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Abstract  

The transcription factor interferon regulatory factor 5 (IRF5) is a central mediator of innate and 

adaptive immunity. Genetic variations within IRF5 associate with risk of systemic lupus 

erythematosus (SLE) and mice lacking Irf5 are protected from lupus onset and severity, but how 

IRF5 functions in the context of SLE disease progression remains unclear. Using the NZB/W F1 

model of murine lupus, we show that murine Irf5 becomes hyper-activated before clinical onset. 

In SLE patients, IRF5 hyper-activation correlated with dsDNA titers. To test whether IRF5 hyper-

activation is a targetable function, we developed inhibitors that are cell permeable, non-toxic and 

selectively bind to the inactive IRF5 monomer. Preclinical treatment of NZB/W F1 mice with 

inhibitor attenuated lupus pathology by reducing serum ANA, dsDNA titers and the number of 

circulating plasma cells (PCs), which alleviated kidney pathology and improved survival. Clinical 

treatment of MRL/lpr and pristane-induced mice with inhibitor led to significant reductions in 

dsDNA levels and improved survival. In ex vivo human studies, the inhibitor blocked SLE serum-

induced IRF5 activation and reversed basal IRF5 hyper-activation in SLE immune cells. 

Altogether, this study provides the first in vivo clinical support for treating SLE patients with an 

IRF5 inhibitor.  

  



Introduction 

Systemic lupus erythematosus (SLE) is a debilitating systemic autoimmune disease characterized 

by elevated levels of circulating anti-nuclear autoantibodies (ANA) and severe immune 

dysregulation. Immune dysregulation may be conferred by genetic susceptibility and/or 

environmental triggers. In the past 50 years, only one new drug has been approved for the treatment 

of SLE, the monoclonal antibody Belimumab; however, global immunosuppression to control 

disease activity remains the standard of care. Thus, extensive efforts are underway to develop 

drugs against targets involved in disease progression. One such new target is interferon regulatory 

factor 5 (IRF5), a member of the IRF family of transcription factors. IRF5 was originally identified 

as a regulator of type I interferons (IFNs) and IFN-stimulated genes (ISGs) in response to virus 

infection (1-3). Subsequent studies revealed important roles for IRF5 in innate and adaptive 

immunity, macrophage polarization, cell growth regulation, and apoptosis (4,5). IRF5 was later 

identified as an autoimmune susceptibility gene. IRF5 polymorphisms associate with autoimmune 

and inflammatory conditions, including inflammatory bowel disease, primary biliary cirrhosis, 

rheumatoid arthritis, SLE, and systemic sclerosis (6-11). Most well-studied is the role of IRF5 in 

SLE pathogenesis and a common characteristic amongst SLE patients is increased expression of 

inflammatory cytokines and type I IFNs that contribute to sustained and persistent autoimmunity 

(12-17). IRF5 expression is significantly elevated in peripheral blood mononuclear cells (PBMC) 

from SLE patients as compared to age-matched healthy donors (18), and IRF5 was found to be 

constitutively activated, i.e. nuclear-localized, in SLE monocytes (19). These findings, which 

implicate IRF5 dysfunction in SLE pathogenesis, are supported by multiple models of murine 

lupus showing that mice lacking Irf5 (Irf5-/-) are protected from disease onset and severity (11,20-

26). Equally important and relevant to the therapeutic potential of IRF5 is the finding that lupus 



disease is abrogated in Irf5+/- mice indicating that a reduction in IRF5 expression and/or activity 

by only half is sufficient for therapeutic effect (21,24).  

Although the mechanism(s) by which IRF5 contributes to disease pathogenesis remains 

unclear, much of the data point to its role in regulating pro-inflammatory cytokine expression, 

including IFNα, interleukin (IL) 6, tumor necrosis factor (TNF) α, and IL12, and pathogenic 

autoantibody production (3,5,11,21-28). Dysregulation of many of these cytokines is associated 

with disease pathogenesis and IRF5 is predominantly expressed in immune cells (monocytes, 

dendritic cells and B cells) responsible for their production (29). In an unstimulated cell, IRF5 is 

localized in the cytoplasm as an inactive monomer (30). While in the inactive conformation, the 

C-terminal autoinhibitory domain (AID) of IRF5 is thought to either mask the N-terminal DNA 

binding domain (DBD) and/or the C-terminal protein interaction domain (IAD) that is required for 

homo/heterodimerization (30,31). Upon activation by post-translational modification events 

downstream of Toll-like receptors (TLRs), DNA damage, or other antigenic signaling cascades, 

IRF5 undergoes a conformational change that exposes the IAD for dimerization, and nuclear 

localization signals (NLS) for translocation (1,30-32). While a significant body of in vitro work 

suggests this conformational shift is dependent on phosphorylation of C-terminal Serine (Ser) 

residues by activating kinases (33-35), nuclear translocation remains the essential regulatory step 

mediating IRF5 transcriptional activity (1,30).  

Identification of IRF5 as a global risk factor for autoimmune and inflammatory diseases 

(5,11,20,36-38), coupled with its increased activation in SLE patient blood, concede IRF5 an 

attractive target for therapeutic inhibition. While C-terminal phosphorylation and dimerization 

represent steps amenable to inhibition (39), neither has been definitively shown as an absolute 

requirement for nuclear translocation (35). An alternate approach to inhibit IRF5 stems from the 



finding that either N- or C-terminal regions of IRFs can act as dominant negative (DN) mutants to 

block transactivation ability (2,29,40-44). Though the mechanism(s) by which DN mutants inhibit 

IRFs remain unclear, their activity suggests that IRF peptide mimetics may be an effective 

approach for blocking function. We detail here the ex vivo characterization of IRF5 peptide 

mimetics in healthy and SLE immune cells and in vivo characterization in the NZB/W F1, MRL/lpr 

and pristane-induced models of murine lupus.  

  



Results  

IRF5 hyper-activation in SLE patients associates with clinical disease activity 

We previously reported elevated IRF5 activation that we refer to here as IRF5 hyper-activation, in 

SLE Mo from a cohort of SLE patients from Sweden (18). We have extended these original 

findings in two additional independent cohorts of age- and gender-matched SLE patients and 

healthy donors from University Hospital in Newark, NJ and Northwell Health in Long Island, NY 

(Table 1). In agreement with previous work, we detected a significant increase in basal IRF5 

hyper-activation in SLE Mo (CD45+CD14+) as compared to healthy donor Mo (Fig. 1A, 

Supplemental Fig. 1). We examined SLE B cells (CD45+CD19+) and found a similar significant 

increase (Fig. 1B). We attempted to measure IRF5 activation in SLE pDC but were unable to 

acquire sufficient cellular events for robust statistical analysis (45). We next recruited patients with 

different stages of clinical disease activity, which led to the finding of a stage-dependent increase 

in IRF5 hyper-activation within Mo and B cells (Figs. 1C-D). Disease activity scoring is defined 

in Table 1 and in the Methods section. We further stratified patient data by SLEDAI and dsDNA 

titers to determine whether IRF5 hyper-activation associates with either clinical phenotype as 

neither alone defines clinically active disease. We found that basal levels of IRF5 activation were 

significantly higher in Mo from SLE patients with a SLEDAI ≥4 as compared to SLEDAI=0; no 

significant difference was found when comparing to a SLEDAI >0<4 (Fig. 1E). Similarly, IRF5 

hyper-activation was significantly elevated in B cells from SLE patients with a SLEDAI ≥4. 

