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ABSTRACT Macrophage dysfunction is a key pathogenetic mechanism in the progression of a wide range of
human chronic inflammation conditions, including atherosclerosis, rheumatoid arthritis, and metabolic disor-
ders. The CDK8 and CDK19 paralogous kinases, the subunits of the Mediator complex acting as transcription
regulators, are essential modulators of the inflammatory response. This study addresses the role of CDKS8/19
kinases in the macrophage inflammatory response via multiple mechanisms: activation of pro- and anti-in-
flammatory genes and surface markers, STAT1 pathway modulation, activation of glycolytic cascade genes,
regulation of the dynamics of lipid inclusions, and phagocytic activity. Experiments have shown that CDKS8
and CDK19 may exhibit functional divergence. Cdk19 knockout reveals that CDK19 plays a role in the sup-
pression of the M1 response, as well as the regulation of lipid homeostasis and phagocytosis. Double Cdk8/19
knockout macrophages are characterized by an exacerbated anti-inflammatory response while preserving
normal lipid accumulation and phagocytosis levels. Inhibition of CDK8/19 kinase activity reproduces these
effects only partially, suggesting that both kinase-dependent and kinase-independent mechanisms of action
exist. The identified effects reveal previously unknown regulation mechanisms of macrophage immunome-
tabolism. Modulation of CDK8 and CDK19 activity can become a novel therapeutic target for a wide range of
chronic inflammatory conditions and metabolic disorders associated with macrophage dysfunction.

KEYWORDS macrophages, functional characteristics of macrophages, inflammation, transcriptional kinases

CDKS and CDK19.

INTRODUCTION

Chronic inflammatory disorders are currently among
the major concerns in medicine, imposing a significant
burden on the healthcare system in both developed
and developing countries [1, 2]. Atherosclerosis, rheu-
matoid arthritis, and metabolic disorders are examples
of such conditions [3—6].

Macrophages play a crucial role in the pathogen-
esis of inflammatory diseases, since they can dynami-
cally switch their phenotype in response to microenvi-
ronmental signals [3, 7]. The proinflammatory M1 and
anti-inflammatory M2 macrophagic states have been
traditional distinctions [8]. M1 macrophages are acti-
vated by interferon gamma (IFN-vy) and lipopolysac-
charides (LPS); they predominate in chronic inflamma-
tion sites. Their formation is dependent on activation
of the NF-xB transcription factor. NF-«B induces ex-
pression of pro-inflammatory genes (Tnf, IL-1f, IL-6,
and IL-12) and STAT1, which is required for Nos2 ex-

pression and nitrogen oxide production [9—11]. C/EBPf
cooperates with NF-«B to enhance transcription [12].
The joint action of these factors leads to the classical
M1 phenotype, which is characterized by the secretion
of proinflammatory cytokines and reactive oxygen spe-
cies, resulting in tissue destruction and promoting fur-
ther inflammation [3, 4, 6—8]. In contrast, M2 macro-
phages are induced by IL-4 and IL-13 via transcription
factor activation by STAT6 [10]. Other factors, such as
PPARY/d and KLF4, also affect the development of
the M2 phenotype [13]. It facilitates expression of M2-
specific genes (ARG1 and MRC1); arginine metabo-
lism shifts toward polyamine production and tissue re-
pair [14, 15]. Secretion of anti-inflammatory cytokines
(IL-10 and TGF-p) is enhanced [7, 8]. The transition
from acute to chronic inflammation is accompanied by
macrophage dysfunction; the normal balance shifts to-
ward the M1 phenotype [6, 7, 16—18], making M1 mac-
rophages a promising therapeutic target.
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Macrophage polarization is tightly linked to their
metabolic reprogramming (M1 rely on glycolysis, while
M2 rely on oxidative phosphorylation) [4, 19] and is
strictly controlled transcriptionally. Cyclin-dependent
kinase CDKS8 and its paralog CDK19 are the key tran-
scriptional regulators [20, 21]. These kinases are com-
ponents of the Mediator kinase module, which acts as
a major link between transcription factors and RNA
polymerase II, thus regulating transcription initiation
[20, 21]. CDK8/19 modulate the activity of both the
whole Mediator complex and the key transcription
factors that modulate the inflammatory response (such
as NF-«B and C/EBPf [12]), phosphorylate STAT1 at
Ser727, enhancing its transcriptional activity in re-
sponse to IFN-y [22, 23], and participate in epigenetic
remodeling and splicing control [12, 22]. CDK8/19 dys-
regulation is observed in cancer [24, 25]. Their inhi-
bition suppresses the expression of proinflammatory
genes and shows a therapeutic potential in models of
autoimmune diseases [26, 27].

