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Paróczai D, Endrész V, Janáky T and
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Szilárd Poliska4, Zsolt Rázga5, Bella Bruszel2, Zsuzsanna Cseh1, Dávid Kókai1,
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Aims: Neutrophil granulocytes are the major cells involved in Chlamydia trachomatis (C.
trachomatis)-mediated inflammation and histopathology. A key protein in human
intracellular antichlamydial defense is the tryptophan-degrading enzyme indoleamine
2,3-dioxygenase (IDO) which limits the growth of the tryptophan auxotroph Chlamydia.
Despite its importance, the role of IDO in the intracellular defense against Chlamydia in
neutrophils is not well characterized.

Methods: Global gene expression screen was used to evaluate the effect of C.
trachomatis serovar D infection on the transcriptome of human neutrophil granulocytes.
Tryptophan metabolite concentrations in the Chlamydia-infected and/or interferon-
gamma (IFNG)-treated neutrophils were measured by ultra-high-performance liquid
chromatography–tandem mass spectrometry (UHPLC–MS/MS).

Results: Our results indicate that the C. trachomatis infection had a major impact on
neutrophil gene expression, inducing 1,295 genes and repressing 1,510 genes. A
bioinformatics analysis revealed that important factors involved in the induction of
neutrophil gene expression were the interferon-related transcription factors such as
IRF1-5, IRF7-9, STAT2, ICSB, and ISGF3. One of the upregulated genes was ido1, a
known infection- and interferon-induced host gene. The tryptophan-degrading activity of
IDO1 was not induced significantly by Chlamydia infection alone, but the addition of IFNG
greatly increased its activity. Despite the significant IDO activity in IFNG-treated cells, C.
trachomatis growth was not affected by IFNG. This result was in contrast to what we
observed in HeLa human cervical epithelial cells, where the IFNG-mediated inhibition of C.
trachomatis growth was significant and the IFNG-induced IDO activity correlated with
growth inhibition.
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Conclusions: IDO activity was not able to inhibit chlamydial growth in human neutrophils.
Whether the IDO activity was not high enough for inhibition or other chlamydial growth-
promoting host mechanisms were induced in the infected and interferon-treated
neutrophils needs to be further investigated.
Keywords: Chlamydia, Chlamydia trachomatis, IDO, interferon, neutrophil, polymorphonuclear (PMN), granulocyte
INTRODUCTION

Chlamydia trachomatis is an obligate intracellular bacterium that
causes a variety of medically important diseases, including
conjunctivitis, trachoma, pelvic inflammation, infertility, and
lymphogranuloma venereum (1). The histopathological
background of these diseases includes a profound acute
inflammation that frequently leads to chronic inflammation
and fibrosis. It is well known that neutrophil granulocytes or
polymorphonuclear leukocytes play an important role in the
Chlamydia-mediated acute inflammatory process. In animal
models, the most abundant leukocyte cell type was the
neutrophil granulocyte during early Chlamydia infection (2).
The presence of neutrophils was also observed in C. trachomatis-
infected human endocervical samples (3). Conjunctival samples
taken from children with active trachoma also showed the
expression of various genes that could be linked to neutrophils
(4). While there are conflicting results concerning the role of
neutrophils in suppressing Chlamydia growth (5), neutrophils
are considered as being a major source of Chlamydia infection-
induced tissue damage and remodeling (6).

A key factor in human intracellular defense against
Chlamydia infection is the infection- and IFNG-induced host
indoleamine 2,3-dioxygenase (IDO) activity (7, 8). IDO is a rate-
limiting enzyme in the kynurenine pathway of tryptophan
catabolism. Restricting the availability of tryptophan for
Chlamydia is, in theory, an effective defense mechanism that
can work in human cells, and it may work in murine cells also
(9). Besides pattern recognition by the host cells, IFNG produced
by T cells (10) and NK cells (11) is a key cytokine that is involved
in the upregulation of IDO expression in Chlamydia-infected
cells (8). While the defensive role of IDO was described mostly in
Chlamydia-infected epithelial cells (7), according to the Human
Protein Atlas, IDO is produced by a variety of other cell types,
such as endothelial cells, fibroblasts, lymphocytes, monocytes/
macrophages, dendritic cells, and neutrophils (12). The
induction and potential role of IDO in neutrophil
antichlamydial intracellular defense is less described. Here we
investigated the global gene expression altered by C. trachomatis
infection in the human neutrophil cell line HL-60, and we
detected extensive host gene expression changes. The ido1 gene
was found among the upregulated genes with 8.31-fold of
upregulation. We characterized the activity of IDO in
Chlamydia-infected and IFNG-treated HL-60 cells and as a
control in HeLa human cervical epithelial cells. We detected
major differences in the IFNG-induced IDO activity and IFNG-
induced chlamydial growth suppression in HL-60 cells and
HeLa cells.
org 2
MATERIALS AND METHODS

Chlamydia Strain
C. trachomatis serovar D strain UW-3/CX was propagated in
HeLa 229 cells. Infectious chlamydial elementary bodies were
purified by density gradient centrifugation, and inclusion-
forming units (IFU) were determined as described previously
(13). A mock sample was prepared from uninfected HeLa cell
monolayer processed in the same way as the infected cells.

