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ARTICLE

DNL104, a Centrally Penetrant RIPK1 Inhibitor,
Inhibits RIP1 Kinase Phosphorylation in a
Randomized Phase | Ascending Dose Study in
Healthy Volunteers

Hendrika W. Grievink"' , Jules A.A.C. Heubergerl’f , Fen Huangz, Rinkal Chaudharyz,
Willem A.]J. Birkhoff! @, George R. Tonn?, Sofia Mosesova>, Rebecca Erickson?, Matthijs Moerland’,
Patrick C.G. Haddick?, Kimberly Scearce-Levie?, Carole Ho” and Geert Jan Groeneveld"*

Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) regulates inflammation, cytokine release, and
necroptotic cell death and is implicated in pathogenic cellular pathways in amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease (AD), and multiple sclerosis. Inhibition of RIPK1 activity protects against inflammation and

cell death in multiple animal models. DNL104 is a selective, brain-penetrant inhibitor of RIPK1 phosphorylation

in clinical development for AD and ALS. DNL104 was tested in 68 healthy volunteers to investigate safety and
tolerability, pharmacokinetic profile in plasma and cerebrospinal fluid, and pharmacodynamic effects of RIPK1
inhibition in peripheral blood mononuclear cells in a first-in-human, placebo-controlled, double-blind, randomized
single-ascending dose (SAD) and multiple-ascending dose (MAD) study. DNL104 was well-tolerated in the SAD group
and during the dosing period of the MAD group. However, postdose liver toxicity in 37.5% of subjects was observed in
the MAD, and assessed to be drug related. We demonstrate that DNL104 leads to RIP1 kinase inhibition, and this is
not associated with central nervous system (CNS) toxicities, supporting future development of CNS penetrant RIPK1
inhibitors.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

Inhibition of receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) phosphorylation shows protection against
pathology and inflammation 77 vifro and in animal studies in-
duced by diverse challenges, including in central nervous system
(CNS) disease (Alzheimer’s disease and amyotrophic lateral
sclerosis) animal models.

WHAT QUESTION DID THIS STUDY ADDRESS?
The safety, tolerability, pharmacokinetic and pharma-
codynamic effects of CNS-penetrant RIPI kinase inhibitor
DNL104 were tested in randomized placebo controlled single-
ascending dose and multiple-ascending dose (MAD) trials.

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

The results show that DNL104 inhibits RIPK1 phosphoryl-
ation in healthy human volunteers without CNS safety effects,
but there are some concerns about liver toxicity in the MAD
study, where 37.5% of the subjects (six subjects) developed el-
evated liver function tests that were drug-related, of which 50%
(three subjects) were classified as drug-induced liver injury.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?
CNS-penetrant inhibition of RIPK1 phosphorylation is a
promising way of preventing brain inflammation and necrop-
tosis iz vivo.

signaling through the TNF receptor 1. When activated, RIPK1
becomes phosphorylated and physically interacts with a com-

Receptor-interacting serine/threonine-protein kinase 1 (RIPK1)
is an intracellular protein involved in the regulation of inflamma-
tion and cell death. RIPK1 is activated in response to several in-  plex of proteins, including RIPK3 and mixed lineage kinase do-

flammatory stimuli, notably tumor necrosis factor alpha (TNF-&) ~ main-like pseudokinase. The resulting complex triggers multiple
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cellular responses, including cytokine release, microglial activa-
tion, and necroptosis, a regulated form of cell death."? RIPK1’s
carly role in this signaling cascade has led to the hypothesis that
inhibition of RIPK1 signaling could be beneficial in diseases that
are characterized by excess cell death and inflammation. Indeed,
inhibition of RIPK1 activity has been shown to protect against
necroptotic cell death 7z vitro across a range of cell death mod-
els.>”® In animal models of diseases ranging from ulcerative colitis
to multiple sclerosis, inhibition of this pathway protects against
pathology and cell death.*®!5 These nonclinical findings, cou-
pled with observations of increased RIPK1 activity in human dis-
cases, including amyotrophic lateral sclerosis, Alzheimer’s disease,
and multiple sclerosis, suggest that inhibition of RIPK1 could
be beneficial in many different chronic diseases.>1>1%17 RIPK 1
inhibitors are currently being evaluated as therapies for systemic
inflammatory diseases, including inflammatory bowel disease
and psoriasis,18 but there is no evidence that the inhibitors previ-
ously studied in humans penetrate into the central nervous system
(CNS). To evaluate the potential of RIPK1 inhibition as a thera-
peutic for chronic neurodegenerative diseases, it is necessary to in-
vestigate the pharmacokinetics (PKs), pharmacodynamics (PDs),
and safety profile of a molecule that is able to enter the CNS at
effective concentrations.

DNL104 is a selective CNS penetrable inhibitor of RIPK1 activ-
ity developed by Denali Therapeutics (South San Francisco, CA)
as a potential treatment of neurodegenerative disease. Preclinically,
DNL104 inhibition of RIPK1 signaling was demonstrated by its
ability to block downstream effects of acute TNF-a stimulation in
rodents, including increased RIPK1 phosphorylation, cytokine re-
lease, and hypothermia. In human peripheral blood mononuclear
cells (PBMCs) stimulated by TNF-o ex vivo, DNL104 blocked the
resulting phosphorylation of RIPK1 at serine 166 in a concentra-
tion-dependent manner.

