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Abstract
Background Talaromyces marneffei (formerly Penicillium marneffei) is an important thermally dimorphic
fungus endemic which is characterized by one of the most frequent opportunistic infections in HIV/AIDS
patients, mainly prevalent in Southeast Asia, southern China, and northeastern India. Cotrimoxazole(CTX)
inhibits folic acid synthesis which is important for the survival of many bacteria, protozoa, and fungi,
thereby commonly used to prevent several opportunistic infections among HIV/AIDS patients. In addition
to preventing other HIV-associated opportunistic infections, CTX prophylaxis are considered to have the
potential to prevent T.marneffei infection in HIV/AIDS patients receiving antiretroviral therapy (ART).
However, the role and mechanism of cotrimoxazole resistance to T.marneffei fungus remains unclear.

Methods Human THP-1 macrophages were used as cell model in vitro to explore the role and mechanism
of cotrimoxazole resistance towards T.marneffei. Cell viability assay and drug sensitivity colony forming
units (CFU) experiments were conducted to determine the minimum inhibitory concentration (MIC) of
cotrimoxazole inside and outside THP-1 macrophages respectively. Enzyme-linked immunosorbent assay
(Elisa) was used to measure the concentration of Dihydropteroic acid synthetase (DHPS), Dihydrofolate
synthetase (DHFS) and Dihydrofolate reductase (DHFR) between T.marneffei adding TMP/SMX and
without adding TMP/SMX group respectively. Real-time �uorescence quantitative PCR(qPCR) was
performed to detect the mRNA expression levels in Dectin-1 mediated signaling pathway and
downstream in�ammatory cytokines including IL-6, IL-10, IL-23A, CXCL8 and TNF-α released by
T.marneffei-infected macrophages between adding TMP/SMX and without adding TMP/SMX group
respectively.

Results Cotrimoxazole can inhibit the proliferation of T.marneffei within safe concentration inside and
outside THP-1 macrophages. Drug susceptibility results showed the minimal inhibit concentration(MIC)
of 1:5 TMP/SMX was ranging from 14/70 to 90/450μg/ml. The MIC of SMX was ranging from 100 to
360μg/ml, The MIC of TMP was ranging from 240 to 400μg/ml outside macrophages. The MIC of
TMP/SMX was ranging from 36/180 to 68/340μg/ml. The MIC of SMX was ranging from 340 to
360μg/ml. The MIC of TMP was ranging from 320 to 400μg/ml inside macrophages. The synergistic
interaction of 1:5 TMP/SMX was more effective in inhibiting T.marneffei than separate SMX and TMP.
DHPS, DHFS and DHFR can be inhibited by cotrimoxazole within safe and effective concentration.
Dectin-1 expression is increased following T.marneffei infection, leading to the increase of IL-6, IL-10, IL-
23A and the decrease of CXCL8 and TNF-α. Conversely, cotrimoxazole decrease the levels of IL-6, IL-10,
IL-23A and increase the levels of CXCL8 and TNF-α, thereby enhancing the intracellular killing-T.marneffei
capacity of macrophages.

Conclusions Our �ndings indicated that cotrimoxazole directly inhibited T.marneffei growth by blocking
DHPS, DHFS and DHFR and indirectly inhibit T.marneffei growth by regulating the Dectin-1 signaling
pathway, which may effectively interfere with the defense ability of the host against T.marneffei infection.

Introduction
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Talaromyces marneffei(TM, previously known as Penicillium marneffei) is a thermally dimorphic fungus.
Talaromycosis is a severe deep mycosis caused by T.marneffei which has rapidly emerged in parallel
with the HIV epidemic in recent years and has become one of the most common HIV-associated
opportunistic infections and is a leading cause of HIV-associated death in Southeast Asia, in particular
Thailand, Vietnam, and southern provinces in China[1].Nowadays, T.marneffei infection has become the
third most common opportunistic infections in patients, ranking just after tuberculosis and
cryptococcosis, especially in Guangxi and Guangdong province[2–4].T.marneffei co-infected with
HIV/AIDS has become a major medical and public health problem, which urgently requires us attach
great importance to and �gure out novel prevention and treatment strategies.

Our group previously conducted a observational cohort research in Guangxi, China, which has showed
that cotrimoxazole prophylaxis(CTX) initiated early in the antiretroviral therapy period in HIV/AIDS
patients can signi�cantly reduce mortality in adult HIV patients, especially in CD4+cell counts < 50 cells/µl
population[1].Cotrimoxazole (CTX), a combination of the antibiotics trimethoprim(TMP) and
sulfamethoxazole(SMX), is a well-known antimicrobial agent used to treat many opportunistic infections
such as Pneumocystis jirovecii pneumonia(PJP), malaria, and cerebral toxoplasmosis[1, 5, 6].Its
antimicrobial effect comes from its blocking of folate biosynthesis pathway. SMX and TMP target two
different enzymes involved in bacterial folate biosynthesis: SMX targets dihydropteroate
synthetase(DHPS), while TMP targets dihydrofolate reductase(DHFR)[7–9].T.marneffei fungi also depend
on folate biosynthesis pathway to synthesize genetic material, which has been highlighted as an
antifungal target for the development of new antifungals[1, 9, 10].Consequently, we hypothesized the
intrinsic mechanism of cotrimoxazole directly inhibiting T.marneffei growth was interfering with DHPS,
DHFS and DHFR, thereby blocking the folate biosynthesis pathway .

