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ARTICLE

CXCL12+ dermal fibroblasts promote neutrophil
recruitment and host defense by recognition of IL-17
Kellen J. Cavagnero1, Fengwu Li1, Tatsuya Dokoshi1, Teruaki Nakatsuji1, Alan M. O’Neill1, Carlos Aguilera1, Edward Liu1, Michael Shia1,
Olive Osuoji1, Tissa Hata1, and Richard L. Gallo1

The skin provides an essential barrier for host defense through rapid action of multiple resident and recruited cell types, but
the complex communication network governing these processes is incompletely understood. To define these cell–cell
interactions more clearly, we performed an unbiased network analysis of mouse skin during invasive S. aureus infection and
revealed a dominant role for CXCL12+ fibroblast subsets in neutrophil communication. These subsets predominantly reside in
the reticular dermis, express adipocyte lineage markers, detect IL-17 and TNFα, and promote robust neutrophil recruitment
through NFKBIZ-dependent release of CXCR2 ligands and CXCL12. Targeted deletion of Il17ra in mouse fibroblasts resulted in
greatly reduced neutrophil recruitment and increased infection by S. aureus. Analogous human CXCL12+ fibroblast subsets
abundantly express neutrophil chemotactic factors in psoriatic skin that are subsequently decreased upon therapeutic
targeting of IL-17. These findings show that CXCL12+ dermal immune acting fibroblast subsets play a critical role in
cutaneous neutrophil recruitment and host defense.

Introduction
Acute injury or infection of barrier tissues such as the skin is
typically characterized by the rapid recruitment of neutrophils
and type 17 inflammatory response. Neutrophil recruitment is
essential for host defense against Staphylococcus aureus (Mölne
et al., 2000), a fact that is underscored by decades of observation
of neutropenic patients at heightened risk of infection and se-
vere disease (González-Barca et al., 2001; Bouma et al., 2010).
Current models suggest that innate immune detection of S. au-
reus through pattern recognition receptors such as TLRs drives
the expression of growth factors and chemokines including
G-CSF, chemokine (C-X-C motif) ligand 1 (CXCL1), CXCL5, and
CXCL8 (IL-8) that recruit neutrophils to the skin from the blood
and bone marrow (Fournier and Philpott, 2005; Metzemaekers
et al., 2020). Upon arrival, neutrophils directly kill S. aureus
through several mechanisms including phagocytosis and the
release of reactive oxygen species, antimicrobial peptides, and
extracellular traps (Lehman and Segal, 2020).

Tissue-resident cells including epithelial keratinocytes and
dendritic, lymphoid, and myeloid cell types also participate in
defense against S. aureus. Keratinocytes have been the primary
focus of most studies as these cells compose the outer layer of
the epidermis and are a critical physical barrier. Keratinocytes
detect S. aureus through the expression of functional pattern
recognition and cytokine receptors. Following detection of

S. aureus, the epidermis produces neutrophil chemokines and
multiple antimicrobial peptides (Schauber and Gallo, 2009), and
conditional knockout mice have demonstrated a significant role
for keratinocytes in neutrophil recruitment and host defense
(Moos et al., 2019, 2023). Decades of in vitro observations have
hinted that fibroblasts)—cells appreciated largely for their role
in supporting tissue architecture and scar formation—may also
contribute to innate immune defense (Davidson et al., 2021;
Cavagnero and Gallo, 2022). Indeed, in 2015, a preadipocyte
subset of dermal fibroblasts was shown to be triggered by in-
vasive S. aureus infection to develop into adipocytes and express
the antimicrobial peptide cathelicidin (also known in humans as
LL-37 and encoded by CAMP) (Zhang et al., 2015), a potent an-
timicrobial and immune regulating peptide required for defense
against invasive infections (Nizet et al., 2001). Nevertheless, a
significant role in skin neutrophilia and host defense for
dermal fibroblasts—as a whole or any subset—has not been
demonstrated.

To understand the cell–cell interactions underlying skin in-
flammation and host defense more clearly, we leveraged single-
cell RNA sequencing (scRNA-Seq) and unbiased network
analysis of skin during S. aureus infection in mice and other
models of skin neutrophilic inflammation in mice and humans.
Our work revealed that CXCL12+ dermal fibroblast subsets are
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major mediators of neutrophil recruitment to the skin and play
an important role in host defense through their recognition of
IL-17 and TNF. These findings uncover a critical and previously
unappreciated role for dermal fibroblasts to coordinate cuta-
neous inflammation and host defense.

Results
CXCL12+ subsets of dermal fibroblasts communicate with
neutrophils during infection by S. aureus
To better understand the host defense response of the skin
against S. aureus infection, we performed droplet-based scRNA-
Seq and unbiased network analysis of mouse back skin 1 day
after intradermal (i.d.) infection with methicillin-resistant S.
aureus (MRSA) (Fig. 1 A). Major cell lineages recovered were
clustered and identified based on marker genes as fibroblasts,
keratinocytes, myeloid cells, lymphoid cells, endothelial cells,
mural cells, melanocytes, Schwann cells, and skeletal muscle
cells (Fig. 1 B and Fig. S1 A). As expected, myeloid cells, a lineage
that includes neutrophils, increased in frequency following in-
fection (Fig. 1 C). Network analysis using CellChat (Jin et al.,
2021) revealed that the dominant communication input mye-
loid cells received was sent from fibroblasts (Fig. 1 D). This ob-
servation differed from current models of early skin defense
against S. aureus that have focused the greatest attention on
signals between epithelial keratinocytes and myeloid cells
(Miller and Cho, 2011; Moos et al., 2023).

To identify mediators used by dermal fibroblasts to com-
municate with myeloid cells, we next performed differential
expression analysis on fibroblasts and identified upregulated
genes during infection including neutrophil chemokines (Cxcl1,
Cxcl2, Cxcl3, Cxcl5, and Cxcl12), neutrophil growth factors (Csf3),
pro-neutrophilic cytokines (Il33 and Il6), and other host defense
genes with potential roles in neutrophil recruitment (Lcn2, Mif,
and C3) (Fig. 1 E) (Capucetti et al., 2020; Shao et al., 2016; Stark
et al., 2013; Zheng et al., 2021; Enoksson et al., 2013; Rose-John
et al., 2017; Mehta and Corey, 2021). Gene set enrichment
analysis (GSEA) of the differentially expressed genes (DEGs) in
dermal fibroblasts showed that IL-17 signaling was a highly
upregulated pathway during infection (Fig. 1 F). Fibroblast ex-
pression of IL-17 signaling and Cxcl1, Cxcl5, Cxcl12, Lcn2, and Il17ra
was greater than other cell types (Fig. 1 G).

Time-course analysis of neutrophil chemokines by quanti-
tative PCR (qPCR) and GR-1 by immunofluorescence (marks
predominantly neutrophils; Hestdal et al., 1991; Boehme et al.,
2009) demonstrated that Cxcl1, Cxcl5, and neutrophils increased
in the skin as early as 3 h after infection, and Cxcl12, which had
high baseline expression, increased within 24 h (Fig. 1 H and Fig.
S1 B). Neutrophil levels peaked shortly after Cxcl1 and Cxcl5 and
shortly before Cxcl12. After 2 days, Cxcl1, Cxcl5, Cxcl12, and neu-
trophil levels declined and reached baseline levels by day 10.
These results suggest that fibroblast Cxcl1 and Cxcl5 may be
important for early neutrophil recruitment and fibroblast Cxcl12
for late neutrophil recruitment and retention.

Dermal fibroblasts are becoming appreciated as heteroge-
neous and multifunctional (Cavagnero and Gallo, 2022).
To understand which fibroblast subsets communicate with

neutrophils, we next interrogated the fibroblast subpopulations
in our dataset using unsupervised clustering. This analysis
identified 11 clusters of fibroblasts (FBs) with distinct expression
of marker genes (Fig. 1 I and Fig. S1 C). Clusters FB1, FB3–FB6,
and FB10 increased in frequency during infection, while FB2,
FB7–FB9, and FB11 decreased (Fig. S1 D). Plotting expression of
known markers for papillary, reticular, adipocyte lineage, and
myofibroblast subsets (Table S1) identified FB1–FB7 as reticular
and adipocyte lineage clusters and FB8–FB11 as papillary and
myofibroblast clusters (Fig. 1 J). Unbiased differential expression,
pathway, and network analyses confirmed this finding and re-
vealed functions of reticular and adipocyte lineage cells in rec-
ognition of IL-17 and host defense (i.e., “positive regulation of
defense response” and “neutrophil migration”) and papillary and
myofibroblasts in matrix production (“skin development”)
(Fig. 1, K and L; and Fig. S1 E). Indeed, expression of neutrophil
chemokines Cxcl1, Cxcl2, Cxcl3, Cxcl5, and Cxcl12 was enriched in
FB1–FB7 (Fig. 1 M). Notably, clusters within FB1–FB7 expressed
unique profiles of neutrophil chemokines. For example, Cxcl12was
broadly expressed by FB1–FB7, whereas Cxcl5 was observed pri-
marily in FB1. To characterize neutrophil recruiting fibroblast
subsets more precisely, we classified dermal fibroblasts during S.
aureus infection as neutrophil chemokine+ (defined as expressing
Cxcl1, Cxcl2, Cxcl3, Cxcl5, or Cxcl12) or neutrophil chemokine− (de-
fined as lacking Cxcl1, Cxcl2, Cxcl3, Cxcl5, and Cxcl12 expression) and
found that 84% of neutrophil chemokine+ cells belonged to re-
ticular and adipocyte lineage clusters FB1–FB7 and 16% belonged to
papillary and myofibroblasts clusters FB8–FB11 (Fig. S1, F and G).
Differential expression analysis comparing neutrophil chemo-
kine+ and neutrophil chemokine− fibroblasts indicated that Cxcl12
was a highly sensitive and specific marker of neutrophil chemo-
kine+ fibroblasts (Fig. 1, N and O). Confocal microscopy confirmed
that CXCL1 and CXCL12 were expressed by fibroblasts in the
dermis after S. aureus infection, with more staining of fibroblasts
in the deeper reticular dermis and in the perifollicular regions
than fibroblasts located in the upper papillary dermis (Fig. 1 P).

