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Abstract

Macrophages serve as a first line of defense against infection with the facultative intracellu-

lar pathogen, Cryptococcus neoformans (Cn). However, the ability of these innate phago-

cytic cells to destroy ingested Cn is strongly influenced by polarization state with classically

(M1) activated macrophages better able to control cryptococcal infections than alternatively

(M2) activated cells. While earlier studies have demonstrated that intracellular Cn minimally

affects the expression of M1 and M2 markers, the impact on the broader transcriptome

associated with these states remains unclear. To investigate this, an in vitro cell culture

model of intracellular infection together with RNA sequencing-based transcriptome profiling

was used to measure the impact of Cn infection on gene expression in both polarization

states. The gene expression profile of both M1 and M2 cells was extensively altered to

become more like naive (M0) macrophages. Gene ontology analysis suggested that this

involved changes in the activity of the Janus kinase-signal transducers and activators of

transcription (JAK-STAT), p53, and nuclear factor-κB (NF-κB) pathways. Analyses of the

principle polarization markers at the protein-level also revealed discrepancies between the

RNA- and protein-level responses. In contrast to earlier studies, intracellular Cn was found

to increase protein levels of the M1 marker iNos. In addition, common gene expression

changes were identified that occurred post-Cn infection, independent of polarization state.

This included upregulation of the transcriptional co-regulator Cited1, which was also appar-

ent at the protein level in M1-polarized macrophages. These changes constitute a transcrip-

tional signature of macrophage Cn infection and provide new insights into how Cn impacts

gene expression and the phenotype of host phagocytes.

Introduction

The basidiomycetous yeast Cryptococcus neoformans (Cn) is a common facultative intracellular

pathogen and the causative agent of cryptococcosis, a pulmonary infection that predominantly
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affects immune-compromised individuals and that can disseminate to the central nervous sys-

tem, resulting in life-threatening fungal meningitis [1, 2]. Cryptococcal infections occur when

propagules, typically from bird excreta-contaminated soils, are inhaled into the lungs. Here,

they encounter alveolar macrophages, innate phagocytes that act as a first line of defense

against the pathogen. This interaction between host macrophages and Cn is perhaps the most

important in determining the course and outcome of an infection [3–5], and there is substan-

tial evidence to show that macrophages are essential for the successful control of cryptococco-

sis [6, 7].

The ability of macrophages to efficiently kill ingested Cn is greatly influenced by the polari-

zation state of these cells [8–14]. Macrophage polarization is a continuum of phenotypes of dif-

fering function and microbicidal activity requiring the altered expression of>1000 genes [15,

16]. These do not represent terminal differentiation states as macrophages can rapidly repolar-

ize over the course of hours from one state to another in response to microbe and immune

cell-derived signals (i.e. cytokines) [17]. Interferon-gamma (IFNγ) or lipopolysaccharide (LPS)

stimulates classical activation or M1 polarization and is associated with proinflammatory cyto-

kine expression and metabolic shifts that increase production of microbicidal reactive oxygen

and reactive nitrogen species [18]. This is partially achieved through increased expression of

the gene, Nos2, which encodes inducible nitric oxide synthase (iNOS) and catalyzes the pro-

duction of nitric oxide (NO) from L-arginine [19]. As infections are resolved, elevated levels of

interleukin-4 (IL-4) and IL-13 promote the repolarization of macrophages to an anti-inflam-

matory alternative or M2 polarization state, which is accompanied by increased expression of

arginase-1 (Arg1) [20]. This enzyme competes with iNos for substrate, thereby reducing NO

production and macrophage microbicidal activity [21].

Infection with the virulent H99S strain of Cn initially promotes a Th2-response in mice and

the associated changes in cytokine production stimulate M2 macrophage polarization [10, 11,

20, 22]. This polarization state presents a less hostile environment for intracellular Cn, serving

as a protective niche for growth and immune evasion (reviewed in [23]). Previous studies have

suggested that Cn has only modest effects on the polarization state of host cells, minimally

affecting the expression of Nos2 and Arg1, the principle markers of the M1 and M2 states [17].

However, the impact on the broader transcriptome associated with these states remains

unclear and is not captured in earlier microarray or RNA sequencing-based analyses of Cn-

infected macrophages where polarization state is not explicitly considered [24–26].

Here, we present data showing that intracellular Cn infection resulted in extensive changes

to the transcriptome of host macrophages, shifting the gene expression profiles of both M1

and M2 cells to a more naïve (M0) state, that is macrophages that have not previously been

exposed to proinflammatory or anti-inflammatory cytokines, while causing relatively small

changes in the expression of Nos2 and Arg1. Additionally, a transcriptional signature of Cn
infection, common to both polarization states was identified, which included upregulation of

the transcriptional co-regulator Cited1. Collectively, these results provide new insights into

how Cn reshapes gene expression and the phenotype of host cells.

Materials and methods

Culture and opsonization of Cn
The serotype A H99S strain [27] of Cn serotype A was grown in yeast peptone dextrose (YPD;

ThermoFisher Scientific) broth, shaking at 37˚C for 36 h prior to infection. After 36 h, 1x107

Cn cells were washed 3× with phosphate-buffered saline (PBS), pelleted by centrifugation at

750 × g for 5 min, and then counted. The cells were opsonized with 18B7 (a kind gift from Dr.

Arturo Casadevall; previously described in [28]) using 20 μg per 1.5 x 106 cells in 1 mL 20%
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goat serum (GS; Sigma Aldrich, St. Louis, MO) for 30 min. The opsonized cells were washed

3× with PBS to remove excess 18B7 and were recounted. A total of 2.25 x 106 cells/mL were

necessary to ensure a 3:1 multiplicity of infection (MOI; Cn:macrophage).

Macrophage culture, polarization, and infection

RAW 264.7 cells, a murine macrophage-like cell line, were obtained from the American Type

Culture Collection (ATCC, Manassas, VA) and cultured in Dulbecco’s Modified Eagle

Medium (DMEM; ThermoFisher Scientific, Grand Island, NY) supplemented with 10% fetal

bovine serum (FBS; VWR, Radnor, PA), 200 mM L-glutamine, 1% penicillin and streptomy-

cin, and 50 μg/mL gentamicin (all from Sigma Aldrich). Macrophages were maintained at

37˚C in a humidified 5% CO2 atmosphere.

Prior to infection, RAW 264.7 cells were seeded into 6-well plates at a density of 7.5 x 105

cells/well and incubated overnight with 200 U/mL of recombinant murine IFNγ (Biolegend,

San Diego, CA) to promote M1-polarization and then infected with opsonized Cn for 2 h at a

3:1 MOI or mock infected with PBS. After 2 h, extracellular Cn were removed by washing 2×
with PBS, and the macrophages were cultured for a further 24 h in fresh growth media con-

taining either IFNγ to maintain the M1 polarization state or 100 ng/mL recombinant interleu-

kin-4 (IL-4; Sigma-Aldrich, St. Louis, MO, and Peprotech, Rocky Hill, NJ) to promote

repolarization to the M2 state. The polarization state was confirmed by western blotting for

the M1 and M2 markers, iNos and Arg-1, respectively. Cells were washed and growth medium

containing IFNγ or IL-4 was replaced every 6 h to prevent nutrient depletion, remove extracel-

lular Cn, and maintain the appropriate polarizing environment.

Quantification of infection efficiency

RAW264.7 cells were seeded into 35 mm glassbottom dishes at a density of 7.5 x 105 cells/dish

and incubated overnight with 200 U/mL of recombinant murine IFNγ and/or 1μg/mL of LPS

to promote M1-polarization. The cells were infected with GFP-expressing H99S opsonized

using GS and/or 18B7 anti-GXM antibodies (1× = 10 μg and 2× = 20 μg 18B7 per 1.5×106 Cn)

at the indicated concentrations. The cells were cultured for a further 24 h in fresh growth

media containing either IFNγ to maintain the M1 polarization state or IL-4 to promote repo-

larization to the M2 state. Dead macrophages were labeled with propidium iodide and extra-

cellular Cn were labeled with calcofluor white (Sigma Aldrich, St. Louis, MO). The samples

were imaged used a Zeiss LSM700 confocal laser scanning microscope equipped with a Plan-

Apochromat 20×/0.8 M27 objective (Carl Zeiss). The percentage of live macrophages contain-

ing intracellular Cn was determined for each sample.

Glucose assays

RAW264.7 cells were grown in phenol red-free DMEM adjusted to contain the indicated con-

centration of glucose at the start of the experiment. Growth medium from the cultures was

sampled (1 mL) at the indicated times post-treatment and centrifuged to remove Cn and cellu-

lar debris. Glucose concentration was measured using a glucose oxidase assay kit (GAGO20,

Sigma Aldrich) according to manufacturer’s instructions.

Immunoblotting

Macrophages were lysed using radioimmunoprecipitation assay (RIPA) buffer containing 1x

protease inhibitor cocktail (Sigma-Aldrich) and 1 mM phenylmethylsulfonyl fluoride (PMSF,

Sigma-Aldrich). Harvested samples were vortexed and centrifuged at 13,000 × g for 15 min at
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4˚C to remove cell debris. Sample protein concentrations were measured using a bicinchoni-

nic acid (BCA) assay kit according to manufacturer’s instructions. Normalized protein lysates

were boiled at 95˚C for 10 min in Laemmli sample buffer, electrophoresed on 10 or 12% SDS-

polyacrylamide gels, and transferred to nitrocellulose membranes. The membranes were

blocked in Tris-buffered saline/Tween 20 (TBS/T) containing 5% non-fat milk powder for

1 h and incubated overnight at 4˚C with the appropriate primary antibodies. These included

β-actin (A2066, Sigma), iNos (D6B6S, Cell Signaling Technology, Danvers, MA), Arg1

(ab124917, Abcam, Cambridge, MA), MSG1 (Cited1; sc-393585, Santa Cruz Biotechnology,

Dallas, TX), and VDUP1 (TXNIP; sc-271238, Santa Cruz Biotechnology). Primary antibody

binding was detected using mouse anti-rabbit IgG-horseradish peroxidase (HRP; sc-2357,

Santa Cruz Biotechnology) or anti-mouse m-IgGkappa binding protein (BP)-HRP (sc-516102,

Santa Cruz Biotechnology), as appropriate. Membranes were incubated with enhanced chemi-

luminescent (ECL) reagents and bands were visualized using a ChemiDoc MP Imaging System

with Image Lab Software (Bio-Rad, Hercules, CA).

RNA extraction and cDNA library preparation

Immediately prior to harvest, all RAW264.7 samples were imaged by light microscopy to

determine the percentage of cells infected with intracellular Cn. With the exception of the

mock-infected samples, Cn-infected macrophage samples were only processed further if

>50% of cells were infected. Macrophages were homogenized in lysis reagent (RLT buffer,

Qiagen, Germantown, MD) using a 20-gauge needle and the remaining intact Cn were

removed by centrifugation at 750 x g for 5 min at 4˚C. RNA was extracted from the lysates

using an RNeasy1Mini Kit (Qiagen), according to the manufacturer’s instructions. Genomic

DNA was then removed from the total RNA using a Message Clean kit (GenHunter, Nashville,

TN) per the manufacturer’s instructions. Clean RNA was resuspended in 10 μL diethyl pyro-

carbonate (DEPC)-treated water and RNA integrity and quality was appraised using a Qubit 2

fluorometer (ThermoFisher Scientific).

The cDNA libraries for RNA sequencing were prepared from 1 μg of isolated RNA using

the NEBNext UltraTM Directional RNA Library Prep Kit for Illumina, the NEBNext Multiplex

Oligos for Illumina Index Primers, and the NEBNext Poly(A) Magnetic Isolation Module (all

from New England BioLabs, Ipswich, MA) in accordance with the manufacturer’s

instructions.

Analysis of RNA sequencing data

RNA sequencing of each library sample was performed at Novogene (Sacramento, CA) using

the HiSeq 2500 system to produce 150 bp transcriptome paired-end reads. FastQC (version

0.11.5; [29]) was used to check quality of the fastq data files. No trimming of the files was nec-

essary based on the data quality. The STAR aligner (version 2.5.3a; [30]) was used to align

reads to the version 38 mouse genome [31] with scaffolding provided by the mouse reference

genome annotation (version 39.90, [31]) within the CyVerse Discovery Environment [32].

The resulting bam and the same mouse genome annotation were used to generate a read count

table by gene using FeatureCounts [33] and multi-join [34] within the Galaxy platform [35].