A recent study using THP- 1 as cell model in vitro showed that Dectin-1 was an important receptor for
T.marneffei on THP-1 macrophages and it was revealed to be involved in the induction of a pro-
in�ammatory cytokine response via increasing levels of TNF-α and CXCL8(IL-8) induced by T.marneffei.
Dectin-1 is a type  transmembrane protein, which recognizes β-1,3-glucans in the cell wall of various
pathogenic fungi[11, 12]. Despite Dectin-1 playing an important role in regulating host immunity and
fungal infection, the mechanism of cotrimoxazole exhibiting fungicidal activity to T.marneffei inside
macrophages remains to be elucidated.

Collectively, common antifungal drugs including Amphotericin B(AMB), itraconazole(ICA) recently, but
long-term use of these drugs can cause signi�cant side effects to the human body, thus it is urgent for us
to search other alternative drugs to effectively decrease the morbidity and mortality of HIV/AIDS with
T.marneffei infection. Our current knowledge of the causality of the protective effect of CTX on TM
infection is limited, especially in the interaction between cotrimoxazole and T.marneffei-infected hosts. In
this study, we focused on the underlying mechanism of cotrimoxazole inhibiting T.marneffei in vitro,
hoping to provide therapeutic target for HIV/AIDS co-infected with T.marneffei infection patients
worldwide.
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Materials And Methods

Experimental Reagents and Kits
RPMI-1640 medium, DMEM medium and FBS were purchased from Gibco(Thermo Fisher Scienti�c,Inc.)
Penicillin-streptomycin solution and sterile PBS buffer were purchased from Solarbio(Beijing, China),
Dimethyl sulfoxide(DMSO) reagent was obtained from BioFROXX(Germany, Inc.). TRIzol® reagent was
obtained from Invitrogen (Thermo Fisher Scienti�c, Inc.).Chloroform, isopropyl alcohol and anhydrous
ethanol were purchased from Huawei Ruike Chemical CO.,LTD (Beijing,China). PMA was purchased from
Sigma-Aldrich(Merck KGaA). Potato dextrose agar (PDA) was purchased from Land Bridge Technology
Co.,LTD (Beijing,China). Sulfamethoxazole (SMX), Trimethoprim(TMP) were purchased from Biological
Science and Technology Co.,LTD (Chengdu, China). CellTiter-Glo® Luminescent Cell Viability Assay was
purchased from Wanghe Technology Co.,LTD (Guangxi, China). PrimeScriptTMRT Master Mix-RR036A
Reverse transcription kit and TB GreenTMPremix Ex TaqTM -RR820A Fluorescence quanti�cation kit were
purchased from Takara Bio, Inc(Japan). Microbial DHPS, DHFS and DHFR elisa kits were purchased from
Jingmei Biotechnology Co.,LTD (Jiangsu,China).

Cell Culture and Maintenance
The human monocyte cell line THP-1(The Cell Bank of Type Culture Collection of The Chinese Academy
of Sciences) was cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine
serum(FBS) and 100U/ml penicillin/streptomycin solution at 37℃ in a 5% CO2 atmosphere. THP-1 cells
could be differentiated into macrophages by treatment with 50ng/ml phorbol-12-myristate-13 acetate
(PMA) at 37℃ for 48h. The cells were then cultured in medium without PMA. The differentiation
morphology of macrophages was observed by a TS100-F type inverted microscope (purchased from
Nikon Inc. in Japan).

Fungal culture
T.marneffei [CMCC(F)B33r; The Chinese Academy of Medical Sciences and Peking Union Medical
College]strains were cultivated on potato dextrose agar(PDA) mediums and incubated at 27℃ for 15 to
20 days. Fungal spores were harvested by washing the plates with sterile PBS with 0.01% Tween-
80(PBST) solution by disposable vaccination ring(10μl).Then the collected spores were puri�ed by
�ltering through sterile glass wool and PBS to obtain T.marneffei conidia. The �ltered conidial
suspension with the concentration of 107 conidia/ml was stored at 4℃ to prepare for subsequent
experiments, as previously described[12].THP-1 macrophages were incubated with activated
T.marneffei conidia (5:1, fungi to cell) cultured at 37℃ in a 5% CO2 atmosphere for 6-12h to construct
T.marneffei-infected THP-1 macrophages cell model for subsequent experiments.
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Antifungal Agent Preparations
DMSO was used to dissolve drugs according to solubility to obtain 10mg/ml of SMX, 20mg/ml of TMP
as primary drug solution respectively. Diluted 10 times, 100 times, 1000 times from 10mg/ml of SMX,
20mg/ml of TMP to obtain gradient dilution of SMX, TMP stock solution. The volume of TMP and SMX
solution in the required matching concentration of TMP/SMX (1:5 used in clinic application) were taken
from the prepared primary or diluted solution of TMP and SMX(less than 1ml) according to the
concentration respectively, then adding sterile PBS to 1ml, and mix the drug solution completely to obtain
the required matching concentration of TMP/SMX. 