Cell Culture and Infection
HL-60cellsweremaintained inRPMI-1640mediumsupplemented
with 10% v/v heat-inactivated fetal bovine serum (FBS; Gibco,
Germany), 2 mmol/l of L-glutamine, 8 mmol/l HEPES, 25 mg/ml
gentamycin, and 1 µg/ml fungizone under humidified air
containing 5% CO2 at 37°C. The HL-60 cells were differentiated
in culture medium supplemented with 12.5 ml/ml dimethyl
sulfoxide for 5 days (14). The differentiated HL-60 cells were
infected with C. trachomatis serovar D at a multiplicity of
infection (MOI) of 4 or an identical volume of mock sample for
1 h in 0.5% glucose containing medium without centrifugation.
After infection, the HL-60 cells were washed twice with phosphate-
buffered saline (PBS), and culture medium without cycloheximide
was added. For microarray studies, tryptophan catabolism
measurements, and Western blot, HL-60 cells infected in six-well
plates (1 × 106 cells in 3 ml medium) were washed twice with PBS
and collected at 24 h post-infection (parallel measurements were
performed; n = 3 for microarray analysis, n = 4 for tryptophan
catabolism measurements, and n = 3–4 for Western blot). For cell
viability assays and direct and recoverable chlamydial growth
measurements, HL-60 cells were infected in 96-well plates (4 ×
104 cells in 0.1 ml medium), washed twice with PBS, and collected
at 24 h (cell viability assays) or 48 h post-infection in sucrose–
phosphate–glutamic acid buffer (SPG) or analyzed
(parallel measurements were performed; n = 8 for 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays, n = 4 for viable cell counting, and n = 5 for chlamydial
growth measurements).

HeLa 229 cells were maintained in minimal essential medium
(MEM) with Earle salts supplemented with 10% heat-inactivated
FBS (Gibco), 2 mmol/l L-glutamine, 1× MEM vitamins, 1× non-
essential aminoacids, 25mg/ml gentamycin, and1µg/ml fungizone.
TheHeLa cells were infectedwithC. trachomatis (MOI, 4) for 1 h in
0.5% glucose containing medium without centrifugation. After
infection, the HeLa cells were washed twice with PBS, and culture
medium without cycloheximide was added. For the microarray
studies, tryptophan catabolism analysis, and Western blot, HeLa
cells infected in six-well plates (1 × 106 cells in 3 ml medium) were
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washed twice with PBS and collected at 24 h post-infection (parallel
measurements were performed; n = 3 formicroarray analysis, n = 4
for tryptophan catabolism analysis, and n = 3–4 for Western blot).
For cell viability assays and direct and recoverable chlamydial
growth measurements, HeLa cells infected in 96-well plates (4 ×
104 cells in 0.1 ml medium) were washed twice with PBS and
collected at 24 h (cell viability assays) or 48 h post-infection in
SPG or analyzed (parallel measurements were performed; n = 8 for
MTT assays, n = 4 for viable cell counting, and n = 5 for chlamydial
growth measurements).

For IFNG-induced IDO activity measurements and chlamydial
growth suppression experiments, recombinant human IFNG
(PeproTech, London, UK) was diluted in culture medium
without cycloheximide. IFNG was added to the cells immediately
after the infection. For tryptophan degradation measurements,
Western blot assay, and transmission electron microscopy
(TEM), 20 IU/ml IFNG was used. For cell viability and
chlamydial growth monitoring experiments, 20, 40, and 80 IU/ml
IFNG were added.

Determination of Recoverable C.
trachomatis Growth on McCoy Cells
McCoy cells were transferred into the wells of the 96-well plate
with a density of 4 × 104 cells/well in 100 µl of MEM and were
incubated overnight at 37°C and 5% CO2 to get a 90% confluent
cell layer. Before the infection, the wells were washed twice with
100 ml/well of PBS. After washing, 90 µl of the culture medium
with 0.5% glucose was added to each well. For the determination
of the recoverable C. trachomatis growth, 10 µl of the C.
trachomatis-infected and the C. trachomatis-infected + IFNG-
treated HeLa and HL-60 cell lysates produced by two freeze–
thaw cycles in SPG were transferred onto the McCoy cells. The
cells were centrifuged for 1 h at 800 × g and were incubated for
48 h in cycloheximide-containing (1 µg/ml) growth medium. All
the cell culture reagents were purchased from Sigma (St. Louis,
MO, USA) unless otherwise indicated.

Microarray Hybridization and
Data Analysis
Total RNA was extracted from C. trachomatis-infected and
uninfected control HL-60 cells (n = 3) with Tri Reagent according
to the instructions of the manufacturer (Sigma). Total RNA
quantity (OD260) and quality (OD260/280) were measured by a
NanoDrop Lite spectrophotometer (Thermo Scientific, Waltham,
MA, USA). Affymetrix (Santa Clara, CA, USA) GeneChip Human
PrimeView arrays were used to analyze global expression. The
amplification and labeling of RNAwas performed according to the
protocol of the manufacturer. Briefly, 3’IVT Expression Kit
(Affymetrix) and GeneChip WT Terminal Labeling and Control
Kit (Affymetrix) were used for amplifying and labeling 250 ng of
total RNA samples. The labeled cRNA samples were hybridized at
45°C for 16 h, then a standard washing protocol was performed
using GeneChip Fluidics Station 450, and the arrays were scanned
on GeneChip Scanner 7G (Affymetrix) and CEL files were
generated. The CEL files were processed using Expression
Console (Affymetrix) software to generate CHP files using Robust
Multichip Average normalization algorithm. The CHP files were
Frontiers in Immunology | www.frontiersin.org 3
imported into Transcriptome Analysis Console 2.0 (Affymetrix)
software to identify differentially expressed genes between the two
conditions. To determine the statistical significance, an unpaired
one-way ANOVA test was used with Benjamini–Hochberg false
discovery rate (FDR) for correcting the multiple testing. The
statistical significance was considered at FDR p-value <0.05 and a
fold-change value ≥2.0. Gene Ontology biological function-based
grouping and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of the differentially expressed genes
were performed by the DAVID (15) and g:Profiler (16) online
tools. Identification of enriched transcription factor binding sites in
the promoter region of the significantly upregulated genes was
performed by the g:Profiler online tool.

