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Photosensitivity to ultraviolet (UV) light affects up to ∼80% of lupus
patients. Sunlight exposure can exacerbate local as well as systemic
manifestations of lupus, including nephritis, by mechanisms that are
poorly understood. Here, we report that acute skin exposure to UV
light triggers a neutrophil-dependent injury response in the kidney
characterized by upregulated expression of endothelial adhesion
molecules as well as inflammatory and injury markers associated
with transient proteinuria. We showed that UV light stimulates neu-
trophil migration not only to the skin but also to the kidney in an IL-
17A–dependent manner. Using a photoactivatable lineage tracing
approach, we observed that a subset of neutrophils found in the
kidney had transited through UV light–exposed skin, suggesting
reverse transmigration. Besides being required for the renal induc-
tion of genes encoding mediators of inflammation (vcam-1, s100A9,
and Il-1b) and injury (lipocalin-2 and kim-1), neutrophils significantly
contributed to the kidney type I interferon signature triggered by UV
light. Together, these findings demonstrate that neutrophils mediate
subclinical renal inflammation and injury following skin exposure to
UV light. Of interest, patients with lupus have subpopulations of
blood neutrophils and low-density granulocytes with similar pheno-
types to reverse transmigrating neutrophils observed in the mice
post-UV exposure, suggesting that these cells could have transmi-
grated from inflamed tissue, such as the skin.

UV light | neutrophil migration | kidney | inflammation

Sensitivity to ultraviolet (UV) sunlight rays is a well-recognized
feature of systemic lupus erythematosus (SLE) (1). Skin ex-

posure to UV light triggers both local and systemic inflammation and
has been associated with systemic disease flares, including lupus
nephritis (LN), in SLE patients (2–4). How photosensitivity in the
skin leads to systemic manifestations remains poorly understood.
Shared gene signatures in the skin and kidney of SLE patients (5)
suggest common pathogenesis. We recently observed that acute
skin exposure to UV light triggers both a local and a systemic type
I interferon (IFN-I) response (6), indicating inflammatory responses
to UV light are not limited to the skin. How exactly skin expo-
sure to UV light impacts the kidney is not known.
We and others have shown that UV light induces rapid neu-

trophil infiltration into the skin (6, 7). Although neutrophils are
major contributors to inflammation at local injury sites, it has
recently been recognized that neutrophils can also home to or-
gans distant from the primary site of inflammation (8–10), where
they contribute to lung tissue injury via production of reactive
oxygen species (ROS) (11) or activate the adaptive immune sys-
tem in the lymph nodes and the bone marrow (9, 12). In SLE,
neutrophils are thought to play an important role in both local
and systemic disease. Neutrophils are present in the skin lesions
of SLE patients (13, 14) and in the kidney tissue of patients with
LN (15, 16). High expression of a neutrophil gene signature is a
strong predictor of active disease, including LN and cutaneous
flares (17, 18). Proinflammatory low-density granulocytes (LDGs)
are increased particularly in patients with skin disease (19). While

these findings implicate neutrophils in local tissue injury in SLE,
whether neutrophils provide the pathogenic link between skin
inflammation and kidney injury is not understood.
To elucidate how skin exposure to UV light impacts the kidney

and the role neutrophils play in these processes, we evaluated
changes in renal gene expression in concert with neutrophil mi-
gration. We found that acute skin exposure to UV light stimulates
inflammatory processes in the kidney, including expression of
endothelial adhesion molecules, inflammatory mediators, injury
markers, and transient proteinuria. Notably, we found that neu-
trophils migrated to the kidney after UV light exposure in an IL-
17A–dependent manner, localizing to the tubulointerstitial (TI)
areas where they exhibited proinflammatory phenotypes. Blocking
neutrophil trafficking by anti–G-CSF immunoglobulin (IgG)
treatment abrogated renal inflammation and prevented up-regu-
lation of tubular injury markers. Together, these findings dem-
onstrate that skin exposure to UV light triggers subclinical renal
inflammatory and injury processes mediated by neutrophils.

Results
Skin Exposure to UV Light Causes Subclinical Kidney Injury. Exposure
to sunlight has been associated with aggravation of systemic
symptoms and occurrence of disease flares in SLE patients, in-
cluding nephritis (2–4). Therefore, we first asked whether acute
sterile inflammation in the skin triggered by a single exposure to

Significance

Neutrophils are the most abundant leukocytes in circulation
and the first responders to infectious and sterile inflammation,
including skin exposure to ultraviolet (UV) light. We demon-
strate that neutrophils not only migrate to the UV light–
exposed skin but also disseminate systemically. In the kidney,
neutrophils mediate inflammatory and injury responses trig-
gered by skin exposure to UV. They had a proinflammatory
phenotype: increased production of reactive oxygen species
and a subpopulation of neutrophils in the kidney extravasated
from UV light-exposed skin tissue. These studies demonstrate a
direct link between skin inflammation by UV light and kidney
injury and implicate neutrophils as pathogenic mediators,
therefore providing a model by which exposure to UV light
might contribute to kidney damage in lupus patients.

Author contributions: S.S.-G., J.A.K., P.K., T.M., and K.B.E. designed research; S.S.-G., J.T.,
X.S., and L.T. performed research; J.A.K. contributed new reagents/analytic tools; S.S.-G.,
J.T., and J.M.S. analyzed data; and S.S.-G., T.M., and K.B.E. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: ssg12@uw.edu or KElkon@medicine.
washington.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2019097118/-/DCSupplemental.

Published January 4, 2021.

PNAS 2021 Vol. 118 No. 3 e2019097118 https://doi.org/10.1073/pnas.2019097118 | 1 of 12

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

https://orcid.org/0000-0001-6350-9582
https://orcid.org/0000-0002-8603-7693
https://orcid.org/0000-0002-2835-4244
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2019097118&domain=pdf&date_stamp=2021-01-01
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:ssg12@uw.edu
mailto:KElkon@medicine.washington.edu
mailto:KElkon@medicine.washington.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019097118
https://doi.org/10.1073/pnas.2019097118


www.manaraa.com

ultraviolet B (UVB) light (500 mJ/cm2) in black 6 (B6) mice
leads to changes in the kidney, including inflammation, injury, and
proteinuria (Fig. 1A). The lung was chosen as a control organ, as
no association between photosensitivity and clinical lung disease
has been reported in SLE. A total of 500 mJ/cm2 of UVB light in
B6 mice has been defined as two minimal erythematous doses
(20), the reference dose used for human phototesting (21). Gene
expression analyses of perfused kidney tissues (Fig. 1A) revealed
up-regulation in the gene expression of adhesion molecules vcam-
1 and e-selectin on days 1 and 2 after UVB light exposure (Fig. 1 B
and C). In contrast, vcam-1 and e-selectin expression demonstrated
a downward trend in the lung (SI Appendix, Fig. S1). We also
observed a >10-fold renal induction in s100A9, a neutrophilic
mediator associated with kidney damage (22), as well as increased
s100A6 expression, a calcium-binding protein associated with tu-
bular injury (23) (Fig. 1 D and E). While s100A9 induction was

