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Investigational eIF2B activator DNL343
modulates the integrated stress response in
preclinical models of TDP-43 pathology and
individuals with ALS in a randomized
clinical trial

A list of authors and their affiliations appears at the end of the paper

Neuronal TDP-43 aggregates are a hallmark ALS pathology. The integrated
stress response (ISR) occurs downstream of TDP-43 pathology and may pro-
mote neurodegeneration. Here we demonstrate that a CNS penetrant small
molecule eIF2B activator inhibits the ISR in cellular models of ALS and the
brain of an inducible mouse model of TDP-43 pathology, where it transiently
slowed progression of locomotor deficits and neurodegeneration. ISR activa-
tion was observed in ALS patient spinal cord and CSF. The investigational drug
DNL343 was advanced into Phase 1 and Phase 1b randomized, double-blind,
placebo-controlled trials in healthy and ALS participants, respectively
(NCT04268784/NCT05006352); the primary objective in both studies was to
investigate the safety and tolerability DNL343. DNL343 demonstrated a half-
life supporting once-daily dosing and showed extensive CSF distribution.
DNL343was generally well tolerated and reduced ISR biomarkers in peripheral
blood mononuclear cells and CSF of ALS participants. Therefore, DNL343 is a
useful investigational drug to explore the effects of ISR inhibition in ALS
models and individuals with neurological diseases.

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative
disease, marked by progressive loss of motor neurons, muscle weak-
ness, paralysis, and ultimately death. Roughly 10% of ALS have a
defined genetic basis, while 90% of ALS is sporadic with no known
genetic contribution. While the exact molecular mechanisms under-
lying ALS pathogenesis remain unclear, several genes modifying ALS
risk mediate RNA metabolism, including TARDBP, TIA1, FUS, and
C9orf721–5. TARDBP’s gene product, TDP-43, is an essential, pre-
dominantly nuclear RNA binding protein (RBP) involved in RNA
processing6,7. Although TARDBP mutations account for 1−5% of ALS
cases, predominantly cytoplasmic TDP-43 inclusions are found in
brains and spinal cords in ∼97% of people with ALS, including most

individuals with sporadic ALS and C9orf72 repeat expansions8,9.
Nuclear loss of TDP-43, which is also observed in disease, likely con-
tributes to pathogenesis by de-repressing insertion of cryptic exons
into hundreds of mRNAs, leading inmost cases to nonsense-mediated
RNA decay and downregulation of mRNA expression10–17. Therefore,
altered RNA metabolism or RBP function may be a common driver of
ALS pathogenesis and these cellular dysregulations may be super-
imposed onto toxic gain of function mechanisms triggered by TDP-43
aggregates1,7,18,19.

Growing evidence indicates that the integrated stress response
(ISR) pathway contributes to ALS pathogenesis and is intimately linked
to the biology of disease-associated RBPs, including TDP-43. Aberrant
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ISR pathway activation was observed in several ALS models, involving
expression of mutant TDP-4320–23 and the presence of a C9orf72 hex-
anucleotide (G4C2) repeat expansion (HRE) or its dipeptide repeat
protein (DPR) products23–29. ISR is mediated by four kinases (PERK,
GCN2, PKR and HRI) that phosphorylate eukaryotic Initiation Factor 2
alpha (eIF2α) in response to various cellular insults, including defects
in proteostasis, oxidative stress and nutrient deprivation30–37. Phos-
phorylated eIF2α in turn inhibits the guanine nucleotide exchange
factor (GEF) activity of eukaryotic Initiation Factor 2B complex (eIF2B),
rendering it inactive. Global protein translation stalling ensues, and
untranslated mRNAs induce formation of membrane-less RNA-rich
organelles termed stress granules36,38,39. ISR activation also involves the
upregulation of stress response genes, such as activating transcription
factor 4 (ATF4), which eludes this translational inhibition. ATF4 sub-
sequently increases transcription of other stress response genes,
including regulators ofmetabolism (e.g.,CHAC1), nutrient uptake (e.g.,
amino acid transporters SLC1A5 and SLC7A5) and apoptosis (e.g., TRIB3
and DDIT3)31,32,40. Acutely induced ISR is commonly viewed as a pro-
tective adaptive response, whereas chronic activation of this pathway
can be maladaptive and deleterious21,41–43. Neurons appear to be par-
ticularly sensitive to ISR activation, which can lead to neurodegen-
eration, for instance upon nerve injury36 or with LoF EIF2B5mutations
causing vanishing white matter disease (VWMD), a rare degenerative
leukodystrophy44–48. ISR pathway activation has also been reported in
spinal cord from people with ALS, based on higher levels of phos-
phorylated eIF2α, CHOP/DDIT3 and other markers49.

Generally, various stress factors have been shown to trigger ISR in
ALSmodels, including oxidative stress, unfolded protein response and
mitochondria dysfunction, and TDP-43 proteinopathy may account in
part for ALS-linked ISR activation49–51. While cytoplasmic accumulation
of TDP-43 can promote ISR, growing evidence indicates ISR itself may
exacerbate TDP-43 aggregation, pointing to potential feedforward
pathogenicmechanisms. Indeed, TDP-43 is recruited to stress granules
via its COOH-terminal low complexity domain upon ISR activation and
this association can facilitate cytoplasmic TDP-43 aggregation30–37,52.
Additionally, stress granule formation is sufficient to drive TDP-43
aggregation31,32,40. Conversely, deletion of stress granule-associated
proteins, such as ataxin-2 (ATXN-2), or pharmacological inhibition of
stress granule formation can attenuate TDP-43 aggregation and neu-
rodegeneration in various models of ALS21,41–43. Collectively, these
studies suggest inhibition of the ISR may represent an attractive
therapeutic approach for ALS36,39,53.

Pharmacological modulation of the ISR pathway via eIF2B acti-
vation using small molecules has been demonstrated in the
literature44,46,54–56. The original eIF2B activator, ISRIB, was shown to
stabilize the eIF2B complex through a direct interaction and stimu-
late its GEF activity despite the presence of phosphorylated eIF2α57,58.
The ISRIB analog 2BAct has also exhibited neuroprotective activity in
an eIF2Bmutant mouse model of VWMD44,46. However, ISRIB exhibits
poor solubility and oral bioavailability44,59 and 2BAct is associated
with safety findings46, complicating their clinical development. We
are nowdeveloping DNL343, a CNS-penetrant, potent small molecule
eIF2B activator, which demonstrates a desirable drug profile,
including a long half-life and high oral bioavailability across pre-
clinical species60. DNL343 reduced CNS ISR activation and neurode-
generation in both the optic nerve crush injury and eIF2B mutant
mice48. In the latter model, ISR pathway biomarker Growth Differ-
entiation Factor-15 (GDF-15), a member of the transforming growth
factor-β (TGF-β) superfamily61, was corrected in a dose-dependent
fashion in the mouse brain and CSF after chronic dosing of DNL343,
which also reduced plasma neurofilament light (NfL) and rescued
neurological deficits48. While the eIF2Bmutant mousemodel enabled
proof-of-concept efficacy and biomarker studies, whether eIF2B
activators can attenuate ISR in the CNS of ALS preclinical models and
ultimately people with ALS remains a critical unanswered question.

In this study, we show that ISR activation by pathological TDP-43
and stress granule-induced TDP-43 phase transitions are rescued by
DNL343 in cellularmodels. We then demonstrate that reduction of ISR
activation via eIF2B activation in the brain of rNLS8 transgenic mice, a
preclinicalmodel of TDP-43 pathology22, results in amild and transient
delay in developing locomotor deficits and a transient reduction in
plasma NfL levels. We advanced DNL343 into clinical trials and present
pharmacokinetics (PK), pharmacodynamics (PD), and safety results of
both a Phase 1 trial in healthy participants and a Phase 1b trial in par-
ticipants with ALS. We demonstrate ISR pathway engagement using a
PD biomarker assay in PBMCs and reduced levels of the ISR marker
GDF-15 protein in the CSF of ALS participants at exposures that were
generally safe and well tolerated, supporting the potential for DNL343
to be used to explore the effects of ISR inhibition in participants
with ALS.

Results
DNL343 prevents ISR induced by expression of cytoplasmic
TDP-43 and C9orf72 HRE
Expression of mutant ALS-linked genes including TARDBP and
C9orf72 HRE have been shown to induce ISR activation22–29. The first
step in the ISR is the phosphorylation of eIF2α by the ISR kinases
(PERK, PRK, HRI, GCN2) (Fig. 1a)62. To assess the effect of our eIF2B
activator, DNL343, we first engineered H4 neuroglioma cells induci-
bly expressing a truncated GFP-tagged TDP-43 fusion protein lacking
the NH2-terminus that harbors the nuclear localization signal (NLS),
GFP-TDP-43(86-414), and thus modeling the disease-associated cyto-
plasmic mislocalization of TDP-43. A full-length, wildtype TDP-43
GFP fusion (GFP-TDP-43FL) was expressed in parallel as a control to
distinguish the effect of TDP-43 cytoplasmic mislocalization on ISR
from its ectopic expression. Induction of GFP-TDP-43(86-414) with
doxycycline (Dox) treatment for 24 h increased phosphorylation of
eIF2α (Supplementary Fig. 1a,b) and nuclear levels of ATF4 (Fig. 1b, c)
compared to expression of GFP control and GFP-TDP-43FL. Pretreat-
ment with DNL343 did not alter the levels of phospho-eIF2α (p-eIF2α)
in the GFP-TDP-43 expressing cells, consistent with the fact eIF2B
activation is downstream of eIF2α phosphorylation (Fig. 1a and
Supplementary Fig. 1b). In contrast, DNL343 prevented the upregu-
lation of both nuclear and total ATF4 protein (Fig. 1b-d). Interest-
ingly, expression of GFP-TDP-43FL increased total ATF4 to levels
observed with GFP-TDP-43(86-414) whereas nuclear ATF4 remained
unchanged (Fig. 1c-d). To further evaluate expression changes
downstream of ATF4 in both conditions, we performed bulk RNA-seq
on H4 cells expressing inducible GFP-TDP-43FL, GFP-TDP-43(86-414) or
GFP alone. Compared to the limited number of ISR genes upregu-
lated with full length TDP-43 induction, cytoplasmic TDP-43
expression caused upregulation of most ISR gene transcripts,
including MTHFD2, GDF15, SLC7A11, and ATF3, relative to the GFP
expressing samples (Fig. 1e-f). Thus, robust ISR activation was
observed with both cytoplasmically mislocalized TDP-43 and over-
expression of full-length wildtype TDP-43 itself. To assess differential
expression at the pathway level, we curated 30 previously reported
ISR genes from the literature (Supplementary Data 1). This gene set is
significantly upregulated by GFP-TDP-43(86-414) expression (Fig. 1g,
GSEA p-value: 3.8×10-8). Moreover, transcript level changes induced
by GFP-TDP-43(86-414) were prevented by DNL343 treatment, with sig-
nificant downregulation of ISR genes, including CHAC1, ATF4, and
DDIT3 (Fig. 1h).

We next investigated whether DNL343 can also block C9orf72
HRE-induced ISR. HEK293 cells were engineered to stably express
either GFP or a C9orf72 repeat expansion linked to GFP ((G4C2)71-GFP).
Expression of (G4C2)71-GFP significantly increased ATF4 protein levels
by∼2.3 fold compared toGFP expression alone andDNL343 treatment
prevented this increase (Supplementary Fig. 1c). Expression of
(G4C2)71-GFP upregulatedmost of the pre-defined ISR genes compared
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to GFP expression alone (Supplementary Fig. 1d, e). These transcrip-
tional changes were largely corrected by DNL343 treatment (Supple-
mentary Fig. 1f).

DNL343 prevents de novo stress granule formation and dis-
solves preformed stress granules
To understand whether ISR activation also contributes to cytoplasmic
TDP-43 inclusions as a result of stress granule formation, H4 cells were
engineered to express inducible GFP-tagged versions of wildtype (WT)

or mutated forms of TDP-43, as well as other RBPs previously shown to
associate with stress granules, such as TIA1 and FUS. Mutated forms of
RBPs involved NLS-truncated TDP-43 (TDP-43(86-414)) with the additional
ALS-linked mutation M337V (TDP-43(86-414, M337V)), ALS-linked mutation of
TIA1 (TIA1(A381T)), and NLS-truncated version of FUS(G515X). Following
treatment with Dox for 24h, GFP signal for all proteins was diffuse
throughout the cytoplasm. Treatment of cells with the ISR-activating
agent sodium arsenite (NaAsO2) induced GFP-positive punctate sub-
cellular structures for all RBPs that colocalized with the stress granule

Fig. 1 | TDP-43 pathologies activate the ISRpathway independentlyof chemical
stress. a Schematic depicting the ISR pathway, including kinases mediating the
phosphorylation of eIF2α, and activation of eIF2B by DNL343. b Confocal micro-
scopy images showing induced expression of GFP-TDP-43FL and GFP-TDP-43(86-414)

variant in H4 cells increased immunoreactivity of ATF4 (anti-ATF4, red) compared
to GFP control. This ATF4 signal was reduced with 1 µM DNL343 treatment. Scale
bar: 20 µm. c Quantification of ATF4 immunoreactivity in (b) from n = 3 (GFP
Control) or 4 biological replicates (GFP-TDP-43 variants). a.u.: arbitrary units.
d ECLIA-based assay result demonstrating elevated ATF4 protein levels with
induced expression of GFP-TDP-43FL and GFP-TDP-43(86-414), compared to GFP con-
trol cells. Pre-treatment with DNL343 reduced ATF4 protein levels in each cell line
(n = 6 biological replicates). e Volcano plot of differentially regulated genes in H4
cells induced with GFP-TDP-43FL compared to GFP control. Representative ISR

genes with significant expression changes are labeled as red (upregulation) or blue
(downregulation) and insignificant genes as gray. Significance cutoff, adjusted p-
value < 0.05. f Volcano plot of differentially regulated genes in H4 cells induced
with GFP-TDP-43(86-414) compared to GFP control. Representative ISR genes are
labeled as in (e). Significance cutoff, adjusted p-value < 0.05. gGene set enrichment
analysis (GSEA) plot for ISR gene comparing truncated GFP-TDP-43(86-414) from GFP
control expressing cells. h Volcano plot of differentially regulated genes 24hours
after DNL343 treatment in H4 cells induced with GFP-TDP-43(86-414). The same set of
representative ISR genes from (e) and (f) are labeled. All data are shown as
mean ± SEM (c, d). Statistical significance was determined with one-way ANOVA,
with Tukey’s multiple comparison, ns P >0.05. Source data are provided in Source
Data file.
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marker G3BP1 tagged with mCherry (merged as yellow signal, Fig. 2a,
Supplementary Fig. 2a and Supplementary Movie 1). Quantification of
colocalization between cytoplasmic TDP-43 and G3BP1 showed that
>60% of TDP-43(86-414) or mutant TDP-43(86-414, M337V) granules are found
within stress granules at 30min, and this increased to >90% colocali-
zation at 1 h and 2h (Fig. 2b).

