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Identification of RNA targets of RNA-binding proteins (RBPs) is essential for complete
understanding of their biological functions. However, it is still a challenge to identify the
biologically relevant targets of RBPs through in vitro strategies of RIP-seq, HITS-CLIP,
or GoldCLIP due to the potentially high background and complicated manipulation. In
malaria parasites, RIP-seq and gene disruption are the few tools available currently for
identification of RBP targets. Here, we have adopted the TRIBE (Targets of RNA binding
proteins identified by editing) system to in vivo identify the RNA targets of PfDis3, a key
exoribonuclease subunit of RNA exosome in Plasmodium falciparum. We generated
a transgenic parasite line of PfDis3-ADARcd, which catalyzes an adenosine (A)-to-
inosine (I) conversion at the potential interacting sites of PfDis3-targeting RNAs. Most
of PfDis3 target genes contain one edit site. The majority of the edit sites detected
by PfDis3-TRIBE locate in exons and spread across the entire coding regions. The
nucleotides adjacent to the edit sites contain∼75% of A+ T. PfDis3-TRIBE target genes
are biases toward higher RIP enrichment, suggesting that PfDis3-TRIBE preferentially
detects stronger PfDis3 RIP targets. Collectively, PfDis3-TRIBE is a favorable tool to
identify in vivo target genes of RBP with high efficiency and reproducibility. Additionally,
the PfDis3-targeting genes are involved in stage-related biological processes during the
blood-stage development. Thus PfDis3 appears to shape the dynamic transcriptional
transcriptome of malaria parasites through post-transcriptional degradation of a variety
of unwanted transcripts from both strands in the asexual blood stage.

Keywords: malaria, Plasmodium falciparum, TRIBE, Dis3, RIP-seq

INTRODUCTION

Plasmodium falciparum, a unicellular apicomplexan parasite, causes the most severe clinical
outcome of malaria in human. To date, malaria remains a major global health threat with an
estimated 400,000 malaria deaths each year worldwide (World Health Organization [WHO], 2018).
The pathogenesis of P. falciparum in human results from the intra-erythrocytic developmental
cycle (IDC), and each step of which is controlled by a precisely timed cascade of gene
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expression. Throughout the 48-h IDC, a majority of mRNAs
reach peak abundance at only one time point, suggesting a strong
correlation between transcriptome regulation and pathogenesis
(Bozdech et al., 2003).

Recent years, post-transcriptional regulation has emerged as
an important pathway in orchestrating biological processes on a
transcriptome-wide scale throughout the IDC (Rai et al., 2014;
Vembar et al., 2016). Nascent RNA sequencing revealed the
pervasive distribution of nascent transcripts in the genome of
this parasite, supporting the existence of an overlooked post-
transcriptional regulation pathway in shaping the steady-state
transcriptome in P. falciparum (Lu et al., 2017; Painter et al.,
2018). For instance, by an inducible gene knockout strategy,
the RNA exosome complex-associated 3′-5′ exoribonuclease
subunit, PfDis3, was found to degrade different kinds of antisense
lncRANs and a few mRNAs (Droll et al., 2018). Moreover,
PfRNase II, an ortholog of Dis3, has been reported to silence
a subgroup of the primary virulence genes, var, by degrading
nascent mRNA in situ (Zhang et al., 2014). These studies
point to a critical regulatory function of RNA exosome in
shaping the transcriptome of malaria parasites by surveillance of
various transcripts in the life cycle. However, due to the failure
to generate and isolate the pure cells of DiCre recombinase-
mediated conditional PfDis3 knockout line, the exact targets and
related biological role of PfDis3 in regulating transcriptome of
malaria parasites remain to be clarified by other approaches.

Conventional methods to identify in vivo targets of RNA-
binding proteins (RBP) include CLIP (crosslinking and
immunoprecipitation) and variants thereof (Ule et al., 2003,
2005; Corden, 2010; Moore et al., 2014) and RIP (RNA
immunoprecipitation) (Gilbert and Svejstrup, 2006). These
methods are based on immunoprecipitation with specific
antibodies recognizing the RBPs. After covalently binding of RBP
to its targets, unprotected RNAs are digested and the remaining
RBP-bound RNAs are isolated for high throughput sequencing.
These approaches need a high-affinity and specific antibody.
The low efficiency of crosslinking step (∼ 1–5%) in CLIP
also limits the yield of real targets in IP experiments (Darnell,
2010). It therefore requires large amounts of starting materials
(almost millions of cells) and may raise the problem of high
false-positive rate which is usually observed in IP experiments.
In P. falciparum, RIP assay is still the main method to identify
targets of RBPs since the CLIP-derived techniques such as
PAR-CLIP or GoldCLIP are still not established in this organism
so far. To overcome the defects of IP-based methods, McMahon
et al. has developed a novel technique termed TRIBE (targets of
RNA binding proteins identified by editing) to identify the RNA
substrates of RBPs in vivo. This system fuses a catalytic domain of
the RNA-editing enzyme ADAR (ADARcd) to a RBP of interest
and expresses the fusion protein in vivo (McMahon et al., 2016).
ADAR consists of two double-stranded RNA-binding domains
(dsRBDs) and a catalytic domain (ADARcd) that deaminates
adenosine to inosine (Bass and Weintraub, 1998; Keegan et al.,
2004). By coupling the RBP to only ADARcd, the RBP targets
are marked with de novo editing events which are identified
by RNA sequencing (McMahon et al., 2016). Compared to the
methods mentioned above, no immunoprecipitation is needed

in TRIBE. Thus, problems like low efficiency of crosslinking
and requirement of high affinity, specific antibody or terminal
tagging of RBP of interest can be avoided (McMahon et al.,
2016). Moreover, in TRIBE assay RNA is simply extracted from
cells and sequenced by routine RNA-seq assay. Thus, it requires
much less cells than RIP-seq. More importantly, it provides a
standard but practice-friendly protocol compared with that of
CLIPs (McMahon et al., 2016).

In this study, we sought to adopt the TRIBE technique in
P. falciparum, by which we were able to identify the substrates
of PfDis3 in vivo. We have generated Pfdis3-adar transgenic
parasite line by CRISPR-Cas9 gene editing system, and used
it to identify PfDis3-targeted transcripts by TRIBE throughout
the IDC in P. falciparum. Through detecting de nova editing
events catalyzed by the PfDis3-ADARcd fusion protein, we found
that the majority of the editing sites were located in exonic
regions. For the 5602 protein-coding genes in the genome of
3D7 strain, we have identified 2032, 2061 and 2303 genes with
editing signals on the sense transcripts, whereas 1522, 2119
and 2187 on the antisense transcripts at ring, trophozoite and
schizont, respectively. The TRIBE results were further supported
by RIP-seq assay with Pfdis3-tag transgenic line by comparative
analysis. Moreover, our target genes of PfDis3 were validated
by inducible Pfdis3 gene knockdown analysis. Taken together,
by development of TRIBE technique in P. falciparum, we reveal
that PfDis3 targets are enriched in genes involved in multiple
biological processes that are highly relevant to their respective
time points of development in IDC, indicating a fundamental
function of PfDis3 in surveillance of gene expression throughout
the asexual stage in malaria parasites.

RESULTS

Generation of Pfdis3-Adar Transgenic
Parasite Line by CRISPR-Cas9
To avoid side effect or growth defect by overexpression
of PfDis3-ADARcd, we decided to generate an endogenous
integration of the catalytic domain of ADAR enzyme from
Drosophila into Pfdis3 gene locus (Figures 1A,B). In order
to use CRISPR/Cas9 gene editing technique to achieve fast
endogenous integration of the catalytic domain of ADAR
enzyme, we constructed the plasmid pL6-PfDis3-Ty1-ADARcd
targeting the C-terminus of Pfdis3 gene and co-transfected with
Cas9 expression vector pUF1-cas9 into 3D7 strain (Figure 1B).
Approximately 3 weeks after transfection, parasites carrying pL6-
PfDis3-Ty1-ADARcd/pUF1-cas9 was obtained by drug selection
with both WR99210 (WR) and blasticidin S deaminase (BSD).
Next, we cloned this transgenic parasite line and confirmed the
integration of Ty1-ADARcd at C-terminus of Pfdis3 gene by PCR
(Figure 1C). Western blot assay further confirmed the expression
of transgenic ADARcd with the expected molecular weight
(MW) (Figure 1D). The specific recognition of the PfDis3-HA-
Ty1 fusion protein by antibodies was critical for reducing the
background of RIP-seq assay.

TRIBE technology theoretically can detect adenosine
(A)-to-inosine (I) editing events on the target transcripts of
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FIGURE 1 | Generation of Pfdis3-adar transgenic parasite line by CRISPR-Cas9. (A) PfDis3-ADARcd fusion protein was constructed by attaching a catalytic ADAR
protein (ADARcd) to PfDis3. The ADARcd possess a deaminase domain that catalyzes an adenosine-to-inosine conversion. And the editing specificity of the fusion
protein is determined by the RNA recognition features of PfDis3. (B) Schematic diagram showing the generation of PfDis3-ADARcd transfectant lines by the
CRISPR-Cas9 system. The plasmid carrying a single guide RNA (sgRNA) and the Cas9 endonuclease were co-transfected. bsd, blasticidin S deaminase. hdhfr,
human dihydrofolate reductase. HR, homology region. (C) qPCR analysis of PfDis3-ADARcd lines. LHR, homology region upstream of Pfdis3-Ty1-ADARcd. RHR,
homology region downstream of PfDis3-Ty1-ADARcd. F1, forward primer 1 (5′ gaattgttccatttaagcttttatg 3′). F2, forward primer 2 (5′ cagaagtacatactaaccaagatc 3′).
R, reverse primer (5′ acaatgttgttaaattaagtattatg 3′). (D) Western blot analysis of PfDis3-ADARcd lines with antibody against Ty1 epitope.

PfDis3 since the PfDis3-ADARcd protein doesn’t contain
the RNA recognition domain of ADAR (Figure 1A). To
eliminate the background due to genomic mutation or Single
Nucleotide Polymorphism (SNPs), we have re-sequenced the
genome sequence of wild-type 3D7-G7 clone for transfection
of PfDis3-ADARcd construct. Next, by strand-specific RNA
sequencing of PfDis3-ADARcd transgenic parasite clone,
we were able to identify the de novo editing events on
the target transcripts of PfDis3 on individual strands of
chromosomes. The wild-type 3D7-G7 clone was used as
control to exclude endogenous RNA editing events in
the parasites. To comprehensively identify the targets of
Pfdis3, we harvested the synchronized parasites at ring (R),
trophozoite (T) and schizont (S) asexual developmental stages,
respectively. Meanwhile, the PfDis3-HA-Ty1 tagging line was

collected in parallel for RIP-seq analysis with specific antibody
against Ty1 epitope.

PfDis3-ADARcd Edits Evenly Along the
Transcripts From 5′UTR to 3′UTR
By nucleotide sequence-based stranded comparative
transcriptome analysis between PfDis3-ADARcd and WT
3D7-G7 clone, a total of 3643, 3626, 3387 editing sites on
the sense transcripts and 2671, 3765, 3789 editing sites on
the antisense transcripts were detected for the three asexual
developmental stages (R, T, S), respectively. These editing sites
correspond to 2032, 2061, 2303 genes and 1522, 2119, 2187
antisense non-coding RNAs, respectively. Besides the known
structured RNAs processed by PfDis3 protein such as rRNAs and
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small nucleolar RNAs, we also identified many PfDis3 targets of
various functions corresponding to their respective developing
stages (Supplementary Table S1).

The majority of the de novo edit sites of PfDis3-ADARcd
locate in exons (Figure 2A). Moreover, the edit sites are evenly
distributed along the transcripts with minor enrichment in the
3′UTR (Figures 2B,C). This enrichment feature is consistent

with Dis3’s catalytic feature as endonuclease and exonuclease
(Lebreton et al., 2008; Schaeffer et al., 2009; Schneider et al., 2009).
The number of the edit sites in each transcript ranges from 1
to 15. Most of transcripts contain single edit site (Figure 2D).
Interestingly, the editing events are highly reproducible both in
position and efficiency (Figure 2D, inset and Supplementary
Figure S1A). The median percentage editing levels of de novo

FIGURE 2 | Profiles of PfDis3-ADARcd editing events during the IDC in P. falciparum. (A) Boxplots showing the numbers of editing events detected in exons and
non-exonic regions for sense (s) and antisense (as) transcripts during the IDC, respectively. R.s, T.s, and S.s are sense transcripts at Ring, Trophozoite and Schizont
stages. R.as, T.as, and S.as are antisense transcripts at Ring, Trophozoite and Schizont stages. (B) Track view of editing events in two representative genes,
PF3D7_0208300 (sense) and PF3D7_0406500 (antisense). The data are from the two biological replicates at R stage. The red bars indicate the editing events. The
height of the bar indicates the editing ratio in that site. (C) Distribution of edit sites along transcripts. (D) Frequency histograms indicate the number of edit sites per
target transcript for sense and antisense transcripts. The inset Venn diagram showing the percentage of target genes detected in both replicates. (E) Barplot
showing the sequence composition of the 5′ and 3′ nucleotides adjacent to the PfDis3-ADARcd edit sites.
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editing events in both sense and antisense transcripts during
the IDC are about 8% (Supplementary Figure S1B). To explore
whether the number of editing sites in each gene would infect
editing ratio, we grouped transcripts by their total number of
editing sites and compared their editing ratio among different
groups. The results show no obvious correlation between the
number of editing sites and editing ratio for both sense and
antisense transcripts (Supplementary Figure S1C).

It has been reported previously that the P. falciparum genome
has the highest AT composition among all the organisms
sequenced to date (Gardner et al., 2002). Consequently, the
mRNA transcriptome possesses higher level of adenosine in
P. falciparum than other organisms. We wondered whether
there is sequence composition bias in flanking sequences of
the editing sites. To this end, we examined the adjacent
nucleotides of editing sites. Unlike the former study that ADAR
preferred an editing sequence of UAG (Rahman et al., 2018),
the results show that the most frequent adjacent nucleotide is
A, the second T, the third G, then C (Figure 2E). The special
editing environment of PfDis3-TRIBE may reflect the unique
composition of P. falciparum genome.

TRIBE Exhibits Higher Sensitivity and
Reproducibility in Identification of PfDis3
Targets in P. falciparum
To further assess the reliability of our editing result, we
performed a series of strand-specific RIP-seq experiments with
PfDis3-HA-Ty1 parasite line to identify the potential targets
of PfDis3. The RIP enrichment ratio relative to the expression
level of transcripts was calculated and normalized. We observed
a high correlation of RIP signals in the biological replicates
(Supplementary Figure S2). The targets identified by RIP are also
reproducible (Supplementary Figure S2, Venn diagram). Due to
the low resolution, RIP signals are broad and spread across the
gene body (Figures 3A,B). Interestingly, TRIBE detected editing
sites in the genes with RIP signals in the gene body. Notably,
TRIBE detected editing sites with 1-bp resolution. Surprisingly,
the target genes identified by TRIBE are biased toward higher
RIP signals when compared to the target genes identified by RIP
(Figure 3C). Indeed, 36, 39, and 47% of RIP targets are also
TRIBE targets at R, T and S stages, respectively (Figure 3C, Venn
plot). Consistently, it has been reported previously that TRIBE
was able to detect high-confidence CLIP targets (McMahon et al.,
2016). Moreover, the correlation coefficient between replicates in
TRIBE assay is higher and has a much smaller variation than that
of RIP assay for either sense or antisense targets (Figure 3D and
Supplementary Figures S1A, S2). Collectively, these findings
suggest that TRIBE can reliably identify the targets of PfDis3 with
high resolution in P. falciparum.

PfDis3 Regulates the Dynamical
Transcriptional Program During the
Asexual Blood Stage in P. falciparum
We next investigated the dynamics of PfDis3 targets during
the IDC. The results show that there are no editing sites in
∼ one third of genes across the IDC whereas one sixth of

genes persistently contain editing sites. The rest of transcripts
dynamically contain editing sites (Figure 4A). The common
targets of PfDis3 across the IDC account for 41, 40, and 36% of
sense targets and 52, 37, and 36% of antisense targets for R, T and
S stages, respectively. In contrast, only 27, 19, and 28% of sense
targets and 15, 21, and 28% of antisense targets are specific to R,
T and S stages, respectively (Figure 4B). This indicates that the
targets of PfDis3 only show stage specificity to a certain extent.
We further examined the correlation between the sense targets
and antisense targets of PfDis3 at R, T and S stages, respectively.
The results show that 26, 38, and 42% of sense targets contain
edit site(s) in the corresponding antisense targets for R, T and S
stages, respectively. Similarly, 35, 37, and 44% of antisense targets
contain edit site(s) in the corresponding sense targets for R, T and
S stages, respectively (Figure 4C).

To understand the functions of the target genes of PfDis3, we
performed Gene Ontology (GO) analysis of the target genes. The
results show that the target genes at R, T and S stages are enriched
in the stage-related functions (Figures 5A,B and Supplementary
Figures S3A,B). For example, the sense target genes at R stage
are enriched for entry into host cell, pathogenesis, invasion, etc.
(Figure 5A). This is consistent with infection and inhabitation
of the parasites in red cells at R stage. In contrast, the antisense
target genes at T stage are enriched for DNA replication, protein
folding, metabolic process, etc. (Figure 5B). This is consistent
with proliferation of the parasites at T stage.

We next constructed conditional Pfdis3 knock down (KD)
parasite lines PfDis3-DD with ribozyme system (Droll et al.,
2018) to investigate how PfDis3 impacts gene transcription.
We used RNA-seq to measure gene expression levels that
are highly reproducible (Supplementary Figure S3C). After
Pfdis3 knockdown by drug induction, a number of genes are
significantly differentially expressed. Especially, there are much
more significantly up-regulated genes than down-regulated genes
at R and T stages (Figure 5C). Intriguingly, the majority of genes
in the GO term “entry into host cell” are up-regulated at R
stage upon Pfdis3 knockdown. Similarly, the majority of genes
in the GO term “DNA replication” are up-regulated at T stage
upon Pfdis3 knockdown (Figure 5D). This is consistent with the
functions of the target genes (Figures 5A,B).

DISCUSSION

The RNA exosome complex is highly conserved in eukaryotic
organisms. In P. falciparum, the RNA exosome is composed of
seven distinct core exosome subunits and two canonical 3′-5′
exoribonuclease factors: PfDis3 and PfRrp6 (Droll et al., 2018).
For Dis3 protein, it harbors both processive exonucleolytic and
endonucleolytic activities originating from the RNB and PIN
domains, respectively (Lebreton et al., 2008; Schaeffer et al., 2009;
Schneider et al., 2009). In yeast, Dis3 is present in both the
nucleus and cytoplasm (Gudipati et al., 2012; Schneider et al.,
2012) and human Dis3 proteins are differently localized (Staals
et al., 2010; Tomecki et al., 2010; Lubas et al., 2013). Disruption
of human dis3 (hRrp44) gene uncovered the cryptic transcription
upstream of active human promoters (Preker et al., 2008). By
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FIGURE 3 | PfDis3-TRIBE identifies targets with higher sensitivity and reproducibility than PfDis3-RIP in P. falciparum. (A,B) Track view showing RIP signals and
editing events in the two representative target genes, PF3D7_0513300 (a, sense) and PF3D7_0113000 (b, antisense). The data are from the two biological replicates
of RIP and TRIBE, respectively. (C) Distribution of normalized genic RIP signal in all RIP target genes (red) and PfDis3-ADARcd edited genes (green). The inset Venn
plot shows the overlap of the target genes identified by both PfDis3-TRIBE (green) and PfDis3-RIP (red). R.s, T.s, and S.s are sense transcripts at Ring, Trophozoite
and Schizont stages. R.as, T.as, and S.as are antisense transcripts at Ring, Trophozoite and Schizont stages. (D) Bubble plot showing the Pearson correlations
between the replicates for PfDis3-TRIBE and PfDis3-RIP at ring (R), trophozoite (T) and schizont (S) stages, respectively. The color indicates the mean value of
correlation coefficients. The size of the circle indicates the variance of correlation coefficients.
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FIGURE 4 | Dynamics and features of PfDis3-TRIBE target genes during the IDC in P. falciparum. (A) Dynamic change of editing events in sense transcripts and
antisense transcripts during the IDC. R, ring. T, trophozoite. S, schizont. (B) Overlap of PfDis3-TRIBE sense and antisense target transcripts at ring (R), trophozoite
(T) and schizont (S) stages. (C) Pie chart showing the number of categorized target genes detected by TRIBE at ring (R), trophozoite (T) and schizont (S) stages,
respectively. sense only, Pfdis3 binds to the sense transcripts but not the antisense transcripts of the genes. antisense only, Pfdis3 binds to the antisense transcripts
but not the sense transcripts of the genes. sense and antisense, Pfdis3 binds to both antisense and sense transcripts of the genes. Genes without edits, genes with
no editing events detected.

combining the transcriptomic analysis of human cell with dis3
gene mutation and Photoactivatable Ribonucleoside-Enhanced
Cross-Linking and Immunoprecipitation (PAR-CLIP) assay, the
RNA polymerase II transcriptome in humans was found to
be controlled by Dis3 through decay of unwanted transcripts
associated with ∼50% of transcribed protein-coding genes and
unannotated genomic regions covering ∼70% of the genome.
In P. falciprum, PfDis3 was detected predominately in the
cytoplasmic fraction during asexual blood stage, but the majority
of target transcripts of PfDis3 were antisense lncRNAs measured
by DiCre knockout and RNA-seq (Droll et al., 2018). Here,
by using TRIBE analysis, we uncover that PfDis3 is a global
post-transcriptional regulator of protein coding and non-
coding transcripts over the course of blood-stage development
of the parasites. The function of PfDis3 in shaping cellular
transcriptome is likely evolutionary conserved in eukaryotes
from Plasmodium to human.

The human malaria parasite P. falciparum has a special
nucleotide composition of genome with extremely higher AT
content compared to other organisms (Gardner et al., 2002).

Moreover, the mRNA transcriptome displays even stronger
adenosines bias of about 45% (Baumgarten et al., 2019).
The special sequence composition and other reasons make it
hard to identify RBP targets in P. falciparum with traditional
immunoprecipitation-based methods. In CLIP, crosslinking
needs to be performed beforehand, raising a bias of preferential
crosslinking of uredines (Fecko et al., 2007). It has not been
reported any successful CLIP experiment in P. falciparum to
date. RIP also faces problems like choice of RNase and the
fragmentation condition that has a significant impact on the
detected targets (Lambert et al., 2014). Many RIP results are
not reproducible due to the non-specific binding of antibody in
P. falciparum. To circumvent these issues, we adopted PfDis3-
TRIBE in P. falciparum to identify Pfdis3 targets throughout
IDC for the first time. We first identified Pfdis3 targeted
sense/antisense transcripts at ring, trophozoite and schizont
stage, respectively (Supplementary Table S1). We found that
many Pfdis3 targets were antisense transcripts. Both sense and
antisense Pfdis3 targets were enriched in biological processes
that are highly relevant for their developmental stages, indicating
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FIGURE 5 | The functions of PfDis3-TRIBE target genes during the IDC in P. falciparum. (A) Enriched Gene Ontology (biological processes) terms for PfDis3-TRIBE
sense target genes at ring stage. (B) Enriched GO terms for PfDis3-TRIBE antisense target genes at trophozoite stage. (C) Scatter plots showing expression levels
of sense (top) and antisense (bottom) transcripts at R, T and S stages with (Y axis) and without (X axis) Pfdis3 knock down. Transcripts with fold change ≥1.35 are
differentially expressed transcripts. (D) Scatter plots showing that the majority of the genes in the GO term “entry into host cell” are up-regulated at R stage upon
Pfdis3 knockdown (left), and that the majority of the genes in the GO term “DNA replication” are up-regulated at T stage upon Pfdis3 knockdown (right).
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that Pfdis3 dynamically regulates the transcriptional program of
P. falciparum throughout the IDC and maintains the steady state
level of transcriptome.

We also performed RIP experiment and conditional Pfdis3
knockdown (KD) to evaluate the reliability of the target
genes identified by PfDis3-TRIBE. PfDis3-TRIBE target genes
were biased toward higher RIP enrichment, indicating that
PfDis3-TRIBE preferentially detects stronger RIP-seq targets
(Figure 3C). Moreover, most of the identified Pfdis3 target genes
across the IDC were upregulated upon Pfdis3 KD (Figure 5C).
Taken together, all these results suggest that PfDis3-TRIBE is
able to identify Pfdis3 targets with higher confidence and better
reproducibility than RIP.

MATERIALS AND METHODS

Plasmid Construction
To generate plasmid Pfdis3-Ty1-ADARcd and Pfdis3-Ty1-ribo
for transfection, we modified the plasmid pL6-gfp by replacing
the gfp box with a ∼1-kb homolog sequence flanking the
N- or C-terminus of the target genes which contained three
copies of Ty1epitope and ADARcd or glmS ribozyme gene,
and inserting a guide RNA sequence specific to the Pfdis3
gene (PF3D7_1359300) by In-Fusion PCR Cloning System,
respectively (Supplementary Table S2). The resulting plasmids
were pL6-Pfdis3-Ty1-ADARcd and pL6-Pfdis3-Ty1-Ribo. The
plasmid pUF1-Cas9-infusion carrying Cas9 expression cassette
was modified by replacing the original ydhodh gene with hdhfr.

Parasite Culture and Transfection
Plasmodium falciparum parasites were cultured in human red
blood cell in culture medium (10.44 g/L RPMI-1640, 25 mM
HEPES, 10% v/v Albumax I, 0.1 mM hypoxanthine, 20 µg/ml
gentamicin) under 5% O2, 3% CO2 at 37◦C. For synchronization,
ring-stage parasites were enriched with 5% sorbitol, late-stage
parasites were enriched via 40 and 70% percoll. Fresh red blood
cell were electroporated with 100 µg of plasmid sgRNA and
Cas9 in cytomix (120 mM KCl, 2 mM EGTA, 10 mM KH2PO4,
25 mM HEPES pH7.8, 0.15 mM CaCl2, 5 mM MgCl2) and then
the synchronization of late-stage parasites were added. After 2
or 3 cycles, transfected parasites were selected by WR99210 and
blasticidin S deaminase drug. The integration DNA was validated
by PCR following sequencing and the proteins were identified
by Western blot.

Western Blot
Total proteins were extracted with 0.15% saponin, washed with
cold PBS (pH 7.4) until the supernatant was clear and then
resuspended in 1 × SDS-loading buffer following heating under
100◦C for 5 min. Proteins were separated by gel electrophoresis
and transferred to a PVDF membrane. The membrane was
blocked with 5% milk, incubated with primary antibody, washed
with PBST, and then incubated with secondary antibody which
could generate a chemiluminescent signal. The proteins were
visualized by exposing to an imaging device. The materials
used in this study were mouse anti-PfAldolase (1:1000, Abcam),

mouse anti-Ty1 (1:500, Sigma), ECL Western blotting kit (GE
healthcare) (Freeman, 2013).

RNA Extraction and Stranded RNA-Seq
Red blood cells infected by highly synchronous parasites were
collected by centrifugation and resuspended in Trizol that could
be stored in −80◦C for a long time. After centrifugation, the
supernatant was saved and then RNA was extracted according
to reagent specification of Direct-zolTM RNA MiniPrep (R2052).
The integrality of RNA was validated by 2% agarose gel. Library
construction was performed based on KAPA Stranded mRNA-
Seq Kit (KK8421).

RIP-Seq
Infected red blood cells (iRBCs) were collected by centrifugation
and resuspended in cold PBS (10 volume of iRBC). Parasites
were extracted with 0.15% saponin and washed with cold PBS
until the supernatant was clear. Lysis buffer (50 mM Tris-Cl
pH7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100/NP-40) with protease inhibitors and RNase inhibitors was
added to the parasite pellet [1.5 ml/(1 × 109 parasites)] and
incubated with rotation for 1 h at 4◦C. Cell debris were spun
out at 12000 × g for 15 min at 4◦C and supernatant was
incubated with 10 µg of anti-Ty1 antibodies at 4◦C for 3 h with
rotation. For preparation of equilibrated protein-G magnetic
beads, 50 µl of protein-G magnetic beads were washed once
with Wash Buffer (10 mM Tris-Cl pH 7.5, 150 mM MgCl2,
150 mM KCl, 0.1% Triton X-100), then washed once with Elution
Buffer, and washed twice with Wash Buffer. Protein-G magnetic
beads were mixed with supernatant with protease inhibitors and
RNase inhibitors at 4◦C overnight with rotation. Beads were
washed twice with 500 µl of Wash Buffer and once with PBS and
then resuspended in 700 µl of Trizol at 4◦C for 10 min. After
removal of the beads, 140 µl of chloroform was added to Trizol
at room temperature for 5 min and mixture was centrifuged
at 12000 × g for 30 min at 4◦C. Supernatant was added to a
new 1.5 ml centrifuge tube and centrifuged at 12000 × g for
2 min at 4◦C. Supernatant was mixed with 1 µl of glycogen
and equal volume of isopropanol on ice for 2 h. Tube was
centrifuged at 12000 × g for 30 min at 4◦C. Pellet was washed
twice with 1 ml of 75% (vol/vol) ethanol, then air-dried and
resuspended in 20 µl of RNase-free water (Chomczynski and
Sacchi, 2006). DNase I was used to digest DNA for 15 min at room
temperature. RNase-free water was added up to 100 µl, mixed
with equal volume of chloroform/isoamyl alcohol pH < 5.0
(24:1), and then mixture was centrifuged at 12000 × g for 5 min.
Supernatant was mixed with phenol/chloroform/isoamyl alcohol
(25:24:1), and centrifuged at 12000× g for 5 min. Supernatant
was transferred to a new 1.5 ml centrifuge tube with 1 µl
of glycogen, one-tenth volumes of 3 M sodium acetate (pH
5.2), and 2.5 volumes of 100% ethanol and incubated at -
80◦C for 20 min. Samples were centrifuged at 12000× g for
15 min and pellet was washed twice with 1 ml of 75% (vol/vol)
ethanol, then air-dried and resuspended in 11 µl of RNase-free
water. Construction library was performed using KAPA Stranded
mRNA-Seq Kit (KK8421).
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RIP Sequencing Analysis
RIP sequencing reads were trimmed with cutadapt (v11) by
10 bp at each end. Reads with average quality score ≥20 and
length ≥50 bp were retained. The strand specific reads were
aligned with hisat2 (v2.1.0) (Kim et al., 2015) (parameters: –
rna-strandness RF –dta –no-discordant –no-mixed –no-unal).
Read counts for sense/antisense transcripts were calculated using
featureCounts (v1.6.1) with parameters: -M -p -B -C for all; -s
2 for sense transcripts; -s 1 for antisense transcripts (Liao et al.,
2014). Both sense and antisense read counts were merged for
library normalization between conditions. The final expression
levels of sense/antisense transcripts were normalized as FPKM
(Fragment Per Kilobase of transcript per Million reads mapped)
for further analysis. RIP-seq (i.e., PfDis3-RIP and GFP-RIP)
data were normalized with the transcript abundance of their
corresponding time point. We also did quantile normalization
for former normalized RIP data to make it comparable among
samples. Only transcripts with minimum 1.2 fold of PfDis3-
RIP versus GFP-RIP were considered as PfDis3-RIP enriched
transcripts. As biological replicates of the same treatment and
developmental stage were highly correlated (Supplementary
Figure S2), we combined them for the downstream analysis.

Analysis of Sequencing Data for RNA
Editing
RNA editing data was analyzed as the previously published
manual (McMahon et al., 2016) with modifications. In brief, pair-
end sequencing reads were trimmed with cutadapt (v11) by 10 bp
at each end, reads with average quality score ≥20 and length
≥50 bp were retained. Genomic DNA reads were aligned to the
P. falciparum genome (plasmoDB.org, v3 release 32) (Gardner
et al., 2002) using bwa (v 0.7.17-r1188) (Li and Durbin, 2009,
2010; Li, 2012) with default parameter. Strand specific RNA
sequencing reads were aligned using Tophat2 (v2.1.1) (Kim et al.,
2013) (parameters: -m 1 –g 2 -I 50000 –microexon-search –
no-coverage-search –library-type fr-firststrand). PCR duplicates
were removed using sambamba (v0.6.6) (Tarasov et al., 2015)
for editing analysis and reads were sorted using sambamba
(v0.6.6). We next converted the sorted files to a matrix using
a previously published perl script sam_to_matrix.pl (McMahon
et al., 2016). Genomic nucleotide information and transcript
nucleotide information were merged using bedtools (v2.27.1)
(Quinlan and Hall, 2010) for further identification of edit sites.

Only sites with minimum 10 coverage and 5% editing ratio
were considered to be valid edit sites. gDNA coverage ≥30
and uniformity of nucleotide were also required to avoid SNP.
The editing ratios are highly reproducible for the biological
replicates (Supplementary Figure S1A), therefore, we combined
the biological replicates for the downstream analysis. RNA
editing data was converted to bedgraph file format for display
using R (v3.5.1).

RNA-Seq Data Analysis
Illumina adapters were removed with cutadapt (v11), reads
with average quality score ≥20 and length ≥50 bp were
retained. RNA sequencing reads were aligned using hisat2

(v2.1.0) (Kim et al., 2015) with strand specific mode (i.e., –
rna-strandness RF). Read counts for sense/antisense transcripts
were obtained using featureCounts (v1.6.1) (Liao et al., 2014).
Both sense and antisense read counts were merged for library
normalization between conditions. FPKM of sense/antisense
transcripts were calculated using R (v3.5.1). The gene expression
levels were highly reproducible for the biological replicates of the
same treatment and developmental stage (Supplementary Figure
S3C), therefore, we used the replicate one for further analysis.
Genes with minimum 1.35 fold (Pfdi3 KD versus G7) were
considered as differentially expressed genes between two samples.

Gene Ontology Analysis
Gene ontology (GO) enrichment was performed using R (v3.5.1).
GO terms database was downloaded from Plasmodb1. GO
terms with p-value ≥0.05 (Fisher exact test) and enriched
gene number ≥5 were considered to be enriched. We next
classified our GO terms into different functional categories for
better understanding.
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FIGURE S1 | The PfDis3-ADARcd reproducibly edits certain sites in P.falciparum
during the IDC. (A) The edit sites at sense (top) transcripts and antisense (bottom)
transcripts are reproducible in editing frequency at ring (R), trophozoite (T) and
schizont (S) stages. Pearson correlation between biological replicates are shown.
(B) Box plot showing the PfDis3-ADARcd editing levels in sense (s) transcripts and

1https://plasmodb.org/plasmo/
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antisense (as) transcripts at ring (R), trophozoite (T) and schizont (S) stages.
(C) Box plots showing the editing frequency of sense transcripts and antisense
transcripts grouped by the number of edit sites. The middle line in the box
indicates the mean of the editing frequency in the transcripts with more
than one edit sites.

FIGURE S2 | Reproducibility of PfDis3-RIP assay across developmental stages.
Correlation of genic RIP signals in sense (s) transcripts and antisense (as)
transcripts between biological replicates. Pearson correlation coefficients between

biological replicates are displayed at top left corner. The inset Venn diagram
showing the overlap of PfDis3 targets identified by PfDis3-RIP between the two

replicates. R, T, S indicates Ring, Trophozoite and Schizont stage, respectively.

FIGURE S3 | Functions of PfDis3-TRIBE target genes during the IDC in
P. falciparum. (A) Enriched Gene Ontology (biological processes) terms for PfDis3
sense target transcripts at T (left panel) and S (right panel) stages, respectively. (B)
Enriched GO terms for PfDis3 antisense target transcripts at ring R (left panel) and
S (right panel) stages, respectively. (C) Correlation for expression of sense (top)
transcripts and antisense (bottom) transcripts between biological replicates.
Pearson correlation coefficients between biological replicates are displayed at top
left corner. R, T and S indicates Ring, Trophozoite, Schizont stage, respectively.

TABLE S1 | List of sense/antisense target genes identified by PfDis3-TRIBE
during the IDC in P. falciparum.

TABLE S2 | Primers and homology sequences for our constructed parasites.
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Background: Toxoplasma gondii is a protozoan parasite that chronically infects

nearly one-third of the world’s human population. In immunosuppressed individuals

and fetus, infection with T. gondii contributes to a series of devastating conditions,

including toxoplasmic encephalitis (TE), which is characterized by neuron damage in

the central nervous system (CNS). Astrocyte polarization is currently found in some

neurodegenerative diseases, and A1 subtype of astrocyte leads to neuron apoptosis.

However, little information has been available on the role of astrocyte polarization in TE.

Methods: In the present study, we established a mouse model to study TE and

detected A1 astrocyte in the brains of mice with TE. Expression level of A1 astrocyte-

specific marker C3 was evaluated using indirect fluorescent assay (IFA) and Western

blotting. Primary mouse astrocytes were incubated with different concentrations of T.

gondii excreted-secreted antigens (TgESAs) in vitro. Expression level of C3 and A1

astrocyte-specific transcription levels were assessed using Western blotting and qRT-

PCR, respectively. Bay11-7082 was used to study nuclear factor (NF) κB pathway in

TgESA-induced astrocyte polarization.

Results: In mice with TE, the proportion of A1 astrocyte (GFAP+C3+) increased

significantly. The results of in vitro study showed that TgESAs induced astrocyte

polarization to A1 subtype. Blocking of NFκB pathway by Bay11-7082 inhibited TgESA-

induced astrocyte polarization.

Conclusions: Our preliminary study showed the involvement of A1 astrocyte in the

process of TE in mice, and TgESAs could trigger astrocyte to polarize to A1 subtype.

These findings suggest a new mechanism underlying the neuropathogenesis induced by

T. gondii infection.

Keywords: Toxoplasma gondii, encephalitis, astrocyte, NFκB pathway, neuron

INTRODUCTION

Toxoplasma gondii is an obligate intracellular protozoan parasite that chronically infects the central
nervous system (CNS) of up to one-third of the human population in the world (1). Humans get
infected with such disease by ingesting water or food contaminated with oocysts shed by cats or
consumption of raw or undercooked meat containing a tissue cyst or congenitally by transplacental
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transmission of tachyzoites (2). Upon infection with T. gondii,
fast-replicating tachyzoites infect a wide range of host cells,
including neurons. Tachyzoites convert into slow-replicating
bradyzoites, which persist as cysts in neurons under the pressure
of the immune response.

Although most infected persons show no clinical symptoms,
chronic T. gondii infection could impair host neuron
function and structure (3–5), which may alter the behavior
of humans or even increase the risk for neurodegenerative
and psychiatric disorders (6, 7). In the developing fetus and
immunocompromised individuals, such as AIDS patients or
organ transplant recipients, Toxoplasma infection can cause a
devastating neurologic disease. Symptomatic brain infection
with Toxoplasma is known as toxoplasmic encephalitis (TE) and
can clinically present with dizziness, headaches, and seizures.
Currently, TE occurs in untreated or undiagnosed AIDS patients
and in patients on new immunomodulants (8). In TE, T. gondii
bradyzoites within cysts switch to tachyzoites, which infect
and destroy brain-resident cells. Previous in vitro and in vivo
evidences suggest that neurons serve as primary target cells for
T. gondii tachyzoites and bradyzoites (1, 9).

