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Mycoplasma hyopneumoniae membrane protein Mhp271
interacts with host UPR protein GRP78 to facilitate infection
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Abstract
The unfolded protein response (UPR) plays a crucial role in Mycoplasma hyopneumoniae

(M. hyopneumoniae) pathogenesis. We previously demonstrated that M. hyopneumo-
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niae interferes with the host UPR to foster bacterial adhesion and infection. However,
the underlying molecular mechanism of this UPR modulation is unclear. Here, we re-
port that M. hyopneumoniae membrane protein Mhp271 interacts with host GRP78,
a master regulator of UPR localized to the porcine tracheal epithelial cells (PTECs)
surface. The interaction of Mhp271 with GRP78 reduces the porcine beta-defensin 2
(PBD-2) production, thereby facilitating M. hyopneumoniae adherence and infection.
Furthermore, the R1-2 repeat region of Mhp271 is crucial for GRP78 binding and the
regulation of PBD-2 expression. Intriguingly, a coimmunoprecipitation (Co-IP) assay
and molecular docking prediction indicated that the ATP, rather than the substrate-
binding domain of GRP78, is targeted by Mhp271 R1-2. Overall, our findings identify
host GRP78 as a target for M. hyopneumoniae Mhp271 modulating the host UPR to

facilitate M. hyopneumoniae adherence and infection.
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1 | INTRODUCTION

adhesins, to establish infection (Leal Zimmer et al., 2020). Detailed

characterization of these adhesins and their functional domains is

Porcine enzootic pneumonia (PEP) is caused by Mycoplasma hyopneu-
moniae (M. hyopneumoniae), which is characterized by dry cough-
ing, severe respiratory distress, and growth reduction (Clampitt
et al., 2021; Maes et al., 2018). This infection is highly prevalent,
ranging between 38% and 100% in almost all areas of pig produc-
tion worldwide, and causes significant economic losses (Maes, Sibila,
etal., 2021).

M. hyopneumoniae is mostly believed to be an extracellular patho-
gen, which requires adherence to the host epithelium, mediated by
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necessary for us to better understand M. hyopneumoniae-host in-
teractions. The P97 adhesin family is crucial for M. hyopneumoniae
adhesion to the host and actively regulates the host natural immune
response to promote M. hyopneumoniae survival (Berry et al., 2017,
Deutscher et al., 2012; Jarocki et al., 2019; Maes, Boyen, et al., 2021;
2018b). P97 has received the most attention in
the P97 adhesin family due to its special repeat regions 1 and 2

Raymond et al.,

(R1 and R2). It has been demonstrated that the R1 repeats region
for P97 with a number varying from 9 to 15 of the R1 repeating
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units (sequence AAKPVIE]) is essential for its host binding (Clampitt
etal.,, 2021; Hsu & Minion, 1998; Minion et al., 2000). Mhp271, a pa-
ralog of P97, is the only other M. hyopneumoniae protein containing
R1 and R2 repeats associated with the adhesion process (Deutscher
et al., 2010). Unlike P97, Mhp271 contains two R1 repeat regions
(designated as R1-1 and R1-2): R1-1 region with three R1 repeating
units exhibiting little sequence variation and R1-2 region with the
number of R1 repeating units ranging from three to eight (Deutscher
et al., 2010). It is worth mentioning that a minimum of eight R1 re-
peating units are required for tracheal cilia binding, suggesting that
the repeating unit number of most Mhp271 R1 regions is not suffi-
cient to adhere to host cilia (Minion et al., 2000). However, the fact
is that the Mhp271 R1-2 region (which has six repeating units) can
bind to host cilia with the help of the nearby R2 region (Deutscher
et al., 2010). The adhesion function of the R1 region is complex, and
it is interesting that this reduced number of repeat units in the R1
region still retains its adhesion function. To date, the functional and
biological implications of the reduced number of repeating units in
the R1 region of Mhp271 are poorly investigated.

Many factors, such as bacterial infection, ischemia, hypoxia,
heat shock, and increased protein synthesis, impair endoplasmic re-
ticulum (ER) functions, resulting in ER stress and evoking adaptive
unfolded protein response (UPR) programs (Hetz et al., 2015). The
UPR is a cytoprotective signaling pathway aimed at restoring cellular
homeostasis that also invokes innate immune signaling in response
to invading microorganisms (Celli & Tsolis, 2015; Mori, 2000). Thus,
the UPR is important for host-pathogen interactions (Alshareef
etal., 2021; Hotamisligil, 2010). GRP78, the initiation point/hallmark
protein of the UPR, is an ER chaperone belonging to the heat shock
protein 70 (HSP70) family. GRP78 has attracted attention for its crit-
ical role in the UPR (Wang et al., 2017). Despite its participation in
ER-related functions, GRP78 is also detected in other cellular frac-
tions, including mitochondria, nucleus, cytosol, and plasma mem-
brane (Gonzalez-Gronow et al., 2009). In recent years, accumulating
evidence indicates that many pathogens target GRP78 at the mam-
malian cell surface, modulating the host UPR to benefit their entry/
replication (Ibrahim et al., 2019). For instance, GRP78 is employed by
Coxsackievirus, Dengue virus serotype 2, Borna disease virus, and
Japanese encephalitis virus for host entry; by classical swine fever
virus (CSFV) and Ebola for their replication; and by Rhizopus oryzae
for fungal invasion of the host endothelium (Chengcheng et al., 2020;
Elfiky, 2020; Honda et al., 2009; Jindadamrongwech et al., 2004; Liu
et al., 2010; Nain et al., 2017; Triantafilou et al., 2002). Regardless,
whether GRP78 also serves as a target for M. hyopneumoniae to reg-
ulate the host UPR, and thus the bacterial adherence and infection
have yet to be addressed.

Our previous work identified that M. hyopneumoniae blocks the
unfolded protein response (UPR) to facilitate epithelial adhesion and
infection (Pan et al., 2020). To gain a more mechanistic understand-
ing of the M. hyopneumoniae-UPR interaction and how it is regu-
lated, we investigated the M. hyopneumoniae proteins involved in the
UPR regulation of M. hyopneumoniae and the potential role that host
GRP78 may play. Here we demonstrate that the M. hyopneumoniae

membrane protein Mhp271 interacts with GRP78 to modulate the
host UPR and bacterial adherence and infection. We further iden-
tified that the R1-2 region of Mhp271 is critical for binding the N-
terminal ATP-binding domain of GRP78. Thus, our data reveal a
novel role of GRP78 in M. hyopneumoniae infection, highlighting the
multiple roles of Mhp271 R1 repeats in the host-M. hyopneumoniae
interaction, which may aid the development of novel M. hyopneumo-

niae therapeutics.

