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Characterization of a novel yeast 
phase‑specific antigen expressed 
during in vitro thermal phase 
transition of Talaromyces marneffei
Kritsada Pruksaphon1, Mc Millan Nicol Ching2,3, Joshua D. Nosanchuk4, Anna Kaltsas5,6, 
Kavi Ratanabanangkoon7, Sittiruk Roytrakul8, Luis R. Martinez9 & Sirida Youngchim10*

Talaromyces marneffei is a dimorphic fungus that has emerged as an opportunistic pathogen 
particularly in individuals with HIV/AIDS. Since its dimorphism has been associated with its virulence, 
the transition from mold to yeast‑like cells might be important for fungal pathogenesis, including its 
survival inside of phagocytic host cells. We investigated the expression of yeast antigen of T. marneffei 
using a yeast‑specific monoclonal antibody (MAb) 4D1 during phase transition. We found that MAb 
4D1 recognizes and binds to antigenic epitopes on the surface of yeast cells. Antibody to antigenic 
determinant binding was associated with time of exposure, mold to yeast conversion, and mammalian 
temperature. We also demonstrated that MAb 4D1 binds to and recognizes conidia to yeast cells’ 
transition inside of a human monocyte‑like THP‑1 cells line. Our studies are important because we 
demonstrated that MAb 4D1 can be used as a tool to study T. marneffei virulence, furthering the 
understanding of the therapeutic potential of passive immunity in this fungal pathogenesis.

The thermally dimorphic fungus Talaromyces (Penicillium) marneffei causes a life-threatening systemic mycosis 
in immunocompromised individuals living in or traveling to Southeast Asia, mainland of China, and the Indian 
sub-continents. Talaromyces marneffei is a distinctive species in the genus. It is the only one species capable of 
thermal dimorphism. The dimorphism exhibited by T. marneffei is controlled by the cultured temperature of 
the  fungus1. At room temperature (25–28 °C), the fungus undergoes asexual development to form filamentous 
growth with mycelial cultures common to the genus Talaromyces. In contrast, at higher temperatures the fungus 
changes from a filamentous mold to a yeast form, dividing via fission at 37 °C or during infection, which appears 
to be requisite for pathogenicity.

The morphologic switching from the mold to the yeast form of dimorphic fungi is needed for  virulence2. 
When dimorphic fungi change from an environmental mold morphotype to the pathogenic yeast morphotype, 
this results in an alteration not only in cell shape, but also in an expression of yeast-phase specific-protein 
involved in the virulence of the dimorphic fungi. Therefore, the transition to yeast or yeast-like growth results 
in altered cell wall composition as well as in the production of proteins used to evade immune defenses or toxins 
to alter host behavior. Growth as a yeast coupled with thermotolerance allows for replication within phagocytic 
cells, which assists systemic  dissemination3. After the deletion of a dimorphic controlling gene, the lost ability 
of a fungus to undergo switching has been shown to limit its virulence in various dimorphic fungi including T. 
marneffei4,5.
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Currently, there are relatively few studies investigating the cellular protein differences between the mycelial 
and yeast phases of T. marneffei or the intracellular events that correlate with transformation of the fungus. Prot-
eomic profile studies in the T. marneffei strain PM1 have identified 12 proteins which are differentially expressed 
in T. marneffei between mycelial and yeast phases. Eight of these proteins are highly expressed in the yeast phase 
of T. marneffei, and several of these proteins have sequences homologous to various housekeeping metabolic 
enzymes such as malate dehydrogenase, fructose bisphosphate aldolase, dihydrolipoamide dehydrogenase, and 
heat shock protein 60 (HSP60)6.

Yeast phase specific monoclonal antibody 4D1 (MAb 4D1) binds to the T. marneffei cytoplasmic yeast anti-
gen (TM CYA) and reacts against a 50–150 kDa of N-linked glycoprotein with high molecular mass. However, 
it failed to react with the mycelial phase cytoplasmic antigen of T. marneffei (TM CMA)7−10. It is possible that 
the antigenic glycoprotein recognized by MAb 4D1 is only expressed in the T. marneffei yeast phase. Due to the 
difficulties and inconsistencies of the tool for investigating the basic biology of phase transition in T. marneffei, 
in vitro phase transition models (especially in host macrophages) remain essential for studying the virulence 
factors and pathogenicity of this dimorphic  fungus11. Therefore, the goal of this study is to characterize the 
expression profiles between mold and yeast phase transition and the biochemical nature of T. marneffei anti-
genic glycoproteins recognized by MAb 4D1. Furthermore, our study demonstrates that the yeast phase specific 
antigenic glycoprotein recognized by MAb 4D1 might be a novel candidate marker for tracking cellular events 
during the in vitro thermally induced phase transition.

Results
The specificity of MAb 4D1 to the yeast phase antigen of T. marneffei was shown by indirect 
ELISA and fluorescent microscopy. MAb 4D1 was shown by indirect ELISA to react specifically to TM 
CYA without cross reactivity to either T. marneffei cytoplasmic mold antigen or cytoplasmic conidial antigen. 
In addition, no immunoreactivity against a panel of dimorphic and common fungal antigens (e.g. Histoplasma 
capsulatum, Candida albicans, Cryptococcus neoformans and Aspergillus fumigatus) was observed (Fig. 1a). Fluo-

Figure 1.  The specific immunoreactivity of MAb 4D1 against yeast phase antigen of T. marneffei. (a) Indirect 
ELISA. (b) Corresponding bright fields and indirect IFA showing immunoreactivity of MAb 4D1 against T. 
marneffei mold and yeast culture, the arrow indicated the fission yeast cell. TM; Talaromyces marneffei, SS; 
Sporothrix schenckii, HC; Histoplasma capsulatum, CA; Candida albicans, CK; Candida krusei, CG; Candida 
glabrata, CN; Cryptococcus neoformans, AF; Aspergillus fumigatus, PC; Penicillium citrinum, PI; Pythium 
insidiosum, PB; Pseudallescheria boydii.
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rescent microscopy demonstrated that MAb 4D1 only recognizes the cell wall of yeast cells. In contrast, the mold 
form of T. marneffei failed to react with MAb 4D1 (Fig. 1b). Therefore, our findings indicate that MAb 4D1 is 
highly specific against only the yeast phase antigen of T. marneffei.

Immunoreactivity patterns and carbohydrate components of the antigenic proteins recog‑
nized by MAb 4D1 and Galanthus nivalis agglutinin (GNA). The cytoplasmic protein components of 
TM CYA were separated on SDS-PAGE and stained with Coomassie blue. Over 20 protein bands with molecular 
weights (MW) ranging from 17 to 250 kDa were observed. The most abundant bands showed MW between 72 
and 95 kDa (Fig. 2a). By immunoblot, the epitopes recognized by MAb 4D1 appeared to distribute among mul-
tiple undefined protein bands with broad high molecular mass, between 50 and 150 kDa (Fig. 2b) similar to data 
previously  described7–10. These results indicate that the target epitope of MAb 4D1 is shared by various forms of 
the glycoprotein according to previously described  findings12. The GNA binding studies demonstrated that the 
majority of carbohydrate components in TM CYA consisted predominantly of mannose residues. Only one band 
with molecular weight approximately 72 kDa was recognized by HRP-GNA (Fig. 2c). GNA is highly specific for 
α 1, 3 linked non-reducing terminal mannose residues in either N- (asparagine) or O- (serine, threonine, and 
tyrosine) linked  glycosylation13,14. After that, we carried out the LC–MS analysis of the 72 kDa antigen of TM 
CYA recognized by HRP-GNA with Mascot software and the NCBI database. These 72 kDa antigens showed a 
strong homology with the katG catalase-peroxidase enzyme (KATG_TALMA) of T. marneffei (Table 1).These 
results suggest that MAb 4D1 recognizes multiple epitopes in the mannoprotein of TM CYA.

