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Abstract
Group B Streptococcus (GBS) is a leading cause of neonatal 
morbidity and mortality, and the primary source of exposure 
is the maternal vagina. Intrapartum antibiotic prophylaxis 
for GBS-positive mothers has reduced the incidence of GBS 
early-onset disease, however, potential long-lasting influ-
ence of an antibiotic-altered neonatal microbiota, and the 
frequent clinical sequelae in survivors of invasive GBS infec-
tion, compels alternative treatment options for GBS. Here, 
we examined the role of transcription factor hypoxia-induc-
ible factor 1 alpha (HIF-1α), widely recognized as a regulator 
of immune activation during infection, in the host response 
to GBS. Given the importance of endogenous HIF-1α for in-
nate immune defense, and the potential utility of HIF-1α sta-
bilization in promoting bacterial clearance, we hypothesized 

that HIF-1α could play an important role in coordinating host 
responses to GBS in colonization and systemic disease. 
Counter to our hypothesis, we found that GBS infection did 
not induce HIF-1α expression in vaginal epithelial cells or 
murine macrophages, nor did HIF-1α deficiency alter GBS 
colonization or pathogenesis in vivo. Furthermore, pharma-
cological enhancement of HIF-1α did not improve control of 
GBS in pathogenesis and colonization models, while display-
ing inhibitory effects in vaginal epithelial cytokines and im-
mune cell killing in vitro. Taken together, we conclude that 
HIF-1α is not a prominent aspect of the host response to GBS 
colonization or invasive disease, and its pharmacological 
modulation is unlikely to provide significant benefit against 
this important neonatal pathogen.
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Introduction

Group B Streptococcus (GBS or Streptococcus agalac-
tiae) is associated with as many as 409,000 clinical infec-
tions every year globally [1], and remains a leading cause 
of maternal and fetal morbidity and mortality. Conserva-
tive approximations attribute 147,000 stillbirths and in-
fant deaths to GBS annually [1]. Considered a “pathobi-
ont,” GBS is part of the normal gastrointestinal and vagi-
nal microbiota in many healthy women, colonizing up to 
21–30% in pregnancy [2]. During the second or third tri-
mester, GBS can ascend from the vaginal tract and spread 
to the fetus in utero; alternatively, it may be transmitted 
to neonates during vaginal delivery [3]. Maternal GBS 
colonization and/or infection increase the risk of prema-
ture delivery and neonatal sepsis. In the infant, early-on-
set GBS disease, defined as occurring in the first 1–7 days 
of life, manifests most often as pneumonia and sepsis. 
Late-onset disease, occurring between 7 and 90 days of 
life, most commonly presents sub-acutely with a high risk 
of meningitis, and can also present as soft tissue infection 
[4]. Even among infants who survive GBS meningitis, ap-
proximately 32–44% develop long-term neurological and 
cognitive impairments such as global developmental de-
lay, bilateral sensorineural deafness, or persistent seizure 
disorder [5, 6]. Current intrapartum antibiotic prophy-
laxis for GBS-positive mothers has markedly reduced in-
cidence of GBS early-onset disease, yet comes with sec-
ondary consequences on the neonatal microbiome, such 
as decreased abundance of beneficial commensals [7]. 
Furthermore, rates of GBS late-onset disease have not di-
minished [2]. The potential long-lasting impact of an al-
tered neonatal microbiota on health and development, 
and the sequelae imposed by GBS infection, call for alter-
native treatment options for GBS [8]. One appealing al-
ternative strategy to antibiotic therapy would be to en-
hance the endogenous host immune response against 
GBS.

Neonatal defenses against GBS are primarily driven by 
innate immunity as the adaptive immune system is not 
yet fully developed. Upon host recognition of GBS 
through toll-like receptors (TLRs) 2 and 6, and through 
complement molecules deposited on the bacterial sur-
face, innate immune cells produce many cytokines such 
as IL-1β, IL-6, IL-8, IL-12, TNF-α, IFN-β, and IFN-γ, to 
promote GBS phagocytic clearance and containment [9–
12]. While all of these cytokines contribute to anti-GBS 
defense, IL-8 and IL-1β are especially critical. IL-8 pro-
motes neutrophil migration and activation, and IL-1β 
signaling, a driver of immune cell proliferation, differen-

