- current issues in

é molecular biology

Article

Investigation of the Molecular Evolution of Treg Suppression
Mechanisms Indicates a Convergent Origin

Suniti Bhaumik !, Marzena Eazarczyk 207, Norwin Kubick 3, Pavel Klimovich 4, Agata Gurba 50,
Justyna Paszkiewicz °, Patrycja Teodorowicz ¢, Tomasz Kocki 77, Jarostaw Olav Horbariczuk 8, Gina Manda °®,
Mariusz Sacharczuk 25** and Michel-Edwar Mickael 2**

check for
updates

Citation: Bhaumik, S.; Lazarczyk, M.;
Kubick, N.; Klimovich, P.; Gurba, A.;
Paszkiewicz, ].; Teodorowicz, P.;
Kocki, T.; Horbarczuk, J.O.; Manda,
G.; et al. Investigation of the
Molecular Evolution of Treg
Suppression Mechanisms Indicates a
Convergent Origin. Curr. Issues Mol.
Biol. 2023, 45, 628-648. https://
doi.org/10.3390/cimb45010042

Academic Editor: Giulia Fiscon

Received: 6 December 2022
Revised: 5 January 2023
Accepted: 6 January 2023
Published: 9 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pathology, University of Alabama at Birmingham, 845-19th St. South,

Birmingham, AL 35294-2170, USA

Department of Experimental Genomics, Institute of Animal Biotechnology and Genetics, Polish Academy of
Science, Postepu 36A, 05-552 Jastrzebiec, Poland

Department of Biology, Institute of Plant Science and Microbiology, Univeristy of Hamburg, Ohnhorststr. 18,
22609 Hamburg, Germany

Department of Immunology, PM Forskningscentreum, 17854 Ekero, Sweden

Department of Pharmacodynamics, Faculty of Pharmacy, Warsaw Medical University, 1 Banacha 1,

02-697 Warsaw, Poland

6 Department of Health, John Paul II University of Applied Sciences in Biala Podlaska, Sidorska 95/97,
21-500 Biata Podlaska, Poland

Department of Experimental and Clinical Pharmacology, Medical University of Lublin, Jaczewskiego 8b,
20-090 Lublin, Poland

Institute of Genetics and Animal Breeding, Polish Academy of Sciences, 05-552 Jastrzebiec, Poland
Radiobiology Laboratory, Victor Babes National Institute of Pathology, 99-101 Splaiul Independentei,
050096 Bucharest, Romania

*  Correspondence: m.sacharczuk@igbzpan.pl (M.S.); m.mickael@igbzpan.pl (M.-E.M.)

1t These two authors contributed equally to the manuscript.

Abstract: Regulatory T cell (Treg) suppression of conventional T cells is a central mechanism that
ensures immune system homeostasis. The exact time point of Treg emergence is still disputed.
Furthermore, the time of Treg-mediated suppression mechanisms’ emergence has not been identified. It
is not yet known whether Treg suppression mechanisms diverged from a single pathway or converged
from several sources. We investigated the evolutionary history of Treg suppression pathways using
various phylogenetic analysis tools. To ensure the conservation of function for investigated proteins, we
augmented our study using nonhomology-based methods to predict protein functions among various
investigated species and mined the literature for experimental evidence of functional convergence.
Our results indicate that a minority of Treg suppressor mechanisms could be homologs of ancient
conserved pathways. For example, CD73, an enzymatic pathway known to play an essential role
in invertebrates, is highly conserved between invertebrates and vertebrates, with no evidence of
positive selection (w = 0.48, p-value < 0.00001). Our findings indicate that Tregs utilize homologs of
proteins that diverged in early vertebrates. However, our findings do not exclude the possibility of a
more evolutionary pattern following the duplication degeneration—-complementation (DDC) model.
Ancestral sequence reconstruction showed that Treg suppression mechanism proteins do not belong
to one family; rather, their emergence seems to follow a convergent evolutionary pattern.

Keywords: Tregs; evolution; ai

1. Introduction

The mechanisms of Treg suppressor function can be categorized into two main path-
ways: (i) direct pathways, through suppression of CD4* CD25~ T cells, and (ii) indirect
pathways, through inhibiting antigen-presenting dendritic cells (DCs). Direct pathways
of Treg suppression include suppression of CD4* CD25~ T cells through the release of
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cytokines such as TGF@, IL10, and IL35. However, the role of TGF( in Treg-mediated
suppression remains complicated [1,2]. IL10 produced by Tregs has been shown to possess
an inhibitory effect. CD25"CD45RB!°Y CD4+ T cells from [/10~/~ mice were unable to
inhibit colitis, and II10r/~ mice did not develop autoimmunity [3,4]. The importance
of IL35 (IL27p and IL12«) in the Treg suppression function is underlined by the low in-
hibitory capacity of 1135~/~ Tregs [5]. The second mechanism that Tregs can employ is
the consumption of critical cytokines needed by conventional T cells for survival, such
as IL2 [6]. Thirdly, Tregs can induce apoptosis using TRAIL, CD3, CD46, CD25, or BIM
pathways. Furthermore, it has been shown that Tregs use inducible cAMP early repressor
(ICER) to suppress CD25+ CD4+ T cells NFAT pathway [7]. Additionally, Tregs have been
shown to regulate calcium pathways needed for T cell differentiation through a calcineurin-
dependent pathway. Recently, it was shown that an additional mechanism used by Tregs to
control suppressor function in colonic Tregs is through the Th17 specific transcription factor
RORyt [8]. There are various indirect mechanisms by which Tregs suppress conventional T
cells including: CTLA4 (cytotoxic T lymphocyte-associated protein 4)-dependent pathway;,
where it was shown that CTLA4 expressed on Tregs competes with CD28 for its ligands
(i.e., CD80/CD86), expressed by DCs to restrict CD28 co-stimulation of other T cells [9]. A
transmembrane glycoprotein receptor, Neuropilin-1 (Nrp1) expressed on Tregs was shown
to enhance Treg suppressor function by extending the interactions between Tregs and DCs,
thus limiting antigen exposure to conventional T cells [10]. LAG3 (lymphocyte-activation
protein-3) expressed on Treg cells bound to DCs was demonstrated to inhibit DC matura-
tion and immunostimulatory capacity [11]. Additionally, A20, a ubiquitin editing enzyme,
is a negative regulator of TNFR and Toll-like receptor (TLR) signaling in antigen-presenting
DCs [12]. Notably, the interaction between Tregs and DCs is multidimensional, as it has
been shown that Tregs cannot suppress DCs which are either CD40 “licensed” or have
achieved a superior stimulation state through TLR activation [13]. Thus, Treg inhibition of
CD4+ CD25+ T cells is based on the complex interaction between several genetic pathways.

The evolutionary history of the regulatory mechanisms utilized by Tregs has not
yet been unveiled. T cells first appeared in jawed vertebrates [14,15]. The exact time
Tregs and Treg-like cells emerged in lower vertebrates (bony fish and lampreys) is still
a point of dispute [16]. It is still not known if the suppression pathways used by Tregs
constitute a vertebrate innovation or whether they were acquired from invertebrates. Even
more, the necessity of Tregs in lower vertebrates is being questioned. One side of the
argument suggests that Treg suppression mechanisms are universal, suggesting that they
could have evolved from one initial abstract mechanism. The other side of the argument
suggests that their evolution was convergent, with multiple local mechanisms appearing in
various organisms [14]. Inferring neo-function emergence is not a trivial task. Currently,
two competing models predict the rise of novel functions: (i) the conventional model; and
(ii) the duplication-degeneration—complementation model (DDC). In the conventional model,
itis assumed that neo-functions arise after duplication, where one copy preserves the original
function, and the mutation in the other copy drives the neo-functionalization. According to
the DDC model, a gene’s function in a specific species does not necessarily appear when
this gene originates. The DDC model proposes the possibility that the function could
have been performed by an ancestral pre-duplicative gene in an ancestral species, in a
sub-functionalization manner. Thus, shared homology or orthology, or the lack of it, may
not be sufficient to deduce or exclude conservation of function. Another technical obstacle
facing the elucidation of the Treg suppression function is the lack of specific markers that
guarantee the conservation of function among species. The presence of a specific marker in
a species does not necessarily imply it portrays a given function or a specific cell type in
another species. For instance, invertebrates, such as Amphioxus (cephalochordates) possess
all the genes necessary for the neural crest cells, but they lack neural crest cells. Moreover,
there is a debate about the origin of mammalian Treg suppressive mechanisms. Furthermore,
how lampreys mediate control over their immune-like cells is still unknown [15]. Lampreys
are known to possess two types of T-cell-like cells, which exist in the blood and are affected
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by cytokines (i.e., VLRA and VLRC) [17]. The mechanisms by which the functions of
these immune-like cells in lampreys are regulated are yet to be found. Taken together,
these observations suggest there is a need for a better understanding of the origin and
evolutionary history of the suppressive mechanisms of Tregs.

To increase our investigation’s predictive power, we utilized both homology-based
and non-homology-based procedures in our quest to investigate the evolution of Treg sup-
pressor pathways. First, we conducted a phylogenetic analysis. As the genes controlled by
Treg suppression mechanisms can amount to hundreds of genes, we selected representative
proteins from major Treg suppression pathways based on past reviews [18-21] (Table 1). We
downloaded the protein sequences related to Treg suppression mechanisms from humans’
GEO PubMed protein repository. Using Blastp, we identified homologs for these sequences
in 12 species and orders. To support our findings, we used statistical inference-based
methods that do not use homology for the deduction of functional conservation. DeepGO
uses two methods to predict protein function, the first method learns features from protein
sequence, without making assumptions on homology. The second method learns represen-
tations of proteins based on their location in an interaction network [22]. We performed
systematic literature mining to support our predictions. After that, we reconstructed the
ancestor sequences for known Treg suppressors and investigated the evolutionary selection
of these suppressors using PAML. Our findings demonstrate that a minority of the identi-
fied conserved suppression-mechanism-associated genes seem to perform similar functions
in vertebrates and invertebrates. We found that numerous suppressive mechanisms that
exist in vertebrates seem to have formed in concurrency with Treg emergence. However,
these findings do not exclude the hypothesis that similar suppression functions could have
appeared earlier. Our results support the argument Treg cells suppressive pathways do
not seem to be unique and that they appeared through different convergent mechanisms
starting from early invertebrates. We found several suppressor mechanisms in lampreys,
which suggests that lampreys could possess FoxP3 suppressor cells. Taken together, our
investigation paints Tregs as an “evolutionary-wise” suppressive group of cells that could
have accommodated evolutionary genomic innovations and, in some instances, repurposed
more ancient ones.

