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Abstract
Macrophages promote an early host response to infection by 
releasing pro-inflammatory cytokines such as interleukin (IL) 
1β (IL-1β), tumour necrosis factor (TNF), and IL-6. One of the 
mechanisms through which cells sense pathogenic microor-
ganisms is through Toll-like receptors (TLRs). IL-1 receptor-
associated kinase (IRAK) 1, IRAK2, IRAK3, and IRAK4 are inte-
gral to TLR and IL-1 receptor signalling pathways. Recent 
studies suggest a role for aberrant TLR8 and NLRP3 inflamma-
some activation during both COVID-19 and HIV-1 infection. 
Here, we show that pacritinib inhibits the TLR8-dependent 
pro-inflammatory cytokine response elicited by GU-rich sin-
gle-stranded RNA derived from SARS-CoV-2 and HIV-1. Using 
genetic and pharmacologic inhibition, we demonstrate that 
pacritinib inhibits IRAK1 phosphorylation and ubiquitination 
which then inhibits the recruitment of the TAK1 complex to 
IRAK1, thus inhibiting the activation of downstream signal-
ling and the production of pro-inflammatory cytokines.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is the aetiologic agent of COVID-19. Most 
adults and children infected with SARS-CoV-2 are either 
asymptomatic or experience mild symptoms. However, a 
subset of infections progress to severe disease and cyto-
kine release syndrome (CRS, also called cytokine storm) 
characterised by alterations in the myeloid-cell compart-
ment [1, 2], impaired interferon (IFN) response [3–5] 
and T cell function [6–9], the production of autoantibod-
ies [10], and the uncontrolled release and high circulating 
levels of pro-inflammatory cytokines including interleu-
kin (IL) 1β (IL-1β), IL-6, and tumour necrosis factor 
(TNF) [5, 11–13]. The presence of CRS is often associated 
with increased viral load and extensive immune-mediat-
ed lung injury leading to acute respiratory distress syn-
drome, multi-organ failure, and death [14–18]. Human 
immunodeficiency virus type 1 (HIV-1) pathogenesis is 
also associated with immune activation and chronic in-
flammation despite effective viral suppression from anti-
retroviral treatment (ART) [19], which contributes to 
non-AIDS-related inflammatory diseases in persons liv-
ing with HIV-1 (PLWH) [20].
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Toll-like receptors (TLR) are pattern recognition re-
ceptors that recognise specific pathogen-associated mo-
lecular patterns and are critical in regulating innate im-
mune responses and in inducing and directing adaptive 
immunity. Four TLR family members recognise nucleic 
acid PAMPs with TLR7 and TLR8 recognising guano-
sine/uridine-rich single-stranded RNA (GU-rich ssR-
NA) degradation products [21]. The IL-1 receptor-asso-
ciated kinases (IRAK) IRAK1, IRAK2, IRAK3, and 
IRAK4 are key mediators of TLR signalling, all possess 
a central kinase domain, and all are classified as serine/
threonine kinases; however, only IRAK1 and IRAK4 
possess demonstrable kinase activity [22]. Human TLR8 
exists as a homodimer within the endosomes of macro-
phages, monocytes, and myeloid dendritic cells [23, 24]. 
Upon endosomal or autophagosomal engulfment, the 
fragmentation of viral RNA by the lysosomal endoribo-
nuclease RNase T2 generates multiple GU-rich ssRNA 
fragments that are detectable by TLR8 [21, 25–27]. 
These RNA fragments bind TLR8 cooperatively at two 
distinct sites in the N-terminal domain, inducing a con-
formational change of the TLR8 dimer, resulting in the 
recruitment of the adaptor protein MYD88. MYD88 
then recruits IRAK4 through N-terminal death domain 
interactions that induce the dimerisation and trans-au-
tophosphorylation of IRAK4 to form the oligomeric 
myddosome [28–30]. This myddosome then recruits 
IRAK1, IRAK2, and/or IRAK3 [31, 32]. The recruitment 
of IRAK1 results in its activation, possibly through 
IRAK4-induced dimerisation mediated through an al-
losteric mechanism, although this has yet to be fully elu-
cidated [30–33]. Activated IRAK1 then phosphorylates 
and activates pellino E3 ubiquitin protein ligase (PELI) 
1 and PELI2 and is itself extensively phosphorylated by 
IRAK4, allowing the recruitment of the E3 ubiquitin li-
gase TNF receptor-associated factor 6 (TRAF6) to the 
myddosome. The IRAK1-TRAF6 interaction activates 
TRAF6, which in combination with PELI1, PELI2, and 
UBE2N-UBE2V1, leads to the lysine 63-ubiquitination 
(K63Ub) of IRAK1 [34, 35]. TRAF6 also recruits LU-
BAC where it interacts with the K63Ub-IRAK1 to attach 
covalently Met1-linked ubiquitin oligomers (M1Ub) to 
K63Ub on IRAK1 forming K63/M1 ubiquitin hybrids 
[36]. Notably, IRAK1 activation requires neither phos-
phorylation nor ubiquitination [30, 36]. The IRAK1-
TRAF6 complex is then released from the myddosome 
where the K63/M1-Ub hybrids recruit and activate the 
TAK1 and IKK complexes, leading to downstream acti-
vation of numerous pro-inflammatory mediators, in-
cluding MAP kinases and NF-κB, that results in the ex-

