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CELL BIOLOGY
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The transcription factor interferon regulatory factor 5 (IRF5) plays essential roles in pathogen-induced immunity
downstream of Toll-, nucleotide-binding oligomerization domain-, and retinoic acid-inducible gene I-like receptors
and is an autoimmune susceptibility gene. Normally, inactive in the cytoplasm, upon stimulation, IRF5 undergoes
posttranslational modification(s), homodimerization, and nuclear translocation, where dimers mediate proin-
flammatory gene transcription. Here, we report the rational design of cell-penetrating peptides (CPPs) that disrupt
IRF5 homodimerization. Biochemical and imaging analysis shows that IRF5-CPPs are cell permeable, noncytotoxic,
and directly bind to endogenous IRF5. IRF5-CPPs were selective and afforded cell type- and species-specific
inhibition. In plasmacytoid dendritic cells, inhibition of IRF5-mediated interferon-a production corresponded to
a dose-dependent reduction in nuclear phosphorylated IRF5 [p(Ser*®)IRF5], with no effect on pIRF5 levels. These
data support that IRF5-CPPs function downstream of phosphorylation. Together, data support the utility of IRF5-CPPs

as novel tools to probe IRF5 activation and function in disease.

INTRODUCTION
Interferon (IFN) regulatory factor 5 (IRF5) is a member of the IRF
family of transcription factors. Similar to other family members, IRF5
was first identified as a transcriptional regulator of type I IFNs and
IFN-stimulated genes in response to virus infection (1, 2). Sub-
sequent studies revealed important roles for IRF5 in innate and
adaptive immunity, macrophage polarization, cell growth regulation,
and apoptosis (3-12). Hence, dysregulation of IRF5 expression and/
or function has been linked to the pathogenesis of numerous diseases,
including autoimmune, infectious, cancer, obesity, neuropathic
pain, cardiovascular, and metabolic dysfunction (4, 13-21).
Through joint linkage and genome-wide association studies
(GWASs), IRF5 was identified as an autoimmune susceptibility gene
(22). Polymorphisms in IRF5 associate with risk of developing sys-
temic lupus erythematosus (SLE), Sjogren’s syndrome, and primary
biliary cirrhosis (23-28). IRF5 polymorphisms also associate with
subgroups of patients with rheumatoid arthritis, antineutrophil cyto-
plasmic antibodies (ANCA) vasculitis, multiple sclerosis, and inflam-
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matory bowel disease (29-33). Identification of IRF5 as a susceptibility
factor for these autoimmune disorders emphasizes the notion that simi-
lar immunogenetic mechanisms may underlie disease pathogenesis.
IRF5 has been most studied in SLE, where its expression was found
to be significantly elevated in peripheral blood mononuclear cells
(PBMCs) from patients with SLE as compared with healthy donors
(34). Stratification of patients with SLE by risk polymorphisms revealed
that homozygous risk carriers had elevated IRF5 expression and type
I IFN activity (34, 35). Data from GWASs have now been comple-
mented by mouse and preclinical human studies, suggesting that IRF5
may promote autoimmunity through several mechanisms and pathways
(34-43). Results from mouse models of lupus showing protection from
disease onset and severity in mice lacking Irf5 support a pathogenic
role for IRF5 in SLE and the rational targeting of IRF5 inhibition
(36, 39-42, 44). Murine studies revealed a crucial role for Irf5 in Toll-like
receptor (TLR)-dependent proinflammatory cytokine expression
[IFNo, interleukin-12 (IL12), tumor necrosis factor-o. (TNFa,), and IL6],
pathogenic autoantibody production, and T helper 1 (Ty1) immune
response(s) (34, 36, 45). In SLE monocytes, IRF5 activation was
found to be significantly elevated, as determined by its nuclear
localization when compared with healthy donors (37). Other studies
implicated IRF5 as a master switch that promotes proinflammatory
cytokine production from dendritic cells and macrophages and
thus contributes to the plasticity of macrophage polarization
(11, 46). More recently, data show that IRF5 plays an important
role in TLRY/B cell receptor-induced plasmablast differentiation
and antibody secretion (12, 47). Collectively, these findings pro-
vide a compelling rationale for the development of therapeutic
agents targeting IRF5 for the treatment of SLE and other auto-
immune diseases.

Thus far, preclinical studies have relied entirely on the use of small
interfering RNA targeting IRF5 or Irf5~'~ mice; however, there are
limitations to interpreting data from either of these approaches (12, 47).
The availability of a specific tool(s) that can mimic the consequences
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associated with pharmacological inhibition of IRF5 in human cells
would greatly advance our understanding of IRF5 function. Structure-
function data and partial resolution of the C-terminal crystal structure
of IRF5 have offered key insights into the molecular steps required
for IRF5 activation, suggesting that IRF5 dimerization may be an es-
sential step for nuclear translocation and downstream signaling (48).
Here, we designed antagonistic cell-penetrating peptides (CPPs) by
incorporating the native amino acid sequence of IRF5 to directly
interrogate the mechanism(s) of IRF5 activation and function in
human primary immune cells.

RESULTS

Identification of novel CPP motifs and design

of CPPs targeting IRF5

Visual inspection of the dimeric IRF5 crystal structure (Fig. 1A)
revealed the importance of interactions between Helix 2 and Helix
5 of different IRF5 monomers for dimerization. These large inter-
action sites are likely intractable to intervention with small molecules,
but we hypothesized that they might be amenable to peptide antagonists.
Using computational methods that we recently described for the
identification of short hydrophobic CPPs (49), we analyzed scaled
polarity (PP1) and hydrophobicity (PP2) scores that reflect the in-
teraction of individual amino acid residues with different chemical
moieties, to predict CPP functionality. From the test dataset shown in
Fig. 1B, 109 CPP sequences and 1000 non-CPP (decoy) sequences
were categorized using this scoring method (49); less than 1% of
decoy sequences were found in the green region corresponding to
good cell penetration scores. On the basis of this analysis, two CPP
templates, mouse prion protein (mPrP; amino acids 1 to 28) and
YLKFIPLKRAIWLIK (YLK) (Fig. 1B), were selected for conju-
gation with IRF5 sequences. Putative IRF5-CPPs were generated by
either conjugating the CPP sequence directly to an IRF5 Helix 2 or
Helix 5 sequence, using a connector sequence for conjugation, or by
interweaving residues at the interface of Helix 2 and Helix 5 from
IRF5 with CPP sequences (see Materials and Methods, Table 1,
and fig. S1). Thirty-eight peptides were synthesized using the YLK
sequence from Saccharomyces cerevisiae mediator of RNA poly-
merase II transcription subunit 12 (amino acids 161 to 176) or the
MANLGYWLLALFVTMWTDVGLCKKRPKP motif from mPrP
to confer cell penetration of selected IRF5 amino acid sequences
(Helix 2, Helix 5, or connector). Peptides were screened by bio-
chemical and cellular assays to determine their ability to enter the
cell and interact with IRF5.

IRF5-CPPs interact with recombinant and intracellular IRF5
to inhibit homodimerization

Fluorescein isothiocyanate (FITC)-labeled versions of IRF5-CPPs
were tested in a direct binding assay. His-tagged IRF5, consisting of
amino acids 222 to 425 to minimize dimerization (48), was used to
determine whether FITC-IRF5-CPPs could bind to the monomeric
form of IRF5. Six (IRF5-CPPs 1 to 6) of the 38 FITC-labeled pep-
tides tested bound IRF5 with submicromolar dissociation constant
(Kq) (Fig. 1C and Table 1); FITC-CPP7 served as a negative control
peptide since it contained only the YLK CPP sequence and no
IRF5-specific sequence. Unlabeled IRF5-CPPs 1 to 6 were also con-
firmed to directly bind to IRF5 using a thermal shift assay, albeit
with small degrees of change (table S1). Since the SD of IRF5 alone
with no CPP was 0.1°C, a melting temperature (Ty,) greater than three
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times the SD was considered a binder to IRF5 (>0.3°C), although
the thermal shift itself was generally less than 2°C for each IRF5-CPP.
For the identification of IRF5-CPPs that inhibit IRF5 homodi-
merization, a time-resolved fluorescence resonance energy transfer
(TR-FRET)-based biochemical assay was developed (50). Full-length
IRF5 was tagged with either His or biotin at the C terminus and
TR-FRET performed. His-tagged wild-type (WT) IRF5 and
biotin-tagged WT IRF5 homodimerized with an estimated Ky of
4.21 £ 0.06 uM. Previously, Chen et al. (48) reported that the amino
acid substitution S430D, which was introduced to mimic constitutive
phosphorylation of IRF5 at this critical residue, favored dimerization
in solution and promoted transcriptional activation. In accordance
with their work, we found that the S430D monomers had a ~7-fold
higher affinity (Kq = 0.60 + 0.05 uM) for dimerization as compared
to WT monomers. When the S430D and WT monomers were tested
together, an intermediate affinity was observed (Kg = 1.58 + 0.22 uM).
Using this assay, we determined the ability of IRF5-CPPs to inhibit
IRF5 homodimerization. Among the 38 peptides tested, IRF5-CPPs
2 to 6 inhibited dimerization of S430D and WT in a concentration-
dependent manner with potencies listed in table S2. All other peptides
tested had potencies of >75 uM. Notably, FITC-conjugated IRF5-
CPPs showed increased ability to inhibit IRF5 homodimerization,
albeit the trend in inhibition was identical between nonconjugated
and FITC-conjugated peptides. While FITC itself does not interfere
with this assay, addition of FITC to the N terminus of IRF5-CPPs
may provide additional hydrophobic interactions.