Table 1. Identified suppression mechanisms utilized by Tregs.

Pathway Genes
Indirect Inhibit DC CTLA4, CD28, CD80, CD86, LFAI-1, A20,
pathway CD40-CD40L, neuropilin-1 and LAG3

Produce Suppressive

cytokines TGFR, IL10 and IL35

Consumption of IL2, IL2R«, IL2RP and IL2Ry

cytokines

Di Induction of apoptosis TRAIL, CD3, CD46, CD25 and BIM

irect

pathways Regulation of TF IRF4, GATA3, FoxP3 and RORyt
ATP and ADP CD73, CD39, APRT, A2A receptors, and P2RY11
regulation
CAMP/.NFAT IL4, ICER, PPRy, p21SNFT, GITR and CBLB
regulation
Caldci ionali NF«B, PPP3CA, PPP3CB, PPP3CC, IKK«, IKK}{,

alcium sighating IKKy, IkB IKBA, and p65
2. Methods

2.1. Database Search

Here we have focused our investigation on the suppression mechanisms utilized by
Tregs as well as Treg markers. We employed protein sequence alignment to explore the
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relatively long evolutionary history of Tregs and their regulatory mechanisms. We utilized
the non-redundant protein NCBI protein database (last updated 5 March 2022) with a total
number of sequences of 467,645,306 [23,24]. This database is a collection of carefully curated
records from GenBank, RefSeq, and TPA. Using this database, we investigated the presence
of known humans Homo sapiens (NCBI: txid 9606) Treg markers, as well as identifying
Treg suppression pathways in Rodentia (rodent) (NCBI:txid9989), Monotremata (egg-
laying mammals) (NCBIL:txid9255), Metatheria (marsupials) (NCBI:txid9263), Sauria (Diap-
sida) (NCBL:txid32561), Actinopterygii (ray-finned fishes) (NCBI:txid7898), Anura Salien-
tia (NCBI:txid8342), Petromyzontiformes lampreys (NCBI:txid7745), Tunicata (tunicates)
(NCBI:txid7712), Arthropoda (arthropods) (NCBI:txid6656), Nematoda (roundworms)
(NCBI:txid6231), Spiralia (NCBI:txid2697495), Cnidaria (cnidarians) (NCBI:txid6073), Pla-
cozoa (placozoans), (NCBIL:txid10226), and Porifera (sponges) covering 700 million years
using BLASTP (Table 1). To ensure the accuracy of our analysis, in cases where multiple
isoforms were identified, only the longest transcript was utilized. We used a threshold of E
values of <1 x 10710, For any candidate protein to be accepted, it had to have the same
conserved domains known in the human query protein [25-27]. Furthermore, we use back
blastp to ensure that the results are consistent by blasting the identified candidate protein
sequence against the human protein sequence database.

2.2. Alignment and Phylogenetic Analysis

The phylogenetic investigation was performed in two phases. First, protein sequences
for each identified pathway were aligned using ClustalW in SEAVIEW (Table 1). After that,
we employed PHYML implemented in Seaview, with five random starting trees to generate
the final tree [25,28].

2.3. Ancestral Sequence Reconstruction (ASR)

We utilized the maximum likelihood method to predict the ancestral sequence of each
of the proteins investigated. To do that, we utilized the ASR algorithm in MEGA6. We then
used the predicted sequence to unravel the nearest earlier diverging organism. We used
a Blastp threshold E-value of less than e ~1° to ensure the accuracy of our identification.
Finally, we employed SplitsTree with default settings and bootstrap value of 100 to construct
the evolutionary network for ancestral sequences [29].

2.4. HHsearch

The HHsearch method was applied to inspect the evolutionary history of Tregs as
well as their suppression mechanisms. To ensure the validity of our predictions, we only
accepted proteins that appeared in the organism that diverged before the emergence of the
most ancient members of the inspected protein [30].

2.5. Non-Homology Functional Prediction

In order to support our results, we conducted functional prediction for each of the
investigated proteins using multiple non-homology-based methods. We used DeepGO,
which employs two neural networks and gene network connections to predict protein func-
tions [22]. We also used Pannzer, which utilizes a weighted K-nearest neighbor classifier to
infer the function of a given protein sequence [31]. We also employed deep learning em-
bedding (GO and secondary structure) using the PredictProtein method [32]. Additionally,
we used Argot2, which primarily applies semantic similarity for prediction.

2.6. Positive Selection

We employed the maximum likelihood algorithm in Phylogenetic Analysis by Max-
imum Likelihood (PAML) to detect Treg suppressor pathways that have experienced
positive selection. In the first phase, we utilized respective complementary DNAs (cD-
NAs) constructed through the back-translation function from the EMBOSS server (https:
/ /www.ebi.ac.uk/Tools/st/emboss_backtranseq/ accessed on 9 September 2021). After
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that, we prompted the CODEML PAML v4.4 program to assess global and branch selection
by calculating the substitution rate ratio (w) computed as the ratio of nonsynonymous (dNN)
to synonymous (dS) mutations [33].

3. Results

We used a comprehensive workflow to investigate the evolution of various groups
of the main proteins involved in Treg suppressive pathways (Figure 1 and Table 1). It
is important to note that, according to the DDC model, non-conservation of function
does not necessarily imply that the organisms that lack a specific gene did not have an
ancestral gene that was performing the same function. Thus, in our analysis, we only
focus on the direct conservation of sequences (homology and non-homology based) that
are related to the conservation of functions. Our workflow consisted of three main stages:
(i) Phylogenetic analysis: in this stage, we identified some of the main proteins used
by Tregs as suppressors. Then, we created phylogenetic trees, estimated the origin, and
investigated positive selection for each suppressive family. (ii) Additionally, using neural
networks, we predicted the function of each identified protein. (iii) We examined the
literature to investigate the reported incidence of functional conservation.

Work flow of the study

l Confirm experimental

| Homology based study

| Non-homology based study ‘ functionality conservation

Identify main proteins used\ / \ / \

as suppressors

Create phylogenetic trees
for suppressor proteins

Predict each identified Examine reported literature

Study the origin of each
suppressor family

for proof of conserved
functionality

protein function using deep
neural networks.

study

Perform positive selection

"

AN  Q /

Figure 1. Workflow of the study. We approached the problem of investigating conserved Treg

suppression pathways through three different pathways: (i) Homology based, in which we followed
classical phylogenetic analysis procedures. (ii) Non-homology-based approach, where we utilized
artificial intelligence to predict the function of the identified proteins. (iii) In order to increase the
accuracy of our estimations, we compared our predictions with published reports that experimentally
validated functional conservation of Treg suppressor proteins among different species.

Evolutionary analysis of Treg suppressor mechanisms revealed that a minority of Tregs
suppressive mechanisms could be “directly” related to conserved suppressive mechanisms
ininvertebrates. We found that, with the exception of TGFf3, none of the cytokines produced
by Tregs to directly inhibit conventional T cells was conserved in invertebrates (Figure 2A,B).
The suppressive cytokines utilized by Tregs include TGFf (including TGF31 and TGFf2),
IL35 and IL10. Our results indicate that TGFf3 homologs are ancient. TGF(31 first appeared
in sponges, while TGFf2 first appeared in Cnidaria (Figure 2). In agreement with [26],
we found that IL10, as well as IL10Rx and IL10Rf3, diverged during the emergence of
Actinoptyregii. IL-35, a dimeric protein of IL273 and IL12« chains, is an anti-inflammatory
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(A)

cytokine [34]. Its receptor is composed of gp130 and IL12R( chains. The gp130 chain
first appeared in Spiralia, while IL27f3, IL12«, and IL12R[3 proteins appeared first in fish
(Figure 2). Remarkably, we found that IL2, and its three receptors IL2R«, IL2Rf3, and IL2Ry,
first diverged in fish. Notably, we found reported evidence of functional convergence for
IL10, IL10RA, IL12A, IL35 and GP130 in vertebrates. Conversely, only a primitive GP130
homolog was found in invertebrates with some functional similarities between vertebrates
and invertebrates (Figure 3).

Family

Gene

Indirect suppression

CTLA4
CD28
CDS0
CD86

LFAL

IDO1
GSS
GCLC
CD40
CD40L
A20
NRP1
LAG3

Suppresive cytokines

TGFB1
TGFB2
IL10
IL10RA
IL10RB
IL27
IL12A
GP130

IL12RB1

Consumption
Cytokines

IL2

ROD |MET [vmoN Jsau Janu Jact JpEr Jrun JarTt [NEM Jsp1 Joni Jera Jror

IL2RA

IL2RB

IL2RG

Induction of apoptosis

TRAIL

CD3D

CD3E

CD3G

CD46

GZM

BIM

Transcripition|

factors

Regulation

TBX21
IRF4
(GATA3
RORC

ATP/ADP

CD39
CD73
A2AR

NFAT pathway regulation

IL4
IL4RA
ICER
NFAT1
NFAT4
PPRG
P21
GIRT
CBLB

Calcium signaling

NFxB

PPP3CA

PPP3CB

PPP3CC

IKKA

IKKp

IKKy

P65

IKBa

Figure 2. Cont.
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(B)