detected in the lung, s100A6 gene expression remained unchanged
in the lung (SI Appendix, Fig. S1). The inflammatory response in
the kidney was also associated with an early increase in il-1β ex-
pression (days 1 and 2 after UV), whereas there was minimal or no
change in tnf or il-6 (Fig. 1F). Il-1β expression was not detected in
the lung until 6 d after skin exposure to UVB light (SI Appendix,
Fig. S1). Rapid induction in cxcl12 expression, a chemokine se-
creted by glomeruli and tubules and implicated in renal injury
(24), was also found in the kidney but not the lung (Fig. 1G and SI
Appendix, Fig. S1). Therefore, UVB light–triggered skin injury
instigates rapid renal proinflammatory processes, while fewer changes
are observed in the lung.
In addition to the proinflammatory response observed in the

kidney, both proteinuria and the urinary albumin/creatinine ratio
increased in the first few days after skin exposure to UVB light
(Fig. 1 H and I). This rapid effect on kidney function was

Fig. 1. Skin exposure to UVB light triggers kidney inflammatory responses, transient proteinuria, and up-regulation of kidney injury markers. (A) Following skin
exposure to a single dose of UVB light (500 mJ/cm2), urine and kidney samples were collected at the time points shown (D = day) following cardiac perfusion.
(B–G) Gene expression of (B and C) adhesion molecules vcam-1 and e-selectin and (D–G) inflammatory mediators s100a9, s100a6, il1b, and cxcl12 on different days
following exposure to UVB light relative to the non-UV–irradiated controls (D-1) was determined by qPCR. Significance was determined by one-way ANOVA with
Tukey’s post hoc (n = 3 to 6 per group; *P < 0.05, **P < 0.01, ***P < 0.001). (H and I) Proteinuria was quantified by (H) Bradford assay and (I) urine albumin/
creatinine ratio (UACR) at the times shown after exposure to UV light. Significant differences in proteinuria/UACR were determined relative to measurements
from the urine of nonirradiated controls (D-1) using (H) one-way ANOVA with Tukey’s post hoc or (I) Student’s t test (n = 10 per time frame; **P < 0.01). (J and K)
Gene expression of renal endothelial injury markers (J) lipocalin-2 and (K) kim-1 over time following skin exposure to UV light was compared to non-UV–exposed
controls (D-1). Significance was determined by one-way ANOVA with Tukey’s post hoc (n = 3 to 6 per group; *P < 0.05, **P < 0.01, ***P < 0.001).

2 of 12 | PNAS Skopelja-Gardner et al.
https://doi.org/10.1073/pnas.2019097118 Acute skin exposure to ultraviolet light triggers neutrophil-mediated kidney

inflammation

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019097118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019097118


www.manaraa.com

accompanied by up-regulation in the expression of lipocalin-2
and kidney injury molecule 1 (kim-1) (Fig. 1 J and K), markers of
tubular kidney damage that are also observed in LN (25, 26).
Despite the transient nature of proteinuria, expression of these
kidney injury markers persisted up to day 6 (Fig. 1 J and K),
possibly reflecting tissue repair.

UV Light–Induced Inflammation in the Skin Results in Neutrophil Migration
to the Kidney. To investigate whether neutrophils participate in the
systemic inflammatory response to UVB light, we examined the ki-
netics of neutrophil accumulation in UV light–irradiated skin as well
as in the spleen, kidney, and lung of C57BL/6 J (B6) mice, a strain
that best mimics cutaneous changes to UVB light in human skin
(Fig. 2A) (27). Following acute skin exposure to UVB light, neutro-
phil numbers in the skin increased sevenfold within 24 h and
remained elevated for 6 d compared to baseline pre-UV levels (D-1)
(Fig. 2B). This was accompanied by a reduction in neutrophil num-
bers in the bone marrow and a fivefold increase in circulating blood
neutrophils on days 1 to 6 (Fig. 2 C and D). Intriguingly, in the same
time frame, neutrophils increased in the spleen, lung, and kidney
(Fig. 2 E–G and SI Appendix, Fig. S2A). The precise kinetics varied
between organs, reaching peak on day 1 in the lung and days 2 to 6 in
the kidney and spleen (Fig. 2 E–G). In the kidneys, neutrophils
mostly localized to the tubulointerstitial area, including the vascula-
ture, as indicated by neutrophil elastase (NE) staining in proximity to,
or colocalized with, platelet/endothelial cell adhesion molecule-1
(PECAM-1/CD31) (Fig. 2H). Representative images in Fig. 2H show
neutrophils in or around the interstitial vasculature (full white arrows)
and in the interstitium (dotted white arrows), with occasional neu-
trophils also found in the glomeruli (yellow arrows). Similar locali-
zation was detected with anti-Ly6G immunofluorescence (IF)
staining (SI Appendix, Fig. S2B).
To determine whether other innate immune cells showed local

and systemic responses similar to neutrophils, we examined the
distribution of monocytes (CD11b+Ly6C+Ly6G−) at the same
time points after UVB light exposure. While monocytes were
also recruited into the skin, only small numbers of infiltrating
monocytes were detected in the kidney on day 6 after UVB ex-
posure (∼2-fold versus ∼10.5-fold increase in kidney neutrophils)
(Fig. 2F and SI Appendix Fig, S3). No increase in monocyte
numbers was detected in the lung or spleen (SI Appendix, Fig.
S3), suggesting that the systemic response to UV injury was
relatively selective for neutrophils.
Infiltration of neutrophils into the skin was accompanied by

histologic changes, including early inflammation of the dermis
and epidermal cell death (days 1 and 2), followed by develop-
ment of acanthosis and hyperkeratosis with serocellular crust
formation in some cases (day 6) (SI Appendix, Fig. S4). Notably,
no open skin lesions appeared after exposure to UVB light, sug-
gesting that the observed immune cell infiltration occurred under
sterile conditions, although a contribution by an altered skin
microbiome cannot be excluded (20).
Together, these findings demonstrate that exposure of the skin

to a single dose of UVB light mobilizes neutrophils to both the
local site of inflammation as well as to internal organs, including
the kidney, accompanied by blood neutrophilia. While overall
migratory patterns were similar in both male and female mice,
neutrophil infiltration into the skin was more rapid in females
compared to males (Fig. 2B). In contrast, epidermal injury by
tape stripping did not lead to neutrophil migration to the kidney
despite similar levels of neutrophil infiltration and inflammatory
response and tissue injury as seen with UV light exposure (SI
Appendix, Fig. S5), indicating that systemic neutrophil dissemi-
nation is not common to all forms of sterile skin injury.