We next performed Native gel electrophoresis on THP-1 cells
stimulated with R848 to further confirm the effect of IRF5-CPPs on
IRF5 homodimerization. THP-1 monocytes express high levels of
endogenous IRF5 and respond to the TLR7 ligand R848 to induce
IRF5 nuclear translocation (6). We examined the ability of IRF5-CPP2
and IRF5-CPP5 to inhibit TLR7-induced IRF5 homodimerization
as they provided the lowest median inhibitory concentration (ICsp)
values by biochemical assay (Fig. 1C and table S2) and represent two
distinct methods of targeting dimerization (Table 1). THP-1 cells were
preincubated with 1 and 10 uM IRF5-CPPs for 1 hour, followed by
stimulation with 1 uM R848 for 1 hour (6). As expected, an increase
in endogenous IRF5 homodimerization after 1-hour stimulation was
detected (Fig. 1, D and F). While little effect of IRF5-CPP2 on IRF5
homodimerization was seen, a dose-dependent decrease in R848-
induced homodimerization by IRF5-CPP5 was found (Fig. 1, E and F,
and fig. S2, A and B). Given that family members IRF3 and IRF7
also undergo dimerization in response to TLR stimulation (44, 51),
we used this assay to assess specificity of IRF5-CPP2 and IRF5-CPP5
for IRF5 by analyzing IRF3 and IRF7 homodimerization under the
same conditions. Expectedly, we detected only low levels of IRF3
homodimerization in response to R848 stimulation (52), which were
not affected by IRF5-CPP2 or IRF5-CPP5. While the levels of IRF7
homodimerization were increased after R848 stimulation, they were
also unaffected by IRF5-CPPs (fig. S1, C and D). To further confirm
specificity of IRF5-CPP2 and IRF5-CPP5 for IRF5, we synthesized
two negative control peptides: IRF5-CPP8 is a scrambled version of
IRF5-CPP2, and IRF5-CPP?9 is identical to IRF5-CPP5 but lacks the
IRF5-specific sequences (Table 1). Neither of these two peptides in-
hibited intracellular IRF5 homodimerization at 10 uM, which is the
concentration we detected the strongest inhibition by IRF5-CPP5
(Fig. 1, Dto F).

We then developed an intracellular FRET (in-cell FRET) assay
(53) to measure the interaction of FITC-conjugated IRF5-CPPs with
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Fig. 1. Binding of IRF5-CPPs to IRF5. (A) The crystal structure of dimeric IRF5 highlights the importance of interactions between Helix 2 and Helix 5 of different mono-
mers for dimerization. One monomer is shown in blue, and the other is shown in brown. (B) Polarity and hydrophobicity plot of CPPs. Two CPP templates, mPrP (7-28)
and YLK, were selected for testing with IRF5 sequences. Green- and yellow-shaded regions denote good to moderate cell penetration, respectively, while pink denotes
no penetration. (C) Individual curves generated from time-resolved fluorescence resonance energy transfer (TR-FRET) using fluorescein isothiocyanate (FITC)-labeled
IRF5-CPPs, the YLK CPP control FITC-CPP7 and His-tagged IRF5. All six IRF5-CPP peptides bound to IRF5 (222 to 425) with submicromolar potencies, while the negative
YLK CPP control did not. (D) Representative Native gel electrophoresis showing effect of IRF5-CPP2 and IRF5-CPP5 on R848-induced IRF5 homodimerization in THP-1 cells.
Stimulation with 1 uM R848 for 1 hour induced intracellular IRF5 homodimerization (lane 2). Preincubation with IRF5-CPP5 provided a dose-dependent reduction in
R848-induced IRF5 homodimerization. (E) Same as (D) except scrambled negative control IRF5-CPP8 and IRF5-CPP9 were examined by cellular IRF5 homodimerization
assay. (F) Quantification of IRF5 homodimerization from (D) and (E) is shown after normalization to B-actin. One-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison test was performed. ***P < 0.001, ****P < 0.0001. (G) THP-1 cells were preincubated with FITC-CPP2, FITC-CPP5, FITC-CPP8, or FITC-CPP9 for 1 hour, followed
by permeabilization and staining for intracellular IRF5 with tetramethyl rhodamine isothiocyanate (TRITC)-conjugated antibodies. FRET units were calculated from fluo-
rescence emissions (see Materials and Methods). (H) Representative cellular images of in-cell FRET from 10,000 acquired events by imaging flow cytometry is shown.
(1) Percentage of THP-1 cells from (H) showing FRET signal by FITC-TRITC similarity score. Data in (D) to (1) are representative of three independent experiments performed
in triplicate with SD shown in (F), (G), and (I).

endogenous IRF5. THP-1 cells were preincubated with 1 pM FITC-
IRF5-CPPs for 1 hour, followed by staining with tetramethyl rhodamine
isothiocyanate (TRITC)-IRF5 antibodies. While both FITC-IRF5-
CPP2 and FITC-IRF5-CPP5 were found to emit a FRET signal, support-
ing close interaction (<10 nm) of each with TRITC-IRF5, the FITC-
TRITC emission signal by IRF5-CPP5 and IRF5 was ~4-fold greater
than IRF5-CPP2 and IRF5 (Fig. 1G). Notably, IRF5-CPP8 and -CPP9

Banga et al., Sci. Adv. 2020; 6 : eaay1057 15 May 2020

showed minimal FRET signal, confirming their inability to bind to
intracellular IRF5. Representative images and quantification from
imaging flow cytometry (54, 55) of FITC-IRF5-CPPs and TRITC-
IRF5 confirmed the differential FRET emission signal by these four
IRF5-CPPs (Fig. 1, H and I). Together, these data confirm that while
both IRF5-CPP2 and IRF5-CPP5 directly interact with recombinant
and endogenous IRF5, a stronger FRET emission signal was detected
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Table 1. Inhibitor sequences with the type of CPP used.

CPP # Sequence*" Type

IRF5-CPP1 Ac-IRLQISNPYLKFIPLKRAIWLIK-NH, Connector + CPP

REs-CPP2 AC-MIILIISFPKHKDWKVILVK-NH, © Helix5 +Connector interwoven
RES-CPP3 MANLGYWLLLLFVTMWTDVGLAKKRPKP © Helix2interwoven
RFs-CPPA MANLGYWLALLFVTMWTDVGLFKKRPKP Helix2interwoven
REs-CPPS MANLGYWLLALFVTYWTDLGLVKKRPKP Helix2interwoven
RFs-CPP6 MANLGYWLYALFLTMVTDVGLFKKRPKP Helix2interwoven
cpp7 AcYLKF|p|_KRA|W|_|KNH2 YLchpcontm|
RFs-CPP8 Ac-IKVMWPILFIKLVHSDKKI-NH, © Scrambled RFS-CPP2
REscPPO MANLGYWLLALFVTVIWTDVGLCKKRPKP _ Negative control for IRFS-CPPS

*IRF5-derived amino acid residue should show up in “red” font.

with FITC-IRF5-CPP5 and TRITC-IRFS5, resulting in the dose-
dependent inhibition of R848-induced IRF5 homodimerization.

