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Abstract 

Purpose Nocardia is emerging as a common and easily neglected cause of both healthcare- and occupation-asso-
ciated infections worldwide, however, human vaccines for Nocardia prevention are not yet available. In this study, 
we aimed to evaluate the immunoprotective effect of the NFA47630 protein, a secreted protein abundant in the N. 
farcinica IFM10152 supernatant.

Methods Conservation and characteristics of nfa47630 were analyzed by PCR and bioinformatics. Then recombi-
nant NFA47630 protein was cloned, expressed and purified for further antigenicity analysis. Subsequently, the ability 
to activate innate immunity was evaluated by examining the phosphorylation status of the MAPK signaling pathway 
and cytokine levels. Finally, the protective effect was evaluated on rNFA47630-immunized mice.

Results nfa47630 was conserved in N. farcinica strains with good antigenicity. The rNFA47630 protein was expressed 
under the optimal conditions of 0.2 mM IPTG, 28 °C, and it can be recognized by anti-N. farcinica and anti-N. cyr-
iacigeorgica sera, but not anti-N. asteroids, anti-N. brasiliensis, anti-N. nova and anti-Mycobacterium bovis sera. It can 
upregulate the phosphorylation status of ERK, JNK, P38 and the cytokine levels of TNF-α, IL-10, IL-12, and IFN-γ. In 
addition, mice immunized with rNFA47630 protein exhibited higher antibody titers, greater bacterial clearance ability, 
milder organ infection, and higher survival rates than PBS-immunized mice.

Conclusions Our data demonstrate that NFA47630 is a potential vaccine candidate for defending against N. 
farcinica infection.
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Introduction
Nocardia species are a group of gram-positive bacilli 
belonging to the Nocardia genus, Nocardiaceae family, 
Corynebacteriales order and Actinobacteria phylum [1]. 
It encompasses more than 120 recognized species with 
valid names (https:// www. bacte rio. net/ genus/ nocar dia) 
[2], and the primary implicated human and animal path-
ogens include N. farcinica, N. cyriacigeorgica, N. brasil-
iensis and N. asteroides [3].

The occurrence of nocardiosis has been reported in 
immunocompromised [4, 5] and immunocompetent 
[6] individuals in many countries, especially in Amer-
ica, India, Mexico, Japan, Spain, France, Australia, 
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Brazil, China and Thailand [7]. As an opportunist 
pathogen, Nocardia is capable of producing serious 
infections in appropriate hosts. Pulmonary infection is 
the most common clinical presentation because inha-
lation of airborne spores is the primary transmission 
route of bacterial exposure [8, 9]. Primary cutaneous 
and subcutaneous nocardiosis can result from trau-
matic injury that involves soil contamination, espe-
cially in gardeners and farmers [10]. Central nervous 
system (CNS) nocardiosis usually occurs in patients 
with one or more brain abscesses, accompanied by 
symptoms of headache, vomiting and depressed con-
sciousness [6, 11]. Other common sites of nocardial 
dissemination include the eye, pericardium, mediasti-
num, liver, spleen, and thyroid [3, 8]. Disseminated 
nocardiosis often invoves lungs and CNS, causing 
unsatisfactory prognosis. One-year mortality rates are 
estimated to be as high as 16–85% depending on study 
populations [12].

One of the important reasons for the poor prognosis 
of disseminated nocardiosis is that the optimal anti-
microbial treatment recommendations for nocardiosis 
have not been firmly established. Given that Nocardia 
species display variable in  vitro antimicrobial suscep-
tibility patterns [10], nocardiosis management must 
be individualized. The combination of multiple agents 
is always performed in patients with severe nocardio-
sis, such as INF-γ [12]. Because antibiotic therapies 
always extend for months or even years, resistance to 
first-line antibiotics [13, 14], such as trimethoprim-sul-
famethoxazole (TMP-SMX) [15], rifampicin [16], and 
aminoglycoside [17], have emerged in several cases. 
The high mortality rate of disseminated nocardiosis 
and the emergence of drug-resistant strains have led to 
an in-depth study of prevention options for Nocardia 
infection from immunological insights. However, few 
studies have focused on the immunoprotective proteins 
of Nocardia thus far.

A previous study in our laboratory identified over 
500 secreted proteins in N. farcinica IFM10152 super-
natant by LC–MS/MS, and NFA47630 protein is one 
of the proteins with high content [18]. In this study, 
we first performed a conservative and bioinformatic 
analysis of the NFA47630 protein. Then, we cloned and 
expressed recombinant NFA47630 protein in Escheri-
chia coli BL21, and its antigenicity and ability to acti-
vate the innate signaling pathway were subsequently 
determined. Finally, by analyzing its immunoprotective 
efficacy in rNFA47630-immunized mice, we concluded 
that the rNFA47630 protein can induce functional anti-
body responses in mice and holds great promise as a 
potential vaccine candidate.

