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To date, the major target of biologic therapeutics in systemic lupus erythematosus (SLE) has

been the B cell, which produces pathogenic autoantibodies. Recently, targeting type | IFN, which

is elaborated by plasmacytoid dendritic cells (pDCs) in response to endosomal TLR7 and TLR9
stimulation by SLE immune complexes, has shown promising results. pDCs express high levels of
the IL-3Ra chain (CD123), suggesting an alternative potential targeting strategy. We have developed
an anti-CD123 monoclonal antibody, CSL362, and show here that it affects key cell types and
cytokines that contribute to SLE. CSL362 potently depletes pDCs via antibody-dependent cell-
mediated cytotoxicity, markedly reducing TLR7, TLR9, and SLE serum-induced IFN-a production
and IFN-a-upregulated gene expression. The antibody also inhibits TLR7- and TLR9-induced
plasmablast expansion by reducing IFN-a and IL-6 production. These effects are more pronounced
than with IFN-a blockade alone, possibly because pDC depletion reduces production of other IFN
subtypes, such as type lll, as well as non-IFN proinflammatory cytokines, such as IL-6. In addition,
CSL362 depletes basophils and inhibits IL-3 signaling. These effects were confirmed in cells derived
from a heterogeneous population of SLE donors, various IFN-dependent autoimmune diseases, and
healthy controls. We also demonstrate in vivo activity of CSL362 following its s.c. administration to
cynomolgus monkeys. This spectrum of effects provides a preclinical rationale for the therapeutic
evaluation of CSL362 in SLE.

Introduction
Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease, with significant morbidity and
increased mortality (1, 2), in part because of current treatment limitations. Given the importance of autoanti-
bodies in the pathogenesis of SLE, many current biologic therapies, such as rituximab and belimumab, target
B cells. A wealth of data, including the peripheral blood IFN gene “signature” (3) and elevated type I IFN and
IFN-regulated chemokines in SLE sera (4), also supports a central role for type I IFN in SLE. Importantly,
recent clinical trials with monoclonal antibodies (mAbs) targeting IFN-a (5-7) and the type I IFN receptor
(IFNAR) (8) have demonstrated reductions in the IFN gene signature and disease activity measures.

Plasmacytoid dendritic cells (pDCs) are specialized dendritic cells and are the major producers of type I
IFNs (9) following endosomal TLR7 and TLR9 activation by pathogen-associated molecular patterns
and human-derived nucleic acids (10). In SLE, immune complexes containing host-derived nucleic acids
and a variety of autoantibodies stimulate TLR7 and TLRY in pDCs to promote IFN production (11-16).
Recently, murine models of lupus provided direct evidence for the pathogenic role of pDCs (17, 18). In
contrast, evidence implicating pDCs in human SLE has been indirect, with reports of altered circulating
pDC numbers (19-22), abundant pDCs producing IFN-a/f in cutaneous lupus (19, 23), and TLR9-medi-
ated pDC activation by DNA-containing immune complexes in vitro (15, 24). In contrast to B cells, thera-
peutic targeting of pDCs in SLE is still in its infancy (25-27).

pDCs highly express IL-3Ra (CD123) compared with other peripheral blood cells (23, 28). CSL362
is a humanized therapeutic mAb that binds to CD123 and incorporates two mechanisms of action. It
inhibits IL-3 binding to CD123, antagonizing IL-3 signaling in target cells (29, 30). Second, the Fc region
of CSL362 has been mutated to increase affinity for CD16 (FcyRIIIa), thereby enhancing antibody-
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dependent cell-mediated cytotoxicity (ADCC). CSL362 can induce ADCC against CD123* acute mye-
loid leukemia (AML) blasts and leukemic stem cells in vitro and reduces leukemic cell growth in murine
xenograft models of human AML (30). A phase I clinical trial of CSL362 in AML has recently completed
(clinical trial NCT(01632852).

In this study, we explored the potential utility of CSL362 in primary human cells derived from patients
with SLE. We found that CSL362 potently depleted pDCs and inhibited TLR7- and TLR9-stimulated
IFN-o production and IFN-o-inducible gene expression ex vivo in SLE patients. This effect was confirmed
in vivo, with s.c. administration of CSL362 in cynomolgus monkeys. Basophils, which also express high
levels of CD123 and are thought to contribute to the pathology of SLE (31), were likewise depleted. In
addition, CSL362 inhibited pDC-dependent plasmablast expansion ex vivo. These findings demonstrate
that, through targeting IL-3Ra, CSL362 directly and indirectly affects key cells contributing to SLE and
provide a preclinical rationale for CSL362’s evaluation in this complex disease, for which more therapeutic
options are urgently required.

Results

pDCs and basophils have high CD123 expression and are selectively depleted by CSL362. Cell surface expression of
CD123 was examined on peripheral blood cells from a heterogeneous cohort of SLE donors (z = 34) (Supple-
mental Table 1; supplemental material available online with this article; doi:10.1172/jci.insight.86131DS1),
autoimmune disease control donors (# = 20), and healthy control donors (n = 34). Of the cell subsets eval-
uated, pDCs and basophils had the highest CD123 expression (~40,000 and 20,000 receptors/cell, respec-
tively; Figure 1A), with expression being highest on pDCs in most donors. Expression in all other cell types
was much lower and ranged from approximately 2,000 receptors/cell in myeloid dendritic cells (mDCs) and
intermediate monocytes to less than approximately 1,000 receptors/cell in the other cell types.

Given the selective, high-level CD123 expression on pDCs and basophils, we evaluated the ability of
the anti-CD123 mAb, CSL362, to deplete these cell types. An isotype control mAb (isotype control) and
Fab'CSL362 (the Fab fragment of CSL362 that lacks the Fc portion but retains IL-3-neutralizing activity)
were used as comparisons. At 24 hours, pDCs were potently and reproducibly depleted by CSL362 but not
the isotype control or Fab’'CSL362 (Figure 1, B and C), demonstrating that ADCC, and not IL-3 neutral-
ization, is the main mechanism of depletion. Basophils were less completely depleted than pDCs (Figure
1, B and D), possibly due to higher circulating numbers and relatively lower CD123 expression. A higher
dose of Fab’CSL362 also depleted pDCs but not basophils (Supplemental Figure 1, A and B), reflecting the
requirement of IL-3 for pDC survival (32). Depletion by CSL362 was selective for pDCs and basophils, as
cells that express lower CD123 levels (mDCs, monocytes, and NK, B, and T cell subsets) were not depleted
(Supplemental Figure 2, A-T).

