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Abstract 

Phosphorothioate antisense oligonucleotides (PS ASOs) are a clinically validated therapeutic modality, yet their capacity to activate innate im- 
munity through Toll-Like Receptors, specifically Toll-Like Receptor 9 (TLR9), remains a challenge. While the molecular mechanisms go v erning 
TLR9 activation, including PS content, CpG motifs, 2’ modifications, sequence composition, and protein interactions, are well defined, far less 
is understood about the mechanisms that resolve these responses. Here, we investigate how PS ASO-mediated innate immune activation 
interfaces with tryptophan metabolizing enzymes, indoleamine 2,3-dio xy genase 1 (ID O1) and interleukin-4 –induced-1 (IL4I1), which generate 
immunomodulator y tr yptophan o xidation products. A cross lymphoid and m y eloid cell sy stems, w e demonstrate that PS ASOs differing in TLR9 
agonist potency and kinetics elicit differential induction of ID O1/IL4I1, accompanied b y proportional changes in downstream metabolites. Com- 
plementary ID O1 knockdo wn and IL4I1 o v ere xpression e xperiments alter TLR9-dependent signaling, indicating that these enzymes actively 
constrain PS ASO-driven immune activation. Finally, exogenous kynurenine and indole pathway metabolites attenuate PS ASO-induced signal- 
ing, supporting their role as negative-feedback regulators. Together, these findings solidify a mechanistic link between PS ASO innate immune 
activation and tryptophan catabolism, revealing enzymatic and metabolite feedback mechanisms that attenuate innate immune signaling, which 
may be leveraged to enhance the tolerability of immunostimulatory PS ASOs. 
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Introduction 

Antisense technology is now a fully validated, broadly en-
abling drug discovery platform that continues to progress. Re-
cent advances include new pharmacodynamic mechanisms, a
more detailed understanding of cell uptake and sub-cellular
distribution, conjugates to target PS ASOs to specific organs
or cells, a detailed understanding of the molecular mechanism
of cytotoxicity for PS ASOs (and approaches to avoid cytotox-
icity), and new chemical modifications, all of which have been
extensively reviewed [ 1 , 2 , 3 ]. New insights into the molecular
mechanisms by which PS ASOs induce innate immunity have
been reported, as PS ASO-induced innate immunity can result
in adverse events in patients. Recent data demonstrate that
PS ASOs with different 2’ modifications activate innate im-
munity via TLR9 [ 4 ], that PS ASO binding proteins modulate
TLR9 activation [ 5 ], and that PS ASOs engage both CpG and
non-CpG sites in a TLR9 dimer [ 6 ]. Accordingly, PS ASOs can
behave as full or partial TLR9 agonists, competitive antago-
nists, or cooperatively enhance TLR9 activation when com-
bined with partial agonists [ 6 ]. Additionally, previous studies
have shown that different PS ASOs can display different ki-
netics of innate immune activation [ 5 ]. Despite these improve-
ments in understanding how PS ASOs initiate innate immune
activation, and although the negative-feedback architecture of
MyD88-dependent TLR signaling is broadly understood [ 7 ,
8 ], how these regulatory circuits operate in the specific con-
text of PS ASO-driven TLR9 activation, including their kinet-
ics relative to the strength and duration of the initial stimulus,
remains underexplored. 

Parallel to these advances, interest has grown in the kynure-
nine pathway (KP) and related indole-oxidative pathways
as immunoregulatory systems that reshape inflammatory sig-
naling ( Supplementary Fig. S1 ) [ 9 ]. While plasma Trp, L-
kynurenine (Kyn), and Kyn/Trp ratio have served as clinical
biomarkers for innate immune activation [ 10 –12 , 13 ], focus
has shifted to the identification of druggable targets in the
pathway and the therapeutic potential of anti-inflammatory
co-therapy with Kyn or Kynurenic acid (KYNA) to improve
patient outcomes [ 14 ]. Given that Kyn is produced via the ac-
tivity of the enzyme indoleamine 2,3-dioxygenase (IDO1) and
is an agonist of the immunomodulatory aryl hydrocarbon re-
ceptor (AhR) pathway, it has been postulated that Kyn could
represent a potential anti-immunogenic co-therapy [ 15 ]. Ad-
ditionally, it has also been reported that interleukin 4 induced
1 (IL4I1), an L-amino acid oxidase, can metabolize Trp to
indole-3-pyruvic acid (I3P) and indole-3-acetaldehyde (I3A)
and terminate innate immune activation [ 16 , 17 ]. As such, we
sought to explore the role of these key players in response to
both immunogenic and non-immune stimulatory PS ASOs and
determine the extent of their activation. These observations
raise an essential question: how strongly do PS-ASO-induced
innate responses engage tryptophan-oxidative pathways, and
do these pathways modulate TLR9 signaling? Given the wide
variation in PS-ASO TLR9 activation, clarifying the induction
of IDO1/IL4I1, changes in tryptophan metabolites, and the
effects of manipulating these pathways is critical for under-
standing how cells regulate innate signaling. 

Here, we address this gap using a panel of PS ASOs
with well-characterized TLR9 agonist properties, includ-
ing both CpG and non-CpG sequences, and “fast” and
“slow” innate immune activators tested across complemen-
tary lymphoid (BJAB) and myeloid (THP1-TLR9) cell lines
[ 4 , 5 , 6 ]. The Trp oxidation enzymes IDO1 and IL4I1, which 

are broadly inducible regulatory signals, are upregulated by 
PS ASO-mediated innate immune activation. Notably, the ki- 
netics and scale of the induction of these enzymes correlate 
with the kinetics and scale of innate immune stimulation in- 
duced by PS ASOs. Genetic manipulation of the Trp oxidation 

enzymes IDO1/IL4I1 alters PS ASO innate immune activa- 
tion, as silencing of IDO1 increases PS ASO innate immune 
activation and overexpression of IL4I1 suppresses PS ASO 

innate immune activation. In cells that express both IDO1 

and IL4I1, tryptophan is consumed, and levels of N-formyl-L- 
Kynurenine (N-fkyn), Kyn, 3-hydroxyl-L-Kynurenine (3HK),
3-Hydroxyanthranilic Acid (3HAA), Formylanthranilic Acid 

(FAA), and Anthranilic Acid (AA) are elevated. The addi- 
tion of metabolites from both the kynurenine and indole 
pathways suppresses PS ASO-mediated innate immune re- 
sponses in myeloid cells that express both IDO1 and IL4I1,
and lymphoid cells that express only IL4I1. Moreover, we have 
demonstrated that tryptophan oxidation products adminis- 
tered to cells can suppress PS ASO-induced innate immune 
activation, raising the possibility that formulating PS ASOs 
with tryptophan oxidation products might suppress PS ASO- 
induced innate immune activation in patients. Together, these 
studies delineate a mechanistic framework in which trypto- 
phan catabolism acts as an inducible negative-feedback mod- 
ule that shapes PS-ASO-induced innate immunity, with impli- 
cations for designing PS ASOs with improved tolerability and 

for identifying metabolic adjuncts that mitigate immunostim- 
ulatory effects 

Material and methods 

Materials 

Primer-probe sets ( Supplementary Table S1 ), siRNAs 
( Supplementary Table S2 ), ELISAs ( Supplementary Table S3 ),
and antibodies ( Supplementary Table S4 ) are listed in the 
Supplementary Materials . All synthetic oligonucleotides were 
designed and synthesized at Ionis Pharmaceuticals (Carlsbad,
CA). PS ASOs were diluted in phosphate-buffered saline 
(PBS) for in vitro usage. 