Materials and methods
Mice and ethics statement
Six- to eight-week-old BALB/c female mice were pro-
cured from SPF Biotechnology Co., Ltd. (Beijing, China) 
and bred under specific pathogen-free conditions fol-
lowing standard and approved protocols. All animal 
procedures were conducted in compliance with the 
Ethics Review Committee of the National Institute for 
Communicable Disease Control and Prevention at the 
Chinese Center for Disease Control and Prevention (pro-
tocol code 2020–018). All efforts were made to minimize 
suffering.

Bacterial strains and culture conditions
N. farcinica IFM10152 strain was procured from the Ger-
man Resource Centre for Biological Materials. Twenty-
three N. farcinica isolates were randomly selected from 
our laboratory and cultured in BHI broth (Oxoid Ltd, 
UK) at 37  °C. Escherichia coli BL21(DE3) was procured 
from TransGen Biotech and cultured in LB medium con-
taining kanamycin (50  µg/ml). All strains were cultured 
to exponential phase before experiments.

Conservative and bioinformatic analysis
For conservative analysis, the nfa47630 sequence was 
matched with N. farcinica sequences by NCBI Nucleo-
tide Blast. To further verify its conservation in clinical 
strains, DNA was extracted from N. farcinica IFM10152 
and 23 isolated N. farcinica strains (Table  S1) using the 
Wizard Genomic DNA Purification Kit (Promega, USA), 
and PCR was performed using nfa47630 specific prim-
ers: forward 5’-ATC TGA ATT CAT GCC GAC CGC AGT 
AG-3’ and reverse 5’-ATG TAA GCT TTC AGG CGA CGG 
TGA AG-3’. PCR products were then detected by 2% 
agarose gel electrophoresis. The bioinformatic analysis 
of NFA47630 was performed by searching (I) subcellu-
lar localization using PSORTb (https:// www. psort. org/ 
psortb/) [19], (II) signal peptide using UniProt (https:// 
www. unipr ot. org/) [20], (III) transmembrane helices 
using HMMTOP (http:// www. enzim. hu/ hmmtop/) [21], 
and (IV) antigenic propensity using Protein Variability 
Server (http:// imed. med. ucm. es/ PVS/) [22].

Expression and purification of recombinant NFA47630 
proteins
For preparation of recombinant proteins, plasmids were 
cloned into the pET-30a( +) expression vector by diges-
tion with EcoR I and Hind III and transformed into 
Escherichia coli BL21(DE3). Recombinant E. coli BL21 
cells were selected and grown in LB medium contain-
ing 50 µg/ml kanamycin at 37 °C for 6 h until the  OD600 
reached 0.8. Then, protein expression was induced by 
the addition of 0.2, 0.5 and 1 mM IPTG to the bacterial 
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culture for 4  h at 28 and 37  °C. After the bacterial sus-
pension was sonicated with protease inhibitor, the pellet 
and culture supernatant were obtained by centrifuga-
tion at 12,000  rpm/min for 20 min at 4  °C, and all pro-
tein preparations were analyzed by SDS‒PAGE and quick 
blue staining. The recombinant NFA47630 (rNFA47630) 
protein was then purified using the His-Bind purification 
kit (Novagen, Germany). After the collected protein was 
eluted by a Ni–NTA column with elution buffer, nonspe-
cific proteins were removed by washing with 20, 40, 60, 
100, and 250  mM imidazole buffer. All eluted fractions 
were collected and analyzed by SDS–PAGE and quick 
blue staining. Purified protein was then concentrated 
with a 10-kDa centrifugal filter device (Millipore, MA), 
and endotoxin was further removed using a ToxinEraser 
endotoxin removal kit (GenScript, China) according to 
the manufacturer’s guidelines. The protein was stored 
at -80  °C after concentration determination by a bicin-
choninic acid (BCA) assay.

Antigenicity determination by western blot
Total rNFA47630 proteins were separated by SDS–PAGE 
(5–12%) and transferred onto 0.45 µm polyvinylidene flu-
oride (PVDF; Merck, Germany) membranes. The mem-
branes were then blocked with 5% skim milk diluted in 
TBS containing 0.05% Tween (TBST) for 2  h at room 
temperature. Mouse antisera (stored in our laboratory) 
included N. farcinica, N. asteroids, N. cyriaciegeorgoca, 
N. brasiliensis, or Mycobacterium bovis, and horseradish 
peroxidase (HRP)-conjugated monoclonal anti-pentahis-
tidine (His) antibody (New England Biolabs Inc., USA) 
was diluted (1:2,000) in TBST containing 2% skim milk 
and incubated overnight at 4  °C. The membranes were 
then washed with TBST three times and incubated in an 
HRP-conjugated goat anti-mouse IgG (1:4000; Southern 
Biotech, USA) secondary antibody for 1 h at room tem-
perature. After three washes with TBST, the bands were 
visualized using Amersham® Hyperfilm® ECL™ and MP 
Autoradiography Films (GE Healthcare).

Cell culture
The mouse macrophage cell line RAW264.7 was pro-
cured from the National Infrastructure of Cell Line 
Resource (Beijing, China) and cultured in high-glucose 
DMEM (Gibco, NY, USA) supplemented with 10% FBS 
at 37 °C. In each experiment, cells from passages 5 to 15 
were counted before seeding in the plate.