Although a positive association between IRF5 hyper-activation and increased SLEDAI score was 

found in both cell types, neither showed a significant correlation (B cells, r2=0.03 p=0.32; Mo, 

r2=0.08 p=0.07; Supplemental Fig. 2A-B). Instead, we found a significant correlation between 

IRF5 hyper-activation in SLE B cells or Mo and dsDNA titers (Fig. 1F-H). In addition, IRF5 



hyper-activation in SLE B cells and Mo was significantly correlated (Fig. 1I). Given that IRF5 

expression and activation have been previously implicated in a type I IFN gene signature in SLE 

patients (5,11,19-20, 46), we examined whether IRF5 hyper-activation in either cell type correlated 

with serum IFN-α levels. Somewhat surprising, we detected a significant positive correlation 

between IRF5 activation in SLE B cells and IFN-α levels but not in SLE Mo (Fig. 1J-K). No 

significant correlation was found between dsDNA and SLEDAI or either with IFN-α levels 

(Supplemental Fig. 2C-E). Together, data support that IRF5 hyper-activation may be a systemic 

marker of disease activity and severity.    

 

Irf5 is hyper-activated in Mo and B cells from NZB/W F1 mice 

Irf5-/- mice have been examined in numerous models of murine lupus with all reports showing that 

loss of Irf5 protects mice from disease onset and severity (21-26,47). What is lacking from these 

studies, though, is an understanding of how Irf5 drives lupus pathogenesis, which is relevant to 

human SLE. Here, we used the NZB/W F1 model of murine lupus to characterize changes in Irf5 

activation by imaging flow cytometry in immune cell subsets before and during clinical onset 

(Supplemental Fig. 3A). NZB/W F1 is a classic, spontaneous model that develops severe lupus-

like phenotypes comparable to SLE patients (48). Disease onset and severity can be heterogeneous 

between mice, yet clinical onset generally occurs ~19-21 weeks-old when proteinuria levels begin 

to increase and dsDNA antibodies are detectable. Somewhat surprising, we detected dramatic 

increases in basal Irf5 activation in CD11b+ Mo and B220+ B cells during early clinical onset, as 

early as ~10 weeks-old (Fig. 1L-Q). This increase was not detected in CD4+ or CD8+ T cells (Fig. 

1R-S), nor was it detected in any immune cell subset from age- and gender-matched wild-type 

Balb/c or C57Bl/6 mice (Fig. 1L-S and data not shown). Further, Irf5 expression remained 



relatively unchanged over the course of disease (Supplemental Fig. 3B-C). These data support 

that Irf5 hyper-activation may be a driver of murine lupus onset in NZB/W F1 mice. 

 

Design of peptide mimetics that specifically bind to IRF5 

Given the distinct findings of IRF5 hyper-activation in immune cells from SLE patients and 

NZB/W F1 lupus mice, we designed a series of inhibitors that would potentially bind to and inhibit 

IRF5 activation. We used data from IRF crystal structures and IRF5 DN mutants (2,29,31,40) to 

generate a series of peptide mimetics that correspond to the N-terminus of IRF5 and might stabilize 

or maintain the inactive IRF5 monomer, thus inhibiting IRF5 nuclear translocation. Since a crystal 

structure containing the IRF5 N-terminus has yet to be resolved (31), and the DBD of IRFs is 

highly homologous, we used coordinates from the resolved IRF3 DBD to build an N-terminal 

homology model of IRF5 (49). This model was used to predict amino acid sequences with different 

characteristics that may lead to interaction with the IRF5 C-terminus. Sequence predictions were 

based on solvent accessible surface, charge, and hydrophobicity (Fig. 2A-B, Supplemental Table 

1). In order for the peptides to transduce the cell membrane, IRF5 sequences were combined with 

a protein transduction domain (PTD). The PTD has been previously shown to facilitate cell 

permeability of small peptides (50).  

     Peptides (1 µM) were tested for their ability to directly interact with human full-length 

recombinant IRF5 variant 5 (isoform V5) by surface plasmon resonance (SPR) analysis. DWEYS 

peptide served as a non-targeted control and PTD as a control for the cell permeable sequence. 

DWEYS showed no affinity for IRF5 and PTD had minimal binding affinity (Fig. 2C). N5-1 and 

N5-2 showed the strongest affinity for IRF5, with N5-3 binding to a slightly lesser extent; N5-5 

showed no affinity for IRF5 (binding affinity for IRF5:  N5-1≥N5-2>N5-3>N5-4>PTD>N5-5). A 



shared similarity between N5-1 and N5-2 is their relatively stronger positive charge, as compared 

to the others (Supplemental Table 1).  

Human IRF5 contains two nuclear localization signals (NLS), one in the N-terminus and 

one in the C-terminus (30). N5-1 corresponds to the N-terminal NLS (PRRVRLK). To test whether 

any NLS is capable of binding to IRF5, we generated C5-2 that corresponds to the C-terminal NLS 

(PREKKLI) and examined binding by SPR. C5-2 and PTD bound with similar low affinities (Fig. 

2C). We have thus identified first generation peptide mimetics (N5-1, N5-2 and N5-3) that directly 

bind to the full-length inactive IRF5 monomer. The observed difference in function between N5-

1 and C5-2 supports that the NLS is not the driver of inhibitor activity and instead, peptide 

mimetics showing the strongest binding affinity for IRF5 (N5-1, N5-2) are those positively 

charged and relatively surface accessible.     

 

Peptide mimetics inhibit TLR7-induced IRF5 nuclear translocation 

We next sought to determine whether in vitro binding data would translate into IRF5 cellular 

inhibition. IRF5 is a key downstream mediator of TLR7-induced cytokine expression and TLR7 

signaling has been implicated in SLE pathogenesis (2,51-54). We examined the ability of IRF5 

peptide mimetics to inhibit IRF5 nuclear translocation following stimulation of PBMC with R848. 

We focused on peptides that showed binding to IRF5 by SPR and included PTD and C5-2 as 

negative controls. For the initial screening, isolated PBMC from healthy donors were pre-

incubated in the presence of mock (PBS), or 10 μM PTD, N5-1, N5-2, N5-3 or C5-2 inhibitor for 

1 h followed by stimulation with 500 ng/mL of R848 for 2 h. Cells were surface-stained with anti-

CD14 (Mo) and anti-CD19 (B cells) antibodies, then permeabilized and stained for intracellular 

IRF5 and DRAQ5. R848 induced significant IRF5 nuclear translocation in mock-incubated Mo 



(2) (Fig. 2D) and B cells (Fig. 2E). While pre-incubation with PTD had no significant effect on 

R848-induced IRF5 nuclear translocation in either cell type, N5-1, N5-2 and N5-3 provided a 

significant reduction in R848-induced nuclear translocation in Mo (Fig. 2D). In B cells, only N5-

1 gave a significant reduction in R848-induced IRF5 nuclear translocation (Fig. 2E). Surprisingly, 

pre-incubation with C5-2 showed some reduction in nuclear-localized IRF5 even though there was 

low binding affinity (Fig. 2C); inhibition failed to achieve statistical significance. In unstimulated 

cells, it is noteworthy that N5-1 and C5-2 had no effect on baseline levels of nuclear-localized 

IRF5 (grey bars), while N5-2 and N5-3 gave increased basal IRF5 nuclear translocation (Fig. 2D-

E). Since N5-1 provided potent inhibition in both cell types, we determined the equilibrium 

dissociation constant (KD) for N5-1 binding to IRF5 (Fig. 2F). A KD=98.8 nM was calculated 

supporting a strong binding affinity between N5-1 and the inactive full-length IRF5 monomer that 

is in agreement with functional data (Fig. 2D-E). To further confirm SPR data and analyze 

inhibitor specificity, we developed an in-cell FRET assay to measure binding of inhibitors to 

endogenous IRF5, as well as other IRF family members with similar structural and functional 

domains - IRF3 and IRF7. We only obtained a positive FRET signal for N5-1 binding to 

endogenous IRF5 and not IRF3 or IRF7 in human primary Mo (Fig. 2G). We also tested if PTD 

that is positively charged like N5-1, and C5-2 that has a neutral charge, could bind to the IRFs. 