To confirm the localization of cytoplasmic TDP-43 to stress
granules, we performed super-resolution microscopy in our H4 lines.
Treatment with NaAsO2 caused both TDP-43(86-414) and mutant TDP-
43(86-414, M337V) to localize within granules marked by either G3BP1-
mCherry, anti-ATXN2, or anti-UBAP2L (Supplementary Fig. 2b-g).
Line profile intensity histograms intersecting the granules showed
that cytoplasmic TDP-43 associates with the periphery of stress
granules and is also found throughout the core structure of the
granules, as defined by each of the three stress granule markers
(Supplementary Fig. 2c, e, and g). NaAsO2 treatment also caused
association of eIF2B epsilon subunit with stress granules marker

G3BP1-mCherry and GFP-TDP-43(86-414) (Fig. 2c, e). Intensity profiles
showed that G3BP1-mCherry and eIF2B epsilon colocalize regardless
of the expression of GFP-TDP-43(86-414) (Fig. 2d–f). DNL343 pretreat-
ment caused G3BP1-mCherry, eIF2B epsilon and GFP-TDP-43(86-414) to
remain diffusely localized despite NaAsO2-mediated ISR activation
(Fig. 2c, f). Further analysis of G3BP1-mCherry- positive stress gran-
ules in NaAsO2-treated H4 cells showed that GFP-TDP-43(86-414)

expression significantly increases the average stress granule size
(mean area) relative to GFP expression, with a trend for an increase in
colocalization of GFP-TDP-43 with G3BP1-mCherry (Supplementary
Fig. 3a, p-value = 0.0538). DNL343 pretreatment abolished the effect
of GFP-TDP-43(86−414) expression on stress granule size and sig-
nificantly reduced its colocalization with G3BP1-mCherry (Supple-
mentary Fig. 3a). DNL343 also induced rapid dissolution of pre-
existing stress granules upon addition 1 h after treatment with
NaAsO2 (Supplementary Movie 2 and Supplementary Fig. 3b, c).
Taken together, these results indicate that DNL343 canmodulate the

Fig. 2 | ALS-associated RNA binding proteins colocalize with stress granules
and DNL343 and its analog inhibit these structures in cell models.
a Fluorescence microscopy of fixed H4 cells expressing mCherry-tagged G3BP1
(red) and GFP-tagged RBPs (TDP-43, TIA1, and FUS variants) (green). In the pre-
sence of 250 µM NaAsO2 for 1 h, these RBPs colocalized to G3BP1 positive stress
granules (shown in yellow). Nuclei were labeled with DAPI (blue). Scale bar: 20 µm.
See Supplementary Fig. 2a for single channel images. b Live-cell imaging quantifi-
cation shown in Supplementary Movie 1 of the colocalization between GFP-tagged
TDP-43 variants and G3BP1-mCherry in the presence of 200 µM NaAsO2 over time.
Colocalization was quantified as a percentage of the TDP-43 puncta found within
stress granules out of the total number of TDP-43 puncta identified per cell. n = 3

independent experiments. Data shown as mean± SEM. Statistical significance was
determined by one-way ANOVA, with Tukey’s multiple comparison, ns P >0.05.
cMicroscopy images of H4 inducible cells pre-treatedwith 1 µMDNL343 or vehicle,
followed by 200 µM NaAsO2 for 2 h and immunostained with an antibody recog-
nizing the epsilon subunit of eIF2B. DNL343 prevented the puncta formation of
truncated TDP-43 (green), G3BP1 (magenta), and eIF2B (red). Arrowheads indicate
colocalization of each marker. Nuclei were stained with DAPI (blue). Scale bar:
20 µm. Three independent experiments were performed with similar results. d
−f Inset of single cell from merged image in (c). Fluorescent line intensity histo-
grams of GFP (d) or GFP-TDP-43(86-414) (e, f), G3BP1, and eIF2B across the yellow lines
in the images. Source data are provided in Source Data file.
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localization of cytoplasmic TDP-43 by either preventing formation of
new stress granules or dissolving preformed granules.

DNL343 prevents stress granule formation in ALS-linked human
iPSC-derived neurons
To examine stress granule formation in an ALS relevant cell type,
human iPSC-derived motor neurons from a healthy individual and a
TARDBP mutant carrier (TDP-43(G298S)) were treated with NaAsO2 or
thapsigargin as previously described43. Robust formation of G3BP1-
positive stress granules was observed in both the healthy control and
TDP-43(G298S) neurons (Supplementary Fig. 3d). Pretreatment with the
DNL343 analog DN2736 (Supplementary Fig. 3e, IC50 = 3 nM from an
ATF4 reporter assay in H4 cells) dose-dependently prevented forma-
tion of stress granules in both genotypes in the presence of either
NaAsO2 or thapsigargin, while the structurally related but much less
potent analog DN9052 (Supplementary Fig. 3e, IC50 = 910 nM) had no
effect on stress granule formation (Supplementary Fig. 3d, f). In an
independent paradigm, forebrain neurons from a C9orf72 HRE carrier
(6–8 kb expansion) with ALS formed more stress granules than iso-
genic control neurons with CRISPR-mediated excision of the repeat
expansion63 following a 2 h treatment with thapsigargin (Supplemen-
tary Fig. 3g, h), suggesting ISR activation is altered in this ALS model.
Pretreatment with DNL343 prevented stress granule formation
regardless of genotype (Supplementary Fig. 3g, h).

Acute dosing of a CNS penetrant eIF2B activator reduces ISR
activation in an ALS mouse model
To assess the activity of a CNSpenetrant eIF2B activator in a preclinical
model of ALS, we utilized the previously described rNLS8 mouse
model that expresses human TDP-43 with an ablated NLS under an

inducible neuronal promoter (hTDP-43-ΔNLS, rNLS8)64, thus replicat-
ing in vivo the cytoplasmic targeting of TDP-43 achieved in our cellular
models. Upon removal of Dox from the diet, mice express cytoplasmic
TDP-43 in the CNS within 1 week and ultimately develop ALS/FTD-like
phenotypes over the course of 4−10weeks off Dox (WOD). Recently,
this model was shown to exhibit ISR activation from 1 WOD, prior to
disease onset22. To test whether an eIF2B activator canmodulate ISR in
the brain of thismousemodel, we employedDN9058, a CNSpenetrant
analog of DNL343. Of note, tool compounds are typically used for
exploratory in vivo studies when a compound is actively being eval-
uated in clinical trials under an approved Investigational New Drug
(IND). As with all analogs of DNL343 used in this study, DN9058 is
derived from the same scaffold as DNL343 and shares a highly similar
structure and mechanism of action, exhibiting a low nM cellular
potency in the ATF4 reporter assay (IC50 = 3.2 nM) (Supplementary
Fig. 4a, b). After 2 WOD, rNLS8 and single transgenic (sTg) control
animals (which lack the ability to induce human TDP-43 in response to
Dox removal) received acute administration of DN9058 (50mg/kg) or
its vehicle for two consecutive days by oral gavage (Fig. 3a). PK analysis
showed that in both transgenic lines, DN9058 mean exposure in the
brain was higher than in plasma, indicating DN9058 is a brain pene-
trant molecule (Supplementary Fig. 4c). Unbound DN9058 exposure
was well above the IC90 observed in the ATF4 reporter in vitro assay
(i.e., 85 nM). Human TARDBP transcript levels in the brain were unal-
tered byDN9058 in both sTg and rNLS8mice (Supplementary Fig. 4d).
Similarly, total TDP-43 protein levels in the soluble fraction and
phospho-S409/410 TDP-43 (p-TDP-43) levels in the insoluble fraction
of caudal cortex lysates were not affected by acute dosing of DN9058
(Supplementary Fig. 4e-h), confirming the validity of the transgenic
model to test the drug activity.

Fig. 3 | ISR activation from in vivomodel ofALS-associatedTDP-43pathology is
corrected by acute dosing of eIF2B activator, DN9058. a Experimental design of
acute DN9058 dosing of rNLS8 transgenic mice. All animals were fed Dox-
containing diet until 8 weeks of age, includingnon-transgenic (nTg) controls, single
transgenic (sTg) controls and double transgenic (rNLS8) mice, then Dox was
removed from their diet except for group 6 (double transgenic (rNLS8) on Dox for
two additional weeks). On 13th and 14th day off Dox, indicated groups were dosed
with DN9058 by oral gavage at 50mg/kg per animal weight. b-c Quantification of
p-eIF2α normalized to loading control eIF2α (b) and ATF4 level normalized to

GAPDH (c) from Supplementary Fig. 4i and j (n = 8 sTg Control or 12 rNLS8 mice).
Data are shown as fold-changes relative to vehicle-treated control mice.
d Transcriptional fold change of pre-selected ISR genes in rostral cortex of indi-
catedmouse line (n = 7 (nTg Ctrl), 8 (rNLS8 Dox), 9 (sTg Ctrl) and 12 (rNLS8)mice).
Data are shown as mean ± SEM (b−d). Statistical significance was determined with
Kruskal-Wallis test with Dunn’s multiple comparisons (b), ordinary One-way
ANOVA with Tukey’s multiple comparison (c, d). Source data are provided in
Source Data file.

Article https://doi.org/10.1038/s41467-025-63031-y

Nature Communications |         (2025) 16:7690 5

www.nature.com/naturecommunications


As previously observed22, rNLS8 brains showed ISR activation
based on increased levels of phosphorylated eIF2α and ATF4 proteins
from immunoblot analyses (Fig. 3b, c, Supplementary Fig. 4i, j). Acute
dosingofDN9058significantly reduced levels of these two ISRmarkers
in rNLS8 mouse brains (Fig. 3b, c). Of note, as eIF2B acts downstream
of eIF2α, the downregulation of p-eIF2α by the eIF2B activator sug-
gests the ISR may amplify via feed forwardmechanisms. Upregulation
of transcripts indicative of ISR activation was confirmed in rNLS8
mouse brains based on quantitative PCR andwas generally reduced by
acute DN9058 dosing (Fig. 3d). Specifically, expression of Chac1,Gdf15
and Mthfd2 returned to control levels, whereas that of Ddit3 and Atf4

was partially corrected after acute DN9058 dosing (Fig. 3d). Interest-
ingly, previously defined later-disease stage ISR genes, such as Ccl12
and Il6, were unaffected (Supplementary Fig. 4k)22, suggesting that
longer eIF2B activationmay be required to correct neuroinflammatory
pathways.

Chronic dosing of a CNS penetrant eIF2B activator reduces ISR
and transiently delays progression of locomotor deficits in an
ALS mouse model
rNLS8 mice were chronically dosed with DN9058 via in-diet chow
(50mg of DN9058 per kg of chow, estimated dosing to be ~7.5mg per

Fig. 4 | Chronic dosing of DN9058 corrects ISR activation and induces transi-
tory delays in behavior deficit from in vivo model of TDP-43 pathology.
a Experimental design of chronic DN9058 dosing for 6 weeks off dox (WOD).
DN9058 was formulated at 50mg/kg per chow for the chronic administration to
the indicated conditions. b-c Quantification of p-eIF2α normalized to loading
control eIF2α (b) and ATF4 level normalized to GAPDH (c) from Supplementary
Fig. 5i and j, respectively (n = 8 (sTg Control), 10 (rNLS8 Veh), and 13 (rNLS8
DN9058) mice). Data are shown as fold-changes relative to vehicle-treated
control mice. d-e Transcript level changes of pre-selected ISR genes (d) and ISR
genes indicated in later stage of the disease (e) in rostral cortex (n = 9 (sTg
Control), 10 (rNLS8 Dox), 11 (rNLS8 Veh), and 16 (rNLS8 DN9058) mice). f Time

(weeks) to show clasping for individual rNLS8 mice that demonstrated the
clasping phenotype (n = 13 (Veh) and 18 (DN9058) mice). g Plasma NfL con-
centration at baseline (0 WOD), 2, 4, and 6 WOD in rNLS8 mice (n = 11 (Veh) and
16 (DN9058) mice). The same figure legend for rNLS8 + Veh (yellow) and
rNLS8 +DN9058 (orange) is shared with panel (f). Source data are provided in
Source Data file. Data are shown as mean ± SEM (b−e) and individual values
overlayed on violin plot (f, g). Statistical significance was determined with
Kruskal-Wallis test with Dunn’s multiple comparisons (b, c), ordinary One-way
ANOVA with Tukey’s multiple comparison (d, e), Two-tailed Mann-Whitney test
(f), and Two-way ANOVA with multiple comparisons (g).
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kg of body weight per day) to investigate impact on ALS-relevant
phenotypes over 6WOD (Fig. 4a). Plasma samples were collected at 0,
2, 4, and 6WOD tomonitor the DN9058 intake and its exposure to the
animals. PK analysis confirmed the constant exposure of DN9058 to
the dosed animals, with a slight drop at 6WOD (Supplementary Fig. 5a)
and unbound brain exposure was generally well above the IC50

(3.2 nM) observed in the ATF4 reporter in vitro assay, with levels
maintained near the IC90 (85 nM). Higher levels of DN9058 in the
brains than in plasma from both sTg control and rNLS8 further

validated the high brain penetrant characteristics of DN9058 (Sup-
plementary Fig. 5b). As expected, human TARDBP transcript levels
were selectively upregulated in rNLS8 mouse brain at 6 WOD, though
at lower levels than those observed at 2 WOD (Supplementary Fig. 5c).
Total TDP-43 protein and insoluble phospho-TDP-43 (p-TDP-43) levels
were increased in rNLS8 mouse brains (Supplementary Fig. 5d-h).
While chronic DN9058 dosing did not affect total TDP-43 protein
levels, it caused a mild, but significant increase in p-TDP-43 levels
specifically in the brains from rNLS8 female mice (Supplementary
Fig. 5e, f).

Next, we assessed the ISR pathwaywith chronic dosing of DN9058.
Both phospho-eIF2α and ATF4 protein levels remained increased at
later stage of the disease progression in rNLS8 mouse brains. DN9058
dosing caused a significant reduction in p-eIF2α levels but only a trend
for a decrease in ATF4 protein in the brain (Fig. 4b, c, Supplementary
Fig. 5i, j). ISR gene transcripts, such as Atf4, Chac1, and Gdf15, were also
upregulated in rNLS8 brains at 6 WOD and chronic dosing of DN9058
significantly reduced their levels (Fig. 4d). Importantly, in contrast to
acute dosing studies, later-disease state, inflammatory genes, Ccl12 and
Il6, were effectively reduced with chronic DN9058 treatment (Fig. 4e).
These data demonstrate DN9058 successfully inhibits ISR activation
throughout disease progression in rNLS8 mice.

