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Introduction

~520 million years ago, the long biogeochemical history of our planet Earth resulted in

a biodiversity burst. The rapid diversification of animals known as the Cambrian explosion

(1); transformed planetary ecosystems with novel habitats and food chains (2, 3). However,

this emergence of Paleozoic biodiversity (4) is still mysterious due to limited information

about basal metazoans and their immune systems.

The representatives of the phylum Placozoa with the simplest known body plan attract

the attention of ecological physiologists seeking to understand integrative responses to

environmental stress, often associated with climate changes, temperature, and oxygen

levels, including complex symbiotic relationships over eons (5–8). The simplicity of the

cellular architecture in placozoans might correlate with a relatively small genome of 106Mb

(9). Placozoa do not have nervous and muscle systems or organs (10–13). Still, these

animals have an alternative integrating system of effector cells and a number of secretory

cells that, by acting on the ciliated epithelium, control locomotion (14). In this architecture,

the tetraploid fiber cell type, with a significantly high DNA context, is of utmost interest

since these cells potentially perform three integrative functions (15): (i) making a

distributed functional network of the middle and epithelial layers (analogous to

neurons), (ii) immune protection and growth control of endosymbiotic bacteria

(immunity), and (iii) dynamic contractile functions (analogous to muscles) in responses

to chemical environment and pH.

The combination of all three functions within one cell type is relatively rare, even in

other basal metazoan lineages such as comb jellies, sponges, and cnidarians. Here, we

summarize the role of systemic and cellular functions as a unique window to illuminate the

origins of immune architecture in early animals using a top-down approach, from

organisms to cells to molecules, including novel insights into the critical master

regulators of systemic immune responses.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1529836/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1529836/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1529836/full
https://orcid.org/0000-0002-7508-3969
https://orcid.org/0000-0002-1333-3176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1529836&domain=pdf&date_stamp=2025-01-07
mailto:darjaromanova@gmail.com
mailto:moroz@whitney.ufl.edu
https://doi.org/10.3389/fimmu.2024.1529836
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1529836
https://www.frontiersin.org/journals/immunology


Romanova and Moroz 10.3389/fimmu.2024.1529836
Systemic and population
level immunity

There is evidence for four distinct systemic immunity responses

in Placozoa: (1) population aging, often associated with (2) infection;

(3) resistance to radiation (next section); and (4) feeding, including

interactions with pathogens and endosymbiosis. Below, we

summarize the features of each of these responses.

Population aging under long-term cultivation conditions is

associated with various disease-like stages (16). It includes the

development of abnormal morphological changes (e.g., highly

elongated body shapes) and the characteristic appearance of

spherical formations on the upper epithelium with occasional

rupture of the upper and middle layers. All of these can be

reversed by fresh seawater and a dense substrate of microalgae as

juvenilization (16). The ‘spheres’ are analogs of the encapsulation of

larger foreign objects for non-specific protection. If unfavored

conditions are not changed, placozoan populations are

transformed into the deterioration stage of irreversible spherical

formations and death without a chance of recovery.

Animals from the ‘sick’, with abundant spheres, population

decrease locomotion and exploratory behaviors, as well as stop

asexual reproduction. The ‘spheres’ with cavities consist of upper

epithelium, fiber cells with multiple intracellular bacteria, and,

probably, adjacent to the upper layer with ‘shiny’ cells containing

large lipophilic inclusions with autofluorescent granules of unclear

etiology but without bacteria (16). Animals can shed ‘infected cells’

encapsulated by the upper epithelium. Besides, there are

morphological differences between the fiber cells of animals with

endosymbionts (control) and ampicillin-treated animals (16)

without bacteria. This may indicate the ability to control the

reproduction of bacterial endosymbionts by the complementary

activation of phagocytosis and digest bacteria as a systemic innate

immunity mechanism. Combined, this dynamic organismal-level

architecture provided a landscape for exploring cellular and

molecular innovations in the Placozoa lineage, potentially with

cross-kingdom signaling between bacterial and their hosts.
Cellular level of immunity responses

The process of shaping spherical formations involves the shiny

cells of the upper epithelium [potentially releasing toxins (17)] and the

middle layer cells, represented by the fiber cells (Figure 1A). The fiber

cells represent the unique cell type associated with both integrative

immune and feeding functions (18). The Gruber-Vodicka group (19)

showed multiple new organelles with lysozymes in Trichoplax -

lysozymes as widespread components of metazoan immune and

digestive enzymes (20). These enzymes provide antibacterial

protection by hydrolyzing the peptide glycans of bacterial cell walls

and participating in the digestion process. Interestingly, it was in the

fiber cells that endosymbiotic Rickettsiales bacteria were originally

found in H1 and H2 haplotypes (21, 22).