Cell Viability Assay of THP-1 Macrophages 
Differentiated THP-1 macrophages were cultured on one 96-well plate at 1×104 cells per well, then placing
at 37℃ and 5% CO2 for 48h. Add different concentrations of SMX, TMP and TMP/SMX to macrophages
in experimental group after 48h. Negative control group was established with only THP-1 macrophages,
not adding drugs. Black control group only contains DMEM medium as background. DMEM medium was
replaced by adding 10μl drug solution and 90μl DMEM, and placing the 96-well plate at 37℃, 5% CO2

atmosphere for 48h.Then 20μl of CellTiter-Glo® Luminescent Cell Viability Assay was added after 48h.
The 96-well plate was oscillating in Microporous plate thermostatic oscillator (MB100-2A, purchased
from Aosheng Instrument Co.,LTD in Hangzhou, China) for 3 minutes, then incubating at 37℃ for 10
minutes. BioTek Multifunctional enzyme labeling instrument (Synergy H1, purchased from BioTek Inc. in
USA) was used to measure the absorbance (OD) of each well at 450nm. Calculating cell viability value
according to formula and judge cell viability under different concentrations of TMP, SMX and TMP/SMX.

Antifungal Susceptibility Assays of T.marneffei outside
macrophages
Add different concentrations of TMP, SMX and TMP/SMX to T.marneffei spores for 48h at 37℃ and
5%CO2 atmosphere. The supernatant was collected after 48h cultivation and four gradient serial dilutions

(100,101,102,and 103) were performed. Then T.marneffei colony forming units (CFUs) by microdilution
spot assay was used to assess antifungal activity of TMP, SMX and TMP/SMX in vitro. After placing the
potato dextrose agar (PDA) medium at 37℃ for 48h incubation, Linkedin Gel Imaging System (G:Box F3,
purchased from Syngene Inc. in USA) was used to record the growth situation of T.marneffei on plates.
Compare the drug sensitivity of TMP, SMX and TMP/SMX towards T.marneffei outside macrophages by
counting the number of TM spores at a countable dilution gradient.

Antifungal Susceptibility Assays of T.marneffei inside
macrophages
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THP-1 macrophages were seeded on 24-well plates at 3×105 cells per well and were infected with
T.marneffei conidia (MOI=5:1, fungi to cell) for 6-12h at 37℃ and 5% CO2 atmosphere. Then, DMEM
medium was removed and the wells were washed three times with sterile PBS to clear out the T.marneffei
spores not infected into THP-1 macrophages. Afterwards, different concentrations of TMP, SMX and
TMP/SMX were added in the experimental group respectively, then incubating at 37℃ in a 5%CO2

atmosphere for 48h. DMEM was removed and the cells were lysed in autoclave water to release the
T.marneffei inside macrophages. Subsequently, T.marneffei spores or hyphae were thoroughly released
out, collected the cell lysate and centrifuged for 10min at 12000×g at room temperature, harvested
T.marneffei precipitation, resuspended in 1ml sterile water. Then perform colony forming units (CFU)
experiment as previously described. Record and count the number of TM spores to compare the drug
sensitivity of TMP, SMX and TMP/SMX towards T.marneffei inside macrophages.

Enzymes Quanti�cation using ELISA
After adding different concentration gradients of TMP, SMX and TMP/SMX to T.marneffei spores (3×107

spores/ml) at 37℃, containing 5%CO2 atmosphere for 48h. Microbial DHPS, DHFS and DHFR elisa kits
were used to measure the quantity of DHPS, DHFS and DHFR in the 48h supernatants between TM
adding drugs and without adding drugs respectively. The experimental procedure was performed
according to the manufacturer’s protocols. BioTek Multifunctional enzyme labeling instrument (Synergy
H1, BioTek, USA) was used to measure the absorbance (OD) value of each well at 450nm. All experiments
were performed in triplicate. Data are presented as the mean ± standard deviation. Calculate the
concentration of DHPS, DHFS and DHFR by standard curve to compare the anti-T.marneffei effect of
TMP, SMX and TMP/SMX with the TM growth control group.

