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SUMMARY
Genetic and in vivo evidence suggests that aberrant recognition of RNA-containing autoantigens by Toll-like
receptors (TLRs) 7 and 8 drives autoimmune diseases. Here we report on the preclinical characterization of
MHV370, a selective oral TLR7/8 inhibitor. In vitro, MHV370 inhibits TLR7/8-dependent production of cyto-
kines in human and mouse cells, notably interferon-a, a clinically validated driver of autoimmune diseases.
Moreover, MHV370 abrogates B cell, plasmacytoid dendritic cell, monocyte, and neutrophil responses
downstream of TLR7/8. In vivo, prophylactic or therapeutic administration of MHV370 blocks secretion of
TLR7 responses, including cytokine secretion, B cell activation, and gene expression of, e.g., interferon-stim-
ulated genes. In the NZB/W F1 mouse model of lupus, MHV370 halts disease. Unlike hydroxychloroquine,
MHV370 potently blocks interferon responses triggered by specific immune complexes from systemic lupus
erythematosus patient sera, suggesting differentiation from clinical standard of care. These data support
advancement of MHV370 to an ongoing phase 2 clinical trial.
INTRODUCTION

Toll-like receptors TLR7 and TLR8 are endosomal receptors for

GU-rich single-stranded RNA (ssRNA). In humans, TLR7 is ex-

pressed by B cells and type I interferon (IFN)-producing plasma-

cytoid dendritic cells (pDCs), and TLR8 is predominantly ex-

pressed by monocytes, macrophages, and neutrophils. TLR7/8

activation leads to MyD88/IRAK/TRAF6 signaling, and down-

stream activation of monocytes/B cells mostly via nuclear factor

(NF)-kB, or of pDCs via IRF7.1

TLR7- and TLR8-expressing cells are involved in multiple

autoimmune diseases. The genetic link of TLR7 to systemic

lupus erythematosus (SLE) is particularly strong.2 For example,

elevated TLR7 copy number is a risk factor for juvenile SLE,3

and the strong female bias of SLE has been explained by biallelic

expression of X-linked TLR7 in immune cells in women.4 Further-

more, TLR7 is overexpressed in peripheral blood mononuclear

cells (PBMCs) of patients suffering from SLE.5,6 On a functional

level, a TLR7 gain of function was recently found in a pediatric
Cell R
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lupus patient and was sufficient to cause lupus-like disease

when introduced in mice.7 Furthermore, TLR7-deficient mice

are protected inmultiplemousemodels of lupus,8–11 and overex-

pression of either TLR7 or human TLR8 in mice leads to sponta-

neous autoimmunity.12,13 In addition, autoantibodies from SLE

patients directed against ribonucleoproteins (RNPs) activate

pDCs for IFN-a production in a TLR7-dependent fashion.14

Based on these data, TLR7/8 inhibition has been proposed as

a therapeutic approach for SLE and other autoimmune diseases.

In further support of this hypothesis, oligonucleotide inhibitors of

TLR7 and low-molecular-weight (LMW) inhibitors of TLR7/8

showed efficacy in mouse models of lupus.15,16 However, clin-

ical trial data of TLR7/8 antagonists in patients suffering from

autoimmune diseases are not yet available. One clinical study

was aimed at TLR7/8/9 blockade with an injectable oligonucleo-

tide in psoriasis patients, but it did not show an acceptable risk-

benefit profile.17 This was most likely due to the challenge of es-

tablishing a robust pharmacokinetic/pharmacodynamic (PK/PD)

relationship with this modality, low tolerability, and possibly a
eports Medicine 4, 101036, May 16, 2023 ª 2023 The Author(s). 1
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disease-promoting potential of TLR9 inhibition.18 Therefore, we

chose to develop a selective LMW antagonist against TLR7

and TLR8 to ensure an excellent tolerability profile and a robust

PK/PD relationship.

The oral TLR7/8 antagonist MHV370 was identified via pheno-

typic cellular screening19 and further structure-based optimiza-

tion. Here we show that MHV370 blocked the production of

IFN-a and other pro-inflammatory cytokines in vitro and in vivo.

MHV370 was protective in chronic mouse models, as it inter-

fered with the expression of cytokines and interferon-stimulated

genes (ISGs) following repeated challenge with the TLR7 agonist

R848 or following injection of tetramethylpentadecane (TMPD). It

also prevented and halted development of lupus-like disease in

the NZB/W F1 model. Furthermore, MHV370 blocked the secre-

tion of pro-inflammatory cytokines triggered by immune com-

plexes derived from SLE patient sera predominantly expressing

autoantibodies against RNPs. This opens the possibility that

MHV370 will become a safe and effective approach to treat sys-

temic autoimmune diseases, and a clinical phase 2 study is

currently under way (ClinicalTrials.gov: NCT04988087).

RESULTS

MHV370 is a selective and specific TLR7/8 antagonist in
humans and mice
The cellular activity and TLR selectivity profile of MHV370

(Figures 1A and S1) was initially assessed using an engineered

human Ramos NF-kB/AP-1 reporter B cell line. This B cell lym-

phoma derived cell line expresses TLR3, TLR7, and TLR9, but

not TLR8 (Figure S2A). Consistently, this cell line is responsive

to the TLR7 ligand CL307 and the TLR9 ligand ODN2006, but

not to the TLR8 ligand TL8-506, and the TLR7/8 ligand R848

acts as a TLR7 agonist on these cells (Figure S2B). As shown in

Figure 1B, MHV370 potently inhibited CL307- and R848-driven

reporter gene activity in these cells with a half-maximal inhibitory

concentration (IC50) of 15 ± 10 nM and 7 ± 0.1 nM, respectively

(mean ± SD), demonstrating potent TLR7 inhibition. In contrast,

MHV370 showed no or very limited inhibitory activity against en-

dosomal TLR9 following ODN2006 stimulation, or against TLR3

following Poly(I:C) stimulation. In addition, MHV370 did not inter-

fere with the activity driven by other TLRs (TLR1/2, TLR2/6), tu-

mor necrosis factor (TNF) receptor, and NOD1, at concentrations

up to 10 mM (data not shown, each n = 4). Assays on HEK cells

transfected with TLR7 or TLR8 confirmed that MHV370 inhibited

both TLR7 and TLR8 responses with IC50 values of 1.1 ± 0.4 nM

and 4.5 ± 1.1 nM (mean ± SD), respectively (Figure S2C). The ac-

tivity of MHV370 on TLR7 and TLR8 was dissected further using

human primary cells. As is common for profiling of functional an-

tagonists, we ascertained in profiling assays thatMHV370 did not

lead to cell toxicity at the tested dose ranges, i.e., at concentra-

tions of up to 10 mM (Figure S2D).Whenever we aimed to observe

robust TLR7-dependent IFN-a secretion as readout, the TLR7/8

agonist ssRNA was used instead of R848.20 A fixed dose of

MHV370 did not block ODN2216/TLR9-dependent IFN-a secre-

tion from isolated human pDCs, yet it blocked ssRNA-driven

IFN-a responses from pDCs (Figure S2E). MHV370 potently sup-

pressed production of multiple cytokines following activation of

isolated monocytes with the TLR8-specific agonist TL8-0506,
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i.e., TNF, interleukin-6 (IL-6), and IL-1b (Figure S2F), at IC50 values

that are comparable with values obtained following stimulation

with the TLR7/8 agonists ssRNA and R848 (Table S2). As human

pDCs express predominantly TLR7 and monocytes express

mostly TLR8,13 these data demonstrate that MHV370 is a

TLR7/8 antagonist on human primary cells. To further investigate

the potency of MHV370 on human primary cells, we studied

MHV370 on PBMCs following stimulation with TLR agonists.

MHV370 inhibited ssRNA-induced IFN-a and TNF responses on

PBMCs with nanomolar potencies (Table 1). Within PBMCs,

TLR7-expressing pDCs are the main producers of IFN-a, and

TLR8-expressing monocytes are the main producers of TNF.

Therefore, these results allowed us to infer the potency of

MHV370 on TLR7 and TLR8. The mean IC50 for TLR7 in human

PBMCs (4 nM) was similar to its potency on Ramos cells (7 nM)

and HEK-TLR7 transfectants (1 nM). Beyond its effect on IFN-a

and TNF, MHV370 potently suppressed the production of multi-

ple cytokines following activation of PBMCs with ssRNA, i.e.,

CXCL10, TNF, IL-6, IL-1b, and IL-12 (Figure 1C), at IC50 values

that are comparable with values obtained following stimulation

with the TLR7/8 agonist R848 and the TLR8 agonist TL8-506

(Table S3). As observed in Ramos cells, MHV370 was TLR7/8

selective, as it did not significantly interfere with cytokine secre-

tion following PBMC stimulation with agonists of TLR4 (Fig-

ure S2G), TLR1/2, TLR5, or the IL-1 receptor (IL-1R), at concen-

trations up to 10 mM (each tested on n = 5 donors, data not

shown). Furthermore, MHV370 showed micromolar potency

following TLR9/ODN2216 stimulation of PBMCs (Figure S2G

and Table 1). A Schild analysis of PBMCs using the TLR7/8

agonist R848 and IL-6 as readout indicated that MHV370 is a

competitive and reversible antagonist (Figures 1D and 1E).

TLR7/8 selectivity of MHV370 was also reflected in human blood,

asMHV370 potently inhibited cytokine secretion following activa-

tion of TLR7 and TLR8 by ssRNA, while it showed micromolar

potency for TLR9 andwas inactive following TLR4 activation (Fig-

ure 1F and Table 1).

In addition, MHV370 potently inhibited both IFN-a and TNF in

mouse whole blood, following stimulation with ssRNA (Fig-

ure S2H and Table 1). This demonstrated inhibitory activity of

MHV370 onmurine TLR7, because rodent TLR8 does not recog-

nize ssRNA.21 Of note, the potency of MHV370 on mouse whole

blood was about 10-fold lower than on human whole blood, and

as observed in human cells. MHV370 did not show functional in-

hibition of TLR9 or TLR4 at concentrations up to 10 mM (Table 1

and data not shown, n = 4) or any effect on cell viability (Fig-

ure S2D). Collectively, these results demonstrate that MHV370

is a potent, selective, and reversible antagonist of TLR7 and

TLR8 in humans, and a selective TLR7 antagonist in mice.

MHV370 inhibits TLR8-dependent activation of
neutrophils and TLR7-dependent activation of B cells
Neutrophils and B cells have been implicated in lupus pathogen-

esis22 with a potential role of excessive TLR7 and TLR8 activation

in these cells.4,23 For this reason, we studied whether MHV370

selectively suppressed neutrophil activation following TLR7/8 or

TLR8 stimulation. MHV370 potently blocked reactive oxygen

species (ROS) production following stimulation with R848 or

TL8-506 with IC50 values of 3.8 ± 0.8 nM and 5.2 ± 1.5 nM,

http://clinicaltrials.gov
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Figure 1. MHV370 inhibits TLR7/8-specific

activation of human cells

(A) Structure of MHV370.

(B) Reporter gene activity in Ramos B cells stimu-

lated with agonists for TLR3 (polyIC), TLR7 (CL307),

TLR7/8 (R848), or TLR9 (ODN2006), representative

of two (TLR7) or four (TLR3, TLR7/8, and TLR9) in-

dependent experiments.

(C) ssRNA-mediated pro-inflammatory cytokine

release from PBMCs.

(D and E) (D) R848-stimulated IL-6 release from

human PBMCs with increasing fixed concentrations

of MHV370, one representative of two experiments

and (E) Schild plot analysis of (D), means of two

experiments ± SD.

(F) IFN-a (TLR7/ssRNA, TLR9/ODN2216-driven) or

TNF (TLR4/LPS, TLR8/ssRNA-driven) release from

human blood.

