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Background: As deubiquitinases (DUBs), ubiquitin C-terminal hydrolase (UCH)-L1 has been shown to play a crucial role in
regulating diverse biological processes. However, its function in macrophage polarization remains unclear.
Methods: We performed in vivo and in vitro experiments to investigate the role of ubiquitin carboxyl-terminal hydrolase L1
(UCHL1), a kind of DUBs, in macrophage differentiation by using UCHL1-deficiency mice.
Results: We demonstrated that LPS stimulation induced UCHL1 expression in macrophages. The deficiency of UCHL1 expression
decreased the expression of CD80 and CD86 but increased the expression of CD206. The expression of TNF-α, IL-6, iNOS, and IL-10
was downregulated, while that of Arg1, Ym1, and Fizz1 was upregulated in UCHL1 deficient macrophages. Moreover, we observed
that UCHL1 promoted the degradation of p110α through autophagy, but paradoxically increased the activity of AKT, thereby
promoting polarization of macrophages into pro-inflammatory states.
Conclusion: In this study, we identified UCHL1 as a positive regulator of M1 macrophage polarization. Our findings may help in
developing therapeutic interventions for the treatment of inflammatory diseases and pathogenic infections.
Keywords: UCHL1, macrophages, AKT, p110α, autophagy

Background
Macrophages play a crucial role in the innate immune response, which is the first line of host defense against infection,
and are also involved in the regulation of homeostasis, inflammation, and antitumor immunity.1–3 Activated macrophages
are known to be classically activated or M1-type macrophages that express proinflammatory factors such as IL-6, TNF-α,
IL-1β, and iNOS.4 However, macrophages can be alternatively activated (also known as M2-type macrophages), and
upregulate the levels of arginase 1 (Arg1), inflammatory zone 1 (Fizz1), mannose receptor 1 (Mrc1), and chitinase 3-like-
3 (YM1/CHI313).5 Several signaling pathways are involved in the balance between M1- and M2-like macrophage
polarizations. Among different signaling cascades, PI3K/AKT pathway and its downstream targets play a crucial role in
macrophage polarization.

AKT was discovered 25 years ago, and PI3K was identified as its upstream regulator.6 The effects of AKT on various
cell types have also been widely recognized. The PI3K/AKT pathway regulates macrophage proliferation, survival,
migration as well as metabolic and inflammatory signals.7 Among the PI3K/AKT signaling pathway, AKT phosphoryla-
tion has emerged as a central regulator, which is affected by the activity of PI(3) kinase, kinase PDK1, and the
mammalian target of rapamycin (mTORC2).8 Phosphatases, including PHLPP1,9 PP2A,10 and CTMP,11 are known to
antagonize these activities. Class IA PI3K consists of a catalytic subunit (p110) and a regulatory subunit (p85), and these
form an obligatory heterodimer.12 As a major isoform of the catalytic subunit, PIK3CA (p110α) is detected in various
tissues;13 mutations in this subunit are frequently seen in cancers of the colon, endometrium, breast, and prostate, as well
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as in the glioblastomas.14–16 Meanwhile, the degradation and resynthesis of p110α was found to depend on the
proteasome.17

Post-translational modifications, particularly ubiquitination, play a crucial role in regulating diverse biological
processes, including immune responses.18,19 Ubiquitination usually targets proteins in the proteasome for degradation;
nonetheless, it also has several nondegradative functions.20,21 Ubiquitin chains are conjugated by three enzymes, namely,
E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin ligase,22 and are cleaved by
deubiquitinases (DUBs).23 DUBs differentially regulate protein ubiquitination by showing specificity for protein sub-
strates as well as ubiquitin chains; they play critical roles in both innate and adaptive immune responses,23 and are
involved in several biological processes, as well as represent a class of drug targets.24,25 However, only few biological
functions of DUBs, especially those in the regulation of macrophage polarization, have been investigated to date.

Ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), also known as PGP9.5,26 is abundantly expressed in neurons,
and functions as a deubiquitinating enzyme or ubiquitin ligase.27–29 Previous studies have shown that UCHL1 is related
to human neurodegenerative disorders such as Parkinson’s disease (PD),30 Alzheimer’s disease (AD)31 and traumatic
brain injury (TBI).32 However, the activity of UCHL1 and its underlying mechanisms in macrophage polarization remain
unclear.

