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ABSTRACT
Bacterial meningitis remains a substantial cause of mortality worldwide and survivors may have 
severe lifelong disability. Although we know that meningeal bacterial pathogens must cross 
blood-central nervous system (CNS) barriers, the mechanisms which facilitate the virulence of 
these pathogens are poorly understood. Here, we show that adenosine from a surface enzyme 
(Ssads) of Streptococcus suis facilitates this pathogen’s entry into mouse brains. Monolayer 
translocation assays (from the human cerebrovascular endothelium) and experiments using 
diverse inhibitors and agonists together demonstrate that activation of the A1 adenosine receptor 
signaling cascade in hosts, as well as attendant cytoskeleton remodeling, promote S. suis pene-
tration across blood-CNS barriers. Importantly, our additional findings showing that Ssads ortho-
logs from other bacterial species also promote their translocation across barriers suggest that 
exploitation of A1 AR signaling may be a general mechanism of bacterial virulence.
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Introduction

Despite advances in antibiotic therapies and vaccina-
tions, the meningitis burden remains high and progress 
lags substantially behind that of other vaccine- 
preventable diseases [1,2]. Globally in 2016, incident 
cases of meningitis were 2.82 million (2.46–3.31), caus-
ing 318,400 (265,218–408,705) deaths and 21.87 million 
(18.20–28.28) disability adjusted life years [2]. Bacterial 
meningitis is considered the most severe form of this 
disease and can rapidly become fatal or lead to severe 
disability in those who survive [2,3]. Bacterial meningi-
tis is predominantly caused by extracellular pathogens; 
in infants, the most common causative agents are 
Escherichia coli K1 and Streptococcus agalactiae 
(Group B Streptococcus, GBS); in children and adults, 
Neisseria meningitidis, Haemophilus influenzae type 
b (Hib), and Streptococcus pneumoniae are most com-
mon [4,5]. Most cases of bacterial meningitis occur 
following bacteremia [1,4,6], and translocation of cir-
culating bacteria across blood-CNS barriers is integral 
to the pathogenesis of bacterial meningitis.

It is generally accepted that bacteria can cross blood- 
CNS barriers through three general routes: transcellular, 

paracellular, and/or Trojan-horse mechanisms [7]. 
Notably, these routes are not mutually exclusive [5], as 
shown by evidence from studies of Neisseria meningitidis 
[8,9], GBS [10–12], and Escherichia. coli K1 [13,14]. Given 
that blood-CNS barriers including the blood-brain barrier 
(BBB) have highly restricted permeability [15], extensive 
research has examined technologies for targeting smart 
drug delivery across such barriers, and this work has 
identified apparent functional contributions from extra-
cellular adenosine in promoting BBB permeability. 
Specifically, it has been shown that extracellular adeno-
sine can activate the A1 and A2A adenosine receptor 
proteins (ARs) which are present on the surface of brain 
endothelial cells [15–20].

Our previous work demonstrated that meningeal bac-
teria express an enzyme on their surfaces which hydro-
lyzes AMP to produce adenosine; specifically, we 
identified the Ssads 5ʹ-nucleotidase from Streptococcus 
suis serotype 2 (S. suis 2); for context, S. suis 2 is known 
to cause meningitis and streptococcal toxic shock-like 
syndrome in humans [21,22], and is a major cause of 
meningitis in several regions of Asia [23]. Moreover, 
other studies have reported that surface-exposed adeno-
sine synthases of other meningeal bacteria like 
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Staphylococcus aureus and GBS functionally contribute to 
adenosine production in in vivo models of bacterial infec-
tion [24–26]. Despite these demonstrations, any func-
tional contributions of these surface-localized adenosine 
metabolism enzymes on the ability of pathogenic bacteria 
to promote their translocation across blood-CNS barriers 
remain unknown.

Here, we demonstrate in vivo that ssads gene defi-
ciency impedes S. suis entry into mouse brains. Using 
in vitro translocation assays with monolayers derived 
from human brain microvascular endothelial cells we 
found that Ssads-mediated adenosine production facil-
itates S. suis translocation. We also show – via translo-
cation assays and a variety of in vivo chemical 
complementation experiments that activation or block-
ade of the A1 adenosine receptor signaling cascade – 
that engagement between bacterial adenosine produc-
tion and host A1 AR signal transduction promotes the 
ability of S. suis to enter the CNS. Specifically, we used 
monolayers prepared from CRISPR-edited human 
brain endothelial cells and newly generated crisper 
knockout mice to show that Ssads enzymatic activity 
and A1 AR signaling work in concert to promote S. suis 
penetration across blood-CNS barriers. Excitingly, we 
extended these findings by conducting a series of phy-
logenetic, enzymology, and both in vitro and in vivo 
studies which clearly demonstrate that adenosine pro-
duction by surface-localized Ssads ortholog enzymes 
from meningeal bacterial species also promote their 
translocation across the barriers.