IRF5-CPPs are noncytotoxic and cell penetrant

Cytotoxicity of IRF5-CPPs 1 to 6 was examined by CellTiter-Glo
assay in HeLa cells; all six peptides were found to be noncytotoxic
up to 50 uM (fig. S3). The ability of IRF5-CPPs to penetrate a cell
and colocalize with endogenous IRF5 was examined by imaging flow
cytometry in human primary immune cells. PBMCs from healthy
donors were isolated and incubated with 5 uM FITC-IRF5-CPPs for
30 and 60 min. Cells were surface-stained, fixed, and permeabilized
for intracellular IRF5 staining (37). IRF5-CPP internalization and
colocalization with endogenous IRF5 were examined in CD19" B
cells, CD14" monocytes, and BDCA2"CD123" plasmacytoid dendritic
cells (pDCs), as these are relevant cell types for examining IRF5
biologic function. Figure 2A shows representative data from imaging
flow cytometry of B cells after 30- and 60-min incubation of PBMCs
with FITC-IRF5-CPP5. At 30-min incubation, 50.3% of CD19" B cells
had FITC-labeled peptides on the external cell surface (Fig. 2A, left,
quadrant A), 30.5% had internalized peptides (Fig. 2A, left, quad-
rant B), and 19.2% had internalized and colocalized CPP5 with en-
dogenous IRF5 (Fig. 2A, left, quadrant C). After 60-min incubation
with FITC-IRF5-CPP5, peptide internalization was significantly
enhanced, and colocalization of FITC-IRF5-CPP5 with endogenous
IRF5 occurred in the cytoplasm of B cells (Fig. 2B). Cellular images
from each quadrant in Fig. 2A are shown in Fig. 2B; data from B cells
is summarized in Fig. 2C. In all three cell types, significant internal-
ization of FITC-IRF5-CPP2 and FITC-IRF5-CPP5 at 5 uM was detected,
along with FITC-IRF5-CPP and IRF5 colocalization (Fig. 2, B to G).

Inhibition of TLR7/8-dependent proinflammatory cytokine
production and IRF5 nuclear translocation by IRF5-CPPs
IRF5 is a critical downstream mediator of myeloid differentiation
primary response protein (MyD88)-dependent TLR signaling (5, 6),
and TLR7/8/9 have been implicated in the pathogenesis of SLE. To
determine whether internalized and colocalized IRF5-CPPs were func-
tionally active, we examined their ability to attenuate R848-induced
proinflammatory cytokine production. Healthy donor PBMCs
were pretreated with various concentrations of IRF5-CPPs (or vehicle)
for 30 min before stimulation with 1 uM R848 overnight. Results

Banga et al., Sci. Adv. 2020; 6 : eaay1057 15 May 2020

1tNon-IRF5 residues should show up in green.

show that all six IRF5-CPPs were able to inhibit IL12p40 produc-
tion with varying potencies (Fig. 3A). IRF5-CPP2 and IRF5-CPP5
were brought forward for further analysis of their effects on R848-
induced IRF5 nuclear translocation (activation) since they gave the
most potent inhibition of cytokine production (>50% inhibition at
5.56 uM). IRF5 nuclear translocation was measured by imaging flow
cytometry at 2 hours after stimulation in CD14" monocytes and
CD19" B cells. Gating strategy is shown in fig. S4A.In both cell
types, R848 induced ~3-fold increase in IRF5 nuclear accumulation
as compared with vehicle-stimulated (Fig. 3, B and C). In monocytes,
both CPPs provided concentration-dependent inhibition from 0.6 to
5.56 UM, but at 16 uM, the inhibitory effect was lost (Fig. 3B). Con-
versely, in B cells, concentration-dependent inhibition occurred over
the range (Fig. 3C). Representative images of R848-induced IRF5
activation and inhibition by IRF5-CPP2 and IRF5-CPP5 are shown
(Fig. 3D). The ability of IRF5-CPP8 and IRF5-CPP9 to inhibit
R848-induced IRF5 nuclear translocation was also examined; neither
peptide provided IRF5-specific inhibition in CD14" monocytes or
CD19" B cells (fig. S4, B and C). Last, findings from imaging flow
cytometry were confirmed by Western blot analysis of cyto/nuclear
extracts from human primary monocytes preincubated with a dose
response of IRF5-CPP2 or IRF5-CPP5 for 30 min before stimulation
with R848 for 2 hours (fig. S5, A and B).

Inhibition of IRF5-mediated macrophage

function by IRF5-CPPs

IRFS5 also plays important roles in macrophage function, including
the regulation of macrophage polarization, differentiation, and cyto-
kine expression (11, 56-58). We thus generated human primary
monocyte-derived macrophages (MDMs) to test the effect of IRF5-
CPP2 and -CPP5 on lipopolysaccharide (LPS)- or R848-induced
cytokine production. We detected a significant reduction in LPS-
induced cytokine production from IRF5-CPP5, but not IRF5-
CPP2-treated MDMs, at both the transcript and protein levels
(Fig. 4, Ato F, and fig. S6, A to H). Notably, significant inhibition of
cytokine expression/production by IRF5-CPP5 was detected equally
across all doses examined (Fig. 4, A to F). While R848 was not as
strong an inducer of cytokines as LPS in MDMs, a similar inhibitory
profile was detected for IRF5-CPP5 at both the transcript and pro-
tein levels. We also examined IRF5-CPP2 and IRF5-CPP5 effects
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Fig. 2. IRF5-CPPs are cell penetrant and colocalize with endogenous IRF5. (A) Representative dot plots from imaging flow cytometry of gated CD19* B cells from
PBMCs showing differential internalization and colocalization of FITC-IRF5-CPP5 with endogenous IRF5. FITC-CPP5 (1 uM) was incubated with PBMCs for 30 or 60 min.
Quadrant A (bottom left) shows CD19" B cells that have not internalized FITC-IRF5-CPP5, and FITC-IRF5-CPP5 is not localized with IRF5. Quadrant B shows CD19* B cells
that have internalized FITC-IRF5-CPP5, but FITC-IRF5-CPP5 is not colocalized with IRF5. Quadrant C shows CD19" B cells that have both internalized and colocalized FITC-
IRF5-CPP5 with IRF5. (B) Representative cellular images from each quadrant in (A). DAPI, 4',6-diamidino-2-phenylindole; BF, brightfield; PETR, Texas red. (C) Summarized
data of 1 uM FITC-IRF5-CPP2 and FITC-IRF5-CPP5 internalization and IRF5 colocalization from gated CD19" B cells. (D and E) Representative images are shown for CD14"
monocytes (D) along with summarized data (E). (F and G) Representative images and summarized data for BDCA2*CD123* pDCs are shown. Data are from three independent

healthy donors; reported errors indicate SD. One-way ANOVA with Bonferroni’s multiple comparison test was performed.

on murine bone marrow-derived macrophages (BMDM:s) stimulated
with LPS or R848. Somewhat unexpected, we found the opposite
effect in murine BMDMs with only IRF5-CPP2 showing select in-
hibition of murine Irf5-mediated cytokine production in WT and
not Irf5”~ BMDMs (Fig. 4, G to I, and fig. S61). Significant inhibition
was only found at the highest dose of 15 uM (Fig. 4, G to I). While
IRF5-CPP2 had no significant effect on LPS- or R848-induced cyto-
kine production in Irf5~ BMDMs, consistent with previous reports,
Irf5~~ BMDMs are already deficient in their ability to secrete these
cytokines (5, 11, 56). Thus, in efforts to further ascertain IRF5-CPP2
specificity, we examined additional cytokines, such as transforming
growth factor B (TGFp), that were up-regulated after stimulation
but unaffected by loss of Irf5 or treatment with IRF5-CPP2 (fig. S6I).
Together, data support the specificity of IRF5-CPP2 and IRF5-CPP5

Banga et al., Sci. Adv. 2020; 6 : eaay1057 15 May 2020

for IRF5 and indicate that they have distinct species-specific effects
in human MDMs and murine BMDMs.