To determine whether deep dermal fibroblast involvement
was driven by i.d. challenge, we analyzed scRNA-Seq data from
mice following epicutaneous S. aureus infection (Nakatsuji et al.,
2023). This analysis revealed that, of all skin cell lineages, subsets
of dermal fibroblasts expressed the highest levels of neutrophil
chemokines (Fig. S1 H), with 75% of neutrophil chemokine+ fi-
broblasts belonging to clusters marked by reticular and adipocyte
lineage genes (Fig. S1, I–N). Neutrophil chemokine+ fibroblasts
during topical infection shared many markers with neutrophil
chemokine+ fibroblasts during i.d. infection, including Cxcl12 (Fig.
S1, O and P).

Taken together, these results suggest that CXCL12+ fibroblast
subsets, largely found in the lower dermis, are poised to produce
chemokines, growth factors, and cytokines to recruit and acti-
vate neutrophils in response to S. aureus infection and that this
response could be triggered by IL-17.

Host defense response by CXCL12+ adipocyte lineage
fibroblasts is activated by IL-17 and TNF
Having identified adipocyte lineage genes enriched in CXCL12+
dermal fibroblast subsets, we next directly tested function
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Figure 1. Skin response to S. aureus infection reveals IL-17–mediated CXCL12+ dermal fibroblast–neutrophil communication. (A) S. aureus (USA300
LAC strain) i.d. infection model. (A–G and I–O) scRNA-Seq of back skin. Data were obtained from samples pooled from N = 4 mice independently treated in
each group. (B) Dimensionality reduction colored by cell type in control (vehicle) and infected mice. (C) Proportion of each cell type in control and infected
mice. (D) Network analysis showing communication toward myeloid cells (left) and from fibroblast (right). Edge weight is proportional to communication
strength. Edge and node color indicates communication source. (E) DEGs in fibroblast during infection using Wilcoxon Rank Sum test. Log2 fold-change and P
value (adjusted) cut-offs are 0.5 and 0.05, respectively. (F) GSEA of fibroblasts using Kyoto encyclopedia of genes and genomes (KEGG) and gene ontology (GO)
databases. (G) Expression of IL-17 signaling score and specific genes related to IL-17 signaling across cell types. (H) Gene expression by qPCR over time
following S. aureus infection using bulk skin samples. Data are means ± SEM and representative of two independent experiments with N = 3 mice. (I) Fibroblast
dimensionality reduction colored by cluster. The dashed line separates FB1–FB7 and FB8–FB11. (J) Expression of fibroblast subset markers across clusters.
Boxes highlight high expression of reticular and adipocyte lineage genes in FB1–FB7 and high expression of papillary and myofibroblast genes in FB8–FB11.
(K) GO term analysis comparing FB1–FB7 and FB8–FB11. (L) Network analysis showing outgoing communication from FB1–FB7 and FB8–FB11 toward
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in vitro with the murine preadipocyte fibroblast cell line 3T3-L1.
These cells were chosen because they can be induced in vitro to
undergo fat-cell differentiation and express adipocyte lineage
markers like the dermal fibroblast subsets observed in vivo
(Fig. 1, J and K). To first test if IL-17–producing cells could acti-
vate preadipocyte fibroblasts, conditioned media (CM) from T
helper 17 (Th17) cells generated in culture was added to 3T3-L1s
(Fig. 2 A). Th17 CM induced expression of neutrophil chemokine
Cxcl1 and antimicrobial Lcn2 in 3T3-L1s and a role for IL-17 from
these T cells was confirmed by the addition of neutralizing an-
tibodies against IL-17A (Fig. 2 B). Stimulation of 3T3-L1s with
recombinant IL-17A was also sufficient to induce low levels of
neutrophil chemokine and antimicrobial expression (Fig. 2 C).
These observations in 3T3-L1 cells were consistent with prior
reports using mixed primary dermal fibroblasts (Fossiez et al.,
1996; Ha et al., 2014) and supported our findings that adipocyte
lineage subsets within the heterogenous dermal fibroblast pop-
ulations can respond to IL-17 by production of chemotactic and
antimicrobial factors.

In addition to the expression of IL-17 in the skin, invasion by
S. aureus promotes the expression of several other inflammatory
host defense genes and exposes dermal fibroblasts to bacterial
products including TLR ligands. Therefore, we next screened
several purified TLR ligands and recombinant proinflammatory
cytokines to identify additional potential triggers of CXCL12+
fibroblast subsets. This screen revealed that TNFα, IL-1β, and
ligands for TLR1/2, TLR2/6, and TLR4 induced 3T3-L1 to express
neutrophil chemokines and antimicrobials (Fig. 2 C and Fig. S2
A). Since IL-17A can potentiate the effect of several innate im-
mune stimuli (McGeachy et al., 2019; Li et al., 2019), we next
tested the response to IL-1β, TNFα, and MALP-2 (a TLR2/6 lig-
and) in the presence and absence of IL-17A. IL-17A robustly
synergized with TNFα to drive 3T3-L1 expression of Cxcl1 and
Lcn2 (Fig. 2 C). IL-17F, which binds to the same receptor as IL-
17A, also potentiated TNF-induced activation but was less potent
than IL-17A (Fig. S2 B). siRNA knockdown of Tnfrsf1a indicated
that the preadipocyte Lcn2 response to TNFα was TNFR1 de-
pendent (Fig. S2 C). The synergistic effect of IL-17A and TNFα
was also observed in primary mouse dermal fibroblasts (MDFBs)
(Fig. S2 D), and the use of MDFBs isolated from Tnfrsf1a−/− mice
eliminated synergy but did not eliminate the Lcn2 response to IL-
17A (Fig. S2 E). We also tested whether other cytokines produced
by Th17 cells were sufficient to induce Lcn2 expression. IL-22 had
no effect alone and did not synergize with IL-17A; IFNγ had no
effect alone and synergized with IL-17A but to a lesser extent
than TNFα (Fig. S2 D).

We next performed an unbiased investigation into the effect
of IL-17A and TNFα on 3T3-L1 using bulk RNA-Seq. The effect of
these proinflammatory cytokines was compared with the re-
sponse when these preadipocyte fibroblasts were stimulated to

undergo adipogenesis, which we previously showed induced the
expression of Camp, an antimicrobial peptide and inflammatory
mediator (Zhang et al., 2015). IL-17A and TNFα induced broad
transcriptional changes that were different than those induced
during adipogenesis (Fig. 2 D). IL-17A alone did not induce major
differences in gene expression compared with TNFα (36 versus
885 DEGs), though it potentiated TNF-induced gene expression
and drove expression of genes induced by neither cytokine alone
(Fig. 2 D). Genes upregulated by IL-17A and TNFα were consis-
tent with NF-κB signaling, neutrophil migration, and host de-
fense including Nfkbiz, Cxcl1, Cxcl5, Cxcl12, Camp, Lcn2, C3, Mif,
and Csf3 (Fig. 2, E and F). Similar results were observed in
MDFBs and human subcutaneous preadipocyte (HPAD) fibro-
blasts after the addition of IL-17A and TNFα (Fig. 2 G and Fig. S2,
F–I).

To further understand the effect of IL-17A and TNFα on
CXCL12+ dermal fibroblasts, we probed 3T3-L1 preadipocyte fi-
broblast CM using a multiplex immunoassay. Secretion of 12 out
of 13 chemokines assayed, including neutrophil chemokines
CXCL1 and CXCL5, was synergistically induced by IL-17A and
TNFα (Fig. 2 H). Importantly, CXCL12 was highly expressed at
baseline—confirming the identity of this cell line as CXCL12+
adipocyte lineage—and induced by IL-17A and TNFα (Fig. 2 I).
Western blot of 3T3-L1 CM showed that lipocalin 2 (LCN2) se-
cretion was elicited potently by combined treatment with IL-17A
and TNFα and moderately by adipogenesis (Fig. 2 J). Protein
expression of CXCL1, CXCL12, CRAMP, and LCN2 was also ob-
served by flow cytometry and immunostaining of 3T3-L1s and
MDFBs (Fig. 2, K–M; and Fig. S2, J–K), and protein secretion of
CXCL8 was observed by ELISA of HPAD CM (Fig. S2 L). Inter-
estingly, IL-17 increased both CXCL1 secretion (Fig. 2 H) and
intracellular CXCL1 expression when secretion was inhibited
(Fig. 2 K) but decreased intracellular CXCL1 expression when
secretion was not inhibited (Fig. 2 L), suggesting that IL-17
may activate machinery for secretion of translated neutrophil
chemokines.

We next investigated the signaling pathways activated in
CXCL12+ adipocyte lineage fibroblasts by IL-17A and TNFα. Most
studies investigating the mechanisms underlying synergistic
activation by IL-17A and TNFα have utilized epithelial cells and
osteoblasts (Karlsen et al., 2010). These prior studies demon-
strated that TNFα-induced NF-κB signaling drives transcription
of primary response genes including proinflammatory cytokines
and the NF-κB cofactor NFKBIZ, and that IL-17A signaling acti-
vates RNA binding proteins to promote the stabilization of the
TNFα-induced transcripts (Li et al., 2019). Stabilization of
NFKBIZ mRNA facilitates its translation and binding to nuclear
NF-κB for further transcriptional regulation of secondary re-
sponse genes, that is gene- and cell-type specific (Karlsen et al.,
2010). We found that in 3T3-L1 preadipocytes, TNFα alone