Cell culture 

THP1-Dual hTLR9 cells (InvivoGen, thpd-htlr9) were grown 

according to the manufacturer’s instructions in a maintenance 
medium of Roswell Park Memorial Institute (RPMI) 1640 

Medium + L-Glutamine (Gibco, 11875093) supplemented 

with 10% (v/v) heat-inactivated fetal bovine serum (Gibco,
A5256801), 25 mM HEPES (Gibco, 15630080), 100 U/mL 

penicillin and streptomycin solution (Cytiva, SV30010), 100 

μg/mL normocin (InvivoGen, ant-nr-05), under standard con- 
ditions of 37 

◦C, 5% CO 2 . Selection antibiotics: 100 μg/mL 

Zeocin (InvivoGen, ant-zn-05), 10 μg/mL Blasticidin (Invivo- 
Gen, ant-bl-05), and 1 μg/mL Puromycin (InvivoGen, ant-pr- 
1) were applied every second passage. 

BJAB cells (DSMZ, ACC 757) & Mono-Mac-1 cells 
(DSMZ, ACC 252) were obtained from the DSMZ cell 
repository (Braunschweig, Germany), and KARPAS-1718 

cells (Sigma-Aldrich, 08072401) were obtained from Sigma 
Aldrich. All lines were maintained according to the man- 
ufacturer’s instructions in RPMI 1640 Medium + L- 
Glutamine and were supplemented with 20% or 10% (v/v) 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
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eat-inactivated fetal bovine serum and 100 U/mL penicillin
nd streptomycin solution. 

SO treatment 

rior to treatment, cell lines were washed in RPMI medium at
50 g x 10 min and seeded in a V-bottom 96-well plate. THP1-
LR9 cells were seeded at a density of 100 000 cells per well

n 50 μL, and BJAB cells were seeded at a density of 50 000
ells per well in 50 μL. When large volumes of supernatant
ere required for metabolite analysis, THP1-TLR9 cells were

eeded in six-well plates at a density of 3 × 10 

6 cells per well
n 1.5 mL. Cell lines were incubated at 37 

◦C, 5% CO 2 , with
0 μL or 1.5 mL of the indicated PS ASO for free uptake. For
ulse treatment, after 2 h of incubation, cells were collected

nto 15-mL Falcon tubes, or 96-well v-bottom plates were cen-
rifuged directly at 350 g x 5 min, and the PS ASO treatment
as removed. For recovery, 200 μL or 4 mL of recovery me-
ia (RMPI 1640 + 10% heat-inactivated FBS) was dispensed
nto the 96-well plate or six-well plate, respectively, and sub-
equently returned to the incubator. RNA and/or supernatant
ollection occurred between 8 and 72 h post-treatment. For
ontinuous treatment, cell lines were incubated with the indi-
ated PS ASO for 2 –24 h at 37 

◦C, 5% CO 2 , with RNA col-
ected immediately. 

ryptophan metabolite treatment 

o characterize the immunosuppressive effect of trypto-
han metabolites, relevant cell lines were dosed with ei-
her Kyn (Sigma-Aldrich, K8625), KYNA (Sigma-Aldrich,
3375), 3HAA (Sigma-Aldrich, 148776), and I3P (Sigma-
ldrich, I7017), at various concentrations (0.08 uM –1.5mM)

n a dose-dependent study. Cell lines were washed in serum-
ree RPMI at 150 g x 10 min prior to seeding into a 96-well
late at a density of 50 000 cells per well in 50 μL for BJAB
ells, and 100 000 cells per well in 50 μL for THP1-TLR9
ells. Cell lines were incubated at 37 

◦C, 5% CO 2 , with 50 μL
f the indicated excipient in serum-free RPMI for 4 h. After
xcipient pre-treatment, cell lines were dosed with 50 μL of
S-ASO, to a final concentration of 0.8 μM in recovery media
RPMI + 10% Heat inactivated FBS) and subsequently incu-
ated with ASO at 37 

◦C, 5% CO 2 . THP1-TLR9 supernatants
ere collected at 4 h for downstream IRF and NF-kB activity
nalysis. Lysates were collected at 8 h for BJAB cells and 24 h
or THP1-TLR9 cells for downstream RNA analysis. 

NA isolation and extraction 

ollowing PS ASO treatment, v-bottom plates were cen-
rifuged at 1000 g x 5 min to pellet cells. After media removal,
ells were lysed in Guanidine Isothiocyanate Solution (GITC)
Invitrogen; 15577-018). RNA was isolated using 384-well
lass fiber filter plates (Pall, 5072), and washed twice with
NA wash buffer (60 mM Potassium Acetate (Thermo Sci-

ntific Chemicals, J62817AK), 10 mM Tris-HCL (Invitrogen,
5568025), 60% (v/v) Ethanol (Fisher Scientific, BP2818-4))
rior to a 20 min DNAse treatment (Invitrogen, 18047019).
fter DNase treatment, RNA was washed twice with dilute
ITC buffer (75% (v/v) ddH 2 O, 25% (v/v) GITC buffer),

wice with RNA wash buffer, and eluted using ddH 2 O. RNA
uantity and purity were determined using a NanoDrop Lite
Thermo Scientific, NDLPLUSGL). 
qRT-PCR 

qRT-PCR was performed in triplicate using TaqMan primer-
probe sets and AgPath-ID™ One-Step RT-PCR Reagents
(Thermo Scientific, #4387391) according to the manufac-
turer’s instructions. Briefly, ∼50 ng RNA in 4 μL was mixed
with 0.25 μL primer-probe sets containing forward and re-
verse primers (9 μM of each) and fluorescently labeled probe
(3.75 μM), 5 μL 2x RT-PCR Buffer, 0.4 μL RT-PCR Enzyme
Mix, and 0.35 μL nuclease-free ddH 2 O in a 10 μL reaction.
RNA was reverse transcribed at 45 

◦C for 10 min, inactivated
and denatured at 95 

◦C for 10 min, and amplified for 40 cy-
cles at 95 

◦C for 15 s and 60 

◦C for 45 s with data collected
at the end of each cycle on a QuantStudio™ 7 Pro Real-Time
PCR System (Applied Biosystems, A43183). Results were ana-
lyzed by the relative quantity (ddCt) method. Where relevant,
mRNA levels were normalized to the amount of total RNA
present in each reaction as determined for duplicate RNA
samples using the Ribogreen Assay (Invitrogen, R11490). 

Protein extraction and western blot analysis 

Cell pellets were lysed in RIPA Buffer (Thermo Scientific,
89901) at 4 

◦C for 30 min, and sonicated for 1 s x 3 pulses
at 30% Amplitude on a SONICS Vibra Cell Ultrasonic Pro-
cessor (Sonics & Materials Inc., VCX 600). Proteins were clar-
ified by centrifugation at 14 000 g x 15 min at 4 

◦C, with con-
centration determined using a Pierce BCA protein Assay Kit
(Thermo Fisher, 23227). Clarified protein samples were pre-
pared with Laemmli Sample Buffer (BioRad, 1610747) and
2-Mercaptoethanol (BioRad, 1610710), and ∼15 ug of each
sample was separated on a 4 –20% Mini-Protean TGX Stain-
free Precast Gel (BioRad, 4568094). Separated protein sam-
ples were transferred onto 0.2 μm polyvinylidene difluoride
(PVDF) membranes (BioRad, 1704156) using a Trans-Blot ®
Turbo™ Transfer System (BioRad, 1704150). The membranes
were blocked at room temperature for 1 h in 5% non-fat
dry milk in 1x Tris Buffer Saline (BioRad, 1706435) + 0.1%
Tween (Biorad, 1706531) (TBST). Membranes were probed
with primary antibodies at 4 

◦C overnight. After three 5 min
washes with 1x TBST, the membranes were incubated with
appropriate HRP-conjugated secondary antibodies (1:5000)
at room temperature for 1 hr. Following three 5 min washes
with 1x TBST, the membranes were visualized using Immo-
bilon Forte Western HRP Substrate (Millipore, WBKLS0500)
on a ChemiDoc Imaging System (BioRad, 12003153). 

siRNA treatment 

Around 100 μL of 1 × 10 

6 THP1-TLR9 cells and 1 μM of
siRNA were added to a BTX high-throughput electroporation
plate. The cells were electroporated at 260 V for 6 ms using
an ECM 830 high-throughput electroporation system. At 24
h after siRNA electroporation, cells were reseeded for PS ASO
treatment. 