This paper reports the outcome of the phase I study of DNL104,
assessing the tolerability, safety, and PK and PD profiles in healthy
volunteers in a single-ascending dose (SAD) study as well as a
multiple-ascending dose (MAD) study. Although postdose alter-
ations in liver function tests assessed to be unrelated to RIPK1
target inhibition were observed that precluded the further devel-
opment of DNL104, concentrations expected to fully inhibit the
kinase in the CNS were achieved in the absence of any reported
CNS-associated toxicities. These data support the continued de-
velopment of this class of inhibitors for neurodegenerative disease.

RESULTS

Demographics

Demographics and baseline characteristics were comparable
among the active and placebo treatment groups with the excep-
tion of an age imbalance in the MAD study (placebo-treated
subjects averaged about 10 years younger than those treated with
DNL104). The median age of subjects receiving single doses was
315 years (range: 18-63 years), and most were men (92%) and
white (77%). The median age of the subjects receiving multiple
doses was 30 years (range: 2048 years). All of these subjects were
men, and the majority was white (80%). The demographics per
treatment group are summarized in Table 1.
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Table 1 Age, race, and sex of included subjects in the SAD and MAD studies

SAD 100 mg

SAD
placebo

SAD 15 mg SAD 50 mg (+75 mg fed) SAD 150 mg SAD 225 mg MAD placebo MAD 50 mg MAD 100 mg

SAD 5 mg

12
27
(23, 50.75)

30.5
(21.75,

30

(27.5, 35.5)

24
(20.50, 26.75)

30.5
(25.75, 42.75)

30 475 41.5
(24,51)  (21.5, 58.75)

(21.75, 57.75)

32
(24.75, 44.5)

39
(20.5, 59.25)

Age (median, Q1, Q3)

43.75)

75
100

75

100
100

83.3 66.6 83.3 66.6 66.6

100
83.3

75
MAD, multiple-ascending dose; SAD, single-ascending dose.

100

Race (% white)
Sex (% male)

100

100

83.3

83.3

83.3

100
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Table 2 Geometric mean, geometric %CV (arithmetic mean * SD) DNL104 plasma pharmacokinetic parameters following a

single dose to healthy subjects

Dose (mg) 5 15 50 75 100 150 225

Feeding status Fasted Fasted Fasted Fed Fasted Fasted Fasted

N 6 6 6 6 6 6 6

Cpnax (NMol/L) 61.4, 18.8% 169, 53.1% 395, 86.4% 542, 49.9% 1,530, 56.6% 1,990, 36.1% 3,630, 34.5%
(62.4 £13.2) (186 = 79.8) (474 + 250) (594 + 277) (1,730 = 1,000) (2,090 = 714) (3,810 £ 1,300)

Tmaxa (hour) 1.29 1.50 2.00 4.00 1.50 1.75 (1.00-2.00) 1.50 (1.00-4.00)
(0.517-2.00) (1.00-2.00) (1.50-4.00) (2.00-4.00) (1.00-4.00) (1.58 £ 0.492) (1.83£1.13)
(1.27 £ 0.513) (1.5+0.447) (2.25+0.880) (3.67 +£0.816) (1.83+£1.13)

Half-life (hour) 2.60, 22.1% 2.29, 40.5% 2.26, 42.5% 3.49, 27.3% 3.07, 38.5% 2.93, 33.0% 4.13, 15.6%
(2.66 £ 0.632) (2.46+1.22) (246+1.31) (3.60+£0.973) (3.23 £0.980) (3.04 £ 0.808) (4.17 £ 0.644)

AUC,_, 225, 27.1% 641, 63.3% 1,830, 23.7% 4,200, 67.8% 5,710, 64.1% 7,080, 35.7% 20,300, 23.3%

(nmol hour/L) (231 +54.1) (740 £ 465) (1,880 +444) (4,870+2,910) (6,710 +4,710) (7,460 +2,740) (20,700 + 4,470)

CL/F (L/hour) 75.2, 27.1% 79.2,63.3% 92.2,23.7% 60.4, 67.8% 59.2,64.1% 71.7, 35.7% 37.5, 23.3%
(77.6 £23.2) (90.4 £50.2) (94.3%21.4) (69.8 £40.1) (66.8 £ 31.0) (75.1 £ 23.4) (38.4 £9.34)

Vz/F (L) 282, 19.1% 261, 38.8% 301, 61.0% 304, 51.8% 263, 48.7% 303, 26.0% 223, 15.2%
(287 £ 53.5) (278 £ 115) (351 + 248) (334 £ 157) (285 £ 116) (311 £ 78.3) (226 £ 35.4)

CSF to plasma NA NA NA NA NA 0.197, 8.14% 0.154, 17.5%

ratio (0.197 £ 0.0157) (0.156 + 0.0254)

%CV, percentage of coefficient of variation; AUC, _, ., area under the urinary excretion rate curve from O hour to infinity; CL/F, apparent clearance (clearance, CL,

divided by bioavailability, F); C

max’

peak plasma concentration; CSF, cerebrospinal fluid; NA, not applicable; T

time of maximum plasma concentration; Vz/F,

max’

apparent volume of distribution (volume of distribution based on the terminal phase, Vz, divided by bioavailability, F).

a Tonax f€POrted as median (minimum to maximum) (arithmetic mean + SD).