In this study, we observed that UCHL1 promoted the degradation of p110α through autophagy, but paradoxically
increased the activity of AKT, thereby promoting the polarization of macrophages into pro-inflammatory states.

Materials and Methods
Mice
C57BL/6 mice (Wild type, WT) were provided by the Lab Animal Center of Southern Medicine University (Guangzhou,
China). UCHL1-deficiency (Uchl1−/−) were from The Jackson Laboratory (USA). All of the mice were used at an age of
6–12 weeks and were randomly divided into different groups. All mice were housed in a specific pathogen-free animal
facility at Southern Medical University. All experimental procedures in this study were approved by the Ethics
Committee and Animal Experiment Committee of Southern Medical University (SMU-L2017022), which complies
with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publication No. 85–23,
revised 1985).

Cell Culture and Reagents
Bone marrow cells were prepared from the femurs and tibias of mice and cultured in DMEM (Corning, USA)
supplemented with 10% FCS (Corning, USA) and 40ng/mL murine GM-CSF (Pepro Tech, USA). The cells were
collected after 7 days to be used as GM-CSF-induced bone marrow-derived macrophages (BMDMs). Female C57BL/6
mice (6–12-week old) were injected with 2 mL 3% sodium thioglycolate (Sigma, USA) solution intraperitoneally. Four
days later, cells in the abdominal cavity were collected by lavaging with 15 mL DMEM without FBS and centrifugation.
Cells were seeded and maintained in DMEM with 10% FBS. The adhered peritoneal macrophages were used for further
experiments 24 h later. HEK293T and THP-1 cells were maintained in DMEM or RPMI-1640 (Corning, USA) medium
containing 10% FCS. Cycloheximide (CHX), MG132 and bafilomycin A1 were purchased from Sigma.

Macrophage Polarization in vitro
GM-CSF-differentiated BMDMs were harvested and plated in tissue culture dishes for subsequent experiments. For M1-
like activation, 5–7 × 105 BMDMs were plated in 12-well tissue culture dishes and treated with 100 ng/mL LPS
(Invivogen, USA) plus 10 ng/mL IFN-γ (Peprotech, USA). For M2 polarization, cells were treated with 10 ng/mL IL-4
(Peprotech).

THP-1 cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS; Corning, USA)
at 37°C atmosphere in a humidified incubator with 5% CO2 and 95% air. To stimulate differentiation, cells (5 × 105 cells/
mL) were cultured with 100nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, USA) for 24 h. Non-attached
cells were removed by aspiration, and the adherent cells were washed with RPMI 1640 for three times. For M1-like
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activation, the adherent cells were treated with 100 ng/mL LPS (Invivogen, USA) plus 10 ng/mL IFN-γ (Peprotech,
USA). For M2 polarization, cells were treated with 10 ng/mL IL-4 (Peprotech).

Lentivirus-Mediated UCHL1 Overexpression
HEK293 cells were transfected with phage-human or mouse UCHL1 or the empty vector along with the packaging
vectors pSPAX2 and pMD2G. The medium was changed to a fresh full medium (10% FBS, 1% streptomycin-penicillin
and 10 μM β-mercaptoethanol) after 8 h. Forty hours later, supernatants were GM-CSF-induced BMDMs or THP-1 cells
followed by various analyses.

Enzyme-Linked Immunosorbent Assay (ELISA)
The concentration of TNF-α, IL-6, and IL-10 in the supernatants or serum was measured by ELISA kits (ExCell Bio,
China) according to the manufacturer’s protocol.

Quantitative PCR (qPCR) Analysis
For quantitative PCR, total RNA was isolated with Trizol (Thermo Fisher Scientific) according to the instructions of the
manufacturer. RNA (1 mg) was reverse transcribed to cDNA using the high-capacity cDNA reverse transcription kit
(Applied Biosystems, USA). An Eppendorf Master Cycle Realplex 2 and the SYBR Green PCR Master Mix (Applied
Biosystems) were used for quantitative real-time RT-PCR analysis. The sequences of the primers were in Supplementary
Table 1.