Real-time reverse transcription PCR (RT-qPCR)
THP-1 macrophages were incubated with activated T.marneffei spores (5:1, fungi to cell) and cultured at
37℃ in 5% CO2 for 6-12h. Then use sterile PBS to wash T.marneffei-infected macrophages three times as
previously described. Following these treatments, cells were harvested, and total RNA was extracted
using TRIzol® reagent, following the manufacturer’s protocol. The RNA was then reversely transcribed to
cDNA using the PrimeScriptTMRT Master Mix-RR036A and qPCR was performed using TB GreenTMPremix
Ex TaqTM -RR820A Fluorescence quanti�cation kit and an Applied Biosystems 7500 Real-Time PCR
system(Applied Biosystems; Thermo Fisher Scienti�c,Inc.) was used to measure the gene expression of
each sample. GAPDH was used as the internal control. The thermocycling conditions were as follows:
Reverse transcription at 37℃ for 15min and 85℃ for 5 sec and pause at 4℃; pre-denaturation for 1min
at 95℃; followed by 40 cycles of 5 sec at 95℃ and 30 sec at 60℃. The speci�c primers used were as
follows: Dectin-1 forward, 5’-CCGGTAAGTACCTAGC CCAC-3’ and reverse, 5’-GCAGCACACGATCCTTTCTC-
3’; and IL-6 forward, 5’-AGGAGACTTGCCTGGTGAAA-3’ and reverse, 5’-CAGGGGTGGTTATT GCATCT-3’;
and IL-10 forward, 5’-CTTTAATAAGCTCCAAGAGAAAGGC-3’ and reverse, 5’-CAGATCCGATTTTGGAGACC-
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3’; and IL-23A forward, 5’-CTCAGGGACAACAGTCAGTTC-3’and reverse, 5’-ACAGGGCTATCAGGG AGCA-3’;
and CXCL8 forward, 5’-TTTTGCCAAGGAGTGCTAAAGA-3’and reverse, 5’-AACCCTCTGCACCCAGTTTTC-3’;
and TNF-α forward, 5’-TCCC CAGGGACCTCTCTCTA-3’ and reverse, 5’-GAGGGTTTGCTACAACATGG G-3’;
and GAPDH forward, 5’-GGTGGTCTCCTCTGACTTCAACA-3’ and reverse, 5’-
GTTGCTGTAGCCAAATTCGTTGT-3’. Finally, the CT values for each reaction were collected and the
changes in the expression of the target gene were normalized to GAPDH. Relative mRNA expression
levels were calculated by fold changes using the 2-ΔΔCT formula, where ΔCT is the difference between the
target gene and GAPDH, and ΔΔCT for the sample=ΔCT of treated condition-ΔCT of control condition, as
previously described[13].

Statistical analysis
All data were performed at least in three independent experiments. The Graphpad Prism 8.0 and Excel
2013 were used for data analysis. The quantitative data with normal distribution and homogeneity of
variance were expressed as mean± standard deviation (SD) by one-way analysis variance (ANOVA) for
multiple group comparisons. Student’s t-test for two independent samples were used to compare the
difference between two groups, statistical signi�cance was set at *P<0.05 **P<0.01,***P<0.001 and
****P<0.0001.The correlation of the data was veri�ed through the calculation of the Person correlation
coe�cient. P<0.05 was considered signi�cant.

Results

The antifungal effect of cotrimoxazole to T.marneffei
outside macrophages
In order to investigate the antifungal effect of TMP/SMX, SMX and TMP on T.marneffei spores in vitro,
we used activated T.marneffei spores treated with a series of different concentrations of TMP/SMX, SMX
and TMP or without for 48h. T.marneffei colony forming units(CFU) was performed to assess the anti-TM
effect of TMP/SMX,SMX and TMP respectively. As shown in Figs. 1A,1B, the proliferation activity of
T.marneffei can be weakened with the increasing concentration of TMP/SMX ranging from 14/70 to
90/450µg/ml compared with TM growth control group. As shown in Figs. 1C,1D, the inhibiting
T.marneffei phenomenon was more and more obvious with the concentration of SMX ranging from 100
to 360µg/ml. As shown in Figs. 1E,1F, the inhibitory effect was more and more signi�cant with the
increasing concentration of TMP ranging from 240 to 400µg/ml. As shown in Fig. 2, it suggested that
TMP/SMX achieved an inhibiting T.marneffei effect when the concentration increasing from 10/80µg/ml.
Its inhibition rate approximates to 100% when the concentration of TMP/SMX ranging from 100/300 to
100/2000µg/ml. Our results led us to propose that 1:5 proportion of TMP/SMX have synergistic effects
than other proportions and SMX, TMP separately, which con�rmed the clinical application of 1:5
TMP/SMX as antimicrobial.
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Cotrimoxazole inhibits DHPS, DHFS and DHFR of
T.marneffei
To investigate the effect of cotrimoxazole towards DHPS, DHFS and DHFR of T.marneffei, T.marneffei
spores were treated with different concentration gradients of cotrimoxazole as 3 times, 5 times, 10 times
for 48h. The concentration of DHPS, DHFS and DHFR were examined using elisa kits respectively. Our
results showed that DHPS, DHFS and DHFR can be obviously inhibited when the concentrations of
TMP/SMX were 16.2/81µg/ml and 48.6/243µg/ml in 3 times gradient (Fig.3A). The similar inhibitory
tendency of DHPS, DHFS and DHFR can be observed when the concentrations of TMP/SMX were
20/100µg/ml, 25/125µg/ml, 100/500µg/ml and 200/1000µg /ml in 5 times and 10 times gradients
(Figs.3B,C,D), which has been formerly con�rmed to exhibit an anti-T.marneffei activity in drug
susceptibility test of T.marneffei in vitro. Our results also suggested that DHPS, DHFS and DHFR showed
a consistently declining tendency with the increasing concentration of TMP/SMX ranging from 20/100 to
60/300µg/ml compared with TM control group (Fig.4A). And the concentration of DHPS, DHFS were
signi�cantly decreased with the increasing concentration of SMX ranging from 100 to 300µg/ml. While
the concentration of DHFR was not decreased obviously with the increasing concentration of TMP
ranging from 20 to 60µg/ml (Fig.4B). These results indicated that the blocking of three enzymes DHPS,
DHFS and DHFR in folate biosynthesis pathway of T.marneffei may be involved in the direct inhibition
ofT.marneffei growth by cotrimoxazole in vitro. And SMX can separately inhibit DHPS and DHFS at
effective concentration, but TMP cannot separately inhibit DHFR at ineffective concentrations.

