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Abstract
Background and Objective MHV370, a dual antagonist of human Toll-like receptors (TLR) 7 and 8, suppresses cytokines 
and interferon-stimulated genes in vitro and in vivo, and  has demonstrated efficacy in murine models of lupus. This first-
in-human study aimed to evaluate the safety, tolerability, pharmacokinetics and pharmacodynamics of single and multiple 
doses of MHV370 in healthy adults, as well as the effects of food consumption on a single dose of MHV370.
Methods This was a phase 1, randomised, placebo-controlled study conducted in three parts. In part A, participants received 
(3:1) a single ascending dose (SAD) of 1, 3, 10, 20, 40, 80, 160, 320, 640 and 1000 mg MHV370 or placebo. In part B, 
participants received (3:1) multiple ascending doses (MAD) of 25, 50, 100, 200 and 400 mg MHV370 twice daily (b.i.d) or 
placebo for 14 days. In part C, participants received an open-label single dose of 200 mg MHV370 under fasted or fed condi-
tions. Safety, pharmacokinetic and pharmacodynamic parameters were evaluated.
Results MHV370 was well tolerated, and no safety signal was observed in the study. No dose-limiting adverse events 
occurred across the dose range evaluated. Plasma concentrations of MHV370 increased with dose (mean [SD] maxi-
mum plasma concentrations ranged from 0.97 [0.48] to 1670 [861.0] ng/mL for SAD of 3–1000 mg, 29.5 [7.98] to 759 
[325.0] ng/mL for MAD of 25–400 mg b.i.d. on day 1). The intake of food did not have a relevant impact on the phar-
macokinetics of MHV370. Pharmacodynamic data indicated time- and dose-dependent inhibition of TLR7-mediated 
CD69 expression on B cells (100% inhibition at 24 h post-dose starting from SAD 160 mg and MAD 50 mg b.i.d.) and 
TLR8-mediated TNF release after ex vivo stimulation (>90% inhibition at 24 h post-dose starting from SAD 320 mg 
and MAD 100 mg b.i.d.).
Conclusion The safety, pharmacokinetic and pharmacodynamic data support the further development of MHV370 in systemic 
autoimmune diseases driven by the overactivation of TLR7 and TLR8.

Key Points 

MHV370, an TLR7/8 antagonist, was well tolerated by 
healthy participants.

No relevant effect of food on the plasma pharmacokinet-
ics of MHV370 was observed.

The pharmacokinetic and pharmacodynamic profile of 
MHV370 favours a 100 mg b.i.d. dosing regimen.
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1 Introduction

Toll-like receptors (TLRs) are receptors of the innate immune 
system that recognise conserved pathogen-associated molecu-
lar patterns (PAMPs). Upon ligation, TLRs recruit downstream 
adaptor proteins to initiate transcriptional activity and immune 
responses against pathogens [1].

TLR7 and TLR8 are expressed in different immune cells 
and detect a specific type of PAMP, GU-rich single-stranded 
RNAs (ssRNA) [2], which are present in viruses [3]. As a con-
sequence, activation of TLR7 and TLR8 supports immune pro-
tection against viral infections [4]. TLR7 and TLR8 can also 
recognise endogenous nucleic acids and ribonucleoproteins 
(RNPs) when released extracellularly, e.g. as autoantigens of 
systemic autoimmune diseases, such as Ro60 and RNP/Sm 
[5, 6], and their hyperactivation can result in autoimmunity. 
Overexpression of TLR7 or human TLR8 in mice consist-
ently drives spontaneous lethal autoimmune disease [7, 8], and 
polymorphisms resulting in increased expression of TLR7 are 
associated with an increased risk of developing autoimmune 
diseases [9]. An important piece of evidence for TLR7 as a dis-
ease driver is highlighted by gain-of-function (GOF) mutations 
observed in patients with autoimmune disease [10].

In preclinical studies, MHV370, a dual antagonist of human 
TLR7 and TLR8, suppressed inflammatory cytokines (e.g. 
TNF, IL-6) and interferon (IFN)-stimulated genes (ISGs) 
in vitro and in vivo and showed efficacy in murine models of 
lupus. MHV370 also suppressed cytokines and ISGs induced 
by immune complexes from lupus patient sera and necrotic cell 
extracts [11]. In contrast to immunosuppressive standard of care 
medications, MHV370 has the potential to become an orally 
available, targeted immunomodulatory therapy in patients with 
autoimmune diseases with limited treatment options.

The primary goal for MHV370 clinical development is 
to target immune-mediated diseases such as systemic lupus 
erythematosus (SLE), in which overactivation of TLR7/8 is 
expected to play a role in immune activation and pathology. 
These indications have heterogeneous clinical manifestations 
with high unmet medical needs.