An in vitro culture of neurons with T. gondii tachyzoites at
a low multiplicity of infection (MOI) as previously described
(10) induced the formation of a large cyst rather than the lysis
of neurons. However, the in vivo TE mouse model showed that
the neuronal damage was increased in the brain, and T. gondii
infection induced activated microglia, which contributed to
neuronal apoptosis (11). In addition, T. gondii excreted-secreted
antigens (ESAs) induce apoptosis of the neural stem cells (NSCs)
through endoplasmic reticulum stress (ERS) signaling pathways
and inhibit differentiation of C17.2 neural stem cells through
Wnt/β-catenin signaling pathway (12, 13). Whether other CNS
resident cells are involved in neuron loss in TE is still an enigma.

Astrocytes are the most common glial cells within the cerebral
cortex, which provide trophic support for neurons, promote
formation and function of synapses, and prune synapses by
phagocytosis (14–16). These cells also perform a diversity of
functions, including participation in the immune response of
the brain and undergo a pronounced transformation called
reactive astrocytosis after brain injuries and neurodegenerative
diseases (17).

Recent studies have demonstrated that proinflammatory
microglia induce the formation of a subtype of astrocytes
(termed A1 astrocytes), which are characterized by highly
upregulated classical complement cascade genes (i.e., C3) shown
to be destructive to synapses and are strongly neurotoxic and
rapidly kill neurons (18). A1 astrocytes are abundant in various
human neurodegenerative diseases, including Alzheimer’s
disease, Huntington’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis, and multiple sclerosis (18). A1-like astrocyte
reactivity is induced in normal aged brains that are vulnerable to
injury and cognitive function declines (19). However, whether
T. gondii infection induces astrocyte polarization to A1 and the
role of A1 astrocytes in neuron death in TE are still not clear.
In the present study, we aimed to investigate the effects of the
ESAs of T. gondii (Tg-ESAs) on astrocyte polarization and assess
the involvement of nuclear factor (NF) κB signaling pathway
in Tg-ESAs-induced astrocyte polarization. This study provides

insight into the underlying molecular mechanisms that regulate
neuropathogenesis in TE.

MATERIALS AND METHODS

Cell and Parasite
T. gondii Wh6 strain (avirulent strain) with genotype Chinese
1 (ToxoDB#9) was isolated as previously described (20). Cysts
were maintained in the brain of chronically infected mice for
in vivo infection. To collect cysts, brains from infected mice
were mechanically homogenized in 1-ml sterile phosphate-
buffered saline (PBS). Cyst numbers were counted in a 10-µl
brain suspension using a light microscope (21). Tachyzoites of
T. gondii were passaged in human foreskin fibroblast (HFF)
monolayers for in vitro experiments. Mouse primary astrocytes
were purchased from FenghuiShengwu (Changsha, China)
and cultured in Dulbecco’s modified Eagle medium (DMEM)
medium supplemented with 10% fetal bovine serum.

Mice and Infection
Mice were divided into three groups (three mice/group): control
group (non-infection group), chronic group (chronic infection
without cyclophosphamide treatment), and TE group (chronic
infection with cyclophosphamide treatment). The Wh6 strain
cysts were prepared by homogenization of the brain tissues in
phosphate-buffered saline (PBS). Seven-week-old female BALB/c
mice were intragastrically administered with 30 cysts. After 6
weeks, mice with latent infection were intraperitoneally injected
with cyclophosphamide (50 mg/kg; Baxter Oncology GmbH,
Germany) to induce recurrence of toxoplasmosis as previously
described (11). Seven days later, all mice of the three groups
were euthanized for collection of the brain tissues for further
experiments. All experimental procedures were approved by
the Institutional Animal Care and Use Committee of Anhui
Medical University.

Treatment of Astrocyte With TgESAs
ESAs from T. gondii were prepared as described previously (12).
Tachyzoites of T. gondii were harvested as described above.

After resuspension with serum-free DMEM, 2 × 107 freshly
collected tachyzoites were added into HFFmonolayers. T. gondii-
infected HFFs were further cultured in the serum-free DMEM
medium at 37◦C in 5% CO2 for another 48 h. The supernatants
of the infected HFFs were collected by centrifugation at 12,000 g
for 10min at 4◦C and then filtered through a 0.22-mmmembrane
filter. Protein concentration in the supernatants was determined
by BCA kits according to the manufacturer’s instructions
(Thermo-Fisher, Boston, MA). Protein samples were stored at
−80◦C until use. Non-infected HFFs in serum-free DMEM were
used as a negative control.

Mouse primary astrocytes were seeded in six-well cell culture
plates. Cells were treated with different doses of TgESAs (0,
0.10, 0.15, and 0.30 mg/ml) for 24 h when the cell confluence
reached approximately 70%. Then, C3 protein expression level
and A1-specific gene transcription levels were detected by
Western blotting and quantitative real-time PCR (qRT-PCR),
respectively. In some experiments, astrocytes were pretreated
with NFκB inhibitor BAY11-7082 (1 and 5µM) (22). After 12 h,
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TgESAs (0.30 mg/ml) was added, and cells were co-cultured for
further 24 h.

Immunofluorescence Assays
Mice were anesthetized with 1% pentobarbital and transcardially
perfused with 20ml ice-cold 4% paraformaldehyde after an initial
flush with 20ml ice-cold 0.01M PBS. Brains were removed and
post-fixed with 4% paraformaldehyde for 12 h. Brain tissues
were subsequently dehydrated in 30% sucrose in 0.01M PBS
for 48 h. Tissues were embedded in optimal cutting temperature
compound (OCT Compound, SAKURA, USA) and then sliced
coronally (10–20µm) on a cryostat microtome (CM3050S,
Leica, Germany). For immunofluorescence staining, the samples
were blocked with 5% bovine serum albumin (BSA) and 0.5%
Triton X-100 (containing 0.02% normal goat serum) for 2 h at
room temperature. The samples were incubated with primary
antibodies overnight at 4◦C and then with the appropriate
fluorescent secondary antibodies for 2 h at room temperature.
Primary antibodies included anti-GFAP (1:50, Abcam) and anti-
C3 (1:400, Abcam). Fluorescent images (astrocytes in mouse
cortex) were captured using an Olympus BX53 fluorescence
microscope (Olympus, Tokyo, Japan) and processed using
ImageJ software (ImageJ, National Institutes of Health, Bethesda,
MD) for quantification of florescence intensity.

ELISA
Mouse brain tissues (mainly from cortex, 100mg) were
homogenized intensively and centrifuged at 12,000 g for 15min
at 4◦C. Concentrations of tumor necrosis factor (TNF)-α and
interleukin (IL)-1α in the mouse brain were evaluated using
commercial kits according to the manufacturer’s instructions
(BioLegend, USA).

Western Blotting
Proteins extracted from mouse brains (mainly from cortex) or
astrocytes were separated using SDS-PAGE electrophoresis and
then transferred to a PVDF membrane (Millipore, USA). After
blocking with 5% BSA for 1 h at room temperature, PVDF
membrane was incubated with primary antibodies overnight
at 4◦C and then with the fluorescent secondary antibodies
for 1 h at room temperature. Primary antibodies included
anti-GFAP (1:1,000, Abcam), anti-C3 (1:2,000, Abcam), anti-β-
actin (1:5,000, Abcam), and anti-Neu-N (1:1,000, Cell Signaling
Technology). Fluorescent images were captured by the Tacon
5200 (Biotanon, China) and analyzed using ImageJ software.

Quantitative Real-Time PCR Assay
Total RNA was extracted from astrocytes using Trizol reagent
(Tiangen Biotech, China) according to the manufacturer’s
protocols. The concentrations of the extracted RNA were
measured using NanoDrop 2000c (ThermoFisher, USA) (23–
25). Total RNA (1 µg) was reverse-transcribed to cDNA
using a reverse transcription kit (TaKaRa, Japan). QRT-PCR
was performed on the QuantStudio R© 6 Flex real-time PCR
instrument (Applied Biosystems, USA) using SYBRTM Green
qPCR Master Mix (ThermoFisher, USA). Gene expression levels
were normalized to β-tubulin levels using the 2−11Ct method.
All primers for A1 astrocyte-specific genes used in the present
study are listed in Table 1 (18).

Statistical Analysis
All statistical analyses were performed using SPSS (Version 24,
IBM, USA). All data are expressed as mean ± SEM (standard
error of the mean). Differences between groups were assessed
by one-way ANOVA followed by Student-Newman-Keuls (SNK)
multiple comparison posttest or Student’s t test. Differences were
considered statistically significant when P < 0.05.

RESULTS

Establishment of a Murine Model of TE
To establish a mouse model of TE, BALB/c mice were orally
infected with Wh6 tissue cysts. Six weeks later, Toxoplasma-
infected mice were immunosuppressed by intraperitoneal
injection with cyclophosphamide to reactivate chronic T. gondii
infection. As we can see in Figure 1A, mice with TE showed
piloerection and hunching posture, which are typical physical
characteristics of acute toxoplasmosis. Western blotting results
showed that expression levels of neuron marker Neu-N in mice
with TE decreased significantly compared to those in the control
group (Figures 1B,C, Ctrl group vs. TE group, 1.00 ± 0.00 vs.
0.52 ± 0.09, P < 0.05). These results indicated that neurons in
the central nervous system (CNS) were damaged when themouse
brains were infected with tachyzoites of T. gondii.

Astrocyte Polarization to A1 in the Mouse
Brain With TE
The proportion of A1 astrocyte (GFAP+C3+) was significantly
higher in the TE group compared to the controls (Figure 2A) as
detected by immunofluorescent assay (IFA).

TABLE 1 | Primers used for quantitative real-time PCR in the present study.

Gene Forward Reverse Length (bp)

Amigo2 GAGGCGACCATAATGTCGTT GCATCCAACAGTCCGATTCT 263

Fbln5 CTTCAGATGCAAGCAACAA AGGCAGTGTCAGAGGCCTTA 281

Ggta1 GTGAACAGCATGAGGGGTTT GTTTTGTTGCCTCTGGGTGT 115

H2-D1 TCCGAGATTGTAAAGCGTGAAGA ACAGGGCAGTGCAGGGATAG 204

H2-T23 GGACCGCGAATGACATAGC GCACCTCAGGGTGACTTCAT 212

Iigp1 GGGGCAATAGCTCATTGGTA ACCTCGAAGACATCCCCTTT 104

Psmb8 CAGTCCTGAAGAGGCCTACG CACTTTCACCCAACCGTCTT 121

Serping1 ACAGCCCCCTCTGAATTCTT GGATGCTCTCCAAGTTGCTC 299
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FIGURE 1 | Establishment of a murine model of toxoplasmic encephalitis (TE) (A) and identification of neuron damage in the brain of mice with TE (B,C). *P < 0.05.

The expression level of A1-specific protein C3 was evaluated
using Western blotting. Consistent with IFA result, the
expression level of C3 in brains of the TE group increased
dramatically (Figures 2B,C, Ctrl group vs. TE group, 1.00± 0.00
vs. 6.98±1.06, P < 0.05), although the expression level of C3 in
the chronic group was apparently higher than that of the control
group. The concentrations of A1 cytokine inducers (TNF-α and
IL-1α) were subsequently measured in the mouse brain using
ELISA. The results indicated that TNF-α (Ctrl group vs. TE
group, 56.20 ± 19.49 vs. 616.4 ± 104.8, P < 0.05) and IL-1α
(Ctrl group vs. TE group, 198.2 ± 75.34 vs. 3,291 ± 260.0, P <

0.05) expression levels were remarkably enhanced in mice with
TE (Figures 2D,E).

TgESAs Induced Astrocyte Polarization to
A1 via the NFκb Pathway
Since T. gondii tachyzoites can manipulate cells in the mouse
brain that they do not productively invade (26), the non-
colocalization of tachyzoites and A1 astrocytes prompted us to
hypothesize that TgESAs induced astrocyte polarization. To test
this hypothesis, the mouse primary astrocyte was incubated in
vitro with TgESAs. Western blotting results showed that the
expression level of C3 was robustly elevated in the TgESA group
(Ctrl group vs. 0.30 mg/ml TgESA group, 1.00± 0.00 vs. 11.83±
1.32, P < 0.05) (Figures 3A,B). Then, the transcription levels of
A1-specific genes were evaluated using qRT-PCR (18). As shown
in Figure 3C, after incubation with TgESAs, the transcription
levels of Amigo2, Ggta1, H2-D1, H2-T23, and Psmb8 genes were
enhanced apparently, while there was no statistical difference
in the transcription levels of Fbln5, Iigp1, and Serping1 genes
between the control and TgESA groups. Interestingly, when

primary astrocytes were pretreated with NFκB inhibitor BAY11-
7082, the C3 expression level decreased significantly comparing
to the non-inhibitor treatment group (TgESA group). Differences
in the C3 expression level between the control and BAY11-
7082 groups (TgESA group vs. TgESA + 5µM BAY group,
9.87 ± 1.60 vs. 2.30 ± 0.70, P < 0.05) suggested that TgESAs
polarized astrocytes to A1 subtype via NFκB signaling pathway
(Figures 3D,E). These results indicated that TgESAs induced
mouse primary astrocyte polarization to A1 subtype in vitro
through activation of NFκB signaling pathway.

DISCUSSION

Reactivation of chronic T. gondii infection can cause life-
threatening TE in immunocompromised individuals. Here, we
show for the first time that T. gondii infection in CNS leads
to astrocyte polarization to A1 subtype, which potentially
harms neurons.

A1 astrocytes have been reported in the lipopolysaccharide
(LPS)-induced CNS inflammation model (18), traumatic brain
injury (TBI), and prion diseases (27, 28). Inmurinemodels of TE,
astrocyte activation and proliferation are prominent, and these
cells produce chemokines that can influence the recruitment
of T cells and dendritic cells (DCs) as well as microglial cell
activation (29). In this study, we found that the majority of
activated astrocytes in mice with TE were A1 subtype (C3
positive), indicating that activated astrocytes may function as a
double-edged sword in the development of TE. A1 subtype can
act as chemokine producers for inflammatory cell recruitment.
Additionally, A1 subtype may also release unidentified chemicals
toxic for neurons, which needs to be addressed in further studies.
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FIGURE 2 | Identification of A1 astrocyte (GFAP+C3+) in the brain of mice with toxoplasmic encephalitis (TE) using indirect fluorescent assay (IFA) (A) and Western

blotting analysis of C3 expression level in the mouse brain (B,C). Evaluation of interleukin (IL)-1α and tumor necrosis factor (TNF)-α in the mouse brain using

commercial ELISA Kits (D,E). Bar, 50µm, *P < 0.05 vs. control group.

A previous study has demonstrated reported that activated
microglia secrete IL-1α, TNF-α, and C1q in LPS-induced
astrocyte polarization. These cytokines were essential for
astrocyte polarization to A1 subtype (18). In the present study,
increased expression levels of IL-1α and TNF-α were observed.
Furthermore, IL-1α and TNF-α could be produced by mouse
CNS-resident immune cells, such as CD11b+ microglia cells,
since mice were immunosuppressed using cyclophosphamide.
The cellular origin of these two cytokines and the cross talk
between microglia and astrocytes should be determined in
future studies.

A previous report demonstrated that the expression levels
of cerebral cortical C1q were significantly elevated during T.
gondii chronic infection (30). In this study, we found that the
expression level of C3 was enhanced in acute TE. Based on our
in vitro experiment results, the exposure of astrocyte to TgESAs
may contribute to the enhancement of C3. C1q and C3 were

mainly expressed by activated astrocytes. We can hypothesize
that T. gondii chronic infection causes host behavioral changes
partially through C1q activation and interaction with bradyzoite
cysts. If bradyzoite cysts were disrupted, egressed parasites secrete
effector proteins to trigger A1 astrocytes (C3+) resulting in TE.
Thus, it is worthy to further study the detailed mechanism of how
astrocyte shifts its expression from C1q to C3 at different stages
of T. gondii infection.

In spinal cord injury (SCI), exosomes derived from
mesenchymal stem cells (MSCs) reduced A1 astrocytes
via downregulation of NFκB pathway (31). Similarly, in
this study, we found that inhibition of NFκB pathway by
BAY11-7082 significantly reduced the TgESA-induced C3
expression level in astrocytes. T. gondii-derived profilin
recognized macrophage TLR-11 and induced the expressions
of macrophage chemotactic protein 1 (MCP-1), IL-12, and
interferon gamma (IFN-γ) through NFκB activation (32). The
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FIGURE 3 | T. gondii excreted-secreted antigen (TgESA) induction of astrocyte to A1 subtype via nuclear factor (NF)κB pathway. (A,B) TgESA treatment increased C3

expression level of astrocyte in a dose-dependent manner. (C) TgESA treatment changed A1-specific gene transcript levels. (D,E) Blockage of NFκB pathway

inhibited TgESA-induced expression of C3 of astrocyte. *P < 0.05 vs. CTRL in (B,C); *P < 0.05 vs. TgESAs in (E).

culture supernatant of T. gondii may inhibit THP-1 cell and
arrest the cell cycle of THP-1 cells at G0/G1 phase mainly
by regulating the expression of gene NFκB, cyclin D1 (33),
while ROP16 of T. gondii could regulate NFκB pathway of
A549 cells (34). The effector proteins in TgESAs linking NFκB
activation and astrocyte plasticity need to be determined in
further experiments.

In summary, we reported for the first time that neurotoxic A1
astrocytes were involved in TE, and TgESAs induced astrocyte
polarization through NFκB activation. Our results provide new
insights into the role of resident cells in the neuropathogenesis in
brain toxoplasmosis.
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A Corrigendum on

The Neurotropic Parasite Toxoplasma gondii Induces Astrocyte Polarization Through NFκB

Pathway

by Jin, Y., Yao, Y., El-Ashram, S., Tian, J., Shen, J., and Ji, Y. (2019). Front. Med. 6:267.
doi: 10.3389/fmed.2019.00267

In the original article, there was a mistake in Figure 1 as published. We used the incorrect image
for the reference protein in Figure 1B. The corrected Figure 1 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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FIGURE 1 | Establishment of a murine model of toxoplasmic encephalitis (TE) (A) and identification of neuron damage in the brain of mice with TE (B,C). *P < 0.05.
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Diagnostic Value of Pleural Effusion
Mononuclear Cells Count and
Adenosine Deaminase for
Tuberculous Pleurisy Patients in
China: A Case-Control Study
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Background: The diagnostic value of pleural effusion mononuclear cells count for

tuberculous pleurisy (TBP) is unclear. We aimed to evaluate the diagnostic value of pleural

effusion mononuclear cells count and its combination with adenosine deaminase (ADA)

in TBP patients.

Methods: We initially analyzed 296 patients with unknown pleural effusion from the

Department of Respiratory Medicine at Provincial People’s Hospital during January

2014 to February 2018. Ultimately, 100 tuberculous pleurisy (TBP) patients and 105

non-tuberculous pleurisy (non-TBP) patients with pleural effusion were investigated in

the current study. Meanwhile, pleural effusion mononuclear cells count and ADA test

were performed to evaluate the diagnostic value for TBP. The sensitivity, specificity,

positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio

(LR+), negative likelihood ratio (LR–), accuracy and area under the receiver operating

characteristic (ROC) curve (AUC) of pleural effusion mononuclear cells count only and its

combination with ADA for TBP diagnosis were investigated.

Results: (i) The best cut-off value of pleural effusion mononuclear cells count for TBP

diagnosis was 969.6× 106/L, with the sensitivity, specificity and accuracy of 76, 57, and

66%, respectively. (ii) Combination of pleural effusion mononuclear cells count and ADA

test suggested diagnostic value for TBP. Specifically, serial test showed the sensitivity,

specificity, accuracy of 65, 90, 78%, respectively, whereas parallel test revealed the

sensitivity, specificity, accuracy of 92, 45, 68%, respectively. The sensitivity of parallel test

(92%) was significantly higher than pleural effusion mononuclear cells count alone (76%)

(X² = 23.19, p < 0.001). (iii) The area under the ROC of pleural effusion mononuclear

cells count and it combined with ADA were 0.66 (95% CI, 0.59–0.72) and 0.83 (95%

CI, 0.78–0.89), respectively, with statistically significant difference (Z = 3.46, p < 0.001).
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Conclusion: This retrospective case-control study demonstrated that pleural effusion

mononuclear cells count is relatively useful for TBP diagnosis. Furthermore, the pleural

effusion mononuclear cells count in combination with ADA can further improve the

diagnostic accuracy of TBP.

Keywords: tuberculous pleurisy, pleural effusion, mononuclear cells count, adenosine deaminase, diagnostic

accuracy

INTRODUCTION

Tuberculosis (TB) is a serious global public health problem.
The World Health Organization estimated that about 10 million
people developed TB disease in 2017 globally. China is one of
the TB high-risk areas in the world. In 2017, about 889,000
new cases of TB were reported in China, accounting for 9%
of new cases worldwide (1). As a common extrapulmonary TB,
Tuberculous pleurisy (TBP) accounts for 25% of TB cases in
China (2–4). The diagnosis of TBP is difficult (5, 6), with the
thoracoscopic pleural pathology as the gold standard method (7).
However, thoracoscopic pleural biopsy is an invasive operation
with the issues of considerable risks and cost. In addition, yield
and complication rate are dependent on the operator’s skills (8–
10). The operation also has certain limitations in application
for elderly patients and hospitals that lack thoracoscopic surgery
(10). Further study is needed to investigate less invasive or
even non-invasive methods with high accurate diagnosis. Pleural
fluid adenosine deaminase (ADA) test is widely used in clinical
practice. However, its sensitivity and specificity in the diagnosis
of TBP vary greatly (11, 12). Lymphocytes and monocytes in
TBP pleural effusions were reported significantly increased. The
proportion of lymphocytes and monocytes also had certain
clinical significance in the diagnosis of TBP (13, 14). However,
lymphocytes and monocytes in pleural effusions are usually
not differentiated in clinical practice. Currently, automated
blood analyzers are widely used to count mononuclear cells,
which include lymphocytes and monocytes (15). Therefore, we
hypothesized that, combined with ADA test, pleural effusion
mononuclear cells count may contribute to the diagnosis of
TBP. This retrospective case-control study aimed to evaluate the
diagnostic value of pleural effusion mononuclear cells count and
its combination with ADA in TBP patients. We hope to provide a
new method for the diagnosis of TBP that is accurate, simple and
less invasive.

MATERIALS AND METHODS

Study Design and Subjects
This retrospective case-control study was conducted using
pleural effusion samples from 296 patients between January 1,
2014 and February 28, 2018 from Henan Provincial People’s

Abbreviations: ADA, adenosine deaminase; TBP, tuberculous pleurisy; Non-TBP,

non-tuberculous pleurisy; PPV, positive predictive value; NPV, negative predictive

value; LR+, positive likelihood ratio; LR–, negative likelihood ratio; ROC, receiver

operating characteristic; AUC, area under the receiver operating characteristic

curve.

Hospital in China. Samples that meet all the following criteria
were included: (i) Pleural effusion was indicated by either chest
X-ray, chest CT or ultrasound; (ii) Etiology of pleural effusion
was undetermined; (iii) Histopathological examination of pleural
tissue was performed after obtained through thoracoscopy; (iv)
Results of pleural effusion mononuclear cells count and ADA test
were obtained; (v) Complete clinical data of the study subjects
were acquired. In this study, patients were divided into TBP
group and non-tuberculous pleurisy (non-TBP) group by the
gold standard of the pathological results of thoracoscopic pleural
biopsy (Figure 1).

TBP was diagnosed based on any of the criteria as follows
(16–18): (i) Pleural biopsy showed granulomatous inflammation
with or without staining of mycobacteria; (ii) Mycobacterium
Tuberculosis (Mtb) was positive in pleural by using acid-
fast bacilli staining, culture or PCR. Diagnostic criteria for
non-tuberculous pleural effusion included: (i) There was no
microbiological or histological findings of TB; (ii) Tumor cases
were confirmed by pathology or cytology results; (iii) Other
cases were diagnosed based on patient symptoms, signs, etiology,
imaging findings, and clinical efficacy.

In addition, following medical record information was
collected: (i) Basic information of patients, including gender,
age, and basic diseases; (ii) Results of thoracoscopic pleural
histopathology; (iii) Mononuclear cells count in pleural
effusion; (iv) ADA test in Pleural effusion; (v) Mtb culture
results of pleural tissues or pleural effusin. Basic information,
Mononuclear cells count and ADA of patients can be seen in
Supplementary Table 1.

Test Methods
Thoracoscopy examination of all the enrolled subjects was
performed by using Olympus LTF-240 (Olympus Corporation,
Japan) in the bronchoscopy room at Henan Provincial People’s
Hospital. Briefly, the puncture point was determined by chest
imaging or ultrasound findings. Conventional disinfection was
conducted followed by local anesthesia with 10ml 2% lidocaine.
The standard thoracoscopic procedure was then performed.
Finally samples for biopsy at multiple sites in the parietal pleural
lesion was taken for further examination. Pleura specimens were
fixed with 4% formaldehyde, and followed by HE staining and
acid-fast staining. PCR was also applied to detect Mtb by PCR
instrument ABI 7500 (ABI, USA).

Pleural effusion mononuclear cells count, pleural effusion
ADA test, and pleural effusion TB culture test were conducted in
accordance with standard operating procedures strictly. Pleural
effusion ADA was determined using Siemens ADVIA2400
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FIGURE 1 | Flowchart of the study population. A total of 296 patients with undetermined pleural effusion were recruited initially. Two hundred and five patients were

included in the final analysis.

biochemical analyzer (Siemens, Germany). The pleural
effusion mononuclear cells count was measured by Sysmex
xn-9000 automatic blood analyzer (Sysmex Corporation,
Japan). The pleural effusion Mtb culture was performed
using BACTECMGIT 960 rapid culture instrument (BD
Corporation, USA).

Sample volume was calculated according to the formula of the
sample size for diagnostic study n = [Ua2P(1-P)]/δ2 (19). 1.96 is
the Ua value for a 95% confidence level. P represents sensitivity
when used to calculate patients group and specificity when used
to calculate the control group. δ is the allowable error, and usually
is set at 0.05. Previous studies showed that the sensitivity and
specificity of pleural effusion ADA in the diagnosis of tuberculous
pleurisy are 93.6 and 90.9%, respectively (20). Our current study
eventually included 205 patients, including 100 TBP patients.

Blind Method
The pleural effusionmononuclear cells count and pleural effusion
ADA test were operated by laboratory technicians independently.
Pleural pathological results were judged independently by two
pathologists. The third pathologist would be involved when
the opinions were inconsistent. The results of subjects’ pleural

pathology were unknown to laboratory technicians. The pleural
effusion mononuclear cell count and ADA test results were
unknown to pathologists either.

Pleural Effusion Mononuclear Cells Count
and ADA Test Combination
The receiver operating characteristic (ROC) curve of pleural
effusion mononuclear cells count and ADA level for diagnosis
of TBP was plotted. When the index was the maximum, the
corresponding was the optimal critical value. If the count of
pleural effusion mononuclear cells and ADA level were greater
than their respective optimal critical values, the diagnosis result
was determined to be positive. The combination test includes
parallel test and serial test. Parallel test means that two screening
tests performed at the same time and the results are subsequently
combined. In our current study, parallel test refers to pleural
effusion mononuclear cell count and pleural effusion ADA were
test simultaneously. The diagnosis is positive as long as one of the
results is positive. Serial test means that second screening test is
performed only if the result of the first screening test is positive.
In our current study, it refers to the pleural effusionmononuclear
cell count and pleural effusion ADA were tested serially in order
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to conduct diagnosis. The combined diagnosis is positive only
when the results of both tests are positive.

Statistical Analysis
Statistical analysis was performed using SPSS version 22.0 (SPSS
Inc., Chicago, IL, USA). Continuous variables were defined
means ± standard deviation; categorical variables were given
as percentage. The independent sample t test or the Mann-
Whitney U test was used for the continuous variables and the chi-
square test for categorical variables. Diagnostic performance was
evaluated using sensitivity, specificity, positive likelihood ratio
(LR+), negative likelihood ratio (LR-), positive predictive value
(PPV), and negative predictive value (NPV). ROC curves were
plotted to assess the diagnostic performance of pleural effusion
mononuclear cells and ADA followed by areas under the ROC
curve (AUCs) calculation. In addition, optimal cut-off values
were obtained by ROC analysis, and ROC analysis based on the
multivariate logistic regressionmodel was conducted to assess the
diagnostic value of the combined assays. Significance was inferred
for p < 0.05.

RESULTS

Study Patients
A total of 296 patients with undetermined pleural effusion were
enrolled initially. Ninety one patients were excluded for lack
of results either thoracoscopic pleural biopsy, pleural effusion
mononuclear cells count, or ADA. Finally a total of 100 TBP
patients (70 males and 30 females) and 105 non-TBP patients
(75 males and 30 females) were investigated in this study.
Clinical characteristics of 205 patients with pleural effusion can
be seen in Table 1. TBP group consisted of one tuberculous
pyopneumothorax patient, one tuberculous empyema patient
and six TBP patients with pulmonary TB. Details of diseases
classification for 105 non-TBP patients with pleural effusion can
be seen in Table 2.

Diagnostic Value of Pleural Effusion
Mononuclear Cells Count
When the largest index of the pleural effusion mononuclear
cells count for TBP diagnosis was 0.33, the best cut-off
of TBP was 969.6 × 106/L. The sensitivity, specificity,
positive predictive value, negative predictive value,
accuracy, positive likelihood ratio, negative likelihood
ratio, and were 76, 57, 63, 71, 66%, 1.77, and 0.42,
respectively (Table 3).

Diagnostic Value of ADA
When the largest index of the ADA for TBP diagnosis was 0.59,
the best cut-off of ADA was 27 U/L. The sensitivity, specificity,
positive predictive value, negative predictive value, accuracy,
positive likelihood ratio and negative likelihood ratio were 81, 78,
78, 81, 80%, 3.70, and 0.24, respectively (Table 3).

TABLE 1 | Clinical characteristics of 205 patients with pleural effusion.

Characteristics TBP group Non-TBP group p-value

(n = 100) (n = 105)

Age, y (mean ± SD) 45.9 ± 18.6 61.0 ± 14.3 <0.001

Gender (n, %)

Male 70 (70) 75 (71.4) 0.822

Female 30 (30) 30 (28.6)

Underlying condition or illness

(n, %)

Alcoholism 26 (26) 34 (32.4) 0.316

Tobacco 37 (37) 53 (50.1) 0.052

Diabetes 8 (8) 19 (18.1) 0.033

Hypertension 22 (22) 24 (22.9) 0.883

Arrhythmia 1 (1) 8 (7.6) 0.049

Coronary heart disease 2 (2) 10 (9.5) 0.022

Chronic gastritis 0 (0) 8 (7.6) 0.014

Brain infarction 5 (5) 10 (9.5) 0.214

COPD 0 (0) 2 (1.9) 0.498

Bronchial asthma 1 (1) 2 (1.9) 1.000

Rheumatologic disease 1 (1) 5 (4.8) 0.237

Hyperthyroidism 1 (1) 1 (1) 1.000

Solid tumor 3 (3) 1 (1) 0.579

Chronic viral hepatitis B 2 (2) 4 (3.8) 0.723

Previous TB infection history 0 (0) 4 (3.8) 0.143

Prior TB treatment 11 (11) 12 (11.4) 0.923

Prior glucocorticoid use 2 (2) 0 (0) 0.237

TBP, tuberculous pleurisy; Non-TBP, non-tuberculous pleurisy.

Diagnostic Value of the Combination of
Pleural Effusion Mononuclear Cells Count
and ADA
The sensitivity, specificity, positive predictive value, negative
predictive value, accuracy, positive likelihood ratio, and negative
likelihood ratio of the serial test were 65, 90, 87, 73, 78%, 6.83,
0.39, respectively; Above evaluation indexes of parallel test were
92, 45, 61, 85, 68%, 1.67, 0.18, respectively (Table 3).

The specificity of serial test that pleural effusion mononuclear
cells count combined with ADA (90%) for TBP diagnosis was
significantly higher than that of pleural effusion mononuclear
cells count alone (57%) (X² = 12.27, p = 0.000), the sensitivity
(65%) was lesser than that of pleural effusion mononuclear cells
count (76%) (X² = 58.65, p = 0.000); The sensitivity of parallel
test that pleural effusion mononuclear cells count combined with
ADA (92%) for the diagnosis of TBP was significantly higher than
that of pleural effusion mononuclear cells count (76%) (X² =
23.19, p = 0.000), the specificity (45%) was lower than that of
pleural effusion mononuclear cells count (57%) (X²= 63.82, p=
0.000) (Table 3).

The area under the ROC of pleural effusion mononuclear
cells count and pleural effusion mononuclear cells count
combined with ADA for TBP was 0.66 (95% CI, 0.59–0.72), 0.83
(95% CI, 0.78–0.89), respectively. It was statistically significant
difference in area under ROC curve between the pleural effusion
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TABLE 2 | Non-tuberculous pleurisy patients with pleural effusion diseases

classification.

Classification of diseases Number Proportion (%)

Empyema 11 10.48

Pneumonia effusion 23 21.90

Pulmonary embolism 1 0.95

Pulmonary contusion 1 0.95

Thoracic cyst 1 0.95

Sepsis 1 0.95

Liver cirrhosis 1 0.95

Microscopic polyangiitis 1 0.95

Nephrotic syndrome 1 0.95

Acute glomerulonephritis 1 0.95

Constrictive pericarditis 2 1.90

Heart failure 4 3.81

Hypoalbuminemia 1 0.95

Malignant pleural effusion 56 53.33

TABLE 3 | Diagnostic performance of pleural effusion mononuclear cells count,

ADA and combination diagnostic test (n = 205).

Sensitivity

(%)

Specificity

(%)

PPV NPV LR+ LR– Accuracy

(%)

Mononuclear

cells count

76* 57# 0.63 0.71 1.77 0.42 66

ADA (>27

U/L)

81 78 0.78 0.81 3.70 0.24 80

Serial test 65 90# 0.87 0.73 6.83 0.39 78

Parallel test 92* 45 0.61 0.85 1.67 0.18 68

PPV, positive predictive value; NPV, negative predictive value; LR+, likelihood ratio for

positive test; LR-, likelihood ratio for negative value; #X² = 12.27, p = 0.000, comparison

of the specificity among pleural effusion mononuclear cells and Serial test; *X² = 23.19,

p = 0.000, comparison of the sensitivity among pleural effusion mononuclear cells and

Parallel test.

mononuclear cells count and the combination test for TBP
diagnosis (Z= 3.46, p < 0.001) (Figure 2).

DISCUSSION

Cellular immunity is the most important immune protection
mechanism for Mycobacteria infection. Macrophages in the
alveoli secrete a large number of interleukin-1 (IL-1), interleukin-
6 (IL-6), tumor necrosis factor-α (TNF-α), and other cytokines,
so that lymphocytes and monocytes are accumulated in
mycobacterial invasion sites and followed by granulomas
formation. TBP could infect the pleura through various routes,
causing exudation, hyperplasia, and necrotic inflammation which
mainly consisted of lymphocyte and monocyte infiltration.
Unlike TB, patients with tuberculous pleural effusion usually have
an acute febrile illness with nonproductive cough and pleuritic
chest pain, night sweats, chills, weakness, dyspnea, and weight
loss can also occur (4, 21). If it is not diagnosed and treated in
time, TBP often leads to serious complications such as pleural
thickening, calcification, empyema, bronchopleural fistula, etc.

FIGURE 2 | Receiver operating characteristic curve in pleural effusion

mononuclear cells and pleural effusion mononuclear cells count combination

with ADA for TBP diagnosis. The area under the ROC of pleural effusion

mononuclear cells and combined test was 0.66 (95% CI, 0.59–0.72), 0.83

(95% CI, 0.78–0.89) (Z = 3.46, p < 0.05).

(22, 23). However, due to the lack of specificity of the clinical
features of this disease, it is difficult to distinguish TBP from
malignant pleural effusion and pneumonia-like pleural effusion,
making the diagnosis difficult.

Transthoracic pleural biopsy is commonly used in recent
years. Pleural pathology showing granulomatous inflammation
with acid-fast staining or positive culture of Mtb is the gold
standard for the diagnosis of TBP (16–18). However, the
thoracoscopic pleural biopsy is invasive and expensive operation
with certain surgical trauma and postoperative complications.
Some elderly patients cannot tolerate the procedure. In addition,
a large number of patients in China with TBP are admitted to
primary or secondary hospitals lack of thoracoscopy equipment,
which made TBP difficult to be diagnosed in a timely manner for
the patients in those hospitals. More accurate, simple, and less
invasive diagnostic methods are urgently needed. TBP patients
often have pleural effusion during the active phase. Therefore, the
diagnosis of TBP through thoracentesis with the assistance of cell
types measurement, various enzymes and inflammatory factors
in pleural effusion has become a hot topic of research.

Lymphocytes and monocytes in pleural effusion increase
significantly after Mtb infection (13, 14). The proportion of
lymphocytes and the ratio of monocytes have certain diagnostic
value for the diagnosis of tuberculous pleurisy. The literature
reported that when the pleural effusion lymphocyte is >64%,
the sensitivity and specificity of diagnosis of TBP could reach to
89.1 and 76.4% (24). Another report revealed that the sensitivity
and specificity of the proportion of lymphocytes (LP ≥ 50%) in
pleural effusion combined with ADA greater or equal to 40 U/L
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for TBP were 86.3 and 98.3%, respectively (13). In addition, the
literature reported the proportion of pleural fluidmonocytes cells
(%) was 84.5 combined with the pleural effusion ADA value was
28.7 U/L (14), the sensitivity and specificity for TBPwere 57.5 and
98%, respectively. The above results suggest that the proportion
of lymphocytes and the proportion of monocytes are helpful in
the diagnosis of TBP. However, lymphocytes and monocytes in
clinical pleural effusions are usually not separately measured.
The automatic blood analyzer is widely used to detect the count
of mononuclear cells (the main components are lymphocytes,
monocytes and a small number of mononuclear cells from other
sources), which is simple, rapid and accurate (25, 26). Therefore
it has been used as a routine examination item in clinical
laboratories. We hypothesized that pleural effusion mononuclear
cells count might contribute to the TBP diagnosis. Our study
showed that the best cut-off of pleural effusion mononuclear cells
count was 969.6 × 106/L. Meanwhile, the sensitivity, specificity,
accuracy, area under the ROC of pleural effusion mononuclear
cells count for TBP were 76, 57, 66%, 0.66 (95%CI, 0.59–0.72),
respectively. Our results suggested the value of pleural effusion
mononuclear cells count in the diagnosis of TBP for the first
time. To the best of our knowledge, similar studies have not
been published.

The pleural effusion ADA is of great value in the diagnosis of
TBP (11). In this study, the sensitivity, specificity and accuracy
for diagnosis of TBP were 81, 78, and 80%, respectively. The best
cut-off value of ADA for TBP was 27 U/L, which is similar to 26.5
U/L (27). Garcia-Zamalloa’s study suggested the best cut-off value
of ADA for the diagnosis of TBP was 40 U/L (13). The reasons
of the difference are not clear yet. Study population, different
prevalence rates of TBP, as well as sample sizes might contribute
to the difference, further investigation is needed in the future.