Considering the pivotal role of macrophages in the
initiation and sustenance of chronic inflammation, as
well as the growing body of data suggesting involve-
ment of transcriptional kinases CDK8 and CDK19
in the immune response regulation [8, 28—30], we
studied the effect of CDK8/19 on the development
of an inflammatory response in MI1-polarized mac-
rophages. This study unveils novel kinase-indepen-
dent functions of these proteins in macrophages. We
have for the first time shown that CDK19 exhibits a
STAT1-independent suppressive activity against M1
inflammation. Cdk19 knockout results in hyperacti-
vation of IL-13 and Nos2, as well as reduces phago-
cytosis and lipid accumulation. Interestingly, double
Cdk8/19 knockout is associated with the activation
of anti-inflammatory mechanisms. Selective inhibi-
tion of CDK8/19 kinase activities does not fully repro-
duce the genetic knockout phenotype. The collected
data paint complex non-additive interactions between
CDK8 and CDK19. These findings prove that these
proteins possess both kinase-dependent (e.g., IL-10
activation) and kinase-independent functions (reduced
activation of IL-18 and Tnf).

EXPERIMENTAL

The mouse strains used in the study

The Rosa26/Cre-ERT2 mouse strain was used in this
work as a control. The experimental group comprised
the Rosa26/Cre-ERT2 mouse strain, with constitutive
Cdk19 knockout and loxP-flanked exon 2 of the Cdk8
gene (Rosa26/Cre-ERT2/Cdk8fl/fl/Cdk19—/—). These
mice were produced by cross-breeding of three mouse
lines, Cdk19—/— (RRID:MMRRC 047035-UCD), ob-
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tained from the Mutant Mouse Resource & Research
Center, Cdk81l/fl (Jax:008463), and Rosa26Cre-ERT2
(B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J), obtained
from the Jackson Laboratory. Offspring genotyping
was performed according to the previously published
protocol [31].

The mice were kept in the animal facility of the
Core Facility Center, Institute of Gene Biology of the
Russian Academy of Sciences, with ad libitum ac-
cess to food and water. The animals were housed on
a 12-h on/off light cycle; air temperature was kept
at 23 £ 1°C; and humidity, at 42 = 5%. All the ex-
perimental procedures involving the laboratory ani-
mals were approved by the Bioethics Committee of
the Institute of Gene Biology, Russian Academy of
Sciences.

Primary culture of bone marrow-

derived macrophages

Macrophages were derived from mouse bone mar-
row as per the standard protocol [32]. The animals
were put down by cervical dislocation; the femurs
and tibias were dissected out with intact epiphysis
under sterile conditions and scraped of muscle tissue.
A syringe with a 25G needle was filled with 5 mL of
ice-cold DMEM (Gibco, USA) supplemented with 20%
FBS (Cytiva, USA), 50 U/mL penicillin and 50 pg/mL
streptomycin. Epiphyses were aseptically removed
with sterile scissors; a 256G needle was inserted into
the medullary cavity; and bone marrow cells were
flushed out. The collected cell suspension was thor-
oughly mixed; cell concentration was calculated using
a hemocytometer (Minimed, Russia) and diluted with
fresh media to a cell density of 10%mL. Cells were
cultured at 37°C, 5% CO,, for 7 days in the presence
of a 10 ng/mL macrophage colony-stimulating factor
M-CSF (SciStore, Russia). Pro-inflammatory induc-
tion was performed in vitro on day 7 by addiction of
100 ng/mL LPS (Sigma-Aldrich, USA) and 20 ng/mL
IFN-v (Peprotech, USA).

Cdk8 gene knockout induction and CDK8/19 kinase
inhibition in a primary macrophage culture

Cdk8 gene knockout was induced under standard cul-
ture conditions in vitro on day 2 by addition of 2 uM
4-hydroxytamoxifen (4-OHT, Sigma-Aldrich, USA) to
culture media for 120 h. The selective CDK8/19 in-
hibitor senexin B (Biocad, Russia), at a concentration
of 1 uM, was used for kinase activity suppression 4 h
prior to proinflammatory stimulation.