With this phase 1 first-in-human (FIH) study, we had the 
objective to assess the safety, pharmacokinetics, and phar-
macodynamics of single and multiple doses of MHV370 
and to explore the effect of food on a single administration of 
MHV370 in healthy participants.

2  Materials and Methods

2.1  Study Design

This was a phase 1, first-in-human (FIH), randomised, 
placebo-controlled, investigator- and participant-blinded 
study. Healthy participants were randomised to receive 

single or multiple ascending doses of oral MHV370 or 
placebo. The study consisted of three parts.

Part A was the single-ascending dose (SAD) arm of 
the study (Fig. 1A). Participants were randomised (3:1) 
to receive a single oral dose of MHV370 or matching pla-
cebo in ten consecutive cohorts of eight participants each, 
named cohorts A1 to A10 (1, 3, 10, 20, 40, 80, 160, 320, 
640 and 1000 mg). The starting dose of 1 mg was chosen 
based on the calculation of the maximum recommended 
starting dose (MRSD). Each cohort consisted of a screen-
ing visit, a baseline visit, a treatment visit and follow-
up visits during specified time periods (Fig. 1B). As is 
standard practice for drugs in early development with no 
food-effect data, participants fasted overnight for at least 
9 h prior to the administration of MHV370 and continued 
to fast for at least 4 h post-dose. No fluid consumption was 
permitted for 2 h before and after dosing. Every cohort 
consisted of six MHV370-treated and two placebo-treated 
participants. A sentinel dosing scheme was adopted for 
each SAD cohort to mitigate the potential risk to partici-
pants: two sentinel participants, one receiving MHV370 
and the other a placebo, were treated on the first dosing 
day. The remaining six participants were dosed a mini-
mum of 48 h later. Participants were required to stay at the 
study site from day − 1 until day 3, corresponding to the 
MHV370 washout time. The next SAD cohort was initi-
ated following a supportive review of all clinical safety 
and pharmacokinetic data until study day 6 by the sponsor 
clinical team and the investigator.

Part B was the multiple-ascending dose (MAD) part of 
the study (Fig. 1A). It was started after the completion of 
cohort A8 of the SAD. Participants were randomised (3:1) 
to receive multiple oral doses of MHV370 or matching 
placebo in five cohorts of eight participants each, named 
cohorts B1 to B5 (25, 50, 100, 200, and 400 mg twice 
daily [b.i.d.]). Every cohort consisted of a screening visit, 
a baseline evaluation, a 14-day in-house treatment period, 
and ambulatory follow-up visits (Fig. 1B). Participants 
received two daily doses of the study medication for 13 
days and a single dose on day 14. The morning dose was 
administered after an overnight fast of at least 9 h, and 
participants continued to fast for at least 4 h after dosing. 
For the evening doses, participants fasted for at least 2 h 
before and after compound administration. The first two 
sentinel participants of each cohort were dosed on day 1 
(one received MHV370, one received placebo), and the 
remaining six participants were dosed a minimum of 4 
days later. The subsequent MAD cohort was initiated fol-
lowing a safety review of all the clinical and pharmacoki-
netic data until at least study day 19 by the sponsor clinical 
team and the investigator.

Part C was the food effect part of the study, with a 
single-dose administration of MHV370 in an open-label, 
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randomised, crossover design (Fig. 1A). The cohort con-
sisted of a screening period, an in-house period, and a 
safety follow-up period (Fig. 1B). A single dose of 200 mg 
MHV370 was given under fasted or fed (i.e., 5 min after a 
high-fat breakfast) conditions, and participants crossed over 
between both phases after a minimum of 72 h for MHV370 
washout. In each treatment period, participants were domi-
ciled at the study site from approximately 24 h prior to dos-
ing until 24 h after dosing. The 200 mg dose in the food 
effect study was selected, as this dose level (given as b.i.d.) 
had demonstrated full efficacy in terms of CD69 expression 
and TNF release after ex vivo stimulation in the multiple 
ascending dose (MAD) arm of the study.

The study was conducted at a single clinical site (Charité 
Research Organization, Berlin, Germany) in accordance 
with the ethical principles of the Declaration of Helsinki, 
Good Clinical Practice standards, and applicable regulatory 
requirements. All participants provided written informed 
consent before the study initiation, and the study protocol 
was reviewed by the independent ethics committee (Landes-
amt für Gesundheit und Soziales (LAGeSo); Geschäftsstelle 
der Ethik-Kommission des Landes, Berlin). The study was 
registered on EudraCT (EudraCT number: 2017-004559-21).