This study further explored combination of pleural effusion
mononuclear cells count and ADA test in order to improve
the accuracy of TBP diagnosis. When combination was used,
the area under ROC curve of combination was 0.83 (95% CI,
0.78–0.89), which was significantly higher than that of 0.66
(95% CI, 0.59–0.72) when pleural effusion mononuclear cells
count was used only (p < 0.05). The difference suggested that
combination of pleural effusion mononuclear cells count and
ADA test were better than pleural effusion mononuclear cells
count was used alone for TBP diagnosis. Our studies also
showed that the sensitivity and specificity of combination test
was significantly higher than that of sensitivity and specificity
when pleural effusion mononuclear cells count was used only for
TBP diagnosis (p < 0.05). Parallel test has higher sensitivity but
lower specificity; as comparison, serial test improves specificity
at the cost of lower sensitivity, which was consistent with our
results. The likelihood ratio increased from 1.77 to 6.83 when
the serial test was used to analyze the results, which indicated
that compared with single nuclear cells count, serial test can
significantly improve diagnostic value of TBP. Meanwhile, the
negative likelihood ratio decreased from 0.42 to 0.18 when the
parallel test was used to analyze the results, which indicated that
parallel test is more appropriate used to exclude the diagnosis of
TBP. The thoracic pleural thickening, adhesion, and even pleural
calcification of the affected side lead to thoracic collapse could

happen, causing irreversible restrictive ventilation dysfunction
if TBP is misdiagnosed. Therefore, it is more important to
reduce the rate of misdiagnosis and improve the sensitivity of
the diagnostic test. As a result, we recommended parallel test for
pleural effusion mononuclear cell count combined with ADA.

In this study, the two study groups were different in age
and chronic diseases, such as diabetes, arrhythmia, coronary
heart disease, chronic gastritis. One study indicated that pleural
tuberculosis was most commonly seen in adolescents and young
adults (28), which was similar with this study. Another study
found out that, compared with tuberculosis patients who had
diabetes, the incidence of pleurisy is reduced in the tuberculosis
patients who do not have diabetes (29). That study suggested
that diabetes has a certain impact on the occurrence of TBP.
No other chronic diseases (arrhythmia, coronary heart disease,
chronic gastritis) have been found to affect TBP. Our findings
suggested that future research needs to further study the effects
of the above chronic diseases on TBP.

Finally, it is worthwhile to note that the quality of the
study might be not as good as the cross-sectional study in the
same period due to the characteristic of retrospective study. In
addition, the patients in this study were enrolled in grade III
hospital in China with relatively severe symptoms. Therefore, the
selective bias in the population might occur. Simultaneous cross-
sectional studies can be used in the future to further investigate
the value of combination test of pleural effusion mononuclear
cells count and ADA for the diagnosis of TBP.

In summary, pleural effusion mononuclear cells count is
helpful in the diagnosis of TBP in our study. Diagnostic
accuracy of TBP was improved when combined with ADA test.
Our findings provide a new diagnostic method which is more
accurate, simple, and less invasive.
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Center, Shanghai Emerging and Re-emerging Institute, Shanghai, China, 4Department of Life Science, Bengbu Medical
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The perturbed genes from transcriptomes are often presented in terms of relative

expressions against control samples. However, the probe signal values (PSVs) of

genes, implying protein abundances, are often ignored. Here, we explored the PSVs

in tuberculosis (TB)-relevant signature genes. The signatures from Mycobacterium

tuberculosis-infected THP-1 cells were defined as induced (TMtb-i, with a derived

TMtb-iNet) and repressed (TMtb-r). The signature from human blood was defined as

a pulmonary TB (PTB)-specific signature (PTBsig). The analysis showed that before

infection, TMtb-i and TMtb-iNet had lower PSVs and TMtb-r genes had average

PSVs. In the blood of healthy donors, PTBsig (divided into up-regulated PTBsigUp and

down-regulated PTBsigDn) displayed average PSVs. This was partly due to masking by

the cellular heterogeneity of blood; diverse PSVs were seen in constituent cell populations

(CD4/8+ T, monocytes and neutrophils). Specifically, the PSVs of PTBsigUp in the

neutrophils of healthy donors were higher (implying higher protein abundances), and

much higher in the neutrophils of PTB (implying excessive protein abundances). Based on

the PSV patterns of PTBsigUp in four cell populations, we identified three representative

highly homologous genes (FCGR1A, FCGR1B, and the pseudogene FCGR1CP, which

were often poorly distinguished), of which the summed PSVs were the highest in the

neutrophils of PTB patients and healthy donors. The three genes were all up-regulated

and responsive to chemotherapy in the blood of PTB, as validated in an RNA-seq-based

analysis. This PSV-based study confirms the excessive involvement of neutrophil FCGR1

in PTB.

Keywords: Mycobacterium tuberculosis, whole blood, neutrophils, gene signature, probe signal value, Fc

fragment of IgG receptor I

INTRODUCTION

Transcriptome profiling of tuberculosis (TB)-relevant samples, whether from humans (1–3), model
animals (4, 5), or immortalized cell lines (6), have been widely utilized to deepen our understanding
of TB in many respects, e.g., pathogenesis, diagnosis, and prognosis. The biological samples used
for transcriptome profiling have a wide range of purity, ranging from in vitro homogeneous cell
lines to highly heterogeneous in vivo/ex vivo samples. Clearly, the readout from the latter is the
sum from the various included kinds of cells, which contribute differently.
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Irrespective of whether a hybridization-based platform or
a sequencing-based platform (7, 8) has been used, the typical
premier readout/illustration of transcriptome data has been the
relative gene expression between groups of relevant samples
and pre-defined groups of control samples (9, 10). However, in
contrast to the relative expression, the actual probe signal values
(PSVs) of perturbed signature genes have generally been ignored,
even though the PSVs of the perturbed signature genes have
been reliably detected (technically unreliable/undetected ones
have been filtered out prior to bioinformatics analysis). In this
study, the term “probes” mean the fluorescently labeled nucleic
acids/genes comprising an RNA sample that would hybridize
to the corresponding gene-specific DNA fragment of a gene
array in a dose-dependent manner. The term PSV means the
normalized and then log2-transformed probe signal strength of
any gene in a gene array/sample. We hypothesized that analysis
of the PSVs underlying published gene signatures might reveal
additional biologically relevant information, since PSVs are taken
to broadly reflect the abundance of mRNA, which in turn is a
critical determinant of cognate protein abundance. Accordingly,
we explored and compared the PSVs of signature genes identified
from a homogeneous cell line as a model and then from
heterogeneous in vivowhole blood. The signatures from theMtb-
infected THP-1 cell line were previously identified by us as the
induced signature (TMtb-i, from genes that were induced/up-
regulated after Mtb infection) and its derived network-based
signature (TMtb-iNet) and a repressed gene signature (TMtb-
r) from genes that were repressed/down-regulated after Mtb
infection (6, 11). The signature from whole blood was the
pulmonary TB (PTB)-specific signature PTBsig identified, by
Berry et al. (10), through comparing the transcriptome data of
whole blood in PTB patients to those in latent TB-infected (LTBI)

FIGURE 1 | Box plots of the PSVs from THP-1 cells responding to Mtb infection. PSVs refer to the normalized and log2-transformed probe signals. Whole genome:

the entire set of technically reliable/detected PSVs in the gene array. TMtb-i: the induced genes of THP-1 responding to Mtb infection (6). TMtb-iNet: a network-based

signature derived from TMtb-i based on STRING protein–protein interaction information (11). TMtb-r: the repressed genes of THP-1 responding to Mtb infection (6). In

the box plots, the top and bottom of the box represent the first and third quartile, respectively, and the dividing line represents the median; the lowest horizontal bar

represents the smallest datum; the highest horizontal bar represents 1.5 times the third quartile. Each data value larger than 1.5 times the third quartile is shown as a

dot above the highest bar. The false discovery rate (FDR) of differences between signature PSVs and whole genome PSVs is shown above the 0 h data panel;

FDR ≤ 0.05 was regarded as indicating a statistically significant difference.

donors and healthy control (HC) donors. It was divided into
the up-regulated and down-regulated sub-signatures, termed
PTBsigUp and PTBsigDn, respectively (10, 12).

The cell line-derived signatures TMtb-i and TMtb-iNet
are interferon-related signatures and TMtb-r is a functionally
undefined signature (6, 12). The whole blood signature PTBsig is
similarly an interferon-inducible blood signature and is present
in neutrophils rather than in CD4+ T cells, CD8+ T cells, or
monocytes (10). In essence, the numerical predominance and
larger gene expression in neutrophils inevitably account for the
PTBsig in whole blood (12). However, neutrophils appear to
mainly contribute to pathology rather than protection against the
bacteria in TB. Furthermore, the determinants of the underlying
balance of innate and acquired immunity are not currently
resolved and are likely to be complex (13–15). This investigation
of PSVs indicates that a high degree of expression of Fc receptor
for IgG (i.e., Fc fragments of IgG receptor; FCGR1A, FCGR1B)
on neutrophils may be a key signature of pulmonary TB.

RESULTS

TMtb-i and TMtb-iNet Genes Are at Lower
PSVs (Implying Lower/Negligible Protein
Abundances) in Homogeneous THP-1 Cells
Prior to Mtb Infection, Whereas TMtb-r
Genes Are at Average PSVs
Figure 1 (also see Figure S1) shows that in uninfected THP-
1 cells (i.e., at 0 h), TMtb-i and TMtb-iNet genes displayed
significantly lower PSVs than the whole genome genes (false
discovery rate, FDR = 0 in each case). The PSVs of the
TMtb-r genes at 0 h were not significantly different from the
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whole genome genes (FDR = 1). Similar phenomena were
also observed in another dataset, in which THP-1 cells were
infected for 72 h (Figure S2). In summary, TMtb-i and TMtb-
iNet genes, as a whole, displayed lower than average PSVs
(implying lower/negligible protein abundances) in homogeneous
THP-1 cells prior to Mtb infection, whereas the TMtb-r genes,
as a whole, displayed average PSVs (implying average protein
abundances) in the THP-1 cells prior toMtb infection.

PTBsigUp and PTBsigDn Genes Display
Average PSVs (Implying Average Protein
Abundances) in the Highly Heterogeneous
Whole Blood of HC Donors
After exploring the PSVs of signature genes of TMtb-i, TMtb-
iNet, and TMtb-r identified in homogeneous THP-1 cells,
we then explored the PSVs of signature genes of PTBsig
identified in highly heterogeneous whole blood. This analysis
would clarify if signature genes, being divided into up-regulated
sub-signature (PTBsigUp) and down-regulated sub-signature
(PTBsigDn) genes, displayed similar patterns of PSVs in the
heterogeneous whole blood of HC donors as compared to the
PSVs of TMtb-i, TMtb-iNet, and TMtb-r genes in homogeneous
THP-1 cells.

Figure 2 (also see Figure S3) shows that in whole blood of
HC donors, the PSVs of the PTBsigUp and PTBsigDn genes
were not significantly different from the PSVs of the filtered
whole genome genes (FDR= 1). This finding was cross-validated
in an independent dataset (Figure S4). Thus, in contrast to the
findings from uninfected THP-1 cells (Figure 1), PTBsigUp and
PTBsigDn genes, as a whole, displayed average PSVs (implying
average protein abundances) in the whole blood of HC donors.
However, whole blood is highly heterogeneous in nucleated cell
content with various types of white cells in differing proportions.
Accordingly, analysis of PSVs in each of the four main white cell
populations separately might reveal differences that were masked
in the whole-blood data.

FIGURE 2 | Box plots of the PSVs of PTB-specific signature genes in human

whole blood. HC, healthy control donors; LTBI, latent TB infection donors;

PTB, pulmonary tuberculosis patients. Whole genome: the entire set of

technically reliable/detected PSVs in gene arrays of whole blood. PTBsigUp:

the up-regulated genes in the PTB-specific signature PTBsig. PTBsigDn: the

down-regulated genes in PTBsig (10). PSV, FDR, and the data plot method are

as described in Figure 1.

Separation of HC Blood Into Cell Types
Reveals Differences in PTBsigUp and
PTBsigDn PSVs Compared to Background
Whole Genome PSVs
As shown in Figure 3, in comparison to HC donors, the PSVs
of PTBsigUp genes in the CD4+ T cells and CD8+ T cells were
significantly lower (FDR = 0), whereas the PSVs of PTBsigDn
genes in the CD4+ T cells were significantly higher (FDR =

0.020) than the PSVs of the HC filtered whole genome genes.
The PSVs of PTBsigDn genes in the CD8+ T cells were not
significantly different from the HC whole genome PSVs (FDR =

0.291). In the monocytes, the PSVs of PTBsigUp genes were not
significantly different from the PSVs of HC filtered whole genome
genes whereas the PSVs of PTBsigDn genes were significantly
lower (FDRs = 1 and = 0, respectively). In the neutrophils,
the PSVs of PTBsigUp genes were statistically higher than the
PSVs of the corresponding HC filtered whole genome genes
whereas the PSVs of PTBsigDn genes were statistically lower
(both FDRs = 0). The data are available for visual comparison
in Figure S5. In summary, some huge and highly significant
differences from HC were seen in the PSVs (implying huge
differences in protein abundances) of PTBsigUp and PTBsigDn
genes within the four different cell populations, differences that
were masked in the average PSVs in the whole blood. Notably,
neutrophils displayed the highest PTBsigUp PSVs (implying the
highest protein abundances) compared to the abundances in the
other three kinds of cells.

The PSV Patterns of FCGR1 in the Four
Cell Populations Are Typical of the PSV
Patterns of PTBsigUp Genes in the Four
Cell Populations
The up-regulated sub-signature PTBsigUp genes displayed low
PSVs in the CD4+ and CD8+ T cells of HC donors, and
displayed average and higher PSVs in the monocytes and
neutrophils of HC donors, respectively (Figure 3). In the light of
this, we aimed to identify from the four cell populations those
genes that could be typical representatives of the PSV pattern
of PTBsigUp.

We used a combination of three selection criteria: median
PSVs in the neutrophils of HC donors (HC_neut) being ≥ 7;
log2 (fold change) between PTB_neut and HC_neut being ≥ 3;
median PSVs of HC_CD4 and HC_CD8 being ≤ 5. By these
criteria, we retrieved only two genes, i.e., FCGR1A and FCGR1B,
represented by the two gene-specific DNA fragments of the gene
array (i.e., ILMN_2176063 and ILMN_2261600, respectively).
Since FCGR1A, FCGR1B, and a pseudogene (FCGR1CP) are
highly homologous (Figure S6), we then aligned the sequences
of the two gene-specific DNA fragments of the gene array against
all human transcripts through the nucleotide BLAST (blastn)
of NCBI. The result showed that the two gene-specific DNA
fragments of the gene array were both highly homologous to
FCGR1A, FCGR1B, and the pseudogene FCGR1CP (Tables 1,
2), which indicated that each of the two gene-specific DNA
fragments of the gene array actually detected the summed
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FIGURE 3 | Box plots of the PSVs of PTB-specific signature genes in

separated cell populations of human whole blood. HC, healthy control donors;

PTB, pulmonary tuberculosis patients. Whole genome, PTBsigUp, and

PTBsigDn are as described in Figure 2. PSV, FDR, and the data plot method

are as described in Figure 1.

TABLE 1 | The sequence alignment of ILMN_2176063 against human transcripts

using nucleotide BLAST (blastn) of NCBI.

Description Identity

(%)

Accession

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ia (FCGR1A), transcript

variant X2, mRNA

100.00 XM_005244958.4

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ia (FCGR1A), transcript

variant X1, mRNA

100.00 XM_005244957.3

Homo sapiens Fc fragment of IgG

receptor Ic, pseudogene (FCGR1CP),

non-coding RNA

100.00 NR_027484.2

Homo sapiens Fc fragment of IgG

receptor Ia (FCGR1A), mRNA

100.00 NM_000566.3

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ib (FCGR1B), transcript

variant X3, misc_RNA

98.00 XR_001737041.1

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ib (FCGR1B), transcript

variant X2, misc_RNA

98.00 XR_001737040.1

Homo sapiens Fc fragment of IgG

receptor Ib (FCGR1B), transcript variant 4,

non-coding RNA

98.00 NR_045213.1

Homo sapiens Fc fragment of IgG receptor

Ib (FCGR1B), transcript variant 3, mRNA

98.00 NM_001244910.1

expressions of FCGR1A, FCGR1B, and FCGR1CP (the three
genes together are hereafter termed FCGR1). Hence, the two
gene-specific DNA fragments of the gene array revealed that
FCGR1 displayed higher PSVs in the whole blood of PTB patients
compared to its expression in the whole blood of HC and LTBI
donors, and this was markedly reduced during chemotherapy
(Figure S7). FCGR1 displayed low PSVs in the CD4+ and CD8+
T cells from both HC and PTB donors (Figure 4). In contrast,
it had higher PSVs in the monocytes and neutrophils of HC
donors and was present at much higher levels in the monocytes
and neutrophils of PTB patients, especially in neutrophils (i.e.,
5.1- and 13.4-fold higher, respectively, for ILMN_2176063; 4.8-
and 9.0-fold, respectively, for ILMN_2261600; Figure 4). By
implication, there may have been higher expression of the
actual receptor on neutrophils than even on monocytes of PTB
patients (i.e., 3.29-fold higher for ILMN_2176063 and 2.44-
fold for ILMN_2261600). In summary, transcriptome array-
based analysis revealed that FCGR1 can be regarded as a typical
representative of PTBsigUp genes in relation to the PSVs patterns
in the four cell populations (i.e., CD4+ T cells, CD8+ T cells,
monocytes, and neutrophils) and the majority of the receptor
may be on neutrophils.

Confirmation That FCGR1 Genes (i.e.,
FCGR1A, FCGR1B, and the Pseudogene
FCGR1CP) Are All Up-Regulated in the
Whole Blood of TB Patients
Definitive evidence for higher mRNA expression levels of

FCGR1A, FCGR1B, and the pseudogene FCGR1CP in the whole
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blood of PTB patients than in blood of LTBI and HC donors
(Figure S7) was sought by RNA-seq analysis. The promoter
sequences of the three genes (from −2,000 bp upstream to
50 bp downstream of the transcription start sites) are highly
homologous, indicating that the three genes likely undergo
concordant expression in response to a stimulus such as Mtb
infection (Figure S8). RNA-seq might accurately discriminate
differing expression of these highly homologous genes by

TABLE 2 | The sequence alignment of ILMN_2261600 against human transcripts

using nucleotide BLAST (blastn) of NCBI.

Description Identity

(%)

Accession

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ia (FCGR1A), transcript

variant X1, mRNA

100.00 XM_005244957.3

Homo sapiens Fc fragment of IgG

receptor Ic, pseudogene (FCGR1CP),

non-coding RNA

100.00 NR_027484.2

Homo sapiens Fc fragment of IgG

receptor Ib (FCGR1B), transcript variant 4,

non-coding RNA

100.00 NR_045213.1

Homo sapiens Fc fragment of IgG receptor

Ib (FCGR1B), transcript variant 3, mRNA

100.00 NM_001244910.1

Homo sapiens Fc fragment of IgG receptor

Ib (FCGR1B), transcript variant 1, mRNA

100.00 NM_001017986.3

Homo sapiens Fc fragment of IgG

receptor Ia (FCGR1A), mRNA

100.00 NM_000566.3

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ib (FCGR1B), transcript

variant X3, misc_RNA

98.00 XR_001737041.1

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ib (FCGR1B), transcript

variant X2, misc_RNA

98.00 XR_001737040.1

PREDICTED: Homo sapiens Fc fragment

of IgG receptor Ib (FCGR1B), transcript

variant X1, mRNA

98.00 XM_017000661.1

exploiting differences such as single-nucleotide polymorphisms
and/or nucleotide insertion/deletions. For this purpose, we
utilized an RNA-seq-based whole blood transcriptome dataset
from LTBI donors who had eventually displayed clinical PTB
(tagged as progressors) and LTBI donors who did not display
clinical PTB (tagged as LTBI controls) (16). As shown in
Figures 5A–C and Figure S9, compared to LTBI controls, the
expressions of FCGR1A, FCGR1B, and FCGR1CP were all
increasing when progressors were approaching clinical TB and
decreasing when progressors were undergoing chemotherapy. In
comparison to the median expression in LTBI controls, FCGR1A
had the highest and FCGR1CP had the lowest levels (Figure 5D
and Figure S10). In conclusion, all three FCGR1 genes displayed
up-regulation in the whole blood of PTB patients.

DISCUSSION

This investigation appears to confirm our hypothesis: the
customary focus on relative expressions between PSVs in
transcriptome arrays, rather than on the absolute values of the
PSVs, can lead to loss of meaningful information. Although
transcript levels by themselves are not sufficient to predict
protein levels in many scenarios (17, 18), they are generally
accepted to provide a convenient guide to cell phenotype
changes. Accordingly, in interpreting the results, we have
extrapolated from PSVs, through implied mRNA levels, to
potential protein levels.

The concept that analysis of PSVs could be revelatory was
first validated by the re-analysis of the published data from
TB-infected THP-1 cell line. As might be expected, significant
differences in PSVs were only revealed when the up-regulated
and down-regulated signature genes were analyzed separately;
the PSV differences otherwise tended to cancel out. The genes
that were previously shown to be up-regulated in defining
the signature of TB infection (TMtb-i) were here found to be
expressed at below-average levels before infection (Figure 1).
This was consistent with the mRNA from these signature genes

FIGURE 4 | Box plots of the PSVs of FCGR1 in the separated blood cells. FCGR1 was revealed by signals from ILMN_2176063 (A) and ILMN_2261600 (B).

HC_CD4, CD4+ T cells isolated from the whole blood of HC donors; PTB_CD4, CD4+ T cells isolated from the whole blood of PTB patients; other abbreviations are

similarly arranged.
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FIGURE 5 | The relative expressions of FCGR1 in the whole blood of LTBI progressors compared to the whole blood of LTBI controls. (A–C) The relative expressions

of FCGR1A, FCGR1B, and FCGR1CP, respectively. Each data point represents the PSV from a single individual: LTBI controls were HC and LTBI non-progressors,

plotted in arbitrary sequence from left to right; PSVs from progressors were synchronized to the time of PTB diagnosis, with positive value representing days prior to

PTB diagnosis and negative value denoting days post PTB diagnosis. (D) The PSVs of FCGR1A, FCGR1B, and FCGR1CP relative to the median PSV of FCGR1A in

LTBI controls. The line in each panel represents the moving average trend line with the interval of 15 (i.e., averaging adjacent 15 data points).

being below the levels needed for translation into protein before
infection. For example, CCL1, IL11, CXCL10, CCL8, and CXCL9
are some of these up-regulated signature genes and the cognate
proteins in the supernatant of Phorbol 12-myristate 13-acetate
(PMA)-differentiated THP-1 cells were barely detectable in a
human inflammation antibody array (19). The finding that the
mean PSV of the down-regulated signature genes (TMtb-r) was
substantially below average after infection suggests that some
of these mRNA levels may have dropped below those needed
for translation.

In view of the derivation of the PTBsig from whole human
blood, it was no surprise to see that the mean PSVs of
PTBsigUp and PTBsigDn were significantly different from the
average background in PTB (Figure 2). However, much bigger
differences, including differences in HC donors, were revealed
when data for separate cell types were analyzed (Figure 3).
The concealment in whole blood was largely a consequence of

the masking effect imposed by differences of opposite polarity
in the different cell types. Furthermore, the signatures were
evident in HC donors also, where the pattern was similar but
of smaller magnitude. The biggest differences were evident
in the neutrophils of HC donors, presumably arising through
stimulation by cytokines such as IFN-g and G-CSF since un-
stimulated neutrophils express little if any surface FCGR1 (20–
22). We interpret the presence of the signature in the PSV data
from HC subjects as evidence of a background of responses to
other infections. This may perhaps limit the practical utility of
whole signature PSV data in clinical applications.

However, the selection criteria that we applied to find themost
representative PSV signals in the signature led to identification of
FCGR1 as the most robust and analysis of PSVs of the isomers
of this gene in the data from separated cell types revealed very
large and highly significant differences between HC and PTB
datasets (Figure 4). The greatest difference between HC and
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PTB was in the neutrophil data where, for ILMN_2176063,
the PSV of PTB was over 13-fold higher than the PSV of
HC. This may point to a practical utility since, even in whole
blood data, the PSV of FCGR1 increased substantially as the
status of LTBI transitioned into active PTB disease (Figure 5).
It is notable that the up-regulation of FCGR1A and/or FCGR1B
has been repeatedly reported as a component of human TB
signatures (23–26). Furthermore, recently, FCGR1A was found
among blood RNA signatures that prospectively discriminated
controllers from progressors early after low-dose Mtb infection
of cynomolgus macaques (27). However, a caveat is indicated
regarding extrapolation from the mRNA and protein levels of
FCRG1. The reported FCGR1A and/or FCGR1B signals from
high-throughput approaches/platforms reflect a combination
of FCGR1A, FCGR1B, and FCGR1CP together since they are
highly homologous in their promoter regions (Figure S8) and
mRNA sequences (Figure S6). Neither mRNA nor protein
isomers (Figure S11) were distinguished by the gene arrays
or commercial antibodies employed in the various studies. A
possible modulatory effect of pseudogene FCGR1CP on the final
expression of the receptor remains to be explored. Similarly,
because there are three highly homologous genes/pseudogenes
in the human genome (all located in chromosome 1), whereas
there is only one (Fcgr1 annotated as human FCGR1A ortholog)
in mouse genome (located in chromosome 3; Table S1),
the mouse model is not ideal for precise decipherment of
potential functional differences of the three human genes post
Mtb infection.

Dozens of host-response-based gene signatures, which were
identified from human whole blood or peripheral blood
mononuclear cells (PBMCs), have been reported to have
potential for human TB diagnosis (28). Additional analyses,
based on PSVs, could imply/identify the cell types in which
the signature genes were sufficiently changed for alteration
of cell function. This would aid our limited understanding
of TB immunity and immunopathology. It may also guide
the cell type-specific implementation of the gene signatures in
clinical settings. The role of neutrophils in TB is complex and
is likely to vary at different stages of infection and disease
(29). Despite their numerical predominance, the functional
significance of circulating neutrophils with presumptive high
levels of expression of FCGR1 is not known (30). If they reflect
the status of neutrophils within TB lesions, then the abundance
and high affinity of this IgG receptor may have a key involvement
in modulation of innate and acquired immunity in addition to
pathology of PTB (31). The predominant infected phagocytes
in the airways of TB patients are neutrophils (14) and they
are associated with enhanced TB pathology (13). Their FCGR1
receptors may facilitate the phagocytosis that is followed by rapid
intracellular replication ofMtb and cell necrosis (15). In addition,
the cross-linking of the abundant high-affinity receptors by
antigen–antibody complexes may generate a cytokine storm that
also impairs acquired immunity.

In conclusion, PSVs-based analysis implies an excessive
involvement of neutrophil FCGR1 in the impaired balance
between protection and pathology in TB.

METHODS

The Transcriptome Datasets Used in This
Study
A total of six publically available gene expression datasets with
NCBI GEO (32) accession numbers GSE29628 (6), GSE19439
(10), GSE19443 (10), GSE17477 (33), GSE42830 (34), and
GSE79362 (16) were utilized in this study.

GSE29628 contains time-course (i.e., 0, 4, 18, and 48 h)
transcriptome data of human macrophage-like cells (THP-1 cells
treated with PMA) that had then been infected by the Mtb
lab strain H37Rv or with one of 11 different Mtb W-Beijing
strains (6). The array platform of GSE29628 is Affymetrix Human
Genome U133 Plus 2.0. Based on the dataset GSE29628, we
previously reported a highly prominent induced/up-regulated
interferon-related gene signature, termed TMtb-i, in addition
to a repressed/down-regulated, function-undefined, minor gene
signature, termed TMtb-r. Based on STRING protein–protein
interaction information (35), we further refined a network-based
signature TMtb-iNet from TMtb-i (11).

GSE19439 contains transcriptome data of whole blood from

HC donors, LTBI donors, and PTB patients, who were recruited

from London, UK. The array platform of GSE19439 is Illumina
HumanHT-12 V3.0 expression beadchip. It served as the training
set, and is a SubSeries of SuperSeries GSE19491 (10). Only
GSE19439 was utilized in this study because the reported PTB-
specific blood signature (PTBsig) was defined from GSE19439,
and PTBsig could readily distinguish PTB patients from LTBI
and/or HC donors in the other two SubSeries of GSE19491
(which served as test set and validation set).

GSE19443 contains transcriptome data of four cell
populations (i.e., CD4+ T cells, CD8+ T cells, monocytes,
and neutrophils) separated from whole blood of HC donors and
PTB patients who were recruited from London, UK. The array
platform of GSE19443 is the same as that of GSE19439 (i.e.,
Illumina HumanHT-12 V3.0 expression beadchip). GSE19443
served as test set_separated, and is also a SubSeries of SuperSeries
GSE19491 (10).

GSE17477 contains the transcriptome data of THP-1 cells,
THP-1 cells infected with H37Rv (72 h post-infection), THP-
1 cells treated with IFN-γ (2 h), or THP-1 cells infected with
H37Rv (72 h post-infection) and then treated with IFN-γ (2 h)
(33). The array platform of GSE17477 is Affymetrix Human
Genome U133A 2.0, of which the gene-specific DNA fragments
are identically represented on Affymetrix Human Genome U133
Plus 2.0 used in GSE29628.

GSE42830 contains the transcriptome data of whole blood
from HC donors, TB patients, sarcoid patients, pneumonia
patients, or lung cancer patients (34). The platform used for
GSE42830 is Illumina HumanHT-12 V4.0 expression beadchip,
which shares a majority of gene-specific DNA fragments with
the Illumina HumanHT-12 V3.0 expression beadchip used in
GSE19439 and GSE19443.

GSE79362 contains RNA-seq-based transcriptome data of
whole blood from LTBI controls (people who did not display
clinical PTB during the period of investigation after diagnosis)
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and progressors (LTBI donors who displayed clinical PTB
at a later time) (16). See the original research for detailed
information of RNA sequencing and the alignment of sequence
reads against the human genome (16). The gene expression
abundance wasmonitored based on splice junction counts, which
quantify the relative frequency of specific RNA splicing events of
expressed genes.

TB-Relevant Gene Signatures and PSV
Analysis
The PSVs of published gene signatures from THP-1 cells (i.e.,
TMtb-i, TMtb-iNet, TMtb-r) together with the PSVs in control
THP-1 cells prior toMtb infection were compared to the PSVs of
their cognate filtered whole genome genes in the control samples
(6). Likewise, the PSVs of gene signatures PTBsigUp (the up-
regulated sub-signature of PTBsig) and PTBsigDn (the down-
regulated sub-signature of PTBsig) (12) together with their PSVs
in control samples (whole blood of HC donors) were compared to
the PSVs of their cognate filtered whole genome genes in control
samples (10). Since there might be multiple gene-specific DNA
fragments for a single gene in a gene signature, we applied the
PSV analysis on the basis of an individual gene-specific DNA
fragment for each gene. See the original research (6, 10) for
the detailed procedures of normalization of transcriptome data
and the generation of filtered whole genome gene data. In brief,
THP-1-relevant transcriptome data (i.e., dataset GSE29628) were
normalized using Robust Multi-array Averaging (RMA) with
quantile normalization in R (Bioconductor) (36). Then, gene-
specific DNA fragments that had PSVs consistently below the
95th percentile of all the “Absent” call-flagged signals of the entire
dataset were filtered out (6). Illumina BeadStudio software and
GeneSpring GX software were utilized for the normalization of
whole blood-relevant transcriptome data (i.e., GSE19439) and
of the separated cell populations-relevant transcriptome data
(i.e., GSE19443). Any PSV < 10 was set to 10. A gene-specific
DNA fragment was retained when it was called “present” (signal
precision < 0.01) in >10% of all samples in GSE19439 and had
a minimum of 2-fold expression change compared to the median
intensity in >10% of all samples in GSE19439 (10).

The dataset GSE17477 (33) was utilized to cross-validate the
PSVs of TMtb-i, TMtb-iNet, and TMtb-r genes. The dataset
GSE42830 (34) was utilized to cross-validate the PSVs of
PTBsigUp and PTBsigDn genes. There are several datasets
addressing the transcriptome of THP-1 cells infected with
Mtb strains (e.g., GSE51029, GSE52819, GSE57028, GSE7870,
GSE15539, GSE17477, GSE19052, and GSE6209) and different
array platforms were used to generate these datasets. Different
array platforms may use different gene-specific DNA sequences
to quantify a gene, which might generate platform-specific
expression patterns for a gene. To minimize the platform-specific
inconsistent expression patterns, we chose the dataset GSE17477,
since its array platform was Affymetrix Human Genome U133A
2.0, of which the gene-specific DNA fragments are identically
represented on Affymetrix Human Genome U133 Plus 2.0. The
Affymetrix Human Genome U133 Plus 2.0 also contains all the
gene-specific DNA fragments of Affymetrix Human Genome
U133B and many additional gene-specific DNA fragments. The
dataset GSE17477 was normalized and filtered exactly the same

as for GSE29628 (6). For cross-validating the PSVs of TMtb-
i and TMtb-r, we focused on the transcriptome data of THP-1
cells or THP-1 cells infected with H37Rv. The genes of TMtb-i,
TMtb-iNet, or TMtb-r could be matched between GSE29628 and
GSE17477 through their IDs of gene-specific DNA fragments.

There are a few studies/datasets addressing the transcriptome
of PBMCs or whole blood from (pulmonary) TB patients
and/or HC donors (1). Of these datasets, only GSE42830 used
the Illumina HumanHT-12-relevant platform that contains the
transcriptome data of whole blood from both TB patients and
HC donors (34), and therefore could be used to validate the PSVs
of PTBsigUp and PTBsigDn genes. GSE42830 was normalized
and filtered the same way as for GSE19439 (10, 34). For cross-
validating the PSVs of PTBsigUp and PTBsigDn genes, we
focused on the transcriptome data of whole blood from HC
donors and TB patients. The genes of PTBsigUp or PTBsigDn
could be matched between GSE19439 and GSE42830 through
their IDs of gene-specific DNA fragments.

Also, we retrieved the training set from “GSE79362_
primarySampleJunctions.xlsx” and followed the published
normalization procedures to normalize the RNA splicing events
of expressed genes (16). The expression data of FCGR1 genes,
including FCGR1A, FCGR1B, and the pseudogene FCGR1CP,
were extracted from the normalized training set and their
expression in LTBI controls and progressors were analyzed.

Statistical Analysis
This approach was to test if signature genes, as a whole, displayed
lower, higher, or average PSVs, compared to the PSVs of filtered
whole genome genes. The reason for applying PSV analysis is
that PSVs could broadly reflect the abundances of mRNAs, which
in turn are critical determinants of cognate protein abundances.
We believe that the information of protein abundance in cells,
even before a stimulation (e.g., Mtb infection), could imply the
degree of functional involvement of that protein, whereas the
often adopted relative expression strategy, which just reflects
the relative fold change after a stimulation, simply ignores the
information of implied protein abundance.

An FDR was defined for assessing the significance of
differences (p-value) between datasets. FDR was calculated as
follows: 10,000 randomly sampled gene sets from cognate filtered
whole genome genes with the same set size as the gene signature
of interest were generated. Then, the PSVs of each of the 10,000
randomly sampled gene sets were iteratively compared to the
PSVs of signature genes using the Kolmogorov–Smirnov test (KS
test), a process that generated 10,000 p-values. The proportion of
p-values larger than the empirically determined value 0.0001 in
the 10,000 p-values was treated as the FDR. If the FDR was equal
to or <0.05, then the signature genes’ PSVs as a whole were said
to be significantly different from the PSVs of the filtered whole
genome genes.
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Background: The scientific evidence of the health risks associated with the consumption

of raw milk has been known for a long time. However, less clear is the impact of

acquiring infectious diseases from raw milk consumption in the United States (US) due

to incomplete reporting of cases and the complex factors associated with the sale

and consumption of raw milk. Investigations of this current study focused on human

brucellosis, one of the infectious diseases commonly acquired through the consumption

of rawmilk andmilk products, andwhich continues to be a public health threat worldwide.

Methodology: A qualitative systematic review of the sources of opinions that contribute

to the increased trend of raw milk sales and consumption in the US was conducted.

Results: Interestingly, opinions about the sale of rawmilk and/or the benefits arising from

its consumption varied by US region, with the proportion of messages supporting raw

milk consumption being highest in the Northeast compared to other US regions. Several

evidence gaps and factors that possibly contribute to the increased prevalence of raw

milk-acquired brucellosis were identified including inadequate monitoring of the raw milk

sales process and lack of approved diagnostic methods for validating the safety of raw

milk for human consumption.

Conclusions: The unavailability of data specifying brucellosis cases acquired from raw

milk consumption have precluded the direct association between raw milk and increased

brucellosis prevalence in the United States. Nevertheless, the evidence gaps identified

in this study demonstrate the need for intensified surveillance of raw-milk acquired

infectious diseases including human brucellosis; establishment of safety and quality

control measures for the process of selling raw milk; and design of an effective strategy

for the prevention of raw milk-acquired infectious diseases including brucellosis. Overall,

for the first time, this study has not only shown the gaps in evidence that require future

investigations, but also, variations in the perception of raw milk consumption that may

impact disease acquisition in different US regions.

Keywords: brucellosis, evidence, gaps, raw milk, systematic review
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INTRODUCTION

Brucellosis, one of the world’s most common bacterial zoonosis,
is an ancient disease that dates as far back as the 1800s (1–
3). The discovery of the disease was by David Bruce, a military
physician stationed in the island of Malta in the 1880s. During
this period, Bruce noted the increased manifestation of a disease
characterized by undulant fever and joint pains that debilitated
many British soldiers. Autopsy of the deceased soldiers led to the
recovery of the causative organism from the spleens, livers, and
kidneys. To confirm that the recovered organism was the cause
of the disease, Sir Bruce reproduced the infection in monkeys
using bacterial cultures from the spleen of infected soldiers. A
common practice at that time in Malta was the consumption
of fresh raw goat milk (4). Raw goat milk was later confirmed
to be the source of the bacteria, and the first consideration of
brucellosis as a zoonosis arose from the isolation of its causative
agent, Brucella melitensis, from goat milk (2, 3, 5). Subsequently,
the prohibition of goat milk and cheese inmilitary establishments
led to a significant reduction of the disease incidence among the
soldiers of Malta (2).

In the United States, brucellosis was reported as early as the
1900s where 29 cases of brucellosis (B. melitensis) were reported
in Houston among Mexican immigrants that had consumed goat

cheese before the onset of their symptoms. Additionally, between
1965 and 1978 in the US, over 3,000 cases of brucellosis were

reported, and 4% of these cases were attributed to raw dairy
products from Mexico, predominantly from the consumption of
fresh cheese from unpasteurized goat milk (2, 6).