(G) R848 (TLR7/8)-, TL8-506 (TLR8)-, or PMA-

mediated ROS secretion from neutrophils; means of

8, 6, and 6 donors ± SD, respectively.

(H) B cell activationmarkers following activationwith

R848.

(C), (F) and (H) show data from one out of n donors

(for n see Tables 1, S3, and S4). Data are stan-

dardized to conditions without MHV370, and data

points are means of two (B, F, H) or three (C, D)

technical replicates ± SD. See also Figure S2.
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Table 1. MHV370 inhibition of TLR7, TLR8, and TLR9 responses

Cells

TLR7

(ssRNA-IFN-a)

TLR8

(ssRNA-TNF)

TLR9

(ODN-IFN-a)

Human PBMCs 4.1 ± 0.4 (39) 70 ± 7.4 (37) 1,300 ± 170 (20)

Human blood 8.4 ± 1.0 (16) 31 ± 4.4 (14) 1,320 ± 150 (12)

Mouse blood 58 ± 10 (7) 12 ± 4.2 (3)a >10,000 (4)

IC50 values (nM) shown are the mean ± SEM of (n) separate experiments

or donors.
aMurine response driven via TLR7.
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respectively (mean ± SD), but not with phorbol myristate acetate

(PMA) (Figure 1G). TL8-506 is a more TLR8-selective derivative of

the TLR8 agonist VTX-2337.24 The inhibition was likely via TLR8,

as human neutrophils express high levels of TLR8 but not TLR7.13

Moreover, MHV370 interfered with human B cell activation

following stimulation with R848, showing potent inhibition of Akt

phosphorylation andCD69 expression aswell as immunoglobulin

M (IgM) and IL-6 secretion (Figure 1H and Table S4). As B cells

express TLR7but not TLR8,13 this result supports TLR7 inhibition.

Activation of B cell responses via the B cell receptor was unaf-

fected by MHV370 up to 16 mM (n = 2, data not shown), showing

that MHV370 did not cause broad immunosuppression.

Together, these results demonstrate that MHV370 can suppress

activation of a broad variety of immune cells downstreamof TLR7

and TLR8 activation.

In vivo efficacy of MHV370 after single-dose
administration
To demonstrate in vivo efficacy and selectivity of MHV370, we

analyzed acute cytokine release in plasma of mice following

intravenous administration of a TLR7 or TLR9 agonist. In line

with our in vitro findings, MHV370 efficiently inhibited TLR7-

dependent IFN-a and TNF production in a dose-dependent

manner (Figures 2A and S3A), but not TLR9-dependent IFN-a

(Figure S3B). A partial reduction of TLR7-dependent IFN-a and

TNF was observed at mean blood exposures of 70 nM, which

is consistent with the potency of MHV370 on TLR7 in mouse

whole blood (IC50 of 58 or 12 nM for IFN-a and TNF, respectively,

Table 1). To establish a PK/PD relationship in mice, CD69

expression on B cells was identified as a potential TLR7-depen-

dent ex vivo PD marker. Following administration of a single oral

dose of MHV370 to mice (5 mg/kg), CD69 expression was moni-

tored by ex vivo stimulation of blood with R848 at different time

points. MHV370 led to a marked inhibition of CD69 expression

over a period of 8 h (Figure 2B), with CD69 levels returning to

pre-dose levels at later time points, consistent with lower

MHV370 blood exposure levels. This suggested that a com-

pound dose of approximately 5 mg/kg orally would need to be

administered twice daily to mice to achieve continuous suppres-

sion of the TLR7 pathway in long-term models.

Therapeutic administration of MHV370 suppresses
chronic TLR7 activation in vivo

The above results encouraged us to investigate whether

MHV370 was able to interfere with chronic TLR7 activation in a

therapeutic setting. In line with published data,25 daily dosing
4 Cell Reports Medicine 4, 101036, May 16, 2023
of R848 for 14 days led to immune activation in mice, including

splenomegaly, B cell activation, and elevated cytokine levels in

blood (Figures 3A, S3C, and S3D). This was accompanied by

increased gene expression of, e.g., ISGs (Figures 3B, S3E, and

S3F). All of these parameters were significantly reduced, close

to levels observed in naive mice, when MHV370 was adminis-

tered therapeutically from day 7 onward. Consistently, a gene

set enrichment analysis showed strong activation of several in-

flammatory pathways in mice treated with R848 and vehicle

(including ISGs, and TLR and TNF pathways), which were all

downregulated in mice treated with R848 and MHV370

(Figures 3C and 3D). This demonstrated that therapeutic dosing

of MHV370 can normalize multiple pro-inflammatory parameters

in a situation of chronic TLR7 activation and encouraged us to

analyze the effect of MHV370 in more complex models of

inflammation.

MHV370 suppresses ISGs in a TMPD-induced peritonitis
model
Elevated expression of an ISG signature is a hallmark of SLE and

related rheumatologic diseases.26 Consequently, it was impor-

tant to demonstrate the ability of MHV370 to suppress ISGs

in vivo. Intraperitoneal injection of the mineral oil TMPD leads

to TLR7-dependent acute inflammation characterized by influx

of inflammatory monocytes into the peritoneum and ISG induc-

tion.11 Prophylactic oral treatment of mice with MHV370 led to

a dose-dependent reduction of inflammatory monocytes and

monocyte chemoattractant CCL2 in the peritoneum on day 7

(Figures 4A and 4B). Of note, MHV370 dose-dependently sup-

pressed a panel of ISGs in peritoneal cells and blood

(Figures 4C and 4D). Ex vivo stimulation of the PD marker

CD69 was reduced in peripheral blood of mice in a dose-depen-

dent manner (Figure 4E), and its reduction correlated with inhibi-

tion of ISGs (Figure 4F). Together, these results demonstrate that

MHV370 curbs ISG expression in blood of mice and that a

simpler ex vivo PD marker tracked with this readout. These

data also suggest that ex vivo inhibition of CD69 on B cells might

serve as a TLR7-dependent PD biomarker in clinical studies and

may correlate with ISG inhibition.

MHV370 protects from lupus-like disease in the NZB/W
F1 mouse model
The above results encouraged us to analyze the efficacy of

MHV370 in the spontaneous, chronically progressive NZB/W

F1 model of lupus. We hypothesized that TLR7 inhibition alone

was sufficient to interfere with a complex autoimmune pathology

in a multifactorial model. Treatment of NZB/W F1 mice with

MHV370-laced food (Figures S4A and S4B) strongly impaired

progression of lupus-like disease as shown by multiple readout

parameters. Proteinuria was effectively prevented (Figure 5A),

consistent with moderately reduced blood urea nitrogen (BUN;

Figure 5B), which is often used as a systemic marker of impaired

kidney function. Inhibition of proteinuria was already achieved at

a dose of 0.01% MHV370 in food, where blood exposures peri-

odically dropped below concentrations required for complete in-

hibition of the TLR7 pathway (IC50 for the ex vivo blood PD

marker CD69 is 35 nM, see Figures S4C and S4D). Histological

analysis demonstrated that MHV370 treatment protected the



A B

Figure 2. MHV370 suppresses acute TLR7-dependent immune activation in mice

(A) TLR7/ssRNA-induced IFN-a in mouse plasma. MHV370 levels in blood are indicated above the bars (nM ± SD). Pooled data from two independent exper-

iments, means ± SD. Data points represent individual mice. *p < 0.05, ****p < 0.0001, ANOVA with Tukey’s post test.

(B) Expression of CD69 on B cells after ex vivo stimulation of blood with R848 (bars) andMHV370 exposures (gray line) following 5mg/kgMHV370 orally. Means ±

SD of five mice.

See also Figure S3.
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kidneys of NZB/W F1 mice from damage: MHV370 reduced glo-

merulopathy (Figure 5C), IgG deposits in the glomeruli (Fig-

ure 5D), and infiltration of kidneyswith CD45R+B cells (Figure 5E)

as well as CD138+ plasma cells (Figure S4E). In addition,

MHV370 significantly reduced serum levels of CXCL13 (Fig-

ure 5F), and serum CXCL13 levels weakly correlated with

glomerular IgG deposition (Figure 5G). This shows that serum

CXCL13 might become a useful serum biomarker of kidney pro-

tection in lupus-like disease following administration of MHV370.

Since antinuclear antibodies (ANAs) are a clinical hallmark of

lupus, it was important to assess whether MHV370 treatment

affected their production. IgG autoantibody levels against Smith

(Sm), ribosomal P (RiboP), and the N-methyl-D-aspartate recep-

tor (NMDAR) were reduced with MHV370 treatment, and a

similar trend was observed for anti-Ro60 antibodies

(Figures S5A–S5D). Serum antibodies against double-stranded

DNA (dsDNA) and histones were not reduced (Figures S5E and

S5F). Therefore, MHV370 had a strong effect on lupus pathology

in all mice, yet the effect on ANA types was more selective,

affecting mostly specificities against RNA-containing autoanti-

gens andNMDAR. Of note, the latter and anti-RiboP are elevated

and potentially even pathogenic in neuropsychiatric SLE.27–29

Together, our results from the NZB/W F1 model showed inhibi-

tion of multiple disease parameters with MHV370, including

complete inhibition of proteinuria and histological protection of

kidneys as well as reduction of specific autoantibodies.

The experiment in NZB/W F1 mice was repeated indepen-

dently at a different research site with slightly different readout

parameters (Figure S6). This ensured that in vivo efficacy of

MHV370 was independent of mouse housing and handling con-

ditions. When MHV370 twice-daily treatment was started thera-

peutically, i.e., after detection of robust proteinuria, it reduced

proteinuria and increased survival (Figures S6A and S6B). In

addition, IgM and IgG deposition in kidneys, as detected by his-

tology, was substantially reduced with MHV370 treatment

(Figures S6C and S6D). This confirmed the efficacy of MHV370
in an independent experiment and suggested therapeutic in vivo

efficacy.

Together, our results from the NZB/W F1 model suggest that

MHV370may have an impact on several key disease parameters

of SLE, in line with a recent study describing TLR7 as a disease

driver in this model.30

Inhibition of patient sera immune-complex-mediated
IFN-a production and ISGs
Sera from SLE patients contain autoantibodies against nuclear

and ribosomal proteins. As immune complexes with necrotic

cell extract (NE), these sera can activate cells for the production

of IFN-a,31,32 and in some cases through activation of TLR7.14

Since type I IFNs correlate with disease severity in lupus33 and

drive ISGs, a hallmark of SLE,26 we analyzed whether MHV370

blocked the interferogenic activity of patient-derived immune

complexes in vitro (Figure 6A). SLE patient sera were grouped

into three main categories based on their autoantibody profiles:

(1) RNP/Sm and/or SS-A only; (2) dsDNA only; or (3) RNP/Sm

and/or SS-A plus dsDNA (for full autoantibody profiles of pa-

tients, see Table S5). For all three categories of sera, immune

complexes with NE specifically stimulated IFN-a secretion (Fig-

ure 6B) and ISG expression (Figure S7A) from PBMCs. MHV370

(0.3 mM) completely blocked immune-complex-driven re-

sponses derived from patient sera that were positive for RNP/

Sm and/or SS-A autoantibodies or for RNP/Sm and/or SS-A

plus dsDNA autoantibodies, yet immune-complex-driven re-

sponses for patient sera expressing dsDNA antibodies were

blocked to a much lesser extent (Figure 6C). Since the majority

of SLE patients receive anti-malarials such as hydroxychloro-

quine (HCQ) as standard-of-care treatment,34 and since these

compounds can also influence endosomal TLR responses,35

we analyzed whether immune-complex-driven IFN-a responses

were sensitive to HCQ treatment. In marked contrast to

MHV370, and when tested at a concentration that matched the

steady-state blood exposure level of SLE patients,36 HCQ
Cell Reports Medicine 4, 101036, May 16, 2023 5
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Figure 3. MHV370 suppresses chronic TLR7-dependent immune activation in mice

(A) Spleen weight, CD69 expression on B cells, and TNF in serum. Data points represent individual mice with means ± SD. **p < 0.01, ***p < 0.001; ****p < 0.0001,

ANOVA with Tukey’s post test.

