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HSPB5 suppresses renal inflammation ey

and protects lupus-prone NZB/W F1 mice
from severe renal damage

Justin Knapp!, Marsela Braunstein®, Spencer Iner Thomas Berg' and Cody Shirriff

Abstract

Background: Lupus nephritis (LN) is an inflammatory disease of the kidneys affecting patients with systemic lupus
erythematosus. Current immunosuppressive and cytotoxic therapies are associated with serious side effects and fail
to protect 20-40% of LN patients from end-stage renal disease. In this study, we investigated whether a small heat
shock protein, HSPB5, can reduce kidney inflammation and the clinical manifestations of the disease in NZB/W F1
mice. Furthermore, we investigated whether HSPB5 can enhance the effects of methylprednisolone, a standard-of-
care drug in LN, in an endotoxemia mouse model.

Methods: NZB/W F1 mice were treated with HSPB5, methylprednisolone, or vehicle from 23 to 38 weeks of age.
Disease progression was evaluated by weekly proteinuria scores. At the end of the study, the blood, urine, spleens,
and kidneys were collected for the assessment of proteinuria, blood urea nitrogen, kidney histology, serum IL-6 and
anti-dsDNA levels, immune cell populations, and their phenotypes, as well as the transcript levels of proinflamma-
tory chemokine/cytokines in the kidneys. HSPB5 was also evaluated in combination with methylprednisolone in a
lipopolysaccharide-induced endotoxemia mouse model; serum IL-6 levels were measured at 24 h post-endotoxemia
induction.

Results: HSPB5 significantly reduced terminal proteinuria and BUN and substantially improved kidney pathology.
Similar trends, although to a lower extent, were observed with methylprednisolone treatment. Serum IL-6 levels

and kidney expression of BAFF, IL-6, IFNy, MCP-1 (CCL2), and KIM-1 were reduced, whereas nephrin expression was
significantly preserved compared to vehicle-treated mice. Lastly, splenic Tregs and Bregs were significantly induced
with HSPBS5 treatment. HSPB5 in combination with methylprednisolone also significantly reduced serum IL-6 levels in
endotoxemia mice.

Conclusions: HSPB5 treatment reduces kidney inflammation and injury, providing therapeutic benefits in NZB/W F1
mice. Given that HSPB5 enhances the anti-inflammatory effects of methylprednisolone, there is a strong interest to
develop HSBP5 as a therapeutic for the treatment of LN.
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Background

Lupus nephritis (LN) affects nearly 50% of adults and
80% of children diagnosed with systemic lupus erythe-
matosus (SLE), a chronic autoimmune and inflamma-
tory disease [1]. The current standard of care includes
high-dose intravenous glucocorticoid followed by oral
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prednisone tapers and cyclophosphamide or mycophe-
nolate mofetil (MMF) [2]. Although improvements in LN
outcomes have been observed over the past several dec-
ades, the risk of kidney failure within 15 years of LN diag-
nosis is 22% for all LN classes and 44% for class IV LN
[3]. These outcomes could improve further with recent
approvals of targeted therapies. Ideally, treatment com-
binations should focus on suppressing intrarenal inflam-
mation for immediate relief of LN, and autoimmunity to
delay subsequent LN flares [4].

Heat shock proteins (HSP) perform pleiotropic func-
tions. Intracellularly, HSPs function as molecular chap-
erones to prevent protein aggregation during cellular
stress [5—7]. HSPs can also be secreted into the extracel-
lular environment as a free protein or within exosomes
[8-10], where they act as potent regulators of inflam-
mation. HSPs mediate signaling via innate immune
receptors such as CD14; Toll-like receptors (TLRs) 1, 2,
or 4; or scavenger receptors on various cells including
macrophages, dendritic cells, and kidney tubular cells
[11-15].

Of particular interest is the small HSP aB-crystallin
(HSPB5), which was originally described as a major
component of the eye protecting against lens protein
aggregation [6] but has since been discovered as being
abundantly expressed in other tissues including the kid-
neys [16, 17]. Similar to many other HSPs, HSPB5 has
been demonstrated to be released into the extracellular
space during cellular stress to reduce inflammation and
tissue damage [11, 18]. Similarly, exogenously adminis-
tered HSPB5 has been shown to limit the extent of dam-
age in rodent models of stroke [19], spinal cord injury
[20], and experimental autoimmune encephalitis [21,
22]. The protective effects of exogenous HSPB5 are likely
primarily mediated through their well-described effects
on macrophages. It has been demonstrated in pre-active
lesions from multiple sclerosis patients that stressed oli-
godendrocytes secrete abundant HSPB5, which binds
nearby microglia via CD14 and TLR1/2 to induce dra-
matic changes in the gene expression, including the
induction of many anti-inflammatory cytokines [11]. Fur-
thermore, macrophages from mice deficient in HSPB5
are hyperactive and secrete substantially increased
amounts of inflammatory cytokines (IL-1f, IL-12p40,
TNE, and IL-6) upon stimulation with lipopolysaccharide
(LPS) [21].