Safety

Single doses of DNL104 were well-tolerated and no significant
drug-related safety concerns were observed up to the highest
dose of 225 mg. In total, 42 treatment-emergent adverse events
(TEAEs) were reported for 25 subjects (52.1% of total), of which
50% were considered possibly treatment-related. Most TEAEs
were mild. Two moderately intense TEAEs were reported (one
case of myalgia and one of postlumbar puncture headache, both
considered nondrug related) and no severe TEAEs were reported.
No dose-related pattern of adverse events (AEs) was noted. No se-
rious adverse events or discontinuations due to TEAEs occurred
in the SAD study. No significant laboratory abnormalities were
observed. TEAEs that were observed in at least two subjects are
summarized in Table 2.

In the MAD study, 51 TEAEs in total were reported during the
study period. At least one TEAE was reported by all 4 of the sub-
jects in the placebo group and 12 (75%) subjects in the DNL104-
treated groups. The most frequently reported events in combined
active and placebo subjects were headache (eight subjects), dizzi-
ness and somnolence (three subjects each), and nausea, applica-
tion site irritation, back pain, paresthesia, and feeling hot (two
subjects each). There was no pattern of incidence of these events
seen across the treatment groups. One of the TEAEs was of mod-
erate intensity (abnormal liver function test that emerged after the
end of dosing and lasted 35 days in one subject treated with 50 mg
DNL104); the others were classified as mild. However, elevations
in liver function tests were subsequently found for five additional
subjects receiving DNL104 in the MAD study (Figure 1). Three
of the six subjects had mild AST and ALT increases, of which one
occurred during the dosing period (1.5 x upper limit of normal
(ULN) for ALT). These parameters returned to normal by day 50

408

(at the latest) after the first dosing day. However, three subjects had
substantial increases in ALT (15-fold, 2.7-fold, and 3.2-fold ULN,
respectively) and AST (6-fold, 1.1-fold, and 2-fold ULN, respec-
tively), all occurring after the last dose had been administered. One
of these subjects had an increased lactate dehydrogenase (1.2-fold
ULN) with a gamma GT that was within normal limits, but which
had increased threefold from the baseline measurement. Alkaline
phosphatase did increase in two of three subjects, but stayed within
normal limits, with peak levels of 115 U/L, 82 U/L, and 111 U/L,
respectively. The R-ratio (the ratio between ALT and alkaline
phosphatase) was > 5 for 1 subject and > 2 for the other 2 subjects.
An R-ratio of > 5 indicates hepatocellular drug-induced liver injury
(DILI), whereas an R-ratio > 2 indicates a mix of cholestatic and
hepatocellular injury. One subject experienced nausea and malaise.
All three subjects also had elevated eosinophil counts (1.9-fold,
2-fold, and 2-fold of ULN, or 23.5%, 26.8%, and 11.1% of total
leukocytes, respectively) and IgE levels (1.8-fold, 2.2-fold, and 4.9-
fold of ULN, respectively). All values returned to normal within
60 days after the first dose. Bilirubin, coagulation markers, IgG
levels, and virology (hepatitis, Epstein Barr virus, and cytomega-
lovirus), as well as drug toxicity screenings remained normal for all
subjects, and no rash, fever, or facial edema was observed. Although
all subjects recovered without sequelae, a third planned cohort ata
higher dose was canceled due to these observed AEs.

PK data

In the SAD study, the median time of maximum plasma concen-
tration (T __ ) values in fasted subjects varied from 1.29 to 2 hours
for the different doses (see Table 2). Following peak plasma con-

centration (C ), DNL104 plasma concentrations declined in a

max)
monophasic or biphasic manner with a terminal life that ranged
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MAD 50mg

Days after dosing

N W
o O

AST (UIL)
a

Eosinophils
(x 109/L)

"0 20 40 60
Days after dosing

Eosinophils
(x 10°/L)

MAD 100mg

200

ALT (U/L)
a3

- -
(=] a
o o

AST (UIL)
3

Days after dosing

Figure 1 Laboratory abnormalities in the multiple-ascending dose (MAD) cohorts. ALT, AST and eosinophils counts results are shown

for the MAD cohorts receiving 50 mg and 100 mg doses, respectively. The x-axis depicts the days after first dose. The subjects showing
abnormalities were followed until the results were back to normal. The upper limit of the reference range is shown as a dashed line on the
y-axis. Note that the range of the y-axis is not the same for each pair of graphs.

between 1.53 and 5.12 hours. Half-life seemed to be independent
of dose. Over the dose range in the study, the C, of DNL104
increased in a dose proportional manner, whereas area under the
concentration-time curve from zero to infinity (AUC , ) in-
creased in a slight but statistically greater than dose proportional
manner (i.e., based on regression analysis AUC_, increases 2.19-
fold for a 2-fold increase in dose). Administration of DNL104
with food (i.c., high-fat breakfast) did not affect the half-life or
the dose normalized area under the concentration-time curve
from time of administration up to the time of the last quantifiable
concentration (AUC | ) and AUC , s however, T
delayed, and the dose normalized C,., was reduced. This data
suggests that coadministration of DNL104 with food delayed the
absorption rate but not the extent of absorption. PK profiles of the

seemed

different doses and food cohort can be seen in Figure 2.

