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Editorial on the Research Topic

The key role of Mer receptor tyrosine kinase: where inflammation ends
and fibrosis begins
It has been nearly 30 years since the discovery by multiple research groups of the

receptor tyrosine kinase family now generally referred to as the TAM (Tyro3, Axl, and

MerTK) receptors (1). TAM kinases, particularly MerTK, are recognized to be of critical

importance in efferocytosis, immune tolerance, and resolution of inflammation, as

evidenced by tissue accumulation of apoptotic cells and development of systemic

autoimmunity in mice lacking these receptors (2) as well as in humans with increased

cleavage of TAM receptors into soluble ectodomains (3). They also appear important in

promoting tumor growth (4) and tissue fibrosis (5–8), two challenging conditions often

resistant to existing therapies. Interestingly, many of these functions are closely interlinked

with the alternative activation of macrophages and differentiation of monocyte-

macrophage progenitors into M2c-like cells (i.e., MerTKhi CD206hi CD163hi CD16hi

CD14+/hi CD204+ CD209- Gas6+ IL-10+ pSTAT3+) (9–11).

The papers collected in this Frontiers Research Topic actually reflect the growing

interest in exploiting the TAM receptor tyrosine kinases as novel therapeutic targets for

tumoral, fibrotic, and immune-mediated diseases.

Jiménez-Garcıá et al. provide further insights into the key and ever more complex roles

of MerTK and Axl in regulation of macrophage activities. Remarkably, mice lacking

MerTK and Axl not only had a large increase in unengulfed apoptotic thymocytes, but also

lower numbers of thymic and extrathymic macrophages and decreased expression of other

functionally related scavenger receptor pathways, such as CD163 and CD206 (MRC1) (9),

C1q (12), and Tim-4 (13), in the remaining phagocytes. Therefore, the expression of

MerTK and TAM receptors in general is herein confirmed to profoundly affect

homeostasis, survival, and polarization of macrophage populations. Of note, double-

knockout mice also had dysregulated hemoglobin turnover, probably reflecting impaired

CD163 expression, with iron accumulation in the kidney and anemia.
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The tumor microenvironment, which is characterized by an

overproduction of M2(c)-polarizing cytokines, such as M-CSF and

IL-10, and an aberrant externalization of phosphatidylserine on

tumor plasma membranes, may induce a strong upregulation

of MerTK and its ligand Gas6 in tumor-associated macrophages

(9, 14–16). The released Gas6 can in turn directly bind to TAM

receptors on tumor cells, thus stimulating their survival and

proliferation, or bind to MerTK on macrophages themselves, thus

eliciting – in an autocrine/paracrine feed-forward loop – further

production of IL-10 and immune tolerance to cancer, ultimately

allowing for tumor cell migration and invasion (9). Therefore, novel

strategies are being developed to block TAM kinases in cancer. Two

articles in this series show the therapeutic potential of inhibiting

MerTK pharmacologically or via targeted protein degradation. Cruz

Cruz et al. tested the small-molecule MerTK inhibitor MRX2843 in

a mouse model of acute myeloid leukemia, demonstrating its

capability of repolarizing tumor-associated macrophages from

non-inflammatory, tumor-permissive M2 (CD163+ Arg-1+ PD-

L1+ PD-L2+ Tim-3+) to proinflammatory, anti-tumor M1 (CD86+

HLA-DR+), thus resulting in production of T-cell activating

cytokines (IL-18, IFNb) and conversion of infi ltrating

lymphocytes from exhausted/regulatory T cells (PD1+ Tim-3+ and

LAG-3+) to activated/tumor-killing CTLs (CD8+ CD69+ CD107a+).

The observed changes in both innate and adaptive immunity led to

enhanced survival of leukemic mice, strongly encouraging the use of

MerTK and TAM inhibitors, even in combination with other

receptor tyrosine kinase inhibitors, immune checkpoint

inhibitors, or chemotherapy, in the treatment of several neoplasms.

The work of Gadiyar et al. represents a novel and potentially

powerful approach to modulating TAM receptors by using

synthetic compounds that bind to one or more TAM kinases

(including chimeric receptors) and also to the E3 ubiquitin ligase,

thus leading to both inhibition of tyrosine kinases and degradation

of protein complexes via the proteasome. These agents are shown to

suppress MerTK expression and efferocytosis to levels approaching

those of MerTK knockout mice, with more potent and prolonged

action compared to small-molecule inhibitors, and possibly with no

compensatory upregulatory mechanisms. On the other hand, some

caution should be exercised regarding efforts to intensely

downregulate or completely block the TAM receptors, in light of

the diverse predicted and sometimes unexpected effects, as those

reported by Jiménez-Garcıá et al. in double-knockout mice.