The antifungal effect of cotrimoxazole to T.marneffei inside
macrophages
To further con�rm the effect of cotrimoxazole on T.marneffei proliferation in THP-1 macrophages,
T.marneffei colony forming units (CFUs) was used to assess the antifungal effect of TMP/SMX, SMX
and TMP to T.marneffei infected into macrophages. As shown in Fig. 5A, T.marneffei almost entirely
inhibited by TMP/SMX, starting from 36/180µg/ml, suggesting that cotrimoxazole plays an important
role in enhancing the intercellular killing T.marneffei ability of THP-1 macrophages. As shown in Fig. 5B,
the intercellular inhibiting T.marneffei proliferation ability was enhanced with the increase of
concentration of TMP/SMX. As revealed in Figs. 5C,D,E, separate SMX and TMP also has an intercellular
killing TM effect, but the effectively anti-T.marneffei concentration in SMX was starting from 340µg/ml
while it turns out to be 320µg/ml in TMP, far exceeding the directly inhibiting T.marneffei concentration of
SMX and TMP. Collectively, our results suggest that TMP/SMX, SMX and TMP can inhibit T.marneffei
inside macrophages, but the inhibitory effect of SMX and TMP was not as obvious as TMP/SMX.

Cotrimoxazole affects the Dectin-1 signaling pathway in
T.marneffei-infected THP-1 macrophages
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In order to investigate the effect of cotrimoxazole on the anti-fungal immune response mediated by
Dectin-1 signaling pathway of T.marneffei-infected macrophages, human THP-1 macrophages were used
as cell model in vitro to explore the intrinsic mechanism of cotrimoxazole indirectly inhibiting TM growth
in macrophages. As shown in Fig. 6, the relative mRNA expression levels of Dectin-1 in THP-1
macrophages were signi�cantly increased in response to T.marneffei infection, the same up-regulated
tendency can also be observed in the expression levels of IL-6, IL-10 and IL-23A, which were down-
regulated after adding TMP/SMX at 20/100µg/ml and 30/150µg/ml to TM-infected macrophages for
24h. We also showed that T.marneffei infection signi�cantly led to the downregulated levels of CXCL8
and TNF-α, which showed upregulated tendency after adding TMP/SMX for 24h. These results indicated
that Dectin-1 signaling pathway may be involved in the anti-T.marneffei activity of cotrimoxazole inside
macrophages, leading to the upregulated in�ammatory cytokines including IL-6, IL-10 and IL-23A and
downregulated in�ammatory cytokines including CXCL8 and TNF-α, while it showed opposite tendency
after adding effective concentrations of TMP/SMX. Our �ndings explained the reason why cotrimoxazole
can inhibit the growth and proliferation of T.marneffei infected into macrophages indirectly, which was
profound for the search for novel prevention and control strategies for HIV/AIDS combined with
T.marneffei infection in clinic application.

Discussion
Talaromyces marneffei, an opportunistic fungal pathogen, causes a life-threatening deep-seated
systemic infection in patients with acquired immune de�ciency syndrome(AIDS) in Southeast Asian
countries[2, 14]. Due to the lack of effective antifungal agents, talaromycosis is well known as a severe
disease that can cause disseminated infection, and treatment of this disease still remains a challenge[12,
15].

In this research, we demonstrated that cotrimoxazole can exert direct fungicidal effects on T.marneffei by
inhibiting DHPS, DHFS, DHFR which were evolved in folate biosynthesis, and enhance the indirect
fungicidal effect of macrophages by regulating the Dectin-1 signaling pathway.

Since the antimicrobial effect of cotrimoxazole (CTX) comes from its blocking activity of folic acid
biosynthesis pathway which are important for the survival of many bacterial, protozoa, and fungi[1]. It
has been long assumed that trimethoprim and sulfamethoxazole synergistically block microbial
synthesis of folic acid, a vital cofactor in the manufacture of thymidine and purines. Sulfamethoxazole is
a competitive inhibitor of dihydrofolic acid synthesis, and trimethoprim acts downstream of
sulfamethoxazole to inhibit production of the physiologically active tetrahydrofolic acid[16]. Based on
this information, we hypothesized that cotrimoxazole directly inhibiting the growth and proliferation of
T.marneffei was through blocking DHPS, DHFR directly and DHFS indirectly, by which SMX inhibits DHPS,
thereby inhibiting DHFS and TMP inhibits DHFR respectively. Our results con�rmed this hypothesis
showing that the concentration of DHPS, DHFS and DHFR were signi�cantly decreased in T.marneffei
adding effective concentrations of TMP/SMX group. Our results further found that DHPS and DHFS
showed obvious declining tendency in T.marneffei adding effective concentrations of SMX group. But the
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results suggests that DHFR was not signi�cantly decreased in T.marneffei adding ineffective
concentrations of TMP group, which led us to propose that DHFR was only inhibited at an effective
inhibiting T.marneffei concentration of TMP/SMX, while the corresponding concentration of TMP only
serves as a sulfonamide sensitizer and cannot block DHFR separately. Our data therefore provided a
complete chain of evidence that cotrimoxazole inhibiting T.marneffei directly in vitro perhaps by blocking
DHPS, DHFS and DHFR at effective concentrations of TMP/SMX, of which SMX plays an essential role in
blocking DHPS and DHFR, while TMP serves as a sulfonamide sensitizer, thereby enhancing the
fungicidal effect of SMX. This �nding reveals a novel mechanism by which cotrimoxazole can block
DHPS, DHFS, DHFR and SMX can inhibit DHPS and DHFS separately to inhibit the folate biosynthesis
pathway. But TMP cannot inhibit DHFR at an ineffective concentration separately which con�rmed the
synergistic role of TMP/SMX to kill T.marneffei in vitro.