Measurement of IDO1 Protein Expression
by Western Blotting
HL-60 and HeLa cells (106 cells/sample) were lysed in RIPA
buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate,
2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1
mM Na3VO4, 1 mg/ml leupeptin; #9806, Cell Signaling
Technology, Danvers, MA, USA) supplemented with protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), and
samples were centrifuged at 13,000 rpm for 5 min at 4°C.
Then, the protein concentrations of the supernatants were
measured using a BCA assay kit (Pierce Chemical, Rockford,
IL, USA). Equal amounts of proteins were separated on
polyacrylamide gel and transferred onto Protran nitrocellulose
membranes (GE Healthcare, Amersham, UK). After blocking
with 5% non-fat dry milk, the membranes were incubated
overnight with rabbit polyclonal anti-IDO1 (A1614; ABclonal,
Woburn, MA, USA) and mouse monoclonal anti-alpha-tubulin
(T9026; Sigma-Aldrich, St. Louis, MO, USA) antibodies. Then,
the membranes were incubated with HRP-conjugated anti-rabbit
(P0448) and anti-mouse (P0161) secondary antibodies (DAKO,
Glostrup, Denmark). The peroxidase activity was detected using
the enhanced chemiluminescence procedure (Advansta, Menlo
Park, CA, USA). Signal intensities were quantified using the
QuantityOne software program (Bio‐Rad, Hercules, CA, USA).

UHPLC–MS/MS Reagents and Chemicals
See Supplementary File 1.

Preparation of Standard, Internal
Standard, and Quality Control Solutions
See Supplementary File 1.

UHPLC–MS/MS Method Validation,
Linearity, Limit of Detection,
and Limit of Quantification
See Supplementary File 1 and Supplementary Tables 1, 2.

UHPLC–MS/MS Methods for
Targeted Metabolomics
The applied bioanalytical method optimization and its
applicability for human body fluids (cerebrospinal fluid, serum,
November 2021 | Volume 12 | Article 717311
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and plasma) were described in our previous publications (17,
18). The UHPLC separation of TRP and its metabolites was
performed on an ACQUITY I-Class UPLC™ l iquid
chromatography system (Waters, Manchester, UK) consisting
of Binary Solvent Manager, Sample Manager-FL, and Column
Manager. The UPLC system was controlled using MassLynx
4.1 SCN 901 (Waters). Chromatographic separation for
quantitative analysis of tryptophan and its 11 metabolites in
the cell homogenate supernatant was performed at 25°C on a
pentafluorophenyl (PFP) column (Phenomenex, Torrance,
CA, USA; 100 Å, 100 × 2.1 mm, particle size 2.6 mm)
protected by a PFP guard column (Phenomenex) using 0.1%
(v/v) aqueous FA as solvent A and MeOH containing 0.1% (v/
v) FA as solvent B. Then, 10 ml of the sample was injected into
the UHPLC–MS/MS system. The mass spectrometric
measurements were conducted using a Q Exactive™ Plus
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA) connected online to the
UHPLC instrument as described previously (17). A divert
valve placed after the analytical column was programmed to
switch flow onto the mass spectrometer only when analytes of
interest were eluted from the column (1.4–5.0 min) to prevent
excessive contamination of the ion source and ion optics. The
washing procedures of the autosampler before and after
injecting the samples were programmed to avoid the carry-
over of analytes.

Preparation of HL-60 and HeLa Cell
Homogenates for Targeted Metabolomics
Uninfected/untreated controls, C. trachomatis-infected, IFNG-
treated, and infected+IFNG-treated cells were produced as
described above. To remove cell culture media, HL-60 and
HeLa cells were washed twice with PBS before processing.
Prior to profiling the kynurenine and serotonin pathways,
samples were relabeled, and hence a blind study was
conducted. For the quantification of tryptophan and its
metabol i tes , the HL-60 and HeLa cel l l ines were
homogenized with an ultrasonic homogenizer in 120 ml PBS
for 2 min on ice (with 2-s homogenization and 4-s resting
cycles) and centrifuged after for 15 min at 15,000 × g at 4°C.
Briefly, after centrifugation to 90 ml of each cell homogenate
supernatant sample, 10 ml 0.1% (v/v) of aqueous FA and 300 ml
of ice-cold ACN containing 10 ml of the SIL-IS mix (the same
as that used in the preparation of the calibration standards)
were added, and the mixture was vortexed for 30 s. Samples
were incubated for 30 min at −20°C to support protein
precipitation, and the supernatant was obtained via
centrifugation of the mixture for 15 min at 15,000 × g at
4°C. The supernatant (390 ml) was transferred to a new tube,
centrifuged for 15 s, and then split into two equal portions.
After concentration in vacuum (Speed Vac Plus, Savant, RI,
USA), half of the sample was treated with 70 ml of derivatizing
reagent (n-butanol–acetyl chloride, 9:1, v/v) and incubated for
1 h at 60°C. The mixture was dried under nitrogen before
reconstitution. Both parts of the sample were dissolved in 75 ml
of the starting eluent, vortexed, centrifuged, and combined.
Frontiers in Immunology | www.frontiersin.org 4
Characterization of the Impact of IFNG on
the Viability of HL-60 and HeLa Cells
MTT assay was performed to calculate the impact of IFNG on
the viability of HL-60 and HeLa cells. Cell culture media were
supplemented with 0, 20, 40, and 80 international unit/ml (IU/
ml) IFNG, and the viability was assessed after 24 h of treatment
as described earlier (19). The same experimental setup was used
for viable cell count measurements. After 24 h of IFNG
treatment, trypan blue exclusion method was used to count the
viable cells. Cell counting was performed by a Countess 3FL
automated cell counter (ThermoFisher, Waltham, MA, USA).