CSL362 has been engineered for enhanced ADCC through mutations in its Fc region that increase its
affinity for FcyRIII (also known as CD16) expressed on NK cells (30). We therefore examined the effect
of CSL362 on NK cell activation (percentage of CD107a* NK cells). Fab’'CSL362 and the isotype control,
and a second isotype control (isotype 2) with an unmodified IgG1-Fc, were used for comparison. CSL362
and isotype 1, but not Fab’CSL362 or isotype 2, activated NK cells in SLE, autoimmune, and healthy con-
trol donors (Figure 1E), confirming that the modified IgG1-Fc mediates NK cell activation.

Depletion of pDCs by CSL362 inhibits TLR7, TLRY, and SLE serum-stimulated IFN-o. production and IFN-a-
inducible gene expression. Given the potent depletion of pDCs by CSL362, we next evaluated its effect on
TLR-stimulated IFN-a production and IFN-inducible gene expression. Pretreatment with CSL362 inhib-
ited TLR7-stimulated (imiquimod) and TLR9-stimulated (CpG C) IFN-a production in both SLE donors
and healthy donors (Figure 2A), whereas TLR4-stimulated (LPS) production was not significantly reduced
by CSL362. There was robust induction of an IFN gene “signature,” comprising 11 previously described
IFN-inducible genes (3) (IFI44L, IFITI, IFIT3, IRF7, ISG15, MX1, MX2, OASI, OAS2, SERPINGI, and
XAFT) in healthy donors after TLR3, TLR4, TLR7, TLRS8, and TLR9 stimulation but weak induction by
TLRS5 (Figure 2B). The TLR7- and TLR9-stimulated IFN gene signature was completely and selectively
neutralized by CSL362. As CSL362 specifically depletes pDCs and basophils, and pDCs selectively express
TLR7 and TLRO (33), these data suggest that the decrease in IFN-a production and gene expression is a
direct effect of pDC depletion. We confirmed this by removing pDCs or basophils from peripheral blood
mononuclear cells (PBMCs) by FACS sorting. Removal of pDCs, but not basophils, markedly reduced
TLR7- and TLR9-induced IFN-o. production (Figure 2C). These data imply that other cell types are unable
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Figure 1. CSL362 depletes CD123" plasmacytoid dendritic cells and basophils and activates NK cells. (A) CD123 expression on peripheral blood cells in

SLE donors (n = 34) and healthy (n

=34) and autoimmune (n = 20) controls, as determined by flow cytometry using Quantibrite-PE beads. The number

of CD123 molecules per cell is shown for each donor. (B) Representative flow cytometric analysis from SLE donors of viable plasmacytoid dendritic cells
(pDCs) (Sytox Blue-, Lin1-, HLA-DR*, BDCA2**) and basopbhils (Sytox Blue-, Lin1-, CCR3*) after 24-hour culture with media alone (no treatment), CSL362,
Fab’CSL362, or isotype control. Percentage of viable (C) pDCs and (D) basophils, as determined by flow cytometry, after 24-hour culture with 0.01 uM
CSL362, Fab’CSL362, or isotype control compared with media alone in SLE (n = 30), healthy (n = 25), and autoimmune donors (n = 18). (E) Fold change of

percentage viable CD107a* NK cells

, as determined by flow cytometry, after 18- to 21-hour culture with 0.01 uM CSL362, Fab’'CSL362, or 2 isotype controls

compared with media alone for SLE (n = 12), healthy (n = 12), and autoimmune (n = 11) donors. Isotype control contains the same modified Fc region as
CSL362, isotype control 2 contains an unmodified 1gG1-Fc. Data are expressed as mean + SEM, *P < 0.05 (Mann Whitney test).

insight.jci.org

to replace TLR7- or TLR9-induced IFN-a production in the absence of pDCs and, importantly, also show
that global IFN-a production is not affected by CSL362, as cells other than pDCs can produce IFN-o in
response to TLR3, TLR4, TLRS, and TLRS stimulation.

‘We next developed an IFN gene score based on the targeted IFN gene “signature” (described above) to
assess drug efficacy. The panel of 11 IFN-inducible genes was incorporated into a single gene score to facil-
itate comparison between SLE donors and healthy donors. The derived IFN gene score was calculated as
the average of the log, fold change in expression of the 11 genes compared with that of a universal healthy
control. The gene score for most healthy donors was close to 0, whereas SLE donors had an average gene
score of approximately 3.0, representing an approximately 8-fold change (Figure 3A), consistent with prior
exposure to type I IFN in this population.

The effect of CSL362 on TLR7- and TLR9-induced IFN-a production and the IFN gene score was
subsequently examined in SLE, autoimmune, and healthy donors. TLR9-induced IFN-a production was
essentially negated in all donors with CSL362 pretreatment but not with Fab’'CSL362 or isotype control
pretreatment (Figure 3B). CSL362 pretreatment also reduced the IFN gene score as compared with isotype
control (Figure 3C). Similar effects were observed in TLR7-responsive donors (Supplemental Figure 3).