Although, brucellosis incidence has been attributed to varying
factors, the consumption of unpasteurized dairy products
accounts for a large number of cases, particularly in endemic

countries such as Asia, Middle East, Africa, Central and South
America (7–9). Further, in non-endemic countries, brucellosis
has also been reported to occur after travel to, and consumption
of raw dairy products in endemic countries (10).

In developed countries, the emerging interests in natural foods
and products have led to the increased preference for raw milk
consumption due to its acclaimed health benefits that are believed
to be destroyed upon pasteurization (11, 12). Pasteurization,
a process which dates back to the 1800s, involves the heating
of raw milk to a defined temperature for a specific period
of time to inactivate live, disease-causing organisms such as
Brucella, Salmonella, Listeria, Campylobacter, E. coli, amongst
others that pose significant health risk to consumers (13, 14).
The process has been invaluable in the improvement of the
safety of milk and other food products for human consumption.
Another added advantage of pasteurization is that it destroys
organisms that cause food spoilage, thereby increasing shelf-life
and enhancing food security in low to middle income countries
(11, 14–16). The presence of harmful pathogens in milk or dairy
products can occur from either a direct passage from the animal,
contamination of the expressed milk by animal excreta, or
unsanitary handling of the milking process (13). For many years,
several outbreaks of diseases resulting from the consumption of
raw dairy products have been reported to the Centers for Disease
Control and Prevention (CDC) (6, 15, 17–19). In recent times, at

least three cases of human brucellosis have been confirmed by the
CDC resulting from an exposure to the live-attenuated vaccine
strain Brucella abortus RB51 following the consumption of raw
milk (18, 19). In the most recent outbreak, it is believed that
hundreds of persons in approximately 19 states may have been
exposed in connection to the consumption of raw milk from a
farm in Pennsylvania (19).

Interestingly, despite the significant public health risk that
raw milk presents to consumers, the sale of raw milk for human
consumption is not prohibited in all states in the US (11, 14, 20).
Currently, 13 states allow raw milk to be sold in retail stores, 17
states allow raw milk to be sold only on farms where the milk
is produced, 8 states allow raw milk to be obtained via the cow-
share program (which involves the leasing of cows to obtain a
percentage of a cow’s milk production), while 21 states prohibit
the sale of raw milk for human consumption (6). Interestingly,
outbreaks of raw milk-related diseases including brucellosis have
been reported mostly in states that legalize the sale of raw milk
(11, 17, 19, 21, 22).

Previous studies have highlighted the varyingmotivations that
drive raw milk consumers including consuming food items in
their pure natural forms, better tastes and flavors, the belief that
pasteurization destroys the natural components of milk, support
of local farmers, and lack of trust of the state government as
regards regulation of safe foods for consumption (16, 21, 23).

To date, scientific validation of the health benefits of
consuming raw milk is very limited, and it has been
extensively demonstrated that the health risks associated with the
consumption of raw milk significantly outweigh the unfounded
proclaimed health benefits (6, 21, 24, 25). Additionally,
information exchanged via social media and networks have been
shown to influence the attitudes and decisions of consumers
(16, 21, 23, 26). Currently, there is a gap in knowledge about
the variables by which consumers evaluate the information
exchanged in their food safety and preference conversations, or
how consumers perceive the varying recommendations regarding
raw milk.

Despite the significant health risks posed by the consumption
of unpasteurized milk and dairy products, there is still an
increased trend in the purchase and consumption of raw milk
(21), which may consequently lead to an increased prevalence
of raw-milk acquired brucellosis as well as other diseases in the
US. In order to design a more effective approach to educate
consumers on the public health risks associated with this practice,
the significance of the sources of information related to the
purchase and consumption of raw milk and milk products
must be critically evaluated to enhance or come up with an
effective strategy in the control and prevention of raw milk-
acquired brucellosis. Therefore, the objectives of this report
are to identify the evidence gaps for future investigations that
will facilitate informed policy decision about the sale and
consumption of raw milk and milk products in the US, and to
systematically review the sources of information that contribute
to the increased trend of raw milk sale and consumption in
the US, and associate the findings with the rising prevalence
of raw milk-acquired brucellosis cases in the country. Results
from this current study will facilitate efforts that are necessary to
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enhance research into the development of innovative approaches
to disseminate information about the dangers of raw milk
consumption; intensify the surveillance of human brucellosis as
a differential diagnosis to enable physicians to better control
the disease; establish a quality control of the sales process; and
highlight the significance of collecting and analyzing data about
nation-wide raw milk sales, which will help to frame food safety
policies for the benefit of the human population.

MATERIALS AND METHODS

Eligibility Criteria
To systematically review public opinions about the consumption
of raw dairy products in the US, potential sources of public
opinion including newspapers, magazines, and newsletters were
searched using the EBSCO information services. The search was
restricted to the US and a span years (2012 to 2017). Information
sources expressing an opinion that was neutral, supportive or
against the consumption of raw milk were included in the study.
Peer-reviewed scientific publications, reports, or conference
proceedings were excluded. The systematic reviewwas conducted
according to the Joanna Briggs Institute Critical Appraisal Tools
for the systematic review of texts and opinions (27).

Search Strategy
Five databases were searched: Alt HealthWatch, Health Source—
consumer editionmagazines, Newspaper Source, Business Source
Complete, and Academic Search. The searches included two
concepts: raw or unpasteurized milk. The search was restricted
to English Language reports and included all the states in the US
and the Virgin Islands.

Screening
Citations were uploaded to Rayyan, an application designed
for sorting citations. The titles were screened, and those that
seemed relevant were added to RefWorks and the full-texts
were reviewed.

Data Extraction
Equivalent information was extracted from all included reports.
This information was comprised of the publication type;
publishing regions [Federal Information Processing System
(FIPS) 2015 codes were used to organize data by state and
region/division]; the date, month, and year of publication;
the category of opinions (supportive, against, or neutral);
accessibility of information by the public (online, print, or both);
and the frequency of publication (daily or monthly).

Theoretical and Analytical Frameworks
In order to identify evidence gaps and future research needs,
theoretical and analytical frameworks were designed and
subsequently used to guide this review. For the current study,
theoretical framework represents an explanation of the factors
related to the likelihood of raw-milk acquired brucellosis while
analytical framework is the visual representation of the complex
factors associated with the increased prevalence of raw milk-
acquired brucellosis in the United States.

Analytic Framework of Direct and Indirect
Measures
Google searches were used to identify direct and indirect
measures of the elements identified in the analytical framework.
Specifically, results were presented in a user-friendly format such
as graphs and maps. Federal Information Processing System
(FIPS) 2015 codes were used to organize data by state and
region/division (28). FIPS grouped states into four regions with
two or more divisions: Northeast (New England Division and
Middle Atlantic Division); Midwest (East North Central Division
and West North Central Division); South (South Atlantic
Division, East South-Central Division, and West South-Central
Division); and West (Mountain Division and Pacific Division).
Maps were created using SPSS version 25.

Public opinions were coded as supportive, neutral, or
against raw milk consumption. Within each state, an
opinion message ratio was created by dividing the number
of supportive/neutral messages within a state, by the total
number of messages. Reported cases of brucellosis in the
US (2012-2017) were obtained from the Centers for Disease
Control and Prevention through the National Notifiable Diseases
Surveillance System (NDSS).

Statistical Analysis
Statistical analyses including univariate and bivariate analyses,
as well as Chi-Square tests were conducted using the STATA
statistical software (STATA, STATACorp LP, College Station,
Texas, USA).

RESULTS

Theoretical Framework
The theoretical framework that was used to guide this review
is illustrated in Figure 1. We proposed that varying factors
contribute to the prevalence of raw milk-acquired brucellosis.
For example, raw milk sales promotion through advertisement
and media advocacy could lead to the increased awareness of
its availability for human consumption, as well as a surge in
purchases, thereby leading to the increased prevalence of raw
milk-acquired diseases such as brucellosis.

Study Characteristics
In this study, a total of 745 information sources were identified
and analyzed for a qualitative systematic review. Figure 2 details
the process of screening and selection of opinionmessages, which
was performed according to the Preferred Reporting Items for
Systematic Review andMeta-Analyses guidelines (PRISMA) (29).

One hundred and thirty-six opinion messages met the
inclusion criteria, and they cut across 33 states including the
District of Columbia. The publishing regions of the journals
were grouped according to the US Census Bureau regional and
divisional coding. The messages were coded (with respect to
opinions about raw milk consumption) as “supportive (43/133),”
“against (86/133),” or “neutral (4/133)” during the 6-year range
2012–2017 (each region or division was represented in the
database with three cases of missing data for “state”). The
majority of messages appeared in dual-format publications (print
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FIGURE 1 | Theoretical framework of the factors related to the likelihood of raw-milk acquired brucellosis. An increase in raw milk sales and promotion through media

advocacy could lead to increased purchase and consumption, ultimately leading to an increase of prevalence of raw milk-acquired brucellosis.

FIGURE 2 | PRISMA flow chart of the systematic review of public opinions

about raw milk consumption in the United States.

FIGURE 3 | Accessibility of the public to the varying information sources that

support or are against the consumption of raw milk.

and online) (Figure 3), however we did not verify that within
each of these dual-format publications any specific message did
in fact appear in both formats. The vast majority (>80%) of
publications had daily (sometimes twice a day) distributions

with the remainder weekly, monthly, or quarterly. Most message
authors contributed a message only once, and most publications
also only contributed once.

Data Analyses
The Federal Information Processing System (FIPS) coding, which
comprises four US Census Bureau Regions was used in this
current study. Each region or division was represented in the
database with two cases of missing data for “state.” The (%)
denotes the percentage representation of the 134 cases with
state/FIPS identification, such that the sum of the division
percentages within a region equal the region percentage (less
rounding differences) (Table 1).

Bivariate Analyses of Groupings
To determine the distribution of opinionmessages by US regions,
bivariate analysis of groupings was used. Opinion messages
that indicated a support for or indifference about raw milk
consumption were categorized as “Supportive” or “Neutral”,
respectively, and those that were against raw milk consumption
were categorized as “Against.” The region with the highest
percentage of “against” messages (of messages within the region)
was the West (91.3%), followed by the Midwest (69.2%), South
(56.0%), and the Northeast (52.2%); chi-square = 11.461, 3 df,
p = 0.009. The West region had the highest milk production
and, among West messages, the highest percentage of “against”
messages, but had the lowest percentage of total messages
observed (Table 2).

Univariate Analyses of Groupings
To determine the proportion of opinion messages that support
or are against raw milk consumption, univariate analysis of
groupings was used. Interestingly, the proportion of messages
against raw milk consumption was higher than the messages that
support it.

However, the proportion of supportive messages appeared to
be higher than those of neutral (Figure 4), indicating the trend
and preference for raw milk consumption. In an attempt to
characterize the regional distribution of the opinion messages,
the messages were grouped based on the FIPS divisional coding
as previously stated. The number of opinion messages that
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TABLE 1 | Regional/divisional analyses.

United States

Regions

Milk production

State FIPS

code

Number

of cases

Percentage

of cases (%)

Rank Percentage

(%)

Northeast 46 34.3 3 14

New England

Division:

16 11.9 8 2

Connecticut 9 1 0.7 34 0.2

Maine 23 12 9 33 0.3

Massachusetts 25 1 0.7 39 0.1

New Hampshire 33 0 - 37 0.1

Rhode Island 44 0 - 49 0.01

Vermont 50 2 1.5 17 1.3

Middle Atlantic

Division:

30 22.4 4 12

New Jersey 34 1 0.7 44 0.1

New York 36 12 9 4 6.8

Pennsylvania 42 17 12.7 5 5.2

Midwest 40 29.9 2 35.2

East North Central

Division:

29 21.6 1 24.3

Indiana 18 1 0.7 14 1.9

Illinois 17 7 5.2 22 0.9

Michigan 26 2 1.5 7 4.9

Ohio 39 1 0.7 11 2.6

Wisconsin 55 18 13.4 2 13.9

West North Central

Division:

11 8.2 5 11

Iowa 19 1 0.7 12 2.3

Kansas 20 0 - 16 1.5

Minnesota 27 6 4.5 8 4.5

Missouri 29 2 1.5 25 0.7

Nebraska 31 0 - 26 0.6

North Dakota 38 1 0.7 35 0.2

South Dakota 46 1 0.7 20 1.1

South 25 18.7 4 10.6

South Atlantic

Division:

17 12.7 7 4.1

Delaware 10 0 - 46 0.1

D.C. 11 1 0.7 - -

Florida 12 0 - 18 1.2

Georgia 13 1 0.7 23 0.9

Maryland 24 2 1.5 29 0.5

North Carolina 37 0 - 28 0.5

South Carolina 45 0 - 38 0.1

Virginia 51 0 - 24 0.9

West Virginia 54 13 9.7 42 0.1

East South-Central

Division:

1 0.7 9 1

Alabama 1 0 - 45 0.1

Kentucky 21 0 - 27 0.5

Mississippi 28 1 0.7 41 0.1

Tennessee 47 0 - 30 0.4

West South-Central

Division:

7 5.2 6 5.4

(Continued)

TABLE 1 | Continued

United States

Regions

Milk production

State FIPS

code

Number

of cases

Percentage

of cases (%)

Rank Percentage

(%)

Arkansas 5 0 - 47 0.04

Louisiana 22 2 1.5 40 0.1

Oklahoma 40 1 0.7 31 0.4

Texas 46 4 3 6 4.9

West 23 17.2 1 40.2

Mountain Division: 10 7.5 3 16.2

Arizona 4 0 - 13 2.3

Colorado 8 1 0.7 15 1.8

Idaho 16 0 - 3 6.8

New Mexico 35 1 0.7 9 3.8

Montana 30 5 3.7 36 0.1

Utah 49 1 0.7 21 1.1

Nevada 32 1 0.7 32 0.3

Wyoming 56 1 0.7 43 0.1

Pacific Division: 13 9.7 2 24

Alaska 2 0 - 50 0

California 6 5 3.7 1 19.6

Hawaii 15 0 - 48 0.02

Oregon 41 4 3 19 1.2

Washington 53 4 3 10 3.2

The table denotes the number or percentage representation of the opinion messages

included in the study [States (FIPS code) by Division (SPSS Code) by Region (SPSS

Code)—not all states were represented in database]. Milk production was also ranked

by states or regional division.

FIPS, Federal Information Processing Standard. The bold values represent the number of

opinion messages per region; percentage of that per region; the rank of each region in

milk production; and percentage of milk production per region.

advocated raw milk consumption were highest in the Northeast
(Figure 5).

Confirmed Brucellosis Cases in the US
Consumption of raw milk can lead to the acquisition of diseases
that significantly impact the health of consumers, including
brucellosis. Unfortunately, data demonstrating the proportion of
rawmilk-acquired brucellosis in the US is unavailable. Therefore,
it was not possible to use this in further data analyses in the
current study. However, for graphical representation, we used
the confirmed cases of human brucellosis provided by the CDC,
which represented the total number of cases irrespective of
the source of acquisition. We found that brucellosis was also
mostly reported in the states that had a high proportion of
opinion messages supporting raw milk consumption (Figure 6).
However, other factors that possibly contribute to the prevalence
of brucellosis in some US states including immigration and close
proximity to brucellosis-endemic countries like Mexico were not
examined in this study.

Analytical Framework
In summary, the current study has identified several evidence
gaps and factors that can possibly contribute to the increased
prevalence of raw milk-acquired infectious diseases such as
brucellosis (Figure 7). One of the primary goals of this study was
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TABLE 2 | CenRegion crosstabulation.

CenRegion Total (%)

Percentage (%) within CenRegion

Northeast

(%)

Midwest

(%)

South

(%)

West

(%)

Opinion Neutral

or Supportive

47.8 30.8 44.0 8.7 35.3

Against 52.2 69.2 56.0 91.3 64.7

Total 100.0 100.0 100.0 100.0 100.0

Value df Asymptotic

significance (2-sided)

Chi-Square Tests

Pearson chi-square 11.461a 3 0.009

Likelihood ratio 13.057 3 0.005

Linear-by-linear association 6.880 1 0.009

N of valid cases 133

a0 cells (0.0%) have expected count <5. The minimum expected count is 8.13.

FIGURE 4 | Sources of information categorized based on varying reactions to

the consumption of raw milk in the United States. The graph represents the

percentage of messages that are against, neutral or in support of the

consumption of raw milk.

to correlate raw milk supportive messages with increased sales
and purchases of raw milk as well as the increased prevalence
of raw milk-acquired brucellosis in US regions. Unfortunately,
the conclusions from this study have been limited by the
inaccessibility of pertinent data such as an estimate of regional
or national raw milk sales, demographics of consumers, and
particularly, cases of human brucellosis resulting from raw milk
consumption. Availability of these data will facilitate efforts to
design an effective strategy for the prevention of raw milk-
acquired brucellosis through the regulation of sales, increased
awareness of disease risks associated with consumption, and the
establishment of safety and quality control measures.

DISCUSSION

The scientific evidence of the health risks associated with the
consumption of raw milk and products has been known for
a long time (30, 31). However, less clear is the impact of

FIGURE 5 | Public opinions categorized based on varying reactions to raw

milk consumption in the United States. Neutral or Supportive: The graph

represents the number of publications that were indifferent about or advocated

the consumption of raw milk. Media from the Northeast had the most

promotion of raw milk consumption.

acquiring infectious diseases including brucellosis from raw
milk consumption in the US due to incomplete reporting of
cases and the complex factors associated with the sale and
consumption of raw milk, including inconsistent policies that
range from total prohibition to legal sales in retail stores. One
of the aims of this current study was to determine if increase
in sales and consumption of raw milk in the US is directly
associated with increased media advocacy and public opinions
about the benefits of consuming rawmilk. Interestingly, we found
that the majority of public opinion published by newspapers
and magazines in the Northeastern, Midwestern, Southern, and
Western regions of the US were against the sale and consumption
of raw milk due to the associated health risks. Hence, the rise
in the trend of raw milk consumption may be a result of other
factors such as the dissemination of misleading information that
are neither evidence nor science-based on other social media
networks like Facebook, Twitter, and other social interactive
platforms. Previous studies have shown that discussions on these
types of social platforms have severe implications in influencing
consumer behaviors (32).

Another important finding in this current study was that
majority of themedia advocacy and public opinion in favor of raw
milk consumption were published in the Northeast compared
to other US regions. Why the Northeast had more favorable
public opinion is not known, but it may be due to a stronger
commitment of individuals in this US region to healthy local
foods as indicated by Lovacore Index which ranks states based on
the support of natural products or food (Figure 6). Additionally,
the favorable rawmilk regulations in the Northeast also facilitates
the ease of access to raw milk via various means including
availability in retail stores and farms where raw milk is produced
(Figure 6). Moreover, media advocacy and public opinion were
also accessible via both printed and online, making it possible to
reach a larger audience. Therefore, efforts should be intensified
for the adoption of media advocacy as well as social networks to
increase awareness and educate the public about the disease risks
associated with raw milk consumption. It is important to bear
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FIGURE 6 | Number of confirmed cases of brucellosis in the US reported to the CDC. Outbreak of raw milk related diseases including brucellosis have been reported

mostly in states that permit the sale of raw milk. Lovacore Index—A measure of the commitment of individuals to local healthy food. Legal status of the sale of raw

milk in the United States.

in mind that the more favorable public opinion in the Northeast
does not directly correlate with increased incidence of brucellosis
when compared to other regions like the southern states. A
possible explanation for this might be the interplay of factors
that contribute to disease incidence and prevalence in different
regions including immigration and interaction with wild animals
that serve as reservoir hosts.

What prompted the investigation of this current study
were the recent increase in the number of confirmed human
brucellosis cases resulting from the consumption of raw milk
and products. Interestingly, human brucellosis is an almost
nonexistent disease in the US, but endemic in countries where
the consumption of raw milk is greatest and unregulated.

Symptoms in infected individuals are non-specific and can
include fever, sweats, arthralgia, myalgia, and in complicated
cases, miscarriage or spontaneous abortion (1, 33–35). In
this study, an attempt to directly correlate confirmed human
brucellosis cases with the consumption of raw milk and products
was impossible, which demonstrates a gap in evidence of
unavailable data reporting human brucellosis acquired from
raw milk consumption. Therefore, we cannot prove that raw
milk consumption contributed to increased prevalence of
brucellosis in the US. It is notable that apart from raw milk
consumption, there are several other factors that increase the risk
of acquisition of human brucellosis including occupations that
allow direct contact with animals (e.g., veterinarians, butchers,
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FIGURE 7 | An analytical framework is proposed for understanding the complex factors associated with the increased prevalence of raw milk-acquired brucellosis in

the United States. The circles represent priority areas and gaps in evidence that require additional research to facilitate the establishment of the safety and quality

control measures for the raw milk sales process, and also design an effective strategy for the prevention of raw milk-acquired brucellosis.

ranchers, animal care givers, etc.), laboratory personnel or
research scientists that have direct exposure to animal samples,
immigration, as well as feral swine hunting that results in species-
specific infections. An important issue for future research is to
unravel how raw milk consumption specifically contributes to
the prevalence of brucellosis in the US. However, in endemic
regions, raw milk consumption accounts for the most common
cause of human brucellosis (36, 37). For this study, the number of
brucellosis cases publicly provided by the CDC did not delineate
the cases based on the source of infection. Therefore, the ease
of access to cases of raw milk-acquired brucellosis is paramount
to further generate effective brucellosis control and prevention
strategies so as to avoid a backward trend of disease outbreaks due
to raw milk consumption that occurred in the 1900s. Moreover,
in order to reduce the incidence of rawmilk-acquired brucellosis,
several measures must be implemented including but not limited
to promoting pasteurization, restricting the sale and access to raw
milk, establishing rigorous quality control of the raw milk sale
process, and the development of diagnostic tests for validating the
safety of rawmilk. This is crucial due to the fact that no diagnostic
tests are available or approved for raw milk and milk products
in the US or globally (US—Food and Drug Administration).
Because of the current difficulty in restricting the sale of and
access to raw milk, a better approach to limiting the associated
disease risks may be an effective regulation of the quality of
raw milk provided for human consumption, which will involve
integrated efforts from veterinary services, regulations from the
Federal Department of Agriculture (FDA), as well as effective
training of physicians, farmers, ranchers, and consumers.

To facilitate informed policy decisions about restricting the
sale and consumption of raw milk and products in the US,
and ultimately reduce the risk of raw milk acquired diseases
including brucellosis, an analytical framework was proposed

(Figure 7). One of the research priority areas identified was the
lack of regional or nation-wide data reporting the sales and
purchases of raw milk in the US. This lack of raw milk sales
data precluded the probable analyses and conclusions that may
demonstrate the direct association of the magnitude of sales and
purchases of raw milk with an increased brucellosis prevalence.
We argue that data reporting the US regional or state-wide raw
milk sales will help to establish the influence of the sales process
on disease prevalence in the country. In addition, information
about the purchases and demographics of raw milk consumers
will help to further understand consumer attitude and behavior
toward the consumption of raw milk, and also help to increase
awareness about the potential risks of raw-milk acquired diseases.
In other words, to formulate policies on the reduction of rawmilk
sales and distribution, the impact of raw milk production, sales
promotion, consumer attitudes, and behavioral patterns must all
be critically evaluated (12).

Additionally, we propose that raw milk sales promotion may
influence consumer behavior and motivation by contributing to
increased awareness of the availability of raw milk for purchases.
Previous studies have shown that the purchase and consumption
of raw milk are not restricted to a particular age group,
income, education level of consumers, or distance to the place
of purchase. In fact, in these studies, there was no association
between these factors and rawmilk consumption (21). Therefore,
sales promotion, possibly through social media networks, likely
presents a huge influence on consumer attitude and motivation
for raw milk consumption.

The findings in this current study have demonstrated that
media advocacy and public opinion possibly contribute to
increased trend of rawmilk consumption in different US regions,
and that several factors might be involved in the prevalence
of raw milk-acquired diseases like brucellosis. Additionally,
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the evidence gaps identified in this study have provided a
strong basis for future investigations and the development of
effective strategies to alleviate the risks associated with raw
milk-acquired infectious diseases including brucellosis. This
will help to prevent outbreaks of human brucellosis in the
US, which can have both direct and indirect implications
including increased healthcare costs and potential threats to
food safety and security due to the loss of livestock production.
Evidence-informed health policies are most effective when
guided by science, consumer preferences, and political reality.
Hence, we strongly recommend an interdisciplinary approach
and effort toward the building of the raw milk consumption
evidence base.
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Infection treatment vaccine (ITV) can lead to sterile protection against malaria

infection in mice and humans. However, parasite breakthrough is frequently observed

post-challenge. The mechanism of rapid decline in protection after the last immunization

is unclear. Herein, C57BL/6 mice were immunized with 103, 105, or 107 ITV thice at

14-day intervals. Mice were challenged with 103 parasites at 1, 3, and 6 months after

last immunization and the protection was checked using blood smear. The phenotypes

of B cells were analyzed by flow cytometry. The levels of serum cytokines were quantified

using cytometric bead array. The 103 ITV vaccination group exhibited 100% protection at

1 month after last immunization, and the 105 group showed sterile protection at 3 months

after last immunization. However, the 107 group showed only partial protection. Further,

the protection declined to 16.7% at 6 months after last immunization in 105 and 107

groups, whereas it maintained for more than 60% in 103 group. The number of memory

B cells (MBC) decreased along with the decline in protection. However, programmed cell

death protein 1 (PD-1) expressed on MBCs did not show significant variation among the

three groups. Interestingly, CD19+CD1dhiCD5hi B cells, defined as B10 cells, exhibited

negative regulation with respect to protection. The numbers of CD19+CD1dhiCD5hi B

cells in the 103 group at 1 months and in the 105 group at 3 months post-immunization

were the lowest compared to those in the other groups. Moreover, the serum levels of

interleukin 10 (IL-10) in these two groups were also significantly lower than those in other

groups. We conclude that higher immunization dose may not lead to better protection

with the malaria vaccine as CD19+CD1dhiCD5hi B cells can downregulate ITV protection

against malaria via IL-10 secretion. These results could facilitate the design of an effective

long-lasting malaria vaccine with the aim of maintaining MBC function.

Keywords: Plasmodium, memory B cells, B10 cells, infection treatment vaccine (ITV), IL-10, malaria vaccine

INTRODUCTION

Malaria is still one of the three most important infectious diseases worldwide, resulting in 228
million clinical cases and 405,000 deaths in 2018, mostly in Africa in children under 5 years of
age (1). The emergence and spread of insecticides and anti-malarial drug resistance (2) have posed
severe challenges in the prevention and control of malaria. An effective and long-lasting malaria
vaccine is urgently needed to eliminate this disease.
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The blood stage of the malarial parasite life cycle is responsible
for all the clinical symptoms of malaria (3). The goal of
blood stage malaria vaccines is to inhibit the proliferation of
intraerythrocytic malaria parasites, so as to control the symptoms
of malaria and prevent the disease. The protection of blood stage
malaria vaccines depends on acquisition of antibodies against
parasite target antigens (4). However, maintaining the antibodies
is still a bottleneck for effective vaccine design. Infrequentmalaria
infections can induce antigen-specific, long-lived antibody, and
antigen-specific memory B cell (MBC) responses in a significant
proportion of malaria-exposed individuals (5). The role of MBCs
in the maintenance of protection conferred by the vaccine
has also been confirmed in a mouse model (6). However, the
protection conferred by blood stage vaccines is not sterile and
quickly wanes if an individual leaves the endemic area (7).
Therefore, inadequate maintenance of the function of long-term,
effective malaria parasite-specific MBCs is an urgent problem
that needs to be solved.

A malaria infection-treatment-vaccine (ITV) as anti-malaria
drug prophylaxis is effective against the blood stage of
Plasmodium (8). Human experiments have confirmed that ITV
can induce sterile protection against homogeneous Plasmodium
falciparum-infected mosquitoes, and this protection can last
for approximately 2 years (9, 10). Related studies have shown
that ITV immunization with an extremely low dose of the
parasite (in cases where no parasitemia has been found in
routine blood smears) can induce stronger protection than drug
control after parasite infection (11). This indicates that low-dose
immunization may confer better protection.

Over the past decade, a number of studies have demonstrated
that regulatory B cells (Bregs) are crucial in the maintenance of
immune tolerance and suppression of inflammation (12). B10
cells, a Breg subset, have been shown to limit immune response
to pathogen infection via the release of interleukin-10 (IL-10)
(13). CD19+CD1dhiCD5hi B cells are defined as B10 cells in mice
(14–16) as well as CD19+CD24hiCD38hi B cells in humans (17).
The number of B10 cells is significantly increased during acute
infections resulting in decrease in inflammation (18). However,
B10 cells are functionally impaired or their abundance is lower
in autoimmune diseases or chronic infections (19–21). Thus, we
speculate that high-dose Plasmodium immunization induces B10
cells to increase in number similar to that in acute infections, and
subsequently accelerates the decline in protection.

In this study, we mainly explored the role of MBCs and
B10 cells in immune dose-mediated long-term protection decline
of malaria blood stage ITV, and clarified the role of PD-1 in
MBC and B10-related cytokines in this process. This study will
thus provide a new research direction to explore the mechanism
of decline in long-term protection of ITV, and provide a
theoretical basis for improving the long-term protection of
malaria vaccine as well as for the design and application of a more
effective vaccine.

METHODS

Mice and Malaria Parasite Strain
Female C57BL/6 mice and BALB/c mice were obtained from
the Hunan Silaike Jingda Laboratory Animal Co. Ltd. All

mice ranged in age from 6 to 8 weeks when the experiments
were initiated. All mice were maintained in the experimental
animal centers of Guilin Medical University. The lethal strain
of Plasmodium yoelii 265 was originally obtained from the
Department of Human Parasitology at Guilin Medical University
and was maintained as cryopreserved stabilates. All animal
studies were reviewed and approved by the Animal Ethics
Committee of the Guilin Medical University Institute of
Medical Research.

Vaccination
First, cryopreserved P. yoelii 265 were thawed and 100µL of
this suspension was inoculated into mice by intraperitoneal
(i.p.) injection. Four days later, the blood of infected mice was
harvested by cardiac puncture and parasitemia was determined.
Then, naïve mice were immunized thrice by intravenous (i.v.)
injection with a 103, 105, or 107 dose of P. yoelii 265-infected
red blood cells (Py-iRBCs) at 2-week intervals. All mice were
then i.p. injected with 100 µL of 8 mg/mL chloroquine (CQ;
Sigma-Aldrich, St. Louis, MO, USA) diluted in saline daily for
14 days, starting on the day of iRBC injection. The absence
of parasites was confirmed by Giemsa-staining of blood smears
from all treated mice since the beginning of CQ treatment.

Challenge
Before challenge, the absence of blood stage parasite infection was
confirmed by Giemsa staining of thin blood smears. Mice were
challenged with 103 Py-iRBCs by intravenous (i.v.) injection at 1,
3, and 6 months (mo) after the last immunization. Blood stage
infection was examined daily from 3 days post-challenge to the
days until parasitemia disappeared or the mice died. Parasitemia
was calculated as the percentage of iRBCs.

Flow Cytometric Analysis
Spleens were collected at 1, 3, and 6 months after the last
immunization, and splenocytes were prepared as described
previously (8). Phenotypic analysis of lymphocytes was
performed by flow cytometry. Cells were stained using
fluorescein isothiocyanate (FITC)-conjugated anti-mouse
CD19, PE-Cy5.5 anti-mouse-CD27, and phycoerythrin (PE)-
conjugated anti-mouse-CD279 [also known as programmed
cell death protein 1 (PD-1)] to detect the PD-1 expression
on MBCs (Figure 2A). B10 cells were stained with FITC-
conjugated anti-mouse CD19, PE-conjugated anti-mouse-CD5,
and allophycocyanin (APC)-conjugated anti-mouse-CD1d. All
antibodies were purchased from BioLegend.

Initially, 106 cells were resuspended in 50 µL fluorescence-
activated cell sorting (FACS) buffer (phosphate-buffered saline
(PBS) supplemented with 2% heat-inactivated fetal bovine serum
(FBS); Gemini Bio-Products). Then, the mixture was incubated
for 10–15min at 4◦C. Next, 50 µL of the 2X antibody cocktail
was added to each tube (for the unstained sample, 50 µL of
FACS buffer was added), vortexed gently or tapped to mix, and
incubated at 4◦C for 20–40min in dark. Next, after washing with
FACS buffer, 200 µL FACS buffer was added to resuspend the
cells. The cells were analyzed using FACSCanto II instrument
(BD Biosciences, San Jose, CA, USA), and the data were analyzed
with FlowJo version 10 software.
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Serum Cytokine Detection
The whole blood of mice was obtained by cardiopuncture
before euthanization, and serumwas harvested by centrifugation.
The levels of the proinflammatory cytokines interleukin 6 (IL-
6), monocyte chemoattractant protein-1 (MCP-1), interferon
γ (IFN-γ), tumor necrosis factor α (TNF-α), IL-12p70, and
the anti-inflammatory cytokine, IL-10, in serum samples
were quantified using the cytometric bead array (CBA)
Mouse Inflammation Kit (BD Biosciences), according to
the manufacturer’s instructions. Briefly, mouse inflammation
standards were prepared with 2mL of assay diluent, and by
doubling the dilution to 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128,
1:256, 1:512, and 1:1,024. Six mouse inflammation capture
beads were mixed thoroughly. Next, 50 µL of mixed capture
beads were incubated with the same volume of each mouse
inflammation standard dilution or each sample. Then, 50 µL
mouse inflammation PE detection reagent was added to all
assay tubes and incubated for 2 h at room temperature, in dark.
After washing with washing buffer, samples were analyzed on a
FACSCanto II instrument (BD Biosciences), and the data were
analyzed with FCAP Array version 3 software (22).

TABLE 1 | Protection against 103 Plasmodium yoelii 265-infected red blood cells

(iRBC) challenge in infection treatment vaccine (ITV)-immunized mice of two

strains—BALB/c and C57BL/6.

Mice Immunogens 1 month 3 months 6 months

BALB/c PBS 0% (0/5) 0% (0/5) 0% (0/5)

105 ITV 100% (5/5) 100% (5/5) 80% (4/5)

C57BL/6 PBS 0% (0/5) 0% (0/5) 0% (0/5)

105 ITV 100% (5/5) 40% (2/5) 20% (1/5)

Statistical Analysis
The data were analyzed using GraphPad Prism version 5
software. Non-parametric tests (Mann-Whitney test) and two-
way analysis of variance (ANOVA) were used to compare groups,
and P < 0.05 were considered statistically significant. Pearson
correlation analysis was performed using SPSS 17.0.

RESULTS

C57BL/6 Mice Showed Quicker Protection
Decline Than BALB/c Mice
First, we investigated the protection against P. yoelii challenge
in different mice strains. C57BL/6 and BALB/c mice were
immunized with 105 P. yoelii ITV and challenged with 103

homogeneous iRBC at 1, 3, and 6 months after the last
immunization. As shown in Table 1, both C57BL/6 and BALB/c
mice showed sterile protection against 103 iRBC challenge at
1 month. However, the protection quickly dropped to 40% in
C57BL/6 mice at 3 months, whereas it was maintained in BALB/c
mice. At 6 months, C57BL/6 mice only showed 20% protection
compared to 80% in BALB/c mice.

Low Immunization Dose Group Gained
Better Protection Than High-Dose Group
To explore the protection resulting from immune doses, we
immunized groups of C57BL/6 mice with 103, 105, and 107 ITV
and challenged them with 103 parasite iRBCs by i.v. injection
at 1, 3, and 6 months after the last immunization (Figure 1A).
Parasitemia was detected by thin blood film smear from 3
days post-challenge until the parasitemia disappeared or the
mice died, and parasitemia was calculated as the percentage of

FIGURE 1 | (A) The procedure for ITV immunization and experiment operation. (B) Naive or immunized mice (n = 5) were challenged intravenously (i.v.) with 103

Plasmodium yoelii 265-infected red blood cells (iRBC) at 6 months. Parasitemia was recorded. The results are representative of two independent experiments. The

Y-axis shows the percentage of erythrocytes infected with parasites, as determined by microscopy of Giemsa-stained thin blood smears, and the X-axis corresponds

to days post-infection (p.i.). The data are presented as mean ± standard deviation (SD).
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iRBCs. The protection rates and peak parasitemia of the three
immunized groups at three different times were compared after a
blood stage challenge, as depicted in Table 2.

Mice in the control group showed detectable blood stage
parasitemia 4 days after challenge and died at 19–21 days
post-challenge. However, in immunized groups, the infection
started from 3 to 7 days post-challenge and lasted with low-dose
parasitemia only for 3–6 days (Figure 1B). The peak parasitemia

TABLE 2 | Protection assay of different immunization dose groups.

Groups % Protection (peak parasitemia*)

1 month (n = 10) 3 months (n = 10) 6 months (n = 6)

Control 0% (>60%) 0% (>60%) 0% (>60%)

103 100% (–) 60% (0.50%) 66.7% (1.00%)

105 60% (0.5%) 100% (–) 16.7% (0.90%)

107 20% (1.86%) 70% (2.50%) 16.7% (2.90%)

*C57BL/6 mice were immunized three times with 103, 105, or 107 ITV at 2-week intervals

and were challenged with 103 parasite iRBCs by i.v. injection at 1, 3, and 6 months

after last immunization. Peak parasitemia represents the highest parasitemia of challenged

mice. Data of two independent experiments combined are exhibited.

gradually increased over time in all three groups. Remarkably, the
107 group revealed the highest peak parasitemia compared to the
other two lower dose groups. In addition, the 103 group gained
sterile protection in the 1-month challenge, andmaintainedmore
than 60% protection for at least 6 months. However, the 105 and
107 immunized groups only exhibited 16.7% protection after 6
months (Table 2).

In other words, malaria blood stage ITV long-term protection
of the 107 group was generally worse than that of the 103 and 105

groups, and the long-term protection of ITV decreased with the
prolongation of immunization time.

CD19+CD27mid Memory B Cells Decreased
With the Prolongation of Immunization
Time
To characterize the protection resulting from immunization
dose, we first observed the number of MBC variations in spleen.
The results showed that the number of CD19+CD27mid MBCs
in the three experimental groups decreased gradually over time
(Figure 2B). The number ofMBCs in all three groups at 6months
was significantly lower than that at 3 months (103: p = 0.0023;
105: p = 0.0007; 107: p = 0.001), but the number of MBCs at 3

FIGURE 2 | The number of memory B cells and PD-1+ memory B cells in the spleens of the ITV-immunized mice. (A) Gating strategy of PD-1+ memory B cells. (B)

The number of memory B cells declined with immunization time in each group. (C) PD-1+ memory B cells exhibited no significant variation at different observation

time points. Two individual experiments were performed and combined. The data are presented as mean ± SD. **p < 0.01 and ***p < 0.005.
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months was not significantly different from that at 1 month (p
> 0.05). Next, we analyzed if PD-1 expressed on MBCs played
a role in the difference in protection. We found no significant
difference in PD-1 expression on CD19+CD27mid MBCs in the
three immunized groups at different times (p > 0.05; Figure 2C).
This result indicated that the number of MBCs decreased with
the prolongation of immunization time.