tiation and activation, is indispensable for protection 
against GBS infection in animal models [9, 12–14]. The 
clinical relevance of these cytokines is supported by high-
er maternal plasma IL-1β in early term births and GBS 
neonatal infections, and IL-8 has been validated as an ear-
ly diagnostic marker for neonatal sepsis [15, 16]. In addi-
tion to neonatal innate immune responses, maternal vag-
inal responses to GBS are key to limiting maternal colo-
nization, infection, and transmission during delivery. 
Vaginal epithelial cells and whole vaginal tissue directly 
respond to GBS colonization and infection by producing 
an abundance of pro-inflammatory signals: IL-1β IL-6, 
IL-8, CXCL1, TNFα, and GM-CSF [2, 17–19]. Of note, 
the vaginal and cervical epithelium of healthy women 
produces high levels of IL-1β and IL-8 during and 
throughout pregnancy [20]. These parallel cellular re-
sponses to GBS in colonization and invasive disease sug-
gest that pharmacological boosting of host immune sig-
naling pathways may confer protection against GBS in 
prophylactic and therapeutic contexts.

Recently, transcription factors associated with the cel-
lular response to hypoxia have been identified as impor-
tant immune regulators in bacterial pathogenesis. Hy-
poxia-inducible factor 1 alpha (HIF-1α) participates in a 
heterodimeric complex (HIF) as a master regulator of cell 
adaptation to hypoxic conditions by driving expression 
of genes involved in metabolism, vascularization, and im-
mune activation [21]. During normoxia, HIF-1α also reg-
ulates immune cell behavior, differentiation, and effector 
genes such as IL-8, IL-1β, TNFα, iNOS, and cathelicidin 
[22–28]. Bacterial components such as LPS directly in-
crease HIF-1α expression in host immune cells as an add-
ed measure of host defense [29, 30]. HIF-1α deficiency in 
macrophages and neutrophils leads to impaired ATP 
generation, intracellular killing and effector function (i.e., 
cytokine and antimicrobial peptide production) against 
group A Streptococcus and Pseudomonas aeruginosa [25, 
31]. Furthermore, epithelial HIF-1α deficiency reduces 
host control of uropathogenic E. coli or group A Strepto-
coccus in the bladder and skin, respectively, [32, 33]. Sta-
bilization of HIF-1α with AKB-4924, a pharmacologic in-
hibitor of HIF-1α degradation, decreases uropathogenic 
E. coli urinary tract colonization and infection in mice 
[32], and increases phagocytic clearance of methicillin-
resistant Staphylococcus aureus in vitro and in vivo [34]. 
Given the importance of endogenous HIF-1α on innate 
immune activity, and success of HIF-1α stabilization in 
other models of bacterial pathogenesis, we hypothesized 
that HIF-1α could play an important role in coordinating 
host responses to GBS, and that pharmacological stabili-
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zation of HIF-1α may improve host control of GBS colo-
nization and infection.

The contribution of HIF-1α to host interactions with 
GBS was investigated in models of both colonization and 
systemic disease. Additionally, we tested the effects of 
pharmacological enhancement of HIF-1α in these same 
models. Counter to our hypothesis, we found that GBS 
infection did not induce HIF-1α expression in vaginal ep-
ithelial cells or murine macrophages, nor did HIF-1α de-
ficiency alter GBS colonization or pathogenesis in vivo. 
Furthermore, pharmacological enhancement of HIF-1α 
did not improve control of GBS in pathogenesis and col-
onization models, while displaying inhibitory effects on 
vaginal epithelial cytokine production and immune cell 
killing in vitro. Taken together, we conclude that HIF-1α 
is not a prominent aspect of the host response to GBS 
colonization or invasive disease, and its pharmacological 
modulation is unlikely to provide significant benefit 
against this important neonatal pathogen.

Materials and Methods

Reagents
AKB-4924 was acquired from Aerpio Therapeutics (Cincin-

nati, OH, USA) at a concentration of 4 mg/mL dissolved in 12% 
2-hydroxypropyl-beta-cyclodextrin (HPβCD) at a pH of 4.0. 12% 
HPβCD at pH 4.0 was used as a vehicle control. Phorbol 12-my-
ristate 13-acetate (PMA) was acquired from Sigma Aldrich and 
diluted to a working concentration of 25 nM in Hanks’ Balanced 
Salt Solution. Hanks’ Balanced Salt Solution was used as a vehicle 
control.