Immune complexes or other components of SLE serum may contribute to IFN-a production indepen-
dently of TLR7 and TLR9 activation. Therefore, we evaluated IFN-a production induced by SLE serum
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Figure 2. Depletion of plasmacytoid dendritic cells by CSL362 potently and specifically inhibits TLR7- and TLR9-induced IFN-a production and IFN-a-
inducible gene expression. (A) IFN-o production, as measured by ELISA, in response to TLR4, TLR7, and TLR9 stimulation following CSL362 or isotype
control pretreatment of healthy and SLE donor (n = 3 each) peripheral blood mononuclear cells (PBMCs). (B) Expression of 11 IFN-inducible genes (IF/44L,
IFIT1, IFIT3, IRF7, ISG15, MX1, MX2, OAST, OAS2, SERPINGT, and XAFT), as determined by qPCR, in response to TLR1-9 agonist stimulation following
CSL362 or isotype control pretreatment in healthy donor PBMCs (n = 4). (C) IFN-a production, as determined by ELISA, from healthy (n = 2) and SLE (n = 2)
donor PBMCs that were depleted either of plasmacytoid dendritic cells (pDCs) or basophils and stimulated with TLR7 (imiquimod) or TLR9 (CpG C) agonist.
Data are expressed as mean + SEM, *P < 0.05 (Mann Whitney test).
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with varying levels of anti-dsDNA antibody titers. Sera with low (3.4-7.1 IU/ml), medium (91.8-104.3
IU/ml), or high anti-dsDNA (>470 IU/ml) antibody levels was used to stimulate IFN-o production in
healthy donor PBMCs. Sera from donors with a high anti-dsDNA antibody level intrinsically contained
a small amount of detectable IFN-a and when cultured with healthy PBMCs was able to stimulate fur-
ther IFN-a production (Figure 3D). Importantly, the IFN-o that was produced by serum stimulation was
completely inhibited by CSL362 (Figure 3D). Sera from the donors with low and medium anti-dsDNA
antibody levels was not able to stimulate detectable IFN-o production when cultured with healthy donor
PBMCs; however, it was able to upregulate expression of IFN-inducible genes, and this expression was also

decreased by pretreatment with CSL362 (Figure 3E).

Using published DNA sequences and recombinant methods, we produced and purified 2 anti-IFN-a
mADbs for comparison to CSL362. Both anti-IFN-o. mAbs neutralized TLR7- and TLR9-stimulated IFN-a,
with >90% neutralization at doses =10 pg/ml. However, CSL362 reduced IFN-a more potently, with com-
plete inhibition at equivalent doses (Figure 4A). Although the anti-IFN-o. mAbs neutralized IFN-a, these
had minimal impact on reducing TLR-induced IFN-upregulated gene expression in the IFN gene “signa-
ture,” as compared with CSL362 (Figure 4B). This may be because activated pDCs produce more than
one type of IFN that may contribute to the gene signature. Elevated levels of multiple type I IFN subtypes
(IFNA, IFNBI1, IFNW, IFNE) as well as type III IFN (IFNLI, IFNL2, IFNL3) levels were seen by RNA
sequencing of isolated pDCs stimulated with TLR7 or TLR9 agonists (Figure 4C). Type II IFN (IFNG)
levels were not differentially expressed. We then assessed the effect of CSL362 on TLR7- and TLR9-
induced type IIT IFN (IFN-A1, IFN-A2 and IFN-A3) levels in 9 healthy donors and 6 SLE donors. Three
healthy donors and two SLE donors responded to TLR9 (CpG) stimulation with detectable (>50 pg/ml)
type III IFN levels, as assessed by ELISA, which were reduced to negligible levels in all donors by CSL362
treatment (Figure 4D). In the 3 healthy donors and 3 SLE donors that responded to TLR7 (imiquimod)
stimulation, CSL362 treatment led to a decreased production of IFN-A in these donors (Figure 4D) that
approached significance (P = 0.09). In contrast, there was no significant inhibition by CSL362 of TLR7- or
TLRY-stimulated type II (IFN-y) production in these same donors (Figure 4D).

CSL362 inhibits TLR7- and TLR9-induced plasmablast expansion and proliferation by depletion of pDCs.
Virally activated pDCs promote CD40L-stimulated plasmablast differentiation through IFN-o and IL-6
(34). We found that TLR7 and TLR9 stimulation were both able to expand the same plasmablast pop-
ulation (CD19*, CD27**, CD20-, CD38*"), reaching maximal expansion at day 6 (Supplemental Figure
4). Pretreatment with CSL362, but not isotype control, inhibited this expansion in both healthy and SLE
donors (Figure 5, A-C), although inhibition in SLE donors was less robust than in the healthy controls.
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Figure 3. CSL362 inhibits TLR7, TLR9, and SLE serum-induced IFN-o production and IFN-inducible gene expression in SLE, autoimmune, and healthy
donors. (A) IFN-inducible gene expression, expressed as a single gene score, in SLE (n = 31) and healthy (n = 35) donor whole blood. Gene score represents
the average log, fold change in expression of 11 IFN-inducible genes (IFI44L, IFIT1, IFIT3, IRF7, ISG15, MX1, MX2, 0AS1, 0AS2, SERPINGT, and XAF1) com-
pared with a universal healthy donor. (B) IFN-o. production from SLE (n = 9), autoimmune (n = 12), and healthy (n = 11) donor peripheral blood mononuclear
cells (PBMCs) and (C) IFN-inducible gene expression, expressed as a single gene score for SLE (n = 10) and healthy (n = 9) donor PBMCs stimulated with
TLR9 agonist (CpG C), following CSL362, Fab’'CSL362 (B, only) or isotype control pretreatment. Gene score represents the average log, fold change in
expression of 11 IFN-inducible genes (IFI44L, IFIT1, IFIT3, IRF7, ISG15, MX1, MX2, 0AS1, 0AS2, SERPING1, and XAFT1) for each treatment compared with no
treatment. (D) IFN production (n = 3) from healthy donor PBMCs pretreated with CSL362 or isotype control and then stimulated with 50% SLE serum con-
taining high anti-dsDNA antibody levels. The level of IFN-a detectable in the serum alone (no PBMC control) is shown in the “serum alone” condition. (E)
IFN-inducible gene expression in healthy donor PBMCs stimulated with 50% SLE serum containing low or medium anti-dsDNA antibody levels, following
CSL362 or isotype control pretreatment. IFN-inducible gene expression determined by gPCR, IFN-a production determined by ELISA. Data are expressed as
mean + SEM, *P < 0.05 (Mann Whitney test).
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TLRY stimulation induced a greater plasmablast expansion than TLR7 and a higher concentration of
CSL362 was required to suppress this TLR9-stimulated response (Figure 5D). Using CFSE staining, we
showed that cellular proliferation in response to TLR7 and TLRY agonists was inhibited by CSL362 in
both memory B cells and plasmablasts (Figure 5E). This suggests that either pDCs or basophils provide a
proliferative stimulus to B cells when activated by TLR7 or TLR9 agonists. Interestingly, the induction of
naive B cell proliferation by TLRY stimulation was not inhibited by CSL362, suggesting that TLR9-induced
proliferation of naive B cells is a direct effect.