Flow Cytometry Analysis
Cells were collected and stained with fluorescently labeled antibody for 30 minutes. The cells were then washed with
PBS on ice, and the cell phenotype was analyzed by flow cytometry on a flow cytometer (BD LSR II) (BD Biosciences,
USA) or Attune NxT (Thermo Fisher Scientific). Data were acquired as a fraction of labeled cells within a live-cell gate
and analyzed using FlowJo software (Tree Star). All gates were set on the basis of isotype-matched control antibodies.

Plasmids Transient Transfection in HEK293 Cells
Plasmids and siRNAwere transiently transfected to HEK293 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufactures’ recommendation, then incubated at 37°C for 48 h. The following plasmids used in this
article were manufactured by You Bio Biotechnology Co., Ltd (China): Flag-tagged p110α, and Myc-tagged UCHL1,
UCHL1-mut (D30K and C90S), and then were cloned into pcDNA 3.1(+).

Immunoprecipitation and Immunoblot Analysis
For immunoprecipitation, cells were transfected with the indicated plasmids or were stimulated with LPS (100ng/mL) for
indicated times. Whole-cell extracts were collected and incubated overnight with the appropriate antibodies, followed by
incubation two hours with the protein G Plus-Agarose Immunoprecipitation reagent (GE Healthcare). Beads were washed
five times with a lysis buffer (1% (vol/vol) Nonidet P-40, 1.5 M Tris-HCl (pH 8.8), 0.5 M EDTA, 5 M NaCl, protease
inhibitors (Roche)), and immunoprecipitates were eluted with 2 × SDS Loading Buffer and resolved by SDS-PAGE. For
deubiquitination assays, the cells were lysed with a lysis buffer, and the supernatants were denatured at 95°C for 5 min in
the presence of 1% SDS. The denatured lysates were diluted with a lysis buffer to reduce the concentration of SDS below
0.1% followed by immunoprecipitation (denature-IP) with the indicated antibodies. Proteins were transferred to PVDF
membranes (Merck Millipore) and further incubated with the appropriate antibodies. Immobilon Western
Chemiluminescent HRP Substrate (protein sample) was used for protein detection. The relevant information about
antibodies was in Supplementary Table 2.

Statistics
All experiments were performed at least thrice. When shown, multiple samples representing biological (not technical)
replicates of mice were randomly sorted into each experimental group. No blinding was performed during animal
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experiments. Determination of statistical differences was performed with Prism 8 (GraphPad Software, Inc.) using
unpaired two-tailed t-tests (to compare two groups with similar variances), or two-way ANOVA with Bonferonni’s
multiple comparison test (to compare more than two groups).

Results
LPS Promoted UCHL1 Expression in Macrophages
To investigate whether UCHL1 plays a role in macrophage polarization, we initially detected UCHL1 expression in
different cells stimulated with lipopolysaccharide (LPS). RNA sequencing analysis of bone marrow-derived macrophages
(BMDMs) revealed that the difference in UCHL1 mRNA expression level was most significant in the UCH family when
compared with the control group (Figure 1A). To confirm these results, we used qPCR analysis and Western blotting to
assess UCHL1 expression in BMDMs. We found that LPS stimulation induced UCHL1 expression in BMDMs. The
expression levels of UCHL1 mRNA and protein were higher in BMDMs stimulated with LPS than those in the
unstimulated BMDMs (Figure 1B). These results indicate that LPS stimulation induces UCHL1 expression in
macrophages.

UCHL1 Deficiency Inhibited Polarization of M1 Macrophages in vivo
The ability of UCHL1 to polarize macrophages and the underlying mechanisms remain unclear. To investigate the role of
UCHL1 in macrophage polarization, we used UCHL1-deficiency (Uchl1−/−) mice. After stimulation with LPS for 48 h,
the peritoneal macrophages from Uchl1−/− mice showed markedly decreased CD80 and CD86 expression, but increased
CD206 levels relative to peritoneal macrophages from wild-type (WT) mice (Figure 2A). The qPCR analysis showed that
the peritoneal macrophages from Uchl1−/− mice expressed reduced levels of TNF-α, IL-6, and iNOS compared to those
from WT mice. However, the expression of Arg1, Ym1, and Fizz1 in peritoneal macrophages from Uchl1−/−mice was
higher than that in those from WT mice (Figure 2B). The expression of TNF-α, IL-6, and NO in the serum was measured
by ELISA or the Griess test. Uchl1−/− mice showed a marked decrease in the levels of TNF-α, IL-6, and NO (Figure 2C).
The excessive differentiation of M1 macrophage is one of main factors leading to excessive inflammation that can cause
pathological damage and death. We found that the survival rate of the Uchl1−/− mice was markedly higher than that of
the WT mice after stimulation with LPS for the indicated time points (Figure 2D). Together, the above results showed
that UCHL1 is a positive regulator of M1 macrophage polarization.