MAPK signaling pathway analysis
For MAPK signaling pathway analysis, RAW264.7 cells 
were seeded in 6-well microplates at a density of 8 ×  105 
cells per well for 16–18  h and then stimulated with 2, 
4 or 8  μg/mL rNFA47630 protein. In order to exclude 

residual LPS interference, rNFA47630 preparation was 
pretreated with 100ug/ml polymyxin B (PmB, a specific 
inhibitor for LPS, INALCO, USA) at 37  °C for 2 h [23]. 
Additionally, 100 ng/mL LPS (with or without 100 μg/mL 
PmB) was added to the cell plate as positive control. At 
indicated time points, whole-cell extracts were harvested 
using RIPA lysis buffer (strong) (CWBIO, Beijing, China) 
containing protease and phosphatase inhibitor cocktail 
for Western blot analysis. Equal amounts of protein were 
separated by SDS–PAGE and transferred to PVDF mem-
branes as described before. Primary antibodies against 
p-ERK1/2 (1:1000, CST, USA), p-JNK (1:1000, CST, 
USA), p-P38 (1:1000, CST, USA), and β-actin (1:4000, 
CST, USA) were diluted in TBST containing 2% skim 
milk. HRP-conjugated goat anti-rabbit IgG (1:1000, Bey-
otime, China) or HRP-conjugated goat anti-mouse IgG 
(1:4000, ZSGB-BIO, China) was used as the secondary 
antibody.

Cytokine measurements
To measure cytokines in rNFA47630-stimulated RAW264.7 
cells, cells were seeded in 24-well culture microplates at a 
density of 2 ×  105/well and 2 μg of rNFA47630 was added 
for 6, 18 and 24 h. Similarly, we set up rNFA47630 + PmB 
and LPS (with or without PmB) groups to test residual LPS 
effects. To block MAPK signaling, cells were pretreated 
for 1 h with inhibitors of 20 µM ERK (PD 98059, Sigma, 
USA), 20  µM JNK (SP 600125, Sigma, USA) or 20  µM 
p38 (SB 203580, Sigma, USA) prior to rNFA47630 pro-
tein exposure. Then, culture supernatants were harvested 
at the indicated times, and the cytokine concentrations 
were determined by TNF-α, IL-10, IL-12 and IFNγ ELISA 
kits (BD OptEIA™, USA) according to the manufacturer’s 
instructions.

Mouse immunization
Female mice were randomly divided into rNFA47630 
and PBS groups and immunized by intramuscular injec-
tion of 100  µl recombinant protein-aluminum hydrox-
ide adjuvant mixture (10  µg of rNFA47630 per mouse) 
or equivalent PBS-aluminum hydroxide adjuvant mix-
ture three times every 2  weeks. Whole blood (with 
the addition of the anticoagulant heparin) and sera in 
rNFA47630-immunized (n = 6) and PBS-immunized 
mice (n = 6) were collected 7  days after the last immu-
nization, and rNFA47630-specific IgG, IgG1, IgG2a and 
IgG2b (Abcam, UK) antibodies were determined by 
ELISA. To confirm antibody production during infec-
tion, rNFA47630 protein was separated by SDS–PAGE 
and transferred to PVDF membranes as described before. 
Anti-rNFA47630 sera (1:2000) were used as the primary 
antibodies, followed by a secondary antibody (HRP-con-
jugated goat anti-mouse IgG).
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Whole blood and neutrophil killing assay
Equal whole blood (with the addition of the anticoagulant 
heparin) from rNFA47630- and PBS-immunized mice 
was collected and immediately mixed with a 1 ×  106 CFU 
N. farcinica suspension in a 37 °C incubator for 2 h. Then, 
serial dilutions of mixtures were plated on BHI agar 
plates for CFU count.

Mice were then sacrificed by cervical dislocation, and 
femurs and tibias in PBS-immunized mice were dissected 
and flushed out with HBSS (Solarbio, China) for bone 
marrow cell isolation. Subsequently, marrow suspensions 
were centrifuged at 500 × g and 4 °C for 10 min, and the 
pellets were resuspended with 45% Percoll and overlaid 
onto Percoll gradient layers (81%, 62%, 55%, and 50%). 
After centrifugation at 500 × g for 30 min, cells were col-
lected from the 81%/62% interface, and red blood cells 
were depleted using RBC lysis buffer (BD OptEIA™, CA, 
USA). Bone marrow neutrophils were then counted and 
incubated in a 24-well microplate at a density of 2 ×  105 
cells per well with RMPI 1640 medium supplemented 
with 10% FBS. After 24  h of stimulation with 2  μg of 
rNFA47630, N. farcinica suspension was added to each 
well at a ratio of 10:1 for 2  h of incubation, and serial 
dilutions of whole cell lysates were then plated on BHI 
agar plates for bacterial survival determination.