To determine the contribution of pDCs and basophils to plasmablast expansion, we reconstituted
each cell type separately into CSL362-pretreated cultures. Reconstitution with pDCs, but not basophils,
was able to restore TLR9-induced plasmablast expansion (Figure 6, A and B). To determine whether the
reconstitution effect was direct or via secreted factors, conditioned media (CM) from pDCs was added
to CSL362-pretreated cultures. CM from pDCs stimulated with TLR9 agonist (CpG) was able to restore
plasmablast expansion (Figure 6C) and did so in a dose-dependent manner (Figure 6D), whereas CM from
nonstimulated pDCs did not induce plasmablast expansion. These data suggested that a soluble factor or
factors produced by CpG-activated pDCs promote plasmablast expansion. Similar experiments were per-
formed using TLR7 agonist imiquimod as a stimulus; however, in these experiments, there was insufficient
plasmablast expansion to allow a comparison of nonreconstituted and reconstituted cultures.

doi:10.1172/jci.insight.86131 5
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by RNA sequencing of isolated pDCs. Type Il IFN (IFNG) was not differentially expressed. (D) TLR7- and TLR9-stimulated IFN-A (TLR9 — n = 3 healthy, n = 2
SLE; TLR7 — n = 3 healthy and n = 3 SLE) and IFN-y (n = 9 healthy, n = 6 SLE) production, following pretreatment with CSL362 or isotype control. IFN-X and
IFN-y production determined by ELISA. Data are expressed as mean + SEM, *P < 0.05 (Mann Whitney test).

To identify the soluble factor or factors elaborated by stimulated pDCs that promote plasmablast
expansion, Luminex and ELISA analysis of the CM was undertaken. Twenty-eight cytokines were ana-
lyzed, and of these, only IFN-a, IL-6, and TNF-a were differentially elevated in TLR9-stimulated pDC CM
(Supplemental Figure 5) when compared with CM from TLR9-stimulated basophils or unstimulated pDC
CM. Furthermore, inhibition of IFN-a and IL-6, but not TNF-a, by neutralizing mAbs prevented restora-
tion of plasmablast expansion with TLR9-stimulated pDC CM (Figure 6E). These data indicate that IFN-a
and IL-6 produced by CpG-activated pDCs stimulate plasmablast expansion.

We compared CSL362 to 2 anti-IFN-o mAbs for the ability to inhibit plasmablast expansion stimulated
by either TLR7 or TLR9 agonists or CD40 ligand (CD40L), which induces plasmablast expansion through
a non-TLR-mediated mechanism and does not activate pDCs or induce IFN-a production. CSL362 inhib-
ited TLR-induced, but not CD40L-induced, plasmablast expansion (Figure 6F), again suggesting that
CSL362 does not directly affect plasmablast expansion. Inhibition by CSL362 was associated with deple-
tion of pDCs and basophils. In contrast, the anti-IFN-o. mAbs did not significantly reduce plasmablast
expansion or deplete pDCs (Figure 6F). It is possible that the concentration of anti-IFN-o mAbs used was
not sufficient to neutralize all pDC-produced IFN-a. This suggests that depleting pDCs more efficiently pre-
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Figure 5. CSL362 inhibits TLR7- and TLR9-stimulated plasmablast expansion and proliferation. Representative flow cytometric analysis from (A) healthy
and (B) SLE donors of viable plasmablasts (Sytox Blue-, CD19+, CD27+*, CD20-, CD38**) after stimulation with TLRI (CpG C) or TLR7 (imiquimod) agonists,
following CSL362 or isotype control pretreatment. (C) Viable plasmablasts, as expressed as fold change compared with no treatment, following CSL362 or
isotype control pretreatment in the presence of TLR7 or TLR9 stimulation for SLE (n = 9) and healthy (n = 10) donors. (D) Representative data from a healthy
donor showing the percentage of viable plasmablasts, as determined by flow cytometry, after stimulation with CpG or imiquimod, following pretreatment
with CSL362 or isotype control at varying doses (n = 2). (E) Representative flow cytometric analysis of the proliferation of naive and memory B cells and
plasmablasts, as assessed by CFSE labeling, in the presence CpG or imigquimod, following CSL362 or isotype control pretreatment (n = 2). Percentages of
proliferating (CFSE-negative) cells are shown for each condition. Data in C and D are expressed as mean + SEM, *P < 0.05 (Mann Whitney test).