IL-17A Promotes Neutrophil Recruitment following Skin Exposure to
UV Light. A survey of chemotactic and inflammatory mediators in
the skin revealed significant up-regulation of the gene expression

of neutrophil chemokines and inflammatory cytokines cxcl1,
cxcl5/6, g-csf, and il-1β 1 to 2 d after UV exposure (Fig. 3 A–D).
The rapid and persistent increase in expression of s100A9matched
the kinetics of neutrophil infiltration into the skin (Fig. 2B and SI
Appendix, Fig. S6), whereas the cytokines il-6, tnf, and il-33 were
transiently increased and returned to baseline expression by day 6
(SI Appendix, Fig. S6). In contrast, il-36a was elevated only on day
6 (SI Appendix, Fig. S6), perhaps reflecting a reparative function.
The transient (1 to 2 d) presence of monocytes in the skin (SI
Appendix, Fig. S3) paralleled the up-regulation of monocyte-spe-
cific chemokines ccl4 and ccl2 (SI Appendix, Fig. S6). Similar to
the accumulation of neutrophils in the skin of female mice
(Fig. 2B), monocyte accumulation in the skin also occurred earlier
in females than males (SI Appendix, Fig. S3).
UV skin exposure was accompanied by rapid (6 h) 12-fold

induction in il-17a gene expression in the skin (Fig. 3E) as well
as >1,000-fold cutaneous induction in g-csf expression during days
1 and 2 after UV (Fig. 3C). To determine whether the induction
of these cytokines was relevant to neutrophil mobilization, we first
quantified cytokine protein concentrations in the blood, which
revealed a robust and sustained (10- to 100-fold) increase in the
concentration of plasma IL-17A 6 to 24 h after exposure to UV
light (Fig. 3F), together with a transient (peak at 6 h) increase in
IL-6 and IL-12, cytokines that may be downstream of IL-17A (28)
(Fig. 3 G and H). No increase in the plasma concentrations of
IFNγ, GM-CSF, TNFα, IL-10, IL-27, IL-23, or IL1α were observed.
To determine if IL-17A is necessary for UVB-induced neutrophil

recruitment, we blocked the effect of IL-17A with a neutralizing
antibody prior to UV exposure (Fig. 3I). Anti–IL-17A IgG signifi-
cantly dampened blood neutrophilia (Fig. 3J) and attenuated neu-
trophil influx into both the exposed skin tissue (Fig. 3K and SI
Appendix, Fig. S7A) and the kidney (Fig. 3L and SI Appendix, Fig.
S7B). These findings demonstrate neutrophil recruitment in re-
sponse to UV light is mediated, at least in part, by IL-17A.

Neutrophils Mediate Kidney Inflammation after Skin Exposure to UV
Light. To determine whether neutrophils were responsible for the
inflammatory changes in the kidney following skin UVB light ex-
posure, we blocked neutrophil recruitment prior to UV light ex-
posure. Since cutaneous g-csf expression was up-regulated >1,000-
fold after UV exposure, suggesting a chemotactic role for G-CSF in
neutrophil recruitment in response to UV light, we inhibited neu-
trophil mobilization from the bone marrow by blocking G-CSF as
outlined in Fig. 4A. Neutralizing G-CSF prevented blood neutro-
philia as well as neutrophil recruitment to the kidney after skin
exposure to UVB light (Fig. 4 B and C). Notably, as previously
reported in different models (29, 30), blocking G-CSF did not alter
monocyte numbers in the kidney (Fig. 4D). Decreased neutrophil
migration to the kidney was accompanied by a significant reduction
in the renal expression of the adhesion molecules vcam-1 and
e-selectin (Fig. 4 E and F) as well as the inflammatory mediators
s100A9 and il-1β 1 d after UVB exposure (Fig. 4 G and H). Fur-
thermore, the tissue injury markers lipocalin-2 and kim-1 in the
kidney were significantly decreased in UV light–exposed mice
treated with G-CSF blocking antibody relative to isotype-treated
UV-exposed animals (Fig. 4 I and J). As we reported previously (6),
acute skin exposure to UVB light triggered a type I interferon re-
sponse in the kidney (Fig. 4K). Blocking G-CSF significantly re-
duced, but did not completely abrogate, the IFN score (Fig. 4K).
While the presence of neutrophils in the kidney was required for the
acute inflammatory and injury responses observed 1 d after skin UV
light exposure (Fig. 4), no differences in proteinuria were seen at
this time point, as peak proteinuria occurred around day 4 after UV
exposure (Fig. 1 H and I). Together, these data indicate that neu-
trophils are responsible for the inflammatory response and, directly
or indirectly, contribute to type I interferon induction in the kidney
following UV light exposure of the skin. Similar to the results
obtained with anti–G-CSF IgG, administration of a neutralizing
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anti–IL-17 antibody partially suppressed neutrophil migration to the
kidney and resulted in decreased gene expression of kidney in-
flammatory (vcam-1 and s100A9) and injury markers (lipocalin-2
and kim-1), although only the reduction in kim-1 expression was
statistically significant (SI Appendix, Fig. S7 C–F).

A Subpopulation of Kidney Neutrophils Is Reverse Transmigrated, a
Phenotype Also Detected in the Blood of SLE Patients. While it has
long been assumed that neutrophils entering sites of infection or
sterile inflammation subsequently undergo apoptosis and are rapidly

removed by macrophages, a number of studies have revealed
that some neutrophils traffic in a bidirectional manner, that is,
after entering a tissue, they transmigrate back into the blood-
stream and infiltrate another location, a process referred to as
reverse transmigration (rTEM) (8, 10, 11, 31–34). To investigate
whether neutrophils that homed to the kidney after skin exposure
to UVB light transited via the exposed skin, we studied neutrophil
migration in a photoactivatable B6 mouse model (human ubiquitin
C [UBC]-photoactivated [PA]-green fluorescent protein [GFP]).

Fig. 2. Skin exposure to UVB light triggers neutrophilia and neutrophil infiltration into the skin and peripheral organs, including the kidney. (A) Following a
single exposure of skin to 500 mJ/cm2 UVB light, neutrophils were quantified in the blood, skin, lung, spleen, and kidney at the time points shown. Following
whole body perfusion, cells were isolated from the sites shown in B–G, and the number of neutrophils (Ly6C+Ly6G+ cells) evaluated in the CD45+ live cells
gate in female (red) and male (blue) mice on days (D) 1, 2, and 6 after UV exposure. Differences in neutrophil numbers on different days after exposure to
UVB light were determined relative to nonirradiated controls (D-1) using one-way ANOVA with Tukey’s post hoc (n = 6 to 10 per group; mean ± SEM; *P <
0.05, **P < 0.01, ***P < 0.001; #P < 0.05 comparing fold increase in male versus female mice). Representative flow cytometry plots for each organ are shown in
SI Appendix, Fig. S5. (H) IF staining of frozen kidney sections on D2 after UV exposure demonstrating NE (Cy5, magenta), PECAM-1/CD31 (Al488, green), and
nuclear DAPI (blue) staining in the tubulointerstitium and glomeruli. NE staining in vascular endothelium is denoted by a white, full arrow (colocalization of
NE and CD31, yellow); NE staining in the interstitial tissue is denoted by dotted white arrows; and NE staining in glomeruli is denoted by yellow arrows.
Isotype control staining is shown in the leftmost panel. (Magnification, 40×.)
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The experimental scheme is illustrated in Fig. 5A; 1 d after skin
exposure to a single dose of UVB light, the skin was exposed to
violet light (405 nm) such that infiltrating immune cells were pho-
toconverted to GFP-positive cells. Photoconverted neutrophils
(GFP+Ly6G+) were then quantified in perfused kidneys the next
day. Flow cytometry analysis revealed that ∼20% of kidney-infil-
trating neutrophils were GFP positive after subtraction of back-
ground signal (∼10%) (Fig. 5B). In contrast to the models of sterile
inflammation in the liver or cremaster muscle (8, 10), we did not
detect photoconverted neutrophils in the lung, possibly because few
neutrophils were found in the lung on day 2 (Fig. 2F). To test
whether GFP+ neutrophils in the kidney extravasated from UV-
exposed skin tissue or were PA intravascularly, we compared the
changes in the numbers of GFP+ neutrophils obtained from the
kidneys of mice in which the same skin that was exposed to UV light
was PA with violet light a day later (Group I) versus mice in which
the skin adjacent to that exposed to UV light was PA with violet
light a day later (Group II, diagram in SI Appendix, Fig. S8A). Al-
though there were no differences in the percentages of circulating