Direct Quantitative PCR Measurement of
C. trachomatis Genome Concentration
Measurement of chlamydial genome accumulation was used as a
proxy to estimate C. trachomatis replication as described before
(20). Briefly, the infected cells underwent two freeze–thaw cycles
to make the chlamydial DNA accessible. The cell lysates were
used directly as templates in the qPCR. Direct qPCR was applied
to measure the relative chlamydial genome concentration in a
Bio-Rad CFX96 real-time system. The qPCR mix contained the
SsoFast™ EvaGreen® qPCR Supermix (Bio-Rad, Hercules, CA,
USA) master mix and the C. trachomatis primer pair pykF: 5’-
GTTGCCAACGCCATTTACGATGGA-3’ and pykR: 5’-TGC
ATGTACAGGATGGGCTCCTAA-3 ’ . F o r abso lu t e
quantitation, the pyk qPCR product was purified with
GenElute PCR Clean-Up Kit (Sigma), and its concentration
was determined by a NanoDrop Lite spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The pyk gene copy
number in the purified qPCR product was calculated as
described before (21). The chlamydial genome content of HL-
60, HeLa, and McCoy samples was determined by a comparison
of their pyk gene cycle threshold (Ct) levels to the Ct levels of
samples which consisted of a known copy number of pyk-
purified qPCR product diluted in HL-60, HeLa, and McCoy
cell lysates as described before (21).

TEM of IFNG-Treated and Infected HL-60
and HeLa Cells
HL-60 and HeLa cells were infected with C. trachomatis (MOI, 4)
and were treated with 20 IU/ml IFNG or left untreated. At 48 h
post-infection, the cells were pelleted and were fixed with 3%
glutardialdehyde in PBS, pH 7.4. The specimens were embedded
in Embed 812 (EMS, Hatfield, PA, USA), and 70-nm-thin
sections were prepared with an Ultracut S ultra-microtome
(Wetzlar, Germany). After staining with uranyl acetate and
lead citrate, the sections were observed with a Jeol 1400 plus
electron microscope (Freising, Germany).

Statistical Analysis of
UHPLC–MS/MS Data
The calculation of the peak area ratios and the calibration and
quantitation of the analytes was performed from collected raw
data using Xcalibur™ Quan Browser software (Thermo Fisher
Scientific). The processed data for the peak area, peak area ratio,
retention time, and concentrations were exported into Microsoft
November 2021 | Volume 12 | Article 717311
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Excel software. The resulting concentrations of tryptophan and
its metabolites were normalized to the cell numbers of the
samples. An unpaired one-way ANOVA test was used, which
was corrected for multiple comparisons by controlling the FDR
by a two-stage linear step-up procedure of Benjamini, Krieger,
and Yekutieli. The statistical significance was considered at FDR
P-value <0.05.

Statistical Analysis of C. trachomatis
Growth and Western Blot Data
The Chlamydia genome copy numbers in untreated and IFNG-
treated samples (n = 5) were compared by an unpaired one-way
ANOVA test corrected for multiple comparisons by controlling
the FDR by a two-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli. The statistical significance was considered
at FDR P-value <0.05. Quantified Western blot protein
expression signal intensities were evaluated. Statistical
differences between groups (n = 3-4) were analyzed by an
unpaired one-way ANOVA test corrected for multiple
comparisons by controlling the FDR by a two-stage linear
step-up procedure of Benjamini, Krieger, and Yekutieli. The
statistical significance was considered at FDR P-value <0.05.
GraphPad Prism 9.2.0 software (GraphPad Software Inc., San
Diego, CA, USA) was used for graphing and statistical analyses.
RESULTS

Global Gene Expression Analysis of the
C. trachomatis-Infected HL-60 Cells
A microarray analysis was performed to get a global view on the
impact of C. trachomatis infection on the gene expression
changes of human neutrophils. Our results showed that C.
trachomatis infection had a significant impact on neutrophil
gene expression, inducing 1,295 genes and repressing 1,510
genes (≥twofold). The list of significantly upregulated and
downregulated genes is presented in Supplementary Table 3.
In order to get functional information on the altered
genes, we performed a Gene Ontology biological function-
based classification using the g:Profiler online analysis tool
(16) (Figure 1A) (g:Profiler analysis data is included in
Supplementary Table 4). Our analysis revealed that many of
the enriched functional groups among the upregulated genes
were related to neutrophil activation, such as “cellular response to
lipopolysaccharide”, “regulation of reactive oxygen metabolic
process”, and “neutrophil activation involved in immune
response”. A second, even more prominent, theme was related
to cytokine secretion and response to cytokines, indicating the
infection-induced cytokine production and autocrine–paracrine
response (signal transduction, gene expression induction) to
these cytokines. Among these groups, “cytokine production”,
“response to cytokine”, “response to interferon-gamma”,
“response to type 1 interferon”, and “intracellular signal
transduction” were found. KEGG pathway analysis by g:Profiler
also found the “cytokine–cytokine receptor interaction”,
“chemokine signaling pathway”, “TNF signaling pathway”, and
Frontiers in Immunology | www.frontiersin.org 5
“JAK-STAT signaling pathway” to be significantly enriched
among the upregulated genes. Other pathways like “Toll-like
receptor signaling pathway”, NOD-like and RIG-I-like receptor
signaling pathways, and “NF-kappa B signaling pathway”
were related to bacterial pattern recognition (Figure 1B).
Enriched functional groups among the downregulated genes
were mainly related to cell division and metabolism
(Figure 2A). The KEGG pathway analysis also found various
amino acid metabolism, lipid metabolism, nucleotide
metabolism, and cell cycle-related pathways to be enriched
among the downregulated genes (Figure 2B).