2.2  Study Objectives

The primary study objective was to assess the safety and 
tolerability of single and multiple oral doses of MHV370 in 
healthy volunteers. Secondary objectives included the analy-
sis of the plasma pharmacokinetics of MHV370, particu-
larly under fed and fasted conditions. Exploratory objectives 
included pharmacodynamic effects.

2.3  Study Participants

Inclusion and exclusion criteria were in line with the stand-
ard criteria for a healthy volunteer study. Men and women 
aged 18 to 55 years with a body weight of ≥ 55 kg and a 
body mass index of 18–30 kg/m2 who were assessed to be 
healthy based on their medical history, physical examina-
tion, vital signs, electrocardiogram, and laboratory tests at 
screening were eligible. Women of childbearing potential, 
pregnant or nursing women were not eligible. Participants 
were excluded if they had clinically significant disease or 
any clinically relevant laboratory abnormalities at screening 
or baseline.

Fig. 1  Dose escalation scheme 
(A) and study design (B). b.i.d. 
twice daily
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2.4  Safety and Tolerability Assessments

Safety and tolerability were assessed throughout the study. 
Safety assessments for the decision on dose escalation were 
based on physical examination, clinical laboratory testing, 
vital signs, 12-lead ECG, online telemetry until 4 h post-
dose and 24-h Holter ECG at day − 1 and day 1 (part A) 
and day − 1, day 1, day 2 and day 14 (part B). The incidence 
rates of adverse events (AEs) and serious adverse events 
(SAE) were also assessed. To evaluate a potential impact 
of MHV370 on suicidal ideation or behaviour, all partici-
pants were interrogated using the Columbia-Suicide Sever-
ity Rating Scale (CSSRS) on day − 1, day 1 (part A) and 
up to day 19 in part B. The severity of AEs was graded by 
the investigators based on the Common Toxicity Criteria 
AE grade (CTCAE version 4.03). To investigate a potential 
effect of MHV370 on the measured glomerular filtration rate 
(mGFR), 5 mL of iohexol solution (300 mg/mL iodine) was 
intravenously administered to participants in cohort B5 and 
flushed with 10 mL of normal saline solution [12, 13]. Blood 
samples were taken at 3 h, 4 h and 5 h after injection as per 
the standard process for mGFR measurement [14, 15].

2.5  Pharmacokinetic Assessments for MHV370

Concentrations of MHV370 were determined in plasma 
(in parts A and B), or in plasma and urine (in part C) by 
a validated liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) method. The lower limit of quantification 
(LLOQ) was 1 ng/mL. All pharmacokinetic parameters were 
determined using the actual recorded sampling times and 
non-compartmental method(s) under both fasting (parts A 
and B) and fasting vs fed conditions (part C) with Phoenix 
WinNonlin (version 6.4).

The analyses were performed by Eurofins ADME Bio-
analyses (Vergèze, France; method 18-007) in accordance 
with the European Medicines Agency (EMA) reflection 
paper for laboratories that perform the analysis or evalu-
ation of clinical trial samples, the United States Food and 
Drug Administration and EMA guidelines on bioanalytical 
method validation, and the requirements of Good Labora-
tory Practices [16–19]. The acceptance criteria for intra- and 
inter-day accuracy and precision were a mean bias at each 
concentration above the LLOQ of ± 15%, a mean precision 
at each concentration above the LLOQ of ≤ 15%, a mean 
bias at the LLOQ of ± 20%, and a mean precision at the 
LLOQ of ≤ 20%.

The pharmacokinetic parameters assessed in all parts of 
the study included the following: maximum plasma concen-
tration (Cmax), time to Cmax (Tmax), area under the plasma 
concentration–time curve (AUC) from time zero (dos-
ing time) to the time of the last quantifiable concentration 
(AUC last), AUC from time zero to infinity (AUC inf), terminal 

half-life (T1/2), apparent volume of distribution during the 
terminal elimination phase following extravascular adminis-
tration (Vz/F), and apparent systemic clearance from plasma 
following extravascular administration (CL/F).

In part A, serial blood samples for pharmacokinetic 
assessments were collected 2 h pre-dose and 0.25, 0.5, 0.75, 
1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, 12, 24, 36 and 48 h post-dose.

In part B, blood samples were collected 2 h pre-dose and 
0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8 and 12 h (as a pre-
evening dose) after the morning dose on day 1, pre-morning 
and pre-evening doses on day 2, pre-morning doses on days 
3–13, and 2 h pre-dose and 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 
4, 6, 8, 12, 24, 48, 72 and 120 h post-dose on day 14.