neutrophils and other myeloid cells. Edge weight is proportional to communication strength. Edge and node color indicates communication source.
(M) Neutrophil chemokine expression across fibroblast clusters. (N) DEGs between neutrophil chemokine+/− fibroblasts during infection using Wilcoxon Rank
Sum test. Log2 fold-change and P value (adjusted) cut-offs are 0.5 and 0.05, respectively. (O) Expression of neutrophil chemokine+/− fibroblast markers during
infection. (P) Representative confocal CXCL1 and CXCL12 immunostaining in skin 2 days after S. aureus infection and control. Upper inset, papillary. Lower
inset, reticular. Scale bar, 50 μm. Dashed line represents epidermal–dermal junction.
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Figure 2. IL-17 synergizes with TNFα to induce preadipocyte fibroblast NF-κB and production of neutrophil chemokines. (A) Schematic of in vitro
assay to test the effect of Th17 CM on fibroblasts used in B. (B) 3T3-L1 fibroblast gene expression by qPCR following treatment with Th17 CM ± anti–IL-17A
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induced transient phosphorylation of canonical NF-κB signaling
molecules IKKα/β, p105, and p65 within 10 min of activation
(Fig. 2 N). No effect was detected on NF-κB signaling by IL-17A
alone. Evaluation of nuclear translocation of p65 showed a
similar response (Fig. 2 O), demonstrating that IL-17A did not
mediate the synergistic upregulation of neutrophil chemokines
in 3T3-L1 by enhancing NF-κB signaling and that IL-17A may
work in these preadipocyte fibroblasts by activating RNA
binding proteins to stabilize NFKBIZ. Indeed, the NF-κB cofactor
Nfkbiz was highly expressed in the dermal adipocyte lineage fi-
broblasts during S. aureus infection of the skin (Fig. S1 E), and
in vitro stimulation with IL-17A and TNFα synergistically in-
duced NFKBIZ gene expression in 3T3-L1s, MDFBs, and HPADs
(Fig. 2 F and Fig. S2, M and N). Inhibition experiments with
genetic approaches defined the dependence on NFKBIZ for
preadipocytes to respond to IL-17A and TNFα: bulk RNA-Seq
of 3T3-L1s following Nfkbiz siRNA knockdown revealed that
NFKBIZ was required for IL-17A– and TNFα-induced expression
neutrophil chemokines and antimicrobials and that NFKBIZ
suppressed the expression of myeloid cell and lymphocyte
chemoattractants (Fig. 3 A and Fig. S3, A and B). These results
were validated by qPCR (Fig. S3 C). Unlike inhibition of NFKBIZ,
inhibition of other pathways activated by IL-17A and TNFα in-
cluding JNK, P38 MAPK, JAK, or HIF1A did not lead to a broad
reduction of neutrophil chemokine gene expression (Fig. S3,
D–G).

Collectively, these findings demonstrate that IL-17 synergizes
with several innate immune stimuli—especially TNFα—to ac-
tivate mouse and human preadipocyte fibroblast NFKBIZ and
increase the secretion of an array of neutrophil chemokines
including CXCL12. This further supports our earlier in vivo ob-
servations that CXCL12+ subsets of dermal fibroblasts, primarily
found in the deep dermis with high expression of genes con-
sistent with IL-17 signaling and adipocyte lineage cells, com-
municate with neutrophils during S. aureus skin infection.

CXCL12+ adipocyte lineage fibroblasts activate and induce
migration of neutrophils
We next sought to directly evaluate the functional impact of
CXCL12+ fibroblast communication with neutrophils. Purified
bone marrow neutrophils (>98%) were stimulated with CM
from 3T3-L1 preadipocytes following siRNA knockdown of
Nfkbiz or control and subsequent activation by IL-17A and TNFα
(Fig. 3 B and Fig. S4 A). Bulk RNA-Seq identified 478 genes that
were upregulated in neutrophils by preadipocytes activated
with IL-17A and TNFα (Fig. 3, C and D). Pathway analysis using

the genes upregulated in neutrophils both in vitro and in vivo
during S. aureus infection suggested that CXCL12+ fibroblasts
treated with IL-17A and TNFα secrete factors that prime neu-
trophils for host defense (i.e., “positive regulation of cell mi-
gration,” “inflammatory response,” and “regulation of defense
response”) (Fig. 3 E). Upregulated genes included the proin-
flammatory cytokine Il1b as well as Il1r2 and Il1rn, which have
been shown to be conserved neutrophil activation markers
(Grieshaber-Bouyer et al., 2021) (Fig. 3 F). Remarkably, the ex-
pression of most genes upregulated by neutrophils in vitro and in
vivo was dependent on fibroblast NFKBIZ (Fig. 3 F). Expression
of Il1b, Il1r2, and Il1rn was validated by qPCR (Fig. S4 B).

A transwell migration assay was applied next to evaluate the
capacity of CXCL12+ dermal fibroblasts to promote neutrophil
migration (Fig. 3 G). Whereas CM from 3T3-L1s activated by IL-
17A or TNFα alone induced moderate leukocyte migration, CM
from 3T3-L1s stimulated with IL-17A and TNFα together pro-
moted robust leukocyte migration (Fig. 3 H). To confirm that IL-
17A and TNFα present in the CM did not induce neutrophil
migration, recombinant IL-17A and TNFα were also tested as a
control without preadipocytes and observed to have no direct
effect on migration (Fig. 3 H). Flow cytometric analysis of the
migrated cells revealed that neutrophil migration was induced
sixfold, monocyte migration threefold, and lymphocyte migra-
tion twofold (Fig. 3 I and Fig. S4 C). Similar findings were ob-
served with MDFBs (Fig. S5 D). MDFBs derived from Tnfrsf1a−/−

mice elicited significantly less neutrophil migration when
stimulated with IL-17A and TNFα, validating the requirement of
TNFR1 for fibroblast–neutrophil communication in response to
TNFα (Fig. 3 J). CM from 3T3-L1s stimulated with IL-17A and
TNFα also promoted robust migration when using purified
neutrophils (Fig. S4 E). In contrast to the response to IL-17A and
TNFα, preadipocytes did not induce neutrophil migration when
activated by differentiation into adipocytes, suggesting that
Camp and Lcn2 may not mediate migration (Fig. S4 F).

We next investigated which mediators produced by CXCL12+
dermal fibroblasts drive neutrophil migration. Administration
of pertussis toxin to inhibit G protein–coupled receptors
(Metzemaekers et al., 2020) severely suppressed neutrophil
migration (Fig. 3 K). Nfkbiz knockdown, which we observed to
inhibit preadipocyte expression of neutrophil chemokines, also
resulted in significantly less neutrophil recruitment (Fig. 3 L).
Experiments using MDFB derived from Lcn2−/− and Camp−/−

(encoding the peptide CRAMP) mice, and experiments using a
pharmacologic macrophage migration inhibitory factor (MIF)
inhibitor indicated that these host defense genes with

blocking antibody (aIL-17A) or control isotype antibody. (C) Recombinant cytokine-stimulated 3T3-L1 gene expression by qPCR. (D–G) Bulk RNA-Seq of 3T3-L1
cells. Data were obtained from samples pooled from N = 3 independent biological replicates in each group. (D) Expression of top 2,000 genes with the highest
variance between groups, scaled by column. (E) GO analysis of genes upregulated compared to vehicle control (left) and TNFα (right). (F) Expression of select
genes, scaled by row. (G) GO analysis of upregulated genes conserved among TNFα and IL-17A treated 3T3-L1s, primary MDFBs, and HPADs. (H) Multiplex
immunoassay of 3T3-L1 CM, scaled by row. Averages shown for N = 3. (I) CXCL12 ELISA of 3T3-L1 CM. (J) Representative LCN2 western blot of 3T3-L1 CM.
(K) Representative CXCL1 intracellular cytokine staining in 3T3-L1s. (L) Representative CXCL1 and CXCL12 immunostaining in 3T3-L1s. Scale bar, 50 μm.
(M) Representative CRAMP and LCN2 immunostaining in 3T3-L1s. Scale bar, 150 μm. (N) Representative phosphorylation (phospho) western blots in 3T3-L1s.
(O) Representative p65 immunostaining in 3T3-L1s. Scale bar, 50 μm. Data in B–O are representative of at least two independent experiments with N = 3. Error
bars represent SEM. FMO, fluorescence minus one; AMPs, antimicrobial peptides; ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001
using unpaired t test. Source data are available for this figure: SourceData F2.
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Figure 3. Preadipocyte fibroblasts activate and recruit neutrophils using the master transcriptional regulator NFKBIZ. (A) 3T3-L1 fibroblast gene
expression by bulk RNA-Seq following Nfkbiz or control siRNA knockdown, scaled by column. Data were obtained from samples pooled from N = 3 independent
biological replicates in each group. (B) Schematic for 3T3-L1 CM induced neutrophil activation assay used in C–F. Bulk RNA-Seq data were obtained from
samples pooled from N = 3 independent biological replicates in each group. (C) Expression of top 2,000 variable genes, scaled by row. (D) Identification of
genes specifically upregulated in neutrophils by activated fibroblasts (left, 478 genes, highlighted in red) and identification of the in vivo relevant subset (right,
67 genes, highlighted in red). (E) GO analysis of the 67 in vivo relevant genes. (F) Expression of the 67 in vivo relevant genes in neutrophils following stimulation
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purported neutrophil chemotactic function are not required for
fibroblasts to promote neutrophil migration (Fig. S4, G–I). Ra-
dar plot of relative gene expression by 3T3-L1s showed that
these cells express multiple CXCR2 ligands (CXCL1, CXCL2,
CXCL3, and CXCL5) and CXCR4/7 ligand CXCL12 following ac-
tivation by IL-17A and TNFα (Fig. 3 M) (Balabanian et al., 2005;
Metzemaekers et al., 2020). Pharmacological inhibition of
CXCR2 reduced neutrophil migration but not monocyte or
lymphocyte migration (Fig. 3 N). Purified bone marrow neu-
trophils expressed higher levels of CXCR4 than CXCR7 (Fig.
S4 J). Pharmacological inhibition of CXCR4 reduced neutro-
phil migration and abrogated monocyte and lymphocyte mi-
gration. Combined inhibition of CXCR2 and CXCR4 abrogated
neutrophil migration. Similar results were observed in MDFBs
(Fig. S4 K). Corroborating these findings, Cxcl12 siRNA knock-
down in fibroblasts partially reduced neutrophil, monocyte,
and lymphocyte recruitment (Fig. 3 O and Fig. S4 L). Taken
together, these results show that CXCL12+ fibroblasts activated
with IL-17A and TNFα secrete NFKBIZ-dependent CXCR2 li-
gands and CXCL12 that drive neutrophil migration.

Skin inflammation and host defense by fibroblast recognition
of IL-17
To determine the importance of CXCL12+ dermal fibroblasts for
neutrophil recruitment and inflammation, we developed mice
lacking IL-17RA specifically in fibroblasts by crossing Il17rafl/fl

mice with PdgfraCre mice (PdgfraΔIl17ra), a Cre driver that targets
fibroblasts with high fidelity (Chung et al., 2018; Boothby et al.,
2021; Xu et al., 2021; Zhang et al., 2016). Because dermal fibro-
blasts express IL-17RA, IL-17RC, and IL-17RD but not IL-17RB nor
IL-17RE (Fig. S5 A), this approach likely eliminates fibroblast
response to IL-17A/F but not IL-17B, IL-17C, or IL-17E (IL-25). (Li
et al., 2019). Validating the specificity of the conditional
knockout, Il17ra expression in PdgfraΔIl17ra mice was maintained
in the epidermis, reduced in the dermis, and nearly eliminated
from isolated dermal fibroblasts (Fig. 4 A and Fig. S5 B). Further,
dermal fibroblasts isolated from PdgfraΔIl17ra mice demonstrated
a severely attenuated response to IL-17A and TNFα as assessed
by Cxcl1 expression (Fig. 4 B).