MerTK activation and M2(c) macrophage cross-talk with

myofibroblast precursors, such as hepatic stellate cells in liver

disease, have recently been implicated in fibrosis (7, 17). Here,

Pipitone et al. highlight how MERTK gene polymorphisms can

differentially influence the progression of chronic hepatitis C

towards two predominant fates: advanced liver fibrosis or

hepatocellular cancer. Specifically, the authors show that GG

homozigosity in the rs4374383 SNP of MERTK is associated with

higher expression levels of MerTK (and downstream AKT-

interacting protein) and upregulation of WNT11 and SFRP1,

which are involved in noncanonical WNT signaling leading to
Frontiers in Immunology 02
myofibroblast differentiation and fibrogenesis, whereas AA

homozygosity is associated with decreased expression of MerTK

and upregulation of metalloproteinases MMP7 and MMP9, which

are instead involved in epithelial-mesenchymal transition and

carcinogenesis. Therefore, detection of the AA (or AG) genotype

in chronic hepatitis patients should imply closer surveillance against

cancer, while therapeutic targeting of MerTK in patients with the

GG genotype could be useful against cirrhosis.

Finally, an appreciation is emerging of the key role for MerTK+

pro-resolving M2(c) macrophages in fostering and maintaining

remission of autoimmune rheumatic diseases, primarily

rheumatoid arthritis (18–20). In this Research Topic, Royzman

et al. studied a model of rheumatoid arthritis where mice received

subcutaneous Freund’s adjuvant, followed by intraperitoneal

Bordetella Pertussis, and finally intra-articular methylated bovine

serum. Synovitis and bone erosions were reduced by administering

a soluble form of CD83, which acted via the TLR4/MD2-TRIF

pathway to inhibit IL-1b, IL-6, MMP9 and RANKL, while inducing

MerTK, CD206 (MRC1), MARCO, and IL-10, thus resulting in a

shift of macrophages from M1 (including osteoclast precursors) to

M2. Of note in this context, engagement of CD14 would be crucial

for soluble CD83 binding to MD2 (21), TLR4 endocytosis and TRIF

activation (22), MerTK phosphorylation (23), and suppression

of osteoclastogenesis.

Taken together, these studies help pave the way for new

therapies aimed at inhibiting or facilitating the activity of MerTK

and TAM-related pathways in different disease settings. We hope

this Research Topic will stimulate further translational research

focusing on these intriguing receptors.
Author contributions

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it

for publication.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1146721
https://doi.org/10.3389/fimmu.2023.1146721
https://doi.org/10.3389/fimmu.2023.1135373
https://doi.org/10.3389/fimmu.2022.960401
https://doi.org/10.3389/fimmu.2022.926236
https://doi.org/10.3389/fimmu.2022.936995
https://doi.org/10.3389/fimmu.2022.936995
https://doi.org/10.3389/fimmu.2023.1251577
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zizzo and Cohen 10.3389/fimmu.2023.1251577
References
1. Lemke G. Biology of the TAM receptors. Cold Spring Harb Perspect Biol (2013) 5
(11):a009076. doi: 10.1101/cshperspect.a009076

2. Cohen PL, Caricchio R, Abraham V, Camenisch TD, Jennette JC, Roubey RA,
et al. Delayed apoptotic cell clearance and lupus-like autoimmunity in mice lacking the
c-mer membrane tyrosine kinase. J Exp Med (2002) 196(1):135–40. doi: 10.1084/
jem.20012094

3. Zizzo G, Guerrieri J, Dittman LM, Merrill JT, Cohen PL. Circulating levels of
soluble MER in lupus reflect M2c activation of monocytes/macrophages, autoantibody
specificities and disease activity. Arthritis Res Ther (2013) 15(6):R212. doi: 10.1186/
ar4407

4. Huelse JM, Fridlyand DM, Earp S, DeRyckere D, Graham DK. MERTK in cancer
therapy: Targeting the receptor tyrosine kinase in tumor cells and the immune system.
Pharmacol Ther (2020) 213:107577. doi: 10.1016/j.pharmthera.2020.107577