Effects of peptide‑N‑glycosidase F (PNGase F) and proteinase K treated TM CYA altered anti‑
genic recognition by MAb 4D1. Following treatment of TM CYA with PNGase F at varying digestion 
times, the different characteristics of the native glycosylated forms and the deglygosylated TM CYA were dem-
onstrated (Fig. 3). In the native glycosylated form, MAb 4D1 stained the proteins as a broad high molecular mass 

Figure 2.  Biochemical characteristics of T. marneffei cytoplasmic yeast antigen or TM CYA. (a) SDS-PAGE 
showing the antigenic profile of the TM CYA stained with Coomassie blue. (b) Native TM CYA recognized by 
MAb 4D1 with a molecular weight ranging 50–150 kDa with the diffuse binding characteristic of “broad high 
molecular mass smear” (c) TM CYA recognized by HRP-GNA with the molecular weight approximately 72 kDa. 
(M: Pre-staining molecular weight marker; kDa).
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smear (Fig. 3a). In contrast, after deglycosylation with PNGase F for 90 min, the band was different (Fig. 3b), 
demonstrating that the glycosylations in TM CYA are heterogeneous. After 180 min of digestion, the completely 
deglycosylated TM CYA showed relatively diffuse bands with molecular masses of approximately 35–25 kDa 
(Fig. 3c). However, further digestion time (overnight incubation) did not result in considerable changes in the 
MAb 4D1 stained protein profiles (data not shown). This result revealed that enzymatic removal of N-linked 
glycosidic bond from TM CYA, by treatment with recombinant PNGase F resulted in an altered recognition 
pattern of TM CYA by MAb 4D1. Consequently, the absence of MAb 4D1 immunoreactivity against TM CYA in 
the immunoblotting following treatment of TM CYA with proteinase K at 30 and 60 min, this implied that the 
target epitope of MAb 4D1 associated with peptide (Fig. 4).

Recognition of antigenic proteins by MAb 4D1 during the thermally induced phase transition 
of T. marneffei. Indirect ELISA analysis confirmed that MAb 4D1 demonstrated reactivity against TM CYA. 
T. marneffei was cultured in brain heart infusion (BHI) broth medium at 37 °C for 24–60 h and each sample 
was collected every 6 h. We observed that the increase in immunoreactivity against TM CYA was directly pro-
portional to the time of incubation (Fig. 5a). In contrast, minimal immunoreactivity against the cytoplasmic 
mycelial antigens recovered from T. marneffei was observed during incubation at 25 °C (Fig. 5b). We investigated 
whether conidia shift to yeast and yeast shift to mycelia alters MAb 4D1 immunoreactivity. At 37 °C, we found 
an increase in immunoreactivity of MAb 4D1 to cytoplasmic antigen recovered from T. marneffei cells after 48 h 
incubation and this gradually increased until 96 h. However, a decreased in immunoreactivity was observed after 
24 h after the temperature was shifted from 37 to 25 °C, and the degree of immunoreactivity decreased gradually 
with the prolonged culture at 25 °C (Fig. 5c). These data demonstrate that MAb 4D1 binding is specific to the 
yeast phase of T. marneffei and is modulated by mammalian body temperature and the transitioning speed from 
mold to yeast phase.

Recognition of yeast phase specific antigens by MAb 4D1 during T. marneffei conidia transi‑
tion in vitro (1% proteose peptone) as studied by flow cytometry. The yeast antigen expressed 

Table 1.  Proteomic analysis of the 72 kDa antigen of TM CYA recognized by Galanthus nivalis agglutinin 
(GNA).

Accession number Gene Protein name Organism Score
Protein sequence 
coverage

Monoisoto-pic 
mass (KDa) Calculated pI

Q8NJN2
(KATG_TALMA) katG Catalase-peroxidase T. marneffei

(P.marneffei) 70 6% 82.38 6.35

Figure 3.  The effect of N-linked deglycosylation of TM CYA on antigenic recognition by MAb 4D1. (a) Native 
recognition patterns of TM CYA by MAb 4D1. (b) Recognition patterns of TM CYA by MAb 4D1 after digested 
with PNGase F at 90 min. (c) Complete recognition patterns of TM CYA by MAb 4D1 after digestion with 
PNGase F at 180 min. (d) T. marneffei cytoplasmic mycelial antigen or TM CMA used as a negative control.
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from T. marneffei cells undergoing thermal phase transition was analyzed by indirect immunofluorescence and 
quantified by flow cytometry. In 1% proteose peptone, T. marneffei conidia readily converted to fission yeasts 
with a transverse septum, which is the T. marneffei morphotype seen in clinical  specimens15,16 (Fig. 6a1). T. 
marneffei conidia were cultured in 1% proteose peptone at 37 °C and the cells were harvested at time intervals of 
12 or 24 h, between 24 to 144 h. The percentages of MAb 4D1 surface labeled fluorescent yeast cells were gradu-
ally increased after 48 h of incubation time. The maximum fluorescent positive yeast cells were quantified in 
108–144 h after inoculation into 1% proteose peptone (Fig. 6b). This observation corresponded with the indirect 
ELISA results described above.

Taken together, these results demonstrate that the in vitro artificial cultivation medium, BHI and 1% proteose 
peptone could initially induce yeast phase specific antigen expression within 36–48 h. Moreover, these results 
confirm that T. marneffei yeast phase specific antigen remains expressed in cell cytoplasm and translocated to 
cell surface of T. marneffei yeast cells (Fig. 6a2,a3).

Flow cytometric determination of yeast cells specific antigens using MAb 4D1 during T. marn-
effei phagocytosis by THP‑1 cells. The ability of T. marneffei conidia to transform into yeast cells at 37 °C 
during internalization by THP-1 human macrophage was investigated. This study was carried out at different 
time points of 0, 12, 24, 36, 48 and 60 h. After the THP-1 membrane was disrupted with 1% triton X-100, the 
released T. marneffei cells were stained with MAb 4D1 and fluorochrome antibody conjugate as described in the 
methods. Figure 7a shows the scatter plot and histograms analyzed by flow cytometry. P1 channel in the scatter 
plot represents the yeast cell population that was selected to be analyzed by MAb 4D1 surface labeled positive 
yeast cells. In contrast, the P2 channel in the histogram represents the normalized fluorescent intensity of MAb 
4D1 surface labeling positive.

The percentages of MAb 4D1 surface labeled fluorescent yeast cells were initially measured within 12 h of 
incubation time (10.28%) and then continuously increased after 24 h (23.8%) of incubation time. The maximum 
of fluorescent positive yeast cells were quantified within 36 h (61.85%) and remained at a similar level after 48 h 
(Fig. 7b). When compared to the results in artificial cultivation medium, this experiment demonstrated that the 
phase transitional ability of T. marneffei conidia in culture medium was converted to yeast cells at a slower rate 
than that in the host macrophage THP-1 environment.

Recognition of T. marneffei yeast phase specific antigens by MAb 4D1 during conidial internal‑
ization by human THP‑1 macrophage cells. By tracking the intracellular phase transition of conidia 
to yeast inside the THP-1 human macrophage, it was shown that many FITC labeled T. marneffei conidia were 

Figure 4.  The effect of proteinase K treated TM CYA showing altered antigenic recognition by MAb 4D1. (a) 
Native recognition patterns of TM CYA by MAb 4D1. (b) Recognition patterns of TM CYA by MAb 4D1 after 
digestion with proteinase K at 30 min. (c) Recognition patterns of TM CYA by MAb 4D1 after digestion with 
proteinase K at 60 min. (d) Proteinase K treated T. marneffei cytoplasmic mycelial antigen or TM CMA used as 
a negative control.
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rapidly internalized by THP-1 macrophages. These results demonstrate the ability of the fungus to survive before 
converting from conidial to yeast form, and then replicates inside the macrophages. (Supplementary Fig. S1). 
At less than 8 h after internalization, T. marneffei labeled FITC conidia were bright green of the mold phase. 
After 8 h, the conidia were swelling but the green color still covered the conidial wall. The red signal of yeast 
phase-specific antigen appeared after 12 h of macrophage internalization, and started to transit into yeast phase. 
The red signal was progressively observed and completely positive for MAb 4D1 after 36 h of macrophage inter-
nalization, indicating that the conidia were completely changed to yeast cells (Fig. 8). Furthermore, a similar 
phenomenon increasingly progressed at 48 h after conidial internalization (Fig. 8).

In addition, we demonstrated that the conidia were directly converted to fission yeast cells along with the 
expression of the yeast specific antigen 12 h after phagocytosis. These phenomena were clearly observed by 
overlapping signals between the green color of FITC labeled conidia and the red of MAb4D1 which gives the 
co-localized signal as a yellow at 12 h after internalization by macrophage (Supplementary Fig. S2). This observa-
tion is consistent with previous studies, wherein Andrianopoulos and colleagues suggested that the conversion 
of conidia to unicellular yeast morphogenesis program might be triggered by acidic pH, nitrogen source and 
other certain factors within the cytoplasm of host  macrophages17,18.