Overexpression treatment 

BJAB cells were washed in reduced serum Opti-MEM (Fisher,
31-985-070) at 150 g x 10 min, and seeded in six-well plates
at 2 × 10 

6 cells per well in 2 mL Opti-MEM. 2.5 μg of IL4I1
(NM_152899) Human Tagged ORF clone (OriGene Tech,
RC210310) was transfected into cells using Lipofectamine
3000 (ThermoFisher, L3000015) according to the manufac-
turer’s instructions. Cells were incubated at 37 

◦C, 5% CO 2
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for 8 h before collection into 15-mL Falcon tubes and cen-
trifugation at 150 g x 10 min to remove treatment. Cells were
re-seeded in 2 mL of recovery media (RPMI + 10% heat in-
activated FBS) and returned to the incubator for 16 h. After
16 h of recovery, CpG ASO was dispensed to designated wells
to a final concentration of 3.2 μM. Lysates for downstream
RNA were collected at 24 h. 

Lumit and ELISA assay 

For the analysis of secreted cytokines and metabolites, 150
μL of culture media was transferred to a separate assay plate
and stored at −80 

◦C for future analysis during RNA collec-
tion. Lumit assays (Promega) for quantification of secreted
TNF- α, IL-1 β, IL-6, and IL-10 were conducted according to
the manufacturer’s instructions using 20 μL of supernatant in
white 384-well plates. Luminescence was measured using the
GloMax Discover Microplate Reader (Promega, GM3000).
ELISA assays (Immunsol) for quantification of secreted Kyn
and Trp were conducted according to the manufacturer’s in-
structions. Absorbance was measured using the GloMax Dis-
cover Microplate Reader (Promega). 

NF-k β and ISG reporter assays 

THP1-Dual hTLR9 cells (InvivoGen) overexpress the human
TLR9 gene and are engineered with two secreted reporters.
Lucia luciferase under an ISG54 (interferon-stimulated gene)
promoter in conjunction with five interferon-stimulated re-
sponse elements, and secreted embryonic alkaline phos-
phatase reporter under an IFN- β minimal promoter fused to
NF-k β and c-Rel binding site. NF-kB activity was quantified
using the Quanti-Blue kit (rep-qbs, Invivogen) according to
the manufacturer’s instructions. Briefly, 20 μL of thawed su-
pernatant was transferred to a clear 96-well plate and com-
bined with 180 μL of Quanti-Blue solution (InvivoGen). Sam-
ples were incubated for 1 h at 37 

◦C prior to absorbance being
measured using the GloMax Discover Microplate Reader. ISG
activity was quantified using the Quanti-Luc 4 Lucia/Gaussia
kit (Invivogen, rep-qlc4lg1) according to the manufacturer’s
instructions. Briefly, 20 μL of thawed supernatant was trans-
ferred to a white opaque 96-well plate and mixed with 50 μL
of Quanti-Luc 4 Reagent. Luminescence was recorded imme-
diately using the GloMax Discover Microplate Reader with
0.1 s integration time. 

Targeted metabolomics analysis of the kynurenine 

pathway 

Sample preparation 

THP1-TLR9 cells were seeded in six-well plates at a density
of 3 × 10 

6 cells per well in 1.5 mL. Cell lines were incubated
at 37 

◦C, 5% CO 2 with 1.5 mL of the indicated PS ASO for 2
h, to a final concentration of 8 μM. Cells were collected into
15-mL Falcon tubes, centrifuged at 350 g x 5 min, and the PS
ASO treatment was removed. Cells were resuspended in 4 mL
of recovery media (RPMI 1640 + 10% heat-inactivated FBS),
dispensed into a six-well plate, and incubated for 48 h. Super-
natants were collected and stored at −80 

◦C until analysis. 
Quantitative metabolomics was performed by MtoZ Bio-

labs (Boston, MA, USA). Briefly, supernatants were thawed,
vortexed, and 50 μL was mixed with 250 μL 20% (v/v) ace-
tonitrile/methanol, vortexed for 3 min, and centrifuged at 12
000 rpm for 10 min at 4 

◦C. 250 μL of clarified supernatant
was chilled at −20 

◦C for 30 min, re-centrifuged, and 180 μL 

of supernatant was transferred to a protein precipitation plate 
for further LC-MS analysis. 

For carbonyl-acid derivatization, 30 μL of super- 
natant extract was combined with 5 μL 200mM 3- 
nitrophenylhydrazine (3-NPH) in 75% methanol and 5 μL 

of 150 mM EDC solution with 4.5% pyridine in methanol 
in 1.5 mL tubes. The mixture was incubated at 30 

◦C for 60 

min, diluted with 260 μL acetonitrile, and chilled at −20 

◦C 

for 30 min before 2 μL was injected into the LC-MS system 

for further analysis. 

LC-ESI-MS/MS instrument parameters 
Analysis was performed on ExionLC AD UPLC coupled to 

a QTRAP 6500 + mass spectrometer with an ESI Turbo V 

(SCIEX). The column oven was set to 40 

◦C with an injection 

volume of 2 μL. Metabolites were analyzed by reverse-phase 
chromatography on a HSS T3 C18 column (Acquity UPLC 

HSS T3, 100 mm × 2.1 mm, 1.8 μm) at a flow rate of 0.35 

mL/min. The mobile phase consisted of 0.05% formic acid in 

water (A) and 0.05% formic acid in acetonitrile (B). The gra- 
dient conditions were as follows: 5% B at 0 min, 95% B at 
8 min, and held at 95% B until 12.5min, 5% B at 12.6 min,
and held at 5% B until 15 min. Each run lasted 15 min. In 

addition, derivatized samples were separated using the same 
parameters, except the gradient conditions were as follows: 
30% B at 0 min, held to 0.5 min, 95% B at 3.5 min, held to 4.9
min, 30% B at 5 min, held to 6 min. Each run lasted 6 min. Po- 
lar metabolites were analyzed by hydrophilic interaction chro- 
matography on a BEH Amide column (Acquity UPLC BEH 

Amide, 100 × 2.1 mm, 1.7 μm; Waters) at a flow rate of 0.40 

mL/min. The mobile phase consisted of 10 mM Ammonium 

acetate and 0.3% ammonium hydroxide in water (A), and ace- 
tonitrile/water, 90:10 (v/v). The gradient conditions were as 
follows: 95% B at 0 min, held to 1.2 min, 70% Bat 8 min,
50% B at 9.0 min, held to 11.0 min, and equilibrated at 95% 

B from 11.1 to 15 min. Each run was 15 min. 

Mass spectrometry and quantification 

ESI –MRM mass spectrometry was performed in positive and 

negative modes under Analyst 1.6.3 control (SCIEX) on a 
QTRAP 6500 + triple quadrupole-linear ion trap equipped 

with an ESI Turbo V source (550 

◦C, + 5500/ −4500 V, cur- 
tain gas 35 psi). Data were acquired in scheduled MRM 

with compound-specific retention-time windows; declustering 
potentials and collision energies were optimized per transi- 
tion using authentic standards. Raw .wiff/.wiff.scan files were 
processed in MultiQuant 3.0.3 (SCIEX) for peak integration 

and quantification using external, matrix-matched calibration 

with isotopically labeled internal standards where available. 

