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Objective. In a previously reported phase Il randomized, placebo-controlled, interventional trial, we demonstrated
that treatment with ustekinumab, an anti-interleukin-12 (IL-12)/IL-23 p40 neutralizing monoclonal antibody, improved
global and organ-specific measures of disease activity in patients with active systemic lupus erythematosus (SLE).
Utilizing the biomarker data from this phase Il clinical study, we sought to determine whether modulation of the
expression of IL-12, IL-23, or both cytokines by ustekinumab is associated with clinical efficacy in patients with SLE.

Methods. This phase Il randomized, placebo-controlled study enrolled 102 patients with autoantibody-positive SLE
whose disease remained active despite standard-of-care therapy. Patients were randomized at a 3:2 ratio to receive
~6 mg/kg ustekinumab intravenously or placebo at week 0, followed by subcutaneous injections of 90 mg ustekinumab
or placebo every 8 weeks, with placebo crossover to 90 mg ustekinumab every 8 weeks. The SLE Responder Index 4
(SRI-4) at week 24 was used to determine which patients could be classified as ustekinumab responders and which
could be classified as nonresponders. In addition to measurements of p40 and IL-23, serum levels of interferon-y
(IFNy), IL-17A, IL-17F, and IL-22, as a proxy for the IL-12 and IL-23 pathways, were quantified by immunoassay.

Results. Changes in the serum levels of IL-17A, IL-17F, and IL-22 at different time points after treatment were not
consistently significantly associated with an SRI-4 clinical response to ustekinumab in patients with SLE. In contrast,
an SRI-4 response to ustekinumab was significantly associated (P < 0.01) with durable reductions in the serum IFNy
protein levels at several time points relative to baseline, which was not observed in ustekinumab nonresponders or
patients who received placebo.

Conclusion. While not diminishing a potential role of IL-23, these serum biomarker assessments indicate that IL-

12 blockade has an important role in the mechanism of action of ustekinumab treatment in patients with SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a heteroge-
neous, multiorgan autoimmune disease that is associated
with a variety of morbidities and increased risk of death.
Ustekinumab, a monoclonal antibody targeting the p40
subunit shared by interleukin-12 (IL-12) and IL-23, demon-
strated significant improvement across multiple disease fea-
tures in patients with moderate-to-severe SLE in a phase I
study (1). The results of this interventional trial support pre-
clinical and clinical case report data implicating a potential
role of IL-12 and/or IL-23 in the pathogenesis of SLE. Nota-
bly, internal analysis and an independent comprehensive
drug repositioning analysis identified ustekinumab as having
the highest potential for the treatment of SLE (2).

IL-12 is a heterodimeric cytokine composed of the sub-
units p35 and p40, and is a critical cytokine in immunity that
is primarily produced by antigen-presenting cells. IL-12 pro-
motes the differentiation of Th1 cells, which release the proto-
typical Th1 cytokine interferon-y (IFNy). Th1-derived cytokines
stimulate innate and adaptive immune cell functions and are
important for defense against certain intracellular pathogens.
IL-12 also drives the development and function of human
T follicular helper cells, which stimulate B cells to produce
immunoglobulins, including pathogenic autoantibodies (3). In
addition, IL-12 promotes the activation and function of cyto-
toxic cells, such as natural killer cells, y& T cells, and cytotoxic
CD4+ and CD8+ T lymphocytes.

Both IL-12 and IL-23 have been implicated in the pathogene-
sis of SLE. For example, genetic deletion of p35, an IL-12-specific
subunit, resulted in the reduction of both antinuclear antibodies and
glomerulonephritis in a mouse model of lupus-like disease (4). IL-23
is composed of the p40 subunit, which it shares with IL-12, and a
unigque p19 subunit. IL-23 is also an important factor in the survival
and expansion of cells, including those that produce the proinflam-
matory cytokine IL-17, such as Th17 cells. The IL-23/Th17 pathway
has been implicated in several immune-mediated inflammatory dis-
eases, including SLE. Observations from previous research in mice
have suggested that the IL-23/Th17 pathway contributes to lupus
pathogenesis and may be particularly relevant to renal disease (5), a
finding that has been corroborated in human profiing studies (5,6).
Thus, ustekinumab may modulate SLE by neutralizing the function
of 2 proinflammatory cytokines that signal through their shared p40
subunit.