(legend continued on next page)
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showed strongest inhibition of IFN-a responses elicited by

dsDNA immune complexes (Figure 6C). To examine this differ-

ence in more detail, we studied how potently MHV370 or HCQ

suppressed immune-complex-induced IFN-a responses in a pa-

tient who was autoantibody positive for RNP/Sm plus dsDNA.

MHV370 alone potently suppressed IFN-a release in a dose-

dependent manner with an IC50 of 1.0 ± 0.3 nM (mean ± SEM,

n = 3, Figure 6D, filled circles). HCQ showed an approximately

1,000-fold lower potency than MHV370, with an IC50 of 800 ±

380 nM (mean ± SEM, n = 5, Figure 6D, open circles). Consistent

with these data, HCQ was a 3,300-fold less potent antagonist of

ISG expression than MHV370 following stimulation of PBMCs

with ssRNA (Figure S7B and Table S6).

To demonstrate combinatorial efficacy ofMHV370 andHCQ in

this context, healthy PBMCs were stimulated with SLE immune

complexes in the presence of variable concentrations of HCQ

combined with defined amounts of MHV370. Addition of low

concentrations of MHV370 (1–10 nM) to HCQ already led to

almost complete suppression of IFN-a (Figure 6D, gray sym-

bols). Furthermore, MHV370 (0.1 mM) strongly suppressed

expression of a five-panel ISG signature by PBMCs stimulated

with SLE immune complexes, whereas HCQ (1 mM) was only

mildly effective (Figure S7C). Collectively, these results suggest

that lupus patients expressing autoantibodies in their serum

may respond toMHV370 in the clinic, even when they are treated

with anti-malarials.

Consistent with published data,26 SLE patients in this study

displayed elevated ISG expression levels compared with healthy

controls (Figure 6E). Although ISGs have utility as clinical markers

of disease activity,37 they can be induced downstream of several

interferogenic nucleic acid sensing pathways. Similarly, elevated

IFN-a protein is observed in sera of a fraction of SLE patients,38

although it is not uniquely TLR7 dependent. This prompted us

to identify more specific pharmacodynamic biomarkers for

TLR7 and TLR8. Blood from SLE patients or healthy volunteers

(HVs) was stimulated with the TLR7/8 agonist R848 or ssRNA

ex vivo. Expression levels of phospho-Akt (pAkt) on B cells from

SLEpatients followingR848 stimulationwere very similar to those

from healthy controls (Figure 6F) and, as B cells express TLR7

and not TLR8,13 pAkt represented an attractive proximal pharma-

codynamic readout for TLR7. Similarly, TNF release in SLE pa-

tient blood following R848 stimulation was comparable with

healthy control blood (Figure 6F). Since TNF in peripheral blood

was inferred to be mostly derived from TLR8-expressing mono-

cytes, it might serve as a pharmacodynamic biomarker for

TLR8 activation. For additional markers of TLR7 activation, SLE

patients displayed mostly reduced or variable levels of IFN-a or

CD69 expression on B cells compared with healthy controls
(B) Scaled and normalized log counts per million of the most significant genes (adj

mice (green horizontal bar), R848/MHV370-treated (blue), and R848/vehicle-trea

samples by experimental group.

(C) Anti-correlation of global gene expression changes in mice treated with R848/

compared with R848/vehicle-treated mice (y axis). Data points represent values

coefficient = �0.8, p value <2.2e�16).

(D) Gene set enrichment analysis of the R848/vehicle vs. naive and the R848/M

Pathways gene set collections fromMSigDB. Red, upregulated pathways; blue, d

adjusted p value obtained in the enrichment test (�log10(padj)). Full circles, term

See also Figure S3.
following ex vivo stimulation of blood with ssRNA and R848,

respectively (Figure 6F). Reduced IFN-a levels were not surpris-

ing, as SLE patients may have reduced pDC frequencies in pe-

ripheral blood.39 In addition, persistent TLR7 activation during

chronic inflammation may lead to tachyphylaxis in some cells.40

For example, CD69 is already highly expressed in PBMCs from

SLE patients,41 such that further induction ex vivo in patients

maybe limited. To confirm thatMHV370 canblock these pharma-

codynamic markers in the blood of patients, blood was pre-

treated with MHV370 and stimulated ex vivo with TLR7/8 ago-

nists. Indeed, MHV370 potently inhibited pAkt and CD69

expression as well as IFN-a and TNF secretion in blood from

SLE patients and HVs with the same potency (Table S7). These

results suggested that patients and HVs are equally sensitive to

MHV370 treatment and that the above pharmacodynamic bio-

markers are of potential value in phase 1 or phase 2 clinical

studies with MHV370.

Together, the data presented in this paper demonstrate that

MHV370 blocks a broad array of TLR7 and TLR8 functional re-

sponses on multiple cell types and that it has disease-modifying

potential. This lays the foundation for successful use of MHV370

inphase2studies that includepatientswithautoimmunediseases.

DISCUSSION

This study introduces MHV370, a potent and selective, orally

bioavailable LMW antagonist of TLR7 and TLR8. It inhibits

TLR7/8-dependent secretion of multiple cytokines from mono-

cytes and pDCs, as well as B cell and neutrophil activation.

MHV370 shows dose-dependent efficacy in acute and chronic

mouse models. It blocks immune activation following single or

repeat injection of TLR7/8 agonists and induction of ISGs

following injection of TMPD. In the spontaneous NZB/W F1

mouse model of lupus, prophylactic or therapeutic dosing of

MHV370 interfered with multiple disease parameters. These re-

sults position MHV370 as a potential future treatment option

for SLE patients.

Autoimmune diseases are chronic conditions that contribute

to significant morbidity and mortality in affected patients. Argu-

ably one of the most complex autoimmune diseases is SLE,

with very diverse symptoms and heterogeneous disease pro-

gression.34 This has led to only two approvals by the US Food

and Drug Administration for new SLE treatments in this disease

over the past 60+ years, the antibody drugs belimumab, which

interferes with B cell expansion, and anifrolumab, which inter-

feres with type I IFN signaling. In the pivotal BLISS trial, belimu-

mab led to a small 7% and 14% SRI (SLE responder index)

response rate above placebo at 1 mg/kg and 10 mg/kg,
usted p value <1e�8, absolute fold change >2) differentially expressed in naive

ted (red) mice. Hierarchical clustering of genes and samples after grouping of

vehicle compared with naive mice (x axis) vs. mice treated with R848/MHV370

for individual genes, line represents linear fit to the data (Pearson correlation

HV370 vs. R848/vehicle comparisons using the Hallmark and C2 Canonical

ownregulated pathways. The size of each circle is proportional to�log10 of the

s with padj < 0.01; empty circles, terms with padj > 0.01.
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Figure 4. In vivo efficacy of MHV370 in the TMPD peritonitis model

(A and B) Frequencies of (A) CD11b+Ly6C+ inflammatory monocytes and (B) CCL2 levels in peritoneal lavages.

(C and D) Expression of ISGs (C) in peritoneal cells and (D) in blood cells. ISG expression was standardized to expression in naivemice with each ISGmeasured in

triplicate.

(E) CD69 expression on B cells from blood following ex vivo stimulation with R848.

(F) Correlation of data from (D) and (E) for individual mice; dotted line, 95% confidence interval. Open symbols represent vehicle-treated mice.

Data points in (A) to (E) represent individual mice, means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001, ANOVA with Dunnett’s post test, comparing

MHV370 groups with vehicle group.
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respectively,42 and anifrolumab failed to reach its predefined

endpoint in one of two phase 3 studies.43 The present study

gives reason to believe that MHV370 combines inhibitory activity

on the pathways targeted by anifrolumab and belimumab, i.e.,

the type I IFN axis and B cell activation, yet unlike these two other

treatments, it does not deplete or paralyze entire arms of the im-

mune system. As such, MHV370 may have an advantageous

safety profile. For example, herpes virus infections were

increased in patients treated with anifrolumab.44 Protective im-

munity against herpes viruses appears to rely strongly on TLR3

function,45–47 and MHV370 does not block TLR3. Therefore,

the preclinical profile of the TLR7/8 antagonist MHV370 strongly

suggests that it may show transformational efficacy and superior

safety in SLE patients and related indications. Indeed, a phase 2

clinical trial to evaluate safety, tolerability, and efficacy in Sjög-

ren’s syndrome and mixed connective tissue disease is under

way (ClinicalTrials.gov: NCT04988087), with no other TLR7/8

antagonist being studied in these indications.

MHV370 has advantages over oligonucleotide-based antago-

nists such as the TLR7/8/9 antagonist IMO-8400, which has pro-

gressed to a small phase 2 study of psoriasis.17 For example, it is

challenging to quantify oligonucleotide drugs in blood to estab-

lish a robust PK/PD relationship, and oligonucleotides cannot

be dosed orally. More recently, preclinical and first-in-man

data on an LMW TLR7/8 antagonist, M5049, have been pub-

lished.16,48 M5049 showed efficacy in an IFN-a accelerated

NZB/W F1 model, which expressed very high levels of ISGs.

However, since ISG expression is variable in patients suffering

from SLE and other autoimmune diseases,49 it was important

to ascertain that MHV370 worked in the classical, spontaneous

NZB/W F1 model to collect evidence that MHV370 may even

show efficacy in patients with lower ISG expression. In addition,

efficacy of M5049 in target tissues has not been reported, while

MHV370 influences multiple parameters of lupus-related dis-

ease in kidneys. Preclinical data on therapeutic efficacy of

M5049 are not available either, while we show that therapeutic

use of MHV370 for only 7 days in a situation of chronic TLR7 acti-

vation normalized multiple TLR7-dependent pro-inflammatory

pathways in mice. It is noteworthy that MHV370 ameliorated

renal disease in the NZB/W F1 model and reduced autoanti-

bodies against the RNP subunit Smith (Sm) most profoundly,

while having no effect on anti-dsDNA autoantibodies. This result

is consistent with data from theMRL/lpr model, where TLR7 defi-

ciency improved renal disease and led to significant reduction of

anti-Sm and anti-RNP but not anti-dsDNA autoantibodies.8

Together, these data suggest that TLR7 may be a specific driver
Figure 5. In vivo efficacy of MHV370 in the NZB/W F1 lupus model
(A) Proteinuria. Lines represent individual mice.

(B) BUN levels at termination. *p < 0.05, ANOVA with Dunnett’s post test.

(C) Kidney histopathology and glomerulopathy score.

(D) IgG deposition in kidneys and score.

(E) B cell infiltration in kidneys and score.

(F) CXCL13 protein levels in serum at termination. **p < 0.01, ***p < 0.001, ANOV

(G) Correlation of CXCL13 levels in serum with glomerular IgG deposition; dotted

In (B) to (G), data points represent individual mice, in (B) to (F), means ± SD. Open

terminated prematurely as they reached the humane endpoint of the license. In (C

50 mm.

See also Figures S4–S6.
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of autoantibodies against RNPs, possibly in a B cell intrinsic

manner.50 It will be informative to study how MHV370 will affect

autoantibody subtypes in treated patients. Since autoantibodies

against Sm are associated with disease severity51 and with spe-

cific pathogenic features,52 it is conceivable that a subset of spe-

cific TLR7/8-driven symptoms of lupus will improve most pro-

foundly with MHV370.