pression of pro-inflammatory cytokines including IL-6, 
IL-12, IL-27, TNF, IFNγ, and IL-1β [37–39].

As IRAKs are critical for TLR8 signalling and play di-
rect roles in the TLR-mediated activation of the NLRP3 
inflammasome and the subsequent generation of IL-1β 
and other important pro-inflammatory cytokines [40], 
inhibiting IRAKs has potential therapeutic benefits [22, 
41–43]. Pacritinib is a small-molecule, ATP-competitive, 
macrocyclic inhibitor of JAK2/FMS-like tyrosine kinase 
3 [44] which also shows moderate selectivity against 
IRAK1 versus IRAK4 (IC50: 6 nM and 177 nM, respective-
ly) [43]. Here, we provide evidence that pacritinib effec-
tively inhibits the TLR8-mediated pro-inflammatory cy-
tokine response to GU-rich ssRNAs from SARS-CoV-2 
and HIV-1 at clinically relevant concentrations.

Materials and Methods

Primary Human Cells
Peripheral blood mononuclear cells were isolated from whole 

blood by density-gradient centrifugation over Ficoll-Paque Plus 
(GE Healthcare). Monocyte-derived macrophages were prepared 
from peripheral blood mononuclear cells by adherence as previ-
ously described [45].

Chemicals
RNA649 (5′-GUCAGAGUGUGUACUUG-3′; position 

24649-24665 nt in the SARS-CoV-2 genome [S2 spike protein re-
gion] [accession number: NC_045512.2]) [26], RNA649A (a de-
rivative of RNA649 in which adenosine replaces all uracil nucleo-
tides), RNA40 (5′-GCCCGUCUGUUGUGUGACUC-3′; at U5 
region 108-127 nt of the HIV-1 genome [accession number: 
NC_001802.1]) [21], and RNA41 (a derivative of RNA40 in which 
adenosine replaces all uracil nucleotides) were synthesised by In-
tegrated DNA Technologies. LyoVec (InvivoGen), a cationic lip-
id-based transfection reagent, was used to complex GU-rich ss-
RNA in a 2:1 (LyoVec:RNA) ratio as previously described [26]. 
Pacritinib (also known as SB1518) and zimlovisertib were ob-
tained from Selleck Chemicals. Lambda protein phosphatase and 
MG132 were purchased from Sigma-Aldrich. Recombinant hu-
man ubiquitin-specific peptidase 2 was purchased from R&D Sys-
tems. Corresponding volumes of each vehicle were used in con-
trols: endotoxin-free water for GU-rich ssRNA, RNA controls, 
and LyoVec (Invivogen); DMSO (Sigma-Aldrich) for pacritinib, 
zimlovisertib, and MG132; lambda protein phosphatase buffer 
(Sigma-Aldrich) for lambda protein phosphatase; and 50 mM 
HEPES pH 8, 150 mM NaCl, 0.1 mM EDTA, and 1 mM DTT (all 
Sigma-Aldrich) for recombinant human ubiquitin specific pepti-
dase 2.