UCHL1 Promoted M1 Macrophage Polarization in vitro
To determine whether UCHL1 directly affected macrophage polarization, BMDMs from WT and Uchl1−/− mice were
stimulated with LPS plus IFN-γ or IL-4 to induce M1 or M2 macrophages. After stimulation for 48 h, BMDMs from
Uchl1−/− mice displayed reduced CD80 and CD86 levels, but enhanced CD206 levels relative to WT BMDMs
(Figure 3A). The qPCR analysis revealed that the Uchl1−/− BMDMs expressed decreased TNF-α, IL-6, iNOS, and IL-

Figure 1 LPS promoted UCHL1 expression in Macrophage. (A) Heat map showing changes in expression of UCH family from RNA sequencing analyses of WT BMDMs
unstimulated or stimulated with LPS (100ng/mL) for 6h. (B) UCHL1 mRNA and protein expression were assessed using qPCR analysis and Western blot in WT BMDMs
stimulated with LPS (100ng/mL) for indicated time. Data shown are the mean ± SD. Data are summary of three independent experiments.
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10 levels compared to WT BMDMs (Figure 3B). However, the expression of Arg1, Ym1, Fizz1, and Mrc1 in Uchl1−/−

BMDMs was higher than that in WT BMDMs after stimulation with IL-4 (Supplementary Figure 1). Moreover, the
expression of TNF-α, IL-6, NO, and IL-10 in the cell culture supernatant was measured. We found that Uchl1−/−

BMDMs stimulated with LPS plus IFN-γ produced reduced amounts of TNF-α, IL-6, NO, and IL-10 (Figure 3C).
Next, we examined the role of UCHL1 in macrophage polarization by overexpressing mouse UCHL1 in BMDMs

(Figure 4A and B). After stimulation with LPS plus IFN-γ, the expression of TNF-α, IL-6, and iNOS was increased in the
BMDMs with UCHL1 overexpression compared to the control group (Figure 4C). However, the levels of Arg1, Ym1,
Fizz1, and Mrc1 were markedly reduced after the stimulation with IL-4 (Figure 4D). Likewise, we examined the role of
UCHL1 in macrophage polarization by overexpressing human UCHL1 (hUCHL1) in THP-1 induced-macrophages
(Supplementary Figure 2A and B). We found that hUCHL1 overexpression markedly enhanced the expression of
TNF-α, IL-6, and NO in THP-1 induced-macrophages stimulated with LPS plus IFN-γ (Supplementary Figure 2C and
D). However, the levels of Arg1, Fizz1, and Mrc1 were markedly reduced after the stimulation with IL-4 (Supplementary
Figure 2E). Collectively, these results suggest that UCHL1 promotes the polarization of M1 macrophages in vitro.

UCHL1 Regulated Macrophage Polarization by Regulating the AKT Signaling Pathway
Next, we explored the UCHL1-controlled specific molecular pathway that regulates macrophage polarization. First, we
investigated whether UCHL1 regulates JAK/STAT signaling. Results showed that upon stimulation with LPS plus IFN-γ
or IL-4, WT and Uchl1−/− BMDMs displayed similar phosphorylation levels of STAT1 (Supplementary Figure 3A) and
STAT6 (Supplementary Figure 3B). Similarly, UCHL1 deficiency did not affect p38 and EKR signaling even when

