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Introduction
Bacterial meningitis is the most common life-threatening infec-

tion of the CNS. To cause meningitis, blood-borne bacteria 

must penetrate the blood-brain barrier (BBB), which consists of 

an extremely specialized layer of brain microvascular endothe-

lial cells (BMECs). The BBB separates the brain from circulat-

ing blood, and disruption of BBB integrity is a hallmark event 

in the pathophysiology of bacterial meningitis. This disruption 

is thought to result from the combined effect of bacterial entry 

and penetration of BMECs, direct cellular injury by bacterial 

cytotoxins, and/or activation of host inflammatory pathways 

that compromise BMEC barrier function (1).

Streptococcus agalactiae, or group B Streptococcus (GBS), is 

a Gram-positive bacterial pathogen that is an important cause 

of invasive disease in newborns and a subset of adults (2). Cur-

rently, GBS is the leading cause of meningitis in the neonate (3, 

4). Despite advances in intensive care management and antibi-

otic therapy, mortality can approach 10%, with 25% to 50% of 

surviving neonates exhibiting permanent neurological sequelae, 

including cerebral palsy, mental retardation, blindness, deafness, 

and seizure (2). GBS possesses many virulence factors that may 

contribute to the interaction with brain endothelium, including 

lipoteichoic acid (LTA) (5), β-hemolysin/cytolysin (β-H/C) (6), 

pili (7, 8), serine-rich repeat (Srr) proteins (9, 10), and HvgA (11). 

Recently, we have demonstrated that the GBS pilus protein PilA 

and Srr-1 interact with components of the host extracellular matrix 

(ECM) to promote BBB interactions and the development of men-

ingitis (8, 9). Other meningeal pathogens, such as Streptococcus 

pneumoniae (SPN), E. coli K1, Neisseria meningitidis, and Haemo-

philus influenza type B (HiB, also bind ECM components and ECM 

receptors (e.g., integrins and laminin receptor) to mediate bacte-

rial-BBB interactions (12–15). Given that host ECM components 

and receptors preferentially localize to the basolateral surface of 

polarized BBB endothelium (16), we hypothesized that disruption 

of junctional protein complexes in brain endothelium is the first 

step leading to bacterial access to basally expressed receptors.

The BBB, composed primarily of a specialized layer of 

BMECs, separates the brain and its surrounding tissues from cir-

culating blood, thereby maintaining CNS homeostasis (17). The 

brain endothelial cells are characterized by the presence of tight 

intercellular junctions that promote high transendothelial elec-

trical resistance and therefore impede paracellular flux of macro-

molecules (18). In BMECs, tight junctions are composed of 4 types 

of integral membrane proteins: occludin, claudins, junctional 

adhesion molecules, and cell-selective adhesion molecules, all of 

which are linked through cytoplasmic proteins (zonala-occludin 1  

[ZO-1], -2, -3, cingulin) to the actin cytoskeleton (19). Further-

more, tight junction integrity is important for the maintenance of 

apical and basal cell polarity (20). Here, we demonstrate for the 

first time to our knowledge that infection of brain endothelium 
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and VE-cadherin (Supplemental Figure 1, B and C). Consistent 

with these results, GBS infection of hBMECs resulted in an overall 

reduction and disruption of ZO-1 staining at the intercellular junc-

tions, as observed by immunofluorescence staining (Figure 2I).  

Similar results were observed when visualizing occludin (Supple-

mental Figure 1D) and claudin 5 during GBS infection (data not 

shown). Further, we observed no difference in cell monolayer den-

sity or cell viability, as measured by Trypan blue staining during 

infection (Supplemental Figure 1E), suggesting that the observed 

differences in tight junction staining were not a result of increased 

cell death. Finally, endothelial cells isolated from infected mice 

had significantly lower claudin 5 and occludin expression levels 

when compared with those in uninfected mice (Figure 2, J and K). 

These data demonstrate that GBS is able to disrupt the transcript 

and protein levels of these tight junction components in brain 

endothelial cells in vivo and in vitro.

Snail1 is necessary and sufficient to disrupt tight junctions. To 

examine whether increases in Snail1 contribute to the loss of 

tight junctions, we generated a doxycycline-inducible knock-

down cell line that targets SNAI1 using the TRIPZ lentiviral vector 

system (see Experimental Procedures). The generated hBMEC 

line (shSNAI1-hBMEC) was treated with doxycycline to induce 

expression of shSNAI1, which resulted in a reduction of Snail1 

(Figure 3, A and B). As expected, GBS did not induce SNAI1 in 

doxycycline-treated shSNAI1-hBMECs (Figure 3C). Additionally, 

whereas GBS infection resulted in decreased occludin transcript 

levels in shSNAI1-hBMECs, GBS infection led to a modest res-

cue of occludin in doxycycline-treated shSNAI1-hBMECs (Fig-

ure 3D). Furthermore, doxycycline treatment of cells resulted 

in a rescue of occludin (Figure 3, E and F). Finally, to examine 

whether SNAI1 knockdown increases barrier integrity, we used 

an Evans Blue Transwell migration assay as described previously 

(23, 27). In response to GBS infection, less Evans Blue migration 

was observed in doxycycline-treated shSNAI1-hBMECs (Fig-

ure 3G). No changes in tight junction proteins or Snail1 were 

observed in doxycycline-treated control hBMECs (Supplemental 

Figure 2A), nor did doxycycline inhibit GBS growth at the con-

centration used (Supplemental Figure 2B). These results suggest 

that Snail1 expression is necessary for GBS-mediated downregu-

lation and disruption of tight junction proteins, which results in 

decreased endothelial barrier integrity.