To model IL-17–dependent inflammation in vivo, recombi-
nant IL-17A and TNFαwere injected i.d. into the back skin ofWT
mice to induce neutrophil recruitment after 72 h (Fig. 4, C and
D). PdgfraΔIl17ra mice showed less skin erythema, reduced ex-
pression of neutrophil chemokines and other host defense genes,
and far fewer neutrophils in the skin following administration of
IL-17A and TNFα (Fig. 4, E–J). Monocytes and macrophages were
slightly decreased in PdgfraΔIl17ra mice (Fig. S5 C). We next

challenged the back skin of PdgfraΔIl17ra mice i.d. with S. aureus
(Fig. 4 K). A USA300-lac (MRSA) strain equipped with an agrI
quorum sensing reporter was used to enable the assessment of
bacterial density and virulence factor production (Hall et al.,
2013). Targeted deletion of IL-17RA in fibroblasts resulted in
reduced expression of neutrophil chemokines and other host
defense genes (Fig. 4 L), reduced neutrophil recruitment
(Fig. 4 M), increased S. aureus reporter expression (Fig. 4 N), and
larger lesions at 24 and 48 h after infection (Fig. 4 O). Similar
levels of monocytes and macrophages were observed in control
and transgenicmice infected with S. aureus (Fig. S5 D). Together,
these results demonstrate that fibroblast IL-17 signaling is crit-
ical for skin neutrophil recruitment and host defense against S.
aureus.

To determine the potential role of CXCL12+ dermal fibroblast
subsets in other forms of type 17 inflammation, we next per-
formed scRNA-Seq on back skin from mice treated topically
with imiquimod (IMQ), a common model of type 17 inflamma-
tion (Gangwar et al., 2022) (Fig. 5 A). Cell types recovered were
identified based on marker genes as fibroblasts, keratinocytes,
myeloid cells, lymphoid cells, melanocytes, mural cells, and
endothelial cells (Fig. S5 E). As expected, myeloid cells and
keratinocytes increased in frequency following 5 days of IMQ
(Fig. S5 F). As with the response to S. aureus, network analysis
showed that myeloid cells received more input from fibroblasts
following IMQ challenge compared with other cell types (Fig. 5
B). Compared with fibroblasts from control mice, fibroblasts
from IMQ-treated mice upregulated genes consistent with IL-17
signaling and neutrophil recruitment including Nfkbiz, Cxcl1,
Cxcl2, Cxcl3, and Cxcl12 (Fig. 5, C and D). Compared with epi-
dermal cells, dermal cells expressed greater levels of Cxcl1 and
Cxcl12 (Fig. S5, G and H). Targeted deletion of IL-17RA in fibro-
blasts using PdgfraΔIl17ra mice resulted in reduced expression of
IMQ-induced neutrophil chemokines and other inflammatory
genes (Fig. 5 E). Microscopy confirmed that IMQ-induced ex-
pression of CXCL1 and CXCL12 was dependent on fibroblast IL-17
signaling (Fig. 5 F). In line with these findings, PdgfraΔIl17ra mice
had significantly reduced IMQ-induced neutrophil recruitment
to the skin, particularly in the perifollicular region (Fig. 5, G–I;
and Fig. S5 I). No change was observed in the number of mon-
ocytes and macrophages (Fig. S5 J).

IL-17 promotes communication between CXCL12+ dermal
fibroblasts and neutrophils in psoriasis
Our observation that CXCL12+ dermal fibroblast subsets play an
important role during infectious and non-infections forms of
type 17 inflammation in mice led us to next ask if similar subsets

with fibroblast CM, scaled by row. (G) Schematic for 3T3-L1 CM induced leukocyte migration assay used in H–P. (H) Representative images of migrated
leukocytes (left) and quantification (right). Scale bar, 750 μm. (I) Migrated leukocyte subsets. Multiplier indicates fold increase. (J) Neutrophil migration assay
using Tnfrsf1a−/− primary MDFB CM. Data were pooled from two independent experiments with N = 2–3. (K) Neutrophils migrated following pertussis toxin (P.
toxin) treatment. (L) Neutrophils migrated using CM from 3T3-L1 following Nfkbiz siRNA knockdown. Data were pooled from three independent experiments
with N = 3. (M) 3T3-L1 gene expression of neutrophil chemokines with corresponding receptors from bulk RNA-Seq in Fig. 2. Data were obtained from samples
pooled from N = 3 independent biological replicates in each group. (N) Neutrophils, monocytes, and lymphocytes migrated following pharmacological inhibitor
pretreatment. (O)Neutrophils migrated using CM from 3T3-L1 following Cxcl12 or control siRNA knockdown. Data in A, C–I, K, andM–O are representative of at
least two independent experiments with N = 3. Error bars represent SEM. ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using
unpaired t test.

Cavagnero et al. Journal of Experimental Medicine 8 of 19

CXCL12+ fibroblast subsets recruit neutrophils to the skin https://doi.org/10.1084/jem.20231425

https://doi.org/10.1084/jem.20231425


Figure 4. Fibroblast IL-17 signaling is required for neutrophil recruitment to the skin and defense against S. aureus. (A) Il17ra expression in separated
epidermis, dermis, and isolated dermal fibroblasts (MDFB) from the skin of Pdgfra-Cre × Il17ra fl/fl (PdgfraΔIl17ra) conditional knockout mice and control Cre−
littermates. Data are representative of two independent experiments with N = 3 mice. (B)MDFB gene expression by qPCR following in vitro stimulation. Data
are representative of two independent experiments with N = 3. (C) Schematic of recombinant cytokine-induced model of in vivo neutrophil recruitment used in
D–J. (D) Representative GR-1 (neutrophil) immunostaining in WT mice. Scale bar, 150 μm. (E–J) Recombinant cytokine injection model with PdgfraΔIl17ra and
Cre− littermates (control). The experiment was performed three times with N = 2–3 mice per independent experiment. Näıve skin was harvested in a separate
experiment with N = 3 mice. (E) Representative images of mouse skin and quantification of inflammation. Scale bar, 3 mm. (F) Expression of neutrophil
chemokines, proinflammatory cytokines, and other host defense genes by qPCR, scaled by column. Averages shown for N = 3–9 mice. (G) Total number of live
cells. (H) Representative FACS plot of percent neutrophils (CD11b+Ly6G+) of CD45+ live cells and quantification. (I) Percent neutrophils of total live cells.
(J) Total number of live neutrophils. Data in F–J were pooled from independent experiments. (K) Intradermal S. aureus infection (USA300 LAC strain with agrI
YFP reporter) model used with PdgfraΔIl17ra and Cre− littermates (control) in L–O. The experiment was performed five times with N = 3–6 mice per independent
experiment ending on day 5 and N = 4 mice per independent experiment ending on day 2. (L) Expression of neutrophil chemokines, proinflammatory cytokines,
and other host defense genes on day 2 by qPCR, scaled by column. Averages are shown for N = 3–4 mice. Näıve mouse data are the same as in F.
(M) Representative GR-1 (neutrophils) immunostaining on day 2. Scale bar, 300 μm. (N and O) (N) Representative in vivo day 2 images of S. aureus reporter
expression and quantification and (O) representative day 1 images of lesions and size quantification (N = 8–13 mice). Scale bars, 10 mm for N and 2 mm for O.
Data in N–O were pooled from independent experiments. Error bars represent SEM. ns (not significant), **P < 0.01, ***P < 0.001, and ****P < 0.0001 using
unpaired t test.
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are involved in psoriasis, a human disease characterized by type
17 inflammation and responsive to drugs targeting IL-17 and
TNFα signaling (Hong et al., 2022). scRNA-Seq analysis of le-
sional psoriasis skin was compared with healthy skin (Fig. 6 A)
(Gao et al., 2021). Major cell lineages recovered were identified
as fibroblasts, keratinocytes, myeloid cells, lymphoid cells, mu-
ral cells, melanocytes, endothelial cells, and Schwann cells based
on marker gene expression (Fig. S5 K). As in our mouse models,
network analysis of skin affected by psoriasis showed strong
fibroblast-to-myeloid communication (Fig. 6 B). Psoriasis der-
mal fibroblasts upregulated genes consistent with IL-17 signaling
(Fig. 6 C) and expressed neutrophil chemokines including CXCL1
and CXCL12 at levels greater than other cell lineages (Fig. 6 D).