5. Shirakawa K, Endo J, Kataoka M, Katsumata Y, Anzai A, Moriyama H, et al.
MerTK expression and ERK activation are essential for the functional maturation of
osteopontin-producing reparative macrophages after myocardial infarction. J Am
Heart Assoc (2020) 9(18):e017071. doi: 10.1161/JAHA.120.017071

6. Rovati L, Kaneko N, Pedica F, Monno A, Maehara T, Perugino C, et al. Mer
tyrosine kinase as a possible link between resolution of inflammation and tissue
fibrosis in IgG4-related disease. Rheumatol (Oxford) (2021) 60(10):4929–41.
doi: 10.1093/rheumatology/keab096

7. Pastore M, Caligiuri A, Raggi C, Navari N, Piombanti B, Di Maira G, et al.
Macrophage MerTK promotes profibrogenic cross-talk with hepatic stellate cells via
soluble mediators. JHEP Rep (2022) 4(4):100444. doi: 10.1016/j.jhepr.2022.100444

8. She Y, Xu X, Yu Q, Yang X, He J, Tang XX. Elevated expression of macrophage
MERTK exhibits profibrotic effects and results in defective regulation of efferocytosis
function in pulmonary fibrosis. Respir Res (2023) 24(1):118. doi: 10.1186/s12931-023-
02424-3

9. Zizzo G, Hilliard BA, Monestier M, Cohen PL. Efficient clearance of early
apoptotic cells by human macrophages requires M2c polarization and MerTK
induction. J Immunol (2012) 189(7):3508–20. doi: 10.4049/jimmunol.1200662

10. Zizzo G, Cohen PL. IL-17 stimulates differentiation of human anti-
inflammatory macrophages and phagocytosis of apoptotic neutrophils in response to
IL-10 and glucocorticoids. J Immunol (2013) 190(10):5237–46. doi: 10.4049/
jimmunol.1203017

11. Zizzo G, Cohen PL. The PPAR-g antagonist GW9662 elicits differentiation of
M2c-like cells and upregulation of the MerTK/Gas6 axis: a key role for PPAR-g in
human macrophage polarization. J Inflammation (Lond) (2015) 12:36. doi: 10.1186/
s12950-015-0081-4
Frontiers in Immunology 03
12. Galvan MD, Foreman DB, Zeng E, Tan JC, Bohlson SS. Complement
component C1q regulates macrophage expression of Mer tyrosine kinase to promote
clearance of apoptotic cells. J Immunol (2012) 188(8):3716–23. doi: 10.4049/
jimmunol.1102920

13. Nishi C, Toda S, Segawa K, Nagata S. Tim4- and MerTK-mediated engulfment
of apoptotic cells by mouse resident peritoneal macrophages. Mol Cell Biol (2014) 34
(8):1512–20. doi: 10.1128/MCB.01394-13

14. Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and
polarization. Front Biosci (2008) 13:453–61. doi: 10.2741/2692

15. Loges S, Schmidt T, Tjwa M, van Geyte K, Lievens D, Lutgens E, et al. Malignant
cells fuel tumor growth by educating infiltrating leukocytes to produce the mitogen
Gas6. Blood (2010) 115(11):2264–73. doi: 10.1182/blood-2009-06-228684

16. Riedl S, Rinner B, Asslaber M, Schaider H, Walzer S, Novak A, et al. In search of
a novel target - phosphatidylserine exposed by non-apoptotic tumor cells and
metastases of malignancies with poor treatment efficacy. Biochim Biophys Acta
(2011) 1808(11):2638–45. doi: 10.1016/j.bbamem.2011.07.026

17. Cai B, Dongiovanni P, Corey KE, Wang X, Shmarakov IO, Zheng Z, et al.
Macrophage MerTK promotes liver fibrosis in nonalcoholic steatohepatitis. Cell Metab
(2020) 31(2):406–421.e7. doi: 10.1016/j.cmet.2019.11.013

18. Waterborg CEJ, Beermann S, BroerenMGA, BenninkMB, Koenders MI, van Lent
PLEM, et al. Protective role of the MER tyrosine kinase via efferocytosis in rheumatoid
arthritis models. Front Immunol (2018) 9:742. doi: 10.3389/fimmu.2018.00742
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