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Abstract
Bats are considered natural hosts for numerous viruses. Their ability to carry viruses that cause severe dis-
eases or even death in other mammals without falling ill themselves has attracted widespread research atten-
tion. Toll-like receptor 2 forms heterodimers with Toll-like receptor 1 or Toll-like receptor 6 on cell 
membranes, recognizing specific pathogen-associated molecular patterns and playing a key role in innate im-
mune responses. Previous studies have shown that moderate Toll-like receptor 2–mediated immune signals 
aid in pathogen clearance, while excessive or inappropriate Toll-like receptor 2–mediated immune signals 
can cause self-damage. In this study, we observed that TLR2, unlike TLR1 or TLR6, has undergone relaxed se-
lection in bats compared with other mammals, indicating a reduced functional constraint on TLR2 specifically 
in bats. Indeed, our cell-based functional assays demonstrated that the ability of Toll-like receptor 2 to bind 
with Toll-like receptor 1 or Toll-like receptor 6 was significantly reduced in bats, leading to dampened inflam-
matory signaling. We identified mutations unique to bats that were responsible for this observation. 
Additionally, we found that mutations at residues 375 and 376 of Toll-like receptor 2 in the common ancestor 
of bats also resulted in reduced inflammatory response, suggesting that this reduction occurred early in bat 
evolution. Together, our study reveals that the Toll-like receptor 2–mediated inflammatory response has been 
specifically dampened in bats, which may be one of the reasons why they could harbor many viruses without 
falling ill.
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Introduction
Bats (order Chiroptera) comprise the second-largest mam-
malian group in the world and are unique as the only 
mammals capable of true and sustained flight (Hao et al. 
2024). Bats have been identified as natural hosts for various 
viruses, including Marburg virus, Hendra virus, and Nipah 
virus (Letko et al. 2020; Weber et al. 2023). Polymerase 
chain reaction (PCR) and serological evidence further 
suggest that bats may also serve as natural hosts for the 
Ebola virus (Weber et al. 2023). Furthermore, severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), which 
triggered a global pandemic at the end of 2019, is sus-
pected to have originated in bats (Zhou et al. 2020). It is 
noteworthy that many viruses, which can cause severe 
diseases and even death in other animals, typically do 
not induce apparent illness in bats (Shi 2010; Wynne and 
Wang 2013). Previous studies have indicated that certain 
bat-specific features prevent bats from inducing excessive 
immune and inflammatory responses following viral 

infections (Hayman 2019), such as a unique mutation at 
amino acid position 358 in the STING protein, a complete 
loss of the Pyhin gene family, and the absence of NLRP1 in 
Old World fruit bats (Ahn et al. 2016; Xie et al. 2018; Tian 
et al. 2023).

Toll-like receptors (TLRs) are a family of pathogen- 
associated receptors with the ability to recognize a diverse 
array of pathogen-associated molecular patterns (PAMPs; 
Lim and Staudt 2013). This nomenclature was originated 
from the first identification of the Toll protein in the 
fruit fly Drosophila melanogaster (Hashimoto et al. 1988). 
Members of the TLR family share a common protein 
structure, encompassing an ectodomain with leucine-rich 
repeats (LRRs) for the PAMP recognition, a transmem-
brane domain, and an intracellular Toll-IL-1 receptor do-
main for downstream signal transduction (Kang and Lee 
2011; Lim and Staudt 2013). To date, TLRs have been wide-
ly identified in vertebrates and are known for their import-
ant roles in innate immunity (Leulier and Lemaitre 2008). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/42/1/m
sae253/7921912 by W

uhan U
niversity Library user on 10 January 2025

huabi
高亮

huabi
高亮

huabi
高亮

huabi
高亮



The TLR family contains varying members across different 
animal species, such as 10 members in humans and 12 in 
mice (Anderson et al. 1985; Cook et al. 2004; Beutler et al. 
2006). Each TLR family member can detect a specific class 
of PAMPs (Cook et al. 2004; Beutler et al. 2006; Lim and 
Staudt 2013). Specifically, TLR2 can form a heterodimer 
with either TLR1 or TLR6 to recognize lipoproteins, 
TLR3 recognizes double-stranded RNA, TLR4 recognizes 
lipopolysaccharide, TLR5 recognizes flagellin, TLR7 and 
TLR8 recognize single-stranded RNA, and TLR9 recog-
nizes DNA (Takeda and Akira 2004; Lim and Staudt 
2013). Upon activation by ligands, TLRs recruit a specific 
set of adaptor proteins, such as MyD88 and TRIF, initiat-
ing a cascade of downstream signaling events culminating 
in the secretion of inflammatory cytokines, type I inter-
feron, chemokines, and antimicrobial peptides (Kaisho 
and Akira 2006). The importance of TLRs goes beyond 
their classical roles in host defense. Recent research has 
unveiled intricate connections between TLR activation 
and various physiological processes, ranging from tissue 
development to the maintenance of homeostasis 
(Smith et al. 1997; Kielian et al. 2002; Warden et al. 
2019; Burgueño and Abreu 2020). Additionally, investiga-
tions into the modulation of TLR signaling have opened 
avenues for therapeutic interventions, with potential ap-
plications in the treatment of inflammatory disorders and 
infectious diseases (Xun et al. 2021; Squillace and 
Salvemini 2022).