Macrophages are key regulators of inflammation,
immunity, and tissue homeostasis with a wide variety
of activities and presence in a broad range of tissues.
Upon inflammatory injury, resident and infiltrating mac-
rophages may be differentiated and activated and often
take on pathogenic roles in autoimmune settings. Mac-
rophages are dysfunctional in SLE and LN in a number

Page 2 of 13

of ways, including deficient clearance of apoptotic cells,
abnormal polarization, secretion of inflammatory media-
tors, and tissue destruction through the expression of
proteolytic enzymes [23]. Furthermore, these dysfunc-
tions may drive aberrant lymphocyte activity in SLE [24].
Therapies that restore normal macrophage function may
therefore provide substantial benefit to SLE patients.

Because of the potent anti-inflammatory effects of
HSPB5 that are mediated through macrophages and
the involvement of these cells in SLE/LN pathology, we
hypothesized that HSPB5 could provide a therapeutic
effect in SLE by reducing the aberrant activation and
inflammatory signaling of macrophages. We have pre-
viously demonstrated the protective effects of HSPB5
treatment in the MRL/Ipr mouse model of SLE and in
particular showed its ability to reduce the extent of LN
by limiting renal damage [25]. In this study, we used
NZB/W F1 mice, a classic model of SLE with aberrant
innate signaling and macrophage activity, to compare the
efficacy of HSPB5 to a standard of care SLE medication,
methylprednisolone, and to investigate the immune cell
and inflammatory marker changes in the kidneys during
HSPBS5 treatment.

Methods

Test articles

Recombinant HSPB5 was manufactured by Delta Crystal-
lon, and negligible endotoxin levels (<0.05 EU/mg) were
confirmed as previously described [25]. Methylpredniso-
lone was purchased from Sigma-Aldrich (M3781).

Animals

Mice were purchased from the Jackson Laboratories and
housed under pathogen-free conditions at the animal
research facility of the University of Waterloo (Water-
loo, ON, Canada). All procedures involving mice were
approved by the Office of Research Ethics and animal
care committee at the University of Waterloo (AUPs
41798 and 43991). Mice were acclimated for at least
4 weeks prior to the study start.

SLE study design

At 23 weeks of age, female NZB/W F1 mice (strain
#100008) were evenly distributed by body weight and
proteinuria score into three groups with 14—15 mice per
group. Mice were treated three times weekly for 15 weeks
by intraperitoneal injection (IP) with HSPB5 (0.3 mg/kg),
methylprednisolone (3 mg/kg), or PBS as a vehicle con-
trol, at a volume of 50 pL per 10 g body weight. Disease
progression was monitored by body weight and condi-
tion, behavior, and weekly measurements of urinary pro-
tein content (proteinuria). Treatments and scoring were
performed by animal health technicians (AHTs) blinded
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to the experimental groups. Mice were terminated upon
reaching 38 weeks of age or upon the recommendation
of AHTs and the consulting veterinarian after achieving
humane endpoints (proteinuria > 3, poor body condition,
body weight loss>15%), and tissues (blood, spleens, and
kidneys) were collected for further analysis.

Endotoxemia study design

At 11 weeks of age, male BALB/c mice (strain #00065)
were evenly distributed by body weight into 4 groups
with 11 mice per group. Endotoxemia was induced by
IP injection of 6 mg/kg LPS (O111:B4, Sigma-Aldrich,
L4391). Mice were treated 30 min before and 6 h after
the LPS challenge, by IP injection with HSPB5 (0.3 mg/
kg), methylprednisolone (1.5 mg/kg), HSPB5 (0.3 mg/
kg) + methylprednisolone (1.5 mg/kg), or PBS as a vehicle
control at a volume of 80 uL per 10 g body weight. Mice
were euthanized 24 h post-LPS injection, and the serum
was collected for further analysis.

Assessment of renal function

Proteinuria was measured using a commercial dipstick
test (Siemens; Uristix) and scored semi-quantitatively as
follows: 0 (no/trace protein), 1 (30 mg/dL), 2 (100 mg/
dL), 3 (300 mg/dL), and 4 (>2000 mg/dL). Half scores
were assigned when the color was intermediate between
two whole values. Scoring was performed by AHTs
blinded to the study. Blood urea nitrogen (BUN) was
measured from terminal serum samples using a com-
mercial kit (Thermo Fisher) as per the manufacturer’s
instructions.

