus, the TH17-mediated acute
inflammation model used in our study shows that the transition
between inflammation and resolution phases occurs on day 10
following CTO challenge.

Cytokineproduction followingCTOchallenge. Next, we examined
cytokine levels in BAL fluid following CTO challenge by ELISA.
High levels of IFN-g, IL-6, and IL-17A were detected in BAL
fluid of the CTO-challenged group compared with saline-
treated control group, whereas IL-4 was not detected in either
group (Supplementary Figure S4a–d). Because IFN-g is a well-
known strong, negative regulator of lymphangiogenesis, we
performed all following experiments with IFN-g-knockout
(IFN-g-KO) mice as well to exclude the negative effects of IFN-
g in CTO-induced lung inflammation. In BAL fluid from IFN-
g-KO mice, higher levels of IL-6 and IL-17A, but not IFN-g,
were detected (Supplementary Figure S4e–h). To investigate
the major source of IL-17A in the CTO-induced lung
inflammation, we analyzed cytokine-producing immune
cells in BAL fluid. A large increase in IL-17A production
was detected in BAL fluid at 10 days after CTO challenge, and
we found that the majority of IL-17A was produced by CD4þ T
cells (B75.9%) while gdþ T (B17.8%) and CD8þ T cells
(B2.25%) also produce some IL-17A (Figure 4d, e and
Supplementary Figure S5). These results indicate that CD4þ

T cells are the major sources of this cytokine. Next, to compare

Figure 3 Inhibition of tube formation following IL-17A treatment. 4�104 of hLECs or mLECs were cultured on Matrigel for 24 h with or without 1mg/ml of
rhIL-17A or rmIL-17A, respectively. Representative images of tube formation with hLEC (a) or mLEC (f) were taken after 24 h and tube length (b, g), tube
area (c, h), number of junctions (d, i) and number of tubes (e, j) of hLEC or mLEC were measured by Image J. Scale bar¼100 mm. Each group, n¼4–6.
Data are representative of three experiments. *Po0.05, **Po0.01 versus control by non-parametric Mann–Whitney test.
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the dynamics of cytokine production between wild-type (WT)
and IFN-g-KO mice and confirm the source of IL-17A in the
lung after CTO administration, we performed intracellular
cytokine staining of lung cells (Figure 5a–e). In both WT and
IFN-g-KO mice, CD4þ T cells started producing IL-17A at 7
days after CTO challenge, and this production drastically
increased after re-stimulation with either OVA323–339 peptide or
PMA/Ionomycin, indicating that CTO administration
generates specific immune responses. Interestingly, CD4þ

T cells produced a considerable amount of IL-17A during
resolution phase as well as inflammation phase (Figure 5d, e).
Although IFN-g-producing CD4þ T cells were detected after
re-stimulation with PMA/Ionomycin in WT mice, no antigen-
specific responses were apparent (Figure 5b, c). The percentage
of IL-17A-producing CD4þ T cells was slightly elevated in
IFN-g-KO mice, which resulted from a well-known inhibitory
function of IFN-g on the differentiation of TH17 cells
(Figure 5d, e). We also examined IL-17A and IFN-g
production in secondary lymphoid organs. Although less,
we could detect IL-17A-producing CD4þ T cells after re-
stimulation with PMA/Ionomycin (Supplementary Figure
S6). Altogether, these data demonstrate that IL-17A is
predominantly produced by TH17 cells in CTO-induced
inflammation at the beginning of the resolution phase.