These read counts were imported into R where they were used to cluster samples according to

their whole genome gene expression profile using EdgeR [36], as detailed in [37]. Data were

displayed as both a multi-dimensional scale plot and dendogram to aid in evaluating samples

for inclusion or exclusion. Three samples per condition (a total of 15) were initially analyzed.

Of these, four samples were excluded from further analysis due to their failure to cluster within

their replicate pool (M1_mock replicate 2, M1_Cn replicate 1, M2_mock replicate 3, and M0
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replicate 1). Next, StringTie (version 1.3.3; [38]) was used to construct transcript annotations

based on the bam data and the same mouse reference genome and genome annotation within

the CyVerse Discovery Environment [32]. StringTieMerge (version 1.3.3;[38]) was then used

to merge these sample-specific genome annotations into an experiment-specific genome anno-

tation, also within the CyVerse Discovery Environment [32]. Finally, CuffDiff2 (version 2.2.1;

[39]) was then used to make pairwise comparisons for differentially expressed genes (DEGs)

among the replicate groups of aligned reads (bam files) based on the experiment-specific

genome annotation within the Cyverse Discovery Environment [32]. From the pairwise com-

parisons, DEGs with fold change� 2.0 and q� 0.05 were considered biologically relevant and

statistically significant. Functional categorization and pathway over-representation analysis of

genes within the statistically significant DEGs were performed using the Database for Annota-

tion, Visualization, and Integrated Discovery (DAVID) bioinformatics resource tool (version

6.8; [40, 41]) to identify biological pathways specific to polarization state and infection state.

Gene ontology (GO) terms were ranked by p-value, which was plotted as–log(p-value).

Finally, protein-protein interaction networks were identified among DEG sets using the

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, version: 11.0; [42]). The

confidence interval was set at 0.700. Evidence based analysis was used with Markov Cluster

(MCL) grouping. Common protein-protein interaction clusters were then visually identified

for M0-M1mk compared to M0-M1Cn, M0-M2mk compared to M0-M2Cn, M0-M1Cn com-

pared to M0-M2Cn, and M1-M1Cn compared to M2-M2Cn. Protein network changes based

on polarization state and infection status were identified by determining the common and

unique genes/proteins between the common clusters for each pair.

Results

Development of a strategy to obtain Cn-infected M1 and M2-polarized

macrophages

To develop an in vitro system to accurately characterize the effects of intracellular Cn infection

on the transcriptome of host macrophages in different polarization states, it was necessary to i)

utilize a macrophage cell line that can adopt clear M1 and M2 phenotypes, ii) maintain a stable

growth environment for the cells so that nutrient depletion did not impact gene expression,

and iii) be able to infect these cells with high efficiency so that the vast majority of mRNA tran-

scripts identified in the RNA sequencing analysis originated from Cn-infected cells.

For this study, the murine macrophage-like cell line RAW 264.7 was selected, which is fre-

quently used as an in vitro model to investigate how intracellular pathogens affect macrophage

polarization and gene expression [43, 44] and how gene expression of pathogens is altered in

host cell environments [45]. It has also been used by us and others to study macrophage:Cn
interactions [17, 46].

While naive RAW 264.7 cells can be stimulated to adopt an M1-like phenotype through expo-

sure to IFNγ alone, expressing various proinflammatory cytokines and detectable levels of the M1

marker, iNos [17], it is unclear whether these cells can be directly polarized to the M2 state. Stimu-

lation of naive RAW 264.7 cells with IL-4 has been shown to induce transcriptional upregulation

of the M2 marker, Arg1, but does not result in detectable levels of the Arg-1 protein [47]. This was

also true in our hands and we were only able to stimulate a measurable increase in Arg-1 protein

expression if RAW 264.7 cells were co-stimulated with IL-4 and the cAMP analog, 8-bromo-

cAMP to activate C/EBPbeta, a co-regulator of the Arg1 promoter [47] (Fig 1A).

As macrophages will typically repolarize from an M1 to an M2 state rather than directly

from M0 to M2 during the course of a normal infection, we reasoned that RAW 264.7 macro-

phages may operate in a similar fashion. To test this, RAW 264.7 cells were stimulated with
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IFNγ for 24 h followed by treatment with IFNγ or IL-4 for a further 24 h. As expected, continu-

ous IFNγ treatment resulted in ~300 fold increase in iNos protein levels (Fig 1B and 1C).

While Arg-1 protein levels were indistinguishable from untreated controls and samples that

Fig 1. Optimization of murine macrophage intracellular Cn infection for transcriptome profiling. Western blot analysis of RAW264.7 macrophages for

M1 (iNos) and/or M2 (Arg-1) marker proteins after incubation for 24 h with (A) IL-4 and cAMP or (B) IFNγ and IL-4. (C) iNos and (D) Arg-1 levels in (B)
were quantified by densitometry based on six discrete biological repeats. (E) Schematic to summarize data from (A-D), which suggests that while RAW264.7

cells cannot be directly polarized from M0 to M2 by IL-4 treatment, they can be repolarized from M1 to M2. Expression of TXNIP, a marker of glucose levels,

as measured in RAW264.7 macrophages by western blotting after 24 h (F) incubation in growth medium containing the indicated glucose concentrations or

(G) infection with 18B7-opsonized Cn. LPS was added for 2 h during infection to promote phagocytosis of Cn. (H) Glucose concentration as measured in

RAW264.7 macrophage growth medium using a glucose oxidase assay kit 24 h post-mock or Cn-infection. Complete replacement of growth medium at 6 h

intervals to remove extruded Cn prevents glucose depletion. (I and J) The percentage of Cn-infected RAW264.7 cells was quantified by confocal microscopy 24

h post-infection. For all experiments, concentrations are as follows: 200 U/mL IFNγ, 100 ng/mL IL-4, 1 μg/mL LPS, cAMP is 0.5 mM 8-Br-cAMP, 1× 18B7 is

10 μg per 1.5 × 106 Cn, GS is goat serum. Error is represented as S.E. Statistical differences between samples were appraised using one-way analysis of variance

(ANOVA) followed by a Tukey’s multiple comparison test. Statistical significance is indicated as follows: �, p< 0.05; ��, p< 0.01. With the exception of (B-D),
data is from three biological repeats.

https://doi.org/10.1371/journal.pone.0233818.g001
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did not receive IFNγ prior to IL-4 stimulation, repolarization from M1 to M2 resulted in >100

fold increase in Arg-1 protein levels (Fig 1D). Collectively, these data suggested that RAW

264.7 cells could be used to model both the M1 and M2 state with the caveat that the M2 phe-

notype could not be reached directly from the naive state but via repolarization from M1 (Fig

1E).

Given that Cn replicates within host cell phagolysosomes and escapes into the surrounding

culture medium through non-lytic exocytosis or vomocytosis [48–51], we reasoned that the

accumulation of live, extracellular Cn might result in the accelerated depletion of glucose and

other nutrients from the culture medium. As this could potentially result in confounding

changes in gene expression not directly caused by intracellular Cn growth, the expression of

the glucose-regulated gene, thioredoxin–interacting protein (TXNIP) was used as a marker of

glucose depletion-induced gene expression changes in these experiments. TXNIP is a regulator

of nitrosative stress and glucose metabolism in a variety of cell types and is itself regulated at a

transcriptional level by heterodimers of the glucose-responsive transcription factors, MondoA

and Mlx [52–54]. Decreasing glucose levels from 4.5 g/dL in the macrophage culture medium

to 1.0 g/dL for 24 h resulted in a complete loss of TXNIP protein expression in RAW 264.7

cells, indicating that TXNIP expression was a suitable marker of glucose depletion in this sys-

tem (Fig 1F).

In preliminary RNA sequencing experiments (unpublished), the expression of TXNIP tran-

scripts was decreased 8.34 fold (q = 0.0016) in Cn versus mock-infected RAW 264.7. Addition-

ally, in parallel immunoblotting experiments, it was found that the TXNIP protein dropped to

undetectable levels at 24 h post-Cn infection (Fig 1G). Although the decrease in glucose con-

centration in Cn-infected cultures at 24 h post-infection was relatively modest (~20%; Fig 1H),

these data suggested that the loss of TXNIP expression was artefactual and that Cn-induced

changes in culture conditions over the course of the 24 h experiments may impact the resultant

transcriptome profiles. In an effort to mitigate this in all subsequent experiments, macrophage

cultures were washed, and the medium was replaced at 6 h intervals to remove extracellular Cn
and prevent large changes in culture conditions (Fig 1H).

As a standard RNA sequencing approach was utilized, harvesting RNA from large popula-

tions of cells, phagocytosis conditions were optimized to maximize the number of Cn-infected

M1 and M2-polarized macrophages in the cultures. This was achieved by titrating the concen-

tration of 18B7 [28], a monoclonal antibody raised against Cn capsular polysaccharide that is

used to opsonize the yeast prior to infection of M1-polarized macrophages (Fig 1I). It was

found that a concentration of 2× 18B7 (20 μg for 1.5 x 106 cells) was sufficient to routinely

obtain infection efficiencies of ~80%, as determined at the time of macrophage harvest for

mRNA extraction. While it is common to add LPS to macrophages to promote phagocytosis, it

was found that this did not affect the percentage of Cn-infected macrophages (Fig 1I). Further-

more, as co-infections with gram-negative bacteria are uncommon in cryptococcosis patients

[55], LPS was excluded from all subsequent transcriptome-profiling experiments. Finally, it

was found that infection efficiencies of>50% could be achieved for M2 macrophages if the

cells were IFNγ-stimulated 24 h prior to infection and then repolarized to M2. If the cells were

not M1 polarized first, not only was Arg-1 protein expression lost (Fig 1B–1D), but also the

percentage of Cn-infected macrophages decreased to<20% (Fig 1J).

Intracellular Cn increased iNos protein expression in M1-polarized

macrophages

Based on the data described in Fig 1, a strategy was developed to produce Cn-infected M1

and M2-polarized RAW 264.7 cells (Fig 2A). In brief, this involved M1-polarizing naive
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macrophages by incubation with IFNγ for 24 h, then mock or Cn-infection with complement-

(provided by 20% GS) and 18B7-opsonized yeast at an MOI of 3:1. After a 2 h infection period,

residual extracellular Cn were removed by washing and the cells were cultured for a further 24

h in growth medium containing either IFNγ to maintain the M1 polarization state or IL-4 to

repolarize to M2, with the growth medium and cytokines replaced at 6 h intervals.

Fig 2. Expression of iNos is increased in Cn-infected M1-polarized macrophages. (A) Schematic to represent

macrophage infection protocol used for subsequent western blotting and transcriptome profiling experiments. (B)

Western blot analysis of RAW264.7 macrophages for M1 (iNos) and M2 (Arg-1) markers after the indicated

treatments. (C) iNos and (D) Arg-1 levels in (B) were quantified by densitometry based on six discrete biological

repeats. Error is represented as S.E. Statistical differences between samples were appraised by one-way ANOVA

followed by a Tukey’s multiple comparison test. Statistical significance is indicated as follows: ��, p< 0.01.

https://doi.org/10.1371/journal.pone.0233818.g002
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This protocol was utilized to perform RNA sequencing-based transcriptome profiling of

naive (M0), mock- (M1mk and M2mk) and Cn-infected (M1Cn and M2Cn) macrophages in

both polarization states. As an initial quality control step, pairwise comparisons of gene

expression in M0 with M1mk or M2mk samples was performed and changes in the expression

of a small panel of known polarization markers were examined [15, 16, 56]. As expected, Nos2,

Stat1, a range of M1-associated cytokines and chemokines (Il1b, Cxcl9, Cxcl10, and Ccl5), and

surface markers (Fcgr1 and Cd86) were strongly upregulated (Table 1). A similar analysis was

performed for cells repolarized from M1 to M2, and in this case, upregulation of the M2 mark-

ers, Arg1 and IL10, as well as downregulation of M1 markers was observed (Table 2).

Consistent with previous reports [17], Cn infection appeared to have little effect on the

expression of these core polarization markers. The expression of Nos2 was not significantly

altered in M1- or M2-polarized cells during Cn infection, and amongst the remaining M1

markers, only Ccl5 was increased in M1mk vs. M1Cn (FC = 3.71, q = 0.046). Surprisingly, Arg1
was decreased in M2mk vs. M2Cn (FC = 3.97, q = 0.006). To determine whether these effects

were also apparent at the protein level, Arg-1 and iNos levels were measured by western blot-

ting. Surprisingly, while Arg-1 was seemingly unaffected by Cn infection in both polarization

states (Fig 2B and 2C), suggesting additional regulatory controls, iNos levels were increased by

~40% in M1-polarized cells (Fig 2B–2D).