vents TLR-induced plasmablast expansion than inhibiting IFN-a alone, possibly because activated pDCs
produce additional cytokines, such as IL-6, that promote plasmablast expansion, as demonstrated above.
s.c. administration of CSL362 to cynomolgus macaques depletes pDCs and basophils in vivo and inhibits TLR9-
induced IFN-a-inducible gene expression. We next sought to determine the in vivo effect of CSL362 on pDCs
and subsequent IFN-o production when administered s.c., which is often the preferred route of delivery of
biological therapeutics in chronic diseases such as SLE. CSL362 does not cross react with mouse CD123;
however, there is a high degree of sequence homology between human and cynomolgus macaque CD123,
which is also highly expressed on cynomolgus macaque pDCs and basophils. In addition, CSL362 demon-
strated similar affinity between human and cynomolgus macaque CD123 and FcyRs and comparable activ-
ity in cell-based assays (30). We treated naive cynomolgus monkeys with a single s.c. injection of CSL362
at varying doses (1, 10, 30 mg/kg). Maximal serum concentrations of CSL362 were detected at 48 hours
(~12, 190, and 380 pg/ml at doses of 1, 10, and 30 mg/kg, respectively). Serum CSL362 was maintained
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Figure 7. s.c. administration of CSL362 to cynomolgus macaques depletes plasmacytoid dendritic cells and basophils and inhibits TLR9-induced
IFN-inducible gene expression. (A) Serum concentration of CSL362, determined by ELISA at various time points following s.c. administration of CSL362
(at doses of 1,10, and 30 mg/kg) to cynomolgus macaques. (B) Representative flow cytometric analysis showing plasmacytoid dendritic cells (pDCs) (Lin1,
HLA-DR*, BDCA2*, CD123*) and basophils (IgE*, CD123*) at baseline and at 6 hours and 36 days after single dose of CSL362. At various time points following
s.c. administration of CSL362, (C) pDCs and (D) basophils, in peripheral blood, expressed as a percentage of baseline (pretreatment), as determined by
flow cytometry. (E) Expression of 6 IFN-inducible genes (IFI35, IFIT1, IRF7, MX1, MX2, OAST) as a single gene score in peripheral blood mononuclear cells
cultured with TLR9 agonist (CpG), as determined by qPCR. The gene score represents the average log, fold change in the 6 IFN-inducible genes over
unstimulated control. Data are expressed as mean + SEM for n = 3 animals per dosing group.
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above 1 pg/ml at day 7 for the 1 mg/kg dose and above 30 pug/ml for 14 days at the higher doses (Figure
7A). pDC depletion was achieved as early as 6 hours after administration for the highest dose and was
maximal between days 5 and 15 for all doses (Figure 7, B and C). Similarly, basophils were also depleted by
s.c. administration of CSL362 (Figure 7, B and D). These effects followed the peak serum drug levels and
were maintained for 4 weeks at the 2 highest doses for pDCs and for 2 weeks for basophils (Figure 7, B-D).
We assessed the effect of in vivo pDC depletion by CSL362 on IFN-induced gene expression by stimulating
PBMCs, isolated at various time points after CSL362 administration, with CpG for 24 hours ex vivo. A
decrease in IFN-inducible gene expression was observed following CSL362 administration (Figure 7E).
The decrease in serum drug levels from day 22 onwards correlated with recovery of pDC numbers and an
associated increase in CpG-stimulated IFN-o-inducible gene expression. Importantly, s.c. administration of
CSL362 was well tolerated at all doses, and no overt toxicity was observed.

Discussion
We have shown that a humanized mAb targeting IL-3Ra (CSL362) has a unique activity profile, with
effects against several key cell types and cytokines involved in SLE, thereby providing a rationale for
CSL362’s evaluation as a therapeutic agent in this disease. CSL362 potently depletes pDCs, leading to
selective abrogation of TLR7, TLRY, and SLE serum-induced IFN-a production and reduced expression
of a panel of IFN-a-inducible genes. Of note, others have shown that depletion of pDCs ameliorates dis-
ease in murine models of lupus (17, 18), suggesting that pDC depletion in human SLE may be an effective
therapeutic strategy. In addition, we show that CSL362 also depletes basophils, inhibits TLR7- and TLR9-
stimulated plasmablast expansion, neutralizes IL-3-mediated pDC survival, and has biological activity in
vivo in nonhuman primates after s.c. administration. pDC and basophil depletion by CSL362 is dependent
upon ADCC and NK cell activation. NK cells in SLE have an activated phenotype but normal ADCC
capability, despite reduced CD16 expression (35). Importantly, we show that NK cells derived from patients
with SLE can still be activated through the modified IgG1-Fc portion of CSL362, which is critical to cell
depletion through enhanced ADCC.

Our data suggest that depletion of pDCs, rather than blockade of IFN-o alone, may be a more effective
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strategy to inhibit IFN-driven processes, such as gene expression and plasmablast expansion, in response
to stimuli, such as immune complexes, that activate TLR7 and TLR9 in SLE. We have shown that by
depleting pDCs, production of IFN types other than type I may be inhibited. Of particular interest is
type IIT IFN, for which there is some evidence of aberrant regulation in SLE, with elevated serum levels
compared with healthy controls (36). Increased levels of type III IFN were correlated with disease activity,
anti-dsDNA antibody levels, glomerulonephritis, and arthritis (37). Although type IIT IFNs signal through
a separate receptor complex than that of type I IFNs, they share common signaling pathways and, as a
result, have been postulated to be responsible for ongoing disease activity, despite type I IFN blockade (38).
Inhibition of multiple IFN types may therefore confer therapeutic advantage in these situations.

SLE is characterized by autoreactive antibodies, which reflect aberrant activation of B cells and dif-
ferentiation into antibody-producing plasma cells. Our data suggest that pDC depletion as a therapeutic
strategy may potentially combat two major pathogenic targets in SLE simultaneously, namely inhibiting
IFN-o production and autoantibody production. We have shown that, by depleting pDCs with CSL362,
plasmablast expansion and proliferation in response to TLR7 and TLR9 agonists is inhibited, although
inhibition in SLE donors appears to be less robust than in healthy donors. Plasmablast expansion occurred
in response to soluble factors released by activated pDCs, specifically, IFN-a and IL-6, confirming the
importance of IFN-o and IL-6 in promoting plasmablast expansion found previously in a virally activated,
CD40L-dependent system (34). Specific depletion of pDCs in murine models of SLE has not been found
to alter peripheral plasma cell numbers; however, germinal centers in spleens were abolished, and there was
a reduction in anti-dsDNA and anti-RNA antibodies (17, 18). It is possible that depleting pDCs may dif-
ferentially effect short-lived compared with long-lived plasma cells in different compartments. Interestingly,
we found that TLR9 agonist CpG C was a more robust ex vivo stimulus of plasmablast expansion than
TLR7 agonist imiquimod and that the concentration of CSL362 required to inhibit imiquimod-induced
plasmablast expansion closely followed that required to deplete pDCs and basophils. This suggests that the
contribution of pDCs and soluble factors produced by pDCs to TLR7-stimulated plasmablast expansion
may be greater than for TLR9.