Statistical analysis 

Statistical analysis was conducted using GraphPad Prism Soft- 
ware (v10.4.0). Whenever relevant, the statistical significance 
is determined by ANOVA followed by Dunnett’s post-hoc test.
When correlations between various endpoints were obtained,
R values were reported using Spearman’s rank correlation 

analysis. Linear regression with normalized response and vari- 
able slope was utilized to calculate IC50. A P -value of less than 

0.05 was considered statistically significant for all analyses. 
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esults 

S ASO innate immunogenicity varies between 

ifferent cell systems 

e first established a reliable cell model and assay to study
ellular pathways responsible for suppression of PS ASO-
ediated innate immune response. We selected a panel of
S ASOs previously characterized by Pollak et al. (2022) as
ull or partial agonists and as “fast” or “slow” TLR9 ag-
nists, defined as the differences in the kinetics of TLR9-
ependent innate immune activation [ 5 , 6 ], and examined
hese responses in both a lymphoid and myeloid cell system
Fig. 1 A). As BJAB cells are a validated predictive model of
S ASO innate immunogenicity, due to factors such as lim-
ted heterogeneity, stable high TLR9 expression, and repro-
ucible NF- κβ-dependent cytokine/chemokine responses to
S ASOs, they were included as a reference control in all ex-
eriments [ 5 , 18 –23 , 24 ]. As lymphoid cells lack IDO1 [ 25 ], a
uman monocyte-derived cell line that overexpresses the hu-
an TLR9 gene, THP1-TLR9 cells, was used to study IDO1-
ediated innate immune suppression. In addition, the lym-
hoid line KARPAS1718 and monocytic line MONOMAC-
 were included due to their high TLR9 and CCL22 ex-
ression, and selectivity for either IDO1 or IL4I1 expres-
ion ( Supplementary Table S5 .). We initially characterized dif-
erences between these cell systems in response to PS ASO
mmune activation, with the specific goal of determining
hether a brief “pulse” of PS-ASO exposure (1 –4 h) fol-

owed by washout or recovery is sufficient to fully commit
ells to a TLR9-driven response, or whether continuous treat-
ent (2 –24 h) is required (Fig. 1 B, C). Due to the inabil-

ty of the Karpas-1718 cells and MonoMac-1 cells to reg-
ster the broad dynamic range of PS-ASOs’ innate immuno-
enicity, in all the conditions tested, we pursued experiments
n the validated BJAB cell line and THP1-TLR9 cell line
 Supplementary Fig. 2 A, B). 

A side-by-side comparison between the BJAB and THP1-
LR9 cell systems demonstrates distinct differences in re-
ponses to immune stimulation in response to 1 –4 h pulse
S ASO treatment, with both CpG and Non-CpG PS ASOs
Fig. 1 B). TLR9 activation was measured via readout of C-
 motif chemokine ligand 22 (CCL22) mRNA expression, an

stablished system to predict PS ASO immune responses in hu-
ans [ 20 ]. In the BJAB cell system, both fast (CpG, ASO-95,

nd ASO-20) and slow immune stimulators (ASO-05, ASO-
2, and ASO-18) caused an increase in TLR9 activation, re-
ardless of the duration with which the cells were treated with
S ASOs. This, however, was not observed in the THP1-TLR9
ells, as only fast immune stimulators, as well as ASO 18,
aused an increase in TLR9 activation after pulse treatment.
lso, the observation that the CpG ASO was more potent in
HP1-TLR9 cells than in the BJAB cells. Interestingly, this pat-

ern of TLR9 stimulation in THP1-TLR9 cells is very similar
o TLR9 activation observed with the same PS ASOs in HEK-
93-TLR9 cells [ 5 ]. Overall, we observe that a 2-h pulse treat-
ent allows sufficient PS-ASO to be internalized, triggering
LR9 and rank ordering the PS-ASOs across a broad dynamic
ange, and that extending treatment time beyond 2 h had min-
mal impact on the effects of PS-ASOs and CpG-containing
ligonucleotides on the innate immune response. This is un-
urprising, considering the kinetics of cellular uptake and sub-
ellular distribution and the fact that TLR9 is localized to late
ndosomes [ 26 , 27 ]. 
In addition to the pulse treatment, PS ASOs were applied
continuously for 2, 4, 8, or 24 h, with TLR9 activation mea-
sured immediately after treatment. The earliest response to a
PS ASO was observed in the BJAB cell system, with the CpG
ASO upregulating CCL22 after only 2 h of exposure (Fig. 1 C).
ASO-20, ASO-95, and ASO-18 all elicited a weak response at
4 h, followed by a stronger response at 8 –24 h. ASO-05 and
ASO-12 elicited a response at 8 –24 h. These data confirm pre-
vious reports that PS ASOs vary in their kinetics and strength
of innate immune activation, regardless of chemical modifica-
tions. For the THP1-TLR9 cells, the CpG ASO was the only PS
ASO that elicited a response at 8 h, whereas ASO-20 and ASO-
95 elicited a response at 24 h. Comparing the pulse and con-
tinuous treatment, we observe better discrimination between
PS-ASOs with regard to both the magnitude and kinetics of
innate immune activation using the pulse treatment. Conse-
quently, we used 2-h pulse treatments for most experiments. 

To further understand how PS ASOs behave in the two-
cell systems, a dose-response study was conducted (Fig. 1 D).
As expected, increasing concentrations of PS ASOs increased
TLR9 activation, with a peak in response observed between
1.6 and 8 μM for all PS ASOs except ASO-18, where peak re-
sponse is observed at 200 μM ( Supplementary Fig. 2 C). Due to
significant cytotoxicity observed between the 40 and 200 μM
range dose, we limited subsequent experiments to doses of 8
μM and lower ( Supplementary Fig. 2 D). A peak in TLR9 re-
sponse between 1.6 and 8 μM was also observed in the THP1-
TLR9 cells for CpG, ASO-18, and ASO-20; however, little to
no response was observed for other PS ASOs in the THP1-
TLR9 cell system. Our data have established that while the
two cell systems respond differently to PS ASOs, there is an
immediate response to innate immune activation in both cell
models. Interestingly, in THP1-TLR9 cells, the CpG ASO was
more potent after pulse treatment than in BJAB. This tends to
reduce the likelihood that differences in the number or cou-
pling of TLR9 receptors account for the differences observed
in responses of the two cell lines. Though the precise mecha-
nism that accounts for the differences observed between the
two cell lines remains elusive, our data confirm that different
cell lines may respond to innate stimulants differently, encour-
aging caution in extrapolating data from a single cell line too
generically. 

Kinetics of cytokines released in response to PS 

ASOs vary according to sequence and chemistry 

To determine whether the cell-specific differences in the abil-
ity to detect immunogenic responses of PS ASOs resulted from
alternative downstream TLR9-mediated cytokine expression,
we examined the expression profiles of key secreted pro-
inflammatory cytokines, tumor necrosis factor alpha (TNF-
α), Interleukin-1 beta (IL-1 β) and interleukin-6 (IL-6), all
of which are significantly altered in human peripheral blood
mononuclear cells treated with PS ASOs [ 24 ]. To determine if
myeloid differentiation of primary response gene 88 ( Myd88 )
plays a role in PS ASO caused innate immune activation, we
also examined the release of the anti-inflammatory IL-10 cy-
tokine [ 5 , 28 ]. 