Spleen cell isolation
Spleens in PBS-immunized mice were dissected and 
transferred into a 40  µm cell strainer placed within a 
50  ml tube, then mashed gently with a 5  ml syringe 
plunger and washed repeatedly with 1 × HBSS. After cen-
trifugation at 500 × g for 10 min twice and depleting red 
blood cells using RBC lysis buffer, spleen cells were incu-
bated in a 24-well microplate with RMPI 1640 medium 
supplemented with 10% FBS and stimulated with 2 μg of 
rNFA47630. Supernatants were collected after 1, 2, and 
3  days of incubation, and the cytokine concentrations 
of IFN-γ and IL-4 were determined by ELISA kits as 
described above.

Mouse challenge
Ten days after the last immunization, mice in the 
rNFA47630 (n = 10) and PBS (n = 10) groups received 
50  µl of N. farcinica (1 ×  107  CFU) suspension through 
intranasal inoculation. Loss of weight and elevated body 
temperature were quantified immediately prior to infec-
tion and 24  h postinfection as previously described. 
Pulmonary bronchoalveolar lavage fluid (BALF) was 
obtained through 3 successive lavages of the bronchi with 
ice-cold PBS for lactate dehydrogenase (LDH) assess-
ment using the LDH-Glo™ Cytotoxicity Assay (Pro-
mega, USA) procedures. Whole lungs were collected and 
homogenized and then plated on BHI agar plates by serial 

dilutions. Bacterial counts were enumerate after 48 h in a 
37 °C incubator. Lung homogenate was then centrifuged 
to obtain the supernatant samples, and the concentra-
tions of TNF-α, IL-10, IL-12, and IFN-γ were determined 
by ELISA as described above.

For survival rate analysis, each mice in the rNFA47630 
(n = 10) and PBS (n = 10) groups were challenged by 
intraperitoneal injection of 100  µl (1 ×  109  CFU) bacte-
rial suspension, and mouse survival was monitored daily 
for a 10-day period. To assess the severity of pathologi-
cal damage, surviving mice were sacrificed by cervical 
dislocation. Lungs, liver and brain tissues were collected 
and fixed in 4% paraformaldehyde, embedded in paraf-
fin and sectioned. Subsequently, the deparaffinized tis-
sue sections were stained with hematoxylin and eosin 
(H&E). Stained sections were observed using a bio-
logical microscope (Nikon, Eclipse Ci-L, Japan), and 
images were randomly captured under high-power fields 
(20 × magnification).

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism 9.0.0. Statistical differences were analyzed using 
ordinary one-way analysis of variance (ANOVA) with 
Tukey’s multiple comparisons. Survival rates were ana-
lyzed by Kaplan–Meier and log rank test. For all experi-
ments, values of differences p ≤ 0.05 were considered 
statistically significant.

Results
The NFA47630 protein was conserved in N. farcinica strains 
with potential antigenicity
NFA47630 is an extracellular protein with 237 amino 
acids. Based on Nucleotide-Blast analysis, we obtained 
99.36–100% similarity for the nfa47630 sequence among 
all 42 N. farcinica strains uploaded in the NCBI data-
base. We then examined the positivity of the nfa47630 
gene in clinical strains by PCR. The obtained results 
(Fig. 1) showed that all 23 clinical strains contained the 
nfa47630 gene fragment with the same size as in the N. 
farcinica IFM10152 strain, which indicates that it is con-
served in N. farcinica species. PSORTb analysis revealed 
that the uncharacterized protein NFA47630 was located 
extracellularly. UniProt and HMMTOP predicted that 
it possesses one signal peptide with 29 amino acids (1 
aa ~ 29 aa) and two transmembrane helices (46 aa ~ 69 
aa, 90–109 aa). Protein Variability Server predicted 
that it possesses eleven possible antigenic determinants 
(aa4 ~ aa10, aa21 ~ aa82, aa90 ~ aa120, aa136 ~ aa144, 
aa154 ~ aa175, aa179 ~ aa186, aa191 ~ aa20, aa211 ~ aa217, 
aa227 ~ aa235, aa240 ~ aa248, aa258 ~ aa270) with an 
average antigenic propensity index of 1.0416, indicating 
its potential strong antigenicity.
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rNFA47630 protein was expressed and purified 
under optimal conditions
DNA electrophoresis showed a single band with 
the expected size, and nucleotide sequencing analy-
sis confirmed that the pET30a-nfa47630 recombi-
nant expression vector was constructed correctly. As 
shown in Fig.  2A, SDS–PAGE analysis indicated that 
after cells were induced with 0.2  mM IPTG for 4  h at 
28  °C, NFA47630 protein in the supernatant exhib-
ited increased expression. Purified rNFA47630 protein 

presented as a single band (Fig. 2B) at a concentration 
of 800 μg/ml.