Enzyme-Linked Immunosorbent Assay
IL-1β (Cat# DLB50 and DY201), IL-6 (Cat# DY206), and TNF 

(Cat# DY207) were measured in cell culture supernatants using 
enzyme-linked immunosorbent assay kits obtained from R&D 
Systems according to the manufacturer’s instructions.
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siRNA Transfection
Macrophages were transfected with Ambion Silencer Select 

TLR8 (ID# s27920), P2XR7 (ID# s9959), or control (Cat# 4390846) 
siRNA (siNS) using lipofectamine RNAiMAX transfection reagent 
(Invitrogen) in Opti-MEM (Gibco) according to the manufactur-
er’s instructions. Forty-eight hours later, cells were analysed for 
target gene silencing and used in experiments. Transfection effi-
ciency was assessed using BLOCK-iT Alexa Fluor Red Fluorescent 
Control (Invitrogen) on a BD FACSCalibur flow cytometer [46].

Western Blotting
Cell lysis, co-immunoprecipitation, and western blotting were 

performed as previously described [46, 47]. Briefly, cell lysates 
were prepared using 20 mM HEPES, 150 mM NaCl, and 1 mM 
EDTA supplemented with 1% (vol/vol) Triton X-100 and 1% (vol/
vol) Thermo Scientific Halt protease and phosphatase inhibitor 
cocktail. Co-immunoprecipitation was performed using the Pierce 
Co-Immunoprecipitation Kit with 50 μg anti-IRAK1 (Cat# 
ab180747, RRID:AB_2895218) from Cell Signaling and 50 μg cell 
lysates according to the manufacturer’s directions. Incubation of 
immunoprecipitates with phosphatases and deubiquitinases was 
performed exactly as previously described [30]. Cell lysates and 
immunoprecipitates were resolved using 2-(bis[2-hydroxyethyl]
amino)-2-(hydroxymethyl) propane-1,3-diol-buffered (wt/vol) 
polyacrylamide gels, transferred to 0.2-μm polyvinylidene difluo-
ride membranes, probed with primary antibodies overnight at 4°C, 
followed by detection using alkaline phosphatase-tagged second-
ary antibodies (Invitrogen) and 0.25 mM CDP-Star supplemented 
with 5% (vol/vol) Nitro-Block II (both Applied Biosystems). The 
primary antibodies raised against the following were used in west-
ern blots: ERK1/2 (Cat# 4695, RRID:AB_ 390779), phospho-
ERK1/2 (Thr202/Tyr204) (Cat# 4370, RRID:AB_2315112), IκBα 
(Cat# 4812, RRID:AB_10694416), phospho-IκBα (Ser32) (Cat# 