By linking cellular and mouse model investigations, our study

on MHV370 suggests that interference with multiple pro-inflam-

matory cell types can result in efficacy in complex autoimmune

diseases. Our result also suggests how MHV370 may behave

in combination with standard-of-care treatments for SLE. Since

TLR7 activation renders pDCs steroid insensitive,53 a TLR7/8

antagonist such as MHV370 may become a steroid-sparing

treatment. Moreover, our data using immune complexes from

SLE patient sera suggest that MHV370 may show efficacy

even in the presence of clinically relevant concentrations of

HCQ. This makes MHV370 attractive for combination treat-

ments, implying that MHV370 could change the current pharma-

cological treatment paradigm in SLE.

Taken together, our study provides broad support for the

concept that TLR7/8 antagonism as a potentially transforma-

tional treatment for SLE patients. Ongoing clinical trials will

investigate how MHV370 provides tangible patient benefit.

Limitations of the study
One obvious limitation of our study is the fact that TLR8 inhibition

cannot be studied in mouse models in a straightforward manner.

Depending on the mouse model, murine TLR8 may either

contribute to lupus-like disease54 or restrain TLR7-dependent

pathology.55 Moreover, rodent TLR8 does not recognize the

same ssRNA ligand as human TLR8.21 Therefore, our conclu-

sions on TLR8 are based on human in vitro assays. Our data

show that MHV370 interferes with the activation of myeloid cells

from humans (monocytes, neutrophils), which predominantly ex-

press TLR8. Since low-density granulocytes are typically

involved in SLE56 and many SLE patients have a granulopoiesis

signature,57 it is likely that dual TLR7/8 antagonism will show su-

perior efficacy over single TLR7 or TLR8 antagonists. The path-

ogenic role of TLR8 in humans is further suggested by chronic in-

flammatory disease in TLR8 gain-of-function patients58 and by

the association of a TLR8 signature to the ISG-high subtype of

lupus patients.59

Another limitation of this study is that we studiedMHV370 only

in preclinical models of SLE. However, the involvement of TLR7

and TLR8 has been described for other systemic autoimmune
A with Dunnett’s post test.

line, 95% confidence interval.

symbols, vehicle-treated mice; open squares, vehicle-treated mice which were

) to (E), *p < 0.05, ***p < 0.001, ****p < 0.0001, Mann-Whitney test. Scale bars,

http://clinicaltrials.gov
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Figure 6. MHV370 inhibits SLE patient sera immune-complex-driven responses and ex vivo blood pathway markers in SLE patients

(A) Schematic illustration of the functional immune-complex assay using SLE patient serum.

(B) IFN-a release from PBMCs stimulated by immune complexes of healthy volunteer (HV) or SLE patient sera with and without necrotic extract (NE). Data points

represent individual HV sera (n = 12) or SLE patient sera (n = 20), as means from 2 to 23 PBMC stimulations, and three technical replicates per stimulation. Bars

denote means ± SD. Colors indicate autoantibody profiles of individual SLE patients.

(C) Normalized IFN-a release from PBMCs stimulated with SLE immune complexes in presence of medium, MHV370 (0.3 mM) or HCQ (1 mM). Data points are

means of individual SLE patient sera (n = 5), with 2–10 PBMC stimulations per serum, and three technical replicates per stimulation. Bars denote means ± SD.

(D) IFN-a release from PBMCs stimulated with immune complexes from an SLE patient (positive for RNP/Sm and dsDNA) in the presence of MHV370 (filled

circles), HCQ (open circles), and HCQ in the presence of increasing fixed amounts of MHV370 (gray symbols), as indicated. Means ± SD, one representative of

two experiments.

(E) Expression of individual ISGs (performed in triplicate) and a five-gene ISG signature in blood of five individual HV and SLE patients.

(legend continued on next page)
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rheumatic diseases.49,60 This indicates the broad scope of target

indications for MHV370, and translational studies with MHV370

are in progress to support such indications.

Finally, our studywasaimedat adetailedpharmacological char-

acterization of the TLR7/8 antagonist MHV370 in vitro and in vivo.

Toachieve this,we reliedon robust,well-establishedexperimental

systems. We expect that these will lay the foundation for more

mechanistic insights into TLR7 and TLR8 biology in the future.
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Antibodies

Anti-Human CD19-APC (clone HIB19) Biolegend Cat#302212; RRID: AB_314242

Anti-Human CD69-PE (clone FN50) Biolegend Cat#310906; RRID: AB_314841

Anti-Human CD20-Alexa488 (clone H1) BD Biosciences Cat#558056; RRID: AB_647080

Anti-Human phospho-Akt-Alexa647 (Ser473) BD Biosciences Cat#560343; RRID: AB_1645397

Anti-Mouse CD16/32 (Clone 2.4G2) BD Biosciences Cat#553142; RRID: AB_394657

Anti-Mouse Ly6G-APC (Clone 1A8) BD Biosciences Cat#560599; RRID: AB_1727560

Anti-Mouse Ly6C-Alexa488 (Clone ER-MP20) Bio-Rad Cat#MCA2389A488; RRID: AB_2137342

Anti-Mouse CD11b-PerCP-Cy5.5 (Clone M1/70) BD Biosciences Cat#550993; RRID: AB_394002

Anti-Mouse CD19-FITC (Clone 1D3) BD Biosciences Cat#553785; RRID: AB_395049

Anti-Mouse CD69-PE (Clone H1.2F3) BD Biosciences Cat#553237; RRID: AB_394726

Anti-Mouse IgG-HRPO (Goat polyclonal) Sigma Aldrich Cat#A8924; RRID: AB_258426

Anti-human IgM, polyclonal Fc5m fragment specific Jackson ImmunoResearch CAT#109-005-129; RRID: AB_2337543

Anti-human IgM-HRPO, polyclonal,

Fc5m fragment specific

Jackson ImmunoResearch CAT#109-035-129; RRID: AB_2337588

Human IgM control, unconjugated Sigma Aldrich CAT#I8260; RRID: AB_1163621

Anti-Mouse IgG (Goat polyclonal) Nordic-MUbio Cat#GAM/IgG(H + L)

Anti-Mouse CD138 (Clone 281-2) BD Biosciences Cat#553712; RRID: AB_394998

Anti-Mouse B220/CD45R (Clone RA3-6B2) Bio-Rad Cat#MCA1258G; RRID: AB_323211

Anti-Mouse CD3 (Clone SP7) Thermo Fisher Scientific Cat#RM-9107-A; RRID: AB_149924

Rabbit-anti-Rat IgG (H + L)-biotin Vector Laboratories Cat#BA4001; RRID: AB_10015300

Donkey-anti-Goat IgG (H + L)-biotin Jackson ImmunoResearch Cat#705-065-147; RRID: AB_2340397

Goat-anti-Rabbit IgG (H + L)-biotin Jackson ImmunoResearch Cat#111-065-144; RRID: AB_2337965

Biotinylated anti-human IgG (Goat) SouthernBiotech Cat#2043-08

DELFIA Streptavidin-Eu antibody PerkinElmer Cat#1244-360

Biological samples

Human blood from healthy

donors with informed consent

Santémed Gesundheitszentrum

AG Basel

N/A

Buffy coats from healthy donors Interregionale Blutspende

(IRB) SRK Bern

N/A

Sera from SLE patients or healthy donors University Hospital Basel Study BASICHR0003

Sera from SLE patients or healthy donors Synexa Life Sciences Study PJMR0012114

Sera from SLE patients or healthy donors Cincinnati Children’s Hospital Study CCHMC IRB # 01-12-2X

Chemicals, peptides, and recombinant proteins

Pam3CSK4 (TLR1/2 agonist) InvivoGen Cat#tlrl-pms

FSL-1 (TLR2/6 agonist) InvivoGen Cat#tlrl-fsl

PolyIC (TLR3 agonist) InvivoGen Cat#tlrl-pic

LPS-0111:B4 (TLR4 agonist) InvivoGen Cat#L4391

CL307 (TLR7 agonist) InvivoGen Cat#tlrl-c307

TL8-506 (TLR8 agonist) InvivoGen Cat#tlrl-tl8506

ODN1585 (TLR9 agonist) InvivoGen Cat#tlrl-1585

ODN2006 (TLR9 agonist) InvivoGen Cat#tlrl-2006

ODN2216 (TLR9 agonist) InvivoGen Cat#tlrl-2216

Tri-DAP (NOD1 agonist) InvivoGen Cat#tlrl-tdap

Human recombinant IL-1b and TNF Novartis

(Continued on next page)
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R848 (TLR7/8 agonist) Enzo life sciences Cat#ALX-420-038

ssRNA40 (50-GCCCGUCUGUUGUGUGACUC-30)
with protective phosphorothioate linkages

Microsynth custom-synthesized

R0006 (50-UUGUUGUUGUUGUUGUUGUU-30)
with protective phosphorothioate linkages

Microsynth custom-synthesized

DOTAP (N-[1-(2,3 Dioleoyloxy) propyl]-N,N,N

tri-methyl ammonium methylsulfate)

Sigma-Aldrich (Roche) Cat#11202375001

MHV370 This paper

Normocine InvivoGen Cat#ant-nr-05

Hydroxychloroquine Novartis

human IL-3 PeproTech Cat#200-03

Peroxidase substrate kit Bio-Rad Cat#172-1064

Lymphocyte Separation Medium 1077 Corning Cat#25-072-CV

Ficoll Plus Cytiva Cat#17-1440-03

Phorbol-myristate-acetate (PMA) Sigma Aldrich Cat#P1585

Dihydrorhodamine 123 (DHR) Sigma Aldrich Cat#D1054

Tetramethylpentadecane (TMPD) Sigma Aldrich Cat#P9622

Aqua viability dye solution Thermo Fisher Scientific Cat#L34957

Powdered rodent chow Provimi Kliba Cat#NAFAG3890

ANAcombi (RNP-70, Sm, RNP/Sm, SS-A,

SS-B, Scl-70, Centromer B, Jo-1)

Orgentec Cat#Org539

Histone from calf thymus Sigma Aldrich Cat#H9250

Salmon sperm DNA Thermo Fisher Scientific Cat#AM9680

Ribosomal P antigen Immunovision Cat#PAG3000

Smith Immunovision Cat#SMA3000

DWEYS peptide Bachem Cat#4066380

Critical commercial assays

Bright-Glo assay Promega Cat#E2620

QUANTI-Blue InvivoGen Cat#rep-qbs

RNeasy Mini RNA isolation kit Qiagen Cat#74104

Super-Script III First-Strand synthesis Super-Mix Invitrogen Cat#11752050

TaqMan Gene Expression Master Mix Applied Biosystems Cat#4369016

CXCL10 (AlphaLisa) PerkinElmer Cat#AL259

IL-1b(HTRF) CisBio Cat#62HIL1B

IL-6 (HTRF) CisBio Cat#62HIL06

IL-12p40 DuoSet ELISA R&D systems Cat#DY1240

CellTiter-Glo assay Promega Cat#G7571

ATPlite Luminescence assay PerkinElmer Cat#6016943

EasySep Human Plasmacytoid DC Enrichment Kit Stemcell Technologies Cat#19062

IFNa (AlphaLisa) PerkinElmer Cat#AL297

EasySep Human monocyte Enrichment Kit Stemcell Technologies Cat#19059

EasySep human B cell enrichment kit Stemcell Technologies Cat#I9054

Human IL-6 DuoSet ELISA R&D systems Cat#DY206

Mouse IFNa Platinum ELISA InvitroGen Cat#BMS6027TEN

Mouse TNF DuoSet ELISA R&D Systems Cat#DY410

Mouse CXCL10 ELISA InvitroGen Cat#BMS6018

Mouse CCL2 ELISA Biolegend Cat#432701

Ion AmpliSeq Transcriptome Mouse Gene Expression Kit Thermo Fisher Scientific Cat#A26325
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LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Thermo Fisher Scientific Cat#L34957