The rNFA47630 protein can be recognized by anti‑N. 
farcinica and anti‑N. cyriacigeorgica sera
To validate the potential antigenicity of rNFA47630, west-
ern blotting was conducted to detect rNFA47630-specific 
antibodies from the sera of N. farcinica-infected mice. 
The obtained results (Fig. 2C) suggested that rNFA47630 
can be detected with anti-His antibody and sera from 

Fig. 1 N. farcinica clinical strains share the nfa47630 gene fragment with the same size. DNA was extracted from N. farcinica IFM 10152 and 23 
isolated N. farcinica strains, followed by PCR using nfa47630 specific primers. PCR products were then detected by 2% agarose gel electrophoresis

Fig. 2 Expression, purification and antigenicity analysis of the rNFA47630 protein. A Screening optimal expression conditions of location, IPTG 
concentration, and temperature. B Purified rNFA47630 protein. C Reactivity of the rNFA47630 protein with antisera from mice infected with anti-His, 
Nocardia species or M. bovis 
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N. farcinica-infected mice but not from the controls. To 
assess the specificity of rNFA47630, we used antisera 
from mice infected with other Nocardia species and M. 
bovis. The obtained results revealed that the rNFA47630 
protein can be recognized by anti-N. cyriacigeorgica, but 
not anti-N. asteroids, anti-N. brasiliensis, anti-N. nova 
and M. bovis sera, which indicates that the rNFA47630 
protein can cross-react with some Nocardia species but 
possesses interspecies specificity.

rNFA47630 activated the MAPK signaling pathway 
in RAW264.7 cells
Previous research demonstrated that Nocardia not only 
invades epithelial cells but also survives in macrophages 
[24–26]. To investigate whether the rNFA47630 protein 
regulates the MAPK signaling pathway, we examined 
the phosphorylation statuses of ERK1/2, JNK and p38 in 
RAW264.7 cells at 30  min post-stimulation. The results 
showed increased phosphorylation levels of p-JNK, 
p-JNK, and p-p38 in rNFA47630, rNFA47630 + PmB 
and LPS-stimulated groups compared with control 
group, but not in LPS + PmB group (Fig. 3A), which indi-
cated rNFA47630 protein capable of activating MAPK 
signaling pathways independently of residual LPS. 
Subsequently, RAW264.7 cells were stimulated with 
rNFA47630 protein (2  μg/mL for 30, 60, 120  min, or 2, 
4 or 8 μg/mL for 30 min) for elucidating the relationship 
between phosphorylation statuses of MAPK signaling 
pathway and the concentration of rNFA47630 protein, 
stimulation time. The obtained results showed that stim-
ulation with 2 μg/mL rNFA47630 for 30 min resulted in 
evident phosphorylation of ERK1/2, JNK and p38, and 
the phosphorylation status of JNK and p38 gradually 
decreased to baseline after 2  h of stimulation (Fig.  3B). 
In addition, we found that the phosphorylation levels of 
JNK and p38 gradually increased, while ERK1/2 gradually 
decreased with increasing rNFA47630 protein concentra-
tion (Fig. 3C), further indicating that the rNFA47630 pro-
tein plays a key role in activating the MAPK pathways in 
RAW264.7 cells in a time- and dose-dependent manner.

rNFA47630‑induced cytokine secretion depended 
on the MAPK pathways
To confirm the ability of rNFA47630 protein to induce 
cytokine expression, RAW264.7 macrophages were 
stimulated with rNFA47630 (with or without PmB) or 
LPS (with or without PmB) for indicated time point. 
The results showed that the concentrations of TNF-α, 
IL-10, IL-12, and IFN-γ increased over time and reached 
higher levels at 24 h of stimulation in rNFA47630 group 
(Fig.  3D). Furthermore, cytokine levels remained high 
even after the addition of PmB, suggesting that the 
rNFA47630 protein was able to stimulate cytokine 

secretion from RAW264.7 cells, as we confirmed that 
100  μg/mL PmB could completely counteract the effect 
of LPS (Fig. 3D). To further elucidate the roles of ERK1/2, 
JNK and p38 in rNFA47630-induced cytokine produc-
tion, RAW264.7 macrophages were pretreated with spe-
cific molecular signaling inhibitors for 1  h followed by 
rNFA47630 stimulation. As shown in Fig.  3E, TNF-α, 
IL-10, IL-12, and IFN-γ production were significantly 
inhibited by these three inhibitors, indicating that the 
MAPK pathway plays a critical role in rNFA47630-
induced cytokine production.

Mice immunized with rNFA47630 induce a strong humoral 
immune response
To clarify whether the rNFA47630 protein induces a 
humoral immune response in mice, as shown in Fig. 4A, 
sera from rNFA47630- or PBS-immunized mice were 
collected seven days after the last immunization. The 
quantities between 1/100 and 1/51200 dilution for total 
IgG and IgG1, IgG2a, and IgG2b subclasses specific to 
rNFA47630 were determined by ELISAs. Then,we found 
that mice immunized with the rNFA47630 prepara-
tion elicited significantly higher titers of serum total 
IgG and IgG1, IgG2a, and IgG2b subclasses (predomi-
nantly for specific IgG1 subclasses) than PBS-immunized 
mice (Fig.  4B). In addition, western blot (Fig.  4C) sug-
gested that rNFA47630 protein reacted with sera from 
rNFA47630-immunized mice but not from the controls, 
indicating that rNFA47630-immunized mice induced a 
strong and specific humoral immune response and drove 
a Th2-biased immune response.