Low Immunization Dose Group Displayed
Low Number of CD19+CD1dhiCD5hi B Cells
During Sterile Protection Phase Compared
With the High Immunization Dose Group
In order to explore whether the immune dose could affect the
increase in B10 cell abundance, splenocytes were collected and
the number of CD19+CD1dhiCD5hi B cells was counted by flow
cytometry. The results showed that at 1 month, the number of
B10 cells of ITV-immunized mice in 103 and 105 groups was
significantly lower than that in the control group (103: p= 0.0497,

105: p = 0.0232), and that in the 107 group was significantly
higher than that in the 103 (p = 0.0471), and 105 (p = 0.0128)
groups (Figure 3). This was in accordance with the protection
assay at 1 month. At 3 months, the number of B10 cells in 105

group was significantly lower than that in control (p = 0.0275),
103 (p= 0.0075), and 107 groups (p= 0.0071).

The results showed that the immunized group with the best
protective effect expressed the lowest number of B10 cells. This
suggests that the expansion of B10 cells in ITV-immunized mice
may result in reduced long-term protective efficacy of ITV.

The Amount of IL-10 in Mouse Serum Was
Positively Correlated With the Number of
B10 Cells, Whereas the Amounts of IL-6
and IFN-γ Were Negatively Correlated With
the Amount of IL-10
Considering the important role of cytokines in the
immunosuppressive effects of B10 cells (23–25), cytokine

FIGURE 3 | (A) Gating strategy of CD19+CD1dhiCD5hi B cells. (B) Statistical analysis of the total number of CD19+CD1dhiCD5hi B cells in the spleen from

ITV-immunized mice at 1, 3, and 6 months after the last immunization. Data from two independent experiments combined is exhibited. The data are presented as

mean ± SD. *p < 0.05 and **p < 0.01.
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levels in serum were investigated. The concentrations of IL-6,
MCP-1, IFN-γ, TNF-α, IL-12p70, and IL-10 in serum were
measured by CBA. As shown in Figure 4, the level of IL-10 in
the control group was significantly higher than that in the three
immunized groups, especially at 1 month (107: p = 0.0029).
The level of IL-10 in the 105 group was lower than that in the
103 (p = 0.0155) and 107 groups (p = 0.0022) at 3 months.
However, no significant variation was found among the three
experimental groups at 6 months. Therefore, Pearson correlation
analysis showed that the level of IL-10 was proportional to
the number of B10 cells (r = 0.41, p = 0.015). Interestingly,
the amount of IL-6 was inversely proportional to the amount
of IL- 10 (r = −0.626, p < 0.001). At 1 and 3 months, the
amount of IL- 6 in the control group was significantly lower
than that in the three experimental groups. The level of IL-6
in the 103 group was higher than that in the control (p =

0.0053) and 107 (p = 0.0236) groups at 1 month. Meanwhile,
the 105 group exhibited higher IL-6 levels than the 103 (p
= 0.0051) and 107 (p = 0.0052) groups at 3 months. No
significant difference was found at 6 months among all the
four groups.

In addition, the level of IFN-γ was also inversely proportional
to the level of IL-10 (r = −0.638, p < 0.001). The level of
IFN-γ in the control group was significantly lower than that in
103 group (p = 0.011) as well as other immunized groups at
1 month. Although no significant difference was found among
three immunized groups at different time points, 105 group
tended to express higher IFN-γ level than other three groups at 3
months. The levels of TNF-α, MCP-1, and IL-12p70, which could
be negatively regulated by IL-10 (26–28), were not significantly
correlated with the level of IL-10.

Taken together, the amount of IL-10 in mouse serum was
positively correlated with the number of B10 cells, whereas the
amount of IL-6 and IFN-γ was negatively correlated with the
amount of IL-10. Thus, these data suggest that increased level
of IL-10 may lead to decline in protection. The role of IL-6 and
IFN-γ in this process needs to be verified by further experiments.

DISCUSSION

All clinical symptoms of malaria mainly occur due to the blood
phase of the malaria parasite life cycle (3). Therefore, the goal

FIGURE 4 | At 1 and 3 months, the amount of IL-10 in the 103 and 105 groups was the lowest, respectively. Serum samples were collected from immunized mice at

the indicated time points after the final immunization and the concentrations of cytokines were measured serially by a cytometric bead array (CBA). Two individual

experiments were performed. The data are presented as the mean ± SD. Data were compared with the two-way analysis of variance (ANOVA). *p < 0.05, **p < 0.01,

***p < 0.005, and n.s., not significant.
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of blood stage malaria vaccines is to inhibit the proliferation
of intraerythrocytic malaria parasites so as to control the
symptoms of malaria and prevent the disease. However, there
is still no effective malaria vaccine for humans because the
protection of blood stage vaccine is not sterile and wanes quickly;
moreover, there may be a risk of malaria parasite infection
caused by the vaccine (29). Thus, exploring the mechanism of
long-term protection decline of malaria vaccine will be helpful
for designing a more effective malaria vaccine. Our previous
results have shown that the long-term protective efficacy of
malaria vaccine in the low immunization dose group was better
than that in the high immunization dose group (30). Previous
studies have shown that ITV immunized at an extremely low
dose of the parasite can induce stronger protection than high
doses (11). Therefore, it was unclear whether the immunization
dose also affects the long-term protection of the blood stage
malaria vaccine.

Herein, we explored the influence of immune dose on
Plasmodium ITV protection longevity. C57BL/6 mice are more
sensitive to P. yoelii than other mouse strains. Theoretically, they
could generate more antigens than other mouse stains. However,
our experiment found that ITV-immunized C57BL/6 mice
have a quicker protective decline than BALB/c mice (Table 1).
Thus, C57BL/6 mice were chosen for further dosage associate
investigation. C57BL/6 mice were immunized with different
doses of parasites and were challenged at 1, 3, or 6 months post-
immunization. Although immunization with different dosages
conferred partial protection against the challenge, variations
in protection were observed. The highest immunization dose,
the 107 group, showed the highest peak parasitemia and
lowest protection rate at all three challenge phases (Table 1,
Figure 1B). However, it is challenging to compare the 103 and
105 groups because the 103 group showed sterile protection at
1 month, whereas the 105 group exhibited 100% protection at
3 months. Nevertheless, the 105 group had a lower protection
rate than the 103 group at 6 months. These results indicated
that the immunization dose could mediate the long-term
protection of malaria ITV in C57BL/6 mice, and that a
higher immunization dose could not exert a better long-term
protective effect.

Studies have found that splenic MBCs played the most
important role in the immune protection induced by
Plasmodium blood stage ITV vaccine. The number of malaria
parasite-specific MBCs is proportional to the immune protection
of the host, and decrease of the number of specific MBCs leads
to decrease in immune protection (5). Our results also showed
that with the increase in immunization time, the number of
MBCs decreased gradually in all the three immunization groups.
Therefore, the regression of ITV long-term protection may be
related to the decrease in the number of MBCs of mice with an
increase in immunization time.

B10 cells, a small subset of CD19+CD24hiCD38hi B cells
as well as CD19+CD1dhiCD5hi B cells in mice, are an
immunosuppressive B cell type that stop the expansion of
pathogenic, proinflammatory lymphocytes and play a significant
role in suppressing autoimmune responses and preventing
autoimmunity through the secretion of IL-10, IL-35, and

transforming growth factor β (TGF-β) (31). Previous studies have
shown that the number of B10 cells is significantly increased
during acute infection, resulting in decreased inflammation (18).
However, B10 cells are functionally impaired or their abundance
is decreased in autoimmune disease or chronic infection (19–
21). Therefore, we hypothesize that high-dose Plasmodium
immunization could induce B10 cells to increase in number
and subsequently mediate a decline in protection. Our results
showed that the number of B10 cells in the 103 and 105 group
mice was the lowest at 1 and 3 months, respectively. This
was in accordance with the protection results. The number of
B10 cells in the 107 group was higher than that in the 105

and 103 groups at 1 and 3 months, respectively, after the last
immunization.Meanwhile, the number of B10 cells in the 103 and
105 groups at 6 months was higher than that at 1 and 3 months.
This confirmed that B10 cells could downregulate the long-term
protection conferred by ITV. Therefore, it can be concluded that
worse ITV long-term protection mediated by high immunization
dose is related to an increase in the number of B10 cells in the
mouse spleen.

A previous study indicated that the main mechanism of
the inhibitory action of B10 cells is IL-10 production (32). In
addition, some studies indicate that increased IL-10 levels are
accompanied by decreased levels of other cytokines, such as IL-
6 and IFN-γ (33, 34). Our results thus show that the amount
of IL-10 in the 103 and 105 groups of mice was the lowest at
1 and 3 months, respectively. This correlated with the number
of B10 cells. On the contrary, the amount of IL-6 and IFN-γ
of the 103 and 105 groups was the highest at 1 and 3 months,
respectively. This was negatively correlated with the amount of
IL-10. Therefore, an increased level of IL-10 secreted by B10 cells
may lead to a decline of long-term protection by malaria ITV.
However, the role of IL-6 and IFN- γ in this process needs to be
verified by further experiments.

In conclusion, we demonstrated that the immunization dose
could mediate the long-term protection of Plasmodium blood
stage ITV in C57BL/6 mice, and that a higher immunization
dose could not produce a better long-term protective effect.
The long-term protection of ITV was shown to be related
to the increase in the number of CD19+CD1dhiCD5hi B
(B10) cells, which may negatively regulate the long-term
protective effect of malaria ITV by secreting IL-10. In
addition, the decrease in long-term protection of ITV may
be related to the decline of MBCs in the spleen of mice
with an increase in immunization time. Our study thus
elucidates the mechanism of high immunization doses inhibiting
long-term immunity protection in a model of long-term
protection decline of malaria blood stage ITV mediated by
the immunization dose due to the regulatory role of B10
cells, thus providing a theoretical basis for the design of
malaria vaccine.
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Babesia microti, the main pathogen causing human babesiosis, has been reported
to exhibit resistance to the traditional treatment of azithromycin + atovaquone and
clindamycin + quinine, suggesting the necessity of developing new drugs. The
methylerythritol 4-phosphate (MEP) pathway, a unique pathway in apicomplexan
parasites, was shown to play a crucial function in the growth of Plasmodium falciparum.
In the MEP pathway, 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) is a
rate-limiting enzyme and fosmidomycin (FSM) is a reported inhibitor for this enzyme.
DXR has been shown as an antimalarial drug target, but no report is available
on B. microti DXR (BmDXR). Here BmDXR was cloned, sequenced, analyzed by
bioinformatics, and evaluated as a potential drug target for inhibiting the growth of
B. micorti in vitro. Drug assay was performed by adding different concentrations of FSM
in B. microti in vitro culture. Rescue experiment was done by supplementing 200 µM
isopentenyl pyrophosphate (IPP) or 5 µM geranylgeraniol (GG-ol) in the culture medium
together with 5 µM FSM or 10 µM diminazene aceturate. The results indicated that
FSM can inhibit the growth of B. microti in in vitro culture with an IC50 of 4.63 ± 0.12
µM, and growth can be restored by both IPP and GG-ol. Additionally, FSM is shown to
inhibit the growth of parasites by suppressing the DXR activity, which agreed with the
reported results of other apicomplexan parasites. Our results suggest the potential of
DXR as a drug target for controlling B. microti and that FSM can inhibit the growth of
B. microti in vitro.

Keywords: Babesia microti, fosmidomycin, DXR, isoprenoid, babesiosis, methylerythritol 4-phosphate

INTRODUCTION

Parasites of the genus Babesia are prevalent apicomplexan pathogens transmitted by ticks and
infect many mammalian and avian species (Yabsley and Shock, 2013). Human babesiosis is
primarily caused by the parasite Babesia microti, with most people being infected by ticks and
some by blood transfusion (Goethert et al., 2003; Hildebrandt et al., 2007; Young et al., 2012).

Abbreviations: DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; FSM, fosmidomycin; DA, diminazene Aceturate;
IPP, isopentenyl pyrophosphate; GG-ol, geranylgeraniol; ORF, open reading frame; MEP, 2-C-methylerythritol 4-phosphate;
IC50, half-maximum inhibition concentration; PPE, percent parasitized erythrocytes.
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The infection is characterized by fever and hemolytic anemia and
can result in death in severe cases from complications, such as
heart failure, respiratory distress, and pulmonary edema (Rosner
et al., 1984). Due to the increasing number of people infected
with Babesia, B. microti-related infection has been classified as a
nationally notifiable disease since 2011 by the Center for Disease
Control (United States) (Herwaldt et al., 2011). Babesiosis is
usually treated with atovaquone and azithromycin, but resistance
to these drugs has been reported (Krause et al., 2000; Wormser
et al., 2010; Simon et al., 2017). Therefore, it is very urgent to
develop new anti-Babesia drugs.

Apicomplexan parasites contain a vestigial plastid called the
apicoplast (McFadden et al., 1996), which plays an important
role in the biosynthesis of isoprenoid precursors, fatty acids,
and part of the heme (Ralph et al., 2004). However, the
apicoplast of Babesia is only found in isoprenoid biosynthesis
(Brayton et al., 2007; Silva et al., 2016). Apicomplexan parasites
utilize the methylerythritol 4-phosphate (MEP) pathway
to get isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP) (Imlay and Odom, 2014), which are
the basic units of synthetic isoprenoids and essential for parasite
growth (Gershenzon and Dudareva, 2007).

Isoprenoids comprise a large family and have an important
function in membrane structure, cellular respiration, and cell
signaling (Gershenzon and Dudareva, 2007). IPP in living
organisms can be synthesized by two pathways [mevalonate
(MVA) pathway and MEP pathway] (Odom, 2011). Humans
use the MVA pathway to synthesize IPP from acetyl-CoA
(Endo, 1992). However, there is no MVA pathway in the
genus of Apicomplexa, which thus synthesizes IPP by the
MEP pathway (Cassera et al., 2004). The MEP pathway was
first reported to be present in Plasmodium falciparum in
1999 (Jomaa et al., 1999). With the deepening of research,
the MEP pathway was found to be crucial for parasites
(Cassera et al., 2004). For instance, the deoxyxylose-5-phosphate
reductoisomerase (DXR) of P. falciparum was shown to
contribute to the erythrocyte stage, and inhibiting the DXR
activity reduced the growth and the development of the
parasites (Odom and Van Voorhis, 2010; Zhang et al., 2011).
Additionally, by knocking out the DXR genes of Toxoplasma
gondii, the parasites were found unable to survive, proving
the essentiality of the MEP pathway for their survival
(Nair et al., 2011).

The first dedicated step in MEP isoprenoid biosynthesis
is accomplished by the bifunctional enzyme DXR (Imlay and
Odom, 2014). DXR is competitively inhibited in vitro by the
antibiotic fosmidomycin (Koppisch et al., 2002; Sangari et al.,
2010). Fosmidomycin has been shown to be a clinical prospect
for antimalarial drugs due to its inhibition on the recombinant
Plasmodium DXR to kill Plasmodium, and the current clinical
trial of malaria treatment with clindamycin is in phase II
(Olliaro and Wells, 2009). Babesia and Plasmodium have many
similarities, and they both live in red blood cells (RBCs). In
this study, we have found that B. microti DXR (BmDXR) has
conserved binding sites of fosmidomycin (FSM), and FSM can
inhibit the growth of B. microti in vitro, suggesting its potential as
a new anti-Babesia drug.

MATERIALS AND METHODS

Parasites
A B. microti strain ATCC PRA-99TM R© (Ruebush and Hanson,
1979) was obtained from the National Institute of Parasitic
Diseases, Chinese Center for Disease Control and Prevention
(Shanghai, China), and maintained in our laboratory (State Key
Laboratory of Agricultural Microbiology, College of Veterinary
Medicine, Huazhong Agricultural University, China). The
parasites were isolated at parasitemia of 30–40% as determined
by Giemsa staining of thin blood smears.

RNA Extraction and cDNA Synthesis
Total RNA was extracted from infected blood by using the
TRIZOL reagent (Invitrogen, Shanghai, China) and treated
with RNase-free DNase I (TaKaRa, Dalian, China). RNA
concentration was measured by NanoDrop 2000 (Thermo,
China). The cDNA was prepared from 1 µg of the total
RNA using a PrimeScriptTM RT reagent kit with gDNA eraser
(TaKaRa, Dalian, China).

Cloning of the BmDXR Gene
Primer pairs of BmDXR were designed based on the sequences
of the B. microti strain R1: BmDXR-F (5’-ATGACAAATTATTT
AAAACTC-3’) and BmDXR-R (5’-TTAACACTTAATTTTTTT
TGC-3’). Complete sequences of the BmDXR were amplified by
PCR from cDNA separately. The PCR reaction was performed at
95◦C for 5 min, followed by 35 cycles of 95◦C for 30 s, 47◦C for
30 s, 72◦C for 1 min 30 s, and finally at 72◦C for 10 min. The
PCR products were purified and ligated into the cloning vector
pEASY-Blunt (Trans, Beijing, China). Three positive colonies
of each gene were sent for sequencing analysis by Invitrogen
(Shanghai, China).

Sequence Analysis
The amino acid sequence of BmDXR was aligned with the
selected amino acid sequences from other organisms by MAFFT
online1, then edited by BioEdit v7.25, and phylogenetically
analyzed by using the Maximum Likelihood method in
MEGA 7 (Kumar et al., 2016). The structure of BmDXR
was predicted by SWISS-MODEL2 (Guex et al., 2009; Bienert
et al., 2017; Waterhouse et al., 2018). The 3D structure of
BmDXR was virtually docked with FSM through Molecular
Operating Environment (MOE) version 2014.09 (Chemical
Computing Group).

B. microti Short-Term in vitro Cultivation
To cultivate B. microti in vitro, infected RBCs and healthy
mouse RBCs were collected in tubes containing EDTA-2K
solution (solution/RBCs = 1:9; 10% EDTA-2K), followed by
centrifugation to pellet the cells at 1,000 g for 10 min at
room temperature), two washes in PSG solution, resuspension
of RBCs in the same volume of PSG + G solution, and
storage at 4◦C until use. The infected RBCs were diluted

1https://mafft.cbrc.jp/alignment/software/
2https://swissmodel.expasy.org/
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with healthy RBCs to 3%, followed by cultivation in the
presence of HL-1 supplemented with 10 µg/mg AlbuMax
I (Gibco Life Technologies), 1% HB101 (Irvine Scientific,
Shanghai, China), 200 µM L-glutamine (ATLANTA Biologicals,
Shanghai, China), 2% antibiotic/antimycotic 100 × (Corning,
Shanghai, China), and 20% fetal bovine serum at 37◦C in a
microaerophilous stationary phase (5% CO2, 2% O2, and 93%
N2) (Abraham et al., 2018).

Fosmidomycin Treatment and Rescue Assay
Drug stock solutions of FSM (Sigma-Aldrich, Shanghai, Chain)
and diminazene aceturate (DA) (Sigma-Aldrich, Shanghai,
Chain) were prepared in sterile water. Geranylgeraniol (Sigma-
Aldrich, Shanghai, Chain) stocks were prepared in 100%
ethanol. Isopentenyl pyrophosphate triammonium salt solution
(Sigma-Aldrich, Shanghai, Chain) was used directly without any
additional treatment. For the growth inhibition assay, B. microti
cultures (20 µl of RBCs plus 100 µl of culture medium) were
grown in 96-well flat-bottomed plates, and the susceptibility of
B. microti in vitro to FSM was evaluated at concentrations up to
500 µM. The results were further confirmed by the IC50 values
calculated using the Käber method. All the experiments were
repeated three times.

In the rescue experiments, IPP or geranylgeraniol (GG-ol,
alcohol of geranylgeranyl diphosphate) was added to the medium
containing different drugs. IPP is one of the products in the MEP
pathway (He et al., 2018), and GG-ol is the alcohol analog of
the downstream isoprenoids (Yeh and DeRisi, 2011; Imlay and
Odom, 2014). DA was used as a positive control, and ethanol was
used as a negative control. The group of control is only medium.
Each drug test was performed in triplicate.

In order to test the parasitemia, three smears were prepared
from each well after 72 h of incubation. After air-drying, thin
blood smears were fixed with methanol, followed by staining
with Giemsa (Sigma-Aldrich, Shanghai, China), and measuring
the parasitemia by microscopy. The data were analyzed using
GraphPad Prism 7 (San Diego, CA, United States) by two-way
analysis of variance (ANOVA), followed by Tukey’s multiple-
comparison test. The results are shown as mean ± SD (NS,
P > 0.05 not significant at 5%; ∗P < 0.05 significant at 5%;
∗∗P < 0.01 significant at 1%; and ∗∗∗ P < 0.001 significant at
0.1%; error bars represent the standard deviations).

RESULTS

Cloning and Characterization of
B. microti DXR
The open reading frame of BmDXR was cloned from B. microti
PRA99 cDNA by conventional PCR. The results showed that
BmDXR is 1,401 bp in length, encoding 466 amino acids with
a predicted size of 51.8 kDa. The sequence was submitted to
GenBank, with accession number MK673989. BLASTn indicated
that BmDXR PRA99 (MK673989) is identical to that of B. microti
R1 strain (XP_021338225).

Bioinformatic Analysis
The obtained BmDXR sequence was characterized by
bioinformatic analysis. SignalP4.1 analysis indicated that
BmDXR has a 22-amino-acid signal peptide in N-terminus3, and
a 48-amino-acid transit peptide right after the signal peptide.
The amino acid sequence of BmDXR was aligned with the
DXR amino acid sequences of other apicomplexan parasites
by MAFFT. The results showed that BmDXR has the highest
similarity to the DXR sequence of P. falciparum (AAD03739)
with a percent identity of 41.71%, and the lowest similarity to
that of Mycobacterium tuberculosis (NP_217386), with a percent
identity of 36.59% (Figure 1A).

DXR amino acid sequences were characterized by
phylogenetic analysis with MEGA6, and B. microti was
shown to fall in the piroplasma clade in the same category of
Plasmodium. In contrast, bacteria, plant, algae, and sarcocystis
are grouped in the same category (Figure 1B). In the piroplasma
clade, B. microti is significantly different from the other species,
including B. bigemina, B. ovata, B. bovis, T. equi, T. orientalis,
T. parva, and T. annulata.

The 3D structure of BmDXR was predicted by SWISS-
MODEL, and BmDXR is shown as a dimeric structure
with a metal ion binding site consisting of amino acids
D216, E218, and E298. The 3D structure of BmDXR was
virtually docked with FSM using MOE2014.0901. The results
showed that FSM can form hydrogen bonds with Ser217,
Asp216, Cys253, Met281, Ser289, Asn294, and Lys295 of
BmDXR (Figure 1C).

Fosmidomycin Inhibits the Growth of
B. microti in vitro
The effect of FSM on the growth of B. microti in vitro was
tested by adding different concentrations of FSM into the in vitro
culture medium at an initial percent parasitized erythrocytes
(PPE) of 3%. Parasitemia was counted at 72 h post-treatment by
microscopy. The parasitemia of the FSM groups is 4.27 ± 0.28%,
3.60 ± 0.16%, 3.09 ± 0.25%, 2.49 ± 0.33%, 1.67 ± 0.18%,
and 1.45 ± 0.45% at the concentration of 5, 50, and 500
nM and 5, 50, and 500 µM, respectively, in contrast to an
increase from 3% to 4.83 ± 0.8% for the negative control group
(the group without drug) after 72 h of culture. After the 72-
h treatment, the parasitemia is significantly lower (P < 0.05)
in the 50 nM FSM group than in the negative control group,
with a significant difference (P < 0.01) between 5 and 50 or
500 nm FSM groups, but no difference between the 50- and 500-
µM FSM groups (Figure 2). The test results indicated that the
drug efficacy is dose dependent, and FSM could not completely
inhibit the growth of B. microti even at a drug concentration
as high as 500 µM (inhibition rate of 70%). Compared to the
negative control group, FSM exhibited a potential anti-B. microti
activity at a low micromolar concentration, with an IC50 of
4.63± 0.12 µM.

3http://www.cbs.dtu.dk/services/SignalP/
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FIGURE 1 | Bioinformatics analysis of the amino acid sequence of DXR. (A) Multiple alignment of DXR amino acid sequences. Ec, Escherichia coli (NP_414715); Mt,
Mycobacterium tuberculosis (NP_217386); Pf, Plasmodium falciparum (AAD03739); Bm, Babesia microti (XP_021338225). Black shading indicates a similarity in
four or in more than four species; gray shading indicates a similarity in three species. Black pane indicates the reported fosmidomycin binding site.
(B) Neighbor-joining phylogenetic tree based on DXR amino acid sequences. The organism names and sequence accession numbers are indicated. (C) Prediction
of the structure of BmDXR by SWISS-MODEL. The 3D structure of BmDXR is virtually docked with FSM through MOE2014.0901, and FSM can form hydrogen
bonds with Ser217, Asp216, Cys253, Met281, Ser289, Asn294, and Lys295 of BmDXR.
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FIGURE 2 | Parasitemia of different drug concentrations after 72 h of
treatment. Evaluation of the susceptibility of B. microti in vitro to fosmidomycin
at concentrations from 5 to 500 µM. Giemsa staining assay at 72 h after the
addition of the drug. PPE, pollen productivity estimate; Ns, not significant
(P > 0.05); *P < 0.05, **P < 0.01, ***P < 0.001.

IPP and GG-ol Can Rescue B. microti
Treated by Fosmidomycin
The inhibition of FSM on the growth of B. mitroti was
investigated through rescue experiments in B. microti in vitro
cultivation with 200 µM IPP and 5 µM GG-ol added separately
into 5 µM FSM and 10 µM DA using the latter as a positive
control. The 5 µM FSM and 10 µM DA showed 53.8 and
58.6% inhibition on the growth of the parasites (Figure 3A)
in the rescue experiment. The growth in 5 µM FSM could be
restored by adding 200 µM IPP or 5 µM GG-ol into culture
media as indicated by having no difference (P < 0.001) in
the relative growth rate among FSM + IPP, GG-ol, and the
control (Figures 3B,C). However, the growth in 10 µM DA
could not be rescued by adding IPP or GG-ol, as shown by
a significant difference (P < 0.001) in the relative growth rate
among DA + IPP, DA + GG-ol, and the control [ANOVA,
F(2, 6) = 259.2, P < 0.0001; ANOVA, F(2, 6) = 65.1,
P < 0.0001] (Figures 3B,C).

DISCUSSION

The MEP pathway, an essential route in apicomplexan parasites,
plays a vital role in the growth of parasites by synthesizing
IPP (Imlay and Odom, 2014); however, very few effective
inhibitors have been studied. Currently, the MEP inhibitors with
lower IC50 for Plasmodium are FSM and 1R, 3S MMV008138
(Ghavami et al., 2018). DXR is the second and also a rate-
limiting enzyme in the MEP pathway (Imlay and Odom, 2014).
The inhibitors of DXR enzymes, such as FSM, suppress the
synthesis of IPP in the MEP pathway of multiple organisms
in vitro (Figure 4; Jomaa et al., 1999). It has been reported that
FSM can inhibit B. divergen, B. bovis, and B. orientalis in vitro

FIGURE 3 | IPP and GGol can rescue B. microti treated by fosmidomycin and
Giemsa staining assay at 72 h after the addition of the drugs. (A) Effect of 5
µM fosmidomycin and 10 µM diminazene aceturate on the growth of
B. microti in vitro. The group of control is only medium. (B) Rescue of
B. microti by adding isopentenyl pyrophosphate. (C) Rescue of B. microti by
adding geranylgeraniol. ***P < 0.001.

(Baumeister et al., 2011; Caballero et al., 2012; He et al., 2018). As
shown by the reported P. falciparum and M. tuberculosis crystal
structures of inhibitor-free and FSM-bound complete quaternary
complexes of DXR (Mac Sweeney et al., 2005; Andaloussi et al.,
2011; Umeda et al., 2011), a large cleft was closed between
NADPH-binding and catalytic domains upon inhibitor binding,
which means that FSM inhibits DXR activity by competing with
DOXP. The FSM binding site is conservative, and BmDXR is
similar in structure to PfDXR and EcDXR. We speculate that FSM
can inhibit the DXR activity in B. microti due to its inhibition
on the growth of B. microti in in vitro culture with an FSM IC50
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FIGURE 4 | Schematic of isoprenoid metabolism through the non-mevalonate pathway. The methylerythritol 4-phosphate pathway is a unique route to isoprenoid
biosynthesis in apicomplexan, and fosmidomycin is a specific inhibitor to 1-deoxy-D-xylulose 5-phosphate reductoisomerase.

value of 4.63 ± 0.12 µM, which is higher than that of B. bovis
and B. bigemina (3.87 and 2.4 µM, respectively) (Sivakumar et al.,
2008). The growth of B. microti can be rescued by adding IPP or
GG-ol in the culture medium, which agreed with the report that
GG-ol can rescue the growth of B. orientalis inhibited by FSM
(He et al., 2018). These results further suggest that FSM inhibits
B. microti growth by suppressing the MEP pathway. It is reported
that B. microti, an obligate parasite of red blood cells (Silva et al.,
2016), obtains most of the nutrition materials for parasite survival
from host red blood cells, but it cannot obtain IPP from host cells
due to the small amount of IPP in RBCs (Wiback and Palsson,
2002). In this case, FSM may inhibit the growth of B. microti by
suppressing the synthesis of IPP.

FSM can cause the death of P. falciparum in the first life
cycle (Howe et al., 2013), but we failed to observe the death of
B. microti after 24 h of treatment at 5 µM FSM. According to
the results of Giemsa staining (Supplementary Figure S1), we
selected the parasites in the period of merozoites and compared
their morphologies. All the merozoites in the control group have
an obvious contour and a complete shape, while those treated by
FSM have lost their contour and complete shape which, however,
can be recovered upon addition of IPP or GG-ol in the medium.
This is consistent with the observation in B. bovis and B. bigemina
treated with FSM, with obvious changes in the shape of the
parasites (Sivakumar et al., 2008). These results indicate that IPP
is important for Babesia to keep a normal shape. Meanwhile, the
merozoites treated by DA present a pointed shape, which could
not be restored to a normal shape after adding IPP or GG-ol.
These morphologies indicate a milder efficacy of FSM than DA

because DA made the merozoites of B. microti point-like, while
FSM caused the parasite to lose its normal form. FSM-treated
P. falciparum was shown to reduce protein prenylation, leading
to marked defects in food vacuolar morphology and integrity
(Howe et al., 2013). However, no food vacuole has been reported
inB.microti (Rudzinska et al., 1976), suggesting that the impact of
FSM on B. microti may be different from its influence mechanism
on malaria parasites.

Traditionally, azithromycin + atovaquone was used to treat
babesiosis in humans and clindamycin + quinine as a treatment
strategy for patients with resistance to atovaquone (Simon et al.,
2017). Meanwhile, many patients have adverse reactions to
chloroquine (Krause et al., 2000; Rozej-Bielicka et al., 2015).
Generally, traditional treatments cannot eliminate B. microti
parasitemia completely, suggesting the high recurrence potential
of B. microti. Despite being a safe and effective inhibitor, FSM
has some limitations to clinical applications. First of all, it
is an unmodified compound which is very costly. Secondly,
FSM has a poor pharmacokinetics profile with a plasma half-
life of 3.5 h (Na-Bangchang et al., 2007); it will need multiple
shots for clinic use. This limitation of FSM can be solved
by drug modification. For example, FR9008 is a derivative of
FSM, which has a better effect on P. falciparum than FSM.
Currently, it is necessary to improve the ability of FSM in
entering cells and extend its half-life for clinical applications. We
believe that the limitations of FSM can be overcome by drug
modification. For drug development, modified drugs have better
clinical results; for example, dihydroartemisinin has a better effect
than artemisinin in treating Plasmodium (Li et al., 1983). About
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combination therapy, clindamycin+ FSM can play a better effect
in the treatment of Plasmodium (Borrmann et al., 2006), but
clindamycin has less effect to B. microti in vitro (Lawres et al.,
2016). Other drugs could be used as combination therapy with
FSM if required. Our future work will focus on modifying FSM
and the combination therapy of FSM.

CONCLUSION

The MEP pathway is a favorable target for drug development.
In this study, it is shown that FSM can inhibit the growth
of B. microti in vitro, which can be rescued by a medium
supplemented with IPP or GG-ol. These results indicate that
DXR is a potential drug target for designing anti-Babesia drugs
and that the DXR function and FSM structure contribute to the
design of such drugs.
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The World Health Organization (WHO) has estimated that in 2016, there were 87 million
new cases of gonorrhea. Gonorrhea is caused by the sexually transmitted human-
exclusive agent Neisseria gonorrhoeae, a Gram-negative diplococcus that causes
cervicitis in females and urethritis in males and may lead to more severe complications.
Currently, there is no vaccine against N. gonorrhoeae. Its resistance to antibiotics
has been increasing in the past few years, reducing the range of treatment options.
N. gonorrhoeae requires a surface protein/receptor (Opa proteins, porin, Type IV
pili, LOS) to adhere to and invade epithelial cells. During invasion and transcytosis,
N. gonorrhoeae is targeted by the autophagy pathway, a cellular maintenance
process which balances sources of energy at critical times by degrading damaged
organelles and macromolecules in the lysosome. Autophagy is an important host
defense mechanism which targets invading pathogens. Based on transmission electron
microscopy (TEM) analysis, the intracellular bacteria occupy the autophagosome, a
double-membraned vesicle that is formed around molecules or microorganisms during
macroautophagy and fuses with lysosomes for degradation. Most of the gonococci end
up in autolysosomes for degradation, but a subpopulation of the intracellular bacteria
inhibits the maturation of the autophagosome and its fusion with lysosomes by activating
mTORC1 (a known suppressor of the autophagy signaling), thus escaping autophagic
elimination. This mini review focuses on the cellular features of N. gonorrhoeae during
epithelial cell invasion, with a particular focus on how N. gonorrhoeae evades the
autophagy pathway.
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INTRODUCTION

Neisseria gonorrhoeae, also known as gonococcus, is the causative agent of gonorrhea, a sexually
transmitted infection that occurs exclusively in humans. In 2016, The World Health Organization
(WHO) estimated that 86.9 million new cases of gonorrhea occurred globally. In 2017, the WHO
included N. gonorrhoeae in its list of bacteria for which new antibiotics are urgently needed1.
N. gonorrhoeae is a major global public health concern due to its increasing resistance to antibiotics,
which leads to the possibility of untreatable gonorrhea infections (World Health Organization
[WHO], 2017; Rowley et al., 2019). N. gonorrhoeae is a Gram-negative diplococcus that usually
infects urogenital epithelia, but it is also able to infect rectal, pharynx, and conjunctival mucosa
(Britigan et al., 1985).

1https://www.who.int/medicines/news/bacteria-antibiotics-needed/en/
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At the sites of gonococci colonization, the activation of the
innate immune response causes the symptoms of gonorrhea,
including discomfort in the affected area and purulent urethral
or cervical discharge. Acute gonorrhea results in an intensely
inflammatory exudate, which contains macrophages, exfoliated
epithelial cells, and polymorphonuclear neutrophils (Hook,
2012). Many studies have shown that asymptomatic infections
are common in both men and women, but are more prevalent
in women than in men (Muzny et al., 2017). This may be due to
the relative ease in diagnosing symptoms in men, as the purulent
exudate causes painful urination in men. Symptoms in women
are mostly unnoticed and/or non-specific and are often mistaken
for symptoms of bacterial vaginosis, hormonal alterations,
or normal vaginal secretions (Grimley et al., 2006; Quillin
and Seifert, 2018). Untreated gonorrhea may result in pelvic
inflammatory disease, infertility, ectopic pregnancies, or neonatal
blindness as a consequence of vertical transmission. In addition,
untreated gonorrhea can lead to gonococcal dissemination and
enhanced transmission of HIV (Masi and Eisenstein, 1981;
Sandstrom, 1987; Little, 2006).

ADHERENCE AND INVASION

Neisseria gonorrhoeae adheres to urogenital tract by attaching to
surface structures as Type IV pili (Tfp) (Pearce and Buchanan,
1978), opacity (Opa) proteins, LOS, or outer membrane protein
porin (PorB) (Stern et al., 1986; van Putten and Paul, 1995).
Type IV pili (Tfp) mediate initial cellular adherence, its retraction
brings the bacteria closer to the epithelial cell surface and
activates Ca2+ flux, PI3K/Akt, and the ERK/MAP kinase
pathways (Ayala et al., 2005; Lee et al., 2005). The Opa family
of proteins includes two classes: the Opa50 protein, which
binds to surface heparan sulfate proteoglycan (HSPG) receptors;
and Opa51-60, which bind to carcinoembryonic antigen-related
cellular adhesion molecules (CEACAMs) and mediate the
complex interactions between the gonococci and epithelial cells
or phagocytes after Tfp adhesion (van Putten and Paul, 1995).
After adhesion, N. gonorrhoeae replicates in microcolonies,
which are collections of bacteria formed from a few diplococci
after the initial adhesion on epithelial cells, competes with the
local microbiota, and is able to invade and disseminate by
transmigrating across the epithelial cell monolayer (Quillin and
Seifert, 2018). Gonococcal microcolonies can move and promote
interaction between bacterial cells, helping them to deal with
environmental pressures. In addition, microcolonies play a role
in gonococci-host interactions (Higashi et al., 2007).

The gonococci initiate cross-talk with host cells using multiple
surface molecules, resulting in activation of signaling pathways
and changes in gene expression in the host cells and in the
gonococci themselves (Stein et al., 2015). Interactions between
CEACAMs and Opa proteins can induce phagocytosis, triggering
the engulfment of the bacteria into the epithelial cells and
neutrophils (Fox et al., 2014).

Neisseria gonorrhoeae facilitates its invasion into host cells
by modulating the activity and distribution of host epidermal
growth factor receptor (EGFR), which is a signaling receptor

that pathogens can manipulate for their survival in host cells
(Zhang et al., 2004). The gonococcal microcolonies recruit EGFR
to the site of microcolony adherence. The kinase activity of
EGFR is necessary for gonococcal invasion into epithelial cells.
The gonococci activate EGFR by inducing the production of
EGFR ligands. This suggests that microcolonies are important
for invasion of N. gonorrhoeae into epithelial cells. Studies have
shown that EGFR kinase inhibition reduces gonococcal invasion,
further indicating an important role for EGFR in gonococci
invasion (Swanson et al., 2011).

Apicella et al. (1996) analyzed urethral exudates from men
infected with N. gonorrhoeae and observed that bacteria were
clustered within vacuoles upon invasion. However, they also
found bacteria in the cytosol without evidence of a surrounding
vacuole. Harvey et al. (1997) studied primary human urethral
epithelial cell cultures infected with N. gonorrhoeae and showed
that after the invasion, the gonococci appeared to reside and
multiply within vacuoles close to the apical layers of the epithelial
cells and were later released from the epithelial cell monolayer
either in membrane-bound vacuoles or after rupturing the
infected cells (Mosleh et al., 1997). Gonococcal infection of
the urethral epithelium modulates host anti-apoptotic factors,
thereby promoting bacterial survival within the epithelial tissue
(Binnicker et al., 2003).