Cytokine response to T. marneffei infected THP‑1. To investigate the role of host macrophage cytokine 
responses during phase transition and replication in T. marneffei, the levels of pro-inflammatory cytokines TNF-
α, IL-6, and IL-1β secretion were examined after incubation with THP-1 cells at different time points. It was 
observed that during the early stage of 2 h after internalization, the cytokine levels were not detected. After 
longer incubation times (8–48 h), the concentrations of TNF-α, IL-6 and IL-1β secreted from infected THP-1 
were significantly increased, consistent with the progress of the conidia to the yeast conversion and replication 
(Fig. 9).

Figure 5.  Immunoreactivity of MAb 4D1 against cytoplasmic antigen from T. marneffei subjected to BHI 
culture temperature shift at (a) 37 °C, and (b) 25 °C after 0, 24, 30, 36, 42, 48, 54, and 60 h, respectively. (c) 
Culture temperature shift from 25 to 37 °C, and from 37 to 25 °C, with the arrow indicating shifting time point.



7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21169  | https://doi.org/10.1038/s41598-020-78178-5

www.nature.com/scientificreports/

Discussion
It has long been thought that reversible morphogenesis from an environmental mold to a pathogenic yeast is a 
requisite for the pathogenicity of systemic dimorphic fungi, including T. marneffei. This remarkable event is stim-
ulated by exposure to host factors, especially host body temperature, and leads to genetic programming needed 
for adaptation to the host environment, including genes for promoting survivability and  virulence4,5. Conidia 
inhaled into the host lung are internalized by alveolar macrophages. Within the cytoplasm of macrophages, the 
conidia of T. marneffei form unicellular yeast cells, which then divide by  fission1.

In our studies, MAb 4D1 was specifically reactive against yeast phase antigen of T. marneffei. This immuno-
reactivity was detected in both cytoplasmic antigens and cell wall associated antigen recovered from T. marnef‑
fei undergoing thermally induced conidia or mycelial to yeast transition. Moreover, MAb 4D1 recognized the 

Figure 6.  The morphological transition of T. marneffei yeast cell in 1% proteose peptone. (a1) T. marneffei 
yeast cell after 48 h of conidial inoculation in 1% proteose peptone stained with lactophenol cotton blue, 
the arrow indicating the fission yeast cell.(a2,a3) Corresponding bright fields and indirect IFA showing the 
immunoreactivity of MAb 4D1 against T. marneffei yeast cells cultured in 1% proteose peptone. (b) The 
percentages of MAb 4D1 surface labeled fluorescent positive yeast cells, each bar represents the mean ± SD of 
3 sets of independent determinations. An asterisk (*) indicates a statistically significant difference (p < 0.05) 
between transit time of 24 to 48 h and 96 to 108 h.
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mannoprotein antigens in the yeast phase, which was not detected in the mold phase, confirming the alteration 
of cell wall properties during phase conversion in T. marneffei. Normally, mannoprotein is synthesized in the 
cytoplasm and then translocated and accumulated on the cell wall of the fungus through the yeast secretory 
 pathway19,20. The evidence from the IFA clearly demonstrated that target protein of MAb 4D1 could be associated 
with the cell surface of T. marneffei yeast cell. Thus, the reconstitution of cell surface molecules in yeast cells of 
T. marneffei is essential for the survival, and may assist fungal adaptation to host conditions, and to escape host 
elimination, in a manner similarly exhibited by other dimorphic  fungi21.

Figure 7.  Reactivity of anti-yeast specific MAb 4D1 against T. marneffei yeast cells’ uptake by THP-1 cells at 
different time points as studied by flow cytometer. (a) The scatter plot panel illustrates the distribution patterns 
of the fungal particles analyzed according to forward scatter and side scatter of each P.I. time point. Whereas, the 
histograms demonstrate the relative fluorescence intensity shift of MAb 4D1 positive yeast cell of each P.I. time 
point. (b) The averages % of positive yeast cells ± SD of 3 sets of independent experiments was shown for each 
time point. An asterisk (*) indicates a statistically significant difference (p < 0.05) between transit times at initial 
expression between 12 to 24 h and maximal expression of 24 to 36 h (P.I. post of internalization).
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Figure 8.  Internalization of T. marneffei conidia by THP-1 cells and intracellular germination to give rise to 
fission yeast cells. THP-1 cells were incubated with FITC-labeled T. marneffei conidia for 2 h, and then washed 
to remove unbound conidia. The THP-1 cells were further incubated for an additional time points 0, 8, 12, 24 
and 36 h. At each time point, T. marneffei yeast cells were labeled with MAb 4D1 and Alexaflor 555 conjugated 
goat anti-mouse IgG antibody. From left to right: fluorescence image showing the green channel (FITC labeled 
conidia); fluorescence image of the red channel (MAb 4D1 positive yeast cells); THP-1 nuclei were stained with 
DAPI (blue); a merged channel showing the overlapping of triple images. Bars, 5 µm.
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The biochemical characterization of TM CYA clearly showed that the antigenic target recognized by MAb 
4D1 was highly glycosylated. Antibody cross–reactivity arising from the presence of glycans containing epitopes 
in the pathogenic fungal antigen has been frequently  described22–25. However, digestion with PNGase F in our 
experiment altered the recognition pattern of TM CYA from the native broad high molecular mass smear to 
neo-diffused immunoreactive bands with lower molecular weight of approximately 30 kDa. In contrast, the 
immunoreactivity against TM CYA was completely abolished after treatment with proteinase K. These observa-
tions imply that the target epitope of MAb 4D1 is a peptide and may not be the glycan components. This could 
be a basic reason for the high degree of specificity exhibited by MAb 4D1. Moreover, O-linked deglycosylation 
with O–glycosidase did not alter the recognition pattern of MAb  4D17. This result suggests that the antigenic 
target of MAb 4D1 was an N (asparagine)-linked glycoprotein.

The presence of N-linked glycans in a fungal glycoprotein is invariably associated with the presence of a 
mannan  group26; and this would suggest the identity of this antigen as a mannoprotein. The GNA lectin bind-
ing studies clearly revealed that mannose is the main glycosylation constituent of TM CYA. On the other hand, 
Rafferty demonstrated that some lectins do not recognize the common glycans in TM CYA including a sialic acid 
attached carbohydrate (when investigated by Sambucus nigra lectin and Maackia amurensis lectin) or O-linked 
glycans (when investigated by Peanut agglutinin)7,27.

MAb 4D1 was generated in the pre-proteomes and recombinant protein technology  era7,10 and the antigenic 
target recognized by this clone is unknown. Purification of MAb 4D1 target proteins from numerous contaminat-
ing proteins in TM CYA have been attempted by liquid isoelectric focusing (IEF). However, purification results 

Figure 9.  Pro-inflammatory cytokine release from THP-1 macrophages co-cultured with conidia from T. 
marneffei at different time points. (a) Interleukin 1β (IL-1β), (b) tumor necrosis factor alpha (TNF-α) and (c) 
interleukin 6 (IL-6). Measurements of TNF-α, IL-6, and IL-1β levels were achieved using supernatants pooled 
from three sets of experiments and expressed as mean ± SD. An asterisk (*) indicates a significant difference 
(p < 0.05) from supernatants at 8, 24 and 48 h compared with 0 h.
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have showed that MAb 4D1 is reactive against the peptide which has several differing isoelectric points (pIs) 
ranging from 3.2 to 9.6 (unpublished data). As a result, the micro-heterogeneous property of MAb 4D1 target 
proteins is suspected. According to the deglycosylation and IEF purification results, it is likely that the micro-
heterogeneity is due to different degrees of glycosylation in the MAb4D1 target protein. Such micro-heterogeneity 
phenomena have been observed in yeast glycoproteins including Paracoccidioides brasiliensis and Saccharomyces 
cerevisiae28,29. Further studies (e.g., affinity pull-down assay or immunoprecipitation) are necessary to investigate 
and to identify the MAb 4D1 target proteins and specific epitopes using proteomic analysis protocols.