Histology

The whole kidneys and spleen portions were fixed in
10% formalin and embedded in paraffin. Two sections
(top and middle) were cut for staining with hematoxylin
and eosin (H&E). The kidneys were additionally cut for
periodic acid—Schiff (PAS) staining. Slides were scanned
using TissueScope LE120 digital slide scanner (Huron
Digital) at 20 x and evaluated by an experienced vet-
erinary pathologist blinded to the study. The severity of
glomerular deposits, mesangial expansion, endocapillary
proliferation, extracapillary proliferation, tubular atrophy,
and interstitial infiltrates was graded semi-quantitatively:
0 (no change), 1 (mild), 2 (moderate), and 3 (severe).
The total glomerular lesions score represents the sum
of individual scores for glomerular deposits, mesangial
expansion, endocapillary proliferation, and extracapillary
proliferation. The total kidney lesion score represents the
sum of all individual scores [26].
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ELISA

IL-6 was measured from terminal serum samples using
a commercial ELISA kit (BD Biosciences; Mouse IL-6
ELISA Set) as per the manufacturer’s instructions. Anti-
dsDNA antibody titers were measured from terminal
serum samples using a commercial ELISA kit (Signosis;
Mouse Anti-dsDNA ELISA Kit) as per the manufactur-
er’s instructions.

gRT-PCR
Kidney portions were stored in RNAlater" (Thermo
Fisher) until analysis. RNA was isolated using a com-
mercial kit (Promega; Reliaprep” RNA Miniprep) as per
the manufacturer’s instructions and reverse transcribed
with GoScript" Reverse Transcription System kit using
random primers (Promega). Reactions were run on 10-ng
RNA equivalents in triplicate with Fast Advanced Mas-
terMix (Thermo Fisher) and TagMan"" probe and primer
sets (Thermo Fisher): CCL2 (Mm00441242_ml), IFNy
(Mm01168134_ml), IL-6 (Mm00446190_m1), IL-10
(Mm01288386_m1), TNF (MmO00443258 m1l), Nphsl
(MmO01176615_g1), Haverl (Mm00506686_m1), BAFF
(MmO00446347_m1), and TATA-Binding Protein (TBP;
MmO00446973_m1l) as an endogenous control. Probes
against genes of interest were labeled with FAM, whereas
the TBP probe was labeled with VIC. Data were analyzed
using the 2724CT method as previously described [27].
Statistical analyses were performed on log-transformed
data.

Cell isolation and flow cytometry

A portion of the spleen and kidney was processed to sin-
gle cells for flow cytometric analysis. Spleen fragments
were dissociated using a plunger from a sterile 1-mL
syringe (BD) and a 40-pm strainer (Bio Basic). Kidney
pieces were digested in complete DMEM media (2 mM
L-glutamine, 50 uM [-mercaptoethanol (Thermo Fisher),
25 mM HEPES (Thermo Fisher), 1% penicillin—strepto-
mycin (Sigma Aldrich), 1 mM sodium pyruvate (Thermo
Fisher), and 1xMEM non-essential amino acids
(Thermo Fisher)) with 1 mg/mL collagenase IV (Thermo
Fisher) for 30 min at 37 °C. Kidney pieces were further
mechanically disrupted by sequential pipetting using
25 mL, 10 mL, and 5 mL serological pipettes, then passed
through the 40-um strainer as described for the spleens.
Both spleen and kidney single-cell suspensions were
incubated with RBC lysis buffer (Millipore Sigma) for
3 min, then prepared for flow cytometric analysis. Briefly,
cells were incubated with Fc block (2.4G2, STEMCELL
Technologies) for 10 min, followed by a 20-min stain-
ing with fluorochrome-conjugated antibodies: CD45-
PE (30-F11, BD Biosciences), CD11b-FITC (M1/70,
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BD Biosciences), F4/80-PerCP-Cy5.5 (BMS8, Thermo
Fisher), Ly6G-PE-Cy7 (1A8, BD Biosciences), Ly6C-
APC (B-ly6, BD Biosciences), CD11c-APC-R700 (N418,
BD Bioscience), CD86-PE-Cy7 (GL1, BD Biosciences),
CD206-AlexaFluor700 (MR6F3, BD Biosciences), Siglec-
1-APCeFluor780 (SER-4, Thermo Fisher), CD3-FITC
(145-2C11, BD Biosciences), CD4-PE (GK1.5, R&D
Systems), CD25-PerCP-Cy5.5 (PC61, BD Biosciences),
CD19-PE-Cy7 (1D3, BD Biosciences), and CD5-APC-
R700 (53-7.3, BD Biosciences). For intracellular stain-
ing, cells were fixed and permeabilized using eBioscience
Intracellular Fixation & Permeabilization Buffer Set
(Thermo Fisher) followed by a 30-min staining with anti-
Argl-APC (AlexF5, Fisher Scientific) and anti-FoxP3-
APC antibodies (1054C, R&D Systems). Events were
acquired using Attune NxT cytometer (Thermo Fisher)
and analyzed using FlowJo v.10.8 (BD Biosciences).