Unsupervised clustering of the fibroblast subset resolved 11
clusters with unique expression of marker genes (Fig. 6 E and
Fig. S5 L). Plotting expression of known markers for papillary,

reticular, adipocyte lineage, and myofibroblast subsets (Table
S1) identified FB1–FB6 as reticular and adipocyte lineage clusters
and FB7–FB11 as papillary and myofibroblast clusters, respec-
tively (Fig. 6 F). Unbiased differential expression and pathway
analysis confirmed this finding and revealed that reticular
and adipocyte lineage cells highly expressed genes important
for communication with neutrophils (“neutrophil migration”),
whereas papillary and myofibroblasts highly expressed genes
important for producing matrix (“skin development”) and fi-
brosis (“Wnt signaling pathway”) (Fig. 6, G and H). Indeed, ex-
pression of neutrophil chemokines CXCL1, CXCL2, CXCL3, CXCL5,
CXCL8, and CXCL12 was enriched in FB1–FB6 (Fig. 6 I). Notably,
individual clusters expressed unique profiles of neutrophil
chemokines. For example, CXCL12 was broadly expressed across
FB1–FB6, whereas CXCL3 was observed primarily in FB3. To
specifically characterize human neutrophil-recruiting dermal

Figure 5. Fibroblast IL-17 signaling is required for neutrophil skin inflammation in an IMQ-induced psoriasis model. (A) Schematic of IMQ induced
psoriasis model. (B–D) scRNA-Seq using back skin from WT mice treated with IMQ or vehicle (control). Data were obtained from samples pooled from N = 4
mice independently treated in each group. (B) Network analysis showing communication toward myeloid cells (left) and from fibroblasts (right). Edge weight is
proportional to communication strength. Edge and node color indicates communication source. (C) GSEA of fibroblast using KEGG database. (D) Expression of
host defense genes in fibroblast. (E–J) IMQ model in Pdgfra-Cre × Il17ra fl/fl (PdgfraΔIl17ra) and Cre− littermates (control). The experiment was performed three
times with N = 2–4 mice per independent experiment. (E) Expression of neutrophil chemokines, proinflammatory cytokines, and other host defense genes by
qPCR, scaled by column. Averages shown for N = 3–5 mice. Näıve mouse data are the same as in Fig. 4 F. (F) Representative immunostaining for CXCL1,
CXCL12, and GR-1 (neutrophils). Scale bar, 150 μm. (G) Representative FACS plot of percent neutrophils (CD11b+Ly6G+) of CD45+ live cells and quantification.
(H) Percent neutrophils of total live cells. (I) Total number of live neutrophils. Data in G–I were pooled from independent experiments. Error bars represent
SEM. ***P < 0.001, and ****P < 0.0001 using unpaired t test.
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Figure 6. scRNA-Seq of human skin reveals IL-17–mediated CXCL12+ dermal fibroblast–neutrophil communication in psoriasis. (A–K) Analysis of
scRNA-Seq of skin from psoriasis patients (N = 3) and healthy controls (N = 3). (A) Dimensionality reduction is split by condition and colored by cell type.
(B) Network analysis showing communication toward myeloid cells (left) and from fibroblasts (right). Edge weight is proportional to communication strength.
Edge and node color indicates communication source. (C) GSEA of fibroblasts using KEGG database. (D) Expression of neutrophil chemokines across cell types.
(E) Dimensionality reduction of fibroblast subset colored by cluster. Dashed line separates FB1–FB6 and FB7–FB11. (F) Expression of fibroblast subset marker
genes across clusters. Boxes highlight high expression of reticular and adipocyte lineage genes in FB1–FB6 and high expression of papillary and myofibroblast
genes in FB7–FB11. (G) GO term analysis comparing FB1–FB6 and FB7–FB11. (H) Network analysis showing communication from FB1–FB6 and FB7–FB11
toward neutrophils and other myeloid cells. (I) Neutrophil chemokine expression across fibroblast clusters. (J) DEGs between neutrophil chemokine+/− fi-
broblasts in psoriasis using Wilcoxon Rank Sum test. Log2 fold-change and P value (adjusted) cut-offs are 0.5 and 0.05, respectively. (K) Expression of
neutrophil chemokine+/− fibroblast markers in psoriasis. (L) Expression of genes associated with fibroblast–neutrophil communication by bulk RNA-Seq in
human psoriasis patients on and off anti–IL-17A treatment, scaled by row. Averages shown for N = 8–10. (M) Representative CXCL1 and CXCL12 im-
munostaining in lesional skin from psoriasis patients untreated and treated with anti–IL-17A. Scale bar, 300 μm.
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fibroblasts, we classified fibroblasts in psoriasis as neutrophil
chemokine+ (defined as expressing CXCL1, CXCL2, CXCL3, CXCL5,
CXCL8, or CXCL12) or neutrophil chemokine− (defined as lacking
CXCL1, CXCL2, CXCL3, CXCL5, CXCL8, and CXCL12 expression) and
found that 83% of neutrophil chemokine+ cells belonged to re-
ticular and adipocyte lineage clusters FB1–FB6 and 17% belonged
to papillary and myofibroblasts clusters FB7–FB11 (Fig. S5, M and
N). As in mice, differential expression analysis between neu-
trophil chemokine+ and neutrophil chemokine− fibroblasts in-
dicated that CXCL12was a highly sensitive and specific marker of
human neutrophil chemokine+ fibroblasts (Fig. 6, J and K).

To determine the significance of IL-17 signaling in CXCL12+
dermal fibroblasts in humans, we analyzed transcriptomic data
from healthy controls and psoriasis patients undergoing anti–IL-
17 treatment (Liu et al., 2021) (Fig. 6 L). This analysis confirmed
that the expression of neutrophil chemokines and other host
defense genes was increased in psoriasis in an IL-17–dependent
manner. A role for IL-17 signaling in the induction of CXCL1 and
CXCL12 by dermal fibroblasts specifically was supported by
immunofluorescence of human skin biopsies from psoriasis
patients: more intense dermal staining of CXCL1 and CXCL12 and
inflammation was observed in untreated psoriasis compared
with psoriasis treated with anti–IL-17A (Fig. 6 M and Fig. S5 O).

Discussion
In this study, we sought to obtain a more comprehensive un-
derstanding of the cell–cell interactions underlying cutaneous
host defense and focused first on the skin response against S.
aureus, the major pathogen of deep tissue infections in humans
(Miller and Cho, 2011). Unbiased network analysis of single-cell
transcriptomic data during infection of mice showed that
CXCL12+ adipocyte lineage subsets of dermal fibroblasts served
as the dominant hub for communication with neutrophils.
Furthermore, subsequent functional analysis in vitro and in
mice demonstrated that these fibroblasts are important for re-
cruiting neutrophils and mounting an effective host defense
response. Thus, our data provide direct evidence that the in-
flammatory neutrophil defense response of the skin initiated by
recognition of IL-17 is mediated by some dermal fibroblasts and
suggests that these dermal stromal cells contribute to both in-
fectious and non-infectious forms of skin inflammation. Al-
though prior models of cutaneous host defense have focused on
the roles of epithelial keratinocytes, resident dendritic cells,
mast cells, macrophages, lymphocytes, and endothelia (Miller
and Cho, 2011; Moos et al., 2023), these prior models failed to
recognize that immune acting fibroblasts (IAFs) play a pivotal
role in the innate immune response of the skin. Our findings
now show that CXCL12+ fibroblasts within the mixed fibroblast
community in the skin serve a key role in neutrophil recruit-
ment during type 17 inflammation.

Dermal fibroblasts are heterogenous and can be grouped into
two major lineages: an upper, epidermis-adjacent lineage that
gives rise to papillary fibroblasts, and a lower lineage that gives
rise to reticular fibroblasts and adipocytes (Driskell et al., 2013).
Dermal FfibroblastsBs are not strictly spatially distributed as
cells exhibiting a profibrotic myofibroblast phenotype can be

found in both the upper and lower levels of the dermis (Janson
et al., 2012), and perifollicular fibroblasts and mural cells likely
represent unique states of fibroblast differentiation. Our group
previously showed that S. aureus infection induces dermal fi-
broblasts in a preadipocyte lineage to differentiate into mature
adipocytes and secrete the antimicrobial peptide CRAMP (Zhang
et al., 2015). Thus, it was of interest to further study the potential
functions of dermal fibroblasts during different forms of skin
inflammation.

Single-cell transcriptomics led to the identification that
CXCL12+ dermal fibroblast subsets, marked by reticular and
adipocyte lineage genes, can play a role in communication with
neutrophils and antimicrobial defense without maturation into
adipocytes. Confocal microscopy confirmed that CXCL12+ fi-
broblasts reside primarily in the reticular dermis. Single-cell
transcriptomics of skin from patients with psoriasis, a non-
infectious inflammatory skin disease, further found that analo-
gous human CXCL12+ subsets of IAFs express neutrophil
chemokines, an observation in line with a 2023 study identify-
ing that some dermal fibroblasts in psoriasis express high levels
of proinflammatory genes and low levels of extracellular matrix
genes (Ma et al., 2023). Both human and mouse CXCL12+ dermal
fibroblast subsets weremarked by high expression of neutrophil
chemokines (CXCR2 ligands), complement factor C3, and retic-
ular marker GPX3, and low expression of papillary marker
APCDD1 and myofibroblast markers TRPS1 and TCF4. Dis-
tinctions were, however, noted between mouse and human
CXCL12+ IAFs. For example, IFI205, PLAC8, and LPL marked
mouse but not human cells, and APOE marked human but not
mouse cells. Taken together, our new observations distinguish
between previously unknown CXCL12+ subsets of dermal fi-
broblasts with important immune defense activity and different
CXCL12− subsets of dermal fibroblasts that largely exist in the
papillary dermis and appear to serve matrix-producing func-
tions. We hypothesize that CXCL12+ IAFs are themselves diverse
and plastic, providing a dynamic resident cell population in the
dermis that serves to amplify inflammatory responses.

GSEA of single-cell transcriptomic data from infectious and
non-infectious neutrophil-laden mouse and human skin re-
vealed that CXCL12+ dermal fibroblast subsets expressed genes
consistent with IL-17 signaling. IL-17–producing lymphocytes
including Th17 cells, γδT cells, and group 3 innate lymphoid cells
orchestrate neutrophil recruitment to numerous tissues for host
defense. In the skin, mice deficient in γδT cells or IL-17RA have
been shown to have impaired neutrophil recruitment following
i.d. S. aureus infection, leading to more bacterial growth and
lesion development (Cho et al., 2010). IL-17 also promotes neu-
trophil inflammation in several autoinflammatory conditions
such as psoriasis, and biologics targeting the IL-17 pathway are
highly effective in treating patients with these diseases but in-
crease the risk of infection (Liu et al., 2021). Using in vitro
studies with Th17 cells and recombinant cytokines, we found
that IL-17 induced upregulation of neutrophil chemokines in
CXCL12+ fibroblasts. When IL-17 was combined with other TLR
ligands and proinflammatory cytokines involved in host defense
against S. aureus, synergistic activation was observed—
especially when IL-17 was combined with TNFα. Notably, the
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activation program induced by IL-17 and TNFα was distinct from
that induced by the initiation of adipogenesis: IL-17 and TNFα
drove the expression of a broad array of antimicrobials, che-
mokines, and proinflammatory cytokines, whereas adipogenesis
induced only a few host defense genes like Camp and Lcn2.