To determine the functional impact of chronic ISR inhibition, we
evaluated behavioral performances of our mouse cohort with chronic
DN9058 dosing. Both vehicle- and DN9058-treated rNLS8 mice began
to show weight loss around 2 WOD and exhibited progressive weight
loss until 6 WOD with no significant drug effect (Supplementary
Fig. 6a). While rNLS8 mice demonstrated rapid progression of motor
deficits, characterized by collapsing splay or clasping of hindlimbs,
DN9058 dosing slightly delayed progression to high neurological
score before 3 WOD and development of the clasping phenotype
(Supplementary Fig. 6b). The time that rNLS8 mice with DN9058
dosing took to show clasping (median = 2.3 WOD) was significantly
longer than the rNLS8-vehicle group (median = 2 WOD) (Fig. 4f).
However, the mild beneficial effect of DN9058 was transient, as all
rNLS8 mice displayed clasping phenotype before reaching 4 WOD
(Supplementary Fig. 6c). Furthermore, DN9058 dosing temporarily
improved the rotarod performance of rNLS8 mice, increasing the
latency to fall compared to vehicle-treated rNLS8 mice at 2 WOD
(Supplementary Fig. 6d, e). Similarly, the impaired performance of
rNLS8 mice in the inverted grid suspension test was significantly but
transiently improved by DN9058 dosing in the grip strength and
coordination at 2 WOD (Supplementary Fig. 6f, g). Nearly half of the
rNLS8-DN9058mice were able to remain on the grid for 60 s, whereas
themajority of rNLS8-Vehmice showed decreases in the latency to fall
at 2 WOD. Like in the clasping paradigm, however, all the rNLS8 mice
ultimately failed the locomotor function tests, suggesting that block-
ing ISRwithDN9058 slowsbut does not prevent the progression of the
motordeficits in thismousemodel. Finally, plasmaNfLwas assessed as
a marker of neurodegeneration. Levels progressively increased from
baseline to 4 WOD and remained high at 6 WOD, albeit slightly lower
than at 4 WOD in rNLS8 mice (Fig. 4g). DN9058 dosing led to sig-
nificantly lower plasma NfL levels in rNLS8 mice at 4 WOD relative to
rNLS8-Veh mice (Fig. 4g), suggesting eIF2B activation in the brain
confers partial neuroprotection.

ISR activation is detectable in the spinal cord and CSF of indi-
viduals with ALS
To better understand ISR activation in people with ALS, we
examined the expression of the ISR gene set (Supplementary
Data 1)44,46,65 in RNA isolated from ALS spinal cord tissue samples
(Target ALS, March 2022 release, demographics and character-
istics of the samples can be found in Supplementary Table 1). The
ISR gene set was upregulated in the cervical region of the spinal
cord from people with ALS compared to controls (Fig. 5a, GSEA p-

Fig. 5 | ISR genes are dysregulated in spinal cord tissue and CSF from indivi-
duals with ALS. a Density plot of ISR gene set (orange line) in cervical spinal cord
tissue fromTarget ALS dataset. bNormalized ISR gene expression plots comparing
Control andALS fromcervical spinal cord. Samples are from the Target ALS dataset
and include cervical spinal cord tissue with n = 116 for ALS samples and n = 16 for
control samples. c Non-age adjusted CSF GDF-15 concentration (pg/mL) in healthy
participants (n = 47) and ALS participants (n = 27) at baseline. d Age adjusted CSF
GDF-15 concentration (pg/mL) in MAD healthy participants (n = 47) and ALS parti-
cipants (n = 27) at baseline. Data shown as Min-to-Max Box plots overlayed with
individual values (b−d). Statistical significance was determined with Two-tailed
Mann-Whitney test. Source data are provided in Source Data file.
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value: 0.0006), with BCL2L11, CEBPA, MTHFD2 and SLC1A5 show-
ing the most significant gene-level increases (Fig. 5b). Increased
ISR gene set expression was also observed in the lumbar region
(Supplementary Fig. 7a, b, GSEA p-value: 0.0161). There was no
significant upregulation of the ISR gene set in the thoracic region
of the spinal cord (GSEA p = 0.1358), although individual ISR
genes, such as CEBPA, were significantly upregulated (Supple-
mentary Fig. 7c, d).

Next, we assessed levels of secreted protein GDF-15 in the CSF of
people with ALS, based on preclinical studies in the VWMD mouse
model and optic nerve crushparadigm showing it is upregulated in the
CNS as part of ISR activation and corrected with eIF2B activators48.
GDF-15 protein concentration was higher in the CSF of participants
with ALS than in healthy volunteers without age adjustment (Fig. 5c).
Since GDF-15 is known to increase with age in plasma66,67 and a corre-
lationbetween age andCSFGDF-15 concentrationwas seen inbothALS
and healthy participants (Supplementary Fig. 7e), CSF GDF-15 levels
were examined after age adjustment, yielding comparable results
(Fig. 5d). These data corroborate the activation of ISR pathway in the
CNS of individuals with ALS.

Human PBMCs can be used to model ISR pathway activation
To determine if PBMCs could be used as a proxy to measure ISR
activity, ISR gene regulation in human PBMCs was evaluated using
qPCR and in human forebrain-like iNeurons for comparison. PBMCs
treated ex vivo and iNeurons treated in vitro with NaAsO2 showed a
concordance in upregulated genes, alongwith someunique changes in
each cell type (Supplementary Fig. 8a). The top five upregulated ISR
genes were ATF3, CHAC1, DDIT3, JUN, and TRIB3. Upregulated ISR
genes were not completely overlapping between both cell types with
BTG2 exclusively upregulated in iNeurons and the amino acid trans-
porters SLC7A5 and SLC7A11 only upregulated in PBMCs. The effect of
DNL343 on ISR gene expression was then examined in PBMCs after co-
stimulation with NaAsO2 ex vivo. Of the 26 ISR genes assessed, 19 were
significantly downregulated by DNL343 (Supplementary Fig. 8b).
CHAC1 transcript andATF4protein levelswere reducedbyDNL343 in a
dose-dependentmannerwith geometricmeanunbound EC50 values of
3.53 nM and 3.95 nM, respectively (Supplementary Fig. 8c, d). PBMCs
from healthy and ALS participants generally showed comparable
profiles (Supplementary Fig. 8e–g). Therefore, PBMCs are responsive
to ex vivo ISR inhibition mediated by DNL343 and can be used to
monitor DNL343 effects in clinical biomarker assays.

DNL343 clinical trials in healthy participants and participants
with ALS
Safety and tolerability, PK and PD of DNL343 were assessed in a
randomized, double-blind Phase 1 study (NCT04268784; see Meth-
ods and Supplementary Information for site locations and PIs) con-
sisting of a single ascending dose (SAD, Part A) and multiple
ascending dose (MAD, Part B) cohorts in healthy participants (Fig. 6a,
Supplementary Fig. 9a). DNL343 or matching placebo was adminis-
tered orally. In the SAD cohorts (Part A), participants received a
single dose of DNL343 ranging from 15−800mg (n = 36 total) or
placebo (n = 12 total). In the MAD cohorts (Part B), participants
(n = 47) were randomized to groups receiving DNL343 for 14 days at
doses ranging from 45mg once-daily (QD) to 260mg QD, or placebo
(n = 13). The baseline characteristics of the healthy participants are
presented in Supplementary Table 2.

In the randomized, double-blind Phase 1b study (NCT05006352;
see Methods and Supplementary Information for site locations and
PIs), the safety, tolerability, PK and PD of DNL343 was investigated in a
total of 29 people with ALS receiving standard-of-care therapy (Fig. 6b,
Supplementary Fig. 9b). The participants were randomized to a 28 day
regimen of DNL343 100mgQD (n = 10), or DNL343 200mg QD (n = 9)
or matching placebo (n = 10), followed by an optional 18month Open

Label Extension (OLE). The baseline characteristics of the participants
with ALS are presented in Supplementary Table 3.

DNL343 plasma pharmacokinetics and CSF distribution in
healthy participants and participants with ALS
Plasma DNL343 PK data was collected after single oral doses in healthy
participants and after multiple oral doses in both healthy participants
and participants with ALS. During the SAD part of the study, over the
15−800mg dose range, in the fasted state, plasma concentrations
increased in a dose-dependent manner with low to moderate PK varia-
bility and mean t1/2 values ranging from ~31−45h across the dose range
with monoexponential elimination (Fig. 6c, Supplementary Table 4).

During the MAD part of the study in healthy participants, after
administration of a first oral dose of DNL343 on Day 1, in the fasted
state, the median tmax was ~14−24 h; mean area under the
concentration-time curve from time zero to 24 h (AUC24) and max-
imum concentration (Cmax) values increased across the 45- to 260mg
QDdose range. The variability in DNL343 AUC24 and Cmax on Day 1 and
Day 14 was low to moderate across all doses (Supplementary Table 5).
At steady state on Day 14, plasma concentrations increased in a dose-
dependent manner across the dose range (Fig. 6d). Mean t1/2 after the
last dose ranged from ~38−46 h across the 45−260mg QD dose range.
Additionally, peak-to-trough fluctuation of plasma concentrations was
low across the 24 h dosing interval at steady state in healthy partici-
pants (Supplementary Table 5).

In participants with ALS after administration of a first oral dose of
DNL343 on Day 1 in the fasted state, the median tmax was ~8 h (range
2−24 h); mean AUC24 and Cmax values increased across the
100−200mgdoses. The variability in DNL343 AUC24 andCmax onDay 1
and onDay 28wasmoderate across all doses (Supplementary Table 6).
Steady state plasma concentrations increased in a dose-dependent
manner (Fig. 6e). Trough concentration (Ctrough) appeared to reach
steady state by Day 14, consistent with a slow absorption and slow
elimination compound (as identified in healthy participant SAD and
MAD studies). Peak-to-trough fluctuation of plasma concentrations
was low across the 24 h dosing interval at steady state in participants
with ALS (Supplementary Table 6).

CSF DNL343 PK data was collected after multiple oral doses in
both healthy participants and participants with ALS. In healthy parti-
cipants (MAD) median DNL343 CSF-to–unbound plasma concentra-
tion ratios, measured on day 12 followingmultiple doses, ranged from
0.689 to 0.795, with no dose-related trends across the 45−260mg QD
dose range (Fig. 6f). In participants with ALS median DNL343 CSF-
to–unbound plasma concentration ratios, measured on Day 28 fol-
lowingmultiple doses, were0.927 and 1.09 for the 100 and 200mgQD
doses, respectively (Fig. 6g). These data in healthy and ALS partici-
pants indicate that DNL343 readily crosses the blood-brain barrier
where it can reach its target in the CNS.

DNL343 inhibits ISR activity in healthy participants and parti-
cipants with ALS
In the Phase 1 SAD cohort, ISR pathway inhibition was measured at
baseline and after oral dosing of healthy participants by evaluating
ATF4 protein and CHAC1 gene expression, alongside a broader ISR
gene panel, in freshly isolated PBMCs stimulated with NaAsO2 ex vivo.
Reduction in ATF4 protein levels and CHAC1 gene expression was
observed at all dose levels ≥ 45mg through 48 h post-dose, with levels
trending back to baseline at 168 h post-dose (Supplementary Fig. 10a,
b, Supplementary Table 7). Reductions in gene expression were also
observed across a panel of ISR-related genes (Supplementary Fig. 10c).
Similarly, in the MAD cohorts DNL343 achieved >50% inhibition of
ATF4 protein levels and CHAC1 gene expression in freshly isolated
PBMCs at all dose levels studied 24h after the final dose (Fig. 7a, b,
Supplementary Table 8). A broader set of ISR-related genes, including
TRIB3 and PSAT1, was also notably inhibited (Supplementary Fig. 10d).
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We next explored the PD effect of DNL343 in a Phase 1b study in
participants with ALS. ATF4 protein levels and CHAC1 gene expression
were reduced in ex vivo stimulated PBMCs throughout the dosing period
in both DNL343 dose groups, with the 200mg dose group demon-
strating∼80%median reduction of both biomarkers at troughon the last
day of dosing, Day 28 (Fig. 7c, d, Supplementary Table 9). As in the Phase

1 SAD and MAD studies, gene expression of additional ISR genes was
inhibited by DNL343 treatment (Fig. 7e). Finally, 28days of DNL343
administration to ALS participants appeared to reduce CSF GDF-15 by
~10% from baseline in both dose groups (median 11.2% and 9.8% in the
100mg and 200mg arms, respectively), whereas a similar reduction was
not observed in the placebo group in the phase 1b study (Fig. 7f).
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DNL343 is generally well tolerated in healthy participants and
participants with ALS
DNL343 was generally well tolerated in the Phase 1 healthy partici-
pant SAD and MAD cohorts at all dose levels. The majority of the
treatment-emergent adverse events (TEAEs) were mild in severity.
There were no deaths, serious or severe AEs. In the SAD cohorts,
TEAEs occurred at a similar frequency overall in DNL343-treated
(64%) vs. placebo-treated (67%) participants (Supplementary
Table 10). All TEAEs in the DNL343 treatment groups were mild. The
most frequent TEAE in DNL343-treated vs. placebo in healthy
volunteers across all single-doses was postural dizziness (19 vs 17%).
In the MAD cohorts, TEAEs occurred at a similar frequency overall in
DNL343-treated (91%) vs placebo-treated (92%) participants (Sup-
plementary Data 2). Most multiple-dose TEAEs were mild in severity.
The most common multiple-dose TEAE was headache appearing in
similar frequency between DNL343-treated (56%) vs. placebo-treated
(54%) participants. There were no dose-dependent or clinically
meaningful trends in safety laboratory tests, ECGs, or vital signs. No
findings of clinical concern were seen on physical, neurological
examination or psychiatric surveillance screening.

In the Phase 1b study, DNL343 was generally well tolerated in
participants with ALS at doses of 100 or 200mg administered daily for
28 days (Supplementary Data 2). There were no deaths, serious or
severe AEs. All TEAEs were National Cancer Institute - Common Ter-
minology Criteria for Adverse Events (NCI-CTCAE) Grade 1 or 2 (i.e.
mild or moderate) in severity and occurred at a similar frequency
overall in DNL343-treated (74%) vs. placebo-treated (89%) participants.
The most frequent TEAEs that were non-procedure related, occurred
in two or more DNL343 participants and were more common in
DNL343-treated than in placebo were: headache (37% vs. 22%), fatigue
(32% vs. 22%), and hypogeusia (11% vs. 0%); the highest severity in
DNL343-treated participants was Grade 1. Therewas one adverse event
of rash (200mg group) that was Grade 2 in severity and considered
related to study drug by the investigator, leading to discontinuation of
study drug. Two blinded dose reductions occurred. In one participant,
a TEAE of cognitive disorder that was Grade 2 experienced on Day 19
led to dose reduction from 200 to 100mg after which the TEAE
resolved. One participant described a TEAE of chills (Grade 1) after
which the dose was reduced in a blinded manner (from 100mg to
placebo) and remained ongoing during the remainder of the 28-day
double-blind treatment period. In ALS participants therewerenodose-
dependent or clinically meaningful trends on safety parameters,
including clinical laboratory tests, ECGs, vital signs, routine physical
and neurological examinations.