Dynamic LV formation and regression. As LVs are a potential
target of IL-17A during the resolution phase of inflammation,
we investigated the dynamics of lymphatic and blood vessels in
lungs after CTO challenge. To do this, we performed

immunohistochemistry with specific antibodies and showed
increased LV density (LVD) after CTO challenge, which was
maintained until day 10 after CTO administration. Also, we
found that many new and enlarged chaotic LVs formed around
tertiary bronchi in both WT and IFN-g-KO mice (Figure 5f).
This suggests immune cell extravasation from BVs or direct
secretion of VEGFs from epithelial cells. Moreover, these LVs
were strikingly remodeled by day 14, and most had disappeared
by day 21 (Figure 5g, h). As we described before, Prox-1 is the
most important transcription factor of LECs, thus we tried to
identify LVs by using IFN-g-KO-Prox-1-GFP mouse system.
Similar to VEGFR3 staining, we found dynamic lymphang-
iogenesis until day 10 and regression of LVs after day 10
(Supplementary Figure S7). In addition to immunohisto-
chemistry, we quantified the expression of Prox-1 mRNA in
lung tissues during CTO-induced inflammation. In agreement
with GFP expression in IFN-g-KO-Prox-1-GFP mice, we found
Prox-1 mRNA level was also upregulated after CTO challenge
and reduced after the peak of inflammation (Supplementary
Figure S8). On the other hand, no changes in BV density (BVD)
were observed in either WT or IFN-g-KO mice (Figure 5i , j).
Thus, CTO-induced lymphangiogenesis occurs during
inflammation and the increased LVD is reduced to baseline
during the resolution phase regardless of IFN-g signaling.

Blockade of IL-17A increases LVD and enhances lymphatic
function

Based on the above findings, we next examined the suppressive
effects of IL-17A on in vivo lymphangiogenesis by utilizing an

Figure 4 Accumulation of immune cells in BAL fluid after CTO administration. After CTO challenge, BAL fluid was collected from mice by washing their
lungs with PBS on indicated day. (a) Numbers of total immune cells in BAL fluid were counted. (b, c) Numbers of CD11bþLy6Gþ neutrophils (b) and
CD4þ T cells (c) were analyzed and quantified by FACS. Each group, n¼ 5. Data are representative of three experiments. *Po0.05, **Po0.01 versus
day 0 or day 7 by non-parametric Mann–Whitney test. (d, e) BAL fluid was obtained from CTO-challenged mice on day 10 and re-stimulated with PMA/
Ionomycin for 5 h. Intracellular cytokine staining was performed after stimulation and IL-17A-producing CD4þ T cells were analyzed and quantified by
FACS. Each group, n¼ 3. Data are representative of three experiments. **Po0.01 versus day 0 by non-parametric Mann–Whitney test.
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IL-17A-neutralizing antibody. As previously shown, CTO-
induced immune responses gradually diminished after day 10.
Therefore, we administered 25 mg of IL-17A blocking or isotype
control antibodies intratracheally daily from day 11 to 15, and
LVD was measured in the lung on day 16 by confocal
microscopy. The results show significantly increased LVD after
blockade of IL-17A (B1.64-fold) in the lung (Figure 6a, b), as
there was no difference in BVD (Figure 6a, c). In addition, we
checked LVD after blockade of IL-17A in IFN-g-KO-Prox-1-
GFP mice. Consistently, the results show increased Prox-1þ

LVD after inhibition of IL-17A (B2.38-fold) in the lung
(Figure 6d, e).

Lastly, we examined the function of LVs in the lung as
evaluated by antigen clearance after IL-17A neutralization. For
this, fluorescein isothiocyanate (FITC)-conjugated dextran
(FITC-dextran), which should be transported through LVs due
to its high-molecular weight (two million Daltons), was