Indirect suppression pathways

Gene Pre dicted function (Humans) ROD |MET |MON [SAU |ANU JACT |PET |TUN |ART |NEM |SPI CNI |PLA |POR
CTAL4 T cell activation
CD28 T cell activation
CD80
CD86 Positive regulation of biological process |
LFA1 Cell apoptosis |
IDO1 Typtophan metabolic process I I
GSS Nitrogen compound metabolic process
GCLC Glutathione biosynthetic process
CD40/CD40L | Cell death pathway | |
A20 Immune process
NRP1/NRP2 Regulation of locomotion | | | |
LAG3 Response to I
Suppresive cytokines
Gene Predicted function (Humans) ROD |MET [mMoN |sau [anxu Jact |pET  Jron  JarT  [NEM  |sp1 cN1 Jera  |POR
TGFB1 Positive regulation of cell division
TGFB2 |
|Regulation of cytokine production
IL10
IL1I0RA |Interdeukin 10 binding |
IL10RB
IL27B |Regulation of T cell proliferation I
IL12A Immune response/signal transaction
GP130 Iiulcm- ukin 6 signal transducer | | |
IL12RB1 Ilul(’noukln 12 receptor binding | |
Consumption Cytokines
Gene Predicted function (Humans) ROD [MET [MoN [sau  fanu  [act  [PET  Jron farT  [NEM fser ozt era  [ror
Positive regulation of activated T cell
IL2/IL15 |proliferation
IL2RA Interleukin 2 mediated signaling pathways I
IL2RB Interleukin 2 receptor subunit beta
IL2RG T cell diffe rentiation in thymus I
Induction of apoptosis
Gene |Predicted function (Humans) ROD |MET JmoN [sau  Janu Jact  JeEr Jruon JarTt  INEm fspr Jont Jera Jror
TRAIL | Tumor necrosis factor receptor binding |
CD3D |Cell surface receptor signaling pathway | |
CD3E |T cell surface glycoprotein CD3 epsilon chain|
CD3G |T cell surface glycoprotein CD3 gamma chain
CD46 Negative regulation of complement activation| ]
GZM Enables serine-type endopeptidase activity I I
BIM BCL2 family protein complex
Transcripition factors Regulation
Gene [Predicted function (Humans) ROD |MET JMON [sau [anu JacTt JpET  |run  JART [NEM  Jspi  JcNi [pLa  [POR
TBX21 Positive regulation of DNA-templated |
IRF4 transcription | I |
(GATA3 I
RORC | |
ATP/ADP regulation
Gene  [Predicted function (Humans) ROD |MET |voN [sau |aNu Jact [pET |t |arT [NEM [spr  Jon1  [pra  fpor
CD39 |ATP binding
CD73  |5'-nucleotidase/nucleotide binding
A2AR |Adenosine receptor A2 |

Figure 2. Cont.
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NFAT pathway regulation

Gene [Predicted function (Humans)

ROD |MET [MoN [sau  Janu  Jact  [pEr  Jron JarT  [NEm [ser Jont o fera Jeor

1L4 Inteieukin-4 receptor binding

IL4RA |Positive regulation of T-helper 2 cell differentiation I

ICER
NFAT1 |DNA-binding transcription fact
INFAT4

or activity I I |

[PPRG  |Nuclear receptor activity

P21 Regulation of trans cription by RNA polymerase IT

GIRT  |Tumor necrosis factor signaling pathway | |

CBLB |Protein ubiquitination

Calcium signaling

Gene Predicted function (Humans)

[Rop _[MET _[mMoN [sau Janu fact  [eET  JroN JART NEm fsei foni |ea  eor

NFkB  |Regulation of DNA templated

transcription

PPP3CB |phosphatase activity

PPP3CA |Calcium-dep: protein seri

IKKA |Protein serine/threonine Kinas

e activity l I

©/NFkB signaling | |

IKKy Regulation of I-KappaB Kinas
Regulation of DNA templated

trans cription | |

IKBa [lkappaB kinase activity

Figure 2. Evolutionary history of Treg-mediated suppression pathways. (A) Phylogenetic analysis of
Treg pathway (homology based). Each family identified in Table 1 is shown with a different color
code. (B) Non-homology analysis. Non-homology-based analysis does not assume that homology is
the basis of functional conservation. Proteins that have similar predicted functions to their human
counterparts are shown in green, while those predicted to perform alternative functions are depicted
in orange. Proteins that were deemed to be missing from a given proteome are shown in light blue.
The following abbreviations are used: Rodentia (ROD), Monotremata (MON), Metatheria (MET),
Sauria (SAU), Actinopterygii (ACT), Anura Salientia (ANU), Petromyzontiformes (PET), Tunicata
(TUN), Arthropoda (ART), Nematoda (NEM), Spiralia (SPI), Cnidaria (CNI), Placozoa (PLA), and
Porifera (POR). Overall, there is agreement between phylogenetic-based prediction and functional
prediction using artificial intelligence /machine learning methods. Although Treg cells seem to have
first appeared in jawed vertebrates, they employed various more ancient pathways. For example,
TGFf31, NFAT, NF«kB first appeared in Porifera. Various suppression pathway components appeared
in lampreys, including the PPP3C family, as well as TGFf3.
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Figure 3. Analysis of literature reporting functional conservation of Treg suppressor mechanisms.
(A) We compared 60 proteins for reported conservation between vertebrate—vertebrate (VV) and
between vertebrates and invertebrates (VI) (green is conserved, red is non-conserved). (B) Percentages
of functional conservation by category.
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Similar to cytokines used by Tregs, Treg-mediated induction of apoptosis pathway
lacks homologs that emerged before vertebrates, with the exception of TRAIL (TNF-related
apoptosis-inducing ligand). We were able to locate the TRAIL gene in Lampreys and
invertebrates (including Mollusca and Cnidarian). Notably, the Trail Drosophila homolog
(i.e., Eiger) has been reported to induce apoptosis, thus supporting the functional conservation
hypothesis (Figures 2 and 3). The CD3y, CD35, and CD3e chains form the CD3 part of the
TCR complex. According to our results, their first diverging homologs emerged during the
emergence of fish, where they are functionally conserved (Figure 3). Similarly, the costimu-
latory molecule CD46, which has been shown to enhance Treg activation, was functionally
conserved in bony fish (Figures 2 and 3). Once activated, Tregs have been reported to induce
apoptosis in conventional T cells through granzyme A (GZMA)-mediated pathway [23]. We
found that GZMA and BIM (Bcl2-like protein 11) have diverged in fish. We found reported
evidence for functional conservation of mediated induction of apoptosis between mammalian
and fish T cells except for the case of BIM (BCL2L11) (Figure 3, Table 2).

Table 2. Experimentally validated conservation of function for Treg suppressor pathways.

Conserved Function between Vertebrates Conserved Function within

Gene and Invertebrates Vertebrates
1 CTLA4 No evidence for conservation of function PMID: 16547256
2 CD28 No evidence for conservation of function PMID: 16547256
3 CD80 No evidence for conservation of function gﬁ{g ?gégggg
4 CD86 No evidence for conservation of function gﬁig igéggzgz
5 Lfal No evidence for conservation of function
6 IDO1 No evidence for conservation of function
7 GSS Conserved function in Drosophila PMID: 18779381 PMID: 21802407
8 GCLC Conserved function in Drosophila PMID: 19036725 PMID: 28158580
9 CD40 No evidence for conservation of function PMID: 35667467
10 CD40L No evidence for conservation of function PMID: 35667467
11 A20 No evidence for conservation of function PMID: 33154446
12 Neuropilin No evidence for conservation of function
13 Lag3 No evidence for conservation of function PMID: 16951357
14 Tgfbl No evidence for conservation of function
15 Tgfb2 No evidence for conservation of function
16 110 No evidence for conservation of function PMID: 25416810
17 IL10RA No evidence for conservation of function PMID: 25416810
18 IL10RB No evidence for conservation of function gz:;;ience for conservation of
19 IL27B(IL35) No evidence for conservation of function PMID: 30590066
20 IL12A No evidence for conservation of function PMID: 30204772 (similar)
21 GP130 Conserved in Drosophila PMID: 14504285 PMID: 18687405
22 IL12RB No evidence for conservation of function Ei:;éience for conservation of
23 IL2 No evidence for conservation of function PMID: 30093902
24 IL2RA No evidence for conservation of function PMID: 30093902
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Table 2. Cont.

Conserved Function between Vertebrates

Conserved Function within

Gene and Invertebrates Vertebrates

25 IL2RB No evidence for conservation of function PMID: 35218892

26 IL2RG No evidence for conservation of function PMID: 35218892
Seemed to be homologs with Drosophila gene Eiger,

27 Trail PMID: 12065414. Evidence for conserved function of PMID: 33483333
inducing apoptosis.

28 Cd3g No evidence for conservation of function PMID: 19744563

29 Cd3ad No evidence for conservation of function PMID: 19744563

30 Cd3e No evidence for conservation of function PMID: 19744563

31 Cd46 No evidence for conservation of function PMID: 25452563

32 Gzm No evidence for conservation of function PMID: 31736981

33 Bim (Bcl2111) No evidence for conservation of function gi:;écrllence for conservation of

34 Tbet Some function conserved in ectoderms PMID: 25016582

35 Irf4 Conserved function not proven PMID: 19638535

36 Gata3 Conserved function not proven PMID: 19638535 PMID: 12100886

37 Rorgt Conserved function not proven PMID: 16990136

38 Cd39 Conserved function in Drosophila and even in plants PMID: 9676430

39 Cd73 Conserved function in Drosophila PMID: 21996016

40 A2ar Seems to have a conserved in Drosophila PMID: 32108870

41 P2ry11 No evidence for conservation of function

42 14 No evidence for conservation of function PMID: 32641385

43 N4r No evidence for conservation of function

44 Icer Well conserved in invertebrates on a functional level PMID: 19434522

45 Nfatl No evidence for conservation of function

46 Nfat4 No evidence of conserved function

47 Ppry No evidence of conserved function

48 P2 1sfnt (BATF3) No evidence of conserved function

49 Girt No evidence for conservation of function

0 oo o ot tcion b Clegrsnd i 1z

51 Nfkp Conserved function in Drosophila PMID: 20457557

52 Ppp3ca No evidence of conserved function

53 Ppp3cb No evidence of conserved function

54 Ppp3cc No evidence of conserved function

55 Ikka No evidence of conserved function

56 Ikkp Conserved function PMID: 34452932

57 Ikky Conserved function PMID: 11017107

58 Ikb No evidence for conservation of function No evidence of conserved function

59 P65 No evidence of conserved function
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Tregs mediate indirect changes in the transcription factors of different T helper cell
subsets. T-bet, the transcription factor of Th1 cells, first diverged during Molluscan evolution,
with some functional conservation in ectoderms (Figures 2 and 3). The transcription factor
IRF4 is critical for the function of Th2 and Th17 cells, and we observed that it first appeared in
Cnidarian (Figure 2) [35]. IRF4 function seems to be conserved between mammalian and fish T
cells, with some conserved function in invertebrates (Figure 3). Gata3, a transcription factor of
Th2 cells appeared in all investigated genera starting from Cnidaria and seems to be conserved
outside the realm of T cells (Figures 2 and 3) [36]. The transcription factor RORC first appeared
in Tunicate (Figures 2 and 3), albeit without proof of ancient conserved functionalization.
Notably, FoxP3, which is the main transcription factor of Tregs, is known to have diverged
in vertebrates. Taken together, our results indicate that Tregs acquired mechanisms that
can regulate the master TF of T helper cells. These TF seem to have emerged prior to Treg
appearance in bony fish. However, there might not have been functional conservation between
these TF vertebrate homologs and their invertebrate counterparts.