Previous studies on bat TLRs were relatively limited 
and primarily centered on TLR3, 7, 8, and 9, which are 
TLRs that recognize nucleic acids (Escalera-Zamudio 
et al. 2015; Schad and Voigt 2016; Jiang et al. 2017). 
This focus may be attributed to the widely acknowledged 
associations between these receptors and viral infections. 
However, it is crucial to acknowledge that other TLRs also 
play important roles in antiviral immunity. For instance, 
TLR1, 2, and 6 actively contribute to the recognition of 
herpes simplex virus, SARS-CoV-2, and respiratory syn-
cytial virus (Kurt-Jones et al. 2004; Murawski et al. 2009; 
Zheng et al. 2021). Our recent study also demonstrated 
lineage-specific mutations at sites in MyD88 in Old 
World fruit bats, and these sites are involved in its bind-
ing with TLR2, resulting in diminished expression of 
downstream inflammatory factors upon ligand stimula-
tion in these bats (Tian et al. 2023). In this study, we ob-
served that TLR2 in bats evolves at a faster rate compared 
with other mammals, particularly along the common an-
cestral lineage of all bats. Furthermore, through function-
al experiments, we discovered that bat TLR2 exhibits a 
dampened function in its ability to heterodimerization 
with TLR1 or TLR6, leading to a dampened inflammatory 
response, which may be attributed to the occurrence of 
lineage-specific mutations at sites involved in heterodi-
merization in bat TLR2. Two adjacent residues in TLR2, 
375 and 376, which are involved in heterodimerization, 
simultaneously mutated in the common ancestor of 
bats. Introducing these two mutations into human 
TLR2 significantly weakened its binding affinity with 

both TLR1 and TLR6. These findings reveal the unique 
evolutionary trajectory of TLR2 in bats compared with 
other mammals.

Results
TLR2 Is Under Relaxed Selection in Bats
To test the possibility of differential selection pressure on 
TLR2, TLR1, and TLR6 between bats and other mammals, 
we estimated the nonsyonymous and synonymous sub-
stitution rate ratios (ω) using PAML (Yang 2007). In a da-
taset comprising 26 bat species spanning 9 families and 52 
nonbat mammal species from 24 families across 9 orders 
(Fig. 1a; supplementary tables S1 and S2 and dataset S1 to 
S3, Supplementary Material online), we found that TLR2 
in bats has a significantly higher ω than in other mammals 
(P = 5.89 × 10−8), indicating that bat TLR2 has undergone 
accelerated evolution, reflecting either relaxed or positive 
selection. Notably, the common ancestor of bats showed 
a much higher ω for TLR2 than other mammals (ω =  
1.69, P = 8.18 × 10−4), though not significantly different 
from 1 (P = 0.301; supplementary table S2, Supplementary 
Material online). The results estimated by the RELAX pro-
gram (Wertheim et al. 2015) support that selective pressure 
on TLR2 was relaxed in bats compared with other mam-
mals, with k = 0.73 (likelihood ratio test, P = 1.195 × 10−4; 
supplementary table S3, Supplementary Material online). 
By contrast, we did not observe a higher ω in bats (or their 
common ancestor) relative to other mammals for TLR1 and 
TLR6, respectively (supplementary table S2, Supplementary 
Material online). Together, these findings suggest that TLR2 
has experienced relaxed selection in bats compared with 
other mammals, indicating a reduced functional constraint 
on TLR2 specifically in bats.

TLR2-Mediated Inflammatory Signaling Is Dampened 
in Bats
Next, we investigated the response to agonists of human, 
black flying fox (Pteropus alecto), and Brazilian free-tailed 
bat (Tadarida brasiliensis) TLR2 when cotransfected with 
their respective TLR1 or TLR6. Compared with the trans-
fection of TLR2 alone, cotransfection of human TLR2 
with either TLR1 or TLR6 resulted in a significantly higher 
expression of interleukin (IL) 8 and tumor necrosis factor α 
(TNF α) upon stimulation with their corresponding ago-
nists (Fig. 1b; supplementary table S5, Supplementary 
Material online). However, no significant difference 
was observed in the cells of both bat species (Fig. 1c 
and d; supplementary fig. S1, supplementary table S5, 
Supplementary Material online). Colocalization imaging 
indicates that TLR1, TLR2, and TLR6 of both bat species 
are localized on the cell membrane, and there is a good 
colocalization of TLR2 with both TLR1 and TLR6, which 
is similar to that in humans (supplementary fig. S2, 
Supplementary Material online). Using a coimmunopreci-
pitation (Co-IP) approach, we found that, upon agonist 
stimulations, human TLR2 showed apparent interactions 
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(a) (b)