RiboPure blood RNA isolation kit Thermo Fisher Scientific Cat#AM1951

RNeasy Micro Kit Qiagen Cat#74004

Protein Assay Kit Bio-Rad Cat#5000006

Mouse Anti-SSA/Ro60 Igs (total) ELISA Alpha Diagnostic Cat#5710

Mouse CXCL13 Quantikine ELISA kit R&D systems Cat#MCX130

S Test Reagent Cartridges BUN Hitachi Chemical Diagnostics Cat#10018947

Uristix Bayer N/A

Streptavidin DABMap kit Roche Cat#05266360001

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat#4368813

TaqMan Fast Universal PCR Master Mix Applied Biosystems Cat#4352042

DELFIA Enhancement solution Perkin Elmer Cat#1244-105

Deposited data

Data: Gene expression profiling of blood from mice This paper https://doi.org/10.5281/zenodo.7573856

Code: Gene expression profiling of blood from mice This paper https://doi.org/10.5281/zenodo.7575672

Experimental models: Cell lines

HEK293-NFkB-luciferase reporter cells Promega Cat#E8520

Ramos Blue B reporter cells InvivoGen Cat#rms-sp RRID: CVCL:X591

U-937 cells ATCC Cat#CRL-1593.2

Experimental models: Organisms/strains

129S2/SvPasCrl mice (129Sv) Charles River Cat#287

Balb/cByJ (Balb/c) Charles River Cat#627

NZBWF1/J Jackson Labs Cat#100008

Oligonucleotides

Primers for qPCR, see Table S1 This paper

Recombinant DNA

pUNO1-hTLR07-HA3x InvivoGen Cat#puno1hahtlr7

pUNO1-hTLR08-HA3x InvivoGen Cat#puno1ha-htlr8

Software and algorithms

GraphPad Prism (version 9.2.0) GraphPad https://www.graphpad.com

FlowJo (version 8.8.7) TreeStar https://www.flowjo.com

Excel XL fit 5.0 with XLfit add-in (version 5.2.0) Microsoft/IDBS https://www.idbs.com/xlfit

edgeR Bioconductor package Robinson et al.61

limma Ritchie et al.62

fgsea package Korotkevich et al.63

MSigDB Liberzon et al.64

Other

SpectraMax 340PC Molecular Devices N/A

SpectraMax Plus 384 microplate reader Molecular Devices N/A

Envision Perkin Elmer N/A

LSR Fortessa flow cytometer BD Biosciences N/A

LSRII flow cytometer BD Biosciences N/A

Liquid chromatography coupled to

mass spectrometry (LC-MS/MS).

Novartis N/A

ViiA 7 Real-Time PCR System Applied Biosystems N/A

HITACHI M40 Clinical Analyzer AxonLab N/A

XT Discovery Ventana N/A

HT200 Nanozoomer Hamamatsu N/A

QuantStudio 12K flex instrument and software Thermo Fisher Scientific N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Tobias Junt

(tobias.junt@novartis.com).

Materials availability
Requests for MTAs for MHV370 should be directed to the lead contact.

Data and code availability
d All AmpliSeq data of this study have been deposited at Zenodo and are publicly available as of the date of publication. DOI is

listed in the key resources table (https://doi.org/10.5281/zenodo.7573856). Microscopy data reported in this paper will be

made available by the lead contact upon request.

d All original code for analysis of AmpliSeq data have been deposited on Zenodo and is publicly available as of the date of pub-

lication. DOI is listed in the key resources table (https://doi.org/10.5281/zenodo.7575672).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects
For in vitro studies, fresh human blood was collected from healthy donors, from which no additional details are available, with

informed consent (Santémed Gesundheitszentrum AG Basel, Switzerland). Buffy coats were obtained from healthy donors, from

which no additional details are available, from Interregionale Blutspende (IRB) SRK Bern.

Sera were obtained from SLE patients or healthy volunteers with informed written consent in non-interventional clinical trials

BASICHR0003 (University Hospital Basel, Switzerland), PJMR0012114 (Synexa Life Sciences, Bellville, South Africa), or CCHMC

IRB # 01-12-2X (Cincinnati Children’s Hospital, Cincinnati, OH). Samples were collected in an anonymized fashion. All human

research was conducted in accordance with the declaration of Helskini, and after approval by the respective institutional Ethic

Boards: For BASICHR0003, Ethikkommission Nordwest-und Zentralschweiz; for PJMR0012114: South African Medical Association

Research Ethics Committee (SAMAREC); for IRB # 01-12-2X: Cincinnati Children’s Hospital Medical Center Institutional Review

Board.

Animals
Female mice were obtained from Charles River (129/Sv, Freiburg, Germany; Balb/c, Saint-Germain-sur-l’Arbresle, France, both 6–

8 week old). Female 12-week-old NZB/W F1 mice (NZBWF1/J) were obtained from Jackson Labs (Bar Harbor, ME). All mice were

housed under specific pathogen free conditions with a 12/12h light/dark cycle and ad libitum access to water and food. For acute

cytokine release, chronic TLR7 activation and TMPD experiments, animals were randomized into age-and sex-matched groups

of n = 5 based on weight. For the NZB/W F1 experiment, randomization strategy based on proteinuria in groups of n = 14 is stated

below. Cohort sizes of mice to achieve statistically significant results were calculated based on an a priori power analysis. We calcu-

lated power and sample sizes required based on pilot experiments. The NZB/W F1 experiment was conducted at two different sites

(Basel, Switzerland and La Jolla, CA) to ensure reproducibility. All animal studies were approved by the Veterinary Office Basel Stadt

or the Institutional Animal Care and Use Committee of Novartis Pharma, La Jolla, CA. They were performed under strict adherence to

Swiss law for animal protection or the Animal Welfare Act, and AAALAC requirements.

Cell lines
TLR-transfected HEK293 reporter cell lines (from female human fetus) were generated and cultured as described previously.19

Briefly, pUNO1-hTLR7-HA3x (InvivoGen, puno1ha-htlr7) and pUNO1-hTLR8-HA3x (InvivoGen, puno1ha-htlr8) were stably ex-

pressed in HEK293-NFkB-luciferase reporter cells (Promega). Cells were maintained in DMEM, high glucose, GlutaMAX supplement

(Thermo Fisher Scientific) with 10% FBS and 1% Penicillin/Streptomycin (all Thermo Fisher Scientific), in presence of 5 mg/mL pu-

romycin and 5 mg/mL blasticidin (both InvivoGen). Assays were run without antibiotics and in presence of 3% FBS.

Ramos Blue B reporter cells (from white male human 3-year-old donor) were obtained from InvivoGen under license (Toulouse,

France) and cultured in IMDM/GlutaMAX (Thermo Fisher) supplemented with 10% FBS, 100 mg/mL Normocine (InvivoGen), 50 U/

mL-50 mg/ml Pen-Strep (Thermo Fisher).

Human PBMC isolation
Fresh human blood, collected in S-Monovette Heparin tubes (Sarstedt), was obtained from healthy individuals. PBMCs were pre-

pared by diluting blood 1:1 with phosphate-buffered saline (PBS) and transferred to pre-prepared Leucosep tubes (Greiner Bio-

one) containing 15 mL of LSM1077 (Corning). The PBMC layer was carefully removed from the plasma/separation medium interface
e4 Cell Reports Medicine 4, 101036, May 16, 2023
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following centrifugation (800g, 20min at 22�Cwithout brake). PBMCswere washedwith PBS, centrifuged (400g, 10min at 22�C), and
resuspended in growth media (RPMI1640+GlutaMAX-I supplemented with 0.05 mM 2-mercaptoethanol, 10 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) and 5% v/v FBS).

METHOD DETAILS

Synthesis of MHV370
The synthesis scheme of MHV370 is shown in Figure S1. Synthesis of (4-((tert-butoxycarbonyl)amino)bicyclo[2.2.2]octan-1-yl)methyl

4-(trifluoromethyl)benzenesulfonate (1): To the mixture of tert-butyl (4-(hydroxymethyl)bicyclo[2.2.2]octan-1-yl)carbamate (1.021 g,

4 mmol), 4-(trifluoromethyl)benzene-1-sulfonyl chloride (1.566 g, 6.40 mmol) and DCM (10 mL) was added triethylamine

(1.115 mL, 8.00 mmol) and DMAP (0.049 g, 0.400 mmol) at room temperature (rt). The resulting mixture was stirred at rt overnight.

LC/MS indicated the reaction was complete: mainly two peaks, product peak withm/z 408 (M +H-56) and intermediate peak (formed

from SM2 and DMAP) withm/z 331. Aqueous work up followed by ISCO purification (EtOAc/hexane) to get (4-((tert-butoxycarbonyl)

amino)bicyclo[2.2.2]octan-1-yl)methyl 4-(trifluoromethyl)benzenesulfonate (1) as a white solid (1.75g, 94%). 1H NMR (400 MHz,

DMSO-d6) d 8.12 (d, J = 8.4 Hz, 2H), 8.06 (d, J = 8.4 Hz, 2H), 6.39 (s, 1H), 3.74 (s, 2H), 1.75–1.57 (m, 6H), 1.42–1.26 (m, 15H). MS

(M + H+-56): 408.0.

Synthesis of tert-butyl (4-((3-methyl-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (2): A suspension

of 3-methyl-1H-pyrazolo[4,3-c]pyridine (2.26 g, 16.97 mmol), in DMSO (68 mL) was treated with (4-((tert-butoxycarbonyl)amino)bi-

cyclo[2.2.2]octan-1-yl)methyl 4-(trifluoromethyl)benzenesulfonate (1) (7.87 g, 16.97 mmol) and cesium carbonate (11.06 g,

33.9 mmol). The mixture was heated to 120�C for 18 h to complete, before being cooled to rt and diluted in ethyl acetate and water.

The organic layer was dried over magnesium sulfate and concentrated under reduced pressure. The residue was purified on a 120 g

silica gel column using 0–80%ethyl acetate in hexane and extended to 80%ethyl acetate in hexane to afford 3.63 g (9.79mmol, yield:

58%) of tert-butyl (4-((3-methyl-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (2). (Further extension of

the gradient to 100% ethyl acetate resulted in the elution of 903.4 mg (2.44 mmol, yield: 14%) the regioisomer by-product tert-butyl

(4-((3-methyl-2H-pyrazolo[4,3-c]pyridin-2-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate.)
1H NMR (400MHz, Methanol-d4) d 9.07 (s, 1H), 8.37 (d, J = 6.1 Hz, 1H), 7.60 (d, J = 6.2 Hz, 1H), 6.18 (broad s, 1H), 4.17 (s, 2H), 2.71

(s, 3H), 1.87 (dd, J = 10.0, 5.9 Hz, 6H), 1.66 (dd, J = 10.0, 5.9 Hz, 6H), 1.47 (s, 9H).). MS (M + H+): 371.2.

Synthesis of tert-butyl (4-((3-methyl-2H-pyrazolo[4,3-c]pyridin-2-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (3): Tert-butyl (4-((3-

methyl-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (2) (3.6267 g, 9.79mmol) was dissolved in EtOH to a

concentration of 0.05M. AnH-Cube instrument fittedwith a 10%Pd/C, 70mmcatcart and equilibratedwith EtOH at 1mLperminute at

10 bar of hydrogen for 10 min. The solution of 2 was then passed through the instrument at 1 mL per minute. LC-MS analysis was

consistent with >95% conversion. The reaction solution was concentrated and loaded on a 120 g silica gel column using 0–100%

IPA in DCM with 1% ammonia as modifier and then extended to 100% IPA with 1% ammonia as modifier to elute tert-butyl (4-((3-

methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (3) 2.53 g (6.75 mmol, yield:

69%) 1H NMR (400 MHz, CD3OD) d 3.73 (s, 2H), 3.65 (s, 2H), 3.04 (t, J = 5.8 Hz, 2H), 2.65 (t, J = 5.9 Hz, 2H), 2.12 (s, 3H), 1.87–1.74

(m, 6H), 1.61–1.47 (m, 6H), 1.39 (s, 9H). MS (M + H+): 376.