Discussion
Neuronal TDP-43 aggregates are a cardinal ALS pathology and, when
taken along with causative mutations in TARDBP and other genes
involved inRNAmetabolism, it suggests that disruption of this process
is a key driver of disease8,9,68–71. Intimately connected to this notion is

the hypothesis that chronic ISR activation is central to ALS
pathogenesis through various mechanisms, including formation of
RNA-rich stress granules that facilitate TDP-43 aggregation36 and
exacerbation of ISR downstream of pathological TDP-4322. The emer-
gence of CNS penetrant small molecule modulators of the ISR
pathway has set the stage for testing this therapeutic hypothesis in the
clinic. In this study, we provide proof-of-concept data demonstrating
that DNL343 and structurally-related compounds sharing an identical
mode of action are potent eIF2B activators that attenuate the ISR
pathway in various cellular models of ALS and in the brain of
transgenic mice overexpressing pathogenic TDP-43, resulting in a
subtle and temporary delay in progression of locomotor
symptoms and neurodegeneration. DNL343 was also examined at a
range of doses in both healthy participants as well as participants with
ALS and demonstrated ISR pathway inhibition and, more generally, a
pharmacological profile suitable for progression into larger clinical
studies.

Several possible approaches to inhibit the ISR have been
explored, including targeting the eIF2α kinases or direct activation of
eIF2B49,72,73. Selecting one of the four eIF2α kinases to inhibit the ISR
may limit the therapeutic utility of the intervention as other kinases
may compensate for the loss of function, and the most advanced
example of this approach, targeting PERK, revealed on-target
toxicity74,75. Direct activation of eIF2B was first demonstrated with
ISRIB, a molecule that reduces ISR activation independently of eIF2α
phosphorylation54 and stabilizes the eIF2B complex76. Later studies
showed ISRIB or analogs thereof are well tolerated and have potent
effects on ISR biology both in vitro and in vivo53. Pharmacological
activation of eIF2B also resulted in rescue of neurological defects,
including electrophysiologic and behavioral deficits in a traumatic
brain injury model55 and in an Alzheimer’s disease mouse model77.
Compelling protective activity of eIF2B activators was observed in the
VWMD mouse model, where phenotypes induced by disease-causing
LoFhomozygous Eif2b5mutations, such as ISR activation,whitematter
pathology and locomotor deficits, were ameliorated by ISRIB44 or an
ISRIB-like compound, 2BAct46.

Though an exciting molecule with potent effects, ISRIB suffers
from poor solubility and undesirable physicochemical properties for
drug development44,59 and 2BAct is associated with preclinical safety
findings46. We have now developed DNL343 as a potent, CNS pene-
trant, eIF2B activator with excellent PK properties to suppress the ISR
in preclinical and clinical settings60. DNL343 was previously shown to
decrease ISR activation and neurodegeneration in the optic nerve
crush injury paradigm and in the eIF2B LoF mouse mutant48, similar to
studies with other eIF2B activators44,46. Our more recent study
explored in greater depth the impact of eIF2B activation on VWMD
model-associated peripheral and CNS biomarkers, which were also
dysregulated in VWMD patients’ samples, including various cytokines,
GDF-15 and NfL, and demonstrated DNL343 can prolong eIF2Bmutant
mouse survival48.

Fig. 6 | Disposition and pharmacokinetic profiles in healthy participants and
participants with ALS in DNL343 clinical trials. a CONSORT diagram describing
Phase 1 screening and randomization. b CONSORT diagram describing Phase 1b
screening and randomization. c Healthy participants plasma concentration-time
profiles upon single doses of DNL343 in the fasted state (n = 6 in each group).
Presented as the geometric mean (95% CI) and colored by dose level. d, e Healthy
participants (n = 6, 7, 7, 7, and 6 participants, for the 45 mg, 100 mg, 145mg,
200 mg, and 260mg group respectively) (d) and participants with ALS (n = 9, 7
participants in the 100 mg and 200 mg groups, respectively) (e) plasma pharma-
cokinetics upon QD dosing of DNL343 at steady state. Presented as the geometric
mean (95% CI) and colored by dose level. f, gHealthy participants (n = 6, 7, 7, 7, and
6 participants, for the 45mg, 100mg, 145mg, 200mg, and 260mg group respec-
tively) (f) and participants with ALS (n = 8, 7 participants in the 100mg and 200mg
groups respectively) (g) DNL343 CSF:unbound plasma concentration ratios after

multiple doses. Presented as individual datapoints colored by dose level overlayed
over a boxplot summarizing all the data in the panel. Themiddle line of the boxplot
displays themedian, the lower and upper limits of the box display the first and third
quartiles, and the whiskers extend from the box to the largest and smallest values
no further than 1.5-fold the interquartile range from the box. The lower and upper
limits of quantification (LLOQ and ULOQ) for CSF concentrations was 0.005 and
5 µM, respectively. The LLOQ and ULOQ for plasma concentrations was 0.002 and
2 µM, respectively. Note: In the 100mg group, data were not collected and/or
analyzed for two participants due to dose reduction (1 participant), and no col-
lectionof CSF samples (1 participant). In the 200mggroup, datawere not collected
or analyzed for two participants due to dose reduction (1 participant) and early
discontinuation of treatment (1 participant). Source data are provided in Source
Data file.
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Fig. 7 | ISR pathway biomarkers are reduced in ex vivo stimulated PBMCs after
multiple dose administration of DNL343 in healthy and ALS participants. a
−d ATF4 protein (a) and CHAC1 gene (b) expression in ex vivo stimulated PBMCs from
healthy participants. ATF4 protein (c) and CHAC1 gene (d) expression in ex vivo sti-
mulated PBMCs from ALS participants. PBMCs were freshly isolated from participants
in each dose group shown at the times indicated and analyzed by either ECLIA (a, c) or
multiplex qPCR (b,d). Values shown asmedian (IQR= interval from the first to the third
quartile, shown as error bars) percent change from baseline. For MAD healthy partici-
pants ATF4 protein, n= 12, 6, 7, 7, 7, 6 participants for placebo, 45mg, 100mg, 145mg,
200mgand260mggroups respectively;CHAC1gene,n= 11, 6, 7, 5, 7, 6 participants for
placebo, 45mg, 100mg, 145mg, 200mg and 260mg groups respectively. For ALS
participants ATF4 protein, n=6, 7, 6 participants for placebo, 100mg, and 200mg

groups respectively; CHAC1 gene, n=5, 7, 6 participants for placebo, 100mg, 200mg
groups respectively throughDay 28 for each dose group. eHeatmap depicting relative
change from baseline for a panel of ISR genes. Gene expressionmeasured bymultiplex
qPCR in freshly isolated ex vivo stimulated PBMCs from ALS patients in each dose
group. Values grouped based onmedian percent change from baseline and genes rank
ordered based on percent change from baseline at Day 28 in the highest dose cohort
(200mg). f Percent change from baseline in CSF GDF-15 protein concentration at Day
28 in ALS participants, n=9, 8, 8 participants for placebo, 100mg, 200mg groups
respectively per group. Data are shown as box plot with individual percent change
values overlayed. The middle line of the boxplot displays the median, the lower and
upper limits of the box display the first and third quartiles, and the whiskers extend to
the largest and smallest values. Source data are provided in Source Data file.
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While eIF2B activators can correct effects of the genetic lesion in
the VWMD mouse model, it is unclear if they can attenuate CNS ISR
activation and slow disease progression in ALS preclinical models
and critically, in people with ALS. We selected the rNLS8 ALS mouse
model because of evidence of CNS ISR activation22, which is facili-
tated by cytoplasmic accumulation of TDP-43 due to removal of its
NLS, as also supported by our cellular studies. While artificial, this
inducible transgenic mouse model has the merit to replicate the ISR
pathway activation we and others have observed in the CNS of
patients with ALS. Our acute and chronic studies employing a CNS-
penetrant tool compound (DN9058) amenable to PK/PD and efficacy
studies in mice and chemically related to the investigational drug
DNL343 indeed showed this compound can reduce ISR protein and
mRNAmarkers in the brain of rNLS8 mice after induction of the TDP-
43 transgene. In a chronic dosing study, DN9058 was able to tran-
siently slow progression of motor phenotypes in rNLS8 mice in two
independent behavioral paradigms, the rotarod and the inverted grid
suspension test. Mild treatment benefits were observed at 2 WOD
and were sex-independent, but they were lost at later timepoints,
likely due to the aggressive disease phenotypes of this model. Simi-
larly, DN9058 dosing resulted in lower plasma NfL levels specifically
at 4 WOD, suggesting eIF2B activation confers some level of neuro-
protection in the CNS of rNLS8 mice, at least temporarily. Chronic
dosing of DN9058 caused amild increase in insoluble p-TDP-43 levels
specifically in female brains, suggesting inhibiting ISR does not pre-
vent or may even slightly increase aggregation of cytoplasmically-
restricted TDP-43 in the rNLS8 model. However, given the reduction
in NfL levels, this subtle TDP-43 phenotype is unlikely to promote
neurodegeneration and increases in p-TDP-43 could also potentially
be a result of reduced degeneration in neurons with TDP-43
pathology. We note that silencing specific components of the ISR
pathway, such as Chop/Ddit3, via antisense oligonucleotides did not
slow symptom progression in the same model22, suggesting that
eIF2B activation is more protective, likely via modulation of addi-
tional branches of the ISR pathway. Notably, DN9058 treatment
caused an unexpected decrease in phosphorylation of eIF2α, given
that eIF2B is downstream of eIF2α. This potentially suggests that
prolonged ISR inhibition can trigger crosstalk between branches of
ISR, perhaps via downregulation of eIF2α kinases or upregulation of
phosphatases, which may eventually block the feed-forward reg-
ulatory loops of ISR in vivo. In summary, our studies, together with
other studies in the field (including evidence of ISR activation in ALS
patients’ spinal cord and CSF), provided incentive to test the ther-
apeutic hypothesis that eIF2B activators may be beneficial for indi-
viduals with ALS in clinical settings.

In this study, we report clinical data on DNL343, an investiga-
tional small molecule eIF2B activator evaluated in a Phase 1 trial in
healthy participants (NCT04268784) and in two trials in individuals
living with ALS (NCT05006352, NCT05842941). In our Phase 1 and
Phase 1b studies, DNL343 PK in healthy participants and participants
with ALS similarly demonstrated low variability, long plasma half-
life, extensive CSF distribution evidenced by similar CSF and
unbound plasma concentrations of DNL343, and predictable dose-
related increases in exposure (AUC and Cmax). DNL343 PD showed
reduced ISR biomarkers in ex vivo stimulated PBMCs. In the Phase 1
MAD and Phase 1b ALS studies, DNL343 distributed to a similar
extent in plasma and CSF. Taken together, DNL343 exposures that
maximize peripheral ISR biomarker responses in PBMCs are hypo-
thesized to induce similar responses in the CNS. DNL343 was also
generally safe and well-tolerated in both healthy and ALS partici-
pants across a broad range of doses that robustly inhibited the ISR in
PBMCs evaluated in both our Phase 1 study and the Phase 1b study
(Supplementary Data 2) and showed evidence of CNS ISR inhibition
in subjects with ALS based on the trend of reduction of GDF-15

protein levels. Given the limited number of participants and short
duration of the Phase 1 and Phase 1b studies reported here, later
stage studies are needed to further characterize safety and to assess
the impact of DNL343 on clinical outcomes in people with ALS.
DNL343 has been investigated in the HEALEY ALS Platform Trial
(NCT05842941). While the favorable PK, PD, and safety profile
supported continued development of DNL343 as a potential treat-
ment for ALS, recent topline clinical data indicated that primary
clinical endpoints were not met after 6months, suggesting that ISR
pathway inhibition may not modify disease outcome, at least in this
time period. Further studies will be needed to better understand the
impact of ISR inhibition in ALS and other neurological indications.
These preclinical data suggest that pharmacological modulation of
this pathway can modestly impact disease progression in rNLS8
mice, and identification of ALS patient subsets or other disease
contexts with a strong ISR signature may lead to more optimal
treatment paradigms.

Methods
Study Design
This translational study set out to understand the involvement of
stress granule biology and the ISR pathway in ALS to support the
development of DNL343, an investigational small molecule that tar-
gets eIF2B and inhibits the ISR. We employed a variety of cell-based
model systems spanning from ALS-related gene expressing immor-
talized cells (HEK293 and H4), human iPSC-derived neurons from
people with ALS (motor and forebrain neurons), and human PMBCs.
ISR activation was observed with expression of both cytoplasmic
TDP-43 and C9orf72 HRE, and RBPs associated with ALS were present
in stress granules, both of which were ameliorated with DNL343
treatment. Inducible animal model expressing cytoplasmic TDP-43,
rNLS8 transgenicmouse, was utilized to present the capacity of eIF2B
agonist in correcting the elevated ISR markers in the CNS. Human
PMBCswere used to develop a peripheral pathway engagement assay
for DNL343 using ISR genes that are also upregulated by the ISR in
human iNeurons. Clinical studies of DNL343 in healthy participants
(Phase 1) and participants with ALS (Phase 1b) were conducted to
evaluate the pharmacokinetics, peripheral ISR modulation, and
safety in humans. IRB reviewed informed consent was obtained from
every participant after the nature and possible consequences of the
studies were explained.

Small molecules eIF2B activators
The discovery and preclinical profiles of DNL343 and DN2736 were
previously described48,60. DN9058 and DN9052 are described in this
study. ATF4NanoLuc reporter cellular assaywas used to determine the
cellular potency of newly reported small molecules as previously
described60.

Cell line development and maintenance
Lentiviruses encoding G3BP1-mCherry in a pLVX-CMV-IRES-Hygro
vector (Clontech) and GFP-tagged RBPs [GFP-TDP-43(WT), GFP-TDP-
43(86-414), GFP-TDP-43(86-414,M337V), TIA1-GFP, TIA1(A381T)-GFP, FUS(G515X)-GFP]
in a pLVX-TetOne_IRES_Puro vector (Clontech) were first expressed in
HEK293T-17 cells to produce virus using Lenti-x Single Shot (ClonTech,
#631275). H4 cells, a human neuroglioma cell line, (ATCC HTB-148)
were transduced with these viruses under the selection of hygromycin
B (Invitrogen, #10687010) and puromycin (Gibco, #A1113803) to
generate stable cell clones. All inducible cell lineswere grown inDMEM
(Gibco, #11965-092), supplemented with 10% FBS (Clontech, #631106)
and 1X sodium pyruvate (Gibco, #11360-070), 1 µg/mL puromycin and
150 µg/mL hygromycin B at 37 °C in 5% CO2.