Bacterial Strains and Growth Conditions
GBS strains COH1 (ATCC BAA-1176), isogenic β-hemolysin 

deficient mutant (ΔcylE) [35], and A909 (ATCC BAA-1138), were 
grown to stationary phase at 37°C in Todd-Hewitt broth (Hardy 
Diagnostics) for at least 16 h. Cultures were diluted in fresh Todd-
Hewitt broth and incubated at 37°C until mid-logarithmic phase 
(defined as OD600 = 0.4). Bacterial cultures were centrifuged (3,220 
g, 5 min), washed in sterile PBS, and resuspended at the desired 
concentration in RPMI-1640 (in vitro) or sterile PBS (in vivo). For 
opsonization experiments, GBS was resuspended in RPMI-1640 
(Gibco) containing 2% FBS + 20% pooled human serum for 10 min 
before infection. Pooled human serum was obtained from periph-
eral blood from >10 healthy adult donors as approved by UC San 
Diego Human Research Protection Program Institutional Review 
Board IRB# 131002. Inoculum was quantified by plating serial di-
lutions on Todd-Hewitt agar (THA) plates and counting the colo-
ny-forming units (CFUs).

Human and Murine Cell Lines
Immortalized human vaginal epithelial cells (VK2/E6E7) and 

murine macrophage cell line (RAW 264.7) were acquired from the 
American Type Culture Collection (ATCC CRL-2616 and ATCC 
TIB-71, respectively). VK2 cells were cultured in keratinocyte se-

rum-free medium (KSFM) (Gibco) with 0.5 ng/mL human recom-
binant epidermal growth factor and 0.05 mg/mL bovine pituitary 
extract. RAW 264.7 cells were grown in Dulbecco’s Modified Eagle 
Medium (Gibco) + 10% FBS (heat inactivated). Cells were cultured 
in a 37°C incubator with 5% CO2. Cells were split every 3–4 days 
at ∼80% confluency, and 0.25% trypsin/2.21 mM EDTA (Corning) 
or cell scrapers were used to detach VK2 and RAW 264.7 cells for 
passaging, respectively.

VK2-HRE and RAW-HRE Reporter Cell Generation
VK2 and RAW 264.7 HIF-1α reporter cells were generated 

using previously published methods [36]. Cell lines (70% conflu-
ency, 24-well plates) were transduced at a multiplicity of infec-
tion (MOI) = 20 using the Cignal Lenti Reporter mCMV-HRE-
luciferase (CLS-007L) and Cignal Lenti control vector mCMV-
luciferase (CLS-NCL) (both viral preparations were purchased 
from Qiagen). The cells were also treated with SureENTRY 
Transduction Reagent (Qiagen) at 8 μg/mL in the presence of 
normal culture media supplemented with 1× MEM Non-Essen-
tial Amino Acids (Gibco) during transduction. After 24 h, the 
lentiviral supernatant was removed and replaced with normal 
culture media supplemented with MEM Non-Essential Amino 
Acids. Cells were selected after 48 h for puromycin (Gibco) re-
sistance at a concentration of 2.5 μg/mL (VK2) or 20 μg/mL 
(RAW 264.7). Cells were maintained in puromycin online suppl. 
media (for all online suppl. material, see www.karger.com/
doi/10.1159/000515739).

HRE-Luciferase Assays
VK2-HRE and RAW-HRE cells were plated the day before in 

white opaque, tissue culture 96 well plates in culture media as de-
scribed above. Cells were pretreated with 12 μg/mL AKB-4924 or 
vehicle for 4 h before infection. Cells were infected with GBS 
COH1 or isogenic ΔcylE at MOI = 20 as indicated in figure legends. 
At 2 h postinfection, cells were washed once with PBS and lysed 
with 25 μL/well of Steady-Glo® Luciferase Assay System reagent 
(Promega) for 5 min at room temp. RPMI-1640, containing no 
phenol red, was added (25 μL/well), mixed, incubated at room 
temperature for 15 min, and luminescence was then measured on 
an EnSpire Alpha Multimode Plate Reader (PerkinElmer). Arbi-
trary units of luminescence were normalized across individual ex-
periments using values from vehicle-treated, uninfected VK2-
HRE or RAW-HRE cells.