Materials and methods

Bacteria and human cells

S. suis strain 05ZYH33 and the Ssads-deficient mutant 
strain Δssads have been described previously [23]. The 
GBS strain used in this study was a highly virulent 
clinical strain that we recently isolated from the CSF 
of a fatal meningitis case, and was identified as a GBS 
serotype III ST-17 strain by whole-genome sequencing. 
The L. monocytogenes strain used was 10403s, the 
S. aureus strain used was USA300, the S. epidermidis 
and S. pneumoniae strains used were clinical isolates. 
Briefly, S. suis and GBS were grown in THY and THB 
medium (Bacto), respectively, at 37°C under an atmo-
sphere containing 5% CO2 without shaking. The 
immortalized human brain microvascular endothelial 
cell line (HCMEC/D3) was obtained under license 
from INSERM, France, and cultured in EBM-2 
(Lonza) or ECM (Sciencell) endothelial cell media con-
taining 5% FBS (fetal bovine serum; Gibco), and sup-
plemented as previously described [27].

Chemicals and reagents

APCP (a known 5ʹ-nucleotidase inhibitor), DPCPX (a 
selective A1 AR antagonist), ZM 241385 (a potent 
selective A2A AR antagonist), CCPA (a selective A1 
AR agonist), AMP, and adenosine were purchased 
from Sigma-Aldrich. Rp-cAMPS (a competitive antago-
nist of cAMP-induced PKA activation) and PSB 603 (a 
potent selective A2B AR antagonist) were purchased 
from TOCRIS. NECA (a nonselective AR agonist) was 
purchased from MedChemExpress.

Mouse model of hematogenous meningitis

The challenge protocol for S. suis infection was adapted 
from a murine model of S. suis meningitis using an 
intraperitoneal infection route [28,29]. Some modifica-
tions were also made to prolong the duration of severe 
S. suis bacteremia and to reduce acute death during the 
early stages of infection. Briefly, six-week-old female 
C57BL/6 mice (Vital River) or C57BL/6 A1 AR-KO 
mice were injected intraperitoneally (i.p.) with 1 mL 
of the bacterial suspensions (5 × 106 colony-forming 
units (CFU)/mL) or vehicle alone (sterile THY media). 
Mice were euthanized and samples of venous blood and 
brain were collected aseptically 72 h post-infection. 
Bacterial counts in blood and tissue homogenates 
were determined by plating serial dilutions on THB 
agar plates. Brain bacterial counts were corrected for 
blood contamination using the blood concentration 
and a conservative estimate of the mouse cerebral 
blood volume (2.5 mL per 100 g tissue) [30–33]. For 
the comparison between i.p. and i.v. infection route, 
some six-week-old female C57BL/6 mice were injected 
via the tail vein with 200 μL of bacterial suspensions 
(5 × 108 CFU/mL) in PBS.

In some experiments, brain samples or brain hemi-
spheres were collected for histopathologic analysis. For 
GBS infection, a well-defined and widely used mouse 
model of hematogenous GBS meningitis was used as 
described previously [10,30–33]; details are provided in 
Supplementary Methods. Bacterial CFUs in venous 
blood were examined at 16 h and 72 h post-infection 
and brain samples were collected aseptically at 72 h 
post-infection. CCPA (0.37 mg/kg BW) or vehicle was 
administered intravenously (i.v.) at 2 h post-infection. 
DPCPX (1 mg/kg BW) or vehicle was injected i.p. 
concomitantly with bacterial cells as described in pre-
vious studies [34,35]. APCP (20 mg/kg BW) or vehicle 
was injected i.p. 2 h prior to infection as described in 
previous studies [36,37]. The A1 AR-KO mice were 
obtained by using the CRISPR/Cas9 technique from 
Cyagen Biosciences, using the targeting strategy 
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described at https://www.cyagen.com/cn/zh-cn/sperm- 
bank/11539.

Translocation of S. suis across microvascular 
endothelial monolayers

Briefly, HCMEC/D3 monolayers were cultured on the 
apical side of collagen-coated 3.0-μm pore Millicell 
inserts (Merck Millipore) in 24-well plates (Corning) 
[18]. The multiplicity of infection (MOI) used was 100 
[8]. After 1 h of infection, medium from the lower 
chamber was collected and sampled to quantitate the 
number of viable bacteria. For Lucifer yellow (LY) 
permeability, LY (50 μM) was added to upper chamber. 
The LY fluorescence of the media in lower chamber 
was measured by MD SpectraMax i3 system (Molecular 
Devices) at absorption/emission of 428/536 nm. TEER 
values were measured using the Millicell® ERS-2 
Electrical Resistance System (Merck Millipore). Details 
are provided in the Supplementary Methods.

Determination of the intracellular cAMP 
concentration

The intracellular cAMP concentration was assayed 
using a cAMP parameter assay kit (R&D Systems). 
Details are provided in the Supplementary Methods.

Knockout using CRISPR/Cas9 genome editing

Adora1 knockout (KO) cells were generated from 
HCMEC/D3 cells using CRISPR/Cas9 genome editing 
as described previously [38,39]. Details are provided in 
the Supplementary Methods.

Isolation of primary murine primary brain 
microvascular endothelial cells

Primary murine brain microvascular endothelial cells 
(pMBMECs) were isolated and purified using a well- 
established and previously described method [30]. 
Details are provided in the Supplementary Methods.