WHAT IS AUTOPHAGY?

Autophagy is a cellular mechanism that can be upregulated in
response to stress conditions and lack of nutrients. It is a pathway
that delivers organelles and cytoplasmic proteins to the lysosome
for degradation (Yang et al., 2005).

Mammalian cells have three types of autophagy:
microautophagy, in which the lysosome captures the molecules
by invagination of the lysosomal membrane; chaperone-
mediated autophagy (CMA), in which chaperone proteins
identify molecules that contain a particular pentapeptide motif
and transport them directly to lysosomes; and macroautophagy,
referred to in this text as autophagy, which involves the
formation of cytosolic vesicles to transport the molecules,
including damaged organelles or pathogens, to the lysosome for
degradation. Upon activation of autophagy, a membrane
structure known as a phagophore forms and expands,
eventually closing to form a double-membrane vesicle called
autophagosome (Parzych and Klionsky, 2014).

Autophagosomes fuse with lysosomes (autolysosomes), and
the sequestered cargo is digested. The initial formation of the
autophagosomes requires the activation of the unc-51-like kinase
1 (ULK1) complex. Then, ULK activates the Vps34 (class III
phosphatidylinositol 3-kinase) complex, which comprises Vps34,
associated to Beclin 1, VPS15, and ATG14L, triggering vesicle
nucleation. The subsequent steps involve the ATG12 and the
LC3 (microtubule-associated light chain 3) conjugation systems.
Both systems promote the elongation of the isolation membrane
(Joubert et al., 2009; Rubinsztein et al., 2012).

An important regulator of autophagy is the target of
rapamycin (TOR), which inhibits multiple autophagy-promoting
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proteins via phosphorylation. TOR is a phosphatidylinositol-
related kinase involved in regulatory pathways that control
the responses to nutrients and energy metabolism changes.
In mammalian cells, mTOR nucleates two structurally and
functionally different complexes termed mTORC2, which
regulates cytoskeleton organization and cell survival, and
mTORC1, which is essential to sense and respond to intracellular
and extracellular nutrients, amino acids, growth factors, energy,
and oxygen levels. In the presence of stimuli, mTORC1
phosphorylates the ULK1 complex, inhibiting autophagy. On
the contrary, when mTORC1 is inactive, ULK1 is released and
autophagy is initiated (Yang et al., 2005; Huang and Brumell,
2014; Rabanal-Ruiz et al., 2017).

Although autophagy can be induced to control infection upon
intracellular pathogen invasion, many pathogens have developed
strategies to avoid or subvert autophagy for their own benefit.
Bacteria are targets of selective autophagy, a process known as
xenophagy. Xenophagy is a mechanism that targets and removes
pathogens after cellular invasion (Bauckman et al., 2015; Escoll
et al., 2016). It can be induced upon bacterial infection and
involves the formation of autophagosomes, which target bacteria
and transport them to lysosomes for degradation. Some bacteria
can inhibit autophagy signaling pathways, avoid autophagy
recognition, inhibit fusion of the autophagosome with the
lysosome, or escape targeting by interfering with the autophagy
machinery (Gomes and Dikic, 2014; Bauckman et al., 2015).

CD46 acts as an immunomodulatory protein and plays a role
in autophagy signaling. CD46 is a glycoprotein expressed on the
surface of every nucleated human cell, and it has isoforms that
contain one of two short cytoplasmic tails (cyt), cyt-1 or cyt-2,
the most abundant CD46 isoform (Meiffren et al., 2010). CD46 is
a cellular receptor for several pathogens, including measles virus,
human herpes virus 6, adenovírus B and D, group A Streptococcus
(GAS), and Neisseria bacteria (Cattaneo, 2004).

Joubert et al. (2009) demonstrated that CD46 is connected
to autophagy. They found an interaction between the scaffold
protein GOPC and cyt-1. GOPC contains two coiled-coil
domains (CC) and a PDZ domain, and it interacts with cyt-
1 through the PDZ domain. GOPC is reported to interact
with Beclin-1, (an important molecule in autophagy induction,
part of the Vps34 complex) through CC domains. The CD46-
cyt-1/GOPC interaction is associated with the autophagosome
formation complex Vps34/Beclin-1, recruiting this complex to
initiate autophagy (Joubert et al., 2009).

AUTOPHAGY INDUCTION AND ESCAPE

Very little is known about N. gonorrhoeae’s interaction with
autophagy and its impact on intracellular survival, and recent
studies have demonstrated that autophagy does affect the
survival of intracellular gonococci. As a consequence of cellular
invasion, N. gonorrhoeae is targeted by the autophagy pathway:
N. gonorrhoeae was found within double-membrane autophagic
structures by transmission electron microscopy (TEM),
suggesting that the gonococcus ended up in autophagosomes
(Lu et al., 2019).

Kim et al. (2019) reported that N. gonorrhoeae (MS11
strain and only piliated and Opa non-expressing bacteria)
infection led to autophagosome formation and activation
of autophagy in the endocervical cell lines ME180 and
Hec1B, induced through CD46-cyt1/GOPC in host cells. The
gonococcus interacts with CD46-cyt1 via the Type IV pilus
(Tfp), recruiting CD46-cyt1 at the site of infection (Figure 1).
Thus, N. gonorrhoeae stimulates matrix metalloproteinases,
which are host extracellular sheddases that cleave the CD46-cyt1
ectodomain. After the cleavage of the CD46-cyt1 ectodomain,
the presenilin/γ-secretase complex, a host membrane protease
complex that modifies type I transmembrane protein function
and signaling, cleaves the transmembrane domain, resulting
in the release of the cytoplasmic domain. Consequently, this
complex gradually reduces the pool of intracellular CD46-cyt1,
which decreases the ability of infected cells to initiate autophagy
(Weyand et al., 2010).

Autophagosome maturation and fusion with the lysosome
is inhibited by N. gonorrhoeae. Studies have shown that
Legionella pneumophila (Choy et al., 2012; Arasaki and
Tagaya, 2017) and Mycobacterium tuberculosis (Vergne et al.,
2005) are also able to inhibit autophagosome maturation.
Additionally, N. gonorrhoeae secrets IgAP, a protein which
cleaves the major lysosomal membrane protein LAMP1. IgAP
cleaves LAMP1 gradually, remodels lysosomes, and blocks
lysosome/autophagosome fusion. This dual interference in the
autophagy pathway promotes the survival of N. gonorrhoeae until
the later stages of infection (Kim et al., 2019).

Lu et al. (2019) quantified intracellular and extracellular
bacteria (American Type Culture Collection 49226) in order to
evaluate the escape of gonococci from autophagy in HeLa cells.
After initial gonococci invasion, the authors added gentamicin in
the culture medium to eliminate extracellular bacteria, showing
that the extracellular bacteria in the later stages of infection
are the subpopulation of the intracellular N. gonorrhoeae that
survived autophagy degradation and underwent exocytosis, the
process through bacteria are transported inside vesicles to
extracellular environment. When N. gonorrhoeae invades cells,
many gonococci end up in autophagosomes for elimination,
showing that the autophagy pathway affects gonococcus survival
in the early stages of invasion. However, a subpopulation of
bacteria evades the autophagy pathway (Lu et al., 2019). In
the same study, they found that N. gonorrhoeae also activates
the autophagy repressor mTORC1 during the intracellular
stages, resulting in suppression of autophagy signaling and thus
subverting autophagy for its own benefit (Figure 1). This strategy
is also used by other intracellular pathogens, including Legionella
sp., Shigella flexneri, and Salmonella typhimurium (Ogawa et al.,
2005; Choy et al., 2012; Tattoli et al., 2012). In addition,
N. gonorrhoeae also inhibited autophagosome maturation
and autophagolysosome formation in a way independent of
mTORC1 activation through a mechanism that remains unclear
(Lu et al., 2019).

In order to grow inside epithelial cells, N. gonorrhoeae uses
host sources to acquire iron, resulting in interruption of iron
homeostasis in the cells and liberation of bioavailable iron from
ferritin storage compartments. This supports the intracellular
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FIGURE 1 | (A) Gonococci (in red) adhere to the cellular membrane and form a microcolony, triggering the autophagy pathway through CD46-cyt1/GOPC, which
recruits the Beclin-1/Vps34 complex. (B) Bacteria become enveloped in the autophagosome (blue arrow). (C) The autophagosome fuses with the lysosome in order
to kill the bacteria. (D) Gonococci evade the autophagy pathway by inducing the cleavage of the CD46-cyt ectodomain via metalloproteinases and by inducing the
cleavage and release of the cytoplasmic tail via presenilin/y-secretase, decreasing intracellular CD46-cyt1 and the cell’s ability to initiate autophagy (pink arrow).
(E) Bacteria secrete IgAP, (orange arrow) which cleaves LAMP1, resulting in remodeling of the lysosomal membranes and prevention of autophagosome/lysosome
fusion, therefore increasing the survival of the gonococci. (F) Gonococci activate mTORC1 (green arrow), therefore suppressing autophagy signaling (purple arrow).

growth of N. gonorrhoeae in the late stages of infection,
since autophagy mediates ferritin degradation. Therefore, the
autophagic flux in the early stages of invasion may increase iron
availability in the cell, resulting in the growth of intracellular
N. gonorrhoeae in the later stages of infection (Bonnah et al., 2000;
Larson et al., 2004; Dowdle et al., 2014).

Transcytosis is the transit across cellular epithelium
monolayers into the subepithelial space by a bacterium and
usually requires endocytic recycling and vesicular transport
systems. The epithelial invasion of N. gonorrhoeae and its
transcytosis is related to disseminated gonococcal infection
and results in complications. The importance of epithelial cell
invasion and transcytosis in uncomplicated infections is not clear
and needs further investigation (Quillin and Seifert, 2018).

CONCLUSION

Neisseria gonorrhoeae is already resistant to most antibiotics,
which makes the treatment of this disease difficult. In addition,
the lack of immunologic memory due to surface antigenic
variation complicates the development of an efficient vaccine.
Consequently, new studies related to the survival, proliferation,
and permanence strategies used by N. gonorrhoeae are important.
However, studies on the pathogenesis of the bacteria are
challenging because N. gonorrhoeae is an exclusive human
pathogen, which means that it needs specific human proteins
to interact and nutrients to grow. As a consequence, animal or
culture models that mimic human tissue are needed to better
study the pathogenesis of N. gonorrhoeae. Some studies have
developed such models, although they still have limitations and
may not represent all human conditions.

The recent studies of autophagy and N. gonorrhoeae infection
show that in the early stages of invasion, bacteria survival
is impaired by the autophagy pathway. However, in the
later stages of infection, some gonococci are capable of
subverting autophagy signaling and maintaining the infection.
Consequently, targeting specific bacterial proteins related to
autophagy inhibition could be another strategy to control the
infection. The development of drugs that affect the bacterial-
host interactions and not only the bacteria itself would be
promising given that it would allow the host innate immune
system to respond to the infection upon autophagy reactivation.
We can propose, for instance, the development of drug or
antibody to antagonize IgAP, which would prevent the blockage
of lysosome/autophagosome fusion. Nonetheless, more studies
are needed to better understand the interactions between
N. gonorrhoeae and host autophagy.
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The trypanosomatid (protozoan) parasites Trypanosoma cruzi and Leishmania spp.
are causative agents of Chagas disease and Leishmaniasis, respectively. They display
high morphological plasticity, are capable of developing in both invertebrate and
vertebrate hosts, and are the only trypanosomatids that can survive and multiply inside
mammalian host cells. During internalization by host cells, these parasites are lodged
in “parasitophorous vacuoles” (PVs) comprised of host cell endolysosomal system
components. PVs effectively shelter parasites within the host cell. PV development
and maturation (acidification, acquisition of membrane markers, and/or volumetric
expansion) precede parasite escape from the vacuole and ultimately from the host cell,
which are key determinants of infective burden and persistence. PV biogenesis varies,
depending on trypanosomatid species, in terms of morphology (e.g., size), biochemical
composition, and parasite-mediated processes that coopt host cell machinery. PVs
play essential roles in the intracellular development (i.e., morphological differentiation
and/or multiplication) of T. cruzi and Leishmania spp. They are of great research interest
as potential gateways for drug delivery systems and other therapeutic strategies for
suppression of parasite multiplication and control of the large spectrum of diseases
caused by these trypanosomatids. This mini-review focuses on mechanisms of PV
biogenesis, and processes whereby PVs of T. cruzi and Leishmania spp. promote
parasite persistence within and dissemination among mammalian host cells.

Keywords: Trypanosoma cruzi, Leishmania, vacuole, parasitophorous vacuole, intracellular pathogen

INTRODUCTION

Trypanosoma cruzi and Leishmania spp. are evolutionarily closely related trypanosomatid
protozoan parasites and the causative agents of Chagas disease and leishmaniasis, respectively,
(Chagas, 1909; Brener, 1997; Harmer et al., 2018). These are classified by WHO as neglected tropical
diseases (NTDs), and collectively affect over 20 million people worldwide – mainly populations
living in remote, poorly developed areas (WHO, 2020a,b). T. cruzi and Leishmania spp. have
complex and distinctive life cycles, and both are transmitted by insect vectors (triatomine bugs
and phlebotomine flies, respectively) to various mammalian species (including humans) that act
as persistent hosts (Ashford, 2000; Zingales et al., 2012; Kaufer et al., 2017). Trypanosomatids
display remarkable plasticity in adapting to distinctive host organisms and environments, and
in adapting and developing resistance to the action of drugs intended to control infection,
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thus presenting a challenge to any therapeutic strategy (Genois
et al., 2014; Reis-Cunha et al., 2015; Laffitte et al., 2016; Reis-
Cunha et al., 2018; Kaufer et al., 2019). Such adaptability
is based on morphological and biochemical changes. For
example, T. cruzi has five morphologically distinct developmental
forms: non-infectious multiplicative epimastigote and infectious
less-replicative metacyclic trypomastigote forms that colonize the
insect vector, an intracellular amastigote form that multiplies
within mammalian host cells, and infectious extracellular
amastigote and trypomastigote forms that enter the mammalian
host bloodstream (Lima et al., 2010; Ferreira et al., 2012).

Leishmania spp. have two clearly defined developmental
forms: promastigote forms that colonize insect vectors (divided
into non-infectious procyclic and infectious metacyclic
subgroups), and amastigote forms that multiply within
mammalian host cells (primarily macrophages; Tomlinson
et al., 1995; Kaufer et al., 2017). The host cell interior is thus
an important developmental environment for trypanosomatids,
and they have developed various strategies for entering host
cells. For this purpose, T. cruzi can utilize “passive” pathways
such as endocytosis (Mortara et al., 2005, 2008; de Souza
et al., 2010; Fernandes et al., 2015), or “active” parasite-
mediated invasive pathways such as actin depolymerization
induced in either phagocytic or non-phagocytic cells by
extracellular amastigotes (Mortara, 1991; Mortara et al., 2008;
Caradonna and Burleigh, 2011; Fernandes et al., 2013, 2015) or
induction of lysosome-mediated membrane repair that promotes
internalization (Fernandes et al., 2011).

In contrast, entry of Leishmania spp. into host cells occurs
mainly via endocytosis, primarily by “professional phagocytes”
such as macrophages and neutrophils. Neutrophils act as
“Trojan horses,” they deliver parasites into host cells after
being phagocytosed by macrophages (Farah et al., 1975; Chang
and Dwyer, 1976; Ribeiro-Gomes et al., 2004). In addition,
Leishmania amazonensis was recently reported to enter
non-phagocytic cells (e.g., fibroblasts) using a Ca2+-dependent
mechanism similar to one utilized by T. cruzi, involving
membrane damage and repair via lysosomal exocytosis
(Fernandes et al., 2015; Cavalcante-Costa et al., 2019).

Following cell invasion, intracellular obligate parasites use
various strategies to withstand host cell immune responses
and persist in the host cell. One such strategy, commonly
observed in medically relevant infectious diseases, is formation
of pathogen-containing vacuoles within host cells after pathogen
internalization. Among trypanosomatids, only T. cruzi and
Leishmania spp. are intracellular parasites of mammals.

After entering host cells, they are sheltered within a type of
vacuole termed “parasitophorous vacuoles” (PVs), an essential
preliminary step in further intracellular development of the
parasites. PVs act as filters for nutrients to the detriment
of host cell immune response factors, creating a niche for
parasite differentiation, and/or multiplication. PVs also function
as intermediary chambers facilitating development of parasites
until they reach the cell cytoplasm, where they multiply and then
exit the host cell (the case for T. cruzi; Basu and Ray, 2005; Barrias
et al., 2013 for reviews), or until they are transferred safely from
cell to cell without contacting the extracellular milieu (the case

for L. amazonensis; Real et al., 2014). This mini-review focuses
on mechanisms of PV biogenesis, and processes whereby PVs of
T. cruzi and Leishmania spp. promote parasite persistence within
and dissemination among mammalian host cells.

PARASITOPHOROUS VACUOLE
DEVELOPMENT IN TRYPANOSOMATIDS
IS AN EVOLUTIONARY ADAPTATION
FOR INTRACELLULAR PARASITISM

Trypanosomatids, in their evolutionary history, were initially
non-parasitic free-living organisms, as evidenced by their
common ancestor Bodo saltans, and subsequently underwent
selective pressure leading to development of the capacity to
colonize host organisms, as either extracellular or intracellular
parasites (Jaskowska et al., 2015). Ability to live inside host
cells was a key evolutionary adaptation toward parasitism in
mammalian hosts. For example, T. brucei (which is more
closely related to T. cruzi than to Leishmania) does not require
an intracellular/vacuolar environment in order to parasitize
mammals, and exists exclusively as an extracellular parasite in
the bloodstream of its mammalian host during its life cycle
(Stevens et al., 1998; Hamilton et al., 2007). Adaptation to
such an intracellular lifestyle has apparently involved genome
reduction during the evolutionary history of many parasitic
microorganisms (Casadevall, 2008). Genomes of the PV-forming
intracellular parasites Leishmania spp. and T. cruzi are smaller
than those of extracellular parasites such as T. brucei, indicating
that PV biogenesis was a later adaptation that was beneficial
to previously exclusively extracellular parasites (Jaskowska
et al., 2015). T. cruzi likely appeared earlier than Leishmania
spp. during trypanosomatid evolutionary history, which could
account for the persistence of T. cruzi in mammalian host
organisms as both extracellular (like T. brucei) and intracellular
forms (like Leishmania spp.). From an evolutionary point of
view, PV biogenesis may be a refined adaptation for parasitism
that enhanced the fitness of trypanosomatid parasites involved in
medically relevant pathologies.

Although both T. cruzi and Leishmania spp. depend on PV
development to persist inside host cells, the former is sheltered
transiently by PVs and then is released to host cell cytosol where
it multiplies, whereas the latter is sheltered permanently by PVs
throughout its intracellular life cycle, and multiplies within PVs
(Fernandes et al., 2011; Fernandes and Andrews, 2012). Its release
from these PVs to cytoplasm depends on an acid pH-dependent
signaling event promoted by lysosome recruitment toward PV;
this leads to parasite exit into cytosol, where they differentiate
into replicative amastigote forms and multiply (Ley et al.,
1990; Andrade and Andrews, 2004; Fernandes and Andrews,
2012). Leishmania spp., on the other hand, take advantage
of PVs to differentiate into amastigotes and also to multiply.
Analogously to the diverse spectrum of disease outcomes in
leishmaniasis (Burza et al., 2018), PVs of Leishmania spp. display
diverse morphologies depending on species: the great majority of
Leishmania spp. (including L. major and L. donovani) develop
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in single compact PVs, whereas members of the L. mexicana
complex (L. amazonensis, L. mexicana) multiply within larger
PVs (Real and Mortara, 2012).

Thus, PVs are customized to fulfill the requirements of
parasites for their intracellular development, as reflected by
the construction of doubly infected, chimeric PVs, i.e., single
pathogen-containing vacuoles that host different parasite
species simultaneously. In a model system of chimeric vacuoles
hosting L. amazonensis amastigotes (primo-infection) and
L. major promastigotes (superinfection), the latter was unable
to differentiate into amastigote form (Real et al., 2010). In
another model of chimeric vacuoles using L. amazonensis large
PVs as recipient vacuoles for T. cruzi, the latter differentiated
into replication-competent amastigote forms not in cytosol but
within phagolysosome-like L. amazonensis large PVs, indicating
that trypomastigote-to-amastigote differentiation of T. cruzi
occurs under the acidic pH of PVs and precedes the release from
PV to cytosol (Pessoa et al., 2016). This finding is consistent
with previous reports that PV alkalinization impairs parasite
PV escape (Ley et al., 1990; Stecconi-Silva et al., 2003). Rather
than being released from PVs (as T. cruzi does), Leishmania
spp. remain associated with PVs even during cell-to-cell parasite
spreading. L. amazonensis takes advantage of host macrophage
apoptosis to transfer from macrophage to macrophage in vitro,
and remains associated with host lysosomal components on its
surface that trigger anti-inflammatory cytokine production by
recipient non-apoptotic macrophages (Real et al., 2014). PVs
thus provide an additional shelter from the extracellular milieu
and immune system surveillance, and participate in the late
intracellular life cycle of parasites; i.e., egress from host cells and
reinfection of new ones.

PARASITOPHOROUS VACUOLAR
BIOGENESIS AND MAINTENANCE
DEPEND ON HOST CELL MACHINERY

Several parasite species utilize a strategy based on formation
of a specifically designed, customized PV during the process
of cell infection. Intracellular persistence of trypanosomatids
depends on several host-related features. In contrast to
various intracellular pathogens that interfere with phagosome
maturation to avoid transport to lysosomes, Leishmania spp. and
T. cruzi recruit lysosome markers during the process of infection,
and need an acidic environment to maintain their intracellular
life cycle. This strategy requires that the parasites remodel and
subvert the host endolysosomal pathway to benefit themselves.

In cells infected with L. amazonensis, an exchange of
biomolecules (e.g., lipids, proteins, and sialoglycoproteins)
between cells and parasites was observed following contact.
The PV was labeled with the same molecular markers of the
parasite, indicating that in addition to host cell internalized
components, there is a shedding of proteins from the intracellular
parasites to PV (Henriques and De Souza, 2000). Henriques et al.
(2003) confirmed the transfer of lipids by labeling macrophages
with 32P and then exposing the cells to L. amazonensis. The
main phospholipid component of PV was phosphatidylcholine.

Changes were observed in PV protein composition in relation
to time of infection and morphological form of the parasite
(Henriques et al., 2003).

Gagnon et al. (2002) showed, based on observation of
calnexin markers, that endoplasmic reticulum (ER) participates
in formation of phagosomes in macrophages, by fusion
with plasmatic membrane during early phagocytosis and its
subsequent maturation. Entry of pathogens such as L. donovani
into macrophages evidently required ER proteins such as
calnexin and calreticulin, indicating participation of ER in the
internalization process. Similarly, Canton et al. (2012) showed
that ER elements are involved in PV formation in L. amazonensis,
through action of SNARE protein.

Leishmania donovani also is able to upregulate Rab5a, an
early endosome protein. The parasite retains Rab5a, along
with its effector protein EEA1, in PVs, thereby forming and
maintaining an early endosome compartment and delaying
maturation (Verma et al., 2017). Such delay is observed in
many other Leishmania species and is mediated by parasite
surface components such as lipophosphoglycan (LPG; Lodge
and Descoteaux, 2005), favoring differentiation into amastigote
forms of promastigotes otherwise sensitive to the harsh
environment of fully matured phagolysosomal vacuoles. In
contrast, L. amazonensis acquires Rab5a and EEA1 soon after
internalization but does not maintain these early endosome
markers; rather, it rapidly acquires late endosome and lysosome
markers (Courret et al., 2002; reviewed by Veras et al., 2019). For
L. amazonensis (and possibly other members of the L. mexicana
complex), PV maturation in terms of acquisition of lysosomal
membrane markers and content is accompanied by a striking
increase in PV volumetric size, which is dependent on host
cell factors such as lysosomal traffic regulator LYST/Beige
(Wilson et al., 2008), CD36 receptor (Okuda et al., 2016),
and V-ATPase subunit d isoform 2 (ATP6V0d2; Pessoa et al.,
2019). Lysosome marker recruitment and PV enlargement are
impaired when the host cell lacks CD36 receptor, thereby
impairing parasite multiplication as well (Okuda et al., 2016).
In another mechanism possibly involving CD36, ATP6V0d2
knockdown depletes macrophage cholesterol and inhibits PV
enlargement without impairing parasite multiplication (Pessoa
et al., 2019). Increase of cholesterol level by addition of
oxidized low-density lipoprotein (ox-LDL), of which CD36
is the receptor, results in PV enlargement and impaired
parasite multiplication.

Initial parasite-host cell interaction leading to parasite
internalization involves recognition of conserved parasite
components, termed pathogen-associated molecular patterns
(PAMPs), by host pattern recognition receptors (PRRs); the
parasites then take advantage of adhesion to host cells to
access safe intracellular environments (Bahia et al., 2018). Such
interaction modifies cellular signaling pathways and thereby
determines parasite fate. Activation of host signaling pathways
[phosphatidylinositol-3-kinase/protein kinase C (PI3K/PKC) –
mTOR pathway and endolysosomal pathway for T. cruzi;
phagocytic pathway for Leishmania spp.] leads to parasite
internalization and PV formation (Romano et al., 2009; Martins
et al., 2011; Salassa and Romano, 2018; Ferreira et al., 2019).
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Trypanosoma cruzi endocytic entry into non-professional
phagocytic cells has been clearly shown to require lysosome
recruitment (Meirelles et al., 1987; Carvalho and de Souza, 1989)
and actin reorganization (Rosestolato et al., 2002). Metacyclic and
culture-derived trypomastigote forms both depend on transient
presence of Ca2+ during entry into cells driven by parasite
surface molecules (gp82- MT/oligopeptidase B-CDT; Yoshida,
2006). Intact microtubule machinery is essential for T. cruzi
internalization (Rodriguez et al., 1996; Rosestolato et al., 2002).
During T. cruzi infection, microtubules play a role in directing
lysosomes to PVs, which act as sites of microtubule organization
(Tyler et al., 2005).

PV establishment in T. cruzi is directly related to its
mechanism of entry into cells. Internalization of T. cruzi
in non-phagocytic cells clearly depends on early lysosomal
exocytosis to parasite infection sites (Tardieux et al., 1992).
Following parasite-induced plasma membrane damage,
membrane repair is stimulated via lysosomal exocytosis,
and T. cruzi takes advantage of this process to enter the cell
(Fernandes et al., 2011). Woolsey et al. (2003) demonstrated
that trypomastigotes can also utilize a different invasion route
which is dependent on phosphatidylinositol 3-phosphate (PIP-3)
plasma membrane-associated molecules in non-phagocytic cells.
Only 20% of the analyzed parasite population presented early
endosomal markers (e.g., EEA1), in contrast to the 50% of the
population that invaded via class I phosphatidylinositol-3-kinases
(PI3K)-mediated PI3-P accumulation. These findings indicate
that the main endocytic internalization pathway of T. cruzi in
non-professional phagocytic cells does not require lysosomal
exocytosis, contrary to previously proposed mechanisms.

Parasitophorous vacuole features formed during these two
processes are distinctive. In the lysosome-dependent pathway
(early lysosome fusion), Ca2+-dependent exocytosis of lysosomes
is activated and lysosomes fuse with nascent PVs (Tardieux
et al., 1992; Fernandes et al., 2011). In contrast, in the
lysosome-independent pathway (late lysosome fusion), parasite
entry occurs through membrane invagination resulting from
PIP3 accumulation, and lysosome markers are acquired only
during PV maturation (Woolsey et al., 2003).

In HeLa cells, extracellular amastigotes induce PI3K pathway
to promote rearrangement of actin cytoskeleton and their own
phagocytosis (Ferreira et al., 2019). This process likely interferes
with PV formation, although the mechanism remains unclear.

Martins et al. (2011) showed that both metacyclic and
culture-derived trypomastigotes elicit lysosome recruitment
during invasion by activating autophagy-related signaling
pathways. Parasite surface glycoprotein gp82 and host actin
remodeling are required for induction of lysosome recruitment
to plasma membrane during metacyclic invasion through
activation of PI3K/PKC-mTOR pathway (Martins et al., 2011).
In contrast, invasion of culture-derived trypomastigotes depends
on activation of autophagy-related proteins ATG5 and Beclin,
independently of mTOR pathway (Romano et al., 2009; Figure 1).

Host autophagy processes, in addition to regulating
invasion, have been shown to affect PV maturation (Ghartey-
Kwansah et al., 2020). In L. donovani, both canonical and
non-canonical autophagy are triggered, at different infection

time points (Pitale et al., 2019). Salassa and Romano (2018)
suggested that autophagy is involved in PV maturation in
T. cruzi infection, based on observed recruitment of LC3
(an autophagosome marker) to PV. Confirmation of this
idea will require elucidation of the process involved. e.g.,
canonical autophagy, xenophagy, or LC3-associated phagocytosis
(Salassa and Romano, 2018).

Intracellular parasites exploit host membrane resources
and organelles to promote PV maintenance and maturation,
in order to complete their life cycle. Reignault et al. (2019)
observed formation of PVs during the first 2 h (not later
times) of internalization by peritoneal macrophages of T. cruzi
amastigotes and trypomastigotes. Electron microscopic and
3D reconstruction techniques indicated that during biogenesis
of T. cruzi PVs, ER and lysosomes act as membrane donors
for generation of PVs. Morphological changes were observed
in cellular distribution of Golgi complex and mitochondria
during PV biogenesis; these organelles moved from the
perinuclear region to the PV vicinity. No membrane fusion
with Golgi complex or mitochondria was observed; however,
it is conceivable that both organelles function in synchrony
with PV development, in view of their proximity. In the
context of PV development, the observed exchange of
membranes between parasite and PV suggest occurrence
of emergent signaling pathways between parasite and host
cell, and indicate involvement of the host actin cytoskeleton,
which surrounds the PV from its biogenesis until its rupture
(Reignault et al., 2014, 2019).

Lysosome-mediated PV acidification is necessary for both PV
maturation and trypomastigote-to-amastigote differentiation; it
enables proper functioning of parasite-derived Tc-TOX protein
(de Souza et al., 2010). Carvalho and de Souza (1989) were the
first to suggest a T. cruzi mechanism of PV dissolution. Stecconi-
Silva et al. (2003) demonstrated later that Tc-TOX induces
formation of pores to degrade PV membrane, thereby promoting
parasite release into host cell cytoplasm.

TRYPANOSOMATID STRATEGIES FOR
OVERCOMING HOST CELL DEFENSES

Intracellular parasites are able to persist and overcome host
cell defense mechanisms through a variety of strategies, e.g.,
secreting proteins, hijacking host proteins, and recruiting host
proteins/structures. Certain parasite-derived factors have been
implicated in subversion of host cell functions.

Lipophosphoglycan, a glycoconjugated virulence factor on
Leishmania spp. surfaces, enhances parasite survival by targeting
host defense proteins. During L. donovani phagocytosis, LPG
delays PV maturation by inducing F-actin depolymerization
around the PV site, resulting in inhibition of vesicular trafficking
holding (e.g., lack of LAMP-1 marker; Winberg et al., 2009),
and of recruitment to PV of protein kinase Cα (PKCα), a
kinase involved in F-actin degradation and regulation of PV
development (Holm et al., 2001). GP63, another virulence factor,
is a metalloprotease surface protein that interferes with PV
acidification. da Silva Vieira et al. (2019) reported that GP63 and
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FIGURE 1 | Entry of Trypanosoma cruzi metacyclic trypomastigote (MT) forms into non-professional phagocytic cell (A). 1: MT entry requires parasite surface protein
gp82 and recruitment of lysosomes to the infection site in a Ca2+-dependent manner. 2: MT invasion activates PI3K/PKC-mTOR signaling and F-actin disruption.
3: Acidic parasitophorous vacuole is formed as T. cruzi begins internalization. Mitochondria are localized near flagellar pocket (blue arrow). T. cruzi vacuolar closure
and maturation/acidification involve continuous communication with ER/Golgi vesicles. Glutamine synthetase (GS) controls pH by regulating NH4+ vacuolar content
(small pink squares). 4: T. cruzi vacuolar degradation. 5: T. cruzi vacuolar escape into cytoplasm. MT form remains intact, or an intermediate form between MT and
intracellular amastigote (IA) is present. 6: T. cruzi extravacuolar differentiation into IA forms. 7: Free T. cruzi IA in cytoplasm. 8: T. cruzi IA cytoplasmic replication.
T. cruzi culture-derived trypomastigote (CDT) invasion by lysosome-dependent pathway (early lysosome fusion; B). 1: CDT induces membrane damage. 2: CDT
requires parasite oligopeptidase B surface protein and recruitment of lysosomes to the infection site in a Ca2+-dependent manner. F-actin disruption also plays a
role in CDT invasion. 3-8: Similar to (A). T. cruzi culture-derived trypomastigote (CDT) invasion by lysosome-independent pathway (late lysosome fusion; C). 1: CDT
invades by membrane invagination resulting in a PI3K-dependent PIP3 accumulation. In deprivation of nutrients host cell increases CDT internalization through
ATG5/Beclin1 pathway. 2: lysosome markers are acquired only during PV maturation. ER membrane is donated to PV during its membrane construction. 3-8: Similar
to (A). Model of L. amazonensis non-phagocytic cell internalization as proposed by Cavalcante-Costa et al. (2019); D). 1: L. amazonensis induces membrane
damage and Ca2+ recruitment during invasion process. 2: L. amazonensis vacuolar formation and maturation. 3: L. amazonensis multiplication into large vacuoles.

LPG expression varies in L. braziliensis, and that these PV effects
are strain-specific (da Silva Vieira et al., 2019).

Certain host ER- and Golgi-localized N-ethylmaleimide-
sensitive-factor attachment protein receptors (SNAREs) are
related to endosome/lysosome fusion and are coopted by
trypanosomatids for PV biogenesis (Ndjamen et al., 2010; Canton
and Kima, 2012; Cueto et al., 2017). Vacuoles containing either
L. donovani or L. pifanoi recruit endoplasmic markers such
as calnexin and SNARE Sec22b to PV formation sites during
phagocytosis (Ndjamen et al., 2010). L. amazonensis engages
SNAREs (syntaxin-5, Sec22b) that play important roles in PV
development; syntaxin-5 inhibition blocked PV enlargement
and reduced parasite burden (Canton and Kima, 2012), and
Sec22b and syntaxin-5 participated in trafficking of parasite-
derived molecules in host cells (Canton and Kima, 2012;
Arango Duque et al., 2019).

Leishmania spp. metacyclic promastigotes utilize the host
classic exocytic pathway (ER/Golgi complex) to deliver GP63

and LPG from PVs toward the extracellular milieu, thereby
affecting parasite persistence (Arango Duque et al., 2019).
Casgrain et al. (2016) observed that L. mexicana GP63 cleaved
VAMP3 and VAMP8, two endocytic SNAREs associated with
phagosome biogenesis and function, and helped maintain
parasite intracellular development to allow PV expansion. Matte
et al. (2016) reported that cleavage of VAMP8 by L. major GP63
was associated with inhibition of LC3 recruitment to phagosomes
during LC3-associated phagocytosis (LAP). This pathway is
typically activated by external particles already contained within
a single-membraned phagosome or endosome, and leads to
deposition of LC3 on the cytosolic side of the phagosome, thereby
promoting more rapid fusion with lysosomes (Evans et al., 2018).
Disruption resulting from VAMP8 cleavage impairs host cell
antimicrobial machinery (Matte et al., 2016).

In T. cruzi, two SNAREs (VAMP3, VAMP7) are
recruited to PVs at different times during PV development:
VAMP3 appears only in early phases following parasite
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internalization, whereas VAMP7 is readily recruited and
maintained throughout PV maturation and maintenance, and
is essential for parasite invasion and lysosome-PV fusion events
(Cueto et al., 2017; Figure 2).

Amastin proteins, a family of stage-specific parasite surface
factors first described in T. cruzi and showing upregulated
expression in amastigote forms (Teixeira et al., 1994; Cruz et al.,
2012), are reportedly involved in parasite intracellular survival
and PV biogenesis (Cruz et al., 2012; de Paiva et al., 2015). The
major amastin subfamily in Leishmania spp., termed δ-amastins,
includes (˜42 isoforms. Genome analysis of L. amazonensis
showed that amastin subfamilies are species-specific, and show

correlations with disease outcomes and PV volumetric size (Real
et al., 2013). In L. braziliensis, δ-amastin knockdown reduced
parasite PV attachment, thereby inhibiting multiplication and
release into cytosol both in vitro and in vivo (Teixeira et al.,
1994; de Paiva et al., 2015). T. cruzi has a smaller number of
δ-amastin gene copies (12 in total) than do Leishmania spp.
δ-amastin superexpression in T. cruzi in vitro was correlated
with rapid differentiation of culture-derived trypomastigotes
into intracellular amastigote forms, and with host cell egress.
Overexpression of δ-amastin in T. cruzi extracellular amastigotes
in vivo led to earlier parasite tropism (relative to wild-type)
toward livers of infected mice (Cruz et al., 2012). Thus,

FIGURE 2 | Entry of trypanosomatids in a professional phagocytic cell. (A) 1: Uptake of Trypanosoma cruzi trypomastigote by phagocytosis. This process can be
facilitated through expression of phosphatidylserine (PS) in parasite surface. VAMP3 (SNARE) recruitment to entry site in early-phase infection. 2: T. cruzi vacuolar
closure and maturation. VAMP7 (SNARE) is recruited and maintained during PV maturation. Parasite uses Fe-SOD to reduce the amount of O2

− produced by host
(NOX-2) inside phagosome. PS exposition creates a permissive state to parasite survival. (B) 1: Uptake of L. amazonensis amastigote by phagocytosis.
2: L. amazonensis vacuolar formation and maturation. 3: L. amazonensis and T. cruzi vacuolar fusion. 4: Chimeric vacuole formation with L. amazonensis
amastigotes and T. cruzi trypomastigotes. (C) 1: Uptake of L. amazonensis promastigote by phagocytosis. 2: L. amazonensis vacuolar formation and maturation.
Rab5 and EEA1 endosome markers are acquired after internalization. 3: L. amazonensis multiplication into large vacuoles. ATP6V0d2 subunit of V-ATPase
participates in cholesterol influx, an essential process in PV maintenance. Syntaxin 15 and Sec22b are SNAREs that play important roles in PV development. (D) 1:
Uptake of L. major by phagocytosis. 2: L. major vacuolar formation and maturation. The parasite is developed in a single compact PV. 3: L. major multiplication into
tight individual vacuoles. Parasite virulence factors GP63 and LPG are transferred to host cell (ER/ERGIC; “ER-Golgi intermediate compartment”) by SNAREs. Both
promastigotes and amastigotes of L. amazonesis and L. major can present PS in its surface with the same functions as in T. cruzi facilitating parasite phagocytosis
and, once the parasite is inside the cell, aiding in its survival.
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parasite-derived membrane factors display a wide variety of
functions depending on trypanosomatid species, ranging from
parasite extracellular morphological development and parasite
tropism in host organisms, to intracellular multiplication
and PV biogenesis.