VK2 Adherence Assay
Vaginal epithelial adherence assays were performed as adapted 

from prior methods [37, 38]. VK2 cells were plated to confluency 
in 24-well tissue culture plates. Once confluent, VK2 cells were 
treated with AKB-4924 (8 μg/mL) or vehicle control for 5 h. Cells 
were infected with GBS COH1 at MOI = 1 or 0.1 (assuming 1 × 106 
VK2 cells per well). GBS was brought into contact with the VK2 
cells by centrifuging for 1 min at 300 g. After 30 min, supernatant 
was removed and cells washed 6× with sterile PBS. Cell layers were 
incubated for 5 min with 100 μL 0.25% trypsin/2.21 mM EDTA 
after which 400 μL of 0.025% Triton-X in PBS was added. Wells 
were mixed 30× to ensure detachment, and GBS recovery was de-
termined by plating on THA plates using serial dilution and count-
ing CFUs. Data was expressed as a percentage of adherent CFUs 
compared to original inoculum.
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ELISAs
Adapted from previous methods [37], VK2 cells were infected 

with GBS COH1 as described above with several modifications; 
GBS were added at MOI = 10, and cells were incubated for 3 h. 
Where indicated, VK2 cells were pretreated with 8 μg/mL AKB-
4924 for 5 h prior to infection with GBS. Supernatant from VK2 
cells was probed for presence of human IL-1β (R&D Systems, Cat# 
DY201) and IL-8 (R&D Systems, Cat# DY208) following manufac-
turer protocols.

Animals
The UCSD Institutional Animal Care and Use Committee 

(Protocol #S00227M) approved all animal protocols and proce-
dures. Wild-type (WT) C57BL/6 mice aged 8–10 weeks were pur-
chased from Jackson Labs. Epithelial tissue-specific and myeloid-
specific knockouts of HIF-1α was accomplished by back-crossing 
C57Bl/6 HIF-1αfl/fl mice (Jackson Laboratory, Stock No. 007561) 
with K14cre+ (epithelial cell specific, Jackson Laboratory, Stock 
No. 004782) or LysMcre+ transgenic mice (myeloid lineage, Jack-
son Laboratory, Stock No. 004781). Cre-negative HIF-1αfl/fl litter-
mates were used as controls for all experiments [25, 32, 39]. To 
ensure statistical power in compliance with ethical guidelines, at 
least 5 mice per group were used. Treatment groups were assigned 
randomly and housed in separate cages. Mice were allowed to eat 
and drink ad libitum.

Bone Marrow-Derived Macrophage Collection and 
Differentiation
As described previously [40], fresh bone marrow collected 

from murine femur and tibia was plated on 10 cm dishes. Dulbec-
co’s Modified Eagle Medium (Gibco) containing 10% NIH 3T3 cell 
conditioned media, 20% FBS, and 1% nonessential amino acids 
was added to the bone marrow cells, which were then left to dif-
ferentiate for at least 6 days. Fresh media was added at day 3 and 
day 6. At day 10, the bone-marrow derived macrophages (BMD-
Ms) were reseeded in 96-well plates to be used for in vitro assays.

Thioglycolate-Induced Neutrophil-Enriched Immune Cell 
Isolation
To obtain a neutrophil enriched population, neutrophil migra-

tion was stimulated by injection of 1 mL of 3% thioglycolate intra-
peritoneally as described previously [38]. Briefly, HIF-1αfl/fl 
LysMcre+ and HIF-1αfl/fl mice were intraperitoneally injected with 
3% thioglycolate, and 24 h after injection, peritoneal lavage was 
performed using PBS with 5 mM ethylenediaminetetraacetic acid 
(EDTA). Polymorphonuclear cells (PMN) composed 80–85% of 
the total cell population, as determined by Giemsa staining (online 
suppl. Fig. 2d). Cells were resuspended in RPMI-1640 + 2% FBS.

In vitro Phagocytosis and Intracellular Killing Assays
Thioglycolate-elicited cells were seeded at 2 × 105 cells per well 

and BMDMs were seeded at 5 × 104 cells per well. Cells were in-
fected with GBS COH1 at MOI = 10. For opsonization experi-
ments, GBS was incubated in 20% pooled human serum for 10 min 
prior to infection. GBS was brought into contact with the cells by 
centrifuging for 5 min at 500 g and then incubated at 37°C for 10 
min. To kill extracellular bacteria, the media was then replaced 
with RPMI-1640 + 2% FBS + penicillin (0.5 μg/mL) + gentamicin 
(2 μg/mL) and incubated for 25 min (see online suppl. Fig. 2b). 
Cells were then washed twice with PBS and media was replaced 