Regulation of the Expression of
Induced Genes in the C. trachomatis-
Infected HL-60 Cells
The g:Profiler analysis of the promoter sequences of the
upregulated genes identified several transcription factor-
binding motifs to be highly significantly enriched in these
sequences. We found inflammation-related transcription
factors, such as AP1 (C-FOS, C-JUN) transcription factors and
NF-kappaB, among the enriched ones. The most significantly
enriched transcription factor motifs, such as IRF1-5, IRF7-9,
STAT2, ICSB, and ISGF3, were related to IFN signaling
(Figure 3A). Supporting these data, the transcription factor
genes stat1-3, stat6, irf1-2, irf7, and irf9 were found to be
upregulated by C. trachomatis infection. These data indicate
that self-produced IFNs had a major impact on the gene
expression of neutrophils. The DAVID pathway analysis of the
upregulated genes identified “Toll-like receptor signaling
pathway” that contained a significant number of upregulated
genes (Benjamini adjusted P-value: 3.9 × 10-13) and could lead to
type-I IFN production (Figure 3B). Various members of this
pathway, including type-I IFN genes themselves (ifna1, ifna2,
ifna8, and ifnb1), were upregulated. These IFNs are able to bind
to their receptors, such as the upregulated ifnar1-2, and induce
the JAK-STAT cascade and eventually the expression of target
genes. Among the target genes, we found the key antichlamydial
gene ido1 which is known to be induced by Chlamydia infection
and interferon, especially IFNG (8).

Impact of C. trachomatis Infection
and IFNG on Tryptophan Degradation
in HL-60 and HeLa Cells
Western blot was used to determine whether Chlamydia
infection and/or IFNG treatment induced IDO1 protein
expression (Figures 4A, B). As a control, HeLa cervical
epithelial cells were used, which is permissive for C. trachomatis,
and IFNG induces IDO expression in these cells (22). Uninfected/
untreated and C. trachomatis-infected HL-60 and HeLa cells did
not express IDO1. IFNG treatment induced IDO1 expression in
both cell lines, indicating that IFNG is the major inducer of IDO1.
Differently from HeLa cells and possibly due to infection-induced
type-I IFN production, C. trachomatis infection significantly
increased the IDO1 expression in IFNG-treated HL-60 cells
compared to IFNG-only-treated cells. To test whether IDO1 was
functional, we performed a UHPLC–MS/MS analysis of the
November 2021 | Volume 12 | Article 717311
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uninfected/untreated and infected and/or IFNG treated HL-60 and
HeLa cells at 24 h post-infection (Figures 5A–C). A low level of
kynurenine production was detected in the uninfected/untreated HL-
60 cells, which was not increased significantly by C. trachomatis
infection. IFNG treatment and C. trachomatis infection+IFNG
treatment greatly increased the tryptophan catabolism. The average
Frontiers in Immunology | www.frontiersin.org 6
kynurenine levels were 19.21-fold and 20.43-fold higher than in the
uninfected/untreated cells, respectively. Despite the higher IDO1
protein expression in the infected+IFNG-treated cells than in the
IFNG-treated cells, the kynurenine levels were not significantly
different. Interestingly, C. trachomatis infection increased the total
tryptophan level compared to the uninfected/untreated control cells.
A

B

FIGURE 1 | Functional analysis of the Chlamydia trachomatis infection-induced genes. (A) Gene Ontology analysis of significantly enriched biological function terms
containing differentially expressed genes. The names and significance levels of enrichment of selected functional category terms are shown. (B) Analysis of
significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways containing induced genes. The names and significance levels of enrichment of selected
pathways are shown. The color coding of biological function and pathway term enrichment P-values denotes the significance level of enrichment. The color scale
shows the –log10 P-value of enrichment.
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On the other hand, addition of IFNG to the C. trachomatis-infected
cells significantly increased kynurenine production (9.56-fold
compared to infected only) that led to a moderate but significant
decrease in tryptophan concentration. Downstream metabolites,
such as kynurenic acid, 3-hydroxyanthranilic acid, picolinic acid,
and especially quinolinic acid, could be detected in the C.
trachomatis infected+IFNG treated cells, but not in the infected-
only cells. The HeLa cells showed a slightly different tryptophan
degradation pattern. The uninfected/untreated cells produced a low
level of kynurenine, but differently from HL-60, other downstream
metabolites could also be detected at low concentrations. C.
trachomatis infection induced an increase in tryptophan
Frontiers in Immunology | www.frontiersin.org 7
concentration. The addition of IFNG to the infected cells greatly
increased the kynurenine concentration (131-fold), but it did not
lead to a significant decrease in tryptophan concentration compared
to the infected cells. Similarly to HL-60, the addition of IFNG to the
infected cells resulted in a higher kynurenic acid and 3-
hydroxyanthranilic acid production. Differently from HL-60 cells,
the addition of IFNG to the infected cells induced anthranilic acid
and xanthurenic acid production but could not induce a significant
change in picolinic acid production. Anthranilic acid and
xanthurenic acid production could not be detected in HL-60 cells,
while 3-hydroxykynurenine and quinolinic acid production could
not be detected in HeLa cells.
A