Statistical analysis

Data are presented as means=standard error of the
mean (SEM) unless otherwise indicated in the figure leg-
ends. All data were assessed for normality by the Shap-
iro—Wilk test. Data following a normal distribution were
analyzed by ordinary one-way ANOVA and corrected for
multiple comparisons using Dunnett’s test (>2 groups) or
by Student’s ¢-test (2 groups). Data that did not follow a
normal distribution were analyzed by the non-paramet-
ric Kruskal-Wallis test and corrected for multiple testing
using Dunn’s test (>2 groups) or the Mann—Whitney test
(2 groups). The Pearson correlation coefficient was used
to determine the relationship between kidney function
(proteinuria, BUN) and pathology scores (total glomeru-
lar lesions, total kidney lesions). Data were analyzed in
GraphPad Prism 9.0.0. The results were considered statis-
tically significant when p-values were less than 0.05.

Results

HSPB5 improves renal function and survival in NZB/W F1
mice

Given that our previous study with HSPB5 demonstrated
attenuated LN in the MRL/Ipr lupus mouse model [25],
we were interested in comparing the efficacy of HSPB5
to a glucocorticoid. In the present study, we chose to
examine the protective effects of HSPB5 in NZB/W F1
mice, a genetically aligned mouse model of human LN.
NZB/W F1 mice were injected IP with 0.3 mg/kg HSPB5
(an average dose of 13.5 ug HSPB5 per mouse), 3 mg/kg
methylprednisolone, or vehicle, three times per week,
starting at 23 weeks of age. At this age, NZB/W F1 mice
have well-established autoimmunity as evident by high
titers of anti-dsDNA antibodies, but still have little renal
damage as evident by low to negligible urinary protein,
making them comparable to LN/SLE patients with low
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disease activity [28]. Vehicle-treated mice developed
severe disease marked by progressive proteinuria, body
weight loss, and poor survival, as expected in this model.
In contrast, HSPB5-treated mice maintained negligi-
ble proteinuria (average score<1) from weeks 23 to 31
and the lowest proteinuria levels among all groups until
week 38 (Fig. 1A); furthermore, they gained body weight
and had marginally improved survival when compared
to the vehicle group but was not statistically significant
(Additional file 1: Figure S1A; Fig. 1B). Importantly,
HSPB5-treated mice showed significantly lower terminal
proteinuria scores and BUN levels (Fig. 1C, D). Methyl-
prednisolone treatment also showed significantly low-
ered terminal BUN levels but did not show significantly
lower terminal proteinuria scores (Fig. 1C, D).

HSPB5 treatment reduces terminal serum IL-6

but not anti-dsDNA titers

Progression of proteinuria in NZB/W F1 mice and dis-
ease activity in SLE patients are associated with elevated
IL-6 levels [29]. Thus, we measured the concentration of
IL-6 in terminal serum samples by ELISA. HSPB5 treat-
ment significantly reduced serum IL-6 levels compared
to vehicle-treated mice (Fig. 2A). Serum IL-6 levels
were also reduced with methylprednisolone but did not
reach statistical significance (Fig. 2A). Since IL-6 plays
an important role in the generation of autoantibodies,
we also examined the levels of anti-dsDNA antibodies in
the serum samples. While there was no effect on terminal
anti-dsDNA antibody titers (Fig. 2B), HSPB5 treatment
modestly delayed anti-dsDNA antibody titers early in the
study, at week 27 (Additional file 1: Figure S2).

Treatment with HSPB5 reduces immune activation

and promotes tolerance induction in the spleen

The observed improvement in renal function prompted
us to examine whether HSPB5 played an immunoregu-
latory role in the spleen, where pathogenic lymphocytes
are activated and expanded by APCs presenting autoan-
tigens. To assess the effect of HSPB5 treatment on APC
and lymphocyte activation in the spleen, we performed
flow cytometry. HSPB5 had no effect on the distribu-
tion of T cells (CD3+), B cells (CD19+), myeloid cells
(CD11b+), neutrophils (CD11b+Ly6G+), or mDCs
(CD11b+CD11c+) (data not shown). Myeloid cells
were further evaluated for the expression of activa-
tion markers, CD86, and Siglec-1. Compared to the
vehicle group, mice treated with HSPB5 had decreased
expression of CD86 and Siglec-1 on splenic monocytes/
macrophages (CD11b+ F4/80lo) (Fig. 3). T cell and B
lymphocytes were further profiled for subpopulations;
there was no difference in the frequencies of CD4+and
CD8 +-cells (data not shown). However, regulatory T cells
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Fig. 1 HSPBS5 improves renal function and survival in NZB/W F1 mice. Female NZB/W F1 mice of 23 vveeks of age were treated intraperitoneally
with 0.3 mg/kg HSPB5, 3 mg/kg methylprednisolone (MP), or vehicle until week 38 (n=14-15 per group). A Proteinuria over time. B Kaplan-Meier