Synthesis of tert-butyl (4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-

1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (4): To a pressure flask containing tert-butyl (4-((3-methyl-4,5,6,7-tetrahydro-1H-pyr-

azolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (3) (0.565 g, 42.5mmol) was added 4-bromo-1,6-dimethyl-1H-pyr-

azolo[3,4-b]pyridine (0.94g, 2.5 mmol), cesium carbonate (1.63 g, 5.0 mmol),Pd2(dba)3 (0.057g, 0.062 mmol), RuPhos (0.14 g,

0.3 mmol) and THF (25 mL). The mixture was heated at 80�C for 18 h to complete, then cooled to rt. The mixture was diluted in ethyl

acetate and water. After partition, the aqueous layer was extracted with EtOAc once more. Both organic layers were combined, dried

over MgSO4, filtered and concentrated in vacuo. The residue was purified via flash chromatography using 0–100%B/A (A = heptane;

B = 25% ethanol in ethyl acetate) to elute tert-butyl (4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-

1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (4) 1.28 g (2.35 mmol, yield: 94%). 1H NMR (400 MHz,

CDCl3) d 7.98 (s, 1H), 6.27 (s, 1H), 4.49 (s, 2H), 4.38–4.25 (m, 1H), 4.11 (s, 3H), 3.94 (t, J = 5.5 Hz, 2H), 3.70 (s, 2H), 2.87 (t,

J = 5.6 Hz, 2H), 2.62 (s, 3H), 2.25 (s, 3H), 1.89–1.75 (m, 6H), 1.58 (m, 6H), 1.42 (s, 9H). MS (M + H+): 520.

Synthesis of 4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)

bicyclo[2.2.2]octan-1-amine (5): To a 500 mL round bottom flask containing tert-butyl (4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-

4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamate (4) (4.86 g, 9.35 mmol)

was addedmethanol (6mL), then4NHCl indioxane (23.5mL, 94mmol). Themixturewas stirred at rt for 18h thenconcentrated in vacuo.

The residue was treated with isopropanol portionwise at 70�C to get all solid dissolved. The solution was cooled naturally to rt and aged

for 18 h. Then the solid was filtered and the filtrate was concentrated and the crystallization process repeated. Both batches were com-

bined anddried under vacuumat 40�C for 18 h to afford of 4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahy-

dro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-amine 5 asHCl salt: 4.54 g (9.22mmol, yield: 99%). 1HNMR (400MHz,

CD3OD) d8.51 (s, 1H), 6.88 (s, 1H), 5.06–4.92 (m, 2H), 4.24 (s, 2H), 4.11 (s, 3H), 3.97 (s, 2H), 3.10 (t,J=5.6Hz, 2H), 2.69 (s, 3H), 2.38 (s, 3H),

1.88–1.59 (m, 12H); MS (M+H+): 420.3. Ambersep 900 OH (17mL, 0.8meq/mL, prewashedwith 60mL ofMeOH) was added into a so-

lution of 4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo
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[2.2.2]octan-1-amine as HCl salt (5-HCl) (1.53 g, 2.7 mmol) in MeOH (100mL). The mixture was stirred at rt for 1 h then filtered, washed

with50mLofMeOHandconcentrated. The crudeproductwas added (by solid loading) to a 12g silica gel columnandwaselutedwith 2–

9%MeOH (containing small amount of ammonia) inDCM.Collected fractions and concentrated to give the product, 4-((5-(1,6-dimethyl-

1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-amine, as the

free base (5): 769 mg (1.80 mmol, yield: 66.5%) 1H NMR (400MHz, CD3OD) d 8.15 (s, 1H), 6.45 (s, 1H), 4.54 (s, 2H), 4.00 (s, 3H), 3.97 (t,

J=5.6Hz, 2H), 3.73 (s, 2H), 2.90 (t, J=5.6Hz, 2H), 2.55 (s, 3H), 2.23 (s, 3H), 1.55 (s, 12H);MS (M+H+): 420.3. Elemental Analysis (C, H, N)

calcd: 68.70, 7.93, 23.37; found: 68.18, 7.99, 22.94.

Synthesis of (S)-N-(4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-

yl)methyl)bicyclo[2.2.2]octan-1-yl)morpholine-3-carboxamideMHV370: To amixture of 5 (5.00 g, 10.73mmol), (S)-4-(tert-butoxycar-

bonyl)morpholine-3-carboxylic acid (2.53 g, 10.94 mmol) and DIEA (2.81 mL, 16.09 mmol) in DCM (Volume: 107 mL) was added

HATU (4.24 g, 11.15 mmol) at 0�C then stirred at rt for 60 min. The mixture was washed with saturated NH4Cl, then saturated sodium

carbonate. The organic layer was dried over MgSO4, filtered and concentrated in vacuo. The residue was loaded on a 40 g silica gel

column and eluted using 0–100%ethyl acetate/EtOH (3:1) in hexane to afford tert-butyl (S)-3-((4-((5-(1,6-dimethyl-1H-pyrazolo[3,4-b]

pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-yl)carbamoyl)morpholine-4-

carboxylate (7.50 g, 11.85 mmol, 111% yield).

This material was dissolved in 4N HCl in dioxane (53.6 mL, 215 mmol) and methanol (6 mL). The mixture was stirred at rt overnight

and then concentrated. The residuewas concentrated, redissolved in ethyl acetate andwashedwith 1NNaOH. The organic layer was

dried over MgSO4, filtered and concentrated in vacuo. The residue was loaded on a 40 g silica gel column using 0–100% IPA in DCM

with 3% NH3 as modifier to elute the product. One pure fraction was selected, concentrated and then suspended in ethyl ether. The

solid was filtered andwash twicewith ethyl ether. The solid was dried under high vacuum at 90�C for 2 days to afford (S)-N-(4-((5-(1,6-

dimethyl-1H-pyrazolo[3,4-b]pyridin-4-yl)-3-methyl-4,5,6,7-tetrahydro-1H-pyrazolo[4,3-c]pyridin-1-yl)methyl)bicyclo[2.2.2]octan-1-

yl)morpholine-3-carboxamide (MHV370) (5.77 g, 10.51mmol, 98%yield); 1H NMR (400MHz,Methanol-d4) d 8.52 (s, 1H), 7.92 (s, 1H),

6.88 (s, 1H), 5.06–4.91 (m, 2H), 4.25 (s, 2H), 4.19–4.09 (m, 4H), 4.03–3.89 (m, 4H), 3.78–3.56 (m, 4H), 3.22 (ddd, J = 12.9, 11.2, 3.7 Hz,

1H), 3.17–3.05 (m, 2H), 2.70 (s, 3H), 2.41 (s, 3H), 1.93 (dd, J = 8.9, 5.0 Hz, 6H), 1.72–1.54 (m, 6H). MS (M + H+): 533.4. MHV370 is an

active clinical candidate, and it was used at >98% purity.

HEK cell reporter cell line assays
TLR-transfected HEK293 reporter cell lines were treated with increasing concentrations of MHV370 or vehicle control (0.25% v/v

DMSO) in culture medium for 60 min at 37�C and 5% CO2. After stimulation with R848 for 6 h (0.3 mM for TLR7 and 4 mM for

TLR8), luciferase activity was assessed in supernatants with Bright-Glo assay (Promega) and quantified using an Envision (Perkin

Elmer).

Ramos Blue B cell reporter cell line assays
Cells were treated with increasing concentrations of MHV370 or vehicle control (0.25% v/v DMSO) in culture medium for 30 min at

37�C and 5% CO2. Cells were stimulated with Pam3CSK4 (10 mg/mL), FSL-1 (1 mg/mL), PolyIC, (0.3 mg/mL with 25 mg/mL DOTAP),

CL307 (9 mM), R848 (3 mM), ODN2006 (0.1 mM), Tri-DAP (10 mg/mL) and TNF (0.1 mg/mL) for 20 h at 37�C and 5% CO2. Secreted

alkaline phosphatase was quantified in supernatants using QUANTI-Blue using a SpectraMax Plus 384 microplate reader (Molecular

Devices, Sunnyvale, CA, USA). RNA was extracted from Ramos Blue B cells using a RNeasy Mini RNA isolation kit (Qiagen). Isolated

RNAwas reverse transcribed using Super-Script III First-Strand synthesis Super-Mix (Invitrogen). Quantitative Real Time PCRs (qRT-

PCRs) were performed on a ViiA 7 Real-Time PCRSystem (Applied Biosystems) using 10 ng cDNA, TaqManGene ExpressionMaster

Mix (Applied Biosystems) and TaqMan probes (see Table S1). The relative expression of each gene was analyzed in duplicates using

the 2-DDCt method, with fold change = 2-D(DCt), where DCt = Cttarget – CtrRNA 18S control and D(DCt) = DCtsample – DCtcontrol

sample and means of duplicates were calculated.

Human PBMC assays
PBMCs were pre-incubated for 30min with either MHV370 or HCQ, then stimulated with TLR agonists at doses described within65 or

with R848 (3 mM), TL8-506 (40 nM). CXCL10 was quantified by AlphaLisa (PerkinElmer), IL-1b and IL-6 by Homogeneous Time

Resolved Fluorescence (HTRF, CisBio, Bedford, MA, USA) and IL-12p40 by DuoSet ELISA (R&D systems). Cell viability was not

impaired across the tested dose range of MHV370, as assessed by CellTiter-Glo assay (Promega). For a Schild plot analysis,

PBMCs were treated with the indicated concentrations of MHV370 for 30 min prior to stimulation with increasing concentrations

of R848 for 20 h at 37�C and 5% CO2. The Schild plot was constructed using GraphPad Prism (GraphPad).

Human and murine whole blood assays
Fresh human blood or blood from 129/Sv mice was collected into citrate S-Monovette 9NC tubes (Sarstedt). Blood was diluted 1:1

with RPMI1640 and incubated with increasing concentrations of MHV370 or vehicle control (0.25% v/v DMSO final per well) in

RPMI1640 for 30 min at 37�C and 5%CO2. Blood was stimulated with various TLR agonists or with R848 (3 mM) and cytokines quan-

tified as described.65 Cell viability was assessed by ATPlite Luminescence assay (PerkinElmer) and not impaired across the tested

dose range of MHV370.
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Human pDC assay
pDCs were isolated from PBMCs using the EasySep Human Plasmacytoid DC Enrichment Kit (Stemcell Technologies, Vancouver,

Canada). Isolated pDCs were resuspended in complete RPMI1640 containing 10 ng/mL recombinant human IL-3 (PeproTech, Lon-

don, UK). Cells were incubated with MHV370 or vehicle control (0.25% v/v DMSO) for 30 min prior to stimulation with ssRNA40

(10 mg/mL with 25 mg/mL DOTAP) or ODN2216 (0.3 mM) for 20 h at 37�C and 5% CO2. IFNa was quantified from supernatants by

AlphaLisa, and cell viability was not impaired for the entire dose range of MHV370, as assessed by CellTiter-Glo assay.

Human monocyte assay
Monocytes were isolated from PBMCs using the EasySep Human monocyte Enrichment Kit (Stemcell Technologies). They were re-

suspended in complete RPMI1640 and incubated with MHV370 or vehicle control (0.25% v/v DMSO) for 30 min prior to stimulation

with ssRNA40 (1 mg/mL with 10 mg/mL DOTAP), R848 (3 mM) or TL8-506 (40 nM) for 20 h at 37�C and 5%CO2. Cytokines were quan-

tified from supernatants using cytokine specific HTRF kits (Cisbio) and cell viability was not impaired across the tested dose range of

MHV370 as assessed by CellTiter-Glo.