with fresh RPMI-1640 + 2% FBS without antibiotics. For phagocy-
tosis assays, cells were lysed immediately with 1% Triton X-100 
and lysate was serial diluted and plated for CFUs. For in vitro in-
tracellular killing assays, cells were incubated at 37°C + 5% CO2 for 
60, 90, or 120 min prior to lysis with Triton X-100, serial dilution, 
and plating for CFUs. CFU values normalized to T0. For the AKB-
4924 intracellular killing assays, the wells were pretreated for 4 h 
with 12 μg/mL AKB-4924 or vehicle before infection. Cell viability 
was determined at 0, 60, and 120 min by aspirating the culture me-
dia and adding 50 μL of staining media with Hoechst at 1 μg/mL 
and propidium iodide at 0.5 μg/mL. Cells were incubated with 
staining media for 10 min. The staining media was then aspirated 
and cells washed twice with PBS before mounting and visualiza-
tion using a Zeiss Axio Scope.A1.

GBS Vaginal Colonization
Colonization experiments were performed as previously de-

scribed [41]. In short, C57BL/6 WT, HIF-1αfl/fl K14cre+ or litter-
mate HIF-1αfl/fl K14cre− (HIF-1αfl/fl) female mice were treated in-
traperitoneally (i.p.) with 0.5 mg β-estradiol in 100 μL sesame oil 
(5 mg/mL) to synchronize estrus. After 24 h, mice were vaginally 
inoculated with 1 × 107 log-phase GBS COH1 or A909 as indicated 
in Figure Legends. Colonization was monitored daily by collecting 
vaginal swabs (Puritan, Cat. # 25-801 A 50). Bacterial load was de-
termined by serial dilution plating on CHROMagarTM StrepB base 
(DRG International Inc.). To investigate the effect of HIF-1α sta-
bilization on GBS colonization, mice were either: (1) pretreated 
vaginally with 10 μL (40 μg AKB-4924/dose) 24 h prior to GBS 
inoculation and daily thereafter for the duration of the experiment, 
or (2) i.p. injected with 200 μL (200 μg/dose) of AKB-4924 24 h 
prior to and 24 h after GBS inoculation. Control mice were treated 
with vehicle doses. Because no significant differences were ob-
served between dosing strategies, results were combined in Figure 
2d.

In vivo Mouse Model of GBS Infection
The UCSD Institutional Animal Care and Use Committee 

(Protocol #S00227M) approved the anticipated mortality and 
study design. For in vivo survival studies, C57BL/6 WT, HIF- 
1αfl/fl LysMcre+ or littermate HIF-1αfl/fl LysMcre− (HIF-1αfl/fl) 
male and female mice were i.p. injected with 100 μL of PBS con-
taining 5 × 107 to 2 × 108 GBS COH1 CFUs (specified in each fig-
ure). Where indicated, mice received an i.p. injection of 200 μL 
(200 μg AKB-4924/dose) 1 day prior to infection, the day of infec-
tion, and daily thereafter for 3 days. Mice were monitored 3 times 
daily for the duration of 7 days for mortality. Analgesics were not 
administered during systemic infection due to potential effects on 
the study outcome. The mice were humanely euthanized with CO2 
asphyxiation if they survived to study end point (day 7, total n from 
Fig. 3 = 6, and Fig. 4 = 25).

Neutrophil Killing and ROS Assays
Neutrophil killing and ROS experiments were conducted as 

previously described [38]. Briefly, venous blood specimens were 
treated with heparin for anticoagulation. Neutrophils were isolat-
ed using PolymorphPrep (Axis-Shield), subsequently infected 
with GBS COH1 at an MOI of 1 for 30 min, plated on THA, and 
GBS survival was calculated as a percentage of the inoculum. For 
the ROS assays, isolated neutrophils were treated with either ve-
hicle, vehicle + PMA, AKB-4924, or AKB-4924 + PMA, in the pres-
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ence or absence of GBS COH1 at an MOI of 10. Total ROS was 
measured at 30 min intervals for a total of 120 min as previously 
described [36]. AKB-4924 pretreatment was at a concentration of 
8 μg/mL for 30 min and PMA treatment was added at a concentra-
tion of 25 nM.