curve showing survival per treatment group. C Terminal proteinuria levels. D Blood urea nitrogen (BUN) levels measured from terminal serum
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Fig. 2 HSPBS5 reduces terminal serum IL-6 but not anti-dsDNA titers. Female NZB/W F1 mice of 23 weeks of age were treated intraperitoneally with
0.3 mg/kg HSPBS5, 3 mg/kg methylprednisolone (MP), or vehicle until week 38 (n=14-15 per group). At 38 weeks, mice were sacrificed for blood
collection. A Serum IL-6 levels as determined by ELISA. B Serum anti-dsDNA antibody levels determined by ELISA. *p <0.05. **p < 0.01
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Fig. 3 Treatment with HSPB5 reduces immune activation and promotes tolerance. Female NZB/W F1 mice of 23 weeks of age were treated
intraperitoneally with 0.3 mg/kg HSPB5, 3 mg/kg methylprednisolone (MP), or vehicle until week 38 (n=14-15 per group). At 38 weeks,
mice were sacrificed for tissue collection. Flow cytometric analysis of splenocytes: CD86 and Siglec-1 mean fluorescence intensity (MFI) on
CD45 4 CD11b + F4/80lo cells; Tregs (CD25 4 FoxP3 + cells shown as a percent of CD3 + CD4 +T cell population) and Bregs (CD5 4+ CD19 +cells
shown as a percent of CD3 — population). *p < 0.05. **p < 0.01

(Tregs; CD25+ FoxP3+) and regulatory B cells (Bregs;
CD5+CD19+) were significantly increased in the
spleens of HSPB5-treated mice (Fig. 3).

HSPBS5 reduces the infiltration of immune cells

into the kidney and prevents severe kidney damage

Upon histological examination of the kidneys, mice in
the control group showed substantial glomerular lesions,

particularly glomerular deposits and mesangial prolif-
eration (Fig. 4A, Additional file 1: Figure S3). Consistent
with this disease model, we also observed endocapillary
proliferation, tubular atrophy, and interstitial infiltrates
(Additional file 1: Fig. S3). HSPB5 treatment substan-
tially improved kidney pathology as evident by reduced
severity of total glomerular lesions and reduced over-
all kidney lesion scores (Fig. 4A). Additionally, HSPB5

(See figure on next page.)

Fig. 4 HSPB5 reduces the infiltration of immune cells into the kidney and improves kidney pathology. Female NZB/W F1 mice of 23 weeks of
age were treated intraperitoneally with 0.3 mg/kg HSPB5, 3 mg/kg methylprednisolone (MP), or vehicle until week 38 (n=14-15 per group).
At 38 weeks, mice were sacrificed for tissue collection. A The kidneys were formalin-fixed, paraffin-embedded (FFPE) and stained with periodic

acid-Schiff (PAS) prior to evaluation by a pathologist blinded to the study. Top: total glomerular lesions and kidney lesions shown as median + 95%
confidence intervals. Bottom: glomerular morphology at 20 x from representative mice from each experimental group. B gRT-PCR analysis of
kidney cells. The graphs show the mean fold changes in gene expression & SEM. Statistical analysis was performed on log-transformed data. C The
kidneys were processed as described in detail in the “Methods” section. Single-cell suspensions were stained and analyzed by flow cytometry for
total leukocytes (CD45 +), infiltrating inflammatory macrophages (CD11b + Ly6C 4 F4/80 —), resident macrophages (MF; CD11b 4 F4/804), and
M2-like monocytes/macrophages (Mo/MF; CD206 + Arg-1+ F4/80 —). D Flow cytometric analysis of lymphocyte populations defined as total T cells
(CD3+), CD4+-T cells, total B cells (CD19+), and Tregs (CD25 + FoxP3 +, shown as a percent of CD4 4T cells). *p < 0.05. **p < 0.01
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treatment trended towards reduced tubular atrophy
(an indicator of chronic renal inflammation), glomeru-
lar deposits, mesangial expansion, and endocapillary
proliferation (Additional file 1: Figure S3). Importantly,

reduced proteinuria correlated with reduced total glo-
merular lesions (r=0.7, p=0.008) and reduced total
kidney lesions (r=0.7, p=0.007) in the HSPB5 group.
Similarly, the decrease in BUN correlated with improved




Knapp et al. Arthritis Research & Therapy (2022) 24:267

total glomerular lesion scores (r=0.9, p<0.0001)
and total kidney lesion scores (r=0.8, p=0.001) in
HSPB5-treated mice. Treatment with methylpredniso-
lone also alleviated kidney pathology, but the extent of
the improvement was greater in HSPB5-treated mice
(Fig. 4A, Additional file 1: Figure S3). In agreement with
the reduced severity of kidney damage, mice treated with
HSPBS5 significantly retained the expression of nephrin, a
podocyte junction protein whose loss is involved in pro-
teinuria development [30] and significantly decreased the
expression of the tubular injury marker, KIM-1, suggest-
ing preserved tubular integrity (Fig. 4B). Of note, there
was a slight, but non-significant decrease in the total
weight of the kidneys from these mice (Additional file 1:
Figure S1B).