Figure 2 UCHL1 deficiency in macrophage inhibited M1 polarization in vivo. (A–C) WT and Uchl1−/− mice were stimulated with LPS (2ug/kg) for indicated times. (A)
Representative expression of CD80, CD86 and CD206 from Peritoneal macrophages after 48 hours. (B) TNF-a, IL6, iNOS, Arg1, Ym1 and Fizz1 mRNA expression from
Peritoneal macrophages after 48 hours stimulation were assessed using qPCR analysis (C) TNF-α, IL-6 and IL-10 secretion in the serums was measured by ELISA after 48
hours. (D) Survival curve of WTand Uchl1−/− mice (6 weeks) stimulated with LPS (10ug/kg) for indicated times. Data shown are the mean ± SD. * P < 0.05, ** P < 0.01, *** P
< 0.001. Values in (A–C) were compared using Student’s t-test. Data are summary of three independent experiments.
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stimulated with LPS plus IFN-γ (Figure 5A). However, we observed a marked reduction in AKT phosphorylation in
Uchl1−/− BMDMs stimulated with LPS plus IFN-γ (Figure 5A); similar results were observed following IL-4 stimulation
(Supplementary Figure 3C). We further evaluated the downstream signaling of AKT and found that phosphorylation
levels of p70s6k, 4ebp1, and mTOR were reduced (Figure 5B) in Uchl1−/− BMDMs. Similarly, UCHL1 deficiency led to
reduced phosphorylation levels of p70s6k, 4ebp1, and mTOR under IL-4 stimulation (Supplementary Figure 3D).
Together, these results showed that UCHL1 might regulate macrophage polarization through the AKT signaling pathway.

UCHL1 Promoted the Degradation of p110α Through Autophagy
To further investigate how UCHL1 regulates the AKT signaling pathway, WT and Uchl1−/− BMDMs were stimulated
with LPS plus IFN-γ. The levels of AKT phosphorylation regulators, including p85, p110, PDK1, and PTEN, were
analyzed; the results showed that only p110α was upregulated in the Uchl1−/− BMDMs (Figure 6A). Meanwhile, WT and
Uchl1−/− BMDMs stimulated with IL-4 also displayed the same results, ie, only p110α was found to be upregulated in
these Uchl1−/− BMDMs (Supplementary Figure 4A). To determine whether UCHL1 affected p110α expression, we
incubated BMDMs with cycloheximide (CHX) before the stimulation. CHX blocks protein synthesis, making it easy to
see how quickly the protein degrades. We found that the expression of p110α in WT BMDMs decreased over time,
whereas UCHL1 deficiency suppressed this reduction (Figure 6B). Previous studies have shown that p110α deficiency
promoted the differentiation of M1 macrophages but inhibited that of M2 macrophages. Consistent with these results, we
found that HS-173, a p110α inhibitor, promoted the expression of TNF-α, IL-6, INOS, and IL-10 (Supplementary

Figure 3 UCHL1 deficiency in macrophage inhibited M1 polarization in vitro. BMDMs from WTand Uchl1−/− mice were stimulated with LPS (100ng/mL) plus IFN-γ (10ng/
mL) for indicated times. (A) Representative expression of CD80, CD86 and CD206 from BMDMs after 48 hours. (B) TNF-a, IL-6, iNOS and IL-10 mRNA expression from
BMDMs were assessed using qPCR analysis for indicated times. (C) TNF-α, IL-6, and IL-10 secretion in the supernatant were measured by ELISA after 24 hours, and
concentrations of nitrate were measured by nitrate reductase assay. Data shown are the mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001. Values in (A–C) were compared
using Student’s t-test. Data are summary of three independent experiments.
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Figure 4B) in BMDMs after the stimulation with LPS plus IFN-γ; however, it inhibited the expression of Fizz1, YM-1,
and Arg-1 in BMDMs after the stimulation with IL-4 (Supplementary Figure 4C). These results showed that UCHL1
might regulate macrophage polarization by promoting the degradation of p110α.