administered intratracheally 1 day after the final administration
of IL-17A-neutralizing antibody. The total amount of remain-
ing FITC-dextran in the lung was quantified after 6 h with an
in vivo imaging system (IVIS). In agreement with the increase in
LVD, the remaining quantity of FITC-dextran was reduced
(B0.47-fold) in IL-17A-neutralizing antibody-treated mice
compared with the isotype antibody-treated group (Figure 7a,
b). Furthermore, we examined antigen transport from the lung
to mediastinal LN by intratracheal administration of red
fluorescence protein (RFP)-conjugated beads (RFP-bead) 1 day
after final administration of IL-17A-neutralizing antibody. The
number of RFP-beads in the mediastinal LN was increased
(B2.01-fold) compared with the control following IL-17A
blockade (Figure 7c, d). In addition, the LVD in the mediastinal
LN was elevated (B1.64-fold) in the IL-17A-neutralizing
antibody-treated group, which is consistent with the increased
number of RFP-bead (Figure 7c, e). Therefore, our results show
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Figure 5 Dynamics of IL-17A production by CD4þ T cells and lymphangiogenesis in CTO-induced lung inflammation. (a) Total lung cells from CTO-
challenged WT and IFN-g-KO mice were re-stimulated with OVA peptide or PMA/Ionomycin for 5 h. Intracellular cytokine staining was performed
following stimulation and analyzed by FACS. Representative flow cytometric plots pre-gated on CD4þ T cells were depicted. (b–e) Quantification of IFN-
g- or IL-17A-producing CD4þ T cells with OVA323–339 peptide (b, d), or PMA/Ionomycin stimulation (c, e). Each group, n¼3–5. Data are representative of
three experiments. *Po0.05, **Po0.01 versus day 0 by unpaired t-test. (f) LVs in lungs of CTO-challenged WT and IFN-g-KO mice were stained with
specific antibodies and imaged by confocal microscopy. (g–j) LVD (g, h) and BVD (i, j) were quantified by Image J. Scale bar¼500 mm. Each group, n¼ 5.
Data are representative of three experiments. *Po0.05 versus day 0 by non-parametric Mann–Whitney test.

ARTICLES

MucosalImmunology | VOLUME 11 NUMBER 3 |MAY 2018 595



that blockade of IL-17A increases LV formation and improves
their function in vivo.

DISCUSSION

In this study, we demonstrate that IL-17A produced by TH17
cells negatively regulates LV formation. Further, we show the
suppressive effects of IL-17A on the expression of major
lymphatic markers in LECs and on in vitro lymphangiogenesis.
Particularly, our data prove that IL-17A directly regulates LECs
and lymphangiogenesis through its cognate receptor. Further-
more, by investigating CTO-induced acute lung inflammation,
which is modulated by TH17 cells, we assessed the inhibitory
effects of an IL-17A-neutralizing antibody. Through these
studies, we confirmed that IL-17A negatively regulates
lymphangiogenesis during the resolution phase of inflamma-
tion, and blockade of IL-17A increases the density of LV and
enhances lymphatic function.

The lymphatic system is one of the essential elements of the
immune system and functions in the transport of immune cells
and antigens, thus mediating adaptive immune responses
through recognition of specific antigens.1,3 Inflammation-
induced increment and enlargement of LVs accelerate the

migration of antigens and effector cells, but these structures
rapidly regress as inflammatory responses subside.2 To date,
several cytokines from TH cells, such as IFN-g produced by TH1
cells,15 and IL-4 and IL-13 produced by TH2 cells,16 have been
shown to inhibit LV formation during immune responses.
Here, we show that blockade of IL-17A with a specific antibody
not only increases LVD but also enhances LV function in the
lung during the resolution phase of TH17-mediated inflam-
mation. These results indicate that IL-17A negatively regulates
LV formation during the resolution of inflammation, support-
ing a reduction in the immune response. In addition to its well-
known inflammatory function, we propose that IL-17A has a
role in negative regulation of LVs for immune resolution and
maintenance of homeostasis.

Many cytokines from CD4þ TH effector cells have been
broadly studied for their roles in immune cell activation and
regulation.29 In pathological conditions, pro-inflammatory
cytokines stimulate innate immune cells and modulate immune
responses. For example, IFN-g activates macrophages and
induces direct antimicrobial and antitumor functions in
addition to antigen processing and presentation.30 Likewise,
IL-4 and IL-13 mediate allergic inflammatory responses by