We were unable to detect binding of PTD or C5-2 to any IRF supporting that N5-1 specificity is 

more related to the peptide sequence than the positive charge. Last, we performed acceptor 

photobleaching FRET as a secondary, independent method of confirmation and found that N5-1 

specifically binds to IRF5 and not IRF3 or IRF7 (Fig. 2H-L, Supplemental Fig. 4A-C). Together, 

these findings support the specificity of N5-1 for IRF5.   

 



N5-1 binds to and stabilizes the inactive IRF5 monomer 

To gain insight into N5-1 binding to IRF5 at the atomic level, we applied molecular modeling 

studies. We reasoned that N5-1 must interact with monomeric IRF5 at the IAD in the cytoplasm 

of a cell rather than the DBD since data from both SPR analysis and in-cell FRET assays indicated 

direct binding of N5-1 to the inactive full-length IRF5 monomer. To test this, we generated a 

homology model of inactive IRF5 C-terminal domain using the monomeric autoinhibited IRF3 C-

terminal domain (PDB: 1QWT) (49) as a template. The model showed good overall alignment 

with the α-carbon backbone of the template with an RMSD less than 0.7Å. N5-1 was then docked 

to IRF5 and ranked by molecular mechanics generalized born surface area (MM-GBSA) binding 

free energy (ΔGbinding) (Supplemental Table 2, Supplemental Fig. 4D). The top ranked N5-1 

peptide-docked pose with a ΔGbinding value of -111.087 kcal/mol is shown in Fig. 3A. Meanwhile, 

C5-2 was docked to the same model as a reference and no pose was predicted. These data provide 

further support for the select binding of N5-1 to IRF5.  

We identified three arginine residues within N5-1 that formed stable hydrogen bonds and 

salt bridges with the acidic amino acids Asp449, Glu251 and Glu428 on IRF5 (Fig. 3A). These 

amino acids are located on the AID folded loop, the AID helix bundle 4 and the β-sandwich region 

on the IAD, respectively. Therefore, N5-1 binds to IRF5 and anchors the flexible AID loop onto 

the IAD. Since activation of IRF5 requires phosphorylation on the Ser-rich region (SRR) to 

generate the charge repulsion force to destabilize the inactive folded conformation of the AID, we 

proposed that stabilization of the AID loop in a folded conformation near helix 4 will mask C-

terminal IRF5 phosphorylation sites (30,31,33-35). Others and we previously identified key C-

terminal Ser residues critical for IRF5 activation, yet antibodies to detect these residues are 

unavailable (30,31,35). Subsequent studies identified IKK-β as a kinase that phosphorylates 



human IRF5 at Ser462 in response to TLR stimulation (33,34). In an effort to develop experimental 

data that would prove or disprove this binding model, we examined IRF5 phosphorylation at 

Ser462 (pIRF5). PBMC were stimulated with R848 and IRF5 phosphorylation detected with 

pIRF5 antibodies (34). Elevated pIRF5 levels were detected in R848-stimulated cells and pre-

incubation with N5-1 significantly reduced levels down to mock (Fig. 3B). These data provide the 

initial mechanistic support that N5-1 binds to a region that stabilizes the inactive IRF5 monomer 

in a conformation that inhibits phosphorylation at Ser462.  

Since the N5-1 sequence was extracted from the IRF5 DBD, we projected that the DBD 

folds onto the C-terminal IAD (Fig. 3C). Molecular modeling indicates that this occurs without 

much steric hindrance. Thus, we propose that in unstimulated cells, the N-terminal DBD is folded 

over the C-terminal IAD in the full-length inactive IRF5 monomer (Fig. 3C, left). The N5-1 

sequence within the DBD offers electrostatic interactions to stabilize the folded conformation of 

the AID loop, which masks the critical phosphorylation sites. Meanwhile, the DBD α3 helix, which 

contains all of the conserved residues and is responsible for protein-DNA contacts (55,56), is 

shielded in this position. Upon phosphorylation, the large charge repulsion force on the SRR 

causes the dramatic conformational change to unfold the AID loop which frees helix 5 for 

dimerization (Fig. 3C, right). It has been observed in the IRF3 crystal structure that the N-terminal 

region of the IAD undergoes large conformational changes during activation (55,57). Since the 

DBD links to the N-terminus of the IAD, we predict that the DBD can be released from this folded, 

inactive position and be exposed to DNA for binding after the confomational change (56) (Fig. 

3C).  

 

IRF5 peptide mimetics readily enter cells and have low associated toxicity 



Next, we synthesized peptides conjugated to FITC (Supplemental Table 1) to measure cellular 

uptake by flow cytometry. Isolated PBMCs were treated with FITC-conjugated PTD, N5-1 or C5-

2 for 1 h, and surface-stained to identify Mo and B cells. Representative histogram plots in Fig. 

4A show increased FITC intensity from PTD and N5-1 in Mo and B cells. Similar findings were 

made for C5-2 (data not shown). Summarized data from multiple independent donors over a dose 

range revealed the preferential uptake of N5-1 into Mo rather than B cells (Fig. 4B). However, 

unlike Mo that showed similar uptake of N5-1 over the range, uptake into B cells was dose-

dependent (Fig. 4B). To confirm that FITC-conjugated inhibitors enter cells and do not simply 

bind to the surface upon pre-incubation, cell uptake was examined using imaging flow cytometry. 

At 10 µM, we show that multiple cell types – Mo, B cells and pDC - take up the inhibitors 

efficiently, as determined by co-staining with nuclear DRAQ5 (Fig. 4C). Inhibitor toxicity was 

assessed by staining PBMCs with propidium iodide or tryphan blue after treatment; minimal 

toxicity was found (Supplemental Fig. 5A-B). IRF5 has been previously shown to regulate cell 

cycle and apoptosis (58). We examined cell cycle progression as a potential off-target effect of the 

inhibitors and found no significant difference (Supplemental Fig. 5C). No significant change in 

cellular apoptosis was detected by Annexin V-Sytox co-staining (Supplemental Fig. 5D).  

Together, these data confirm that IRF5 inhibitors enter the cell, are non-toxic, and have limited 

off-target effects. They also suggest that cell type-specificity may be achieved through varied 

inhibitor dosing.  