B

FIGURE 2 | Functional analysis of the Chlamydia trachomatis infection repressed genes. (A)Gene Ontology analysis of significantly enriched biological function terms
containing repressed genes. The names and significance levels of enrichment of selected functional category terms are shown. (B) Analysis of significantly enriched Kyoto
Encyclopedia of Genes and Genomes pathways containing repressed genes. The names and significance levels of enrichment of selected pathways are shown. The color
coding of biological function and pathway term enrichment P-values denotes the significance level of enrichment. The color scale shows the –log10 P-value of enrichment.
November 2021 | Volume 12 | Article 717311

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Virok et al. IDO Antichlamydial Activity in Neutrophils
Impact of IFNG on the Growth of C.
trachomatis in HL-60 and HeLa Cells
To exclude the antichlamydial effects of IFNG due to general
cytotoxicity, we performed MTT based viability assays and
trypan blue exclusion-based viable cell counts. These
measurements showed that none of the IFNG concentrations
had a significant impact on the viability of the HL-60 cells
(Figures 6A, B). The MTT viability assay of HeLa cells showed
Frontiers in Immunology | www.frontiersin.org 8
a moderate but concentration-independent decrease in cell
reduction capacity by IFNG treatment (13.23–16.33% decrease
compared to untreated control), but the number of viable cells
did not change significantly by any of the applied IFNG
concentrations (Figures 6A, B). As an alternative of the
immunofluorescence-based growth monitoring (23), we
measured the chlamydial genome content at 48 h post-
infection in both cell lines and also the recoverable chlamydial
A

B

FIGURE 3 | Regulation of Chlamydia trachomatis infection-induced neutrophil gene expression. (A) Identification of the enriched transcription factor binding sites
among the promoters of the C. trachomatis infection-induced genes. The names and significance levels of enrichment of selected transcription factors are shown.
The color coding of transcription factor binding site enrichment P-values represents the significance level of enrichment. The color scale denotes the –log10 P-value
of enrichment. (B) C. trachomatis infection-induced genes mapped to the Kyoto Encyclopedia of Genes and Genomes Toll-like receptor signaling pathway. C.
trachomatis infection-induced genes are shown in magenta.
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A B

FIGURE 4 | IDO1 expression in HL-60 and HeLa cells. Cells were infected with Chlamydia trachomatis (multiplicity of infection, 4) and were treated with 20 IU/ml
interferon-gamma or left untreated. (A) Western blot was performed at 24 h post-infection. A representative Western blot is shown. (B) Western blot band intensities
were quantified, and IDO1 expressions were normalized by a-tubulin expression. The normalized intensities in each cell type were compared by one-way ANOVA,
with correction for multiple testing. Data are mean ± SD (n = 3–4). ***P < 0.001.
A B

C

FIGURE 5 | Impact of Chlamydia trachomatis infection and interferon-gamma (IFNG) treatment on the tryptophan catabolism of HL-60 and HeLa cells. (A) Simplified
pathway of tryptophan catabolism, containing the principal enzymes kynurenine aminotransferase, kynurenine-3-monooxygenase, kynureninase, indoleamine-2,3-
dioxygenase, and tryptophan-2,3-dioxygenase. (B) UHPLC–MS/MS measurement of tryptophan degradation products at 24 h post-infection/treatment in C.
trachomatis-infected and/or IFNG-treated HL-60 cells. (C) UHPLC–MS/MS measurement of tryptophan degradation products at 24 h post-infection/treatment in C.
trachomatis-infected and/or IFNG-treated HeLa cells. TRP, L-tryptophan; KYN, L-kynurenine; KYNA, kynurenic acid; 3-HK, 3-hydroxykynurenine; ANA, anthranilic
acid; XA, xanthurenic acid; 3-HANA, 3-hydroxyanthranilic acid; PICA, picolinic acid; QUIN, quinolinic acid. Data are mean ± SD (n = 4). One-way ANOVA with
correction for multiple testing was used to compare the metabolite concentrations between uninfected/untreated and infected and/or IFNG-treated cells. *P < 0.033;
**P < 0.002; ***P < 0.001.
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A B

