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Therapeutic JAK1 Inhibition Reverses Lupus Nephritisin a
Mouse Model and Demonstrates Transcriptional Changes
Consistent With Human Disease

Rachel E. Twomey," ) Stuart J. Perper,’ Susan V. Westmoreland,’ Swetha Srinivasan,’ Suzanne L. Mathieu,’
Kristine E. Frank,? Jozsef Karman," Andrew J. Long,' William J. Housley," and Stephen H. Clarke'

Objective. Janus kinase family members are essential for signaling by multiple cytokines, including many
implicated in systemic lupus erythematosus (SLE) pathogenesis. To test whether inhibition of JAK1 signaling can be
efficacious in SLE, we used a JAK1-selective inhibitor (ABT-317) and evaluated its ability to ameliorate disease in
murine SLE.

Methods. Efficacy of ABT-317 was evaluated using NZB/W-F4 mice treated prophylactically and therapeutically.
Primary endpoints were proteinuria, survival, and saliva production. Other endpoints included histological analysis of
kidneys and salivary glands, flow cytometric analysis of splenic cell populations, and gene expression analysis by
RNA sequencing in the kidneys, salivary glands, and blood. Publicly available human kidney gene transcription data
were used to assess the translatability of the mouse findings.

Results. ABT-317 was efficacious when dosed prophylactically and prevented disease for up to two months after
treatment cessation. When dosed therapeutically, ABT-317 quickly reversed severe proteinuria and restored saliva
production, as well as diminished kidney and salivary gland inflammation. ABT-317-induced changes in glomerular
morphology coincided with normalization of a human nephrotic gene signature, suggesting translatability to human
lupus nephritis (LN).

Conclusion. JAK1 inhibition prevented and reversed kidney and salivary gland manifestations of murine lupus with
long-lasting effects after treatment cessation. These data, along with the presence of JAK1 and nephrotic gene
signatures in human LN glomeruli, suggest that a JAK1-selective inhibitor may be an effective therapeutic in the treat-

ment of human SLE and LN.
INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune
disease triggered by a loss of immunological tolerance.’*? Clinical
manifestations of SLE vary considerably, likely due to differences
in the operant pathogenic mechanisms.® Although the full scope
of mechanisms that contribute to SLE pathogenesis is unknown,
multiple immunological processes, or nodes, are known to
contribute. Among them are (1) B cell activation to produce
autoantibodies and immune complexes that can induce an
inflammatory response in the tissues where they deposit,

Supported by AbbVie, Inc.

'Rachel E. Twomey, MS, Stuart J. Perper, BS, Susan V. Westmoreland,
DVM, Swetha Srinivasan, PhD, Suzanne L. Mathieu, BS, Jozsef Karman, PhD,
Andrew Long, PhD, William J. Housley, PhD, Stephen H. Clarke, PhD:
AbbVie Bioresearch Center, Worcester, Massachusetts; ?Kristine E. Frank,
PhD: AbbVie Inc., North Chicago, lllinois.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (https://acrjournals.
onlinelibrary.wiley.com/doi/10.1002/acr2.11745).

900

(2) effector T cell function that can induce tissue damage at sites
of inflammation, and (3) the production of high levels of type |
interferon (IFN-I) by plasmacytoid dendritic cells (pDCs) that can
amplify adaptive and innate immune mechanisms and can
damage tissue directly.* The contributions of multiple nodes to
the pathogenesis of SLE may contribute to the heterogeneity of
disease and poor success in developing treatments.®® To be
efficacious in most patients, we hypothesize that mechanisms
critical to multiple nodes must be disrupted, either with a combi-
nation of therapeutics that each target a different node or with a
single therapeutic that targets multiple nodes.
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JAKs are cytoplasmic tyrosine kinases that are critical for
signaling through many cytokine receptors. There are four
members of the JAK family: JAKs 1 through 3 and TYK2. JAK1
is of interest because it mediates signaling of multiple cytokines
implicated in SLE, including interferon (IFN)-a/B, IFNy, interleukin
(IL)-6, IL-2, and IL-21.”8 The importance of JAK/STAT-mediated
signaling to SLE is further indicated by genome-wide association
studies linking TYK2, STAT1, and STAT4 to SLE.>"! Because
JAK signaling impacts cytokines known to be involved with all
three pathogenic SLE nodes, JAK inhibition may be more
efficacious than strategies focused on only a single node.