Several antigenic glycoproteins from cell wall associated and secreted forms of T. marneffei are readily isolated 
from its crude protein extracts. For example, concanavalin A recognize mannose moieties in both mycelial and 
yeast phase unidentified antigens of T. marneffei30. Furthermore, the cell wall mannoprotein Mp1p is differentially 
expressed in both the mycelial and yeast phases of T. marneffei31. Although many antigenic proteins of T. marnef‑
fei were reported with mannose glycosylation, this novel antigenic mannoprotein target of TM CYA recognized by 
MAb 4D1 is distinct from those previously described. When compared to Mp1p, which has a molecular mass of 
58 and 90 kDa and is expressed in both mycelial and yeast phases, the MAb 4D1 target proteins have a broad high 
molecular mass smear pattern with a MW of approximately 50–150 kDa and expressed in only the yeast phase.

The thermal dimorphism of T. marneffei plays an important role in the establishment of infection. Alteration 
in the expression of cytoplasmic or cell wall associated proteins have been observed during the phase transi-
tion of dimorphic fungi for example, heat shock  proteins32–34 and some immunogenic mannoproteins such as 
Mp1p and  Mplp631,35. Moreover, during the morphological transition from conidia to yeast, modification of 
glycan cell wall was demonstrated. In Blastomyces and Paracoccidioides, the percentages of immunogenic β-(1, 
3)-glucan in the hyphal cell wall (5%) were less than that in the yeast cell wall (40%)36,37. The T. marneffei novel 
yeast phase-specific proteins were expressed during the phase transition from conidia to yeast cell. Thus, the 
yeast phase-specific proteins are likely to play important roles in immunogenicity, virulence and pathogenicity. 
We believe that our investigation focusing on MAb 4D1 will be an important prototypic model in the study on 
the relationship between T. marneffei phase transition and its virulence; and the MAb 4D1 target protein could 
be used as a rapid yeast phase-specific marker (expressed within 12 h after internalization) inside the THP-1 
human macrophage.

The present study demonstrates that T. marneffei is capable of intracellular survival, phase transition, and rep-
lication within macrophages. These events partly direct fungal pathogenesis and can modify the innate immune 
response in early phases of infection. We found that TNF-α is significantly increased after longer incubation in 
THP-1, cells suggesting that the yeast forms of T. marneffei could elicit higher production of this pro-inflamma-
tory cytokine. In addition, both IL-1 β and IL-6 were significantly elevated after shifting from conidia to yeast 
cells. We noted that the host phagocytes could mount an immune response to halt the progression of infection. 
In this regard, Dong et al. recently demonstrated that the appropriate proinflammatory cytokines production in 
AIDS-associated talaromycosis plays a beneficial role in protective immunity and the survivability of  patients38.

In addition to thermally induced phase transition, several other stimuli could influence morphogenesis 
including oxidative stress, changes in  CO2 tension, steroid hormones, acidic pH, nitrogen source, and other 
factors within the cytoplasm of  macrophages17,18. To establish infection after entering the lungs, fungal conidia 
encounter professional phagocytes, including neutrophils and macrophages. There they must also combat reactive 
oxygen and nitrogen species such as nitric oxide, superoxide anion, hydrogen peroxide and hydroxyl radicals. 
Macrophages rapidly generate reactive oxygen and nitrogen species, which impair the proteins, lipids, and nucleic 
acids of invading microorganisms, eventually eliminating  them39. For example, TNF-α production increases 
the capacity of macrophages to combat fungal pathogens since it enhances IFN-γ production and induces reac-
tive oxygen and nitrogen species production that kill fungi or suppress their  growth40.

In summary, the pathogenicity of T. marneffei seems to be vitally based on their ability to undergo a phase 
transition and display multiple morphotypes with different surface properties. Our present study demonstrates 
that MAb 4D1 can be applied as a biomolecular tool for understanding the phase transition of T. marneffei, and 
provides strong evidence for this fungal shift from an environmental saprophyte to a pathogenic fungus. Future 
studies will hopefully potentially identify additional protective effects and further the understanding of MAb 
4D1’s therapeutic potential and its use in possible passive immunization.

Materials and methods
Fungal isolates. T. marneffei ATCC 200051 was used for all experiments in both the mycelial form and 
yeast form, previously isolated from a bone marrow sample of a patient infected with HIV at Maharaj Nakorn 
Chiang Mai Hospital, Chiang Mai, Thailand. The T. marneffei isolate was maintained by monthly subculture 
onto Potato Dextrose Agar (PDA; Difco). T. marneffei was grown on PDA for 5 days at 25 °C. The conidia were 
removed from the surface of the PDA by washing the surface growth with 5 ml of sterile PBS and gentle scraping 
with a cotton swab. The resulting culture suspension was then filtered through sterile glass wool and centrifuged 
at 5000 g for 15 min followed by three washes with sterile PBS. In addition, other fungal isolates were obtained 
and cultivated according to the directions from the American Type Culture Collection (ATCC) or from Depart-
ment of Medical Services, Ministry of Public Health, Bangkok, Thailand. The fungal strains used in all experi-
ment were summarized in Table 2.

T. marneffei cytoplasmic yeast antigen (TM CYA) extraction. In order to investigate the expression 
of a yeast specific antigen in T. marneffei, the fungus, at concentration 1 × 106 cells/ml, was inoculated in several 
250-ml flasks containing 50 ml of brain heart infusion broth (BHI; Difco) with shaking at 150 rpm at 37 °C 
over a period of time. An individual culture was then periodically harvested at every 6 h after initially harvest-
ing the 24 h culture flask. The fungal cells were then harvested by centrifugation after treatment with 0.02 g of 



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21169  | https://doi.org/10.1038/s41598-020-78178-5

www.nature.com/scientificreports/

thimerosal (Sigma) per liter at room temperature for 24 h. The preparation of T. marneffei cytoplasmic yeast 
antigen (TM CYA) was carried out as previously  described41. The protein concentration was determined by the 
dye binding  method42 and protein bands were analyzed by 10% SDS-PAGE followed by staining with Coomassie 
Blue (InstantBlue, Expedeon). The cytoplasmic mold or yeast antigens of the other fungi were prepared follow-
ing the same procedures.

Purification of monoclonal antibody 4D1 (MAb4D1) and specificity testing. The hybridoma cell 
line clone 4D1 was maintained in serum free medium (Gibco), and purified by HiTrap column protein G affinity 
chromatography (GE Healthcare) according to methods previously  described9. Immunoreactivity determina-
tion of MAb 4D1 was carried out using indirect ELISA with various fungal antigens and slide culture based 
indirect immunofluorescence assay (IFA)8,43.

Antigenic determinants characterization and Galanthus nivalis agglutinin (GNA) binding 
assay. TM CYA deglycosylation reactions were investigated using GlycoProfile II commercially available kits 
(Sigma) containing recombinant peptide N-glycosydase F (PNGase F). All reactions were carried out as per the 
manufacturer’s instructions. Briefly, 10 µg of TM CYA were mixed with denaturing buffer (2% octyl β-D- glu-
copyranoside, 100 mM 2-mercaptoethanol) and incubated at 95 °C for 10 min. Once the mixed solution had 
cooled to room temperature, reaction buffer (20 mM ammonium bicarbonate) and PNGase F (2.5 enzyme units) 
were added and the mixture reaction was incubated at 37 °C for 90 min or 180 min, respectively. After that, mix-
ture was then investigated by immunoblotting by using MAb 4D1 as previously  described8,9.

For proteinase K digestion, TM CYA (10 µg) were dissolved in reaction buffer (1.0 M sorbitol, 0.1 M sodium 
citrate, pH 5.5) supplemented with 5 µg/ml of recombinant proteinase K (Roche). The mixture solution was 
then incubated at 37 °C for 30 min or 60 min, respectively. The remained immunoreactivity of MAb 4D1 was 
investigated with immunoblotting as mentioned above.