IRF5-CPPs inhibit TLR9-mediated effects in primary

B cells and pDCs

Studies in Irf5~~ mice, lymphoblastoid cell lines from patients with
SLE, and human primary naive B cells indicate an important role
for IRF5 in B cell effector function (12, 36, 40, 59). Data from
murine models of SLE show that Irf5~~ mice are protected from
pathogenic immunoglobulin G (IgG) production (36, 39-42, 45).
To determine whether a similar function(s) exists in human cells,
CD19" B cells were isolated from healthy donors, incubated with
IRF5-CPPs, and stimulated with CpGB [ODN(oligonucleotides)2006]
plus IL2 for 7 days to induce IgG production. Data in Fig. 5A reveal
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Fig. 3. IRF5-CPPs inhibit IL12 production from human PBMCs and IRF5 nuclear translocation in a concentration-dependent manner. (A) Human PBMCs were
pretreated for 30 min with various concentrations of IRF5-CPPs and stimulated overnight with 1 uM R848.IL12p40 levels in supernatant were measured by enzyme-linked
immunosorbent assay (ELISA) and normalized to values from wells stimulated with 1 uM R848 and peptide vehicle [0.05% dimethyl sulfoxide (DMSO) and 5% water].
Summarized data are from n = 4 healthy donors performed in triplicate; reported errors indicate SEM. Percentage of CD14" monocytes (B) and CD19" B cells (C) with
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Fig. 4. Species-specific inhibition of macrophage-mediated cytokine expression by IRF5-CPP2 and IRF5-CPP5. (A to F) Human MDMs were pretreated for 1 hour with
various concentrations of IRF5-CPP2 and IRF5-CPP5 and stimulated with LPS for 4 hours to assess transcript expression by quantitative polymerase chain reaction (qQPCR) and
24 hours to assess cytokine production by ELISA. Summarized data are from n = 6 to 7 healthy donors performed in triplicate; reported errors indicate SEM. (G to I) BMDMs
from Irf5™~ and littermate-matched WT mice were pretreated with IRF5-CPP2 and stimulated with LPS for 24 hours for analysis of cytokine production in cell supernatants.
KO, knockout. Data shown are from n = 3 mice per genotype and performed in triplicate. Statistical analysis performed between LPS- or R848-stimulated, nontreated, and
IRF5-CPP-treated cells. One-way ANOVA with Bonferroni’s multiple comparison test was performed. *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001.

that most IRF5-CPPs attenuated IgG production at a concentration of
>2.78 uM. IRF5-CPP1 and IRF5-CPP2 were the most potent, pro-
viding >50% inhibition of total IgG production at 2.78 pM. Sim-
ilar to Fig. 3 (B and C), IRF5-CPP2 and IRF5-CPP5 provided
concentration-dependent inhibition of IRF5 nuclear transloca-
tion in B cells at 2 hours after stimulation (Fig. 5B).

A key cytokine implicated in SLE pathogenesis is IFNa. Approxi-
mately 50% of patients with SLE carry an IFN gene signature, and
the IRF5-SLE-risk haplotype significantly associates with elevated
IEN activity (35). Since pDCs are the primary producers of IFNo,
we analyzed the effect of IRF5-CPPs on CpGA-induced IFNa secretion.
Healthy donor pDCs were isolated and stimulated overnight with
CpGA (ODN2216; 1 uM), and IFNa levels were measured by
enzyme-linked immunosorbent assay (ELISA). All IRF5-CPPs blocked
IFNa production in a concentration-dependent manner with vary-
ing potencies (Fig. 5C). IRF5-CPP2 was the most potent and even
highly active at the lowest concentration (0.62 uM). Somewhat un-

Banga et al., Sci. Adv. 2020; 6 : eaay1057 15 May 2020

expected, inhibition of IFNo production at this low concentration
did not correlate with a concomitant reduction in CpGA-induced
IRF5 activation (Fig. 5D). Data, instead, suggested that IRF5-CPP2
may be targeting IRF7 activation (51). Although we saw no change
in TLR7-induced IRF7 homodimerization by IRF5-CPP2 in mono-
cytes (fig. S2D), we examined the effect of IRF5-CPP2 on CpGA-
induced IRF7 nuclear translocation in pDCs by imaging flow cytometry.
We were unable to detect a significant change in IRF7 nuclear trans-
location over a dose response of IRF5-CPP2 (fig. S7A). We then
extended our analysis to nuclear factor kB (NF-kB) since IRF5 and
NF-«B regulate similar target genes in myeloid cells (60, 61). First,
IRF5-CPPs were tested in a TNFa-induced RelA (p65 subunit of NF-«xB)
nuclear translocation assay, revealing minimal effects on NF-xB
nuclear translocation at a concentration of <50 uM (fig. S7B). Second,
by imaging flow cytometry, we confirmed that IRF5-CPP2 and IRF5-
CPP5 have no significant effect on TLR-induced NF-«B nuclear trans-
location (fig. S7C). Last, by in-cell FRET, we confirmed that IRF5-CPP2
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Fig. 5. IRF5-CPPs attenuate IgG production from human B cells and type | IFN production from human pDCs through inhibition of IRF5 nuclear translocation.
(A) Freshly isolated B cells were pretreated for 30 min with various concentrations of IRF5-CPPs and stimulated for 7 days with 100 nM CpGB. IgG levels in supernatant
were measured by AlphaLISA and normalized to values obtained from wells stimulated with 100 nM CpGB and peptide vehicle. Graphs represent data from n = 3 healthy
donors measured in triplicate; error bars indicate SEM. ns, not significant. (B) PBMCs were pretreated with IRF5-CPP2 or IRF5-CPP5 and stimulated with CpGB for 2 hours.
The percentage of CD19" B cells with nuclear-localized IRF5 is shown with SD. (C) Same as (A) except freshly isolated pDCs were pretreated with IRF5-CPPs and stimulated
ON (overnight) with 1 uM CpGA. IFNa levels in supernatant were measured and normalized to values obtained from wells stimulated with 1 uM CpGA and peptide vehicle. Graphs
represent data from n = 3 healthy donors measured in duplicate; error bars indicate SD. (D) Same as (B) except percentage of BDCA2"CD123* pDCs with nuclear-localized
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and IRF5-CPP5 primarily interact with IRF5, and to a much lesser  a prerequisite for dimerization and nuclear translocation (3, 48).
extent, IRF3, IRF7, and NF-kB (fig. S7D). Together, these data support =~ Lopez-Pelaez et al. (62) and Ren et al. (63) recently identified inhibitor
that IRF5-CPPs are specifically binding to and inhibiting IRF5 activity.  of NF-«B kinase B as a kinase that phosphorylates IRF5 at serine-462

(Ser*®?) resulting in dimerization and nuclear translocation. Using a
IRF5-CPP2 inhibits CpGA-induced nuclear translocation phospho-specific antibody that recognizes phosphorylated IRF5 at
of phosphorylated IRF5 in pDCs Ser#6? (pIRF5), we examined whether CpGA could induce the
Mechanistically, another possible explanation for the discord between  nuclear translocation of pIRF5 in pDCs. Representative results in
IFNa inhibition and IRF5 nuclear translocation by IRF5-CPP2 could ~ Fig. 6A show a time-dependent increase in nuclear-localized pIRF5
be at the level of IRF5 phosphorylation. Phosphorylation of IRF5 is ~ with translocation occurring as early as 30min after stimulation and
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Fig. 6. IRF5-CPPs inhibit SLE serum-induced nuclear translocation of pIRF5 and TLR-mediated proinflammatory cytokine expression from SLE PBMCs. (A) Rep-
resentative kinetic analysis of pIRF5 from imaging flow cytometry analysis. PBMCs were stimulated with CpGA over a time course and percentage of BDCA2*CD123*
pDCs with nuclear-localized pIRF5 plotted. Data are representative of three independent donors. (B) Similar to (A) except the effect of IRF5-CPP2 on CpGA-induced pIRF5
expression, measured as mean fluorescence intensity (MFI), is shown at 2 hours after stimulation. Data are from n = 3 independent healthy donors with SD. (C) Same as
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with TLR ligand and peptide vehicle. Summarized data are from n = 3 SLE donors performed in triplicate; reported errors indicate SEM. One-way ANOVA with Bonferroni’s
multiple comparison test was performed.

hibit SLE serum-induced IRF5 activation. PBMCs were stimulated
with serum for 2 hours after 30-min preincubation with IRF5-CPP2
or IRF5-CPP5 and IRF5 cellular localization determined in CD14*
monocytes. As expected, IRF5 nuclear translocation was increased
by ~3-fold after SLE serum stimulation, and both IRF5-CPPs were
active (Fig. 6D). Similar effects were seen in B cells where IRF5
nuclear translocation was increased ~2-fold with SLE serum and

peaking at 3 hours. The ability of IRF5-CPP2, over a low-concentration
range, to inhibit CpGA-induced pIRF5 nuclear translocation was
thus analyzed at 2 hours after stimulation. Somewhat unexpectedly,
IRF5-CPP2 had no effect on the overall levels of pIRF5 induced by
CpGA but, instead, resulted in the significant reduction of pIRF5
nuclear accumulation (Fig. 6, B and C).