Another route by which Tregs suppress conventional T cells is through the hydrol-
ysis of extracellular ATP to ADP or AMP, utilizing the enzyme CD39. We found that
CD39 diverged during the emergence of Placozoa, with proof of some functional conser-
vation [37]. However, our Al-based analysis did not confirm functional conservation in
placozoa. Notably, a CD39 homolog gene was also found in Drosophila [37]. CD73 was also
shown to inhibit conventional T cells through degrading AMP to adenosine. We identified
CD73 homologs in all genera investigated, from Sponges to Humans except Lampreys
(Figure 2). CD73s expressed in vertebrates appear to share functional similarities with their
invertebrate counterparts [38]. Interestingly, adenosine receptors seem to have diverged
during Cnidarians” emergence, with some functional conservation (Figure 3) [37].

Functional conservation validation for the Inducible cAMP Early Repressor (ICER)
pathway is still to be achieved on the level of both vertebrates and invertebrates, with the
exception of Cblb (Figures 2 and 3). Tregs suppress conventional T cells by augmenting ICER
to suppress IL4. We found that ICER homologs were expressed in Cnidarian (Figure 2), while
IL4 and IL4R« first appeared during the emergence of Actinopterygii. However, we could
not identify previous reports that confirmed their functional conservation. Another ICER-
mediated suppression pathway is through NFAT. NFAT forms inhibitory complexes with
ICER or similar transcriptional repressors such as Peroxisome proliferating receptor (PPRy)
and basic leucine zipper protein p21SNFT. These complexes attach to cytokine promoters to
inhibit their function. We were able to identify NFAT4 in sponges, while NFAT1 seems to have
recently diverged during the emergence of Xenopus. The emergences of PPRy and p21SNFT
were more ancient, and they both first appeared in Spiralia (Figure 2). Interestingly, ICER
induction in suppressed T cells was GITR dependent. GITR (Glucocorticoid-Induced Tumor
Necrosis Factor-Related Receptor) first appeared in fish (Figure 2) [38]. Additionally, it is
notable to mention that Cblb~/~ T cells are less sensitive to suppression by Tregs. Interestingly,
Cblb (Casitas B-lineage lymphoma protooncogene-b) an E3 ligase and known as one of the
most important gate keepers of immune activation, was identified in all species from sponges
to humans (Figure 2).

An additional aspect of Treg-mediated regulation of conventional T cells is the suppres-
sion of calcium signaling. Calcineurin, a ubiquitous serine/threonine protein phosphatase,
has been suggested to inhibit NF«kB, through an IKK-mediated pathway. Calcineurin has
three family members, namely PPP3CA, PPP3CB, and PPP3CC. Calcineurin evolution is
diverse, with the PPP3CA and PPP3CB isoforms emerging as early as sponges, while the
PPP3CC isoform first appeared in Mollusca (Figures 2—4). Remarkably, our results indicate
that NF-«B is as ancient as sponges. The IKK complex, required for NF«kB activation, con-
sists of three subunits, and all of them emerged during invertebrates’ divergence, whereas
p65 first appeared in Porifera. We only found evidence of functional conservation for NF«B
and two units of the IKK complex, namely, IKK3 and IKKy.
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Figure 4. PPP phylogenetic analysis. Our analysis of the PPP family shows that it has an ancient
history, as it first emerged during sponge divergence. Interestingly, Tregs inhibit the calcineurin
pathway to halt the differentiation of conventional T cells.

We identified various homologs of proteins used by Treg to indirectly suppress CD25~
CD4+ T cells in species that emerged before Tregs emergence in jawed vertebrates. Mam-
malian CTLA4 performs its function through four different pathways: (i) CTLA4 ex-
pressed on Tregs compete with CD28 expressed on conventional T cells through binding
to CD80/CD86 expressed on APC [39]; (ii) a line of action that is dependent on LFA1-
ICAM1 interaction [40]; LFA1 (Lymphocyte function associated antigen 1) is a heterodimer
of two proteins, ITGAL and ITGB2 [41]; (iii) CTLA4 can increase the expression of IDO
(Indoleamine 2,3-dioxygenase) in APC to starve T cells [21]; and (iv) CTLA4 can reduce the
expression of GCLC (Glutamate-cysteine ligase catalytic subunit) and GSS (Glutathione
synthase) to form an unfavorable redox environment for T cells [21]. We could not find
any homologs for CTLA4, CD80 and CD28 beyond vertebrates. Interestingly, fish and
mammalian CTLA4, and CD80 seem to be functionally conserved (Figures 2 and 3). We
found three putative homologs of CD86 in Arthropoda, namely Ostrinia furnacalis, Vanessa
tameamea, and Pieris rapae (XP-028167410.1, XP-026493316.1, and XP-022129956.1). The IT-
GAL homolog was identified in Tunicates, while IDO, as well as GSS and GCLC homologs,
were localized in sponges (Figure 2). However, while there is evidence for functional con-
servation for both GSS and GCLC between invertebrates and vertebrates, no evidence for
functional conservation for LFA1 or IDO exists. We found that the CD40-CD40L pathway
is functionally conserved in fish (Figures 2 and 3). We found homologs for both CD40 and
CD40L in Mollusca, albeit without evidence for conservation of function pre-vertebrate
emergence (Figure 3). Moreover, we found that A20 homologs first appeared during the
emergence of sponges, while NRP-1 first appeared in Cnidaria. However, there is no
reported evidence of functional conservation. LAG3 (Lymphocyte-activation gene 3) seems
to have diverged during fish emergence, with reported functional conservation between
fish and mammalian homologs (Figure 3).
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3.1. Analysis of Treg Suppressor Markers Reveals Multiple Origins of Suppression Mechanisms

We identified the main suppressors used by Tregs to be TGFf3, TRAIL, GZM, CD39,
CD73, ICER, NFAT, PPRy, P21SNFT, GITR, and Cbl-b, as well as indirectly through CTLA4,
CD40, CD40L, A20, Neuropilinl, and LAG3. Investigating the structure of these identified
suppressors revealed that they belonged to various families, namely (i) the immunoglobulin
superfamily, which included CTLA4 and LAGS3, (ii) TNF superfamilies, its associates
and their receptors, which included CD40L (TNFSF5), CD40, A20 (TNFAIP3), TRAIL
(TNFSF10) and GITR, (iii) Neuropilins, (iv) the TGFf superfamily, (v) Granzymes, (vi) the
E-NTPDase family of ectonucleotidases, (vii) Ecto-5-nucleotidase, (viii) bZIP transcription
factor domain-containing protein, (ix) NFATs, (x) 5-hydroxy eicosatetraenoic acid and
the 5-oxo-eicosatetraenoic acid family, (xi) the basic leucine zipper transcriptional factor

ATF-like family, and (xii) the ubiquitin ligase family (Table 3).

Table 3. Putative origins for Treg-mediated pathways.

. . . . . Blastp HHsearch
Molecule Main Family Putative Origin E-Value Probability (%)
) IGv domain-containing protein _17
CTLA4 Immunoglobulin (Callorhinchus milii) 110 99:5
superfamily - - -
LAG3 1G-like proetin (Nothobranchius kuhntae) NA 99
CD40L Tumor necrosis factor (TNF) ~ Tumor necrosis factor ligand superfamily 3 % 10-16 979
TRAIL superfamily member 10-like (Lingula unguis)
Tumor Necrosis Factor TNFRSF21-like —09
GITR CD40R Receptor Superfamily (Monosiga brevicollis) (Choanoflagellata) 110 NA
A20 Tumﬁ;iizlg)?folizicior, « Tumor necrosis factor a-induced protein 1 % 1040 99.8
(TNFAIP3) . 3like (Amphimedon queenslandica) ’
family
Tolloid-like protein 1 20
(Amphimedon queenslandica) 610 NA
Neuropilin-1 Neuropilin famil Cub-containing domain NA 100
P P y (Branchiostoma floridae)
Discoidin I-like domain-containing
(Stylophora pistillata) NA 9
Trypsin (Asbolus verrucosus) 1x10738 100
(S%IE/IA?) Granzymes Melanization protease 1 2 x 10733 NA
orin, isoform rosophila melanogaster 3 x 10~
Corin, isoform C (Drosophila melanogaster) 1032 NA
CD73 (NT5E) Ecto-5'-nucleotidase 5"nucleotidase/apyrase family protein 4 x 107124 100
(Limimaricola hongkongensis)
E-NTPDase family of GDA1/CD39 nucleoside phosphatase _61
D39 ectonucleotidases (Helicosporidium sp. ATCC 50920) 710 NA
Basic leucine zipper . S . .
( ZI—TQITII;T) transcriptional factor jun dlr?jglz.s;l(;gn}; ZS;;I;I 2like 4 x 10706 NA
P ATF-like
bZIP transcription factor domain
ICER Unknown containing protein 7 x 10710 100
(Acanthamoeba castellanii)
NFAT NFATs NFATc4 (Amphimedon queenslandica) 5x 1072 NA
Cbl-b ubiquitin ligase E3 ubiquitin ligase Cbl TKB (Salpingoeca 2 % 10-101 NA

rosetta) (Choanoflagellates)
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Table 3. Cont.
. . . . . Blastp HHsearch
Molecule Main Family Putative Origin E-Value Probability (%)
retinoic acid receptor RXR-alpha-B
isoform 9 x 10740 NA
5 hydroxyicosatetraenoic X1 (Nematostella vectensis)
PPRy acid and 5-oxo- steroid hormone receptor ERR2-like isoform a4

eicosatetraenoic acid family X2 (Acropora digitifera) 1x10 NA

Axonema Dynein heavy chain 6 1 x 10-3 NA

(Exaiptasia diaphana)