neutrophils between the groups (SI Appendix, Fig. S8B), a
greater increase in GFP+ neutrophils was observed in the kid-
neys of mice where UV-exposed skin was also PA (Group I)
compared to the lack of increase in GFP+ neutrophils in the
mice where non-UV–exposed skin was PA (Group II) (SI Ap-
pendix, Fig. S7B). In Group II, the neutrophil numbers were
similar to the background of GFP positivity seen in Fig. 5B (SI
Appendix, Fig. S8B).
While low levels of GFP+ kidney neutrophils in Group II

suggested that violet light did not PA circulating cells in non-
UV–exposed skin, it remained possible that exposure to UV light
altered neutrophil interactions with blood vessels in the skin,
allowing for greater photoconversion and subsequent kidney
access. To determine the relative proportions of rTEM neutro-
phils, we quantified the expression of surface markers used to
characterize neutrophils that underwent rTEM: CXCR4hi (8) and
ICAM1hiCXCR1lo (11, 35). Indeed, GFP+ kidney neutrophils
expressed higher levels of CXCR4 compared to GFP+ neutro-
phils in the skin or GFP− neutrophils in the kidney (Fig. 5C). Of

Fig. 3. Skin exposure to UV light triggers IL-17A production, which is required for neutrophil recruitment. (A–D) Relative mRNA expression in skin obtained
from female (red) and male (blue) mice was quantified by qPCR using the primers listed in SI Appendix, Table S1 and normalized to 18S transcript levels. The
bars represent mean relative expression ± SEM for all samples combined. (E) Il-17A gene expression in the skin 6 h after UV exposure was quantified as in A–D.
(F–G) Multiplex analysis of the protein concentration in plasma samples collected 6 h or one day (D1) after UV (F) IL-17A, (G) IL-6, and (H) IL-12p70. Significant
changes in gene expression and plasma protein levels at different time points after exposure to UV light were determined relative to those of nonirradiated
controls (D-1) using one-way ANOVA with Tukey’s post hoc (A–D, n = 8 to 10; F–H, n = 8 to 25 mice per group; mean ± SEM, *P < 0.05, **P < 0.01, ***P <
0.001). (I) Shaved B6 mice were treated intravenously (i.v.) with 100 μg anti–IL-17A IgG (green) or isotype control IgG (black) 3 h before exposure to a single
dose of UVB light (500 mJ/cm2). One day after UV exposure (D1), neutrophils were quantified in (J) blood, (K) skin, and (L) kidney by flow cytometry as in
Fig. 2. The dotted gray lines represent the average baseline neutrophil percentage in blood, skin, and kidney of noninjected mice. Statistical differences
between treatment groups were determine by paired Student’s t test (n = 3, *P < 0.05, ****P < 0.0001).
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interest, renal expression of the CXCR4 ligand, cxcl12, 1 to 2 d
after skin exposure to UVB light was concurrent with the presence
of CXCR4hi neutrophils in the kidney (Fig. 1G), possibly provid-
ing the chemotactic stimulus for recruitment of these neutrophils
into the kidney. Of interest, we detected CXCR4hi and ICAM1-
hiCXCR1lo neutrophils in the bone marrow late after UV expo-
sure (day 6, SI Appendix, Fig. S9 B and C), suggesting that some of
these neutrophils also home back to the bone marrow similar to
what has been reported for rTEM following liver injury or virus
infection of the skin (12, 36). Consistent with these observations,
we detected higher CXCR4 expression on blood neutrophils
on day 2 after UV exposure, possibly capturing cells en route to
the kidney and bone marrow (SI Appendix, Fig. S9D).
Similarly, a significantly greater percentage of ICAM1hiCXCR1lo

cells was detected among the GFP+ neutrophils in the kidney
compared to GFP+ neutrophils in the skin and GFP− neutrophils

in the kidney (Fig. 5D). The ICAM1hiCXCR1lo phenotype was
detected on ∼20 to 35% of GFP+ neutrophils in the kidney
(Fig. 5D), suggesting that a subset of neutrophils that migrate to
the kidney via UV-exposed skin do so by reverse transmigration,
whereas the remainder of kidney neutrophils are likely activated
while circulating through inflamed UV-exposed skin. The ICAM1-
hiCXCR1lo neutrophil subpopulation was also detected in the kidneys
of normal B6 mice exposed to UV light that did not receive PA
(SI Appendix, Fig. S9A).
While both CXCR4hi and ICAM1hiCXCR1lo neutrophil phe-

notypes have been associated with inflammatory functions and
tissue injury in different murine models (11, 31, 37), few studies
have been performed on these cell populations in human disease.
Given the emerging role of neutrophils in SLE (13, 17, 18) and their
apparent heterogeneity (19), we investigated whether normal-den-
sity polymorphonuclear cells (PMNs) or LDGs from SLE patients