IRF5-CPPs inhibit SLE serum-induced IRF5 activation

and pIRF5 nuclear translocation

Given that IRF5 is constitutively activated in SLE monocytes and
SLE serum stimulation of healthy monocytes replicated this finding
(37), we examined the ability of IRF5-CPP2 and IRF5-CPP5 to in-

Banga et al., Sci. Adv. 2020; 6 : eaay1057 15 May 2020

IRF5-CPPs inhibited IRF5 nuclear translocation in a dose-dependent
manner (Fig. 6E).

To determine whether the kinetics of IRF5 activation (pIRF5) and
inhibition differ between stimuli (a pure TLR ligand versus a more
complex stimulus), PBMCs were stimulated over a time course with
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SLE serum, and the kinetics of pIRF5 nuclear translocation were
determined in pDCs. Quite notable, we found that the kinetics of
IRF5 activation by SLE serum were much more rapid (Fig. 6F; peaking
at 1 hour after stimulation) than by CpGA (Fig. 6A; peaking at 3 hours).
These data suggest that distinct mechanisms of IRF5 activation may
exist depending on the stimulation trigger. However, similar to data
in Fig. 6 (B and C), concentration-dependent inhibition of pIRF5
nuclear translocation occurred in SLE serum-stimulated pDCs with
no effect on overall levels of pIRF5 (Fig. 6, G and H). Downstream
functional effects of IRF5-CPP2 and IRF5-CPP5 were then examined
in SLE PBMCs after CpGA stimulation; both IRF5-CPPs exerted
concentration-dependent inhibition of IFNa production (Fig. 61
and fig. S8A). Comparable findings were made after stimulation of
SLE PBMCs with R848, resulting in the inhibition of IL6 and TNFa
by CPP2 and CPP5 (Fig. 6, ] and K, and fig. S8, B and C).

DISCUSSION

GWASs offer significant potential toward personalized medicine
approaches for complex diseases (22). In addition to correlating
genetic variation with risk of disease or biomarkers, it is important
to directly assess biological function and determine therapeutic value
of gene targeting. Novel approaches to identifying antagonists of these
genes are necessary, especially if the candidate targets are transcrip-
tion factors that are not suited for traditional targeting by small
molecules or antibody-based drug discovery paradigms. One such
approach is to identify CPP antagonists to facilitate drug discovery
efforts (64). CPPs typically consist of 5 to 30 amino acids and have
the ability to cross mammalian cell membranes and carry various
cargo molecules with them. Although there is not a lot of clarity
about specific features guiding cellular penetration, CPPs have been
described to enter the cell through various mechanisms, including
endocytosis and direct translocation (65). Here, we report the iden-
tification and evaluation of six novel IRF5-CPPs designed to disrupt
protein-protein interactions considered critical for IRF5 homo-
dimerization and function.

We leveraged a computational method generated at Roche (49)
to design CPPs that target the transcription factor IRF5. On the basis
of the dimeric structure of IRF5, we hypothesized that CPPs target-
ing Helix 2 or Helix 5 of IRF5 would disrupt dimerization and
thereby offer novel tools to interrogate IRF5 function. We identified
functional CPP motifs (Fig. 1B) and combined them with IRF5
sequences obtained from the dimeric crystal structure (48) to target
IRF5 inhibition (Table 1). The computational approach has recently
been published and serves as a valuable method to identify and de-
sign new CPPs (49). A postdesign workflow of testing CPPs in scalable
biochemical and cell-based assays, as described here, will enable the
determination of permeability, safety, selectivity, and biological
function in human cells that would jumpstart drug discovery efforts
around intriguing targets such as IRF5.

IRF5 is constitutively expressed in B cells, dendritic cells, mono-
cytes, and macrophages and can be activated by virus infection, TLR
signaling, DNA damage, and apoptotic/necrotic cell debris (1, 5-7, 37).
Typically localized in the cytoplasm, IRF5 is activated upon phos-
phorylation and homodimerization, which results in nuclear trans-
location (3). Upon activation, IRF5 can cooperate with NF-kB to
mediate the production of type I IFNs, as well as other proinflam-
matory cytokines (61). Irf5~'~ mice display impaired production of
proinflammatory cytokines, particularly TNFo, IL12, and IL6, and
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are thus resistant to endotoxic shock (5). Data presented here, using
IRF5-CPPs in human cell-based assays, are in accordance with pub-
lished reports supporting a role for IRF5 in TLR4-, TLR7/8-, and
TLR9-induced proinflammatory cytokine production. GWASs have
associated IRF5 haplotypes with SLE risk (23-26) and high-serum
IFNo levels (35). The main producers of type I IFNs are pDCs, and
the role(s) of pDC-generated IFNa in SLE pathogenesis is well
established (66). Thus, it is noteworthy that IRF5-CPPs were capable
of inhibiting IFNo production (Figs. 5 and 6). These data are con-
sistent with previous reports showing that IRF5 mediates TLR9
signaling in fms-like tyrosine kinase 3 (Flt-3)-induced murine pDCs
(67). However, IRF5 likely promotes SLE pathogenesis through several
pathways in addition to type I IFN production as Irf5 deficiency
prevented disease progression in the type I IFN receptor subunit
1-deficient FcyRIIB_/ “Yaa lupus model (39). IRF5 may contribute
to the development of murine lupus, in part, by the secretion of
pathogenic antibodies (12, 36, 40). In addition to inhibiting IRF5
function in human monocytes, pDCs, and B cells, we detected a
notable disparity in IRF5-CPP2 and IRF5-CPP5 function in human
MDM:s. Only IRF5-CPP5 provided significant inhibition of human
IRF5 in MDMs, and this was detected equally across all concentra-
tions examined (3.5 to 15 uM). In contrast, IRF5-CPP2 was selec-
tive for the inhibition of murine Irf5 in BMDMs, but only at the
highest dose of 15 uM, suggesting lower affinity for murine Irf5
(Fig. 4). On the basis of these data, it is tempting to speculate that
the differential inhibition of human IRF5 by IRF5-CPP2 and IRF5-
CPP5 in distinct cell types is due to their differential recognition of
IRF5 isoforms. Human IRF5 is expressed as multiple alternatively
spliced transcripts that encode for distinct IRF5 isoforms with cell
type-specific expression (38, 68); at least two murine Irf5 isoforms
have been identified to date (69). Hence, the observed differences in
potencies and functionalities of IRF5-CPPs between biochemical
assays and cellular assays may be explained, in part, by the use of a
single recombinant, purified IRF5, as compared to cellular IRF5 that
exists in THP-1 cells and human primary PBMCs as multiple alter-
natively spliced isoforms (68). The further analysis of IRF5-CPP cell
type-specific function(s) and direct binding to distinct IRF5 iso-
forms will be required to address this.

We assessed the specificity of IRF5-CPP2 and IRF5-CPP5 for
human IRF5 by multiple independent assays. Depending on the
assay, we used three different negative control peptides: CPP7 that
contains only the YLK CPP sequence, IRF5-CPP8 that is the scrambled
version of IRF5-CPP2, and IRF5-CPP9 that mimics IRF5-CPP5 but
lacks the IRF5-specific residues. In all cases, these negative control
peptides were unable to bind to IRF5, inhibit IRF5 dimerization, or
inhibit IRF5 nuclear translocation. Although differences in potencies
of IRF5-CPPs 1 to 6 were noted between biochemical and cellular
assays, in most cases, data obtained between assays were well con-
served. An exception to this was IRF5-CPP1 that showed low binding
ability by biochemical assay (Fig. 1C and tables S1 and S2) yet pro-
vided significant cellular inhibition (Figs. 3A and 5, A and C). On
the basis of these data, we would conclude that the observed func-
tions for IRF5-CPP1 in cells are likely not IRF5 specific.