The origins of Treg-mediated repressor pathways are diverse. Irrespective of its name,
CTLAA4 is not related to CTLA1 (Granzyme B), CTLA2, or CTLA3 (Granzyme A). Alter-
natively, its nearest homolog is CD28. CTLA4 evolved from a protein containing an IGV
domain (99.5% and 1 x 10~17) (Table 3). LAG3 emerged from an immunoglobulin protein
(Nothobranchius kuhntae) (99%). The TNFo superfamily contains 19 members that bind to
29 members of the TNF receptor superfamily. Among its members that are known to be em-
ployed by Tregs as suppressors are CD40 and TRAIL. We reconstructed a putative ancestral
sequence for the TNFo superfamily. Our results indicate that this reconstructed sequence is
highly similar to tumor necrosis factor ligand superfamily member 10-like and we identified
it in Lingula unguis (e-value of 3 x 1071¢ and 97.97%). Similarly, GITR and CD40R belong
to the TNFo receptor family, which contains 27 other receptors. Our results demonstrate
that the ancestral sequence of the TNF« receptor family resembles that TNFRSF21-like
and it first appeared during the divergence of Monosiga brevicollis (Choanoflagellata) with
an e-value of 1 x 1079, A20 (TNFAIP3) belongs to the TNFAIPs (Tumor Necrosis Factor,
Alpha Induced Protein family). The TNFAIP family mainly includes TNFAIP1, TNFAIP2,
TNFAIP3, TNFAIP4, TNFAIP5, TNFAIP6, TNFAIPS, and TNFAIP9. Our results indicate
that the ancestral sequence for TNFAIP is likely to be TNFAIP3 like, with a Blastp value
of 1 x 107% and HHsearch probability of 99.8%. Neuropilin 1 (Nrp-1) belongs to the
Neuropilin family, which includes one another known member (i.e., Nrp-2) [42]. We iden-
tified both Nrp1 and Nrp2 in Cnidaria. This indicates that the origin of the Neuropilin
predates Cnidaria divergence. Furthermore, ancestral sequence reconstruction showed that
the ancestral sequence of Neuropilin is likely to have contained a cub domain (99%) or a
Discoidin I domain (99%) according to HHsearch. The Blastp value indicates that the origin
of nearest homolog for Neuropilin family of proteins is Tolloid-like protein 1 in Amphimedon
queenslandica, with an E-value of 6 x 10720, However, evolutionary network analysis of
the Neuropilins does not support the Tolloid-like protein origin hypothesis (Figure 5).
Our pheylogentic network analysis indicate that neuropilin origin could be more linked
to Discoidin I-like domains, and cub-containing domains than Tolloid domains. GZM B
(CTLAT1) belongs to the Granzyme family, which is a large family consisting of 11 members,
interestingly, only four granzymes appear in human genomes (i.e., A, B, K and M) [43].
Granzymes could have diverged from Trypsin (1 x 10-38) (100%), Melanization protease
2 x 10733, or Corin 3 x 10732 [44] (Table 3). CD73 belongs to the 5'nucleotidase family.
Seven members of the 5'-nucleotidases have been characterized (i.e., NT5C1A, NT5C1B,
NT5C2, NT5C3, NT5C3L, NT5E and NT5M). In agreement with earlier reports, we identi-
fied a homolog for the ancestral sequence of CD73 in Limimaricola hongkongensis bacteria,
with an e-value of 4 x 10~2* and HHsesarch value of 100% [45]. Additionally, based on
the presence of homologs to this sequence in Algae (5 -nucleotidase [Chlorella sorokini-
ana], E-value < 4 x 10~°7) as well as in Fungi (5'-nucleotidase [Xylariaceae sp. FL0016],
E-value < 1 x 107%), it could be inferred that the ancestral sequence for 5'nucleotidases
have been present in the Last Universal Common Ancestor (LUCA). CD39 belongs to the
E-NTPDase family (i.e., ectonucleotidases), which has eight members (NTPDasel, 2, 3,
4,5, 6,7 and 8) [46]. The ancestral sequence of Ectonucleotidase seems to be similar to
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GDA1/CD39 nucleoside phosphatase in Algae (Helicosporidium sp. ATCC 50920) (e-value
of 7 x 10~°1). BATF3 belongs to the p21 family, which in turn consists of two more mem-
bers namely BATF1 and BATF2. The nearest homolog of the reconstructed ancestral for
the BATF family is jun dimerization protein 2-like gene that first appeared in Cnidaria
Actinia tenebrosa (evalue 4 x 10~%). The origin of ICER seems to be similar to that of bZIP
transcription factor domain containing protein in Acanthamoeba castellanii with e value of
7 x 10710 and HHsesarch value 100%. There are five different NFAT members NFATc1,
NFATc2, NFATc3, NFATc4, and NFATS5 [44]. The origin of the NFAT seems to be similar
to that of the NFATc4 gene, which first appeared in sponges (Table 3). THe Cbl family of
ubiquitin ligases consists of three members, namely ¢-Cbl, Cbl-b and Cbl-c. The nearest
homolog to this family is E3 ubiquitin ligase Cbl TKB (tyrosine kinase binding domain) in
Salpingoeca rosetta (2 x 107101). In vertebrates, the gene family of PPAR consisted of PPARw,
PPARB (also called PPARb/d or PPARS), and PPAR¢y [47]. The origin of the PPAR family
could be related to retinoic acid receptor RXR-alpha-B isoform X1 (Nematostella vectensis)
(9 x 10749), steroid hormone receptor ERR2-like isoform X2 (Acropora digitifera) (1 x 1073%),
or Dynein heavy chain 6, (axonemal Exaiptasia diaphana) (1 x 1073%).
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Figure 5. Evolutionary network of Neuropilin family. SplitTrees analysis results suggest that the
origin of neuropilin could be more related to Discoidin I-like domains and cub-containing domains
than Tollid domains.

3.2. Positive Selection Analysis Indicates That Tregs Employed Both Highly Conserved and Rapidly
Evolving Mechanisms

We investigated positive selection among Treg-mediated suppression pathways (Table 4).
We employed PAML for computation of global w value. Our results show that there are
various suppressors employed by Tregs that evolved under strict conservation, mechanisms
including CTLA-4 (0.42, p-value < 0.0005), as well as the CD40L and its receptors, in addition
to TRAIL, GZM, CD73, and GITR. On the other hand, several suppressors employed by
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Tregs were subjected to strong positive selection, including TGFp1 (1.46, p-value < 0.00001),
in addition to LAG3, CD39, NFAT, and Cbl-b (Table 4).

Table 4. Positive selection analysis of genes likely to be used by Tregs as suppressors.

Molecule Global (w) Value p-Value
CTLA4 0.42 <0.0005
CD40 0.27 <0.00001
CD40L 0.39 <0.00002
A20 (TNFAIP3) 0.96 not significant at p < 0.05.
Neuropilin-1 1.13 not significant at p < 0.05.
LAG3 1.50 <0.00001
TGFp1 1.46 <0.00001.
TRAIL 0.44 <0.00006
GZM 0.31 <0.00001
CD39 1.45 <0.00001
CD73 0.48 <0.00001
ICER 0.63 <0.01
NFAT 1.88 <0.00001
PPRy 0.61 not significant at p < 0.05.
p21SNFT 0.66 not significant at p < 0.05.
GITR 0.50 <0.0001
Cbl-b 1.38 <0.00001

4. Discussion

The evolution of the Treg-mediated suppression function is diverse. The Treg suppres-
sion mechanism utilizes direct pathways such as the production of cytokines, inducing
apoptosis, regulation of transcription factors in responder cells, regulating ADP/ATP by
CD39, and the suppression of calcium signaling. It also uses indirect pathways such as
CTLA4 (Table 1). CD39 belongs to the ancient family ectonucleotidases that could have
originated from CD39 nucleoside phosphatase in Helicosporidium sp. ATCC 50920. Although
CD39 seems to have evolved under positive selection w = 1.45 p-value < 0.00001) (Table 4),
its ectonucleotidase activity seems to be conserved between invertebrates and mammals®.
Conversely, CTLA4 seems to be only conserved in vertebrates (w = 0.42, <0.0005). CTLA4
competes with CD28 for binding to CD80/CD86, and thereby prevents conventional T
cell activation. Interestingly, fish CTLA4 and CD28 display homolog structural motifs that
are specifically involved in mammalian CTLA4 functionality, supporting the conservation
of function hypothesis [48]. The oldest component of this pathway is CD86, which first
appeared in Arthropoda, while LFA1 first emerged in Tunicate (Figure 2). Additionally,
CTLA4 can suppress conventional T cells by increasing the expression of IDO or reduc-
ing the GCLC and GSS expressions. Interestingly, IDO, GCLC and GSS first emerged in
sponges. Experimental evidence supports conservation of function for GSS and GCLC, but
not IDO (Figure 3) [49]. Taken together, these observations suggest that Tregs employed a
versatile set of tools that was not constrained by vertebrate-based homologs.