The renal elimination of DNL104 is a minor route of clearance
with the maximum percentage of the dose excreted unchanged in
the urine being 0.143%. The renal clearance was also small with a
maximum value of 0.0663 L/hour.

Cerebrospinal fluid (CSF) concentrations at 6 hours postdose
were lower than the corresponding plasma concentrations and

ranged from 35.3—137 nmol/L following a 150 mg dose and

) - 5mg
=° = 15mg
£ -+ 50mg
= -~ 75mg fed
S -~ 100mg
h - 150mg
£ o . . = 225mg

0 500 1000 1500

Time (min)

Figure 2 Pharmacokinetics of DNL104. DNL104 concentration

was measured in plasma collected at multiple times after DNL104
administration to create a pharmacokinetic profile of DNL104 in the
single-ascending dose cohort, including a group administered 75 mg
of DNL104 with food.
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Table 3 Geometric mean, geometric %CV (arithmetic mean *
single dose to healthy subjects

SD) DNL104 plasma pharmacokinetic parameters following a

Dose (mg) 5 15 50 752 100? 150 225

Feeding status Fasted Fasted Fasted Fed Fasted Fasted Fasted

N 6 6 6 6 6 6 6

Cpnax (NMol/L) 61.4, 18.8% 169, 53.1% 395, 86.4% 542, 49.9% 1,530, 56.6% 1,990, 36.1% 3,630, 34.5%
(62.4 + 13.2) (186 = 79.8) (474 £ 250) (594 + 277) (1,730 = 1,000) (2,090 £ 714) (3,810 £ 1,300)

Tmaxb (hour) 1.29 1.50 2.00 4.00 1.50 1.75 (1.00-2.00) 1.50 (1.00-4.00)
(0.517-2.00) (1.00-2.00) (1.50-4.00) (2.00-4.00) (1.00-4.00) (1.58 £ 0.492) (1.83+£1.13)
(1.27 £ 0.513) (1.5+0.447) (2.25+0.880) (3.67 £0.816) (1.83+£1.13)

Half-life (hour) 2.60, 22.1% 2.29, 40.5% 2.26, 42.5% 3.49, 27.3% 3.07, 38.5% 2.93, 33.0% 4.13, 15.6%
(2.66 £ 0.632) (2.46+1.22) (2.46+1.31) (3.60£0.973) (3.23£0.980) (3.04 £ 0.808) (4.17 £ 0.644)

AUC,_, ¢ 225, 27.1% 641, 63.3% 1,830, 23.7% 4,200, 67.8% 5,710, 64.1% 7,080, 35.7% 20,300, 23.3%

(nmol hour/L) (231 +£54.1) (740 £ 465) (1,880 + 444) (4,870 +2,910) (6,710 £4,710) (7,460 +2,740) (20,700 £ 4,470)

CL/F (L/hour) 75.2, 27.1% 79.2,63.3% 92.2,23.7% 60.4, 67.8% 59.2, 64.1% 71.7,35.7% 37.5, 23.3%
(77.6 £23.2) (90.4+£50.2) (94.3+21.4) (69.8 £40.1) (66.8 £ 31.0) (75.1 £ 23.4) (38.4 £9.34)

Vz/F (L) 282, 19.1% 261, 38.8% 301, 61.0% 304, 51.8% 263, 48.7% 303, 26.0% 223, 15.2%
(287 + 53.5) (278 £ 115) (351 £ 248) (334 £ 157) (285 + 116) (311 £ 78.3) (226 + 35.4)

CSF to plasma NA NA NA NA NA 0.197, 8.14% 0.154, 17.5%

ratio (0.197 £ 0.0157) (0.156 + 0.0254)

%CV, percentage of coefficient of variation; AUC, _, ., area under the urinary excretion rate curve from O hour to infinity; CL/F, apparent clearance (clearance, CL,

divided by bioavailability, F); C

max’

peak plasma concentration; CSF, cerebrospinal fluid; NA, not applicable; T

time of maximum plasma concentration; Vz/F,

max’

apparent volume of distribution (volume of distribution based on the terminal phase, Vz, divided by bioavailability, F).

@ The food effect cohort was performed in a crossover design, and the same su
the fed state.
b Tinax f€POrted as median (minimum to maximum; arithmetic mean + SD).

136-282 nmol/L following a 225 mg dose. The corresponding
CSF:plasma concentration ratios ranged from 0.173-0.215 and
0.116-0.183 following the 150 and 225 mg doses, respectively.
The CSF to plasma ratios were similar to the unbound fraction of
DNL104 in human plasma (0.117 + 0.011 determined at concen-
trations between 0.2 and 65 pg/mL; data on file). All PK results of
the SAD are summarized in Table 3.

In the MAD study, T ranged to a similar extent, from
1.-3.13 hours. Due to the short dosing interval in the MAD study
(6 hours between the morning and afternoon dose), the half-life

and derived parameters, such as AUC_, . total apparent clear-

0—ini
ance, and accumulation index could not be accurately estimated.
The time taken to reach PK steady-state assessed using the trough
plasma concentrations (Ctmugh) suggest that it was achieved by the

Table 4 Geometric mean, geometric %CV (arithmetic mean *

bjects were dosed with 100 mg DNL104 in the fasted state and 75 mg DNL104 in

end of the first day. C__, last measurable concentration (C,_), and
AUC, ... of DNL104 following the first doses on both day 1 and
day 10 increased in a dose proportional manner from 50 to 100 mg.
The CSF concentration data for DNL104 at ~ 6 hours following
the first oral dose of 100 mg on day 10 were lower than the corre-
sponding plasma concentrations and ranged from 30.1-156 nmo-
I/L. The corresponding CSF:plasma concentration ratios range from
0.129-0.235, similar to the unbound fraction of DNL104 in human
plasma. All PK results of the MAD study are summarized in Table 4.