Conversely, results from homodimerization assays using either
recombinant purified or endogenous protein, along with in-cell FRET
and imaging flow cytometry, revealed that IRF5-CPP5 is a select
inhibitor of human IRF5, more potent than IRF5-CPP2. Together
with the analysis of IRF5-CPP function in murine BMDMs and the
use of Irf5~ BMDMs to further assess CPP specificity, we show that
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IRF5-CPPs provide useful tools to interrogate immune cell functions
regulated by human and murine IRF5, as well as provide greater
insight into the mechanism(s) of IRF5 activation. In this regard, using
pIRF5 antibodies directed against Ser*®, we found that the kinetics
of endogenous IRF5 activation, via assessment of phosphorylation
and nuclear translocation in human pDCs stimulated with CpGA
or SLE serum, are distinct (Fig. 6, A and F). While these data suggest
that different pathways of activation may be used downstream of these
two IRF5-activating stimuli, they both resulted in the phosphoryl-
ation of Ser*®?, in which mean fluorescence intensity of pIRF5 was
similar between stimulated, untreated, and CPP-treated samples,
and only pIRF5 nuclear translocation was inhibited by IRF5-CPP2
and IRF5-CPP5 (Fig. 6). Hence, inhibition of pIRF5 nuclear trans-
location rather than total IRF5 nuclear translocation by IRF5-CPP2
provided corroboration with the observed inhibition of IFNa
production at 0.62 uM (Figs. 5C and 6C). Together, results from
these studies support that IRF5-CPPs can be used for the in vitro
analysis of IRF5 biologic function(s) that will allow for a thorough
assessment of its therapeutic value as an autoimmune target. Ulti-
mately, this type of strategy may be used to target other transcrip-
tion factors, which are notoriously difficult to inhibit inside of
the cell.

MATERIALS AND METHODS

Design of CPPs

A computational method to determine the likelihood that a peptide
is a CPP (49) was built on the observation that CPPs can be separated
from non-CPPs based on two key descriptors, hydrophobicity and
polarity. Several hydrophobicity and/or polarity scales have been
reported, with amino acids changing their relative ranking in each
of these (70). We used the scale reported by Cruciani et al. (71),
which is based on principal properties of amino acids. Unlike other
hydrophobicity/polarity scales, we found that this scale could dis-
criminate CPPs from non-CPPs. The dataset used included 109 CPPs
and 1000 decoys. Decoys used were random peptides extracted from
natural protein sequences that were expected to be noncell penetrating.
As shown in Fig. 1B, decoys populate the CPP space (in green) only
1% of the time. IRF5 targeting CPPs 1 to 6 were designed on the
basis of a modeled structure of the IRF5 dimer (Fig. 1A). We aimed
to design CPPs that mimicked Helix 2 or Helix 5 to disrupt the for-
mation of the dimer. Specifically, the following regions of IRF5
were selected:1)IRF5455_464 (Connector)2)IRF5,55_475 (Connector +
Helix 5)3)IRF5465,473 (Hth 5)4)IRF5323,336 (Hth 2)

Our computational analysis predicted that none of the native
sequences were cell penetrating. The lack of cellular uptake was ad-
dressed by conjugating a peptide to a CPP. Additional novel strategies,
including interweaving a CPP with a motif that is critical for binding
and/or interweaving noncritical positions in IRF5-derived peptides
with amino acids specifically selected to obtain an IRF5-targeting CPP,
were used (fig. S1). On the basis of interactions between each IRF5
monomer in a model of the IRF5 dimer, we identified two critical
binding motifs, I-L-IS-P--KD--V---K (Helix 5 + Connector) and
Y---L--V (Helix 2). Specific sequences are shown in Table 1. IRF5-
CPP1 was derived from IRF5455_464 followed by the YLK CPP. IRF5-
CPP2is based on the I-L-IS-P--KD--V---K motif, with additional amino
acids specifically selected to obtain a CPP. IRF5-CPPs 3 to 6 are based
on the mPrP (1 to 28) CPP, interwoven with three key residues of
Helix 2: Y---L—V. CPP7 contains only the YLK CPP sequence.

Banga et al., Sci. Adv. 2020; 6 : eaay1057 15 May 2020

IRF5-CPP8 is a scrambled version of IRF5-CPP2, and IRF5-CPP9 is
identical to IRF5-CPP5 but lacks the IRF5-specific sequences.

Peptide synthesis

Peptides were synthesized by CSBio (Menlo Park, CA, USA) via solid
phase using standard 9-fluorenylmethoxycarbonyl (Fmoc) protocols
(72). All chemicals and solvents were purchased from VWR and
Sigma-Aldrich and used as purchased without further purification.
Mass spectra were recorded with electrospray ionization mode. The
automated stepwise assembly of protected amino acids was constructed
on a CS 336X series peptide synthesizer (CSBio, Menlo Park, CA,
USA) with a Rink Amide MBHA resin C-terminal amide peptides
or Wang resin for C-terminal carboxyl peptides as the polymer support.
The protecting groups for Fmoc amino acids were as follows: Arg,
(Pbf); Asn-Gln-Cys-His, (Trt); Asp-Glu, (OtBu); Lys-Trp, (Boc);
Ser-Thr-Tyr, (t-Bu).

Fmoc-Rink amide resin or Fmoc-Wang resin (0.85 g, 0.4 mmol,
sub: 0.47 mm/g) was mixed in a 25-ml reaction vessel (RV) with
N,N’-dimethylformamide (DMF; 10 ml), and swollen for 10 to 30 min.
The RV was mounted on a CS336 peptide automated synthesizer,
and the amino acids were loaded onto the amino acid wheel according
to the given peptide sequence. Hydroxybenzotriazole (HOBt)
(0.5 M in DMF) and dissolved inorganic carbon (DIC; 0.5 M in DMF)
were all predissolved separately in transferrable bottles under N,.
Fmoc-amino acids (4 equivalence, 1.6 mmol) were weighed and
preloaded as powders on the amino acid wheel. Deprotection of the
Fmoc group was carried out with 20% piperidine in DMF using the
preset condition of the CS336 peptide synthesizer. Following seven
washing cycles with 1:1 DMF/dichloromethane, amino acids were
coupled using 1.6 mmol of HOBt and DIC in DMF. After shaking
for 3 to 6 hours, the reaction mixture was filtered, and the resin was
washed with DMF three times, followed by Fmoc deprotection ac-
cording to the preset program using 20% pip in DMF. The coupling
process was repeated with the respective building blocks until the last
amino acid of a given sequence was coupled. Following the final
amino acid coupling and deprotection, the peptide was cleaved from
the resin or was acetylated with Ac;O/N,N-diisopropylethylamine
in DMF and then cleaved to give the desired product. Cleavage was
achieved by treating final peptidyl resin (1 to 1.5 g) with a trifluoro-
acetic acid (TFA) cocktail (TFA/EDT/TIS/H,0) at room tempera-
ture (RT) for 4 hours. The cleaved peptide was then filtered, and
resin was washed with TFA. After precipitation with ethyl ether and
washing, the crude peptide (200 to 500 mg) was obtained in a yield of
50 to 90% and a purity in the range of 30 to 70%. Further purification
of the crude product was achieved by preparative high-performance
liquid chromatography (HPLC) on a C18-column (250 mm by 46 mm,
10-pum particle size) with a linear gradient of 5 to 80% B (buffer A,
0.1% TFA /H2O; buffer B, acetonitrile) more than 60 min, with a
flow rate of 25 to 40 ml/min. The appropriate fractions (purity,
>90%) were lyophilized on a VirTis Freezemobile 35EL overnight
to afford the pure product (fig. S9).

FITC-tagged analogs of IRF5-CPP2 and CPP5 were prepared
(AnaSpec Inc., Fremont, CA, USA) using a similar solid-phase
approach described above. The FITC label was conjugated to the
N terminus of the peptides using a Long Chain (LC) linker, which is
a six carbon linker/spacer of the 6-aminocaproic acid derivative. The
final peptides (FITC-LC-MIILIISFPKHKDWKVILVK-OH and FITC-
LC-MANLGYWLLALFVTYWTDLGLVKKRPKP-OH) were analyzed
by HPLC and confirmed to be >95% pure. Molecular weights were
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confirmed by liquid chromatography-mass spectrometry. Similar tech-
niques were used to generate FITC-IRF5-CPP8 and FITC-IRF5-CPP9.