2859, RRID:AB_561111), IL-1β (Cat# 12703, RRID:AB_2737350), 
IRAK1 (Cat# 4504, RRID:AB_1904032), IRAK2 (Cat# 4367, 
RRID:AB_2126268), IRAK3 (Cat# 4369, RRID:AB_2264868), 
IRAK4 (Cat# 4363, RRID:AB_2126429), IRF5 (Cat# 20261, 
RRID:AB_ 2798838), JNK (Cat# 9252, RRID:AB_2250373), phos-
pho-JNK (Thr183/Tyr185) (Cat# 4671, RRID:AB_331338), NLRP3 
(Cat# 13,158, RRID:AB_2798134), P2XR7 (Cat# 13809, RRID:AB_ 
2798319), p38 MAPK (Cat# 9212, RRID:AB_330713), phospho-
p38 MAPK (Thr180/Tyr182) (Cat# 4511, RRID:AB_2139682), TAB2 
(Cat# 3745, RRID:AB_2297368), TAK1 (Cat# 5206, RRID: 
AB_10694079), and TRAF6 (Cat# 67591, RRID:AB_2904212) 
from Cell Signaling Technology, ACTB (Cat# A2228, RRID: 
AB_476697) from Sigma-Aldrich, phospho-IRAK1 (Thr209) (Cat# 
PA5-38633, RRID:AB_2555228) from Invitrogen, and TLR8 (Cat# 
NBP2-24917, RRID:AB_2847894) from Novus Biologicals. Phos-
pho-IRF5 (Ser462) was obtained from the MRC Protein Phosphor-
ylation and Ubiquitylation Unit at the University of Dundee, Scot-
land (Cat# IRF5 S509D, RRID:AB_2905520). Relative densities of 
the target bands were compared to the reference (ACTB) and were 
calculated using Fiji from the Max Planck Institute of Molecular 
Cell Biology and Genetics (Fiji, RRID:SCR_002285) [48].

Lactose Dehydrogenase Assay
Lactate dehydrogenase release from cells was measured using a 

mixture of diaphorase/NAD+ and 3-(4-iodophenyl)-2-(4-
nitrophenyl)-5-phenyl-2H-tetrazol-3-ium chloride/sodium 2-hy-
droxypropanoate and per cent cytotoxicity calculated according to 
the manufacturer’s protocol (Roche).

Flow Cytometry
A total of 1 × 105 macrophages were harvested and stained with 

Alexa Fluor 488-conjugated annexin V (Cat# A13201; Invitrogen) 
and 1 μg/mL propidium iodide (Cat# P3566; Invitrogen) in 10 mM 

Fig. 1. GU-rich ssRNAs induce the disappearance of IRAK1. Macrophages were treated for 24 h with 5 μg mL–1 
GU-rich ssRNA or controls. a Top, representative western blots of pro-IL-1β, NLRP3, and ACTB. Bottom, den-
sitometric analysis of blots. N = 4. b Left, representative western blots of IRAK1, IRAK2, IRAK3, IRAK4, and 
ACTB. Right, densitometric analysis of blots. N = 4.
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HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4, staining for 15 min 
at 4°C. Samples were then diluted 1:4 in 10 mM HEPES, 140 mM 
NaCl, 2.5 mM CaCl2, pH 7.4, before blinded acquisition using a BD 
FACSCalibur flow cytometer (BD Biosciences) using the 488-nm 
blue laser for excitation and 530/30 BP filter for detection of Alexa 
Fluor 488 emission and 670/LP filter for propidium iodide. Analy-
sis was performed using FlowJo v. 10.8 software.

Statistics
Samples were assigned to experimental groups through sim-

ple random sampling. Sample size (n) was determined using a 
2-sample 2-sided equality test with power (1−β) = 0.8, α = 0.05 
and preliminary data where the minimum difference in outcome 
was at least 70%. Data are represented as dot blots with arithme-
tic means ±95% confidence interval. Data were assessed for sym-
metry or skewness, using Pearson’s skewness coefficient. Nor-
malised ratiometric data were log2-transformed. When protein 
expression in the reference sample was zero, we used proportion 
statistics to analyse differences [46, 49]. Comparisons between 

groups were performed using paired, two-tailed, Student’s t test. 
In all experiments, differences were considered significant when 
p < 0.05 (*p < 0.05).