Here, we used a JAK1 selective inhibitor, ABT-317," in a
mouse model of SLE and lupus nephritis (LN) to determine if
JAK inhibition could ameliorate disease. We found that ABT-317
prevented healthy animals from developing nephritis, with a
durable response out to two months after treatment cessation.
Most significantly, ABT-317 reversed severe proteinuria and
decreased kidney inflammation in mice with established disease.
Additionally, ABT-317 restored saliva production and reduced
lymphocytic infiltration of the salivary gland, two manifestations
of Sjdgren disease (SD)."®'* These data, coupled with normaliza-
tion of disease-related gene signatures in both kidney and salivary
glands as well as transcriptional similarities between mouse and
human LN, support investigation of a JAK1-selective inhibitor in
human SLE and LN.

MATERIALS AND METHODS

Mice. Female NZB/W-F; mice (Jackson) at 24 through
29 weeks of age were used for all studies. Mice were housed in
an association for assessment and accreditation of laboratory ani-
mal care (AAALAC) accredited specific pathogen free (SPF) facility
under a 12/12-hour light/dark cycle with food and water provided
ad libitum. All studies involving animals were reviewed and
approved by the AbbVie institutional animal care and use commit-
tee (IACUC).

ABT-317. ABT-317 is a JAK1 selective inhibitor (previously
described)'? that was synthesized at AbbVie Bioresearch Center
in Worcester, Massachusetts. ABT-317 is significantly structurally
different from upadacitinib but is only slightly less potent and
selective for JAKT.

Therapeutic treatment. Mice (starting at 29 weeks old;
average 35 weeks old) were enrolled into treatment groups,
started on treatment, and tracked for proteinuria and recovery
as previously described® (n = 15-19). Mice exhibiting proteinuria
>300 mg/dL before 25 weeks old were excluded from the study.
Plasma was collected retro-orbitally at time of enrollment and on
day 57 for anti-double-stranded (ds)DNA antibody measurement.
ABT-317 (60 mg/kg) was formulated and administered once daily
by oral gavage. Different from the prophylactic study described in

Supplementary Methods 1 in which CellCept was used as a pos-
itive control, here anti-CD40 (201A3, 15 mg/kg)'® was formulated
in  phosphate buffered saline and administered by
intraperitoneal injection twice weekly as a positive control. Blood,
spleens, kidneys, and salivary glands were collected from mori-
bund animals as needed and at termination 105 days after study
initiation (hnumber of days on treatment varies due to rolling enroll-
ment of mice). Spleens were cut and (n = 5 per group) and end
pieces were used for fluorescence-activated cell sorting (FACS)
staining. Kidneys and salivary glands were processed as
described previously.'® Four experiments were conducted; data
shown are from a single experiment.

Flow cytometry analysis. Staining was performed on
lysed whole blood and splenocytes. Antibodies used for
identifying T, B, and natural killer cell subsets can be found in
Supplementary Table 1. AccuCount particles (Spherotech) were
added before acquisition to obtain cell counts. Samples were
acquired on a BD LSRFortessa (BD Biosciences), and data were
analyzed using FlowdJo software (Tree Star, Inc.).

Anti-dsDNA antibody enzyme-linked immunosorbent
assay. Plate coating, buffers, and incubation times were as
previously described.'® Antibodly titer is represented as the 50%
maximum response concentration of a titration curve for each
mouse.

Histological analysis of kidney and salivary gland
sections. Methods for kidney and salivary gland processing,
embedding, and sectioning were as previously described.'®
Glomerular disease and tubular dilation in the kidney and infiltrates
in the salivary gland were assessed by hematoxylin and eosin
(H&E)."® Immunohistochemistry for IBA1, CD3, podoplanin, and
pSTAT1/3 was performed on the Leica Bond Rx autostainer
(Leica Biosystems). All reagent details can be found in
Supplementary Table 2. For analysis of glomerular size, kidneys
were stained for podoplanin, and the Leica Bond Polymer Refine
Red Detection kit was used for detection. Images were analyzed
in Visiopharm Image Analysis software, measuring podoplanin-
positive glomeruli and kidney size. pSTAT1 was stained using
HIER 1 citrate buffer pH 6, Dako dual endogenous block, Dako
protein block, and rabbit monoclonal anti-pSTAT1 0.25 pg/mL;
PSTATS3 was stained using HIER 2 EDTA buffer pH 9 and rabbit
monoclonal anti-pSTAT3 0.45 ug/mL. Detection and visualization
were performed with goat anti-rabbit HRP and DAB and
hematoxylin  counterstain, including rabbit monoclonal 1gG
isotype controls in each run. Slides were imaged on a brightfield
whole slide scanner (P250, 3DHistotech). All histology samples
were semiquantitatively scored by a pathologist according to
criteria outlined in Supplementary Tables 3 through 6.
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Blood, kidney, and salivary gland analysis for gene
expression. Methods for processing tissues for RNA extraction
and quantifying gene expression were as previously outlined."
All gene signatures were calculated as a single-sample gene-set
enrichment analysis enrichment score. Type | IFN signature was
defined as Ifi27, Ifi44, [fid4l, Ifi6, and Rsad2. The 44-gene JAK1
signature was defined using the Ingenuity Pathway Analysis
database by extracting genes known to be up-regulated by
JAK1 activation and eliminating IFN-I-regulated genes (Supplementary
Table 5). The chemokine, nephrotic, injury-associated, and collagen
gene signatures were previously defined.®

Pilocarpine-induced saliva collection. Saliva induction
and collection was conducted as previously described'® and
performed on day 97 of the therapeutic study. Collections for pro-
teinuric and nonproteinuric control mice were conducted 41 days
before.

