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Introduction: Macrophage polarization into M1 or M2 phenotypes is a complex
process influenced by various factors. However, existing literature and ongoing
research support the view that Cyclin-Dependent Kinase 5 (CDK5) may play an
important role in this process. CDK5 is a protein kinase that requires association
with regulatory, co-activating proteins, p35 (CDK5R1) or p39 (CDK5R2), for
functional activation.

Purpose: This study investigated the role of the p35 protein in regulating M1 and
M2 polarization.

Methods: We compared bone marrow derived macrophages from wild type (WT)
and p35 knockout (KO) mice under both M1 (IFNy + LPS) and M2 (IL4) conditions,
differentiated with M-CSF or GM-CSF. The expression of surface markers (CD86,
CD206), enzyme expression (Arginase-1 and iNOS), metabolism and antigen
process and presentation were compared.

Results: While p35 had modest effect on phenotype during M1 or M2
polarization, p35 expression was important for Arginasel induction after M2
polarization. The absence of p35 significantly increased glycolysis during M1
polarization, while it also enhanced mitochondrial oxidative phosphorylation in
the context of M2 polarization. While p35 was important for antigen processing
by MO and M2, M1 were able to maintain capacity to process antigen albeit with a
reduction due to decreased stability of peptide: MHC Il complex.

Conclusion: While loss of p35 resulted in minor changes in phenotype, there
were decreases in ARG-1 production and STAT3 phosphorylation, increased
metabolism, and dramatically reduced antigen processing by MO, M1 or M2. The
absence of p35 enhanced antigen uptake, but it had no effect on degradation of
antigen, suggesting an inability to produce peptide: MHC Il complexes in the
absence of p35in M0 and M2. In contrast, p35-deficient M1 maintained an ability
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to rapidly produce peptide: MHC Il complexes but showed a reduction in the
stability of these complexes on the surface. Our findings reveal a crucial role for
p35 in regulating macrophage metabolism and antigen function, with
implications for the development of novel therapeutic strategies.

macrophage, polarization, CDKS5, antigen processing, p35

Introduction

The ability of macrophages (M¢) to respond to their
environment by undergoing phenotypic and functional
transformation is essential in regulating host response to injuries,
infections, or malignancies with the ultimate goal of clearing
pathogenic challenges and restoring tissue homeostasis. Through
the use of multiple surface receptors, M¢ detect the presence of
damaged tissues or cellular debris through receptors for danger
associated molecular patterns, or bacterial or viral components
through pathogen associated molecular patterns (PAMPs) (1, 2).
These receptors include the family of Toll-like receptors, (TLRs),
NOD-like receptors, C-type lectin receptors, and retinoic acid-
inducible gene like receptors (3). Activation of M¢ is further
enhanced by the production of IFNy , by other innate immune
cells including natural killer cells in response to the same pathogens
(4). Traditionally, M¢ that have been exposed to a combination of
PAMPs and IFNYy are classified as an activated, inflammatory M1
phenotype. These M1 M¢ express high levels of the costimulatory
molecules CD80 and CD86, with enhanced expression of MHC I,
and produce various soluble factors including inducible nitric oxide
synthase (iNOS), TNFo, IL1f, IL6, and IL12 (5). The upregulation
of CD274 (PDL1) is also characteristic of inflammatory M¢ (6).
Alternatively, M¢ can also be activated by other factors resulting in
anti-inflammatory M2 phenotype. M¢ that have been cultured in
the presence of IL4 or IL13 are referred to as M2 M¢ and are
characterized by high expression of CD206, decoy receptor ILIR,
IL1R antagonists, as well as STAT6, GATA3, SOCS1, CD163,
CD36, and Arginase 1 (Argl). While STAT1 has been associated
with M1 polarization, in addition to STAT6, STAT3 also plays a
role in M2 polarization (7). Both the IL10/STAT3 (8) and IL6/
STAT3 (9) pathways promote the M2 phenotype. While STAT3 is
mainly associated with anti-inflammatory responses, it also can
contributes to M1 polarization through the regulation of pro-
inflammatory cytokines (10).

Besides differing profiles in surface molecular phenotypes and
cytokine production, M1 and M2 M¢ also differ in their basic
metabolism. M1 M¢ preferentially utilize the glycolytic and pentose
phosphate pathways for enhanced production of NADPH essential
to produce reactive oxygen species (ROS) and nitric oxide (NO)
(11). The TCA cycle is interrupted by two reactions mediated by
isocitrate dehydrogenase and succinate dehydrogenase, resulting in

Frontiers in Immunology

the accumulation of citrate and succinate (12), in M1 M¢, leading to
production of itaconic acid, a metabolite with anti-microbial
activity and participates in both fatty acid biosynthesis and NO
production. On the other hand, M2 M¢ rely predominantly on fatty
acid oxidation (FAO) with intact TCA cycle that utilizes the
electron transport chain (ETC) with a high rates of mitochondrial
oxidative phosphorylation (OXPHOS). Further, glutamine
catabolism is essential for M2 M¢ polarization (13). As M1 M
are often associated with a strong anti-tumor function, it is
generally thought that the tumor microenvironment (TME)
promotes the establishment of M2-like M¢ that are functionally
anti-inflammatory, thereby supporting tumor growth and
suppressing anti-tumor immune responses.

M-CSF and GM-CSF play essential roles for both maintaining
steady-state M¢ and directing responses to immune challenge. Bone
marrow-derived macrophages (BMDMs) exposed to GM-CSF
(GM-BM) tend to show greater propensity to produce
inflammatory cytokines such as TNFa, IL6, or IL12p70, while
BMDMs grown in M-CSF (M-BM) tend to produce IL10 or
CCL2 (14). M-CSF, but not GM-CSF, is detected in most tissues
under steady state conditions; the production of GM-CSF requires
an inflammatory stimulation (15). Previous proteomic analyses
showed that GM-BM had enriched glycolytic capacity while M-
BM showed increased endocytosis, suggesting that M-BM are
primed more toward homeostatic function (16). Furthermore, M-
CSF may also support the polarization and survival of tumor-
associated Mo (TAM) (17).

Mo are well known as antigen presenting cells and M1 M¢ have
enhanced antigen-presenting function (18). Antigen processing is
defined as a process that results in the generation of peptide:MHC II
molecular complexes on the surface of the antigen presenting cell
(APC). The antigens are generated from both particulate and
soluble forms and can derive from either endogenous or
exogenous cellular sources. In the case of classical exogenous
antigen processing and presentation on MHC II molecules, the
antigens are endocytosed through non-specific mechanisms such as
micropinocytosis, phagocytosis, autophagy or via receptor-
mediated processes where they are incorporated into intracellular
vesicles (19). These vesicles are transported within the cytoplasm
and fused with other internal vesicles that follow the early
endosomal - late endosomal - lysosomal trafficking axis. These
vesicles contain components of antigen processing machinery
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including proteases and nascent MHC molecules that undergo
increasing acidification resulting in enhanced denaturation and
proteolytic activity. MHC 1II antigen processing can utilize both
newly synthesized MHC II as well as recycled molecule, resulting in
the expression of peptide:MHC II complexes on surface of APCs.

Cyclin-dependent kinase 5 (CDKS5) is a proline-directed serine-
threonine kinase that requires association with one of two major
regulatory co-activators, p35 (CDK5R1) or p39 (CDK5R2), to be
activated (20). CDK5 was first described in the developing brain
where the loss of CDK5 was associated with embryonic lethality due
to the formation of abnormal structures in cerebral cortex with
inverted neurogenic gradient (21). Within the hematopoietic
system, CDK5 was reported to play an important role in T cell
migration, proliferation, and cytokine production in both
autoimmune disease and graft-versus-host disease models (22,
23). While p39 can partially substitute for loss of p35 in neurons,
loss of p35 shows similar defects as those observed in CDK5
knockout (KO) mice in the development of pathogenic T cells,
suggesting that p39 is unable to replace p35 in lymphocytes
development and function. CDKS5 is also associated with the
release of secretory vesicles from neutrophils (24) and contributes
to neutrophil survival during inflammation through its action on
myeloid cell leukemia-1 (MCL-1) (25). Treatment of BMDM with
roscovitine (a non-specific inhibitor of CDK2, CDK5, and CDK9)
reduced the production of NO (26), and the deletion of CDK5
enhanced the anti-inflammatory effect of dexamethasone (27). In
M¢ differentiated with GM-CSF, p35 increased in response to LPS
stimulation while the loss of p35 resulted in delayed production of
IL10 (28). Recently, it was suggested that CDK5 regulates the early
production of IL10 in M1 M¢ through c-MAF (c-
Musculoaponeurotic fibrosarcoma) (29). CDK5 has multiple
targets in many tissues including STAT3 (30) and PPARy (31),
how CDK5 modulates M¢ effector function has yet to be
fully explored.