2 | RESULTS

21 |
UPR

M. hyopneumoniae LAMPs inhibit the host

Our previous study demonstrated that M. hyopneumoniae in-
hibits the host UPR, playing a key role in host pathogenesis (Pan
et al., 2020). The mechanism underlying this UPR inhibition is un-
clear. We suspected that M. hyopneumoniae lipid-associated mem-
brane proteins (LAMPs) have a role in UPR inhibition. Interactions
of the M. hyopneumoniae LAMPs with the host cells are thought to
be one of the major factors in mycoplasma pathogenesis (Shimizu
et al., 2005). Thus, we treated the porcine tracheal epithelial
cells (PTECs) with purified LAMPs or tunicamycin (Tu) or both
(Figure 1a,b). As expected, Tu, a routinely used UPR inducer, sig-
nificantly upregulated the expression of GRP78, a hallmark protein
of the UPR (Figure 1b,c). Interestingly, Tu-induced upregulation of
GRP78 in the PTECs was alleviated by the pretreatment with the
purified LAMPs (Figure 1b,c). Additionally, no significant cytotoxic-
ity was observed in LAMPs and Tu treatment (Figure 1d). These
data suggest that one or more components of M. hyopneumoniae
LAMPs interfere with the host UPR pathway.

2.2 | Mhp271in M. hyopneumoniae LAMPs
inhibits the host UPR

GRP78 is located on the cell surface of various mammalian cell
types and is a target of pathogens for host UPR modulation (Chu
et al, 2018; Honda et al., 2009; Nain et al., 2017; Triantafilou
et al., 2002). Given that the LAMPs inhibit the UPR, we hypothe-
sized that GRP78 of the PTECs is also a target of M. hyopneumoniae
LAMPs. We first confirmed the cell surface expression of GRP78
in PTECs by flow cytometry analysis (Figure 2a,b). We then trans-
fected PTECs with an HA epitope-tagged GRP78 and incubated with
M. hyopneumoniae LAMPs. GRP78-binding proteins were eluted and
silver stained. Protein bands unique to the LAMPs stimulation cells
but not present in the control cells (transfected with GRP78-HA
without LAMPs treatment) were excised and analyzed by protein
mass spectrometry (MS) (Figure 2c). Mhp271 was identified with an
approximate molecular weight of 118kDa. The amino acid sequence
of Mhp271 is shown in Figure S1, together with seven matched pep-
tides detected in the MS analysis (highlighted in red).
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FIGURE 1 M. hyopneumoniae LAMPs inhibit the host UPR. (a) The pipeline of M. hyopneumoniae LAMPs extraction. (b and c) PTECs were
stimulated by M. hyopneumoniae LAMPs (0, 1, 2, 4, 6, and 8 pg/ml) for 6 h, followed by the incubation of 2.5 pg/ml tunicamycin (Tu) for

6 h. The GRP78 level was quantified by Western blotting. The data were normalized to the corresponding values in PBS-treated cells. (d)
LAMPs and/or Tu had no effects on the cell viability. All data are presented as the means + SDs from three independent experiments, and
significance was assessed by one-way ANOVA with Tukey's multiple comparison test. *p < .05.

We next examined whether M. hyopneumoniae Mhp271 alone
could mediate the GRP78 downregulation. We generated a soluble
form of MBP-tagged Mhp271 fusion protein in Escherichia coli (E.
coli) (Figure 2d). We treated PTECs with the purified Mhp271 fusion
protein at different concentrations (Figure 2e,f). Mhp271 decreased
the host GRP78 protein production in a dose-dependent manner
with no apparent cytotoxicity (Figure 2g).

Thus, these results suggest that the M. hyopneumoniae mem-
brane protein Mhp271 is a component of the host UPR GRP78 pro-
tein complex triggering the GRP78 degradation.

2.3 | Mhp271 directly interacts with the
host GRP78

To further confirm the specific interaction between Mhp271 and
GRP78, we performed a coimmunoprecipitation (Co-IP) analy-
sis. HEK293T cells were cotransfected with plasmids expressing
Flag-tagged Mhp271 and Myc-tagged GRP78 together or alone.
Reciprocal interactions were observed using either anti-Flag or anti-
Myc-tagged antibodies to conduct IP (Figure 3a,b).

To examine whether the interaction between Mhp271 and
GRP78 was physically direct, we expressed and purified C-terminal
glutathione-S-transferase (GST)-fused GRP78 protein and per-
formed Far-Western blotting analysis on Mhp271-MBP-immobilized
immunoblots (Figure 3c). A direct interaction was confirmed with
the observation of the GRP78 band at the Mhp271-MBP posi-
tion. Additionally, the subcellular localization of GRP78 and the

Mhp271 protein complex in HEK293T cells was examined by con-
focal microscopy (Figure 3d). GRP78 was distributed in the cyto-
plasm and cytomembrane, and Mhp271 was distributed throughout
the cytomembrane. GRP78 colocalized with Mhp271 on the
cytomembrane.

Collectively, these findings suggest that the GRP78 protein is an
interacting partner of the M. hyopneumoniae Mhp271 protein.

2.4 | The R1-2region of Mhp271 is required for its
interaction with the host GRP78

To define the key domain in Mhp271 determining the interaction
with the host GRP78 protein, we generated truncated Mhp271 con-
structs with a Flag-tag at their C-terminus: Mhp271a, Mhp271b, and
Mhp271c (Figure 4a). The three constructs were individually cotrans-
fected with GRP78-Myc into HEK293T cells, and cell lysates were
subjected to Co-IP assays. All three truncated constructs of Mhp271
were well expressed (Figure 4b,c), and only the Mhp271c (aa 703-
1052) coimmunoprecipitated with the GRP78 protein (Figure 4b).
The reverse Co-IP assay using beads conjugated with mAbs against
Myc confirmed that GRP78 only interacted with the Mhp271c pro-
tein (Figure 4c). These data illustrate that the C-terminus of Mhp271,
namely, aa 703-1052, is required for the interaction of Mhp271 with
the GRP78 protein.

Subsequently, we analyzed the aa sequence of Mhp271c using
the InterPro at EMBL-EBI (Apweiler et al., 2001) and SMART (Schultz
et al., 1998). The prediction of the InterPro database showed that
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FIGURE 2 Mhp271 in M. hyopneumoniae LAMPs inhibits the host UPR. (a and b) GRP78 is exposed to the surface of PTECs. The cells were
stained with anti-GRP78 antibody or isotype IgG and then incubated with secondary antibodies and followed by flow cytometric analysis of
5000 cells per sample (a). The MFI of GRP78 on the cell surface was quantified with isotype staining included as a control (b). (c) PTECs were
transfected with GRP78-HA for 36 h and further incubated with 8 pg/mlM. hyopneumoniae LAMPs for 12h. Whole-cell lysates (WCLs) were
applied to anti-HA magnetic beads. GRP78 and interacting proteins were eluted, separated by SDS-PAGE, and silver-stained. (d) The purified
Mhp271-MBP protein was identified by SDS-PAGE. The Mhp271-MBP fusion protein is indicated by the arrow. (e and f) The GRP78 level was
downregulated following the Mhp271-MBP protein incubation in PTECs demonstrated by Western blotting (e). The data were normalized to the
corresponding values in untreated cells (f). (g) Cell viability in PTECs treated with 6 or 8 pg/mIMhp271-MBP was slightly decreased. The data are
presented as the means + SDs from three independent experiments, and significance was assessed by two-tailed Student's t test (b) or by one-
way ANOVA with Dunnett's multiple comparison test relative to the control (f and g). **p< .01; ****p< .0001.