Using a combination of transcriptomic and multiplex protein
assays, we found that in vitro stimulation with IL-17A and TNFα
induced CXCL12+ preadipocyte fibroblast upregulation of nu-
merous antimicrobials, cytokines, and chemokines. We subse-
quently found using transwell migration assays that activated
CXCL12+ preadipocyte fibroblasts drove robust neutrophil mi-
gration and some monocyte and lymphocyte migration. Neu-
trophil migration was completely dependent on ligands for
CXCR2 (CXCL1, CXCL2, CXCL3, and CXCL5) and CXCR4
(CXCL12), demonstrating that CXCL12 is also a functional
marker of IAFs. Our in vitro experiments also identified the NF-
κB cofactor NFKBIZ as a key transcription factor regulating
CXCL12+ preadipocyte fibroblast production of neutrophil
chemokines and neutrophil recruitment. These findings are
supported by another study showing that synovial fibroblasts
from patients with rheumatoid arthritis promoted NFKBIZ-
dependent neutrophil migration (Slowikowski et al., 2020).

To demonstrate the significance of CXCL12+ dermal
fibroblast–neutrophil communication in vivo, we chose to se-
lectively delete from fibroblasts IL-17RA, a factor we showed to
be upstream of neutrophil chemokine production. This approach
was chosen because we found that dermal fibroblasts activated
by IL-17 secrete many neutrophil chemokines. However, there
are some limitations to this approach. First, it did not allow us to
determine the requirement for specific chemokines, though our
in vitro experiments suggest CXCR2 and CXCR4 ligands are key.
Second, other IL-17RA ligands, including IL-17E, IL-17B, and IL-
17C, may have contributed to the observed phenotype in addition
to IL-17A/F; however, this is highly unlikely as MDFBs were
shown to lack expression of the necessary coreceptors IL-17RB
and IL-17RE. Finally, it does not rule out alternative, indirect
mechanism(s) underlying the changes in neutrophil recruitment
we observed in vivo. For example, it is possible that IL-17 could
activate fibroblasts to produce proinflammatory cytokines that
activate other cells like myeloid cells and keratinocytes to pro-
duce neutrophil chemokines. Nevertheless, our results conclu-
sively demonstrate that IL-17 activates fibroblasts to enable
neutrophil recruitment to the skin. This observation is also
consistent with a 2021 study that found that lung fibroblast
recognition of IL-17 was critical for vaccination against Klebsiella
pneumoniae (Iwanaga et al., 2021), suggesting that similar fibro-
blast subsets may play a role in host defense in the lung.

Our study has important clinical implications. Monoclonal
antibodies targeting IL-17 and TNFα are highly effective in
treating patients with psoriasis and other neutrophilic derma-
toses (Rodŕıguez-Cerdeira et al., 2021; Kimball et al., 2023). Our
comprehensive mouse and human in vitro and in vivo work
reveal that one important mechanism by which these biologics
work may be through the inhibition of CXCL12+ dermal fibro-
blast communication with neutrophils. Notably, there are
downsides to these drugs including high cost, increased risk of
infection, efficacy in only a subset of patients, and loss of

efficacy over time. By improving the understanding of how IL-17
and TNFα inhibitors work, our findings can serve as the basis for
the design of therapeutics that are more effective and affordable
and have fewer side effects. In addition to skin infection and
psoriasis, there are many other IL-17– and TNF-mediated dis-
eases that afflict large numbers of patients and remain inade-
quately treated including but not limited to neutrophilic
dermatoses, neutrophilic asthma, and inflammatory bowel
disease. The role of IL-17– and TNF-mediated fibroblast–
neutrophil communication is unknown in these diseases and
should be investigated to better understand pathogenesis and
improve treatment.

In summary, our work here illuminates a previously unrec-
ognized and important role for some subsets of dermal fibro-
blasts in neutrophil recruitment to the skin that should be
incorporated into models of cutaneous host defense and in-
flammation. This work provides insight into the mechanisms
underlying the clinical success of biologics targeting IL-17 and
TNFα and identifies CXCL12+ IAF-neutrophil communication as
a novel therapeutic target for the treatment of skin diseases
including bacterial infection and psoriasis.

Materials and methods
Study design
The aim of this study was to understand the cellular and mo-
lecular mechanisms underlying host defense against cutaneous
S. aureus infection. To this end, we performed scRNA-Seq with
unbiased network and pathway analysis and identified
IL-17–mediated fibroblast-to-neutrophil communication as
a potential mechanism. In vitro studies were used to model
lymphocyte–fibroblast–neutrophil interactions. To demonstrate
the significance of these mechanisms, we developed conditional
knockout mice lacking Il17ra specifically in fibroblasts. Patients
with psoriasis on and off anti–IL-17 treatment were recruited for
a skin biopsy to translate findings to humans.

Animals and animal care
All animal experiments were approved by the University of
California, San Diego (UCSD) Institutional Animal Care and Use
Committee. WT C57BL/6mice were purchased from The Jackson
Laboratory. Camp−/−, Lcn2−/−, Tnfrsf1a−/−, Pdgfra-Cre, and Il17ra-
fl/fl mice on C57BL/6 background were purchased from The
Jackson Laboratory and bred and maintained at UCSD. Mice
were housed under a specific pathogen–free condition with 12-h
light and 12-h dark cycle at 20–22°C and 30–70% humidity.
Experimental and littermate control animals were age- and sex-
matched 7–9-wk-old males and females.

Human skin sample collection
Human lesional skin biopsies from the right elbow of 30–50-yr-
old male psoriasis patients were collected from the Dermatology
Clinic, UCSD. Sample acquisitions were approved and regulated
by the UCSD Institutional Review Board (140144). Written in-
formed consent was obtained from all subjects. Biopsies were
immediately embedded in OCT compound (4583; Sakura) for
sectioning and staining.
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Mouse models
1–3 days prior to experiments, mice were randomly selected, and
back skin was shaved, treated with depilatory cream (Nair), and
rinsed with water. For S. aureus skin infection, 5e6 CFU mid-
logarithmic growth phase strain USA300 LAC agrI P3-YFP (cmR)
AH1677 was injected i.d. in 50 μl PBS. YFP expression was
monitored on days 0, 1, 2, and 5 using an IVIS Spectrum (Perkin
Elmer) with autoexposure settings. In some experiments, the skin
was harvested on day 2 for qPCR. For recombinant cytokine-
induced neutrophil recruitment, 500 ng rmIL-17A (317-ILB-050;
R&D) and/or 200 ng rmTNFα (PMC3014; Thermo Fisher Scien-
tific) was injected i.d. in 50 μl PBS daily for three consecutive
days. Skin was harvested 24 h after the third challenge for qPCR,
flow cytometry, and immunofluorescence. A blinded individual
was assigned gross inflammation scores, with 0 being no in-
flammation and 5 being severe inflammation. For IMQ-induced
psoriasis-like inflammation, 5% IMQ (51672414506; McKesson
Medical Surgical) or control cream (56614-414; VWR) was applied
topically on back skin daily for 5 days. Skin was harvested
24 h after the fifth challenge for qPCR, flow cytometry, and
immunofluorescence.

scRNA-Seq
Four biopsies from biological replicates were pooled per condi-
tion. Single-cell suspensions were generated by mechanical di-
gestion followed by enzymatic digestion in Hanks’ balanced salt
solution (#14175095; Thermo Fisher Scientific) supplemented
with bovine serum albumin (20 mg/ml), antibiotic–antimycotic
(#15240062; Thermo Fisher Scientific), deoxyribonuclease I
(50 U/ml; #04716728001; Sigma-Aldrich), liberase (0.1 mg/ml;
#05401020001; Sigma-Aldrich), Hepes (20 mM, #15630080;
Thermo Fisher Scientific), sodium pyruvate (2 mM, #11360070;
Thermo Fisher Scientific), and collagenase type IV (1 mg/ml;
#17104019; Thermo Fisher Scientific) for 45 min at 37°C with
constant rotation. Enzymatic dissociation was terminated by the
addition of 5 mM EDTA and 10% FBS. Digests were filtered twice
through a 40-μm filter, followed by the removal of dead cells
using the MACS Dead Cell Removal Kit (130-090-101; Miltenyi
Biotec). Libraries were generated using 10X Genomics 39 V3.1
protocol with 16,000 cells loaded per sample and sequenced on a
Novaseq 6000 (Illumina). Cell Ranger (10X Genomics) with
default parameters was used to perform sample demultiplexing,
barcode processing, alignment to the mm10 reference genome,
and gene counting. Data were filtered, processed, and analyzed
using Seurat. All functions described below are Seurat functions
unless stated otherwise. Filtering data involved selecting cells
with >200 features, >300 unique molecular indicators, and
<10% mitochondrial genes, removing ambient RNA with SoupX
with setContaminationFraction = 0.2 (Young and Behjati, 2020)
and doublets using DoubletFinder with the default settings
(McGinnis et al., 2019). Data were normalized and integrated
using NormalizeData and IntegrateData with default parame-
ters. Clusters were identified using FindNeighbors with 50
principal components and FindClusters with a range of reso-
lutions. For each resolution, nonlinear dimensionality reduction
and visualization were performed with 50 principal compo-
nents, and marker genes for each cluster were determined using

FindAllMarkers with min.pct = 0.25. The resolution yielding
clusters with the most distinct marker genes were chosen for
further analysis. For fibroblast and myeloid subset analysis, data
were subset based on marker genes, contaminating cells were
removed, and the above analysis was repeated. GSEA and
overrepresentation analysis were performed using ClusterPro-
filer (Yu et al., 2012) and network analysis was performed using
CellChat (Jin et al., 2021). IL-17 signaling score was quantified
using AddModuleScore with genes identified using ClusterPro-
filer (mouse: Cxcl1, Il6, Cxcl2, Ptgs2, Cxcl5, Csf3, Lcn2, Mmp3, Ccl2,
Vav3, Bcl2, Vegfa, Ctsk, Cxcl12, Nos2, and C4b; human: CXCL1,
CXCL2, CXCL3, CXCL8, IL6, TRAF3, TBK1, PTGS2, CEBPB, MMP1,
HSP90B1, NFKB1, NFKBIA, CCL2, TNFAIP3, and FOSB).

RNA isolation, cDNA library preparation, and RT-qPCR
RNA from cells and tissues were preserved with RNAlater
(AM7020; Thermo Fisher Scientific). In select experiments, the
epidermis and dermis were enzymatically separated prior to
RNA preservation by overnight incubation in Dispase (10 mg/
ml, D4693; Sigma-Aldrich). Samples were lysed and RNA was
isolated using PureLink Isolation kit (12183025; Thermo Fisher
Scientific) and made into cDNA using Verso cDNA synthesis kit
(AB1453/B; Thermo Fisher Scientific). qPCR was performed us-
ing the CFX96 Real-Time System (Bio-Rad) with SYBR Green
Mix (QP1311; Biomiga). Housekeeping genes Tbp and TBP were
used to normalize expression for mice and humans, respec-
tively. Specific primer sequences (IDT) are shown in Table S2.
Heatmaps were generated using average values with pheatmap.
Top variable genes between groups for heatmaps were identified
using the R function rowVars().