rNFA47630 enhanced whole blood and neutrophil 
bacterial clearance effects
To evaluate the whole blood and neutrophil killing effect 
on rNFA47630-immunized mice, whole blood and bone 
marrow neutrophils were collected and mixed with 
N. farcinica suspensions for 2  h. Our results showed a 
marked reduction in N. farcinica survival both in whole 
blood (Fig.  4D) and neutrophils (Fig.  4E) from the 
rNFA47630-treated group.

rNFA47630 stimulation induced IFN‑γ and IL‑4 secretion 
in spleen cells.
Spleen cells in the PBS-immunized group were collected 
and stimulated with 2  μg/mL rNFA47630 protein in a 
37  °C incubator, and the supernatants in each well were 
collected at 1, 2, and 3 days for determination of the lev-
els of IFN-γ and IL-4. Our results demonstrate that IFN-γ 
increased over time from Day 1 and reached higher lev-
els at Day 3. Additionally, there was an increase in IL-4 
levels from Day 1 to Day 3, but no significant trend was 
observed over time (Fig. 4F).
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rNFA47630 protein protects mice against challenge with N. 
farcinica.
To validate the protective effect of the rNFA47630 pro-
tein in mice, rNFA47630- and PBS-immunized mice 
were intranasally treated with a nonlethal N. farcinica 
suspension for 24  h. Then, we found a dramatic body 
temperature increase and body weight loss in the PBS-
immunized group, whereas slight physical changes were 
observed in the rNFA47630-immunized group (Figs. 5A, 
B). After mice were sacrificed by cervical dislocation, 
alveolar lavage fluid and lung homogenate were obtained 

to detect LDH levels and bacterial loads, respectively. 
The obtained results showed that LDH levels (Fig.  5C) 
and the bacterial load (Fig.  5D) of rNFA47630-immu-
nized mice were significantly lower than those of PBS-
immunized mice. Further ELISA results showed that 
compared with the PBS-immunized group, lower inflam-
matory cytokines (TNF-α, IL-10 and IL-12, Fig. 5E) and 
higher IFN-γ production were observed in lung superna-
tant from the rNFA47630-immunized group, altogether 
confirming that the rNFA47630 protein elicits functional 
immune responses in mice.

Fig. 3 rNFA47630-induced TNF-α, IL-10, IL-12, and IFN-γ secretion depended on the phosphorylation statuses of MAPK pathways. RAW264.7 
cells were stimulated with 2 μg/mL rNFA47630 (with or without PmB) or LPS (with or without PmB) for 30 min (A), or 2 μg/mL protein for 30, 60, 
or 120 min (B), or 2, 4, or 8 μg/mL protein for 30 min (C), and the phosphorylation statuses of ERK1/2, JNK and p38 were analyzed by western blot. 
D Cells were incubated with 2 μg/mL rNFA47630 (with or without PmB) or LPS (with or without PmB) for 6, 18, and 24 h, and the levels of TNF-α, 
IL-10, IL-12, and IFN-γ in the supernatants were measured by ELISA (n = 6 in each group). E Cells were pretreated for 1 h with inhibitors of PD 98059, 
SP 600125 or SB 203580 prior to rNFA47630 protein exposure, and cytokine levels were measured by ELISA (n = 6 in each group). Data are expressed 
as the means ± SDs for three independent experiments. p < 0.001 when compared with the control group (D) or rNFA47630 group (E)
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Subsequently, the remaining rNFA47630- and PBS-
immunized mice (10 per group) were treated with a 
lethal dose of N. farcinica, and surviving mice were 
counted daily for 10 consecutive days until no additional 
death occurred. The obtained results (Fig.  6A) showed 
an improved survival rate in the rNFA47630-immunized 
group (80%) compared with the PBS-immunized group 
(30%). In addition, the overall mental status of PBS-
immunized mice was worse than that of rNFA47630-
immunized mice. Three mice in the PBS-immunized 
group showed obvious neurological damage symptoms, 
manifested by unsteady walking. In contrast, no obvious 

neurological damage was found in the rNFA47630-
immunized mice.

Surviving mice in the two groups were then sacrificed 
by cervical dislocation at ten days postinfection. Lungs, 
liver and brain tissues were then dissected, fixed and 
stained for pathological analysis. As shown in Fig.  6B, 
pulmonary tissue in the PBS-immunized group showed 
more lymphocytes, neutrophils and macrophages infil-
trated the alveolar wall (black arrows), and inflam-
matory cell masses were observed around the blood 
vessels and bronchi. In contrast, we found a small num-
ber of granulocytes infiltrating the alveolar wall (black 