Mhp271c encodes a 350-aa protein consisting of three domains: aa
795-830, 907-944, and 990-1032. SMART predicted Mhp271c con-
taining two domains: aa 808-831 and 998-1034. Based on the predic-
tions of the two databases, aa 808-830 and 998-1032 may be the key
domains interacting with host molecules. Interestingly, we found that
the two domains overlap with the two R1 repeat regions of Mhp271
(aa 802-820 and 999-1027, designated as R1-1 and R1-2 separately).
An R2 repeat region (aa 916-935) is located between the two R1 re-
gions (Figure 4d). The R1 comprises tandem pentapeptide repeats
with the sequence AAKPV(E), whereas R2 comprises tandem deca-
peptide repeats with the sequence GTPNQGKKAE (Hsu et al., 1997).
For a better understanding of the three regions, the structure of
Mhp271 protein was predicted using I-TASSER (Zhang, 2008). The
most accurate model predicted by I-TASSER was selected based on C-
score, ERRAT, and verify-3D. As shown in Figure 4e, the three repeat
regions were present on the surface of this 3D structure.

Next, we confirmed the role of the two R1 regions of Mhp271
in interacting with host GRP78. Due to the unclear function for
the R2 repeats region, we also assessed its role in this interaction.
To do this, the Mhp271c partial deletion plasmid lacking the R1-1,

R1-2, or R2 region was individually cotransfected with GRP78-Myc
into HEK293T cells and cell lysates at 36h posttransfection were
subjected to a Co-IP assay (Figure 4f). The results showed that the
absence of the R1-2 region eliminated the ability of Mhp271c to in-
teract with the GRP78 protein, which is consistent with the results
of domain prediction by the two databases, suggesting that the R1-2
region (aa 999-1027) in Mhp271 is critical for the interaction with
the GRP78 protein. A Far-Western blotting analysis was then per-
formed to directly verify that Mhp271 R1-2 protein could bind to
GST-fused GRP78 protein (Figure 4g).

Taken together, these data suggest that the R1-2 region of
Mhp271 is necessary and sufficient for the interaction with host
GRP78.

2.5 | Mhp271 plays an important role in M.
hyopneumoniae infection of PTECs

Considering that the UPR positively regulates the PBD-2 release,
we first asked whether Mhp271 impairs the PBD-2 production by
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FIGURE 3 Mhp271 directly interacts with the host GRP78. (a and b) Mhp271-Flag coimmunoprecipitated with GRP78-Myc. HEK293T
cells were transfected with Mhp271-Flag or GRP78-Myc, or the control plasmids pCAGGS-Flag or pCAGGS-Myc for 36 h. Cell lysates

were collected for Co-IP with beads conjugated with anti-Flag antibody (a) and Myc antibody (b). (c) Far-Western blotting analysis showed
the binding of GRP78 with the Mhp271 protein. The proteins Mhp271-MBP and PDH-MBP (negative control) were transferred onto
nitrocellulose (NC) membranes. Left: The NC membrane was incubated with anti-MBP antibodies; middle: The NC membrane was first
incubated with the GRP78-GST protein and then with anti-GRP78 antibodies; right: The NC membrane was first incubated with the GST
protein and then with anti-GST antibodies. (d) Colocalization of the Mhp271 and GRP78 proteins. HEK293T cells were transfected with
GRP78-Myc, Mhp271-Flag, or both. Cells were subjected to indirect immunofluorescence to detect GRP78-Myc (green) and Mhp271-Flag
(red) with mouse anti-Myc and rabbit anti-Flag antibodies, respectively. The position of the nucleus is indicated by DAPI (blue) staining in the
merged image. Scale bars = 5um. Experiments were performed at least three times.

causing host GRP78 degradation (Pan et al., 2020). Thus, we checked
host PBD-2 production in PTECs postincubation with Mhp271 pro-
tein or transfection with Mhp271c/Mhp271c(AR1-2) plasmids. As
shown in Figure 5a, host PBD-2 production in PTECs was reduced
by the addition of 6 or 8 pg/mIMhp271. A similar result was obtained
in PTECs transfected with Mhp271c-Flag, while the PBD-2 produc-
tion in PTECs transfected with Mhp271c(AR1-2)-Flag was almost
unchanged (Figure 5b). The data indicated that Mhp271 or Mhp271c
decreases host PBD-2 production by triggering GRP78 degradation.

PBD-2 has been proven to suppress M. hyopneumoniae adher-
ence in PTECs, we next investigated whether the PBD-2 inhibition by
Mhp271 facilitates M. hyopneumoniae adherence. After PTECs were
treated as described above, TagMan quantitative PCR (qPCR) was per-
formed and showed that the stimulation with Mhp271 at 6 or 8 pg/ml
increased the M. hyopneumoniae number adhered to PTECs (Figure 5c),
as well in PTECs transfected with Mhp271c-Flag (Figure 5d). However,
the M. hyopneumoniae number adhered to PTECs transfected with
Mhp271c(AR1-2)-Flag was almost no alteration, in contrast to the
PTECs transfected with the empty vector pCAGGS-Flag transfec-
tion (Figure 5d). These results were further confirmed by an immu-
nofluorescence assay (IFA) (Figure 5e,f), suggesting that Mhp271 or
Mhp271c benefits M. hyopneumoniae adhesion in PTECs. Therefore,

these findings imply that Mhp271 or Mhp271c can suppress the PBD-2
production by inducing GRP78 degradation, thereby promoting M. hy-
opneumoniae adherence and infection to PTECs.

We further assessed whether Mhp271 elicits GRP78 degra-
dation via its R1-2 region interacting with GRP78. A polyclonal
antibody against the Mhp271 R1-2 region was prepared to block
the interaction of Mhp271 R1-2 with GRP78, and 8 pg/mlMhp271
protein were separately incubated with the polyclonal antibody
against Mhp271 R1-2 region and negative serum before the addi-
tion to PTECs. The GRP78 level was evaluated by Western blot-
ting assay (Figure 5g). We observed that the preincubation with
the polyclonal antibody against Mhp271 R1-2, Mhp271 could not
evoke host GRP78 degradation, suggesting that the GRP78 degra-
dation by Mhp271 is likely occurring through the interaction of its
R1-2 region with GRP78.