PD data

Reduction of pS166 RIPKI levels in PBMCs was used to mea-
sure reduction in RIPK1 activity. To establish the measurement
of RIPK1 pS166 as a PD assay iz vitro, a concentration range of

SD) DNL104 plasma pharmacokinetic parameters following

the first oral dose on days 1 and 10 (doses 1 and 28) following dosing 3 times a day for 10 days to healthy subjects

Dose (mg) 50 100 50 100
Dose number 1 1 28 28
C ax (NmMol/L) N=8 N=8 N=8 N=8

550, 50.1% 1,220, 58.5% 547, 40.6% 1,360, 57.9%

(606 + 285) (1,380 + 741) (585 + 233) (1,540 £ 777)
Tmaxa(hour) N=8 N=8 N=8 N=8
3.00 3.00 1.54 3.00

(1.00-3.13) (1.00-3.07) (1.50-3.00) (1.02-3.03)
(2.33 £ 0.976) (2.57 £ 0.826) (2.07 £ 0.768) (2.57 £ 0.819)
CSF to plasma ratio NA NA NA 0.173, 21.4%

(0.477 + 0.0375)

%CV, percentage of coefficient of variation; C__ ,
a Tmax Feported as median (minimum to maximum) (arithmetic mean + SD).

410

peak plasma concentration; NA, not applicable; T,

max time of maximum plasma concentration.
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(a) (b) No stimulation Stimulation
1500 Subject —— placeba
—— 201 T 100 100 - 5mg
3 —e- 202 6% - 15mg
& 1000 e 382 -:-, z %0 —— 50 mg
L - e =
v ) —e-- 207 245 o e 0 --e-- 100 mg
o ' - 208 S ‘ —————— - p -<- 150 mg
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Figure 3 Pharmacodynamics of DNL104. Peripheral blood mononuclear cells are incubated with a dose range of DNL104 (n = 6) to determine
the half-maximal inhibitory concentration (IC5;) of DNL104 ex vivo (a). Receptor-interacting serine/threonine-protein kinase 1 (RIPK1)
phosphorylation is measured by Meso Scale Discovery (arbitrary units) in the single-ascending dose (SAD) and multiple-ascending dose (MAD)
cohorts (b). The change from baseline RIPK1 phosphorylation without (left) or with (right) pan-caspase inhibitor zVAD-FMK stimulation is shown
for the different doses in the SAD cohort (upper panels) and MAD cohort (lower panels). Total DNL104 plasma concentrations from the SAD
cohort are plotted on the x-axis with relative pRIPK1 inhibition at the same time points on the y-axis to determine the IC in vivo (c).

DNL104 was spiked into PBMCs taken from healthy donors. A
cockeail of TNF-a, the second mitochondria-derived activator of
caspase mimetic SM-164, and the pan-caspase inhibitor zZVAD-
FMK (TSZ) was used to stimulate the cells to increase pRIPKI.
The geometric mean half-maximal inhibitory concentration
(IC,,) calculated from three biological replicates is 3.2 nM (data
not shown, value not adjusted for fetal bovine serum binding). The
potency of DNL104 was further validated by spiking DNL104
into PBMCs obtained before dosing from SAD cohort two sub-
jects in the DNL104 clinical study. As shown in Figure 3a, the
geometric mean IC calculated from 6 donors was 16.8 nM.
After correcting for the 88% plasma binding of DNL104, the
mean unbound IC is 1.97 nM, which is in good accordance with
the previously calculated unbound iz vitro PBMC IC,, (2.4 nM,
adjusted for fetal bovine serum binding 24%).

To measure PD response in the clinic, the same pS166 RIPK1
assay was used to measure the levels of RIPKI activity at spe-
cific postdose time points in PBMCs isolated from volunteers
in both the SAD and MAD studies. An aliquot of PBMCs was
stimulated with TSZ to increase pRIPK1 levels, but pRIPK1
was also measured in unstimulated PBMCs in order to better re-
flect the 7z vivo physiology. In the absence of DNL104, absolute
RIPK1 phosphorylation varied both between individuals and
within individuals over time. To assess the effects of inhibition,
the levels of RIPK1 phosphorylation at each time point were

normalized to each individual’s predose pRIPK1 level. In the
SAD study, a single dose of DNL104 dose-dependently inhib-
ited RIPK1 phosphorylation in both nonstimulated and TSZ-
stimulated PBMCs (Figure 3b). At the highest dose (225 mg),
an inhibition of up to 80% was observed at 2—6 hours after dos-
ing, whereas after 24 hours an inhibition of 50% was observed.
In the MAD study, thrice daily DNL104 doses of 50 mg or
100 mg resulted in 50% to > 90% inhibition and 70% to > 90%,
respectively, at steady-state (Figure 3b).

The inhibition of RIPK1 phosphorylation in PBMCs is strongly
related to DNL104 plasma concentration (Figure 3¢, based on
stimulated/unstimulated pRIPK1 levels). The calculated IC,j was
39.71 £ 1.15 nM SE without correction for plasma binding, which
is in good accordance with the iz vitro PBMC IC, value.

