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RAPID COMMUNICATION
ISG15 regulates auto-inflammation by
modulating NF-kB signaling pathway
ISG15, the first identified ubiquitin-like protein stimulated
by type I interferon, has multiple functions in the different
vertebrate species and biological processes, such as anti-
infection, autophagy, proliferation, cell death, and
tumorigenesis.1 ISG15 has also been related to inflamma-
tion: human ISG15 deficiency results in necrotizing skin
lesions through systemic type I IFN inflammation2; intra-
cellular free ISG15 acts as a negative regulator of IFN-a/b-
dependent autoinflammation by keeping USP18 stabiliza-
tion.3 Despite these findings, the detailed molecular
mechanisms how ISG15 regulates inflammation, especially
neuroinflammation, remain largely elusive. This study used
human microglia (HM cell line) and astrocytes (U87-MG cell
line) to explore the molecular mechanisms underlying the
association of neuroinflammation with ISG15 and find a
negative regulatory mechanism of inflammation by ISG15.
ISG15 post-translationally modified Ubc13, inhibiting the
binding between Ubc13 and ubiquitin and preventing the
K63 polyubiquitination of TRAF6, leading to the NF-kB
signaling pathway inactive and then resulting in suppressed
expression levels of pro-inflammatory cytokines and NLRP3.
Furthermore, ISG15 positively regulated anti-inflammatory
cytokines (IL-10, TGF-b, IL-35, IL-37, and IL-38) to prevent
the expansion of the inflammatory response. Our finding
suggests that ISG15 is a potential therapeutic target for
inflammation.

To explore the role of ISG15 in inflammatory response,
ISG15 gene was silenced in the HM cells (Fig. 1A). When
ISG15 was knocked down, IL-1b and IL-6 rather than other
inflammatory factors (TNF-a, IL-8, IL-18, and IL-1a) were
significantly increased (Fig. 1A; Fig. S1AeC, 2AeD), sug-
gesting ISG15 may negatively regulate the expression levels
of IL-1b and IL-6. Using Western blot, the expression levels
of intracellular IL-1b and IL-6 protein were also negatively
regulated by ISG15 (Fig. S3). U87-MG cells are known for
high background expression of IL-1b and low background
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expression of ISG15 (https://www.proteinatlas.org/),
serving as a natural model to validate our finding. Similarly,
overexpression of ISG15 in U87-MG cells significantly
reduced the expression level of IL-1b and IL-6 (Fig. S1DeG,
2EeH). Meanwhile, using semi-quantitative reverse tran-
scription-PCR analysis, the expression levels of anti-
inflammation cytokines (IL-10, TGF-b, IL-35, IL-37, and IL-
38) were significantly decreased following ISG15 silencing in
the HM cells (Fig. 1B; Fig. S1HeM). Correspondingly, in U87-
MG cells, overexpression of ISG15 significantly increased
the expression levels of anti-inflammation cytokines
(Fig. S4). The secretion level of anti-inflammatory cyto-
kines was positively regulated by ISG15 in both HM and
U87 cells (Fig. S5). These data illustrate that ISG15 nega-
tively regulates pro-inflammatory cytokines IL-1b and IL-6,
while positively regulates anti-inflammatory cytokines (IL-
10, TGF-b, IL-35, IL-37, and IL-38).

According to previous reports, the NF-kB signaling
pathway plays a vital role in producing IL-1b.4 To explore
whether ISG15 negatively regulates IL-1b via the NF-kB
signaling pathway, immunoblotting and real-time quanti-
tative PCR experiments were conducted to assess the
expression level and activation of NF-kB. p-p65/p65 ratio
was significantly increased after ISG15 silencing in the HM
cells, indicating enhanced activation of the NF-kB signaling
pathway (Fig. 1C). Overexpression of ISG15 led to a
decrease in the p-p65/p65 ratio in U87-MG and Hela cells
(Fig. S6AeD). However, there was no significant difference
in the mRNA level of NF-kB between siNC and siISG15 in the
HM cells (Fig. S6F, G). Moreover, ISG15 did not affect the
MAPKs (p-JNK, p-ERK1/2, and p-p38) signaling pathway in
the HM cells (Fig. S6E). These data demonstrate that ISG15
specifically and negatively regulates IL-1b expression by
modulating the activation of NF-kB.