The nature of carbohydrate components of the glycoprotein present in TM CYA was determined using horse-
radish peroxidase conjugated Galanthus nivalis agglutinin (HRP-GNA) or snowdrop lectin. HRP-GNA was 
incorporated into the immunoblotting format of SDS-PAGE separated proteins. Briefly, 10 µg of TM CYA were 
subjected to SDS-PAGE gel and transferred onto nitrocellulose membrane (Hybond extra, Amersham). The mem-
branes were blocked with PBS containing 5% (w/v) skim milk (Sigma). After washing with phosphate buffered 
saline containing 0.05% Tween 20 (PBST), membranes were incubated with 1:5,000 HRP-GNA (EY Laboratory 
Inc. USA) in PBST containing 2.5% (w/v) skim milk for 60 min. The membranes were washed three times with 
PBST, and the bound conjugate was developed visualization by incubation in ready-to-use TMB-substrate solu-
tion (Invitrogen, Ca, USA). The reactions were stopped by submersion the membrane in distilled water.

LC–MS analysis. The identification of 72 kDa TM CYA antigen recognized by HRP-GNA were carried out 
as described  previously44.

In gel digestion. Protein bands were excised, the gel plugs were dehydrated with 100% acetonitrile (ACN), 
reduced with 10 mM DTT in 10 mM ammonium bicarbonate at room temperature for 60 min and alkylated at 
room temperature for 60 min in the dark in the presence of 100 mM iodoacetamide (IAA) in 10 mM ammonium 
bicarbonate. After alkylation, the gel pieces were dehydrated twice with 100% ACN for 5 min. To perform in-gel 
digestion of proteins, 10 µl of trypsin solution (10 ng/µl trypsin in 50% ACN/10 mM ammonium bicarbonate) 
was added to the gels followed by incubation at room temperature for 20 min, and then 20 µl of 30% ACN was 

Table 2.  Fungal isolates. δ Isolate from the American Type Culture Collection, Rockville, MD, USA. † Isolates 
from the Institute of Dermatology, Department of Medical Services, Ministry of Public Health, Bangkok, 
Thailand. Ϩ Isolate from culture collection in Mycology Unit, Department of Microbiology, Faculty of Medicine, 
Chiang Mai University, Chiang Mai, Thailand. CI: Clinical isolates from blood samples of infected patients.

Fungal species (abbreviation) Isolate number

Talaromyces marneffei (TM) ATCC  200051δ

Sporothrix schenckii (SS) 52-S1†

Histoplasma capsulatum (HC) 53-H1†

Candida albicans (CA) ATCC  900028δ

Candida krusei (CK) CI

Candida glabrata (CG) CI

Cryptococcus neoformans (CN) H99δ

Aspergillus fumigatus (AF) 55-A1†

Penicillium citrinum (PC) MMC59P12‐1Ϩ

Pythium insidiosum (PI) MMC44P21-1Ϩ

Pseudallescheria boydii  (PB) MMC60S21‐1Ϩ

Trichosporon sp. CI

Geotrichum sp. CI
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added to keep the gels immersed throughout digestion. The gels were incubated at 37 °C for a few hours or over-
night. To extract peptide digestion products, 30 µl of 50% ACN in 0.1% formic acid (FA) was added into the gels, 
and then the gels were incubated at room temperature for 10 min in a shaker. Peptides extracted were collected 
and pooled together in the new tube. The pool extracted peptides were dried by vacuum centrifuge and kept at 
− 80 °C for further mass spectrometric analysis.

Liquid chromatography‑Tandem mass spectrometry (LC/MS–MS). The tryptic peptide samples were prepared 
for injection into an Ultimate3000 Nano/Capillary LC System (Thermo Scientific, UK) coupled to a Hybrid 
quadrupole Q-T of impact II (Bruker Daltonics) equipped with a Nano-captive spray ion source. Briefly, one 
microlitre of peptide digests were enriched on a µ-Precolumn 300 µm i.d. X 5 mm C18 Pepmap 100, 5 µm, 100 A 
(Thermo Scientific, UK), separated on a 75 μm I.D. × 15 cm and packed with Acclaim PepMap RSLC C18, 2 μm, 
100 Å, nanoViper (Thermo Scientific, UK). The C18 column was enclosed in a thermostatted column oven set 
to 60 °C. Solvent A and B containing 0.1% formic acid in water and 0.1% formic acid in 80% acetonitrile, respec-
tively were supplied on the analytical column. A gradient of 5–55% solvent B was used to elute the peptides at a 
constant flow rate of 0.30 μl/min for 30 min. Electrospray ionization was carried out at 1.6 kV using the Captive 
Spray. Nitrogen was used as a drying gas (flow rate about 50 l/h). Collision-induced-dissociation (CID) product 
ion mass spectra were obtained using nitrogen gas as the collision gas. Mass spectra (MS) and MS/MS spectra 
were obtained in the positive-ion mode at 2 Hz over the range (m/z) 150–2200. The collision energy was adjusted 
to 10 eV as a function of the m/z value.

Bioinformatics and data analysis. The MS/MS data from LC–MS analysis were submitted for a database search 
using the Mascot  software45 (Matrix Science, London, UK). The data was searched against the NCBI database 
for protein identification. Database interrogation was; taxonomy (Talaromyces marneffei or Penicillium marn‑
effei); enzyme (trypsin); variable modifications (carbamidomethyl, oxidation of methionine residues); mass 
values (monoisotopic); protein mass (unrestricted); peptide mass tolerance (1.2 Da); fragment mass tolerance 
(± 0.6 Da), peptide charge state (1+ , 2+ and 3+) and max missed cleavages.

Antigenic glycoprotein expression profiling during phase transition using MAb 4D1 in an indi‑
rect ELISA assay. In order to investigate the effect of culture temperature on protein expression profiles in 
T. marneffei, the fungus was cultured in BHI broth at both temperature, 25 °C and 37 °C. The conidia, at concen-
tration 1 × 106, were inoculated in BHI broth at 37 °C or 25 °C on an orbital shaking incubator at 150 rpm and 
harvested at 6 h intervals between 24 to 60 h. The cultures were killed by the addition of 0.02% (w/v) thimerosal 
solution, followed by incubation at room temperature for 24 h. Killed T. marneffei cultures were harvested by 
centrifugation for preparing TM CYA as previously described.

Maxisorp 96-well microtiter plates were coated with 0.5 μg/ml of TM CYA which were prepared at different 
time points and diluted in carbonate buffer (pH 9.4). The plates were incubated overnight at 4 °C then washed 
three times with PBST and were blocked by incubation with 200 μl of 1% bovine serum albumin (BSA) in PBST 
for 60 min at 37 °C. After three additional washes with PBST, 2.5 µg/ml of MAb 4D1 were added to each well 
and incubated at 37 °C for 60 min. After being washed as described above, the plates were incubated at 37 °C for 
60 min with 100 µl of HRP conjugated goat anti-mouse IgG (Jackson, West Grove, Pa.) at 1:10,000 in blocking 
solution. The plates were then washed twice with PBST and once with PBS only. One hundred µl of ready-to-use 
TMB-substrate solution (Invitrogen, Ca, USA) was added and the ELISA-plate was incubated for 15 min in the 
dark. The reaction was stopped by the addition of 50 µl of 2.0 N  H2SO4. The optical densities (OD) at 450 nm 
were measured on an ELISA reader (Shimadzu model UV-2401PC, Kyoto, Japan). The assay was repeated three 
times for at least two independent assays, and the results are expressed as mean OD for each determination.