Next, we performed flow cytometric analysis on total
kidney cells to compare the extent of leukocyte infiltra-
tion and activation between vehicle and HSPB5-treated
mice. The frequency of leukocytes within the kidneys of
HSPB5-treated mice was significantly decreased com-
pared to the vehicle group (Fig. 4C). Upon examination
of the myeloid cells, we found that HSPB5 treatment
significantly reduced the infiltration of inflammatory
monocytes/macrophages (CD11b+Ly6C+ F4/80 —)
(Fig. 4C). Resident macrophages (CD11b+ F4/80+)
were also decreased, whereas M2-like Mo/MF
(CD206 + Arg-1+F4/80—) were slightly ele-
vated, although non-significantly (Fig. 4C). The fre-
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(CD11b+Ly6G+), and  activated  macrophages
(CD86+or Siglec-14+) were unchanged (Additional
file 1: Figure S4). Within the lymphoid cell populations,
we observed slight reductions in total T cells (CD3+), Th
cells (CD4+), and total B cells (CD19+) (Fig. 4D), con-
sistent with the lower infiltration of the kidneys by the
immune cells (Fig. 4C). Tregs were slightly elevated in the
HSPB5 group (ns; Fig. 4D); no changes were observed in
CD8+T cells or Bregs (Additional file 1: Figure S4).

Treatment with HSPB5 suppresses renal inflammation

To further characterize the functional implications of
the observed changes in renal architecture and leuko-
cyte populations, we performed qRT-PCR on total kid-
ney cells. We examined the expression of IL-10 and key
inflammatory markers of LN progression: IFNy, IL-6,
TNF, CCL2 (MCP-1), and BAFF. No major changes were
observed in the expression of TNF and IL-10 between the
vehicle and HSPB5 groups (Fig. 5). CCL2 was substan-
tially lower, but it did not reach statistical significance
(p=0.0502). Importantly, IFNy, IL-6, and BAFF were sig-
nificantly reduced in HSPB5-treated mice (Fig. 5).

HSPB5 enhances an anti-inflammatory activity

of methylprednisolone in an endotoxemia mouse model
The side effects from chronic glucocorticoid use contrib-
ute significantly to morbidity in LN [31]. In this regard,
the steroid-sparing potential of new treatments is an

quency of mDCs (CD1lb+CDllc+), neutrophils important consideration for LN patient care and drug
8=
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Fig.5 Treatment with HSPB5 suppresses renal inflammation. gRT-PCR of total kidney cells. Individual and mean fold changes in the gene
expression == SEM. Statistical analysis was performed on log-transformed data. *p < 0.05. **p < 0.01. p-value for CCL2 is shown to appreciate the
difference between vehicle and HSPB5 treatments
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development. Given the efficacy of HSPB5 in NZB/W F1
mice, we assessed whether coformulation of HSPB5 with
a glucocorticoid would enhance the anti-inflammatory
effects and therefore provide a rationale for its reduced
use when combined with HSPB5. Our initial experiments
examined the effect of a matrix of dexamethasone and
HSPB5 concentrations on PAM3CSK4-activated THP-1
(a monocytic cell line) cells and showed an enhanced
reduction of IL-1f secretion even when HSPB5 was pre-
sent at low concentrations (Additional file 1: Figure S5).
To assess whether HSPB5 could increase the anti-inflam-
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show that methylprednisolone or HSPB5 each individu-
ally reduced the serum level of IL-6 by approximately
50% compared to the vehicle group, although neither
treatment was sufficient to achieve a statistically sig-
nificant reduction (Fig. 6A). However, when mice were
treated with co-formulated HSBP5 and methylpredniso-
lone, serum IL-6 levels were significantly reduced by 64%
compared to vehicle.