RESULTS

Reversal of relevant endpoints by ABT-317. We first
characterized ABT-317 in a prophylactic dose response to
assess efficacy in a spontaneous SLE model (Supplementary
Methods 1 and Supplementary Figure 1). Female NZB/W-F; mice
were treated beginning at 25 weeks of age before the onset of
proteinuria. ABT-317 was administered once daily (SID;
120 mg/kg) or twice daily (BID; 60, 30, or 10 mg/kg). CellCept
was administered SID (100 mg/kg) as a separate positive control.
After 16 weeks of treatment, all BID treatment regimens were
converted to SID dosing, and mice followed for an additional
9 weeks (Supplementary Figure 1A), during which only mice in
the 10 mg/kg cohort developed severe proteinuria (urine protein
>300 mg/dL). Treatment was withdrawn at this point, whereupon
we observed a dose-dependent re-emergence of disease. How-
ever, all mice in the 60 and 120 mg/kg dose cohorts remained
nonproteinuric for as long as 9 weeks (Supplementary
Figure 1A), indicating that ABT-317 can provide long-lasting
protection from proteinuria. Survival data were reflective of pro-
teinuria development (Supplementary Figure 1B). In addition,
ABT-317 treatment prevented the expected increase in anti-
dsDNA antibodies and reduced the number of circulating B cells
by week 51 (Supplementary Figures 1C and D). B cell numbers
appear to have increased somewhat during the nine weeks after
the treatment phase.

Having established an efficacious dose in the prophylactic
treatment study, we aimed to assess the effect of ABT-317 on
established disease. Animals were treated after the onset of
severe proteinuria (two consecutive urine protein measurements
of =300 mg/dL, 24 hours apart). The anti-CD40 antagonist
antibody 201A3 was used as a positive control.’® Similar to anti-
CD40, ABT-317 significantly reversed proteinuria, prolonged sur-
vival, and reduced anti-dsDNA antibody levels compared to the

vehicle at the midpoint of the study (Figure 1A-C). In addition,
ABT-317 reduced the numbers of B cells, splenic germinal center
B cells, plasmablasts, and plasma cells (Figure 1D), likely
explaining the decrease in anti-dsDNA antibodies. We also
observed decreases in total, activated, and central memory T cell
numbers (Supplementary Figure 2), supporting the hypothesis
that inhibiting JAK1 will impact multiple pathogenic nodes.

Impact of ABT-317 on kidney inflammation and
morphology. To assess the effect of ABT-317 on established
kidney inflammation, a combination of immunohistochemistry
and H&E staining was used. ABT-317-treated mice had signifi-
cantly fewer T cell (CD3+) and myeloid cell IBA1+) infiltrates than
vehicle-treated mice at the end of the study (Figure 2A and B).
They also had fewer infiltrates compared to baseline (collected at
disease onset), although the difference was not significant
(Figure 2B). Kidney damage, as assessed by glomerular disease
and tubular dilation scores (Supplementary Table 4),'® appeared
less extensive in the ABT-317 treated mice, though neither end-
point resulted in statistical significance versus vehicle control
(Figure 2C and D). Glomerular size was assessed using podopla-
nin staining and quantitative image analysis. At study end, the
average glomerular size in ABT-317-treated mice was signifi-
cantly lower than in vehicle control mice (Figure 2C and E). All of
these inflammatory and morphological changes were similar to
those induced by anti-CD40 treatment. Overall, ABT-317 pre-
vented an increase in kidney inflammation and protected mice
from the accrual of further glomerular and tubular damage.
Whether ABT-317 can reverse kidney damage will require further
analysis.

Normalization of disease-relevant gene signatures.
We examined the JAK1, IFN, and chemokine gene signatures,
all of which are significant to SLE pathogenesis. The IFN and che-
mokine signature genes were defined previously.'® The JAKT sig-
nature consists of 44 genes assigned to the JAK1 pathway by
Ingenuity Pathway Analysis and from which IFN-regulated genes
have been eliminated (Supplementary Table 7). Aside from the
JAK1 signature in blood, these three signature scores were ele-
vated in the kidneys and blood at baseline and in vehicle-treated
mice compared to prediseased mice. All signatures were normal-
ized to predisease levels by ABT-317 and anti-CD40 treatment
(Figure 3A and B).