Distortion of the M1 and M2 transcriptome in Cn-infected macrophages

Although the initial analysis suggested that Cn infection minimally affected principle polariza-

tion state markers, we could not rule out the possibility that the broader transcriptome and

key processes associated with each state were impacted. To comprehensively examine this,

Table 1. M0 vs. M1mk.

Gene FC Direction q-value

Cxcl9 682.63 UP 0.00626191

Gbp2 369.19 UP 0.00626191

Cd86 356.53 UP 0.0383977

Nos2 150.18 UP 0.00626191

Cxcl10 139.62 UP 0.00626191

Stat1 46.87 UP 0.0334391

IL1b 46.41 UP 0.0161112

Fcgr1 17.61 UP 0.00626191

Ccl5 6.66 UP 0.0370904

Expression of M1 macrophage markers (FC = Fold-change)

https://doi.org/10.1371/journal.pone.0233818.t001

Table 2. M1mk vs. M2mk.

Gene FC Direction q-value

Arg1 623.88 UP 0.00626191

Atp6v0d2 14.06 UP 0.0350194

IL10 10.08 UP 0.0413593

Cxcl10 18.9 DOWN 0.00626191

Cxcl11 15.77 DOWN 0.0200165

Nos2 12.24 DOWN 0.00626191

Cxcl9 8.84 DOWN 0.00626191

GBP2 5.21 DOWN 0.00626191

https://doi.org/10.1371/journal.pone.0233818.t002
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differentially expressed genes (DEGs) from each state were identified through pairwise com-

parisons of M0 to M1mk or M2mk RNA sequencing data using a fold change of 2 as a cut-off.

These were then compared to corresponding DEGs from M0 to M1Cn or M2Cn comparisons.

Of the 931 DEGs associated with M0 to M1 polarization, 332 (~36%) were common to the

460 DEGs from the M0:M1Cn comparison (Fig 3A). This suggested that the expression of the

remaining 599 DEGs (~64%) associated with the M1 state became or remained more M0-like

post-Cn infection. The 128 DEGs (~28%) unique to the M0:M1Cn comparison were assumed

to be Cn-induced changes in gene expression not associated with the normal M1 transcrip-

tional profile. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the

common pool of DEGs showed an enrichment of genes associated with core M1 processes,

including ‘JAK-STAT signaling’, ‘Cell adhesion molecules’, and ‘Cytosolic DNA-sensing path-

way’. Interestingly, a subset of these terms, including ‘Phagosome’, ‘Antigen processing and

presentation’, ‘Toll-like receptor signaling’, and ‘Tumor necrosis factor (TNF) signaling path-

way’ also appeared significant for the M0:M1mk-exclusive DEG pool, suggesting changes to

these M1-associated processes during Cn infection. Similarly, the ‘NF-κB signaling pathway’

term was significant for both the common and M0:M1Cn-exclusive pools of DEGs. This was

consistent with the known function of the NF-κB pathway as a regulator of M1 polarization

and prior studies by our and other groups showing that Cn infection modulates the activity of

NF-κB transcription factors in host macrophages [46, 57]. Interestingly, B cell leukemia/lym-

phoma 2 related protein A1a (Bcl2a1a), the murine orthologue of the anti-apoptotic protein

A1, was amongst the NF-κB-regulated DEGs present within the M0:M1Cn-exclusive pools of

DEGs and was upregulated 4.95 fold (q = 0.006); Bcl2a1a was also upregulated in Cn-infected

M2-polarized cells (M0:M2Cn, FC = 4.93, q = 0.006). To visualize changes to M1-associated

gene interaction networks M0:M1mk and M0:M1Cn DEGs were analyzed using STRING (Fig

3B and 3C). Consistent with the notion of disrupted M1 polarization, the gene cluster associ-

ated with innate immune function was smaller for the M0:M1Cn compared to M0:M1mk

DEGs (24 vs. 30 genes), as was the antigen processing and presentation cluster.

Equivalent analyses were performed for the M2 data sets, yielding similar results. Here, of

the 583 DEGs associated with M0 to M2 polarization, 234 (~40%) were common to the 340

DEGs from the M0:M2Cn comparison (Fig 4A). As before, this indicated that the expression

of the remaining 349 (~60%) DEGs associated with the M2 state became more M0-like post-

Cn infection and the 106 DEGs unique to the M0:M2Cn comparison were assumed to be Cn-

induced changes in gene expression, not associated with either the normal M0 or M2 tran-

scriptional profiles. Similar to the data for M1-polarized cells, genes associated with the KEGG

pathway term, ‘Phagosome’ and ‘Antigen processing and presentation’ were enriched amongst

the common and M0:M2mk unique pools of DEGs. In contrast, genes associated with ‘p53 sig-

naling’ were only significantly enriched amongst the M0:M2mk pool in the M2 analysis and

not in the equivalent M0:M1mk pool. These genes included the canonical p53 targets, Ccng1,

Cdkn1a (p21), and Mdm2, all of which were upregulated >3-fold. The pool of M0:M2Cn-

exclusive DEGs was relatively small and the ‘NF-κB signaling pathway’ GO term was one of

the few that could be associated with this group. This short list included Plau, Cd40, Traf1,

and, as previously mentioned, Bcl2a1a.

STRING analysis using DEGs from M0:M2mk and M0:M2Cn pairwise comparisons also

showed differences in the gene cluster associated with innate immune function (Fig 4B). How-

ever, in contrast to the analysis of M1-polarized cells, the cluster was larger for M0:M2Cn com-

pared to M0:M2mk DEGs (23 vs. 17 genes). Additionally, the antigen processing and

presentation cluster was more similar in size for M0:M2mk and M0:M2Cn than in the equiva-

lent analysis for M1-polarized cells, suggesting that Cn infection possibly has smaller effects on

this process in M2 macrophages.
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A transcriptome signature of Cn infection

Having examined the effects of Cn infection on the M1 and M2 transcriptional profile, we

sought to determine whether there was a common set of genes affected by Cn infection,

regardless of host cell polarization state. This was performed by first identifying DEGs from

M1mk:M1Cn and M2mk:M2Cn pairwise comparisons, of which there were 204 and 254,

respectively. These data were used to (i) produce a visual representation of gene networks in

Cn-infected M1 and M2 cells using STRING analysis (S1 Fig), and (ii) identify concordant

genes present in both M1mk:M1Cn and M2mk:M2Cn DEG lists (Tables 3 and 4, respectively).

Similar network structures were evident in both M1mk:M1Cn (S1A Fig) and M2mk:M2Cn
(S1B Fig) with both containing clusters associated with the innate immune system and ribo-

some function, although there were differences in the identity and numbers of genes in these

clusters. The importance of the ribosomal function cluster was also questionable as many of

these were pseudogenes. The M1mk:M1Cn contained a cluster of three genes associated with

cell cycle regulation, Klf4, Cdkn1a (p21), and Ccng1, all of which were downregulated in

M1-polarized Cn-infected cells. Although Ccng1 was also downregulated in Cn-infected M2

cells, the corresponding cluster was absent, as the expression of Klf4 and Cdkn1a was seem-

ingly unaffected. A cell adhesion cluster could not be identified amongst the M2mk:M2Cn
DEGs for similar reasons.

In addition to the clustering, these data were also used for KEGG pathway analysis. For the

M1mk:M1Cn DEGs, an enrichment of genes associated with ‘Chemokine signaling pathway’

(p = 0.006), ‘Leukocyte transendothelial migration’ (p = 0.018), ‘Regulation of actin cytoskele-

ton’ (p = 0.035), and ‘Hematopoietic cell lineage’ (p = 0.036) was observed. The corresponding

list of enriched terms for M2-polarized cells was largely different, containing ‘Lysosome’ (p =
0.034), with only one term, ‘Chemokine signaling pathway’ (p = 0.034), also appearing in the

corresponding M2mk:M2Cn analysis. However, the list of genes associated with this term for

M1 and M2 cells (7 and 6 genes, respectively) also differed with only Ccl22, and Grk5 common

between the two polarization states.

Similar analysis using the biological process (BP) GO terms showed an enrichment of genes

associated with ‘Chemotaxis’, ‘Endocytosis’, and ‘Inflammatory response’ in Cn-infected cells

in both polarization states (S1C and S1D Fig). Amongst the various differences between the

two polarization states, ‘Leukocyte cell-cell adhesion’ and ‘Toll-like receptor 9 signaling path-

way’ were only seen in the analysis of M1mk:M1Cn DEGs. Conversely, ‘Phagocytosis’ and

‘Positive regulation of phagocytosis’ were only seen in the M2mk:M2Cn comparison. Interest-

ingly, all genes associated with these two terms (counts of 4 and 5, respectively), were downre-

gulated and included Pros1, which encodes Protein S, a regulator of phagocytosis in

macrophages [58].

Amongst the DEGs from the M1mk:M1Cn and M2mk:M2Cn pairwise comparisons, it was

found that 38 genes were common and concordant (~15–19%), with 8 upregulated and 30

downregulated (Tables 3 and 4). Interestingly, a large number of these represented reversals or

partial reversals of gene expression changes occurring when repolarizing from M0 to M1, M0

to M2, or both. However, seven genes from this set were not part of the M1 or M2 transcrip-

tome profile and appeared unique to Cn-infected cells in this analysis. These included three

Fig 3. Gene ontology (GO) analysis of Cn-infected M1 macrophages. (A) Venn diagram to represent common and differentially expressed genes in

M0:M1mk and M0:M1Cn comparisons. These are accompanied by GO analysis performed in DAVID on genes appearing in each division of the Venn

diagrams. Relevant pathways are ranked by–log(p-value). Differentially expressed genes from (B) M0:M1mk and (C) M0:M1Cn pairwise comparisons

were analyzed in STRING. Boundaries enclosing gene clusters with common function are drawn based on gene GO term data and information from the

literature. �Note: Many of the genes contained within the ‘Ribosome function’ boundary are pseudogenes.

https://doi.org/10.1371/journal.pone.0233818.g003
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upregulated (Cited1, Ccl22, and Bcl2a1a) and four downregulated (Itgax, Ank, Lrp1 and

Atp2a2) genes.

CITED1 is upregulated by Cn-infected M1 and M2 macrophages

The CBP/p300-interacting transactivator with glutamic acid/aspartic acid-rich carboxyl-termi-

nal domain (CITED) gene family encodes transcriptional co-regulators that activate or repress

gene expression through direct interaction with CBP/p300. Of the three CITED family mem-

bers present in mammals (1, 2, and 4), only CITED2 appears to be abundantly expressed in

human and murine macrophages [59].

While the expression of CITED2 transcripts were unchanged in the conditions tested in this

study, CITED1 showed the largest fold-change of all concordant DEGs and was upregulated in

both M1 and M2 Cn-infected cells (FC = 14.81 and 20.49 in M1 and M2 cells, respectively). To

determine whether this change in transcript abundance was accompanied by a similar increase

at the protein level, western blotting was used to measure CITED1 levels in M1 and M2-polar-

ized Cn-infected cells. CITED1 protein levels were strongly increased in post-Cn infection in

M1 polarized but not M2 polarized macrophages or mock-infected controls (Fig 5A and 5B).

Additionally, under conditions where macrophages exhibited much-reduced rates of phagocy-

tosis (i.e. naive macrophages or cells treated with IL-4 alone without prior IFNγ stimulation),

exposure to Cn did not stimulate increased CITED1 expression. Taken together, these data

indicated that CITED1 was expressed in response to intracellular rather than extracellular Cn
and was not affected by polarization alone. As all previous experiments were performed using

a relatively high concentration of Cn (MOI 3:1) with cells harvested at 24 h post-infection, a

final experiment was performed to determine whether Cited1 was induced at lower Cn con-

centrations and earlier timepoints. Macrophages were infected with opsonized Cn at a concen-

tration of 1, 2, or 3 Cn per macrophage and harvested at 6 h post-infection. Here, there was a

dose-dependent response for iNos (Fig 5C and 5D), similar to that observed in previous stud-

ies [17]. Similarly, higher yeast concentrations stimulated increased Cited1 protein expression

(Fig 5C and 5E).

Fig 4. Gene ontology (GO) analysis of Cn-infected M2 macrophages. (A) Venn diagram to represent common and differentially expressed genes in M0:M2mk

and M0:M2Cn comparisons. These are accompanied by GO analysis performed in DAVID on genes appearing in each division of the Venn diagrams. Relevant

pathways are ranked by–log(p-value). Differentially expressed genes from (B) M0:M2mk and (C) M0:M2Cn pairwise comparisons were analyzed in STRING.