2.6 | Theinteraction with the Mhp271 R1-2 region
requires the NBD of GRP78

The porcine GRP78 protein consists of a total of 654 aa residues
including a nucleotide-binding domain (NBD, aa 125-280) and a
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FIGURE 4 The R1-2 region of Mhp271 is necessary for the interaction with the host GRP78. (a-c) The fragment of Mhp271 aa 703-1052
interacted with the GRP78 protein. Schematic of the Mhp271 truncates tagged with Flag and locations of the aa residues are noted (a).
HEK293T cells were cotransfected with GRP78-Myc and truncated Mhp271 constructs (Mhp271a-Flag, Mhp271b-Flag, and Mhp271c-Flag),
and the cell lysates were collected for Co-IP assays using beads conjugated with anti-Flag antibody for Flag-tagged Mhp271 truncates (b) or
with Myc antibody for Myc-tagged GRP78 (c). (d) Schematic of locations and aa sequences of the R1-1, R2, and R1-2 regions in Mhp271. (e)
The PDB structure of Mhp271 was determined based on C-score, ERRAT, and verify-3D using I-TASSER. Full-length Mhp271 protein (gray)
and its repeat regions are shown here in different colors. This structure was visualized in VMD software. (f) The Mhp271c plasmid lacking
the R1-2 region did not immunoprecipitate with the GRP78. HEK293T cells were cotransfected with GRP78-Myc and the three deletion
Mhp271c deletion constructs (Mhp271c(AR1-1), Mhp271c(AR1-2), and Mhp271c(AR2)). Cell lysates were collected for Co-IP assays using
beads conjugated with anti-Flag antibodies. (g) Far-Western blotting analysis showed the binding of Mhp271 R1-2 with the GRP78 protein.

substrate-binding domain (SBD, aa 400-500). The NBD binds ATP
while the SBD binds substrate peptide/protein in the form of an ex-
cluded segment or partially folded protein (Lee, 2014). We previously
demonstrated that the R1-2 region of Mhp271 is necessary for its bind-
ing to the host GRP78, but it was unclear which domain of GRP78 is
needed for the interaction with the Mhp271 R1-2 region. To address
this question, we constructed the dominant-negative mutant plasmid
G227D unable to bind ATP, the T453D mutant unable to bind protein
substrates, and the R197H mutant, which renders GRP78 unable to as-
sociate with cochaperone Dnal proteins (Figure 6a) (Tsai et al., 2015).
Upon transfection of the mutant plasmids into 293 T cells, a Co-IP
assay was performed using an anti-Flag antibody to confirm the do-
main of GRP78 protein involved in the interaction with the Mhp271
R1-2. As shown in Figure 6b, GRP78-Myc, the T453D, and R197H mu-
tant bound to the Mhp271 C-terminus, whereas the G227D mutant
did not. The result suggested that the ATP-binding domain of GRP78 is
necessary for the interaction with the Mhp271 R1-2 region.
Subsequently, we analyzed the binding site of GRP78 with
Mhp271 R1-2 using some molecular modeling docking web serv-
ers to further understand the above result. A 3D model of por-
cine GRP78 was built using the SWISS-MODEL web server (Guex
& Peitsch, 1997), with the human Hsp70 chaperone BiP (PDB ID:

5E84) as a template. The interaction interface between GRP78 and
Mhp271 R1-2 was investigated with several docking methods. Ten
models were predicted by ZDOCK docking server along with their
expected confidence values (Pierce et al., 2014). Molecular dock-
ing analysis of these peptide-GRP78 complexes revealed that the
Mhp271 R1-2 region is most likely to dock with the NBD of the
GRP78 protein (Figure 6c). In addition, Vasker, an additional dock-
ing method was also used to survey the binding domain of GRP78
with Mhp271 R1-2 (Figure S2b) (Vakser, 2014). Similar results were
obtained and suggested that the NBD of GRP78 protein plays a key
role in the interaction with Mhp271 R1-2.

To further assess the contributions of Mhp271 to the host GRP78
reduction of M. hyopneumoniae, a specific antibody against Mhp271
was purified from murine serum anti-Mhp271 and demonstrated to
block Mhp271-induced degradation of host GRP78 (Figure S2c). M.
hyopneumoniae was pretreated with or without the purified antibody
against Mhp271 and then incubated with PTECs. The GRP78 level
was estimated by Western blotting assay (Figure 6d,e). We observed
that the blockade of Mhp271 could not prevent M. hyopneumoniae
from downregulating host GRP78 levels, indicating other mech-
anisms are also adopted by M. hyopneumoniae to reduce the host
GRP78 content.
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control. *p< .05; **p< .01.

3 | DISCUSSION
Interference with the host cell UPR during bacterial pathogens in-
fection is an emerging theme in bacterial pathogenesis, as docu-
mented previously with viral pathogens (Pavio et al., 2003; Tardif
et al., 2004). The ability of M. hyopneumoniae to inhibit UPR path-
ways has been documented recently, whereas the underlying mo-
lecular mechanism is unclear (Pan et al., 2020). In the present study,
we demonstrated for the first time that M. hyopneumoniae utilizes its
membrane protein Mhp271 to interact with UPR GRP78 and causes
GRP78 degradation, thereby modulating host UPR to facilitate its
adherence to and infection of the host cells.

GRP78 plays a central role in regulating the UPR to maintain the
integrity of pivotal ER functions (Pfaffenbach & Lee, 2011; Zhu &
Lee, 2015). GRP78 is localized to the ER membrane and involved

in a wide range of physiological processes including protein fold-
ing and assembly, translocation of newly synthesized polypeptides,
and degradation of misfolded proteins (Lee, 2014). Recent studies
have shown that GRP78 is also present on the plasma membranes
of many cell types such as HelLa cells and human monocyte-derived
macrophages (Bellani et al., 2014; Bhattacharjee et al., 2005; Honda
et al., 2009; Jindadamrongwech et al., 2004; Philippova et al., 2008;
Triantafilou et al., 2002). Thus, GRP78 is a central component of
UPR presenting on endo and plasma membrane surfaces, making it
anideal viral target (Broquet et al., 2007; Chen et al., 2010; Hirayama
et al., 2004; lordanskiy et al., 2004; Padwad et al., 2010; Surtees
et al., 2016; Taguwa et al., 2015).

Indeed, mounting evidence suggests that viral pathogen pro-
teins interact with the host GRP78 to regulate the host UPR/innate

immune response for viral entry or replication. Bacteria-targeting
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host GRP78 is very rarely reported, but it is beginning to emerge.
Previous studies on Brucella abortus (B. abortus) showed that B. abor-
tus adopts T4SS substrate VceC to interact with host GRP78 for
ER stress induction, promoting its infection (de Jong et al., 2013).
Likewise, Shiga-toxigenic Escherichia coli (E. coli) was reported to
secrete an AB5 type toxin, Subtilase cytotoxin (SubAB), which in-
teracts with and specifically cleaves GRP78 (Morinaga et al., 2008;
Paton et al., 2006). Our research on M. hyopneumoniae provides ad-
ditional evidence for bacterial targeting of the host GRP78. Given
the critical role of GRP78 in microbial pathogenesis, this targeting
of the host GRP78 may be an important mechanism in M. hyopneu-
moniae infection.