Experimental design
The following experimental groups were used in the
study:
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Rosa — macrophages from the Rosa26/Cre-ERT2
mouse strain.

Senexin B — macrophages from the Rosa26/Cre-ERT2
mouse strain treated with Senexin B with knocked-
down CDK&8/19 kinase activity.

CDK19 — macrophages from the Rosa26/Cre-ERT2/
Cdk81l/f1/Cdk19—/— mouse strain with constitutive
Cdk19 gene knockout.

CDKS8/19 — macrophages from the Rosa26/Cre-ERT2/
Cdk811/f1/Cdk19—/— mouse strain with double Cdk8/19
knockout treated with 4-OHT.

Tamoxifen — macrophages from the Rosa26/Cre-ERT2
mouse strain treated with 4-OHT.

Gene expression analysis

RNA was extracted from the samples using the
ExtractRNA reagent (Evrogen, Russia), according to
the manufacturer’s protocol. Complementary DNA
was synthesized using the MMLV RT kit (Evrogen,
Russia), according to the manufacturer’s protocol.
Amplification was achieved using the qPCRmix-HS
master mix with a SYBR intercalating dye (Evrogen,
Russia) and primers (Supplementary Table S1).
Relative gene expression was analyzed by quanti-
tative real-time PCR. Fold changes were calculated
using the AACt method; Rosa group was used as a
control; the Hprtl mRNA levels were used for nor-
malization.

Surface marker analysis

Production of macrophage surface markers was
assessed by fluorescence flow cytometry on a
CytoFLEX analyzer (Beckman Coulter, USA). Based
on published data, the following antibodies were
used: FITC-labeled anti-CD14 antibody (Biolegend,
USA) — a monocyte and macrophage marker; Pacific
Blue anti-CD86 antibody (Biolegend, USA) — an M1
macrophage marker. The proportion of double-posi-
tive CD14*CD86" cells was measured. Macrophages
were washed off the plastic using a Versene solution
(Bioinnlabs, Russia) prior to staining. Unstained con-
trols were used to avoid possible autofluorescence ef-
fects and ensure correct target population identifica-
tion. At least 30,000 events per sample were detected
to characterize macrophage populations.

Analysis of lipid inclusions

Analysis of the lipid contents was performed 48 h
post proinflammatory stimulation using the LipidSpot
488 live cell stain (Biotium, USA). Nuclei were stained
with Hoechst 33342 (Sigma-Aldrich, USA). The cells
were visualized using an ECLIPSE Ti fluorescent mi-
croscope (Nikon, Japan); at least 10 fields of view
were captured per well. Image analysis and measure-

ments were performed using the ImageJ software.
The integral LipidSpot signal intensity (excluding
background autofluorescence) for each field of view
was normalized to the Hoechst 33342 integral intensi-
ty to account for cell density variation.

Analysis of the phagocytic activity of macrophages
The phagocytic activity of macrophages was meas-
ured using fluorescently labeled pHrodo Green E. coli
BioParticles (Invitrogen, USA) by fluorescence flow
cytometry. The results were additionally corroborated
using fluorescent microscopy (ECLIPSE Ti).

Western blotting

Samples for analyzing the CDK8 and CDK19 lev-
els were collected after Cdk8 gene knockout induc-
tion. CDK8 (D6M3J) rabbit 17395 antibodies (Cell
Signaling, USA) and anti-CDK19 antibodies [31]
in 1 : 1000 dilution were used for CDK8 and CDK19
detection, respectively. Samples for the STAT1 anal-
ysis were collected 6 h post proinflammatory stimu-
lation to detect early phosphorylation events. Statl
(D1K9Y) rabbit 14994 and Phospho-Statl (Ser727)
rabbit 8826 (Cell Signaling, USA) antibodies in
1 : 1000 dilution were used for detecting STAT1 and
phospho-STAT1, respectively. B-Actin mouse A2228
(Sigma-Aldrich, USA) antibodies in 1 : 1000 dilution
were used for loading control. Secondary anti-rabbit
IgG-HRP 7074 and anti-mouse IgG-HRP 7076 (Cell
Signaling, USA) antibodies were used in 1 : 2000 di-
lution. Membranes were visualized using the iBright
FL1500 system (Invitrogen, USA) and subsequently
analyzed using the ImageJ software.