Boundaries enclosing gene clusters with common function are drawn based on gene GO term data and information from the literature. �Note: Many of the genes

contained within the ‘Ribosome function’ boundary are pseudogenes.

https://doi.org/10.1371/journal.pone.0233818.g004

Table 3. Common concordant upregulated genes in Cn-infected cells.

M1mk vs. M1Cn M2mk vs. M2Cn
Gene FC q-value FC q-value

Cited1 14.81 6.26E-03 20.49 1.61E-02

Hsf3 7.93 2.86E-02 8.04 0.0200165

Jarid2 5.45 2.52E-02 2.88 0.0389813

Tmtc2 5.14 9.61E-03 3.94 0.00626191

Ccl22 5.09 3.50E-02 4.1 0.00626191

Sspn 3.66 4.28E-02 3.21 0.0251778

Wdr89 3.09 3.34E-02 2.43 0.0389813

Bcl2a1a 2.68 4.68E-02 2.95 0.0171929

Top common concordant upregulated genes in M1 and M2 Cn-infected macrophages (FC = Fold-change)

https://doi.org/10.1371/journal.pone.0233818.t003
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Discussion

The polarization of macrophages is highly plastic, shifting along a continuum of functionally

distinct states during different stages of an infection [60]. While these changes are largely

driven by the milieu of cytokines and inflammatory regulators present within the microenvi-

ronment of the cell, a broad range of pathogens are known to subvert this process as part of

intracellular survival strategies, often by modulating the activity of STAT1, 3, and 6, the pri-

mary controllers of macrophage polarization [61]. While the primary driver of macrophage

polarization during Cn infections would appear to be the changing balance of Th1 and Th2

cytokines [62], there is evidence to suggest that direct interaction with Cn influences the mac-

rophage polarization state. In two separate in vitro studies, Cn was shown to suppress NO

expression in macrophage cell lines, most likely through inhibition of Nos2 expression, result-

ing in an M2-like state [63, 64]. In a more recent study using RAW264.7 cells, co-culture with

opsonized Cn promoted a weak M1 phenotype and increased expression of Nos2, which was

Table 4. Common concordant downregulated genes in Cn-infected cells.

M1mk vs. M1Cn M2mk vs. M2Cn
Gene FC q-value FC q-value

Sorl1 37.12 3.90E-02 3.86 0.046023

Dusp6 14.54 1.29E-02 6.72 0.0375289

C5ar1 12.07 6.26E-03 5.45 0.00626191

Ehd2 11.63 6.26E-03 5.08 0.00626191

Grk5 8.83 6.26E-03 4.48 0.0128586

Cd300ld 7.24 6.26E-03 2.7 0.0389813

Zfp146 6.31 1.61E-02 3.97 0.0304857

Endod1 6.21 6.26E-03 2.57 0.027269

Usp9x 6.11 2.00E-02 3.88 0.0383977

Xdh 6.02 6.26E-03 3.21 0.0171929

Stom 4.86 6.26E-03 2.84 0.00626191

Pik3ap1 4.48 6.26E-03 3.52 0.0389813

Car5b 4.36 2.52E-02 3.91 0.034954

Itgax 4.2 2.25E-02 3.73 0.0171929

Gatm 4.06 6.26E-03 7.79 0.00626191

Ms4a6b 3.46 3.50E-02 4.81 0.0128586

Fgd3 3.42 1.29E-02 2.64 0.0383977

Man2b1 3.27 1.29E-02 3.37 0.00961334

Lamc1 3.23 3.63E-02 3.69 0.0200165

Tep1 3.1 4.60E-02 2.74 0.0375289

Dhx40 3.07 4.77E-02 3.22 0.0322409

Ank 3.07 2.00E-02 2.97 0.00626191

Ccng1 2.9 2.00E-02 2.89 0.00626191

Stt3a 2.9 2.73E-02 2.81 0.0249383

Plekho2 2.88 3.84E-02 3.36 0.0251778

Cdc42se2 2.82 2.86E-02 2.39 0.0383977

Lrp1 2.75 4.77E-02 2.55 0.0357649

Myo1e 2.7 3.63E-02 3.75 0.00626191

Nckap1l 2.63 3.75E-02 2.52 0.0251778

Atp2a2 2.5 4.28E-02 2.23 0.0420558

Top common concordant downregulated genes in M1 and M2 Cn-infected macrophages (FC = Fold-change)

https://doi.org/10.1371/journal.pone.0233818.t004
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reversible on exposure to IL-4 [17]. However, macrophage polarization was interrogated in

each of these studies by measuring the expression of a small number of transcripts or markers

of M1 and M2 polarization rather than studying the broader gene expression networks associ-

ated with each state.

This study is the first to comprehensively examine the effect of intracellular Cn infection on

the transcriptome of M1- and M2-polarized cell line macrophages using an RNA sequencing-

based approach. In agreement with earlier studies [17], we also find that Cn infection has rela-

tively modest effects on the principle polarization markers, including Nos2 and Arg1. A small

reduction in Arg1 transcript levels in Cn-infected M2 cells was observed that did not extend to

the protein level (Fig 2B and 2C). Conversely, although Nos2 transcript levels were not affected

by Cn-infected M1 macrophages, there was a 40% increase in protein levels (Fig 2B–2D).

These discrepancies suggest additional regulatory influences, such as translational or post-

translational mechanisms regulating the translation and/or stability of the two proteins.

However, these data revealed an extensive disruption of both the M1 and M2 transcriptome

in Cn-infected macrophages, shifting cells towards or actively retaining them at a more

Fig 5. Cn infection stimulates increased Cited1 expression in M1 and M2-polarized macrophages. (A) Western blot analysis of RAW264.7

macrophages for Cited1 and the M1 (iNos) and M2 (Arg-1) markers. Cells were treated as indicated and harvested at 24 h post-infection. (B)

Quantification of Cited levels in (A). (C) Western blot analysis of RAW264.7 macrophages for Cited1 and iNos at 6 h post-infection at the

indicated MOI. Quantification of (D) iNos and (E) Cited1 levels in (C). For (B, D, +E) densitometry is based on three discrete biological

repeats. Error is represented as S.E. Statistical differences between samples were appraised by one-way ANOVA followed by a Tukey’s multiple

comparison test. Statistical significance is indicated as follows: �, p< 0.05; ��, p< 0.01.

https://doi.org/10.1371/journal.pone.0233818.g005
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M0-like state. Given that culture conditions were tightly controlled throughout these experi-

ments with growth medium and cytokines replaced at regular intervals, we believe that these

changes are genuine, are actively employed, and not simply caused by relaxation back to an

M0 state, as might happen on withdrawal of polarizing stimuli. Additionally, a common set of

genes that were affected in a similar fashion regardless of host cell polarization state were iden-

tified and constitute a transcriptional signature of intracellular Cn infection (Tables 3 and 4).

The effect of Cn exposure on the transcriptome of monocytes and macrophages has been

investigated in a number of earlier studies [24, 26, 65–67]. While the overlap between the gene

expression changes detected in these studies and the current study is limited, possibly due to

the use of differing cell models and in some cases, older microarray technology [26], certain

consistencies are evident. When regarded from the level of signaling pathways affected rather

than individual genes, both this study and the Coehlo et al study detect changes in the activity

of the HIF-1 signaling pathway (Fig 3A), which has also been observed in pulmonary fungal

infections [68]. Additionally, NF-κB, JAK-STAT, TNF, and Toll-like receptor (TLR) signaling

pathway are also amongst the highest ranked KEGG GO terms in both this study and the

Chen et al study [24] (Figs 3 and 4). This was unsurprising as Cn infection has been previously

shown to affect each of these pathways. In brief, intracellular Cn has been shown to affect both

canonical and noncanonical NF-κB signaling in host cells to stimulate fungal-induced apopto-

sis and arrest the cell cycle [46, 57]. STAT1 has been shown to be important for successful

clearance of Cn and M1 macrophage polarization in a murine model with macrophage-specific

STAT1 knockdown and H99γ, a Cn strain engineered to express IFNγ [69, 70]. Additionally,

TLR signaling has been shown to play an important role in macrophage:Cn interactions in

numerous studies. Both TLR2 and 4 are known to interact with the major Cn capsular polysac-

charide, glucuronoxylomannan [71, 72], and TLR2 and the downstream adaptor protein,

MyD88, have been shown to have important roles in the anti-fungal response to Cn infection

in mice [73–75]. As a final note on the similarity between the affected pathways in this study

and the Chen et al study; their experiments used heat-killed rather than live Cn. This implies

that many of the changes observed may not require Cn metabolic activity. One possible expla-

nation for this might be the immunomodulatory effects of capsular polysaccharides, which are

present on the surface of live and dead ingested yeast [46, 76]. This is likely true for GXM-

stimulated TLR and NF-κB signalling [46, 76].

These data and analyses also allowed the identification of common and differing cellular

processes affected by Cn infection in M1 and M2 cells. The most notable common effect was

the reversal of transcriptome changes associated with phagocytosis and lysosomal function

(Figs 3A and 4A). For example, transcripts encoding lysosomal components, including

LAMP2 and various lysosomal hydrolases that were upregulated upon polarization to M1 or

M2, were returned to M0-levels in Cn-infected cells. We also Decreased expression of various

subunits of the V-type proton pump required for lysosome acidification (e.g. Atp6v0a2 and

Atp6v1d) was also observed. However, Atp6v0d2, encoding a macrophage-specific component

of the pump [77], was amongst the top upregulated genes in Cn-infected M1-polarized cells

(M1mk:M1Cn FC = 12.98, q = 0.036). This particular subunit has been shown to have a role in

enhancing autophagosome-lysosome fusion as part of the response to S. Typhimurium infec-

tion [77]. Therefore, it seems plausible that Cn may promote an exchange of lysosomal pro-

ton-pump components as part of the response to intracellular infection.

An additional commonality in the responses of M1 and M2 cells to Cn infection was the

altered activity of the NF-κB signaling pathway (Figs 3A and 4A). This was a common GO

term enriched in the pool of DEGs associated with M1 and M2 Cn-infected cells. Indeed, it

was the only one identified for M2 cells (Fig 4A). However, with the exception of the NF-κB-

regulated gene, Bcl2a1a, which has not previously been linked to intracellular infection by Cn,

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 17 / 25

https://doi.org/10.1371/journal.pone.0233818


there was no overlap between the genes associated with this term in the two states, suggestive

of unique effects on the pathway in differing polarization states.

Another notable difference between the polarization states was the presence of ‘p53 signal-

ing’ as an enriched GO term for M2mk but not M1mk-exclusive genes (Figs 3A and 4A). To

our knowledge, changes in p53 signaling have not previous been associated with Cn infection

of macrophages. This result is potentially meaningful as p53 suppresses the M2 phenotype in
vivo by downregulating the expression of M2-associated genes [78]. While this might suggest

that this inhibition was removed or weakened post-Cn infection, the relatively small difference

in M2 marker expression (e.g. Arg1) and the re-establishment of a more M0-like state indi-

cated this may not be the case.

Perhaps the most significant outcome of this study was the identification of a transcriptome

signature of Cn-infection, a set of genes commonly and concordantly regulated in both polari-

zation states. This included the downregulation of 30 genes and upregulation of a relatively

small pool of 8 functionally diverse genes (Tables 3 and 4). This latter group included the tran-

scriptional regulators Cited1, Hsf3, and Jarid2, the cytokine Ccl2, and the anti-apoptotic factor

Bcl2a1a. Of these, Cited1, which was previously known as melanocyte-specific protein 1

(Msg1), showed the largest fold change and was also upregulated at the protein level post-Cn
infection in M1-polarized macrophages (Fig 5).

As a transcriptional co-regulator, CITED1 proteins cannot bind DNA directly and interact

with gene enhancer elements by protein-protein interactions with other transcription factors,

recruiting CBP/p300 to regulate gene expression [79]. To date, Cited1 has been shown to co-

regulate estrogen receptor alpha [80], TGF-β4/Smad4 [81], and Wnt/β-catenin-responsive

genes [80–83]. While the specific function of CITED1 in macrophages remains enigmatic and

has yet to be thoroughly investigated, CITED2 has been shown to repress proinflammatory

gene expression associated with M1-polarizing stimuli, is itself induced by IL-4 and IL-13, and

enhances the expression of M2-associated genes [59]. This is likely achieved through destabili-

zation of HIF1α proteins [78] and the attenuation of canonical NF-κB transcription factor

activity [84]. This raises the interesting possibility that Cited1 may serve a similar function dur-

ing fungal infection. This is the subject of ongoing investigations in the lab and the findings

will be described in detail as part of a future publication.