In part B, the following additional parameters were deter-
mined: Cmax following drug administration at steady state 
(Cmax,ss), Tmax at steady state (Tmax,ss), AUC during a dosing 
interval at steady state (AUC tau,ss), minimum plasma con-
centration observed during a dosing interval at steady state 
(Cmin,ss), AUC from time zero to the end of the dosing inter-
val tau (AUC tau), average steady-state plasma concentration 
during multiple dosing (Cav,ss), percent fluctuation (Fluc), 
apparent volume of distribution at steady state during the 
terminal elimination phase following extravascular adminis-
tration (Vz,ss/F), apparent systemic clearance from plasma at 
steady state following extravascular administration  (CLss/F), 
T1/2 after the last dose (day 14), and the accumulation ratio 
(Racc).

In part C, blood samples were collected 2 h pre-dose and 
0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24, 36 and 48 
h post-dose in treatment periods 1 and 2, and at 72 h post-
dose in treatment period 2. In part C, urine samples were 
also collected 2 h pre-dose and 3, 8, 24 and 48 h post-dose 
in treatment periods 1 and 2, and at 72 h post-dose in treat-
ment period 2.

In addition to the plasma exposure and pharmacokinetic 
parameters, the amount of MHV370 excreted into the urine 
from time zero to 24 h  (Ae0–24h) was determined by mul-
tiplying measured urine concentrations by measured urine 
volumes excreted, and renal clearance (CLr) was calculated 
by dividing  Ae0–24h by the plasma AUC 0–24h.

In all parts of the study, a 3 mL blood sample was col-
lected in K2-EDTA tubes at each timepoint. All samples 
were then stored on dry ice at approximately − 70 °C until 
the time of analysis.

2.6  Pharmacodynamic Assessments

In part A, blood for pharmacodynamic marker assessment 
was collected at screening, 2 h pre-dose, and 1, 3, 8, 24, 
48 and 120 h post-dose. In part B, blood was collected at 
screening, 2 h pre-dose, and 1, 3 and 8 h post-dose on day 
1, pre-dose on day 2, post-evening dose on days 3, 4, 7 
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and 11, and 2 h before the morning dose and 1, 3, and 8 h 
post-dose on day 14.

Since TLR7 and TLR8 are not endogenously activated 
in healthy volunteers, pharmacodynamic biomarkers for 
MHV370 were measured following ex vivo stimulation 
of the TLR7/8 pathway. Whole blood samples from all 
participants in parts A and B were collected at the indi-
cated time points and stimulated ex vivo with the TLR7/8 
agonist R848. Expression of CD69 on B cells was used 
as a pharmacodynamic marker for TLR7, since B cells 
express TLR7 but not TLR8. Secretion of TNF was used 
as a pharmacodynamic marker for TLR8, since the most 
prominent TNF-secreting cells in blood are monocytes, 
which express TLR8 but not TLR7 [8, 11].

For the pharmacodynamic assay on TLR7, samples 
were analysed in duplicate. Heparinised whole blood was 
collected into S-Monovette tubes (Sarstedt). Whole blood 
(190 mL) was activated in 96 deep-well plates with 2 mg/
mL R848 (Enzo) for 24 h in an incubator at 37 °C and 5% 
 CO2. After stimulation, erythrocytes were fixed/lysed in 
900 mL lysis buffer (BD FACS lysing solution) per well, 
mixed, and an additional 900 mL lysis buffer was added 
per well for 20 min at RT. Plates were frozen overnight 
at − 75 °C. After thawing, plates were briefly centrifuged 
(460g, 5 min) and the supernatants removed. Plates were 
washed in cell staining buffer (500 mL, Biolegend), and 
50 mL blocking buffer (Human Trustain FcX 10× [Bio-
legend] diluted in cell staining buffer) was added to each 
well for 10 min. Cells were stained with the addition of 50 
mL of CD69 staining cocktail, i.e. 1.5 mg/mL each of anti-
human CD3, CD19, CD45 and CD69 antibodies (Clones 
sk7, HIB19, 2D1 and FN50 from Biolegend) in cell stain-
ing buffer. Plates were incubated for 30 min at RT in the 
dark and washed with cell staining buffer. Samples were 
fixed in 1% PFA in PBS, acquired on a FACS Canto II, 
and analysed using FACS DIVA software (version 8.0.2). 
Molecules of Equivalent Soluble Fluorochrome (MESF) 
data for CD69-positive CD19 cells were recorded.