Quantification of T. marneffei conidia uptake by human monocytic cell line THP‑1 cells by flow 
cytometry. The human monocytic cell line THP-1 (ATCC TIB-202) was cultured in RPMI 1640 medium 
(Gibco, USA) containing 10% (v/v) heat-inactivated FBS (Gibco). For the induction of cell differentiation, cells 
(2 × 106 per ml) were seeded into 24-well culture plates (Costar, Corning, NY) in 1 ml of RPMI 1640 medium 
with 10% (v/v) FBS and 50 ng/ml of phorbol myristate acetate (PMA) (Sigma) for 48 h. After incubation, adher-
ent cells were washed with RPMI-1640 three times. THP-1 cells in RPMI 1640 without PMA were used as con-
trol cells. The conidia suspended in RPMI 1640 medium with 10% (v/v) FBS were added to the wells containing 
a monolayer of THP-1. Then, THP-1 cells were allowed to ingest T. marneffei conidia at MOI of 5 for 2 h. After 
incubation, non-internalized conidia were eliminated and killed with 50 μg/ml of nystatin as  described46. THP-1 
cells were then supplemented with fresh media for an additional different time points of 0, 12 to 60 h. THP-1 
were removed from the wells with 0.25% trypsin–EDTA (Gibco) for 5 min at 37 °C and washed twice to remove 
trypsin–EDTA, and then fixed by adding 4% paraformaldehyde in cold PBS (Sigma) and lysed with 1% Triton-X 
100 in PBS for 15 min. Fungal cells were then washed with PBS 5 times and stained with MAb 4D1, at concentra-
tion 0.1 mg/ml, for 2 h at 37 °C. After washing 5 times, Alexaflor 488 conjugated goat anti-mouse IgG (Invitro-
gen), at dilution 1:500 was added and incubated for 2 h at 37 °C. After 3 washing with PBS, T. marneffei cells were 
counted by Flow cytometer and the percentages of positive cells with MAb 4D1 were calculated. Flow cytom-
etry was performed on a BD FACSAria with BD FACSDiva application software version 5.0.2 (BD Biosciences, 
Franklin Lakes, NJ) paired with FlowJo Version 6.3.2 analysis software (Tree Star Inc., Ashland, OR). A total 
of 10,000 cell events were analyzed at wavelength 495–520 nm. Unstained control conidia and yeast cells were 
analyzed for relative cell size and subtracted the autofluorescence background. The experiments were performed 
in triplicates and analyzed using standard t-test (http://www.graph pad.com/quick calcs /ttest 1.cfm Format = SD).

http://www.graphpad.com/quickcalcs/ttest1.cfm
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The percentage of T. marneffei yeast cells cultured in vitro (37 °C) at different time points as 
quantitated by flow cytometry. This method was modified from that described by Batista et al.47, T. 
marneffei conidia, at concentration 2 × 106 were inoculated in 1% proteose peptone (Difco) with shaking at 
150 rpm at 37 °C over a period of time. An individual culture was then periodically harvested at every 12 or 24 h 
of time intervals during 24 to 144 h. The fungal cells were then harvested by centrifugation after adding 0.02 g 
of thimerosal per liter at room temperature for 24 h. The cells were washed 5 times with PBS, and then stained 
with MAb 4D1 as mentioned above. The cells were quantified by flow cytometry as described above, and then 
analyzed using standard t-test (https ://www.graph pad.com/quick calcs /ttest 1/?Forma t=SD).

Determination of conidia to yeast transition in T. marneffei in THP‑1 cells by using immuno‑
fluorescence assay. To characterize yeast cell transition inside the macrophage cell line, THP-1 monocytes 
were seeded at  106 cells/well in 6 well plate containing coverslip and were differentiated as described above. 
Undifferentiated monocytes were removed by washing with PBS. T. marneffei conidia were labeled with 0.1 mg/
ml fluorescein isothiocyanate (FITC, Sigma-Aldrich, St. Louis, USA) in 0.1  M carbonate buffer (pH 9.0) at 
4 °C for overnight with  shaking48. Labeled conidia were then extensively washed three times with PBS contain-
ing 0.1% (v/v) Tween 20 and then counted under fluorescence microscope. The labeled conidia were added 
to THP-1 cells at a multiplicity of infection (MOI) of 5 and allowed to ingest T. marneffei conidia for 2 h as 
described above. After removing non-internalized conidia and then treated with nystatin, THP-1 cells were 
supplemented with fresh media for an additional different time points 0, 8, 12, 24, and 36 h. At the end of each 
incubation period, cells were fixed for 10 min with 4% paraformaldehyde in cold PBS, and permeabilized with 
0.2% Triton-X 100 in PBS, for 10 min. The cells were then washed with PBS 5 times and incubated 2 h at 37 °C 
with the MAb 4D1 at concentration 0.1 mg/ml. The coverslips were washed three times with 2% PBS–BSA and 
then incubated for 1 h with the secondary antibody. Alexaflor 555 conjugated goat anti-mouse IgG (Invitrogen) 
was used at 1:500 dilution. Cells were then washed three times with PBS. Following another round of washings, 
cells were labeled with 4′,6-diamidino-2-phenylindole or DAPI (0.5 μg/ml; Sigma) in PBS for 5 min before a 
single final wash in PBS. Images were acquired using a Nikon DS Fi1.

Enumeration of fungal viability and induction of cytokines in T. marneffei infected THP‑1. To 
investigate the survival of T. marneffei inside THP-1, the experiment was carried out as described above. After 
that, infected THP-1 was lysed by the adding 1.0% of triton X-100 followed by serially diluted of the released 
fungal cell and plating onto the PDA and incubating at 25 °C for 72 h. The colony forming unit (CFU) of T. 
marneffei from cell lysates after 2 h of phagocytosis was used to establish a CFU control for comparison with the 
CFUs at subsequent time intervals.

The culture supernatants of T. marneffei infected THP-1 of each time point (0, 2, 8, 24 and 48 h) were col-
lected and kept at − 80 °C until the cytokine assays were performed. TNF-α, IL-6 and IL-1β were measured by 
commercial double antibody sandwich ELISA kits (BioLegend, San Diego, CA), according to the manufacturer’s 
instructions. The experiments were performed in triplicates and then analyzed as previously  described49.

Received: 23 July 2020; Accepted: 19 November 2020

References
 1. Vanittanakom, N., Cooper, C. R. Jr., Fisher, M. C. & Sirisanthana, T. Penicillium marneffei infection and recent advances in the 

epidemiology and molecular biology aspects. Clin. Microbiol. Rev. 19, 95–110. https ://doi.org/10.1128/cmr.19.1.95-110.2006 (2006).
 2. San-Blas, G. et al. Fungal morphogenesis and virulence. Med. Mycol. 38(Suppl 1), 79–86 (2000).
 3. Gauthier, G. M. Dimorphism in fungal pathogens of mammals, plants, and insects. PLoS Pathog. 11, e1004608. https ://doi.

org/10.1371/journ al.ppat.10046 08 (2015).
 4. Klein, B. S. & Tebbets, B. Dimorphism and virulence in fungi. Curr. Opin. Microbiol. 10, 314–319. https ://doi.org/10.1016/j.

mib.2007.04.002 (2007).
 5. Boyce, K. J. & Andrianopoulos, A. Fungal dimorphism: the switch from hyphae to yeast is a specialized morphogenetic adaptation 

allowing colonization of a host. FEMS Microbiol. Rev. 39, 797–811. https ://doi.org/10.1093/femsr e/fuv03 5 (2015).
 6. Lau, S. K. et al. Proteome profiling of the dimorphic fungus Penicillium marneffei extracellular proteins and identification of 

glyceraldehyde-3-phosphate dehydrogenase as an important adhesion factor for conidial attachment. Febs J. 280, 6613–6626. https 
://doi.org/10.1111/febs.12566  (2013).

 7. Rafferty, K. Penicillium marneffei: immunological response to infection and development of novel diagnostic methods. Ph.D. 
dissertation, King’s College London, University of London, UK, (2004).

 8. Prakit, K., Nosanchuk, J. D., Pruksaphon, K., Vanittanakom, N. & Youngchim, S. A novel inhibition ELISA for the detection 
and monitoring of Penicillium marneffei antigen in human serum. Eur. J. Clin. Microbiol. Infect. Dis. 35, 647–656. https ://doi.
org/10.1007/s1009 6-016-2583-2 (2016).

 9. Pruksaphon, K. et al. Development and characterization of an immunochroma- tographic test for the rapid diagnosis of Talaromyces 
(Penicillium) marneffei. PLoS ONE 13, e0195596. https ://doi.org/10.1371/journ al.pone.01955 96 (2018).

 10. Pruksaphon, K. et al. Diagnostic laboratory immunology for Talaromycosis (Penicilliosis): review from the bench-top techniques 
to the point-of-care testing. Diagn. Microbiol. Infect. Dis. 96, 114959. https ://doi.org/10.1016/j.diagm icrob io.2019.11495 9 (2019).

 11. Tsang, C. C., Lau, S. K. P. & Woo, P. C. Y. Sixty years from Segretain’s description: what have we learned and should learn about 
the basic mycology of Talaromyces marneffei?. Mycopathologia 184, 721–729. https ://doi.org/10.1007/s1104 6-019-00395 -y (2019).

 12. Schubert, M. et al. Monoclonal antibody AP3 binds galactomannan antigens displayed by the pathogens Aspergillus flavus, A. 
fumigatus and A. parasiticus. Front. Cell Infect. Microbiol. 9, 234. https ://doi.org/10.3389/fcimb .2019.00234  (2019).