GRP78 is an essential heat shock protein (HSP) 70 resident pro-
tein in the endoplasmic reticulum that belongs to the ubiquitous mo-
lecular chaperones involved in many cellular processes. A large set of

cochaperones comprising J-domain proteins and nucleotide exchange
factors (NEFs) stimulate the ATPase activity of HSP70s, which is al-
losterically coupled to substrate binding and release (Kampinga &
Craig, 2010). It is believed that the GRP78 C-terminus participates
in protein binding, whereas the N-terminus acts as a regulatory do-
main governing binding through conformational changes of GRP78
(Jindadamrongwech et al., 2004). Microbial competitive binding to
the N-terminal domain of host GRP78 regulates its ability to bind to
substrates, thereby shaping GRP78'’s involvement in normal cellular
processes, which becomes an important approach to modifying host
immune response. Such cases have been reported with the Borna virus
and Influenza A virus (Honda et al., 2009; Li et al., 2011). In the present
study, we identified this host-GRP78 regulation of M. hyopneumoniae.
The P97/P102 paralog family on the surface of M. hyo-
pneumoniae plays key roles in interactions with host cells,
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extracellular matrix components, and circulating host proteins
(Adams et al.,, 2005; Bogema et al., 2011; Bogema et al., 2012;
Burnett et al., 2006; Deutscher et al., 2010; Seymour et al., 2012;
Wilton et al., 2009). The multifunctional adhesins belonging to the
P97/P102 family include Mhp182 (P102), Mhp183 (P97), Mhp493
(P159), Mhp494 (P216), Mhp683 (P135), Mhp271, Mhp107, and
Mhp108 (P116) (Bogema et al., 2012). Characterization of these
adhesins represented a major event in understanding the mech-
anisms of M. hyopneumoniae adherence, colonization, and patho-
genesis (Leal Zimmer et al., 2020). In this study, in search of GRP78
interacting proteins in M. hyopneumoniae LAMPs, we performed
MS analysis of the GRP78 immunoprecipitated complex and iden-
tified Mhp271. The interaction of Mhp271 with the host GRP78
is further confirmed through Co-IP assays, far WB, and laser con-
focal microscopy. To the best of our knowledge, this is the first
report showing the interaction of Mhp271 with the host GRP78.
However, we recognize our study's limitations. We are unable to
validate this interaction in vivo due to the absence of an effective
method for targeted mutations of the M. hyopneumoniae gene at
present.

A previous study indicated that the Mhp271 C-terminus is capa-
ble of binding heparin, fibronectin, and porcine cilia, and two repeat
regions in this sequence fragment have been identified as potential
contributors (Deutscher et al., 2010). Indeed, repeating domains are
common in bacterial proteins that engage in host-pathogen inter-
actions and are essential for adhesion functions (e.g., M. pneumo-
niae P30 and M. gallisepticum PvpA; Boguslavsky et al., 2000; Dallo
et al., 1996). Furthermore, the repeat regions in Mhp271 contain
multiple proline residues, forming an extended structure and flex-
ible stretch with strong binding capability. There are six well-known
families of the proline-rich region (PRR)-binding modules: the SH3
domains, the WW domains, the EVH1 domains, the CD2-binding
domains, the UEV domains, and the single-domain profilin proteins
(Ball et al., 2005). Studies on group A Streptococcus pyogenes (GAS)
identified bacterial GrpE, a part of the HSP70 chaperone complex
(GrpE, Dnal, and DnaK), also as a PRR protein-binding protein.
Although GAS and human GrpE have 23% of the same amino acid
sequence, they have a functionally conserved ATPase-binding site
(Murakami et al., 2012). Some of the research on the interaction
between antimicrobial peptides (AMPs) and HSPs further indicated
that PRR AMPs can enter bacteria to inactivate the chaperone DnaK
by binding to its ATPase domain (Cytrynska et al., 2020). Consistent
with the results of these studies, our results showed that the PRR
regions (R1 regions) in Mhp271 bind to the ATPase domain of host
GRP78 (a member of the HSP70 family), which further emphasizes
the multiple adhesion function of the C-terminus/the repeating re-
gions in Mhp271.

The variable number of tandem repeat (VNTR) regions often
involves protein-protein interactions (Hannan, 2018). M. hyopneu-
moniae P97 contains an R1 repeats region with a number varying
from 9 to 15 of the R1 repeating units (sequence AAKPV(E)), which
is essential for binding to tracheal cilia, heparin, and GAGs (Jenkins
et al.,, 2006). Mhp271 as a paralog of P97 also has the R1 repeats

region, but unlike P97, it contains two R1 repeat regions (designated
as R1-1 and R1-2). Homologs from all strains displayed three R1 re-
peating units that exhibited little sequence variation within R1-1,
whereas the number of R1 repeating units in R1-2 ranged from three
to eight (Deutscher et al., 2010). The function and biological signif-
icance of this reduced number of R1 repeating units in Mhp271 R1
regions have not been fully determined. Previous studies suggested
that a minimum of eight R1 repeating units are required for tracheal
cilia binding, while three R1 repeating units are needed for antibody
recognition (Minion et al., 2000). Despite a hypothesis that four or
more R1 repeating units might provide effective adhesion in swine,
it has never been verified (Minion et al., 2000). In this study, we con-
firmed that the R1-2 region of Mhp271 with six R1 repeating units
(in M. hyopneumoniae strain 11) has the ability to bind to the host
GRP78. Furthermore, the R1 repeats region adhesion is not totally
determined by a strict repeat number requirement, as evidenced by
the absence of P97 in our analysis of the GRP78 protein complex. It
was likely that an excessive number of repeating units may partially
bury the key sites of the R1 region interacting with GRP78, suggest-
ing an important relation of the R1 repeats region adhesion with the
3D structure formed. This conclusion is consistent with a previous
report that an R2 domain located near an R1 region with less than
eight repeating units may function to assist in binding porcine cilia
(Deutscher et al., 2010). Further study is necessary to ascertain
the exact mechanism of the R1 repeats region binding to the host
GRP78.