Results

GU-Rich ssRNA RNA649 and RNA40 Induce the 
TLR8-Mediated Phosphorylation and Ubiquitination 
of IRAK1
We previously identified a GU-rich ssRNA sequence 

from the spike protein of SARS-CoV-2 (RNA649) [26] 
and together with the previously described HIV-1-de-
rived RNA40 [21] demonstrated that these GU-rich ss-
RNA elicit a TLR8-dependent pro-inflammatory cyto-
kine response from primary human macrophages in the 

Fig. 2. GU-rich ssRNAs induce the phosphorylation and ubiquiti-
nation of IRAK1 through TLR8. a Macrophages were pretreated 
with 5 μM MG132, 100 nM zimlovisertib (Zim), or vehicle control 
(vehicle) for 2 h, then treated for 24 h with 5 μg mL–1 GU-rich ss-
RNA or controls. Top, representative western blot of IRAK1 and 
ACTB. Bottom, densitometric analysis of blots. N = 4. b Macro-
phages were stimulated for 5 h with 5 μg mL–1 RNA40 or RNA649 
and IRAK1 immunoprecipitated (IP) from the cell extracts; 30 µL 
immunoprecipitated IRAK1 was incubated with or without 50 U 

lambda protein phosphatase (λ-PPase) and/or 1.15 μg recombi-
nant human ubiquitin-specific peptidase 2 (USP2) and subjected 
to SDS/PAGE and western blotting with anti-IRAK1. Phosphory-
lated IRAK1 and phosphorylated and ubiquitinated IRAK1 are de-
noted by p-IRAK1 and Ub-IRAK1, respectively. c Macrophages 
were transfected with TLR8 (siTLR8) or scrambled siRNA (siNS) 
for 48 h then treated with 5 μg mL–1 GU-rich ssRNA or controls 
for 24 h. Left, representative western blots of TLR8, IRAK1, and 
ACTB. Right, densitometric analysis of blots. N = 4. 
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Fig. 3. Pacritinib inhibits GU-rich ssRNA induced pro-inflamma-
tory cytokine secretion from macrophages. Macrophages (a–c) 
were pretreated with pacritinib or controls for 2 h and then treated 
for 24 h with 5 μg mL–1 GU-rich ssRNA. n = 4. a Cell supernatants 
were collected and analysed for cytokines. b Aliquots of superna-
tants were spectrophotometrically tested for lactate dehydroge-
nase release, and per cent cytotoxicity was calculated. c Cells were 
harvested, stained with annexin V Alexa Fluor 488 and propidium 

iodide, and then analysed using flow cytometry. 2 µM staurospo-
rine was added for 24 h as a positive control. Representative pseu-
docolour plots are shown. d Macrophages were transfected with 
P2XR7 (siP2XR7) or scrambled siRNA (siNS) for 48 h and then 
treated with 5 μg mL–1 GU-rich ssRNA or control for 24 h. Left, 
representative western blots of P2XR7 and ACTB. Right, densito-
metric analysis of blots. e Cell supernatants from (d) were col-
lected and analysed for cytokines.
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absence of pyroptosis [26]. Here, we examine whether the 
GU-rich ssRNA triggering and activation of the TLR8-
signalling pathway involves IRAK1. Although it was 
thought that IRAK1 is proteasomally degraded after acti-
vation of TLR/IL-1R/MYD88-signalling as it becomes 
undetectable in western blots [50], it is now known that 
the rapid phosphorylation and ubiquitination of IRAK1 
results in this loss of IRAK1 detection [30, 51, 52]. Both 
RNA649 and RNA40 induced the expression of pro-IL-
1β and increased the expression of NLRP3 (shown in 
Fig. 1a) while also inducing the disappearance of IRAK1 
(shown in Fig.  1b). The levels of IRAK2, IRAK3, and 
IRAK4 did not change (shown in Fig. 1b). Importantly, 
treatment with MG132, a cell-permeable proteasome and 
calpain inhibitor, failed to reverse the disappearance of 
IRAK1 from the blots (shown in Fig. 2a), indicating that 
IRAK1 was not degraded through the proteasome. To 
confirm that IRAK1 was indeed phosphorylated and/or 
ubiquitinated, we performed an IP for IRAK1 then treat-
ed the immunoprecipitates with a phosphatase and/or a 
deubiquitinase. We observed that both RNA649 and 
RNA40 induced the phosphorylation and ubiquitination 
of IRAK1, and we fully recovered the unmodified form of 
IRAK1 using a phosphatase with a deubiquitinase (shown 
in Fig. 2b). To confirm the role for TLR8 in the disappear-
ance of IRAK1, we silenced TLR8 and observed that TLR8 
silencing abolished the disappearance of IRAK1 from 
western blots (shown in Fig.  2c). Finally, we assessed 
whether the phosphorylation and ubiquitination of 
IRAK1 was dependent upon IRAK4. Treatment with the 
specific IRAK4 inhibitor zimlovisertib also restored the 
disappearance of IRAK1 from western blots, indicating 
that the phosphorylation and ubiquitination of IRAK1 by 
TLR8 triggering is dependent upon IRAK4 (shown in 
Fig. 2a).