(c)

(d)

(f)

(e)

(g) (h)

Fig. 1. Dampened ability of bats’ TLR2-TLR1 and TLR2-TLR6 heterodimers to induce downstream inflammatory signaling is attributed to the 
reduced binding affinity between TLR2 and TLR1 or TLR6. a) A phylogenetic tree depicting the species used in this study. The bat icon was taken 
from www.svgrepo.com. The bold line with the bat icon above represents the common ancestral branch of bats. b to d) Expression levels of IL8 
were measured after transfecting PEAKrapid, PaKi, and Tb 1 lu cells with TLR2 from H. sapiens (h), P. alecto (p), and T. brasiliensis (t) alone or 
cotransfected them with their respective TLR1 or TLR6, followed by stimulation with Pam3CSK4 or FSL-1 (Student’s t test, **0.001 ≤ P ≤ 0.01). 
e) Total lysates and Co-IP were obtained from cells cotransfected with TLR2-HA and either TLR1-Flag or TLR6-Flag. Hsap, H. sapiens; Tbra, 
T. brasiliensis, Pale, P. alecto. f) The DRs of TLR1, TLR2, and TLR6 from bats were introduced into their corresponding human molecules. 
Various plasmid combinations were transfected, and the relative expression levels of inflammatory factors were quantified following stimulation. 
The significance of each dataset was determined by comparison with the positive control, as shown by the first bar in each graph (Student’s t 
test, ***P < 0.001, **0.001 ≤ P < 0.01). g to h) The DRs of human TLR1, TLR2, and TLR6 were introduced into their corresponding molecules from 
bats. Various plasmid combinations were transfected, and the relative expression levels of inflammatory factors were quantified following stimu-
lation. The significance of each dataset was determined by comparison with the positive control, as shown by the first bat in each graph 
(Student’s t test, **0.001 ≤ P < 0.01, *0.01 ≤ P < 0.05). Bars without asterisks (*) indicate no significant difference.
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with both TLR1 and TLR6, but the TLR2 of both bat species 
did not pull down TLR1 and TLR6 under the same condi-
tions (Fig. 1e).

To rule out the possibility of our results being influ-
enced by species specificity of agonists and to determine 
which among TLR1, TLR2, and TLR6 primarily compro-
mises binding affinity, we exchanged the regions respon-
sible for dimerization (dimerization region [DR]) among 
these three molecules between humans and the two 
bat species, through constructing various chimeric mole-
cules (supplementary fig. S3, Supplementary Material on-
line). Results revealed that inserting bat DRs into human 
TLR1, TLR2, and TLR6 significantly decreased the expres-
sion of inflammatory factors after Pam3CSK4 (a TLR2/1 
agonist) or fibroblast stimulating lipopeptide 1 (i.e. FSL- 
1, a TLR2/6 agonist) stimulation (Fig. 1f; supplementary 
figs. S4 and S5, Supplementary Material online). 
Through cotransfection with different plasmid combina-
tions, we found that while replacing the DRs of TLR1 and 
TLR6 has minimal impact, substituting the DR of TLR2 
notably reduced the expression level of inflammatory fac-
tors (supplementary figs. S5 and S6 and table S5, 
Supplementary Material online). After inserting the hu-
man DR into the TLR2 of both bat species, there was a 
significant increase in the expression level of inflamma-
tory factors upon stimulation, while inserting the human 
DR into bat TLR1 or TLR6 showed no apparent impact 
(Fig. 1g and h; supplementary figs. S7 and S8 and table 
S5, Supplementary Material online). These results indi-
cate that bats may have significantly dampened or even 
lost the ability to form TLR2-TLR1 and TLR2-TLR6 hetero-
dimers, resulting in a decreased capacity to mediate the 
expression of inflammatory factors after stimulation. 
The alterations in the DR of TLR2 appear to be the pri-
mary cause.

TLR2 Mutations Unique to Bats Lead to Dampened 
Inflammatory Signaling
The dampened binding ability of TLR2 with TLR1 or TLR6 
specifically in bats indicates the possible occurrence of bat- 
specific mutations at sites involved in their interaction. 
Thus, we compared the differences in the sites involved 
in heterodimerization with TLR1 or TLR6 in TLR2, as 
identified in previous studies, between bats and other 
mammals (Jin et al. 2007; Kang et al. 2009). Many of these 
sites exhibited lineage-specific amino acid changes in 
bats, especially those involved in ionic interactions 
(Fig. 2a; supplementary fig. S9, Supplementary Material
online). Specifically, residues 321, 347, 369, 374, 375, 378, 
and 404, involved in ionic interactions, exhibit different ami-
no acid changes in bats compared with other mammals. 
Meanwhile, residues 373 and 376, involved in hydrophobic 
interaction or hydrogen bonding, also show bat-specific dif-
ferences (Fig. 2a; supplementary fig. S9, Supplementary 
Material online). Notably, the two adjacent residues, 375 
and 376, in bats exhibit amino acid changes that are com-
pletely different from those in other mammals (Fig. 2a).