The interaction of adhesins with host molecules determines
bacterial adherence and entry into host cells as well as its cellular
and tissue tropism (Kirchner & Meyer, 2005). Although M. hyopneu-
moniae has historically been considered an extracellular pathogen,
its entry into swine epithelial cells has recently been demonstrated,
which is strengthened by the isolation of M. hyopneumoniae from
the liver, spleen, kidneys, and bronchial lymph nodes of experimen-
tally infected swine (Le Carrou et al., 2006; Raymond et al., 2018b).
Clearly, the ability of M. hyopneumoniae to invade the respiratory
or lung epithelial cells to target a wide range of tissues is being
gradually recognized, although the detail of the mechanism needs
further study. The interaction of M. hyopneumoniae with many dif-
ferent cellular proteins may explain the broad tissue tropism seen
in M. hyopneumoniae infection (Martines et al., 2015). It is perhaps
unsurprising that M. hyopneumoniae can interact with many cellular
proteins, as illustrated by Raymond et al. who identified 105 PK-15
cell proteins using biotinylated M. hyopneumoniae surface proteins as
bait for affinity chromatography. They further ascertained that actin
exists in all eukaryote cells as an important receptor for M. hyopneu-
moniae and may facilitate a broad tissue tropism of M. hyopneumo-
niae (Raymond et al., 2018a). In our study, we confirmed GRP78 as
an interaction target of M. hyopneumoniae, underlining the possibil-
ity of its broad tissue tropism, given that GRP78 is widely expressed
on the surface of various human and animal cells.

In summary, we identified that M. hyopneumoniae Mhp271 can
directly regulate host cell UPR to facilitate bacterial adherence and
infection by interacting with host GRP78. Our findings improve our
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understanding of the interaction between M. hyopneumoniae and
the host, providing new insights into the molecular pathogenesis of
M. hyopneumoniae. We hope that this and future studies may lead
to the development of new therapies against diseases caused by M.
hyopneumoniae.

4 | MATERIALS AND METHODS

4.1 | Mycoplasma strains, cells, and culture
conditions

M. hyopneumoniae ATCC 25095 was purchased from the American
Type Culture Collection (ATCC) and cultivated in a mycoplasma me-
dium (Basal Media, Shanghai, China) at 37°C. To estimate the num-
bers of CFU in the cultures, serial dilutions were plated on a modified
pleuropneumonia-like organism (PPLO) medium containing 1.5%
agarose (V2111; Promega) and incubated at 37°C. CFU was counted
7-10days later using a microscope (Vogl et al., 2008). M. hyopneu-
moniae was pelleted by centrifugation at 10,000g for 10 min and
resuspended at 1.0x 10° CFU/ml in phosphate buffered saline (PBS).
PTECs were prepared from the tracheas of two 5-week-old
specific-pathogen-free (SPF) piglets using previously described pro-
tocols (Wang et al., 2018). Human embryonic kidney cells (HEK293T)
were purchased from ATCC. PTECs and HEK293T cells were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 1% antibiotics
(100 pg/ml streptomycin and 100 U/ml penicillin; Gibco), and 10mM
HEPES (Invitrogen). The cells were incubated at 37°C in 5% CO,.

4.2 | LAMPs preparation

LAMPs were prepared as described previously (He et al., 2009).
Briefly, M. hyopneumoniae was cultivated in a mycoplasma medium
until the beginning of the stationary growth phase (when a red
pH indicator turned orange) and then collected by centrifugation.
M. hyopneumoniae cells were washed with PBS twice and resus-
pended in 5 ml of Tris-buffered saline (TBS; 50 mM Tris-Cl, pH 8.0,
0.15M NaCl) containing 1 mM EDTA (TBSE), to which Triton X-114
was added to a final concentration of 2% and incubated at 4°C for
1 h. The lysate was then incubated at 37°C for 10 min for phase
separation. After centrifugation, the upper aqueous phase was re-
moved and replaced with the same volume of TBSE. The solution
was vortexed and incubated at 4°C for 10 min. The phase separa-
tion process was repeated twice. The final Triton X-114 phase was
resuspended in TBSE to the original volume, and 2.5-fold volumes
of ethanol were then added to precipitate the membrane com-
ponents overnight at —20°C. After centrifugation, the pellet was
resuspended in PBS and lysed by sonication. Protein concentra-
tions were examined using the Bradford assay (Thermo Scientific,
Waltham, MA, USA). The endotoxin concentration of the heat-
inactivated mycoplasma LAMPs was <0.04 endotoxin units/ml,

as checked by the Limulus amebocyte lysate assay (Associates of
Cape Cod, Falmouth, MA, USA).

4.3 | Plasmids construction and transfection

The GRP78 gene was PCR amplified from PTECs and cloned into the
pCAGGS-HA vector (Clontech) with the restriction enzymes Kpn |
and Xho I.

The Flag-tag sequence was cloned into the expression plasmid
pCAGGS at the C-terminus (Niwa et al., 1991). The Mhp271 gene
(with Bam HI and Sac | sites) was codon-optimized and synthesized
by the Beijing Genomics Institute (BGI, Beijing, China). This frag-
ment was cloned into the pCAGGS-Flag vector. Three truncated
Mhp271 constructs based on pCAGGS-FLAG were generated to
express the aa 1-351, 352-702, and 703-1052 of Mhp271 and
named Mhp271a-Flag, Mhp271b-Flag, and Mhp271c-Flag, respec-
tively. The constructs based on Mhp271c-Flag with the R1-1, R2, or
R1-2 region deleted were separately named Mhp271c(AR1-1)-Flag,
Mhp271c(AR2)-Flag, and Mhp271c(AR1-2)-Flag.

The Myc-tag sequence was cloned into pCAGGS and named
pCAGGS-Myc. The GRP78 cDNA was cloned into pCAGGS-Myc
with the restriction enzyme Not | using a ClonExpress Il One Step
Cloning Kit (Vayzme, Nanjing, China).

The mutants of GRP78-Myc were constructed by overlap PCR.
For the endoplasmic reticulum DnalJ homolog interaction-defective
mutant (R197H), Arg-197 was replaced by His. For ATP binding-
defective mutant (G227D), Gly-227 was replaced by Asp. For sub-
strate binding-defective mutant (T4530), Thr-453 was replaced by
Asp.

All primer sequences used for the construction of the recombi-
nant plasmids are presented in Table 1. The recombinant plasmids
were transfected into PTECs using TransIT-X2® reagent (Mirus Bio,
Madison, WI, USA).

4.4 | Recombinant protein expression and
purification

The Mhp271 gene was PCR amplified from M. hyopneumoniae, the
Mhp271 gene lacking the R1-2 region was generated by overlap
PCR and the R1-2 region of Mhp271 cDNA was prepared by Comate
Biotech Company (Jilin, China). These cDNAs were cloned into the
pMAL-c5x vector with the restriction enzymes Sal | and Bam HI.

The GRP78 gene was PCR amplified from PTECs and cloned into
the pGEX-GST vector with the restriction enzymes Bam HI and Sal |.