Pacritinib Inhibits TLR8-Mediated Cytokine 
Production
We next examined whether inhibition of IRAK1 using 

pacritinib inhibits TLR8 signalling and the downstream 
generation of IL-1β and other important pro-inflamma-
tory cytokines. Pacritinib dose-dependently inhibited 
both RNA649 and RNA40-induced IL-1β, TNF, and IL-6 
secretion (shown in Fig. 3a), indicating that the inhibition 
of IRAK1 suppresses the endosomal TLR8 pro-inflam-
matory signalling pathways. Importantly, pacritinib had 
no discernible cytotoxic effect on human macrophages 
either alone or in the presence of the TLR8 agonists at all 
concentrations tested (shown in Fig. 3b, c). As pacritinib 
also inhibits JAK2 [44] and the purinergic receptor P2X 

ligand gated ion channel 7 (P2RX7) which is involved in 
ATP-induced IL-1β secretion in primary human mono-
cytes [53] shares a consensus sequence with JAK2 [54], 
we investigated whether P2RX7 was involved in the GU-
rich ssRNA-mediated pro-inflammatory response using 
RNAi for P2RX7 (shown in Fig. 3d). P2RX7 silencing had 
no inhibitory effect on GU-rich ssRNA-mediated pro-in-
flammatory response (shown in Fig. 3e) confirming that 
P2RX7 is not involved in TLR-mediated inflammasome 
activation in human myeloid cells, in agreement with 
Gaidt et al. [53]. Thus, the pacritinib inhibition of the 
GU-rich ssRNA-mediated pro-inflammatory response is 
not through P2RX7 inhibition.

Fig. 4. Pacritinib inhibits the association of IRAK1 with TAK1. 
Macrophages were pretreated with pacritinib or controls for 2 h 
and then treated for 6 h with 5 μg mL–1 GU-rich ssRNA. n = 4. Cells 
were lysed, and IRAK1 was immunoprecipitated (IP). The pres-
ence of phosphorylated, ubiquitinated, and total IRAK1, TAK1, 
TAB2, TRAF6, and ACTB was assayed by western blot. N = 4.
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Pacritinib Inhibits the Recruitment of the TAK1 
Complex to IRAK1
As the recruitment of IRAK1 to the TLR8 myddosome 

results in the extensive ubiquitination and phosphoryla-
tion of IRAK1, we examined whether pacritinib inhibits 
these modifications. Treatment of macrophages with 
pacritinib indeed inhibited the TLR8-mediated phos-
phorylation and ubiquitination of IRAK1 (shown in 
Fig. 4). Since pacritinib inhibited the post-translational 
modifications of IRAK1, and these modifications are re-
quired for the recruitment of TRAF6 to IRAK1, as well as 
for TAB2 and TAB3 recruitment to the IRAK1-TRAF6 
complex that triggers the association of TAK1 with the 
IRAK1-TRAF6 complex, we examined whether pacri-
tinib inhibits this complex formation using co-immuno-
precipitation. While TAK1, TAB2, and TRAF6 all co-im-
munoprecipitated with IRAK1 in RNA40 and RNA649-
treated macrophages, pacritinib ablated this association 
(shown in Fig. 4).