Cellular immunity caused by phagocytosis (discovered by 23, 24)

is the most ancient and common mechanism across eukaryotes; it
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includes chemotaxis, attachment of a foreign agent to the phagocyte

membrane, and intracellular lysis. Chemoattractants can be signaling

molecules from bacterial microorganisms, a change in the gradient of

nitric oxide (NO) and related redox species (25), or a change in the

amino acid composition (26). As a result of multifunctionality, fiber

cell type is characterized by the presence of a massive mitochondrial

cluster (13, 27, 28), which may indicate high-energy costs for

metabolic processes.

In addition, fiber cells have exceptional intercellular contacts,

found only in this cell type (27), which join all fiber cells into a

network within the middle layer (29), and with multiple vesicles in

the extracellular space (30). Thus, these are also neural-like cells

that establish physiological connectivity from the middle to the

dorsal layers (28–30). This ‘network’ can enable systemic immunity

responses by immobilizing and consuming bacteria. Consequently,

fiber cells are not fixed in their position and can be mobile as a result

of chemoattraction, and be contractable.

The Trichoplax ventral layer is formed by cell types with

adherent junctions, which tightly hold cells facing biofilm

substrates. The opposite is true for the upper layer, where the

cells are elastic (14). Such epithelia are evolutionary innovative

structures to protect early metazoans against bacterial infection as

inherent parts of innate immunity system architectures.

Opsonization, with the formation of distinct compartments,

had been observed inside fiber cells (16, 28–30), and we detected

bacteria in lysosomes. In some cases, bacterial cells were located in

the perinuclear space (28), in close proximity to the cell nucleus.

However, these are isolated cases with only 3-5% of the total

number of fiber cells with bacteria. But the question remains open

- why do bacteria need such close proximity to the nucleus? Is this a

metabolic symbiosis?
Molecular level of immunity

Distinctive insights into placozoan immunity were obtained by

Fortunato et al. (31), who exposed Trichoplax to a range of X-ray

doses from 143.6 to 332.5 Gy. Surprisingly, placozoans can survive

and restore their populations even after 218.6 Gy exposure with

immune-related adaptive morphology - the appearance of spherical

formations (31), which is similar to those shown in the description

‘diseased’ in animals (16).

Transcriptome analyses after 2 hrs of exposure of animals to a dose

of 218.6 Gy revealed a cascade of inducible genes coupled with genome-

wide immunity responses, including genes responsible for protection

against double-strand breaks, such as RAD52, LIG4, DCLRE1C,

RECQL5, XRCC6. Other radiation-induced genes (such as POLB,

POLL and LIG3) also control various DNA repair mechanisms (31).

Presumed immune regulatory gene networks of Toll-like

receptors and scavenger receptors have been identified (22).

However, these authors did not find a homolog for the nuclear

factor kappa B gene. In contrast, Porifera and Cnidaria have a

complete homolog of the NF-kB gene (32, 33). It raises the question

of whether placozoans have a highly modified/truncated NF-kB
(22) or represent an ancestral stage before the acquisition of this

transcription factor in immunity mechanisms.
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We performed a genome screening and found partial similarity

of the human NF-kB gene with the TriadITZ_000500 gene of the

H1 haplotype with a large divergence between their sequences.

AlphaFold2 reliably reconstructs the three-dimensional

architecture of these protein orthologs across phyla. Intriguingly,

both proteins from Placozoa and Chordata are mirror images of

each other with preservation in Trichoplax all functional domains

necessary for the activity of the NF-kB (Figure 1B). This finding

illuminates the remarkable parallelism, modularity, and perhaps

convergent evolution of immunity master regulators.
Conclusion

What might be ancestral immunity architecture? Why does the

simplest, a three-layer animal of one millimeter in size, employs the

astonishing diversity of immune-related genes? Trichoplax genome

encodes 5 genes of interleukins, 4 interferons, a number of

immunoglobulins, two classes of the main histocompatibility

complex, secretins, tetraspannins, and other genes necessary for

intercellular information transmission from cell to cell, as in the

canonical chordate immune system. According to single-cell
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transcriptomics (34), their expression is not cluster-specific,

suggesting a broad distribution of innate immunity functions

across cell populations in Placozoa.