In this study, we examined the role of CDK5RP1 (p35) in
regulating M1 and M2 M¢ by evaluating phenotypic changes,
cytokine production, and arginine utilization either through iNOS
or ARG-1 under M1 or M2 polarization conditions. Since deletion
of CDKG5 results in embryonic lethality, we utilized genetic deletion
of p35 as a model of CDK5/p35 disruption without using CDK5
inhibitors which are known to also disrupt other CDKs critical for
cellular function. We found that loss of p35 resulted in only minor
changes in phenotype and cytokine production, decreased ARG-1
production and STAT3 phosphorylation, increased glycolysis and
mitochondrial OXPHOS, and reduced effective antigen processing
by MO, M1 and M2 M¢ subtypes. Loss of p35 enhanced antigen
uptake without an effect on degradation of antigen, suggesting an
inability to produce peptide:MHC II complexes in the absence of
p35 in M0 and M2 M¢. In contrast, p35-deficient M1 M¢ retained
the ability to rapidly produce peptideeMHC II complexes but
showed a reduction in the stability of these peptide:MHC II
complexes on the M¢ surface. Understanding the impact of
CDK5/p35 on M¢ polarization could have therapeutic
implications, including anti-tumor responses, when it could
maintain M1 but downregulate the M2 population.
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Methods
Mice

p35 wild-type (WT) or p35 knockout (KO) mice were generated
by breeding heterozygous p35"" mice, initially provided by Dr. T.
Pareek (23). Animals were housed, bred, and handled in the Animal
Resource Center facilities at Case Western Reserve University
according to approved Institutional Animal Care and Use
Committee protocols (# 2015-0118) and in accordance with
American Association for Accreditation of Laboratory Animal
Care and NTH guidelines.

Culture and polarization of bone marrow-
derived M¢

Bone marrow cells were collected from tibia and femur of WT
or KO mice as previously described (32), and the cell suspension
was filtered through a 70 wm cell strainer (VWR, Radnur, PA) into a
50 mL tube and the cell pellet was collected by centrifugation at
1600 RPM for 5 minutes. Red blood cells were lysed by incubating
for 5 minutes with ACK lysis buffer (Life Technologies, Grand
Island, NY), and then the cells were washed and seeded at (0.5-1 x
10° cells/mL) in a 100 mm tissue culture dish containing DMEM
media containing L-glutamine (Life Technologies) supplemented
with 100 U/mL penicillin/streptomycin, 10% fetal bovine serum
(FBS; GIBCO Invitrogen), NEAA, HEPES buffer, and Sodium
Pyruvate (Life Technologies). Complete DMEM was then
supplemented with either 25-30% LADMAC supernatant for M-
CSF (33) or murine GM-CSF (25 ng/mL; Miltenyi Biotec, Gladbach,
Germany). The cell culture was replenished with fresh
supplemented media every 3-4 days. After 7-10 days, cells were
transferred to 6-well plates (1x10° cells/mL), incubated for an
additional day with LADMAC or GM-CSF containing media, and
then switched to complete DMEM without growth factors before
activation. At this stage we have generated either M-CSF-derived
bone marrow M¢ (M-BM) or GM-CSF-derived BM M¢ (GM-BM).
M¢ were then polarized with IFNy (100 ng/mL, Biolegend, San
Diego CA) and/or Ultrapure LPS (100 ng/mL, InvivoGen, San
Diego CA) for M1 conditions, or with IL4 (25 ng/mL, Biolegend)
for M2 conditions.

Flow cytometry

BMDM cells were added at 1-3 x10” in V-bottom 96-well plates
in FACS bufter (0.1% BSA, 2.5 mM EDTA in PBS, 1:100 anti-mouse
CD16/32) for 20 minutes at 4°C. Cells were washed and incubated
with anti-CD86-FITC, anti-F4/80-AlexaFluor 700, anti-CD206-PE,
anti-CD274-PECy7, Zombie NIR (Biolegend) and anti-MHC II (I-
A/I-E)-PE Fluor 610 (eBioscience, San Diego CA) for 30 minutes.
For intracellular staining 2 x 10 cells were fixed in Cyto-Fix/Perm
buffer (Biolegend) for 20 minutes at room temp, and washed with
Perm Wash buffer prior to addition of anti-Arginasel-PE
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(Biolegend) for 20 minutes. Antibody concentrations were
determined by titration and samples were collected using a
CytoFLEX flow cytometer (Beckman Coulter, Indianapolis, IN)
and analyzed using FlowJo (FlowJo, Ashland OR). Unstained and
isotype controls were used to determine gating strategy while single
color stained UltraComp eBeads (Thermo Scientific) were used for
multicolor compensation.

ELISA

Mo were seeded in 24-well plates at 5 x10° cells per 500 ul in
medium and stimulated under M1 or M2 polarizing conditions for
24 hours. Cell culture medium was then collected, and the levels of
IL10, and IL1B levels in the BMDM culture supernatant were
measured by ELISA (IL1B: Cat# DY401, and IL10: Cat# DY417
R&D, R&D Systems, Minneapolis MN) according to
manufacturer’s instructions.

Western blotting

M¢ were lysed in RIPA lysis buffer (Sigma-Aldrich, St. Louis
MO R0278) supplemented with Halt Protease Inhibitor Cocktail
100x (Thermo Fisher, 78430). Lysates were placed on ice for 15
minutes then centrifuged at 13,000 RPM for 15 minutes at 4°C.
Protein concentrations of lysates were then determined using the
DC Protein Assay (Bio-Rad Hercules, CA, 5000111). Samples were
heated to 95°C for 10 minutes in Laemmli sample buffer under
reducing conditions and then loaded on 4-12% Bis-Tris gels and
electrophoresed at 100 V for 40-50 minutes. Proteins were then
transferred to nitrocellulose membranes and probed using the
following rabbit antibodies from Cell Signaling Technology (CST,
Danvers, MA) ARGINASE-1 (#93668S), iNOS (#13120S),
Phospho-STAT3 (Ser727 - #9134S), Phospho-STAT3 (Tyr705 -
#91458), STAT3 (#4904S), CDK5 (#14145S), p35/25 (#2680S), B-
ACTIN (#4970S) and goat-anti-rabbit HRP Conjugate (#5125S).
Antigen detection was performed using ProSignal® Pico ECL
Reagent Cat #: 20-300 (Genesee Scientific, San Diego, CA).
Image] software was used to quantify band intensities and
normalize protein expression levels relative to B-actin. In each
Western blot, protein levels in the wild-type (WT) group were
assigned a reference value of 1, and the relative expression in the
p35 knockout (KO) group was calculated based on this reference.

qPCR

Total RNA from WT and p35 KO BMDM was isolated using
the Cytiva illustra RNAspin Mini Isolation Kit (Fisher Scientific,
CAT 25050071) and ¢cDNA was produced with the EasyScript
cDNA Synthesis Kit (Lambda Biotech, Miami, FL, CAT#G234).
Real-time RT-PCR analysis was performed using the TagMan assay
(Applied Biosystems, Waltham, MA), Argl TagMAN primer/probe
(Mm00475988_m1), and iNos2 TagMAN primer/probe
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(Mm00440502_m1). Relative mRNA expressions were analyzed
using the AACT method and normalized to expression of the
Gapdh housekeeping gene (Applied Biosystems), fold change in
gene expression was determined using WT MO as the control.

Seahorse assay

The Cell Mito Stress Test was performed according to the
Agilent Technologies protocol. Briefly, BMDMs were plated in a
96-well Seahorse assay plate at a density of 105 cells per well in
Seahorse Assay Media. Cells were either left untreated or stimulated
under M1 or M2 conditions for 24 hours at 37 °C. The following
day, the plate was incubated for 1 hour at 37 °C in a non-CO2
incubator. For the Cell Mito Stress Test, mitochondrial modulators
were sequentially injected as follows: 1 uM oligomycin (Sigma-
Aldrich 04876-5MG), 3 uM FCCP (Sigma-Aldrich C2920-10MG),
100 nM antimycin A (Sigma-Aldrich A8674-25MG), and 1 uM
rotenone (Sigma-Aldrich R8875). The Seahorse XFe96 Extracellular
Flux Analyzer (Agilent Technologies, Santa Clara, CA)
continuously measured the rate of oxygen consumption (OCR)
and the rate of proton production or extracellular acidification rate
(ECAR), which directly quantify oxidative phosphorylation
(OXPHOS) and glycolysis, respectively.