 

N5-1 is a potent inhibitor of TLR7-induced IRF5 nuclear translocation in Mo and B cells 

To confirm a block in IRF5 nuclear translocation by the inhibitors, we performed imaging flow 

cytometry and cell fractionation. PBMC from healthy donors were pre-treated with 10 µM PTD, 



N5-1 or C5-2 prior to R848 stimulation. Representative images from mock pre-incubated and 

unstimulated (NT) PBMC show cytoplasmic IRF5 staining as a green halo around the DRAQ5-

positive nucleus in both Mo and B cells (Fig. 4D). Upon stimulation, IRF5 translocates to the 

nucleus, which is shown by the yellow nuclear co-stain. Pre-incubation with inhibitors followed 

by stimulation resulted in a significant reduction of nuclear IRF5 by N5-1 (Fig. 4E-F). 

Additionally, cell fractionation was performed on isolated primary Mo that were pre-treated with 

2.5 μM inhibitor and then stimulated with R848 for 2 h. Western blot analysis of nuclear lysates 

confirmed imaging flow data showing a marked decrease in R848-induced IRF5 nuclear 

translocation by N5-1 (Fig. 4G-H). We next quantified IRF5 expression in Mo from imaging flow 

data to determine whether inhibitors alter expression. While no change in basal IRF5 protein 

expression was detected in NT Mo pre-incubated with inhibitor, the observed upregulation of IRF5 

by R848 was not seen in cells pre-incubated with N5-1 (Supplemental Fig. 6A).   

 

N5-1 selectively inhibits IRF5-mediated inflammatory cytokine expression 

Following IRF5 phosphorylation, homo-dimerization and nuclear translocation, IRF5 binds to the 

promoters of target genes and regulates their expression (1,3,59). In SLE it is thought that increased 

levels of pro-inflammatory cytokines contribute to systemic inflammation (12,13). We thus 

determined whether inhibition of IRF5 nuclear translocation would reduce inflammatory cytokine 

expression. PBMC were pre-treated with 10 μM inhibitor, stimulated with R848 for 2 h, and total 

RNA isolated to determine IL6 and IFNA expression by qRT-PCR. Expression of both cytokines 

was significantly reduced by N5-1 (Supplemental Fig. 6B-C). No significant difference was 

found with PTD or C5-2. Since other transcription factors, such as NF-κB and IRF7, undergo 

nuclear translocation in response to TLR signaling that results in similar pro-inflammatory 



cytokine expression (60,61), we  examined the effect of N5-1 on R848-induced NF-κB nuclear 

translocation in Mo and CpG-A (TLR9)-induced IRF7 nuclear translocation in pDCs. Importantly, 

the kinetics of NF-κB nuclear translocation are distinct from IRF5. In R848-stimulated Mo, NF-

κB nuclear translocation is more rapid and is not detected at 2 h. Instead, the effect of N5-1 on NF-

κB nuclear translocation was tested in PBMC after 1 h pre-incubation with inhibitor and 

stimulation with R848 for 30 min. As expected, R848 induced significant accumulation of nuclear 

NF-κB (Supplemental Fig. 6D), while inhibitors had no significant effect on basal or R848-

induced nuclear NF-κB. Similar results were obtained for IRF7 in pDCs after stimulation with 

CpG-A for 2 h (Supplemental Fig. 6E). These data support that N5-1 reduces pro-inflammatory 

cytokine expression through the select inhibition of IRF5 activation.  

 

N5-1 protects NZB/W F1 mice from spontaneous lupus onset 

To test whether Irf5 hyper-activation is a driver of lupus onset and severity in NZB/W F1 mice, 

we determined whether N5-1 could inhibit murine Irf5 nuclear translocation. RAW264.7 

macrophages were pre-incubated with N5-1, stimulated with LPS or R848 for 2 h, and then nuclear 

extracts isolated for Western blot analysis. Similar to findings in human Mo (Fig. 4G-H), N5-1 

provided a significant dose-dependent reduction in Irf5 nuclear translocation (Fig. 5A-B, 

Supplemental Fig. 7). We next examined the ability of FITC-conjugated inhibitors to be taken up 

in vivo. NZB/W F1 mice were injected with inhibitor and uptake monitored by imaging flow 

cytometry over 2 h. Similar to that found in human PBMC (Fig. 4B-C), cell type-specific 

differences were detected, yet all cells showed uptake of inhibitors (Supplemental Fig. 8). Since 

it is well-established that Irf5-/- mice are impaired in their production of IL6 (3,47), we used this 

model to test the ability of N5-1 to inhibit IL6 production in vivo. To confirm in vivo specificity, 



we compared IL6 production in Irf5+/+, Irf5+/- and Irf5-/- littermate mice treated with N5-1 and 

injected with R848. As expected, R848 induced IL6 production in Irf5+/+ mice while Irf5+/- mice 

showed attenuated production and Irf5-/- mice showed a significant reduction in IL6 (3,62) (Fig. 

5C). N5-1 treated Irf5+/+ mice mimicked the level of IL6 produced in R848-injected Irf5-/- mice, 

and no further effect of N5-1 was seen in Irf5-/- mice. Last, Irf5+/+ mice treated with PTD or C5-2 

had no significant effect on R848-induced IL6 production. Altogether, these data support the 

specific inhibition of murine Irf5 function in vivo by N5-1. 

 Based on the observed peak of Irf5 hyper-activation in NZB/W F1 mice (Fig. 1N,Q), we 

developed a pilot dosing regimen to test the effects of N5-1 on lupus disease onset in female mice 

(Fig. 5D). Mice received 5 equal doses of 100 µg N5-1 or equal volume of vehicle control from 

8-10 weeks of age and proteinuria was measured weekly to track onset. At 20 weeks-old, 

proteinuria levels began to significantly drop in N5-1-treated mice (Supplemental Fig. 9A) and 

sera dsDNA autoantibodies were significantly reduced (Fig. 5E). Measurement of sera anti-

nuclear IgG antibodies (ANA) by HEp-2 ANA at 27 weeks-old revealed a significant reduction by 

N5-1 (Fig. 5F-G). Given recent work implicating IRF5 in human PC differentiation (63), 

accumulation of age-or autoimmune-associated B cells (ABCs) (27) and antibody secretion, we 

examined cells in the blood of PBS- and N5-1-treated mice. As expected, the percentage of 

circulating PCs and ABCs increased with disease severity (64) (Fig. 5H-I), even though the total 

number of B220+ B cells remained fairly unchanged (Supplemental Fig. 9B). While the 

percentage of PCs increased significantly during later stages of disease development in PBS-

treated mice, no significant change was found in N5-1 treated mice over the course of disease; 

however, N5-1 significantly reduced the accumulation of PCs at >35 weeks-old (Fig. 5H, 

Supplemental Fig. 9C). Conversely, the percentage of circulating ABCs was found to 



significantly increase in both PBS- and N5-1 treated mice, however, N5-1 provided a significant 

reduction in ABCs at 35 weeks-old (Fig. 5I, Supplemental Fig. 9C).  

 

N5-1 attenuates Irf5 hyper-activation in NZB/W F1 mice 

The kinetics of Irf5 hyper-activation in Mo and B cells from N5-1-treated NZB/W F1 mice were 

next monitored. At the observed peak in Irf5 hyper-activation, between ~10-19 weeks-old for both 

Mo and B cells (Fig. 1N&Q), a significant reduction in Irf5 nuclear translocation was detected in 

N5-1-treated mice (Fig. 5J-K). No effect on Irf5 expression was found (Supplemental Fig. 9D-

E). These data confirm the in vivo efficacy of N5-1 in reducing Irf5 hyper-activation. 