To determine whether Snail1 is sufficient to disrupt tight junc-

tions in BBB endothelium, we constructed a doxycycline-inducible 

Snail1-overexpression cell line in hBMECs (hBMEC-TRE:SNAI1)  

using the lentiviral system described in Methods. When treated 

with doxycycline, protein levels of Snail1 were increased in 

hBMEC-SNAI1 compared with levels in the noninduced controls 

(Figure 4, A and B). Induction of Snail1 resulted in decreased lev-

els of ZO-1, occludin (Figure 4, A, C, and D), and VE-cadherin  

(Supplemental Figure 2, C and D). Overexpression was also cou-

pled with a loss in tight junction integrity as visualized by ZO-1 

staining (Figure 4E). No changes in Snail1, ZO-1, or occludin 

were observed in a control cell line, which contained all the 

elements of the overexpression line except for the Snail1 ORF 

(hBMEC-TRE) (Supplemental Figure 2E). To determine the 

impact of Snail1 overexpression on hBMEC integrity and barrier 

function, we measured hBMEC permeability to Evans Blue dye 

with GBS and other meningeal pathogens induces expression of 

the host transcription factor Snail1 (SNAI1), a global repressor of 

tight junction gene expression (21, 22), resulting in increased bac-

terial BBB penetration. Our results suggest a novel mechanism 

for bacterial-BBB disruption and explain how bacterial pathogens 

access basally expressed host proteins to promote CNS entry.

Results
Induction of SNAI1 in brain endothelium during bacterial infection. 

We first performed a comparative global transcriptional analysis 

of immortalized human BMECs (hBMECs) upon infection with 

bacteria associated with CNS disease, including GBS, S. pneumo-

niae, HiB, and Bacillus anthracis (B.a.), to examine host factors that 

are upregulated during infection. We have previously published a 

complete microarray dataset from B.a. (23) and GBS (6, 8) infec-

tion of hBMECs and a partial list of affected genes in hBMECs in 

response to SPN (24). Data analysis of these experiments using 

a statistical algorithm developed for high-density oligonucleo-

tide arrays (25) revealed that infection with all pathogens, with 

the exception of HiB, resulted in significant induction of SNAI1 

(Figure 1A). Snail1 is a global transcriptional repressor of tight 

junctions (22) and plays an important role in the epithelial-to- 

mesenchymal transition (EMT) during development (26). To con-

firm the microarray results, hBMECs and a murine brain endothe-

lial cell line, bEND3, were infected with a hypervirulent GBS clini-

cal isolate that is highly associated with meningitis (sequence type 

[ST] 17, serotype III). Quantitative PCR (qPCR) analysis revealed 

that the SNAI1 transcript was significantly increased in infected 

cells compared with uninfected control cells (Figure 1, B and C). 

SNAI1 induction occurred following infection with 3 different 

GBS clinical serotypes (Figure 1D), but not with nonpathogenic 

bacterial strains or S. aureus, which is not classically associated 

with meningitis (Supplemental Figure 1A; supplemental material 

available online with this article; doi:10.1172/JCI74159DS1). We 

further analyzed protein expression by Western blot analysis and 

found that Snail1 protein levels were significantly induced during 

GBS infection (Figure 1, E and F). To examine whether SNAI1 is 

induced by GBS in vivo, we used an established murine model 

of hematogenous meningitis (6). Mice were injected i.v. with 

WT GBS or vehicle control. At the time of death, brain endothe-

lial cells were isolated and RNA was purified for qPCR analysis. 

SNAI1 transcripts were significantly increased in GBS-infected 

mice compared with levels in control mice (Figure 1G). We further 

examined the localization of Snail1 in brain tissue and observed 

that Snail1 colocalized with von Willebrand factor (VWF), further 

supporting the observation that Snail1 is expressed in endothelial 

cells during active infection (Figure 1, H and I). Taken together, 

these data suggest that Snail1 is induced in brain endothelial cells 

in vitro and in vivo in response to GBS infection.

GBS infection disrupts tight junctions in brain endothelium. Snail1 

is a global repressor of tight junctions, as Snail1 binds the promoter 

regions of the gene encoding occludin, genes in the claudin fam-

ily, and genes of other adherence junction proteins (21, 22). There-

fore, we sought to determine the effect of GBS infection on tran-

script and protein abundance levels of tight junction proteins in 

brain endothelium. GBS infection resulted in decreased transcript 

and protein levels of ZO-1, occludin, claudin 5 (Figure 2, A–H), 
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bacterial cell surface. Strikingly, GBS cell wall extract greatly 

induced SNAI1 transcript levels when compared with those of  the 

control (Figure 5B). Taken together, these data suggest that GBS 

expresses a surface factor that induces SNAI1 in hBMECs.