Western blotting

Western blotting was performed using routine methods. 
Primary antibodies against the following proteins 
were used: mouse anti-GAPDH (1:5,000; Invitrogen 
MA5-15738), and rabbit anti-A1 AR (1:200; Alomone 
AAR-006). Secondary antibodies were used: IRDye 
800CW-conjugated goat anti-rabbit IgG antibody 
(1:5,000; Li-Cor 926–32211), or IRDye® 680RD- 
conjugated goat anti-mouse IgG antibody (1:5,000; Li-Cor 

926–68070). Protein bands were visualized using an 
Odyssey Infrared Imaging System (Li-Cor Biosciences). 
Details are provided in the Supplementary Methods.

Immunocytochemistry

The pMBMEC cells were grown on fibronectin-coated 
Millicell EZ SLIDEs 4-well glass slides (Merck 
Millipore). The multiplicity of infection (MOI) used 
was 10. After 5 h of infection, immunofluorescence 
staining was performed using routine methods. 
Details are provided in the Supplementary Methods.

5ʹ-nucleotidase activity assay

The 5ʹ-nucleotidase activity of Ssads and apparently 
homologous enzymes from other meningeal species 
(GBS, S. aureus, or S. epidermidis, L. monocytogenes, 
and S. pneumoniae) was measured by detection of 
inorganic phosphate released from AMP hydrolysis 
using a QuantiChrom Phosphate Assay Kit DIPI-500 
(Bioassay systems). Details are provided in the 
Supplementary Methods.

Statistics

Statistical analysis was performed using Prism 5.0 
(GraphPad Software). For bacterial count data in ani-
mal experiments, representative data are from experi-
ments which were replicated biologically at least 3 
times with similar results; these non-normally distrib-
uted count data values are presented as the median ± 
IQR (interquartile range), and Mann-Whitney U tests 
were used to determine the significance of count differ-
ences. For other experiments, the mean with the SEM 
(standard error of the mean) of at least three indepen-
dent experiments is provided. To test for significance of 
differences, a paired two-tailed Student’s t test or a two- 
way analysis of variance (ANOVA) with Bonferroni 
multiple comparison test was performed. Partial data 
were not corrected for multiple testing, because the 
analyses were not ad hoc but at each stage address 
a series of specific hypotheses, each of which is based 
on a priori knowledge of underlying mechanisms [40– 
42]. A P value less than 0.05 was considered statistically 
significant.

Ethics statement

All animals were cared for in accordance with the 
principles in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of 
Health. The protocol of animal study was approved 
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by the IACUC of the Academy of Military Medical 
Sciences (IACUC of AMMS-13-2016-013). For all 
experiments, every effort was made to minimize the 
suffering of the animals.

Results

Ssads gene deficiency impedes S. suis entry into 
mouse brains

To investigate the role of Ssads-mediated adenosine 
production in meningitis pathogenesis, we compared 
the relative virulence of S. suis wild-type (WT) strain 
05ZYH33 and the isogenic ssads-deficient mutant 
Δssads in a murine model of S. suis meningitis via 
intraperitoneal infection route. S. suis colony-forming 
units (CFU) counts in the blood rose to a high and 
broad peak (about 108 CFU/mL) around 5 h (hours) 
post-infection, and then decreased gradually to low 
levels (about 105 CFU/mL) (Figure S1(a)). No signifi-
cant difference was observed between bacterial loads in 
the blood of S. suis WT- and Δssads-infected mice 
during the early stages of infection (1 h to 6 h post- 
infection) (Figure S1(a)). Compared to the intraperito-
neal infection route, those mice injected i.v. with 
1 × 108 CFU S. suis WT strain or S. suis Δssads showed 
relatively low-grade bacteremia during the first 
24 hours post infection (Figure S1(b)). Therefore, the 
intraperitoneal challenge method was selected to build 
murine model of S. suis meningitis. Additionally, we 
confirmed that the growth rate of the S. suis Δssads is 
comparable to that of the S. suis WT strain (Figure S2 
(a) to S2(b)) in THY medium.

In subsequent experiments, we quantified bacterial 
loads in blood at 5 h post-infection to ensure consistent 
measurement of bacteremia and found that bacterial 
loads in the blood of S. suis WT- and Δssads-infected 
mice at 5 h post-infection were nearly identical (Figure 
1(a)). However, quantification of bacterial load from 
homogenized brains of animals sacrificed at 72 h post- 
infection revealed that the brains of the mice infected 
with the Δssads mutant had significantly lower bacterial 
loads than the brains of mice infected with the S. suis 
WT strain, even when carefully deducting signal from 
blood-residing bacterial cells (Figure 1(b)). In fact, bac-
terial loads in the blood at 72 h were at relatively low 
levels (Figure 1(a)), based on a conservative estimate of 
the mouse cerebral blood volume (2.5 mL per 100 g 
tissue) [30–33], and would have interfered little with 
corresponding bacterial counts in the brain (Figure 1 
(b)). The ratio of brain:blood CFU in mice infected 
with the Δssads mutant was also significantly lower 
than that of mice infected with the S. suis WT strain 

(Figure 1(c)). Moreover, histological analysis showed 
significantly increased meningeal thickness, hemorrha-
ging, and inflammatory cell infiltration in the animals 
infected with the WT strain; mice infected with the 
Δssads strain showed normal brain morphology with 
few signs of injury or inflammation (Figure 1(d)). 
Together, these results indicate that the ssads gene 
enhances the infectivity of the meningeal bacteria 
S. suis 2.