Genes that may play a significant role in the kidney changes
preceding nephritis in this model align with many of the genes
implicated in human nephrotic syndrome.'® Here, we looked at
19 genes previously defined as comprising the nephrotic gene
signature'® and found that subsets were either up- or down-
regulated in vehicle-treated mice relative to young prediseased
mice. ABT-317 normalized nephrotic gene signature expression
to that of young mice (Figure 3C). With one exception, these
genes are not expressed by inflammatory cells,'® arguing that
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Figure 1. ABT-317 reversed severe proteinuria, circulating anti-dsDNA antibody titers, and splenic B cell subsets. Therapeutic oral treatment of
female NZB/W-F1 mice with vehicle (n = 19), 60 mg/kg SID of ABT-317 (n = 16), or 15 mg/kg of anti-CD40 (n = 15) began when mice became
severely proteinuric. (A) The average urine protein is graphed and ABT-317 shows reversal of proteinuria comparable to 15 mg/kg of anti-CD40;
**P < 0.01 vs vehicle **P < 0.001; ***P < 0.0001 vs vehicle using one-way ANOVA, Kruskall-Wallis test with Dunn’s multiple comparisons.
(B) Survival percentage showing 95% survival in ABT-317-treated mice; **P < 0.01 vs vehicle using log-rank Mantel-Cox test. (C) ABT-317 signif-
icantly reduced anti-dsDNA antibody titers at study day 57; *P < 0.05; **P < 0.01 vs vehicle using mixed-effects analysis with Tukey’s multiple
comparisons. (D) The number of B cells (B220+), splenic GC B cells (B220+/GL7+), plasmablasts (B220+/CD138+), and plasma cells (B220-/
CD138+) was determined at the end of the study by flow cytometry and significant reduction of each subset by ABT-317 was observed;
**P < 0.01; *™P < 0.001 vs vehicle using one-way ANOVA with Dunnett’s multiple comparisons. ANOVA, analysis of variance; dsDNA, double-
stranded DNA; GC, germinal center; HPMC, hydroxypropyl methylcellulose; SID, once daily.

the normalization of the nephrotic gene signature is not directly
due to the elimination of inflammatory cells.

We also examined a group of 18 collagen genes known to be
associated with fibrosis'” and up-regulated in kidneys of
NZB/W-F; mice, which we used to generate a signature that
was up-regulated in vehicle-treated mice and reduced by ABT-
317 treatment to levels observed in young mice (Figure 3D).
Finally, we evaluated a group of genes expressed by glomerular
or tubular cells that encode proteins associated with kidney injury
(epithelial or endothelial cell injury and tubular interstitial fibrosis). '

We used these genes to generate an injury signature score that
was either elevated or decreased in vehicle-treated mice relative
to young prediseased mice and was normalized with ABT-317
treatment to levels observed in young mice (Figure 3E). Collec-
tively, ABT-317 normalized multiple disease-associated gene
signatures.

Changes in disease pathway gene expression.
Transcriptome-wide profiling of the kidney and salivary gland
was used to identify genes affected by ABT-317, and differentially
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Figure 2. ABT-317 reduced kidney inflammation, glomerular disease, and tubular dilation. The middle section of the kidneys was collected and
fixed in formalin, followed by paraffin embedding, cutting, and staining for CD3 and IBA1. Representative baseline samples were collected at time
of disease onset, whereas all other groups were collected at time of euthanasia (>89 days on treatment). (A) Representative images of kidneys
showing CD3 and IBA1 staining for T cells and myeloid cells, respectively. (B) Semiquantitative scoring of CD3 and IBA1 (n = 15) staining showed
that ABT-317 was efficacious at reducing T cells and myeloid cells, both indicators of overall infammation. **P < 0.01; **P < 0.001;
***P < 0.0001 vs vehicle using Kruskal-Wallis test with Dunn’s multiple comparisons. (C) Kidneys were prepared as described above but stained
with H&E and podoplanin. Representative images of glomeruli and tubules show morphological changes in diseased mice. (D) Semiquantitative
scoring (n = 15) revealed that, although ABT-317 did not show significant reduction in glomerular disease and tubular dilation, results were not dif-
ferent from those observed with anti-CD40, **P < 0.01; **P < 0.001 vs vehicle using Kruskal-Wallis test with Dunn’s multiple comparisons.
(E) Image analysis of podoplanin staining showed a significant decrease in average glomerular size with ABT-317 treatment. *P < 0.05;
**P < 0.01; ™P < 0.0001 vs vehicle using one-way ANOVA with Tukey’s multiple comparisons. ANOVA, analysis of variance; H&E, hematoxylin
and eosin; n.s., not significant.
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Figure 3. ABT-317 normalized several SLE-associated gene signatures in the kidney and blood. Kidney and blood were collected at the
conclusion of the study and RNAseq was used to determine the JAK1 (44 genes after removal of IFN-regulated genes), IFN (Ifi27, Ifi44, Ifi44l,
and Rsad?2), chemokine (31 genes up-regulated in diseased NZB/W-F kidneys [n = 15]), nephrotic (19 genes associated with nephrotic
syndrome in humans), injury-associated (13 genes encoding proteins associated with epithelial/endothelial cell injury and tubulointerstitial
fibrosis), and collagen (18 genes up-regulated in diseased NZB/W-F; kidneys [n = 15]) gene signatures, represented as median gene
expression level. (A, B) The JAK1, IFN, and chemokine signature scores were normalized in the kidney and blood (with nonsignificant reduc-
tion of JAK1 score in blood) to scores assessed in young healthy mice after treatment with ABT-317. (C) The nephrotic up- or down-gene
signature scores were normalized to scores assessed in young healthy mice with ABT-317 treatment. (D) The collagen gene signature score
was normalized to scores assessed in young healthy mice by ABT-317 treatment. (E) The injury-associated up- or down-gene signature
scores were normalized to scores assessed in young healthy mice with ABT-317 treatment. *P < 0.05; P < 0.01 vs vehicle; #P < 0.05
vs baseline using one-way ANOVA with Tukey’s multiple comparisons. ANOVA, analysis of variance; IFN, interferon; RNAseq, RNA