An important question about the evolution of the suppressive mechanisms utilized
by Tregs is the exact time at which Tregs (CD4+ CD25+) came into existence in relation to
conventional T cells (CD4+ CD25—). Of particular interest is the Th17/Treg axis, which
is critical to the development of an autoimmune response. Th17 and Tregs share a large
part of their transcriptome. Previously, RORyt and FoxP3 have been shown to function
distinctively as master regulators of Th17 cells and Tregs, respectively. Interestingly, it
is now becoming clearer that the landscape of Th17-Tregs axis is more dynamic. Several
new populations have been discovered that express one or both transcription factors.
These populations include Trl, RORyt*FoxP3*IL17" and RORyt*FoxP3*IL17* cells [8]. It is
already known that both Th17 and Tregs belong to the CD4*Th group, which first appeared
in vertebrates. However, during thymic development, Tregs experience a delay in thymic
export, suggesting a difference in timing between Th17 and Treg differentiation hinting at a
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difference in emergence timing. Our results show that GATA3, the main transcription factor
of Th2 cells, has homologs as ancient as Cnidaria (Figure 2). Tbet, the master regulator of
Th1 cells, first existed in Spiralia (i.e., Mollusca). RORyt first diverged in Tunicates, and in
particular in Styela clava (e value < 1 x 10~22). Evidence of functional conversation exists
for Tbet, IRF4 and GATA3, but not for RORyt (Figure 3). FoxP3 belongs to the FoxP family,
which in turn belongs to the Fox superfamily. Fox family origination seems to have taken
place during Opisthokonta divergence [50]. However, FoxP3 emergence was estimated to
have occurred during early vertebrates’ divergence in conjunction with Treg emergence.
Treg-like cells have been found in chicken and zebrafish [51,52]. However, evidence of
the existence of CD4" T cells in early fish (e.g., elephant shark) is still lacking. It has been
claimed that Th1 cells could be found in cartilaginous fish. However, the existence of Tregs
and Th2 cells in elephant sharks is still controversial [53,54]. Furthermore, designating
FoxP3 as the sole master regulator of Tregs and as the single piece of evidence for Treg
existence could be misleading, as its presence in a given species does not strictly imply that
FoxP3 was performing a function analogous to what it performs in higher vertebrates. Thus,
the existence of FoxP3 in lower vertebrates such as elephant sharks does not guarantee the
existence of Tregs. Therefore, a detailed experimental analysis of the emergence of different
CD4" Th subsets in early fish species is still needed.

The mechanism of suppression of immune cells in invertebrates and lampreys is
intriguing. In agreement with [55,56] we found that TGFp2 is expressed in lampreys. It
was shown that TGFf3 plays an important role in lamprey developmental metamorphosis.
Importantly, it has recently been demonstrated that TGF(32 plays an essential role in
regulating the innate immune response by mounting a rapid upregulation in response to
lipopolysaccharide stimulation, as well as inhibiting activated leukocytes. Some evidence
supports a degree of functional similarity between TGFf in vertebrates and invertebrates,
as it has been shown that the addition of exogenous TGF(} suppresses immune response
in Cnidarians [57]. Similarly, we identified the IL6Rf (GP130) homolog in lampreys,
Tunicates, and Spiralia. IL6RB seems to have diverged before IL6 [24]. Additionally,
GP130 has been shown to form a complex within the IL6R family, and with IL6RA to form
IL6R, IL11R, IL27R, CNTF1R, CNTE2R, and OSMR. However, the absence of compatible
receptor chains could indicate that, at least in Tunicates, GP130 is likely to function in
a homodimeric fashion to perform an immune-related function in agreement with the
principle of ancient receptors promiscuity [25,58]. We localized TRAIL (TNFSF10) in
lampreys, Spiralia and Cnidaria. Recently it has been shown that TRAIL induces apoptosis
in invading pathogens in blood clam (Tegillarca granosa) [59]. This function provides a hint
as to how the immune system in jawless vertebrates and invertebrates could constitute a
link between the suppression mechanisms of the innate immune system and that of the
more novel adaptive immune system. Along the same line of evidence, lampreys possess
an ICER protein that is capable of regulating the NFAT pathway, albeit without proof of
the functional conservation of ICER in lampreys (Figure 3). Furthermore, the Calcineurin
pathways seem to be conserved in jawless vertebrates. Lampreys have two main types of
adaptive immune cells that are analogous to T cells (VLRA and VLRC) [60]. Interestingly,
FoxP3 does not seem to appear in lampreys, suggesting that lampreys lack a FoxP3+ Tregs.
It is important to note that lamprey genome sequencing databases suffer from a degree of
bias because of the high GC content, leading to assembly fragmentation [61,62]. Further
advancement in the field of whole-genome sequencing could prove vital to shedding light
on the evolution of suppression mechanisms in lampreys. Taken together, our results hint
that lampreys could possess a Treg-like cell; however, its function is not mediated by FoxP3.

The versatility of functional suppressor mechanisms is not confined to Tregs, but could
also be expanded to responder cells. The CD40-CD40L pathway, which is known to be
used by CD4+ CD25- T cells to resist Treg suppression, evolved under significant ancient
functional conservation (p-values = 0.00001 and 0.00002, respectively). A20, which is used
by Tregs to prevent DCs from inhibiting Tregs, does seem to have evolved under neutral
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selection, following Kimura’s hypothesis [63] (Table 4). In summary, adaptive immune cells
seem to have adopted mixtures of mechanisms to both suppress and evade suppression.
Our investigation supports the argument of a convergent origin of regulation of CD4+
helper T cells. We found that CTLA4 and LAG3 seem to have diverged from Ig-like
proteins. On the other hand, TRAIL and CD40L seem to have diverged from TNFRS10.
Interestingly, GITR and CD40R diverged from the TNFR superfamily, highlighting the role
of the TNF family and its receptors in CD4+ T cell regulation. This is further supported
by the emergence of A20 from a TNF a-induced family in sponges (Table 3). However,
other protein families, such as CUB and trypsin (99%)-containing domains, appear to have
contributed to Treg suppressor function. CD73 belongs to the ancient Ecto-5"-nucleotidase
family, which could have risen from Limimaricola hongkongensis. Drosophila has two CD73
homologs that regulate the axis of pro-inflammatory ATP/anti-inflammatory adenosine
using a similar mechanism to that of Tregs. The reconstructed ancestral sequence of ICER
seems to be homologous to the bZIP transcription factor domain-containing protein in
amoeba (Acanthamoeba castellanii) with an e-value of 7 x 10719 (Table 2). Our results suggest
that the suppression mechanisms of Tregs do not have a single origin. Conversely, Treg
suppression mechanisms’ proteins seem to belong to different protein families.

5. Conclusions

Our understanding of the evolutionary history of Tregs is by no means complete.
There are competing theories about the process of neo-/sub-functionalization of duplicated
genes. It is unclear if Treg evolution followed a conventional or a DCC pattern or a
mixture of both methods. These observations imply that the conservation of function is
a multi-factorial process. Thus, it could be controlled by other factors in addition to the
conservation of sequences among various species. This, in turn, paints a complex picture
of how Tregs acquired their versatile suppression techniques and inherently supports
a convergent origin for Tregs’ comprehensive abilities. Our findings suggest that Tregs
have repurposed a limited number of ancient suppression mechanisms that are probably
connected to invertebrates. Tregs used various techniques that are conserved in higher
vertebrates. These techniques could be more suitable for the needs of the adaptive immune
system. These findings suggest that Treg cell evolution was a selective process in which
Tregs chose pathways from vertebrates and invertebrates that best fit their purpose.

Author Contributions: S.B.,, M.L., NK,, PK,, A.G. and M.-EM.: data acquisition. T.K., J.O.H.
and M.S.: conceptualization. S.B.,, M.L., N.K,, ].P, PT. and M.-E.M.: analysis of data. S.B., A.G.,
M.-EM,, TK,, J.O.H., G.M. and M.S.: writing the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this manuscript are available upon request.

Acknowledgments: We would like to express our thanks to Macrious Abraham and Mariam Joachim
for their continuous support.

Conflicts of Interest: The authors declare no competing interests.

1. Ostroukhova, M.; Qi, Z,; Oriss, T.B.; Dixon-McCarthy, B.; Ray, P; Ray, A. Treg-Mediated Immunosuppression Involves Activation
of the Notch-HES1 Axis by Membrane-Bound TGF-p. |. Clin. Investig. 2006, 116, 996-1004. [CrossRef] [PubMed]

2. Nakamura, K,; Kitani, A.; Strober, W. Cell Contact-Dependent Immunosuppression by CD4+CD25+ Regulatory T Cells Is
Mediated by Cell Surface-Bound Transforming Growth Factor (3. J. Exp. Med. 2001, 194, 629-644. [CrossRef] [PubMed]

3. Kihn, R.; Lohler, J.; Rennick, D.; Rajewsky, K.; Miiller, W. Interleukin-10-Deficient Mice Develop Chronic Enterocolitis. Cell 1993,
75,263-274. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI26490
http://www.ncbi.nlm.nih.gov/pubmed/16543950
http://doi.org/10.1084/jem.194.5.629
http://www.ncbi.nlm.nih.gov/pubmed/11535631
http://doi.org/10.1016/0092-8674(93)80068-P
http://www.ncbi.nlm.nih.gov/pubmed/8402911

Curr. Issues Mol. Biol. 2023, 45 646

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Spencer, S.D.; Di Marco, E; Hooley, J.; Pitts-Meek, S.; Bauer, M.; Ryan, A.M.; Sordat, B.; Gibbs, V.C.; Aguet, M. The Orphan
Receptor CRF2-4 Is an Essential Subunit of the Interleukin 10 Receptor. J. Exp. Med. 1998, 187, 571-578. [CrossRef] [PubMed]
Olson, B.M.; Sullivan, J.A.; Burlingham, W.]. Interleukin 35: A Key Medjiator of Suppression and the Propagation of Infectious
Tolerance. Front. Immunol. 2013, 4, 315. [CrossRef]

Thornton, A.M.; Shevach, EM. CD4+CD25+ Immunoregulatory T Cells Suppress Polyclonal T Cell Activation in Vitro by
Inhibiting Interleukin 2 Production. J. Exp. Med. 1998, 188, 287-296. [CrossRef]

Bodor, J.; Bodorova, J.; Gress, R.E. Suppression of T Cell Function: A Potential Role for Transcriptional Repressor ICER. ]. Leukoc.
Biol. 2000, 67, 774-779. [CrossRef]