 13. Shibuya, N., Goldstein, I. J., Van Damme, E. J. & Peumans, W. J. Binding properties of a mannose-specific lectin from the snowdrop 
(Galanthus nivalis) bulb. J. Biol. Chem. 263, 728–734 (1988).

 14. Wright, C. S., Kaku, H. & Goldstein, I. J. Crystallization and preliminary X-ray diffraction results of snowdrop (Galanthus nivalis) 
lectin. J. Biol. Chem. 265, 1676–1677 (1990).

https://www.graphpad.com/quickcalcs/ttest1/?Format=SD
https://doi.org/10.1128/cmr.19.1.95-110.2006
https://doi.org/10.1371/journal.ppat.1004608
https://doi.org/10.1371/journal.ppat.1004608
https://doi.org/10.1016/j.mib.2007.04.002
https://doi.org/10.1016/j.mib.2007.04.002
https://doi.org/10.1093/femsre/fuv035
https://doi.org/10.1111/febs.12566
https://doi.org/10.1111/febs.12566
https://doi.org/10.1007/s10096-016-2583-2
https://doi.org/10.1007/s10096-016-2583-2
https://doi.org/10.1371/journal.pone.0195596
https://doi.org/10.1016/j.diagmicrobio.2019.114959
https://doi.org/10.1007/s11046-019-00395-y
https://doi.org/10.3389/fcimb.2019.00234


15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21169  | https://doi.org/10.1038/s41598-020-78178-5

www.nature.com/scientificreports/

 15. Tongchusak, S., Pongtanalert, P., Pongsunk, S., Chawengkirttikul, R. & Chaiyaroj, S. C. Distinct immunologic properties of Penicil‑
lium marneffei yeasts obtained from different in vitro growth conditions. Asian Pac. J. Allergy Immunol. 22, 229–235 (2004).

 16. Kaewmalakul, J., Nosanchuk, J. D., Vanittanakom, N. & Youngchim, S. Melanization and morphological effects on antifungal 
susceptibility of Penicillium marneffei. Antonie Van Leeuwenhoek 106, 1011–1020. https ://doi.org/10.1007/s1048 2-014-0270-9 
(2014).

 17. Andrianopoulos, A. Control of morphogenesis in the human fungal pathogen Penicillium marneffei. Int. J. Med. Microbiol. 292, 
331–347. https ://doi.org/10.1078/1438-4221-00217  (2002).

 18. Boyce, K. J. & Andrianopoulos, A. Morphogenetic circuitry regulating growth and development in the dimorphic pathogen 
Penicillium marneffei. Eukaryot. Cell 12, 154–160. https ://doi.org/10.1128/ec.00234 -12 (2013).

 19. Kollar, R. et al. Architecture of the yeast cell wall. Beta(1–>6)-glucan interconnects mannoprotein, beta(1–>)3-glucan, and chitin. 
J. Biol. Chem. 272, 17762–17775. https ://doi.org/10.1074/jbc.272.28.17762  (1997).

 20. Chaffin, W. L., Lopez-Ribot, J. L., Casanova, M., Gozalbo, D. & Martinez, J. P. Cell wall and secreted proteins of Candida albicans: 
identification, function, and expression. Microbiol. Mol. Biol. Rev. 62, 130–180 (1998).

 21. Marcos, C. M. et al. Anti-immune strategies of pathogenic fungi. Front. Cell Infect. Microbiol. 6, 142. https ://doi.org/10.3389/fcimb 
.2016.00142  (2016).

 22. Kumar, A. & Kurup, V. P. Murine monoclonal antibodies to glycoprotein antigens of Aspergillus fumigatus show cross-reactivity 
with other fungi. Allergy Proc. 14, 189–193. https ://doi.org/10.2500/10885 41937 78878 664 (1993).

 23. Zancope-Oliveira, R. M., Bragg, S. L., Reiss, E., Wanke, B. & Peralta, J. M. Effects of histoplasmin M antigen chemical and enzy-
matic deglycosylation on cross-reactivity in the enzyme-linked immunoelectrotransfer blot method. Clin. Diagn. Lab. Immunol. 
1, 390–393 (1994).

 24. Rimek, D., Singh, J. & Kappe, R. Cross-reactivity of the PLATELIA CANDIDA antigen detection enzyme immunoassay with fungal 
antigen extracts. J. Clin. Microbiol. 41, 3395–3398. https ://doi.org/10.1128/jcm.41.7.3395-3398.2003 (2003).

 25. Van Der Veer, J. et al. Cross-reactivity in the Platelia Aspergillus enzyme immunoassay caused by blastomycosis. Med. Mycol. 50, 
396–398. https ://doi.org/10.3109/13693 786.2011.60817 2 (2012).

 26. Dean, N. Asparagine-linked glycosylation in the yeast Golgi. Biochim. Biophys. Acta 1426, 309–322. https ://doi.org/10.1016/s0304 
-4165(98)00132 -9 (1999).

 27. Verki A, et al. Essentials of Glycobiology  2nd edn (Cold Spring Harbor Laboratory Press, 2009).
 28. Salem-Izacc, S. M. et al. Protein synthesis patterns of Paracoccidiodes brasiliensis isolates in stage-specific forms and during cellular 

differentiation. J. Med. Vet. Mycol. 35, 205–211 (1997).
 29. Nakajima, T. & Ballou, C. E. Microheterogeneity of the inner core region of yeast manno-protein. Biochem. Biophys. Res. Commun. 

66, 870–879. https ://doi.org/10.1016/0006-291x(75)90590 -2 (1975).
 30. Trewatcharegon, S., Chaiyaroj, S. C., Chongtrakool, P. & Sirisinha, S. Production and characterization of monoclonal antibodies 

reactive with the mycelial and yeast phases of Penicillium marneffei. Med. Mycol. 38, 91–96. https ://doi.org/10.1080/mmy.38.1.91.96 
(2000).

 31. Cao, L., Chan, C. M., Lee, C., Wong, S. S. & Yuen, K. Y. MP1 encodes an abundant and highly antigenic cell wall mannoprotein in 
the pathogenic fungus Penicillium marneffei. Infect. Immun. 66, 966–973 (1998).

 32. Guimaraes, A. J. et al. Histoplasma capsulatum heat-shock 60 orchestrates the adaptation of the fungus to temperature stress. PLoS 
ONE 6, e14660. https ://doi.org/10.1371/journ al.pone.00146 60 (2011).

 33. Diez, S., Gomez, B. L., Restrepo, A., Hay, R. J. & Hamilton, A. J. Paracoccidioides brasiliensis 87-kilodalton antigen, a heat shock 
protein useful in diagnosis: characterization, purification, and detection in biopsy material via immunohistochemistry. J. Clin. 
Microbiol. 40, 359–365. https ://doi.org/10.1128/jcm.40.2.359-365.2002 (2002).

 34. Vanittanakom, N., Pongpom, M., Praparattanapan, J., Cooper, C. R. & Sirisanthana, T. Isolation and expression of heat shock 
protein 30 gene from Penicillium marneffei. Med. Mycol. 47, 521–526. https ://doi.org/10.1080/13693 78080 25663 58 (2009).

 35. Pongpom, M. & Vanittanakom, N. Characterization of an MPLP6, a gene coding for a yeast phase specific, antigenic mannoprotein 
in Penicillium marneffei. Med. Mycol. 49, 32–39. https ://doi.org/10.3109/13693 786.2010.49679 6 (2011).

 36. Kanetsuna, F., Carbonell, L. M., Moreno, R. E. & Rodriguez, J. Cell wall composition of the yeast and mycelial forms of Paracoc‑
cidioides brasiliensis. J. Bacteriol. 97, 1036–1041 (1969).

 37. Kanetsuna, F. & Carbonell, L. M. Cell wall composition of the yeastlike and mycelial forms of Blastomyces dermatitidis. J. Bacteriol. 
106, 946–948. https ://doi.org/10.1128/JB.106.3.946-948.1971 (1971).

 38. Dong, R. J. et al. Innate immunity acts as the major regulator in Talaromyces marneffeicoinfected AIDS patients: Cytokine profile 
surveillance during initial 6-month antifungal therapy. Open Forum Infect. Dis. 6, ofz205. https ://doi.org/10.1093/ofid/ofz20 5 
(2019).