Ubc13 has been reported to regulate the auto-ubiquiti-
nation of TRAF6 as a ubiquitin-conjugating E2 enzyme,
subsequently leading to the activation of NF-kB.5 Co-
immunoprecipitation experiments showed that Ubc13
interacted with ISG15 in the HEK293T cells, and detected
two bands: the covalent band (w36kD) and the free Ubc13
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Figure 1 ISG15 negatively regulates inflammation through the NF-kB signaling pathway by ISGylating Ubc13. (A) Quantitative
reverse transcription-PCR analysis of ISG15 and IL1B in the HM cells. (B) Semi-quantitative RT-PCR analysis of ISG15, IL10, TFGB,
IL35, IL37, and IL38 in the HM cells with control siRNAs (siNC) and ISG15 siRNA (siISG15). (C)Western blot analysis of p-p65, p65, and
ISG15 between siNC and siISG15 in the HM cells. (D) Ubc13 was modified by ISGylation and USP18 protease could remove Ubc13
ISGylation. HEK293T cell extracts were immunoprecipitated with a FLAG antibody and analyzed by western blot using MYC, FLAG,
and ISG15 antibodies. (E) Ubc13 ISGylation affected the thioester intermediate formation between Ubc13 and ubiquitin. (F)

Western blot analysis of HEK293T cell lysates co-transfected with His-tagged ubiquitin, Flag-TRAF6, and the ISGylation system
(UBE1L, UbCH8, and ISG15) after immunoprecipitation with anti-FLAG antibody. (G) Western blot analysis of HEK293T cell lysates
when co-transfected with His-tagged K63 ubiquitin/K63R ubiquitin, Flag-TRAF6, and the ISGylation system (UBE1L, UbCH8, and
ISG15) after immunoprecipitation with anti-FLAG antibody. (H) Quantitative reverse transcription-PCR analysis of ISG15 and NLRP3
in the HM cells transfected with negative control siRNA (siNC) and ISG15 siRNA (siISG15). (I) ISGylation of Ubc13 decreased the
expression level of NLRP3. Western blot analysis of HEK293T cell lysates when co-transfected with NLRP3-Flag and pcDNA3.1 (-), or
NLRP3-Flag, and the ISGylation system with or without USP18. (J) The schematic diagram illustrating the negative regulatory
mechanisms of ISG15 in inflammation. All quantitative reverse transcription-PCR experiments were repeated independently five
times. All Western blot analysis was repeated independently three times. ****P < 0.0001, ***P < 0.001, and **P < 0.01; “ns” in-
dicates no significant difference.
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band (w17kD) (Fig. S7A). The co-transfection of the ISGy-
lation system (ISG15, UBE1L, and UbcH8) with Myc-Ubc13
indicated that Ubc13 could be modified by ISGylation
(Fig. S7B). In addition, SDS-PAGE analysis revealed that
Ubc13 bound to a single ISG15 molecule based on the size
shift band (w36kD). Similarly, we also verified the inter-
action between ISG15 and Ubc13 in the HM cells (Fig. S8).
Moreover, USP18 (the specific deISGylation protease) could
remove the ISGylation of Ubc13 (Fig. 1D). These results
corroborate the modification of Ubc13 by ISGylation. Next,
we investigated the functional effect of ISGylated Ubc13
and found that the formation of thioester intermediate
between Ubc13 and ubiquitin was weakened when ISG15
and UBE1L were co-overexpressed, and even nearly dis-
appeared when the ISGylation system (ISG15, UBE1L, and
UbcH8) was overexpressed (Fig. 1E). All the above data
demonstrate that Ubc13 is covalently modified by ISGyla-
tion, subsequently affecting the formation of thioester in-
termediate between Ubc13 and ubiquitin.