The recruitment of TAK1 by TAB2 and TAB3 results 
in TAK1 activation, allowing the phosphorylation and ac-
tivation of the downstream MAP kinase kinase (MKK) 4 
and MKK7 that phosphorylate and activate MAPK8 and 
MAPK9 (also known as JNK1 and JNK2). Moreover, the 
binding of M1Ub chains to IRAK1 and their interaction 
with NEMO induces a conformational change that per-
mits the phosphorylation and activation of IKKβ by 
TAK1. IKKβ then activates the Tpl2 kinase complex, 
which activates MEK1 and MEK2, the protein kinases 
that activate ERK1 and ERK2, and phosphorylates MKK3 
and MKK6, which redundantly operate with MKK4 to 
phosphorylate and activate p38α (MAPK14). Therefore, 
we evaluated whether pacritinib inhibited the TLR8-me-
diated MAP kinase activation cascade. At the concentra-
tion tested, pacritinib ablated the phosphorylation of 
ERK1, ERK2, JNK1, JNK2, and MAPK14 (shown in 
Fig.  5a). IKKβ also activates two of the principal tran-
scription factors required for inflammatory cytokine pro-

Fig. 5. Pacritinib inhibits downstream TLR8-mediated MAP kinase and NF-κB activation. Macrophages were 
pretreated with pacritinib or controls for 2 h and then treated for 6 h with 5 μg mL–1 GU-rich ssRNA. n = 4.  
a Right, representative western blots of ERK1/2, JNK, p38, and their phosphorylated forms. Left, densitometric 
analysis of blots. b Top, representative western blots of Ser32-phosphorylated IκBα, IκBα, Ser462-phosphorylated 
IRF5, and total IRF5 and ACTB. Bottom, densitometric analysis of blots.
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duction. IKKβ activates NF-κB by phosphorylating its in-
hibitory components (IκB), leading to the release and nu-
clear translocation of NF-κB to initiate transcription [55], 
and it Ser462-phosphorylates and activates the transcrip-
tion factor IFN regulatory factor 5 (IRF5) [56]. Similar to 
the MAP kinases, pacritinib inhibited the downstream 
activation of these kinases and transcription factors 
(shown in Fig. 5b).

Discussion

Despite the development and widespread implementa-
tion of SARS-CoV-2 vaccines, COVID-19 continues to 
place a burden on healthcare systems throughout the world 
due to breakthrough infections, the unvaccinated, and 
long-haul COVID-19 survivors. Although most SARS-
CoV-2 infections are asymptomatic or develop only mild 
or moderate symptoms, a fraction of infections can prog-
ress to CRS which can lead to acute respiratory distress 
syndrome with a case fatality rate of 5–8%, rising to ∼15% 
in unvaccinated individuals >80 years [14–18]. Once CRS 
is initiated, antiviral therapy provides little benefit, and an-
ti-inflammatory and immunosuppressive therapies are in-
dicated. To date, a wide variety of anti-inflammatory drugs 
have been evaluated for their ability to suppress inflamma-
tion and the excessive pro-inflammatory immune respons-
es during COVID-19 [57] with dexamethasone, barici-
tinib, tofacitinib, tocilizumab, and sarilumab among the 
drugs recommended for management of hospitalised 
adults [58]. Similarly, directly targeting the pro-inflamma-
tory response is increasingly being considered as a treat-
ment strategy for PLWH [59]. Although ART-mediated 
HIV-1 suppression has led to a significant reduction in the 
case fatality rate of HIV-1 infection and increases life ex-
pectancy, PLWH still have increased rates of morbidity 
and mortality compared with the general population. 
Chronic inflammation and hyperimmune activation per-
sists even during ART-treated HIV-1 infection, and levels 
of inflammatory biomarkers including high circulating 
levels of IL-1β, IL-6, and TNF are predictive of risk for co-
morbidities as well as mortality [60, 61]. Thus, the suppres-
sion of inflammation and an excessive pro-inflammatory 
immune response is of potential therapeutic benefit.