 39. Gauthier, G. & Klein, B. S. Insights into fungal morphogenesis and immune evasion: Fungal conidia, when situated in mamma-
lian lungs, may switch from mold to pathogenic yeasts or spore-forming spherules. Microbe. Wash. DC. 3, 416–423. https ://doi.
org/10.1128/micro be.3.416.1 (2008).

 40. Rongrungruang, Y. & Levitz, S. M. Interactions of Penicillium marneffei with human leukocytes in vitro. Infect. Immun. 67, 
4732–4736 (1999).

 41. Jeavons, L. et al. Identification and purification of specific Penicillium marneffei antigens and their recognition by human immune 
sera. J. Clin. Microbiol. 36, 949–954 (1998).

 42. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72, 248–254. https ://doi.org/10.1006/abio.1976.9999 (1976).

 43. Chongkae, S. et al. Production of melanin pigments in saprophytic fungi in vitro and during infection. J. Basic Microbiol. 59, 
1092–1104. https ://doi.org/10.1002/jobm.20190 0295 (2019).

 44. Sor-suwan, S. et al. Identification of salivary gland proteins depleted after blood feeding in the malaria vector Anopheles campestris-
like mosquitoes (Diptera: Culicidae). PLoS ONE 9, e90809. https ://doi.org/10.1371/journ al.pone.00908 09 (2014).

 45. Perkins, D. N., Pappin, D. J. C., Creasy, D. M. & Cottrell, J. S. Probability-based protein identification by searching sequence 
databases using mass spectrometry data. Electrophoresis 20, 3551–3567. https ://doi.org/10.1002/(SICI)1522-2683(19991 
201)20:18%3c355 1::AID-ELPS3 551%3e3.0.CO;2-2 (1999).

 46. Wasylnka, J. A. & Moore, M. M. Uptake of Aspergillus fumigatus conidia by phagocytic and nonphagocytic cells in vitro: quantitation 
using strains expressing green fluorescent protein. Infect. Immun. 70, 3156–3163. https ://doi.org/10.1128/iai.70.6.3156-3163.2002 
(2002).

 47. Batista, W. L. et al. The PbMDJ1 gene belongs to a conserved MDJ1/LON locus in thermodimorphic pathogenic fungi and encodes 
a heat shock protein that localizes to both the mitochondria and cell wall of Paracoccidioides brasiliensis. Eukaryot. Cell 5, 379–390. 
https ://doi.org/10.1128/EC.5.2.379-390.2006 (2006).

 48. Srinoulprasert, Y., Pongtanalert, P., Chawengkirttikul, R. & Chaiyaroj, S. C. Engagement of Penicillium marneffei conidia 
with multiple pattern recognition receptors on human monocytes. Microbiol. Immunol. 53, 162–172. https ://doi.org/10.111
1/j.1348-0421,2008.00102 .x (2009).

 49. Sapmak, A. et al. Talaromyces marneffei laccase modifies THP-1 macrophage responses. Virulence 7, 702–717. https ://doi.
org/10.1080/21505 594.2016.11932 75 (2016).

https://doi.org/10.1007/s10482-014-0270-9
https://doi.org/10.1078/1438-4221-00217
https://doi.org/10.1128/ec.00234-12
https://doi.org/10.1074/jbc.272.28.17762
https://doi.org/10.3389/fcimb.2016.00142
https://doi.org/10.3389/fcimb.2016.00142
https://doi.org/10.2500/108854193778878664
https://doi.org/10.1128/jcm.41.7.3395-3398.2003
https://doi.org/10.3109/13693786.2011.608172
https://doi.org/10.1016/s0304-4165(98)00132-9
https://doi.org/10.1016/s0304-4165(98)00132-9
https://doi.org/10.1016/0006-291x(75)90590-2
https://doi.org/10.1080/mmy.38.1.91.96
https://doi.org/10.1371/journal.pone.0014660
https://doi.org/10.1128/jcm.40.2.359-365.2002
https://doi.org/10.1080/13693780802566358
https://doi.org/10.3109/13693786.2010.496796
https://doi.org/10.1128/JB.106.3.946-948.1971
https://doi.org/10.1093/ofid/ofz205
https://doi.org/10.1128/microbe.3.416.1
https://doi.org/10.1128/microbe.3.416.1
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1002/jobm.201900295
https://doi.org/10.1371/journal.pone.0090809
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18%3c3551::AID-ELPS3551%3e3.0.CO;2-2
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18%3c3551::AID-ELPS3551%3e3.0.CO;2-2
https://doi.org/10.1128/iai.70.6.3156-3163.2002
https://doi.org/10.1128/EC.5.2.379-390.2006
https://doi.org/10.1111/j.1348-0421,2008.00102.x
https://doi.org/10.1111/j.1348-0421,2008.00102.x
https://doi.org/10.1080/21505594.2016.1193275
https://doi.org/10.1080/21505594.2016.1193275


16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21169  | https://doi.org/10.1038/s41598-020-78178-5

www.nature.com/scientificreports/

Acknowledgements
This work was funded by National Research Council of Thailand (NRCT) by a research grant for promoting and 
developing the new generation researchers (strategies for enhancing the research and innovation of Thailand) 
[Grant Number: GSCMU (NRCT)/06/2562] and the Faculty of Medicine Endowment Fund, Faculty of Medi-
cine, Chiang Mai University, Chiang Mai, Thailand [Grant Number: 20/2563] for their support in this project. 
This work was also supported by the Minority Health International Research Training (MHIRT) program grant 
(T37MD008636) from the National Institute of Minority Health and Health Disparities, NIH.

Author contributions
S.Y., J.D.N., K.R. supervised the study; S.Y., J.D.N., K.R., K.P. planned the experiments; K.P., M.N.C., S.R. per-
formed the experiments; S.Y., M.N.C., K.P., S.R. analyzed the data; S.Y., K.P., K.R., J.D.N., L.R.M., A.K. wrote the 
manuscript; all authors approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-78178 -5.

Correspondence and requests for materials should be addressed to S.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-78178-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characterization of a novel yeast phase-specific antigen expressed during in vitro thermal phase transition of Talaromyces marneffei
	Results
	The specificity of MAb 4D1 to the yeast phase antigen of T. marneffei was shown by indirect ELISA and fluorescent microscopy. 
	Immunoreactivity patterns and carbohydrate components of the antigenic proteins recognized by MAb 4D1 and Galanthus nivalis agglutinin (GNA). 
	Effects of peptide-N-glycosidase F (PNGase F) and proteinase K treated TM CYA altered antigenic recognition by MAb 4D1. 
	Recognition of antigenic proteins by MAb 4D1 during the thermally induced phase transition of T. marneffei. 
	Recognition of yeast phase specific antigens by MAb 4D1 during T. marneffei conidia transition in vitro (1% proteose peptone) as studied by flow cytometry. 
	Flow cytometric determination of yeast cells specific antigens using MAb 4D1 during T. marneffei phagocytosis by THP-1 cells. 
	Recognition of T. marneffei yeast phase specific antigens by MAb 4D1 during conidial internalization by human THP-1 macrophage cells. 
	Cytokine response to T. marneffei infected THP-1. 

	Discussion
	Materials and methods
	Fungal isolates. 
	T. marneffei cytoplasmic yeast antigen (TM CYA) extraction. 
	Purification of monoclonal antibody 4D1 (MAb4D1) and specificity testing. 
	Antigenic determinants characterization and Galanthus nivalis agglutinin (GNA) binding assay. 
	LC–MS analysis. 
	In gel digestion. 
	Liquid chromatography-Tandem mass spectrometry (LCMS–MS). 
	Bioinformatics and data analysis. 

	Antigenic glycoprotein expression profiling during phase transition using MAb 4D1 in an indirect ELISA assay. 
	Quantification of T. marneffei conidia uptake by human monocytic cell line THP-1 cells by flow cytometry. 
	The percentage of T. marneffei yeast cells cultured in vitro (37 °C) at different time points as quantitated by flow cytometry. 
	Determination of conidia to yeast transition in T. marneffei in THP-1 cells by using immunofluorescence assay. 
	Enumeration of fungal viability and induction of cytokines in T. marneffei infected THP-1. 

	References
	Acknowledgements