Figure 6 Increased LVD after anti-IL-17A treatment. (a) CTO-challenged IFN-g-KO mice were treated with anti-IL-17A antibody or isotype control
antibody intratracheally on day 11–15. Lungs were dissected on day 16, stained with specific antibodies and imaged by confocal microscopy. (b, c) LVD
(b) and BVD (c) were quantified by Image J. Scale bar¼1 mm. Each group, n¼5. (d) CTO-challenged IFN-g-KO-Prox-1-GFP mice were treated with
anti-IL-17A antibody or isotype control antibody intratracheally on day 11–15. Lungs were dissected on day 16, stained with specific antibodies and
imaged by confocal microscopy. (e) LVD was quantified by Image J. Scale bar¼ 200 mm. Each group, n¼5. Data are representative of two experiments.
*Po0.05 versus isotype control treatment (Iso) by the non-parametric Mann–Whitney test.
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modulating airway hyper-responsiveness and eosinophil
recruitment.31–33 Transforming growth factor (TGF)-b which
is a prototypical cytokine produced by regulatory T (Treg) cells
control inflammation response.34 However, the identification
of novel functions of these cytokines in negatively regulating
lymphangiogenesis during inflammation implies that they play
important roles not only in inflammation but also in its
resolution and homeostasis.15–17 IL-17A, another well-known
pro-inflammatory cytokine secreted from TH17 cells, mediates
immunity against fungus and extracellular bacterial infections
as well as autoimmune diseases.35 Moreover, IL-17A promotes
expression of chemokines in non-immune cells, recruitment of
innate immune cells, and the phagocytic function of neu-
trophils.36,37 In this study, we demonstrate a previously
unknown, important function of IL-17A, which is the negative
regulation of lymphangiogenesis and the maintenance of
homeostasis during CTO-induced inflammation. We found

that the majority of IL-17A was produced by TH17 cells during
CTO-induced lung inflammation, but other populations (gdþ

T and CD8þ T cells) also secrete a little IL-17A. Following
intranasal CTO administration, there was no remarkable
increase in the number of immune cells, especially neutrophils,
recruited into the BAL fluid of IL-17A KO mice compared with
WT mice (Supplementary Figure S9), suggesting that IL-17A
plays a critical role in mediating inflammatory responses as
previously reported. However, more importantly, our results
show that IL-17A is required for LV remodeling in order to
maintain homeostasis through the reduction of immune
responses. Therefore, IL-17A is necessary for both initiation
and resolving immune responses.

Previously, Chauhan et al.38 reported that IL-17A promotes
the production of VEGFs from corneal epithelial cells, thus
enhancing lymphangiogenesis in the chronic dry eye disease
(DED) model. Although this study showed IL-17A induced

Figure 7 Enhanced LV function by anti-IL-17A blockade. (a) After CTO challenge and anti-IL-17A antibody or isotype control antibody treatment, 1 mg
of FITC-dextran was administered intratracheally on day 16. The amount of remaining FITC-dextran in the lung was quantified after 6 h by IVIS Lumina
Imaging System. (b) The total flux of FITC-dextran was quantified. Each group, n¼ 5. Data are representative of three experiments. *Po0.05 versus Iso
by the non-parametric Mann–Whitney test. (c) 5� 107 of RFP-conjugated beads were administered intratracheally on day 15 following last antibody
treatment. LNs were dissected on day 16. RFP-bead area (d) and LVD (e) were quantified by Image J. Scale bar¼ 200 mm. Each group, n¼ 5. Data are
representative of two experiments. *Po0.05, **Po0.01 versus Iso by non-parametric Mann–Whitney test.
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increases in both the VEGF mRNA and protein levels,
they failed to show any direct effects of IL-17A on lymphan-
giogenesis. Furthermore, several inflammatory cytokines are
known to induce VEGF production indirectly from other types
of cells. For example, IFN-g, IL-4, and IL-17A induce VEGF-C
secretion in epithelial cells after allergen stimulation.39 IFN-g
also activates DCs and induces biologically active VEGF-C
production resulting in inflammation-associated lymphangio-
genesis.40 However, we and others showed that LECs express
receptors not only for growth factors such as VEGFs but also for
inflammatory cytokines.1,20 Moreover, they directly respond to
these growth factors and cytokines during development and
inflammation.15,16 Here we demonstrate that IL-17A directly
regulates expression of major lymphatic markers in LECs and
inhibits lymphangiogenesis both in vitro and in vivo.