Neutrophil Extracellular Trap Assays
Human neutrophils isolated as described above, were treated 

with AKB-4924 (8 μg/mL) for 30 min, or vehicle control, and sub-
sequently challenged with GBS COH1 at an MOI of 10 for 4 h. A 
subset of uninfected cells was instead treated with PMA (25 nM) to 
serve as a positive control for NET formation. Neutrophil extracel-
lular trap (NET) formation was quantified as previously described 
[36]. Briefly, micrococcal nuclease (500 mU/mL) was added for 10 
min to digest extracellular DNA. The samples were centrifuged at 
200 g for 8 min and then sample supernatant was transferred to a 
new 96-well plate. DNA was quantified using a Quant-iT Pico-
Green® dsDNA Assay Kit from Life Technologies (Carlsbad, CA, 
USA).

Statistical Analysis
In vitro and ex vivo experiments were repeated at least 3 times 

independently with at least 3 technical replicates. Mean values 
from independent experiments were used to represent biological 
replicates for statistical analyses. In vivo experiments were con-
ducted at least twice independently which each mouse serving as a 
biological replicate. Experimental data was combined prior to sta-
tistical analyses. All data sets were subjected to D’Agostino & Pear-
son normality test to determine whether values displayed Gaussian 

distribution before selecting the appropriate parametric or non-
parametric analyses. In instances where experimental numbers (n) 
were too small to determine normality (Fig. 1b, 2a–c, 3a-f and 4 
online suppl. Fig. 1b, 2a–e, 3a–c), data were assumed nonparamet-
ric. Two-way ANOVA with Sidak’s multiple comparisons posttest 
was used to analyze GBS vaginal colonization, VK2-HRE and 
RAW-HRE reporter cells, VK2 cytokine production, cell viability, 
and GBS intracellular survival in BMDMs and thioglycolate-elic-
ited cells. Mann-Whitney test was used to analyze qPCR and neu-
trophil populations. Wilcoxon matched-pairs signed rank test was 
used to analyze opsonized and nonopsonized GBS phagocytosis by 
BMDMs and GBS adherence to VK2 cells. Log-rank (Mantel-Cox) 
test was used to analyze in vivo survival curves. Statistical analyses 
were performed using GraphPad Prism, version 9.0.1 (GraphPad 
Software Inc., La Jolla, CA, USA). p values <0.05 were considered 
statistically significant.

Results

Endogenous Vaginal Epithelial HIF-1α Levels Are Not 
Enhanced by GBS and Epithelial Cell-Specific HIF-1α 
Deficiency Does Not Alter GBS Vaginal Colonization 
in vivo
Because HIF-1α is an important host immune regula-

tor in response to several bacterial pathogens at the epi-
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thelial surface, we assessed the role of HIF-1α expression 
in the vaginal epithelium during GBS colonization. Using 
a mouse line harboring keratinocyte-specific inactivation 
of HIF-1α as described previously [33], HIF-1α-sufficient 
(HIF-1αfl/fl), and keratinocyte HIF-1α-deficient (HIF-
1αfl/fl K14Cre+) mice were inoculated with 2 × 107 GBS 
CFUs of strain COH1 directly into the vaginal lumen. 
Vaginal swabs were collected daily to quantify GBS bur-
den. Although the absence of keratinocyte HIF-1α ex-
pression (Cre+ mice) led to a slight, but significantly de-
creased GBS burden on day 1 postinoculation compared 

to Cre− mice, this effect did not persist at later time points 
(Fig. 1a). Additionally, using a different GBS clinical iso-
late, A909, we observed the opposite phenotype with 
HIF-1α-deficient mice displaying higher GBS burdens 
than HIF-1α-sufficient mice on day 1 (online suppl. Fig. 
1a). Similar to Fig. 1a, no significant differences were ob-
served on subsequent days. To determine if GBS exposure 
stimulates HIF-1α expression in vaginal epithelial cells, 
we constructed a HIF-1α reporter system in human vagi-
nal epithelial cell line VK2 (VK2-HRE reporter cells) us-
ing the lentiviral vector mCMV-HRE-luciferase as de-
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Fig. 2. Impact of HIF-1α stabilization on vaginal epithelial GBS 
colonization and cytokine production. a Percent adherence of GBS 
COH1 to VK2 cells after 30 min of infection, MOI = 0.1 or 1. VK2 
cells were pretreated for 5 h with 12 μg/mL AKB-4924 or vehicle 
treated as a control. Production of IL-8 (b) or IL-1β (c) was mea-
sured from VK2 supernatant after 3 h of infection with GBS COH1, 
MOI = 10. VK2 cells were pretreated for 5 h with 12 μg/mL AKB-
4924 or vehicle treated as a control. d WT C57Bl/6 female mice 
were vaginally administered 2 × 107 CFUs of GBS COH1. Mice 
were vaginally swabbed daily, and the levels of GBS CFU recovered 