We have previously examined the global transcriptional 

profile of hBMECs following infection with B.a. and the toxin- 

deficient ΔpXO1 mutant (23). As shown in Figure 1A, the tox-

in-deficient mutant (B.a.Δ) induced the SNAI1 transcript, while 

the WT B.a. strain did not (23). We confirmed these microarray 

results by qPCR in hBMECs (data not shown). Interestingly, lethal 

toxin (LT), which is encoded on the pXO1 plasmid, cleaves com-

ponents of the MAPK signaling pathway (29). Thus, we hypoth-

esized that MAPK signaling pathways might contribute to Snail1 

induction during bacterial infection, as B.a. does not induce SNAI1 

in hBMECs, whereas B.a.Δ does induce SNAI1 transcripts. To fur-

ther examine the signaling pathways leading to SNAI1 induction, 

we inhibited MEK1/2/ERK1/2, p38, and JNK to assess the contri-

bution of each to SNAI1 upregulation. Inhibition of the MEK1/2/

ERK1/2 components of the MAPK pathway with U0126 resulted 

in a significant reduction of SNAI1 transcripts in response to GBS 

as described previously (23, 27). Increased permeability to Evans 

Blue was observed in doxycycline-treated hBMEC-TRE:SNAI1 

when compared with that in untreated cells (Figure 4F). The 

control cell line (hBMEC-TRE) did not exhibit any permeability 

(Supplemental Figure 2F). These data suggest that Snail1 expres-

sion is sufficient to cause the loss of tight junctions and subse-

quent barrier integrity in brain endothelium.

Contribution of bacterial factors and host signaling pathways to 

Snail1 induction. To determine whether live bacterial challenge 

was required for SNAI1 induction, we treated hBMECs with live, 

heat-killed (HK), or formalin-fixed GBS. Neither HK nor forma-

lin-fixed GBS had viable bacteria present as determined by CFU 

enumeration on Todd Hewitt Agar (THA) plates. Interestingly, HK 

GBS did not induce SNAI1, however formalin-fixed GBS resulted 

in the induction of SNAI1 transcripts comparable to the levels seen 

in infection with live bacteria (Figure 5A). This result suggests that 

a GBS surface factor initiates SNAI1 transcription and that this 

surface factor is susceptible to heat denaturation. To further sup-

port this hypothesis, we prepared a previously described (28) cell 

wall extract from GBS that contained components attached to the  

Figure 1. GBS upregulates Snail1 in brain endothelium. Upregulation of SNAI1 transcription as assessed by microarray analysis during infection with GBS, 

SPN, HiB, and B.a. ΔpX01 (B.aΔ) (A). Changes in mRNA transcripts in confluent hBMECs or bEND3 monolayers after a 5-hour infection with GBS at an MOI 

of 10) (B and C). Confluent hBMECs were infected for 5 hours with different serotypes of GBS at an MOI of 10 (type Ia and III) or an MOI of 0.1 (type V). RNA 

was extracted and SNAI1 transcripts analyzed (D). Changes in protein levels of confluent hBMEC monolayers after infection for 5 hours with GBS at an MOI 

of 10 (E and F). Mice (n = 8/group) were infected i.v. with GBS or vehicle control. Upon sacrifice, brain tissue was collected and endothelial cells isolated for 

RNA extraction and qPCR analysis (G). Brains of infected mice (n = 10) showed Snail1 colocalized with VWF factor (scale bar: 50 μm) (H and I). Experiments 

were performed at least 3 times in triplicate. For qPCR analysis, error bars represent the SEM of at least 3 biological replicates (B–D and G), or the SD for 

protein analysis of a representative experiment (F). Student’s t test was used to determine statistical significance. *P < 0.05; **P < 0.01.
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mutant resulted in an even greater 

reduction of SNAI1 induction (Figure 

6C). Taken together, these data sug-

gest that bacterial LTA, TLR2 activa-

tion, and signaling through MEK1/2/

ERK1/2 lead to SNAI1 induction.

Contribution of Snail1 to GBS-BBB 

penetration in vivo. As the Snail1-KO 

mice are embryonically lethal (31), we 

developed an in vivo model of GBS 

infection using Danio rerio (zebraf-

ish) adults. Adult zebrafish have been 

used to model Streptococcus iniae and, recently, GBS (32, 33). When 

zebrafish were injected with WT GBS or a PBS vehicle control, we 

observed up to 90% mortality in GBS-infected fish (Figure 7A) and 

high bacterial loads in the blood and brain (Supplemental Figure 

3, A and B). We also observed aberrant swimming behavior in the 

infected fish (Supplemental Figure 3, C and D), corroborating pre-

vious reports (32). Furthermore, GBS-infected fish exhibited cere-

bral swelling and edema typical of CNS infection (Figure 7B). We 

next sought to determine whether the zebrafish SNAI1 homolog 

snai1a is upregulated during GBS infection. We isolated RNA from 

the brains of infected zebrafish, and snai1a transcripts were mea-

sured by qPCR. As shown in Figure 7C, GBS significantly upregu-

lated snai1a in the brain tissue of infected zebrafish. To examine 

the role of snai1a during GBS infection in zebrafish, we transiently 

knocked down snai1a using siRNA duplexes. Injection of siRNA 

decreased brain snai1a transcripts (Supplemental Figure 3E) and 

resulted in a significant decrease in the amount of GBS recovered 

from brain tissue of infected fish (Figure 7D), while no differences 

in bacterial levels recovered from the blood were observed (Sup-

plemental Figure 3F). These data suggest that snai1a plays a role in 

infection, while inhibitors of p38 (SB202190) and JNK (SP600125) 