Statistical analysis

Statistical analysis was performed by one-way
ANOVA using the GraphPad Prism 8.0.1 software
(GraphPad Software, USA). At least three biological
replicates were used in each experiment; the results
are presented as mean * standard error of the mean.

RESUTLS AND DISCUSSION

Cdk8/19 and Cdk19 knockouts alter the
inflammatory profile of macrophages
Rosa26/Cre-ERT2/Cdk81fl/fl/Cdk19—/— mice and the
macrophages extracted from them were used. The
macrophages carried a constitutive Cdk19 knock-
out; Cdk8 knockout was induced by incubation in the
presence of 4-OHT. Both the induced Cdk8 knockout
and constitutive Cdk19 knockout were confirmed by
western blotting (Fig. 1A—C, Supplementary Fig. S1).
Despite some dispersion, the diagrams display reduc-
tion in the CDK8 and CDK19 protein levels in the
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Fig. 1. The CDK8 and CDK 19 levels in the macrophages of various experimental groups. (A) A representative western
blot image. (B) The relative amount of CDK8 normalized to 3-actin levels. (C) The relative amount of CDK 19 normalized
to B-actin levels. Anti-CDK 19 antibodies identified extra, non-specific bands; the band of interest is shown with an arrow

Cdk19 and Cdk8/19 knockout lines as compared to
the Rosa control, confirming the relevance of our ge-
netic model.

The macrophage inflammatory response is inextri-
cably linked to the regulation of inflammatory gene
expression. In order to study the role of CDK8 and
CDKI19 in the regulation of the macrophage inflam-
matory response, we first assessed the upregulation
levels of the IL-1f, Nos2, Ccl-2, Tnf, Argl and IL-10
genes upon M1 polarization. To do this, differentiated
macrophages were stimulated with IFN-y and LPS
for 24 h, followed by lysis for RNA extraction and
consecutive analysis of the expression levels. Selected
genes form a panel that covers the key functional
macrophage programs during inflammation and al-
lows one to both determine whether there is inflam-
mation (Tnf) or not, as well as assess which branches
of the immune response are affected by CDKS8 and
CDK19: cytotoxicity (Nos2), ability to recruit immune
cells (Ccl-2), pyrogenesis (IL-1J), or inflammation res-
olution (Arg1 and IL-10) [3, 4, 6—38].

Using mouse bone marrow-derived macrophages
from Cdk19 knockout and Cdk8/19 double knockout
animals, we identified the multidirectional effects of
CDKS8 and CDK19 on the expression of inflammatory
response genes (Fig. 2A—F). Activation of the pro-
inflammatory genes IL-1f and Nos2 was observed
in the Cdk19 knockout cells; in the Cdk8/19 double
knockout group, their levels were unchanged but
Ccl-2 was increased (Fig. 2A—C), suggestive of the
role of CDK8/19 in suppressing the ability of macro-
phages to recruit immune cells. Inhibition of CDK8/19
kinase activity reduced Tnf and IL-1f activation,
while genetic knockout had no effect (Fig. 2D). This

100 | ACTA NATURAE | VOL. 18 Ne 2 (69) 2026

suggests that non-kinase functions have the potential
to play a role in the initiation and maintenance of the
inflammatory cascade. Double knockout and inhibi-
tion of CDK&8/19 kinase activities was accompanied by
activation of the anti-inflammatory genes IL-10 and
Argl (Fig. 2E,F), characteristic of the M2 phenotype
[7, 8]. Argl activation was only observed in Senexin
B group macrophages, suggesting that regulation of
the expression of this gene is linked to the non-kinase
CDKS8/19 function. The collected data suggest the in-
volvement of CDK8/19 in the M1 to M2 phenotype
switch, with CDK19 likely an inflammatory response
Suppressor.