TNF- α in the THP1-TLR9 cell line peaked at 24 h with
fast TLR9 agonist PS ASOs, before rapidly declining (Fig. 2 A).
Levels of TNF- α were negligible in THP1-TLR9 cells treated
with slow /partial agonists (ASO-18, ASO-12, and ASO-05),
corresponding to low levels of CCL22 observed previously

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
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A

B

C

D

Figure 1. PS ASO innate immunogenicity varies with cell system, treatment duration, and concentration. ( A ) Model PS-ASOs used for this study. 
“o”indicates a phosphodiester linkage; all other linkages are phosphonothioate. Constrained Ethyl (cEt) and MOE 2’ modifications are indicated for each 
PS-A SO . Fast-acting or slow-acting TLR9 agonism is listed as defined by Pollak et al. 2022 ([ 5 ], [ 6 ]). ( B ) Pulse treatment in the BJAB cell line (left) and the 
THP1-TLR9 cell line (right). R elativ e qR T-PCR le v els of CCL22 mRNA f ollo wing a 1, 2, 3, or 4 h incubation with 1.6 μM of the indicated PS ASOs in 
serum-free RPMI media. RNA lysates were collected 24 h following treatment. ( C ) Continuous treatment in the BJAB cell line (left) and the THP1-TLR9 
cell line (right). R elativ e qR T-PCR le v els of CCL22 f ollo wing a 2-, 4-, 8-, or 24-h incubation with 1.6 μM of indicated PS A SOs in ser um-free RPMI media. 
RNA lysates were collected immediately following treatment. ( D ) Dose response in BJAB cell line (left) or THP1-TLR9 cell line (right). Cells were treated 
for 2 h with varying concentrations (0.064, 0.32, 1.6, or 8 μM) of PS ASOs. RNA lysates were collected 24 h after treatment. All experiments were 
reproduced in at least three independent biological experiments, with multiple replicates per experiment. 
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A

B

C D

Figure 2. Differential kinetics of cytokine secretion f ollo wing PS ASO stimulation in BJAB and THP1-TLR9 cells. THP1-TLR9 (left) and BJAB cells (right) 
were treated with 1.6 μM of the indicated PS ASOs for 2 h, before supernatants were collected for cytokine analysis of TNF- α ( A ) and IL-10 ( B ). 
THP1-TLR9 cells were also assessed for levels of secreted IL-1 β ( C ) and IL-6 ( D ). Values were interpolated to a standard curve of known protein 
concentration, and are expressed as mean at each time point. All experiments were reproduced in at least three independent biological experiments, 
with multiple replicates per experiment. 
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(Fig. 1 B). As expected, TNF- α rapidly increased after treat-
ment with the fast agonists in the BJAB cell line, with the CpG
oligo exhibiting maximal activity at 24 h, whereas ASO-20
and ASO-95 exhibited maximal activity at 48 h. Gradual in-
creases in TNF- α were observed with slow agonists, with a
plateau occurring at ∼48 –72 h. When assessing IL-10 secre-
tion in the THP1-TLR9 cells, fast agonists exhibited a grad-
ual, persistent increase in IL-10, which plateaus at 48 h; how-
ever, the magnitude of IL-10 was greatly decreased in ASO-
95-treated cells. Interestingly, ASO-38, ASO-18, and ASO-05
demonstrated a limited increase in IL-10 from 48 to 72 h,
whereas ASO-12 did not increase IL-10 (Fig. 2 B). Both fast
and slow agonists cause substantial IL-10 secretion in the
BJAB cell line. ASO-95 and ASO-20 show the most dramatic
increase in IL-10, whereas the CpG oligo and slow agonists
only moderately increase IL-10, a likely counterbalance to the
activation of TLR9 via MyD88 signaling. As IL-1 β and IL-6
levels were too low to detect in the BJAB cell system, only re-
sults for the THP1-TLR9 cell system are shown (Fig. 2C, D) .
IL-1 β levels increased substantially for fast agonists only, with
maximal activity observed at 72 h. IL-6 levels increase rapidly
after exposure to fast agonists; however, ASO-95 is only mod-
erately increased. 

Considering all the cytokines evaluated, these data show
that PS-ASOs segregate into multiple classes based on the ex-
tent of innate immune activation and the kinetics of cytokine
induction, and that the previously defined fast and slow PS-
ASO classes are recapitulated at the level of secreted cytokines.
Moreover, the magnitude of TNF- α, IL-6, IL-1 β, and IL-10 se-
cretion functionally separates highly inflammatory PS-ASOs
from weaker agonists and reveals a clear coupling between
pro-inflammatory cytokines and IL-10 –mediated feedback in
both monocytic and B-cell systems. Serendipitously, we ob-
served morphological changes in THP1-TLR9 monocytes af-
ter incubation with the fast agonist PS ASOs, CpG, ASO-20,
and ASO-95, but not others ( Supplementary Fig. 3 ). This is
not surprising, as it is well known that THP1 cells readily
differentiate into macrophages and/or dendritic cells after ex-
posure to strong immune activators such as Lipopolysaccha-
ride (LPS), likely through the release of TNF- α [ 29 ]. Overall,
these data demonstrate that there is an immediate response to
rapid TLR9 agonists that is detectable via secretion of TNF- α,
corroborating previous CCL22 mRNA expression data. Con-
versely, slow TLR9 agonists remain undetectable in the THP1-
TLR9 cell system via TNF- α, IL-1 β, and IL-6, also corrobo-
rating previous CCL22 mRNA expression data (Fig. 1 ). 

PS ASO TLR9 agonists upregulate trp metabolism 

enzymes IDO1 and IL41 

As the Kynurenine Pathway (KP) is emerging as a poten-
tial modulator of innate immune activation, we examined
whether key enzymes involved in the oxidation of Trp to Kyn
were altered in response to PS ASO treatment. We observed
a positive correlation between TLR9 activation and IL4I1
expression in the BJAB cell line (Spearman’s r = 0. 0.8394,
95% CI: 0.81 –0.87, P > 0.0001) and IDO1 expression in
the THP1-TLR9 cell line (Spearman’s r = 0.5590, 95% CI:
0.46 –0.64, P > 0.0001; Fig. 3 A). As expected, slow TLR9 ag-
onists exhibited lower IL4I1 / IDO1 and CCL22 levels com-
pared to fast agonists, even when only the maximum values
of each experiment are considered (Fig. 3 B). We also exam-
ined the kinetics between mRNA expression of IL4I1 / IDO1
and CCL22 in the two cell lines across multiple time points 
(Fig. 3 C, D). In both cell systems, IDO1 and IL4I1 were mini- 
mally upregulated after treatment with the non-inflammatory 
ASO 38. This suggests that well-tolerated, non-inflammatory 
PS ASOs do not activate TLR9, and do not engage the com- 
pensatory KP, aside from ASO 18, which remains an outlier 
in this experiment. Similar to our previous data, ASO-05 and 

ASO-12 upregulated CCL22 and IL4I1 in the BJAB cell line,
but did not do so in the THP1-TLR9 cells, reinforcing that 
these PS ASOs are not immunogenic in THP1-TLR9 cells.
An interesting exception to this is ASO-18, which only ap- 
peared to upregulate CCL22 after 3-4 h of treatment (Fig.
1 B), yet demonstrated an increase in IDO1 when treated for 
2 h at the 24 and 48 h time points. Although different PS- 
ASOs show a wide range of TLR9 activation as previously 
reported, the rank order of TLR9 activity does not fully pre- 
dict the magnitude of IDO1/IL4I1 induction, or the kinetics 
of this induction. This builds evidence that the SAR govern- 
ing the PS-ASO-mediated innate immune response activation 

and the SAR governing downstream immunoregulatory tryp- 
tophan catabolism are similar, but not identical. Nevertheless,
we observed a relatively proportional relationship between 

levels of TLR9 activation and IDO1/IL4I1 induction in the 
THP1-TLR9 and BJAB cell lines, respectively. 