The ability of CSL362 to deplete basophils and inhibit IL-3 signaling may be of additional benefit.
Though basophils in SLE have been less studied compared with pDCs, they can be activated by IgE-con-
taining immune complexes. Upon activation, basophils may augment autoantibody production by eliciting
a Th2 response and production of the B cell survival factor BAFF (31, 39). Basophil depletion alleviated
nephritis in a murine lupus model (31), and therapeutic targeting of basophils in SLE is currently being
explored in a phase I trial of an anti-IgE mAb, omalizumab (clinical trial NCT01716312). IL-3 is a known
maturation and survival factor for pDCs (32) and basophils (40). We found IL-3 blockade with higher doses
of Fab'CSL362 depleted pDCs. Although IL-3 has not been extensively studied in SLE, elevated serum
IL-3 levels have been reported in active SLE patients (41). More recently, administration of IL-3 in the
MRL/Ipr murine lupus model was found to exacerbate nephritis, and this was improved by IL-3 blockade,
suggesting an important role for IL-3 in the progression of lupus nephritis (42). Therefore, the potential
beneficial effects of CSL362 in SLE may extend to its ability to neutralize IL-3 in addition to depletion of
pDCs and basophils.

A phase I trial in AML (clinical trial NCT01632852) using intravenously administered CSL362 in doses
ranging from 0.3 to 12.0 mg/kg has recently been completed (43). In that study, there were no increased
infections despite rapid (<6 hours after dose) and complete pDC and basophil depletion at all doses for a
fortnightly dosing frequency, which was sustained for 215 days for doses =3 mg/kg; however, a phase II
trial will provide data regarding longer-term infection risk. In the current study, we report the use of s.c.
administration in cynomolgus monkeys. This approach was taken because s.c. administration has a range
of benefits in chronic diseases, such as SLE. Single s.c. administered doses of CSL362 given to cynomolgus
macaques were well tolerated, and the biological effects were reversible, with recovery of depleted pDCs
and basophils and of IFN-inducible gene expression occurring in step with waning serum drug levels.

In addition to SLE, we have shown that CSL362 was effective ex vivo in depleting pDCs and reducing
IFN-a production in patients with a variety of type I IFN-associated autoimmune diseases, including pso-
riasis, scleroderma, primary Sjogren’s syndrome, inflammatory myopathy (44), and rheumatoid arthritis
(45). In a recent phase I trial in scleroderma, IFN receptor blockade showed promising results, with near
complete inhibition of IFN-stimulated gene expression in peripheral blood and skin (46). In contrast, IFN-a
blockade had no clinical activity against plaque psoriasis (47), although IFN receptor (through which both
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IFN-a and IFN-f signal) blockade may be more effective than IFN-a blockade alone. Our data suggest that
CSL362 may be a new tool to dissect the role of pDCs, basophils, and IL-3 in various human diseases and
highlight its potential role for use in the treatment of SLE and other IFN-dependent disorders.

Methods

Human subjects. SLE and autoimmune disease control (theumatoid arthritis and psoriatic arthritis [n = 4
each], scleroderma [ = 3], psoriasis and ankylosing spondylitis [# = 2 each], seronegative inflammatory
arthritis, primary Sjogren’s syndrome, polymyositis, granulomatosis with polyangiitis, and minimal change
renal disease [# = 1 each]) blood samples were obtained from adult patients at The Royal Melbourne
Hospital. SLE patients fulfilled SLICC classification criteria for SLE (48). Healthy controls were obtained
from the Volunteer Blood Donor Registry at The Walter and Eliza Hall Institute of Medical Research. The
SELENA-SLEDALI (Safety of Estrogens in Lupus Erythematosus National Assessment Systemic Lupus
Erythematosus Disease Activity Index) score (49) was used to evaluate lupus disease activity.

Human sample collection. Whole blood was collected into lithium heparin tubes (BD, catalog 367526)
for whole blood and PBMC assays. Serum was collected into SST II Advance tubes (BD, catalog 367958)
for storage at —80°C after centrifugation. PAXgene Blood RNA tubes (BD, catalog 762165) were frozen at
—20°C for later RNA extraction.

Tissue culture. PBMCs were isolated from whole blood by Ficoll density centrifugation (GE Health-
care Life Sciences, catalog 17-1440-02). Culture of PBMCs was undertaken in RPMI 1640 media (Sigma-
Aldrich, catalog R0083) supplemented with 10% heat-inactivated fetal calf serum (HyClone GE Health-
care, catalog SH30084.03HI), 2 mM GlutaMAX (Gibco Life Technologies, catalog 35050-0610), and
0.5% penicillin/streptomycin (Gibco Life Technologies, catalog 15140-122), at 37°C with 5% CO,,
unless otherwise stated.

Antibodies, reagents, and flow cytometry. Most flow cytometry antibodies and reagents used were com-
mercially available and are listed in Supplemental Table 2. Only one antibody was not commercially
available and was generated in-house. This was an anti-CD123-PE antibody (HU01C2) that was used
in the pDC and basophil staining panels for the cynomolgus macaque study. Flow cytometry data were
acquired with a MACSQuant Analyzer (Miltenyi Biotec) or a LSR Fortessa (BD Biosciences) and ana-
lyzed with Flowjo software (Treestar). Cell sorting was performed with a FACSAria (BD Biosciences) or
FACS Fusion (BD Biosciences).

Cell surface CD123 expression. Whole blood (50-200 pl) was stained with antibody cocktails, each of
which included anti-CD123 PE. After red blood cell lysis with BD Lysing Solution (BD, catalog 349202),
Quantibrite PE beads (BD, catalog 340495) were used to estimate the number of CD123 molecules on the
surface of each cell type using the MACSQuant Analyzer. The cell types were defined by the following
surface markers: pDCs (Linl-, HLA-DR*, BDCA2**"), basophils (Linl-, CCR3*), mDCs (Linl-, HLA-
DR*, CDll1c*, BDCA2), CD56%" NK cells (NKp46*, CD3-, CD56%"), CD56* NK cells (NKp46*, CD3,
CD56%), naive B cells (CD19*, CD27°), memory B cells (CD19*, CD27"), plasmablasts (CD19*, CD27**,
CD20-, CD38"), classical monocytes (CD3-, CD14**, CD16"), intermediate monocytes (CD3-, CD14**,
CD16"), nonclassical monocytes (CD3-, CD14*, CD16*"), neutrophils (CD16*, CD49d"), eosinophils
(CD167, CD49d*), CD4" T cells (CD3*, CD4*, CDS8"), and CD8* T cells (CD3*, CD8*, CD4").