Bhaumik, S.; Mickael, M.E.; Moran, M.; Spell, M.; Basu, R. RORyt Promotes Foxp3 Expression by Antagonizing the Effector
Program in Colonic Regulatory T Cells. J. Immunol. 2021, 207, 2027-2038. [CrossRef]

Read, S.; Malmstrom, V.; Powrie, E. Cytotoxic T Lymphocyte-Associated Antigen 4 Plays an Essential Role in the Function of
CD25+CD#4+ Regulatory Cells That Control Intestinal Inflammation. J. Exp. Med. 2000, 192, 295-302. [CrossRef]

Sarris, M.; Andersen, K.G.; Randow, F.; Mayr, L.; Betz, A.G. Neuropilin-1 Expression on Regulatory T Cells Enhances Their
Interactions with Dendritic Cells during Antigen Recognition. Immunity 2008, 28, 402—413. [CrossRef]

Liang, B.; Workman, C.; Lee, J.; Chew, C.; Dale, B.M.; Colonna, L.; Flores, M.; Li, N.; Schweighoffer, E.; Greenberg, S.; et al.
Regulatory T Cells Inhibit Dendritic Cells by Lymphocyte Activation Gene-3 Engagement of MHC Class II. J. Immunol. 2008, 180,
5916-5926. [CrossRef]

Song, X.T.; Kabler, K.E.; Shen, L.; Rollins, L.; Huang, X.F; Chen, S.Y. A20 Is an Antigen Presentation Attenuator, and Its Inhibition
Overcomes Regulatory T Cell-Mediated Suppression. Nat. Med. 2008, 14, 258-265. [CrossRef]

Hénig, J.; Lutz, M.B. Suppression of Mature Dendritic Cell Function by Regulatory T Cells In Vivo Is Abrogated by CD40
Licensing. J. Immunol. 2008, 180, 1405-1413. [CrossRef]

Litman, G.W,; Rast, ].P; Fugmann, S.D. The Origins of Vertebrate Adaptive Immunity. Nat. Rev. Immunol. 2010, 10, 543-553.
[CrossRef]

Boehm, T.; McCurley, N.; Sutoh, Y.; Schorpp, M.; Kasahara, M.; Cooper, M.D. VLR-Based Adaptive Immunity. Annu. Rev. Immunol.
2012, 30, 203-220. [CrossRef]

Nakanishi, T.; Shibasaki, Y.; Matsuura, Y. T Cells in Fish. Biology 2015, 4, 640-663. [CrossRef]

Guo, P; Hirano, M.; Herrin, B.R,; Li, J.; Yu, C.; Sadlonova, A.; Cooper, M.D. Dual Nature of the Adaptive Immune System in
Lampreys. Nature 2009, 459, 796-801. [CrossRef]

Bhaumik, S.; Basu, R. Cellular and Molecular Dynamics of Th17 Differentiation and Its Developmental Plasticity in the Intestinal
Immune Response. Front. Immunol. 2017, 8, 254. [CrossRef]

Mickael, M.E.; Bhaumik, S.; Basu, R. Retinoid-Related Orphan Receptor RORyt in CD4+ T-Cell-Mediated Intestinal Homeostasis
and Inflammation. Am. J. Pathol. 2020, 190, 1984-1999. [CrossRef]

Lee, YK.; Mukasa, R.; Hatton, R.D.; Weaver, C.T. Developmental Plasticity of Th17 and Treg Cells. Curr. Opin. Immunol. 2009, 21,
274-280. [CrossRef]

Schmidt, A.; Oberle, N.; Krammer, P.H. Molecular Mechanisms of Treg-Mediated T Cell Suppression. Front. Immunol. 2012, 3, 51.
[CrossRef] [PubMed]

Kulmanov, M.; Khan, M. A.; Hoehndorf, R. DeepGO: Predicting Protein Functions from Sequence and Interactions Using a Deep
Ontology-Aware Classifier. Bioinformatics 2018, 34, 660-668. [CrossRef] [PubMed]

Kubick, N.; Brosamle, D.; Mickael, M.E. Molecular Evolution and Functional Divergence of the IgLON Family. Evol. Bioinform.
2018, 14, 1176934318775081. [CrossRef] [PubMed]

Kubick, N.; Klimovich, P; Flournoy, PH.; Biefikowska, I.; Lazarczyk, M.; Sacharczuk, M.; Bhaumik, S.; Mickael, M.-E.; Basu, R.
Interleukins and Interleukin Receptors Evolutionary History and Origin in Relation to CD4+ T Cell Evolution. Genes 2021, 12, 813.
[CrossRef] [PubMed]

Mickael, M.E.; Rajput, A.; Steyn, J.; Wiemerslage, L.; Biirglin, T. An Optimised Phylogenetic Method Sheds More Light on the
Main Branching Events of Rhodopsin-like Superfamily. Comp. Biochem. Physiol. Part D Genom. Proteom. 2016, 20, 85-94. [CrossRef]
Mickael, M.-E.; Kubick, N.; Klimovich, P; Flournoy, P.H.; Biertkowska, I.; Sacharczuk, M. Paracellular and Transcellular Leukocytes
Diapedesis Are Divergent but Interconnected Evolutionary Events. Genes 2021, 12, 254. [CrossRef]

Huson, D.H.; Bryant, D. Application of Phylogenetic Networks in Evolutionary Studies. Mol. Biol. Evol. 2006, 23, 254-267.
[CrossRef]

Gabler, F; Nam, S.Z; Till, S.; Mirdita, M.; Steinegger, M.; Soding, J.; Lupas, A.N.; Alva, V. Protein Sequence Analysis Using the
MPI Bioinformatics Toolkit. Curr. Protoc. Bioinform. 2020, 72, €108. [CrossRef]

Toéroénen, P.; Medlar, A.; Holm, L. PANNZER2: A Rapid Functional Annotation Web Server. Nucleic Acids Res. 2018, 46, W84-W88.
[CrossRef]

Bernhofer, M.; Dallago, C.; Karl, T.; Satagopam, V.; Heinzinger, M.; Littmann, M.; Olenyi, T.; Qiu, J.; Schiitze, K.; Yachdav, G.; et al.
PredictProtein—Predicting Protein Structure and Function for 29 Years. Nucleic Acids Res. 2021, 49, W535-W540. [CrossRef]
Yang, Z. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol. Biol. Evol. 2007, 24, 1586-1591. [CrossRef]

Yang, L.; Jia, S.; Shao, X; Liu, S.; Zhang, Q.; Song, J.; Wang, W.; Jin, Z. Interleukin-35 Modulates the Balance between Viral Specific
CD4 + CD25 + CD127 Dim/- Regulatory T Cells and T Helper 17 Cells in Chronic Hepatitis B Virus Infection. Virol. . 2019, 16, 48.
[CrossRef]


http://doi.org/10.1084/jem.187.4.571
http://www.ncbi.nlm.nih.gov/pubmed/9463407
http://doi.org/10.3389/fimmu.2013.00315
http://doi.org/10.1084/jem.188.2.287
http://doi.org/10.1002/jlb.67.6.774
http://doi.org/10.4049/jimmunol.2100175
http://doi.org/10.1084/jem.192.2.295
http://doi.org/10.1016/j.immuni.2008.01.012
http://doi.org/10.4049/jimmunol.180.9.5916
http://doi.org/10.1038/nm1721
http://doi.org/10.4049/jimmunol.180.3.1405
http://doi.org/10.1038/nri2807
http://doi.org/10.1146/annurev-immunol-020711-075038
http://doi.org/10.3390/biology4040640
http://doi.org/10.1038/nature08068
http://doi.org/10.3389/fimmu.2017.00254
http://doi.org/10.1016/j.ajpath.2020.07.010
http://doi.org/10.1016/j.coi.2009.05.021
http://doi.org/10.3389/fimmu.2012.00051
http://www.ncbi.nlm.nih.gov/pubmed/22566933
http://doi.org/10.1093/bioinformatics/btx624
http://www.ncbi.nlm.nih.gov/pubmed/29028931
http://doi.org/10.1177/1176934318775081
http://www.ncbi.nlm.nih.gov/pubmed/29844654
http://doi.org/10.3390/genes12060813
http://www.ncbi.nlm.nih.gov/pubmed/34073576
http://doi.org/10.1016/j.cbd.2016.08.005
http://doi.org/10.3390/genes12020254
http://doi.org/10.1093/molbev/msj030
http://doi.org/10.1002/cpbi.108
http://doi.org/10.1093/nar/gky350
http://doi.org/10.1093/nar/gkab354
http://doi.org/10.1093/molbev/msm088
http://doi.org/10.1186/s12985-019-1158-0

Curr. Issues Mol. Biol. 2023, 45 647

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

Staudt, V.; Bothur, E.; Klein, M.; Lingnau, K.; Reuter, S.; Grebe, N.; Gerlitzki, B.; Hoffmann, M.; Ulges, A.; Taube, C.; et al.
Interferon-Regulatory Factor 4 Is Essential for the Developmental Program of T Helper 9 Cells. Immunity 2010, 33, 192-202.
[CrossRef]

Patient, R.K.; McGhee, J.D. The GATA Family (Vertebrates and Invertebrates). Curr. Opin. Genet. Dev. 2002, 12, 416—422.
[CrossRef]

Chadwick, B.P; Frischauf, A.-M. The CD39-like Gene Family: Identification of Three New Human Members (CD39L2, CD39L3,
and CD39L4), Their Murine Homologues, and a Member of the Gene Family FromDrosophila Melanogaster. Genomics 1998, 50,
357-367. [CrossRef]

Fenckova, M.; Hobizalova, R.; Fric, Z.F; Dolezal, T. Functional Characterization of Ecto-5'-Nucleotidases and Apyrases in
Drosophila Melanogaster. Insect Biochem. Mol. Biol. 2011, 41, 956-967. [CrossRef]

Kucerova, L.; Broz, V,; Fleischmannova, J.; Santruckova, E.; Sidorov, R.; Dolezal, V.; Zurovec, M. Characterization of the Drosophila
Adenosine Receptor: The Effect of Adenosine Analogs on CAMP Signaling in Drosophila Cells and Their Utility for in Vivo
Experiments. J. Neurochem. 2012, 121, 383-395. [CrossRef]