HEK293 cells stably expressing EGFP or (G4C2)71-EGFP were gen-
erated aspreviously described78. Briefly, HEK293 cells were transfected
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with pcDNA3.1 + EGFP or (G4C2)71-EGFP with Lipofectamine 3000
(Invitrogen) and selected with G418 (Corning, #30234CI) to produce
stable clones. Stable HEK293 cells were maintained in DMEM (Gibco,
#11965-092), supplemented with 10% FBS (VWR, #97068-085), and 1X
sodium pyruvate (Gibco, #11360-070) at 37 °C in 5% CO2.

Chemical stressors and DNL343 treatments in H4 inducible cells
and HEK293 cells
For H4 inducible cells, each line was expressed for 24 h by inducing
with 1μg/mL doxycycline (Clontech, #NC0424034). After doxycycline
induction, cells were treated as follows: for qPCR, ATF4 ECLIA, anti-p-
eIF2α and anti-ATF4 immunostaining, cells were treated with 1μM
DNL343 or DMSO for 2.5 h at 37 °C in 5% CO2. For fixed stress granule
assays, cells were pretreated with 1μM DNL343 or DMSO for 30min
and stressed with NaAsO2 (Sigma, #S7400-100G) (see figure
legends for concentration and duration). For live-cell stress granule
formation assays, cells were induced for 24 h with doxycycline. Nuclei
were then labeled with NucBlue Live ReadyProbes reagent (Hoechst
33342) (Invitrogen, #R37605) for 20min 37 °C, 5% CO2. Then 200μM
NaAsO2 was added to the cells and imaged immediately as described
below. For stress granule dissolution assays, cells were induced for
24 h with doxycycline. After induction, cells were treated with 250μM
NaAsO2 for 1 h, followed by 1μM DNL343 or DMSO and immediately
imaged for 130min as described below. For HEK293 cells stably
expressing (G4C2)71-GFP or GFP control, samples were treated with
1μM DNL343 or DMSO for 2.5 h at 37 °C in 5% CO2. Following incuba-
tion, samples were collected for qPCR or ATF4 ECLIA as
described below.

Maintenance and generation of iPSC-derived motor neurons
Human induced pluripotent stem cells (iPSCs) previously reported43,
were utilized in this study. iPSCs were cultured on Matrigel-coated
plates usingmTeSRPlus (StemCell Technologies) at 37 °Cwith 5%CO2.
Cells were dissociated using Gentle Cell Dissociation Reagent (Stem
Cell Technologies) and passaged as clumps.

Motor neurons (MNs) were differentiated as previously
described42,43. Briefly, iPSCs were dissociated as single cells using Accu-
tase (Stem Cell Technologies) and plated on a Matrigel-coated 6-well
plate in mTeSR Plus supplemented with 10μM ROCK inhibitor Y-27632
(RI). The following day, RI was withdrawn from media and iPSCs were
cultured to 70−90% cell confluency. On day 1 of MN differentiation, the
mediumwas replaced with N2/B27medium (DMEM/F12 +GlutaMAX, 1X
N2 supplement, 1X B27 supplement, 150μM ascorbic acid, and 1%
Penicillin-Streptomycin) supplementedwith 1μMDorsomorphin, 10μM
SB431542, 3μM CHIR99021, and 5μM RI. Cells were maintained in this
medium with daily changes for 6 days. On day 7, medium was changed
to N2/B27 medium supplemented with 1μM Dorsomorphin, 10μM
SB431542, 1.5μMretinoic acid (RA), 200nM Smoothened Agonist (SAG)
and medium changes were performed daily. At day 18, the cells were
dissociated with Accutase and expanded in motor neuron progenitor
(MNP) medium (N2/B27 medium supplemented with 3μM CHIR99021,
2μM DMH1, 2μM SB431542, 0.1μM RA, 0.5μM Purmorphamine and
0.5mM valproic acid) on Matrigel-coated plates, as previously
described79. MNPs were maintained in this medium and passaged with
Accutase for up to 8 passages. For continued differentiation,MNPswere
harvested with Accutase and plated at ~2 × 106 cells per well on a 6-well
plate serially coated overnight with 0.001% (0.01mg/mL) poly-D-lysine
(PDL, Sigma) and poly-L-ornithine (PLO, Sigma) followed by an over-
night incubation with 20μg/mL laminin (Life Technologies). The cells
were plated into N2/B27 maturation medium (N2/B27 medium con-
taining 2 ng/mL GDNF, 2 ng/mL BDNF, and 2ng/mL CNTF) supple-
mented with 1.5μMRA, 200nM SAG, and 10μMRI. On day 20 ofmotor
neurondifferentiation (2 days postMNPdissociation), RI was reduced to
2μM.On day 22, mediumwas changed into N2 B27maturationmedium
supplemented with 2μMDAPT and 2μMRI. Cells weremaintained with

full medium changes every 2days hereafter. On day 26, DAPT was
withdrawn from the media.

For stress granule assays, cells were replated onto 384-well plates
on day 27 as previously described43. In brief, 384-well plates were
coated in advance with 0.001% PDL/PLO overnight at 37 °C, washed
twice with 1X PBS, and incubated with 20μg/mL laminin overnight at
37 °C. To harvest iPS-MNs, Accumax was added to day 27 motor neu-
rons and incubated for 60min at 37 °C with 5% CO2. Cells were then
gently triturated 15 times with a P1000 pipette and incubated at 37 °C,
5% CO2 for an additional 15min to complete dissociation. DMEM/
F12 +GlutaMAX medium was added to dilute the dissociation reagent
and the cell containing solution was transferred to a 15mL conical
tube. Cells were pelleted by centrifuging for 5min at 200 × g and
supernatant was aspirated. Cells were resuspended in N2/B27
maturation medium supplemented with 10μM RI and passed through
a 40μm mesh filter to remove clumps. 104 iPS-MN cells were plated
into each well of a PDL/PLO/laminin-coated 384 well in N2/B27
maturation media supplemented with 10μM RI. After 24 h, cells were
fed by adding N2/B27 maturation medium to each well. After allowing
the cells to adhere for 48h, the cells were treated as described.

Generation of iPSC-derived NGN2 neurons
The human iPS cell line, BIONi010-C-13, was purchased fromMillipore
Sigma (#66540561) and expresses Neurogenin-2 (NGN2) upon dox-
ycycline treatment. The neuron differentiation protocol was adapted
from a previous study80, with modifications described. Briefly, three
days prior to differentiation, iPS cells were released into single cells by
Accutase and were resuspended in N2 pre-differentiation medium (1X
Knockout DMEM/F12, 1X NEAA, 1X N2 supplement, 10 ng/mL NT-3,
10 ng/mL BDNF, 2μg/mL doxycycline). Cells were counted and seeded
at ~8 × 103 cells/cm2 (7.5 × 105 cells/well of 6-well plate) in N2 pre-
differentiation medium containing 10 nM RI (Tocris, #125410). A full
pre-differentiation medium change was performed over the next
2 days (with doxycycline and no RI). For neuronal differentiation, the
pre-differentiated cells were resuspended in the classic N2/B27 dif-
ferentiation medium (1X DMEM/F12, 1X Neurobasal-A or Neurobasal
medium, 1X NEAA, 0.5X GlutaMAX, 0.5X N2 supplement, 0.5X B27-VA
supplement, 10 ng/mL NT-3, 10 ng/mL BDNF, 1μg/mL mouse laminin,
2μg/mL doxycycline). The cells were plated onto pre-PDL coated 96
well plates (Corning, #354640) coated with additional laminin (15μg/
ml) for 2 h at 37 °C in 5% CO2. Starting from DIV7, weekly 75%medium
changesweredonewith the classicN2/B27mediumcontaining laminin
(1μg/mL). NGN2 neurons were ready to use by DIV14.

Generation of iPSC-derived forebrain neurons
C9orf72-expanded, CS52iALS-C9n6 (RRID:CVCL_JC27), and its isogenic
control, CS52iALS-C9n6.ISO363,81,82, were purchased from Cedars-Sinai
iPSC Core facility to differentiate into forebrain neurons. Forebrain
iPSC-derived Neurons (iNeurons) were derived using a small molecule
induced differentiation protocol from Stemcell Technologies. Briefly,
embryoid body (EB) formation was initiated from iPSC lines in
Aggrewell plates (Stemcell Technologies, #34811). EBs were plated
onto Matrigel coated plates on day 5. On day 11/12 after EB formation,
neural rosette selection was performed according to the protocol.
Some lines required far less incubation –as few as 30min at 37 °C—in
rosette selection medium to remove neural rosettes. Neural rosettes
were replated on Matrigel coated plates and expanded as neural pro-
genitor cells for 1–2 additional weeks to allow for high enough yield to
advance to forebrain neuron differentiation or for cryopreservation at
this stage. Neural progenitor cells were seeded for forebrain neuron
differentiation (Stemcell Technologies, #08600) andmediumchanges
performed according to the protocol. Five to 7 days later forebrain
progenitors were lifted and seeded according to the vendor protocol
for the final iNeuron maturation (Stemcell Technologies, #08605).
Every 2–3 days, 75% medium changes were completed. By ~DIV14,
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mature cells expressed predominantly TUJ1 with low levels of GFAP-
positive astrocytes (~10%) in the culture and were treated with com-
pounds as described.

Stress and eIF2B compound treatments in iNeurons
For C9orf72ALS iPSC-derived and isogenic control forebrain iNeurons,
cellswere pretreatedwith 1μMDNL343 or vehicle for 30min, followed
by 0.01μM or 0.1μM thapsigargin for 2 h at 37 °C, 5% CO2. Following
incubation, cells were fixed and stained as described below.

For TDP-43(G298S) and healthy control iMNs, cells were pretreated
with 1, 0.1, 0.01, or 0.001μM eIF2B compounds or DMSO for 1.5 h,
followed by 100μM NaAsO2 or 0.25μM thapsigargin for 2 h at 37 °C,
5% CO2. Cells were fixed and stained for G3BP1 as described below in
immunocytochemistry.

For NGN2 iNeurons, cells were pretreated with 2μM DNL343 for
30min, followed by 50μM for 4 h 37 °C, 5% CO2. Total RNA was then
isolated using the RNeasy Plus Micro Kit (Qiagen) following the man-
ufacturer’s protocol. Gene expressionwas thenmeasured as described
below in Fluidigm assays.

Immunocytochemistry
Following treatments in H4 inducible cells and C9orf72 iNeurons,
samples were washed with 1X PBS and fixed in 4% paraformaldehyde
for 15min at room temperature (RT). Cells were then permeabilized
with 0.1% Triton X-100 in PBS for 20min at RT, and then blocked in
0.1% Triton X-100 and 3% BSA in PBS for 1 h at RT. The following
primary antibodies were diluted in blocking buffer and incubated
overnight at 4 °C: eIF2B epsilon (Novus, #NBP1-30449, 1:500), ATXN2
(BD Biosciences, #611378, 1:200), UBAP2L (Bethyl, #A300-533A-M,
1:500), G3BP1 (Bethyl, #A302-033A, 1:500), phospho-EIF2α (Cell Sig-
naling, #3398, 1:200), and ATF4 (Cell Signaling, #11815, 1:200). Fol-
lowing washes with 1X PBS 3 times for 5min each, cells were then
diluted in block solution containing Alexa Fluor 647 secondary anti-
bodies (Invitrogen, #A-31573 and #A32787) diluted 1:500 each and
DAPI (ThermoFisher, #62248, 1:5000) at RT for 1 h. Cells were then
washed 4 times for 5min each in 1X PBS before image acquisition.

For iMNs, after stress treatment, cells were fixed by adding 4%
paraformaldehyde (PFA) for 60min at RT. Cells were then washed
three times with 1X PBS. Next, cells were simultaneously blocked and
permeabilized with 0.1% Triton-X and 5% goat serum diluted in 1X PBS
for 45min at RT. A wash with wash buffer (0.01% Triton-X in 1X PBS)
wasperformed andcellswere incubatedovernight at 4 °Cwithprimary
antibody anti-G3BP1 (MBL #RN048PW, 1:500) diluted in wash buffer
containing 5% goat serum. The plates were thenwashed five timeswith
wash buffer. Secondary antibody Alexa Fluor 488 (Invitrogen,
#A11034, 1:1000) diluted in wash buffer containing 5% goat serumwas
added to the cells and incubated overnight at 4 °C. Plates werewashed
10 times with wash buffer and nuclei were stainedwith DAPI (1:5000 in
PBS) overnight at 4 °C. Finally, cells were washed twice with wash
buffer and preserved by adding 50% v/v glycerol in 1X PBS. Plates were
imaged in this solutionasdescribedbelow in imaging of 384-well plate.

Electrochemiluminescence-based detection (ECLIA) for the
quantification of ATF4 protein
A non-competitive sandwich immunoassay employing a biotinylated
CREB-2 (ATF4) mAb (Santa Cruz Biotechnology, #sc-390063 LS) as
capture and a SULFO TAG labeled (ruthenylated) anti-ATF4 pAb
(Proteintech, #10835-1-AP) for detection was used to quantify levels of
ATF4 protein. Biotinylation and ruthenylation were performed by B2S
Life Sciences. MSD GOLD 96-well small spot streptavidin SECTOR
plates (Meso Scale Diagnostics (MSD), #L45SA) were washed 3 times
with 300μL/well with wash buffer (1X TBST) using a plate washer. To
each well 25μL of 2μg/mL Biotinylated Mouse anti-CREB-2 coating
antibody diluted in Diluent 100 (MSD, #R50AA-2) was added and the
plate was incubated at RT for 1 h on anorbital shaker at 700 rpm. ATF4

protein (Origene, TP760367) calibration standards were prepared in 1/
50 Diluted Jurkat Cell Lysates (1×107 cells/mL) using CST lysis buffer at
3X dilutions between 360pg/mL and 10pg/mL and then 2x dilutions
down to 2.5 pg/mL. Plates were washed as above and 25μL of each
calibration standard or sample, undiluted, were added to replicate
wells. Plates were incubated overnight (16−24 h) at 4 °C on an orbital
shaker at 700 rpm. Plates were washed as above and 25μL of 0.5μg/
mL Rabbit anti-ATF4 Sulfo Tag polyclonal detection antibody in 1X
MSD Blocker A (MSD, #R93AA-2) + 0.1mg/mL Rabbit GammaGlobulin
(Rockland Immunochemicals, #D610-1000) + 1mg/mL Mouse Gamma
Globulin (Rockland Immunochemicals, #D609-0100) in 1x TBST was
added to each well. Plates were incubated for 1 h at RT on an orbital
shaker at 700 rpm. Plates were washed again and 150μL per well of
MSD GOLD Read Buffer (MSD, #R92TG) was added to eachwell. Plates
were read on a 1201MSD SECTOR 600MMplate reader (MSD, #IC1AA-
0) within 30min of adding buffer and data was captured inMethodical
Mind (MSD, version Fall 2020 (1.0.38)). Phase 1 and Phase 1b ATF4
assays were performed at B2S Life Sciences (Franklin, IN).