IL-17A binds to IL-17R complex and activates Act1-Traf6
pathway resulting in the activation of classical NF-kB
signaling.21 Here we showed that IL-17A suppressed the
expression of major lymphatic markers such as Prox-1 and
LYVE-1 in mRNA and protein levels. In addition, we
discovered that negative regulation of Prox-1 and LYVE-1
was induced via Traf6 dependent signaling pathway by using a
specific inhibitor peptide. Although Prox-1 expression was
partially recovered, LYVE-1 expression was rescued almost
completely. As it is known that the expression of LYVE-1 is
induced by Prox-1 expression,27 we assumed that the restora-
tion of LYVE-1 expression was caused by increased expression
of Prox-1. Thus, we suggest IL-17A-Traf6 signaling pathway as
a novel regulator of Prox-1. Nonetheless, there is a possibility
that IL-17A also acts indirectly on LECs since we did not use
LEC-specific IL-17R-deficient mouse model.

In this study, we shed light upon the relationship between
inflammatory cytokines and the regression of LVs during the
resolution phase of inflammation. Chronic inflammation is
known to result from a failure of resolution, and this is often
associated with abundant lymphangiogenic growth factor
production and enhanced lymphangiogenesis.41,42 Indeed,
the LV area was increased while IL-17A and IFN-g mRNAs
were found to be decreased in chronic DED compared with
acute DED,43 suggesting that IL-17A functions in a context-
dependent manner. Recently, LVs have been considered to have
a critical role in the induction of not only adaptive immune
responses but also chronic inflammation.42 In this report, we
showed that blockade of IL-17A leads to increased LVD in
lungs and LNs during the resolution phase of lung inflamma-
tion presumably enhancing lymph fluid drainage from
infection sites to draining LNs. Although we injected anti-
IL-17A antibody intratracheally for IL-17A neutralization, the
role of systemic administration of anti-IL-17A antibody needs
to elucidate. Nonetheless, we found increased antigen clearance
and transport following blockade of IL-17A, suggesting that
IL-17A blockade could bring about continuous antigen influx
from sites of infection resulting in chronic inflammation.

In conclusion, we demonstrate the role of IL-17A as a
negative regulator of lymphangiogenesis and show that it
participates in the management of LV formation during TH17

responses. We also discovered dual functions of IL-17A in
immune responses, in that it not only amplifies inflammation
but also inhibits lymphangiogenesis and contributes to the
remodeling of LVs during the resolution phase. Collectively
with previous findings, we show that subsets of CD4þ TH cells
have their own methods of regulating LV formation during the
resolution phase and that the cytokines they secrete support the
resolution of inflammation and maintenance of homeostasis.

METHODS

Mice. Specific pathogen-free C57BL/6J WT and IFN-g KO mice were
purchased from Jackson Laboratory (Bar Harbor, ME) and bred in our
pathogen-free animal facilities. Prox-1-GFP BAC transgenic was
described previously.44 Male mice, 8–10 weeks old, were used for this
study. Animal care and experimental procedures were performed
under approval from the Animal Care Committees of KAIST
(KA2015-25).

Reagents. For a generation of acute TH17 inflammation in the lung, a
single injection of cholera toxin (CT, 2 mg/mouse; List Biological
Laboratories, Campbell, CA, USA) mixed with OVA323–339 peptide
(40 mg/mouse; Peptron, Daejeon, Korea) in PBS (CTO) was admi-
nistered intranasally. For neutralization of IL-17A, anti-IL-17A
antibody (TC11-18H10), or isotype control antibody (BD biosciences,
San Diego, CA, USA) were administrated intratracheally on indicated
days. For antigen clearance experiments, 1 mg of FITC-conjugated
dextran (2 million Daltons; Sigma-Aldrich, St Louis, MO, USA) and
5� 107 of RFP-conjugated beads (Molecular Probes, Eugene, OR)
were administrated intratracheally on indicated days.