Discussion
A therapeutic approach that combines immunomodula-

tion with immunosuppression represents an attractive
strategy for the treatment of LN. This approach becomes

matory effect of a glucocorticoid in vivo, we utilized an
LPS-induced endotoxemia mouse model. Our results
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Fig. 6 HSPB5 enhances an anti-inflammatory activity of methylprednisolone in an endotoxemia mouse model. Male BALB/c mice at

11 weeks of age were evenly distributed by body weight into 4 groups with 11 mice per group. Endotoxemia was induced by an IP injection

of 6 mg/kg LPS (O111:B4). Mice were treated with IP injections of HSPB5 (0.3 mg/kg), methylprednisolone (MP; 1.5 mg/kg), HSPB5 (0.3 mg/

kg) + methylprednisolone (1.5 mg/kg), or PBS as a vehicle control 30 min before and 6 h after endotoxemia induction. A At 24 h post-endotoxemia
induction, terminal blood was collected for IL-6 analysis by ELISA. *p <0.05. B Working model of HSPB5 therapeutic effects. HSPB5 targets
inflammatory monocytes/macrophages by binding to TLRs and scavenger receptors. This activates the anti-inflammatory pathways that promote
anti-inflammatory cytokine secretion (IL-10; [25]) and suppress pro-inflammatory cytokine secretion (IL-6). Additionally, there is an upregulation

of PD-L1 [25]) and downregulation of CD86 and Siglec-1 expression, which contributes to decreased lymphocyte activation or proliferation and
increased induction of Tregs and Bregs. Collectively, we propose a model in which HSPB5 immediately alleviates cytokine-mediated inflammation in
the kidneys and provides a long-lasting effect on autoimmunity through reduced activation/proliferation of pathogenic Th cells
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even more attractive if it can reduce the use of glucocor-
ticoids, as their side effects contribute to morbidity. In
this report, we demonstrate that HSPB5 can induce regu-
latory lymphocytes in the spleen, reduce activation of
splenic monocytes/macrophages, reduce systemic IL-6,
reduce renal infiltration by inflammatory macrophages/
monocytes, and ameliorate renal pathology, thus improv-
ing the renal function of NZB/W F1 mice. Importantly,
the effects of HSPB5 were comparable and, in some
instances, superior to methylprednisolone. The results
from the LPS-induced endotoxemia study demonstrate
that the co-formulation of HSPB5 with methylpredni-
solone can provide enhanced anti-inflammatory effects,
even in the face of a potent and acute inflammatory
insult. Taken together, these results suggest that HSPB5
treatment could reduce disease activity, prevent kidney
injury, and be steroid-sparing in patients with LN.

HSPB5-treated mice showed substantial improvements
in renal pathology and outperformed methylpredniso-
lone in reducing total glomerular and kidney lesions.
These results are consistent with our previous study dem-
onstrating improved kidney pathology in MRL/lpr mice
treated with HSBP5 [25]. Furthermore, the kidneys of
HSPB5-treated mice demonstrated significant preser-
vation of nephrin expression, which suggests improved
podocyte integrity and function [32]. Nephrin is a major
component of a specialized cell—cell junction formed by
podocytes called the slit diaphragm, whose loss is cor-
related with proteinuria and advanced stages of LN in
patients [33]. HSPB5 treatment also significantly reduced
the expression of KIM-1, a marker of tubular injury. Uri-
nary KIM-1 is elevated in active LN patients compared to
patients in remission and is correlated with pathological
tubular atrophy in these patients [34]. Importantly, pres-
ervation of the kidney structure with HSPB5 treatment
amounted to improved kidney function marked by sig-
nificantly reduced proteinuria and BUN.

Immune cell infiltration is a hallmark of LN and
the nephritic kidney of NZB/W F1 mice. Monocytes
are the most abundant infiltrating immune cell in LN
patients and the most elevated in NZB/W F1 mice [35,
36]. HSPB5 treatment significantly reduced the renal
infiltration of inflammatory monocytes/macrophages
(CD11b+Ly6C+F4/80—), which aligns with the
reduced renal expression of key inflammatory media-
tors of LN progression. For instance, gene expression
analyses on sorted immune cells from nephritic kidneys
of NZB/W F1 mice showed that BAFF and TNF are pre-
dominantly produced by macrophages and dendritic
cells and are upregulated during LN onset and progres-
sion [37]. IENy is an inflammatory cytokine mainly pro-
duced by natural killer and T lymphocytes and which
acts as a potent activator of macrophages. It has been
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demonstrated to be upregulated in SLE patient T cells
[38] and to contribute to glomerulonephritis in SLE
patients [39] as well as the NZB/W F1 [40] and MRL/Ipr
[41] mouse models. CCL2, one of the key chemokines
produced by renal and immune cells in response to kid-
ney injury, was also found to be associated with glomer-
ulonephritis in humans and mice [42]. Taken together,
these results demonstrate that HSPB5 treatment was able
to preserve renal architecture and function in NZB/W
F1 mice by reducing the infiltration of leukocytes and
expression of inflammatory cytokines within the kidneys.