For the pharmacodynamic assay on TLR8, whole blood 
was collected in Na-heparin S-Monovette tubes (Sarstedt). 
Immediately after collection, tubes were inverted at least 
eight times. Samples were diluted 9:1 into X-vivo medium 
(Lonza) and stimulated in duplicate with R848 at 1.5 mg/
mL in 96-well plates and incubated for 22 ± 2 h at 37 °C 
and 5%  CO2. Plates were placed on ice for 10 min and 
centrifuged (1000g, 10 min at 4 °C). Supernatants (50–100 
mL) were transferred to Micronic U tubes and frozen at 
− 80 °C for at least 24 h prior to analysis. TNF was quan-
tified using the MSD V-PLEX human TNF-ECLIA Kit 
(Meso Scale Discovery) according to the manufacturer’s 
protocol [20]. The LLOQ of TNF was 10.8 pg/mL.

2.7  Statistical Analysis

All the background and demographic variables and safety 
assessments were summarised using descriptive statistics. 
The safety analysis set included all the participants who 
received any study medication. For pharmacokinetics, 
the dose proportionality of single doses of MHV370 was 
assessed using data from part A. A power model was fit-
ted for each of the pharmacokinetic parameters, including 
Cmax and AUC last (i.e. ln[PK] = m + β × ln[Dose] + e).

The accumulation of MHV370 was assessed using data 
from part B. The AUC 0–12h from day 1 was compared to 
AUC tau,ss on day 14 using a linear fixed effect model. In 
part C, the food effect evaluation was performed using 
a linear fixed effect model containing fixed effects for 
sequence, treatment (fed and fasted), period, and partici-
pants within the sequence for log-transformed Cmax and 
AUC last.

The relationship between the doses of MHV370 and the 
pharmacokinetic parameters was determined from the esti-
mate of the slope and the corresponding 90% confidence 
interval. The pharmacokinetic analysis set included all par-
ticipants with at least one available and valid pharmacoki-
netic concentration measurement who received any study 
medication with no protocol deviations that impacted phar-
macokinetic data. The percentage inhibition of TNF secre-
tion and B-cell activation (compared to the baseline) are 
presented. The pharmacodynamic analysis set included all 
participants with available pharmacodynamic data and no 
protocol deviations with a relevant impact on pharmacody-
namic data. The placebo participants in parts A and B were 
pooled together into one placebo group within each part.

3  Results

3.1  Participant Disposition

The study was conducted between June 25, 2018 and 
March 29, 2021. In total, 80 participants in part A (60 in the 
MHV370 and 20 in the placebo groups), 44 in part B (33 in 
the MHV370 and 11 in the placebo groups), and 12 in part C 
(6 each in the fed/fasted and fasted/fed groups) were enrolled 
and assigned to a study treatment. All participants in parts A 
and C completed the study; in part B, 39 of 44 (88.6%) com-
pleted the study and 5 discontinued due to the physician’s 
decision (n = 2), AE (n = 1), the sponsor’s decision (n = 1) 
and the participant’s decision (n = 1). All participants who 
enrolled in parts A, B and C were males, the mean age varied 
between 31 years and 41 years, and the mean BMI varied 
between 22 and 27 kg/m2 across the cohorts (Tables 1, 2). 
No relevant medical history was reported.
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3.2  Safety and Tolerability

In parts A, B and C, 17 of 80 (21.3%), 20 of 44 (45.5%) and 
4 of 12 (33.3%) participants experienced at least one AE. 
The most common AEs were nasopharyngitis, dry skin and 
headache of grade 1 severity (Table 3).

No deaths were reported in the study. No SAEs occurred 
in parts A and C of the study. In part B, two SAEs were 
reported. Both were considered unrelated to the study medi-
cation by the investigator. One participant who was enrolled 
in the lowest-dose cohort of part B (25 mg b.i.d.) reported 
during a follow-up phone call that he was hospitalised due 
to treatment of ureteric stone that occurred after the end 
of the study visit. A second SAE occurred in a participant 
enrolled in the second highest MAD cohort (200 mg b.i.d.) 
after the administration of the first dose. The participant 
experienced a panic attack during the night-time, which 
was treated accordingly. It was decided to discontinue dos-
ing and to discharge the participant from the study unit in a 
mentally stable condition. During follow-up, the participant 
was hospitalised due to an anxiety disorder. The treating 
psychiatrist reported a pre-existing anxiety disorder that 
was not disclosed by the participant at the screening visit. 
Of note, the standardised assessment of all participants by 
CSSRS did not indicate any impact of MHV370 on suicidal 
ideation or behaviour.