 

Reduced kidney pathology and increased overall survival  

Survival of a cohort of NZB/W F1 mice was monitored until 40 weeks-old revealing significant 

protection of N5-1-treated mice from lupus-induced mortality (Fig. 6A). Histologic analysis of 

kidneys revealed amelioration of several parameters of renal injury in N5-1-treated mice, including 

expansion of the mesangial matrix, presence of hyaline deposits, decreased capillary loops, 

presence of cellular/fibrocellular crescents, tubular necrosis and deposition of immunocomplexes 

(Fig. 6B-G). In N5-1-treated mice, albumin/creatinine ratios began trending down after 27 weeks 

(Supplemental Fig. 9F) and serum creatinine levels were significantly reduced by 40 weeks-old 

(Fig. 6H). No significant change in body weight between groups was found (Supplemental Fig. 

9G). Last, we monitored IFNα levels over the course of disease and found that low levels were 

detectable around 17 weeks of age (65-68), which occurred after or concurrent with IRF5 

activation (Supplemental Fig. 9H). Unfortunately, IFNα levels were too low to detect significant 



differences between groups (data now shown).  These data support the in vivo utility of N5-1 in 

protecting NZB/W F1 mice from spontaneous lupus onset and mortality.  

 

N5-1 provides therapeutic efficacy in NZB/W F1, MRL/lpr and pristane-induced lupus mice 

We next examined whether N5-1 would increase survival of NZB/W F1 mice in a therapeutic 

efficacy model where mice already have clinically elevated dsDNA titers, positive ANA, elevated 

proteinuria and kidney disease (https://www.jax.org/jax-mice-and-services/in-vivo-

pharmacology/immunology-services/autoimmune-diseases/lupus-studies). We initiated the 2-

week N5-1 dosing regimen in a cohort of 27 week-old NZB/W F1 mice. At this later stage of 

clinical disease, we detected a modest increase in survival that did not reach statistical significance 

(Fig. 7A). Given the slow onset of lupus in NZB/W F1 mice, we switched to MRL/lpr and pristane-

induced mice to further examine N5-1 clinical efficacy. Dosing in MRL/lpr mice was initiated at 

8 weeks-old and after confirmation of ANA IgG positivity (Fig. 7B-C). ANA, anti-dsDNA 

antibody titers, proteinuria, IRF5 cellular activation and survival were monitored. As early as 10-

weeks old, we detected significant reductions in dsDNA titers in N5-1-treated mice that maintained 

over the course of disease and contributed to increased survival; significant reductions in 

proteinuria occurred at 30 weeks (Fig. 7C-G, Supplemental Fig. 10A). The observed reduction 

in dsDNA titers corresponded to a significant, concomitant reduction in B220+ Irf5 activation (Fig. 

7H). Unlike NZB/W F1 mice, however, that showed an early single peak in Irf5 activation (Fig. 

1L-Q), at least two peaks in Irf5 B cell and Mo activation were detected that continued to increase 

with age/disease severity (Fig. 7H, Supplemental Fig. 11A). Significant, albeit small, reductions 

in Irf5 activation were detected in Mo and CD8+ T cells of N5-1-treated mice (Supplemental Fig. 

11A-C). These data suggest that Irf5 activity in MRL/lpr mice more closely mirrors SLE patients 

https://www.jax.org/jax-mice-and-services/in-vivo-pharmacology/immunology-services/autoimmune-diseases/lupus-studies
https://www.jax.org/jax-mice-and-services/in-vivo-pharmacology/immunology-services/autoimmune-diseases/lupus-studies


where increased Irf5 activation associated with clinical disease activity and dsDNA titers (Fig. 

1C-D, F-H).  

To further confirm the clinical utility of N5-1, we injected Balb/c mice with pristane 

(21,47) and treated with N5-1 after ANA detection (Fig. 7I). Similar to NZB/W F1 and MRL/lpr 

mice, we detected significant reductions in dsDNA titers that corresponded to a significant increase 

in overall survival (Fig. 7J-L, Supplemental Fig. 10B). Altogether, these data support that 

independent of the mechanism of lupus onset (NZB/W F1, MRL/lpr, pristane-induced), N5-1 

provided significant clinical benefit at later stages of disease development, which holds 

tremendous promise for patients with SLE.  

 

N5-1 inhibits SLE serum-induced IRF5 activation and reverses IRF5 hyper-activation in 

SLE immune cells 

Herein, we report for the first time that Irf5 is hyper-activated in immune cells from NZB/W F1 

and MRL/lpr lupus prone mice before and during clinical onset, respectively. SLE patients present 

with elevated basal IRF5 activation that is further increased during active flares (Fig. 1A-D). Since 

the mechanism(s) by which IRF5 becomes activated in SLE patients and murine models of lupus 

is not yet known and is likely mediated by multiple triggers and pathways (19,30-35), we evaluated 

N5-1 effects ex vivo in response to SLE serum, which is a more complex and disease-relevant 

trigger of IRF5 activation than pure TLR ligands (19). Healthy donor PBMCs were pre-incubated 

with inhibitor, stimulated with SLE sera for 2 h, and then IRF5 activation determined (19). N5-1 

provided a significant reduction in SLE serum-induced IRF5 activation in pDCs, Mo, and B cells 

(Fig. 8A-C) supporting that N5-1 works in the context of a human SLE-like environment. We next 

asked whether SLE serum-induced IRF5 activation in healthy donors correlated with IRF5 



activation in SLE Mo and B cells from matched patients. Indeed, we found a significant correlation 

between ex vivo and in vivo IRF5 activation (Fig. 8D-E). Last, we examined whether N5-1 could 

reverse IRF5 hyper-activation in Mo and B cells from active SLE patients. To our surprise, 

treatment of SLE PBMC with N5-1 for 1 h provided a significant reduction in basal IRF5 hyper-

activation (Fig. 8F). These data support the use of N5-1 to treat patients with SLE at different 

stages of disease development. 

  



Discussion  

IRF5 genetic variants that associate with SLE risk were originally identified in 2005 (6) and only 

recently are studies beginning to shed light on how IRF5 genetic risk contributes to SLE 

pathogenesis (20,28,69,70). While these studies ensued the multitude of studies in murine lupus 

models lacking Irf5, together, they support genetic and non-genetic roles for Irf5 in lupus disease 

development (21-26,71). Similar to our recent findings in healthy donor IRF5 risk carriers (69), 

herein we demonstrate that dysregulated IRF5 activity, rather than expression, is a driver of SLE 

disease onset and severity. In NZB/W F1 mice, the observed increase in basal Irf5 hyper-activation 

occurred in both Mo and B cells, but not T cells, and preceded clinical onset. However, in MRL/lpr 

mice, Irf5 activation coincided with or occurred after clinical onset and was detected in all cell 

types examined (Fig. 7H, Supplemental Fig. 11A-C). The observed differences in the kinetics of 

Irf5 activation in these two models of spontaneous murine lupus support distinct mechanisms of 

lupus onset, yet implicate Irf5 immune cell hyper-activation in both (72). In human SLE, IRF5 

hyper-activation in Mo and B cells associated with disease activity and correlated with dsDNA 

titers.  