Histological analyses. These analyses were done as previously
described.15 On the indicated days, mice were anesthetized by
intraperitoneal injection of pentobarbital sodium (60 mg/kg, Hanlim
Pharma Co., Seoul, Korea). Lungs were dissected, fixed, dehydrated,
and embedded in tissue freezing medium (Leica, Wetzlar, Germany)
and sectioned. Sections were blocked with 5% donkey serum in PBST
(0.03% Triton X-100 in PBS) for 1 h and incubated overnight at 4 1C
with the following primary antibodies: anti-Prox-1 (rabbit polyclonal,
ReliaTech GmbH, Wolfenbuttel, Germany), anti-LYVE-1 (11-034,
rabbit monoclonal, AngioBio, Lake Placid, NY, New York), anti-
VEGFR3 (goat polyclonal, R&D Systems, Minneapolis, MN, USA),
anti-CD31 (2H8, hamster monoclonal, Millipore, Billerica, MA, USA),
anti-CD3e (145-2C11, hamster monoclonal, BD biosciences), and
anti-B220 (RA3-6B2, rat monoclonal, BD biosciences). After washing,
the samples were incubated for 2 h at room temperature (RT) with the
following secondary antibodies: Cy3-conjugated anti-goat IgG, Cy3-
or Cy5-conjugated anti-hamster IgG and Cy5-conjugated anti-rat IgG
(Jackson ImmunoResearch, West Grove, PA, USA). Nuclei were
stained with 40,6-diamidino-2-phenylindole (DAPI, Invitrogen,
Grand Island, NY, New York). After incubation, the samples were
mounted in fluorescent mounting medium (DAKO, Glostrup,
Denmark) and immunofluorescent images were acquired using a Zeiss
LSM780 confocal fluorescence microscope (Carl Zeiss, Oberkochen,
Germany). Morphometric measurements of LVs were made by
photographic analysis using Image J software (http://rsb.inifo.nih.gov/
ij). LV or BV density was measured in 3–4 mice per group by cal-
culating the total sectioned area density of VEGFR3þ , Prox-1þ , or
CD31þ vessel structures on digital fluorescence images using
empirically determined threshold values. Values were obtained per
millimeter square and expressed as relative densities.

Human LEC culture and reagent treatment. Human LECs were
purchased from Sciencell (Cat# 2500, Carlsbad, CA, USA) and grown
on a 0.1% gelatin-coated plate in 2% fetal bovine serum (FBS)-
containing endothelial cell basal medium-2 supplemented with growth
factors (Lonza, Verviers, Belgium) at 37 1C. 80–90% confluent LECs
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(passaged fewer than eight times) were used for all experiments.
Recombinant human IL-17A, recombinant mouse IL-17A, recom-
binant human IFN-g (eBiosciences, San Diego, CA, USA), recom-
binant human IL-22 (Peprotech, Rocky Hill, NJ, USA) or Traf6
inhibitor peptide (NovusBio, Littleton, CO, USA) were added to the
complete media at indicated time points.

Purification of LECs from mouse LNs. Briefly, LNs were dissected
and digested in 10 ml of enzyme mixture containing 0.2 mg/ml type-II
collagenase, 0.1 mg/ml DNAse I (Worthington Biochem, Freehold, NJ,
USA) and 0.8 mg/ml dispase (Gibco, Grand Island, NY, New York) at
37 1C for 1 h. Tissues were gently agitated and pipetted during
digestion to disrupt any cell clumps. When LNs were completely
digested, cell suspensions were filtered through a 40 mm nylon cell
strainer and cultured. After 4–5 days, cells were sorted by flow
cytometry (FACS Aria II, BD Biosciences).

LEC tube formation assay. Tube formation assay was done as
previously described.16 rhIL-17A or rmIL-17A (1mg/ml) was added at
the indicated time after seeding of 4� 104 hLECs or mLECs. Tube
length, tube area, the number of junctions, and tubes were measured
and quantified at the indicated time points.