RNA-sequencing in H4 and HEK293 cells
Total RNA from H4 and HEK293 cells was extracted using the RNeasy
Plus Micro Kit (Qiagen) and resuspended in nuclease-free water. Fol-
lowing the protocol defined by the manufacturer, RNA-seq libraries
were generated using the QuantSeq 3’mRNA-seq Library Prep Kit FWD
for Illumina (Lexogen A01173) with high quality total RNA (RINe > 8) as
input template. Briefly, total RNA was primed with oligo(dT) for
reverse transcription, followed by RNA removal. Lexogen’s UMI Sec-
ond Strand Synthesis Module was added to introduce unique mole-
cular identifiers to identify and remove PCR duplicates. Amplified
cDNA was purified using magnetic beads followed by 12 cycles of PCR
with dual indexes and PCR purification. Library quantity and quality
were assessed with High Sensitivity D1000 ScreenTape (Agilent 5067-
5584). Libraries were pooled in equimolar ratios and the sequencing
pool was purified with magnetic beads to remove residual adapter
dimers. Sequencing reads were generated on an Illumina NovaSeq
6000 instrument (75 bp single end) by SeqMatic (Fremont, CA, USA).

Microscopy and image analysis
High-content confocal microscopy for fixed and live cells. For
imaging H4 cells, cells were plated at 20 K cells/well in a PDL-coated
96-well cell carrier ultra plate (Perkin Elmer, #6055302) and induced
with 1μg/mL doxycycline for 24 h. For imaging C9orf72 iNeurons, cells
were plated at 20K cells/well on a 96-well plate (Corning, #354640).
Stress and DNL343 treatments were performed as described above.
Cells were then imaged on an Opera Phenix (Perkin Elmer) high-
content spinning disk confocal microscope using a 40X/1.1 NA water
immersion objective. To independently quantify stress granules (i.e.
G3BP1-mCherry) and TDP-43-GFP puncta, a spot-based segmentation
algorithm was implemented by using the Harmony HCS software
(Perkin Elmer, version 4.9). Then, a masking step determined the TDP-
43-positive spots found within G3BP1. Spot colocalization was quan-
tifiedby calculating the percent overlapbetweendouble positive spots
and the total number of TDP-43 spots. To demonstrate colocalization
between stress granules, TDP-43 puncta, and eIF2B puncta, line
intensity profiles weremanually drawn intersecting each channel using
FIJI/ImageJ. To measure cellular expression of p-EIF2α and ATF4, cells
were segmented and identified by the Harmony software, and the
mean fluorescence intensity was measured automatically.

For imaging iMNs, 384-well plates were imaged using a Nikon
Eclipse Ti2 microscope system operated with NIS Elements High
Content Software (Nikon). A 20X/0.75 NA objective was used to collect
7μm focal rangewith 8 z slices for each of 6 field of views acquired per
well. The excitation lasers used were 395 nm and 470nm for DAPI and
GFP, respectively. The slice images of eachfield of viewweremerged in
FIJI/ImageJ using the maximum intensity projection function. Stress
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granules and nuclei were segmented and quantified using a custom
CellProfiler pipeline83. Nuclei were identified and segmented using an
object diameter of 23−80pixels. To identify cell boundaries, theG3BP1
granule channel was overlayed, and a trace was propagated from the
nuclei mask outward to the edge limit of the cytoplasmic fluorescent
signal. To identify G3BP1-positive stress granules within cell bodies,
punctate structures were processed to enhance speckle-like features
that were 1−10 pixels in diameter. The total area enclosed by each
identified feature (stress granule or nuclei) were calculated to quantify
relative stress granule abundance.

Super resolution microscopy. H4 cells were plated at 20 K cells/well
on a PLL-coated 96w glass bottom plate (CellVis, #P96-1.5H-N) and
induced with doxycycline for 24 h. Cells were treated, fixed, and
stained as described above. Images were acquired with a scanning
confocal microscope (Leica SP8; Leica Microsystems) using the
Lightning super resolution mode and acquired with a 40 × /1.3 NA oil
objective at a voxel size of 50 µm XY and 300 µm Z. The excitation
lasers used were 405 nm (DAPI) and a supercontinuum white light
laser, tuned to 488 nm (GFP), 561 nm (mCherry), and 633 nm (Alexa
Fluor 647). Images were processed using the Adaptive Lightning
processing algorithm. Two independent confocal z-stacks of 10 μm
were acquired for each channel using sequential scan settings from
each of 2 duplicate wells per treatment group. To visually confirm
colocalization of TDP-43 within stress granules, as marked by G3BP1-
mCherry, anti-ATXN2, or anti-UBAP2L, the signal from each channel
was masked using an intensity-based segmentation of positive pixels
and visualized using Bitplane Imaris using 3D surface rendering. Raw
image stacks were opened in FIJI/ImageJ and line intensity histo-
grams intersecting each channel were generated to demonstrate
colocalization.

Animals
rNLS8 transgenic mice and littermate controls were produced by inter-
crossing of homozygous tetO-hTDP-43-ΔNLS line mice with hemizygous
NEFH-tTA line mice both on a C57BL/6JAusb background following >10
generations of backcrossing. The mice were fed with Dox-containing
chow (200mg/kg chow, Specialty Feeds, Australia). Male and female
mice at ~8weeks of age were housed in temperature- and humidity-
controlled conditions (21 ± 1 °C, 55 ± 5 %) with a 12h light / dark cycle
(lights on at 6:00h). Experiments were conducted with approval of the
Animal Ethics Committee of The University of Queensland (#2023/
AE000484). Upon the initiation of the experiment (Off-Dox), mice were
switched to normal chow to induce expression of hTDP-43-ΔNLS. Mice
were randomly allocated to treatment groups. Both sexes were included
andbalanced between groups.Monogenic littermate and non-transgenic
C57BL/6JAusb animals were used as controls.

Nonclinical drug (DN9058) formulation and dosing experi-
mental procedures
Weconducteddrug formulation forDN9058 following thepreparation
procedure. Briefly, DN9058 was dissolved in 50% volume 0.2% Poly-
sorbate (Tween-80, Sigma-Aldrich #P4780) solution of the final
volume. Solution was sonicated at 60% power for 5min with 50 s / 50 s
intervals twice. An equal volume of 1% methyl cellulose (Sigma
#09963) solution was added to reach the final targeted volume. The
solution was mixed for additional 30min and kept at 2−5 °C on a
rotator until administration. DN9058 solution was prepared freshly
and administered on the same day.

The acute dosing experiment procedures were conducted starting
from 13th day off Dox for two consecutive days. On 13th and 14th day off
Dox, all mice received vehicle (0.1% Polysorbate 80, 0.5% Methylcellu-
lose in water) and 50mg/kg (body weight) DN9058 by oral gavage (p.o.)
with 24h intervals. On 14th day, 3–4h after the vehicle and DN9058
administration, mice were euthanized for tissue collection.

For the chronic dosing of DN9058, DN9058was formulated in the
rodent food chow by Specialty feed (Australia) at a dose of 50mg per
kg of diet chow, with a goal of 7.5mg DN9058 consumption per kg of
body weight in a day. The normal rodent food chow (Specialty feed,
Australia) was used for the vehicle treatment.

Mouse plasma and tissue collection procedure
The whole blood of all mice was collected through submandibular
bleeding by 0.5M EDTA pre-coated syringes and immediately trans-
ferred to 1.5mL Eppendorf tubes containing 4μL of 0.5M EDTA. The
blood samples were immediately spun in a refrigerated centrifuge at
15,000× g for 5min following Beckman’s method. The supernatants
were collected as plasma samples immediately, snap frozen on dry ice,
and transferred to –80 °C freezer for storage. For tissue collection, the
mice were euthanized by injection of 50μL Lethabarb (Virbac
#LETHA450) and underwent transcardiac perfusion using 50mL PBS.
The brains were immediately micro-dissected, frozen on dry ice, and
transferred to –80 °C freezer for storage.

DN9058 pharmacokinetics
Concentrations of DN9058 in plasma and brain were measured using
LC-MS/MS by Quintara Discovery. Brain samples were homogenized in
2–3 volumes of 20% acetonitrile. Plasma samples and brain homogenate
samples were diluted 2-fold in blank mouse plasma. A 20 µL aliquot of
diluted plasma or plasma diluted brain homogenate was extracted with
100 µL of acetonitrile containing the internal standard (DN1206). The
mixture was vortexed on a shaker for 15min and subsequently cen-
trifuged at 3220× g for 15min. A 15 µL aliquot of the supernatant was
mixed with 150 µL of 35% acetonitrile with 0.1% formic acid for injection
to the LC/MS/MS. Calibration standards and quality control samples
were prepared by spiking the test compound into blank mouse plasma
and then processed with the unknown samples in the same batch. Total
DN9058 concentration determined for each sample was adjusted to
unbound fraction protein bymultiplying with plasma and brain fraction
unbound value (fu) of 0.102 and 0.245, respectively.

qPCR gene expression analysis from mouse brain tissue
Mouse rostral cortices were utilized for the validation ofmousemodel
and the analysis of gene expression changes afterDN9058dosing. RNA
from the brains were isolated using RNeasy Plus Mini Kit (Qiagen,
#74134). The isolated RNAs were reverse transcribed to cDNA with
SuperScript IV VILO Master Mix (Invitrogen, #11756050). Taqman
probes (Thermo Fisher, #4331182; human TARDBP, Hs00606522_m1;
Mouse Atf4, Mm00515325_g1; Ddit3, Mm01135937_g1; Chac1,
Mm00509926_m1; Ccl12, Mm01617100_m1;Mthfd2, Mm00485276_m1;
Ppp1r15a, Mm01205601_g1; Gdf15, Mm00442228_m1; Il6,
Mm00442228_m1) were utilized for specific transcript target amplifi-
cations, including human TARDBP and key ISR genes, via QuantStudio
6 Flex System. Quantitative PCR (qPCR) reaction was carried out for
each sample containing 1μL sample cDNA, 5μL Taqman Fastman
Advanced Master Mix (Thermo Fisher, #4444557), 0.5μL of 20 ×Taq-
man probe for target gene with FAM, 0.5μL of 20× HPRT probe
(Thermo Fisher, #4331182; Mm03024075_m1) with VIC-PL as a loading
control, and 3μL of nuclease free water. The samples went through
pre-amplification hold stage at 95 °C for 20 s, followed by 40 cycles of
amplification stage with (1) 95 °C for 1 s and (2) 60 °C for 20 s. The
relative expression of genes was determined using ΔΔCt method,
having the relative fold change of transcript expression from non-
transgenic control sample calculated as 2-ΔΔCt.

Protein extraction and immunoblotting analysis from mouse
brain tissue
Mouse caudal cortices were used for immunoblotting. Briefly, the
caudal cortical tissues were thawed on ice and homogenized in 5 × v/w
RIPA lysis buffer (50mM Tris, 150mM NaCl, 1% NP-40, 5mM EDTA,
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0.5% sodium deoxycholate, and 0.1% SDS, pH 8.0) containing 1mM
PMSF, phosphatase inhibitor cocktail (Sigma #4906845001), and
protease inhibitor cocktail (Sigma #11836170001) with three 1.4mm
Zirconium oxide beads (Bertin Instruments, #P000927-LYSK0-A)
using Precellys tissue homogenizer (Bertin Instruments, #P000669-
PR240-A). Samples were centrifuged at 4 °C, 100,000 xg for 30min,
and the supernatant was taken as the RIPA-soluble fraction. The
remaining pellet was washed with RIPA buffer once, and the resulting
pellet was dissolved in 5 × v/w urea buffer (7M urea, 2M thiourea, 4%
CHAPS, and 30mM Tris, pH 8.5) using the Precellys homogenizer and
centrifuged at 22 °C, 100,000× g for 30min. This supernatant was
taken as the RIPA-insoluble fraction. Protein concentrations of the
RIPA-soluble fractions were determined using the PierceTM BCA Pro-
tein Assay Kit (Thermo Fisher Scientific #23225).

Protein samples of RIPA-soluble or -insoluble fractions were
separated by electrophoresis (120 V for 90min) on a 12% poly-
acrylamide gel in the presence of reducing agent (2-mercaptoetha-
nol, Sigma #63689). After SDS-PAGE, proteins were transferred to
nitrocellulose membranes (LI-COR Biosciences, #P/N926-31092)
and incubated in blocking solution (5% (w/v) BSA, 0.05% (w/v)
Tween-20 in TBS (TBST)), then incubated overnight with primary
antibodies diluted in the blocking solution. Primary antibodies used
for immunoblotting were rabbit anti-TDP-43 recognizing both
human and mouse protein (Proteintech #10782-2-AP), rat anti-
phospho-S409/410 TDP-43 (Biolegend # 829901), mouse anti-
GAPDH (Proteintech #60004-1-Ig), rabbit anti-phosphorylated
eIF2α (Cell Signaling, #3398), rabbit anti-eIF2α (Cell Signaling,
#9722), and rabbit anti-ATF4 (Cell Signaling, #11815). The nitro-
cellulose membranes were washed with TBST and incubated with
IRDye secondary antibodies for 1 h at RT. Protein bands were
visualized using the Odyssey CLx Imaging System (LI-COR Bios-
ciences, Lincoln, NE, USA) and quantified using Image Studio Lite
software (LI-COR Biosciences). The relative changes of protein levels
were calculated by quantifying the bands in RIPA soluble fractions
relative to the band of the internal reference GAPDH protein, or by
quantifying the bands in RIPA-insoluble fractions relative to total
protein and subsequently normalized to the control groups.

Mouse monitoring for body weight and neurological score
evaluation
Mice were monitored and weighed three times per week after Dox
feed. For the observation of collapsing splay or clasping of hindlimbs,
mice were suspended by the tail for >5 s. The failure to extend both
hindlimbs was recorded as a positive response of collapsing splay and
holding hindlimbs together was recorded as a presence of clasping
splay as described previously.