Effect of CSL362 on pDCs, basophils, mDCs, and NK, B, and T cell subsets ex vivo. PBMCs (1.0 x 10°) were
cultured with CSL362 or isotype control for 24 hours, with doses ranging from 0.001 to 0.1 uM. The per-
centage of viable (Sytox Blue’) pDCs (Linl-, HLA-DR*, BDCA2**), basophils (Linl-, CCR3"), mDCs
(Linl-, HLA-DR*, CD11c*, BDCA2-, BDCA1"), CD56%" NK cells (CD14-, CD3-, CD56%™), CD56* NK
cells (CD14-, CD3, CD56"), naive B cells (CD19*, CD27°), memory B cells (CD19*, CD27"), plasmablasts
(CD19*, CD27**), monocytes (CD3-, CD14*, CD11b*), CD4" T cells (CD3*, CD4*, CD§"), and CD8" T
cells (CD3-, CD8*, CD4") were determined on a MACSQuant Analyzer. CD123 was not used to define
pDCs and basophils, due to variable shifts in the expression of this surface marker in the presence of
CSL362. Fab'CSL362, the Fab fragment of CSL362, binds to CD123, neutralizing IL-3 signaling, but does
not affect ADCC, as it lacks the Fc portion of CSL362. Fab’CSL362 was used to compare the effect of
IL-3 blockade alone to that of ADCC on pDCs and basophils. A monocyte gating strategy delineating the
3 major monocyte subsets — classical (CD3-, CD14**, CD16), nonclassical (CD3-, CD14*, CD16**), and
intermediate (CD3-, CD14**, CD16") — was attempted; however, CD16 proved an unreliable marker due
to shifting expression in the presence of CSL362, presumably due to Fc binding.
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Effect of CSL362 on NK cell activation ex vivo. PBMCs (0.5 x 10°) were cultured with 0.01 uM CSL362,
Fab’CSL362, and two isotype controls for 18 to 21 hours. The first isotype (isotype control) contains the
same Fc portion as CSL362, which has been modified to increase affinity for CD16. The second isotype
(isotype 2) contains an unmodified IgG1-Fc. All cultures contained a 1:1,000 dilution of GolgiStop to
promote intracellular recycling of CD107a. The percentage of viable (Sytox Blue?) CD107a* NK cells
(CD14CD3, CD56%™, and CD56%) was analyzed on a MACSQuant Analyzer.

Effect of CSL362 and anti-IFN-a. mAbs on IFN-o. production and IFN-a-upregulated gene expression ex vivo.
PBMCs (0.5 x 10° to 1.0 x 10% were cultured with 0.01 uM CSL362, Fab’CSL362, isotype control, or
one of two recombinantly produced and purified anti-IFN-o mAbs (KEGG DRUGS database numbers
D09668 and D09662) for 6 to 24 hours, before stimulation with either TLR1-9 agonists (Human TLR1-9
Agonist kit, InvivoGen, catalog tlrl-kitlhw) or 50% sera from SLE patients with low (3.4-7.1 IU/ml),
medium (91.8-104.3 IU/ml), or high (>470 IU/ml) anti-dsSDNA antibody levels (as measured by radioim-
munoassay; normal range 0—4 IU/ml) for 18 hours. The TLR agonists were used in the following concen-
trations — TLR1 (pam3csk4) 1 png/ml, TLR2 (HKLM) 1 x 108 cells/ml, TLR3 (poly IC) 10 ng/ml, TLR4
(LPS) 10 pg/ml, TLRS (flagellin) 2 pg/ml, TLR6 (FSL-1) 1 pg/ml, TLR7 (imiquimod) 2 pg/ml, TLRS8
(ssRNA40) 2 g/ml, and TLR9 (CpG C ODN 2395) 0.5 uM. When SLE serum was used, fetal calf serum
was omitted from culture medium. IFN-a levels in culture supernatants were measured by ELISA. Cell
pellets were frozen at —80°C in Qiazol Lysis reagent (Qiagen, catalog 79306) for later RNA extraction.

Effect of depleting pDCs and basophils on IFN-o. production ex vivo. PBMCs from healthy and SLE donors
were depleted of pDCs (Linl-, HLA-DR*, BDCA2**, CD123**) or basophils (Linl-, CCR3*, CD123**)
by sorting on a FACSAria. pDC-depleted and basophil-depleted PBMCs (1.0 x 10°) were cultured for 18
hours with 0.5 uM CpG C (Invivogen, catalog tlrl-2395-1) or 2 pg/ml imiquimod (Invivogen, catalog tlrl-
imgs). IFN-a levels in culture supernatant were analyzed by ELISA.

Extraction of RNA from PBMCs and whole blood for assessment of IFN-o. inducible gene expression. RNA extrac-
tion from PBMCs, and from whole blood stored in PAXgene tubes, was performed with the miRNeasy
Mini Kit (Qiagen, catalog 217004). The Ambion TURBO DNA-free kit (Invitrogen, catalog AM1907)
was used to remove contaminating DNA before RNA was converted to cDNA using the SuperScript IIT
First-Strand Synthesis SuperMix for qRT-PCR kit (Invitrogen, catalog 11752-050). All kits were utilized as
per the manufacturers’ instructions. Expression of a panel of 11 IFN-a-upregulated genes (IF144L, IFIT],
IFIT3, IRF7, ISG15, MX1, MX2, OAS1, OAS2, SERPINGI1, XAFI) was determined using TagMan custom-
ized gene arrays (Applied Biosystems, catalog 4342247) analyzed on the 7900HT Fast RT-PCR System
(Applied Biosystems).

RNA sequencing of isolated pDCs. Healthy donor PBMCs were cultured for 18 hours with 0.5 M CpG C,
0.5 pg/ml imiquimod, or media alone for 18 hours. Following culture, cells were stained with Linl FITC
and magnetically sorted using an Easysep FITC kit (Stemcell Technologies, catalog 18552), keeping only
the negative unlabeled fraction. This Linl~ enriched fraction was then stained with Lin1, BDCA1, BDCAZ2,
HLA-DR, CD11c, CD123, and propidium iodide (PI) and sorted using a BD FACS Fusion. pDCs were
sorted as PI', Linl, HLADR*, CD11c, BDCA2*, and CD123"*. Sorted pDCs were immediately stored
in RNAprotect Cell Reagent (Qiagen, catalog 76526) and frozen at —80°C until RNA extraction using
an RNeasy plus micro kit (Qiagen, catalog 74034). RNA was then submitted to the Australian Genome
Research Facility for next-generation sequencing on the Illumina HiSeq platform. The data discussed in this
publication have been deposited in NCBI’s Gene Expression Omnibus (50) and are accessible through GEO
Series accession number GSE79272 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?’acc=GSE79272).