In addition to Cited1, another notable common and concordant Cn-responsive gene identi-

fied in the analysis was Bcl2a1a, the murine orthologue of the human anti-apoptotic Bcl-2 fam-

ily member A1. Bcl2a1a is known to protect immune cells from TNFα-induced apoptosis, and

its expression is directly regulated by NF-κB [85]. Given the damage wrought by intracellular

Cn growth on host macrophages and the surprisingly low rates of cell death and apoptosis

observed [26], it is perhaps unsurprising that the list of common and concordant Cn-respon-

sive genes included anti-apoptotic genes. However, its significance in the context of this study

remains unclear, particularly as the ‘apoptosis’ GO term appeared only in the pools of DEGs

common to mock- and Cn-infected cells of both polarization states.

In addition to identifying previously unrecognized Cn-stimulated gene expression changes

in host macrophages, this study also helps to demonstrate the importance of carefully control-

ling nutrient levels in in vitro culture systems used to study the Cn:macrophage interaction,

especially if live rather than heat-killed Cn are utilized and experiments last more than a few

hours. In preliminary experiments that preceded this study, a significant reduction in the

expression of the glucose-responsive gene TXNIP was detected at the transcript and protein

level (Fig 1G). As TXNIP is a regulator of p53, NF-κB, and other pathways associated with the

control of macrophage polarization, glucose depletion may impact macrophage phenotype

and result in spurious gene expression changes that do not reflect the potential effects of intra-

cellular Cn growth on the transcriptome of host macrophages in an in vivo setting [86–88].
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Regular replacement of culture medium in these experiments prevented loss of TXNIP expres-

sion in the RNA sequencing experiments described in this publication, and we strongly recom-

mend that future in vitro studies account for this during experimental design.

As a final note of caution, the work described here was performed using RAW 264.7 cells, a

murine-leukaemia macrophage-like cell line. While these cells have been shown to mimic the

responses of bone marrow-derived macrophages to challenge with microbial ligands [89], and

exhibit similar polarization state plasticity [17], they are phenotypically distinct from primary

macrophages and may not necessarily respond in an identical fashion during Cn infection.

Macrophage cell lines can exhibit a more restricted and slower transcriptional response to

intracellular pathogens [90], and they might best be considered as a useful but rudimentary

macrophage model for the study of innate immune responses to microbial challenge. For this

reason, future studies will be conducted using primary macrophages to build upon this initial

foundational analysis and gain a clearer picture of the in vivo macrophage response to Cn.

Supporting information

S1 Fig. STRING analysis of gene networks associated with Cn infection of M1- and

M2-polarized macrophages DEGs from (S1A) M1mk:M1Cn and (S1B) M2mk:M2Cn pair-

wise comparisons were analyzed in STRING. Boundaries enclosing gene clusters with com-

mon function were drawn based on gene GO term data and information from the literature.
�Note: Many of the genes contained within the ‘Ribosome function’ boundary are pseudo-

genes. GO analysis performed in DAVID on DEGs from (S1C) M1mk:M1Cn and (S1D)

M2mk:M2Cn pairwise comparisons. Relevant pathways are ranked by–log(p-value).

(TIFF)

S1 File. RNA sequencing data–all conditions compared to M0 pairwise comparisons of M0

to all other conditions.

(XLSX)

S2 File. RNA sequencing data–mock vs. infected pairwise comparisons of mock- and Cn-

infected samples.

(XLSX)

S3 File. Uncropped western blots original, unadjusted, and uncropped western blot

images.

(PDF)

Acknowledgments

The authors would like to thank Kirsten Cunningham and Dan Bryant for useful discussions

and assistance with experiments associated with this study.

Author Contributions

Conceptualization: Erin E. McClelland, Rebecca L. Seipelt-Thiemann, David E. Nelson.

Data curation: Rebecca L. Seipelt-Thiemann.

Formal analysis: Niah Frantzen, James Mendez, Rebecca L. Seipelt-Thiemann, David E.

Nelson.

Funding acquisition: Erin E. McClelland, Rebecca L. Seipelt-Thiemann, David E. Nelson.

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 19 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233818.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233818.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233818.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233818.s004
https://doi.org/10.1371/journal.pone.0233818


Investigation: Aarthi Subramani, Prianca Griggs, Niah Frantzen, Jamila Tucker, Jada Murriel,

Linda M. Sircy, Grace E. Millican, Erin E. McClelland, Rebecca L. Seipelt-Thiemann, David

E. Nelson.

Methodology: Aarthi Subramani, Erin E. McClelland, Rebecca L. Seipelt-Thiemann.

Project administration: David E. Nelson.

Resources: Erin E. McClelland.

Supervision: Erin E. McClelland, Rebecca L. Seipelt-Thiemann, David E. Nelson.

Visualization: Niah Frantzen, James Mendez, Rebecca L. Seipelt-Thiemann.

Writing – original draft: Aarthi Subramani, Prianca Griggs, Niah Frantzen, Erin E. McClel-

land, Rebecca L. Seipelt-Thiemann, David E. Nelson.

Writing – review & editing: Aarthi Subramani, Prianca Griggs, Niah Frantzen, James Men-

dez, Jamila Tucker, Jada Murriel, Linda M. Sircy, Erin E. McClelland, Rebecca L. Seipelt-

Thiemann, David E. Nelson.

References
1. McClelland EE, Casadevall A, Eisenman HC. Pathogenesis of Cryptococcus neoformans. In: Kava-

nagh K, editor. New Insights in Medical Mycology: Springer Netherlands; 2007. p. 131–57.

2. Mitchell TG, Perfect JR. Cryptococcosis in the era of AIDS—100 years after the discovery of Cryptococ-

cus neoformans. Clin Microbiol Rev. 1995; 8(4):515–48. Epub 1995/10/01. https://doi.org/10.1128/

CMR.8.4.515-548.1995 PMID: 8665468; PubMed Central PMCID: PMC172874.

3. Osterholzer JJ, Milam JE, Chen GH, Toews GB, Huffnagle GB, Olszewski MA. Role of dendritic cells

and alveolar macrophages in regulating early host defense against pulmonary infection with Cryptococ-

cus neoformans. Infection and immunity. 2009; 77(9):3749–58. Epub 2009/07/01. https://doi.org/10.

1128/IAI.00454-09 PMID: 19564388; PubMed Central PMCID: PMC2737986.

4. Goldman DL, Lee SC, Mednick AJ, Montella L, Casadevall A. Persistent Cryptococcus neoformans pul-

monary infection in the rat is associated with intracellular parasitism, decreased inducible nitric oxide

synthase expression, and altered antibody responsiveness to cryptococcal polysaccharide. Infection

and immunity. 2000; 68(2):832–8. Epub 2000/01/20. https://doi.org/10.1128/iai.68.2.832-838.2000

PMID: 10639453; PubMed Central PMCID: PMC97212.

5. Shao X, Mednick A, Alvarez M, van Rooijen N, Casadevall A, Goldman DL. An innate immune system

cell is a major determinant of species-related susceptibility differences to fungal pneumonia. Journal of

immunology. 2005; 175(5):3244–51. Epub 2005/08/24. https://doi.org/10.4049/jimmunol.175.5.3244

PMID: 16116215.

6. Grinsell M, Weinhold LC, Cutler JE, Han Y, Kozel TR. In vivo clearance of glucuronoxylomannan, the

major capsular polysaccharide of Cryptococcus neoformans: a critical role for tissue macrophages. The

Journal of infectious diseases. 2001; 184(4):479–87. Epub 2001/07/27. https://doi.org/10.1086/322787

PMID: 11471106.

7. Levitz SM, DiBenedetto DJ. Paradoxical role of capsule in murine bronchoalveolar macrophage-medi-

ated killing of Cryptococcus neoformans. Journal of immunology. 1989; 142(2):659–65. Epub 1989/01/

15. PMID: 2521352.

8. Hardison SE, Ravi S, Wozniak KL, Young ML, Olszewski MA, Wormley FL Jr. Pulmonary infection with

an interferon-gamma-producing Cryptococcus neoformans strain results in classical macrophage acti-

vation and protection. The American journal of pathology. 2010; 176(2):774–85. Epub 2010/01/09.

https://doi.org/10.2353/ajpath.2010.090634 PMID: 20056835; PubMed Central PMCID: PMC2808084.

9. Zhang Y, Wang F, Tompkins KC, McNamara A, Jain AV, Moore BB, et al. Robust Th1 and Th17 immu-

nity supports pulmonary clearance but cannot prevent systemic dissemination of highly virulent Crypto-

coccus neoformans H99. The American journal of pathology. 2009; 175(6):2489–500. Epub 2009/11/

07. https://doi.org/10.2353/ajpath.2009.090530 PMID: 19893050; PubMed Central PMCID:

PMC2789623.

10. Muller U, Stenzel W, Kohler G, Werner C, Polte T, Hansen G, et al. IL-13 induces disease-promoting

type 2 cytokines, alternatively activated macrophages and allergic inflammation during pulmonary infec-

tion of mice with Cryptococcus neoformans. Journal of immunology. 2007; 179(8):5367–77. Epub

2007/10/04. https://doi.org/10.4049/jimmunol.179.8.5367 PMID: 17911623.

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 20 / 25

https://doi.org/10.1128/CMR.8.4.515-548.1995
https://doi.org/10.1128/CMR.8.4.515-548.1995
http://www.ncbi.nlm.nih.gov/pubmed/8665468
https://doi.org/10.1128/IAI.00454-09
https://doi.org/10.1128/IAI.00454-09
http://www.ncbi.nlm.nih.gov/pubmed/19564388
https://doi.org/10.1128/iai.68.2.832-838.2000
http://www.ncbi.nlm.nih.gov/pubmed/10639453
https://doi.org/10.4049/jimmunol.175.5.3244
http://www.ncbi.nlm.nih.gov/pubmed/16116215
https://doi.org/10.1086/322787
http://www.ncbi.nlm.nih.gov/pubmed/11471106
http://www.ncbi.nlm.nih.gov/pubmed/2521352
https://doi.org/10.2353/ajpath.2010.090634
http://www.ncbi.nlm.nih.gov/pubmed/20056835
https://doi.org/10.2353/ajpath.2009.090530
http://www.ncbi.nlm.nih.gov/pubmed/19893050
https://doi.org/10.4049/jimmunol.179.8.5367
http://www.ncbi.nlm.nih.gov/pubmed/17911623
https://doi.org/10.1371/journal.pone.0233818


11. Jain AV, Zhang Y, Fields WB, McNamara DA, Choe MY, Chen GH, et al. Th2 but not Th1 immune bias

results in altered lung functions in a murine model of pulmonary Cryptococcus neoformans infection.

Infection and immunity. 2009; 77(12):5389–99. Epub 2009/09/16. https://doi.org/10.1128/IAI.00809-09

PMID: 19752036; PubMed Central PMCID: PMC2786439.

12. Muller U, Stenzel W, Piehler D, Grahnert A, Protschka M, Kohler G, et al. Abrogation of IL-4 receptor-

alpha-dependent alternatively activated macrophages is sufficient to confer resistance against pulmo-

nary cryptococcosis despite an ongoing T(h)2 response. International immunology. 2013; 25(8):459–

70. Epub 2013/03/28. https://doi.org/10.1093/intimm/dxt003 PMID: 23532373.

13. Voelz K, Lammas DA, May RC. Cytokine signaling regulates the outcome of intracellular macrophage

parasitism by Cryptococcus neoformans. Infection and immunity. 2009; 77(8):3450–7. Epub 2009/06/

03. https://doi.org/10.1128/IAI.00297-09 PMID: 19487474; PubMed Central PMCID: PMC2715691.

14. Hardison SE, Herrera G, Young ML, Hole CR, Wozniak KL, Wormley FL Jr. Protective immunity against

pulmonary cryptococcosis is associated with STAT1-mediated classical macrophage activation. Jour-

nal of immunology. 2012; 189(8):4060–8. Epub 2012/09/18. https://doi.org/10.4049/jimmunol.1103455

PMID: 22984078; PubMed Central PMCID: PMC3466339.

15. Beyer M, Mallmann MR, Xue J, Staratschek-Jox A, Vorholt D, Krebs W, et al. High-resolution transcrip-

tome of human macrophages. PloS one. 2012; 7(9):e45466. https://doi.org/10.1371/journal.pone.

0045466 PMID: 23029029; PubMed Central PMCID: PMC3448669.

16. Jablonski KA, Amici SA, Webb LM, Ruiz-Rosado Jde D, Popovich PG, Partida-Sanchez S, et al. Novel

Markers to Delineate Murine M1 and M2 Macrophages. PloS one. 2015; 10(12):e0145342. https://doi.

org/10.1371/journal.pone.0145342 PMID: 26699615; PubMed Central PMCID: PMC4689374.