It is well known that inflammatory M1 macro-
phages utilize aerobic glycolysis as an energy source,
while M2 macrophages rely mostly on oxidative phos-
phorylation [4, 17]. To assess the role of CDK8/19 in
energy metabolism regulation, we analyzed the effect
of CDK19 and CDKS8/19 deficiency on the expression
of the key glycolytic cascade genes, in particular Pfk1
(phosphofructokinase), Ldha (lactate dehydrogenase),
and Tpil (triosephosphate isomerase) during inflam-
mation stimulation (Fig. 3A—C). Inhibition of CDK8/19
kinase activity reduced Ldha upregulation. Double
Cdk8/19 knockout reduced activation of the Ldha and
Tpil genes and enhanced activation of the Pfk1 gene,
a key glycolysis enzyme [34]. Interestingly, Cdk19
knockout had no effect as compared to the control.
The observed absence of activation of the Ldha gene
encoding the enzyme that catalyzes the final glycoly-
sis step and is critical for the maintenance of the M1
phenotype [4, 19, 35—37] may suggest a transition to
a less inflammatory M2-like condition [38] in the case
of CDK8/19 deficiency. Reduced Tpil activation in
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Fig. 2. The expression levels of pro- (A—D) and anti-inflammatory (E, F) macrophage responses. The expression levels
in the untreated control Rosa group were set to one for each gene analyzed. The values for stimulated (M 1) mac-
rophages from experimental groups were compared to those obtained for stimulated Rosa macrophages (*p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001)

double knockout cells may create a metabolic bottle-
neck, leading to accumulation of dihydroxyacetone
phosphate (DHAP). Accumulated DHAP is potentially
redirected to lipid biosynthesis or the non-canonical
pathways that promote oxidative stress and affect
signal cascades, thus facilitating functional cell repro-
graming [39—43].

Hence, we presume that Cdk8/19 knockout, as well
as inhibition of CDK8/19 kinase activity, shifts macro-
phages from the inflammatory M1 phenotype toward
the anti-inflammatory M2 phenotype. The observed
changes in the expression of glycolysis genes confirm

this hypothesis. On the other hand, Cdk19 knockout
promotes the development of a “hyperactivated” M1
macrophage state.

CDKS8/19 are not the only regulators of

the STAT1 regulatory pathway during

macrophage inflammatory induction

STAT1 activation via Ser727 phosphorylation is
known to be a central event in the macrophage re-
sponse to IFN-y, the key M1 polarization inducer.
Ser727-phosphorylated STAT1 (pSTATI1(Ser727))
activates the transcription of M1-specific genes
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Fig. 3. Expression of the glycolytic cascade genes: (A) Ldha; (B) Pfk1; and (C) Tpil. The expression levels in the
untreated control Rosa group were set to one for each gene analyzed. The values for stimulated (M 1) macrophages
from experimental groups were compared to those obtained for stimulated Rosa macrophages (*p < 0.05; **p < 0.01;

****p < 0.0001)

[44]. We analyzed the pSTATI1(Ser727) levels to
test whether the CDK8 and CDK19 kinases play a
role in macrophage phenotype shift. Our findings
show that in CDK19 groups, M1 stimulation does
not change the STAT1 levels, while the level of its
phosphorylation is increased, which was also ob-
served in the control group of Rosa macrophages
(Fig. 4A—D, Supplementary Fig. S2). Interestingly,
in the CDK8/19 and Senexin B groups, STAT1 lev-
els in non-stimulated macrophages are higher than
those in the control Rosa group (Fig. 44,D) and
pSTAT1(Ser727) levels do not change upon M1 in-
duction (Fig. 4A,C). Cdk19 gene knockout does not
affect pSTAT1(Ser727) levels as compared to stimu-
lated Rosa macrophages, which initially, we assumed
suggested that CDK8 may functionally compensate
for its absence. However, the fact that Cdk8/19 dou-
ble knockout also does not reduce pSTATI1(Ser727)
levels upon M1 activation suggests that CDK8 and
CDK19 kinase activity is not required for M1 stimu-
li-induced Ser727 STAT1 phosphorylation. It is pos-
sible that this function is assumed by other kinases
under double knockout conditions. However, Cdk8/19
knockout macrophages retain their ability to re-
spond to M1 stimuli, since the expression levels of
proinflammatory genes are indistinguishable from
the control (Fig. 2B—D). In contrast to other groups,
pPSTAT1(Ser727) levels in the Senexin B group do
not increase in response to M1 induction (Fig. 44,C),
possibly leading to the observed reduction in the
expression of inflammatory response genes, such
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as IL-18 and Tnf (Fig. 2B,D). These findings sug-
gest that in the Senexin B group, in the presence
of CDK8/19 with inhibited kinase activity, the com-
pensatory mechanisms of STAT1 phosphorylation by
other kinases are disrupted, while compensation is
possible in the case of complete absence of Cdk8/19
in the double knockout group.