Kynurenine induction and TLR9 activation by 

immunogenic PS-ASOs depend on 

tryptophan-catabolizing enzymes 

To confirm that the observed increase in IDO1 mRNA expres- 
sion correlates with a change in IDO1 activity, we examined 

the consumption of Trp and the generation of Kyn after PS 
ASO treatment. A dose-response study (0.32, 1.6, and 8 μM) 
was conducted with the PS ASOs, with measurements of Trp 

substrate and downstream Kyn metabolite taken at 24 and 48 

h after treatment. While all PS ASOs demonstrated some de- 
crease in Tryp, only those that concomitantly generated Kyn 

were considered to have induced IDO1 activity (Fig. 4 A, B). A 

significant increase in Kyn, accompanied by a significant de- 
crease in Trp was observed in THP1-TLR9 cells treated with 

rapid TLR9 agonists (CpG, ASO-20, and ASO-95), as well as 
ASO-18. Furthermore, we identified that peak IDO1 activity 
occurred 48 h after treatment for all PS ASOs, and increased 

with increasing PS ASO concentrations. Again, we observed 

that the magnitude of Tryptophan consumption and kynure- 
nine generation correlated, albeit imperfectly, with the magni- 
tude of TLR9 activation observed by measurement of CCL22 

mRNA, complicating the SAR. 
In order to understand how the genetic manipulation of 

IDO1 and IL4I1 affects TLR9 activation, we applied siRNA 

to IDO1 in THP1-TLR9 cells with and without the CpG ASO.
When treated with CpG ASO, TLR9 activation was increased 

two-fold (Fig. 4 C), and a 90% reduction in IDO1 protein was 
confirmed via western blot (Fig. 4 D), suggesting that IDO1 

plays a critical role in innate immune suppression, which may 
be slightly compensated for by IL4I1 in cells that express both 

enzymes. We chose to use an overexpression IL4I1 plasmid in 

the BJAB cell line to understand how TLR9 activation is al- 
tered when IL4I1 is manipulated, after considerable cell death 

was observed when we dosed IL4I1 siRNA in the BJAB cell 
line (data not shown). We achieved a 400-fold increase in 

IL4I1 mRNA expression, and observed a 3.3-fold decrease (or 
70% reduction) in TLR9 activation when stimulated with the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
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A B

C

D

Figure 3. Trp degradation enzymes, IDO1 and IL4I1 , are upregulated in immune cells stimulated with PS ASOs. ( A ) Correlation of tryptophan oxidation 
enzymes and TLR9 activation in BJAB cells (top) and THP1-TLR9 cells (bottom) after treatment with 1.6 μM of the indicated PS ASOs for 2 h. Relative 
qR T-PCR le v els of CCL22 and IL4I1/ID O1 mRNA w ere measured at 8, 24, 48, and 72 h post-treatment. Spearman’s rank correlation w as used to assess 
the association between CCL22 mRNA and IL4I1/IDO1 mRNA. ( B ) Maximum values observed in each experiment with the indicated PS ASOs for BJAB 

cells (top) and THP1-TLR9 cells (bottom). ( C ) Kinetics of IL4I1 and CCL22 qRT-PCR levels in BJAB cells, and ( D ) THP1-TLR9 cells after dosing with the 
indicated PS ASOs. All data are presented as a percentage of UTC control (mRNA expression/Ribogreen/UTC) and expressed as mean ± S.E.M. All 
e xperiments w ere reproduced in at least three independent biological e xperiments, with multiple replicates per e xperiment. 
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Figure 4. Immunogenic PS ASOs stimulate Kyn production via the tryptophan catabolism pathw a y, and genetic manipulation of tryptophan catabolizing 
enzymes alters TLR9-mediated PS ASO activation. Total extracellular ( A ) tryptophan and ( B ) kynurenine metabolite le v els from THP1-TLR9 cells 24- or 
48-h post-treatment with 0.32, 1.6, or 8 μM of indicated PS ASOs. ( C ) R elativ e CCL22 and IDO1 mRNA expression levels in IDO1 siRNA-treated 
THP1-TLR9 stimulated with CpG A SO . ( D ) Validation of IDO1 siRNA knockdown and representative western blot measuring IDO1 protein expression. 
THP1-TLR9 cells were electroporated with 1 μM of siRNA 24 h prior to treatment with 1.6 μM CpG ASO for 2 h. Protein lysates were collected 24 h 
f ollo wing treatment. ( E ) R elativ e CCL22 and IL4I1 mRNA expression levels in IL4I1 overexpression plasmid-treated BJAB cells stimulated with CpG 

A SO . All bar graph data are expressed as mean ± S.E.M. 
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Figure 5. Directed metabolomics of tryptophan metabolites after PS ASO treatment in THP1-TLR9 cells. Cells were treated with 8 μM PS-ASOs for 2 h, 
reco v ered f or 48 h, and the collected cellular supernatant was subjected to directed metabolomic analysis of tryptophan metabolites to quantify specific 
changes. Biological replicates ( n = 3) were submitted for metabolomic analysis. Significant differences in means of metabolite quantities (ng/mL) were 
determined via one-w a y ANO V A with Dunnett post-hoc tests (st atistical significance is denoted at P < 0.05 ∗, P < 0.0 05 ∗∗, and P < 0.0 0 05 ∗∗∗). 
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pG ASO (Fig. 4 E). These data provide robust evidence that
L4I1 is critical for innate immune suppression in cell lines
hat lack the IDO1 enzyme. 

ynurenine pathway metabolites are upregulated, 
nd scale with PS-ASO –driven innate immune 

ctivation 

e next sought to explore how the profile of extracellular
ryptophan and its derivatives changes when exposed to PS-
SOs of varying innate immunogenicity. THP1-TLR9 cells
ere treated with either the strong inflammatory CpG ASO,
eaker inflammatory ASO 18, non-inflammatory ASO 38, or
were untreated for 2 h. Extracellular supernatants were col-
lected 48 h after treatment for targeted metabolomic analy-
sis. Relative to untreated controls, tryptophan levels in the su-
pernatant were depleted, while upstream kynurenine-pathway
intermediates N-fkyn and Kyn were significantly increased
in cells treated with ASO 18 and the CpG ASO, but not
ASO 38, consistent with enhanced IDO1-driven tryptophan
catabolism (Fig. 5 ). In addition, 3HK showed a trend to-
ward higher secretion, whereas 3-HAA, FAA, and AA were
all increased compared with untreated controls and ASO
38. In contrast, quinolinic acid remained unchanged, and
kynurenic acid also did not vary detectably in the supernatant,
likely due to the predominantly protein-bound/intracellular
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distribution of kynurenic acid [ 30 ]. Notably, picolinic acid, a
terminal product of one KP branch, decreased, indicating less
activity of this branch and diversion of metabolites into al-
ternative KP pathway endpoints. Within the indole-3-pyruvic
acid branch of tryptophan metabolism, indole-3-pyruvate it-
self was below the limit of detection. The AhR-active indole
metabolites indole-3-lactic acid and indole-3-aldehyde were
readily detected but did not change with PS-ASO treatment,
whereas the related AhR agonist indole-3-acetic acid was sig-
nificantly reduced, indicating its consumption. No changes
in the levels of serotonin, nor its precursors, were measured.
( Supplementary Fig. 4 ). Together, these data indicate that brief
innate immune stimulation with CpG and non-CpG PS-ASOs,
followed by 48 h recovery, preferentially diverts tryptophan
into the kynurenine pathway while selectively depleting cer-
tain indole-derived AhR ligands, particularly indole-3-acetic
acid. Interestingly, the CpG ASO typically consumed more
Tryp and generated higher amounts of kyn-derived metabo-
lites than ASO 18, which is in line with the stronger levels of
innate immune activation observed in the BJAB and THP1-
TLR9 cells (Fig. 3 C, D). These findings suggest that the mag-
nitude of TLR9 activation may correlate, at least in part, with
the extent of downstream kynurenine-pathway engagement,
offering insight into the termination processes of these PS-
ASOs. 