Effect of CSL362 and anti-IFN-o. mAbs on TLR7 and TLR9 agonist and CD40L-induced plasmablast expansion
and proliferation ex vivo. PBMCs (0.5 x 10°) were cultured with 1 ug/ml CSL362, one of two recombinantly
produced anti-IFN-a mAbs, or isotype control for 24 hours. 0.5 uM CpG C, CpG B/ODN2006 (Invi-
voGen, catalog tlrl-2006), CpG A/ODN 2216 (InvivoGen, catalog tlrl-2216), imiquimod, or 0.5 pg/ml
CD40L (R&D Systems, catalog 6245-CL-050) was added for 6 days to stimulate plasmablast expansion.
The percentage of viable (Sytox Blue) naive B cells (CD19*, CD27"), memory B cells (CD19*, CD27*), or
plasmablasts (CD19*, CD27**, CD20-, CD38**) was analyzed on a LSR Fortessa. To assess proliferation
of the B cell subsets, cells were labeled with CFSE prior to culture for 7 days, as described above.

Effect of reconstituting CSL362-treated PBMCs with pDCs and basophils, or pDC and basophil CM, on TLR7-
and TLRY-induced plasmablast expansion. pDCs and basophils were isolated from healthy donor PBMCs
using the Human Plasmacytoid Dendritic Cell Isolation IT Kit (Miltenyi Biotec, catalog 130-097-415) or the
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Human Basophil Kit IT (Miltenyi Biotec, catalog 130-092-662), respectively, on an AutoMACS ProSepara-
tor (Miltenyi Biotec). Nondepleted PBMCs (0.5 x 10°) were treated with 1 png/ml CSL362 or isotype for 24
hours and then washed 3 times to ensure drug removal. Cultures were reconstituted with isolated pDCs or
basophils, at varying concentrations, and stimulated with CpG C, or imiquimod, for 6 days. The percentage
of viable plasmablasts was analyzed on a LSR Fortessa.

To produce CM, isolated pDCs and basophils (1.5 x 10°) were cultured with 0.5 uM CpG C, imiqui-
mod, or media alone for 24 hours. Supernatants were then added to PBMCs (0.5 x 10°) that had been
pretreated for 24 hours with 1 pg/ml of CSL362 or isotype control. CpG C or imiquimod or media alone
was added to the culture for 6 days. The percentage of viable plasmablasts was analyzed on a LSR Fortessa.

ELISAs. IFN-o levels in supernatant and CM were quantified with the VeriKine Human IFN-o Multi-
subtype ELISA kit (PBL Assay Science, catalog 41105). BAFF and IL-3 levels in CM were determined by
the BAFF Quantikine ELISA kit (R&D Systems, catalog SBLYS0B) and the IL-3 Duo Set (R&D Systems,
catalog DY203), respectively. Type III IFN levels in supernatant were assessed with the DIY Human IFN
lambda 3/1/2 (IL-28B/29/28A) ELISA kit (PBL Assay Science, catalog 61840). Type II IFN levels were
determined using the VeriKine Human Interferon Gamma ELISA Kit (PBL Assay Science, catalog41500-1).
All kits were used as per the manufacturers’ protocols.

Luminex assays. Levels of 25 cytokines in CM were analyzed using Milliplex Multiplex Assays (Merck
Millipore, catalog HT17MG-14K-PX25) on a Luminex 200 analyser. Cytokines analyzed were GM-CSF,
IFN-y, MIP-3a, TNF-a, TNF-B, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17A,
IL-17E/IL25, IL-17F, IL-21, IL-22, IL-23, IL-27, IL-28A, IL-31, and IL-33.

Effect of blockade of IFN-a, IL-6, and TNF-a. by neutralizing mAbs on plasmablast expansion restored by acti-
vated pDC CM. PBMCs (0.5 x 10° were cultured with 0.5 uM CpG C for 6 days, following pretreatment
with 1 pg/ml of CSL362 for 24 hours. CM from healthy donor pDCs that had been stimulated with CpG C
was added to restore plasmablast expansion at the same time as the CpG, in addition to 50 pg/ml of
a recombinantly produced anti-IFN-a mAb (KEGG Drugs database D09668), an anti-IL-6 mAb (R&D
Systems, catalog MAB2061), or an anti-TNF-a mAb (Etanercept, Pfizer). The percentage of viable plasma-
blasts was analyzed on a LSR Fortessa.

Effect of s.c. administered CSL362 on pDCs and IFN-o-inducible gene expression in cynomolgus macaques. Naive
cynomolgus monkeys were administered a single dose (1 mg/kg, 10 mg/kg, or 30 mg/kg) of CSL362 s.c.
Peripheral blood was collected at various time points for analysis of CSL362 serum levels by ELISA, and
pDC (Linl, HLA'DR*, BDCA2*, CD123*) and basophil (IgE*, CD123") numbers were assessed by flow
cytometry on a LSR Fortessa. PBMCs were cultured with CpG C for 24 hours, after which expression of a
panel of IFN-a-inducible genes (IFI35, [FIT1, IRF7, MX1, MX2, OASI) was determined by quantitative PCR.

Statistics. Comparisons between two groups were analyzed with the Mann Whitney U'test. A P value of
less than 0.05 was considered statistically significant. Statistical analyses were performed with GraphPad
Prism Software (version 6.0).

Study approval. Animal studies were conducted at Maccine Pte Ltd, Singapore, in accordance with
standard operating procedures and were approved by the Institutional Animal Care and Use Commit-
tee of Maccine (259-2012, amendment 34). The human research ethics committees of Melbourne Health
(2012.039) and The Walter and Eliza Hall Institute of Medical Research (12/05) in Parkville, approved the
human studies. All human subjects signed a written consent form prior to participation in the study.
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