DISCUSSION

The main goal of the first-in-human study of DNL104 was
to assess safety and tolerability. Although DNL104 was well
tolerated in the SAD part of the study and during the dosing
period of the MAD study, liver toxicity was observed in six sub-
jects treated with DNL104 (37.5%), of which three classified as
DILL" One subject showed an increase in ALT (1.5 x ULN)
during the 10-day dosing period, which returned to normal at
the end of the dosing period, and five other subjects showed
an increase in liver function markers only after the end of the
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dosing period. Of these five subjects, three subjects (18.8% of
those treated with multiple doses of DNL104) showed an in-
crease in ALT and AST well above the normal upper limits
and also had cosinophilia and elevated IgE levels, indicative of
DILI. The calculated R-ratio was also > 2 for all subjects. To
rule out other causes, the Roussel Uclaf Causality Assessment
Method and Maria and Victorino causality assessments were
pcrformed.zo’21 No indication of alcoholism, viral hepatitis, or
autoimmunity were found. It is unlikely that the observed liver
toxicity is a consequence of RIPK1 inhibition because there
were no AE reports indicating liver toxicity in 60 subjects dosed
with GSK2982772, a selective RIPK1 inhibitor,' and there are
no reported liver abnormalities in RIPK1 dead mice. 22

Preclinical toxicity studies of DNL104 in rats and dogs iden-
tified hepatobiliary impairment as the predominant finding.
DNLI104 was generally well tolerated up to doses of 100 mg/kg
in rats (C_ = 47 uM; 0-24-hour area under the concentra-
tion-time curve (AUC ,,) = 262 pM hour) and 30 mg/kg in
dogs (C__=35uM; AUC ,, = 62 uM hour), but at doses above
this, adverse histopathological changes were noted in the liver
and/or gall bladder. The histopathological changes in the liver
included single cell necrosis/apoptosis, associated with inflam-
matory mixed cell infiltrates, hepatocellular hypertrophy, and/or
increased cytoplasmic vacuolation of the bile ducts (see Figure S1
and Supplemental Information for methods). At the highest
doses, these findings were consistent with a mild cholestasis and
included minimal-to-mild increases in ALT and total bilirubin in
rats and dogs (~ 1.5-fold to 3-fold baseline and/or control levels)
and gamma glutamyltransferase in rats only (6-fold to 21-fold);
however, there were no changes in eosinophil counts or total glob-
ulins (immunoglobulins were not subtyped). The most sensitive
preclinical species was dog, which provided a fivefold safety mar-
gin (dog AUC,, , , at the no observed adverse effects level divided
by human AUC | ,, at 100 mg t.i.d.), indicating that humans may
be more sensitive to DNL104-induced hepatotoxicity. Together,
these findings along with elevated levels of ALT, AST, eosinophils,
IgE, and the absence of other possible explanations are consistent
with this being a late-onset DILI, most likely caused by an immu-
noallergic reaction to DNL104 or its metabolites. Because biliru-
bin and coagulation markers remained normal, and the R-ratio was
>2andin one case > 5, the DILI observed in these three subjects
can be classified as hepatocellular. Because of these AEs, it was de-
cided to not escalate the dose any further.

Although DILI is a well-known adverse effect of drugs, such
as acet:aminophc:n,25 antibiotics,26 and antiretroviral agents,27
DILI due to hypersensitivity is a rare event that has been de-
scribed in case studies.” However, a recent publication by Jin
et al.” describes a similar pattern in a multiple-dose study of
LY3031207, a microsomal prostaglandin E synthase 1 inhibi-
tor. A comparable clevation in liver enzymes was seen, as well
as eosinophilia and increased IgE levels. In this case, a delayed
onset of DILI (after multiple doses) was observed as well. In the
case of LY3031207, the suggested explanation for toxicity was
the formation of reactive metabolites, which were present in the
plasma and urine.”’ Although a delayed onset of DILI has been
described before, it has been indicated that RIPK1 inhibition

412

may protect against hcpatotoxicity,30_32 potentiaﬂy supporting
an explanation for the delayed onset of DNL104-related find-
ings in the postdosing period.

In terms of PK, DNL104 showed acceptable characteristics.
The terminal half-life was between 1.53 and 5.12 hours in the
SAD study, therefore, the dosing schedule for the MAD study was
set at three doses per day to keep plasma levels above ~ 250 nmo-
I/L, concentrations projected to achieve 90% RIPK1 inhibition
based on the PBMC IC, . Minimal influence of a high-fat diet
was observed. Therefore, dosing was done nonfasted, except on
the 1st and 10th days of dosing to get similar PK patterns to the
SAD study. Although the half-life was shorter than expected, the
PK properties of DNL104 were considered acceptable for further
development.