Ssads-mediated adenosine production facilitates 
S. suis translocation across HCMEC/D3 monolayers

As ssads gene deficiency impeded S. suis entry into the 
brains of mice, we next examined the effects of Ssads- 
mediated adenosine production on the translocation of 
S. suis cells using an in vitro experimental system. 
Using previously described methods, we employed 
a well-characterized immortalized HCMEC/D3 cell 
line to generate a transwell model of the human brain 
endothelial cell monolayer [8]. To study the impact of 
surface adenosine production on the translocation abil-
ity of S. suis across endothelial monolayers, WT and 
Δssads S. suis cells were added to the apical surfaces of 
the HCMEC/D3 monolayers at an MOI (multiplicity of 
infection) of 100, a level selected to appropriately 
approximate known bacteremia levels at 5 h post- 
infection in animal experiments (Figure S1(a) and S2 
(c)). No significant difference of growth rate was 
observed between WT and Δssads S. suis cells cultured 
in upper chamber medium (Figure S2(c)). ssads defi-
ciency significantly reduced the S. suis counts in the 
basolateral chamber after 1 h (Figure 2(a)), but had no 
significant effect on bacterial adhesion to or invasion of 
HCMEC/D3 cells (Figure S3). Further, inhibition of 
Ssads 5ʹ-nucleotidase activity using adenosine 5ʹ-(α,β- 
methylene)diphosphate (APCP) – a known 5ʹ- 
nucleotidase inhibitor – also significantly reduced the 
translocation of the S. suis WT strain across the mono-
layer, supporting that the catalytic activity of Ssads 
directly contributes to the observed reduction in trans-
location. Additionally, chemical complementation 
assays showed that the reduced translocation pheno-
type of the Δssads mutant across the monolayers was 
rescued by the exogenous application of the adenosine 
analog 5ʹ-(N-Ethylcarboxamido)adenosine (NECA) but 
not by the control vehicle-alone treatment (Figure 2 
(b)). The addition of NECA did not significantly affect 
the translocation of S. suis WT strain across the mono-
layer (Figure S4(a)).

To examine changes in endothelial monolayer per-
meability, we used a previously described approach to 
conduct passive paracellular diffusion assays based on 
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the fluorescent marker molecule Lucifer yellow (LY) 
[8]. Addition of the S. suis WT strain to monolayers 
increased their permeability to LY, whereas the Δssads 
mutant had no significant effect on permeability 
(Figure 2(c)). The increased permeability to LY induced 
by S. suis WT strain was dependent on the enzymatic 
activity of Ssads, as the effect was eliminated by addi-
tion of APCP (Figure 2(c)), and a functional role for 
local adenosine was supported by our finding that the 
exogenous application of NECA to the samples with the 
Δssads mutant (Figure 2(d)) but not S. suis WT (Figure 
S4(b)) significantly increased permeability.

The transendothelial cell electrical resistance (TEER) 
was measured to further evaluate the barrier permeability 
of the HCMEC/D3 monolayers [15]. Decreased TEER in 
endothelial cell monolayers was observed after addition 
of both strains, but a significantly more pronounced 
decrease was measured for S. suis WT strain compared 
to the Δssads mutant (Figure 2(e)). The APCP treatment 
neutralized the TEER descent caused by the S. suis WT 

infection (Figure 2(f)) but not the Δssads mutant infec-
tion (Figure 2(g)). We also observed that the exogenous 
application of NECA assisted Δssads mutant in decreas-
ing TEER (Figure 2(h)), but did not affect the TEER 
alteration induced by the S. suis WT infection (Figure 
S4(c)). Collectively, these results demonstrate that Ssads- 
mediated adenosine production can increase the perme-
ability of endothelial monolayers and suggest that such 
production facilitates S. suis translocation across these 
monolayers.

Ssads-mediated adenosine production results in 
rearrangement of the actin cytoskeleton and 
endothelial junctions

Dynamic interactions between the actin cytoskeleton and 
junctional proteins (JPs) are required for maintenance of 
cell shape and endothelial barrier integrity [16], and it is 
well known that robust actin polymerization and stress 

Figure 1. Ssads gene deficiency impedes S. suis entry into mouse brains. (a–c) Six-week-old female C57BL/6 mice were infected 
i.p. with approximately 5 × 106 CFU of the S. suis WT strain 05ZYH33 (n = 10), the ssads-deficient mutant Δssads (n = 10), or sterile 
THY media (n = 3). Bacterial counts in the blood (CFU/mL blood) at 5 h and 72 h post-infection (a) and brain (CFU/g tissue) at 72 h 
post-infection (b) were determined. (c) After correction for blood contamination using CFU in blood and a conservative estimate of 
the mouse cerebral blood volume (2.5 mL per 100 g tissue), the ratio of brain:blood CFU at 72 h post-infection was determined. 
Horizontal lines and error bars denote the median and IQR, respectively. *P < 0.05, **P < 0.01, Mann-Whitney U test. (d) 
Histopathology of representative brain tissues from mice injected with THY media (Mock), infected with S. suis WT strain or infected 
with the Δssads mutant. Dotted box regions are magnified to better indicate hemorrhage (white arrows) and polymorphonuclear 
leukocyte infiltration (black arrows). Scale bar indicates 100 µm.
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fiber formation in endothelial cells alters cell morphology 
and redistribution/disassembly of JPs, thereby increasing 
barrier permeability [43]. We therefore investigated the 
potential function of Ssads in intracellular actin dynamics 
that may underlie changes in the permeability of endothe-
lial monolayers after S. suis infection. Compared with 
immortalized endothelial cell line [44], primary endothelial 
cells have advantages to study subtle barrier properties such 
as rearrangement of actin cytoskeleton and tight junctions 