Fig. 4. UVB light–triggered neutrophil migration to the kidney is required for kidney inflammatory and injury responses. (A) B6 mice (n = 4 to 5 per group)
were either not exposed to UV (no UV, gray), were exposed to UV and received 50 μg isotype control IgG intraperitoneally (i.p.) (red), or were exposed to UV
and received 50 μg anti-GCSF IgG i.p. (blue). Two doses of anti–G-CSF blocking IgG or isotype control IgG were given at 24 h and 3 h prior to UVB skin
exposure. One day after UV exposure (D1), kidneys were collected and analyzed by flow cytometry and qPCR. (B–D) Flow cytometry analysis of (C) percent
neutrophils (CD11b+Ly6C+Ly6G+) in the blood, (D) number of neutrophils per kidney, and (E) number of monocytes (CD11b+Ly6C+Ly6G−) in the CD45+
kidney cell population. (E–J) Gene expression analysis of (E and F) adhesion molecules vcam-1 and e-selectin, (G and H) inflammatory mediators s100a9 and
il1b, and (I and J) kidney injury markers lipocalin-2 and kim-1. (K) IFN-I score in the kidney was evaluated based on relative expression of 10 ISGs as described in
Materials and Methods. (B–K) Statistical significance was determined by one-way ANOVA with Tukey’s post hoc (n = 4 to 5 per group; mean ± SEM, *P < 0.05,
**P < 0.01, ***P < 0.001, ns = not significant).
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demonstrated the reverse migrating phenotypes: CXCR4hi (37, 38)
and ICAM1hiCXCR1lo. Flow cytometry profiling of PMNs and
LDGs revealed higher CXCR4 expression on the surface of these
cells in SLE patients compared to healthy controls (Fig. 6 A and C).
Moreover, we found a small but significantly higher percentage of
ICAM1hiCXCR1lo PMNs in SLE blood (mean, 3.5%) relative to
healthy controls (mean, 1.4%) (Fig. 6B). Interestingly, the LDG
neutrophil population (CD15+CD14loCD10+ in peripheral blood
mononuclear cells [PBMCs]) contained a greater percentage of
ICAM1hiCXCR1lo cells than the PMNs in both healthy (mean,

7.1%) and SLE blood (mean, 29.4%) (Fig. 6 B and D). The rTEM-
like population was significantly more highly represented in LDGs
from SLE patients relative to healthy controls (Fig. 6D). These data
identify the presence of rTEM-like neutrophil phenotypes in PMNs
and particularly LDGs in SLE patients.

Discussion
The systemic effects of skin exposure to UV light are poorly un-
derstood. Identifying these pathways in normal baseline conditions
may inform mechanisms of systemic tissue involvement after sun

Fig. 5. A subpopulation of kidney neutrophils are derived from UV light–exposed skin. (A) UBC-PA-GFP mice were shaved and irradiated with UVB light as in
Fig. 1. One day (D1) after UV exposure, the UV-irradiated skin was subjected to PA by violet light (405 nm), as described in Materials and Methods. Cardiac
perfusion was performed and kidneys collected 24 h after PA (D2). (B) The percentage of GFP+ neutrophils (CD45+Ly6CintLy6Ghi) in the kidneys of UV-exposed
(UV+) and PA (PA+) mice was determined by flow cytometry. The percentage of GFP+ neutrophils was compared to the kidneys from three different mouse
controls: no UV, no PA; no UV, +PA; and +UV, no PA by one-way ANOVA with Tukey’s post hoc (n = 4 to 8 animals/treatment, ***P < 0.001, ns = not sig-
nificant). (C) CXCR4 mean fluorescence intensity (MFI) was determined by flow cytometry in photoconverted (GFP+, red) neutrophils in the skin and kidney
and GFP− (blue) neutrophils in the skin and kidney of mice exposed to UV light and PA as shown in A. Skin and kidney tissue were analyzed at the same time.
The MFI was determined by subtracting FMO MFI for each tissue. (D) Flow cytometry analysis of the percent ICAM1hiCXCR1lo cells in the GFP+ and GFP−
neutrophil populations in the skin and kidneys of mice exposed to UV light and PA as shown in A. (C and D) Statistical differences between groups were
determined by Student’s t test (n = 3 individual experiments; *P < 0.05).
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exposure that occurs in diseases such as SLE (2–4). Here, we re-
port several findings on how exposure to sunlight impacts the
kidney. First, we demonstrated that acute skin exposure to UVB
light triggers inflammatory and injury responses in the kidney,
including subclinical proteinuria. Intriguingly, these renal changes
were accompanied by neutrophil infiltration into the kidney fol-
lowing UVB light–mediated skin inflammation. The neutrophil
response was dependent on IL-17A and G-CSF. Neutrophils in
the kidney had proinflammatory phenotypes, as evidenced by ex-
tracellular localization of NE, a higher proportion of rTEM
(CXCR4hi) also known as “aged” and ICAM1hiCXCR1lo cells.
Neutrophils were directly implicated in subclinical kidney injury,
as neutrophil depletion resulted in significant reductions in the
expression of adhesion molecules, inflammatory cytokines, IFN-I
signature, and kidney injury markers after skin UV exposure.
Other types of skin injury, such as tape stripping and topical

application of a TLR7 agonist, have been reported to enhance
kidney injury in certain lupus models, although disease enhance-
ment was thought to be mediated by macrophages and dendritic
cells rather than neutrophils (39, 40). Having demonstrated that
tape stripping did not lead to neutrophil recruitment to the kidney,
we propose that UV light exposure is different from other types of
sterile skin inflammation. This may be explained by the generation
of photoproducts or unique inflammatory mediators after UV
injury that prime the kidney for inflammation, by differences in
removal of neutrophils after UV compared with tape stripping, or
by other factors. We observed that UV light triggered a rapid and
strong induction of il-17a messenger RNA (mRNA) in the skin
together with high circulating IL-17A protein levels (∼100-fold
increase), which was required for neutrophil recruitment after
exposure to UV light. The concurrent 100- to 1,000-fold induction
in the skin g-csf expression suggests that the IL-17A/G-CSF axis is
the likely mechanism responsible for neutrophilia and neutrophil
tissue homing in response to UV light. The role of IL-17A in
regulating granulopoiesis and neutrophil recruitment via induction
of G-CSF is well recognized under homeostatic conditions, and a
few studies have identified IL-17A as important for neutrophil
recruitment to the sites of sterile inflammation (41, 42). In lupus,
elevated IL-17A expression is found in cutaneous lesions (43), and
increased circulating IL-17A levels have been associated with
worse disease manifestations (44), although the specific relation-
ship to neutrophils, a pathogenic population in this disease (13, 17,
18), remains unexplored. Besides its direct effects on G-CSF–
mediated mobilization of neutrophils from the bone marrow, IL-
17A may also contribute to neutrophil homing to the kidney by
stimulating expression of adhesion molecules (e.g., VCAM-1 and
E-Selectin) on the renal endothelium (45, 46).
Using the same model of acute UV exposure, we recently

reported that a single dose of UV light triggered a local and
systemic IFN-I response, which was required for efficient neu-
trophil recruitment to the skin (6). Since IFN-I has been shown
to induce IL-17A production (47), it is plausible that these
pathways either independently or in concert lead to the UV
light–mediated neutrophil recruitment and migration we report
here. While our findings suggest an inflammatory role for IL-
17A, suppressive effects of UVB light on IL-17A signaling have
previously been reported in psoriasis, where exposure of psori-
atic skin to UVB light eliminated pathogenic T cells and myeloid
inflammatory dendric cells (48, 49). Since psoriatic, unlike
healthy, skin is rich in IL-17–producing and –responding T cells,
the difference in cellular composition is likely to determine the
response to UVB light, including the extent of UVB light–
mediated suppression of IL-17A receptor expression (50). UV
dosage may also determine whether an inflammatory or thera-
peutic effect occurs: low doses are associated with anti-inflam-
matory and immunosuppressive consequences (51), possibly by
inhibiting CD8 T cell responses (52).