Since most of the species-specific mutations occur in 
the sites involved in ionic interactions in bat TLR2, we con-
ducted the analysis of alanine scanning mutagenesis on 
these sites in human TLR2 to investigate the individual 
impact of single mutations. These results indicate that 
the hTLR2-K347A (i.e. human TLR2 with the K347A 
mutation) and hTLR2-E375A variants significantly reduced 
the expression level of inflammatory factors mediated 
by TLR2-TLR1 (Fig. 2b; supplementary table S5, 
Supplementary Material online). However, the mutations 
of individual sites to alanine did not have a significant 
impact on the expression level of inflammatory factors 
mediated by TLR6-TLR2 upon being stimulated by FSL-1 
(Fig. 2c; supplementary table S5, Supplementary Material
online). Subsequently, we introduced mutations at these 
sites from the black flying fox (P. alecto) into human 
TLR2 and obtained results consistent with our analysis 
of alanine scanning mutagenesis (Fig. 2d and e; 
supplementary table S5, Supplementary Material online). 
Additionally, we mutated residues involved in hydropho-
bic interactions and hydrogen bonding, which harbor bat- 
specific mutations in human TLR2. The results showed 
that mutating residue 376 led to a significant decrease in 
the expression of TLR2-TLR1–mediated inflammatory fac-
tors, while having no apparent effect on TLR2-TLR6 (Fig. 2f 
and g; supplementary table S5, Supplementary Material
online). However, the expression level of inflammatory 
factors in bat cells did not show a significant change 
upon stimulation with agonists when a specific residue 
was mutated in bat TLR2 (supplementary figs. S10 to 
S12, supplementary table S5, Supplementary Material on-
line). Together, the sites in bat TLR2 involved in the het-
erodimerization of TLR1 and TLR6 exhibit bat-specific 
mutations. These mutations may reduce the binding affin-
ity of bat TLR2 with TLR1 and TLR6, leading to dampened 
inflammatory signaling.

Dampened Inflammatory Signaling Occurred in the 
Common Ancestor of Bats
Residues 375 and 376 in TLR2 are the only two residues 
that differ completely across all bat species compared 
with nonbat mammals. Residue 375 is strictly Glu (E) in 
nonbat mammals but consistently Asn (N) in all bats 
(Fig. 3a). In bats, residue 376 is Phe (F), Ser (S), or Leu 
(L), which have not been observed in other mammals 
(Fig. 3a). Although residue 376 is Thr (T) in certain nonbat 
mammals, previous studies have shown that Y376T muta-
tion in human TLR2 did not affect the activation level of 
TLR2/1 (Fig. 3a; Koymans et al. 2018; Su et al. 2019). By 
reconstructing the TLR2 amino acid sequence of the com-
mon ancestor of bats, we found that residues 375 and 376 
in the common ancestor of bats had mutated to Asn (N) 
and Leu (L), respectively. Compared with other mammals, 
the amino acids at the two sites are unique in the common 
ancestor of bats, whereas those at other sites involved 
in heterodimerization are also found in other mammals. 
Applying homology-based structural modeling, we 

Zeng et al. · https://doi.org/10.1093/molbev/msae253                                                                                          MBE

4

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/42/1/m
sae253/7921912 by W

uhan U
niversity Library user on 10 January 2025



predicted that simultaneous mutations at these two sites 
in human TLR2 to NL will severely impair its interaction 
with TLR6 (Fig. 3b). To validate this prediction, we mu-
tated the two sites in human TLR2 to NF (i.e. Asn and 

Phe), NS (i.e. Asn and Ser), or NL (i.e. Asn and Leu), resem-
bling those in bats, and cotransfected them with TLR1 or 
TLR6 (Fig. 3a). When these TLR2 mutants are 
cotransfected with TLR1 or TLR6, the expression levels 

(a)

(b) (c)

(d) (e)

(f) (g)

Fig. 2. Bat-specific mutations in TLR2 reduce the expression levels of IL8 mediated by TLR2-TLR1 and TLR2-TLR6. a) Logo plots showing sequence 
conservation and variation. Residues 321, 347, 369, 373, 374, 378, and 404 are unique in some bat species, while residues 375 and 376 differ from 
those in nonbat mammals across all bat species. b and c) Relative expression levels of inflammatory factors were measured following stimulation, 
after mutating the sites involved in ionic interactions in human TLR2 to alanine (i.e. a). The significance of each dataset was determined by com-
parison with the positive control, as shown by the first bar in each graph (Student’s t test, **0.001 ≤ P < 0.01, *0.01 ≤ P < 0.05). Bars without asterisks 
(*) indicate no significant difference. d and e) Mutating the sites involved in ionic interactions in human TLR2 to the corresponding sites found in 
bats (P. alecto). The significance of each dataset was determined by comparison with the positive control, as shown by the first bar in each graph 
(Student’s t test, ***P < 0.001, **0.001 ≤ P < 0.01). f and g) Mutating the sites involved in hydrophobic interactions or hydrogen bonding in human 
TLR2 to their corresponding sites in bats (P. alecto). The significance of each dataset was determined by comparison with the positive control, as 
shown by the first bar in each graph (Student’s t test, ***P < 0.001, **0.001 ≤ P < 0.01).
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of inflammatory factors were significantly decreased 
compared with the wild-type TLR2 (Fig. 3c and d; 
supplementary table S5, Supplementary Material online). 
The results of the Co-IP assay showed that the human 
TLR2 carrying bat-specific mutations appeared to have 
pulled down less TLR1 and TLR6 compared with the human 
wild-type TLR2 (Fig. 3e and f). By contrast, the single muta-
tion hTLR2-E375N or hTLR2-Y376F significantly attenuated 
the expression of inflammatory factors mediated by 
TLR2-TLR1, but had no significant impact on TLR2-TLR6 
(Fig. 2). These findings suggest that dual mutations at sites 
375 and 376, compared with the mutation at site 375 or 