Rotarod test
Mice were placed on a rotarod apparatus (Ugo Basile SRL, Gemonio,
Italy) at a speed of 5 rpm with acceleration up to 40 rpm within 300 s.
The time eachmice took to fall from the apparatuswas recorded. Ifmice
were still running at the end of the testing session, their times were
recorded as 300 s. Three training sessions were performed one week
prior to time off Dox, and two test sessions were conducted biweekly,
with the final score being the highest time of the two test sessions.

Inverted grid suspension test
To evaluate the grip strength and coordination of mice, the inverted
grid suspension testwasutilized.Micewereplacedona gridnet, which
slowly turned upside down so they were suspended above a padded
surface. The latency to fall for eachmice (in seconds) was recorded for
three sessions at indicated time points. If micewere running at the end
of the testing session, the latency was recorded at 60 s. The maximal
performance was recorded for further analysis.

Detection of mouse plasma NfL
Plasma samples for chronicDN9058dosing studywere collected at the
beginning of dosing (Baseline, 0Weeks Off Dox (WOD)), 2 weeks after
(2WOD), 4weeks after (4WOD), and6weeks after (6WOD) as terminal
point. Neurofilament light (NfL) protein concentration in the plasma
samples was measured with Simoa Nf-Light Advantage Kit (Quanterix,
#104073) using Quanterix HD-X instrument. The assay was carried out
as described by the manufacturer. Briefly, mouse plasma was diluted
with Sample Diluent (Quanterix, #102252) at dilution factor of 20 and
loaded to Simoa 96-well microplate along with kit calibrators and
controls. Based on the calibration curve generated, NfL concentration
from each sample was interpolated.

Gene expression in human ALS spinal cord samples
RNA was isolated from sections of thoracic spinal cord from ALS indi-
viduals and controls obtained from Target ALS (see Supplementary
Table 1 for demographics and characteristics of human spinal cord
samples). In brief, frozen tissue was homogenized in Buffer RLT Plus
(Qiagen, #1053393)with 1%β-mercaptoethanol (Sigma, #M3148-25ML) at
a ratio of 10μL of buffer for every 1mg of tissue using a Qiagen Tissue
LyserII for 3min at 30kHz for 2 cycles. Lysate was centrifuged at
21,000×g for 5min and 300μL of supernatant was combined with
300μL of buffer before transferring to a QIA shredder (Qiagen, #79656)
and centrifuging at 16,000×g for 30 s. Flow-throughwas thenprocessed
using the protocol for purification of total RNA from animal cells inclu-
dedwith the RNeasy plusmini kit (Qiagen, #74136). Gene expressionwas
then measured using the Fluidigm protocol described in this section.

ISRGSEAanalysis of bulkRNA-seq from spinal cord tissue of ALS
vs healthy controls (Target ALS)
FASTQ files included in the Target ALS March 2022 RNA-seq release
were retrieved from the NY Genome Center’s Collaborator Portal.
Reads were trimmedwith skewer (version 0.2.2)84 and aligned with the
STAR aligner (version 2.7.1a)85. A STAR index was built for the human
reference genome (GRCh38_p23) with –sjdbOverhan 101 and Gencode
transcript models (release 28) were provided via the –sjdbGTFfile
argument. Reads were aligned the following STAR arguments: --read-
FilesCommand zcat --outFilterType BySJout --outFilterIntronMotifs
RemoveNoncanonicalUnannotated --outSAMunmapped Within --out-
SAMattributes NH HI AS nM MD XS --outSAMstrandField intronMotif
--outSAMtype BAM Unsorted --outBAMcompression 6. Gene expres-
sion was quantified with Salmon (version 0.13.1)86 using Gencode
transcript models (release 28). Downstream analysis of bulk RNA-seq
data was carried out in R version 4.3.0 (2023-04-21) (Team, 2021). All
software versions for the RNA-seq analysis correspond to Bio-
conductor release 3.17. Lowly expressed and non-protein-coding
genes were removed, and differential expression analysis was per-
formed using the limma/voom pipeline87,88. Linear models were con-
structed to identify genes differentially expressed between the ALS
and healthy controls using the following fixed effects: subject_group,
sex and age_at_death. We used gene set enrichment analysis (GSEA) to
assess differential gene expression at the pathway level. GSEA statistics
were generated using the fgsea function from the eponymous R
package using the t-statistic as the gene ranking statistic89. The con-
stituent genes of the ISR gene set are provided in Supplemen-
tary Data 1.

Preclinical ISR gene expression in PBMCs from freshly collected
whole blood
Whole blood was collected in CPT sodium heparin tubes (BD,
#BD362753) at Denali Therapeutics following manufacturer’s
protocol. The studies were approved by local IRBs, and all parti-
cipants signed informed consent. Following collection, CPT tubes
were inverted 10 times to mix, and, for each subject, half of the
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tubes were treated with DNL343 (2 μM), and half were treated
with an equivalent volume of DMSO and incubated at RT for
30min. Tubes were inverted 10 times then centrifuged at 1800 × g
for 30min at RT. The plasma/PBMC layer was then poured
through a 100 μm filter (Corning, #431752) into a 50mL conical
tube (one tube for DNL343-treated samples and one tube for
DMSO-treated samples for each subject) and an aliquot of cells
was counted using ViaStain AOPI Staining Solution (Nexcelom,
#CS2-0106) on a Nexcelom Cellometer Auto 2000 (Nexcelom).
Tubes were centrifuged at 500 × g for 15 min at RT and plasma
and pellet were separated. Autologous treated plasma was used
to resuspend the PBMC cell pellet and 1–1.5 M cells per well were
transferred to 96-well round bottom plates (Costar, #3879) with 2
to 3 replicate wells for each sample. For each subject and each
treatment condition plates were divided into non-incubated and
incubated. For non-incubated plates, samples were immediately
processed for RNA and protein as described below. Incubated
plates (DMSO and DNL343) were incubated in 5% CO2 at 37 °C for
30min. After incubation, samples were either stimulated with
50 μM NaAsO2 (Sigma Aldrich, #S7400) or not stimulated and
treated with an equal volume of water. Samples were incubated
for 4−6 h in 5% CO2 at 37 °C. Plates were then centrifuged for
5min at 500 × g at RT and supernatant was removed.

For RNA collection, cell pellets were resuspended in 150μL Buffer
RLT Plus (Qiagen, #1053393) with 1% β-mercaptoethanol and frozen at
-80 °C. After thawing samples, 150μL additional Buffer RLT Plus+ 1% β-
mercaptoethanolwas added to each sample andRNAwas then isolated
using RNeasy Plus Mini Kit (Qiagen, #74136) or RNeasy Plus 96 Kit
(Qiagen, #74192).

CHAC1 gene expression and ATF4 protein level EC50 assays
in PBMCs
Cryopreserved human PBMCs were thawed and resuspended in RPMI
complete media with glutamax (Gibco, #61870-036) supplemented
with 10% fetal bovine serum (Sigma, #F8317) and penicillin-
streptomycin (Gibco, #15140-122). In technical triplicate for each
condition for each subject, 1.5million cells wereplated in eachwell of a
96 well clear polypropylene round bottom plate (Costar, #3879) and
maintained at 37 °C under 5% CO2, pre-treated with a range of DNL343
concentrations between 15.3 pM and 4μM for 30min, and then sti-
mulated with 50μM NaAsO2 (Sigma Aldrich, #S7400) for 4 h. Plates
were then centrifuged for 5min at 500 × g at RT and supernatant was
removed.

For CHAC1 gene expression, cell pellets were lysed in Buffer RLT
Plus (Qiagen, #1053393) with 1% β-mercaptoethanol (Sigma, #M3148-
25ML) and frozen at -80 °C. RNA was then isolated using the RNeasy
Plus 96 Kit (Qiagen, #74192). Gene expression was measured using
Fluidigm multiplex qPCR as described. For ATF4 protein levels, cell
pellets were resuspended in 150mL of CST lysis buffer (CST, #9803S)
containing benzonase (Millipore, #70746-10KUN), complete mini
protease inhibitor (Roche, #04 693 159 001), and PhosSTOP phos-
phatase inhibitor (Roche, #04 906 837 001), referred to as “CST lysis
buffer” throughout, and incubated on ice for 30min. Plates were then
centrifuged at 2500 × g for 20min at 4 °C. Supernatant was then col-
lected and frozen. ATF4 ECLIA analysis was performed as described in
technical replicates for each sample. Concentrations of ATF4 for each
sample were determined by MSD analysis software using a
4-parameter logistic model. The dose-response curve for both assays
was fitted using log(inhibitor) vs response-variable slope (four para-
meters) with GraphPad Prism. Any donors with a Hill slope outside of
-0.5 to -2.0 were excluded from analysis. Unbound fraction in 10% fetal
bovine serum calculated using ultracentrifugation method is 0.426.
UnboundEC50was calculated as the geometricmeanof the EC50 values
for each individual donor. EC50 ATF4 assays were performed at Denali
Therapeutics.

Preclinical ISR gene expression in cryopreserved PBMCs from
ALS patients
Cryopreserved human PBMCs were thawed and resuspended in RPMI
media as described above. For each subject and each treatment con-
dition plates were divided into non-incubated and incubated. For each
subject 0.25million cells were plated in each well of a 96 well clear
polypropylene round bottom plate (Costar, #3879) in technical tripli-
cate when possible, for each condition described. For non-incubated
plates, samples were immediately processed for RNAdescribed above.
Incubated plates were maintained at 37 °C under 5% CO2, pretreated
with 2μMDNL343 or equivalent volumeof DMSO for 30min, and then
stimulatedwith 50μMsodiumarsenite (SigmaAldrich, #S7400) or not
stimulated and treated with an equal volume of water for 4 h. Plates
were then centrifuged for 5min at 500 × g at RT and supernatant was
removed. Cell pellets were resuspended in 150μL Buffer RLT Plus
(Qiagen, #1053393) with 1% β-mercaptoethanol and frozen at -80 °C.
After thawing samples, 200μL additional Buffer RLT Plus+ 1% β-
mercaptoethanolwas added to each sample andRNAwas then isolated
using RNeasy plus micro kit protocol (Qiagen, #74034).

Fluidigm assays
The concentration of RNA samples was measured using a Nanodrop
8000 Spectrophotometer (Thermo Scientific, #ND-8000-GL). For
each sample, 20−50 ng of RNA (normalized to the same concentration
within a given experiment) was reverse transcribed into cDNA using
Reverse Transcriptase Master Mix (Fluidigm, now called Standard
BioTools, #100-6298) in a 5μL reaction (Fluidigm, protocol 100-6472
B1). Next, gene expression preamplification with Fluidigm Preamp
Master Mix (Fluidigm, #100-5744 (now 100−5580)) using TaqMan
Assays (Thermo Scientific) was performed per the manufacturer’s
protocol (Fluidigm, protocol 100-5876 C2) for 14−17 cycles depending
on starting RNA concentration. For each preamplified cDNA sample,
5μL of sample was added to 20μL of DNA Suspension Buffer
(Teknova, #T0221) and then combined with 20X GE Sample Loading
Reagent (Fluidigm, catalog #85000735 (now 100-7610)) and Taqman
Fast Advanced Master Mix (Applied Biosciences, #4444557)). Taqman
assays are combinedwith assay loading reagent (Fluidigm, #85000736
(now 100-7611)). Gene expression analysis was carried out in triplicate
for each combination of sample and TaqMan assay using the 96.96
dynamic array IFC plates (Fluidigm, #BMK-M-96.96) on the Biomark
HD system (Fluidigm, #BMKHD-BMKHD) according to manufacturer’s
protocol (Fluidigm, PN 100-2638 E1). Data was collected with BioMark
DataCollection software (Fluidigm) andprocessedwithReal-TimePCR
Analysis Software (Fluidigm).

Preclinical ISR gene expression analysis in PBMCs andALS spinal
cord samples
Each sample was run in technical triplicate with an ISR gene panel
according to Fluidigm protocol described in this section. For each
gene and samplepair, datawas analyzed as follows. Technical triplicate
Ct values for a given sample and gene pair were averaged and, for
PBMCs and spinal cord samples, if the standard deviation was >1, or,
for iNeurons, if the range is greater than 1.5 Ct, the value furthest from
the median was excluded. The delta Ct was calculated by subtracting
the geometric mean of the housekeeping genes ACTB, RPLP0, and
RPS17L expression from that sample. The delta delta Ct was calculated
compared to specified controls using the 2−ΔΔCt method.

Phase 1 study design
The Phase 1, randomized, double-blind, placebo-controlled single
ascending dose (SAD) and multiple ascending dose (MAD) oral dose
trial (NCT04268784, first participant signed Informed Consent Form:
24 January 2020, last participant completed: 03 August 2021) was
conducted in healthy participants (Fig. 6a and Supplementary Fig. 9a)
at a single center. The study was reviewed and approved by the local
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health authority and ethics committee prior to study conduct. Primary
objectives were to investigate safety, tolerability, and plasma phar-
macokinetics (PK) in single and multiple oral doses of DNL343. Sec-
ondary objectives included characterization of the concentration of
DNL343 inCSF followingmultiple oral doses, in plasmaPK after a high-
fat meal after up to two oral doses, in urine PK after a single-dose, and
pharmacodynamics (PD) of ATF4 protein expression and CHAC1 gene
expression in peripheral bloodmononuclear cells (PBMCs) after single
and multiple doses. Exploratory marker measures were to assess
changes in other blood and CSF biomarkers. The study consisted of
two parts: Part A was a randomized, placebo-controlled, double-blind,
SAD escalation study incorporating a food-effect evaluation of
DNL343. Part B was a randomized, placebo-controlled, double-blind,
14 day MAD escalation stage with a single oral formulation. A Dose
Escalation Committee composed of the investigator, other investiga-
tive site representatives, and Sponsor representatives reviewed safety
and tolerability prior to each dose escalation.

The Phase 1 study was conducted at a single clinical research
unit (CRU) in the Netherlands and included six SAD dosing
cohorts (DNL343 15, 45, 100, 200, 400, 800mg daily), five MAD
dosing cohorts (45, 100, 145, 200, 260mg daily). Eligible parti-
cipants were randomized to receive DNL343 or placebo in a 6:2
ratio in SAD cohorts and in a between 8:2 or 7:3 ratio in MAD
cohorts for a total of 14 days. Eligible participants were male and
female and female of non-childbearing potential healthy volun-
teers aged 18−55 years with a body mass index between 18.5 and
32.0 kg/m2 weight of at least 50.0 kg.