Kidney inflammation in LN is initiated by the deposi-
tion of immune complexes composed of autoantibodies;
macrophages play an essential role in propagating this
inflammation and causing renal damage [23, 43]. Peri-
toneal and splenic macrophages are the main sources of
IL-6, which promotes the terminal differentiation of B
cells into antibody-secreting plasma cells [29, 44], dif-
ferentiation of naive CD4+T cells into Th1l7 effector
cells [45], and suppression of Treg functions [46]. HSPB5
reduced serum IL-6 levels in both the NZB/W F1 and
endotoxemia mouse studies, as well as kidney IL-6 tran-
script levels in NZB/W F1 mice, possibly by modulat-
ing both splenic and peritoneal macrophages given the
route of administration. We have previously shown that
HSPB5 treatment increased IL-10 and PD-L1 expression
by splenic macrophages in MRL/Ipr mice [25], and here,
we demonstrated that HSPB5 significantly lowered the
expression of CD86 on splenic monocytes/macrophages,
suggesting reduced activation of these cells. Our study
is consistent with those from others showing that lower
IL-6 contributes to improvements in proteinuria and sur-
vival in lupus mouse models [29]. Although we observed
a very slight reduction in the generation of anti-dsDNA
antibodies early in the study, the effect was not main-
tained. Since HSPB5 dampens monocyte/macrophage-
dependent inflammatory responses, combining HSPB5
treatment with an anti-CD20 antibody such as rituximab
or obinutuzumab, which have been shown to reduce
anti-dsDNA antibody titers and cause B cell depletion in
LN patients [47, 48], represents an attractive strategy to
improve renal response rates.

HSPB5 treatment also had a profound effect on the
induction of Tregs and Bregs in the spleen of NZB/W
F1 mice. Tregs limit T effector cell proliferation by
consuming local IL-2, secreting suppressive media-
tors such as IDO, IL-10, and TGEp; by direct killing
through granzyme B secretion; and by inhibiting the
stimulatory capacity of APCs [49-51]. Bregs, such as
B-1la (CD54CD19+) cells, negatively regulate Th cell
responses and promote induction of Tregs through
secretion of IL-10 [52-54]. Here, we demonstrated that
HSPB5 significantly increased Treg and Breg frequency
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in the spleens of NZB/W mice. Additionally, our pre-
vious work showed that HSPB5 treatment slightly
increased T and B regulatory cell frequency in the
spleens of MRL/lpr mice [25]. The frequency of Tregs
was also modestly elevated in the kidneys of these
mice after treatment with HSPB5, possibly due to the
increased induction of these cells in the spleen. Thus,
we demonstrated via two independent studies and
two different preclinical efficacy models that HSPB5
intercepts splenic monocyte/macrophage-dependent
inflammatory responses and T effector cells before they
are mobilized into the kidneys of lupus-prone mice.
Others have shown that adoptive transfers of Tregs
delay progression of proteinuria and improve renal
histology in NZB/W F1 mice [55, 56]. Similarly, the
adoptive transfer of Bregs (CD1d + CD5+ B cells) into
CD19 —/ —NZB/W F1 mice restored splenic Tregs and
delayed the development of nephritis [57]. The induc-
tion of regulatory lymphocytes may also help explain
the long-lasting effects of HSPB5 in our studies and in
human subjects, despite its short half-life [58].

When LN becomes clinically evident due to intrare-
nal inflammation and cellular injury, the autoimmune
processes leading to these events have already been
active for some time [59, 60]. High-dose methylpred-
nisolone is given for the first few days during a renal
flare to lower inflammation and preserve kidney func-
tion. However, disease remains active on a cellular and
molecular level longer than is clinically observable [59,
60]. Cytokines, complement, immune complexes, and
inflammatory leukocytes continue the inflammatory
process, leading to future LN clinical activity. Thus,
treatments targeting autoimmunity should follow the
suppression of inflammation to prevent the reactiva-
tion of LN [4]. Voclosporin and belimumab targeting T
and B lymphocytes, respectively, are the only approved
anti-autoimmunity therapies for LN. As illustrated in
our working model (Fig. 6B), we believe that HSPB5 is
an excellent candidate for clinical development given its
dual mechanism of action targeting intrarenal inflam-
mation through the reduction of renal immune cell
infiltration, and lymphocyte activity through the induc-
tion of regulatory T and B cells. We have demonstrated
in two well-established models of LN that HSPB5 is
able to reduce kidney damage when administered after
disease onset, closely mimicking possible future con-
ditions on how this therapy could benefit LN patients.
Having been demonstrated safe and well-tolerated in
phase I and Ila clinical trials (phase I: NCT02442557;
phase Ila: NCT02442570), HSPB5 is in good standing
to potentially address the severe pathology of LN while
also reducing the use of glucocorticoids.
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