Despite evidence of a potential role of multiple cytokines in
SLE, the relative importance of IL-12 and IL-23 in SLE pathogen-
esis is currently unclear. To address this question, we assessed
serum biomarkers for both the IL-12 (IFNy) pathway and the IL-23
(IL-17A, IL-17F, IL-22) pathway in order to understand how these
distinct mediators are affected following treatment with ustekinumab.
For this purpose, we utilized a targeted analytic approach to better

understand the mechanism of action of ustekinumab in SLE. Our
findings suggest that blockade of the IL-12 pathway represents
an important component of the mechanism of action of usteki-
numab in patients with SLE.

PATIENTS AND METHODS

Study design and patients. The present study assessed
biomarker data from a phase Il multicenter, randomized,
placebo-controlled trial of ustekinumab in adult patients
(ages 18-75 years) with active SLE, the details of which
have been previously reported (1). Eligible patients were
those who had a diagnosis of SLE (in accordance with the
Systemic Lupus International Collaborating Clinics clas-
sification criteria [7]) for at least 3 months before the first
study drug administration. Patients were randomized to
receive an intravenous infusion of ustekinumab (~6 mg/
kg) or placebo at week O, followed by subcutaneous injec-
tions of 90 mg ustekinumab or placebo every 8 weeks, with
placebo crossover to 90 mg ustekinumab every 8 weeks.
These treatments were administered in addition to stand-
ard-of-care therapy.

In the current analysis, efficacy was assessed using the SLE
Responder Index 4 (SRI-4). The SRI-4 is a composite measure
that requires at least a 4-point improvement in the SLE Disease
Activity Index 2000 score, no worsening (<10-mm increase) in
the physician global assessment of disease activity score from
baseline, no new British Isles Lupus Assessment Group (BILAG)
2004 domain A score, and no more than 1 new BILAG domain
B score (8).

Proteomics analysis. Serum for targeted proteomics anal-
ysis was collected from both placebo- and ustekinumab-treated
patients at baseline and weeks 4, 8, 12, 24, 28, 40, and 48 (see
the time course outlined in Supplementary Figure 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41547/abstract). For comparative purposes,
serum was also obtained from age-, sex-, and race-matched healthy
control subjects (provided by external vendors). Serum levels of
IFNy and p40 were quantified using the Meso Scale Discovery plat-
form. Serum levels of IL-23, IL-17A, IL-17F, and IL-22 were profiled
using the high-sensitivity Single Molecule Counting Erenna Immu-
noassay. Serum samples were also collected from ustekinumalb-
treated patients with psoriasis from a previous phase Il clinical trial,
NAVIGATE (A Phase 3, Multicenter, Randomized, Double-blind
Study to Evaluate the Efficacy and Safety of Guselkumab for the
Treatment of Subjects With Moderate to Severe Plaque-type Pso-
riasis and an Inadequate Response to Ustekinumalb; ClinicalTri-
als.gov identifier: NCT022030832) (9). Patients with psoriasis were
evaluated for serum levels of IL-17A, IL-17F, IL-22, and IFNy using
the same methods as described above.
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RESULTS

Characteristics of the patients and outcomes. A total
of 102 patients with active SLE were randomized in a 3:2 ratio to
receive either ustekinumab (n = 60) or placebo (n = 42); patient
demographic and disease characteristics have been previously
described (1). The primary end point was achieved, with 62% of
patients in the ustekinumab group and 33% of patients in the pla-
cebo group achieving an SRI-4 treatment response at week 24
(P =0.006) (1).

Association of IFNy suppression with response to
ustekinumab. To understand the mechanism of action of uste-
kinumab treatment in patients with SLE in greater detail, we
examined downstream cytokines associated with IL-12 and IL-23
signaling. Serum levels of p40 (shared by IL-12 and IL-23), p19
(IL-23), IFNy, IL-17A, IL-17F, and IL-22 were quantified in the
serum samples collected from SLE patients at baseline and lon-
gitudinally after ustekinumab administration. Levels of the p40
subunit, the target of ustekinumab, was elevated at baseline in
the SLE trial population compared to healthy controls, but were
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not significantly different between ustekinumab responders and
nonresponders (Figure 1A). Over time, the levels of p40 accumu-
lated in only the ustekinumab-treated patients (Figure 1C), which
was indicative of the expected target engagement response and
is similar to findings in previous trials with this agent in which bind-
ing of ustekinumab to p40 prolongs the half-life of the antigen.
Levels of p40 accumulation after ustekinumab administration
were similar between responders and nonresponders (Figure 1C).
Unlike what was observed with p40, the baseline levels of IL-23
were not elevated in the serum of patients with SLE compared
to healthy controls, and accumulation of IL-23 in ustekinumab-
treated patients was not observed (Figures 1B and D).