These recombinant plasmids were transformed into E. coli
BL21(DE3) cells. The level of recombinant protein expression was an-
alyzed by SDS-PAGE. Subsequently, the Mhp271-MBP, Mhp271(AR1-
2)-MBP, and Mhp271 R1-2-MBP fusion proteins were purified by using
amylose agarose resin (New England Biolabs) according to the man-
ufacturer's instructions. The prurition of GRP78-GST was performed
using Glutathione Sepharose 4 Fast Flow resin (GE Healthcare).
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TABLE 1 Primers used in this study

Primer name Restriction enzyme
GRP78-HA-F Kpn |
GRP78-HA-R Xho |
GRP78-Myc-F? Not |
GRP78-Myc-R? Not |
GRP78-GST-F Bam HI
GRP78-GST-R Sal |
Mhp271-MBP-F? Sal |
Mhp271-MBP-R? Bam HI
Mhp271(AR1-2)-MBP-F? Sal |
Mhp271(AR1-2)-MBP-R? Bam HI
Mhp271-Flag-F? Not |
Mhp271-Flag-R? Not |
Mhp271a-Flag-F? Not |
Mhp271a-Flag-R® Not |
Mhp271b-Flag-F? Not |
Mhp271b-Flag-R* Not |
Mhp271c-Flag-F? Not |
Mhp271c-Flag-R? Not |
Mhp271c(AR1-1)-Flag-F Sac |
Mhp271c(AR1-1)-Flag-R Not |
Mhp271c(AR1-2)-Flag-F Sac |
Mhp271c(AR1-2)-Flag-R Not |
Mhp271c(AR2)-Flag-F Sac |
Mhp271c(AR2)-Flag-R Not |
qPCR® PBD-2-F
PBD-2-R

Sequence (5'-3')

GGGGTACCATGAAGCTGTCCCTGGTGG
CCGCTCGAGCTACAACTCATCTTTGTCTGCTGAT
gatctcgaggctagegeggccgc ATGTGGGCACGGTGGTCG
atgagtttttgttctgeggccgcCTACAACTCATCTTTGTCTGCTGATTC
CGGGATCCATGAAGCTGTCCCTGGTGG
ACGCGTCGACCAACTCATCTTTGTCTGCTGA
ggcggecgegatatcgtcgacATGAGCAAACTGACCAAGAGCA
acctgcagggaattcggatccCTTCGCCTGTTTATTTTCTTTTTTG
ggcggecgegatatcgtcgacATGGAAGTGTTTGCGGAACTG
acctgcagggaattcggatccCTTCGCCTGTTTATTTTCTTTTTTG
gatctcgaggctagegeggccgc ATGAGCAAACTGACCAAGAGCA
atgagtttttgttctgeggccgc CTTCGCCTGTTTATTTTCTTTTTTG
tacgtctcggeggeggeggccgc ATGAGCAAACTGACCAAGAGCA
tcgtecttgtagtcegeggeccgc GTTGAAGTCGGTTTTGGTAATATCTT
tacgtctcggeggeggeggccgc GAACAGGGCCTGAAAACC
tcgtecttgtagtcegeggeccgcCGCGTCGGTCTTATTCGCC
tacgtctcggeggeggeggccgc GAAGTGTTTGCGGAACTG
tegtecttgtagtccgeggecgc CTTCGCCTGTTTATTTTCTTTTTTG

CGAGCTCATGGAAGTGTTTGCGGAACTG
AAGCGAAACCAGCAATAGCACCACC

TGCTATTGCTGGTTTCGCTTTTC
TTGCGGCCGCCTTCGCCTGTTTATTTTCTTTTTTGG

CGAGCTCATGGAAGTGTTTGCGGAACTG
TCCGAAAACCGTAAGCAGCCCAGCG

GGCTGCTTACGGTTTTCGGAGTTTC
TTGCGGCCGCCTTCGCCTGTTTATTTTCTT

CGAGCTCATGGAAGTGTTTGCGGAACTG
CCAGAAAAGCGAAGAAAATAGCAAC

TATTTTCTTCGCTTTTCTGGCTT
TTGCGGCCGCCTTCGCCTGTTTATTTTCTTTTTTG

ACCTGCTTACGGGTCTTG
CTCTGCTGTGGCTTCTGG

*These primers are used in homologous recombination methods to construct recombinant plasmids and homologous arm sequences are denoted by

lowercase letters.

®The primers are used in quantitative PCR (qPCR). Restriction enzyme sites incorporated into primers are underlined.

The endotoxin concentration of the fusion proteins (<0.04 endo-
toxin units/ml) was verified using the ToxinSensor chromogenic LAL
endotoxin assay kit (GenScript, China).

4.5 | Co-IP assays

HEK293T cells were transfected with the recombinant plasmid
GRP78-HA for 36h and then stimulated by 8 pg/mlM. hyopneu-
moniae LAMPs. The cells were harvested and lysed with the cell
lysis buffer (1 protease inhibitor cocktail tablet [Roche]/10 ml
NP-40 buffer) for 30 min at 4°C. Supernatants after centrifuga-
tion were incubated with anti-HA magnetic beads (Bimake, USA)
on an MACSmix Tube rotator at 4°C overnight. The next day, the

beads were collected with a magnetic separator (Bimake) and
then washed five times to remove the unbound proteins. Proteins
bound to the beads were eluted with elution buffer (100mM
glycine-HCI, pH = 3). The eluate was immediately neutralized
with 1 M Tris-HCI (pH = 8). Eluted proteins were separated by
SDS-PAGE and silver-stained (Beyotime, Nantong, China). The
excised gel band was sent to BGI (Beijing, China) and analyzed
by MS.

The plasmid expressing GRP78-Myc protein was cotransfected
with the plasmids expressing M. hyopneumoniae proteins (Mhp271,
Mhp271 truncates, or Mhp271 deletions) into HEK293T cells,
respectively.

The plasmid expressing Mhp271 R1-2-Flag protein was cotrans-
fected with the GRP78-Myc or the GRP78 mutant plasmids.
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At 36h posttransfection, the cells were lysed with ice-cold lysis
buffer for 30min at 4°C. After centrifugation (8000g, 10 min) at 4°C,
the clarified extracts were incubated with beads conjugated with
anti-Flag (Sigma-Aldrich, USA) or anti-Myc (Sigma-Aldrich, USA) af-
finity gel on a MACSmix Tube rotator at 4°C overnight. The incu-
bated beads were washed five times with lysis buffer, followed by
SDS-PAGE and Western blotting.

4.6 | Cellviability measurements
Cell viability was detected using a Cell Counting Kit-8 (CCK-8) ac-

cording to the manufacturer's protocol (Vazyme, Nanjing, China).

4.7 | Western blotting

Whole-cell lysates were harvested at the indicated time points.
An equal number of cells were lysed with the cell lysis buffer for
30min at 4°C. The protein concentration was determined using a
BCA Protein Assay Kit (Beyotime, Nantong, China). Equal amounts
of total cell lysates were separated by SDS-PAGE. The proteins
in the gel were transferred onto nitrocellulose membranes (GE
Healthcare Life Science, Piscataway, USA), which were then
blocked with 5% skim milk in TBST (Solarbio, Beijing, China) at
4°C overnight and then incubated for 2 h with different primary
antibodies at room temperature (RT). Antibodies against GRP78
(ab21685)and Myc (ab32) were purchased from Abcam (Cambridge,
MA, USA). The antibody against Flag (F7425) was obtained from
Sigma-Aldrich (St. Louis, MO, USA). An antibody against p-actin
(TA-09) was purchased from Zhongshan Goldenbridge-Bio (Beijing,
China). An antibody against MBP was available from New England
Biolabs. After washing with TBST, DyLight™ 800-labeled goat an-
timouse 1gG (H+L) or DyLight™ 800-labeled goat antirabbit IgG
(H+L) (1:10,000, Kirkegaard & Perry Laboratories, Gaithersburg,
USA) was used for detection. The membrane was scanned using an
Odyssey infrared imaging system, and the fluorescence intensity
of each band was measured using Odyssey 2.1 software (LI-COR

Biosciences).