Bodor, J.; Fehervari, Z.; Diamond, B.; Sakaguchi, S. ICER/CREM-Mediated Transcriptional Attenuation of IL-2 and Its Role in
Suppression by Regulatory T Cells. Eur. J. Immunol. 2007, 37, 884-895. [CrossRef]

Van Der Merwe, P.A_; Bodian, D.L.; Daenke, S.; Linsley, P; Davis, S.J. CD80 (B7-1) Binds Both CD28 and CTLA-4 with a Low
Affinity and Very Fast Kinetics. J. Exp. Med. 1997, 185, 393-404. [CrossRef]

Oderup, C.; Cederbom, L.; Makowska, A.; Cilio, C.M.; Ivars, F. Cytotoxic T Lymphocyte Antigen-4-Dependent down-Modulation
of Costimulatory Molecules on Dendritic Cells in CD4+ CD25+ Regulatory T-Cell-Mediated Suppression. Immunology 2006, 118,
240-249. [CrossRef]

Lefort, C.T.; Ley, K. Neutrophil Arrest by LFA-1 Activation. Front. Immunol. 2012, 3, 157. [CrossRef] [PubMed]

Parker, M.W.; Guo, H.E,; Li, X,; Linkugel, A.D.; Vander Kooi, C.W. Function of Members of the Neuropilin Family as Essential
Pleiotropic Cell Surface Receptors. Biochemistry 2012, 51, 9437-9446. [CrossRef] [PubMed]

Bots, M.; Medema, J.P. Granzymes at a Glance. |. Cell Sci. 2006, 119, 5011-5014. [CrossRef] [PubMed]

Rao, A.; Luo, C.; Hogan, P.G. Transcription Factors of the NFAT Family: Regulation and Function. Annu. Rev. Immunol. 1997, 15,
707-747. [CrossRef] [PubMed]

Zimmermann, H. 5'-Nucleotidase: Molecular Structure and Functional Aspects. Biochem. J. 1992, 285, 345-365. [CrossRef]
Robson, S.C.; Sévigny, J.; Zimmermann, H. The E-NTPDase Family of Ectonucleotidases: Structure Function Relationships and
Pathophysiological Significance. Purinergic Signal. 2006, 2, 409—-430. [CrossRef]

Zhou, T,; Yan, X.; Wang, G.; Liu, H.; Gan, X; Zhang, T.; Wang, J.; Li, L. Evolutionary Pattern and Regulation Analysis to Support
Why Diversity Functions Existed within PPAR Gene Family Members. BioMed Res. Int. 2015, 2015, 613910. [CrossRef]

Bernard, D.; Riteau, B.; Hansen, ].D.; Phillips, R.B.; Michel, E; Boudinot, P.; Benmansour, A. Costimulatory Receptors in a Teleost
Fish: Typical CD28, Elusive CTLAA4. . Immunol. 2006, 176, 4191-4200. [CrossRef]

Muiiiz Ortiz, J.G.; Opoka, R.; Kane, D.; Cartwright, I.L. Investigating Arsenic Susceptibility from a Genetic Perspective in
Drosophila Reveals a Key Role for Glutathione Synthetase. Toxicol. Sci. 2009, 107, 416—426. [CrossRef]

Mendoza-Coronel, E.; Castafion-Arreola, M. Comparative Evaluation of in Vitro Human Macrophage Models for Mycobacterial
Infection Study. Pathog. Dis. 2016, 74, ftw052. [CrossRef]

Hui, S.P; Sheng, D.Z.; Sugimoto, K.; Gonzalez-Rajal, A.; Nakagawa, S.; Hesselson, D.; Kikuchi, K. Zebrafish Regulatory T Cells
Mediate Organ-Specific Regenerative Programs. Dev. Cell 2017, 43, 659-672.€5. [CrossRef]

Burkhardt, N.B.; Elleder, D.; Schusser, B.; Krchlikova, V.; Gobel, T.W.; Hartle, S.; Kaspers, B. The Discovery of Chicken Foxp3
Demands Redefinition of Avian Regulatory T Cells. J. Immunol. 2022, 208, 1128-1138. [CrossRef]

Dijkstra, .M. TH2 and Treg Candidate Genes in Elephant Shark. Nature 2014, 511, E7-E9. [CrossRef]

Venkatesh, B.; Lee, A.P; Ravi, V.; Maurya, A.K,; Lian, M.M.; Swann, J.B.; Ohta, Y.; Flajnik, M.F.; Sutoh, Y.; Kasahara, M.; et al.
Elephant Shark Genome Provides Unique Insights into Gnathostome Evolution. Nature 2014, 505, 174-179. [CrossRef]
Chung-Davidson, Y.W.; Ren, J.; Yeh, C.Y.; Bussy, U.; Huerta, B.; Davidson, PJ.; Whyard, S.; Li, W. TGF-f3 Signaling Plays a Pivotal
Role During Developmental Biliary Atresia in Sea Lamprey (Petromyzon Marinus). Hepatol. Commun. 2020, 4, 219-234. [CrossRef]
Liu, S.; Guo, J.; Cheng, X.; Li, W,; Lyu, S.; Chen, X,; Li, Q.; Wang, H. Molecular Evolution of Transforming Growth Factor-
(TGF-B) Gene Family and the Functional Characterization of Lamprey TGF-B2. Front. Immunol. 2022, 13, 2318. [CrossRef]
Detournay, O.; Schnitzler, C.E.; Poole, A.; Weis, V.M. Regulation of Cnidarian-Dinoflagellate Mutualisms: Evidence That
Activation of a Host TGFf3 Innate Immune Pathway Promotes Tolerance of the Symbiont. Dev. Comp. Immunol. 2012, 38, 525-537.
[CrossRef]

Liongue, C.; Ward, A.C. Evolution of Class I Cytokine Receptors. BMC Evol. Biol. 2007, 7, 120. [CrossRef]

Liu, G.; Yang, C,; Liu, J.; Huang, T.; Lin, L.; Gu, L.; Li, Z.; Chen, M. Functional Characterization of a Putative Tumor Necrosis
Factor Superfamily Member 10 in Blood Clam (Tegillarca Granosa). Dev. Comp. Immunol. 2021, 124, 104172. [CrossRef]

Das, S.; Li, J.; Hirano, M.; Sutoh, Y.; Herrin, B.R.; Cooper, M.D. Evolution of Two Prototypic T Cell Lineages. Cell. Immunol. 2015,
296, 87-94. [CrossRef]

Chen, Y.C,; Liu, T,; Yu, C.H.; Chiang, T.Y.; Hwang, C.C. Effects of GC Bias in Next-Generation-Sequencing Data on De Novo
Genome Assembly. PLoS ONE 2013, 8, e62856. [CrossRef] [PubMed]


http://doi.org/10.1016/j.immuni.2010.07.014
http://doi.org/10.1016/S0959-437X(02)00319-2
http://doi.org/10.1006/geno.1998.5317
http://doi.org/10.1016/j.ibmb.2011.09.005
http://doi.org/10.1111/j.1471-4159.2012.07701.x
http://doi.org/10.1002/eji.200636510
http://doi.org/10.1084/jem.185.3.393
http://doi.org/10.1111/j.1365-2567.2006.02362.x
http://doi.org/10.3389/fimmu.2012.00157
http://www.ncbi.nlm.nih.gov/pubmed/22701459
http://doi.org/10.1021/bi3012143
http://www.ncbi.nlm.nih.gov/pubmed/23116416
http://doi.org/10.1242/jcs.03239
http://www.ncbi.nlm.nih.gov/pubmed/17158907
http://doi.org/10.1146/annurev.immunol.15.1.707
http://www.ncbi.nlm.nih.gov/pubmed/9143705
http://doi.org/10.1042/bj2850345
http://doi.org/10.1007/s11302-006-9003-5
http://doi.org/10.1155/2015/613910
http://doi.org/10.4049/jimmunol.176.7.4191
http://doi.org/10.1093/toxsci/kfn192
http://doi.org/10.1093/femspd/ftw052
http://doi.org/10.1016/j.devcel.2017.11.010
http://doi.org/10.4049/jimmunol.2000301
http://doi.org/10.1038/nature13446
http://doi.org/10.1038/nature12826
http://doi.org/10.1002/hep4.1461
http://doi.org/10.3389/fimmu.2022.836226
http://doi.org/10.1016/j.dci.2012.08.008
http://doi.org/10.1186/1471-2148-7-120
http://doi.org/10.1016/j.dci.2021.104172
http://doi.org/10.1016/j.cellimm.2015.04.007
http://doi.org/10.1371/journal.pone.0062856
http://www.ncbi.nlm.nih.gov/pubmed/23638157

Curr. Issues Mol. Biol. 2023, 45 648

62. Smith, ].].; Kuraku, S.; Holt, C.; Sauka-Spengler, T.; Jiang, N.; Campbell, M.S.; Yandell, M.D.; Manousaki, T.; Meyer, A.; Bloom,
O.E;; et al. Sequencing of the Sea Lamprey (Petromyzon Marinus) Genome Provides Insights into Vertebrate Evolution. Nat. Genet.
2013, 45, 415-421. [CrossRef] [PubMed]

63. Kimura, M. Evolutionary Rate at the Molecular Level. Nature 1968, 217, 624—626. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/ng.2568
http://www.ncbi.nlm.nih.gov/pubmed/23435085
http://doi.org/10.1038/217624a0
http://www.ncbi.nlm.nih.gov/pubmed/5637732

	Introduction 
	Methods 
	Database Search 
	Alignment and Phylogenetic Analysis 
	Ancestral Sequence Reconstruction (ASR) 
	HHsearch 
	Non-Homology Functional Prediction 
	Positive Selection 

	Results 
	Analysis of Treg Suppressor Markers Reveals Multiple Origins of Suppression Mechanisms 
	Positive Selection Analysis Indicates That Tregs Employed Both Highly Conserved and Rapidly Evolving Mechanisms 

	Discussion 
	Conclusions 
	References