had no effect (Figure 6A). As TLR2 contributes to the pathogenesis 

of GBS meningitis (5) and downstream signaling of TLRs activate 

the MAPK pathway, we hypothesized that treatment of hBMECs 

with the TLR2 agonist Pam3CSK4 (P3C) would induce SNAI1 in 

hBMECs. We observed a dose-dependent increase in SNAI1 in 

response to P3C (Figure 6B). We have previously described a GBS 

mutant (Δiag) that lacks the ability to properly anchor (LTA) (6), a 

known TLR2 ligand (30). It is believed that the Δiag mutant still 

produces unanchored LTA that is shed by the bacteria (6). Fur-

thermore, the polysaccharide capsule likely traps the shed LTA, 

as a double mutant in capsule and LTA anchoring results in less 

LTA associated with the bacteria (6). To test whether LTA could 

be responsible for SNAI1 induction in hBMECs, we prepared cell 

wall extracts from WT, Δiag, and the capsule HY106/Δiag dou-

ble mutant and treated our hBMECs with these fractions. We 

observed that cell wall extract from the Δiag mutant resulted in 

significantly reduced levels of SNAI1 transcripts when compared 

with those of cell wall extracts prepared from WT GBS cell wall 

extract. Strikingly, the cell wall extracts prepared from the double 

Figure 2. GBS disrupts tight junctions 

of brain endothelium. GBS decreased 

transcript abundance of zo-1 (A), occludin 

(B), and claudin 5 (C) in confluent hBMECs 

(A and B) or bEND3 (C) following GBS 

infection for 5 hours at an MOI of 10. qPCR 

experiments were performed at least 3 

times in triplicate. Error bars represent 

the SEM of at least 3 biological replicates 

(A–C). Protein levels of ZO-1 and occludin 

in hBMECs (D, F, and G) or bEND3 (E and 

H) during GBS infection were determined 

by Western blot analysis. Lysates were 

probed for ZO-1, occludin, or claudin 5. 

Western blot analysis was normalized 

to GAPDH (D–H). Experiments were per-

formed at least 3 times in triplicate. Error 

bars represent the SD of a representative 

experiment (F–H). hBMECs were stained 

for ZO-1 and visualized by immunofluores-

cence (scale bars: 20 μm) (I). Mice  

(n = 8/group) were infected i.v. with GBS 

or vehicle control. Upon sacrifice, brain 

tissue was collected and endothelial cells 

isolated for RNA extraction and qPCR 

analysis (J and K). Student’s t test was 

used for image analysis. *P < 0.05;  

**P < 0.01; ***P < 0.001.
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suggest that inhibition of snai1a in vivo can result in lower mor-

tality in response to GBS infection in zebrafish larvae.

Discussion
The initiation of bacterial meningitis occurs when blood-borne 

bacteria penetrate the BBB, gaining access to the CNS. The exact 

mechanisms of BBB traversal vary among meningeal pathogens 

(35). However, the majority of bacteria associated with meningi-

tis possess the ability to bind to host factors such as ECM compo-

nents and receptors, which preferentially localize to the basolat-

eral surface of the BBB (1). It is not completely understood how 

blood-borne meningeal pathogens engage basolateral receptors in 

the presence of a functional BBB. Tight junctions promote barrier 

integrity, creating an impassable barrier to diffusing receptors, 

thus separating basolateral and apical membranes and maintain-

ing cell polarity (36). Disruption of tight junctions results in the 

loss of cell polarity (37). Several studies have demonstrated that  

promoting BBB integrity, as decreased expression attenuated GBS 

passage to the brain in adult zebrafish.

To further examine the role of snai1a in vivo, we developed 

a larval model of zebrafish GBS infection (34). We generated 

Tg(HSP:dn-snai1a) animals that function as a dominant-negative 

inhibitor of endogenous snai1a. Heat-shocked HSP:dn-snai1a  

larvae 3 days post fertilization (dpf) had increased transcript 

levels of occludin, claudin 5, and E-cadherin compared with 

those in larvae that were not heat shocked (Figure 8, A–C). Heat 

shocking WT larvae did not increase occludin, claudin 5, or  

E-cadherin levels (Supplemental Figure 4, A–C). To examine 

whether increasing expression of tight junctions could result 

in increased survival in response to GBS challenge, we infected 

heat-shocked HSP:dn-snai1a and WT larvae at 3 dpf and infected 

them 5 hours after heat shocking. At 72 hours after infection, 

only 10% of WT larvae survived, whereas about 40% of the 

HSP:dn-snai1a larvae were still viable (Figure 8D). These data 

Figure 3. Snail1 is necessary to disrupt brain endothelial tight junctions. shRNA knockdown of Snail1 in hBMECs resulted in a significant reduction of 

Snail1 protein abundance (A and B). SNAI1 expression was no longer upregulated upon GBS infection with shRNA knockdown (C). Occludin transcript and 

protein levels, with knockdown of SNAI1 during GBS infection (D–F). shRNA hBMEC barrier function was greater as visualized by Evans Blue migration; 

dye was added to the upper chamber and quantified colorimetrically in the lower chamber (OD600) (G). Experiments were performed at least 3 times in 

triplicate; error bars represent the SEM of at least 3 biological replicates (C, D, and G), or the SD of a representative experiment (B and F). One-way ANOVA 