Neutrophils play multiple roles during tissue inflammation.
When activated by pathogen-associated molecular patterns and
damage-associated molecular patterns (DAMPS) or by receptor
engagement, neutrophils directly contribute to tissue injury by
releasing proteases, ROS, and extrusion of neutrophil extracellu-
lar traps (NETs) (53, 54). Neutrophils can also promote tissue
repair by phagocytosis of cellular debris and by enabling tissue
revascularization (8). In SLE, a neutrophil gene signature is a strong
predictor of active disease including LN and cutaneous lupus
(17, 18). Neutrophils are found in cutaneous lesions (13, 14) as
well as kidney biopsy specimens (15, 16) of SLE patients, and
their inflammatory properties have been attributed, in part, to
NET formation (16). This process includes increased production
of ROS (55), mitochondrial DNA release (55), and release and
induction of inflammatory proteins, such as s100A9 (56), IL-1b
(57), and type I interferons (55, 58). Our findings that inhibiting
neutrophil migration to the kidney abrogated s100A9 and sig-
nificantly reduced IL-1b expression and the kidney IFN score
suggest that similar inflammatory functions might be at play.
Relevant to kidney disease in SLE, neutrophils mainly localized
to the TI endothelium, the site of increased expression of kidney
injury markers kim-1 and lipocalin-2 in LN kidney tissues (59,
60). Proteinuria can arise due to excessive permeability of the
glomerular barrier to proteins due to impaired reabsorption of
protein by tubules or a combination of these mechanisms (61). TI
injury in SLE patients is a frequent pathologic finding in LN kid-
neys, including those with mild glomerular injury (61, 62). TI injury
has been shown to predict the severity of LN (63, 64), yet the
mechanisms triggering it are unknown. Since elevated kim-1 and
lipocalin-2 are recognized markers of TI injury in SLE (26, 65) and
blocking neutrophil migration to the kidney inhibited their ex-
pression, we propose that the transient proteinuria observed after
UV exposure is a consequence of neutrophil-mediated subclinical
TI inflammation (65). Increased kidney vcam-1 expression, another
marker of TI injury in SLE (66), further supports this model.
In addition to propagating inflammation at the local sites of

sterile or infectious injury, neutrophils have been shown to home
to distant organs (8–10), where, depending on the context, they
contribute to tissue injury via ROS production (11) or activate
the adaptive immune system in the lymph nodes and the bone
marrow (9, 12). The inflammatory nature of these neutrophils has
been attributed to their ability to exit the primary site of injury and
migrate to secondary sites, that is, to undergo rTEM (9–11, 31–34).
Our findings that PA of GFP-containing cells in the skin following
UV exposure led to the detection of GFP+ neutrophils in the
kidney with the phenotype of rTEM suggest that a subpopulation of
renal neutrophils reverse migrated from UV-exposed skin (GFP+
neutrophils make up ∼20% of kidney neutrophils and of those, 20
to 35% are rTEM; therefore, rTEM make up 4 to 7% of total
kidney neutrophils). This proportion of rTEM is comparable to the
proportion reported after sterile liver injury (∼9%) (36) and
ischemia–reperfusion injury (∼8%) (11). rTEM have in other cir-
cumstances been shown to be proinflammatory (10, 11) and have
impaired apoptosis (35), leading to the possibility that they play a
role in UV-induced kidney injury. The elevated CXCR4 expression
on these neutrophils is particularly relevant, as coincident renal
expression of cxcl12, a CXCR4 ligand expressed by podocytes and
tubules (24), was observed, likely providing a chemotactic signal
for this neutrophil population. Increased CXCR4 expression on
immune cells coupled with high levels of renal CXCL12 have
been identified in SLE patients with LN (67), and this pathway
was implicated in lupus as well as ischemia–reperfusion kidney
injury in mice (24, 68). In addition to being a marker of rTEM,
increased CXCR4 expression is also an indicator of “aged”
neutrophils, which can mediate tissue-damaging inflammatory
responses (38). The precise role of CXCR4 in neutrophil re-
cruitment to the kidney can be investigated by CXCR4 antago-
nism as previously done in other models of sterile injury (38).
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Tissue-specific neutrophil migration and the mechanisms re-
sponsible for differential expression of adhesion molecules in
different organs are not well understood (69). Higher levels of

expression of the chemokine cxcl12 in the kidney but not the lung
could explain the preferential presence of CXCR4hi neutrophils
in the kidney. In addition, the induction of expression of vcam-1

Fig. 6. Increased CXCR4 expression and presence of ICAM1hiCXCR1lo neutrophils (PMNs) and LDGs in SLE patients. (A and C) Mean fluorescence intensity
(MFI) of CXCR4 was determined by flow cytometry analysis of (A) circulating PMNs (CD66b+) and (C) LDGs (CD10+CD15+CD14−) from healthy controls (gray)
and SLE patients (red). (B and D) The percentage of ICAM1hiCXCR1lo cells was determined by flow cytometry of (B) circulating PMNs and (D) LDGs from healthy
controls and SLE patients. Representative histograms and gates are shown. Statistical differences between groups were determined by Student’s t test (n = 6
to 12; *P < 0.05, **P < 0.01).
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and e-selectin in the kidney, compared to no change in expression
in the lung, likely contributes to preferential neutrophil recruit-
ment and retention in the kidney. The 5- to 6-fold increase in
s100A9 expression in the lung compared to a 30- to 60-fold in-
crease in the kidney as well as a 6-fold increase in il-1b expression
in the lung compared to 16-fold increase in the kidney further
indicate tissue differences in the inflammatory response. The
reduction in neutrophil infiltration of the kidney following neu-
tralization of G-CSF can be attributed to both a reduction in
circulating numbers and activation of neutrophils as well as a
reduction in local expression of vcam-1 and e-selectin. However,
we cannot be certain whether initial up-regulation of these ad-
hesion molecules following skin UV exposure is attributed to
skin-derived cytokines/DAMPS or whether neutrophils, through
the release of serine proteases, contribute directly to their ex-
pression as has been shown in other contexts (70). Regardless of
the mechanisms, and noting that we have not performed a com-
prehensive analysis of all tissues, our studies provide evidence for
some organ selectivity in UV light–mediated systemic effects.
Future studies will address tissue-specific functional consequences
of systemic neutrophil dissemination by, for example, vascular
albumin leakage and edema formation in the lung (11, 36).
In patients with SLE, it is difficult to unequivocally relate skin