No clinically relevant trends in vital signs, clinical 
chemistry or haematology parameters were observed. One 
sentinel participant in the 400 mg b.i.d. cohort in part B 
presented an elevated serum creatinine level (> 0.3 mg/dL) 
on day 3. Since a creatinine increase of > 0.3 mg/dL was 
a predefined discontinuation criterion, dose administration 
was stopped. The creatinine levels returned to normal on 
day 5. A creatinine increase could be the result of the inhi-
bition of multidrug and toxic compound extrusion (MATE) 
transporters, as shown in pre-clinical testing (Supplemen-
tary Fig. S1). To rule out a potential impact of MHV370 on 
kidney function, creatinine-independent measures of kidney 
function (i.e. serum cystatin C and the glomerular filtration 
rate [mGFR] using iohexol infusion [13]) were introduced 
in the highest dose of the MAD cohort B5 (400 mg b.i.d.). 
The data confirmed that the observed mild serum creatinine 
elevation was not linked to a decrease in kidney function 
(Supplementary Figs. S2 and S3).

3.3  Pharmacokinetics of MHV370

In part A, following single oral administration of MHV370 
at a dose ranging from 1 to 1000 mg, the plasma concentra-
tions of MHV370 increased with dose and achieved peak 
concentrations at a median Tmax ranging from 1.5 to 7 h after 

administration (Fig. 2A and Table 4). Following Cmax, the 
plasma concentration declined in a biphasic manner. The 
mean terminal half-life (T1/2) ranged from 8.75 to 14.6 h. 
The mean total systemic clearance (CL/F) ranged from 61.7 
to 101 L/h. The mean volume of distribution (Vz/F) ranged 
from 867 to 1690 L. The Cmax and AUC last of MHV370 
increased with increasing dose, but not in a dose-propor-
tional manner at lower doses. For the higher doses (20–1000 
mg), both parameters were dose proportional (Supplemen-
tary Fig. S4A and S4B).

In part B, following repeated oral administration of 
MHV370 over a period of 14 days from 25 to 400 mg b.i.d., 
the plasma concentrations of MHV370 increased with dose 
on both day 1 and day 14 and achieved peak concentrations 
at a median Tmax ranging from 1 to 2.5 h on day 1 and from 
1.26 to 2 h on day 14 (Table 5). Following Cmax, the plasma 
concentrations declined in a biphasic manner (Fig. 2B). The 
mean terminal half-life (T1/2) ranged from 10.9 to 13.7 h. 
On day 14, mean plasma clearance (CL/F) at steady state 
ranged from 70.8 to 164 L/h and increased with increasing 
dose. The mean volume of distribution (Vss) at steady state 
on day 14 ranged from 1300 to 2570 L and increased with 
increasing dose. The adjusted geometric means of AUC tau 
day 14 and AUC tau day 1 increased with increasing dose, and 
the ratio of adjusted means, reflecting the rate of accumula-
tion from day 1 to day 14, decreased with increasing dose 
and ranged from 2.53 to 0.804 (Table 5, Supplementary Fig. 
S4C and S4D).

In part C, the food effect was studied in 12 participants 
after the administration of 200 mg MHV370 together with 
a high-fat meal or under fasting conditions. The arithmetic 
mean plasma concentration–time plot per treatment is dis-
played in Fig. 2C. When MHV370 was administered after a 
high-fat breakfast, the median Tmax was delayed (fasted: 1.5 
h and fed: 2.75 h), while T1/2 was comparable in the fasted 
state (11.3 h) and in the fed state (10.6 h). The statistical 
analysis of the effect of food on MHV370 pharmacokinetics 
is presented in Table 6. Although there was an increase in 
AUC last and Cmax in the fed vs fasted conditions, along with 
a delayed Tmax, those effects were not considered therapeuti-
cally significant.

3.4  Pharmacodynamics of MHV370

Time- and dose-dependent inhibition of CD69 expression on 
B cells was observed following ex vivo stimulation of blood of 
MHV370-dosed participants with the TLR7/8 agonist R848. 
This parameter was used as a TLR7-dependent pharmacody-
namic biomarker, since B cells express TLR7 but not TLR8. 
At 24 h post-dose, 100% inhibition was observed at doses of 
MHV370 higher than 160 mg in part A (SAD cohort), and 50 
mg b.i.d. in part B (MAD cohort) (Fig. 3A, B).
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Inhibition of R848-mediated TNF release was used as 
a TLR8-dependent pharmacodynamic biomarker, since the 
main TNF producers in blood and monocytes expressed 
TLR8 but not TLR7. The inhibition of this marker was also 
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time and dose dependent, with > 90% inhibition observed 
at 24 h post-dose with doses of MHV370 higher than 320 
mg in part A (SAD) and 100 mg b.i.d. in part B (MAD) 
(Fig. 3C, D). Together, these results showed that MHV370 
could be dosed in humans such that TLR7 and TLR8 are 
fully inhibited.