(C, D, and F) and Student’s t test (B and G) were used to analyze statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001.
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meningeal pathogens degrade tight junction proteins or remodel 

the junctional complexes. For example Neisseria meningitidis 

induces specific cleavage of occludin through the release of host 

MMP8, resulting in endothelial cell detachment and increased 

paracellular permeability (38). E. coli K1 initiates a signaling pro-

cess that leads to dissociation of β-catenins from cadherins and 

results in disruption of barrier integrity (39). Recent studies have 

also shown that the type IV pili of N. meningitidis lead to recruit-

ment of the PAR3/PAR6/PKCζ polarity complex and delocaliza-

tion of junctional proteins, which results in anatomical gaps that 

are used by the bacteria to penetrate into the CNS (40, 41). In this 

study, we similarly show that GBS is able to disrupt tight junctions 

in brain endothelium and that this process is facilitated by the 

Snail1 host transcription factor.

Snail1 is a zinc finger transcription factor that has been exten-

sively studied in the context of EMT and cancer metastasis (31, 

42–44). EMT is involved in normal embryonic development and 

repair of epithelial injury and is associated with changes in claudin 

expression and regulation. Induction of Snail1 induces EMT and 

downregulates tight junction proteins including claudins and 

occludin (21, 45). Snail1 binds to an E-box motif of promoters, 

repressing transcription (21, 46). However, Snail1 can also down-

regulate claudin 1 and ZO-1, without affecting their transcription 

(22). Notably, Snail1 expression can also disrupt apical/basal 

polarity complexes in epithelial cells (47). Here, we demonstrate 

that infection with multiple pathogens associated with meningitis 

results in the induction of SNAI1, which we demonstrate to be nec-

essary and sufficient to disrupt tight junctions in brain endothe-

lium. Our results are consistent with a recent study describing a 

role for Snail1 in bacterial transit across epithelial cells (48). Nota-

bly, TLR2/4 and MAPK p38 signaling induced Snail1 expression 

in the nasopharynx. Similarly, our results suggest that in brain 

endothelium, Snail1 induction is initiated by TLR2 and involves 

the ERK pathway of the MAPK signaling cascade.

MAPK signaling pathways modulate the expression of tight 

junction proteins and alter the molecular composition within 

tight junction complexes (49). Three MAPK pathways have been 

well characterized. First, the ERKs, which are activated by several 

extracellular stimuli, include growth factors, cytokines, and oxida-

tive stress. Second, the JNKs and third, p38, respond to different 

types of cellular stress and inflammatory mediators (50). Acti-

vation of ERK1/2 results in increased ZO-1 degradation during 

traumatic brain injury (51), decreased ZO-1 and claudin 5 expres-

sion in brain endothelium during HIV infection (52, 53), and 

reduced occludin and claudin 5 expression in BBB endothelium 

during ischemic stroke (54). Whether Snail1 is similarly involved 

in tight junction disruption under these conditions remains to be 

determined. Host factors and cytokines can also influence tight 

junction turnover and claudin expression, presumably in part to 

accommodate neutrophil migration across epithelial and endo-

thelial barriers (55). Interestingly, we did not observe an increase 

in SNAI1 transcript levels in hBMECs upon addition of TNF-α or 

IL-1β (data not shown).

Using a murine model of hematogenous meningitis, we 

observed a significant increase in SNAI1 transcripts in brain tis-

sue during GBS infection when compared with noninfected con-

trols. Further experiments with murine models are technically 

challenging, as SNAI1-null alleles are embryonically lethal at 

Figure 4. Snail1 is sufficient to disrupt brain endothelial tight junctions. Overexpression of Snail1 resulted in a loss of tight junction proteins (A–D). 

Control cell line shows the expected cobblestone pattern, and overexpression of Snail1 resulted in a loss of tight junction staining (scale bars: 20 μm) (E). 

Snail1 overexpression increased hBMEC permeability as assessed by Evans Blue dye migration after induction with doxycycline; dye was added to the 

upper chamber and quantified colorimetrically in the lower chamber (OD600) (F). Experiments were performed at least 3 times in triplicate; error bars 

represent the SEM of at least 3 biological replicates (F), or the SD for protein analysis of a representative experiment (B–D). Student’s t test was used to 

determine significance. *P < 0.05; **P < 0.01; ***P < 0.001.
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E8.5 (31, 56, 57). To examine a functional role for Snail1 during 

infection in vivo, we developed and used adult and larval zebraf-

ish models for Streptococcal infection as previously described (32, 

33). As the zebrafish Snail1 homolog Snail1a is also required for 

EMT and neural crest development (58), this model was more 

amenable to the use of siRNA silencing to globally knock down 

expression of Snail1a. We showed that siRNA-mediated reduc-

tion of snai1a transcription resulted in decreased brain penetra-

tion of GBS in adult zebrafish. Finally, to further examine a func-

tional role for Snail1a in vivo, we generated and characterized an 

inducible Snail1a dominant-negative transgenic zebrafish. This 

animal showed increased survival when compared with WT ani-

mals, suggesting that inhibition of Snail1a is sufficient to protect 

zebrafish larvae from GBS infection. To our knowledge, this is the 

first characterization of the role of Snail1 in the pathogenesis of 

bacterial infection in vivo. Our results also suggest that GBS LTA 

may induce SNAI1 expression. Future studies will seek to further 

determine the mechanism of LTA activation and whether other 

LTA-associated proteins play a role. The subsequent loss of tight 

junctions may represent the critical first step that enables bacte-

rial pathogens to engage basolaterally expressed host receptors 

and promote BBB disruption and progression to meningitis.