[30,43,45,46]. We isolated and purified primary murine 
brain microvascular endothelial cells (pMBMECs) from 
C57BL/6 mice and infected them ex vivo with the WT 
and Δssads S. suis strains. The staining (green) of Zonula 
Occludens 1 protein (ZO-1), a kind of tight junction pro-
tein, indicated clear and vivid outlines of pMBMECs 
(Figure 3). As the actin cytoskeleton morphology of those 
uninfected pMBMECs displayed, intracellular red staining 
(phalloidin) was distributed throughout the cytoplasm as 

Figure 2. The 5ʹ-nucleotidase activity of Ssads contributes to S. suis translocation across the monolayers derived from 
human brain microvascular endothelial cells. After HCMEC/D3 cells formed confluent and tight monolayers on transwell filters, 
S. suis strains were added to the apical surfaces of monolayers at an MOI of 100. (a) In the presence or absence of APCP (500 µM), 
a known 5ʹ-nucleotidase inhibitor, S. suis cells in the lateral chamber after 1 h were quantitated. (b) The effect of the adenosine 
analog NECA (1 µM) on bacterial translocation across HCMEC/D3 monolayers at 1 h post-treatment was determined. (c–d) The 
permeability coefficient to Lucifer yellow (LY) of HCMEC/D3 monolayers was measured 1 h post-infection with S. suis in the presence 
or absence of APCP (500 µM; c) or NECA (1 µM; d). Data are expressed as means and SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 
2-tailed Student’s t test. (e–h) The TEER in HCMEC/D3 monolayers infected with S. suis in the presence or absence of APCP (500 µM) 
(e–g) or NECA (1 µM) (h) was measured. D-mannitol (10 µM) was used as a positive control as it disrupts cell-cell junctions. Data are 
expressed as means and SEM. ###P < 0.001 analyzed by two-way ANOVA, and the following significant differences (*P < 0.05, 
***P < 0.001 by Bonferroni multiple comparison test) between the corresponding groups at the indicated time points are displayed.
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faint and diffuse state, except that the gathered red only 
approached the outline of the cell (Figure 3). It is known 
that the cytoplasmic actin that is normally short filaments 
and diffuse monomers (G-actin) would be polymerized 
into F-actin, which can be clearly stained by phalloidin, 
and even linear stress fibers (polymerized F-actin) across 
the cell interior following exposure to specific stressors 
such as hypoxia, free radicals [43]. Phalloidin staining for 
F-actin revealed robust stress fiber formation in the cyto-
plasm at 5 h post-infection with the S. suis WT strain 
(Figure 3, white triangles). In contrast, the Δssads- 
infected pMBMECs exhibited fewer stress fibers in the 
cytoplasm, and had a cortical distribution of the cytoskele-
tal F-actin filaments similar to control cells treated with 

vehicle alone (Figure 3). Moreover, weakness of tight junc-
tions, as shown by increased discontinuous staining on the 
lateral membrane and appearance of paracellular gaps, was 
observed by immunostaining for ZO-1 5 h after the infec-
tion with S. suis WT strain (Figure 3, white arrows).

Translocation of S. suis across blood-CNS barriers 
involves adenosine receptor signaling

Humans have four different AR proteins: A1, A2A, 
A2B, and A3, and HCMEC/D3 cells express three of 
them (A1, A2A, and A2B) [16,19]. We next evaluated 
the translocation of S. suis across endothelial mono-
layers in the presence of adenosine receptor 

Figure 3. Ssads-mediated adenosine production induces cytoskeletal reorganization and JPs redistribution in S. suis- 
infected pMBMECs. Primary murine brain microvascular endothelial cells (pMBMECs) were isolated, purified, and cultured from six- 
week-old female C57BL/6 mice. (a) Immunofluorescence assay for F-actin (red) and ZO-1 (green) in pMBMEC cells was performed 5 h 
post-infection with S. suis strains WT or Δssads. Nuclei were counter stained with DAPI (blue). Robust short stress fiber formation 
(white triangle) was visualized using phalloidin staining of F-actin. White arrows indicate paracellular gaps. Scale bar indicates 
50 µm.
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antagonists, and found that the selective A1 AR antago-
nist 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX) sig-
nificantly reduced the translocation of the S. suis WT 
strain across monolayers. Further, treatment with the 
potent selective A2A AR antagonist ZM 241385 exerted 
a weak but significant inhibitory effect on the translo-
cation of the S. suis WT strain across endothelial 
monolayers (Figure 4(a)). In contrast, treatment with 
the potent selective A2B AR antagonist PSB 603 (1 μM; 
a working concentration for inhibiting the effect of 
NECA on HCMEC/D3 cells [19]) did not significantly 
affect translocation of S. suis (Figure 4(a)), probably 
because the local adenosine concentration in transwell 
model was not high enough to activate the low affinity 

A2B AR. Thus, it appears that A1 and/or A2A may 
participate in the observed Ssads-mediated alteration of 
the translocation capacity of S. suis across monolayers.