UV light exposure to exacerbations of systemic disease, as there
is significant variation (1 to 3 wk) in visible photosensitivity re-
sponses in different individuals (21). In addition, subclinical
kidney injury may readily be missed until consecutive exposures
to UV light compound the effects. While we found that neu-
trophil-mediated kidney inflammation in response to UV light
does not cause clinical disease in healthy mice, such a mechanism
may contribute to LN flares in photosensitive lupus patients in
multiple ways. Fc receptor engagement by immune complexes
could enhance neutrophil recruitment, resulting in ROS and
protease release (71); the heightened capacity of lupus neutro-
phils and LDGs to produce NETs, which, in SLE patients, are
not cleared efficiently (72), could lead to the release of tissue-
damaging proteases (73), propagation of the IFN-I response
(58), or direct damage to the kidney endothelium by creating
vascular damage and leakage (16). Moreover, the underlying
differences in lupus skin, such as enhanced IFN-I signaling (5,
74) and defects in protective Langerhans cell population (75),
could inform the extent and nature of neutrophil-mediated sys-
temic responses. Tracking neutrophil migration coupled with in-
terrogation of autoantibodies, accumulation of apoptotic cells, and
low complement levels can be addressed using novel models of
lupus, such as genetically defined triple mutants (Sle1.Mfge8−/−

C1q−/− and Sle1.Mfge8−/−C3−/−) (76) or other lupus strains fol-
lowing exposure to UV light.
The exact mechanisms linking neutrophils to inflammation in

SLE might in addition be influenced by the neutrophil/LDG
phenotype, as heterogeneity within these populations has be-
come more apparent (77). Our findings of elevated CXCR4 and
ICAM1hiCXCR1lo (rTEM) circulating populations, particularly
in SLE LDGs, further add to this heterogeneity and suggest that
some of the more proinflammatory granulocytes in blood might
have prior “tissue experience,” that is, residence in the affected
organ tissues, such as the skin, prior to systemic dissemination.
The rTEM phenotypes have previously been reported in synovial
fluid and circulating neutrophils of rheumatoid arthritis patients
(35, 78) and in acute pancreatitis-associated lung injury (79).
Their role in SLE warrants further investigation.

Materials and Methods
Mice. All animal experiments were approved by the Institutional Animal Care
and Use Committee of the University of Washington, Seattle. Initial exper-
iments were conducted using both male and female C57BL/6J mice (Jackson
Laboratory, 3 to 4 mo old, Figs. 1 and 2). Female mice were used for all
subsequent experiments. PA studies were performed on B6.Cg-Ptprca

Tg(UBC-PA-GFP)1Mnz/J female mice (Jackson Laboratory, 3 to 4 mo old).
These mice were generated by injection of a transgenic vector carrying PA-
GFP (T203H variant) under the transcriptional control of the human ubiq-
uitin C promoter into C57BL/6 embryos. The animals were housed in path-
ogen-free conditions and maintained in light–dark cycles of 12 h with ad
libitum access to food and water. The experiments on all the animals were
performed at the same time of the day as to avoid the influence of circadian
rhythm on neutrophil migration (38).

Exposure to UVB Light and Tape Stripping. The dorsal aspect of male and
female C57BL/6 mice was shaved at least 24 h prior to irradiation with UVB
light, and only the mice with nonpigmented skin were used in the experi-
ments. Mice were anesthetized with isoflurane and exposed to one dose of
UVB light (500 mJ/cm2) using FS40T12/UVB bulbs (National Biological Cor-
poration), with peak emission between 300 and 315 nm. The UVB light
energy at the dorsal surface was measured with a Photolight IL1400A radi-
ometer equipped with a SEL240/UVB detector (International Light Tech-
nologies). Mice were euthanized 1, 2, or 6 d after exposure to UVB light, and
nonirradiated mice were used as controls (D-1) (Fig. 2A). Epidermal tape
stripping was performed as previously described (7), and skin and kidney
were evaluated 24 h after injury.

Inhibition of IL-17A and G-CSF. Mice were treated intravenously with 100 μg
purified rat anti-mouse IL-17A IgG (BioLegend) or isotype control 3 h before
exposure to UV light (1 × 500 mJ/cm2) (Fig. 3I). Neutrophil presence in the
blood, skin, and saline-perfused kidney tissue was evaluated by flow
cytometry 24 h after UV exposure as described below. Neutrophil migration
in response to UV light was inhibited by treating mice intraperitoneally with
50 μg anti-mouse G-CSF monoclonal antibody or mouse IgG isotype control
(R&D Systems) 24 h and 3 h prior to skin exposure to UVB light (1 × 500 mJ/
cm2) (Fig. 4A). Following cardiac perfusion, neutrophil and monocyte num-
bers in the kidney were evaluated by flow cytometry and gene expression by
qPCR, as described below. Mice not exposed to UVB light were used as an
additional control group.

Isolation of Cells from Different Organs. Following euthanasia with CO2 in-
halation, a piece of dorsal skin was removed and kept in RPMI (Roswell Park
Memorial Institute) solution on ice until processing. Blood was collected by
cardiac puncture in ethylenediaminetetraacetic acid-coated syringes. Cardiac
perfusion was subsequently performed using phosphate-buffered saline
(PBS) (∼60 mL) through the left ventricle after snipping the right atrium.
Successful perfusion was determined by observing complete kidney and lung
pallor. Lungs, kidneys, spleen, and both femurs were removed carefully and
placed in RPMI solution on ice until sample processing. Cells were isolated
from equivalent areas of skin tissue (∼30 mm2) by mincing and digesting the
tissue with 0.28 units/mL Liberase TM (Roche) and 0.1 mg/mL of Deoxyri-
bonuclease I (Worthington) in PBS with Ca+2 and Mg+2 for 60 min at 37 °C
with shaking. Cells were isolated from one kidney per animal; kidney tissues
were minced and digested in 2 mg/mL collagenase type I (Worthington) for
30 min at 37 °C according to a published protocol. Lung cells were harvested
by digesting tissue in PBS (Ca+2 and Mg+2) with 1 mg/mL collagenase type 1
and 60 U Deoxyribonuclease I. Whole spleens were crushed onto a 40 μm cell
strainer and washed with RPMI solution. Whole blood and cells from the
spleen, bone marrow, kidneys, and lungs were treated with 1X Red Blood
Cell (RBC) Lysis Buffer (BD Biosciences). Following isolation/digestion, cells
from all tissues were filtered (40 μm), washed with PBS, and resuspended in
RPMI solution prior to counting.

Flow Cytometry Staining and Analysis. Cells were treated with Fc Block
TruStain FcX (Biolegend) and stained with Zombie Aqua Viability dye (Biol-
egend) per the vendor’s recommendations. Cells were washed and surface
staining was performed using mouse-specific fluorescent antibodies pur-
chased from Biolegend. Different myeloid cell populations were analyzed in
the live immune cells (Zombie Aqua-CD45+) gate. Percent and number of
neutrophils (Ly6CintLy6Ghi) and monocytes (Ly6C+Ly6G−) were quantified.
Representative flow cytometry gating is presented in SI Appendix, Fig. S10.
Percent expression and mean fluorescence intensities of surface markers in
the PA model (CXCR4, ICAM1, and CXCR1) were determined using fluores-
cence minus one (FMO) staining controls in the neutrophil gate (Ly6Ghi). All
samples were processed using CytoFLEX flow cytometer (Beckman Coulter)
and data analyzed with FlowJo software version 10 (Tree Star).