Ghilchik et al has mentioned that cotrimoxazole has both immunomodulatory and antimicrobial
properties, suggesting that cotrimoxazole can modulate both innate and adaptive immune cells, including
enhancing phagocytosis of microorganism such as bacteria, fungi and intracellular killing by
macrophages[16–18].An in-vitro study of alveolar macrophage function in a few adults with advanced
HIV infection showed enhanced phagocytosis and killing of Staphylococcus aureus in those taking
cotrimoxazole, compared with untreated individuals[16, 19].Our results have con�rmed that T.marneffei
inside macrophages can be inhibited by TMP/SMX, SMX and TMP at high intracellular concentrations
respectively. However, the interaction between cotrimoxazole and T.marneffei-infected macrophages
remains largely unknown. To investigate whether cotrimoxazole in�uences the Dectin-1 signaling
pathway of T.marneffei-infected macrophages, PMA-induced THP-1 macrophages stimulating with
T.marneffei conidia were used, and the mRNA expression levels of Dectin-1 and downstream IL-6, IL-10,
IL-23A, CXCL8 and TNF-α in�ammatory cytokines were determined by RT-qPCR. In the present study, it
was revealed that increased levels of Dectin-1, IL-6, IL-10, IL-23A and decreased levels of CXCL8 and TNF-
α were observed in macrophages in response to T.marneffei infection. Our results also revealed that
decreased levels of Dectin-1, IL-6, IL-10, IL-23A and increased levels of CXCL8 and TNF-α were observed in
T.marneffei-infected macrophages after adding TMP/SMX for 24h. Although the role of Dectin-1 in
mediating the expression levels of cytokines released by macrophages in T.marneffei infection remains
poorly understood, several studies have mentioned its essential role in antifungal immunity. Dectin-1 is a
member of the C-type lectin family and functions as an innate PRR involved in antifungal immunity[12,
14, 20]. Nakamura et al demonstrated that Dectin-1 is essential in sensing T.marneffei for the activation
of bone marrow-derived DCs[12, 14].Sun et al demonstrated that Dectin-1 may play a crucial role in
Aspergillus-induced innate immune responses in human bronchial epithelial cells[12, 21].These �ndings
suggested that Dectin-1 may be a critical component of the anti-T.marneffei immune response in
macrophages. The role and mechanism of cotrimoxazole in�uencing the anti-T.marneffei ability of
macrophages perhaps by regulating the Dectin-1 signaling pathway and downstream in�ammatory
cytokines.

It is well known that in�ammatory cytokines play a critical role in the development of fungal infectious
diseases. Monocytes/macrophages serve as an essential role in the innate immunity of host resistance
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to invasive fungi infection. T.marneffei infection can activate innate immune cells, such as macrophages
and the activated macrophages can secrete cytokines, and they primarily produce pro-in�ammatory
cytokines such as IL-1,IL-6, IL-12,IL-18,IL-23, IL-1β, CXCL8, TNF-α and anti-in�ammatory cytokines such as
IL-10, IL-38 and so on[22–24].

Previous studies have revealed that Dectin-1 couple to spleen tyrosine kinase (Syk) and the adaptor
molecular CARD-9 to induce production of IL-6, IL-23 and TNF-α[25, 26].It was also observed that patients
with Dectin-1 de�ciency had reduced IL-6 and IL-17 production in monocytes and macrophages
challenged with either β-glucan or heat-killed C.albicans, and patients with CARD-9 de�ciencies exhibited
defects in Th17 differentiation, while IL-23 is required for the activity of Th17 cells and their maintenance
in vivo[25, 27].Previous investigations have proved that the T.marneffei-induced activation of JNK1/2
pathway increased the production of IL-10, thereby inhibiting the anti-T.marneffei ability of human
macrophages[28].An in-vitro research using mouse macrophages as cell model, suggesting that
incubation of T.marneffei promoted phagocytosis of T.marneffei by macrophages and high levels of pro-
in�ammatory and anti-in�ammatory cytokine production by macrophages, which was consistent with our
results, referring to high mRNA expression levels of IL-6, IL-10, IL-23A secreted by macrophages in
response to T.marneffei.