Human B cell assay
Human B cells were enriched from PBMCs using the EasySep human B cell enrichment kit (Stemcell Technologies). B cells were

incubated with increasing concentrations of MHV370 or vehicle control (0.25% v/v DMSO) in assay medium (RPMI1640, 10% ultra-

low IgG FCS, 1% Penicillin/Streptomycin, 1% Insulin-Transferrin-Selenium) for 1 h at 37�C and 5% CO2. For stimulation, cells were

incubated with R848 (0.5 mM) in assay medium or in medium alone. After 48 h at 37�C and 5% CO2, IL-6 was quantified from super-

natants using the human IL-6 DuoSet ELISA (R&D systems). After 72 h, IgM was quantified in the supernatants by custom ELISA as

follows: Plates were coated with 2.6 mg/mL goat anti-human IgM (Jackson Immunoresearch) in PBS, washed with wash buffer (PBS

supplemented with 0.05% v/v Tween 20), blocked with wash buffer containing 1 mM EDTA for 1h, and washed again. B cell super-

natants or human IgM standard (Sigma-Aldrich) were added for 1 h. Plates were washed, 0.8 mg/mL peroxidase-coupled goat anti-

human IgM (Jackson Immunoresearch) were added in wash buffer containing EDTA for 1 h. The assay was developed using a perox-

idase substrate kit (Bio-Rad, Hercules, CA). Absorbance was measured using a SpectraMax 340PC (Molecular Devices).

For human B cell assays in whole blood, diluted and citrate-anticoagulated blood was incubated with increasing concentrations of

MHV370 or vehicle control (0.25% DMSO) for 1 h prior to stimulation with R848 (0.2 mg/mL) for 30 min (pAkt) or overnight (CD69) at

37�Cand 5%CO2. For pAkt staining, cultures were incubatedwith pre-warmed Lyse-Fix buffer for 15min at 37�C, thenwith Phosflow

Perm/Wash buffer (BD) for 15 min at room temperature, then stained with fluorescent anti-CD20 and anti-pAkt. Cells were washed,

resuspended in FACS buffer and analyzed. For CD69 staining, cultures were directly stained with fluorescent anti-CD19 and anti-

CD69. Cells were incubated with pre-warmed Lyse-Fix Buffer (BD) for 15 min at 37�C, washed in FACS buffer (PBS w/o Ca2+/

Mg2+/2% FBS/5 mM EDTA) and analyzed using an LSRII flow cytometer (BD Biosciences). MFI for CD69 or pAkt on B cells was

analyzed using FlowJo (version 8.8.7, TreeStar, Ashland, OR, USA). Background was subtracted and MFI values standardized to

mean MFI of R848 stimulation (100%). To study the effect of MHV370 on B cell receptor-mediated activation, a serial 3-fold dilution

series of MHV370 (starting at 16 mM) was added to heparinized blood for 1.5 h at 37�C, and cells were activated with 50 mg/mL anti-

human IgM for 20 min at 37�C. Blood was incubated with Lyse/Fix then Perm/Wash buffer (BD), then stained with anti-pAkt(Ser437)

and anti-CD20, washed in Perm/Wash, resuspended and analyzed on an LSRII flow cytometer (BD).

Human neutrophil assay
Fresh human blood was collected into Vacutainer LH 170 I.U Plus Blood Collection Tubes (BD Biosciences) and neutrophils were

isolated by Ficoll (Cytiva) gradient centrifugation. Erythrocytes were lysed using ammonium chloride-potassium buffer (155 mM

NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and pellets washed in PBS (containing 0.4% w/v BSA and 1 mM EDTA) and resuspended

in RPMI1640/GlutaMAX/5% FBS. Cells were incubated with increasing concentrations of MHV370 or vehicle control (0.1% v/v

DMSO) for 30 min prior to stimulation with R848 (10 mM), TL8-506 (1 mM) or Phorbol-myristate-acetate (PMA, 50 ng/mL) for

30 min at 37�C and 5% CO2. Cell viability was assessed by CellTiter-Glo. ROS was detected with the addition of 2 mM dihydrorhod-

amine (DHR) for 15 min at 37�C. Fluorescence was measured using an LSR Fortessa flow cytometer (BD Biosciences) and analyzed

using FlowJo (TreeStar). Signals were normalized to vehicle treated samples.

Acute cytokine release in vivo assay
MHV370 in MC/Tween (0.5%methylcellulose/0.5% Tween-80) or vehicle alone was administered p.o. to 129/Sv mice (5 per group).

At 1 h, mice were injected i.v. with 20 mg R0006 or 20 mgCpG1585, each pre-complexed with 140 mg DOTAP in Hanks Balanced Salt

solution (HBSS). At 3 h, blood was withdrawn into EDTA Microvettes (Sarstedt) and plasma TNF and IFNa quantified using a mouse

IFNa Platinum ELISA (Invitrogen) and a DuoSet TNF ELISA (R&D Systems), as single technical replicate per mouse. MHV370 serum

concentrations were quantified by liquid chromatography coupled to mass spectrometry (LC-MS/MS).

Chronic TLR7 activation in vivo assay
129/Sv mice (5 per group) were treated with daily R848 i.p. (2.5 mg/kg) for 14 days. From day 7 onward, one group received oral

doses of 15 mg/kg MHV370 b.i.d., one group vehicle. At day 14, both groups were compared to naive 129/Sv mice. Readouts
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were spleen weight, FACS for activated B cells (B220. CD69) in blood, serum ELISA for CXCL10 (Invitrogen), CCL2 (Biolegend, San

Diego, CA), TNF (R&D Systems), all as single technical replicate per mouse, and transcriptomic profiling of blood via amplicon

sequencing (Ion AmpliSeq Transcriptome Mouse Gene Expression Kit, Thermo Fisher Scientific).

Ex vivo PD assay
Citrate-anticoagulated (1:4 with a 4% citrate solution) blood was diluted 1:1 in RPMI1640, incubated for 24 h with 0.04 mg/mL R848 in

RPMI1640 or RPMI1640 alone at 37�C and 5% CO2. Erythrocytes were lysed, samples stained for 30 min with Aqua viability dye so-

lution (Thermo Fisher Scientific) in PBS at 4�C, then with anti-CD19 and anti-CD69. MFI for CD69 on CD19+ B cells was analyzed as

single technical replicate per mouse using an LSRII flow cytometer (BD Biosciences) and FlowJo. MFI results were expressed as

percentages using the following formula: MFI [(x - unstimulated control)/(stimulated control - unstimulated control)] x 100%.

Mouse TMPD peritonitis
Female Balb/c mice (5 per group) were treated p.o. with the indicated doses of MHV370 in 0.5%MC/0.5% Tween80 or vehicle alone

b.i.d. starting on day�1. On day 0,micewere injected i.p. with 0.5mL Tetramethylpentadecane (TMPD). Naivemicewere included as

controls. At termination, peritoneal cavities were washed with HBSS containing 2% FBS. Cells were pelleted and CCL2 quantified in

supernatants by ELISA (BioLegend, San Diego, CA, USA). To quantify peritoneal inflammatory monocytes, an aliquot was stained

with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) in PBS, then stained with anti-CD11b, anti-Ly6C and

anti-Ly6G. Samples were acquired on an LSR Fortessa and frequencies of CD11b+Ly6ChighLy6G-monocytes analyzed using

FlowJo v.9.1.2 software (TreeStar). CD69 on CD19+ B cells was analyzed as an ex vivo PD marker (see above).

ISG expression in blood and peritoneal lavages

RNAwas extracted from citrate-anticoagulated (1:4) terminal blood or from peritoneal cells using amouse RiboPure blood RNA isola-

tion kit (Ambion, Thermo Fisher Scientific) and RNeasy Micro Kit (Qiagen), respectively. Isolated RNA was reverse transcribed using

Super-Script III First-Strand synthesis Super-Mix (Invitrogen). Quantitative Real Time PCRs (qRT-PCRs) were performed on a ViiA 7

Real-Time PCR System (Applied Biosystems) using 10 ng cDNA, TaqMan Gene Expression Master Mix (Applied Biosystems) and

TaqMan probes (see Table S1). The relative expression of each gene was analyzed in triplicates using the 2�DDCt method, with

fold change = 2-D(DCt), where DCt = Cttarget – CtHPRT control and D(DCt) = DCtsample – DCtcontrol sample and means of tripli-

cates were calculated. The global induction of a panel of ISGs was calculated by averaging 2�DDCt values across all ISG transcripts

for each individual naive mouse, averaging ISG expression levels within the naive group and normalized to 100%. Averages of 2�DDCt

values across all ISG transcripts from all individual mice were standardized to this value. To correlate ISG expression to an ex vivo PD

marker, ISG expression values were plotted against expression of CD69 on B cells following ex vivo stimulation (see above).

Mouse NZB/W F1 model of lupus
Mice were included into the study at 23 weeks of age, i.e. when a majority had detectable proteinuria. Mice were randomized into

groups of 14 mice, with average proteinuria of 0.1–0.5 mg/mL. Body weight was recorded twice weekly, proteinuria was recorded

weekly using a quantitative Protein Assay (Bio-Rad) with BSA as standard.

Compound treatment

MHV370 was administered via food: MHV370, powdered rodent chow (Provimi Kliba, Kaiseraugst, Switzerland) and water were

mixed, and food pellets were dehydrated for 24 h at 37�C. Compound-free control (vehicle) food was prepared in parallel. Groups

of mice received 0.01% and 0.1% MHV370 in food or vehicle food, respectively. Throughout the experiment, mice received fresh

food every twoweeks. Daily food consumption permouse (calculated by dividing food intake by number ofmice per cage) andweight

gain of mice were similar for all groups. Administration of MHV370 via food led to near-constant exposure levels in blood, 55 nM for

0.01% and 1424 nM for 0.1%, variable by feeding cycles. Ex vivo blood stimulation and analysis of B220+CD69+ B cells resulted in an

ex vivo IC50 of 35 nM (Figure S4D). Inmice receiving 0.1%MHV370 in food, blood exposures were always substantially higher, so that

complete TLR7 inhibition is assumed throughout the experiment.

Termination criteria

Individual mice had to be terminated once they reached the pre-specified endpoint of the animal license, i.e. oncemice had lost 20%

of their BWwithin 10 days, or once a proteinuria level ofR10 mg/mL was reached and confirmed 24–48 h later. The study was termi-

nated once 50% of animals of the vehicle group had developed clinically relevant proteinuria (R5 mg/mL).

PK measurements

At the indicated time points, blood was sampled into EDTA-coated tubes (Eppendorf) and terminal blood was collected by cardiac

puncture using MITRA devices (Neoteryx LLC, Torrance, CA, USA). MHV370 concentrations in whole blood were determined by LC-

MS/MS.

Ex vivo PD marker

Anticoagulated whole blood was diluted 1:1 in RPMI1640. For stimulation, 0.07 mg/mL R848 or medium was added at 37�C and 5%

CO2. Blood was analyzed by flow cytometry for the MFI of CD69 on CD19+ B cells as described above.

Antinuclear antibody (ANA) measurements

At the indicated time points, mice were bled and serum isolated using Microtubes Z-gel (Sarstedt). Nunc Maxisorp plates were

coated overnight at 4�C using PBS solutions of: 100 mg/mL salmon sperm DNA (Thermo Fisher Scientific), 10 mg/mL calf thymus
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histone (Sigma Aldrich), 1 U/well ribosomal P (Immunovision, Springdale, AK, USA), 1 U/well Smith antigen (Immunovision) or

20 mg/mL DWEYS peptide (Bachem, Bubendorf, Switzerland). DWEYS peptide coating supported detection of antibodies against

NMDAR.