376 alone, significantly reduce the interaction between 
TLR2 and TLR6. However, after mutating these two sites 
in TLR2 in both bat species to EY (i.e. Glu and Tyr), as 
found in humans no significant changes were observed 
in the expression levels of inflammatory factors following 
stimulation (supplementary figs. S13 and S14, 
Supplementary Material online). In summary, the dual muta-
tions at residues 375 and 376 in TLR2 in the common ances-
tor of bats significantly reduced its binding affinity with TLR1 
and TLR6, leading to a dampened inflammatory signaling. 
This evolutionary event occurred early in bat evolution, lead-
ing to a distinct TLR2-mediated inflammatory pathway in 

(a) (b)

(c)

(e) (f)

(d)

Fig. 3. Mutations at sites 375 and 376 in the common ancestor of bats impair binding affinity of TLR2 to TLR1 and TLR6. a) A phylogenetic tree 
illustrating the amino acids at positions 375 and 376 of TLR2 across various mammalian lineages. In extant bats, these positions are NL/NS/NF, 
whereas they were NL in the common ancestor of all bats. The seven animal icons were adapted from www.svgrepo.com. b) Homology modeling 
predicts the interaction between human TLR6 and both wild-type human TLR2 and human TLR2 variant carrying the bat-specific mutations at 
residues 375/376 (NL). Dashed lines represent hydrogen bonds. c and d) Relative changes in inflammatory factor expression poststimulation 
after introducing various bat-specific mutations at sites 375 and 376 into human TLR2 and cotransfecting these mutants with either TLR1 
or TLR6. The significance of each dataset was determined by comparison with the positive control, as shown by the first bar in each graph 
(Student’s t test, ***P < 0.001, **0.001 ≤ P < 0.01). e and f) Total lysates and Co-IP were collected from cells cotransfected with TLR2-HA or 
its mutant variants carrying bat-specific mutations at residues 375 and 376, along with TLR1 or TLR6.
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bats. This may have significantly set them apart from other 
mammals.

Discussion
In this work, we conducted comparative analyses of mo-
lecular evolution, protein structure homology modeling, 
co-IP, and cell-based stimulation experiments to investi-
gate whether TLR2 exhibits an evolutionary strategy and 
functional changes in bats distinct from other mammals. 
Our findings reveal that TLR2 in bats generally exhibits a 
faster evolutionary rate, especially in the common ances-
tor of bats, indicative of relaxed selection, compared 
with that in other mammals, while TLR1 and TLR6 do 
not show this pattern (Fig. 1a; supplementary tables S2
and S3, Supplementary Material online). Our study aligns 
with previous studies, which have suggested that TLRs in 
bats have generally undergone purifying selection, with 
some evolving faster than those in other mammals 
(Escalera-Zamudio et al. 2015; Schad and Voigt 2016; 
Jiang et al. 2017). Therefore, we hypothesized that 
TLR2-mediated inflammatory pathways in bats may ex-
hibit unique characteristics compared with other mam-
mals. Consistent with our hypothesis, the expression 
levels of inflammatory factors upon stimulation in cells co-
transfected with both bat TLR2 and either TLR1 or TLR6 
did not significantly differ from those transfected with 
TLR2 alone (Fig. 1b to d). This could be attributed to the 
impaired binding ability between bat TLR2 and TLR1 or 
TLR6 (Fig. 1e). We then demonstrated that the reduced 
ability to form heterodimers primarily stems from specific 
changes in the DR of bat TLR2 by swapping the DRs of hu-
man and bat TLR2 (Fig. 1f to h). TLR2-TLR1 and TLR2-TLR6 
heterodimers are thought to be preformed on the cell sur-
face for ligand-specific recognition and signaling in other 
mammals (Oliveira-Nascimento et al. 2012). Our results 
suggest that although bat TLR1, TLR2, and TLR6, like other 
mammals, are membrane localized, they do not preform 
heterodimers as observed in other species.