Another family of proteins, the trans-sialidases (TSs), also
play important roles in parasite-PV interactions. Freire-de-
Lima et al. (2015) showed that T. cruzi TSs help the parasite
salvage host cell sialic acid for its own benefit. Besides
their well-documented involvement in adhesion, invasion, and
immune modulation, TSs facilitate parasite escape from PVs to
cytosol, but the mechanism for this is unclear (Freire-de-Lima
et al., 2015, 2017; da Fonseca et al., 2019). T. cruzi culture-derived
trypomastigotes, in comparison with metacyclic forms, express
higher TS levels and escape earlier from PVs throughout their
intracellular life cycle, suggesting a link between TSs and PV
escape. In infected cells lacking surface sialic acid and lysosome
membranes, TS-overexpressing metacyclic forms and culture-
derived trypomastigotes with high native TS expression show
similar PV escape kinetics (Rubin-de-Celis et al., 2006, Rubin-de-
Celis and Schenkman, 2012).

Crispim et al. (2018) showed that the ATP-dependent
enzyme glutamine synthetase (GS) is associated with PV evasion
in T. cruzi. GS regulates the level of metabolites derived
from amino acid consumption by converting accumulated
NH4+ and glutamate into glutamine. Blocking of GS by
methionine sulfoximine (MS) inhibited trypomastigote PV
escape into cytoplasm in vitro. T. cruzi PV escape is associated
with acidic pH environment, and GS therefore may regulate
intravacuolar NH4+ content and acidification (Crispim et al.,
2018). Another enzyme associated with parasite survival within
PVs is cytosolic iron superoxide dismutase (Fe-SOD), an
O2− catabolizing enzyme. In T. cruzi, Fe-SOD reduces the
amount of O2− produced by host NADPH oxidase (NOX-2)
inside phagosomes, thereby counteracting host cell oxidative
stress involved in defense against intracellular pathogens.
Fe-SOD overexpression in parasites in vivo resulted in
increased parasitemia and parasite burden in infected mice
(Martínez et al., 2019).

Last but not least, recognition of phosphatidylserine (PS) on
the membrane surface of apoptotic cells (apoptosis) is necessary
for its elimination by phagocytes (endocytosis) without causing
inflammation. A reproduction of this mechanism, termed
“apoptotic mimicry,” is used by some intracellular parasites,
including T. cruzi (trypomastigote forms) and Leishmania
spp. (promastigote and amastigote forms), during the invasion
process and maintenance of infection. In classical mimicry,

the parasite expresses PS in order to be phagocytosed by
macrophages, and a permissive state is created by decrease of
NO production through induction of cytokines (e.g., TGF-β1;
anti-inflammatory cytokine) and synthesis of IL-10, allowing the
parasite to survive inside the host cell. In contrast, in non-classical
mimicry the host cell expresses PS during the infection process.
Leishmania spp., for example, initially colonizes a neutrophil and
then induces its PS expression in order to be phagocytosed by a
macrophage – the ideal host for the parasite. The amount of PS
expressed determines the infection capacity of the parasite, and
depends on an intrinsic pressure upon the host’s immune system
(De Freitas Balanco et al., 2001; DaMatta et al., 2007; El-Hani
et al., 2012; Wanderley et al., 2020).

CONCLUSION

Trypanosoma cruzi and Leishmania spp. are trypanosomatid
pathogens that depend on customized PV niches during the
infection process. PV development mechanisms are complex,
and vary among parasite species and strains. During evolution,
mammalian host cells have adapted to resist invasion of
intracellular parasites by establishment of hostile intracellular
environments. Development of more efficient therapeutic
strategies against Chagas disease and leishmaniasis will require
better understanding of the PV processes related to such
structural biogenesis, and the mechanisms whereby parasite
factors subvert host cell responses.
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Cytomegalovirus (CMV) is the most common cause of congenital infection in humans.

There are no enough data on long-term outcome of newborns with congenital CMV

(cCMV) infection, particularly for those asymptomatic at birth. For this reason, we

performed this study to evaluate long-term audiological, visual, neurocognitive, and

behavioral outcome in patients with symptomatic and asymptomatic cCMV infection

treated with oral Valganciclovir (VGC). Thirty-six newborns with confirmed cCMV

infection were evaluated: 12 (33.3%) symptomatic at birth and 24 asymptomatic

(66.7%). No one had cognitive impairment. Cognitive assessment scales resulted

abnormal in 4/35 patients (11.4%). 11/21 patients (52.4%) achieved abnormal scores

in neuropsychological tests. The language evaluation gave pathological results in 6/21

(28.5%) patients. 6/35 patients (17.1%) developed SNHL, all symptomatic at birth except

one. None of the 34 patients evaluated developedCMV retinopathy. Our study shows that

both symptomatic and asymptomatic newborns with cCMV infection develop long-term

sequelae, particularly in the behavioral and communicative areas, independently from the

trimester of maternal infection.
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INTRODUCTION

Cytomegalovirus (CMV) is the most common cause of
congenital infection in humans (1) and the leading cause of
cognitive impairment and non-genetic sensorineural hearing loss
(SNHL) in infancy (2). Congenital CMV (cCMV) infection is
symptomatic in about 10–15% cases with a perinatal mortality
of 10%; 90% of those who survive develop neurological
sequelae, mainly defects of psychomotor development and
SNHL (3). Eighty five to ninety percent of newborns does
not present any symptoms at birth; however, 8–15% of
these will show late signs related to cCMV, especially SNHL
(4–8). Moreover, European and Asian studies have shown
how cCMV infection can have repercussions on multiple
developmental areas (9, 10), although the long-term outcome
of newborns with asymptomatic infection is not well clear.
Kimberlin et al. (11) demonstrated that intravenous (iv)
Ganciclovir (GCV) for 6 weeks in symptomatic cCMV with
CNS involvement prevents deterioration of the auditory and
psychomotor function. Furthermore, antiviral therapy improved
the neurological outcome during follow-up (12). However, this
therapy requires prolonged hospitalization and vascular catheters
with increased risk of nosocomial infections. Valganciclovir
(VGC) is the pro drug of GCV (GCV L-valil-ester); first
studies showed that a VGC dose of 15 mg/kg orally every
12 h is comparable to 6 mg/kg every 12 h iv of GCV (13).
Several studies evaluated the effectiveness of oral VGC, but all
of them aimed at symptomatic cCMV (14). Due to the lack
of clear data on long-term follow-up of cCMV infection, we
performed this study aiming to evaluate long-term, clinical,
audiological, visual, neurocognitive, and behavioral outcome in
patients with symptomatic and asymptomatic cCMV infection
treated with VGC.

MATERIALS AND METHODS

We performed a retrospective study of patients with cCMV
infection (both symptomatic and asymptomatic) treated with
VGC, evaluated from October 2009 to February 2017. The study
was approved by the Ethical Committee of our institution (prot
26317/19 ID 2629).

Maternal Diagnosis
Mothers have been considered infected in presence of at least one
of the following:

• seroconversion with appearance of anti-CMV IgG antibodies
documented during pregnancy,

• in case of positive anti-CMV IgG at the first serological control
in pregnancy, if the IgG avidity index was compatible with an
infection acquired after conception,

• presence of CMV-DNA in blood and urine (15).

Women with IgG positive antibodies before pregnancy and
those with high IgG Avidity without IgM during the first
25 weeks of gestation were classified as having non-primary
CMV infection.

Neonatal Diagnosis
Infants were considered infected if CMV-DNA was found in
blood or urine using the Real TimePolymerase Chain Reaction
method (RT-PCR), no later than the first 3 weeks of extra-
uterine life (11, 16). It is a commercial assay and the analytical
sensitivity allowed the quantification of 200 to 106molecules of
the target DNA.

All infected newborns underwent clinical evaluation (17),
blood tests, assessment of the ocular fundus, audiological
screening using otoemissions (TEOAEs), auditory brainstem
response (ABR), ultrasound of the brain and, in doubtful cases,
encephalic magnetic resonance, and cranial radiography.

Newborns were classified as symptomatic if they had
at least one of the following findings (18): petechiae,
hepatomegaly, splenomegaly, abnormalities in blood chemistry
(thrombocytopenia <100,000/µl, anemia, leukopenia, elevation
of liver enzymes, conjugated hyperbilirubinemia), SGA <-2
DS status, neurologic and/or ophthalmologic examination
anomalies, microcephaly, convulsions, neuroradiological
abnormalities related to CMV infection, abnormalities in the
ABR exam. Ultrasonographic signs indicative of symptoms
included calcifications, cystic periventricular leukomalacia,
subependymal pseudocysts, germinolytic cysts, white matter
anomalies, cortical atrophy, migration disorders, cerebellar
hypoplasia, and lenticulo-striatal vasculopathy (the latter only if
in association with other signs) (19).

Treatment
Patients were treated with a galenic preparation of oral VGC
based on data available in literature (13, 14, 20–22). The
galenic was set up according to the dictates of rules of good
preparation (N.B.P.) indicated on the Official Pharmacopoeia XII
ed. following the procedure reported in the literature (23).

The treatment was started in the first month of age. Patients
received VGC at a dose of 32 mg/kg/day divided into two
daily doses, for a variable number of 6-week cycles (up to
the persistently negative viremia, as stated below). At the
beginning, on day 21 and at the end of the 6-week therapy
cycle, the following parameters were monitored: viral load by
RT-PCR performed on whole blood, urine and pharyngeal swab;
creatinine, SGPT, amylase, gamma-GT, alkaline phosphatase and
blood-cell count with formula.

At the end of each cycle, monthly and until the first year of
age, patients underwent clinical evaluation and determination of
viral load on blood and urine; if viremia was found positive again,
a new 6-week therapy cycle was started, with the samemodalities.

Patients born after the publication of Kimberlin’s study in
2015 received the drug for 6 months, in accordance with the
evidence that emerged from the study (14).

The administration of the drug was suspended in 1 case
with peripheral blood neutrophil count lower than 500 cells/µl
(reversible side effect).

Follow-Up
Patients with confirmed cCMV infection underwent
audiological, neurocognitive, psychological, ocular, audiological,
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and neurological assessments; tests performed are summarized
in Table 1.

Primary Outcome
Evaluation of long-term clinical, audiological, visual,
neurocognitive, and behavioral outcome in patients with
symptomatic and asymptomatic cCMV infection treated
with VGC.

Secondary Outcome
Association between outcome (clinical, audiological, visual,
neurocognitive, and behavioral) and viremia, number of
treatments performed and trimester of maternal infection.

Statistical Analyses
The analysis of data includes a descriptive part of the sample
carried out by constructing frequency tables (absolute and

TABLE 1 | Tests performed for the evaluation of outcomes of primary and secondary interest, categories analyzed, and sample or sub-sample in which they are

performed.

Outcome Analyzed categories Sample or subsample

NEUROCOGNITIVE OUTCOME

Test 1: WPPSI-III: Wechsler Preschool and

Primary Scale of Intelligence—III

IQ ≤ 69: score lower than normal;

70 ≤ IQ ≤ 84: borderline score;

85 ≤ IQ ≤ 115: normal score;

IQ ≥ 116: higher than the norm score.

Patients from 2.6 to 7.3 years

Test 2: WISC-IV: Wechsler Intelligence Scale for

Patients-IV

IQ ≤ 69: score lower than normal;

70 ≤ IQ ≤ 84: borderline score;

85 ≤ IQ ≤ 115: normal score;

IQ ≥ 116: higher than the norm score.

Patients from 6 + 0 to 16 + 11 years

Test 3: Leiter-R: non-verbal scale IQ ≤ 69: score lower than normal;

70 ≤ IQ ≤ 84: borderline score;

85 ≤ IQ ≤ 115: normal score;

IQ ≥ 116: higher than the norm score.

Patients from 2 to 20 years of foreign

language

NEUROPSYCHOLOGICAL OUTCOME

Test 1: NEPSY-II Scores from 1 to 4: deficit;

from 5 to 7: lower than the norm;

from 8 to 12: in the norm;

from 13 upwards: above the norm.

Patients from 3 to 16 years

Test 2: Bells test Result >-1.66 DS: normal;

<-1.66: lower than the norm

Patients from 4 to 8 years

LANGUAGE

Test 1: BVL_4–12: Battery for the evalaution of

language in patients from 4 to 12 years

Result <-1.5 DS: lower than the norm;

>-1.5 DS: normal

Patients from 4 to 12 years

Test 2: Phonolexical Test (TFL) ≤50◦ percentile: lower than normal;

>50◦ percentile: normal;

>90◦: higher than normal.

Patients from 3 to 6 years

Test 3: Griffiths battery – C scale in five patients

(comprehension and verbal production scale)

Score ≤ 69: score lower than normal;

70≤ score ≤84: borderline score;

85≤ score ≤115: score in the standard;

score ≥ 116: score higher than normal.

Patients up to 3 years

BEHAVIOR

Test 1: Child Behavior Checklist 1½−5 (CBCL) >60: normal;

=60: borderline;

>60: lower than the norm.

Patients from 1 to 5 years

Test 2: Child Behavior Checklist 6–18 (CBCL) >60: normal;

=60: borderline;

>60: lower than the norm.

Patients from 6 years upwards

RETINOPATHY

Test 1: Fundus oculi examination Present/absent retinopathy All the patients

HEARING OUTCOME

Test 1: TEOAEs Pass (normal)/ Refer (pathological) All patients at the 3rd day of life

Test 2: ABR Auditory threshold Normoacusia if ≤20 dB

Unilateral or bilateral hypoacusia: mild 21–40 dB;

average 41–70 dB; severe 71–90 dB; deep > 90 dB.

0–2/3 years of age depending on the

collaboration

Test 3: Audiometry Auditory threshold Normal if ≤20 dB

Unilateral or bilateral hypoacusia: mild 21–40 dB;

average 41–70 dB; severe 71–90 dB; deep > 90 dB.

From 2 to 3 years of age upwards
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percentages) for the categorical variables and with the mean ±

standard deviation for the quantitative variables.
The association between the dependent and independent

variables has been tested using statistical tests defined on the basis
of the nature of the analyzed variables. For the analysis of the
association between the symptomatic or asymptomatic condition
at birth and the neurocognitive, neuropsychological, language,
behavioral, auditory, and long-term retinopathy outcomes, a
univariate analysis has been performed using the Chi-square
test and the Fisher’s exact test. These outcome variables have
been categorized based on the score obtained in the tests and
investigations carried out, previously described and reported in
Table 1; the same tests have been used to study the association
between the trimester of pregnancy in which the CMV infection
occurred and the outcomes.

The Mann–Whitney test was used to analyze the endpoints
regarding the number of therapy cycles administered.

For all analyses, a p < 0.05 was considered significant.
The analyses were performed using the STATA software

version 13.1.

RESULTS

Study Population
Thirty-six newborns with confirmed cCMV infection: 12
symptomatic patients at birth (33.3%) and 24 asymptomatic
(66.7%), who underwent oral VGC treatment were included in
the study. The average age of the follow up is 4.23 years ±

1.57 SD. All patients were in good general health conditions, no
endocrinological disorders were diagnosed.

Tables 2–4 summarize the characteristics of population, the
treatment cycles, and the comparison between symptomatics and
asymptomatics, respectively.

Based on the ESPID criteria (18), of the 12 symptomatic
newborns, eight (66.5%) were severe symptomatic at birth, 1
(8%) moderate symptomatic and 1 (8%) mild symptomatic.
Two patients (17%) were born with unilateral hearing loss, in
association with subependymal pseudocysts in a newborn and
isolated in another.

Timing of maternal infection was available for 35 patients
(Table 5):

• first trimester for 15 women (41.7%), giving birth to 6
symptomatic newborns (40%);

• second trimester for 11 women (30.6%); at birth 3 newborns
(27%) were symptomatic;

• third trimester for 9 women (25%), giving birth to 2
symptomatic newborns (22%) with CNS involvement.

Results of Neurocognitive and Behavioral
Follow-Up
Neuropsychiatric evaluation was proposed to 35 patients, four of
whom did not complete the tests. However, not all continued the
follow-up in the following years and consequently performed the
different tests, unlike the audiological follow-up. With regard to
cognitive development, 30 out of 33 evaluated patients (90.9%)
were normal (Intelligence Quotient, IQ, ≥85). The average IQ

of patients in the group is 110.9. Specifically, 15 patients have a
development above the norm with IQ ≥ 116 (45.5%) and 15 in
the standard with 85 ≤ IQ ≤ 115 (45.5%). Among them, eight
patients scored below the norm in at least one subtest. The major
recurrence was observed in the test called Cifrario (10 patients
out of 22–45.5%). Three patients achieved a borderline score: 70
≤ IQ ≤ 84 (9.1%), one was severely symptomatic at birth. No
one had cognitive impairment (IQ ≤ 69). The Symbols’ Search
(SS) test of cognitive assessment scales, given to 22 patients, was
abnormal in 4 patients in whom the viremia for CMV had not
become undetectable after the first course of therapy (p = 0.017,
Table 6).

Of the 21 patients who underwent neuropsychological tests, 11
(52.4%) achieved an insufficient score in at least one subtest with
amore frequent fall in the attention tests (7 out of 19−36.8%) and
semantic fluency (8 out of 12−66.7%).

The language evaluation carried out on 32 patients gave
normal results in all but in 6 patients, including 3 symptomatic
at birth with CNS involvement; a significant difference emerged
between those with language disorders and without in relation
to the number of cycles of VGC administered. In particular,
the median number of cycles is 3.50 with IQR = 2 in the first
group and 2 with IQR = 1 in second group (p = 0.042 in the
Mann–Whitney test).

Twenty-eight families completed the CBCL questionnaire
for the analysis of the child’s behavior. In the Total Scale of
Problems, four patients (14.3%) obtained pathological results
on the Internalizing scale and two patients (7.1%) also in the
Externalizing scale. The same two patients were symptomatic at
birth with CNS involvement.

Seven patients in total obtained an alarming score on the
Internalizing scale (25%), three of them had a pathological score
on the Externalizing scale and four of them were pathological on
the Total scale.

The score on the Externalizing scale was noteworthy for four
patients (14.3%), two of them already reported in the Total scale,
and three also with internalizing problems.

Importantly, abnormal neurocognitive and behavioral tests
were obtained both in newborns infected in the first trimester
(9/15, 60%) and in the third trimester (4/9, 44%), p > 0.05.

Results of the Audiological Follow-Up
Thirty-five patients underwent audiological follow-up. It was
assessed by Auditory Brainstem Response (ABR) within the 3rd
month of age. The repetition of the exam was proposed at 6, 12,
and 18 months of age and then annually until school age. The
average age of the follow up is 4.23 years± 1.57 SD.

Six patients (17.1%) developed SNHL, all symptomatic at
birth except one (p = 0.012—Table 7). One child has had
unilateral left-sided deep hearing loss (auditory threshold 95
dB−5 years of age at the last instrumental control) since
the first control. Two patients, both 4 years old, have had
severe unilateral left-sided hearing loss (auditory threshold 80
and 85 dB) since the first control, which has remained stable
over time.

A child with normal ABR at birth, who had not performed
controls in the first year of life, resulted affected by bilateral
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TABLE 2 | Patient characteristics.

Patient Gestational

Age

Birth

Weight

(g)

AGA/

SGA/

LGA *

Symptomatic (S)/

Asymptomatic (A)

CMV PCR in urine,

blood, pharynx

Viral load in

blood

(copies/mL)

Hearing

status

Thrombocytopenia Petechiae Hepatomegaly Splenomegaly CNS involvement Hepatitis Trimester of

infection

#1 40 3,470 AGA A + U, B, P 930 2

#2 39 3,140 AGA A + U, B, P 6,760 2

#3 40 2,660 SGA A + U, B, P 17,190 2

#4 38 3,250 AGA S + U, B, P 9,340 Left SNHL White matter abnormalities 2

#5 40 2,830 AGA S + U, B, P 152,800 White matter abnormalities,

cysts, scars

1

#6 38 3,330 AGA A + U, B, P 5,604 1

#7 40 3,700 AGA A + U, B, P 1,880 3

#8 37 2,600 AGA A + U, B, P 431 3

#9 38 3,240 AGA A + U, B, P 486 2

#10 38 2,750 AGA A + U, B, P 1,820 2

#11 37 3,250 AGA A + U, B, P 2,000 1

#12 39 3,380 AGA A + U, B, P 17,640 1

#13 40 3,930 LGA A + U, B # 1

#14 40 3,450 AGA A + U, B, P 9,600 2

#15 38 2,740 SGA S + U, B, P 9,200 Left SNHL 2

#16 40 4,220 LGA A + U, B, P 810 3

#17 37 3,500 LGA S + U, B, P 304 White matter abnormalities 3

#18 39 3,120 AGA A + U, B, P 5,856 X X X Subependymal pseudocysts 1

#19 39 2,920 SGA S + U, B, P 8,684 3

#20 38 3,150 AGA A + U, B, P 3,753 Lenticulostriatal vasculopathy 1

#21 # # # A + U, B, P 1,987 3

#22 41 3,200 AGA A + P 0 2

#23 # # # A + U, P 0 1

#24 40 3,340 AGA S + U, B, P 31,604 Left SNHL Subependymal pseudocysts 1

#25 40 2,800 SGA A + U, B, P 31,900 Left SNHL 1

#26 40 3,720 AGA S + U, B, P 519 White matter abnormalities,

lenticulostriatal vasculopathy

2

#27 # # # S + U, B, P 3,610 Hypotonia, seizures #

#28 39 4,000 LGA A + U, B, P # 3

#29 36 2,730 AGA A + U, B, P 2,774 2

#30 35 1,750 <3 S + U, B, P and

cerebrospinal fluid

1,746,873 Bilateral

SNHL

X 1

#31 38 3,670 LGA A + U, B, P 9,541 3

#32 38 3,130 AGA S + U, B, P 3,883 White matter abnormalities,

subependymal pseudocysts

1

#33 38 2,570 SGA A + U, B, P 2,343 1

#34 38 3,580 AGA S + U, B, P # Subependymal pseudocysts,

lenticulostriatal vasculopathy

3

#35 37 4,180 LGA S + U, B, P 774 Bilateral

SNHL

White matter abnormalities,

lenticulostriatal vasculopathy

1

#36 38 4,150 LGA A + U, B, P # 1

#missing data.
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TABLE 3 | Treatment cycles.

TABLE 4 | Comparison between Symptomatics and Asymptomatics.

Gestational

age

(median)

Birth

Weight

(g,

median)

Time of maternal

infection

(median

trimester)

Viral load in

blood

(copies/mL)

Cycles

of VGC

(n)

SNHL

(n)

Retinopathy

(n)

Cognitive

Impairment

(n)

Abnormal

neuropsycological

tests

(n)

Language

disorders

(n)

Abnormal

behavioral

tests

(n)

Symptomatics 38.18 3,176 1.81 178,872 2.33 5 0 1 2 3 2

Asymptomatics 38.77 3,296 1.83 6,490 2.38 1 0 2 9 3 6

TABLE 5 | Study population according to trimester of maternal infection and

symptoms at birth.

Gestational age and symptoms at birth

Symptomatic Asymptomatic Total (n = 36)

First trimester 6 (16.7%) 9 (25%) 15 (41.7%)

Second trimester 3 (8.3%) 8 (22.2%) 11 (30.6%)

Third trimester 2 (5.6%) 7 (19.4%) 9 (25%)

Nondescript 1 (2.8%) 1 (2.8%)

Total 12 (33.3%) 24 (66.7%) 36

hypoacusia with 50 dB thresholds on the left and 60 dB on the
right ear in the 2nd year of age.

In a child, symptomatic at birth, with known bilateral hearing
loss since the first control and already wearing a prosthesis in
the right ear, a worsening at the age of 3 years was observed
(threshold 90 dB on the right and 50 dB on the left ear). He then
started using a prosthesis also for the left ear and performed a
6-month course of therapy with VGC after which the hearing
thresholds remained stable.

The remaining 29 patients (82.9%), including 7 symptomatic
and 22 asymptomatic, had a physiological result at the
auditory function control, showing a normal bilateral acoustic
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TABLE 6 | Statistic analysis of the Symbols’ Search subtest results

(neurocognitive examination) and the zeroing of CMV viremia after 1 cycle of oral

VGC (n = 22).

CMV viremia after 1 cycle of oral

VGC

Positive Negative p-value

Neurocognitive

subtest

(Symbols’ Search)

Normal No. of

patients

5 13 0.017

% 55.6% 100.0%

Lower than

normal

No. of

patients

4 0

% 44.4% 0.0%

TABLE 7 | Statistic analysis of the association between the presence of hearing

loss and the presence of signs and symptoms of congenital CMV infection at birth.

Symptoms at birth

No Yes p-value

Hearing

impairment

No No. of

patients

22 7 0.012

% 95.7% 58.3%

Yes No. of

patients

1 5

% 4.3% 41.7%

threshold (<20 dB) or slightly increased (25–30 dB) because
of transmission problems for upper respiratory tract infections,
as documented by the contextual clinical evaluation and by the
results of the impedance test (tympanograms B or C).

Results of Ophthalmological Follow-Up
Thirty-four patients (12 symptomatic at birth) underwent
examination of the fundus of the eye. No child developed
CMV retinopathy.

DISCUSSION

Our study has analytically explored the long-term
neurocognitive, behavioral, auditory, and ophthalmological
outcome of a group of symptomatic and asymptomatic patients
affected by cCMVand treated with VGC, showing a considerable
impact of cCMV infection on social and individual child health.

As regards the cognitive domain, except for the case of a child
with severe nervous system involvement since birth, patients
achieved excellent results. There was no finding of overt cognitive
deficit and only three patients obtained a borderline score (IQ =

71, 77, and 79). Two of these patients were asymptomatic at birth
and one was diagnosed with Language and Attention Deficit and
Disorder of Language Understanding.

Fifteen patients out of 33 brilliantly faced cognitive tests,
reaching scores above the norm. Overall, the average IQ of
patients in the group is in the standard. Interestingly, our values
are significantly higher than the average IQ of the group of

asymptomatic infected, not treated with VGC, studied by Zhang
et al. (10): IQ of 89.43 ± 12.78 among 49 patients between 2 and
6 years.

Korndewal’s et al. (9) published in 2017 data on a 6-
year multidisciplinary follow-up of a group of patients with
untreated symptomatic and asymptomatic cCMV.We compared
our results with Korndewal study, although there are intrinsic
methodological differences between the two projects, such as
sample size, classification of symptomatic and asymptomatic at
birth, evaluation tests, characteristics of the population, cultures.
In our series a better neuropsychiatric outcome emerges, in
particular the absence of cognitive deficit vs 6% (3.7% among
asymptomatic patients) in the Dutch group. However, our
patients still presented specific falls in the SS test of cognitive
assessment scales (4 patients). The SS test helps assess the child’s
processing speed, measures the ability to focus attention, speed
of analysis and capacity for discrimination (24). Interestingly,
there was an association between lower scores and the lack of
negative viremia after the first cycle of VGC (p= 0.017 at Fisher’s
exact test).

On the contrary, the rate of generic language disorder was
similar: 18.8% of patients in our group vs. 16.5% (14.3 against
12.2% among asymptomatic people). Although it is not possible
to make conclusions from this comparison, the possibility that
VGC treatment gave us good results on this specific follow-up
must be considered.

The language evaluation was normal in all but six patients,
three of whomwere symptomatic at birth with CNS involvement.
A significant difference emerged between those with and without
language disorders (p = 0.042 at the Mann–Whitney test)
in relation to the number of VGC cycles needed to achieve
persistent negative viremia. Importantly, total non-negligible
lower scores in semantic fluency tests were found. Examining
only the asymptomatic, seven patients out of nine showed
low scores.

Focusing attention on the results of the behavioral
questionnaire (CBCL), a quarter of patients has a trait of
weak psychic structure on the internalizing side, with a tendency
toward anxiety and social withdrawal. None of the patients
was diagnosed with autism spectrum disorder (as in 3% of the
Korndewal’s group, not treated with VGC) (9). The behavioral
and emotional spheres are obviously multifactorial. Furthermore,
the sequelae of cCMV in the auditory and ophthalmologic areas
and the consequent possible need to wear hearing aids and/or
glasses and performing rehabilitative therapies are sources of
stress for the child and embarrassment with peers. A recent study
from Switzerland confirmed the abnormal neuro-development
of patients with cCMV (25).

The outcome of post-treatment audiological evaluations did
not show the onset of SNHL in normal hearing patients or
its deterioration in those in whom it was already present at
birth, except in one case. This observation suggests that the
control of viral replication in the first year of life, through
the administration of VGC, may limit the direct or immune-
mediated damage caused by CMV. Only one child had post-
treatment worsening of auditory function. Symptomatic at birth
(thrombocytopenia, neutropenia, and petechiae), he developed
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hearing loss during the 1st year of life. At 15 months of age,
hearing function worsened and the use of a right prosthesis
was implemented in the second year of life. Following a new
deterioration at the age of 3 he began using a prosthesis also
for the left ear. On this occasion, we administered VGC for
6 months, after which the hearing thresholds were confirmed
stable. Our choice was based on the hypothesis that the observed
damage could be the result of long lasting inflammation and,
therefore, the control of viral replication could influence the
audiological outcome, as hypothesized by the study of Kimberlin
et al. (14). They compared VGC treatment (six weeks vs.
six months) in patients with symptomatic cCMV infection.
This study demonstrated comparable efficacy in terms of 6-
month audiological outcome in the two groups. Instead, the
prolonged treatment demonstrated a statistically significant
superiority for the same outcome at 12 and 24 months,
with a maintenance of the hearing benefit. In addition, a
statistically significant superiority of the 6-month treatment
in linguistic and communicative-behavioral development was
reported (14).

Our data confirm what is already known in literature:
symptomatic cCMV is a risk factor for the presence of damage
to the auditory function (p = 0.012). Comparing with the
Korndewal’s group of untreated patients, the prevalence of
hearing loss is proportionally greater in our sample. However,
the picture of the audiological status of the patients examined by
us after years of treatment reflects in almost all cases what has
already been present at birth, or pre-treatment (9).

Regarding the ophthalmological follow-up, the absence
of development of chorioretinitis, possible outcome of the
infection, is also a positive finding. The results are undoubtedly
encouraging, especially when compared with a recent publication
of ophthalmological interest in which the development of retinal
damage was recorded in 7.8% of symptomatic and in 3.7% of
asymptomatic untreated patients (26).

Finally, some considerations are important regarding the
trimester of maternal infection. As already described, cCMV
infection is more severe in newborns born to pregnant women
with first trimester infection. However, the long-term outcome
shows a varied distribution of falls in specific scales of cognitive
development, language and behavioral sphere. An extremely
important finding is that neither a group of patients is free

from problems nor it is characterized by a recurrence of
specific sequelae.

Our study has some limitations: first, we describe a small
sample size; secondly, we do not have a control group of
not treated newborns with cCMV to compare with those
treated. Despite these limits, our study clearly shows that
both symptomatic and asymptomatic newborns with cCMV
infection develop long-term sequelae, particularly in the
behavioral and communicative areas, no matter the trimester of
maternal infection. Importantly, our study also shows a possible
association between the entity of viral replication and future
sequelae, suggesting that controlling it with antiviral treatment
appears a reasonable strategy. Finally, although no comparison
with untreated cCMV has been done, our series of treated
patients shows a better neuro-cognitive and audiological long-
term outcome compared to available data from literature about
untreated patients.

New studies evaluating more patients with symptomatic and
asymptomatic CCMV and including a randomization of different
treatment strategies are needed to better define the best way to
manage this increasingly common and characterized condition.
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Anaplasma phagocytophilum
Activates NF-κB Signaling via
Redundant Pathways
J. Stephen Dumler 1,2*, Marguerite Lichay 2, Wan-Hsin Chen 2, Kristen E. Rennoll-Bankert 2

and Jin-ho Park 2

1Department of Pathology, F. Edward Hébert School of Medicine, Uniformed Services University for the Health Sciences,

Bethesda, MD, United States, 2Division of Medical Microbiology, Department of Pathology, The Johns Hopkins University

School of Medicine, Baltimore, MD, United States

Anaplasma phagocytophilum subverts neutrophil function permitting intracellular survival,

propagation and transmission. Sustained pro-inflammatory response, recruitment of

new host cells for population expansion, and delayed apoptosis are associated

with prolonged nuclear presence of NF-κB. We investigated NF-κB signaling and

transcriptional activity with A. phagocytophilum infection using inhibitors of NF-κB

signaling pathways, and through silencing of signaling pathway genes. How inhibitors

or silencing affected A. phagocytophilum growth, inflammatory response (transcription

of the κB-enhanced genes CXCL8 and MMP9), and NF-κB signaling pathway gene

expression were tested. Among A. phagocytophilum-infected HL-60 cells, nuclear

NF-κB p50, p65, and p52 were detected by immunoblots or iTRAQ proteomics.

A. phagocytophilum growth was affected most by the IKKαβ inhibitor wedelolactone

(reductions of 96 to 99%) as compared with SC-514 that selectively inhibits IKKβ,

illustrating a role for the non-canonical pathway. Wedelolactone inhibited transcription of

bothCXCL8 (p= 0.001) andMMP9 (p= 0.002) in infected cells. Compared to uninfected

THP-1 cells, A. phagocytophilum infection led to >2-fold down regulation of 64 of 92 NF-

κB signaling pathway genes, and >2-fold increased expression in only 4. Wedelolactone

and SC-514 reversed downregulation in all 64 and 45, respectively, of the genes down-

regulated by infection, but decreased expression in 1 gene with SC-514 only. Silencing

of 20 NF-κB signal pathway genes increased bacterial growth in 12 (IRAK1, MAP3K1,

NFKB1B,MAP3K7, TICAM2, TLR3, TRADD, TRAF3, CHUK, IRAK2, LTBR, andMALT1).

Most findings support canonical pathway activation; however, the presence of NFKB2

in infected cell nuclei, selective non-canonical pathway inhibitors that dampen CXCL8

and MMP9 transcription with infection, upregulation of non-canonical pathway target

genes CCL13 and CCL19, enhanced bacterial growth with TRAF3 and LTBR silencing

provide evidence for non-canonical pathway signaling. Whether this impacts distinct

inflammatory processes that underlie disease, and whether and how A. phagocytophilum

subverts NF-κB signaling via these pathways, need to be investigated.

Keywords: Anaplasma phagocytophilum, NF-κB, signaling, neutrophil, inflammation
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INTRODUCTION

Anaplasma phagocytophilum is an Ixodes spp. tick-transmitted
zoonotic rickettsia of small mammals, cervids, and ruminants
(1). Infection of co-evolved mammalian reservoirs often results
in mild, subclinical, and persistent infections (2). However,
granulocytic anaplasmosis is a mild to severe disease of humans,
horses, and dogs, characterized in humans by fever, headache,
myalgias, thrombocytopenia, leukopenia, and liver injury (1).
This obligate intracellular rickettsial bacterium infects and
propagates within granulocytes, largely neutrophils, in blood and
bone marrow after it is acquired by tick bite and disseminated
into the blood.

A. phagocytophilum evolved to survive within the
antimicrobial confines of neutrophils by co-opting a number of
pathways that regulate endosomal entry, vacuolar trafficking,
and signals that lead to delayed apoptosis and reduced
antimicrobial activities, while promoting an inflammatory
environment that recruits new host cells to expand bacterial
populations and inducing inflammatory cell injury as a
mechanism for disease pathogenesis (3–5). The mechanisms
by which A. phagocytophilum subverts its mammalian host
cell, the neutrophil, to achieve all of these functions has been
greatly studied, with a deep understanding of some microbial
mechanisms and control over host functions. A key for
understanding how disease occurs with A. phagocytophilum
is the observation that clinical signs of illness in humans and
animal models are not closely linked to bacterial loads, but
are more closely associated with stimulation of host immune
and inflammatory signaling such as with upregulation of the
genes for interleukin 1 (IL1), C-X-C motif chemokine ligand 8
(CXCL8), matrix metalloprotease−9 (MMP9), or innate immune
responses, and subversion of regulatory aspects of cytotoxic
lymphocytes (6–12).

How A. phagocytophilum triggers or directly influences
immune and inflammatory processes is of some debate, but
appears tied to the ability to regulate inflammatory gene
transcriptional programs, including those that operate through
key transcription factors such as signal transducer and activator
of transcription 1 (STAT1) or the nuclear factor kappa B (NF-
κB) (8, 13–16). While it is likely that inflammatory signaling
after A. phagocytophilum infection involves multiple pathways,
as a major pathway, NF-κB signaling is likely to be central to
either death or survival of the pathogen and as a mechanism
by which innate immune-mediated injury occurs. Two major
pathways exist for NF-κB activation, the canonical pathway
chiefly leading to p50/RELA dimer transcription factor, and the
non-canonical pathway, largely dependent on the generation of
p52/RELB dimers. While both can be generated simultaneously,
there are key differences in the specific programs incited (17–
19). Canonical pathway activation is associated with classical
inflammatory processes, but non-canonical activation seems to
be a feature of differentiation of lymphoid cells, processing
in dendritic cells, and associations with immune dysregulation
and autoimmunity. Owing to the diverse clinical inflammatory
manifestations of infection byA. phagocytophilum in humans and
animals, the major objective of this study was to identify specific
NF-κB signaling molecules and pathways triggered or targeted

by A. phagocytophilum and how their alterations affect sustained
bacterial growth while increasing pro-inflammatory responses
of host neutrophils. Here, we examine NF-κB signaling of
infected cells to determine whether A. phagocytophilum impacts
canonical, non-canonical, or atypical NF-κB signaling. We
hypothesize that inhibition or silencing of A. phagocytophilum-
interacting pathways or genes will (i) adversely affect intracellular
bacterial growth, and (ii) subsequently reverse pro-inflammatory
neutrophil phenotypes. We sought to identify molecular targets
that detect and signal, or at which A. phagocytophilum could
exert influence over sustained inflammatory responses and
severe disease.

METHODS

Cell Lines and A. phagocytophilum

Infection
The promyelocytic HL-60 (ATCC CCL-240) and
myelomonocytic THP-1 (ATCC TIB-202) cell lines were
purchased from American Type Culture Collection (Manassas,
VA), and grown in RPMI 1640 medium (Hyclone, Thermo
Fisher Scientific, Waltham, MA) supplemented with 5–10%
fetal bovine serum (Thermo Fisher Scientific, Waltham, MA)
and Glutamax (Life Technologies, Carlsbad, CA). All cells
were grown in a humidified incubator at 37◦C with 5% CO2.
Cell density was kept <106 cells/mL by diluting with fresh
medium. A. phagocytophilum (WebsterT strain)-infected HL-60
or THP-1 cells were maintained as previously described (20, 21).
Cell-free A. phagocytophilum were harvested and purified from
heavily infected cells, as previously described (21), and used to
infect THP-1 cells at an MOI of 100:1. For all experiments A.
phagocytophilum was passed <10 times in vitro. To simulate
infection over short and longer intervals of time, we used cultures
at 50% (between 2 and 4 days after subculture) and 90% (4–7
days of culture) infected cells.