Immunofluorescent bead uptake

BMDM from p35 WT or p35 KO mice were cultured under MO,
M1, or M2 polarizing conditions for 24 hours and 5 x 10° Mo were
placed at 37°C for 30 minutes. Ovalbumin (OVA)-coated
immunofluorescent beads (Fluoresbrite Carboxylate -
Polysciences Warrington PA Cat# 17797-1) (34) were added to
MO, M1, or M2 M¢ cultures at an equivalent dose of 100 pg/ml
OVA antigen. Samples were collected every 15 minutes, placed on
ice, and then washed and examined by flow cytometry.

Degradation of ovalbumin

To measure degradation of OVA, 10 ul of 1 mg/mL DQ-OVA
(Invitrogen, Waltham, MA) was added to 1 x 10° Mo that were pre-
warmed to 37°C for 15 minutes. Cells were washed twice in ice-cold
complete DMEM, resuspended in warm complete DMEM, samples
were removed either immediately or every 15 minutes, and
transferred to 96-well V-bottom plate containing ice cold PBS.
Fluorescence was measured by flow cytometry.

Antigen processing assay

To measure antigen processing, M¢ were cultured under
polarizing conditions for 24 hours then washed. 1 x 10° cells were
added per well of a 96-well plate. Different concentrations of soluble
ovalbumin (Wothington #3054, Lakeland NJ) or ovalbumin-coated
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latex beads (L-OVA, Polybead microsphere Polysciences
Cat#19814-15) (32) were added to Mo cultures and cultured with
1x 10° DOBW cells, a T cell hybridoma that recognizes OVAs,; 339
presented via I-A® (35). Supernatant was collected 24 hours later
and stored at -20°C. IL2 levels in supernatant were measured using
ELISA (Biolegend Cat#431001) according to manufacturer’s
protocols. For measuring kinetics of antigen processing, 1 x 10°
polarized M¢ were added per well of a 96-well plate. L-OVA were
added to M¢ cultures at 100 pg/mL for 1 hour at 37°C. At 20-
minute intervals thereafter, cells were washed with DMEM and
fixed with 0.5% paraformaldehyde (PFA) in DMEM at room
temperature for 20 minutes. Following fixation, cells were washed
3 times in DMEM, and then incubated with 0.2 M D, L-lysine for an
additional 20 minutes. These wells were then washed 3 times with
DMEM. Cells were then cultured with 1 x 10> DOBW cells
overnight and the supernatant was collected 24 hours later.

Peptide: MHC Il complex stability assay

To determine stability of peptide:MHC II complexes, M were
cultured under polarizing conditions for 24 hours then washed. 1 x
10° cells were added per well of a 96-well flat bottom plate and cells
were incubated with 3 UM OVAj;,; 339 peptide for varying
durations. Cells were washed with 10% FBS-DMEM and fixed at
20-minute intervals with 0.5% PFA in DMEM for 20 minutes at
room temperature. Following fixation, cells were washed 3 times in
DMEM, and then incubated with 0.2 M D, L-lysine for an
additional 20 minutes. These wells were then washed 3 times with
DMEM. Cells were then cultured with 1 x 10° DOBW cells
overnight and the supernatant was collected 24 hours later. Half-
life was determined using the formula t;,, = t/log;,»(N(t)/Ny).

Statistical analysis

Data shown were the means + SEM or SD, as indicated. Data
between two groups were analyzed by unpaired ¢-test (Prism 6.0,
GraphPad, Boston, MA). Comparisons among three or more
groups were performed using one-way ANOVA, followed by
Tukey’s post hoc test for multiple comparisons, which allows the
identification of specific group differences.

Results

Differential impact of p35 in LPS and LPS
+IFNy polarized M1 M¢ differentiation

To more precisely investigate the contribution of functional
CDK5/p35 complex in M¢ polarization under homeostatic and
inflammatory conditions, we used BMDM from wildtype (p35
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WT) or p357 (p35 KO) mice cultured in the presence either M-
CSF or GM-CSF, then analyzed the effects of p35 on M1 polarization
in the presence of LPS, IFNYy or both. While most BMDM cultured
with M-CSF (M-BM) or GM-CSF (GM-BM) alone were CD274", few
cells expressed CD86 at baseline (Figure 1). Thus, examining
expression of CD86'CD274" M¢ was a better indicator of the
presence of M1 M¢. LPS alone significantly induced higher
CD86'CD274" expression in GM-BM than M-BM from p35 WT
mice; however, this induction of CD86'CD274" in GM-BM was
significantly suppressed in cells from p35 KO mice, while the same
populations were relatively unaffected from p35 WT and KO donors
when they were cultured under M-BM conditions (Figure 1).
Culturing with IFNY alone resulted in similar higher expression of
CD86 among M-BMs from both mouse strains as compared to GM-
BM (Figure 1), with p35 not playing a significant role in these
differential expressions. The addition of both IFNy + LPS resulted
in a dramatic upregulation of CD86°CD274" in both M-BM and
GM-BM to a similar degree (Figure 1) irrespective of functional p35.
We also evaluated effects of LPS and INFy concentrations on the
induction of CD86 expression, with both 10 ng and 100 ng of INFy
inducing maximal CD85 expression levels (Supplementary Figure 1).
These results suggest that LPS-induced M1 polarization specifically
under GM-CSF culture conditions is uniquely dependent on the
presence of p35, whereas signals induced by IFNy or IFNYy + LPS can
overcome the dependency of CD86 upregulation on a functioning
CDKS5/p35 complex, even though TLR4 expressions could not be
readily detected by flow cytometry in WT and KO M0 M¢, while
these cells constitutively expressed CD14 that could be enhanced
under M1 conditions (Supplementary Figure 2).

Next, we investigated IL4-induced M2 polarization by
examining CD206 expression among BMDMs (Supplementary
Figures 3A, B). IL4 dramatically and equally increased CD206
expression in M-BM from both p35 WT and p35 KO mice,
demonstrating that loss of p35 had no significant effect on CD206
expression. Similarly, culturing of M¢ in GM-CSF (GM-BM) had
no effect on CD206 expression under IL4-induced M2 conditions
(data not shown). With only modest differences seen between M-
BM and GM-BM, we focused subsequent analyses only on M-BM
population as it better represented M¢ under physiologic
homeostatic conditions.

p35 KO reduced ARG-1 production and
STAT3 phosphorylation under M2
conditions

In addition to phenotypic analysis, we evaluated the impact of
p35 during M1 and M2 polarization on the production of iNOS and
ARG-1, as both proteins are important in the utilization of arginine
but have opposing effects in the tissue environment in response to
polarization. We found no significant differences in the production
of iNOS under M1 polarizing conditions between WT and p35 KO
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FIGURE 1 (Continued)
p35 is important for LPS-mediated M1 polarization of GM-BM. (A) M-BM (BMDM grown from M-CSF) or GM-BM (BMDM from GM-CSF) from p35
WT or KO BM were cultured in (A) Media only, (B) LPS, (C) IFNy, or (D) IFNy + LPS for 24 hours before being subjected to flow cytometry analysis.

Two experiments were performed and percentage of CD86*CD274™ cells were determined. One-Way ANOVA, Turkey's multiple comparison: *p
<.05; **p <.01; ***p <.001; ns, not significant.
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FIGURE 2

Absence of p35 reduces ARG-1 production and STAT3 phosphorylation in M2 M¢. BMDM from WT and p35 KO were cultured under MO, M1, or M2

conditions for 24 hours then the protein lysates were analyzed via Western Blot for ARG-1, iNOS, p-STAT3, or B-ACTIN (A, E). Image J was used to

compare the band density and normalize to the amount of B-actin (B, F). Cells were also analyzed by qPCR to determine the relative abundance of
iNos and Arg-1 normalized to that of Gapdh mRNA (C). Intracellular staining of M2 polarized p35 WT and KO M¢ stained with anti-Arginasel-PE and
analyzed by flow cytometry (D). Comparison between p35 WT and p35 KO were performed using unpaired T test. *p <.05; **p <.01; ***p <.001;

ns, not significant. A total of 3 to 4 experiments were performed for gPCR or Western blot analysis.
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Loss of p35 expression increases OCR and ECAR expression in polarized M¢. BMDM were plated at 5 x 10° cells per well and cultured under MO, M1,
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analyzer were repeated 4 times with representative experiment shown. Comparison between p35 WT and p35 KO were performed One-Way
ANOVA, Turkey's multiple comparison. *p <.05; **p < .01; ***p < .001; ns, not significant.