There is emerging evidence for NLRP3 involvement in 
both HIV-1 pathogenesis [62–64] and in severe CO-
VID-19 disease progression [65, 66]. As an integral and 
key component in the regulation of both TLR-mediated 
NLRP3 inflammasome activation [40] and the myddo-
some, IRAK1 is therefore involved in multiple IL-1- and 

TLR-mediated signalling pathways that regulate immu-
nity and inflammation. Thus, it is not surprising that dys-
regulation of these pathways is involved in a number of 
inflammatory diseases including autoimmune diseases, 
fibrotic diseases, and sepsis as well as in the initiation and 
promotion of multiple solid tumour and haematologic 
malignancies. As such, the pharmacologic inhibition of 
IRAK1 has potential therapeutic applications. Pacritinib 
markedly reduced secreted levels of the pro-inflammato-
ry cytokines IL-17A, IL-2, and IL-6 [67] and suppressed 
and induced immunoglobulin synthesis in patients with 
myelofibrosis [68]. Pacritinib also inhibits constitutively 
activated IRAK1 phosphorylation in acute myeloid leu-
kaemia cells [69] and breast cancer cells with duplication 
of 1q23.1 [70]. Here, we report that pacritinib effectively 
inhibits the TLR8-mediated pro-inflammatory cytokine 
responses to SARS-CoV-2 and HIV-1 RNA in the ab-
sence of active virus infection. This is of particular inter-
est as increasing evidence has evolved demonstrating that 
SARS-CoV-2 ssRNA can be present long after acute in-
fection [71, 72]. Thus, the impact of the continued pres-
ence of viral RNA on the persistent inflammatory re-
sponse in long COVID-19 is of considerable interest.

Although the inhibition of IRAK1, a key mediator of 
the pro-inflammatory response raises concerns regarding 
immunosuppression and secondary infections; early clin-
ical trials of pacritinib for autoimmune diseases, fibrotic 
diseases, and oncologic diseases have shown promising 
results with acceptable safety [73], and pacritinib has been 
FDA-approved in the USA for intermediate or high-risk 
primary or secondary myelofibrosis. Treatment regimens 
of pacritinib in COVID-19 patients and PLWH would be 
shorter than those for other targeted immunologic dis-
eases and cancer, making it a safe therapeutic option. Pac-
ritinib also inhibits JAK2, resulting in the suppression of 
Th1 cells that initiate CRS pathogenesis via CSF2 [74] and 
the reactivation of latent HIV-1 transcription [75].

The major limitation of the research presented is that 
we did not study the activation of TLR8 during active vi-
ral infection in vivo. However, activation of TLR8 does 
not require active infection [76], and the findings that 
pacritinib inhibits pro-inflammatory cytokine release in 
the absence of live infection is relevant in the context of 
persistent inflammation in PLWH despite ART-mediat-
ed viral suppression and also during long COVID-19. Fu-
ture studies should address the effect and role of TLR8 
signalling and IRAK1 inhibition during active infections 
and in long COVID-19.

In summary, our data demonstrate that pacritinib in-
hibits the SARS-CoV-2 and HIV-1 GU-rich ssRNA-in-
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duced rapid activation, phosphorylation, and ubiquitina-
tion of IRAK1, leading to the inhibition of IL-6, TNF, and 
IL-1β release from human primary macrophages that 
does not require active viral infection. These data suggest 
that IRAK1 may prove to be an excellent therapeutic tar-
get to ameliorate SARS-CoV-2- and HIV-1-associated 
chronic inflammation.
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