4  Discussion

TLRs are important for recognising PAMPs and, as such, 
play an important role in both the innate and adaptive 
immune systems to defend against pathogens. However, 
abnormal activation of them has been shown to play a role in 
the development of systemic autoimmune diseases (sAIDs). 
The most direct evidence implying TLR7 as a disease driver 
is from patients expressing TLR7 gain-of-function (GOF) 
mutations. One mutation in TLR7 (Y264H) has been identi-
fied in a child suffering from an autoimmune disease, and 

transgenic expression of this mutation in mice causes spon-
taneous severe lupus-like disease [4].

Antagonists of TLR7/8 and of downstream signalling 
nodes, e.g. IRAK4, are being evaluated as potential treat-
ments for various autoimmune diseases. TLR7/8 antagonists 
in early stages of clinical development include MHV370, 
enpatoran (M5049), afimetoran (BMS-986256) and E6742 
[15, 21–23]. Preclinical data with the TLR7/8 antagonist 
MHV370 demonstrate that it suppresses the expression of 
ISGs and lupus-like disease in vivo upon therapeutic dosing. 
Moreover, MHV370 blocks cytokine secretion from cells 
following stimulation with immune complexes of lupus 
patient sera and necrotic cell extract [11]. These preclinical 
data supported further investigation of MHV370 in a clini-
cal setting.

This phase 1 study was undertaken to evaluate the safety 
and tolerability as well as the pharmacokinetics and phar-
macodynamics of single and multiple ascending doses of 
MHV370 in healthy participants. The effect of food on the 

Table 5  Plasma pharmacokinetics of MHV370 following multiple doses—part B (pharmacokinetic analysis set)

Data are mean ± SD (CV%) unless otherwise specified
AUC tau area under the plasma concentration–time curve (AUC) from time zero to the end of the dosing interval tau, AUC tau,ss AUC tau at steady 
state, Cmax,ss maximum plasma concentration (Cmax) following drug administration at steady state, CV% coefficient of variation (%), which is SD/
mean × 100, Racc accumulation ratio, Tmax time to reach Cmax
a N = 7
b N = 5
c N = 6

Pharmacokinetic 
parameter (unit)

Profile day MHV370

25 mg b.i.d. (N = 6) 50 mg b.i.d. (N = 6) 100 mg b.i.d. 
(N = 6)

200 mg b.i.d. 
(N = 8)

400 mg b.i.d. (N = 7)

AUC tau (h × ng/mL) Day 1 149 ± 29.7 (20.0) 307 ± 73.8 (24.1) 814 ± 223 (27.5) 1660 ± 410 (24.7)a 3460 ± 963 (27.8)a

AUC tau,ss (h × ng/
mL)

Day 14 393 ± 159 (40.5) 760 ± 239 (31.5) 1280 ± 383 (30.0) 1720 ± 389 (22.5)b 2620 ± 885 (33.7)c

Cmax (ng/mL) Day 1 29.5 ± 7.98 (27.0) 45.1 ± 9.65 (21.4) 134 ± 37.8 (28.3) 304 ± 154 (50.6)a 759 ± 325 (42.8)a

Cmax,ss (ng/mL) Day 14 53.5 ± 23.1 (43.2) 101 ± 26.1 (25.9) 193 ± 42.8 (22.2) 295 ± 40.9 (13.9)b 513 ± 70.0 (13.6)c

Tmax (h), median 
(min–max)

Day 1 1.75 (0.767–2.50) 2.50 (1.50–4.05) 1.50 (0.750–3.00) 1.00 (0.500–4.00)a 1.00 (0.750–2.00)a

Day 14 1.50 (1.00–2.50) 2.00 (1.50–2.98) 1.26 (0.567–4.03) 1.50 (1.00–3.00)b 1.26 (1.00–2.50)c

T1/2 (h) Day 14 13.7 ± 4.18 (30.6) 13.6 ± 3.51 (25.7) 13.5 ± 3.06 (22.7) 11.3 ± 2.99 (26.4)b 10.9 ± 1.66 (15.3)c

Racc Day 14 2.65 ± 0.953 (36.0) 2.56 ± 0.821 (32.1) 1.64 ± 0.572 (34.8) 1.05 ± 0.420 (40.2)b 0.824 ± 0.198 (24.1)c

Table 6  Food effect analysis 
of plasma pharmacokinetic 
parameters (part C)

AUC last AUC from time zero (dosing time) to the time of the last quantifiable concentration, Cmax maxi-
mum plasma concentration