C D E

F G H

FIGURE 6 | Impact of interferon-gamma (IFNG) on the growth of Chlamydia trachomatis in HL-60 and HeLa cells. (A) Impact of IFNG on the viability of HL-60 and
HeLa cells. MTT cell viability assay of HL-60 and HeLa cells incubated with 0–20–40–80 IU/ml IFNG for 24 h. Data are mean ± SD (n = 8). (B) Viable cell counting of
HL-60 and HeLa cells incubated with 0–20–40–80 IU/ml IFNG for 24 h. Data are mean ± SD (n = 4). To quantify C. trachomatis growth, HL-60 and HeLa cells were
infected with C. trachomatis (multiplicity of infection, 4) and treated with 20–40–80 IU/ml IFNG. To measure direct chlamydial growth, HL-60 and HeLa cells (n = 5)
were lysed at 48 h post-infection, and the chlamydial genome concentrations were measured by direct qPCR. For recoverable growth measurement, cell lysates
from the direct growth measurements were used to infect McCoy cells. Chlamydial growth was measured by direct qPCR at 48 h post-infection. (C) Direct
chlamydial growth in HL-60 cells. (D) Recoverable chlamydial growth in HL-60 cells. (E) Comparison of chlamydial genome concentration in recoverable vs. direct
growth HL-60 samples. (F) Direct chlamydial growth in HeLa cells. (G) Recoverable chlamydial growth in HeLa cells. (H) Comparison of chlamydial genome
concentration in recoverable vs. direct growth HeLa samples. For (C, D, F, G), data are mean ± SD, and individual values are also shown (n = 5). For (E, H), the
mean and individual values are shown (n = 5). One-way ANOVA with correction for multiple testing was used for statistical analysis. *P < 0.033, **P < 0.002,
***P < 0.001, ****P < 0.0001.
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genome content in McCoy cells. Therefore, instead of direct IFU
and recoverable IFU, we use the terms direct growth and
recoverable growth. To test whether IFNG-induced IDO
activity had an impact on chlamydial development, we treated
HL-60 and HeLa cells with 0–20–40–80 IU/ml IFNG and
measured the direct and recoverable chlamydial growth at 48 h
post-infection. Independent of the applied concentration, IFNG
had a non-significant impact on chlamydial genome
accumulation in the infected HL-60 cells. The direct
chlamydial growth was not affected by any of the IFNG
concentrations, and we could not detect a significant decrease
in recoverable chlamydial growth (Figures 6C, D). Comparing
the chlamydial genome content between the direct growth and
recoverable growth samples, we could estimate a low-level
(average 74.5–229.4-fold) accumulation of chlamydial genome
in HL-60 cells (Figure 6E). The analysis of C. trachomatis-
infected HeLa cells showed that these cells are more permissive
for C. trachomatis growth; the chlamydial genome content was,
on average, 34.56-fold higher in these cells than in untreated HL-
60 cells (Figure 6F). The HeLa cells showed a dramatically
different response to IFNG. Addition of IFNG significantly
reduced the chlamydial genome contents (2.43–9.73-fold)
(Figure 6F). The recoverable chlamydial growth was
suppressed even more significantly. The extent of recoverable
growth restriction was, on average, 44.34-fold (20 IU/ml IFNG),
388.4-fold (40 IU/ml IFNG), and 5,613-fold (80 IU/ml IFNG)
(Figure 6G). Comparing the chlamydial genome content
between the direct growth and recoverable growth samples
Frontiers in Immunology | www.frontiersin.org 11
revealed that the increase of chlamydial genome content was
1,000.31 ± 476-fold in the untreated HeLa cells. The increase of
chlamydial genome content was reduced to averages of 82.37-,
11.52-, and 4.69-fold in the 20-, 40-, and 80-IU/ml-IFNG-treated
samples, respectively (Figure 6H). We applied TEM to
characterize chlamydial development in untreated and 20 IU/
ml in treated HL-60 cells and as controls in HeLa cells. A
comparison of the TEM images of C. trachomatis-infected and
infected+IFNG-treated HL-60 cells showed similar chlamydial
forms at 48 h post-infection. Intact inclusions could be observed
with a small number of elementary bodies and reticulate bodies
along with enlarged reticulate bodies or persistent bodies
(Figures 7A, B). The infected HeLa cells showed inclusions
with predominantly elementary bodies in a large number, while
the IFNG treatment induced enlarged chlamydial forms that
resembled persistent bodies. However, a lower number of
elementary bodies and reticulate bodies could also be observed
(Figures 7C, D).
DISCUSSION

In this study, we aimed to characterize the IDO-mediated
neutrophil intracellular defense against C. trachomatis
because, despite their short half-life, neutrophils can serve as
host cells for Chlamydia. Zandbergen et al. showed that
infection of human primary neutrophils by C. pneumoniae
resulted in a moderate fivefold replication at 90 h post-
A B