Plates were washed, blocked, prior to the addition of mouse serum dilutions of 1:100 or 1:300 in PBS/1% BSA for 2 h. Washed

plates were incubated with HRP-conjugated anti-IgG-specific detection antibodies for 2 h (1:100000). Washed plates were incubated

with 100 mL/well of TMB substrate (BDBiosciences) and the reaction stopped by addition of 1NHCl. TheOD (450 nm) of sampleswas

measured using a SpectramaxM5 (Molecular Devices) and data expressedwith background subtracted. Ro60 immunoglobulin titers

were determined in 1:100 serum dilutions using an ELISA kit (Alpha Diagnostic, San Antonio, TX, USA) and reported as U/ml.

Measurement of CXCL13 in serum

At termination, CXCL13 was quantified from sera using the Quantikine ELISA kit (R&D systems, Minneapolis, MN, USA). Measure-

ments were taken as single technical replicate per mouse.

Blood urea nitrogen (BUN) measurement

Blood BUN was measured with a HITACHI M40 Clinical Analyzer (AxonLab, Baden, Switzerland) using S Test Reagent Cartridges

BUN (Hitachi Chemical, Chiyoda, Japan). BUN levels below detection limit (<0.5 mmol/L) were set to 0.5mmol/L for graphical display

(1/13 mice in 0.01% MHV370 group, 1/12 in 0.1% MHV370 group, 3/11 in 0.1% MHV370 advanced disease group)

Histology

Formalin fixed, paraffin embedded sections (FFPE, 3 mm) of kidneys of vehicle and 0.1%MHV370-treated animals were stained using

the periodic acid Schiff (PAS) reaction and examined in a blinded fashion. For immunohistochemistry, sections were deparaffinized in

xylene, rehydrated through graded ethanol and loaded on a Ventana Discovery XT stainer (Roche Diagnostics AG, Rotkreuz,

Switzerland). After heat induced epitope retrieval of the slides with cell conditioning solution (CC1, Roche Diagnostics AG), slides

were incubated with primary antibodies diluted in Ventana Antibody Diluent (Roche Diagnostics AG) and fixed with 0.05% glutaral-

dehyde in 0.9% NaCl. For detection, slides were incubated with dilutions of biotinylated secondary antibodies in Ventana Antibody

Diluent and subsequently developed with streptavidin DABMap Kit (Roche Diagnostics). Primary/secondary antibody pairs and

respective dilutions were as follows: (1) For IgG stains: Goat-anti-mouse IgG (Nordic-MUbio, 1:1000)/donkey-anti-goat IgG-biotin

(Jackson Immunoresearch, 1:500); (2) for CD138 stains: Rat-anti-mouse CD138 (BD Biosciences, 1:400, 1.25 mg/mL)/rabbit-anti-

rat IgG-biotin (Jackson Immunoresearch, 1:200); (3) for B220/CD45R stains: rat-anti-mouse B220/CD45R (Bio-Rad, 1:2000,

0.5 mg/mL)/rabbit-anti-rat IgG-biotin (Jackson Immunoresearch, 1:200); (4) for CD3 stains: rabbit-anti-mouse CD3 (Thermo Fisher

Scientific, 1:40, 5 mg/mL)/goat-anti-rabbit IgG-biotin (Jackson Immunoresearch, 1:1000). Slides were counter-stained with Ventana

hematoxylin II and bluing reagent (Roche Diagnostics AG), washed, dehydrated and mounted. Digital images of sections were re-

corded using Aperio ImageScope version 12.3.2.8013 software (Leica Biosystems, Wetzlar, Germany). Severity of glomerulopathy

(mesangial proliferation and IgG deposition) and inflammation as well as lymphoid cell infiltration (CD45R + B cells and CD138+

plasma cells separately) were defined on a scale of 0–5 (0 – no pathology, 1 – minimal/low, 2 - slight, 3 - moderate, 4 – marked/

high, 5 – severe changes/very high number).

The study in the NZB/W F1 model was repeated at a different site (San Diego). Differences in protocol were: (1) Proteinuria mea-

surement by a dipstick (Uristix, Bayer) rather than on a continuous scale, (2) twice daily dosing of MHV370 instead of continuous food

dosing, (3) inclusion at a proteinuria score of 2, which corresponds to 0.3–1 mg/mL, i.e. higher than above. Body weight and protein-

uria were measured weekly in NZB/W F1mice, beginning at 20 weeks of age. Animals were randomized at a proteinuria score of 2 to

experimental groups of n = 15. (Score 0: no proteinuria, 1: trace, 2: >0.3 mg/mL, 3: >1 mg/mL, 4: >3 mg/mL, 5: >20 mg/mL). Protein-

uria was measured throughout the experiment. Animals were taken out of the experiment once body weight loss reached 20% or an

animal had two consecutive scores of 5, and the experiment was terminated when 50%of animals of any group were taken out of the

experiment. If an animal was removed from an experiment, the last proteinuria score measured was used for the remainder of the

study for data analysis. Animalswere treated p.o. with the indicated doses ofMHV370 b.i.d. inMC/Tween throughout the experiment.

At termination, the left kidney was placed into 10% Neutral buffered formalin (Advantik) for 24 h. Kidneys were washed twice with

water and placed into 70% ethanol/water until paraffin embedding. 5 mm serial sections were cut and stained with either hematox-

ylin/eosin, anti-IgM (Rabbit anti mouse IgM 1:10,000 life technologies) or anti-IgG (Alexa Fluor 488 goat-anti-mouse IgG, 1:100, H&L

Jackson Immuno) on an XTDiscovery (Ventana). Sections weremounted in immu-mount (Thermo-Fisher); IgM-stained sectionswere

Scanned on an HT200 Nanozoomer (Hamamatsu). For quantification of IgM or IgG staining, the ratios of IgM or IgG positively stained

areas to total section area were determined on ten sections per mouse, and the average ratio was recorded.

Stimulation of PBMCs with lupus patient sera
Fresh human PBMCs were incubated with MHV370, HCQ or vehicle (0.1% v/v DMSO) at indicated concentrations in RPMI1640 for

30min at 37�C and 5%CO2. Cells were stimulated with SLE or HV serum pre-complexed with cellular necrotic extract prepared from

U-937 cells as described31 for 20 h at 37�C and 5% CO2. Quantification of IFNa in supernatants was performed by AlphaLisa.

Expression of ISGs from human PBMCs

RNA from stimulated PBMCs were extracted using RNeasy kit (Qiagen). RNA (100 ng) was reverse transcribed using High-Capacity

cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions. Quantita-

tive Real Time PCRs (qRT-PCRs) were performed using 10 ng cDNA, TaqMan Fast Universal PCR Master Mix (Applied Biosystems)

for a panel of human ISGs (see Table S1) and using QuantStudio 12K flex instrument and software (Thermo Fisher Scientific). The
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relative expression change of each gene was performed from biological replicates (see legends) using the 2�DDCt method as

described with Ramos B cells. The global induction of a panel of ISGs was determined by normalizing the relative induction of

each individual ISG to 100%.

Autoantibody titers in lupus patient sera

Detection of autoantibody IgG titers in patient sera was performed using pre-coated plates (ANAcombi: RNP-70, Sm, RNP/Sm, SS-A,

SS-B, Scl-70, Centromer B, Jo-1; Orgentec, Mainz, Germany) or Poly-L-lysine pre-coated maxisorp black plates (Thermo Fisher) for

dsDNA. Patient or HV sera were pre-diluted (1:250 or 1:50 with serial dilutions for dsDNA including reference controls) with reagent

buffer (1% BSA, 0.05% v/v Tween 20 in PBS) in 50 mL and added to plates. After 2 h on an orbital shaker, plates were washed

(PBS/0.05% v/v Tween 20) and biotinylated anti-human IgG (1:5000, 50 mL/well) was added for 2 h. Plates were washed four times

prior to addition of Streptavidin-Eu antibody (1:1000, 50 mL/well, PerkinElmer) for 1 h. After washing, plates were analyzed using an

EnVision Multiplate reader following addition of Enhancement solution (PerkinElmer) for 15 min in the dark. Qualitative titers of each

serum were calculated according to the manufacturer’s protocol (Orgentec) with scoring index: negative <1.0, borderline 1.0–1.2

and positive >1.2. For dsDNA IgG titers, quantification based on scoring: negative <20 IU/mL, borderline 21–100 IU/mL and positive

>100 IU/mL (IgG).

QUANTIFICATION AND STATISTICAL ANALYSIS

Cellular profiling data were analyzed using Excel XL fit 5.0 (Microsoft) with XLfit add-in (IDBS; version 5.2.0) or usingGraphPad Prism.

Specific cytokine concentrations were determined following extrapolation from standard curves of the appropriate reference cyto-

kines supplied with kits. For each agonist, EC90 values were experimentally determined to assess individual IC50 values. IC50 values

were calculated by nonlinear regression after fitting of curves to the experimental data. Statistical analysis was performed using

GraphPad Prism as indicated on Figure legends.

Analysis of amplicon sequencing data
Raw gene counts obtained from blood of mice subjected to chronic TLR7 activation were first filtered to select genes with at least 10

counts per million in at least 4 samples. These were normalized using the weighted trimmed mean of M-values using the edgeR Bio-

conductor package61 and used for a differential expression analysis using limma.62 Mice treated with R848 and MHV370 were

compared to mice treated with R848 plus vehicle and naive mice. Genes with an adjusted p value (false discovery rate) < 0.01

and an absolute fold change >2 were considered differentially expressed. Gene set enrichment analysis was performed using the

fgsea package63 and the Hallmark and C2 Canonical Pathways gene set collections from MSigDB.64 Terms with a false discovery

rate adjusted p value (false discovery rate) < 0.01 were considered significant.

ADDITIONAL RESOURCES

The data presented in this manuscript led to the initiation of a clinical Ph2 trial for MHV370 (clinicaltrials.gov identifier NCT04988087).
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http://clinicaltrials.gov

	Preclinical characterization of the Toll-like receptor 7/8 antagonist MHV370 for lupus therapy
	Introduction
	Results
	MHV370 is a selective and specific TLR7/8 antagonist in humans and mice
	MHV370 inhibits TLR8-dependent activation of neutrophils and TLR7-dependent activation of B cells
	In vivo efficacy of MHV370 after single-dose administration
	Therapeutic administration of MHV370 suppresses chronic TLR7 activation in vivo
	MHV370 suppresses ISGs in a TMPD-induced peritonitis model
	MHV370 protects from lupus-like disease in the NZB/W F1 mouse model
	Inhibition of patient sera immune-complex-mediated IFN-α production and ISGs

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Human subjects
	Animals
	Cell lines
	Human PBMC isolation

	Method details
	Synthesis of MHV370
	HEK cell reporter cell line assays
	Ramos Blue B cell reporter cell line assays
	Human PBMC assays
	Human and murine whole blood assays
	Human pDC assay
	Human monocyte assay
	Human B cell assay
	Human neutrophil assay
	Acute cytokine release in vivo assay
	Chronic TLR7 activation in vivo assay
	Ex vivo PD assay
	Mouse TMPD peritonitis
	ISG expression in blood and peritoneal lavages

	Mouse NZB/W F1 model of lupus
	Compound treatment
	Termination criteria
	PK measurements
	Ex vivo PD marker
	Antinuclear antibody (ANA) measurements
	Measurement of CXCL13 in serum
	Blood urea nitrogen (BUN) measurement
	Histology

	Stimulation of PBMCs with lupus patient sera
	Expression of ISGs from human PBMCs
	Autoantibody titers in lupus patient sera


	Quantification and statistical analysis
	Analysis of amplicon sequencing data

	Additional resources