More likely, this situation reflects a great ancestral diversity of

immune molecular toolkits as a result of a long history of holozoan-

bacterial interactions. The early origins of multifunctional cell types

with subsequent division of labor in large tetraploid fiber cells with

elongated processes are morphologically and functionally similar to

neurons and dendritic cells of the vertebrate immune system as well as

muscle cells. These cells developed a powerful mitochondrial cluster

and the largest nucleus among all Trichoplax cell types. Combined,

these traits are associated with the omnipresence of bacteria both as

food sources and pathogens with a dual role of bioenergetically

demanding phagocytosis. Bacteria encapsulation might also be an

ancestral immune strategy by making ‘shells’ of the ‘friend-or-foe’

recognition systemwith the recruitment of opsonin-like genes (35–38).

Finally, fiber cells might be viewed as functional analogs of

interneurons, with distributed connectivity and their localization

uniting all cell layers. They form a highly distributed ‘network’

created by long processes of fiber cells for more efficient and rapid

intercellular communications, integrating neural, hormonal, and

contractive integrative systems. It would not be surprising if fiber
FIGURE 1

Key immunity components of Placozoa. (A) Multifunctional fiber cells and their intracellular architecture: nucleus, mitochondrial cluster, acidophilic
vesicles and bacterial cells as endosymbionts. ER, endoplasmic reticulum; aG, Golgi apparatus. (B) Comparison of 3D protein models for the nuclear
factor kappa B between Homo sapiens and Trichoplax adherents in. Colors: green – RHD DNA-binding domain, ultramarine – DEATH domain,
wheat color – IPT domain, blue – low complexity region, deep purple – ankyrin domains. NF-kB-like protein in Trichoplax has one extra ankyrin
domain, compared to humans, and lacks the canonical DEATH domain.
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cells were excitable with low-frequency oscillations (e.g., 100-150

ms) capable of secretion and chemical connectivity (30).

In sum, the multifunctionality of fiber cells can be the main

operational module of the immune system for Placozoa and likely

an example of exaptation for other emerging properties as dynamic

links between immune and neural functions, which are responsible

for organism-level integration. We would not be surprised if fiber

cells could have epigenetic machinery for immune ‘cellular

memory’ as the predecessor of acquired immunity.
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3. Vannier J, Steiner M, Renvoisé E, Hu SX, Casanova JP. Early Cambrian origin of
modern food webs: evidence from predator arrow worms. Proc R Soc B: Biol Sci. (2007)
274:627–33. doi: 10.1098/rspb.2006.3761

4. Harper DA, Cascales-Miñana B, Servais T. Early Palaeozoic diversifications and
extinctions in the marine biosphere: a continuum of change. Geological Magazine.
(2020) 157:5–21. doi: 10.1017/S0016756819001298

5. Rozhnov SV. Development of the trophic structure of vendian and early paleozoic
marine communities. J Paleontol. (2009) 43:1364–77. doi: 10.1134/S0031030109110021

6. Sperling EA, Vinther J. A placozoan affinity for Dickinsonia and the evolution of
late proterozoic metazoan feeding modes. Evol Dev. (2010) 12:201–9. doi: 10.1111/
j.1525-142X.2010.00404.x

7. Sperling EA, Frieder CA, Raman AV, Girguis PR, Levin LA, Knoll AH. Oxygen,
ecology, and the Cambrian radiation of animals. Proc Natl Acad Sci. (2013) 110:13446–
51. doi: 10.1073/pnas.1312778110

8. Pruss SB, Gill BC. Life on the edge: the cambrian marine realm and oxygenation.
Annu Rev Earth Planetary Sci. (2024) 52:109–32. doi: 10.1146/annurev-earth-031621-
070316

9. Srivastava M, Begovic E, Chapman J, Putnam NH, Hellsten U, Kawashima T, et al.
The Trichoplax genome and the nature of placozoans. Nature. (2008) 454:955–60.
doi: 10.1038/nature07191

10. Schulze FE. Trichoplax adhaerens, nov. gen., nov. Spec. Zool Anz. (1883) 6:92–7.

11. Rassat J, Ruthmann A. Trichoplax adhaerens FE schulze (Placozoa) in the scanning
electron microscope. Zoomorphologie. (1979) 93:59–72. doi: 10.1007/bf02568675

12. Malakhov VV. Mysterious Groups of marine Invertebrates: Trichoplax,
Orthonectids, Dicyemids, Sponges. Moscow: Publishing house of Moscow State
University (1990).