Reduction of phosphorylation of RIPK1 in PBMCs isolated
from the subjects was used as a measure of target engagement.
Once TNF-a binds the TNF receptor 1, the intracellular do-
main of TNFRI starts the recruitment of the adaptor TNFR-
1-associated death domain protein TRADD, which recruits
RIPKI and two ubiquitin ligases: TRAF2 and clAP1, which me-
diate ubiquitination of RIPK1 resulting in formation of stable
complex I and initiating cell survival pathway, including NF-xB
activation.> When cIAPI and cIAP2 are depleted by the second
mitochondria-derived activator of caspase mimetics (SM-164) and
caspase-8 is inhibited by zVAD-FMK, autophosphorylation of
RIPK1 at serine 166 increases and allows RIPK1 to form complex
IIb with RIPK3 and MLKL to induce necroptosis. The modula-
tion of RIPK1 S166 autophosphorylation is a sensitive and specific
measure of RIPK1 activity in acute settings.

In both the SAD and MAD studies, at DNL104 doses exceed-
ing 15 mg, clear RIPK1 phosphorylation inhibition was observed.
When individual plasma DNL104 concentrations were compared
with RIPK1 inhibition, a strong concentration-response relation-
ship was observed, indicating that pRIPK1 levels in PBMCs are a
useful measure of peripheral target engagement. After correction
for plasma protein binding, the ICSO calculated from the mea-
sured plasma DNL104 concentrations and PBMC pRIPK1 levels
(1.96 nM) agreed well with the calculated iz vitro IC,, of 2.4 nM.
Interestingly, similar inhibition of pRIPK1 in the PBMCs of vol-
unteers dosed with DNL104 was observed in both the absence and
presence of TSZ stimulation (Figure 3b).

Given that DNL104 was in development for treatment of amy-
otrophic lateral sclerosis and Alzheimer’s disease, DNL104 was
selected for its CNS penetrant properties. The concentration of
DNL104 in CSF was 15% of the plasma concentrations. This is
in agreement with the free fraction of DNL104 (11.7%): 88% of
DNL104 is bound by plasma proteins, but CSF has much lower
protein levels. Because the PBMC RIPK1 phosphorylation assay
reflects the effects of unbound DNL104, the DNL104 dose result-
ing in maximal target inhibition in the PBMC-based assay can be
expected to correspond to the CSF unbound concentrations re-
quired to modulate RIPK1 activity in the CNS.

In summary, increasing doses of DNL104 significantly inhib-
ited RIPK1 phosphorylation and demonstrated CNS penetrant
properties, thus supporting the utility of this class of therapeutics
for future therapeutic application in neurodegenerative diseases
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via interference in necroptotic and neuroinflammatory pathways.
The compound was detected at pharmacologically active con-
centrations in CSFE, which is key to the anticipated mechanism
of action of the compound in the CNS. Aside from the liver ab-
normalities observed in the MAD cohort, which are assessed to
be off-target, no meaningful changes were noted in hematology,
serum chemistry, urinalysis test results, vital signs, or electrocar-
diograms (ECGs). Over the dose range studied, the PK properties
of DNL104 are consistent with an orally absorbed CNS penetrant
small molecule. The development of DNL104 was discontinued
due to the occurrence of DILI in the MAD study. However, this
study demonstrated that the concept of RIPK1 inhibition, and the
methodology to monitor this activity in the clinic, holds promise

for future drugs targeting the RIPK1 pathway in the CNS.

METHODS

Study designs

Two phase I studies (one SAD and one MAD) were designed and
conducted in a randomized, double-blind, placebo-controlled, PK/
PD-guided manner in healthy adult male and female volunteers of non-
childbearing potential. Subjects were dosed orally with DNL104 or a pla-
cebo. The studies were approved by the Independent Ethics Committee of
the Foundation “Evaluation of Ethics in Biomedical Research” (Stichting
Beoordeling Ethick Biomedisch Onderzocek), Assen, The Netherlands.
The MAD study is registered in the Dutch Trial Registry (Nederlands
Trial Register (NTR)) under study number NTR6257 (MAD) and took
place between January and April 2017. The SAD study took place be-
tween September and December 2016 and is not registered. All subjects
signed an informed consent form prior to any study-related activity.

In total, 48 subjects were enrolled in the SAD study, and 47 of them
completed the treatment period. One subject in the 100 mg cohort who
was randomized to placebo reccived only the first dose (after fasting) and
was discontinued prior to receiving the second dose (after a high-fat meal)
due to a nonsustained ventricular tachycardia that was not detected on
the bascline ECG. Cohorts consisted of eight subjects each, of which six
were administered 5, 15, 50, 100, 150, or 225 mg, and two subjects in each
cohort receiving placebo (12 subjects total). In addition, the cohort re-
ceiving 100 mg also received a 75 mg dose after receiving a high-fat meal
in a crossover design. Between each cohort there was an interim analysis
before escalation of the dose. For the MAD study, 20 of the 30 planned
subjects were enrolled in two cohorts and randomized 4:1 to DNL104 vs.
placebo: eight receiving multiple doses of 50 mg, cight receiving multiple
doses of 100 mg, and four receiving placebo (2 per cohort). The multiple
doses consisted of three doses each day for 10 consecutive days, with a total
of 30 doses per subject. Dose escalation between all cohorts took place
following a thorough review of the safety and tolerability data for at least
24 hours post-last dose and evaluation of all available PK and PD assess-
ments of the preceding dose group.

Bioanalytical assay

DNL104 levels were measured in K3EDTA plasma, CSF, and urine.
DNL104 levels were measured using validated liquid chromatography
tandem mass spectrometry methods by Aptuit (Verona, Italy). The lower
limit of quantification was 1.69 nmol/L.