The four human ARs are all G protein-coupled 
receptors (GPCRs). A1 initiates a Gαi signaling cascade 
which ultimately downregulates production of 
the second messenger cyclic AMP (cAMP), whereas 
A2A and A2B interact with Gαs proteins known to 
trigger increases in cellular cAMP [16]. We therefore 
measured the cellular cAMP content of the HCMEC/ 
D3 cells upon the addition of the two S. suis strains. 
The S. suis WT-infected HCMEC/D3 cells exhibited 
significantly lower levels of cellular cAMP compared 
to Δssads-infected cells at 1 h post-treatment (Figure 4 

Figure 4. Ssads-mediated AR signaling facilitates S. suis translocation across the BBB in vitro. S. suis strains were added to 
confluent HCMEC/D3 monolayers at an MOI of 100. (a) The effects of selective AR antagonists DPCPX (100 nM; specific for A1 AR), ZM 
241385 (1 µM; specific for A2A AR), and PSB 603 (1 µM; specific for A2B AR) on bacterial translocation across HCMEC/D3 monolayers 
at 1 h post-infection were determined. (b) The cellular cAMP content of HCMEC/D3 cells was measured 1 h post-infection with S. suis 
cells. (c) The effects of Rp-cAMPS (200 µM) – a competitive antagonist of cAMP-induced activation of PKA – on bacterial 
translocation across HCMEC/D3 monolayers at 1 h post-infection were determined. (d) The effects of the selective A1 AR agonist 
CCPA (1 µM) and adenosine (10 µM) on bacterial translocation across HCMEC/D3 monolayers at 1 h post-infection were determined. 
Data are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t test.
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(b)). These results, viewed alongside our finding that 
selective blockage of A1-signaling with the A1 antago-
nist DPCPX significantly reduces translocation of WT 
S. suis, establish that S. suis cells with functional Ssads 
are able to activate the A1 AR signaling axis in brain 
microvascular endothelial cells. Moreover, and support-
ing that cellular processes known to be triggered by the 
A1 signaling axis contribute to the observed changes in 
translocation across monolayers, we also observed 
a significant increase in the translocation of Δssads 
mutant cells following treatment with Rp-cAMPS, 
a competitive antagonist of cAMP that blocks cAMP- 
induced activation of protein kinase A (PKA) (Figure 4 
(c)). Importantly, we also found that the translocation 
phenotype of the Δssads cells could be rescued upon the 
addition of the selective A1 AR agonist (CCPA; Figure 
4(d)). These results together support the speculation 
that the local engagement of adenosine with A1 directly 
functionally promotes S. suis capacity to translocate 
across barriers.

Ssads enzymatic activity and A1 AR signaling work 
in concert to promote S. suis penetration across 
blood-CNS barriers

We knocked out the ADORA1 locus (encoding A1 AR) 
in the HCMEC/D3 cell line using CRISPR/Cas9 geno-
mic editing (Figure S5(a) to S5(c)) and then prepared 
two types of human brain microvascular endothelial 
monolayers: monolayers from unedited cells and A1 
AR-KO monolayers. Translocation assays with these 
monolayers revealed significantly different transloca-
tion rates for the WT versus Δssads mutant cells across 
the monolayers prepared from unedited cells, whereas 
no difference in translocation rates between the strains 
was observed for the A1 AR-KO monolayers (Figure 5 
(a)). These results from human cells support that the 
simultaneous presence of functional Ssads and func-
tional A1 substantially promotes the ability of S. suis 
to translocate across monolayers.

We next explored the in vivo role(s) of A1 AR 
signaling during S. suis entry into murine brains. 
After confirming our previous observation of signifi-
cantly increased bacterial loads at 72 hours in the 
brains of the S. suis WT-infected C57BL/6 mice com-
pared to the mice infected with Δssads (Figure 5(b), 
right), and after again observing no difference in the 
blood bacterial load between the two experimental 
groups (Figure 5(b), left), we next conducted chemical 
complementation experiments using the aforemen-
tioned A1-specific agonist compound CCPA. 
Intravenously administered CCPA (0.37 mg/kg body 
weight (BW)) completely rescued the reduced brain 

bacterial load phenotype of the Δssads-infected mice 
at 72 h post-infection (Figure 5(b)). Moreover, when 
the selective A1 antagonist compound DPCPX (1 mg/ 
kg BW) was injected i.p. concomitantly with S. suis WT 
cells, the bacterial loads in brains examined at 72 h 
were significantly diminished compared to the vehicle 
controls (Figure 5(c)). We also generated A1 AR-KO 
mice in collaboration with Cyagen Biosciences (Figure 
S3(d)) and found that, compared to the brains of 
S. suis-infected unedited mice, the bacterial loads were 
significantly reduced in the brains of S. suis-infected A1 
AR-KO mice at 72 h post-infection (Figure 5(d)).