Photoactivation (PA) Studies. UBC-PA-GFP mice were shaved and a portion of
the back was irradiated with one dose UVB light (500 mJ/cm2) as above. Only
the skin area that will be photoconverted was exposed to UVB light, while
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the remaining skin was covered with aluminum foil. After 24 h from UVB-
induced sterile injury, the entirety of the UVB-irradiated skin region was
subjected to violet light (405 nm) using a 50 W light-emitting diode lamp
with 0.37 numerical aperture (NA) fiber (Mightex) at the power of 100 mW
(∼15 min exposure per area). This method was optimized based on a pub-
lished protocol of skin-specific photoconversion (80). Kidneys and lungs were
collected and processed for flow cytometry analysis 24 h after PA, as de-
scribed above. The approach and timeline are outlined in the diagram in
Fig. 5A. The percent of GFP+ neutrophils in the kidney was compared to that
found in mice under three control conditions: 1) no UV and no PA, 2) UV but
no PA, and 3) no UV but PA. CXCR4 expression levels and ICAM1hiCXCR1lo

phenotype within GFP+ and GFP− neutrophils in the skin and kidney were
evaluated by flow cytometry using mouse-specific fluorescently labeled an-
tibodies purchased from Biolegend. To determine whether the GFP+ neu-
trophils in the kidney originated from the skin and not blood, skin in one
group of mice was exposed to UV light and PA as described above (Group I),
while in another group, skin was exposed to UV light but PA was performed
on the adjacent skin area not exposed to UV light (Group II) (diagram in SI
Appendix, Fig. S7A). Kidneys were collected and processed for flow cytom-
etry analysis as described above.

Gene Expression and Proteomic Analyses. Skin, kidney, and lung samples were
stored in RNAlater solution (QIAGEN). RNA was extracted by RNeasy Kit from
QIAGEN, and complementary DNA (cDNA) was synthesized using the High-
Capacity cDNA Synthesis Kit (Applied Biosystems). The transcripts of in-
flammatory chemokines, cytokines, and adhesion molecules were quantified
by real-time qPCR using the primers listed in SI Appendix, Table S1 and
normalized to the average of 18S transcript levels. The dose of UVB light
used did not affect 18S expression in any of the organs. Relative expression
of mRNA targets was determined using the standard formula 2^(−Ct) ×
coefficient. IFN scores were derived from expression of 10 representative
interferon-stimulated genes (ISG; Mx1, Irf7, Isg15, Isg20, Ifi44, ifit1, ifit3,
oasl1, usp18, and ifi27l2a) as previously described (6). The mean and SD of
the relative expression of each ISG were determined in the kidneys of mice
not exposed to UV light (meannoUV and SDnoUV). These were then used to
standardize the expression levels of each ISG in the kidneys of treated mice
(IgG isotype + UVB or a-GCSF + UVB). The standardized expression levels
were then summed for each mouse to derive an IFN expression score; i =
expression of each ISG; Gene itreatment = relative gene expression level after
treatment; and Gene inoUV = relative gene expression level in mice not ex-

posed to UVB light. ∑
10

i=1
= Geneitreatment−meanGeneinoUV

SD(GeneinoUV ) .

Protein levels in plasma and skin tissue protein extracts were measured
using defined analyte panels LEGENDplex Mouse Inflammation Panel and
Inflammatory Chemokine Panel (Biolegend).

IF Staining of Frozen Kidney Tissues. Saline-perfused kidneys were fixed in 4%
paraformaldehyde for 1 h at room temperature and, following immersion in
30% sucrose, frozen in optimal cutting medium (Sakura Finetek). The 5-μm
tissue sections were rehydrated in PBS prior to IF staining. Tissues were
permeabilized with 0.1% Triton X-100 in PBS and subsequently blocked in
PBS + 0.1% Triton X-100/5% BSA (bovine serum albumin)/5% rabbit serum.
NE and endothelial cells were detected by staining with anti-mouse NE Cy5
(1:100, Bioss) and anti-mouse PECAM-1/CD31 Al488 (1:100, Biolegend), re-
spectively, at 4 °C overnight. Neutrophil presence in the kidney was con-
firmed by staining with anti-mouse Ly6G Al647 (1:100, Biolegend). Tissues

were mounted using ProLong Gold with 4′,6-diamidino-2-phenylindole
(DAPI) mounting medium (Invitrogen) and imaged with Nikon Eclipse
90i fluorescent microscope (Histology and Imaging Core, University of
Washington).

Skin Histologic Evaluation. Formalin-fixed, paraffin-embedded skin tissue
sections (4 to 5μm) were stained with hematoxylin and eosin at the Uni-
versity of Washington Histology and Imaging Core prior to UV, day 1, day 2,
and day 6 following UVB irradiation (n = 5 females). Skin was scored in a
blinded fashion for the following parameters: inflammation of the dermis/
subcutis, epidermal cell death, acanthosis, hyperkeratosis, serocellular crust
formation, and erosion/ulceration. These parameters were scored on a scale
of 0 to 4 depending on severity and extent with the exception of erosion/
ulceration, which was scored as present (1) or absent (0). Representative
images were taken using NIS-Elements BR 3.2 64bit and plated in Adobe
Photoshop with lighting adjustments applied to the entire image. Original
magnification is stated.

Urine Measurements. Urine protein levels were evaluated by the Bradford
protein assay (Thermo Fisher Scientific). Urine samples were tested at 1:40
dilution in PBS, and protein concentration in urine was determined based on
serial dilutions of known concentrations of BSA. Urine albumin/creatinine
ratio was evaluated by using Albuwell albumin assay and the Creatinine
Companion Kit (Exocell) per the manufacturer’s instructions.

Human Sample Collection and Flow Cytometry Analysis. This study was ap-
proved by the University of Washington Institution Review Board
(STUDY00001145). Whole blood was collected in heparinized tubes from
healthy volunteers and SLE patients following informed consent. Neutrophils
(PMNs) and PBMCs were isolated by Ficoll-Paque discontinuous gradient
separation (GE Healthcare). PMNs were purified from the erythrocyte pellet
by 5% dextran sedimentation. Following RBC lysis, cells were stained with
fluorescently labeled antibodies purchased from Biolegend, and CXCR4
expression and percent ICAM1hiCXCR1lo cells were evaluated in PMNs
(CD66b+) and LDGs (CD15+, CD14lo, and CD10+ in PBMCs (19)). Gating
strategy for LDGs and ICAM1hiCXCR1lo staining based on FMO is shown in
SI Appendix, Fig. S11. Samples were processed using CytoFLEX flow cytom-
eter (Beckman Coulter), and data were analyzed with FlowJo software
version 10 (Tree Star).

Statistical Analyses. Data were analyzed using GraphPad Prism 7 software
(GraphPad Software Inc.) and presented as mean ± SEM. The statistical dif-
ference between two data groups was determined relative to nonirradiated
controls (D-1) using Student’s t test. One-way ANOVA with multiple com-
parison and Tukey post hoc was used to determine the statistical significance
between three groups.

Data Availability. All study data are included in the article and SI Appendix.
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