Baseline increases in murine Irf5 activation were first reported in DCs from Lyn-deficient 

mice suffering from lupus (73). Lyn is a Src family kinase that functions in multiple aspects of 

immune signaling as both a positive and negative regulator (74,75). Lyn was identified as a 

negative regulator of IRF5 post-translational modification via direct binding to IRF5 (73). Given 

that basal IRF5 hyper-activation has been detected in multiple cohorts of lupus patients and more 

recently in healthy donor IRF5 genetic risk carriers (69), combined with the finding that Irf5 hyper-

activation in NZB/W F1 and MRL/lpr lupus mice was not constitutive over the course of disease, 

it is unlikely that alterations in Lyn are driving IRF5 hyper-activation. Further, since SLE serum 



recapitulated IRF5 activation detected in matched SLE patients, this points to a circulating 

trigger(s) that induces IRF5 activation rather than a loss in negative control regulators (Fig. 8D-

E) (19). Last, given the heterogeneity of SLE and the differential kinetics and cell type-specificity 

of Irf5 activation in NZB/W F1 and MRL/lpr mice, it is unlikely that there is a single trigger or 

pathway leading to IRF5 activation. Indeed, we recently reported that the kinetics of Ser462 IRF5 

phosphorylation and nuclear translocation were distinct depending on the stimulus (39). 

Unfortunately, this phospho-antibody does not detect endogenous IRF5 by Western blot (34), nor 

were we successful in detecting murine Irf5. Thus, mapping post-translational events on IRF5 in 

these different model systems would provide valuable insight into mechanisms of activation.  

Signalling pathways have emerged as key targets for the development of small molecule 

inhibitors, with the primary targets being protein kinases and phosphatases (76,77).  A caveat to 

this type of therapeutic targeting is that it requires a priori knowledge of the signalling molecules 

leading to activation. Additionally, kinase inhibitors are often not specific to one kinase, one 

signaling pathway, nor one downstream target protein. In the case of IRF5, it is well-documented 

that IRF5 becomes activated in a cell type- and stimuli-dependent manner (1,29,33-35,78-80). 

Regulation of cytokine production by IRF5 requires nuclear translocation and transcriptional 

modulation of target genes. Previous work suggested a requirement for ubiquitination and/or 

acetylation before phosphorylation and homo/hetero-dimerization, which may or may not lead to 

nuclear translocation (35,81,82). Further, IRF5 phosphorylation occurs at multiple sites that is 

dependent on the pathway of activation (30-35). Thus, in order to bypass the ambiguity of post-

translational modifications and dimerization, we developed peptide mimetics that directly bind to 

and inhibit IRF5 activation independent of the initiating pathway.  



In support of this rationale, we recently characterized another family of cell permeable 

peptides that inhibit IRF5 dimerization (39). Unfortunately, these inhibitors were not stable for in 

vivo analysis, nor did they similarly inhibit both human and murine IRF5. Targeting IRF5 

inhibition in a cell type-specific manner may be feasible as we observed cell type-specificity for 

N5-1, N5-2 and N5-3 that may be dose-dependent and due to distinct physicochemical properties 

of each inhibitor (Figs. 2 & 4). Although N5-2 and N5-3 were capable of inhibiting R848-induced 

IRF5 nuclear translocation in Mo, they had little effect on IRF5 in B cells. This may be due to 

differential binding of N5-2 and N5-3 to IRF5 or differential uptake. Given the high binding 

affinity of N5-2 and N5-3 for IRF5, data warrant further investigation of these inhibitors. The PTD 

enables cell permeability, yet endocytosis and macropinocytosis play a role in peptide uptake (50). 

Thus, differences in both endocytosis and pinocytosis between cell types may account for 

differences in uptake (Supplemental Fig. 8). Additional studies will be required to discern cell 

type-specific effects of the inhibitors.    

Among the most significant outcomes from N5-1 was the finding of long-term protection 

from spontaneous lupus onset and severity in NZB/W F1 mice treated for only 2 weeks. Sustained 

effects were observed out to 40 weeks-old. These data suggest that either N5-1 is stable over long 

periods of time in vivo and/or Irf5 hyper-activation is an early, targetable driver of lupus onset. 

The latter is more likely given the expected shorter half-life of peptide inhibitors; however, we 

were able to detect a significant reversal in Irf5 hyper-activation in mice between 14-21 weeks-

old (Fig. 5J-K). Another striking finding was that N5-1 proved clinically efficacious in NZB/W 

F1, MRL/lpr and pristane-induced lupus mice when given after disease onset (Fig. 7). In NZB/W 

F1 mice, the in vivo inhibition of Irf5 hyper-activation by N5-1 resulted in the reversal of several 

key pathogenic phenotypes that associate with lupus severity, including serum ANA positivity, 



elevated dsDNA titers, expansion of circulating PCs and ABCs, and renal injury. Importantly, 

similar findings of reduced ANA and dsDNA titers, along with increased survival were made in 

MRL/lpr and pristane-induced mice after clinical treatment. The finding of decreased ANA and 

dsDNA titers in N5-1-treated NZB/W F1 mice before detection of a significant decrease in PCs 

and ABCs (Fig. 5E-I) is interesting and reminiscent of findings from IRF5 knockdown in human 

primary B cells showing a larger decrease in secreted IgG isotypes than intracellular isotypes (63). 

Thus, in addition to playing a role in PC differentiation, these data provide added support that IRF5 

may regulate antibody secretion (63). Our finding of in vivo IL6 inhibition by N5-1 was also 

notable as it mimicked IL6 levels seen in R848-injected Irf5-/- mice. Further, N5-1 provided no 

additional effect on IL6 production in Irf5-/- mice, supporting the specificity of N5-1 for Irf5. 

Treatment of healthy donor blood ex vivo with N5-1 confirmed the reduction in IRF5-mediated 

proinflammatory cytokines (IL6 and IFNA). Interestingly, N5-1 had no impact on TLR signaling 

itself as TLR7- and TLR9-induced NFκB and IRF7 nuclear translocation normally (Supplemental 

Fig. 6D-E). Altogether, these data concede that IRF5 represents a particularly valuable dual 

function therapeutic target to treat autoimmune and inflammatory diseases. To date, this is the first 

report of a selective IRF5 inhibitor that directly binds to IRF5 to inhibit nuclear translocation and 

has in vivo clinical efficacy in murine models of lupus (39,83,84).  

  



Methods 

Methods can be found in the Supplemental section.  

 

Statistics 

Two-tailed Student’s t-test was used for comparisons between two samples with normal 

distribution. Prior to test, graph kurtosis was analyzed to ensure normal distribution. For 

comparisons of one factor over multiple groups, one-way ANOVA was performed followed by 

Bonferroni’s multiple comparisons test. For comparisons of multiple factors over multiple groups, 

two-way ANOVA was performed followed by Bonferroni’s multiple comparisons test. Correlation 

analysis was performed by linear regression using Pearson’s correlation coefficient. Levels of 

proteinuria and body weight were compared by multiple t test, and FDR values were calculated 

using the Benjamin-Hochberg method to consider false positive associations (threshold of 0.05). 

Mann-Whitney test was used for ANA-HEp2 and pathologic scoring. Survival curves were derived 

using the Kaplan-Meier method. GraphPad Prism 6 was used for statistical analysis and graphing. 

P < 0.05 was considered significant. All results from SLE patients and mice were presented as 

means ± SEM. All other data were presented as means ± SD. 
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Table 1.  Demographics of SLE patient population.           