Pharmacokinetic 
parameter (unit)

Dose Fed Fasted

n Adjusted 
geo-mean

n Adjusted 
geo-mean

Geo-mean ratio (90% CI for 
geo-mean 
ratio)

AUC last (h × ng/mL) MHV370 200 mg 12 4000 12 3330 1.20 (1.09, 1.32)
Cmax (ng/mL) MHV370 200 mg 12 470 12 347 1.35 (1.01, 1.82)
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pharmacokinetics was also assessed after a single dose of 
MHV370. In the higher-dose cohorts of the MAD study, an 
increase in serum creatinine, which was still within the nor-
mal range, was observed in a subset of participants. Moreo-
ver, in participants who received a single dose of MHV370, 
serum creatinine increased towards the upper limit of the 
normal range yet normalised during the course of the study. 
No clinical symptoms or abnormalities in urinary analyses 
were apparent. Consequently, the protocol was amended to 
include creatinine-independent measures of kidney function, 
such as cystatin C and GFR measurements. The increase in 
creatinine, likely due to the inhibition of MATE transporters, 
was shown to be not associated with a decrease in glomeru-
lar filtration, as MHV370 did not affect cystatin c levels or 
iohexol clearance.

MHV370 was well tolerated and not associated with 
any unexpected safety concerns across the dose lev-
els tested or with dose-limiting toxicity. TLR7-deficient 
individuals, unlike patients suffering from other primary 

immunodeficiency syndromes, do not suffer from a general 
susceptibility to infections, suggesting that inhibition of 
TLR7/8 signalling might confer inflammation control with-
out broadly compromising host defence against pathogens 
[24]. While there is an association between the TLR7 loss 
of function mutation and severe COVID-19 [25], pharma-
cological inhibition differs substantially from genetic loss 
of function. Notably, a clinical trial for the treatment of 
patients with COVID-19 pneumonia with TLR7/8 inhibition 
(NCT04448756) has shown a numerical improvement in the 
treatment arm, though the primary efficacy objective was not 
met [26]. The data currently available are not considered to 
be a confirmation of either a benefit or risk of MHV370 use 
in COVID-19 disease.

Following oral administration of a single dose of up to 
1000 mg MHV370 in part A and multiple doses of up to 400 
mg MHV370 b.i.d. in part B, the plasma concentrations of 
MHV370 increased with dose. For the higher doses in part 
A (i.e. 20–1000 mg), the exposures were dose proportional, 
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while the exposures were near or below LLOQ for the 
lower doses (i.e. 1–10 mg), so no full time–concentration 
courses were obtained. The biphasic decline of the plasma 
exposures may point to an initial tissue distribution with 
subsequent elimination. In part B, exposures after 14 days 
showed underproportional increases with higher doses. Total 
systemic clearance and volume of distribution at steady 
state on day 14 increased with increasing doses, suggesting 
increased metabolism, thus eventually leading to the under-
proportional exposures. In part C of the study, food intake 
was shown not to have a therapeutically relevant impact on 
the pharmacokinetic parameters of MHV370. Consequently, 
the drug can be administered orally regardless of food intake 
status.

Pharmacodynamic ex vivo analyses indicated time- and 
dose-dependent inhibition of TLR7-mediated CD69 expres-
sion on B cells and TLR8-mediated TNF release. An inhibi-
tion of > 90% of both pathways at trough serum exposure 
was achieved with doses of 100 mg MHV370 b.i.d. or above.

An important limitation of the study is that all data were 
generated in healthy participants; hence, the findings may 
not be generalised to patients with autoimmune disease hav-
ing preactivated TLR7 and TLR8 pathways. In addition, the 
pharmacodynamic data after ex vivo stimulation by R848 
may only be an imperfect approximation of the in vivo 
potency of MHV370 in humans.

Based on the data presented here, a phase 2 proof-of-
concept study of MHV370 has been initiated to test its safety 
and efficacy in patients with Sjögren’s syndrome and mixed 
connective tissue disease (ClinicalTrials.gov Identifier: 
NCT04988087).

5  Conclusions

No safety signal was observed in healthy participants receiv-
ing MHV370 via up to 1000 mg single and up to 400 mg 
b.i.d. administration for 14 days. There is no relevant effect 
of food on the plasma pharmacokinetics of MHV370. The 
observed pharmacokinetic profile and the demonstration 
of the full pharmacodynamic inhibition of both the TLR7 
and TLR8 pathways with a dose of 100 mg b.i.d. provide a 
rationale for conducting further studies to assess MHV370 
as a treatment option for systemic autoimmune diseases.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13318- 023- 00847-3.
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