Fig. 4 Effect of rNFA47630 protein immunization in mice. A Female BALB/c mice were randomly divided into two groups and immunized 
with rNFA47630 protein or PBS three times. B Sera of rNFA47630-specific IgG, IgG1, IgG2a and IgG2b antibodies in PBS-immunized (n = 6) 
and rNFA47630-immunized (n = 6) mice were measured by ELISA. C Reactivity of rNFA47630 protein with anti-rNFA47630 sera. Bacterial survival 
in whole blood (D) and bone marrow neutrophils (E) after incubation for 2 h in control (n = 6) and rNFA47630 (n = 6) groups. F Spleen cells 
in control (n = 6) and rNFA47630 (n = 6) groups were incubated with 2 μg/mL rNFA47630 protein for 1, 2, and 3 days, and the levels of IFN-γ and IL-4 
in the supernatants were measured by ELISA. Data are expressed as the means ± SDs for three independent experiments
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arrows) in rNFA47630-immunized mice. In addition, 
there were massive hepatic sinusoidal stasis and dila-
tation, hydropic degeneration of multiple hepatocytes 
(blue arrow), focal hepatocyte necrosis and nuclear 
lysis (yellow arrow) in the liver tissue of PBS-immu-
nized mice. In rNFA47630-immunized mice, however, 
we only saw a small number of granulocytic focal infil-
trates around the hepatic lobules, central veins, and 
confluent areas (black arrow). Furthermore, since we 
observed neurological symptoms in PBS-immunized 
mice, we performed pathological analysis of brain tis-
sue. The results showed that more neuronal degenera-
tion and cytoplasmic vacuolization (red arrow) in the 
brain tissue of PBS-immunized mice, accompanied 
by capillary bruising and dilatation (green arrow), 
whereas a small amount of neuronal degeneration (red 
arrow), and no obvious gliosis were observed in the 
rNFA47630-immunized mice. All above mentioned 
results indicate that immunization with the rNFA47630 
protein protects mice against N. farcinica infections.

Discussion
As a zoonosis pathogenic bacterium, Nocardia can 
not only cause disease in human beings but also infect 
livestock and fish, posing increasing threats to human 
health and the livestock and aquaculture industries. 
Humans infected with Nocardia predominantly present 
with pneumonia, brain abscesses, and primary cutane-
ous and subcutaneous ulcers [8–11]. The clinical signs 
of nocardial mastitis in dairy cows included a suppura-
tive or granulomatous inflammation of the mammary 
gland, reduced milk production, and no apparent clini-
cal response to common antibiotics [27]. Infected large-
mouth bass Micropterus salmoides is characterized by 
hemorrhage, skin ulcers and prominent tubercles [28].

With the poor efficacy of first-line antimicrobial drugs 
and extensive antibiotic resistance, the development 
of protective antigens offers novel prevention options 
against Nocardia infections. In the aquaculture industry, 
vaccination against Nocardia infection has been devel-
oped and applied successively, including inactivated 

Fig. 5 rNFA47630 immunization alleviated mouse infection after challenge with N. farcinica. PBS-immunized (n = 10) and rNFA47630-immunized 
(n = 10) mice were intranasally infected with nonlethal N. farcinica, and then body temperature (A), body weight (B), LDH in BALF (C), CFU in lung 
tissue (D), and TNF-α, IL-10, IL-12, and IFN-γ in lung supernatant (E) were measured 24 h postinfection. Data are expressed as the means ± SDs 
for three independent experiments
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vaccines [29], live vaccines [29], DNA vaccines [30], 
and subunit vaccines [31]. However, human vaccines for 
Nocardia prevention are still far from available.

Screening for immunoprotective proteins can provide 
effective targets for vaccine development, and many 
secreted proteins, such as secreted aspartyl proteinase 
2 (Sap2) in Candida [32]and Type III secreted protein 
(TTSP) in Escherichia coli O157 [33], possess immuno-
protective effects and are suitable as vaccine candidates. 
Previous work in our laboratory identified secreted pro-
tein NFA47630 was abundant in the supernatant of N. 
farcinica IFM10152. In this work, we first conducted 
conservative analysis in N. farcinica strains, followed 

by bioinformatic analysis. The obtained results showed 
that nfa47630 was conserved in N. farcinica strains 
both in model strains and clinical strains, with potential 
antigenicity. Then, we established a prokaryotic expres-
sion vector in E. coli BL21(DE3) using the pET30a plas-
mid. Under the optimal expression conditions of 28  °C 
and 0.2  mM IPTG, recombinant NFA47630 protein 
was expressed, purified and then confirmed by SDS–
PAGE analysis. Further antigenicity analysis showed that 
rNFA47630 can be recognized by anti-N. farcinica and 
anti-N. cyriacigeorgica sera but not with others, which 
indicated the immune cross-reaction of rNFA47630 pro-
tein between Nocardia species antisera.

Fig. 6 rNFA47630 immunization enhanced mouse survival after challenge with N. farcinica. rNFA47630-immunized (n = 10) and PBS-immunized 
(n = 10) mice were challenged with a lethal dose of N. farcinica intraperitoneally, and mouse survival was monitored daily for a 10-day period (A). B 
The remaining surviving mice in the two groups were sacrificed, and the lung, liver and brain (C) were dissected for histological examination (20 ×). 
Survival rates were analyzed by Kaplan–Meier and log rank test
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The role of the rNFA47630 protein in innate and adap-
tive immunity was then illustrated because innate immu-
nity is the basis of adaptive immunity. Innate immunity 
acts first once an antigen enters the host, followed by 
adaptive immunity. The MAPK signaling pathways 
have been shown to play a key role in innate immunity 
to defend against Nocardia infection by mediating the 
production of pro- and anti-inflammatory cytokines 
[25, 26]. Subsequent experiments demonstrated that 
rNFA47630 stimulation promoted the secretion of TNF-
α, IL-10, IL-12 and IFN-γ in RAW264.7 cells, which 
depended on the phosphorylation and activation of the 
MAPK pathway.