PD assay

One day prior to dosing, blood was collected from subjects and PBMCs
were isolated using cell preparation tubes containing sodium heparin
(Becton Dickinson, Franklin Lakes, NJ). After centrifugation, plasma
was collected and saved prior to PBMC isolation. PBMCs were washed
twice with phosphate buffered saline (PBS). The isolated PBMCs were
resuspended in the autologous plasma and a dose range of DNL104 was

added and incubated for 30 minutes at 37°C 5% CO,. Subsequently, TSZ
(10 ng/mL human TNFa; R&D Systems, Abingdon, UK, #210-TA-020),
100 nM Smac mimetic SM-164 (ApexBio, Houston, TX, #A8815), and
1 pM Z-VAD-FMK (R&D Systems, #f MK001) stimulant was added for
2 hours. After incubation, the cultures were centrifuged and supernatant
was discarded. PBMCs were lysed using 1x RIPA lysis and subsequently
centrifuged and the supernatant was frozen at —=80°C until pRIPK1 assay.
For SAD and MAD cohort blood draws for PD assays, PBMCs were
isolated using cell preparation tubes containing sodium heparin (Becton
Dickinson). After centrifugation, plasma was collected and saved prior
to PBMC isolation. PBMCs were washed twice with PBS. The isolated
PBMC:s were resuspended in the autologous plasma and split into two al-
iquots. One aliquot was incubated for 150 minutes at 37°C CO, and the
other aliquot had TSZ stimulant added 30 minutes into a total incubation
of 150 minutes at 37°C CO,. After incubation, the cultures were centrifuged
and supernatant was discarded. PBMCs were lysed using 1x CST lysis buf-
fer (Cell Signaling Technologies, Leiden, the Netherlands) and subsequently
centrifuged, and the supernatant was frozen at —80°C until pRIPK1 assay.

pRIPK1 assay

Serine 166 phosphorylated RIPK1 was detected with a Meso Scale
Discovery (MSD) platform-based immunoassay. A streptavidin small
spot 96-well plate (MSD) was coated with 1 pg/mL of biotinylated mouse
anti-RIPK1 antibody (BD Bioscience, San Jose, CA, #610459) diluted
in 1x PBS for 1 hour at room temperature. The plate was blocked with
150 pL blocking buffer consisting of 25% MSD blocker A in 1x TRIS-
buffered saline-Tween-20 for 2 hours at room temperature. The 40 pL
of PBMC cell lysate was loaded to each well and incubated for 2 hours
at room temperature. The detection antibody rabbit anti-pS166 RIPK1
(Cell Signaling Technology, #65746, Leiden, the Netherlands) was di-
luted at 400x in blocking buffer. The 40 pL of diluted detection antibody
was loaded to each well and incubated for 1 hour at room temperature.
The secondary antibody SULFO tagged goat anti-rabbit antibody (MSD)
was diluted to 1 pg/mL in blocking buffer and incubated for 45 minutes
at room temperature. The 150 pL of 2x Reading Buffer T (MSD) was
added to each well, and the plate was read using a Sector S 600 plate
reader (MSD). The plate was washed three times with 1x TRIS-buffered
saline-Tween-20 in a Biotek Microplate washer after each incubation step.

Data analysis

Noncompartmental PK analysis was performed using Phoenix
WinNolin 6.4 (Certara USA, Princeton, NJ). Concentrations below
the assay limit of quantification were treated as 0 nmol/L prior to the
first sample or as missing at all other time points. PK parameters were
determined as data permitted. The terminal halflife was calculated
by log-linear extrapolation points determined to be on the apparent
terminal phase. The AUC, |
which uses linear interpolation between data points prior to the C_
and logarithmic interpolation between points after the C . Where
the terminal phase was sufficiently well characterized, the AUC, , ,
was determined. Dose proportionality was assessed by taking the nat-
ural logarithm of both the dose level and the PK parameter, and per-
formingleast squares regression for the line of best fit. The relationship
is considered to be linear if the 95% confidence interval of the slope,
which is c%ual to the coefficient of the equation parameter = constant
x dosent 1 the untransformed scale, contains 1. Due to the
limited nature of the CSF sampling (a single paired CSF and plasma
collection), only CSF to plasma ratios were calculated and reported.
Based on the urine bioanalytical data, the amount of DNLI104 ex-
creted unchanged in urine, the percent of the dose excreted, and the
renal clearance were calculated. Given the explorative character of the
PD analysis, no formal statistical analysis was performed. For descrip-
tive and graphical summaries, data from placebo subjects from differ-
ent cohorts were pooled into a single treatment group.

using the linear-log trapezoidal rule,
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The correlation between DNL104 plasma concentration and pRIPK1
inhibition was calculated using all data from the SAD study with
data above quantification limits. The data were plotted in GraphPad
Prism (GraphPad Software, La Jolla, CA), transformed to logarithmic val-
ues, and a nonlinear regression fit was calculated.

Safety

All subjects underwent medical screening, including medical history,
physical examination, neurological examination, vital signs measure-
ment in supine position, 12-lead ECG, urinalysis, drug screen, and safety
chemistry, coagulation, and hematology blood sampling. During study
periods, safety was assessed using monitoring of AEs, vital signs, ECG,
physical and neurological examination, and safety chemistry, coagula-
tion, and hematology blood sampling.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).

Supplemental Methods.
Figure S1. Dog liver histopathology findings.
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