Thermal shift assay

One microliter of test peptide (0.62 mM IRF5-CPP1 or 0.31 mM
IRF5-CPP2-CPP6) was added into polypropylene 384-well microplates
(Thermal Scientific). A 25 ul of 2.48 uM His-IRF5 (222 to 425) in
Assay Buffer [20 mM tris-HCI (pH 7.4), 100 mM NaCl, and 1 mM
dithiothreitol (DTT)] was added. Plates were centrifuged for 1 min
at 1200 rpm (Eppendorf Centrifuge 5810 R) and incubated on a
plate shaker at RT for 10 min. Five microliters of 25x Sypro Orange
Dye (Invitrogen) diluted from the 5000x stock in Assay Buffer was
added. After the plates were incubated at RT for 2 min, 20 pul per well
of above reaction was transferred into Hard-Shell 384-well polymerase
chain reaction (PCR) plates (Bio-Rad), followed by overlaying with
10 ul of mineral oil (Sigma-Aldrich) to prevent evaporation. The
assay signals were monitored by reading excitation at 465 nm and
emission fluorescence at 590 nm on a FluoDiaT70 reader (Photon
Technology International) every 1.5°C increments from 30° to
55.5°C with a total of 18 reads. The fluorescence intensity signals
fitted to Boltzmann equation were plotted using GraphPad Prism
software.

Kp determination of FITC-CPP binding to IRF5

Aliquots (1.6 ul per well) of 4 uM FITC peptide solution in dimethyl
sulfoxide (DMSO) were added to 96-well polypropylene plates
(Corning). Thirty microliter per well of various concentrations (0 to
10.5 puM, twofold serial dilution) of recombinant His-tag IRF5 (222
to 425) in Assay Buffer [50 mM tris-HCI (pH 7.4), 100 mM NaCl,
1 mM DTT, and bovine serum albumin (BSA; 0.2 mg/ml)] were added
to FITC peptide-containing wells and incubated at RT for 30 min.
Ten microliters per well of different concentrations of Terbium
(Tb)-labeled anti-His antibody in Assay Buffer (without DTT) were
added into wells containing corresponding concentrations of IRF5
solution to keep the same ratio of IRF5 to Tb (10:1). Samples were
incubated at 4°C for overnight, and 18 ul per well were transferred
to 384-well polystyrene plates (Corning) in duplicates. Assay signals
were monitored by reading excitation at 340 nm and emission fluo-
rescence at 495 and 525 nm on an EnVision reader. The TR-FRET
signals were calculated from the fluorescence intensities at 525 nm
after subtracting the background from assay buffer. The data were
processed in Prism software (GraphPad), and Kp values were calcu-
lated using one site-specific binding algorithm.

Recombinant IRF5 dimerization assay

Recombinant IRF5 dimerization was measured by TR-FRET. Test
peptides (2 mM stock in DMSO) were diluted threefold in DMSO
and 2.5 ul per well added into 96-well polypropylene plates. Fifty
microliters per well of 100 nM recombinant biotin-tag IRF5(222 to
467, $430D) and 250 nM recombinant His-tag IRF5(222 to 467, S430D)
in Assay Buffer [50 mM tris-HCl (pH 7.4), 100 mM NaCl, 1 mM
DTT, and BSA (0.2 mg/ml)] were added. Samples were incubated at
RT for 20 min. Detection solution (17 pl per well) containing 10 nM
europium-conjugated streptavidin and 80 nM allophycocyanin-
conjugated anti-glutathione S-transferase antibody (Columbia Bio-
sciences) in Assay Buffer (without DTT) were added. Samples were
incubated at RT for 60 min followed by overnight incubation at 4°C,
and 30 pl per well were transferred to 384-well polystyrene plates.
Assay signals were monitored by reading excitation at 340 nm and
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emission fluorescence at 615 and 665 nm on an EnVision reader. Data
were processed in Excel XLfit, and ICsq values were calculated using
a nonlinear curve-fitting algorithm (four parameter equation; table S2).

Cells and stimulations

HeLa (CCL-2) and THP-1 cells (TIB-202) were purchased from
American Type Culture Collection and cultured using standard
methods. PBMCs were isolated from whole blood of healthy donors
or patients with SLE as described (37). All human blood samples
were obtained with informed consent and strict adherence to insti-
tutional review board policies. A total of 100,000 PBMCs per well of
96-well plates were plated in RPMI 1640 media with 10% fetal bovine
serum (FBS), pretreated with IRF5-CPPs for 30 min, then stimulated
with 1 uM R848 (Enzo, ALX-420-038-M005), and incubated at
37°C overnight. pDCs were isolated from leukopaks obtained from
New York Blood Center using the Miltenyi Diamond pDC kit. pDC
purity, as determined by flow cytometry, was >70%. Five thousand
pDCs per well were plated, pretreated with IRF5-CPPs, and stimu-
lated with 1 uM CpGA (InvivoGen, ODN 2336) overnight. Total
B cells were isolated using the B cell Isolation Kit (Miltenyi). B cells
with a purity of >90% were used in experiments. A total of 100,000
cells per well were plated in RPMI 1640 with 10% FBS and 100 pl of
IL2 and then pretreated with peptides and 100 nM CpGB (Hycult,
HC4039). Human MDMs were in vitro derived as follows: Monocytes
were isolated using the Pan Monocyte Isolation Kit (Miltenyi,
130-096-537); purity was determined to be >95% by flow cytome-
try. In a 96-well flat bottom plate, 2 x 10> monocytes per well were
plated in Iscove’s modified Dulbecco's media with 10% human AB
serum and recombinant human granulocyte-macrophage colony-
stimulating factor (100 ng/ml; R&D, 215-GM) and then cultured for
7 days to generate MDMs. On day 7, cells were starved for 2 hours,
preincubated with peptides for 1 hour, and then treated with LPS
(1 ng/ml; Sigma-Aldrich, L5293) or 3 uM R848 (InvivoGen, tlrl-r848).
Cells and supernatants were collected at 4 and 24 hours after stimu-
lation. In a similar manner, murine BMDMs were generated from
red blood cell-lysed bone marrow cells from femur and tibia of age
(8 to 12 weeks old) and gender-matched Irf5~ and littermate-matched
WT (Irf5**) Balb/c mice (73). Following 6 days of differentiation
with macrophage colony-stimulating factor and L929-conditioned
media, 1 x 10° cells were plated, preincubated with peptides, and then
treated with LPS (40 ug/ml) or R848 (100 ng/ml). Cells and super-
natants were collected at 4 and 24 hours after stimulation. SLE PBMCs
were from Sanguine Biosciences (Sherman Oaks, CA). A total of 100,000
cells per well were plated in 96-well U-bottom plates in RPMI 1640,
supplemented with 10% FBS, 2 mM L-glutamine, penicillin-streptomycin
(100 IU/ml), 1 mM sodium pyruvate, 55 uM B-mercaptoethanol,
0.01 M Hepes, and 1% nonessential amino acids. Cells were pre-
treated for 30 min with IRF5-CPPs or 1 pM chloroquine (InvivoGen,
tlrl-chq). Cells were then stimulated with 1 pM R848 (Enzo, ALX-
420-038-M005) or 0.5 uM CpGA 2216 (InvivoGen, ODN 2216) and
incubated at 37°C with 5% CO; for 18 to 20 hours. Peptides were
dissolved in DMSO as 10 mM stock solutions and then diluted
1:10 in water to achieve 1 mM solution. CPP dilutions were added
to 96-well cell plates and incubated 30 min at 37°C before addition
of stimulus.

Intracellular IRF5 dimerization assay
For intracellular FRET, THP-1 cells were incubated with 1 uM
FITC-conjugated IRF5-CPPs for 1 hour, fixed, permeabilized, and

120f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

stained with anti-IRF3 (Abcam, ab76409), anti-IRF5 (ab124792; or
Cell Signaling Technology, cs13496), anti-IRF7 (cs4920), or anti-
NF-«B (cs8242) antibodies and TRITC-conjugated secondary anti-
bodies (Abcam). Cell-associated fluorescence was measured on BioTek
Synergy Neo2 (BioTek, VT) at 525 nm upon excitation at 488 nm
(E1), at 600 nm after excitation at 540 nm (E2), and at 600 nm after
excitation at 488 nm (E3). The transfer of fluorescence was calculated
as FRET units as follows: FRET unit = (E3poth — E3none) — ([E3TRITC —
E3p0ne) X (E2poth/ E21rr1C]) — ([E3R1TC — E3none] X [Elpotm/Elfrrc]) (53).
The different fluorescence values (E) were measured on unlabeled
cells (Epone) or cells labeled with FITC (Egrrc) and TRITC (Etrirc).
In a similar manner, FRET signal was analyzed by imaging flow cyto-
metry on an ImageStreamX Mark II (EMD Millipore), and FITC-
TRITC similarity scores were determined using IDEAS software
package (55).