Quantitative real-time PCR. Total RNA was extracted from cultured
LECs using the total RNA purification kit and cDNA was synthesized
using the first strand cDNA synthesis kit (Bioassay Systems, Hayward,
CA, USA). Quantitative RT-PCR was performed with the indicated
primers using qPCR-Kit (Bioassay Systems) in an iCycler (Bio-Rad,
Hercules, CA, USA) equipped with iQTM5 (Bio-Rad). RT-PCR data
were analyzed using the Bio-Rad iQTM5 Optical System Software
(Bio-Rad). The average threshold cycle (Ct) was determined from
triplicate reactions and levels of gene expression relative to b-actin
were determined. The following primers were used: hLYVE-1 50-GC
AAGGACCAAGTTGAAACAGCCT TG-30 (forward), 50-CTGGAA
TGCACGAGTTAGTCCAAGTA-30 (reverse), hProx-1 50-GCTCC
AATATGCTGAAGACC-30 (forward), 50-ATCGTTGATGGCTTGA
CGTG-30 (reverse), hb-actin 50-CTTCTACAATGAGCTGCGTGTG
GCTC-30 (forward), 50-GTACATGGCTGGGGTGTTGAAGGTC-30

(reverse), mProx-1 50-CAATCACTTGAAAAAGGCAAAAC-30

(forward), 50-AAATTGCTGAACCACTTGATGAG-30 (reverse),
mb-actin 50-GCTCTTTTCCAGCCTTCCTT-30 (forward), 50-CTTC
TGCATCCTGTCAGCAA-30 (reverse).

Surface staining, intracellular cytokine staining, and flow cyto-

metric analysis. Lungs, spleens, and LNs were collected and gently
pulverized against a 40 mm nylon cell strainer into FACS buffer
(HBSSþ 2% FBS). Cells were stained at 4 1C with one or more of the
following antibodies: FITC-conjugated anti-mouse B220 (RA3-6B2),
FITC-conjugated anti-mouse CD11b (M1/70), APC-conjugated anti-
mouse Ly6G (R86-8C5), APC-Cy7-conjugated anti-mouse CD8 (53–
6.7) (eBiosciences), V450-conjugated anti-mouse CD3e (500A2), PE-
Cy7-conjugated anti-mouse CD4 (RM4-5) (BD biosciences), FITC-
conjugated anti-mouse IL-17RC (AAH04759), or FITC-conjugated
goat IgG isotype control (R&D Systems). For intracellular cytokine
staining, cells were re-stimulated with a PMA (50 ng/ml) and
ionomycin (500 ng/ml) mixture or OVA323–339 peptide for 5 h at 37 1C
in the presence of Brefeldin A (10 mg/ml). Cells were treated with Fix-
Perm and Perm-Wash solutions (eBiosciences) and then stained with
cytokine antibodies: FTIC-conjugated anti-mouse IFN-g (XMG1.2),
FITC-conjugated rat IgG1k isotype control, APC-conjugated anti-
mouse IFN-g (XMG1.2), APC-conjugated rat IgG1k isotype control
(BD Biosciences), Alexa Fluor 700-conjugated anti-mouse IL-17A
(TC11-18H10.1), Alexa Fluor 700-conjugated rat IgG1k isotype
control (BioLegend, San Diego, CA, USA), APC-conjugated anti-
mouse IL-17A (eBio17B7), or APC-conjugated IgG2ak isotype control
(eBiosciences). Cells were analyzed by flow cytometry (MACSQuant
Analyzer 10, Miltenyi Biotec, Bergisch Gladbach, Germany or FACS
Aria II, BD biosciences). Dead cells were excluded by staining with the

Fixable Viability Dye eFluor 506 (eBiosciences) before surface
staining. Data were analyzed using FlowJo software (Tree Star,
Ashland, OR).

Statistical analyses. Data are presented as mean±s.e.m. P-values
were calculated using unpaired Student’s t-test or non-parametric
Mann–Whitney test, and are indicated with *(Po0.05), **(Po0.01),
#(Po0.05). All analyses were performed using GraphPad Prism
Software V. 6.0 for Windows (GraphPad Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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