We investigated the sites previously identified as 
involved in the heterodimerization of TLR2-TLR1 and 
TLR2-TLR6, aiming to understand the genetic mechanisms 
underlying the dampened binding affinity of bat TLR2 with 
TLR1 and TLR6. An earlier study on other TLRs in bats has 
found that all positively selected sites are restricted to the 
LRR domain, which is involved in pathogen recognition 
(Jiang et al. 2017). Upon comparing the sites involved in 
the heterodimerization of TLR2 between bats and other 
mammals, we found many bat-specific amino acid changes 
(Fig. 2a). Introducing bat-specific mutations into human 
TLR2, we found that mutations at residues 347, 375, and 
376 significantly affected the expression of inflammatory 
factors mediated by TLR2-TLR1, while no sites had a signifi-
cant impact on TLR2-TLR6–mediated expression. Residue 
375 was found for the first time in this study to have a 
single-point mutation that is enough to significantly im-
pact the binding affinity of TLR2-TLR1 in humans, while 
residues 347 and 376 have been reported to affect 

TLR2-mediated inflammatory signaling (Koymans et al. 
2018; Sahasrabudhe et al. 2018; Su et al. 2019). TLR2’s 
K347 forms hydrogen bonds with TLR1’s T361 and T363 
(Jin et al. 2007) and participates in the inhibition of 
TLR2-TLR1 activation by pectin (Sahasrabudhe et al. 
2018). These studies indicate a dual role for K347 in 
both the heterodimerization and activation processes of 
TLR2-TLR1. Residue 376 participates in the formation 
of the hydrophobic core in both TLR2-TLR1 and 
TLR2-TLR6, along with binding to some molecules, includ-
ing agonists and inhibitors (Jin et al. 2007; Kang et al. 2009; 
Koymans et al. 2018; Su et al. 2019). Previous studies have 
indicated that the Y376T mutation does not notably im-
pact the intensity of agonist stimulation for TLR2-TLR1, 
but Y376A does (Koymans et al. 2018; Su et al. 2019). 
This disparity may have resulted from differences in 
amino acid properties, protein docking conformation, or 
experimental methods. In TLR2-TLR1 and TLR2-TLR6 
heterodimers, ionic bonds surround the hydrophobic 
core on the interface, supporting hydrophobic interac-
tions. TLR2-TLR6 possesses a larger hydrophobic core 
than TLR2-TLR1, resulting in stronger binding affinity (Jin 
et al. 2007; Kang et al. 2009; supplementary fig. S15, 
Supplementary Material online). This may explain why 
single-point mutations at any sites are not enough to sig-
nificantly impact TLR2-TLR6–mediated inflammatory re-
sponses but do affect TLR2-TLR1 (Fig. 2). Among all the 
sites involved in the heterodimerization of TLR2, only resi-
dues 375 and 376 have unique amino acids in bats that are 
completely different from those in other mammals, and 
these two sites underwent mutations in the common an-
cestor of bats. We found that simultaneous mutating of 
these two adjacent sites in human TLR2 reduced the bind-
ing affinity of TLR2 to TLR1 and TLR6, leading to a decrease 
in the expression levels of inflammatory factors mediated 
by TLR2-TLR1 and TLR2-TLR6. These results indicate that 
the dual mutations in the common ancestor of bats played 
a crucial role in forming the bat-specific TLR2-mediated 
inflammatory pathway. Whether it is a single-point muta-
tion at any site or simultaneous mutations at residues 375 
and 376, neither seems to completely inhibit the function 
of TLR2-TLR1 and TLR2-TLR6 (Fig. 2). We speculate that 
this is because mutations at individual sites, which alone 
do not significantly affect the function of TLR2-TLR1 and 
TLR2-TLR6, may have additive or synergistic effects that 
reduce the binding affinity of bat TLR2 with both TLR1 
and TLR6. We also introduced human TLR2 residues in-
volved in heterodimerization into bat TLR2 and measured 
the expression levels of IL-8 and TNFα after adding ago-
nists. Neither single nor double mutations significantly 
increased the expression of these inflammatory factors 
(supplementary figs. S10 to S14, Supplementary Material
online). These results suggest that single or double muta-
tions are insufficient to restore the dimerization function 
of bat TLR2. Compared with human TLR2, bat TLR2 has 
accumulated many mutations in its DR, making one or 
two residue changes inadequate to compensate for the 
functional defects. The results of the DR swap experiments 
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indicate that, with enough compensatory mutations, it 
may still be possible to restore the ability of bat TLR2 to 
form heterodimers (Fig. 1f to h).

While we found that the TLR2-mediated inflammatory 
response has been specifically dampened in bats, caveats 
remain. Our analysis included the full-length coding se-
quences (CDS) of TLR1, TLR2, and TLR6 in 26 bat species. 
Although these species span 9 families and capture some 
bat diversity, the dataset remains limited, especially given 
that the order Chiroptera includes over 1,400 species. Certain 
families, such as Vespertilionidae and Pteropodidae, are 
well represented, while others, like Rhinolophidae and 
Hipposideridae, are represented by only one species, and 
some families, such as Emballonuridae, are entirely absent. 
This uneven representation may affect our understanding 
of the evolutionary history and molecular mechanisms 
underlying bat TLR2-mediated inflammatory pathways. As 
sequencing efforts expand and genome data quality im-
proves, we anticipate a more comprehensive understanding 
of this area. Additionally, our cell-based assays require further 
validation through organoids and animal models, which pro-
vide a more physiological context for studying bat immunity.