17. Davis MJ, Tsang TM, Qiu Y, Dayrit JK, Freij JB, Huffnagle GB, et al. Macrophage M1/M2 polarization

dynamically adapts to changes in cytokine microenvironments in Cryptococcus neoformans infection.

MBio. 2013; 4(3):e00264–13. https://doi.org/10.1128/mBio.00264-13 PMID: 23781069; PubMed Cen-

tral PMCID: PMC3684832.

18. Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and polarization. Front Biosci.

2008; 13:453–61. Epub 2007/11/06. https://doi.org/10.2741/2692 PMID: 17981560.

19. Granger DL, Hibbs JB Jr., Perfect JR, Durack DT. Specific amino acid (L-arginine) requirement for the

microbiostatic activity of murine macrophages. J Clin Invest. 1988; 81(4):1129–36. https://doi.org/10.

1172/JCI113427 PMID: 3280600; PubMed Central PMCID: PMC329641.

20. Osterholzer JJ, Surana R, Milam JE, Montano GT, Chen GH, Sonstein J, et al. Cryptococcal urease

promotes the accumulation of immature dendritic cells and a non-protective T2 immune response within

the lung. The American journal of pathology. 2009; 174(3):932–43. Epub 2009/02/17. https://doi.org/10.

2353/ajpath.2009.080673 PMID: 19218345; PubMed Central PMCID: PMC2665753.

21. Rath M, Muller I, Kropf P, Closs EI, Munder M. Metabolism via Arginase or Nitric Oxide Synthase: Two

Competing Arginine Pathways in Macrophages. Front Immunol. 2014; 5:532. Epub 2014/11/12. https://

doi.org/10.3389/fimmu.2014.00532 PMID: 25386178; PubMed Central PMCID: PMC4209874.

22. Milam JE, Herring-Palmer AC, Pandrangi R, McDonald RA, Huffnagle GB, Toews GB. Modulation of

the pulmonary type 2 T-cell response to Cryptococcus neoformans by intratracheal delivery of a tumor

necrosis factor alpha-expressing adenoviral vector. Infection and immunity. 2007; 75(10):4951–8. Epub

2007/07/25. https://doi.org/10.1128/IAI.00176-07 PMID: 17646355; PubMed Central PMCID:

PMC2044519.

23. Johnston SA, May RC. Cryptococcus interactions with macrophages: evasion and manipulation of the

phagosome by a fungal pathogen. Cellular microbiology. 2013; 15(3):403–11. Epub 2012/11/07. https://

doi.org/10.1111/cmi.12067 PMID: 23127124.

24. Chen S, Yan H, Zhang L, Kong W, Sun Y, Zhang W, et al. Cryptococcus Neoformans Infection and

Immune Cell Regulation in Human Monocytes. Cell Physiol Biochem. 2015; 37(2):537–47. https://doi.

org/10.1159/000430375 PMID: 26328591.

25. Chen Y, Toffaletti DL, Tenor JL, Litvintseva AP, Fang C, Mitchell TG, et al. The Cryptococcus neofor-

mans transcriptome at the site of human meningitis. MBio. 2014; 5(1):e01087–13. https://doi.org/10.

1128/mBio.01087-13 PMID: 24496797; PubMed Central PMCID: PMC3950508.

26. Coelho C, Souza AC, Derengowski LD, de Leon-Rodriguez C, Wang B, Leon-Rivera R, et al. Macro-

phage Mitochondrial and Stress Response to Ingestion of Cryptococcus neoformans. Journal of immu-

nology. 2015. Epub 2015/02/04. https://doi.org/10.4049/jimmunol.1402350 PMID: 25646306.

27. Janbon G, Ormerod KL, Paulet D, Byrnes EJ, 3rd, Yadav V, Chatterjee G, et al. Analysis of the genome

and transcriptome of Cryptococcus neoformans var. grubii reveals complex RNA expression and micro-

evolution leading to virulence attenuation. PLoS Genet. 2014; 10(4):e1004261. https://doi.org/10.1371/

journal.pgen.1004261 PMID: 24743168; PubMed Central PMCID: PMC3990503.

28. Casadevall A, Cleare W, Feldmesser M, Glatman-Freedman A, Goldman DL, Kozel TR, et al. Charac-

terization of a murine monoclonal antibody to Cryptococcus neoformans polysaccharide that is a

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 21 / 25

https://doi.org/10.1128/IAI.00809-09
http://www.ncbi.nlm.nih.gov/pubmed/19752036
https://doi.org/10.1093/intimm/dxt003
http://www.ncbi.nlm.nih.gov/pubmed/23532373
https://doi.org/10.1128/IAI.00297-09
http://www.ncbi.nlm.nih.gov/pubmed/19487474
https://doi.org/10.4049/jimmunol.1103455
http://www.ncbi.nlm.nih.gov/pubmed/22984078
https://doi.org/10.1371/journal.pone.0045466
https://doi.org/10.1371/journal.pone.0045466
http://www.ncbi.nlm.nih.gov/pubmed/23029029
https://doi.org/10.1371/journal.pone.0145342
https://doi.org/10.1371/journal.pone.0145342
http://www.ncbi.nlm.nih.gov/pubmed/26699615
https://doi.org/10.1128/mBio.00264-13
http://www.ncbi.nlm.nih.gov/pubmed/23781069
https://doi.org/10.2741/2692
http://www.ncbi.nlm.nih.gov/pubmed/17981560
https://doi.org/10.1172/JCI113427
https://doi.org/10.1172/JCI113427
http://www.ncbi.nlm.nih.gov/pubmed/3280600
https://doi.org/10.2353/ajpath.2009.080673
https://doi.org/10.2353/ajpath.2009.080673
http://www.ncbi.nlm.nih.gov/pubmed/19218345
https://doi.org/10.3389/fimmu.2014.00532
https://doi.org/10.3389/fimmu.2014.00532
http://www.ncbi.nlm.nih.gov/pubmed/25386178
https://doi.org/10.1128/IAI.00176-07
http://www.ncbi.nlm.nih.gov/pubmed/17646355
https://doi.org/10.1111/cmi.12067
https://doi.org/10.1111/cmi.12067
http://www.ncbi.nlm.nih.gov/pubmed/23127124
https://doi.org/10.1159/000430375
https://doi.org/10.1159/000430375
http://www.ncbi.nlm.nih.gov/pubmed/26328591
https://doi.org/10.1128/mBio.01087-13
https://doi.org/10.1128/mBio.01087-13
http://www.ncbi.nlm.nih.gov/pubmed/24496797
https://doi.org/10.4049/jimmunol.1402350
http://www.ncbi.nlm.nih.gov/pubmed/25646306
https://doi.org/10.1371/journal.pgen.1004261
https://doi.org/10.1371/journal.pgen.1004261
http://www.ncbi.nlm.nih.gov/pubmed/24743168
https://doi.org/10.1371/journal.pone.0233818


candidate for human therapeutic studies. Antimicrob Agents Chemother. 1998; 42(6):1437–46. Epub

1998/06/13. https://doi.org/10.1128/AAC.42.6.1437 PMID: 9624491; PubMed Central PMCID:

PMC105619.

29. Bioinformatics B. FastQC: A quality control tool for high throughput sequence data. 2019 [cited 2019

Sep-Dec]. Available from: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

30. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-

seq aligner. Bioinformatics. 2013; 29(1):15–21. Epub 2012/10/30. https://doi.org/10.1093/

bioinformatics/bts635 PMID: 23104886; PubMed Central PMCID: PMC3530905.

31. Cunningham F, Achuthan P, Akanni W, Allen J, Amode MR, Armean IM, et al. Ensembl 2019. Nucleic

Acids Res. 2019; 47(D1):D745–D51. Epub 2018/11/09. https://doi.org/10.1093/nar/gky1113 PMID:

30407521; PubMed Central PMCID: PMC6323964.

32. Merchant N, Lyons E, Goff S, Vaughn M, Ware D, Micklos D, et al. The iPlant Collaborative: Cyberin-

frastructure for Enabling Data to Discovery for the Life Sciences. PLoS Biol. 2016; 14(1):e1002342.

Epub 2016/01/12. https://doi.org/10.1371/journal.pbio.1002342 PMID: 26752627; PubMed Central

PMCID: PMC4709069.

33. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence

reads to genomic features. Bioinformatics. 2014; 30(7):923–30. Epub 2013/11/15. https://doi.org/10.

1093/bioinformatics/btt656 PMID: 24227677.

34. Gruening BA. galaxytools: July 2016 release (Version 07.2016). Zenodo; 2016.

35. Afgan E, Baker D, van den Beek M, Blankenberg D, Bouvier D, Cech M, et al. The Galaxy platform for

accessible, reproducible and collaborative biomedical analyses: 2016 update. Nucleic Acids Res. 2016;

44(W1):W3–W10. Epub 2016/05/04. https://doi.org/10.1093/nar/gkw343 PMID: 27137889; PubMed

Central PMCID: PMC4987906.

36. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression

analysis of digital gene expression data. Bioinformatics. 2010; 26(1):139–40. Epub 2009/11/17. https://

doi.org/10.1093/bioinformatics/btp616 PMID: 19910308; PubMed Central PMCID: PMC2796818.

37. Loraine AE, Blakley IC, Jagadeesan S, Harper J, Miller G, Firon N. Analysis and visualization of RNA-

Seq expression data using RStudio, Bioconductor, and Integrated Genome Browser. Methods in molec-

ular biology. 2015; 1284:481–501. Epub 2015/03/12. https://doi.org/10.1007/978-1-4939-2444-8_24

PMID: 25757788; PubMed Central PMCID: PMC4387895.

38. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. StringTie enables improved

reconstruction of a transcriptome from RNA-seq reads. Nat Biotechnol. 2015; 33(3):290–5. Epub 2015/

02/19. https://doi.org/10.1038/nbt.3122 PMID: 25690850; PubMed Central PMCID: PMC4643835.

39. Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn JL, Pachter L. Differential analysis of gene

regulation at transcript resolution with RNA-seq. Nat Biotechnol. 2013; 31(1):46–53. Epub 2012/12/12.

https://doi.org/10.1038/nbt.2450 PMID: 23222703; PubMed Central PMCID: PMC3869392.

40. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using

DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44–57. Epub 2009/01/10. https://doi.org/10.

1038/nprot.2008.211 PMID: 19131956.

41. Huang da W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths toward the compre-

hensive functional analysis of large gene lists. Nucleic Acids Res. 2009; 37(1):1–13. Epub 2008/11/27.

https://doi.org/10.1093/nar/gkn923 PMID: 19033363; PubMed Central PMCID: PMC2615629.

42. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: protein-pro-

tein association networks with increased coverage, supporting functional discovery in genome-wide

experimental datasets. Nucleic Acids Res. 2019; 47(D1):D607–D13. Epub 2018/11/27. https://doi.org/

10.1093/nar/gky1131 PMID: 30476243; PubMed Central PMCID: PMC6323986.

43. Mitterstiller AM, Haschka D, Dichtl S, Nairz M, Demetz E, Talasz H, et al. Heme oxygenase 1 controls

early innate immune response of macrophages to Salmonella Typhimurium infection. Cellular microbiol-

ogy. 2016; 18(10):1374–89. Epub 2016/02/13. https://doi.org/10.1111/cmi.12578 PMID: 26866925;

PubMed Central PMCID: PMC6557132.

44. Gobert AP, Verriere T, Asim M, Barry DP, Piazuelo MB, de Sablet T, et al. Heme oxygenase-1 dysregu-

lates macrophage polarization and the immune response to Helicobacter pylori. Journal of immunology.

2014; 193(6):3013–22. Epub 2014/08/12. https://doi.org/10.4049/jimmunol.1401075 PMID: 25108023;

PubMed Central PMCID: PMC4171064.

45. Srikumar S, Kroger C, Hebrard M, Colgan A, Owen SV, Sivasankaran SK, et al. RNA-seq Brings New

Insights to the Intra-Macrophage Transcriptome of Salmonella Typhimurium. PLoS pathogens. 2015;

11(11):e1005262. Epub 2015/11/13. https://doi.org/10.1371/journal.ppat.1005262 PMID: 26561851;

PubMed Central PMCID: PMC4643027.