Histology and immunofluorescence
Skin biopsies were embedded fresh in OCT, frozen, and sec-
tioned to 20 μm at −20°C using a Leica CM1860 cryostat. Skin
sections or cells grown in chamber slides were briefly fixed in
4% paraformaldehyde, blocked with serum from secondary an-
tibody host, stained with primary antibodies overnight at 4°C,
secondary antibodies for 1 h at room temperature, and nuclei
were counterstained with DAPI. Epifluorescence images were
taken using an EVOS5000, and confocal images were taken on a
Nikon A1R. Brightness and contrast were adjusted slightly using
ImageJ or Nikon elements software and applied equally across
samples. Primary antibodies were as follows: PDGFRα (1:200, 14-
1401-82; eBioscience), CRAMP (made in house, 1:100), LCN2 (1:
100, AF1757; R&D), GR-1 (1:100, 108435; BioLegend), CXCL1 (1:
100, PA586508; Thermo Fisher Scientific), CXCL12 (1:1,000,
14-7992-81; Thermo Fisher Scientific), MOMA-2 (1:100,
MCA519G; Bio-Rad), and p65 (1:1,000, 8242; Cell Signaling
Technologies). Secondary antibodies were as follows: Alexa
Fluor 488 AffiniPure Donkey Anti-Rat IgG (H+L) (1:100, 712-
545-153; JacksonImmunoResearch), Rhodamine Red-X Affi-
niPure Donkey Anti-Rabbit IgG (H+L) (1:100, 711-295-152;
JacksonImmunoResearch), Cy3 Donkey anti-Rabbit IgG (1:
500, 406402; BioLegend), Donkey anti-Rat IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (1:
1,000, A21208; Thermo Fisher Scientific), and Cy3 Goat anti-
Rat IgG (1:500, 405408; BioLegend).
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Cell culture
All cells were grown in a humidified incubator at 5% CO2 and
37°C under sterile conditions. Th17 CM was generated using the
CellXVivo Mouse Th17 Cell Differentiation Kit (CDK017; R&D)
according to the manufacturer’s instructions with a näıve T cell
isolation kit (130-104-453; Miltenyi Biotec). IL-17A was blocked
using anti–IL-17A (BE0173; BioXcell, 20 μg/ml). 3T3-L1 mouse
preadipocyte fibroblasts were purchased from the American
Type Culture Collection (CL-173) and used prior to passage 10.
For primary fibroblast studies, neonatal (P1) cells were used
unless otherwise noted. Primary dermal fibroblasts were iso-
lated by our laboratory as previously described (Zhang et al.,
2019) and used in passage 1. Cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10%
FBS, Glutamax (35050061; Thermo Fisher Scientific), and
antibiotic–antimycotic (15240062; Thermo Fisher Scientific). 2-
day post-confluent cells were stimulated with recombinant cy-
tokines, purified toll ligands, or an adipogenesis-inducing
cocktail. Adipogenesis was induced as described previously
(Zhang et al., 2015). Cells were assayed at 24 h for qPCR, RNA-
Seq, and flow cytometry, and at 72 h for western blot, immu-
nofluorescence, and CM experiments. Recombinant cytokines
and purified toll ligands used include rmIL-17A (50 ng/ml, 421-
ML-100/CF; R&D), rhIL-17A (50 ng/ml, 317-ILB-050; R&D),
rmTNFα (20 ng/ml, PMC3014; Thermo Fisher Scientific),
rhTNFα (20 ng/ml, 210-TA-020/CF; R&D), rmIL-17F (50 ng/ml,
2057-IL-025; R&D), MALP2 (100 ng/ml, ALX-162-027-C050;
Enzo), rmIL-1β (10 ng/ml, 50101-MNAE; SinoBiological),
Pam3CSK4 ( 0.2 μg/ml, TLRL-PMS; Invivogen), FSL-1 (0.2 μg/
ml, TLRL-FSL; Invivogen), LPS (0.5 μg/ml, TLRL-PB5LPS; In-
vivogen), FLA-ST (0.2 μg/ml, TLRL-STFLA; Invivogen), Poly(I:C)
(2 μg/ml, TLRL-PICW; Invivogen), IMQ (0.2 μg/ml, TLRL-IMQS;
Invivogen), and ODN2395 (TLRL-2395, 1 μM). In some experi-
ments, fibroblasts were treated with pharmacological inhibitors
against JNK (30 μM, SP600125; Sigma-Aldrich), P38 MAPK (10
μM, SB203580; Invivogen), and JAK (1 μM, PZ0017; Sigma-
Aldrich).

siRNA knockdown
siRNA knockdown was performed on 1-day post-confluent cells.
Transfection was performed using RNAi Max Lipofectamine
(13778075; Thermo Fisher Scientific) and OptiMEM (31985-062;
Thermo Fisher Scientific) according to the manufacturer’s
protocol. Pooled siRNAs (Dharmacon) were used at 30 nM and
included scramble control (D-001810-10-05), Nfkbiz (L-040680-
00-0005), Tnfrsf1a (L-060201-01-0005), Tnfrsf1b (L-043973-00-
0005), Cxcl12 (L-044397-00-0005), andHif1a (L-040638-00-0005).

RNA-Seq
Isolated RNA passing quality control (RNA integrity number > 8)
underwent stranded mRNA sequencing on a Novaseq 6000 (Il-
lumina) with paired-end 100 base-pair reads. Reads were
aligned to reference genomes (mm10 and hg38) using STAR
(Dobin et al., 2013), and count tables were generated using
FeatureCounts (Liao et al., 2019). Variance stabilization trans-
formation normalization and differential expression analysis
were performed using DESeq2 (Love et al., 2014). Heatmaps

were generated using average value with pheatmap. Top vari-
able genes between groups for heatmaps were identified using
the R function rowVars(). Overrepresentation pathway analy-
sis was performed using ClusterProfiler (Yu et al., 2012).

Western blot
Fibroblasts were lysed in radioimmunoprecipitation assay
buffer (R3792; Teknova) with protease inhibitor (78440; Thermo
Fisher Scientific). Protein levels of lysates were quantified using
bicinchoninic acid assay (23225; Thermo Fisher Scientific). 15 μg
of lysate was mixed with Laemmli sample buffer (1610747; Bio-
Rad) supplemented with 2-mercaptoethanol, and CMwas mixed
with loading dye (LC1676; Invitrogen) and reducing agent (Nu-
PAGE Sample Reducing Agent, 10X). Samples were incubated at
80°C for 5 min. Lysate was loaded into a 4–12% Bis-Tris gel
(NP0323BOX; Invitrogen) and CM was loaded into a 10–20%
tricine gel (EC66252BOX; Invitrogen). Gels were transferred to
polyvinylidene fluoride membranes using Trans-Blot Turbo
Transfer Pack (1704156; Bio-Rad) according to the manufacturer’s
instructions. Membranes were blocked with TBS-based Odyssey
blocking buffer (927-60001; LI-COR) and incubated overnight at
4°C with primary antibodies from Cell Signaling Technologies di-
luted to 1:1,000. These included p65 (8242), phospho-IκBα (9246S),
phospho-IKKα/β (2078S), phospho-p105 (4806S), and phospho-
p65 (3039). Membranes were washed and incubated with fluo-
rescent secondary antibodies (LI-COR) for 1 h at room temperature
and imaged using an Odyssey Infrared Imager (LI-COR).

ELISA
ELISAs for CXCL12 (R&D, MCX120) and CXCL8 (R&D, DY208)
were performed according to the manufacturers’ protocols and
read on a DTX880 plate reader (Beckman Coulter) at 450 nm.

Multiplex immunoassay
The multiplex immunoassay was performed on fibroblast CM
using LEGENDplex Mouse Proinflammatory Chemokine Panel
(13-plex) with Filter Plate (740007; BioLegend) according to the
manufacturer’s protocol. Samples were read using a Novocyte
(ACEA) flow cytometer. Heatmaps were generated using aver-
age values with pheatmap.

Flow cytometry
Single-cell suspensions were prepared as described above. Cells
were incubated with anti-CD16/CD32 (101302; BioLegend) for
10 min at 4°C to block non-specific Fc receptor binding and then
incubated for 30 min with fluorochrome-conjugated antibodies
diluted to 1:50 at 4°C including anti-Ly6G (127608; BioLegend),
anti-CD11b (101212; BioLegend), and anti-CD45 (109828; Bio-
Legend). For fibroblast intracellular cytokine staining, cells were
incubated for 24 h at 37°C with proinflammatory cytokines in
completemedia supplementedwith a protein transport inhibitor
cocktail (00-4980-93; Thermo Fisher Scientific). Stimulated
cells were harvested, fixed, and permeabilized (00-5523-00;
Thermo Fisher Scientific), and then stained with anti-CXCL1
(IC4532R; R&D). Cell counting and flow cytometric acquisition
was performed using a Novocyte (ACEA) flow cytometer. Data
were analyzed using FlowJo (BD).
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Neutrophil migration and activation assays
Bone marrow was flushed from femurs and tibias of WT mice.
Following red blood cell lysis, samples were filtered through a
40-μm strainer and resuspended at 2e6 cells/ml in DMEM with
0.5% FBS. 200 μl of the bonemarrow suspensionwas loaded into
the upper chamber of each well in a 3-μm 24-well transwell
plate. 600 μl of fibroblast CM (0.5% FBS) was loaded into the
bottom chamber. Cells were allowed to migrate for 3 h at 37°C.
After 3 h, 60 μl 0.5 M EDTA was added to lower chambers and
plates were incubated at 4°C for 15 min. Migrated cells were
collected from the lower chamber, counted, and stained for flow
cytometric analysis as described above. In some experiments,
purified neutrophils were used in place of bone marrow leu-
kocytes. In some experiments, fibroblast CM or bone marrow
cells were preincubated for 30 min at 4°C with pharmacological
inhibitors targeting MIF (1 μM, 475837; Calbiochem), pertussis
toxin (1 μg/ml, PHZ1174; Thermo Fisher Scientific), CXCR4 (10
μg/ml, ab120718; Abcam), and CXCR2 (1 μM, Sch527123; Cal-
biochem). For neutrophil activation assays, 750,000 purified
neutrophils/ml were incubated for 3 h in fibroblast CM prior to
qPCR and bulk RNA-Seq.