M¢ (Figure 2), even though there was significant increase in iNOS
mRNA expression in p35 KO M¢. However, ARG-1 was
significantly lower (p<0.01) in the p35 KO when compared to
p35 WT under M2 polarization. This was true in both protein
(Figure 2; p>0.05) and gene expression (Figure 2; p<0.01). We were
able to further validate this decrease in ARG-1 expression in p35
KO M¢ by flow cytometry (Figure 2). These data further support
our hypothesis that, in the absence of p35, M¢ remain capable of
polarizing functionally towards M1 phenotype but exhibit a
diminished M2 functional polarizing capability.

STATS3 plays a critical role in both M1 and M2 polarization
(36), and it has been shown to be regulated by CDK5 via
phosphorylation of serine 727 (30, 37). In p35 KO, we observed
that STAT3 phosphorylation was maintained under M1 polarizing
conditions but was significantly decreased under M2 polarization
(p<0.01) (Figures 2E). Altogether, the absence of p35 appears to be
critical for M2 M¢ differentiation but is dispensable for Ml

M¢ formation.

Frontiers in Immunology

Loss of p35 enhanced M¢ glycolysis and
OXPHOS following both M1 and M2
polarizations

Since the phosphorylation of STAT3 at serine 727 has been
associated with mitochondrial function (38), we evaluated the
effects of p35 expression on M1 and M2 metabolism between p35
KO and p35 WT mice. Amino acid metabolism and the balance
between glycolysis and mitochondrial OXPHOS are characteristics
that help define M1 and M2 phenotypes and regulate their respective
functions (39, 40). In general, M1 M¢ have an enhanced glycolytic
metabolism, while M2 M¢ have enhanced mitochondrial OXPHOS
(41). Seahorse analysis revealed that ECAR values were higher under
M1 conditions relative to MO and M2 conditions in p35 WT, and the
loss of p35 expression further increased ECAR in MO and M1
conditions (Figures 3, 4B). Basal oxygen consumption rate (OCR)
analysis revealed a significant reduction in M1 macrophages
compared to MO in the WT group. Similarly, in the absence of p35
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FIGURE 4

Loss of p35 expression enhances MHC Il induction. (A) BMDM from
p35 WT or p35 KO mice were cultured under MO, M1 or M2 conditions
for 24 hours and examined for expression of MHC II. (B) Relative
expression of MHC Il in BMDM was determined over 2 experiments.
Data between groups were analyzed using One-Way ANOVA, Turkey's
multiple comparison test. *p <.05; **p <.01; ***p <.001.

M1 macrophages exhibited significantly lower OCR levels than M0
cells. No significant differences were observed among the other
conditions. (Figures 3C). These results suggest that in the absence
of p35, BMDMs are more metabolically active, exhibiting increased
glycolysis under M1 polarization and enhanced OXPHOS under M2
polarization (42).
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Loss of p35 enhanced MHC Il expression
under both M1 and M2 polarizing
conditions, but dramatically reduced
antigen processing

Thus far, we have shown that p35 predominantly affected M2
function and phenotypic polarizations of M¢. To further examine the
impact of p35 on the ability of M¢ to interact and activate T cells, we
observed the expression of MHC II complexes in different M¢
populations via flow cytometry (Figure 4). In all experimental
conditions (M0, M1, M2), M¢ from p35 KO mice exhibited higher
expression of MHC II compared to p35 W'T mice. Next, we assessed the
ability of these polarized M¢ to process either soluble or particulate
antigens and functionally activate T cells through the antigen processing
and presentation machinery. To do so, we used varying amounts of
soluble ovalbumin (sOVA) or latex beads coated with chicken
ovalbumin (L-OVA) to simulate encounters with particulate antigens
by M¢ and checked for subsequent phagocytosis, antigen processing
and presentation to CD4" T cells over a 24-hour period. We co-cultured
sOVA or L-OVA exposed M¢ with OVA-specific, MHC II restricted
CD4" T cell hybridoma, DOBW for 24 hours and measured IL2
production in response to engagement by the T cell receptor (32, 34,
43, 44). While neither p35 WT nor p35 KO M1 M¢ could process
sOVA (Figure 5), both MO and M2 M¢ could with better presentation
seen by p35 WT M¢ (Figure 5). We also found that p35 WT M¢
showed significantly better processing of particulate L-OVA for
presentation of peptideMHC II complexes to the T cell hybridoma
over a 24-hour period than their KO counterparts, with M1 M¢ being
the best stimulator of DOBW (Figure 5).

Loss of p35 enhances antigen uptake, but
fails to allow for antigen processing under
MO or M2 conditions

To understand how p35 expression can influence generation of
peptide:MHC I, we examined steps involved in the generation of
peptideeMHC II complexes, including: 1) the ability of cells to
internalize proteins, 2) processing engulfed proteins into peptide
fragments, and 3) presenting these peptide:MHC II complexes on
the cell surface for interaction with T cells. To assess if the reduction in
antigen processing and presentation was due to decreased ability to
internalize particulate antigens, we cultured M0, M1, or M2 M¢ from
p35 WT or p35 KO mice with OVA-coated fluorescent beads at 37°C
in vitro and analyzed M¢ for fluorescence intensity every 15 minutes by
flow cytometry. We found that p35 KO M0 M¢ showed increased bead
internalization compared to p35 WT M¢, when compared under MO,
M1, or M2 conditions, while M1 and M2 polarizing conditions resulted
in a reduction of antigen internalization in both p35 WT and p35 KO
M¢ (Figure 6A). To determine if p35 status could influence the rate of
degradation of internalized particulate proteins into peptides, M0, M1,
or M2 M¢ from p35 WT or KO mice were pulsed with DQ-OVA and
the rates of degradation were followed using flow cytometry, as DQ-
OVA contains a self-quenching signal that is lost after the protein
undergoes degradation. While we found that initial
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Loss of p35 reduces antigen processing. BMDM from p35 WT or KO mice were cultured for 24 hours under MO, M1, or M2 polarizing conditions and
M¢ were pulsed with different concentrations of SOVA (A) or L-OVA (B) and cultured with the T cell hybridoma DOBW for 24 hours. Supernatants
were then collected and examined for IL2 production to determine relative peptide:MHC Il complexes presented on BMDM. Comparison between
p35 WT and p35 KO were performed using a paired T test ***p <001, **p<.05. Shown is a representative of 4 different experiments.

immunofluorescence from DQ-OVA degradation may reflect CD206
expression which was influenced by M2 polarization and protein
internalization rates (45), there was no difference in the rate of DQ-
OVA degradation over time (Figure 6). Next, we examined how
quickly a specific peptideMHC II complex can be created by the
differentially polarized M¢ subsets in p35 WT and p35 KO mice. We
cultured polarized M¢ with 100 ng/mL of L-OVA for 20 minutes, after
which the M¢ were washed and incubate at 20 minute intervals for up
to 80 minutes. M were then fixed with 0.5% PFA (32, 44) and co-
cultured with DOBW for 24 hours and the amount of IL2 produced
was determined. We found that p35 WT M1 M¢ reached half-maximal
IL2 production within 25 minutes, while MO M¢ and M2 M¢ reached
half-maximal IL2 production by 40 and 50 minutes, respectively. In
p35 KO M¢, only M1 polarized M¢ showed the ability to form peptide:
MHC II complexes, reaching half-maximal IL2 production after 40
minutes. Neither MO nor M2 p35 KO M¢ generated many peptide:
MHC II complexes, even after 80 minutes (Figure 6).

M1 polarization increases peptide:MHC Il
stability, which is reduced in absence of
p35

Our data suggest that the presence of p35 and the M¢ polarizing
conditions could influence the formation of peptide:MHC II
complexes. To examine peptide loading, which would reflect
surface expression as well as internalization of surface MHC II
but not antigen processing, we pulsed WT and KO M0, M1, and M2
M¢ with 3 pM OVAsj,; 339 for varying duration, fixed and then
cultured with DOBW for 24 h to evaluate IL2 production by ELISA.
Neither M0 populations showed much peptide loading. However,
both M1 and M2 M¢ showed greater peptide loading as reflected by
increased surface MHC II expression (Figures 4A, B), with KO
populations showing significantly higher expression of MHC II as
compared to their WT counterparts (Figure 7). Next, we surveyed
the influence of p35 expression on the stability of peptide:MHC II
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complexes on the M¢ surface. We pulsed M¢ with 10 uM OV Aj;,5_
339 for 4 hours. After washing the cells to remove free peptide, M¢
were either fixed immediately or fixed at subsequent hourly
intervals and then cultured with DOBW for 24 hours to evaluate
IL2 production by ELISA. We found that M1 polarized M¢
showed reduced peptide:MHC II complex stability in p35 KO M1
Mo relative to WT M¢, while MO and M2 M¢ showed minimal
stability of peptide:MHC II complex in both p35 KO and
WT (Figures 7C).