Next, we determined how UCHL1 regulates the stability of p110α protein. Immunoprecipitation and Western blot
analyses revealed that UCHL1 did not interact with p110α in BMDMs (Figure 6C). Consistent with this result,
UCHL1 did not interact with p110α in 293T cells transfected with Myc-UCHL1 and Flag-p110α (Figure 6D).
Furthermore, we analyzed the ubiquitination of p110α and found that UCHL1 depletion remarkably decreased the
poly-ubiquitination of p110α (Figure 6E). Previous studies have shown that although UCHL1 is a deubiquitinating
enzyme, it possesses both ubiquitination and deubiquitination activities. To investigate whether the expression of
p110α depended on UCHL1 ubiquitination and deubiquitination enzyme activities, 293T cells were transfected with
plasmids encoding Flag-p110α and increasing amounts of Myc-UCHL1 (WT), Myc-UCHL1 (K30D, functional
defects in ubiquitination and deubiquitination enzyme activities), or Myc-UCHL1 (C90S, functional defects in
deubiquitination enzyme activity). However, functional defects in UCHL1 ubiquitination and deubiquitination
enzyme activities had no effect on p110α (Supplementary Figure 4D–F). The degradation of p110α in UCHL1-
deficiency cells was not affected by the proteasome inhibitor MG132, but was completely blocked by the autophagy
inhibitor bafilomycin-A1 (BafA1) (Figure 6F). Collectively, these results suggest that UCHL1 promotes the
degradation of p110α through autophagy.

Figure 4 Overexpression of mouse UCHL1 in macrophages promote M1 polarization in vitro. (A–D) BMDMs were infected with mouse UCHL1 lentivirus for 24 hour. (A)
UCHL1 mRNA expression were assessed using qPCR. (B) UCHL1 protein expression were assessed using Western blot, and densitometry quantification of band intensity
are presented in the right panel. (C) BMDMs were stimulated with LPS (100ng/mL) plus IFN-γ (10ng/mL) for indicated times. TNF-α, IL-6, iNOS, and IL-10 mRNA
expression from BMDMs were assessed using qPCR analysis. (D) After stimulated with IL-4 (10 ng/mL) for 12 hours, Arg1, Ym1, Fizz1 and Mrc1 mRNA expression from
BMDMs were assessed using qPCR analysis. Data shown are the mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001. Values in (A–D) were compared using Student’s t-test.
Data are summary of three independent experiments.
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Discussion
DUBs play a crucial role in controlling the ubiquitination and regulating macrophage polarization. Several studies in
related fields have clearly demonstrated that DUBs, such as OTUD5, USP14, USP19, ITCH, and Mysm1, triggered
macrophage polarization.33–37 In previous studies, UCHL1 was detected as “brain-specific protein”.38 Most research
pertaining to UCHL1 has been carried out in the context of human neurodegenerative disorders such as Parkinson’s
disease (PD),30 Alzheimer’s disease (AD)31 and traumatic brain injury (TBI).32 However, in this study, we showed for
the first time that UCHL1 plays a crucial role in macrophage polarization.

Several studies have focused on the regulatory functions of UCHL1 in immune cells. Previous studies have shown
that UCHL1 leads to the activation of AKT, as evidenced by the upregulation of phosphorylated AKT.39–43 Likewise, our
results showed that UCHL1 deficiency decreased the phosphorylation level of AKT in macrophages. In response to the
microenvironment, activation of the NF-κB signaling pathway is mainly required for M1-orientated immune processes in
macrophages. A previous in vitro study showed that UCHL1 mediated the degradation of the NF-κB essential modulator,
resulting in the suppression of p65 phosphorylation.44 Similarly, we found that UCHL1 knockdown effectively increased

Figure 5 UCHL1 regulated AKT signaling pathway in BMDMs. WTand Uchl1−/− BMDMs were stimulated with LPS (100ng/mL) plus IFN-γ (10ng/mL) for indicated times. (A)
Western blot analysis of the phosphorylation and total status of AKT, p65, p38, ERK. β-actin is as an internal control. And densitometry quantification of band intensity are
presented in the right panel. (B) Western blot analysis of the phosphorylation and total status of p70s6k, 4ebp1 and mTOR. β-actin is as an internal control. And
densitometry quantification of band intensity are presented in the right panel. Data shown are the mean ± SD. ** P < 0.01, *** P < 0.001. Values in (A and B) were compared
using two-way ANOVA with Bonferroni’s test. Data are representative of three independent experiments with similar results.
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the p65 phosphorylation levels. However, this was inconsistent with the fact that UCHL1 mainly promoted polarization
of M1 macrophages. The functions of UCHL1 in the regulation of macrophage polarization may be varied and contra-
dictory, and further studies are required to address this. A previous study showed that silencing UCHL1 upregulated the
phosphorylation level of ERK to promote gastric cancer metastasis.42 However, in this study, we did not observe any
effect of UCHL1 on ERK phosphorylation in macrophages. UCHL1 may have different regulatory mechanisms for
different cell types.