IRF3, IRF5, and IRF7 homodimerization were determined by
Native gel electrophoresis after preincubation of THP-1 monocytes
with IRF5-CPPs (1 and 10 uM) and stimulation with R848 for 1 hour.
An 8% Native gel was prerun in 25 mM tris/192 mM glycine (pH 8.3)
with 1% (w/v) deoxycholate in the cathode chamber for 30 min at
40 mA at 0°C. Cell lysates (10 ug) were mixed with Native sample
buffer [62.5 mM tris-Cl (pH 6.8), 15% glycerol, and 1% bromophenol
blue) and electrophoresed for 60 min at 25 mA and 0°C. The gel was
then incubated for 30 min with 25 mM tris/192 mM glycine (pH 8.3)
and 0.1% SDS before protein transfer. Homodimer and monomer
IRFs and B-actin were detected with anti-IRF3 (ab76409), anti-IRF5
(cs3257 or ¢s13496), or anti-IRF7 (cs4920) and horseradish peroxidase
(HRP)-conjugated monoclonal anti-B-actin (cs5125) antibodies,
respectively.

Nuclear translocation assays

The ability of CPPs to inhibit NF-«xB nuclear translocation was de-
termined by confocal microscopy and imaging flow cytometry. For
confocal, HeLa cells were plated at 5000 cells per well in 96-well
ViewPlates and incubated overnight at 37°C. Medium was aspirated
and prediluted compounds in 0.05% BSA Hanks/20 mM Hepes
added and incubated for 30 min. Wells were stimulated with 20 ul
of TNFa (150 ng/ml) for 30 min at 37°C and aspirated, and cells
were fixed with 3.7% formaldehyde solution for 15 min. NF-xB
translocation, based on detection of the p65 subunit, was determined
on the PerkinElmer Operetta at 20x. IRF5, IRF7, and NF-xB nuclear
translocation were analyzed by imaging flow cytometry. Represent-
ative gating strategy is shown in fig. S4A. For NF-xB and IRF7, 4 x 10°
PBMCs were stimulated with R848 or CpGA, surface-stained with
anti-CD14 or anti-CD123 and anti-BDCA2 antibodies to detect
monocytes and pDCs, respectively, fixed, and permeabilized for
intracellular staining with preconjugated anti-NF-xB and anti-
IRF7 antibodies (Santa Cruz Biotechnology). For total IRF5 and
p(Ser462)IRF5, 8 x 10° PBMCs were stimulated with either R848 for
2 hours and surface-stained with anti-CD19 and anti-CD14 to de-
tect B cells and monocytes, respectively, or stimulated with CpGA
for 4 hours and surface-stained with pDC markers. After fixation of
B cells and monocytes, intracellular IRF5 was detected with pre-
conjugated anti-IRF5 (FITC) antibodies (ab193245) for total IRF5
or anti-p(Ser*®)IRF5 (provided by MRC Protein Phosphorylation
and Ubiquitylation Unit Reagents; https://mrcppureagents.dundee.
ac.uk) with Alexa Fluor (AF) 488 secondary antibodies for pIRF5.
For pDCs, IRF5 was detected with precon%'ugated anti-IRF5 (AF647)
antibodies (ab192983) and anti-p(Ser46 )JIRF5 antibodies. Before
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acquisition, the nuclear dye DRAQ5 (BioStatus) was added. Images
were acquired on the ImageStream using the 40x objective; nuclear
translocation was quantified using the Similarity Score feature
within the IDEAS software package (37).

The effect of IRF5-CPPs on IRF5 nuclear translocation was con-
firmed by Western blot analysis of nuclear extracts from human
primary monocytes stimulated with R848. Monocytes were purified
using the EasySep Isolation Kit (STEMCELL Technologies, 19359)
and then preincubated with 1 and 10 uM CPP2 or CPP5 for 30 min
before stimulating with phosphate-buffered saline (PBS) or R848
(500 ng/ml) for 2 hours. Cells were fractionated according to the
manufacturer’s instruction (Cell Fractionation Kit, cs9038). Following
fractionation, lysates were sonicated and boiled. Nuclear fraction
was analyzed by Western blot as follows: 30 ul of lysate was loaded
onto a 3 to 8% NuPAGE Novex Tris-Acetate gel (Life Technologies,
EA0378BOX) and transferred onto a 0.45-um nitrocellulose membrane
(Bio-Rad Laboratories). Membrane was blocked in tris-buffered
saline/0.25% Tween 20 containing 5% BSA for 1 hour at RT and
incubated overnight at 4°C with anti-IRF5 antibodies (cs13496),
followed by HRP-conjugated secondary antibody (cs7074). The nuclear
fraction was confirmed using Lamin B1 (cs15068). Membrane was incu-
bated with Clarity ECL Western Blotting Substrate (Bio-Rad Labora-
tories) and chemiluminescence detected with a ChemiDoc MP Imaging
System (Bio-Rad Laboratories). The PageRuler Plus Prestained Protein
Ladder (Thermo Fisher Scientific) was used for size reference.

Cell internalization and colocalization assays

The ability of FITC-tagged CPPs to penetrate cells was determined
by confocal microscopy and imaging flow cytometry. For confocal,
5000 HeLa cells per well were plated onto Whatman glass-bottom
96-well plates for FITC uptake. Twenty-four hours after plating,
peptides were added. At 2 and 24 hours after addition, medium was
removed, and cells were washed with acidic saline (50 pl per well;
pH 3) and fixed with 37°C fixative (19.9 ml of Hanks/Hepes per
2.2 ml of formaldehyde) for 15 min, followed by PBS. Cellular up-
take of FITC-labeled peptides was assessed by automated confocal
microscopy and images obtained at x40 magnification. For imaging
flow, 8 x 10° primary purified PBMCs were incubated with FITC-
tagged CPPs for 1 hour, and cells were surface-stained with anti-
CD14, anti-CD19, and anti-CD123/anti-BDCA?2 antibodies to measure
FITC uptake and localization in each cell population (37). Co-
localization of FITC-tagged CPPs with endogenous IRF5 was analyzed
after permeabilization and intracellular staining with anti-IRF5
(AF647) antibodies. Analysis was performed using the Bright Detail
Similarity feature and the Internalization feature within IDEAS
software package.

Enzyme-linked immunosorbent assay

Culture supernatants from SLE PBMCs and MDMs were collected
and analyzed for IL6, IL1b, TNFa, IFNa, IFN-vy, IL10, IL12p70, and
IgG levels by AlphaLISA (PerkinElmer, AL223C, AL220C, AL208C,
AL217C, AL217C, AL218C, AL3116C, and AL205C, respectively).
IL12p40 levels were measured using the Quantikine ELISA Kit
(R&D Systems, DP400). In a similar manner, MDM culture super-
natants were collected and analyzed for IL6 levels by AlphaLISA
(PerkinElmer, AL567C), and IL10, TNFa and TGFp levels were
measured by Quantikine ELISA kits (R&D Systems; M100B, MTAQ0B,
and MBI100B, respectively). Levels were normalized to values obtained
from wells stimulated with 1 uM R848, 1 uM CpGB (InvivoGen,
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ODN 2006), or 100 nM CpGA and peptide vehicle (0.05% DMSO
and 5% water).

RNA extraction, complementary DNA synthesis,

and quantitative real-time PCR

Cells from the in vitro human macrophage assays (described above)
were lysed with RLT buffer (Qiagen) with B-mercaptoethanol. Total
RNA was extracted using the RNA isolation kit (RNeasy 96) as per the
manufacturer’s instructions (QIAGEN). Thereafter, complementary
DNA (cDNA) was synthesized using the High-Capacity cDNA Re-
verse Transcription Kit supplemented with ribonuclease inhibitor
(Invitrogen). For quantitative real-time PCR, all reactions were per-
formed with the Universal PCR master mix and predesigned TagMan
primers and probes (Invitrogen). Thermal cycling was run under
the TagMan Fast program on a QuantStudio instrument (Applied
Biosystems). Primer pairs used in this study are listed in table S3. Gene
expression analysis was conducted using a comparative threshold
cycle method (AAC;) with normalization to housekeeping genes
glyceraldehyde-3-phosphate dehydrogenase and beta actin.

Statistical analyses

Experimental replicates (=3) were used unless otherwise noted. For
comparisons of one factor over multiple groups, one-way analysis
of variance (ANOVA) was performed with Bonferroni’s post hoc
test. Statistical analysis was performed using GraphPad Prism
(version 7.0). Data are reported as means + SD or medians + SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/20/eaay1057/DC1

View/request a protocol for this paper from Bio-protocol.
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