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

†range of 0-20 for this NY cohort. *0: no disease activity, normal complement and dsDNA titer, clinical 

SLEDAI=0; 1: serologically active, clinically stable disease activity, abnormal complement and/or 

anti-dsDNA titers, clinical SLEDAI=0; 2: mild disease activity, SLEDAI-2K>0<4; 3: moderate to 

severe disease activity, SLEDAI-2K ≥4. Clinical SLEDAI-2K refers to components of the SLEDAI-

2K exclusive of complement values or anti-dsDNA antibody titers.               

  

 Total 

anti-

dsDN

A 

titer, 

mean 

SLED

AI-2K 

(0-

105)†, 

mean 

      

        Disease Activity Score* 

    0            1             2           3 

Sex  n (%)      

Female 38(88) 203.7 5  6(16)    10(26) 7(18)                                   15(40)     

Male 5(12) 396.6 7        
1(20)   4(80) 

Ethnicity/Race n (%)   
   

White 6(14) 110.8  4     1            2     1      2 

African-American or 

Afro-Caribbean 
23(53) 216.6    5                                       2            8                                                    3     10 

Hispanic 12(28) 192.0 3     3            3 3      3 

Asian 2(5) 337 6     0            1 0      1 

Age 
range 

(mean) 
  

   

 
20-70 

(40) 
  

   

Treatment n (%)      

Corticosteroids 24(56)      

Anti-malarials 29(67)      

Immunosuppressives 22(51)      



 

Fig. 1. IRF5 is hyper-activated in immune cells from SLE patients and NZB/W F1 lupus-

prone mice. IRF5 activation was assessed by nuclear localization in CD45+CD14+ Mo (A) and 



CD45+CD19+ B cells (B) from healthy donors and SLE patients in the NJ cohort using imaging 

flow cytometry. Data are % IRF5 nuclear translocation; circles represent independent donors. (C 

and D) IRF5 localization determined in Mo (C) and B cells (D) from healthy donors and SLE 

patients in the NY cohort with clinically inactive (score = 0/1) or active (score 2/3) disease. (E and 

F) % IRF5 nuclear translocation in Mo and B cells from SLE patients stratified by SLEDAI (E) 

or dsDNA antibody titer (F). (G-K) Correlation between % IRF5 translocation in B cells or Mo 

and dsDNA titers (G and H) or serum IFNα levels (J and K) by linear regression analysis. (L and 

M) Irf5 nuclear translocation in CD11b+ Mo from cohort 1 (L) and cohort 2 (M) of aging female 

NZB/W F1 and Balb/c mice. Black circles-NZB/W F1 mice; open circles-Balb/c. n = 3 

mice/group/cohort. (N) Inhibition of Irf5 activation (10-21weeks-old) by N5-1 in CD11b+ Mo. (O 

and P) Same as (L and M) except in B220+ B cells from cohort 1 (O) and cohort 2 (P). (Q) Same 

as (N) except inhibition of Irf5 activation is shown in B220+ B cells. (R and S) Irf5 translocation 

in CD3+CD4+ T cells (R) and CD3+CD8+ T cells (S) from aging female NZB/W F1 and Balb/c 

mice. n = 6 mice/group. Statistical significance was determined using two-way ANOVA with a 

Bonferroni post hoc test. All values reported as means ± SEM.*(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 

0.001), ****(p≤0.0001). 

 

  



 
 

Fig. 2. Design of IRF5 peptide mimetics. (A) Homology model of the IRF5 DBD with location 

of N-terminal peptides and amino acid characteristics. (B) Position of N- and C-terminal peptides 



highlighted within the full-length IRF5 V5 sequence. Color code is based on amino acid 

characteristics defined in (A). (C) Biacore T200 SPR analysis of peptide mimetics. Data are 

representative of 4 independent experimental replicates per peptide. (D and E) IRF5 nuclear 

translocation quantified in healthy donor PBMC pre-incubated with 10 µM peptide for 1 h and 

stimulated with 500 ng/mL R848 for 2 h using imaging flow cytometry. Quantification in 

CD45+CD14+ Mo (D) and CD45+CD19+ B cells (E); n = 3 independent healthy donors. (F) Kinetic 

analysis of N5-1 peptide binding to IRF5 by SPR. Data are representative of 4 independent 

experimental replicates. (G) Purified human Mo were pre-incubated with either 2.5 µM FITC-

PTD, -N5-1 or -C5-2 for 1 h followed by permeabilization and staining for intracellular IRF3, 

IRF5 or IRF7 with TRITC-conjugated antibodies. FRET units were calculated from fluorescence 

emissions (see Suppl Methods); n=3 independent healthy donors. (H-L) In vivo monitoring of the 

interaction between FITC-N5-1 and endogenous IRF3, IRF5 or IRF7 by acceptor photobleaching 

FRET microscopy in THP1 cells. (H and I) Fold-change in donor pixel intensity was monitored 

in the photobleached regions (J-L) and plotted over time. Photobleached regions are denoted by 

white arrowhead. Images were acquired before and after acceptor photobleaching. Representative 

images of FITC-N5-1 and TRITC-IRF5 (J), TRITC-IRF3 (K) or TRITC-IRF7 (L) are shown at 

60X magnification. Data are representative of 3 independent biological replicates performed in 

triplicate. Statistical significance was determined by one-way ANOVA. Error bars represent SD. 

*(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001). 

  



 
 

Fig. 3. N5-1 is predicted to bind to the C-terminal IAD of an inactive IRF5 monomer and 

inhibit phosphorylation of Ser462. (A) Schematic diagram of N5-1 (pink) binding to the C-

terminal IAD of IRF5 from peptide docking using the Schrodinger suite (Suppl. Methods). N5-1 

stabilizes the non-phosphorylated, inactive IRF5 monomer. Serine phosphorylation sites are 

shown by orange circles. (B) PBMCs were pre-incubated with 10 µM of inhibitor for 1 h and 

stimulated with R848. IRF5 phosphorylation at Ser462 (pIRF5) was detected by flow cytometry 

following gating on CD14+ Mo. Fold-change in pIRF5 relative to unstimulated mock samples is 

shown; n = 5 independent healthy donors. Statistical significance was determined by one-way 

ANOVA. Error bars represent SD. *(p ≤ 0.05), **(p ≤ 0.01). (C) Based on the binding of N5-1 to 

full-length inactive IRF5, we propose that the DBD masks the IAD of IRF5 and the AID masks 



the C-terminal phosphorylation sites, thus stabilizing a closed unphosphorylated conformation of 

the IRF5 monomer (left side). In this conformation, the DBD α3 helix, which contains all the 

conserved residues and is responsible for protein-DNA contacts, is shieded. Upon 

phosphorylation, the AID unfolds, which unmasks the C-terminal phosphorylation sites and frees 

helix 5 for dimerization (right side). The DBD will also be released from this folded, inactive 

position and exposed to DNA for binding. Colors correspond to the specified regions of IRF5 in 

the crystal structure (above) and the stick model (below). Green represents the DBD, blue the IAD, 

and purple the AID. The N5-1 sequence is shown in red in both models.  

 

  



 
 

Fig. 4. IRF5 peptide inhibitors readily enter primary immune cells to inhibit R848-induced 

IRF5 nuclear translocation. (A) Representative flow cytometry histograms showing uptake of 

10 µM FITC-conjugated PTD or N5-1 after incubation of human PBMC with inhibitor for 1 h. 