In fact, it must be admitted that Dectin-1 as important sensor in recognizing T.marneffei infection in
macrophages, the activation of Dectin-1 signaling pathway in�uencing pro-in�ammatory/anti-
in�ammatory response to T.marneffei, thereby increasing the production of IL-6, IL-10 and IL-23A to
inhibit the anti-T.marneffei effect of macrophages. CXCL8, also known as IL-8, is a pro-in�ammatory CXC
chemokine involved in in�ammatory reactions. The biological effects of IL-8 are mediated by two highly
related chemokine receptors, CXCR1(IL-8RA) and CXCR2(IL-8RB), which are co-expressed on human
neutrophils. Both the bene�cial and harmful roles of neutrophils are critically dependent on the capacity
of the cell to undergo directed migration from the blood to local tissue sites, including T.marneffei
infection. Because the CXC chemokine interleukin-8(IL-8) is a powerful mediator of this process, its two
receptors CXCR1 and CXCR2 are reasonable targets for development of treatments for neutrophil-
mediated in�ammation[29].Therefore,CXCL8 exerts its function alongside other cytokines and
chemokines, is an important activator and chemoattractant for leukocytes to sites of in�ammation,
recruitment and activation of neutrophils to phagocytosis, and bacterial clearance, and its role have been
implicated in a variety of in�ammatory diseases[12, 30, 31].Tumour necrosis factor alpha(TNF-α), an
in�ammatory cytokine produced by macrophages /monocytes during acute in�ammation, which belongs
to a family of both soluble and cell-bound cytokines that have a wide range of functions such as host
defense, in�ammation, and is responsible for a diverse range of signaling events within cells, leading to
necrosis or apoptosis[12, 32, 33].Previous investigations have showed that TNF-α plays an essential role
in the initiation of the innate response in the mouse model of invasive Aspergillus infection. It mentioned
TNF-α most likely mediates its protective effect via following mechanisms, including induction of
neutrophil-chemotactic chemokines, inducing of adhesion molecules, and neutrophil-independent
pathways. Additionally, several recruitment cytokines play critical roles in mediating in�ux of speci�c
leukocytes to the site of infection in invasive Aspergillosis[34]. A profound study also revealed that the
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depletion of TNF-α resulted in a reduced lung neutrophil in�ux in both normal and cyclophosphamide-
treated animals, which occurred in association with a decrease in lung levels of the C-X-C chemokine,
macrophage in�ammatory protein-2 and the C-C chemokines macrophage in�ammatory protein-1
alpha[35]. Notably, our research found that cotrimoxazole has the potential to increase the secretion
levels of CXCL8 and TNF-α by macrophages in response to T.marneffei infection. Our data led us to
propose that cotrimoxazole exerts fungicidal effect by increasing the levels of TNF-α, thereby inducing
CXCL8 to exert the intercellular killing activity of macrophages.

Taken together, our results demonstrated the essential recognizing T.marneffei role of Dectin-1 in
macrophages, and further con�rmed our hypothesis that cotrimoxazole in�uencing T.marneffei growth
through regulating the Dectin-1 signaling pathway. In the current study, we observed that the activation of
T.marneffei-induced Dectin-1 pathway increased the production of IL-6, IL-10 and IL-23A while reduced
the production of CXCL8 and TNF-α to inhibit the anti-T.marneffei capacity of macrophages.
Cotrimoxzole serves its important role by reducing the T.marneffei-induced in�ammatory responses and
enhance the phagocytosis and intercellular killing role of macrophages.

There exists several limitations in the present study. Firstly, only one cell line, human THP-1 macrophage,
was used as cell model in vitro. Secondly, considering the environment in the human body is complicated
and changeable, and there exists individual immune differences among the population, so the safe and
effective concentration of cotrimoxazole towards THP-1 macrophages in vitro cannot represent blood
drug concentration in vivo. Thirdly, our cell experiments in vitro only contain macrophages without
stimulating the immune microenvironment in vivo in response to T.marneffei. As we all known, there are
various immune cells interacting with each other to coordinate an antifungal response in vivo. Fourthly,
our results cannot determine whether cotrimoxazole in�uence the expression of Dectin-1 receptor of
macrophages by inhibiting the proliferation of T.marneffei, or T.marneffei inhibits the expression of
Dectin-1 receptor, which was up-regulated by cotrimoxazole afterwards. Therefore, the combination of
population research among HIV/AIDS co-infected with T.marneffei treated with cotrimoxazole and animal
experiments should be conducted to further explore the role and mechanism of cotrimoxazole resistance
to T.marneffei in vivo.

In conclusion, our data led us to propose that T.marneffei was inhibited by cotrimoxazole through
blocking DHPS, DHFS and DHFR directly and regulating Dectin-1 signaling pathway indirectly to enhance
intracellular killing-T.marneffei ability in human THP-1 macrophages. Our study reveals a novel
mechanism by which cotrimoxazole inhibits the growth and proliferation of T.marneffei inside and
outside macrophages, which may provide a therapeutic target for inhibition of infection and
dissemination in T.marneffei infection, especially in HIV/AIDS patients.
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Figures

Figure 1

The anti-T.marneffei activity of 1:5 TMP/SMX, SMX and TMP. T.marneffei spores were treated with
different concentrations of 1:5 TMP/SMX, SMX and TMP or without for 48h, respectively. (A,B)
T.marneffei colony forming units (CFUs) by microdilution spot assay (diluted 10, 100, 1000 times) from
collected 48h supernatant to assess antifungal activity of 1:5 TMP/SMX. (C,D) Collected 48h supernatant
and performed the CFU to assess antifungal activity of SMX as previously described. (E,F) Collected 48h
supernatant and conducted the CFU to assess antifungal activity of TMP as previously described. All
data were showed as mean ± SD of results from at least three independent experiments (***, p<0.001,
****, p<0.0001, n.s, no signi�cant difference, by Student’s t-test).