Methods
Bacterial strains and cell lines. The Streptococcus agalactiae (GBS) highly 

virulent clinical isolate COH1 (serotype III, ST-17) was primarily used 

for the experiments (59), along with other GBS serotypes, NCTC10/84 

(V) (60), 515 (Ia) (61), and NEM316 (serotype III, ST-23) (62). Other 

bacteria were used and propagated as previously described: SPN (24), 

HiB (63), and the B.a. Sterne strain ΔpXO1 (23). The GBS mutants used 

include COH1 Δiag, NCTC10/84 ΔpilA, and NCTC10/84 ΔcylE (5–7). 

Cell wall extracts were prepared as previously described (28). Briefly, 

GBS pellets were resuspended in 20% sucrose, 20 mM Tris-HCl, and 

10 mM MgCl
2
 treated with protease inhibitor and mutanolysin for 2 

hours at 37°C, followed by centrifugation, and the supernatant was col-

lected as cell wall extract. Immortalized hBMECs (a gift of Kwang Sik 

Kim and Monique Stins, Johns Hopkins University, Baltimore, Mary-

land, USA) were cultured in RPMI 1640 containing 10% FBS, 10% 

NuSerum, and 1% nonessential amino acids as described previously 

(5, 6, 64). Immortalized bEND3 cells were purchased from ATCC and 

cultured to ATCC specifications in DMEM-F12 containing 10% FBS.

Infection assays. hBMECs or bEND3 were grown to confluency 

on collagenized 24-well plates (Corning). GBS or other bacte-

ria were then incubated with hBMECs for 4 to 5 hours. Following 

infection and/or treatment with inhibitors, cell lysates were col-

lected for protein and RNA, or fixed for staining according to the 

procedures described below. For MAPK inhibitor assays, 30 minutes 

prior to infection, hBMECs were treated with the inhibitors U0126 

(Reagents Direct), SB202190 (Reagents Direct), or SP600125 

(Reagents Direct) — all at 20 μM. After inhibitor was added, 

hBMECs were infected with WT GBS at an MOI of 10 and incubated 

for 5 hours. HK or formalin-fixed GBS were prepared by growing 

GBS to OD600 0.4 in Todd-Hewitt broth (THB), followed by cen-

trifugation and resuspension of the pellet in PBS and treatment at 

Figure 5. GBS factors contribute to SNAI1 

expression. Fixed GBS was able to induce SNAI1 

expression at levels that were comparable to 

those in live GBS; however, HK GBS was not able to 

induce SNAI1 (A). Cell wall extracts (CWE) prepared 

from WT GBS were greatly able to induce SNAI1 (B). 

Experiments were performed at least 3 times in 

triplicate; error bars represent the SEM of at least 3 

biological replicates. One-way ANOVA was used to 

determine significance. **P < 0.01; ***P < 0.001.

Figure 6. Contribution of MAPK signaling in SNAI1 expression. hBMECs were treated with either DMSO vehicle control or a specific MAPK pathway 

inhibitor. U0126 had the greatest effect on inhibition of GBS-induced SNAI1 expression (A). Treatment of hBMECs with the TLR2 agonist P3C resulted 

in a dose-dependent increase in SNAI1 expression (B). Treatment of hBMECs with extracts from Δiag or HY106 Δiag resulted in significantly lower SNAI1 

expression levels (C). Experiments were performed at least 3 times in triplicate; error bars represent the SEM of at least 3 biological replicates. One-way 

ANOVA was used to determine significance. *P < 0.05; **P < 0.01; ***P < 0.001.
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Lentiviral vectors and virus production. hBMECs were cotrans-

fected at 50% to 60% confluency with 3 μg TRIPZ shRNA vector 

(RHS5087; Thermo Scientific), as well as the following components 

from individual vectors 0.4 μg GAG-POL, 0.4 μg Tat, 0.4 μg REV, 

1.5 μg VPR, 0.8 μg of VSVg. Media were replaced with DMEM, 10% 

FBS, 1% MEM,  and penicillin-streptomycin. Viral supernatant was 

collected 48 hours after transfection and filtered through 0.2 μM 

mixed cellulose ester (MCE) filters (catalog 09-719A; Fisherbrand, 

Fisher Scientific). Viral supernatants were stored at –80°C until 

transduction. Lentiviral supernatent (2 ml) collected after 48 hours 

of transfection  was added to hBMECs at 70% to 80% confluency 

and incubated with polybrene. hBMECs were spin-infected by cen-

trifugation at 1,500 g for 80 minutes at 30°C. Seventy-two hours 

after infection, 1 μg/ml doxycycline was added to induce TurboRFP 

(Sigma)and shRNA expression.