Statistical analysis
Unless indicated otherwise, experiments were performed with
at least biological triplicates and repeated at least twice. Statis-
tical significance was calculated using R or GraphPad Prismwith
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. For more
information, please see figure legends.

Study approval
All animal experiments were approved by the UCSD Institu-
tional Animal Care and Use Committee (#S09074). For human
studies, all sample acquisitions were approved by the UCSD
Institutional Review Board (#140144).

Online supplemental material
Fig. S1 shows additional scRNA-Seq analysis of i.d. S. aureus
infection, neutrophil kinetics during i.d. S. aureus infection, and
scRNA-Seq analysis of topical S. aureus infection. Fig. S2 shows
3T3-L1, MDFB, and HPAD response to TLR ligands and proin-
flammatory cytokines. Fig. S3 shows 3T3-L1 response to IL-17
and TNF with genetic and pharmacological inhibition of sig-
naling intermediates. Fig. S4 shows the effect of fibroblast CM
on neutrophil activation and leukocyte migration. Fig. S5 shows
fibroblast expression of IL-17 receptors, fibroblast conditional
knockout validation, the significance of fibroblast IL-17 signaling
in recombinant cytokine injection and topical IMQmodels, IMQ-
induced chemokine expression in dermis versus epidermis,
additional analysis of mouse IMQ and human psoriasis scRNA-
Seq, and H&E of skin from psoriasis patients on and off anti–IL-
17A. Table S1 shows fibroblast subset markers. Table S2 shows
RT-qPCR primers.

Data availability
Genomic data presented here are available in the National
Center for Biotechnology Information Gene Expression Omnibus
database under reference series GSE230513.
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Figure S1. CXCL12+ dermal fibroblast–neutrophil communication during S. aureus infection. (A–E)Mouse back skin with intradermal S. aureus infection.
(A and C–E) scRNA-Seq with data obtained from samples pooled from the skin of N = 4 mice independently treated in each group. (A) Expression of top three
cell type marker genes. (B) Representative GR-1 (neutrophils) immunostaining. Scale bar, 150 μm. (C) Expression of top three fibroblast cluster marker genes.
(D) Frequency of fibroblast clusters in infected and control mice. (E) DEGs between FB1–FB7 and FB8–FB11 during infection using Wilcoxon Rank Sum test.
Log2 fold-change and P value (adjusted) cut-offs are 0.5 and 0.05, respectively. (F) Frequency of neutrophil chemokine+/− fibroblast during infection.
(G) Frequency of neutrophil chemokine+/− cells across FB1–FB7 and FB8–FB11 during infection. (H–P) Analysis of scRNA-Seq data from mouse back skin with
S. aureus epicutaneous infection. Samples were pooled from the skin of N = 5 mice independently treated in each group. (H) Expression of neutrophil che-
mokines across cell types. (I) Fibroblast dimensionality reduction colored by cluster. Dashed line separates FB1–FB10 and FB11–FB16. (J) Expression of fi-
broblast subset markers across clusters. Boxes highlight high expression of reticular and adipocyte lineage genes in FB1–FB10 and high expression of papillary
and myofibroblast genes in FB11–FB16. (K) GO term analysis comparing FB1–FB10 and FB11–FB16. (L) Neutrophil chemokine expression across fibroblast
clusters. (M) Frequency of neutrophil chemokine+/− fibroblast during infection. (N) Frequency of neutrophil chemokine+/− cells across FB1–10 and FB11–16
during infection. (O) DEGs between neutrophil chemokine+ and neutrophil chemokine− fibroblasts during infection using Wilcoxon Rank Sum test. Log2 fold-
change and P value (adjusted) cut-offs are 0.5 and 0.05, respectively. (P) Expression of neutrophil chemokine+/− fibroblast markers during infection.
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Figure S2. IL-17 and TNFα activate preadipocyte fibroblasts. (A and B) Gene expression in 3T3-L1 fibroblasts by qPCR following stimulation with (A) toll
ligands (data pooled from two independent experiments with N = 3) and (B) recombinant cytokines. (C) Gene expression in 3T3-L1s by qPCR following Tnfrsrf1a
or scramble control siRNA knockdown and subsequent stimulation with recombinant cytokines. (D and E) Gene expression in WT (D) and Tnfrsrf1a−/− (E)
primary MDFBs by qPCR following stimulation with recombinant cytokines. (F) Expression of top 50 variable genes per group in MDFBs by bulk RNA-Seq,
scaled by row. Data were obtained from samples pooled from N = 3 independent biological replicates in each group. (G and H) HPADs stimulated with re-
combinant cytokines. Expression of top 2,000 (G) and top 50 (H) variable genes by bulk RNA-Seq, scaled by row. Data were obtained from samples pooled from
N = 3 independent biological replicates in each group. (I) Gene expression by qPCR. (J) Representative LCN2 immunostaining in MDFB. Scale bar, 150 μm.
(K) Representative CXCL1 intracellular cytokine staining (left) and quantification (right) in primary MDFBs. (L) CXCL8 ELISA with HPAD CM. (M and N)MDFB
(M) and HPAD (N) gene expression by qPCR following addition of recombinant cytokines. Data in B–N are representative of at least two independent ex-
periments with N = 2–3. FMO, fluorescence minus one; ns (not significant), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using unpaired t test.
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Figure S3. Mechanism of preadipocyte fibroblast activation by IL-17A and TNFα. (A and B) Expression of top 2,000 (A) and top 50 (B) variable genes in
3T3-L1 fibroblasts by bulk RNA-Seq following Nfkbiz siRNA knockdown and subsequent stimulation with recombinant cytokines. Data were obtained from
samples pooled from N = 3 independent biological replicates in each group. (C) DEGs in 3T3-L1s by qPCR following Nfkbiz siRNA knockdown. Averages shown
for N = 3. (D–F) Gene expression in 3T3-L1s by qPCR following pharmacological inhibition of JNK (D), P38 MAPK (E), and JAK (F). Averages shown for N = 3.
(G) Gene expression in 3T3-L1s by qPCR following Hif1 siRNA knockdown or scramble control siRNA knockdown. Averages shown for N = 3. Heatmaps were all
scaled by row. Data in A–G are representative of at least two independent experiments.
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Figure S4. CXCL12+ fibroblast–neutrophil communication in vitro. (A) Representative bone marrow neutrophil (CD11b+Ly6G+) purity following magnetic
bead separation. (B) qPCR of neutrophil activation markers following stimulation with 3T3-L1 fibroblast CM. Fibroblasts were treated with Nfkbiz siRNA or
scramble control then IL-17A and TNFα. (C) Flow cytometry gating strategy. (D) Leukocyte migration assay with primary MDFB CM. (E and F)Migration assay
with purified neutrophils using CM from 3T3-L1 fibroblast treated IL-17A and TNFα (E) or adipocyte differentiation media (adipogenesis) (F). (G) Migration
assay with WT and Lcn2−/− MDFB CM. Data were pooled from two independent experiments with N = 2–3. (H) Migration assay with WT and Camp−/− MDFB
CM. (I)Migration assay using 3T3-L1 fibroblast CM pretreated with MIF pharmacological inhibitor. (J) Expression of CXCL12 receptors in purified bone marrow
neutrophils by qPCR. (K)Migration assay with MDFB CM and pharmacological inhibitors targeting CXCR2 and CXCR4. (L)Migration assay using CM from 3T3-
L1s with Cxcl12 or scramble control siRNA knockdown. Data in A–B, D–F, and H–L are representative of two to three independent experiments with N = 3. ns
(not significant), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 using unpaired t test.
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Figure S5. Dermal fibroblast recognition of IL-17 in murine and human type 17 inflammation. (A) Gene expression by bulk RNA-Seq in primary MDFBs
from Fig. S2. Data were obtained from samples pooled from three independent biological replicates in each group. (B) Krt14 and Pdgfra expressions were
measured by qPCR in separated epidermis, dermis, and isolated MDFB from the skin of PdgfraΔIl17ra and Cre− control mice. Data are representative of two
independent experiments with N = 3 mice. (C) Total live CD11b+Ly6G−CD45+ cells (monocytes and macrophages) in rmIL-17A and rmTNFα challenged mouse
skin on day 3. Data were pooled from three independent experiments with N = 2–3 mice. (D) Representative MOMA-2 (monocytes and macrophages) im-
munostaining on day 2 after i.d. S. aureus infection. Scale bar, 150 μm. (E–J)Mouse back skin in IMQmodel. (E–G) scRNA-Seq analysis. Data were obtained from
samples pooled from skin of N = 4 mice independently treated in each group. (E) Expression of top 3 marker genes for each cell type. (F) Proportion of each cell
type in mice treated with IMQ or vehicle (control). (G) Gene expression across cell types. (H) Gene expression by qPCR in enzymatically separated epidermis
and dermis following IMQ treatment. Data are representative of two independent experiments with N = 3 mice. (I) Representative GR-1 (neutrophils) and
CXCL1 immunostaining. Scale bar, 50 μm. Dashed lines outline hair follicles. (J) Total live CD11b+Ly6G−CD45+ cells (monocytes and macrophages) in IMQ-
treated mice. Data were pooled from three independent experiments withN = 3mice. (K–M)Human psoriasis (N = 3 donors) and healthy control (N = 3 donors)
skin scRNA-Seq. (K) Expression of top three marker genes for each cell type. (L) Expression of top three marker genes for each fibroblast cluster.
(M) Frequency of neutrophil chemokine+/− fibroblast in psoriasis. (N) Frequency of neutrophil chemokine+/− cells across FB1–FB6 and FB7–FB11 in psoriasis.
(O) Representative H&E staining of lesional skin biopsies with and without anti–IL-17 treatment. Scale bar, 300 μm. N.D. (not detected), ns (not significant),
**P < 0.01, ***P < 0.001, and ****P < 0.0001 using unpaired t test.
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Provided online are Table S1 and Table S2. Table S1 shows fibroblast subset markers. Table S2 shows RT-qPCR primers.
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