Figure 2

The anti-T.marneffei activity of different proportions of TMP/SMX. T.marneffei spores or hyphae were
treated with different matching and concentration gradients of TMP/SMX or without for 48h, respectively.
Collected the 48h supernatant and T.marneffei colony forming units (CFUs) were performed as previously
described. (A) T.marneffei spores were treated with TMP/SMX ranging from 1/3 to 1/20μg/ml. (B)
T.marneffei spores were treated with TMP/SMX ranging from 10/30 to 10/200μg/ml. (C) T.marneffei
spores were treated with TMP/SMX ranging from 100/300 to 100/2000μg/ml. All data were showed as
mean ± SD of results from at least three independent experiments (***, p<0.001, ****, p<0.0001, n.s, no
signi�cant difference, by Student’s t-test).
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Figure 3

Three key enzymes DHPS, DHFS and DHFR can be blocked by cotrimoxazole at effectively inhibiting the
growth and proliferation of T.marneffei concentrations in 3 times, 5 times and 10 times gradients. (A)
T.marneffei spores were treated with 3 times concentration gradients of TMP/SMX or without for 48h,
respectively. (B,C) T.marneffei spores were treated with 5 times concentration gradients of TMP/SMX or
without for 48h, respectively. (D) T.marneffei spores were treated with 10 times concentration gradients of
TMP/SMX or without for 48h, respectively. Elisa was used to detect the concentration of DHPS, DHFS
and DHFR from 48h supernatant respectively. All data were showed as mean ± SD of results from at least
three independent experiments (**, p<0.01, ***, p<0.001, ****, p<0.0001, n.s, no signi�cant difference, by
Student’s t-test).

Figure 4

Three key enzymes DHPS, DHFS and DHFR can be blocked by TMP/SMX and DHPS and DHFS can be
blocked by SMX respectively at effectively inhibiting the growth and proliferation of T.marneffei
concentrations. (A) T.marneffei spores were treated with 20/100μg/ml, 40/200μg/ml, 60/300μg/ml of
TMP/SMX or without for 48h, respectively. (B) T.marneffei spores were treated with 100μg/ml, 200μg/ml,
300μg/ml of SMX and 20μg/ml, 40μg/ml, 60μg/ml of TMP or without for 48h, respectively. Elisa was
used to detect the concentration of DHPS, DHFS and DHFR from 48h supernatant respectively. All data
were showed as mean ± SD of results from at least three independent experiments (**, p<0.01, ***,
p<0.001, ****, p<0.0001, n.s, no signi�cant difference, by Student’s t-test).
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Figure 5

The proliferation and growth of T.marneffei inside THP-1 macrophages is decreased under the effective
inhibiting T.marneffei concentration of TMP/SMX, SMX and TMP. THP-1 macrophages were incubated
with T.marneffei spores (MOI=5:1,fungi to cell) for 6-12h. (A,B) Add different concentrations of TMP/SMX
to T.marneffei-infected macrophages for 48h.The culture supernatants were removed and cell lysates
were collected, harvested T.marneffei by centrifugation. CFUs microdilution spot assay was conducted to
measure antifungal ability of TM-infected macrophages adding TMP/SMX and without. (C,D,E) Add
different concentrations of SMX or TMP to T.marneffei-infected macrophages for 48h respectively. CFUs
microdilution spot assay was conducted to measure antifungal ability of TM-infected macrophages
adding TMP or SMX and without. All data were showed as mean ± SD of results from at least three
independent experiments (*, p<0.05, ****, p<0.0001, n.s, no signi�cant difference, by Student’s t-test).

Figure 6

Talaromyces marneffei triggers the activation of Dectin-1 signaling pathway of THP-1 macrophages,
cotrimoxazole exhibits its anti-T.marneffei activity by regulating the Dectin-1 signaling pathway,
decreasing the release of pro-T.marneffei in�ammatory cytokines IL-6, IL-10, IL-23A and increasing the
release of anti-T.marneffei in�ammatory cytokines CXCL8 and TNF-α. (A)THP-1 macrophages were
incubated with activated T.marneffei conidia for 6-12h, adding 20/100μg/ml of TMP/SMX to TM-infected
macrophages for 24h. (B) THP-1 macrophages were incubated with activated T.marneffei conidia for 6-
12h, adding 30/150μg/ml of TMP/SMX to TM-infected macrophages for 24h. Cells were lysed and
examine the mRNA expression levels of Dectin-1, IL-6, IL-10, IL-23A, CXCL8 and TNF-α by RT-qPCR. Dectin-
1, dendritic cell-associated C-type lectin-1; IL-6, interleukin-6; IL-10, interleukin-10; IL-23A, interleukin-23A;
CXCL8, CXC chemokine ligand-8; TNF-α, tumor necrosis factor-α. The values were normalized to GAPDH
expression. All data were showed as mean ± SD of results from at least three independent experiments (*,
p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001, n.s, no signi�cant difference, by Student’s t-test).
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