The experimental results show that in Cdk19 and
Cdk8/19 knockout macrophages, as well as in mac-
rophages deprived of a CDK8/19 kinase function, in-
flammatory stimulation has different, sometimes op-
posite, effects on the expression of inflammation and
glycolysis genes as well as activation of the key sig-
naling pathways. Thus, next we aimed to assess how
these differences affect surface markers characteris-
tic of the M1 macrophage phenotype.

Inhibition of CDKS8/19 kinase activity

reduces CD86 expression

Next, we analyzed the effect of CDK8/19 deficit on
the expression of surface marker CD86 under inflam-
matory stimulation. Differentiated macrophages were
stimulated with IFN-y and LPS for 24 h, followed by
detachment from plastic and staining with anti-CD14
and anti-CD86 antibodies.

Interestingly, inhibition of CDK8/19 kinase activity
is accompanied by a reduction in the expression lev-
els of CD86, an M1 marker, while Cdk8/19 and Cdk19
knockouts do not have such an effect (Fig. 5). We sup-
pose that under knockout conditions, CD86 activation
is maintained by the activation of alternative path-



RESEARCH ARTICLES

A _ s s

- 2 2 2 o

T 2333 %

T 0 ¥ ¥ ¥ ¥ 0 0

6 60000 § &

¥ x O O O O v wn
s 0 m—— g | STAT1, 84—91 kDa

— — — ———— —— ] [B-actin, 42 kDa

C 0.8+
K]
>
L 0.6
~
(":
v 0.44
E
X 0.2
(%]
o
0-
232 3% 3 ¢ 3
0 N NG =
¥ o é o 05 o § m
e C ¥ 8 55 %
o Y Y 2
[a)] (7]
O wn
80- Fig. 5. Analysis of
*okok ok macrophage surface
X 60 1 % markers. The values
- i for stimulated exper-
Ny imental macrophag-
8 40- es were compared
5 to those obtained
3 for stimulated Rosa
O 20+ ﬁ group macrophag-
es (*p < 0.05;
*kkk
o1& —— p < 0.0001)
& 8 @ > & &
o o0 £ & < =
x @ ¥ B o %
c O X £
A 8 ©
e =
2\
M1

ways, which is impossible in the presence of CDK8/19
with inhibited kinase activity in the Senexin B group.
That is consistent with the reduced activation of IL-1f
and Tnf (Fig. 2B,D) in this experimental group.

Cdk19 knockout promotes the reduction

in lipid inclusions accumulation

It has previously been shown that M1 macrophag-
es stimulate de novo lipogenesis for immune system
support. The increased content of lipid inclusions
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in macrophages is a result and characteristic of M1
polarization [37, 45, 46]. Since our previous experi-
ments suggested that CDK8/19 kinases are potential-
ly involved in the macrophage M1-to-M2 phenotype
shift, we aimed to assess the lipid inclusions content
in macrophages upon inflammatory stimulation. Our
findings show that Cdk19 knockout and inhibition
of CDK8/19 kinase activity significantly reduce the
amount of lipid inclusions in macrophages upon in-
flammatory stimulation (Fig. 6).
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The fact that Cdk19 knockout and CDK8/19 kinase
activity inhibition reduce lipid accumulation, while
Cdk8/19 double knockout has no effect, allows one
to conclude that there exists a functional antagonism
between CDK8 and CDK19 in lipid metabolism regu-
lation. We speculate that CDK19 is a lipogenesis acti-
vator, and Cdk19 knockout disrupts the process. It is
possible that CDKS8 acts as a lipogenesis suppressor
due to its non-kinase functions. In macrophages with
Cdk8/19 double knockout, both the activator (CDK19)
and the suppressor (CDK8) are eliminated, leading to
reciprocal compensation for their effects and restora-
tion of the initial levels of lipid inclusions. Moreover,
only Cdk8/19 double knockout macrophages display
reduced activation of Tpil upon inflammation stimu-
lation (Fig. 3C). Accumulation of its substrate DHAP
may generate a precursor pool for the synthesis of
lipids (glycerol-3-phosphate), which also agrees with
the observed lipid profile in this group [39].