sequencing; SLE, systemic lupus erythematosus.
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expressed genes were analyzed by Ingenuity Pathway Analysis'®
software to identify the specific pathways affected by disease and
treatment (Supplementary Methods 2). Comparison of young
prediseased and vehicle-treated mice indicated that 80 inflamma-
tory pathways in the kidney were up-regulated with disease
(Supplementary Figure 3A). In addition, six metabolic pathways
were down-regulated in the kidney. ABT-317 largely normalized
the expression level of all these pathways such that they resem-
bled the levels seen in young prediseased mice (Supplementary
Figure 3A), nullifying the changes in inflammatory and metabolic
pathways induced by disease.

Reversal of Sjogren disease phenotype. In addition to
nephritis, NZB/W-F; mice develop salivary gland inflammation
and a decreased ability to produce saliva that coincides with the
development of proteinuria and is consistent with reduced saliva
production in secondary SD.'®2° We reported previously that
these mice produced about half as much saliva as young predis-
eased mice and that anti-CD40 treatment increased saliva pro-
duction from baseline."® H&E staining of the salivary glands and
analysis by semiquantitative scoring revealed that treatment with
ABT-317 reduced overall inflammation, comparable to anti-
CDA40 treatment (Figure 4A and B). Likewise, salivary gland func-
tion was restored as evidenced by a significant increase in saliva
output compared to vehicle controls (Figure 4C). Much like in the
kidneys, ABT-317 treatment normalized the JAK1, IFN, and che-
mokine gene signatures in the salivary glands (Figure 4D). ABT-
317 also normalized the 28 inflammatory pathways identified by
Ingenuity Pathway Analysis to be significantly up-regulated in dis-
ease (Supplementary Figure 3B), therefore nullifying the changes
in inflammatory pathways of salivary glands induced by disease.

Reduction of STAT signaling in the kidney. The nor-
malization of the nephrotic and injury-associated gene signatures
by treatment with ABT-317 suggests that the elevated signature
scores in diseased mice is caused by cytokine signaling in glo-
merular and tubular cells. To identify cells actively engaged in
cytokine signaling, we stained kidney sections for phosphorylated
STAT1 (pSTAT1) and phosphorylated STAT3 (pSTAT3).
Figure 5A shows pSTATS staining of inflammatory, glomerular,
and tubular cells within the kidneys, suggesting that cytokine sig-
naling is active in the kidney. pSTAT1 staining was similar (data
not shown). ABT-317 treatment significantly decreased both
pPSTAT levels (Figure 5B). This could be due to direct inhibition of
cytokine signaling in the kidney or secondary to the reduction in
T cells induced by ABT-317 treatment. Regardless, the data are
consistent with the ability of JAK1 inhibition to reverse proteinuria.

Translatability of JAK1-specific signaling in human
LN. To assess the translatability of our findings to human SLE
and LN, we explored whether human LN kidneys exhibited gene
expression changes similar to proteinuric NZB/W-F; kidneys.