13. Smith CL, Varoqueaux F, Kittelmann M, Azzam RN, Cooper B, Winters CA,
et al. Novel cell types, neurosecretory cells, and body plan of the early-diverging
metazoan Trichoplax adhaerens. Cur Biol. (2014) 24:1565–72. doi: 10.1016/
j.cub.2014.05.046

14. Armon S, Bull MS, Aranda-Diaz A, Prakash M. Ultrafast epithelial contractions
provide insights into contraction speed limits and tissue integrity. Proc Natl Acad Sci U
S A. (2018) 115:E10333–41. doi: 10.1073/pnas.1802934115

15. Behrendt G, Ruthmann A. The cytoskeleton of the fiber cells of Trichoplax
adhaerens (Placozoa). Zoomorphology. (1986) 106:123–30. doi: 10.1007/BF00312114

16. Romanova DY, Nikitin MA, Shchenkov SV, Moroz LL. Expanding of life
strategies in Placozoa: insights from long-term culturing of Trichoplax and
Hoilungia. Front Cell Dev Biol. (2022) 10:823283. doi: 10.3389/fcell.2022.823283

17. Jackson AM, Buss LW. Shiny spheres of placozoans (Trichoplax) function in
anti-predator defense. INVERTEBR Biol. (2009) 128:205–12. doi: 10.1111/j.1744-
7410.2009.00177.x

18. Mayorova TD, Hammar K, Jung JH, Aronova MA, Zhang G, Winters CA, et al.
Placozoan fiber cells: mediators of innate immunity and participants in wound healing.
Sci Rep. (2021) 11:23343. doi: 10.1038/s41598-021-02735-9

19. Berndt H, Duarte I, Repnik U, Struwe M, Abukhalaf M, Scheidig A, et al. An
ancient lysozyme in placozoans. bioRxiv. (2024), 2024–10. doi: 10.1101/
2024.10.06.616844

20. Mukherjee K, Moroz LL. Evolution of g-type lysozymes in Metazoa: insights into
immunity and digestive adaptations. Front Cell Dev Biol. (2024) 12:1487920.
doi: 10.3389/fcell.2024.1487920

21. Driscoll T, Gillespie JJ, Nordberg EK, Azad AF, Sobral BW. Bacterial DNA sifted
from the Trichoplax adhaerens (Animalia: Placozoa) genome project reveals a putative
rickettsial endosymbiont. Genome Biol Evol. (2013) 5:621–45. doi: 10.1093/gbe/evt036

22. Kamm K, Osigus HJ, Stadler PF, DeSalle R, Schierwater B. Genome analyses of a
placozoan rickettsial endosymbiont show a combination of mutualistic and parasitic
traits. Sci Rep. (2019) 9:1–12. doi: 10.1038/s41598-019-54037-w

23. Metschnikoff E. La phagocytose musculaire. Ann L’institut Pasteur. (1892) 6:1–12.

24. Thiemann M, Ruthmann A. Spherical forms of Trichoplax adhaerens (Placozoa).
Zoomorphology. (1990) 110:37–45. doi: 10.1007/bf01632810

25. Moroz LL, Romanova DY, Nikitin MA, Sohn D, Kohn AB, Neveu E, et al. The
diversification and lineage-specific expansion of nitric oxide signaling in placozoa:
insights in the evolution of gaseous transmission. Sci Rep. (2020) 10:13020.
doi: 10.1038/s41598-020-69851-w
frontiersin.org

https://doi.org/10.1098/rspb.2014.0038
https://doi.org/10.1098/rspb.2014.0038
https://doi.org/10.2110/palo.2003.p03-40
https://doi.org/10.1098/rspb.2006.3761
https://doi.org/10.1017/S0016756819001298
https://doi.org/10.1134/S0031030109110021
https://doi.org/10.1111/j.1525-142X.2010.00404.x
https://doi.org/10.1111/j.1525-142X.2010.00404.x
https://doi.org/10.1073/pnas.1312778110
https://doi.org/10.1146/annurev-earth-031621-070316
https://doi.org/10.1146/annurev-earth-031621-070316
https://doi.org/10.1038/nature07191
https://doi.org/10.1007/bf02568675
https://doi.org/10.1016/j.cub.2014.05.046
https://doi.org/10.1016/j.cub.2014.05.046
https://doi.org/10.1073/pnas.1802934115
https://doi.org/10.1007/BF00312114
https://doi.org/10.3389/fcell.2022.823283
https://doi.org/10.1111/j.1744-7410.2009.00177.x
https://doi.org/10.1111/j.1744-7410.2009.00177.x
https://doi.org/10.1038/s41598-021-02735-9
https://doi.org/10.1101/2024.10.06.616844
https://doi.org/10.1101/2024.10.06.616844
https://doi.org/10.3389/fcell.2024.1487920
https://doi.org/10.1093/gbe/evt036
https://doi.org/10.1038/s41598-019-54037-w
https://doi.org/10.1007/bf01632810
https://doi.org/10.1038/s41598-020-69851-w
https://doi.org/10.3389/fimmu.2024.1529836
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Romanova and Moroz 10.3389/fimmu.2024.1529836
26. Moroz LL, Sohn D, Romanova DY, Kohn AB. Microchemical identification of
enantiomers in early-branching animals: lineage-specific diversification in the usage of
D-glutamate and D-aspartate. Biochem Biophys Res Commun. (2020) 527:947–52.
doi: 10.1016/j.bbrc.2020.04.135