46. Hayes JB, Sircy LM, Heusinkveld LE, Ding W, Leander RN, McClelland EE, et al. Modulation of Macro-

phage Inflammatory Nuclear Factor kappaB (NF-kappaB) Signaling by Intracellular Cryptococcus

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 22 / 25

https://doi.org/10.1128/AAC.42.6.1437
http://www.ncbi.nlm.nih.gov/pubmed/9624491
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1093/nar/gky1113
http://www.ncbi.nlm.nih.gov/pubmed/30407521
https://doi.org/10.1371/journal.pbio.1002342
http://www.ncbi.nlm.nih.gov/pubmed/26752627
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1093/nar/gkw343
http://www.ncbi.nlm.nih.gov/pubmed/27137889
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1007/978-1-4939-2444-8%5F24
http://www.ncbi.nlm.nih.gov/pubmed/25757788
https://doi.org/10.1038/nbt.3122
http://www.ncbi.nlm.nih.gov/pubmed/25690850
https://doi.org/10.1038/nbt.2450
http://www.ncbi.nlm.nih.gov/pubmed/23222703
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gky1131
http://www.ncbi.nlm.nih.gov/pubmed/30476243
https://doi.org/10.1111/cmi.12578
http://www.ncbi.nlm.nih.gov/pubmed/26866925
https://doi.org/10.4049/jimmunol.1401075
http://www.ncbi.nlm.nih.gov/pubmed/25108023
https://doi.org/10.1371/journal.ppat.1005262
http://www.ncbi.nlm.nih.gov/pubmed/26561851
https://doi.org/10.1371/journal.pone.0233818


neoformans. The Journal of biological chemistry. 2016; 291(30):15614–27. https://doi.org/10.1074/jbc.

M116.738187 PMID: 27231343; PubMed Central PMCID: PMC4957046.

47. Sheldon KE, Shandilya H, Kepka-Lenhart D, Poljakovic M, Ghosh A, Morris SM Jr. Shaping the murine

macrophage phenotype: IL-4 and cyclic AMP synergistically activate the arginase I promoter. Journal of

immunology. 2013; 191(5):2290–8. Epub 2013/08/06. https://doi.org/10.4049/jimmunol.1202102

PMID: 23913966; PubMed Central PMCID: PMC3829606.

48. Nicola AM, Robertson EJ, Albuquerque P, Derengowski Lda S, Casadevall A. Nonlytic exocytosis of

Cryptococcus neoformans from macrophages occurs in vivo and is influenced by phagosomal pH.

mBio. 2011; 2(4). Epub 2011/08/11. https://doi.org/10.1128/mBio.00167-11 PMID: 21828219; PubMed

Central PMCID: PMC3150755.

49. Alvarez M, Casadevall A. Phagosome extrusion and host-cell survival after Cryptococcus neoformans

phagocytosis by macrophages. Current biology: CB. 2006; 16(21):2161–5. Epub 2006/11/07. https://

doi.org/10.1016/j.cub.2006.09.061 PMID: 17084702.

50. Chayakulkeeree M, Johnston SA, Oei JB, Lev S, Williamson PR, Wilson CF, et al. SEC14 is a specific

requirement for secretion of phospholipase B1 and pathogenicity of Cryptococcus neoformans. Mol

Microbiol. 2011; 80(4):1088–101. Epub 2011/04/02. https://doi.org/10.1111/j.1365-2958.2011.07632.x

PMID: 21453402; PubMed Central PMCID: PMC3418542.

51. Ma H, Croudace JE, Lammas DA, May RC. Expulsion of live pathogenic yeast by macrophages. Cur-

rent biology: CB. 2006; 16(21):2156–60. Epub 2006/11/07. https://doi.org/10.1016/j.cub.2006.09.032

PMID: 17084701.

52. Peterson CW, Stoltzman CA, Sighinolfi MP, Han KS, Ayer DE. Glucose controls nuclear accumulation,

promoter binding, and transcriptional activity of the MondoA-Mlx heterodimer. Molecular and cellular

biology. 2010; 30(12):2887–95. Epub 2010/04/14. https://doi.org/10.1128/MCB.01613-09 PMID:

20385767; PubMed Central PMCID: PMC2876681.

53. Kanari Y, Sato Y, Aoyama S, Muta T. Thioredoxin-interacting protein gene expression via MondoA is

rapidly and transiently suppressed during inflammatory responses. PloS one. 2013; 8(3):e59026. Epub

2013/03/23. https://doi.org/10.1371/journal.pone.0059026 PMID: 23520550; PubMed Central PMCID:

PMC3592832.

54. Minn AH, Hafele C, Shalev A. Thioredoxin-interacting protein is stimulated by glucose through a carbo-

hydrate response element and induces beta-cell apoptosis. Endocrinology. 2005; 146(5):2397–405.

Epub 2005/02/12. https://doi.org/10.1210/en.2004-1378 PMID: 15705778.

55. Pongmekin P, Chongtrakool P, Santanirand P, Kiertiburanakul S. Clinical characteristics and mortality

risk factors of cryptococcal infection among HIV-negative patients. J Med Assoc Thai. 2014; 97(1):36–

43. Epub 2014/04/08. PMID: 24701727.

56. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment.

F1000Prime Rep. 2014; 6:13. Epub 2014/03/29. https://doi.org/10.12703/P6-13 PMID: 24669294;

PubMed Central PMCID: PMC3944738.

57. Ben-Abdallah M, Sturny-Leclere A, Ave P, Louise A, Moyrand F, Weih F, et al. Fungal-induced cell

cycle impairment, chromosome instability and apoptosis via differential activation of NF-kappaB. PLoS

pathogens. 2012; 8(3):e1002555. Epub 2012/03/08. https://doi.org/10.1371/journal.ppat.1002555

PMID: 22396644; PubMed Central PMCID: PMC3291658.

58. Lumbroso D, Soboh S, Maimon A, Schif-Zuck S, Ariel A, Burstyn-Cohen T. Macrophage-Derived Pro-

tein S Facilitates Apoptotic Polymorphonuclear Cell Clearance by Resolution Phase Macrophages and

Supports Their Reprogramming. Front Immunol. 2018; 9:358. Epub 2018/03/17. https://doi.org/10.

3389/fimmu.2018.00358 PMID: 29545796; PubMed Central PMCID: PMC5837975.

59. Kim GD, Das R, Rao X, Zhong J, Deiuliis JA, Ramirez-Bergeron DL, et al. CITED2 Restrains Proinflam-

matory Macrophage Activation and Response. Molecular and cellular biology. 2018; 38(5). Epub 2017/

12/06. https://doi.org/10.1128/MCB.00452-17 PMID: 29203644; PubMed Central PMCID:

PMC5809687.

60. Edholm ES, Rhoo KH, Robert J. Evolutionary Aspects of Macrophages Polarization. Results Probl Cell

Differ. 2017; 62:3–22. Epub 2017/04/30. https://doi.org/10.1007/978-3-319-54090-0_1 PMID:

28455703; PubMed Central PMCID: PMC5695037.

61. Thiriot JD, Martinez-Martinez YB, Endsley JJ, Torres AG. Hacking the host: exploitation of macrophage

polarization by intracellular bacterial pathogens. Pathog Dis. 2020; 78(1). Epub 2020/02/19. https://doi.

org/10.1093/femspd/ftaa009 PMID: 32068828; PubMed Central PMCID: PMC7069348.

62. Arora S, Olszewski MA, Tsang TM, McDonald RA, Toews GB, Huffnagle GB. Effect of cytokine inter-

play on macrophage polarization during chronic pulmonary infection with Cryptococcus neoformans.

Infection and immunity. 2011; 79(5):1915–26. Epub 2011/03/09. https://doi.org/10.1128/IAI.01270-10

PMID: 21383052; PubMed Central PMCID: PMC3088136.

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 23 / 25

https://doi.org/10.1074/jbc.M116.738187
https://doi.org/10.1074/jbc.M116.738187
http://www.ncbi.nlm.nih.gov/pubmed/27231343
https://doi.org/10.4049/jimmunol.1202102
http://www.ncbi.nlm.nih.gov/pubmed/23913966
https://doi.org/10.1128/mBio.00167-11
http://www.ncbi.nlm.nih.gov/pubmed/21828219
https://doi.org/10.1016/j.cub.2006.09.061
https://doi.org/10.1016/j.cub.2006.09.061
http://www.ncbi.nlm.nih.gov/pubmed/17084702
https://doi.org/10.1111/j.1365-2958.2011.07632.x
http://www.ncbi.nlm.nih.gov/pubmed/21453402
https://doi.org/10.1016/j.cub.2006.09.032
http://www.ncbi.nlm.nih.gov/pubmed/17084701
https://doi.org/10.1128/MCB.01613-09
http://www.ncbi.nlm.nih.gov/pubmed/20385767
https://doi.org/10.1371/journal.pone.0059026
http://www.ncbi.nlm.nih.gov/pubmed/23520550
https://doi.org/10.1210/en.2004-1378
http://www.ncbi.nlm.nih.gov/pubmed/15705778
http://www.ncbi.nlm.nih.gov/pubmed/24701727
https://doi.org/10.12703/P6-13
http://www.ncbi.nlm.nih.gov/pubmed/24669294
https://doi.org/10.1371/journal.ppat.1002555
http://www.ncbi.nlm.nih.gov/pubmed/22396644
https://doi.org/10.3389/fimmu.2018.00358
https://doi.org/10.3389/fimmu.2018.00358
http://www.ncbi.nlm.nih.gov/pubmed/29545796
https://doi.org/10.1128/MCB.00452-17
http://www.ncbi.nlm.nih.gov/pubmed/29203644
https://doi.org/10.1007/978-3-319-54090-0%5F1
http://www.ncbi.nlm.nih.gov/pubmed/28455703
https://doi.org/10.1093/femspd/ftaa009
https://doi.org/10.1093/femspd/ftaa009
http://www.ncbi.nlm.nih.gov/pubmed/32068828
https://doi.org/10.1128/IAI.01270-10
http://www.ncbi.nlm.nih.gov/pubmed/21383052
https://doi.org/10.1371/journal.pone.0233818


63. Xiao G, Miyazato A, Inden K, Nakamura K, Shiratori K, Nakagawa K, et al. Cryptococcus neoformans

inhibits nitric oxide synthesis caused by CpG-oligodeoxynucleotide-stimulated macrophages in a fash-

ion independent of capsular polysaccharides. Microbiol Immunol. 2008; 52(3):171–9. Epub 2008/04/12.

https://doi.org/10.1111/j.1348-0421.2008.00019.x PMID: 18402599.

64. Naslund PK, Miller WC, Granger DL. Cryptococcus neoformans fails to induce nitric oxide synthase in

primed murine macrophage-like cells. Infection and immunity. 1995; 63(4):1298–304. Epub 1995/04/

01. https://doi.org/10.1128/IAI.63.4.1298-1304.1995 PMID: 7534274; PubMed Central PMCID:

PMC173150.

65. Heung LJ, Hohl TM. Inflammatory monocytes are detrimental to the host immune response during

acute infection with Cryptococcus neoformans. PLoS pathogens. 2019; 15(3):e1007627. Epub 2019/

03/22. https://doi.org/10.1371/journal.ppat.1007627 PMID: 30897162; PubMed Central PMCID:

PMC6428256.

66. Leopold Wager CM, Hole CR, Campuzano A, Castro-Lopez N, Cai H, Caballero Van Dyke MC, et al.

IFN-gamma immune priming of macrophages in vivo induces prolonged STAT1 binding and protection

against Cryptococcus neoformans. PLoS pathogens. 2018; 14(10):e1007358. Epub 2018/10/12.

https://doi.org/10.1371/journal.ppat.1007358 PMID: 30304063; PubMed Central PMCID:

PMC6197699.

67. Hansakon A, Mutthakalin P, Ngamskulrungroj P, Chayakulkeeree M, Angkasekwinai P. Cryptococcus

neoformans and Cryptococcus gattii clinical isolates from Thailand display diverse phenotypic interac-

tions with macrophages. Virulence. 2019; 10(1):26–36. Epub 2018/12/07. https://doi.org/10.1080/

21505594.2018.1556150 PMID: 30520685; PubMed Central PMCID: PMC6298761.

68. Grahl N, Dinamarco TM, Willger SD, Goldman GH, Cramer RA. Aspergillus fumigatus mitochondrial

electron transport chain mediates oxidative stress homeostasis, hypoxia responses and fungal patho-

genesis. Mol Microbiol. 2012; 84(2):383–99. Epub 2012/03/27. https://doi.org/10.1111/j.1365-2958.

2012.08034.x PMID: 22443190; PubMed Central PMCID: PMC3323727.

69. Leopold Wager CM, Hole CR, Wozniak KL, Olszewski MA, Mueller M, Wormley FL Jr. STAT1 signaling

within macrophages is required for antifungal activity against Cryptococcus neoformans. Infection and

immunity. 2015; 83(12):4513–27. Epub 2015/09/10. https://doi.org/10.1128/IAI.00935-15 PMID:

26351277; PubMed Central PMCID: PMC4645398.