Serum IFNy levels were elevated at baseline in the SLE trial
population compared to healthy controls (P < 0.0001). No remark-
able differences in the baseline levels of IFNy were noted between
responders and nonresponders in either the ustekinumalb or placebo
treatment groups (Figure 2A). Following treatment with ustekinumab,
levels of IFNy were significantly down-modulated over time rela-
tive to baseline levels in the responder population only, at week 4
(P < 0.001), week 8 (P < 0.01), and week 12 (P < 0.01), and were
significantly lower than those in nonresponders at weeks 4 and 8
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Figure 1. Assessment of serum levels of p40 and interleukin-23 (IL-23). A and B, Serum levels of p40 (A) and IL-23 (B) were determined

in healthy controls (n = 60) and at baseline in patients with systemic lupus erythematosus (SLE) in the placebo (PBO) or ustekinumab (UST)
treatment groups (subject numbers at week 0 shown at bottom of C and D) by response status at week 24 (responder [R] versus nonresponder
[NRY]). Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines
outside the boxes represent the 10th and 90th percentiles. Circles indicate outliers. C and D, Longitudinal serum concentrations of p40 (C)
and IL-23 (D) were compared between the ustekinumab and placebo groups of SLE patients by response status. Results are shown as the
median change from baseline with median absolute deviation of the change. Numbers of subjects with available samples are indicated at each
time point. * =P < 0.05; ** = P < 0.01; ™ =P < 0.001; *™* = P < 0.0001 versus baseline within group in C and D or as indicated in A. Asterisk
color in € and D matches the treatment response group in which a significant difference was achieved. P values were computed using t-tests.
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Figure 2. Assessment of serum levels of interferon-y (IFNy). A, Serum levels of IFNy were determined in healthy controls (n = 60) and at
baseline in patients with SLE in the placebo or ustekinumab treatment groups (subject numbers at week 0 shown at bottom of B) by response
status at week 24. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the
median. Lines outside the boxes represent the 10th and 90th percentiles. Circles indicate outliers. B, Longitudinal serum concentrations of
IFNy were compared between the ustekinumab and placebo groups of SLE patients by response status. Results are shown as the median
change from baseline with median absolute deviation of the change. Numbers of subjects with available samples are indicated at each time
point. * =P < 0.01; ™ =P < 0.001; ™ =P < 0.0001 versus baseline within group in B or as indicated in A. T = P < 0.05 for responders versus
nonresponders. Footnote symbol color matches the treatment response group in which a significant difference was achieved. P values were
computed using t-tests. See Figure 1 for other definitions.

(each P < 0.05) (Figure 2B). Serum IFNy levels remained decreased ustekinumab in patients with SLE, but did reach significance at a
at the 24-week time point in ustekinumab responders when com- single time point after baseline for each analyte (week 4 for IL-17A,
pared to nonresponders and patients who received placebo. week 8 for IL-17F, and week 12 for IL-22) (Figure 3). Of note,

Changes in serum levels of IL-17A, IL-17F and IL-22 were decreases in the median serum levels of IL-17A, IL-17F, and IL-22
not significantly associated with an SRI-4 clinical response to following ustekinumab treatment have previously been observed
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Figure 3. Assessment of serum levels of IL-17A, IL-17F, and IL-22 through week 24 in the placebo and ustekinumab treatment groups of SLE
patients according to response status. Results are shown as the median change from baseline with median absolute deviation of the change.
Numbers of subjects with available samples at each time point are indicated below the graphs. * = P < 0.05; ** = P < 0.01 versus baseline
within group. Asterisk color indicates the treatment response group in which a significant difference was achieved. P values were computed
using t-tests. See Figure 1 for definitions.



476

CESARONI ETAL

in a phase lll trial of ustekinumab in patients with psoriasis (9)
(see Supplementary Figure 2, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.41547/abstract). In the current SLE trial, no significant dif-
ferences in the serum levels of IL-17A, IL-17F, and IL-22 were
observed between the responders and nonresponders in either
the ustekinumab or placebo treatment groups at any time point.
Serum IFNy and IL-17A biomarker findings were durable up to
week 48 in SLE patients in the ustekinumab group who continued
to receive ustekinumab treatment after week 24 (see Supplemen-
tary Figure 3, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.41547/abstract).