Discussion

In this study, we investigated the role of CDK5/p35 in M¢
polarization with results summarized in Table 1. First, we evaluated
the ability of M-CSF or GM-CSF cultured BMDMs to undergo
cytokine-induced polarization. Our investigation showed that, in
the presence of LPS alone, GM-BM M¢ exhibited dramatic
upregulation of CD86 compared to M-BM, and this upregulation
was partially dependent on the expression of p35. On the other
hand, IFNYy alone induced higher CD86 expression in M¢ cultured
under M-BM as compared to GM-BM condition in a p35-
independent manner. Combining both LPS and IFNY resulted in
the highest level of CD86 expression in both M-BM and GM-BM
Mo and, as with IFNY, this induction was also independent of p35
expression. Thus, LPS-mediated induction of CD86 was seen only
in GM-BM with a partial dependence on functional p35.

In tumor cells, CDK5 expression is crucial for IFNy-induced
CD274 expression (46). In the current analysis, however, loss of p35
did not affect CD274 expression in bone marrow-derived M¢
(BMDM) that were exposed to IFNy and LPS. CD274 is highly
expressed in M1 M¢, particularly under inflammatory conditions
(47). It functions as a negative regulator of M1 polarization and the
production of pro-inflammatory cytokines (48). While previous
studies suggested that GM-BM and M-BM correlate with M1 and
M2 polarization, our data support the idea that GM-CSF and M-
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FIGURE 6

Loss of p35 enhances uptake of particulate antigen but reduces presentation of peptide:MHC Il complexes under MO and M1 conditions. BMDM
from p35 WT and KO mice were cultured for 24 hours under MO, M1, or M2 polarizing conditions. (A) Cells were then transferred to Eppendorf
tubes and placed at 37°C for 1 hour. Fluorescent beads (1 ug/ml) were then added to M¢, cells were examined for bead uptake in 15-minute
increments using flow cytometry. (B) Cells were placed in Eppendorf and incubated at 37°C for 1 hour and then 10 ug of DQ-OVA was mixed with
cells and incubated at 37°C for 15 minutes before being washed 2X with ice cold complete DMEM. Degradation of DQ-OVA was measured in 15-
minute increments via fluorescence expression by flow cytometry. (C) Cells were then transferred to a 96-well plate and incubated at 37°C for 1
hour. Cells were pulsed with 100 ng/mL L-OVA for 20 minutes, washed and then fixed either immediately or in 20-minute intervals. The T cell
hybridoma, DOBW, was added to wells and co-cultures were incubated at 37°C for 24 hours and supernatants were analyzed for IL2 production by
ELISA. Comparison between p35 WT and p35 KO were performed using a paired T test. *p <.05; **p <.01; ***p <.001; ns, not significant. Shown is a
representative of 4 different experiments.
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FIGURE 7
Loss of p35 reduces stability of peptide:MHC Il complexes by BMDM. (A) BMDM from p35 WT and KO M¢ were cultured overnight under MO, M1, or

M2 polarizing conditions prior to being pulsed with 3 uM OVAs,3_334 for 40, 80, 120, or 160 minutes. BMDM were then washed and fixed, treated
with D, L-Lysine prior to addition of DOBW cells. Culture supernatant was collected 24 hours later, frozen and analyzed for IL2 expression by ELISA.
(B) BMDM from p35 WT and KO M¢ were cultured overnight under MO, M1, or M2 polarizing conditions prior to being pulsed with 3 uM OVAz,3_339
for 4 hours. BMDM were then washed and fixed 0, 1, 2, 3 or 4 hours thereafter. BMDM were then treated with D, L-Lysine prior to addition of DOBW
cells. Culture supernatant was collected 24 hours later, frozen and analyzed for IL2 expression by ELISA. (C) Half-life was determined using the
formula ty, = t/logy/2(N(t)/Ng). Comparison between p35 WT and p35 KO were performed using a paired T test. *p < .05; ***p < .001; ns, not
significant. Shown is a representative of 4 different experiments.

CSF may instead prime M¢ toward M1 or M2 polarization (49). CD206 expression in M-BM was greatly affected by IL4 but not by
Additional future investigations are needed to explore these  p35 expression, suggesting that, at the phenotypic level, p35 was not
molecular signaling mechanisms that could be mediated by the  essential for M2 polarization. There was also no difference in CD206
CDKS5/p35 complex. expression in M-BM versus GM-BM cultured with IL4
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TABLE 1 Changes due to M1 and M2 polarization in p35 WT and p35 KO
BM-derived M¢.

p35 WT p35 KO
Characteristics
MO M1 M2 MO M1 M2
CD206 - m - _
ARG-1 - - _ "
p-STAT3%7 - oom - -
(0?5225) - - - -mn
(glyifﬁftion) L e B B
MHC II Mmoo - oom o
Antigen processing (24 hours) 1 1
Bead uptake T R A
OVA degradation - 1 - - M
Antigen processing (80 minutes) 1 1 ! 11 !
Peptide stability M - - 1 _

Relative expression compared to WT M0 M¢; 1 or |, p<0.05; 11 or ||, p<0.01; 111 or |l|,
p<0.001; -, no change.

(Supplementary Figure 3). One major distinction between M1 and M2
M¢ is the difference in arginine utilization. During M1 polarization
iNOS is utilized to convert arginine to L-citrulline and NO that are
important for clearing pathogens, while during M2 polarization ARG-
1 breaks down arginine to polyamines, L-ornithine, and urea which
are important for wound healing (3). ARG-1 expression was decreased
during M2 polarization in absence of p35. Regulation of ARG-1
synthesis was shown to be partially dependent on several transcription
factors (TF) including STAT3, STAT6, C/EBPB, PPARy, PPARS,
IRF8, PU.1, and AP-1 (50). Of these TF, CDK5 has been shown to
phosphorylate STAT3 (51) and PPARY (52). Prior studies implicated
the phosphorylation of STAT3 at tyrosine 705 as being important in
regulating ARG-1 expression (53), we discovered that loss of p35
reduced phosphorylation at serine 727, suggesting an alternative
regulatory pathway of ARG-1 expression involving CDK5/p35.
Interestingly, serine 727 phosphorylation of STAT3 is known to
cause STAT3 translocation to the mitochondria where it alters
metabolism by driving activity of complex I and II of the electron
transport chain and enhancing mitochondrial respiration (54). To
determine if this decrease in STAT3 phosphorylation seen in p35 KO
BMDM can influence mitochondrial metabolism, we evaluated p35
WT and KO M¢ for ECAR or OCAR under M1 or M2 polarization.
We observed the loss of STAT3 serine 727 phosphorylation under
M2-culture conditions in p35 KO M, but the loss of p35 was
associated with increased ECAR with M1 M¢ and increased OCAR
with M2 M¢ (38). Consistent with our phenotypic characterization
thus far, we observed a decrease in STAT3 serine 727 phosphorylation
among Mo in absence of p35.

Our data also suggest that p35 KO M¢ showed a significant
increase in MHC 1II expression under M0, M1, and M2 conditions
(Figure 4). To further correlate this increase in MHC II expression with
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associated M¢ function, we examined antigen processing by M0, M1,
or M2 M¢ and found that loss of p35 dramatically reduced the ability
of all M populations to process and present Ag after 24 hours,
although p35 KO M1 M¢ did maintain the ability to process antigens at
the highest antigen abundance level. Within the p35 W'T population,
M1 M¢ showed greatest capacity to process antigen as compared to the
M2 M¢ population. To understand how p35 expression impacted the
ability of polarized M¢ to process antigens, we examined antigen
internalization and found that all p35 KO M¢ populations exhibited
greater capability to internalize particulate antigens relative to p35 WT
Mg, a process that is partially dependent upon high CD206 expression
among M2 M¢ from both p35 WT and p35 KO cultures. We also
showed that the degradation of internalized proteins was not affected
by p35 expression or M¢ polarization.