Inhibitor uptake defined as FITC-positive >104 in CD14+ Mo (light gray) and 103 in CD19+ B cells 

(dark gray). (B) Percent of total Mo and B cells positive for FITC-conjugated N5-1; n = 4 

independent healthy donors. (C) Representative images of cellular uptake of 10 µM FITC-

conjugated PTD or N5-1 in either Mo (top row), B cells (bottom row) or pDCs (bottom panel). 



(D) Representative images of IRF5 cellular localization in Mo (CD14) and B cells (CD19) after 

pre-incubation of PBMC with 10 µM mock, PTD, N5-1, or C5-2 inhibitors followed by stimulation 

with 500 ng/mL R848 for 2 h. (E and F) Quantification of IRF5 nuclear translocation in Mo (E) 

and B cells (F) was done by imaging flow cytometry; n = 6 independent healthy donors. (G) 

Representative Western blot of nuclear extracts from primary human Mo following treatment with 

2.5 µM of mock, PTD, N5-1, or C5-2 inhibitors and stimulation with 500 ng/mL R848 for 2 h. (H) 

Quantification of nuclear IRF5 from (G) relative to Lamin B1; n = 3 independent healthy donors. 

Representative data are from ≥3 independent experimental replicates. Statistical significance was 

determined by one-way ANOVA. Error bars represent SEM. **(p ≤ 0.01), ***(p ≤ 0.001). 

  



 
 

Fig. 5. N5-1 protects NZB/W mice from spontaneous lupus onset. (A) Representative Western 

blot of nuclear extracts from RAW264.7 macrophages pre-treated for 1 h with N5-1 followed by 

LPS for 2 h. Non-cultured cells, 0 h before pre-treatment; cultured cells, 3 h post-treatment. (B) 

Quantification of nuclear IRF5 in (A) relative to Lamin B1 from 3 independent replicates. 

Statistical significance by one-way ANOVA. (C) In vivo inhibition of IL6 secretion by N5-1 in wt 

(Irf5+/+), het (Irf5+/-) and ko (Irf5-/-) mice. Sera harvested at 1.5 h post-R848; n = 3-4 mice/group. 

Statistical significance was by one-way ANOVA. (D) N5-1 dosing strategy for NZB/W F1 mice. 

(E) Anti-dsDNA Ig titers (1:500 serum dilution) at 20 weeks-old. (F) ANA immunofluorescence 

scoring from sera of n = 11 PBS- and n = 10 N5-1-treated mice. 0, negative signal; 4, strongest 

signal. Statistical significance determined by Mann-Whitney test. (G) Representative ANA images 



from 27 week-old treated mice (20X objective x 10X eyepiece). (H and I) Percentage of circulating 

IgD-B220CD138+ PCs (PC; H) and B220+CD11c+CD11b+ ABCs (I). n = 4 mice/time point. 

Statistical significance determined by two-way ANOVA and Bonferroni’s multiple comparisons 

test (H) (F(7,35)=10.27, p<0.0001 age; F(1,35)=4.125, p=0.049 treatment; F(7,35)=1.627, 

p=0.1603 interaction). *(p=0.0133 vs PBS, week 38; oop<0.0081 and oooop<0.0001 vs PBS, week 

14). (I) F(5,32)=20.63, p<0.0001 age; F(1,32)=4.402, p=0.0439 treatment; F(5,32)=4.146, 

p=0.0051 interaction). ***p=0.0001 vs PBS, week 35; oop=0.0033, ooop=0.0002 and oooop<0.0001 

vs PBS, week 14; ##p=0.0005, ###p=0.0029 vs N5-1, week 14). (J and K) Inhibition of Irf5 

activation in cohort 2 (14-21 weeks-old) by N5-1; CD11b+ Mo (J) and B220+ (K) B cells. n = 4 

mice/group. Statistical significance determined by one-way ANOVA. All values reported as mean 

± SEM. *(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001), ****(p ≤ 0.0001). 

  



 
 

Fig. 6. N5-1 reduces kidney pathology and increases overall survival. (A) Kaplan-Meier 

survival curves. Differences determined by Gehan-Breslow-Wilcoxon test. n = 11 mice/group. (B) 

Representative microscopy images of renal sections; fluorescence deposition of Ig and IgG (40X 

magnification), periodic acid-Schiff (PAS) and haemotoxylin and eosin (H&E) staining (10X 

magnification). (C) Summarized scoring of renal inflammation and damage shown in (D-G) from 

n = 6 PBS-treated and n = 4 N5-1-treated mice. (D-G) Microscopy images of renal sections 

assessed by PAS staining (20X magnification) showing images of endocapillary and mesangial 

hyperplasia (D), wire-loops/hyalinization (E), crescents (F) and necrosis/karyorrhexis (G). 

Scoring of 100 glomeruli per case is shown. (H) Serum creatinine levels plotted over the course 



of disease. n = 8 mice/group. Statistical significance was determined by Mann-Whitney test. *(p 

≤ 0.05). 

  



 
                                   

Fig. 7. Therapeutic efficacy of N5-1 in ANA-positive NZB/W F1, MRL/lpr and pristane-

induced lupus mice. (A) Kaplan-Meier survival curves of NZB/W F1 mice treated at 27 weeks-



old. Differences determined by Gehan-Breslow-Wilcoxon test. n = 6 mice/group. (B) N5-1 dosing 

strategy for MRL/lpr mice. (C) Representative ANA images from 8-week-old pre-treated mice 

and 16- and 22-week-old treated mice (20X objective x 10X eyepiece). (D-F) Anti-dsDNA IgG 

isotype titers (1:500 serum dilution) were determined at the indicated ages. (G) Kaplan-Meier 

survival curves of MRL/lpr treated mice. Differences determined by Gehan-Breslow-Wilcoxon 

test. n = 8 mice/group. (H) Analysis of Irf5 nuclear translocation in B220+ B cells from PBS- and 

N5-1-treated MRL/lpr mice. n = 8 mice/group. (I) N5-1 dosing strategy for pristane-injected mice. 

(J and K) Anti-dsDNA IgG isotype titers (1:500 serum dilution) were determined at the indicated 

ages. (L) Kaplan-Meier survival curves of pristane-induced Balb/c mice. Differences determined 

by Gehan-Breslow-Wilcoxon test. n = 10 mice/group. (D-F, H, J, K) Statistical significance was 

determined by Mann-Whitney test. ***(p ≤ 0.0001). 

 

  



 
 

Fig. 8. N5-1 inhibits SLE serum-induced IRF5 activation and reverses IRF5 hyper-activation 

in SLE immune cells. (A) Healthy donor PBMC (n = 6) were pre-incubated with 10 µM inhibitor 

followed by stimulation with 2% SLE serum for 2 h. % IRF5 nuclear translocation is shown in 

pDCs (A), Mo (B) and B cells (C) from imaging flow cytometry. (D and E) Correlation between 

% IRF5 translocation in SLE serum-stimulated Mo (D) or B cells (E) and in vivo IRF5 activation 

in matched SLE Mo or B cells, respectively, by linear regression. (F) SLE PBMC were mock- or 

inhibitor-treated (10 µM) for 1 h and IRF5 activation quantified by imaging flow cytometry in Mo 

and B cells. % IRF5 nuclear translocation is shown. Differences between groups determined by 

two-way ANOVA with Bonferroni’s multiple comparisons. Values reported as mean ± SEM. *(p 

≤ 0.05), **(p ≤ 0.01). 
 
 

       
     