We examined the publicly available gene expression data
(GSE32591) from isolated glomerular and tubular cells from
15 healthy donors (HDs) and 32 patients with LN (Figure 6A-D).
Glomerular and tubular cells were separately isolated by microdis-
section and subjected to transcriptomic analysis. Both cell popu-
lations from patients with LN exhibited a strong IFN signature in
comparison to HDs (Figure 6A). However, in comparison to HD,
LN glomeruli exhibited a significant increase in the JAK1 signature
score, whereas LN tubules showed a significant decrease
(Figure 6B). This suggests that either cytokine exposure or recep-
tor expression by glomeruli and tubules is not the same.

Nephrotic and injury-associated gene expression was also
different between HDs and patients with LN. Like the mouse kid-
ney analysis,'® the nephrotic genes from Park et al'® that differed
in expression between LN and HDs were used to determine a
gene signature score. The identified signature contained 12 genes
that overlapped with mouse (Supplementary Figure 4). As shown
in Figure 6C, the nephrotic up-gene signature was significantly
different between LN and HD glomeruli and tubules, whereas the
nephrotic down-gene signature was significantly different only in
the glomeruli. The injury-associated up- and down-gene signa-
tures were significantly different between LN and HDs in both cell
types (Figure 6D). Thus, the gene signatures associated with pro-
teinuria that were normalized by ABT-317 treatment in mice were
altered in the glomeruli and tubules of human LN. Given the cen-
tral role of the glomerulus in controlling urine protein levels, the
strong JAK1 signature and altered expression of nephrotic genes
suggests that a JAK1 inhibitor could be efficacious in reversing
proteinuria in human LN.

DISCUSSION

JAK inhibitors have demonstrated clinical efficacy in a wide
array of immunological diseases, including rheumatoid and psori-
atic arthritis, atopic dermatitis, and ulcerative colitis.?"?2 Because
the JAK-STAT pathway is crucial for signaling by a multitude of
cytokines implicated in SLE pathogenesis, targeting JAK could
be an effective treatment for SLE. Preclinical studies in murine
SLE with tofacitinib and baricitinib have shown that JAK inhibition
ameliorates disease in these animals.?>2° Tofacitinib is consid-
ered a pan-JAK inhibitor (with preference for JAKS over 1 and 2)
and baricitinib is a JAK1/2 inhibitor.?! Here, we have described
the ability of ABT-317, a selective JAK1 inhibitor, to both prevent
and reverse proteinuria, and to reduce salivary gland inflammation
in the NZB/W-F; mouse model of SLE.

Prophylactic treatment with ABT-317 resulted in sustained
protection against proteinuria (Supplementary Figure 1A). Higher
doses of ABT-317 demonstrated a greater suppressive effect
and offered long-term protection against proteinuria following
treatment cessation that was profoundly different from CellCept,
a commonly used therapeutic in LN.?2® We speculate that
ABT-317 prevents and possibly reverses the activation of a
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Figure 4. ABT-317 reduced inflammation, restored function, and normalized SLE gene signatures in the salivary glands. Salivary glands were
collected and fixed in formalin, followed by paraffin embedding, cutting, and H&E staining. Baselines were collected at time of treatment onset,
whereas all other groups were collected at time of euthanasia (study day 105, >89 days on treatment). (A) Representative images of H&E-stained
salivary glands are shown. (B) Salivary gland images were semiquantitatively scored for inflammation (n = 15), revealing significant reduction of
cellular infiltrates with ABT-317 treatment, comparable to anti-CD40 treatment. *P < 0.05; ***P < 0.0001 vs vehicle using Kruskal-Wallis test with
Dunn’s multiple comparisons. (C) Saliva was induced by i.p. injection of pilocarpine nitrate and saliva collected using preweighed cotton swabs.
The output was determined in milligrams by weighing swabs after collection. *P < 0.05 vs vehicle using one-way ANOVA with Tukey’s multiple
comparisons. (D) The JAK1, IFN, and chemokine gene signature scores were normalized in the salivary gland to scores assessed in young healthy
mice after treatment with ABT-317, comparable to anti-CD40 treatment. *P < 0.05 vs vehicle; #P < 0.05 vs baseline using one-way ANOVA with
Tukey’s multiple comparisons. ANOVA, analysis of variance; H&E, hematoxylin and eosin; HPMC, hydroxypropyl methylcellulose; IFN, interferon;
i.p., intraperitoneal; n.s., not significant; SLE, systemic lupus erythematosus.

disease critical mechanism(s) that results in autoreactive B cell
activation and that time is required following treatment cessation
to reset this mechanism. In agreement with this, all doses of
ABT-317 reduced the number of circulating B cells and prevented
the increase in anti-dsDNA antibodies (Supplementary Figure 2C
and D). This is also consistent with the efficacy of prophylactic
treatment with anti-CD20 and the subsequent five-month delay
in disease development after B cell depletion,?® as well as with

the drug-free remission induced in patients with SLE depleted of
B cells by CD19 CAR T cell treatments that lasts long after B cell
reconstitution.*°