27. Grell KG, Ruthmann A, Harrison FW, Westfall JA. Microscopic Anatomy of
Invertebrates: Placozoa, Porifera, Cnidaria, and Ctenophora. Harrison FW, Westfall JA,
editors. New York. (1991).

28. Romanova DY, Varoqueaux F, Daraspe J, Nikitin MA, Eitel M, Fasshauer D,
et al. Hidden cell diversity in placozoa: ultrastructural insights from hoilungia
hongkongensis. Cell Tissue Res. (2021) 385:623–37. doi: 10.1007/s00441-021-03459-y

29. Moroz LL, Romanova DY. Alternative neural systems: what is a neuron?
(ctenophores, sponges and placozoans). Front Cell Dev Biol. (2022) 10:1071961.
doi: 10.3389/fcell.2022.1071961

30. Moroz LL, Romanova DY, Kohn AB. Neural versus Alternative Integrative
Systems: Molecular Insights into Origins of Neurotransmitters. Phil Trans R Soc B.
(2021) 376:20190762. doi: 10.1098/rstb.2019.0762

31. Fortunato A, Fleming A, Aktipis A, Maley CC. Upregulation of DNA repair
genes and cell extrusion underpin the remarkable radiation resistance of Trichoplax
adhaerens. PloS Biol. (2021) 19:e3001471. doi: 10.1371/journal.pbio.3001471
Frontiers in Immunology 05
32. Gauthier M, Degnan BM. The transcription factor NF-kappaB in the demosponge
Amphimedon queenslandica: insights on the evolutionary origin of the Rel homology
domain. Dev Genes Evol. (2008) 218:23–32. doi: 10.1007/s00427-007-0197-5

33. Song X, Jin P, Qin S, Chen L, Ma F. The evolution and origin of animal toll- like
receptor signaling pathway revealed by network-level molecular evolutionary analyses.
PloS One. (2012) 7:e51657. doi: 10.1371/journal.pone.0051657

34. Sebé-Pedrós A, Chomsky E, Pang K, Lara-Astiaso D, Gaiti F, Mukamel Z, et al.
Early metazoan cell type diversity and the evolution of multicellular gene regulation.
Nat Ecol Evol. (2018) 2:1176–88. doi: 10.1038/s41559-018-0575-6

35. Bang FB. Invertebrate Immunity. New York: Academic Press (1975) p. 137–51.
doi: 10.1016/b978-0-12-470265-3.50016-5

36. Lackie AM. Invertebrate immunity. Parasitology. (1980) 80:393–412.
doi: 10.1017/s0031182000000846

37. Bayne CJ. Phagocytosis and non-self recognition in invertebrates. Bioscience.
(1990) 40:723–31. doi: 10.2307/1311504

38. Musser JM, Schippers KJ, Nickel M, Mizzon G, Kohn AB, Pape C, et al. Profiling
cellular diversity in sponges informs animal cell type and nervous system evolution.
Science. (2021) 374:717–23. doi: 10.1126/science.abj2949
frontiersin.org

https://doi.org/10.1016/j.bbrc.2020.04.135
https://doi.org/10.1007/s00441-021-03459-y
https://doi.org/10.3389/fcell.2022.1071961
https://doi.org/10.1098/rstb.2019.0762
https://doi.org/10.1371/journal.pbio.3001471
https://doi.org/10.1007/s00427-007-0197-5
https://doi.org/10.1371/journal.pone.0051657
https://doi.org/10.1038/s41559-018-0575-6
https://doi.org/10.1016/b978-0-12-470265-3.50016-5
https://doi.org/10.1017/s0031182000000846
https://doi.org/10.2307/1311504
https://doi.org/10.1126/science.abj2949
https://doi.org/10.3389/fimmu.2024.1529836
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The ancestral architecture of the immune system in simplest animals
	Introduction
	Systemic and population level immunity
	Cellular level of immunity responses
	Molecular level of immunity
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