Creation of hBMEC Snail1 and shSnail1 cell lines. The induc-

ible vector pH-TRE.i.mCherry was constructed using pH-TRE 

as described previously (72). The IRES-mCherry cassette from 

pBMN.i.mCherry was inserted into pH-TRE downstream of the 

multiple cloning site (provided by Gary Nolan, Stanford University, 

Stanford, California, USA, and Clontech). pBMN-i-rtTA was con-

structed by removing rtTA from the Tet-On vector (Clontech) with 

EcoRI/BamHI and cloning it into pBMN-i-Lyt2. Human Snail1 was 

cloned from cDNA extracted from hBMECs. Primers were used to 

amplify the human Snail1 ORF (73), and the product was inserted 

into pH-TRE.i.mCherry, creating pH-TRE.Snail1.i.mCherry. The 

lentiviral vectors were produced as previously described (74). The 

resulting viral supernatant was mixed with polybrene and added to 

hBMECs. Cells were stained with PE-conjugated anti-Lyt2 antibod-

ies (BD Biosciences) and sorted on a BD FACSAria Flow Cytometer 

(SDSU FACS Core Facility). This cell population was expanded and 

infected with pH-TRE.Snail1.i.mCherry. Dually infected cells were 

treated with doxycycline (1 μg/ml) and sorted for mCherry fluo-

rescence to create hBMEC-SNAI1. The TRIPZ short hairpin lenti-

viral vector (Thermo Scientific) was used. Short hairpins directed 

95°C for 10 minutes, or treatment of GBS with 4% paraformalde-

hyde for 15 minutes. Bacteria were then washed and used to treat 

hBMECs at an estimated desired MOI. RNA lysates were collected 

and prepared as described below, and qPCR was performed on sam-

ples to determine Snail1 expression levels.

Microarray analysis and qPCR. Bacterial infection, RNA isolation, 

cDNA preparation, microarray analysis, and qPCR were performed as 

described previously (8, 23). Heat-killing experiments were performed 

as described previously (65). For qPCR, the primer sequences used 

have been published for human SNAI1 (66), human ZO-1 (TJP1) (67), 

human OCLN (68), and human GAPDH (8); murine Cldn5, Snai1, and 

Gapdh (69), and murine Ocln (forward: 5′-GATGCAGGTCTGCAG-

GAGTATAA-3′; reverse: 5′-ATCCTTAATTGGAGTGTTCAGCC-3′); 

and zebrafish occludin (oclna), gapdh (70), and E-cadherin (cdh1) (71). 

Fold change was calculated by the ΔΔCT method.

Protein analysis. Confluent cell monolayers were infected with 

GBS. Cells were lysed using RIPA buffer (Thermo Scientific) con-

taining 100 mM NaF, 1 mM PMSF, and protease inhibitor cocktail 

(Calbiochem). Lysates were probed with antibodies against GAPDH 

(1:150,000; catalog MAB374; EMD Millipore); ZO-1 (1:1,000; 

catalog 617300; Invitrogen); occludin (1:1,000; catalog 331500; 

Invitrogen); claudin 5 (1:1,000; catalog ABT45; EMD Millipore); 

pan-cadherin (1:1,000; catalog 4068; Cell Signaling Technology); 

and Snail1 (1:1,000; catalog ab85931; Abcam). Appropriate HRP 

secondary antibodies were used to detect primary antibodies, and 

blots were visualized using SuperSignal West Pico Chemilumines-

cent Substrate ECL (Thermo Scientific) and radiographic film (Den-

ville Scientific Inc.). For florescence microscopy following infection, 

hBMECs were fixed with 4% PFA and permeabilized with 0.1% Tri-

ton X-100. Junction proteins and GBS were detected using anti–Z0-1 

(1:100; catalog 617300; Invitrogen) and anti-GBS (1:50; catalog 

BM5557P; Acris) antibodies, followed by Cy3- or FITC-conjugated 

secondary antibodies. Coverslips were mounted using DAPI con-

taining VECTASHIELD (Vector Laboratories) and visualized with a 

Zeiss florescence microscope.

Figure 7. Contribution of Snail1 to GBS-BBB penetration 

in vivo. Kaplan-Meier survival curve for zebrafish  

(n = 9/group) infected with GBS (A). Representative 

images of GBS-infected zebrafish showing cerebral 

swelling and edema compared with noninfected controls 

(B). GBS infection increased snai1a transcript levels in 

brain homogenates of zebrafish following GBS infection  

(n = 19) compared with those in noninfected zebrafish  

(n = 12) (C). Knockdown of snai1a using siRNA duplexes 

(n = 10/treatment group) did not change GBS blood-

stream survival, but attenuated bacterial penetration 

into the brain (D). Representative data from 1 of 2 

independent experiments are shown. Student’s t and 

log-rank tests were used to determine significance.  

*P < 0.05; ***P < 0.001.
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hsp70 promoter, truncated snai1a (300–783 bp) with an N terminus 

FLAG tag, and a 5′ polyadenylation signal. The following prim-

ers were used to amplify the truncated snai1a gene from zebrafish 

cDNA for cloning into the pDONR221 Gateway vector: forward, 

5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGATTA-

CAAGGATGACGACGATAAGGGTGGCAGTGGAGGGCAGA-

GAGAGGACAAGAGCG-3′; reverse, 5′-GGGGACCACTTTGTA-

CAAGAAAGCTGGGTTCTATTGGACATTGGCCGTGGAGGG-3′. 
Zebrafish embryos were microinjected at the 1-cell stage with a 25 pg  

final pDEST construct along with 50 pg Tol2 transposase RNA. 