Figure 6 UCHL1 promoted the degradation of p110α through autophagy-dependent degradation pathways. (A) Western blot analysis of the phosphorylation or total status
of p110, p85, PDK1 and PTEN in WTor Uchl1−/− BMDMs after stimulated with LPS (100ng/mL) plus IFN-γ (10ng/mL) for indicated time. β-actin is as an internal control. And
densitometry quantification of band intensity are presented in the right panel. (B) Western blot analysis of p110 and β-actin in WTand Uchl1−/− BMDMs stimulated with LPS
(100ng/mL) plus IFN-γ (10ng/mL) for indicated time in the presence of cycloheximide (CHX, 100 μg/mL). And densitometry quantification of band intensity are presented in
the below panel. (C) Extracts of BMDMs unstimulated or stimulated with LPS (100 ng/mL) for 6 hours were subjected to immunoprecipitation with anti-IgG or anti-p110α
beads and immunoblot analysis with anti-p110α and anti-UCHL1. Input, immunoblot analysis of whole-cell lysates without immunoprecipitation (throughout). (D) 293T cells
were transfected with vectors for Myc-UCHL1 and Flag-p110α, then immunoprecipitation (IP) with anti-Flag beads and immunoblot analysis with anti-Flag and anti-Myc.
Input, immunoblot analysis of whole-cell lysates without immunoprecipitation (throughout). (E) Extracts of WT and KO BMDMs treated with Mg132 after stimulated with
LPS (100 ng/mL) for 6 hours were subjected to immunoprecipitation with anti-p110α beads and immunoblot analysis with anti-p110α and anti-Ubiquitin (Ub). Input,
immunoblot analysis of whole-cell lysates without immunoprecipitation (throughout). (F) Western blot analysis of p110 and β-actin in WT and KO BMDMs stimulated with
LPS (100ng/mL) plus IFN-γ (10ng/mL) for indicated time in the presence of DMSO or MG132 (20 μg/mL) or bafilomycin-A1 (BafA1, 50 nM). And densitometry quantification
of band intensity are presented in the below panel. Data shown are the mean ± SD. ** P < 0.01, *** P < 0.001. Values in (A and B) were compared using two-way ANOVA
with Bonferroni’s test, and using Student's t-test in (F). Data are representative of three independent experiments with similar results.
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As a deubiquitinase, UCHL1 regulates the AKT signaling pathway, depending on its enzymatic activity. A previous
study showed that UCHL1 boosted the AKT signaling pathway by reducing the antagonistic phosphatase PHLPP1, which
required its deubiquitinase activity.45 In addition, other studies have also found that UCHL1 interacts with AKT and
removes K48 polyubiquitin chains, whereas it also promotes K63 ubiquitination of AKT.40,46 Meanwhile, UCHL1 has
been reported to disrupt a complex between the DDB1-CUL4 ubiquitin ligase complex and raptor, which counteracts
DDB1-CUL4-mediated raptor ubiquitination.43 However, we found that UCHL1 upregulated AKT phosphorylation by
promoting ubiquitin-mediated degradation of p110α, which did not require its ubiquitinase or deubiquitinase activity but
was rather dependent on autophagy. However, we were unable to confirm any direct binding between UCHL1 and p110α.
The mechanism by which UCHL1 regulates p110α degradation through autophagy is also unclear. Further studies are
required to delineate the specific regulatory mechanisms.

In conclusion, we identified UCHL1 as a positive regulator of macrophage polarization, promoting the M1 phenotype
and upregulating inflammatory cytokines and decreasing anti-inflammatory cytokines through the p110α-mediated AKT
signaling pathway. Our study highlights the significance of UCHL1 in the regulation of innate immunity. Our findings
suggest that UCHL1 may act as a potential drug target for developing therapeutic interventions for the treatment of
inflammatory diseases.

Conclusions
In this study, we identified UCHL1 as a positive regulator of M1 macrophage polarization. Our findings may help in
developing therapeutic interventions for the treatment of inflammatory diseases and pathogenic infections.
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