DISCUSSION

In this study, targeted proteomics analyses were performed
on serum samples from patients with SLE in a phase |l trial of
ustekinumab to elucidate the mechanism of action of ustekinumab
in this cohort. Despite a lack of modulation of type | IFN
responses following treatment with ustekinumab in patients
with SLE, as was also reported previously (1), we observed sig-
nificant reductions in the type Il IFN (IFNy) responses in the
ustekinumab-treated responders only. Interestingly, ustekinumab-
treated responders and nonresponders both exhibited sim-
ilarly elevated serum levels of IFNy at baseline, suggesting
that serum IFNy expression in ustekinumab responders may
be dependent on p40 signaling, whereas in nonresponders,
serum IFNy expression may be perpetuated by additional p40-
independent factors. The reduction in serum IFNy levels in
ustekinumab-treated responders was observed to be greatest at
4 weeks postdosing, although these reductions were durable up
to 48 weeks. It can be speculated that the ustekinumab induc-
tion dose may be a factor in the robustness of the reduction in
IFNy expression at 4 weeks. While early reductions in circulating
IFNy levels were associated with an SRI-4 clinical response to
ustekinumab, this and other biomarker findings from our study need
to be confirmed with larger studies in SLE. Of note, the phase Il
LOTUS trial (Multicenter, Randomized, Double-blind, Placebo-
controlled, Parallel-group Study of Ustekinumab in Subjects with
Active Systemic Lupus Erythematosus; ClinicalTrials.gov identifier:
NCT03517722) was recently stopped due to a preplanned interim
efficacy analysis, but additional analysis is needed because the
participants in this study were not limited to those experiencing
abnormalities in the IL-12/IL-23 target pathway. The biologic
insights derived from the placebo-controlled ustekinumab phase
Il study described herein are valuable and may promote additional
hypotheses to test in this heterogeneous disease.

[t is important to note that IFNy antagonism has consistently
been associated with improvements in disease features in mul-
tiple mouse models of lupus (10). IFNy has also been reported
to be one of the earliest dysregulated cytokines preceding SLE
classification, even prior to IFNa elevation and autoantibody

accumulation, suggesting a potentially more central role of IFNy
in establishing a diagnosis of lupus (11). Despite these data,
no substantial benefits in disease activity were observed with
amonoclonal antibody targeting IFNy (AMG-811) after evaluation
in several small trials in patients with lupus (12,13). It is unclear
whether the lack of clear efficacy in those trials was related to
the molecule, the dosage studied, or the target itself.

Analysis of cytokines downstream of IL-23 (IL-17A, IL-17F,
and IL-22) failed to demonstrate consistent reductions in cytokine
levels or associations with ustekinumalb treatment or response in
this SLE trial. Indeed, serum IL-23 levels were neither elevated at
baseline nor modulated by ustekinumab treatment in the present
study, despite clear target engagement, as demonstrated by accu-
mulation of p40 in ustekinumab-treated patients. We were unable
to reliably quantify IL-12/p70 in a sufficient number of patients to
include in this study, presumably because of limitations in the assay
sensitivity. It is important to note that reductions in the serum levels
of IL-17A, IL-17F, and IL-22 have been consistently observed with
ustekinumab in diseases in which the IL-23/IL-17 pathway has
been implicated in disease pathogenesis, such as in psoriasis (14)
and psoriatic arthritis (15), and baseline levels of these cytokines
were elevated in patients relative to healthy controls. However, it
should be noted that the small sample size in this phase Il SLE
trial may be a limitation in detecting a consistent reduction in the
levels of IL-17A, IL-17F and IL-22. Examination of several available
Th17 gene signatures indicated that they were not modulated after
ustekinumab treatment in this phase Il SLE trial (data not shown).

One important limitation of this study is the lack of data
on tissue-based biomarkers, which may be important in attain-
ing robust measurements of IL-23 pathway biomarkers. Indeed,
recent data have suggested that IL-23 signaling has an important
role, particularly in the kidney, among patients with lupus nephritis
(5). Because of the small number of patients in the ustekinumab
trial who had lupus nephritis (as determined by kidney biopsy), the
effect of ustekinumab treatment on kidney manifestations could
not be confidently assessed.

Other than the association with the SRI-4 response, analy-
ses of other measures of disease activity did not reveal any asso-
ciations with clinical biomarkers or serum IFNy levels. While not
diminishing a potential role of IL-23, these serum data suggest
that blockade of the IL-12 pathway represents an important com-
ponent of the mechanism of action of ustekinumab in patients
with SLE.
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