TRAF6 is known to generate K48- and K63-linked poly-
ubiquitin chains, which may cause proteasomal degradation
of target proteins or recruit target proteins for downstream
signaling pathway transduction. Given Ubc13 ubiquitinated
TRAF6 as a ubiquitin-conjugating E2 enzyme,5 we examined
whether ISGylation affects the auto-ubiquitination of
TRAF6. Our results indicated that the total auto-ubiquiti-
nation of TRAF6 was attenuated by ISGylation (Fig. 1F).
Subsequently, we explored the specific type of ubiquitina-
tion of TRAF6 affected by Ubc13 ISGylation and detected
that the level of K63-linked polyubiquitination of TRAF6
decreased when co-transfected with the ISGylation system
(Fig. 1G). However, no change in the K48/K48R-linked
polyubiquitination of TRAF6 was observed with or without
the ISGylation system (Fig. S9). These results show that
ISGylation of Ubc13 reduces the formation of thioester in-
termediate between Ubc13 and ubiquitin and affects the
K63 polyubiquitination of TRAF6.

To further investigate the mechanistic connection be-
tween ISG15 and the negative regulation of IL-1b, the
expression of inflammasome genes was examined using
real-time quantitative PCR. The results showed that the
mRNA expression level of NLRP3 was increased after ISG15
silencing in the HM cells (Fig. 1H) and decreased after Flag-
ISG15 overexpression in U87-MG cells (Fig. S10A, B).
Notably, the expression levels of other inflammasomes,
including NLRP1, NLRC4, AIM2, and IPAF, remained un-
changed between the siNC and siISG15 groups
(Fig. S10CeF). These results suggest that ISG15 specifically
regulates the expression of NLRP3 inflammasome. Subse-
quent examination of NLRP3 protein levels revealed a cor-
responding decrease upon the addition of the ISGylation
system in the HEK293T cells (Fig. 1I). Moreover, the protein
level of Flag-NLRP3 was decreased along with overex-
pressed ISG15 in a concentration-dependent manner
(Fig. S10G). Remarkably, ISG15-specific protease USP18
could restore the reduced NLRP3 levels induced by Ubc13
ISGylation in a concentration-dependent manner
(Fig. S10H). These results indicate that ISG15 negatively
regulates NLRP3 expression at both the mRNA and protein
levels.

Based on the data presented in this work, we propose a
working model (Fig. 1J) to illustrate the process of ISG15-
mediated inflammation regulation. In the absence of ISG15,
Ubc13 serves as a ubiquitin-conjugating E2 enzyme and
transfers K63-ubiquitin to TRAF6. Subsequently, phosphor-
ylation modification of subunit p65 activates the tran-
scription factor NF-kB, leading to significant increase of
pro-inflammatory cytokines and NLRP3. While ISG15 is
present, ISGylation post-translationally modifies Ubc13,
inhibiting the binding between Ubc13 and ubiquitin and
preventing K63 polyubiquitination of TRAF6. Consequently,
the NF-kB signaling pathway remains inactive, resulting in
suppressed expression levels of pro-inflammatory cytokines
(such as IL-1b and IL-6) and NLRP3. Furthermore, ISG15
positively regulates anti-inflammatory cytokines (e.g., IL-
10, TGF-b, IL-35, IL-37, IL-38) to prevent the expansion of
the inflammatory response. Thus, ISG15 may contribute to
maintaining the M1/M2 balance of microglia by balancing
proinflammatory and anti-inflammatory factors, thereby
controlling excessive inflammation. In addition, the specific
regulation of the NF-kB signaling pathway and NLRP3
inflammasome by ISGylation is more conducive to the pre-
cise development of new drugs for inflammation.

In conclusion, we found that ISG15 regulates auto-
inflammation by negatively modulating the NF-kB signaling
pathway through Ubc13 ISGylation modification. Therefore,
ISG15 is a candidate therapeutic target for auto-inflam-
mation in the brain.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2024.101462.
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