Injected F0 adults were mated with AB strain zebrafish, and F1 off-

spring were screened by PCR to assess germline integration of the 

Tol2 construct. The primers used were FLAG forward, 5′-GATTA-

CAAGGATGACGACGATAAG-3′ and Snail1a reverse, 5′-CTATTG-

GACATTGGCCGTGGAGGG-3′. F1 fish were used to generate lar-

vae for all experiments described herein.

Larval zebrafish model of GBS infection. Infection assays were per-

formed as described previously (34). Briefly, zebrafish larvae at 3 dpf 

were anesthetized with tricane and placed on a 2% agar plate for sta-

bilization. Diluted GBS (1 nl, MOI of 100) was injected into the caudal 

vein of the zebrafish with a FemtoJet microinjector (Eppendorf). Phe-

nol red (3%) was added to the GBS dilution to visualize the injection. 

Fish were monitored every 6 hours. Infection experiments were per-

formed in a blinded fashion. After death, fish were genotyped using 

the primers listed above and the experiment was deconvoluted.

Statistics. GraphPad Prism version 5.0a (GraphPad Software) 

was used for statistical analysis. A 2-tailed Student’s t test and 1-way 

ANOVA with Bonferroni’s multiple comparisons post test were used 

where appropriate. A log-rank test was used to determine significance 

with survival curves. Data are represented as the mean ± SEM. Statisti-

cal significance was accepted at a P value of less than 0.05.

Study approval. All mouse work was approved by the Office of Lab-

oratory Animal Care of SDSU and conducted under accepted veteri-

nary standards. All zebrafish were raised and maintained under UCSD 

IACUC guidelines.

against the human SNAI1 transcripts were purchased (GE Health-

care Dharmacon). Lentiviruses were created and naive hBMECs 

were spin-infected as described above. Cells were induced with 

doxycycline (1 μg/ml) and sorted by hCherry fluorescence to create 

the shSNAI1 hBMEC line.

Transwell permeability assay. Briefly, the Snail1-overexpress-

ing hBMEC line was seeded onto the apical side of collagen-coated 

polytetrafluoroethylene 0.4-μM pore-size membranes (Corning) and 

grown for 6 to 7 days to form intact monolayers. Snail1 expression was 

induced using 1 μg/ml doxycycline. Assessment of barrier integrity 

was performed as described previously (27).

Murine model of hematogenous meningitis. We have previously 

described a mouse model of GBS meningitis (5, 8). Briefly, 6- to 

8-week-old male CD-1 mice were injected i.v. with 6 × 107 to 7 × 107 

CFU WT GBS or Dulbecco’s PBS (DPBS) vehicle control. At the time 

points of morbidity or death, the mice were euthanized, and brain tis-

sue was collected for histology or endothelial cell isolation. Endothe-

lial cells were isolated using the MACS CD31 endothelial cell isolation 

kit (Miltenyi Biotec).

Adult zebrafish model of GBS infection. Six- to nine-month-old 

adult WT AB Zebrafish (Danio rerio) were anesthetized with 0.16% 

tricaine solution. Fish were placed upside down, supported with 

a moist sponge, and injected i.p. with 7 × 107 to 1 × 108 CFU COH1 

GBS as previously described (32). Fish were euthanized when aber-

rant behavior was observed. Upon sacrifice, blood and brain sam-

ples were collected and diluted in PBS for bacterial enumeration. 

siRNA-knockdown duplexes were designed using the IDT RNAi 

program (Integrated DNA Technologies). RNA duplexes of si-Snai1a 

(5′-CCAGCAGUCAGCAAUGACUUCCCAG-3′), and scrambled 

(5′-ACCGACCGCCUUGUACCAACGAG-3′) were injected i.p. 24 

hours before GBS infection. Fish were sacrificed 12 hours after infec-

tion, and tissues were collected for bacterial enumeration.

Zebrafish transgenesis. Tg(HSP:dn-snai1a)sd37 were generated 

using Tol2-mediated transgenesis via the multisite Gateway clon-

ing system. The final pDEST construct contained a 5′ zebrafish 

Figure 8. Inhibition of Snail1 

impacts expression of junctional 

components and reduces GBS 

virulence in zebrafish larvae. 

Transgenic zebrafish expressing an 

inducible dominant-negative snai1a, 

Tg(HSP:dn-snai1a), upregulated 

occludin, E-cadherin, and claudin 

5 following heat shock (HS) (n = 9) 

when compared with controls with 

no heat shock (no HS) (n = 4) 6 hours 

after heat shock (A–C). Kaplan-Meier 

survival curve of WT or Tg(HSP:dn- 

snai1a) transgenic zebrafish follow-

ing heat shock and GBS challenge 

(n = at least 10/group). Transgenic 

zebrafish exhibited significantly 

lower mortality rates following GBS 

challenge compared with those of 

WT zebrafish (D). Data represent 3 

independent experiments combined. 

Student’s t and log-rank tests were 

used to determine significance.  

*P < 0.05; **P < 0.01.
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