Cdk19 knockout reduces the phagocytic

activity of macrophages

Phagocytic activity [47] that ensures the elimination
of bacteria and apoptotic cell fragments by M1 and
M2 macrophages, respectively, is one of the main
characteristics of macrophage. We have analyzed
the ability to phagocytize pHrodo-labeled E. coli in
Cdk19 and Cdk8/19 knockout macrophages, as well
as in the Senexin B group. Our findings suggest that
Cdk19 knockout significantly reduces the phagocyt-
ic activity when compared to the control (Fig. 7A,B).
The observed reduction in phagocytic activity in
Cdk19 knockout macrophages may be caused by the
identified reduction in the lipid inclusions content.
Phagocytosis is an energy-consuming process requir-
ing resources for cytoskeleton rearrangements and
phagosome formation; the reduction in internal lipid
reserves depletes the cell’s necessary substrate and
energy [48]. However, Cdk8/19 double knockout and
kinase function inhibition did not affect phagocytosis,
suggesting competitive antagonism between CDKS$
and CDK19. Since we assumed that CDK8 acts as a
lipogenesis suppressor, it stands to infer that its ab-
sence in Cdk8/19 double knockouts compensates for
the disfunction caused by CDK19 deficit, restoring the
normal levels of phagocytosis and lipid metabolism.

CONCLUSIONS

Macrophage dysfunction is a key aspect of the patho-
genesis of a number of socially significant human dis-
orders associated with chronic inflammation, includ-
ing atherosclerosis [1, 2] and rheumatoid arthritis [8,
16]. The M1 and M2 phenotypes of these cells large-
ly determine the course and the outcome of the pa-
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thology, either aggravating or reducing the inflam-
mation. Identification of the molecular mechanisms
that control macrophage plasticity and polarization
opens up opportunities for developing novel therapeu-
tic strategies. In particular, induction of macrophage
transition into the M2 state is considered a promis-
ing therapy approach. Cyclin-dependent kinase CDKS8
and its paralog CDK19 are the components of the
Mediator complex that regulates transcription in eu-
karyotes. These kinases have been shown to play a
role in transcriptional reprogramming, a fundamental
process underlying cell differentiation and the mech-
anisms of disease pathogenesis. Moreover, data on cy-
toplasmic CDK8/19 functions is available (e.g., on their
role in signaling pathways regulation via phosphoryla-
tion of STAT proteins, as well as protein stability and
degradation regulation). The cytoplasmic functions
of CDK8/19 are less studied than the nuclear ones
and are cell type-dependent [25, 49, 50]. Although
their role in gene activation and repression has been
well established, the fine mechanisms of CDK8/19-
mediated transcriptional and cytoplasmic control are
yet to be fully understood. In this work, we studied
the role of CDK8/19 kinases in some aspects of the
inflammation response in macrophages.

Our findings suggest that CDK8 and CDK19 not
only regulate macrophage inflammatory response, but
also modulate their intracellular metabolism and ef-
fector functions. CDK19 acts as a suppressor of the
classical M1 response, although not via the STAT1-
dependent mechanism. CDK19 inhibits activation of
the IL-18 and Nos2 genes and, apparently, promotes
lipid accumulation and phagocytosis. Cdk8/19 double
knockout suppresses the macrophagic recruiting func-
tion and activates anti-inflammatory mediators, thus
having a functional compensatory effect between two
kinases. Importantly, inhibition of CDK8/19 kinase ac-
tivity only partially recreates the observed effects

(e.g., Tnf and IL-1f3 downregulation, reduced lipid ac-
cumulation), which suggests the presence of both ki-
nase-dependent and kinase-independent mechanisms
of action.

Our study demonstrates that the CDK8 and CDK19
kinases perform complex regulatory functions in mac-
rophages that go beyond transcription control. The
regulatory functions of these kinases are distinct and
are implemented via both the kinase-dependent and
kinase-independent mechanisms, thus regulating a
wide range of processes: from gene expression to me-
tabolism and phagocytosis. We hypothesize that in the
absence of CDK19, CDK8 may become an activator of
inflammatory response genes, which suggest there is
competitive antagonism between CDK8 and CDK19
for common Mediator complex components. It is pos-
sible that the balance between them is responsible for
the transcriptional response, although this hypoth-
esis needs further study. Our findings emphasize that
CDKS8 and CDK19 are not just paralogs: they also act
as regulators of transcription, the metabolic pathways,
and effector functions of macrophages. Therefore, any
therapeutic strategies targeting them should take this
aspect into account. @
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