C D

FIGURE 7 | Transmission electron microscopy (TEM) of HL-60 and HeLa cells. Cells were infected with Chlamydia trachomatis (multiplicity of infection, 4) and
were treated with 20 IU/ml interferon-gamma (IFNG) or left untreated. TEM was performed at 48 h post-infection. (A) C. trachomatis-infected HL-60 cell. (B) C.
trachomatis-infected and IFNG-treated HL-60 cell. (C) C. trachomatis-infected HeLa cell. (D) C. trachomatis-infected and IFNG-treated HeLa cell. Red triangle,
elementary body; green triangle, reticulate body; blue triangle, enlarged reticulate body or persistent body. Bar is 5 mm.
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infection, indicating that the intracellular environment may be
permissive for chlamydial survival and a limited degree of
growth (24). This is interesting because the neutrophils have
potent antimicrobial mechanisms, such as reactive oxygen
species (ROS) production and degranulation. Our gene
expression profiling showed that many of these defense genes
were upregulated after C. trachomatis infection, such as parts of
the ROS-generating NADPH oxidase cybb, ncf1, and ncf2 and
various neutrophil granule-related catabolic enzymes such as
ctsh, galc, arsb, ids, and psap. Besides these antimicrobial genes,
the tryptophan-degrading enzyme coding genes ido1 and the
tdo2 were found to be upregulated. It is widely accepted that
IDO-mediated tryptophan degradation is an effective defense
mechanism to inhibit chlamydial replication (8). IDO is an
inducible enzyme, and while IDO induction by infection alone
can be observed, IFNG is a potent inducer of its expression and
activity (8). The gene expression profiling of HL-60 cells showed
that C. trachomatis infection alone could induce type-I
interferon expression and, via an autocrine–paracrine manner,
a JAK-STAT cascade eventually leading to the induction of gene
expression of several neutrophil genes. Indeed the promoter
analysis of the induced genes showed a highly significant
enrichment of interferon-related transcription factors. Among
the infection-induced genes, ido1 and tdo2 were found, but for
robust protein-level induction of IDO1, the addition of IFNG
was needed. Our metabolomics data showed that C. trachomatis
infection alone could induce a minor, non-significant IDO
activity (increase of kynurenine concentration) in neutrophils,
while the addition of exogenous IFNG greatly boosted the IDO
activity. The HeLa cells showed a similar induction of IDO1
when compared to that in HL-60 cells, and a major factor
affecting the IDO1 protein level expression was also the
addition of exogenous IFNG. Despite the greatly induced
IDO1 activity, the intracellular tryptophan levels changed only
slightly compared to either the infected/untreated cells or the
uninfected/untreated control cells in both cell lines. This
observation is different from previous studies, where IFNG
leads to a major decrease in intracellular tryptophan
concentration (8, 25). The 20 IU/ml IFNG concentration used
in our metabolic assays is equal to ≥1 ng/ml (26). Interestingly,
Beatty et al. showed that the addition of 0.5 ng/ml IFNG leads to
a less dramatic (53%) decrease in intracellular tryptophan in C.
trachomatis-infected HeLa cells compared to infected/untreated
controls (at 48 h post-infection) (7). Furthermore, they found
that the intracellular tryptophan level decreased by 45% in C.
trachomatis-infected + 0.5 ng/ml IFNG-treated HeLa cells
compared to the infected-only cells. In our study, we
measured a non-significant, but similar tryptophan
concentration decrease (average 25%) in infected+IFNG-
treated vs. infected-only HeLa cells. The intracellular
tryptophan concentration is dependent on its net transport
into the host cells and its usage in protein synthesis and
catabolism. It was shown before that IFNG decreased the
extracellular tryptophan concentration and greatly increased
tryptophan transport into T24 human uroepithelial cells (27).
In another study, the IFNG treatment of macaque macrophages
Frontiers in Immunology | www.frontiersin.org 12
resulted in a rapid drop in the extracellular tryptophan level, but
the intracellular tryptophan concentration decreased
moderately compared to the untreated ones, indicating that
the missing tryptophan was replenished from the extracellular
pool (28). An important limitation of these studies, including
ours, is that only the total intracellular tryptophan concentration
can be measured; thus, the tryptophan content of the inclusion is
not known. In addition, there are differences between our study
and the previous ones in sample preparation and tryptophan
quantification method that might explain, to some extent, these
results. Nevertheless, further studies are needed to clarify
this difference.

The measurement of chlamydial genome accumulation in
HL-60 and HeLa cells showed that, in the absence of IFNG,
HeLa is highly permissive to chlamydial growth, while HL-60
supports a lower level but detectable replication. The
chlamydial genome content was 34.56-fold higher in HeLa
than in HL-60. Reticulate bodies and persistent bodies are not
infectious; therefore, they do not contribute to recoverable
growth. If we consider that the recoverable genome copy was
158.7 fold higher in samples of HeLa origin than in samples of
HL-60 origin, we can conclude that there is a higher level of
production of non-infectious or persistent chlamydial forms in
HL-60 cells. The TEM images showed persistent chlamydial
forms along with reticulate and elementary bodies in HL-60
cells, indicating at least a partially normal replication.
Interestingly, chlamydial growth in HL-60 neutrophils was
not influenced by the addition of IFNG despite IFNG-induced
IDO activity in these cells. However, in HeLa cells, the
addition of IFNG greatly inhibited the growth and the
recoverable growth of C. trachomatis . The observed
difference in tryptophan catabolism between HL-60 and
HeLa cells might explain—at least in part—the differing
inhibitory effect of IFNG. Narui et al. showed that the
metabolites of tryptophan catabolism, such as 3-hydroxy-
kynurenine, anthranilic acid, 3-hydroxyanthranilic acid,
quinolinic acid, and especially picolinic acid, had an
antimicrobial effect on Gram-positive and Gram-negative
bacteria and Candida albicans (29). We showed that
picolinic acid and 3-hydroxyanthranilic acid were produced
in higher concentrations—2.36-fold and 13.37-fold,
respectively—in infected+IFNG-treated HeLa cells than in
infected+IFNG-treated HL-60 cells. Another potential
antimicrobial compound, kynurenic acid (30), also had a
16.2-fold higher concentration in infected+IFNG-treated
HeLa cells. Besides the different effect of antimicrobial
tryptophan metabolites, there is also a possibility that HL-60
cells (31), but not HeLa cells, produced nitric oxide that could
impair the function of IDO (32).

Altogether our data show that (i) the antichlamydial activity
of IDO is cell type dependent and (ii) IFNG had a significant
negative impact on Chlamydia growth in HeLa epithelial cells
but had no antichlamydial activity in HL-60 neutrophils,
indicating that neutrophils might serve as a refuge for
Chlamydia in an IFNG-rich environment. Whether this cell-
line based observation is valid in primary cells and in vivo needs
November 2021 | Volume 12 | Article 717311
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more studies. Further studies on the intracellular context in
which IDO functions and on tryptophan degradation-
independent antichlamydial mechanisms are needed.
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