Adenosine production by other bacterial species 
facilitated bacterial translocation across the BBB

The genomes of several other bacterial species encode 
putative 5ʹ-nucleotidases (Figure S6; Table S1 to S2). 
Among Gram-positive pathogenic bacteria, Listeria 
monocytogenes, GBS, S. aureus, and Staphylococcus epi-
dermidis, all of which can cause meningitis, harbor 
putative 5ʹ-nucleotidase genes containing LPXTG 
motifs. Thus, we investigated whether their adenosine 
synthases could also facilitate bacterial translocation 
into the CNS. By detecting the release of inorganic 
phosphate from 50 μM AMP in the presence of divalent 
metal ions, we confirmed that L. monocytogenes, GBS, 
S. aureus, and S. epidermidis have adenosine synthase 
activity (Figure S7). However, S. pneumoniae exhibited 
no enzymatic activity (Figure S7). We next evaluated 
the translocation ability of GBS, S. aureus, and 
S. epidermidis across HCMEC/D3 monolayers in the 
presence or absence of the aforementioned 5ʹ- 
nucleotidase inhibitor APCP. All three bacteria could 
cross the monolayers, and we found that the addition of 
APCP significantly reduced their translocation ability 
(Figure 6(a)). In contrast, the addition of APCP did not 
significantly affect the translocation ability of 
S. pneumoniae, despite that the meningitis pathogen 
harboring no enzymatic activity could cross both of 
unedited and A1 AR-KO HCMEC/D3 monolayers 
(Figure S8).

These results suggest that the catalytic activity of 
surface-localized Ssads ortholog 5ʹ-nucleotidase contri-
butes to the translocation capacity of many meningeal 
species. Using a well-defined and widely used mouse 
model of GBS hematogenous meningitis [10,30–33], we 
further explored the in vivo role of local adenosine 
synthesis during GBS entry into murine brains. We 
found that APCP treatment to interrupt adenosine 
production significantly reduced brain bacterial loads 
(Figure 6(b–d)) at 72 h post-infection. Thus, our results 
support that that local adenosine synthesis by 
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meningeal species may alter blood-CNS barrier perme-
ability and facilitate bacterial translocation into 
the CNS.

Discussion

Extracellular adenosine has been shown to increase 
BBB permeability by activating ARs expressed on 
brain microvascular endothelial cells [16,18]. Our pre-
vious work demonstrated that Ssads produces adeno-
sine at the surface of pathogenic bacteria and showed 
that disruption of this enzyme’s enzymatic function 
affected the pathogen’s virulence in a sepsis model 
[23]. Building from this, in the present study we 
found that genetic disruption of Ssads impeded 

S. suis entry into the brains of mice and show the 
specific contributions of Ssads and adenosine recep-
tors to the observed differences (Figure 7). It is note-
worthy that the effect of Ssads on translocation seems 
to be independent of bacterial adhesion alteration, and 
indeed S. suis almost could not invade human brain 
microvascular endothelial cells in spite of their weak 
adherence, which is consistent with a previous 
work [47].

Several groups have suggested that S. suis enters the 
CSF from the blood via the choroid plexus (CP). The 
judgment was primarily based on histologic and immu-
nohistochemical findings of pathologic lesions in CPs 
from meningitic pigs [48–50] as well as observation of 
polar S. suis invasion and translocation across a CP 

Figure 5. A1 AR activation promotes S. suis BBB penetration. (a) The translocation of S. suis across monolayers of HCMEC/D3 A1 
AR-KO cells or HCMEC/D3 unedited cells was measured at 1 h post-infection. Data are expressed as means ± SEM. (b,c) Six-week-old 
female C57BL/6 mice were infected i.p. with approximately 5 × 106 CFU of S. suis strains. Bacterial CFU in the blood and brain were 
measured from animals sacrificed at 72 h post-infection. Horizontal lines and error bars denote the median and IQR, respectively. (b) 
The effects of CCPA (0.37 mg/kg BW) i.v. at 2 h post-infection on the bacterial loads in the brain and blood were determined (n = 11 
mice per group). (c) The effects of administration of DPCPX (1 mg/kg BW) concomitantly with bacterial suspension by the i.p. route 
on the bacterial loads in the brain and blood were determined (n = 8 mice per group). (d) Comparison of bacterial CFU recovered 
from the blood and recovered from brains of unedited and A1 AR-KO mice 72 h after i.p. challenge with 5 × 106 CFU of S. suis WT 
strain were performed (n = 8 mice per group). Horizontal lines and error bars denote the median and IQR, respectively. *P < 0.05, 
**P < 0.01, ***P < 0.001, Mann-Whitney U test.
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epithelial monolayer in vitro [51]. Aside from the CP, 
the meninges were also associated with pathologic 
lesions in these studies [48–50]. In certain regions 
close to the meninges, the blood-brain barrier (BBB) 
is relatively vulnerable, as the existence of Virchow- 
Robin perivascular space between endothelial cells and 
astrocytes may facilitate bacterial penetration [4,5]. 
Therefore, the sites of S. suis translocation are not 
necessarily exclusive.