4.8 | Immunofluorescence

HEK293T cells were transfected with GRP78-Myc, Mhp271-Flag, or
both and fixed for 30 min in 4% paraformaldehyde (PFA) in PBS. The
fixed cells were permeabilized with 0.1% Triton X-100 for 10 min and
blocked for 1 h in 0.2% cold-water fish skin gelatin (Sigma). Cells
were then incubated with mouse anti-Myc mAb or rabbit anti-Flag
polyclonal antibodies for 1 h at RT, washed three times with PBS, and
incubated for 1 h with secondary antibodies coupled to Alexa Fluor
633 or Alexa Fluor 488 (Invitrogen). The cell nuclei were labeled with
DAPI (1:1000, Sigma). Fluorescence images were acquired using a
confocal microscope (Zeiss, LSM800).

4.9 | Real-time quantitative RT-PCR and
adherence assessment

Total RNA was extracted from the cells using an RNeasy Mini kit
(Qiagen Sciences, Hilden, Germany) according to the manufacturer's
instructions. RNA was reverse transcribed using a Transcriptor First-
Strand cDNA Synthesis Kit (Roche Diagnostics, Indianapolis, USA).

gPCR was performed in triplicate using FastStart Universal
SYBR Green Master Mix (Rox) (Roche Diagnostics, Indianapolis,
USA). All data were acquired using a QuantStudio™ 3 real-time PCR
system (Applied Biosystems, Carlsbad, USA). The expression value
of each gene was normalized to that of GAPDH, and final values
were calculated using the AACt method. The results were analyzed
using QuantStudio™ Design & Analysis software v1.4 (Applied
Biosystems). The PBD-2 primer sequences used in this study are
provided in Table 1.

Adherence assessment was performed as described previ-
ously (Pan et al., 2020). Briefly, the M. hyopneumoniae copy num-
ber was quantitated in cell samples by qPCR using a specific
TagMan probe assay (Wu et al., 2012): the forward primer (F:
5'-CCAGAACCAAATTCCTTCGCTG-3'), reverse primer (R: 5-ACT
GGCTGAACTTCATCTGGGCTA-3'), and TagMan probe (5-FAM-A
GCAGATCTTAGTCAAAGTGCCCGTG-BHQ-3'). The composition
of the qPCR assay mixture was according to the manufacturer's
protocol (Premix Ex Tag™ [Probe gPCR], TaKaRa, Dalian, China).
Amplification was performed using a QuantStudio™ 3 real-time PCR
system (Applied Biosystems, Carlsbad, USA). In each plate, 10-fold
dilutions of the standard plasmid (10'!-10° copies/pl) and the blank
control were included. Each sample was assayed three times.

410 | Far-Western blotting

To explore whether M. hyopneumoniae Mhp271 or Mhp271 R1-2
could directly bind to GRP78, protein-protein interactions method
Far-Western blotting was performed. A total of 1 pg of recombinant
proteins (Mhp271-MBP or Mhp271 R1-2-MBP) and a negative control
(PDH-MBP or Mhp271(AR1-2)-MBP) were separated by SDS-PAGE
and transferred onto nitrocellulose membranes. After blocking with
5% (w/v) skimmed milk, the membrane was incubated with 1 pg/
ml GRP78-GST or GST protein, followed by incubation with rabbit
anti-GRP78 or anti-GST antibody (Abcam) as the primary antibody
and DyLight™ 800-labeled goat antirabbit 1gG (H+L) (1:10,000 di-
lution, Kirkegaard & Perry Laboratories) as the secondary antibody.
Finally, the membrane was scanned using an Odyssey infrared imag-

ing system.
4.11 | Purifying antibodies against M.
hyopneumoniae Mhp271

Anti-M. hyopneumoniae Mhp271 antibodies were purified from
the murine serum anti-Mhp271 as described previously (Piccinni
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& Guille, 2020). Three milliliters of antiserum were mixed with
6 ml of 60mM sodium acetate (pH 4.0), and 100% caprylic acid
(for a final concentration of 2.5%) was added while the mixture
was stirred. Upon stirring for 20-30min, the mixture was cen-
trifuged at 5100 g for 20 min, and the supernatant was collected
(Total 1gG).

One milliliter amylose resin was poured into a 5 ml empty column
and washed with five column volumes of Column Buffer (20mM Tris-
HCI, 200mM NaCl and 1mM EDTA). The resin was incubated with
5 mg Mhp271-MBP protein for 30min at room temperature. After
washing the column with three column volumes of Column Buffer,
the total IgG was passed through the column three times. About
3.5M potassium thiocyanate was directly added onto the beads to
elute the antibody, prior to which the columns were rinsed with 10
volumes of Column Buffer and 0.5 M NaClI-PBS, respectively.

Two-column volumes of 10mM sodium bicarbonate were passed
through a desalting column and the eluted antibody was loaded onto
the column. The column was placed in the 50 ml centrifuge tube and
centrifuged at 2000rpm for 5 min. The liquid (purified antibody) at
the bottom of the centrifuge tube was collected and the IgG concen-

tration was determined by UV spectroscopy (275 nm).

4.12 | Blocking assay

M. hyopneumoniae cells (1x10° CFU/ml) were washed three times
with PBS and preincubated with the purified antibodies against
Mhp271 (20 and 50 pug/ml) or PBS at 37°C for 30min. The bacterial
suspension in DMEM was added to PTECs.

Mhp271 fusion protein (8 pg/ml) was preincubated with murine
serum (diluted 1:20, 1:50, 1:100, and 1:200) against the Mhp271
R1-2 protein at 37°C for 30min. Mhp271 preincubated with negative
murine serum (diluted 1:20) was used as the control. The pretreated
Mhp271 fusion protein was added to PTECs.

Following incubation for 12 h, the cells were washed three times
with PBS and subjected to Western blotting analysis.

413 | Statistical analysis

GraphPad Prism software (version 7.0 for Mac; GraphPad Software
Inc.) was used for all statistical analyses. Data obtained from sev-
eral experiments are reported as the mean+SD. The significance of
differences between the two groups was determined with a two-
tailed Student's t test. One-way analysis of variances (ANOVA) with
Dunnett's or Tukey's test was employed for multigroup comparisons.
For all analyses, a probability (p) value of < .05 was considered sta-
tistically significant.
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