Although activated mitochondria are associated with enhanced
antigen processing of peptide:MHC II complexes (55), the ability to
degrade antigens does not necessarily reflect the cell’s ability to
generate specific peptide fragments that can be complexed with
MHC II molecules for subsequent presentation to T cells (56). To
test for ability of polarization and p35 expression to influence antigen
processing, we assayed M¢ for its ability to form peptideMHC II
complexes on the cell surface over time. We found M1 M¢ possessed a
significant ability to process and present L-OVA at approximately
twice the rate as MO and M2 in p35 WT M¢; M1 M¢ from p35 KO
mice showed ability to rapidly process antigen, reaching a maximum
rate after 60 minutes. MO or M2 M¢ from p35 KO showed only a
modest ability to process and present L-OVA. Furthermore, peptide:
MHC II complexes from p35 KO M¢ had reduced half-life compared
to those found on p35 WT M¢. Overall, in a 24-hour period p35 WT
M¢ exhibited a prolonged ability to present processed L-OVA to
DOBW cells as compared to p35 KO M¢. While showing similar rates
of degradation, KO M¢ exhibited an increased ability to internalize
particulate Ag, with p35 KO M1 M¢ showing very good Ag processing
ability early on (Figure 6). However, this ability by p35 KO M1 M¢ is
not maintained and the subsequent decrease in peptideMHC II
stability (Figure 7) resulted in reduced presentation of peptideMHC
IT complexes to activate T cells in the long term (Figure 5).

Our current study has several limitations. All experiments were
conducted using mouse cells in vitro, simulating homeostatic
conditions. Therefore, our present observation regarding the role
of Cdk5/p35 in M¢ function and polarization requires further
investigation in vivo, both in animal models and under
pathological settings. Additionally, studies using pharmacologic
inhibitors of Cdk5/p35 may offer additional valuable insights into
the therapeutic potential of modulating this protein complex in M¢.

In summary, our current study suggests that disrupting functional
CDK5/p35 may inhibit M2 M¢ from processing and presenting
antigens to T cells, potentially resulting in reduced
immunosuppressive effects. As tumor-associated M¢ (TAM) are often
characterized as being M2-like, our studies lend scientific rationale in
testing a CDK5/p35 inhibitor such as roscovitine or CYC065 in
inhibiting TAMs ability to acquire M2-like function while
maintaining plasticity towards M1-like phenotype within the TME for
the promotion of anti-tumor immunity. Given other documented anti-
tumor roles of CDK5 in other immune cell subsets and tumor-
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associated immune checkpoint molecule expression (22, 23, 46, 57-59),
global targeting of CDK5/p35 in tumor-bearing hosts may represent a
multi-pronged approach to novel immuno-oncology therapy.
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SUPPLEMENTARY FIGURE 1

p35 expression does not influence M¢p CD86 expression in response to
varying doses of LPS or IFNy. BMDM from p35 WT or p35 KO BM were
cultured in the presence of 0, 10, or 100 ng of LPS and IFNy for 24 hours
before being subjected to flow cytometry analysis of CD86 expression. A
representative of 4 experiments was shown.

SUPPLEMENTARY FIGURE 2

p35 is not essential for M1 induction of CD14. (A) BMDM from p35 WT or KO
BM were cultured under MO, M1, or M2 polarizing conditions for 24 hours
before being subjected to flow cytometry analysis of CD14 and TLR4
expression. A representative of 4 experiments was shown, with median
fluorescence of CD14 determined. One-Way ANOVA, Turkey multiple
comparison. *p <.05; **p <.01; ***p <.001; ns, not significant.

SUPPLEMENTARY FIGURE 3

Loss of p35 expression does not affect CD206 induction in M2 polarized M-
CSF BM-derived Mo¢. (A) Both p35 WT and p35 KO were cultured under M2
polarizing conditions and examined for expression of CD206 by flow
cytometry. (B) The percentage of CD206" cells were enumerated and
presented as bar graphs (N = 5), One-Way ANOVA, Turkey multiple
comparison: **p <.01; ***p <.001; ns, not significant

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1584791/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1584791/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1584791
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zampieri et al.

References

1. Kolliniati O, Ieronymaki E, Vergadi E, Tsatsanis C. Metabolic regulation of
macrophage activation. J Innate Immun. (2022) 14:51-68. doi: 10.1159/000516780

2. Koo §J, Garg NJ. Metabolic programming of macrophage functions and
pathogens control. Redox Biol. (2019) 24:101198. doi: 10.1016/j.redox.2019.101198

3. Benmoussa K, Garaude J, Acin-Perez R. How mitochondrial metabolism
contributes to macrophage phenotype and functions. ] Mol Biol. (2018) 430:3906-21.
doi: 10.1016/j.jmb.2018.07.003

4. Tato CM, Martins GA, High FA, DiCioccio CB, Reiner SL, Hunter CA. Cutting
Edge: Innate production of IFN-gamma by NK cells is independent of epigenetic
modification of the IFN-gamma promoter. J Immunol. (2004) 173:1514-7.
doi: 10.4049/jimmunol.173.3.1514

5. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental guidelines.
Immunity. (2014) 41:14-20. doi: 10.1016/j.immuni.2014.06.008

6. Tang N, Yang Y, Xie Y, Yang G, Wang Q, Li C, et al. CD274 (PD-L1) negatively
regulates M1 macrophage polarization in ALI/ARDS. Front Immunol. (2024)
15:1344805. doi: 10.3389/fimmu.2024.1344805

7. Xia T, Fu S, Yang R, Yang K, Lei W, Yang Y, et al. Advances in the study of
macrophage polarization in inflammatory immune skin diseases. J Inflammation
(Lond). (2023) 20:33. doi: 10.1186/s12950-023-00360-z

8. Degboe Y, Rauwel B, Baron M, Boyer J-F, Ruyssen-Witrand A, Constantin A,
et al. Polarization of rheumatoid macrophages by TNF targeting through an IL-10/
STAT3 mechanism. Front Immunol. (2019) 10. doi: 10.3389/fimmu.2019.00003

9. Chen X, Dou J, Fu Z, Qiu Y, Zou L, Huang D, et al. Macrophage M1 polarization
mediated via the IL-6/STAT3 pathway contributes to apical periodontitis induced by
Porphyromonas gingivalis. J Appl Oral Sci. (2022) 30:¢20220316. doi: 10.1590/1678-
7757-2022-0316

10. Xia T, Zhang M, Lei W, Yang R, Fu S, Fan Z, et al. Advances in the role of STAT3 in
macrophage polarization. Front Immunol. (2023) 14. doi: 10.3389/fimmu.2023.1160719

11. Qing J, Zhang Z, Novak P, Zhao G, Yin K. Mitochondrial metabolism in
regulating macrophage polarization: an emerging regulator of metabolic inflammatory
diseases. Acta Biochim Biophys Sin (Shanghai). (2020) 52:917-26. doi: 10.1093/abbs/
gmaal81

12. Liu Y, Xu R, Gu H, Zhang E, Qu J, Cao W, et al. Metabolic reprogramming in
macrophage responses. biomark Res. (2021) 9:1. doi: 10.1186/s40364-020-00251-y

13. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva E,
et al. Network integration of parallel metabolic and transcriptional data reveals
metabolic modules that regulate macrophage polarization. Immunity. (2015) 42:419-
30. doi: 10.1016/j.immuni.2015.02.005

14. Fleetwood AJ, Lawrence T, Hamilton JA, Cook AD. Granulocyte-macrophage
colony-stimulating factor (CSF) and macrophage CSF-dependent macrophage
phenotypes display differences in cytokine profiles and transcription factor activities:
implications for CSF blockade in inflammation. J Immunol. (2007) 178:5245-52.
doi: 10.4049/jimmunol.178.8.5245

15. Hamilton JA. Colony-stimulating factors in inflammation and autoimmunity.
Nat Rev Immunol. (2008) 8:533-44. doi: 10.1038/nri2356

16. Na YR, Hong JH, Lee MY, Jung JH, Jung D, Kim YW, et al. Proteomic analysis
reveals distinct metabolic differences between granulocyte-macrophage colony
stimulating factor (GM-CSF) and macrophage colony stimulating factor (M-CSF)
grown macrophages derived from murine bone marrow cells. Mol Cell Proteomics.
(2015) 14:2722-32. doi: 10.1074/mcp.M115.048744

17. Ushach I, Zlotnik A. Biological role of granulocyte macrophage colony-stimulating
factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) on cells of the myeloid
lineage. ] Leukoc Biol. (2016) 100:481-9. doi: 10.1189/jIb.3RU0316-144R

18. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili S-
A, Mardani F, et al. Macrophage plasticity, polarization, and function in health and
disease. ] Cell Physiol. (2018) 233:6425 — 40. doi: 10.1002/jcp.26429

19. Kotsias F, Cebrian I, Alloatti A. Antigen processing and presentation. Int Rev
Cell Mol Biol. (2019) 348:69-121. doi: 10.1016/bs.ircmb.2019.07.005

20. Dhavan R, Tsai LH. A decade of CDK5. Nat Rev Mol Cell Biol. (2001) 2:749-59.
doi: 10.1038/35096019

21. Zhu J, Li W, Mao Z. Cdk5: mediator of neuronal development, death and the
response to DNA damage. Mech Ageing Dev. (2011) 132:389-94. doi: 10.1016/
j.mad.2011.04.011

22. Askew D, Pareek TK, Eid S, Ganguly S, Tyler M, Huang AY, et al. Cyclin-
dependent kinase 5 activity is required for allogeneic T-cell responses after
hematopoietic cell transplantation in mice. Blood. (2017) 129:246-56. doi: 10.1182/
blood-2016-05-702738

23. Pareek TK, Lam E, Zheng X, Askew D, Kulkarni AB, Chance MR, et al. Cyclin-
dependent kinase 5 activity is required for T cell activation and induction of
experimental autoimmune encephalomyelitis. / Exp Med. (2010) 207:2507-19.
doi: 10.1084/jem.20100876

Frontiers in Immunology

10.3389/fimmu.2025.1584791

24. Rosales JL, Ernst JD, Hallows J, Lee KY. GTP-dependent secretion from
neutrophils is regulated by Cdk5. J Biol Chem. (2004) 279:53932-6. doi: 10.1074/
jbc.M408467200

25. Leitch AE, Riley NA, Sheldrake TA, Festa M, Fox S, Duffin R, et al. The cyclin-
dependent kinase inhibitor R-roscovitine down-regulates Mcl-1 to override pro-
inflammatory signalling and drive neutrophil apoptosis. Eur ] Immunol. (2010)
40:1127-38. doi: 10.1002/€ji.200939664

26. DuJ, Wei N, Guan T, Xu H, An J, Pritchard KA]Jr,, et al. Inhibition of CDKS by
roscovitine suppressed LPS-induced *NO production through inhibiting NFkappaB
activation and BH4 biosynthesis in macrophages. Am J Physiol Cell Physiol. (2009) 297:
C742-9. doi: 10.1152/ajpcell.00138.2009

27. Pfander P, Fidan M, Burret U, Lipinski L, Vettorazzi S. Cdk5 deletion enhances
the anti-inflammatory potential of GC-mediated GR activation during inflammation.
Front Immunol. (2019) 10:1554. doi: 10.3389/fimmu.2019.01554

28. Na YR, Jung D, Gu GJ, Jang AR, Suh YH, Seok SH. The early synthesis of p35
and activation of CDK5 in LPS-stimulated macrophages suppresses interleukin-10
production. Sci Signal. (2015) 8:ra121. doi: 10.1126/scisignal.aab3156

29. Pfander P, Eiers AK, Burret U, Vettorazzi S. Deletion of Cdk5 in Macrophages
Ameliorates Anti-Inflammatory Response during Endotoxemia through Induction of
C-Maf and II-10. Int ] Mol Sci. (2021) 22:9648-60. doi: 10.3390/ijms22179648

30. Fu AK, Fu WY, Ng AK, Chien WW, Ng YP, Wang JH, et al. Cyclin-dependent
kinase 5 phosphorylates signal transducer and activator of transcription 3 and regulates
its transcriptional activity. Proc Natl Acad Sci U S A. (2004) 101:6728-33. doi: 10.1073/
pnas.0307606100

31. Mottin M, Souza PC, Skaf MS. Molecular recognition of PPARgamma by kinase
cdk5/p25: insights from a combination of protein-protein docking and adaptive biasing
force simulations. J Phys Chem B. (2015) 119:8330-9. doi: 10.1021/acs.jpcb.5b04269

32. Chu RS, Askew D, Noss EH, Tobian A, Krieg AM, Harding CV. CpG
oligodeoxynucleotides down-regulate macrophage class II MHC antigen processing. ]
Immunol. (1999) 163:1188-94. doi: 10.4049/jimmunol.163.3.1188

33. Sklar MD, Tereba A, Chen BD, Walker WS. Transformation of mouse bone
marrow cells by transfection with a human oncogene related to c-myc is associated with
the endogenous production of macrophage colony stimulating factor 1. J Cell Physiol.
(1985) 125:403-12. doi: 10.1002/jcp.1041250307

34. Askew D, Harding CV. Antigen processing and CD24 expression determine
antigen presentation by splenic CD4+ and CD8+ dendritic cells. Immunology. (2008)
123:447-55. doi: 10.1111/j.1365-2567.2007.02711.x

35. Harding CV, Collins DS, Kanagawa O, Unanue ER. Liposome-encapsulated
antigens engender lysosomal processing for class II MHC presentation and cytosolic
processing for class I presentation. J Immunol. (1991) 147:2860-3. doi: 10.4049/
jimmunol.147.9.2860

36. Tugal D, Liao X, Jain MK. Transcriptional control of macrophage polarization.
Arterioscler Thromb Vasc Biol. (2013) 33:1135-44. doi: 10.1161/
ATVBAHA.113.301453

37. Hwang J, Namgung U. Phosphorylation of STAT3 by axonal Cdk5 promotes
axonal regeneration by modulating mitochondrial activity. Exp Neurol. (2021)
335:113511. doi: 10.1016/j.expneurol.2020.113511

38. Balic JJ, Albargy H, Luu K, Kirby FJ, Jayasekara WSN, Mansell F, et al. STAT3
serine phosphorylation is required for TLR4 metabolic reprogramming and IL-1beta
expression. Nat Commun. (2020) 11:3816. doi: 10.1038/s41467-020-17669-5

39. Viola A, Munari F, Sanchez-Rodriguez R, Scolaro T, Castegna A. The metabolic
signature of macrophage responses. Front Immunol. (2019) 10:1462. doi: 10.3389/
fimmu.2019.01462

40. Zhu L, Zhao Q, Yang T, Ding W, Zhao Y. Cellular metabolism and macrophage
functional polarization. Int Rev Immunol. (2015) 34:82-100. doi: 10.3109/
08830185.2014.969421

41. Van den Bossche J, O’'Neill LA, Menon D. Macrophage immunometabolism:
where are we (Going)? Trends Immunol. (2017) 38:395-406. doi: 10.1016/
j.it.2017.03.001

42. Liu PS, Ho PC. Mitochondria: A master regulator in macrophage and T cell
immunity. Mitochondrion. (2018) 41:45-50. doi: 10.1016/j.mit0.2017.11.002

43. Askew D, Chu RS, Krieg AM, Harding CV. CpG DNA induces maturation of
dendritic cells with distinct effects on nascent and recycling MHC-II antigen-
processing mechanisms. J Immunol. (2000) 165:6889-95. doi: 10.4049/
jimmunol.165.12.6889

44. Askew D, Harding CV. Differences in antigen processing with haplotype-
mismatched MHC class II heterodimers: AalphadAbetab heterodimers participate in
early endosomal processing. Eur J Immunol. (2002) 32:2726-36. doi: 10.1002/1521-
4141(2002010)32:10<2726::AID-IMMU2726>3.0.CO;2-8