Although prophylactic efficacy with ABT-317 demonstrates
proof of concept for using a JAK1 inhibitor in SLE, the ability to
reverse established disease is a crucial characteristic for a poten-
tial SLE treatment. Few therapeutics have demonstrated reversal
of severe proteinuria in mice. We previously reported therapeutic
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Figure 5. ABT-317 reduced phospho-STAT1 and pSTAT3 expression in the kidneys. Kidneys were collected at the conclusion of the study and
stained for pSTAT1 and pSTAT3 to generate histological scores. (A) Representative images of pSTAT3 staining, showing an up-regulation of
pSTATS3 in resident glomerular and tubule epithelial cells, as well as infiltrating immune cells in baseline and vehicle-treated mice, with reduction
of PSTAT3 staining in ABT-317 and anti-CD40-treated mice (B) ABT-317 significantly reduced expression of pSTAT1 and pSTATS in the kidneys
of NZB/W-F; mice. **P < 0.01 vs vehicle; #P < 0.05 vs baseline using Kruskal-Wallis statistical test with Dunn’s multiple comparisons. pSTATT,

phosphorylated STAT1; pSTATS3, phosphorylated STATS.

efficacy using the anti-CD40 antagonist antibody, 201A3."° Other
efficacious molecules tested in similar therapeutic models include
an anti-CD40L Fab’ fragment (CDP7657)%' and the topoisomer-
ase | inhibitor irinotecan.®?°% Here, we have demonstrated the
ability of ABT-317 to reverse proteinuria comparably to anti-
CD40 (Figure 1A), with a subsequent survival rate of approxi-
mately 95% (Figure 1B). Treatment-induced reduction of splenic
B and T cell populations (Figure 1D and Supplementary Figure 2)
likely contributed to the overall reduction of pathogenic B and T
cell-driven inflammation, resulting in restoration of kidney function
and validating the efficacy of JAK1 inhibition in reversing estab-
lished murine disease.

JAK1 inhibition should affect signaling by multiple cytokines
involved in SLE,”® and we hypothesize that ABT-317’s efficacy
in this model is driven by its combined impact on the three patho-
genic nodes described above. For example, inhibition of IL-6 and
IL-21 signaling would affect the B cell node by impacting plasma
cell differentiation, consistent with the observed reduction of
anti-dsDNA titers and splenic germinal center B cells, plasma-
blasts, and plasma cells versus vehicle-treated mice (Figures 1C
and D). Although circulating IFN-I levels are not elevated in
NZB/W-F; mice, ABT-317 likely still affects the IFN-I node based

on the observed elevated IFN-I gene signature in blood, kidney,
and salivary gland that was normalized by therapeutic ABT-317
treatment (Figures 3A and B, Figure 4D). Finally, the T cell node
could be affected by inhibition of cytokines such as IL-2, IL-6,
IL-7, and IL-21, accounting in part for the observed reduction of
total splenic, activated, and central memory T cells in therapeuti-
cally treated mice (Supplementary Figure 2). IL-2 is required for
regulatory T cell (Treg) differentiation but the effect of ABT-317
on Treg cells is unclear. Because ABT-317 reversed disease,
any loss of Treg function may have been offset by the profound
anti-inflammatory effect. Thus, ABT-317’s efficacy is likely due to
the combined inhibition of multiple cytokines affecting muiltiple
pathogenic mechanisms.

ABT-317’s effect on the kidney is significant. Histological
analysis revealed significantly fewer inflammatory cells in the kid-
neys of ABT-317 treated mice compared to diseased animals
(Figure 2A and B). Consequently, glomerular size was reduced
(Figure 2C and E) with an overall lesser extent of glomerular dis-
ease and tubular dilation (Figure 2D). The positive effects on kid-
ney inflammation and morphology could be traced to ABT-317’s
efficacy at a gene expression level. The JAK1, IFN, and chemo-
kine gene signatures were normalized by ABT-317 to reflect
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Figure 6. Gene signature scores in human glomeruli and tubules demonstrate model translatability. Publicly available gene expression data
from isolated glomerular and tubular cells from 15 HDs and 32 patients with LN were examined for gene signatures similar to those identified in
NZB/W-F; mice. (A) Patients with LN exhibit a significantly elevated IFN signature in glomeruli and tubules compared to HDs. (B) Patients with
LN exhibit a significant increase in the JAK1 signature in glomeruli but a significant decrease in JAK1 signature in tubules compared to HDs.
(C, D) Nephrotic and injury-associated up- and down-gene signatures were significantly different between LN glomeruli and tubules compared
to HDs. *P < 0.05; **P < 0.01; ***P < 0.0001 vs HDs. HD, healthy donor; IFN, interferon; LN, lupus nephritis.