70. Leopold Wager CM, Hole CR, Wozniak KL, Olszewski MA, Wormley FL Jr. STAT1 signaling is essential

for protection against Cryptococcus neoformans infection in mice. Journal of immunology. 2014; 193

(8):4060–71. Epub 2014/09/10. https://doi.org/10.4049/jimmunol.1400318 PMID: 25200956; PubMed

Central PMCID: PMC4185263.

71. Monari C, Pericolini E, Bistoni G, Casadevall A, Kozel TR, Vecchiarelli A. Cryptococcus neoformans

capsular glucuronoxylomannan induces expression of fas ligand in macrophages. Journal of immunol-

ogy. 2005; 174(6):3461–8. Epub 2005/03/08. https://doi.org/10.4049/jimmunol.174.6.3461 PMID:

15749881.

72. Fonseca FL, Nohara LL, Cordero RJ, Frases S, Casadevall A, Almeida IC, et al. Immunomodulatory

effects of serotype B glucuronoxylomannan from Cryptococcus gattii correlate with polysaccharide

diameter. Infection and immunity. 2010; 78(9):3861–70. Epub 2010/06/16. https://doi.org/10.1128/IAI.

00111-10 PMID: 20547742; PubMed Central PMCID: PMC2937472.

73. Yauch LE, Mansour MK, Shoham S, Rottman JB, Levitz SM. Involvement of CD14, toll-like receptors 2

and 4, and MyD88 in the host response to the fungal pathogen Cryptococcus neoformans in vivo. Infec-

tion and immunity. 2004; 72(9):5373–82. Epub 2004/08/24. https://doi.org/10.1128/IAI.72.9.5373-5382.

2004 PMID: 15322035; PubMed Central PMCID: PMC517466.

74. Wang JP, Lee CK, Akalin A, Finberg RW, Levitz SM. Contributions of the MyD88-dependent receptors

IL-18R, IL-1R, and TLR9 to host defenses following pulmonary challenge with Cryptococcus neofor-

mans. PloS one. 2011; 6(10):e26232. Epub 2011/11/01. https://doi.org/10.1371/journal.pone.0026232

PMID: 22039448; PubMed Central PMCID: PMC3198470.

75. Biondo C, Midiri A, Messina L, Tomasello F, Garufi G, Catania MR, et al. MyD88 and TLR2, but not

TLR4, are required for host defense against Cryptococcus neoformans. European journal of immunol-

ogy. 2005; 35(3):870–8. Epub 2005/02/17. https://doi.org/10.1002/eji.200425799 PMID: 15714580.

76. Piccioni M, Monari C, Kenno S, Pericolini E, Gabrielli E, Pietrella D, et al. A purified capsular polysac-

charide markedly inhibits inflammatory response during endotoxic shock. Infection and immunity. 2013;

81(1):90–8. Epub 2012/10/24. https://doi.org/10.1128/IAI.00553-12 PMID: 23090956; PubMed Central

PMCID: PMC3536145.

77. Xia Y, Liu N, Xie X, Bi G, Ba H, Li L, et al. The macrophage-specific V-ATPase subunit ATP6V0D2

restricts inflammasome activation and bacterial infection by facilitating autophagosome-lysosome

fusion. Autophagy. 2019; 15(6):960–75. Epub 2019/01/27. https://doi.org/10.1080/15548627.2019.

1569916 PMID: 30681394; PubMed Central PMCID: PMC6526827.

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 24 / 25

https://doi.org/10.1111/j.1348-0421.2008.00019.x
http://www.ncbi.nlm.nih.gov/pubmed/18402599
https://doi.org/10.1128/IAI.63.4.1298-1304.1995
http://www.ncbi.nlm.nih.gov/pubmed/7534274
https://doi.org/10.1371/journal.ppat.1007627
http://www.ncbi.nlm.nih.gov/pubmed/30897162
https://doi.org/10.1371/journal.ppat.1007358
http://www.ncbi.nlm.nih.gov/pubmed/30304063
https://doi.org/10.1080/21505594.2018.1556150
https://doi.org/10.1080/21505594.2018.1556150
http://www.ncbi.nlm.nih.gov/pubmed/30520685
https://doi.org/10.1111/j.1365-2958.2012.08034.x
https://doi.org/10.1111/j.1365-2958.2012.08034.x
http://www.ncbi.nlm.nih.gov/pubmed/22443190
https://doi.org/10.1128/IAI.00935-15
http://www.ncbi.nlm.nih.gov/pubmed/26351277
https://doi.org/10.4049/jimmunol.1400318
http://www.ncbi.nlm.nih.gov/pubmed/25200956
https://doi.org/10.4049/jimmunol.174.6.3461
http://www.ncbi.nlm.nih.gov/pubmed/15749881
https://doi.org/10.1128/IAI.00111-10
https://doi.org/10.1128/IAI.00111-10
http://www.ncbi.nlm.nih.gov/pubmed/20547742
https://doi.org/10.1128/IAI.72.9.5373-5382.2004
https://doi.org/10.1128/IAI.72.9.5373-5382.2004
http://www.ncbi.nlm.nih.gov/pubmed/15322035
https://doi.org/10.1371/journal.pone.0026232
http://www.ncbi.nlm.nih.gov/pubmed/22039448
https://doi.org/10.1002/eji.200425799
http://www.ncbi.nlm.nih.gov/pubmed/15714580
https://doi.org/10.1128/IAI.00553-12
http://www.ncbi.nlm.nih.gov/pubmed/23090956
https://doi.org/10.1080/15548627.2019.1569916
https://doi.org/10.1080/15548627.2019.1569916
http://www.ncbi.nlm.nih.gov/pubmed/30681394
https://doi.org/10.1371/journal.pone.0233818


78. Li L, Ng DS, Mah WC, Almeida FF, Rahmat SA, Rao VK, et al. A unique role for p53 in the regulation of

M2 macrophage polarization. Cell Death Differ. 2015; 22(7):1081–93. Epub 2014/12/20. https://doi.org/

10.1038/cdd.2014.212 PMID: 25526089; PubMed Central PMCID: PMC4572866.

79. Shi G, Boyle SC, Sparrow DB, Dunwoodie SL, Shioda T, de Caestecker MP. The transcriptional activity

of CITED1 is regulated by phosphorylation in a cell cycle-dependent manner. The Journal of biological

chemistry. 2006; 281(37):27426–35. Epub 2006/07/26. https://doi.org/10.1074/jbc.M602631200 PMID:

16864582.

80. Yahata T, Shao W, Endoh H, Hur J, Coser KR, Sun H, et al. Selective coactivation of estrogen-depen-

dent transcription by CITED1 CBP/p300-binding protein. Genes & development. 2001; 15(19):2598–

612. Epub 2001/10/03. https://doi.org/10.1101/gad.906301 PMID: 11581164; PubMed Central PMCID:

PMC312794.

81. Yahata T, de Caestecker MP, Lechleider RJ, Andriole S, Roberts AB, Isselbacher KJ, et al. The MSG1

non-DNA-binding transactivator binds to the p300/CBP coactivators, enhancing their functional link to

the Smad transcription factors. The Journal of biological chemistry. 2000; 275(12):8825–34. Epub

2000/03/18. https://doi.org/10.1074/jbc.275.12.8825 PMID: 10722728.

82. McBryan J, Howlin J, Kenny PA, Shioda T, Martin F. ERalpha-CITED1 co-regulated genes expressed

during pubertal mammary gland development: implications for breast cancer prognosis. Oncogene.

2007; 26(44):6406–19. Epub 2007/05/09. https://doi.org/10.1038/sj.onc.1210468 PMID: 17486082.

83. Zafiriou S, Stanners SR, Saad S, Polhill TS, Poronnik P, Pollock CA. Pioglitazone inhibits cell growth

and reduces matrix production in human kidney fibroblasts. J Am Soc Nephrol. 2005; 16(3):638–45.

Epub 2005/02/04. https://doi.org/10.1681/ASN.2004040278 PMID: 15689403.

84. Lou X, Sun S, Chen W, Zhou Y, Huang Y, Liu X, et al. Negative feedback regulation of NF-kappaB

action by CITED2 in the nucleus. Journal of immunology. 2011; 186(1):539–48. Epub 2010/11/26.

https://doi.org/10.4049/jimmunol.1001650 PMID: 21098220.

85. Zong WX, Edelstein LC, Chen C, Bash J, Gelinas C. The prosurvival Bcl-2 homolog Bfl-1/A1 is a direct

transcriptional target of NF-kappaB that blocks TNFalpha-induced apoptosis. Genes & development.

1999; 13(4):382–7. Epub 1999/02/27. https://doi.org/10.1101/gad.13.4.382 PMID: 10049353; PubMed

Central PMCID: PMC316475.

86. Jung H, Kim MJ, Kim DO, Kim WS, Yoon SJ, Park YJ, et al. TXNIP maintains the hematopoietic cell

pool by switching the function of p53 under oxidative stress. Cell Metab. 2013; 18(1):75–85. Epub 2013/

07/05. https://doi.org/10.1016/j.cmet.2013.06.002 PMID: 23823478.

87. Suh HW, Yun S, Song H, Jung H, Park YJ, Kim TD, et al. TXNIP interacts with hEcd to increase p53 sta-

bility and activity. Biochem Biophys Res Commun. 2013; 438(2):264–9. Epub 2013/07/25. https://doi.

org/10.1016/j.bbrc.2013.07.036 PMID: 23880345.

88. Park YJ, Yoon SJ, Suh HW, Kim DO, Park JR, Jung H, et al. TXNIP deficiency exacerbates endotoxic

shock via the induction of excessive nitric oxide synthesis. PLoS pathogens. 2013; 9(10):e1003646.

Epub 2013/10/08. https://doi.org/10.1371/journal.ppat.1003646 PMID: 24098117; PubMed Central

PMCID: PMC3789754.

89. Berghaus LJ, Moore JN, Hurley DJ, Vandenplas ML, Fortes BP, Wolfert MA, et al. Innate immune

responses of primary murine macrophage-lineage cells and RAW 264.7 cells to ligands of Toll-like

receptors 2, 3, and 4. Comp Immunol Microbiol Infect Dis. 2010; 33(5):443–54. Epub 2009/09/08.

https://doi.org/10.1016/j.cimid.2009.07.001 PMID: 19732955; PubMed Central PMCID: PMC2888975.

90. Andreu N, Phelan J, de Sessions PF, Cliff JM, Clark TG, Hibberd ML. Primary macrophages and J774

cells respond differently to infection with Mycobacterium tuberculosis. Sci Rep. 2017; 7:42225. Epub

2017/02/09. https://doi.org/10.1038/srep42225 PMID: 28176867; PubMed Central PMCID:

PMC5296737.

PLOS ONE Effect of intracellular C. neoformans on host macrophage gene expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0233818 August 28, 2020 25 / 25

https://doi.org/10.1038/cdd.2014.212
https://doi.org/10.1038/cdd.2014.212
http://www.ncbi.nlm.nih.gov/pubmed/25526089
https://doi.org/10.1074/jbc.M602631200
http://www.ncbi.nlm.nih.gov/pubmed/16864582
https://doi.org/10.1101/gad.906301
http://www.ncbi.nlm.nih.gov/pubmed/11581164
https://doi.org/10.1074/jbc.275.12.8825
http://www.ncbi.nlm.nih.gov/pubmed/10722728
https://doi.org/10.1038/sj.onc.1210468
http://www.ncbi.nlm.nih.gov/pubmed/17486082
https://doi.org/10.1681/ASN.2004040278
http://www.ncbi.nlm.nih.gov/pubmed/15689403
https://doi.org/10.4049/jimmunol.1001650
http://www.ncbi.nlm.nih.gov/pubmed/21098220
https://doi.org/10.1101/gad.13.4.382
http://www.ncbi.nlm.nih.gov/pubmed/10049353
https://doi.org/10.1016/j.cmet.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23823478
https://doi.org/10.1016/j.bbrc.2013.07.036
https://doi.org/10.1016/j.bbrc.2013.07.036
http://www.ncbi.nlm.nih.gov/pubmed/23880345
https://doi.org/10.1371/journal.ppat.1003646
http://www.ncbi.nlm.nih.gov/pubmed/24098117
https://doi.org/10.1016/j.cimid.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19732955
https://doi.org/10.1038/srep42225
http://www.ncbi.nlm.nih.gov/pubmed/28176867
https://doi.org/10.1371/journal.pone.0233818