Exogenous supplementation of kynurenine 

pathway metabolites suppresses PS-ASO-mediated
innate immunity 

It has previously been demonstrated that administration of
key kynurenine pathway metabolites, including Indole-3-
pyruvic acid, Kynurenine, and Kynurenic acid, modulates the
immune response to maintain immune tolerance by activating
the AhR receptor [ 31 ]. We therefore asked whether exogenous
AhR ligands could be applied in vitro to dampen PS-ASO-
induced innate immune activation in monocytic and lym-
phoid cell lines. Concomitant treatment of BJAB and THP1-
TLR9 cells with 100 μM Kyn, KYNA, I3P, and 3-HAA re-
duced CCL22 mRNA induction following PS-ASO stimula-
tion (Fig. 6 A). In THP1-TLR9 cells, this reduction in CCL22
mRNA was consistent with decreased IRF and NF- κB reporter
activity in the presence of these AhR ligands (Fig. 6 B). 

To determine whether this innate immune suppression was
specific to a CpG-containing PS-ASO or generalizable to other
TLR9-activating chemistries, we extended these studies to
ASO 20 and ASO 95, which lack CpG motifs but still bind and
activate TLR9. Each AhR ligand was tested in a dose –response
series from 1.5 mM down to 0.08 μM in THP1-TLR9 cells
(Fig. 6 C) and BJAB cells (Fig. 6 D), with IC 5 0 values calculated
from the top five concentrations. In THP1-TLR9 cells, I3P was
the most potent suppressor, with IC 5 0 values of 10.9 μM for
ASO 20 and 25.6 μM for ASO 95, followed by 3-HAA with
IC 5 0 values of 20.9 μM and 21.2 μM for ASO 20 and ASO 95,
respectively. L-kynurenine was less potent, with IC 5 0 values of
210 μM and 180 μM for ASO 20 and ASO 95, respectively.
Kynurenic acid did not show appreciable suppressive effects
against ASO 20 or ASO 95 in THP1-TLR9 cells at the con-
centrations tested, which may reflect high serum binding and
variable uptake kinetics of KA in this system. 

In BJAB cells, IC 5 0 values were generally higher but fol-
lowed the same rank order of potency. 3-HAA and I3P again
exhibited the lowest IC 5 0 values: 3-HAA had IC 5 0 values of
77.18 μM (ASO 20) and 80.0 μM (ASO 95), whereas I3P had 

IC 5 0 values of 72.8 μM (ASO 20) and 158 μM (ASO 95). L- 
kynurenine was less potent in BJAB cells, with IC 5 0 values of 
169.2 μM and 421 μM for ASO 20 and ASO 95, respectively.
Interestingly, in contrast to the THP1-TLR9 model, kynurenic 
acid did exert immunosuppressive effects in BJAB cells, albeit 
with relatively high IC 5 0 values of 288.0 μM for ASO 20 and 

977 μM for ASO 95. Overall, these data provide evidence that 
KP metabolites robustly dampen PS ASO innate immune re- 
sponses, thereby increasing cellular tolerance to immunogenic 
PS ASOs . 

Discussion 

Our study provides a mechanistic framework for understand- 
ing how PS-ASO-induced innate immune activation interfaces 
with the tryptophan oxidation pathways governed by IDO1 

and IL4I1. By comparing PS-ASOs with distinct innate im- 
mune activation profiles across two complementary human 

immune cell systems, we show that TLR9-driven responses 
consistently engage these enzymes and remodel the down- 
stream metabolite landscape. These findings extend earlier ob- 
servations that IDO1 and IL4I1 are broadly inducible by in- 
flammatory signals, and position these enzymes as modulators 
of the magnitude of PS-ASO-induced innate signaling rather 
than simple markers of inflammation. 

We identify distinct classes of PS ASOs that differ in cy- 
tokine kinetics, providing a more nuanced understanding of 
their immune-modulating properties. Notably, we show that 
both fast and slow TLR9-dependent agonists identified by Pol- 
lak et al. (2022) [ 5 , 6 ] activate the compensatory kynurenine 
pathway (KP) through the upregulation of key tryptophan- 
metabolizing enzymes, IDO1 and IL4I1. This extends previous 
reports of TLR9-mediated IDO1 induction and subsequent 
innate immune suppression [ 25 , 32 , 33 , 34 ], by demonstrat- 
ing that TLR9 activation by PS ASOs in both lymphoid and 

myeloid cells leads to rapid and quantifiable accumulation of 
not only IDO1, but also IL4I1 in lymphoid cells that lack 

IDO1. In addition, we characterize the kinetics and scale of 
enzyme induction. This was supported by targeted metabo- 
lite quantification through both ELISA and metabolomics,
where the production of kynurenine and its derivatives, along 
with tryptophan depletion, strengthened the link between the 
KP and PS-ASO immune tolerance. Moreover, manipulation 

of IDO1, responsible for 90% of tryptophan conversion to 

KYNA, led to an enhanced immune response, underscoring 
its critical role in immune modulation; in addition, overex- 
pression of IL4I1 in lymphoid cells that lack IDO1 led to im- 
mune suppression. Finally, we demonstrate that pre-treatment 
with various kynurenine and indole-derived metabolites can 

increase immune tolerance for various PS ASOs by sup- 
pressing the magnitude of the induced innate immune re- 
sponse. Collectively, our study builds upon compelling evi- 
dence that the KP serves as a key terminator of PS ASO- 
induced innate immune activation in specific cell types, and 

that metabolites of this pathway may be used to enhance im- 
mune tolerance to innate immune activating PS ASOs. Consid- 
ering IDO1 induction is a well-established downstream con- 
sequence of multiple TLR pathways, the tryptophan-catabolic 
feedback loop described here may represent a broader innate 
immune attenuation mechanism engaged whenever PS ASOs 
activate pattern-recognition receptors. These findings advance 
our understanding of immune regulation by PS ASOs and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag311#supplementary-data
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Figure 6. Exogenous kynurenine and indole metabolites attenuate PS-ASO-induced innate immune responses. ( A ) R elativ e CCL22 mRNA expression 
le v els in BJAB and THP1-TLR9 cells and ( B ) R elativ e IRF reporter activity and NF-kB reporter activity in THP1-TLR9 cells f ollo wing treatment with 100 μM 

of the indicated metabolite and 0.8 μM CpG A SO . R elativ e TLR9 activ ation of ( C ) THP1-TLR9 cells and ( D ) BJAB cells pretreated with v arious doses (1.5 
mM –0.08 μM) of kynurenine, kynurenic acid, 3-h y dro xy anthranilic acid, and indole-3-p yru v ate f or 2 h, and subsequently treated with 1.6 μM of ASO-20 
or ASO-95 for 24 h. TLR9 activation was measured as CCL22 mRNA expression. Metabolite IC50s derived from the top five doses are shown for each 
A SO , calculated using linear regression with normalized response and variable slope. All experiments were reproduced in at least three independent 
biological experiments, with multiple replicates per experiment. 
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may inform strategies to optimize their therapeutic safety and
efficacy. 