Given that adenosine has a relatively short half-life 
of less than 10 seconds, extracellular adenosine is short- 
lived in vivo [16,52,53]. The adenosine level of serum is 
difficult to be detected by HPLC and mass spectro-
metry. In our previous work and another study 
[23,24], plasma samples were incubated with bacteria, 
and subjected to reversed-phase HPLC (RP-HPLC). 
Ssads-mediated adenosine production was observed in 

S. suis interactions with blood cells [23]. Consistent 
with previous work [15,16,18], our data revealed that 
Ssads-mediated AR signaling may induce barrier dys-
function through cytoskeletal remodeling and stress 
fiber formation in pMBMECs model. Indeed, a recent 
study reported cytoskeletal alterations in brain 
endothelial cells as an initiator of BBB rupture after 
ischemia-reperfusion injury [43]. Our experiments 
reveal the direct effect of Ssads-mediated AR signaling 
on the endothelial cell cytoskeleton at an early stage of 
infection. AR signaling may also affect barrier proper-
ties indirectly, as some evidence suggests that adenosine 
can trigger release of vascular endothelial growth factor 
(VEGF), a potent inducer of BBB disruption in adults 
[54], from endothelial cells [55] and immune cells 
[56,57] through A2A or A2B AR signaling. Thus, the 
indirect effect of Ssads-mediated adenosine production 

Figure 6. Adenosine production by other bacterial species is involved in bacterial translocation across the BBB. (a) The 
effects of the 5ʹ-nucleotidase inhibitor APCP (500 µM) on the translocation of GBS, S. aureus, or S. epidermidis across HCMEC/D3 
monolayers at 1 h were determined. Data are expressed as means and SEM. *P < 0.05, **P < 0.01, two-tailed Student’s t test. (b–d) 
Six-week-old male CD1 mice were injected via the tail vein with 108 CFU of GBS. The effects of administration of APCP i.p. 2 h prior 
to challenge on the progression of GBS meningitis were determined. Bacterial burdens in the blood (b) or brain (c), as well as the 
ratio of brain:blood CFU (d) were determined 72 h post-infection (n = 8 mice per group). Brain CFUs were corrected for blood 
contamination using the blood CFU and a conservative estimate of the mouse cerebral blood volume (2.5 mL per 100 g tissue). 
Horizontal lines and error bars denote the median and IQR, respectively. *P < 0.05, Mann-Whitney U test.
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associated with VEGF release may occur when the local 
adenosine concentration is high enough for a sustained 
period during bacteremia.

Among the other bacteria harboring adenosine 
synthases, GBS, L. monocytogenes, Hib, and E. coli K1 
are leading causes of bacterial meningitis. Our data sug-
gest that GBS expresses a cell-surface adenosine synthase, 
which is consistent with previous reports [25], and that 
enzyme activity may facilitate the bacterial entry into 
CNS. A recent study reported a crucial role of A2A and 
A2B AR signaling and VEGF production in inducing BBB 
dysfunction in vitro after infection with H. influenza type 
a, but did not mention 5ʹ-nucleotidase [58]. Interestingly, 
an early study of a subunit vaccine candidate against 
nontypeable H. influenza (NTHi) identified a surface- 
exposed, highly conserved (both in NTHi and Hib strains) 
5ʹ-nucleotidase harboring enzymatic activity [59]. 
Additionally, a recent study suggested that release of 
periplasmic 5ʹ-nucleotidase in E. coli induced by human 
β-defensin-2 can also cause accumulation of adeno-
sine [60].

In conclusion, we here demonstrate in vivo that defi-
ciency of an adenosine metabolism enzyme (Ssads) 

expressed at the surface of the meningeal bacteria 
S. suis substantially weakens its capacity to infect mice, 
and demonstrate that Ssads-mediated adenosine pro-
duction facilitates S. suis translocation across mono-
layers prepared from human brain microvascular 
endothelial cells. An extensive assortment of inhibitors 
and receptor antagonist/agonist experiments showed 
that activation of the A1 adenosine receptor signaling 
cascade in hosts – and attendant cytoskeleton remodel-
ing – together support that bacterial adenosine produc-
tion exploits host A1 AR signal transduction to promote 
S. suis penetration across blood-CNS barriers. We 
extended these findings by conducting a series of phylo-
genetic, enzymatic, in vitro, and in vivo studies which 
clearly demonstrate that adenosine production of sur-
face-localized Ssads orthologs of other bacterial species 
also promote translocation across the barriers. In addi-
tion to demonstrating functional roles for Ssads from 
S. suis and for host A1 AR signaling in the blood-CNS 
barrier translocation process, our study strongly suggests 
that the highly localized production and reception of 
adenosine may be widely exploited by many pathogenic 
bacterial species to facilitate host entry and infection.

Figure 7. Schematic model of BBB disruption induced by bacterial 5ʹ-nucleotidase. Bacteria increase the extracellular 
concentration of adenosine catalyzed by 5ʹ-nucleotidase. Thereafter, through occupancy of the A2A AR on neutrophil cells, 
adenosine acts to perturb immune defenses. Abnormally elevated adenosine levels can also destroy the integrity of CNS barriers 
by activating A1 AR expressed on brain endothelial cells. As bacteria proliferate and adenosine impairs the function of immune and 
endothelial cells, infected individuals gradually develop bacteremia and meningitis.
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