those of young, healthy mice in both the kidneys and blood
(Figure 3A and B), and RNA sequencing analysis of kidneys indicates
that the active inflammatory pathways at baseline are silenced by
ABT-317 treatment (Supplementary Fig. 3A). It is possible that
inflammatory cells are migrating out of the tissues, as suggested by
the reduction of the chemokine signature (Figure 3A and B), or that
apoptosis is occurring because the IL-2 family cytokines provide T
cell survival signals and are JAK1-dependent.3*%°

Although the elimination of inflammatory cells from the kidney
may be necessary for proteinuria reversal, we previously pro-
posed that it is not sufficient because prednisolone eliminated
inflammatory cells but did not reverse proteinuria.’® We think that
restoring normal expression of genes linked to human nephrotic
syndrome is likely critical to the reversal of severe proteinuria in
NZB/W-F; mice. Most of these genes are expressed by podo-
cytes, which are cells crucial to the integrity of the glomerular filtra-
tion barrier. Restoring the glomerular filtration barrier and

glomerular morphology may rely on normalizing expression of
these genes.’® Treatment with a JAK1 inhibitor had the same
effect as anti-CD40 on glomerular morphology (Figure 2C-E)
and nephrotic gene expression (Figure 3C) suggesting that they
affect the same pathogenic pathway. Our findings suggest that
the ability of JAK1 inhibition to reverse proteinuria and restore glo-
merular function is dependent on restoring function of the kidney
parenchymal cells.

Because secondary SD is a common comorbidity for
patients with SLE®®®” and the NZB/W-F; model is validated
for studying both SLE and SD,"®'%2° we investigated salivary
gland manifestations in addition to SLE endpoints. Although many
of the preclinical studies for SD have been conducted in mice or
modalities other than the NZB/W-F; model,*®? data have been
generated to suggest that STAT3 signaling may be an important
mechanism in disease.*’**? For example, metformin indirectly
inhibits STAT3 signaling through AMP-activated protein kinase
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activation'®4"*® and demonstrated reduction of salivary gland

infiltrates and  significant improvement in salivary output in
NOD/ShiLtJ mice.*' Here, we have demonstrated that therapeu-
tic administration of ABT-317 significantly reduced salivary gland
infiltrates and restored saliva output in NZB/W-F; mice
(Figure 4A-C) while also normalizing the salivary gland JAK1,
IFN, and chemokine gene signatures (Figure 4D) and silencing
active inflammatory pathways (Supplementary Figure 3B).
Although we did not stain the salivary glands for pSTATS, we
can infer that a similar reduction as seen in the kidneys
(Figure 5A and B) occurred in the salivary glands, resulting in effi-
cacy. Collectively, these data represent a novel finding with a
JAK1 inhibitor that may be translatable to the clinic.

Baricitinib showed promising results in a phase |l trial in SLE,
with significant improvement in disease activity over placebo, as
measured by Systemic Lupus Erythematosus Disease Activity
Index 2000 and Systemic Lupus Erythematosus Responder
Index 4, driven by the number of tender and swollen joints and
rash.** Unfortunately, baricitinib failed to meet its primary end-
points in a phase lll SLE trial, though any positive effect of bariciti-
nib in this trial may have been masked by a high placebo rate or
inability to dose to full JAK occupancy.*®*® Our analysis of gene
expression in microdissected human glomeruli and tubules
(Figure 6) supports the use of a JAKT inhibitor in LN. Although
the IFN-I signature is present in both the glomeruli and tubules,
consistent with systemic exposure, the JAK1 gene signature is
evident only in the glomeruli. In addition, human LN glomeruli
exhibit an altered nephrotic gene signature and thus, as with
NZB/W-F; mice, we suggest that JAK1 inhibition in human LN will
block JAK1-mediated cytokine signaling and normalize the
nephrotic gene signature leading to the reversal of proteinuria.

In summary, we have shown efficacy with a JAK1 selective
inhibitor in the NZB/W-F; murine model of SLE. ABT-317 both
prevented the development of proteinuria and reversed estab-
lished severe proteinuria. Moreover, ABT-317 restored salivary
gland function by reducing cellular infiltrates, representing a
novel finding with a JAK1 inhibitor that may be translatable to
the clinic. Finally, we observed similarities between mice and
humans on disease- and pathway-relevant gene signatures,
suggesting the potential for translatability to the clinic. Indeed,
upadacitinib, a JAK1-selective inhibitor met its phase Il primary
endpoint and is currently in a phase lll trial. Altogether, a
JAK1 -selective inhibitor fulfills our criteria for a successful ther-
apeutic in SLE and may be efficacious in the treatment of
established human disease.
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