Variations in innate immune activation observed between
THP1-TLR9 and BJAB cell lines likely arise due to differences
in abundance, expression patterns, and subunit organization
of TLR9. Given that the THP1-TLR9 cell lines are transgenic
for TLR9 receptors, a lack of natural receptor configurations,
densities, and lack of native regulatory elements may lead to
underrepresentation of TLR9 agonist PS ASO-mediated im-
munogenic responses. Furthermore, differences in cell TLR9
signatures would ostensibly impact TLR9-mediated signal-
ing cascades. TLR9 activation typically generates a “cytokine
storm” comprised of various pro-inflammatory cytokines and
chemokines, resulting in a specific immune response signature
[ 35 , 36 ]. Distinct immune signatures after PS ASO stimula-
tion in the BJAB and THP1-TLR9 cell lines are also unsur-
prising, given the innate differences in the lineage of each im-
mune cell type; THP1 cells are monocytic and readily differ-
entiate to dendritic cells to generate chemokines upon TLR9
activation [ 37 , 38 , 39 ], whereas BJAB cells are an analog
of regulatory B cells that primarily secrete immunosuppres-
sive cytokines [ 28 , 40 , 41 ]. When our data is considered in
the context of published results [ 5 , 6 , 26 ], it is tempting to
conclude that PS ASO-induced innate immune activation is
strictly due to interactions with TLR9 receptors in late en-
dosomes (LE). However, we demonstrated significant differ-
ences in response to PS ASOs in the two cell lines studied. A
recent report demonstrated that synthetic 2 

′ -O-methyl modi-
fied short oligonucleotides can interact with TLR7 and TLR8
binding sites [ 42 ], which may explain some differential re-
sponse observed between oligos and cell lines; however, pre-
vious knockout studies have demonstrated that TLR9 is re-
sponsible for innate immune activation within the Bjab cell
system [ 20 ]. Future in vivo studies will help further elucidate
the breadth of pathways that modulate PS-ASO-induced sig-
naling. As TLR9 receptors are located in the LE, and these
organelles accumulate high concentrations of PS ASOs [ 43 ],
it’s worth considering whether cytoplasmic sensors are acti-
vated if PS ASOs accumulation in the LE is either blocked or
oversaturated. 

We hypothesized that the strength and kinetics of innate im-
mune suppression processes correlate with the strength and ki-
netics of PS ASO-induced innate activation. Indeed, we show
that there are imperfect correlations between the intensity and
timing of immune activation by PS ASOs, which raises an
interesting question. For instance, can some of the complex
SAR of PS ASO TLR9 activation be ascribed to a more ro-
bust suppression signal for partial agonists? Thus, any out-
liers may be of particular interest. Nonetheless, the data pre-
sented here clearly demonstrate a solid connection between
TLR9 activation and the upregulation of IDO1 and IL4I1 in
response to both fast and slow PS ASO-TLR9 agonists, as
well as partial agonists, across two cell systems. Moreover, the
kinetics of this relationship change with ASO chemistry and
sequence. Alterations in the kinetics are likely due to subtle
differences at the TLR9 receptor, as PS ASO-TLR9 receptor
engagement is chemistry and sequence-dependent [ 6 , 44 ]. In
addition, the CpG ASO, which exhibits stronger TLR9 acti-
vation, was also found to drive a more pronounced trypto-
phan depletion and KP metabolite accumulation than ASO 18,
suggesting that sequence and motif-dependent TLR9 agonism
is coupled to the extent of downstream immune-metabolic
engagement. 
The KP and its metabolites have gained interest as poten- 
tial immune regulatory targets in the clinic. Specifically, KP 

modulators delivered in combination with other therapeu- 
tics may improve patient outcomes by limiting side effects 
in a variety of systemic inflammatory diseases, such as can- 
cers, and neurodegenerative conditions [ 45 –49 , 50 ]. Given 

the identification of certain immunogenic PS ASOs [ 24 ], we 
were particularly interested in the response of the KP to treat- 
ment with PS ASOs, and the identification of key metabolites 
that pose as druggable candidates for co-therapy in mitigat- 
ing systemic inflammation. Our results confirm that exoge- 
nous KP metabolites, but also the Indole pathway metabolites,
are likely targets for increasing the tolerability of immuno- 
genic PS ASOs. This conclusion is supported by increased 

production of KP metabolites in THP1-TLR9 cells treated 

with TLR9 agonists, which appear to scale with increasing 
innate immunogenicity of the PS-ASO applied, for both the 
ELISA and metabolomics data. It should be noted, however,
that slight discrepancies between recruitment of the KP and 

subsequent production of immune-quenching Kyn appeared 

independent of the strength of TLR9 activation, as even the 
weak TLR9 agonist, ASO-18, produced Kyn levels analogous 
to levels of strong agonists. We hypothesize that there may be 
a low threshold for KP activation and rapid recruitment of 
immunomodulatory metabolites, particularly given the highly 
conserved nature of this pathway [ 51 ]. Further to this, silenc- 
ing IDO1 increased the innate immune response detectable 
with CpG-treated THP1-TLR9 cells, and conversely, over- 
expressing IL4I1 decreased the innate immune response de- 
tectable with CpG-treated BJAB cells. This corroborates cur- 
rent literature indicating a critical role for IDO1 as an im- 
mune suppressant, via upstream modulation of Kyn genera- 
tion, which can no longer engage the AhR [ 52 ], and provides 
evidence that in the absence of IDO1, IL4I1 can act as an im- 
mune suppressant[ 17 ]. Finally, we also observed robust, dose- 
dependent suppression of TLR9 activation in both cell systems 
using various exogenous KP and Indole metabolites, to both 

CpG and non-CpG ASOs. We conclude that the KP and indole 
oxidative metabolites likely activate the immunosuppressant 
functions of AhR via the production of Kyn, leading to damp- 
ening of the PS ASO-mediated innate immune response. 

Importantly, our findings offer potential translational im- 
plications. Immunogenic PS ASOs are known to trigger acute 
cytokine elevations in humans, and strategies that blunt these 
responses could improve tolerability and broaden therapeu- 
tic windows. The observation that kynurenine- and indole- 
derived metabolites reduce innate immune activation suggests 
opportunities to co-formulate PS ASOs with metabolic mod- 
ulators or employ transient metabolic supplementation to 

dampen unwanted proinflammatory responses. While further 
in vivo studies are required, this work provides a foundation 

for exploring such strategies. 
Taken together, we identified and characterized immune 

signatures of PS ASO-TLR9 agonists in two cell lines, high- 
lighting the critical role of the key tryptophan-catabolizing 
enzymes, IDO1 and IL4I1, in generating KP metabolites to 

quench the immune response. This work opens new avenues 
for exploring KP modulation to mitigate the risk of PS ASO- 
induced innate immune activation. In the clinic, it may be pos- 
sible to include KP metabolites as excipients in PS ASO for- 
mulations or as a co-therapy, although further work is needed.
In addition, although validated as a surrogate readout of PS 
ASO innate immunogenicity, the BJAB/CCL22 assay has some 
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imitations and does not fully capture the complex molecular
ilieu of immune responses due to PS ASOs. Future work uti-

izing time course, untargeted RNAseq, and proteomics would
e valuable extensions to broaden pathway discovery beyond
he Tryptophan-IDO1/IL4I1 axis explored in this study. Fi-
ally, whilst siRNA and plasmid overexpression studies pro-
ide valuable mechanistic insights into the effects of various
enes, enzymes, and proteins, future work should explore the
se of IDO1/IL4I1 single and double knockout models for
urther exploration, if found to be viable. Nevertheless, this
tudy provides compelling evidence that the KP and indole
athway play a mechanistic role in PS ASO-mediated immune
egulation, paving the way for future research. These insights
dvance our understanding of how cells regulate innate im-
une responses to PS ASOs and highlight actionable avenues

or enhancing the tolerability of next-generation antisense
herapeutics. 
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