Cell Fractionation, Immunoblotting, and
Nuclear Proteomics Evaluation
Nuclear extracts from A. phagocytophilum-infected, uninfected,
or LPS-stimulated HL-60 cells were prepared using NE-
PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific/Pierce Biotechnology, Rockford, IL). Samples of
the cytoplasmic and nuclear fractions were analyzed by
immunoblotting for the presence of NF-κB components. Ten
microgram total protein from nuclear extracts of infected
and uninfected HL-60 cells was electrophoresed in 10–12%
SDS-PAGE gels and transferred to nitrocellulose membranes.
The membranes were blocked with 5% non-fat dried milk,
probed with either NF-κB p50/p105, NF-κB p65, and IκBα

rabbit polyclonal antibodies (Santa Cruz Biotechnology) and
incubated with goat anti-rabbit IgG or anti-mouse IgM alkaline
phosphatase conjugate (KPL, Gaithersburg, MD); loading
controls were not used for these initial studies. The immunoblots
were visualized by incubation with BCIP/NBT substrate (Bio-
Rad, USA), and themigration of the specific bands was compared
with that of Jurkat nuclear extract positive control (Santa Cruz
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Biotechnology) or with nuclear protein isolated from LPS-
stimulated HL-60 cells. These experiments were repeated 3 times.

We further examined data extracted from a proteomics
(iTRAQ [isobaric tag for relative and absolute quantitation
protein profiling technology; Applied Biosystems]) study using
A. phagocytophilum-infected and uninfected cells HL-60 cells
that identified nuclear proteins in infected and uninfected HL-
60 cells and their ratios (22). For each protein identified, two
types of scores were reported: unused ProtScore and total
ProtScore. The total ProtScore measures all peptide evidence
for a protein analogous to protein scores reported by other
protein identification software programs. However, the unused
ProtScore measures all peptide evidence for a protein not better
explained by a higher ranking protein, and was the method
of choice. The protein confidence threshold cutoff for this
study was set at an unused score of 2.0 with at least one
peptide with 99% confidence. A ratio of infected to uninfected
(Aph:HL-60) score was used to identify differential presence of
human proteins in nuclear lysates. To do this, we averaged the
ratios of uninfected HL-60 nuclear lysate replicates (isobaric
isotope labels 115:114) and ratios of nuclear lysate replicates
from A. phagocytophilum-infected HL-60 cells (116:114 and
117:114) to create the composite Aph:HL-60mean ratio. Proteins
identified with mean ratios (fold change infected/uninfected)
> 2 or < 0.5 were considered to be significantly differentially
present in the nucleus. This experiment was done once with
biological replicates.

Finally, we compared gene expression profiles among 4
separate studies that examined A. phagocytophilum infection
in neutrophils (GSE2405; GPL570) (8, 14) HL-60 cells, all
trans-retinoic acid (ATRA)-differentiated HL-60 cells (23)
(GSE107770), and NB4 promyelocytic cells (24) (GSE2600) to
identify differential expression of 104 genes associated with NF-
κB signaling in the KEGG (Kyoto Encyclopedia of Genes and
Genomes) database (https://www.genome.jp/dbget-bin/www_
bget?pathway+hsa04064). This pathway is roughly divided into
“canonical,” “atypical,” and” non-canonical.” The downloaded list
was manually annotated for each protein/gene with regard to the
3 pathways in which each participates for signaling. The set was
examined for consensus differential transcript in two of the three
studies examined, with up- and downregulation considered as
per authors, in all 3 cases, a 2-fold change compared to control
uninfected neutrophils or HL-60 cells; p-values or false discovery
rate were collected as available (Supplementary Table 1C).

Inhibitors and Toxicity Studies
In order to determine which of the NF-κB activation pathways
was utilized by A. phagocytophilum, we selected specific
pharmacologic inhibitors that could differentially block either (i)
the proteasome, using MG132 (N-[(Phenylmethoxy)carbonyl]-
L-leucyl-N-[(1S)-1-formyl-3-methylbutyl]-L-leucinamide); (ii)
the canonical pathway at NF-κB essential modulator/inhibitor
of nuclear factor kappa B kinase regulatory subunit gamma
(NEMO/IKKγ), using NEMO-Binding Domain Binding Peptide
(NBD peptide; DRQIKIWFQNRRMKWKKTALDWSWLQTE,
and control peptide DRQIKIWFQNRRMKWKK-
TALDASALQTE); (iii) the non-canonical pathway using

either wedelolactone (1,8,9-Trihydroxy-3-methoxy-6H-
benzofuro[3,2-c][1]benzopyran-6-one, 7-Methoxy-5,11,12-
trihydroxycoumestan; an inhibitor of both inhibitor of nuclear
factor kappa-B kinase subunit alpha [IKKα,IKK1,CHUK])
and nuclear factor kappa-B kinase subunit beta [IKKβ,IKK2]
(25) or SC 514 (4-Amino-[2′,3′-bithiophene]-5-carboxamide;
a selective ATP-competitive inhibitor of IKKβ (26); or (iv) the
atypical pathway (inhibitor of nuclear factor kappa-B kinase
[IKK]-independent) using Casein Kinase II Inhibitor I (CK2i;
4,5,6,7-Tetrabromobenzotriazole), a high affinity, cell-permeable
inhibitor of casein kinase 2 (CK2) (all from Millipore/Sigma,
USA). To implement these studies, we selected to use the
myelomonocytic cell line THP-1, owing to its ready ability for
manipulation and transfection. Initially, all drugs were tested
over the range of 12.5, 25.0, and 50.0µM concentrations to
assess both THP-1 and A. phagocytophilum-infected THP-1 cell
(4 × 105 cells) toxicity using the ToxiLight Bioassay Kit (Lonza)
compared to cells treated with 1% Triton X and untreated cells.
Percent cytotoxicity was calculated (luminescence units of cells
with or without drug/luminescence units of cells treated with
Triton X) and then normalized to untreated cells. Normalized
values >2 (50% cytotoxicity) were considered toxic.

Quantitative Measurement of
A. phagocytophilum Growth and Inhibitor
Impact on Defense Gene Transcription
A. phagocytophilum was quantified by three methods: (1)
cytocentrifugation of infected THP-1 cells, followed by
Romanowsky staining (LeukoStat) and enumeration of the
proportion of infected cells (repeated 3 times); (2) quantitative
real-time 5′-nuclease PCR, targeting A. phagocytophilum msp2
DNA, as previously described (27, 28) (repeated 3 times in
triplicate); and (3) quantitative reverse transcriptase PCR,
targeting A. phagocytophilum major surface protein-2 (msp2)
mRNA using the same 5′ nuclease method (repeated twice in
triplicate). Quantification of PCR assays was accomplished using
the BioRad CFX384 Real time PCR analyzer, by comparing mean
Cq values of known concentrations of clonedA. phagocytophilum
msp2 as a single copy in a plasmid, and dividing by a factor of
84 (the approximate number of msp2 paralogs detectable by this
assay in the A. phagocytophilum Webster strain genome) for
DNA. All samples were tested in at least duplicate.

To determine whether specific pharmacologic inhibition of
pathways in the canonical, non-canonical, or the “atypical”
IKK-independent pathway would impact infection, growth or
survival of A. phagocytophilum, infected THP-1 cells were
pretreated with a range of non-toxic doses of drugs targeting
each pathway, infected with cell-free A. phagocytophilum at
an MOI of 100:1, and examined after 24 h of growth in
vitro by qPCR or after 6 days of growth for microscopic
examination, comparing untreated to treated cells. Similarly,
cells were harvested from triplicate cultures for preparation of
RNA and analysis of relative transcription of cellular CXCL8 and
MMP9, markers of κB-driven pro-inflammatory gene regulation
with A. phagocytophilum infection. Transcriptional responses
were normalized (1Ct) to housekeeping genes for infected
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and uninfected cells separately, then to CXCL8 and MMP9
transcription (11Ct) for no inhibitor vs. inhibitor in infected
and uninfected cells separately. To extend the findings of
pharmacologic inhibitors of NF-κB signaling genes, similar
studies were conducted in a high-throughput screen using 96
distinct target genes, including 92 related to NF-κB signaling
(Supplementary Table 1A) and 4 housekeeping genes previously
shown to be largely unaffected by A. phagocytophilum infection
(ACTB, B2M, GAPDH, and HPRT1) (29, 30). Assays were
conducted as above in smaller scales comparing uninfected THP-
1 cell gene transcription to that of A. phagocytophilum-infected
THP-1 cells with or without 25µM SC-514 or wedelolactone.
Transcription for each of the 96 genes wasmeasured by preparing
RNA from duplicate cultures after 24 h of infection and testing
each culture in technical replicates, measuring increase in SYBR
green fluorescence at the Ct values for each culture and technical
replicate. Final values for relative transcription were calculated
after averaging the housekeeping gene expression Ct values to
calculate initial 1Ct values (housekeeping gene Ct—target gene
Ct), and using the 11Ct method by comparing 1Ct expression
values of all variables to 1Ct values for uninfected or infected
cells (21). In general, a 2-fold increase or decrease in transcription
was considered significant. However, statistical analysis was
conducted by comparing transcription in replicate cultures using
the Student’s t-test with and without the Benjamini-Hochberg
method for False Discovery rate (FDR) correction (http://www.
real-statistics.com/). FDR < 0.05 was considered significant.
These experiments were done twice.

NF-κB Signaling Pathway Gene Silencing
To determine the impact of genes involved in NF-κB signaling
on the propagation of A. phagocytophilum, we used the
SureSilencingTM siRNA Array Human NF-κB Signaling
Pathway- Validated Gene Knockdown RNA Interference
kit (SABiosciences/Qiagen), according to manufacturer
instructions. Here, 6.4 × 103 to 1.28 × 104 THP-1 cells were
aliquoted into the respective wells after reagent rehydration with
SureFECT Transfection Reagent in medium and allowed
to become transfected for 12 h. Thereafter, cell-free A.
phagocytophilum was added at an MOI of 200:1 (2 × 106

bacteria) and incubated for 6 h. This MOI reproducibly yielded
a significant and discernable increase in bacterial quantity
within 6 h in pilot experiments (not shown). At 18 h, samples
were removed for microscopy and quantitation of infected
cells; the remainder was used for RNA preparation and reverse
transcriptase PCR. Relative gene transcription was evaluated
by SYBR green reverse transcriptase PCR targeting mRNA
transcripts included for silencing in the SureSilencingTM siRNA
Array HumanNF-κB Signaling Pathway kit;GAPDH andHRPT1
were used as housekeeping genes. Melt curve analysis was used
to assure specificity of the SYBR green PCR reactions. Silencing
efficiency was evaluated as per manufacturer’s instructions
for THP-1 cells, and only those targets for which significant
reduction of at least 75% expression was observed were evaluated
for changes in A. phagocytophilum RNA quantity as an estimate
of bacterial viability and propagation in gene-silenced cells; data
for selected gene targets with >55% reduction in expression were

also evaluated. A. phagocytophilum growth or suppression was
monitored by simultaneous reverse transcriptase amplification
of msp2 transcripts within the RNA preparations, using the
factor of 119 (number of msp2 RNA transcripts for each msp2
genome equivalent) to convert to genome equivalents based on
comparative RNA and DNA PCR using known quantities of
bacteria after 18–24 h active replication (data not shown). This
experiment was done twice.

RESULTS

Prolonged Nuclear Localization of NF-κB in
A. phagocytophilum-Infected HL-60 Cells
As shown in Figure 1, uninfected HL-60 cells demonstrated
presence of RELA p65 but lacked detectable NF-κB p50 (and
precursor p105) in nuclei and cytoplasm. In contrast, infection
of HL-60 cells of sufficient duration to achieve 50% infected cells
(∼2–4 days) or 90% infected cells (∼4–7 days) demonstrated the
presence of both nuclear p65 and the presence and persistence
of p50 in infected cell nuclei. While p50 was detected also as
a higher molecular weight mobility, likely as precursor p105,
p65 was detected predominantly as a monomer, with possible
isoforms or post-translational modifications in both the nucleus
and cytoplasm (31). Similarly, IκBα was marginally detectable as
a 36–41 kDa monomer in the cytoplasm of uninfected, infected,
and LPS-stimulated HL-60 cell; however, in the nucleus, IκBα

was not detected in either uninfected or LPS-stimulated HL-60
cells, but was present within high molecular weight bands at
∼100 to 150 kDa among A. phagocytophilum-infected cells, likely
reflecting ubiquitylation (32, 33).

Using the iTRAQ proteomics approach, infected HL-60 cells
demonstrated 848 human nuclear protein signatures, of which
26 were present in 2-fold greater or lesser amounts than in
uninfected cells; of note, NF-κB2 was identified expressed 2.5-
fold higher than in uninfected cell nuclei, but among 11 NF-κB
signaling signatures (Supplementary Table 1B) detected in the
nuclear preparations, 10 were not differentially expressed >2-
fold. IκBα, the inhibitor of NF-κB in the cytoplasm and nucleus
(33, 34), was not identified, perhaps owing to stimulation of the
canonical pathway leading to its ubiquitylation and degradation.
When transcriptional profiles of A. phagocytophilum-infected
myeloid cells were queried for differential expression of a set of
104 NF-κB signaling pathway genes, 9 were upregulated >2-fold
and none were downregulated more than 2-fold in 3 of 4 datasets
evaluated (Supplementary Table 1C).

Toxicity of Pharmacologic Reagents
THP-1 cells, infected or not by A. phagocytophilum, generally
tolerated up to 25 to 50µg/mL of NF-κB inhibitors, except
MG-132, which was cytotoxic in all concentrations tested for
uninfected, but not infected cells (Supplementary Figure 1), and
NBD peptide, which was toxic at concentrations >12.5µM in
uninfected cells (Supplementary Figure 1); NBD peptide was
not further tested. The optimal concentrations of each inhibitor
were determined by the highest concentration of the inhibitor
that was not cytotoxic for uninfected or infected cells. In general,
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FIGURE 1 | NF-κB p50/p105, RELA (p65), and IκB analysis in the nucleus and cytoplasm of A. phagocytophilum-infected and uninfected HL-60 cells. The p50

component of p105 is expressed as two isoforms in infected HL-60 cells, and qualitatively lower density in uninfected than in infected cells; p50 is also detected as its

precursor, p105 in both nucleus and cytoplasm (left panels). Unlike p50 and p105, RELA (p65) is qualitatively similar in uninfected and infected HL-60 cell nuclei and

cytoplasm (middle panel). IκBα is also detected qualitatively at very low band density in the cytoplasm but not nuclei of uninfected, LPS-stimulated, and infected

HL-60 cells as monomers; it is also detected in the nuclei of infected HL-60 cells but only as high molecular weight complexes, likely reflecting ubiquitylation. The

antibody used to detect bands for each vertical nuclear (top panels) and cytoplasm (bottom panels) extract pair is labeled at the top. Jurkat cell nuclear lysate positive

control = pos. The image represents a composite of six separate gel images, altered only for decreased brightness to visualize all bands, applied equally to all panels.

No other manipulations were used.

each drug was tested over the range of concentrations including
12.5, 25.0, and of 50.0 µM.

Effects of Pharmacologic Inhibitors of
NF-κB Signaling on A. phagocytophilum

Infection and Growth
The effects of inhibitors of NF-κB signaling on
A. phagocytophilum infection and growth was greatest for
wedelolactone and to a lesser degree for SC-514, with no
effect for CK2i. The impact of inhibition of the non-canonical
pathway by wedelolactone and SC-514 was most dramatic in the
microscopic evaluations (Figure 2) where growth was reduced

between 99 and 96% (p = 0.035 and 0.015, respectively). In
contrast, growth was not significantly different compared to no
drug for CK2i that impacts the IKK-independent pathway. The
proteasome inhibitor, MG-132, which targets both the canonical
and non-canonical NF-κB pathways, was cytotoxic in the high
drug concentration used for the microscopic studies. Because of
this limitation, A. phagocytophilum growth was also assessed by
qPCR using pharmacologic inhibitors over a range of drug doses
shown to lack cytotoxicity. In general, bacterial quantity/cell
was lower with wedelolactone at high concentrations (Figure 3).
Unlike the observations by microscopy, SC-514 had no
significant impact on A. phagocytophilum growth at any dosage.
Triplicate experiments with the CK2 inhibitor CK2i revealed no
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FIGURE 2 | Inhibitors of the alternative or non-canonical NF-κB signaling

pathway (wedelolactone—inhibitor of IKKα/β; SC-514—selective inhibitor of

IKKβ) significantly inhibit A. phagocytophilum growth when examined

microscopically for the presence of morulae (intravacuolar bacterial colonies).

The casein kinase 2 inhibitor of the IKK-independent pathway (CK2i), did not

significantly affect bacterial growth. Error bars are SEM; p-values were

calculated comparing to no inhibitor.

significant changes in A. phagocytophilum growth for any of the
3 concentrations tested.

The effects of pharmacologic inhibition of NF-κB signaling
inhibitors on downstream expression of CXCL8 and MMP9,
genes known to be upregulated with and important for
A. phagocytophilum pathogenesis (6–8, 23, 35), were evaluated.
Increasing concentrations of the NF-κB signaling pathway
inhibitors had marginal reproducible effects for all drugs tested
in infected cells, with the exception of wedelolactone, for which
concentrations higher than 12.5µM significantly diminished
CXCL8 transcription, and also dampened transcription of
MMP9. CXCL8 transcription was also significantly reduced
in uninfected THP-1 cells with all doses of wedelolactone.
When confirmed with optimized doses of drug based on
initial experiments (Wedelolactone 31.8µM, SC-514 50µM, and
CK2i 20µM), the silencing of CXCL8 and MMP9 was greater
among infected cells (∼100-fold reduced) than uninfected
cells (Figure 4), with significant reductions only observed for
wedelolactone (p= 0.001 to 0.002).

To discern whether A. phagocytophilum also influences
the transcription of genes involved in NF-κB signaling, and
whether this could be impacted by pharmacologic inhibition
by either Wedelolactone or SC-514, RNA from uninfected,
and A. phagocytophilum-infected THP-1 cells with our without
25µM wedelolactone or 25µM SC-514 were assayed by RT-
PCR. A majority (64/92) of NF-κB signaling pathway genes

were downregulated more than 2-fold with infection, whereas
only 5 of 92 were upregulated, BCL2A1, IL1B, CXCL8, MMP9,
and SOD2 (Supplementary Figure 2). Eight of 92 genes were
downregulated more than 6.25-fold (CCL23, FGF8, IFNG,
MADCAM1, MAP3K3, PGR, PRKCG, and PTPN13); only
BCL2A1 had a p < 0.05, and no gene expression was significantly
changed when analyzed by the Benjamini-Hochberg method for
False Discovery rate (FDR) (Supplementary Figure 2). When
normalized to uninfected cells, of the 92 genes assayed in
infected cells treated with SC-514, 24 were upregulated and 11
downregulated more than 2-fold, but only 4 achieved unadjusted
p < 0.05 (AKT1, FADD, MADCAM1, and MAP3K1), and
none were significant when adjusted for FDR. Wedelolactone
had more dramatic effects, increasing expression of 15 and
decreasing expression of 23 out of the 92 genes examined. Of
these, only 10 showed upregulated expression with unadjusted
p < 0.05, including AKTA, BCL2A1, CCL23, CHUK, IRAK2,
MAP3K1, RPL13A, TICAM1, TNFRSF10B, and TNFRSF1A,
but only RPL13A (p = 0.0144) and TICAM1 (p = 0.0058)
were significantly upregulated compared to infected cells after
adjustment for FDR (Figure 5). It should be noted that CXCL8
andMMP9 that were downregulated in infected cells treated with
wedelolactone, but not SC-514 (Figure 4), were not significantly
changed by similar inhibitor treatments in the high-throughput
study. This observation could be an effect of the differing assay
sensitivities, uncontrolled biological variables over time that
perhaps lead to differential activation of canonical and non-
canonical pathways in the same experiments, all potentially
confounding interpretations.

NF-κB Signaling Pathway Gene Silencing
To discern whether broader effects of A. phagocytophilum
infection resulted in transcriptional regulation of a variety of
genes involved in NF-κB signaling, a transcriptional profiling
array was employed to analyze the effects of infection in
silenced THP-1 cells vs. effects in cells with control siRNA.
Of the 41 NF-κB signaling pathway genes targeted in the
SureSilencingTM siRNA Array kit (Supplementary Table 2), 16
genes were silenced by 75% or greater. Among the NF-κB
signaling pathway genes successfully silenced in THP-1 cells, A.
phagocytophilum levels increased by more than 30% and with p
< 0.05 with silencing of TRADD, TRAF3, MAP3K1, MAP3K7,
IRAK1, TLR3, TICAM2, and NFKB1, and of 4 with growth
decreased by 20% or more, none were significantly different than
mock silenced cells (Figure 6). Five additional genes silenced
>55% were also considered, and 4 of these demonstrated a
significant increase in A. phagocytophilum growth as compared
with mock-silenced controls; these included CHUK (IKKA),
IRAK2, LTBR, andMALT1. Their inclusion allowed an improved
analysis of the non-canonical pathway.

DISCUSSION

A. phagocytophilum has a remarkable capacity to survive
within the harsh niche of the primary innate immune
antimicrobial cell, the neutrophil. It does this by virtue of altering
fundamental functions of this cell, including reprogramming of
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FIGURE 3 | Wedelolactone, a non-selective IKKα/β inhibitor of the alternative or non-canonical NF-κB signaling pathway (A), but not SC-514 that selectively inhibits

IKKβ in the non-canonical pathway (A,B), or CK2i, and inhibitor of the IKK-independent pathway (B), significantly inhibits A. phagocytophilum growth when used in

high concentrations and when assessed by quantitative PCR. Error bars are SEM; p-values were calculated comparing to no inhibitor and are listed above each

average measurement.

(i) pro-inflammatory responses; (ii) apoptosis; (iii) antimicrobial
responses; and (iv) reduction of tethering/arrest and emigration
capacity. The overall fitness benefit to the bacterium is (i)
pro-inflammatory responses and recruitment of new host
neutrophils into which it can pass and propagate (6, 10, 15,
16, 35, 36); (ii) dampening of mechanisms that could lead

to bacterial killing within the neutrophil (21, 30, 37–41); (iii)
prolongation of neutrophil survival through delayed apoptosis
to permit increased bacterial doubling (8, 42–44); and (iv)
increased retention of infected cells within the vasculature
accessible for transmission during a subsequent tick blood
meal (7, 45–49). Each of these distinct functions has been
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FIGURE 4 | Activation of the non-canonical NF-κB signaling pathway mediates upregulation of downstream gene expression important for A. phagocytophilum

immune pathogenicity. Differential transcription from CXCL8 encoding the key chemokine that recruits new host neutrophils, and from MMP9 encoding an important

protease in neutrophils that is secreted as part of the inflammatory process after A. phagocytophilum infection, are significantly dampened by the non-selective IKKα/β

inhibitor, wedelolactone (Wedel.), but not by other inhibitors of NF-κB signaling, and a similar effect was not present with uninfected cells. Error bars represent SEM;

p-values infected vs. uninfected THP-1 are shown when <0.05.

examined to some degree and many depend intrinsically on
host gene expression and transcriptional programs, modulation
of signaling pathways, or subversion of intracellular trafficking,
some proven to be regulated by microbial manipulation of host
gene transcription (21, 30, 41). While it would be anticipated that
A. phagocytophilum should initiate pro-inflammatory responses
via interactions with toll-like receptors and other microbial
sensors, coordination of host inflammation ordinarily results
in parallel activation of both inflammatory and antimicrobial
activities as well as the ability of activated cells to transmigrate
microvascular barriers in response to chemotactic gradients.
Moreover, the lack of most differential transcription elicited
when cells are stimulated by heat-killed A. phagocytophilum (8),
suggests that active infection and host cell manipulation are
key to not only pathogen survival, but to pro-inflammatory
responses. These events are coordinated by a number of
mechanisms; but most converge with activation and nuclear
translocation of NF-κB, and binding of its active components
to κB consensus sequences over a spectrum of gene promoters
that execute the neutrophil’s inflammatory, survival, and
antimicrobial activities.

An overriding concept in intracellular infections is that
pathogens modulate host signal transduction and transcriptional
responses to change host cell function and improve bacterial
survival. Intracellular pathogens that alter host signaling are
best studied in macrophages and epithelial cells, while little
is known about bacteria that propagate within neutrophils.
In macrophages, bacterial proteins introduced into host cells
influence phagocytosis, vacuolar trafficking, and promote or
dampen inflammation, apoptosis and cytotoxicity, among other
effects. One strategy targets signal transduction of important
pro-inflammatory pathways, particularly by interfering with
activation of NF-κB (50). The full spectrum of NF-κB-responsive
genes has not been described, but important targets include those

involved in innate and adaptive immunity, such as genes for
cytokines, chemokines, adhesion molecules, acute phase proteins
(SAA), inducible effectors (iNOS, COX-2), adaptive immune
response, and regulators of apoptosis and cell proliferation (51),
many of which comprise the transcriptional reprogramming
phenotype of A. phagocytophilum-infected neutrophils. NF-κB is
a target for bacterial and viral subversion of host cells (50), where,
for example, Yersinia enterocolitica YopP binds to IKKβ, the
kinase that phosphorylates IκBα before proteolysis and release of
activated NF-κB (52). Likewise, Mycobacterium ulcerans affects
NF-κB transactivation by preventing nuclear localization or by
interfering with DNA binding (53), and NF-κB can be regulated
by viral IκBα mimics suppressing inflammatory response (54).

NF-κB/REL proteins comprise a family of dimeric
transcription factors, including RELA (p65), RELB, c-REL,
NF-κB1 p50 (and p105 precursor), and NF-κB2 p49/52
(and p100 precursor) (51). Most abundant is the p50/p65
heterodimer that rapidly transactivates genes for transcription;
p50/p50 and p52/p52 homodimers can repress target gene
transcription. NF-κB/REL proteins possess a conserved N-
terminal Rel homology domain (RHD) that mediates DNA
binding, dimerization, and interaction with IκB inhibitory
proteins, to which they are bound in an inactive state in the
cytoplasm. The RHD also has nuclear localization sequences
(NLS) usually masked by interaction with IκBs. IκBs comprise
a family with several members, IκBα, IκBβ, IκBε, IκBγ,
Bcl-3, and the Rel precursors, p100 and p105. Control of
NF-κB gene transactivation is based on phosphorylation of
IκBs at specific sites that targets them for ubiquitylation and
proteasome degradation, unmasking the NLS on NF-κB to
allow transport into the nucleus where transcriptional effects are
mediated (51).

NF-κB activation is affected by a number of signals including
receptors such as toll-like (TLR) or tumor necrosis factor (TNFR)

Frontiers in Public Health | www.frontiersin.org 8 October 2020 | Volume 8 | Article 558283102

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Dumler et al. A. phagocytophilum and NF-κB

FIGURE 5 | Inhibition of non-canonical NF-κB activation with wedelolactone or SC-514 reverses suppression of many genes transcriptionally dampened with

A. phagocytophilum infection (see Supplementary Figure 2). Here, gene expression was normalized to that observed in A. phagocytophilum-infected THP-1 cells.

Beyond the borders of the blue zone depicts >2-fold change compared to transcription in infected cells without the pharmacologic inhibitors. The most highly

impacted genes were all upregulated by either wedelolactone (IKKα/β inhibitor) or SC-514 (IKKβ inhibitor) and included AKT1, FADD, MADCAM11, MAP3K1,

BCL2A1, CCL23, CHUK, IRAK2, RPL13A, TICAM1, TNFRSF1A, and TNFRSF10A. Values that represent a significant difference (p < 0.05) compared to infected cells

are denoted by an asterisk “*”.

receptors, and is propagated by signaling through MyD88-
dependent or -independent pathways resulting in IKK complex
activation and eventual phosphorylation of IκBα in the canonical
pathway (55, 56). The alternative or non-canonical pathway to
NF-κB activation, particularly for p49/52 (NF-κB2) and RELB,
results from stimuli through TNFR family members, such as
CD40, lymphotoxin-β receptor, or those for LPS, via NIK
(MAP3K14) upregulation and activation of IKKα or via receptor-
induced degradation of TRAF2 and TRAF3 that under steady
state conditions degrade NIK (18, 57). Additional activation of
NF-κB occurs through intracellular interactions with NOD1 and
NOD2, but whether this involves IKK complex activation is
unclear (58–61). Although NF-κB activation occasionally occurs
without IKK complex activation, activation of the IKK complex
is often the key to NF-κB activation. A key distinction between
canonical and non-canonical activation is the sole utilization
of IKKα dimers in the non-canonical pathway, allowing their
distinction by comparing the effects of the IKK-non-selective

inhibitor wedelolactone to those of the IKKβ-selective inhibitor
SC-514. This unique pharmacologic inhibition would predict
that more dramatic effects with wedelolactone than for SC-514
are the result of non-canonical pathway inhibition. It is obvious
that A. phagocytophilum, which benefits when inflammation is
modulated, is provided ample targets for pathogen effectors in
NF-κB signaling pathways.

Here, we demonstrate that both p65 and p50 are present
in the nuclei of A. phagocytophilum-infected cells for at least
7 days of infection, although p65 is constitutively expressed in
uninfected HL-60 cells (62). The presence of NF-κB p105 in
nuclear lysates was not anticipated, but is well-documented with
stimulation (63–65); whether it would provide IκB-like inhibitory
function in this circumstance is not known, but likely. While
neutrophils when stimulated with LPS or TNF will demonstrate
nuclear p50 and p65 over periods that persist for 12 h or longer,
this is in part controlled by the simultaneous nuclear retention
of IκBα (33, 34), and ultimately such neutrophils become
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FIGURE 6 | Silencing of NF-κB signaling pathway genes by siRNA leads to a 30% or greater increase in A. phagocytophilum growth, as measured by qPCR in 8 of 16

genes with silencing >75% (blue bars), including IRAK1 (canonical), MAP3K1 (canonical), NFKBIB (both), TLR3 (both), TRADD (canonical), TRAF3 (both), and

MAP3K7 (canonical), involved largely with the canonical pathway via TNF receptor or TLR signaling pathways. In addition, among 5 other genes silenced to at least

55% (red bars), 4 (CHUK, IRAK2, LTBR, and MALT1) also demonstrated significant increases in A. phagocytophilum growth. Error bars represent SEM; when

significantly different from the mock-silenced control (p < 0.05), p-values are provided above each bar.

apoptotic owing to the inhibition of κB site transcriptional
activation with prolonged IκBα binding (33, 34). Additionally,
extrapolation from THP-1 or HL-60 cells to neutrophils is
challenging; however, A. phagocytophilum can delay apoptosis
in infected neutrophils for as long as 96 h via mechanisms
active in MAP kinase signaling, sustained BCL2 gene family
transcription, and through mitochondrial stabilization (43, 44,
66). In contrast to our hypothesis, silencing of NF-κB signaling
genes and inhibition of their protein products, when effective,

largely increased bacterial propagation suggesting that their
presence with activated NF-κB signaling lowers the fitness
of A. phagocytophilum. For 8 of these silenced genes, A.
phagocytophilum burden increased 30% or greater, including with
silencing of TRAF3 and TRADD, confirming that the canonical
NF-κB signaling pathway is impacted by A. phagocytophilum
infection. The major unexplained discrepancy for this finding
is the diminished transcription of both CXCL8 and MMP9
in infected cells treated with the non-selective IKK inhibitor
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wedelolactone. This observation is of interest since CXCL8 and
MMP9 are implicated as important for A. phagocytophilum
fitness by enhancing bacterial expansion in vitro and in vivo
(6, 7, 35, 67).

In contrast with the concurrent increase of RELA (p65),
NFKB1 p50 and IκBα in the nuclei of activated or infected HL-60
cells and evidence that the canonical NF-κB pathway is active,
is the increased detection of a NF-κB2 protein in infected vs.
uninfected HL-60 cell nuclei as long as 7 days after infection,
and increases in NFKB2 transcription among transcriptional
profiling studies (Supplementary Table 1C). Inhibition of
A. phagocytophilum propagation and differential expression
of κB-driven genes by the non-selective IKKα/β inhibitor
wedelolactone and less robustly by the IKKβ inhibitor SC-514
was reproducible. Because signaling for the non-canonical
pathway depends predominantly on IKKα, which selectively
phosphorylates p100 when associated with RELB (68), the more
consistent impact of wedelolactone than the IKKβ-selective
inhibitor SC-514 further supports a role for signaling through
the non-canonical pathway.

The non-canonical pathway is typically linked to stimulation
of cell surface receptors such as the TNF receptor family CD40
(TNFRSF5) or RANK (TNFRSF11A), via lymphotoxin-β (LTB)
or the B-cell TNF-family cytokine BAFF (TNFSF13B) (57, 69).
Of the TNFR family, silencing of TNFRSF10A, TNFRSF10B,
and TNFRSF1 did not alter A. phagocytophilum growth in
vitro. However, CD40, CD40L, TNFRSF11A (RANK), TNFSF14,
EDAR associated death domain (EDARADD), and baculoviral
IAP repeat containing 3 (BIRC3) are significantly upregulated
with A. phagocytophilum infection in several transcriptional
profiling studies, and all are involved in the induction of or
propagation of non-canonical NF-κB signaling (8, 14, 23). Non-
canonical pathway-specific gene targets that are upregulated with
A. phagocytophilum infection include bothCCL13, which recruits
inflammatory leukocytes except neutrophils, and CCL19, which
impacts lymphocyte recruitment and homing in the thymus or
lymph nodes.

Additionally, of the key TNFR signaling adaptors TRAF2,
TRAF3, and TRAF6, expression is not significantly upregulated
with A. phagocytophilum infection of HL-60 or human
neutrophils (Supplementary Table 1C). NIK (MAP3K14)
stabilization after TNFRs aggregate TRAF2, TRAF3 and/or
TRAF6, the major adaptors for non-canonical signaling,
permits their ubiquitylation by cIAP1/2 and degradation,
ultimately allowing NIK to degrade IKKα (CHUK) and release
of p100/p52 dimers in the non-canonical pathway. Here,
silencing of both TRAF3 and TRAF6 leads to a more productive
A. phagocytophilum infection. This finding further suggests that
activation of non-canonical (or canonical) pathway is host-
protective rather than an enhancer of bacterial fitness. While
the finding does not inform about microbial fitness, it could
be a potentially important observation given the recognition
that non-canonical pathway activation is associated with unique
transcriptional programs that in part guide lymphoid cell
differentiation, dendritic cell function, and distinct inflammatory
phenotypes, including chronic inflammatory conditions,

autoimmune diseases such inflammatory bowel disease, acute
kidney and lung injury, immunodeficiency syndromes, and even
cancer (17, 69–72).

Of course, other possibilities exist for mechanisms by which
A. phagocytophilum could influence NF-κB signaling. Ligation
of innate immune receptors such as toll-like or NOD-like
intracellular receptors can also lead to activation (73), and
NLRC4 activates the inflammasome in A. phagocytophilum
infection (74). We previously showed A. phagocytophilum
triggered NF-κB-driven target gene expression through TLR2
but not TLR4 in primary ex vivo human monocytes (36).
Prior transcriptional profiling of A. phagocytophilum-infected
ATRA-differentiated HL-60 cells also demonstrated significant
upregulation of TLR2, TLR1, TLR3, and TLR6, as well as
NOD2 and NLRP3 (23). In fact, treatment of infected cells with
wedelolactone and SC-514 led to increased transcription of TLR1
and TLR3, but not TLR2 in infected cells. The recent evaluation
of differentially regulated NF-κB-related genes in response to
various TLR ligands shows distinctive patterns for each TLR (75).
When these genes were queried using the A. phagocytophilum
transcriptional profiling in infected ATRA-differentiated HL-60
cells (23), the highest proportion of differentially expressed genes
was found among the group observed when cells were stimulated
by the TLR2 agonist, PAM-2CSK4 (data not shown). It is likely
that responses triggered by PAMPs contribute to the sustained
activation of NF-κB pro-inflammatory signaling in infected A.
phagocytophilum cells. Finally, it is further recognized that cross-
talk exists between the canonical and non-canonical pathways
that could be regulatory or have other yet to be discerned
purposes (72).

To synthesize a working model from these data, it is
reasonable to start from the signal origin for ligands. The
clear evidence of canonical pathway activation likely results
from interactions with pathogen recognition receptors such
as TLRs (36), NLRs (74), formyl-peptide and Fc receptors
(40), or cytokines released from other stimulated cells that
amplify the response. With regard to the non-canonical NF-
κB pathway, signaling is initiated by ligands binding to
TNFR superfamily members, for which there is evidence
with A. phagocytophilum infection, including upregulated
expression of several ligands and receptors. Although silencing
of several of these TNFR superfamily members did not change
A. phagocytophilum growth, with the possible exception of
LTBR, of 8 TNFR superfamily genes detected in expression
profiling of A. phagocytophilum-infected ATRA-differentiated
HL-60 cells, 7 are upregulated from 2.9- to 178-fold, providing
ample opportunity for non-canonical NF-κB signaling (23).

Aside from initiating signaling via PAMPs and related
processes, pathogens can manipulate NF-κB signaling to their
advantage, such as with viral RNAs that are detected by the
cytoplasmic RNA sensor retinoic acid inducible gene I (RIG-
I), or via production of viral proteins that interact with and
alter various NF-κB signaling pathway proteins (18). Whether
A. phagocytophilum or its effectors interfere with normal cellular
functions or lead to transcriptional regulation of key NF-κB
pathway genes is not proven, but given the evidence of activation
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of both canonical and non-canonical pathways, such extended
studies might be fruitful. Despite increased A. phagocytophilum
growth with silencing of some NF-κB signaling pathway genes,
the ongoing differential transcription that yields significant
upregulation of chemokine genes or those associated with
suppression of apoptosis clearly benefit the pathogen, even if
simply a component of physiologic NF-κB function. In fact, while
the inhibitor and silencing data seem to argue for a protective
role of NF-κB signaling, a majority of genes in these pathways are
downregulated by A. phagocytophilum infection, reminiscent of
the role that the type IV secretion system nuclear effector AnkA
plays in dampening transcription of host defense genes, although
no data here directly support that hypothesis (21, 41).

These observations provide evidence for NF-κB signaling
via the canonical and non-canonical pathways as targets for
control of infection or by which A. phagocytophilum could
subvert host cell functions to impact microbial fitness. There
are weaknesses in our study, including the lack of direct
evidence of RELB in the nucleus of infected cells, and the
ambiguity that is increasingly recognized in NF-κB signaling
pathways that potentially confounded some studies leading to
discrepant results. An increasing body of literature examines
the cross-talk between the canonical and non-canonical NF-
κB signaling pathways, and an emerging view is one of co-
regulation and balance between acute and chronic inflammation
and healing. Specifically how this occurs is still open for
much additional research since inhibitors of NF-κB-mediated
inflammatory suppression are in development (17). Moreover,
an improved understanding of these inflammatory pathways
could result from a clearer picture as to how A. phagocytophilum
interacts with and reprograms its mammalian host cells
while promoting a diversity of inflammatory responses that
link closely to the diverse outcomes and human disease
severity (4, 11, 76–78).
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