In summary, our study elucidates the unique evolution-
ary strategy of bat TLR2. Bat TLR2 exhibits reduced binding 
affinity with TLR1 and TLR6 due to bat-specific mutations, 
leading to dampened inflammatory signaling. These 
characteristics may enable bats to better serve as natural 
reservoirs for viruses, thereby preventing excessive im-
mune damage to their own tissues. As we uncover the 
uniqueness of TLR2 evolution in bats, further studies could 
explore additional TLRs and their interplay within the 
bat immune system. Overall, investigating the broader 
implications of TLR changes, alongside other immune 
adaptations in bats, may provide valuable insights into 
developing therapeutic strategies for managing immune 
responses and preventing diseases in humans. Our work 
contributes to a deeper understanding of the nuanced 
immune mechanisms in bats, offering potential avenues 
for future research and therapeutic interventions.

Materials and Methods
Sequence Acquisition and Evolutionary Analysis
We obtained full-length CDS of TLR1, TLR2, and TLR6 from 
78 mammalian species. These sequences were sourced 
from GenBank or predicted from published genomes. 
The procedure of prediction was as follows: initially, the 
amino acid sequences of human TLR1, TLR2, or TLR6 
were employed as the query sequences for tBLASTn 
(Gertz et al. 2006) to determine the location of the corre-
sponding homologous gene in other mammals’ genomes. 
Subsequently, GENEWISE software (Birney et al. 2004) 
was used to precisely predict gene structures for obtaining 
full-length CDS. We aligned all CDS of TLR1, TLR2, or TLR6 
using the MUSCLE program (v.3.8.31; Kumar et al. 2016). In 
addition, we estimated the ratio of nonsyonymous and 
synonymous substitution rates (ω) using the Codeml 

program implemented in the PAML package (Yang 
2007). We used the RELAX program in the HyPhy package 
to analyze selective strength (Wertheim et al. 2015).

Cell Culture and Plasmid Construction
Human PEAKRapid, bat P. alecto kidney-derived PaKi cells, 
and bat T. brasiliensis lung epithelial cell lines (Tb 1 lu) 
from our laboratory (Yan et al. 2021) were cultured in 
Dulbecco’s modified Eagle’s medium (Gibco Inc.) supple-
mented with 10% of fetal bovine serum (Wisent Inc.), 
2.0 mM L-glutamine, 110 mg/L sodium pyruvate, and 
4.5 g/L D-glucose. Cells were cultured at 37 °C; in 5% 
CO2 with the regular passages every 2 d. The plasmids 
of pcDNA3.1-hTLR2-HA (HA, hemagglutinin tag), 
pcDNA3.1-pTLR2-HA, pcDNA3.1-tTLR2-HA, pcDNA3.1- 
hTLR1-Flag, pcDNA3.1-pTLR1-Flag, pcDNA3.1-tTLR1-Flag, 
pcDNA3.1-hTLR6-Flag, pcDNA3.1-pTLR6-Flag, pcDNA3.1- 
tTLR6-Flag, pcDNA3.1-Flag-pMyD88, and pcDNA3.1-Flag- 
tMyD88 were commercially synthesized. The empty plasmid 
was from our laboratory (Tian et al. 2023). The various 
point mutation plasmids used in our study were obtained 
through site-directed mutagenesis. The chimeric- 
mutation plasmids used in our study were generated 
through overlap extension PCR, involving the exchange 
of the DRs responsible for human and bat TLR1, TLR2, 
and TLR6. Specifically, the DRs are human TLR1 spanning 
from the 310th to the 385th amino acid, TLR2 from the 
318th to 404th amino acid, and TLR6 from the 311st to 
the 390th amino acid, as well as the corresponding regions 
in the two bat TLRs (Jin et al. 2007; Kang et al. 2009).

Immunofluorescence Analysis of TLRs Expression and 
Localization
PEAKRapid, PaKi cells, and Tb 1 lu cells were transferred 
to six-well plates 1 d prior to the experiment. Upon reach-
ing 70% to 80% confluence the next day, pcDNA3.1- 
TLR2-HA was cotransfected with pcDNA3.1-TLR1-Flag 
or pcDNA3.1-TLR6-Flag through Lipofectamine 2000 
(Thermo Fisher Scientific). After 6 h, cells were cultured 
with fresh culture medium. After 48 h of culture, we dis-
carded the medium and fixed cells with a 1:1 mixture of 
methanol and acetone at −20 °C for 1 h. Cells were washed 
three times with PBS (i.e. Phosphate-Buffered Saline) and 
then incubated in PBS containing 3% bovine serum albu-
min at 37 °C for 1 h. Following three PBS washes, cells 
were incubated with a 1:300 dilution of rabbit anti-HA 
polyclonal antibody at 37 °C for 2 h and then incubated 
with a 1:1,000 dilution of mouse anti-Flag monoclonal 
antibody at 37 °C for 2 h. Secondary antibodies targeted 
with Cy5 or DyLight 488 were incubated for 1 h at 37 °C.