45. Autenrieth SE, Autenrieth IB. Variable antigen uptake due to different
expression of the macrophage mannose receptor by dendritic cells in various inbred
mouse strains. Immunology. (2009) 127:523-9. doi: 10.1111/.1365-2567.2008.02960.x

frontiersin.org


https://doi.org/10.1159/000516780
https://doi.org/10.1016/j.redox.2019.101198
https://doi.org/10.1016/j.jmb.2018.07.003
https://doi.org/10.4049/jimmunol.173.3.1514
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.3389/fimmu.2024.1344805
https://doi.org/10.1186/s12950-023-00360-z
https://doi.org/10.3389/fimmu.2019.00003
https://doi.org/10.1590/1678-7757-2022-0316
https://doi.org/10.1590/1678-7757-2022-0316
https://doi.org/10.3389/fimmu.2023.1160719
https://doi.org/10.1093/abbs/gmaa081
https://doi.org/10.1093/abbs/gmaa081
https://doi.org/10.1186/s40364-020-00251-y
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.4049/jimmunol.178.8.5245
https://doi.org/10.1038/nri2356
https://doi.org/10.1074/mcp.M115.048744
https://doi.org/10.1189/jlb.3RU0316-144R
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1016/bs.ircmb.2019.07.005
https://doi.org/10.1038/35096019
https://doi.org/10.1016/j.mad.2011.04.011
https://doi.org/10.1016/j.mad.2011.04.011
https://doi.org/10.1182/blood-2016-05-702738
https://doi.org/10.1182/blood-2016-05-702738
https://doi.org/10.1084/jem.20100876
https://doi.org/10.1074/jbc.M408467200
https://doi.org/10.1074/jbc.M408467200
https://doi.org/10.1002/eji.200939664
https://doi.org/10.1152/ajpcell.00138.2009
https://doi.org/10.3389/fimmu.2019.01554
https://doi.org/10.1126/scisignal.aab3156
https://doi.org/10.3390/ijms22179648
https://doi.org/10.1073/pnas.0307606100
https://doi.org/10.1073/pnas.0307606100
https://doi.org/10.1021/acs.jpcb.5b04269
https://doi.org/10.4049/jimmunol.163.3.1188
https://doi.org/10.1002/jcp.1041250307
https://doi.org/10.1111/j.1365-2567.2007.02711.x
https://doi.org/10.4049/jimmunol.147.9.2860
https://doi.org/10.4049/jimmunol.147.9.2860
https://doi.org/10.1161/ATVBAHA.113.301453
https://doi.org/10.1161/ATVBAHA.113.301453
https://doi.org/10.1016/j.expneurol.2020.113511
https://doi.org/10.1038/s41467-020-17669-5
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.3109/08830185.2014.969421
https://doi.org/10.3109/08830185.2014.969421
https://doi.org/10.1016/j.it.2017.03.001
https://doi.org/10.1016/j.it.2017.03.001
https://doi.org/10.1016/j.mito.2017.11.002
https://doi.org/10.4049/jimmunol.165.12.6889
https://doi.org/10.4049/jimmunol.165.12.6889
https://doi.org/10.1002/1521-4141(2002010)32:10%3C2726::AID-IMMU2726%3E3.0.CO;2-8
https://doi.org/10.1002/1521-4141(2002010)32:10%3C2726::AID-IMMU2726%3E3.0.CO;2-8
https://doi.org/10.1111/j.1365-2567.2008.02960.x
https://doi.org/10.3389/fimmu.2025.1584791
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zampieri et al.

46. Dorand RD, Nthale ], Myers JT, Barkauskas DS, Avril S, Chirieleison SM, et al.
Cdk5 disruption attenuates tumor PD-L1 expression and promotes antitumor
immunity. Science. (2016) 353:399-403. doi: 10.1126/science.aae0477

47. Tang N, Yang Y, Xie Y, Yang G, Wang Q, Li C, et al. CD274 (PD-L1) negatively
regulates M1 macrophage polarization in ALI/ARDS. Front Immunol. (2024) 15.
doi: 10.3389/fimmu.2024.1344805

48. Cao H, Xiang Y, Zhang S, Chao Y, Guo J, Aurich T, et al. PD-L1 regulates
inflammatory programs of macrophages from human pluripotent stem cells. Life Sci
Alliance. (2023) 7(2):€202302461. doi: 10.26508/1sa.202302461

49. Hamilton TA, Zhao C, Pavicic PG Jr,, Datta S. Myeloid colony-stimulating
factors as regulators of macrophage polarization. Front Immunol. (2014) 5:554.
doi: 10.3389/fimmu.2014.00554

50. Pourcet B, Pineda-Torra I. Transcriptional regulation of macrophage arginase 1
expression and its role in atherosclerosis. Trends Cardiovasc Med. (2013) 23:143-52.
doi: 10.1016/j.tcm.2012.10.003

51. Lin H, Chen MC, Chiu CY, Song YM, Lin SY. Cdk5 regulates STAT3 activation
and cell proliferation in medullary thyroid carcinoma cells. J Biol Chem. (2007)
282:2776-84. doi: 10.1074/jbc.M607234200

52. Choi JH, Banks AS, Estall JL, Kajimura S, Bostrom P, Laznik D, et al. Anti-
diabetic drugs inhibit obesity-linked phosphorylation of PPARgamma by Cdk5.
Nature. (2010) 466:451-6. doi: 10.1038/nature09291

Frontiers in Immunology

16

10.3389/fimmu.2025.1584791

53. Qualls JE, Neale G, Smith AM, Koo MS, DeFreitas AA, Zhang H, et al. Arginine
usage in mycobacteria-infected macrophages depends on autocrine-paracrine cytokine
signaling. Sci Signal. (2010) 3:ra62. doi: 10.1126/scisignal.2000955

54. Wegrzyn J, Potla R, Chwae YJ, Sepuri NB, Zhang Q, Koeck T, et al. Function of
mitochondrial Stat3 in cellular respiration. Science. (2009) 323:793-7. doi: 10.1126/
science.1164551

55. Bonifaz L, Cervantes-Silva M, Ontiveros-Dotor E, Lopez-Villegas E, Sanchez-
Garcia F. A role for mitochondria in antigen processing and presentation. Immunology.
(2014) 144:461-71. doi: 10.1111/imm.12392

56. Vidard L, Rock KL, Benacerraf B. Heterogeneity in antigen processing by
different types of antigen-presenting cells. Effect of cell culture on antigen processing
ability. J Immunol. (1992) 149:1905-11. doi: 10.4049/jimmunol.149.6.1905

57. Lam E, Choi SH, Pareck TK, Kim BG, Letterio JJ. Cyclin-dependent kinase 5 represses
Foxp3 gene expression and Treg development through specific phosphorylation of Stat3 at
Serine 727. Mol Immunol. (2015) 67:317-24. doi: 10.1016/j.molimm.2015.06.015

58. De S, Holvey-Bates EG, Mahen K, Willard B, Stark GR. The ubiquitin E3 ligase
FBX022 degrades PD-L1 and sensitizes cancer cells to DNA damage. Proc Natl Acad
Sci US A. (2021) 118(47):€2112674118. doi: 10.1073/pnas.2112674118

59. Wong DP, Fritz CE, Feinberg D, Huang AY, Parameswaran R. p35 is a crucial
player in NK-cell cytotoxicity and TGFbeta-mediated NK-cell dysfunction. Cancer Res
Commun. (2023) 3:793-806. doi: 10.1158/2767-9764.CRC-22-0497

frontiersin.org


https://doi.org/10.1126/science.aae0477
https://doi.org/10.3389/fimmu.2024.1344805
https://doi.org/10.26508/lsa.202302461
https://doi.org/10.3389/fimmu.2014.00554
https://doi.org/10.1016/j.tcm.2012.10.003
https://doi.org/10.1074/jbc.M607234200
https://doi.org/10.1038/nature09291
https://doi.org/10.1126/scisignal.2000955
https://doi.org/10.1126/science.1164551
https://doi.org/10.1126/science.1164551
https://doi.org/10.1111/imm.12392
https://doi.org/10.4049/jimmunol.149.6.1905
https://doi.org/10.1016/j.molimm.2015.06.015
https://doi.org/10.1073/pnas.2112674118
https://doi.org/10.1158/2767-9764.CRC-22-0497
https://doi.org/10.3389/fimmu.2025.1584791
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Disruption of CDK5 regulatory subunit 1, p35, limits immunosuppressive M2 macrophages while maintaining functional M1 macrophages
	Introduction
	Methods
	Mice
	Culture and polarization of bone marrow-derived M&phi;
	Flow cytometry
	ELISA
	Western blotting
	qPCR
	Seahorse assay
	Immunofluorescent bead uptake
	Degradation of ovalbumin
	Antigen processing assay
	Peptide: MHC II complex stability assay
	Statistical analysis

	Results
	Differential impact of p35 in LPS and LPS+IFN&gamma; polarized M1 M&phi; differentiation
	p35 KO reduced ARG-1 production and STAT3 phosphorylation under M2 conditions
	Loss of p35 enhanced M&phi; glycolysis and OXPHOS following both M1 and M2 polarizations
	Loss of p35 enhanced MHC II expression under both M1 and M2 polarizing conditions, but dramatically reduced antigen processing
	Loss of p35 enhances antigen uptake, but fails to allow for antigen processing under M0 or M2 conditions
	M1 polarization increases peptide:MHC II stability, which is reduced in absence of p35

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