To further evaluate the immunoprotective efficacy 
of the rNFA47630 protein in mice, a conventional alu-
minum hydroxide adjuvant was selected and used in the 
immunization process considering its safety, effectiveness 
and wide use in clinical practice. BALB/c mice were vac-
cinated with PBS or rNFA47630 protein adjuvanted with 
aluminum hydroxide adjuvant, followed by the detection 
of immunogenicity. Then, we found that rNFA47630-
immunized mice elicited high antigen-specific antibody 
titers, predominantly IgG1. Subsequently, we evalu-
ated the effect of the rNFA47630 protein on neutrophil 
clearance in Nocardia, considering that neutrophils play 
a critical role during the initial phases of pulmonary 
nocardiosis [34]. Mouse survival from Nocardia infec-
tion is highly dependent on CXC chemokine receptor-2 
(CXCR2) ligand-mediated neutrophil chemotaxis and 
subsequent bacterial clearance [34]. Our results provide 
preliminary evidence that immunization with rNFA47630 
enhanced whole blood and neutrophil bacterial clearance 
effects. Subsequent experiments also showed increased 
secretion of IFN-γ and IL-4 in rNFA47630-stimulated 
spleen cells, further indicating the potential immunopro-
tective effect of the rNFA47630 protein.

In this work, we used two animal models to evaluate 
the potential immunoprotective effect of rNFA47630. 
First, a mouse pneumonia model mimicking the predom-
inant infection pathways and pathogenic mechanisms 
of N. farcinica was established. Mice were administered 
nonlethal N. farcinica through intranasal inoculation. 
After 24  h postinfection, minor physical changes and 
decreased LDH, lung bacterial loads and inflammatory 
cytokines (TNF-α, IL-10 and IL-12) were observed in 
rNFA47630-immunized mice compared with PBS-immu-
nized mice. IFN-γ plays a key role in defending against 
pathogen invasion that triggers multiple antimicrobial 
effector functions, regulating proteins that support oxi-
dative, nitrosative, protonative, and membranolytic 
defense [12]. In this work, enhanced IFN-γ production 
was observed in rNFA47630-immunized mice, which 
contributed to inhibiting the intracellular growth of 

Nocardia. Furthermore, mice were challenged intraperi-
toneally with lethal doses of N. farcinica suspension, 
and our results demonstrated increased survival in the 
rNFA47630-immunized group. More importantly, severe 
neurological symptoms (3/10) was observed in the PBS-
immunized mice but not in the rNFA47630-immunized 
mice. Central nervous system (CNS) involvement may 
occur via hematogenous spread because Nocardia  has 
a unique tropism for the brain, causing cerebral infiltra-
tion, meningitis, and even brain abscess. Patients with 
nocardial brain abscesses have high mortality rates, up to 
30% [2], and the overall prognosis remains unsatisfactory. 
Even if the underlying infection is successfully treated, 
there may be residual complications such as motor 
impairment and hearing loss. Our results suggest that the 
NFA 47630 protein may have a defensive effect against 
CNS infections caused by N. farcinica strains. Further 
results of pathological analysis also demonstrated milder 
organ damage in the rNFA47630-immunized group.

Taken together, these results corroborate the notion 
that rNFA47630 protein immunization protects mice 
from N. farcinica infections. This provided an experimen-
tal reference for the selection of effective target antigens 
in follow-up clinical application. However, there are still 
a few potential limitations in this study. Nocardia typi-
cally manifest as opportunistic infections in appropriate 
individuals, especially in immunocompromised human. 
However, BALB/c female mice, the animal model used 
in this study, are immunocompetent hosts, the protective 
efficacy of rNFA47630 protein in immunocompromised 
hosts is still unknown. Further research on the immuno-
protective effect of rNFA47630 protein requires the valua-
tion of more influencing factors on experimental animals, 
such as gender, age, immune function, etc. Furthermore, 
the mechanism of rNFA47630 protein as a immunopro-
tective protein still needs further exploration. In addi-
tion, whether rNFA47630 protein can be generated for all 
Nocardia pathogen infections remains to be further veri-
fied, ongoing research in our laboratory is further valuat-
ing the immunoprotective effect of rNFA47630 protein on 
mice infected with isolated N. farcinica strains mentioned 
in Table S1 and other Nocardia species.

Conclusion
The uncharacterized NFA47630 protein from N. farcinica 
IFM10152 is a conserved protein with good antigenicity. 
It can not only activate innate immune signaling path-
ways but also induce immunoprotective effects in mice. 
rNFA47630-immunized mice exhibited high antigen-spe-
cific antibody titers, enhanced bacterial clearance ability, 
reduced organ infection, and decreased lethality, which 
indicated that NFA47630 was suitable as a promising vac-
cine candidate against a wide range of N. farcinica strains.
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