Co-IP Assay
We conducted a Co-IP assay using the IP kit equipped with 
protein A + G magnetic beads (Beyotime Biotechnology, 
Shanghai, China). Initially, PEAKRapid, PaKi cells, and Tb 
1 lu cells were cotransfected with pcDNA3.1-TLR2-HA 
along with either pcDNA3.1-TLR1-Flag or pcDNA3.1- 
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TLR6-Flag. Second, cells cotransfected with TLR2 and TLR1 
were stimulated with 1 μg/mL Pam3CSK4, while those co-
transfected with TLR2 and TLR6 were stimulated with 
3 μg/mL FSL-1, both for 4 h. Following stimulation, cell ly-
sates were prepared by lysing cells in lysis buffer containing 
protease inhibitor and centrifuging at 12,876 × g under 
4 °C for 5 min. The supernatant was then collected and 
incubated with 12μL of protein A + G magnetic beads 
bound to anti-HA antibody. After gently inverting over-
night at 4 °C, the beads were washed five times with lysis 
buffer and then collected by magnetic separation. Finally, 
samples were harvested after incubation in 1× SDS (i.e. 
Sodium Dodecyl Sulfate) loading buffer at 100 °C for 
10 min. Electrophoresis was performed to separate pro-
teins in a polyacrylamide gel with a concentration gradient 
of 4% to 12%. The separated protein bands were then 
transferred onto a polyvinylidene fluoride membrane by 
electrophoresis. Membranes were blocked with 5% fetal 
bovine serum (Wisent Inc.) for 1 h at 37 °C. Primary 
antibodies were incubated at 37 °C for 1 h, followed by 
incubation with secondary antibodies labeled with horse-
radish peroxidase for 1 h at 37 °C.

Quantitative Real-Time PCR
PEAKRapid, PaKi cells, and Tb 1 lu cells were transferred to 
24-well plates 1 day before the following experiment. 
Upon cells reaching 70% to 80% confluence the next 
day, human TLR2 along with either TLR1 or TLR6 was 
transfected into PEAKRapid cells at a 1:1 ratio using 
Lipofectamine 2000. Bat TLR1 or TLR6, TLR2, and MyD88 
were cotransfected into bat cells at a 1:1:2 ratio. After 
48 h of culture, 1 μg/mL Pam3CSK4 was added into the 
medium of cells transfected with TLR1 and TLR2 and 
3 μg/mL FSL-1 to TLR6 and TLR2-transfected cell medium. 
After 24 h of stimulation, total RNA extraction was carried 
out using EASY spin kits (Aidlab Biotechnologies Co. Ltd.) 
according to the manufacturer’s protocols. cDNA synthe-
sis was performed using 1 μg total RNA with a reverse 
transcription system from Novoprotein Scientific Co. 
Ltd. Expression levels of IL8 and TNFα were standardized 
by comparing them with the housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase. Quantitative 
real-time PCR (qRT-PCR) was performed on the ABI7500 
Real-Time PCR Detection System (Applied Biosystems) 
employing NovoStart SYBR qPCR SuperMix Plus 
(Novoprotein Scientific, Shanghai, China), as per the 
manufacturer’s guidelines (supplementary table S3, 
Supplementary Material online). Each qRT-PCR measure-
ment was replicated three to five times. The fold change 
in the expression level was calculated using the 2−△△Ct 

method. Data analysis was conducted using GraphPad 
Prism software 7.0 (GraphPad, USA), with statistical signifi-
cance set at P < 0.05.

Homology-Based Structural Modeling
The region of TLR2 involved in dimerization with muta-
tions at sites 375 and 376 in humans was predicted by 

iterative threading assembly refinement (I-TASSER) v.5.1 
using the wild-type human TLR2 as a template (Jin et al. 
2007; Yang and Zhang 2015). For human TLR6, the DR 
was predicted based on the crystal structure of mouse 
TLR6 reported previously (Kang et al. 2009). The docking 
between wild-type and mutant TLR2 with TLR6 initially 
utilized homology-based docking by HDOCK (Yan et al. 
2017), followed by refinement using RossettaDock (v.4.0; 
Lyskov and Gray 2008; Yan et al. 2017) for fine-tuning. 
All types of noncovalent interactions were analyzed using 
RING v.3.0 (Clementel et al. 2022). Structural alignment 
and visualization were implemented in PyMOL (v.2.5.2) 
(DeLano 2002).

Supplementary Material
Supplementary material is available at Molecular Biology 
and Evolution online.
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