Phase 1b study design
The multicenter, randomized, double-blind, and placebo-controlled
clinical trial (NCT05006352 first participant signed Informed Consent
Form: 11 August 2021, last participant completed last visit: 05 June
2024) evaluated placebo, DNL343 100mg and 200mg daily in parti-
cipants with ALS (Fig. 6b and Supplementary Fig. 9b). The primary
objective was to evaluate the safety and tolerability of DNL343 admi-
nistered daily for 28 days. Secondary objectives were to characterize
plasma DNL343 PK and CSF concentrations, PD of ATF4 protein and
CHAC1 gene expression in peripheral blood mononuclear cells
(PBMCs). Exploratory PD biomarker measurements in urine, plasma
and CSF are planned. The study allowed enrollment of up to 45 par-
ticipants with ALS with a minimum of ~30 participants required to
complete the double-blind period. An interim analysis of safety, PK,
and available PD data was to be performed after ~15 or more partici-
pants had completed the double-blind period, to determine if enroll-
ment of additional participants, up to a maximum of 45 participants,
was needed for analysis of the primary and secondary endpoints. Slow
enrollment during the COVID-19 epidemic and the early available data
led to conclusion of enrollment with the minimum protocol planned
sample size of ~30.

The study was conducted at 10 clinical sites of which 6 sites
recruited participants for the study (University Medical Center
Utrecht, Netherlands; Center for Human Drug Research, Netherlands;
California PacificMedical Center, CPMC;University of California at San
Diego, CA; Emory University, GA; Hospital for Special Care, CT). The
studywas reviewed andapprovedby localhealth authorities andethics
committees prior to study conduct. Eligible participants were men or
women aged 18−80years with a diagnosis of laboratory-supported
probable, probable, or definite (sporadic or familial) ALS according to
the El Escorial World Federation of Neurology revised research diag-
nostic criteria90; years since symptom onset are <4 years; SVC or
FVC > 50% predicted during screening. The study allowed for locally
approved ALS treatments (e.g. riluzole). Participants with unstable
psychiatric, endocrine, pulmonary, cardiovascular, gastrointestinal,
hepatic, pancreatic, renal disorders, metabolic, hematologic, immu-
nologic, or allergic disease (hypersensitivity to two or more

medication allergies) or neurological disorders (including stroke,
cognitive impairment, or seizure within 5 years) other than ALS were
excluded.

Study outcomes
In both studies, safety and tolerabilitywere assessedbyAEmonitoring,
clinical laboratory tests (blood chemistries, hematology, and urina-
lysis), vital signs, electrocardiograms, physical, pulmonary function
tests, neurological examinations and psychiatric assessments includ-
ing the Columbia Suicide Severity Rating Scale and pharmacokinetic
parameters in plasma and CSF were assessed. Pharmacodynamic
assessments included percent change from baseline of ATF4 and
CHAC1 in PBMCs.

Pharmacokinetic assessments from clinical trials
For PK sampling in Part A (SAD) of the healthy participant study, par-
ticipants were required to fast for at least 8 h before and 4 h after
receiving the dose of study intervention. Whole blood for plasma PK
was collected on Day 1 predose, and 0.5, 1, 1.5, 2, 4, 8, and 12 h post-
dose, and on Days 2, 3, 4, 8, and 15 at ~24, 48, 72, 168, and 336 h
postdose for full profiles of single-dose PK.

For PK sampling in Part B (MAD) of the healthy participant study,
participants were assessed after multiple QD doses in the fasted con-
dition for 14 days. For PK sampling, participants were required to fast
for at least 8 h before and 4 h after receiving the dose of study inter-
vention. Whole blood for plasma PK was collected for full PK profiles
on Days 1 and 14 predose, at 0.5, 1, 1.5, 2, 4, 8, 12, and 24 h post-dose;
additional timepoints at 24, 48, 72, 168 and 336 h after the last dose. A
CSF sample was collected for PK 4–8 h after the morning dose
on Day 12.

For theALSparticipant studymultiple doses ofDNL343 100-, 200-
mg or placebo QD were assessed on an empty stomach (i.e., ≥ 1 h
before or ≥ 2 h after a meal) for 28 days. Whole blood for plasma PK
was collected for full PKprofiles onDays 1 predose, at 1, 2, 4, 8, and 12 h
post-dose; predose Days 2, 7, 14 and 21 at ~24 h after the previous dose
Day 28 predose, at 1, 2, 4, and 8 h post-dose (a 24 h post-dose sample
was imputed from the predose sample on Day 28). A CSF sample was
collected for PK around 4 h after the morning dose on Day 28.

Plasma and CSF concentrations of DNL343 were measured using
LC-MS/MS. The bioanalysis method was fully validated and met the
acceptance criteria for intra- and inter-run precision and accuracy
defined in the 2018 FDA Bioanalytical Method Validation Guidance
(https://www.fda.gov/media/70858/download).

Noncompartmental analysis (NCA) was performed on individual
plasma concentration data using Phoenix 64 WinNonlin (versions 8.1
and 8.3). CSF PK data and CSF-to-plasma ratios were summarized with
R (version 4.2.1). Plasma and CSF PK graphics were generated in R.

Clinical PD PBMC assays
Whole blood was collected in CPT sodium heparin tubes (BD,
#BD362753) following manufacturer’s protocol. Following collection,
CPT tubes were inverted 10 times to mix and then centrifuged at
1800 × g for 30min at RT.

Freshly isolated PBMC assay was performed at Denali Ther-
apeutics or CHDR. TheCPT tubeswere inverted tomix and the plasma/
PBMC layer was then poured through a 100μm filter (Corning,
#431752) into a 50mL conical tube and an aliquot of cells was counted
using ViaStain AOPI Staining Solution (Nexcelom, #CS2-0106) on a
Nexcelom Cellometer Auto 2000 at Denali or counted using propi-
dium iodine (Miltenyi Biotec, #130-093-233) and the MACSQuant
analyzer (Miltenyi Biotec) at CHDR. 50mL tubes were centrifuged at
500 × g for 15min at RT and plasma and pellet were separated. Auto-
logous plasma was used to resuspend the PBMC cell pellet and 1–1.5M
cells per well were transferred to 96-well round bottom plates (Costar,
#3879) with 2 to 3 replicate wells for eachparticipant/condition. Plates
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were incubated in 5% CO2 at 37 °C for 30min. After incubation, sam-
ples were stimulated with 50 µM NaAsO2 (Sigma Aldrich, #S7400).
Samples were incubated for 4 h in 5% CO2 at 37 °C. Plates were then
centrifuged for 5min at 500 × g at RT and supernatant was removed.

For RNA collection, cell pellets were resuspended in 150μL Buffer
RLT Plus (Qiagen, #1053393) with 1% β-mercaptoethanol, sealed
(Corning Axygen PCR-AS-600), and frozen at -80 °C. After thawing
samples, 150μL additional Buffer RLT Plus+ 1% β-mercaptoethanol was
added to each sample and RNAwas then isolated using RNeasy Plus 96
Kit (Qiagen, #74192).

For protein, cell pellets were resuspended in 150mL of CST lysis
buffer (CST, #9803S) containing benzonase (Millipore, #70746-
10KUN), complete mini protease inhibitor (Roche, #04 693 159 001),
and PhosSTOP phosphatase inhibitor (Roche, #04 906 837 001),
referred to as “CST lysis buffer” throughout, and incubated on ice for
30min. Plates were then centrifuged at 2500 × g for 20min at 4 °C.
Supernatant was then collected and frozen.

Clinical ISR gene expression analysis in human PBMCs
Each sample was run in technical triplicate with an ISR gene panel
according to Fluidigm protocol described in this section. For each
gene and sample pair, data was analyzed as follows. All Ct values
greater than28, labeled asNA, or flaggedwereexcluded. For eachgene
and sample combination the median and range across the technical
triplicates was determined. If 3 values were present and if the Ct range
was greater than 1.5, the value furthest from the median was dropped.
The arithmetic mean of Cts across the remaining technical replicates
was calculated. The geometric mean across the housekeeping genes
(ACTB, RPLP0, RPS17L) was calculated for each sample. Samples where
the geometric mean of the housekeeping genes was greater than 12
(Phase 1) or 15 (Phase 1b) were excluded. For each sample the delta Ct
was calculated by subtracting the geometric mean of the house-
keeping genes from the averaged Ct value from the step above. The
arithmetic mean of dCts across the biological replicates for each par-
ticipant/condition was calculated. Percent change from baseline per
participant and sample was calculated using the equation (2^(-1 *(dct
value of timepoint-dct of baseline) – 1) *100. Data was analyzed in R
version 4.2.2. Heatmaps were generated in GraphPad Prism 9.

Clinical ATF4 protein level analysis in human PBMCs
Samples are plated in technical duplicate on the assay plate. If tech-
nical duplicate RLU values for a sample had a CV value > 30% then the
sample was excluded from analysis. Pg/ml concentrations of ATF4 for
each sample were determined byMeso Scale Discovery (MSD) analysis
software Discovery Workbench (MSD version LSR_4_0_13) using a
4-parameter logistic model. BLQ and values less than LLOD (10) were
assigned ½ LLOD which is 5 pg/mL. A correction factor to adjust for
cell count was applied to values greater than or equal to LLOQ and
not BLQ.

The mean concentration (pg/mL) of the remaining samples was
taken across technical replicates. If there were at least 3 biological
replicate values, the range and the median across each group of bio-
logical replicates was calculated. If (range/median) > 0.5, then the
biological replicate furthest from the median was dropped. The mean
concentrations (pg/mL) of the remaining samples across the biological
replicates was averaged. The percent change from baseline per parti-
cipant and sample was calculated.

GDF-15 protein level measurements and analysis in human CSF
CSF samples were diluted 50x in Diluent 100 (MSD, #R50AA-4) and
assayed according to manufacturer’s protocol using the R-PLEX
Human GDF-15 Antibody Set (MSD, # F21YD-3) and MSD GOLD 96-
well small spot streptavidin SECTOR plates (MSD, #L45SA). Samples
were plated in technical duplicate on the assay plate. Plates were read
on a 1201MSD SECTOR 600MMplate reader (MSD, catalog # IC1AA-0)

within 30min of adding buffer and data was captured in Methodical
Mind (MSD, version Fall 2020 (1.0.38)). Pg/ml concentrations for each
sample were determined by MSD analysis software Discovery Work-
bench (MSD, version LSR_4_0_13) using a 4-parameter logistic model.
The mean concentrations (pg/mL) of the technical replicates were
averaged. The percent change from baseline per participant and
sample was calculated. Data was analyzed in R version 4.2.2.

Statistics and reproducibility
Preclinical studies. Cellular preclinical studies were independently
conducted with 2–3 technical replicates per independent experiment.
A total of 7−12 animals per group were used for biochemical analyses
and 8−16 animals per group were used for behavioral studies. No sta-
tistical methodwas used to predetermine sample size. Animals used in
the preclinical studies were randomly assigned to experimental
groups. Researchers conducting the in vivo preclinical studies were
blinded to the treatment assignment.

Data have been shown as ± SEM or SD, as indicated in the figure
legends. Statistical analyses were performed in either GraphPad
Prism 9 or R. For studies completed in H4 cells, HEK293 cells or
C9orf72 iNeurons, analysis was done using one-way analysis of var-
iance (ANOVA) with multiple comparison adjustments, as indicated
in the figure legends. Nominal P values were presented. For ALS and
control spinal cord gene expression analysis (Fluidigm), fold change
relative to average of control samples was calculated and compar-
ison between ALS and control samples assessed using multiple t-
tests on log2 fold change data, with the false discovery rate con-
trolled at 5%. For iNeuron Fluidigm gene expression analysis, fold
change data relative to average of non-stimulated, DMSO-treated
samples was calculated and comparison between stimulated sam-
ples treated with DNL343 or DMSO is performed using multiple
paired t-tests on log2 fold change data, with the false discovery rate
controlled at 5%. For gene expression analysis in PBMCs from heal-
thy participants, fold change relative to non-incubated control
within each donor was calculated and comparison between stimu-
lated samples treated with DNL343 or DMSO was assessed using
multiple paired t-tests on log2 fold change data, with the false dis-
covery rate controlled at 5%. For ALS PBMC gene expression analysis
of CHAC1 and TRIB3, fold change relative to the average of the non-
incubation condition in healthy controls was calculated and com-
parison between DMSO and DNL343 treated samples was assessed
using multiple ratio-paired t-tests with Holm-Sidak correction, 0.05
alpha. For these experiments comparison of ISR gene expression
between non-incubated samples from ALS and healthy controls was
performed using multiple t-tests on log2 fold change data, with the
false discovery rate controlled at 5%.

Clinical studies. No statistical method was used to predetermine
sample size for the Phase 1 and Phase 1b studies. The selected sample
sizes were considered adequate to meet the primary and secondary
objectives of the studies, without exposing an undue number of par-
ticipants to the experimental drug. Both studies randomized partici-
pants to receiveplaceboor study intervention (atmultiple dose levels),
using a block-randomization algorithm (implemented by unblinded
CRO personnel), with block size depending on cohort specific rando-
mization ratio for the Phase 1, andblock size of 3 for the Phase 1b study.
Both participants and the investigators were blinded to the treatment
assignment. No data was excluded from the analysis described in this
manuscript, except as specifically noted.

In the Phase 1 study, data were summarized by treatment group
(pooled placebo group and each DNL343 dose group) for each study
part. In the Phase 1b study, data were summarized by treatment
group for the double-blind period. Demographic and other baseline
characteristics were summarized descriptively for the Randomized
participants population. Treatment-emergent adverse events
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(TEAEs) were defined as AEs that occurred or worsened after
initiation of study drug. The incidence and severity of TEAEs was
summarized descriptively for the Safety population (all treated
participants). PK data were summarized using descriptive statistics
for all DNL343 treated participants, with evaluable PK data. Phar-
macodynamic data were summarized using descriptive statistics for
all treated participants with evaluable PBMC data. No imputation for
missing data was performed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data associated with this research is present in the paper or in the
Supplementary Information. Raw RNA-seq data (FASTQ files) and
metadata for tissue samples were originally downloaded from the NY
Genome Center’s Collaborator Portal on 2021/09/09. The TargetALS
consortium has since made this data publicly available via the NCBI
GEO repository as part of Superseries GSE137810. Bulk RNA-seq data
from in vitromodels has been deposited at theNCBI GEO repository as
Superseries GSE281960. DNL343 analogs can be made available
through a material transfer agreement by submitting a request at
https://denalitherapeutics.com/contact. All individual participant data
collected during the clinical trials, that underlie the results of this
manuscript that do not include identifying information, will be avail-
able to investigators whose proposed use of the data has been
approved by the study sponsor. The data is available beginning
9months and ending 36months following the publication of this
manuscript. Proposals may be submitted directly to the study sponsor
at data-requests@dnli.com. The study protocol will be available upon
request to the study sponsor. Sourcedata are providedwith thispaper.

Code availability
The code used for bulk RNA-seq analysis in thismanuscript is available
via Zenodo under DOI: 10.5281/zenodo.14041444.
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