from swabs are shown. Mice were treated vaginally or i.p. with 
AKB-4924, or vehicle as a control, as described in Methods. Sym-
bols represent means of 4 independent experimental replicates (a–
c, performed in technical triplicate) or biological replicates (d, n = 
25–26/group) with lines indicating medians and interquartile 
ranges. Dotted line in (d) indicates limit of detection. Data were 
analyzed by two-way ANOVA with Sidak’s multiple comparisons 
posttest (b–d) or Wilcoxon matched-pairs signed rank test (a). 
*p < 0.05. GBS, group B Streptococcus; HIF-1α, hypoxia-inducible 
factor 1 alpha; CFU, colony-forming unit; WT, wild type.
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scribed previously [36]. Briefly, VK2-HRE reporter cells 
were infected with GBS COH1 at MOI = 20 for 2 h and 
cell luminescence were quantified. As a control, VK2-
HRE reporter cells were treated with 12 μg/mL of AKB-
4924, a pharmacologic stabilizer of HIF-1α [34]. GBS in-
fection of VK2-HRE reporter cells was not sufficient to 
induce HIF-1α expression (Fig. 1b). HIF-1α levels were 
increased in both uninfected and GBS-infected cells only 
when the cells were co-treated with the HIF-1α stabilizer 
AKB-4924 (Fig. 1b), demonstrating the sensitivity of the 
assay in detecting HIF-1α. Furthermore, a GBS mutant, 
ΔcylE, which is deficient in β-hemolysin production and 
shows attenuated toxicity and cytokine responses in VK2 
cells [19], was also insufficient to induce luciferase activ-
ity (online suppl. Fig. 1b) suggesting GBS hemolysin-me-

diated toxicity does not actively inhibit HIF-1α expres-
sion in this cell line.

Enhancing HIF-1α Stabilization Lowers Vaginal 
Epithelial Cytokine Production in Response to GBS, 
but Does Not Alter GBS Interactions with the Vaginal 
Tract in vitro or in vivo
Previous studies have reported altered bacterial cell in-

teractions and downstream immune effects during phar-
macologic enhancement of HIF-1α [32, 34]. We interro-
gated the role of HIF-1α in GBS adhesion to human vag-
inal epithelial cells and the subsequent cytokine 
responses. Vaginal epithelial VK2 cells were pretreated 
with the HIF-1α stabilizer AKB-4924, or vehicle, for 5 h, 
subsequently infected with GBS at MOI = 0.1 or 1 and 
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Fig. 3. Role of endogenous HIF-1α in GBS phagocytosis, intracel-
lular survival, and host morbidity in a murine model of GBS sepsis. 
BMDMs or thioglycolate-elicited cells were isolated from HIF- 
1αfl/fl  and HIF-1αfl/fl  K14Cre+ and infected with GBS COH1 at 
MOI = 10. GBS uptake and intracellular survival were assessed as 
described in Methods. Percent nonopsonized GBS uptake (a) and 
intracellular GBS survival (b) in BMDMs. Percent opsonized GBS 
uptake (c) and intracellular GBS survival (d) in BMDMs. Percent 
opsonized GBS uptake (e) and nonopsonized intracellular GBS 
survival (f) in thioglycolate-elicited cells.  g  HIF-1αfl/fl  and HIF-
1αfl/fl  LysMCre+ mice were infected intraperitoneally with 

5 × 107 CFU GBS and survival monitored over 7 days. Symbols and 
error bars represent means  ±  standard error (a,  c,  e) or medi-
ans ± interquartile ranges (b, d, f) of 3 or 4 independent experi-
mental replicates. In G, symbols represent death time points on a 
survival curve (n = 14–21/group) with lines indicating percentage 
survival between time points. Data were analyzed by Wilcoxon-
matched pairs signed rank test (a, c, e), two-way ANOVA with 
Sidak’s multiple comparisons posttest (b, d, f), or log-rank (Man-
tel-Cox) test (g). **p < 0.01; *p < 0.05. BMDM, bone marrow-de-
rived macrophage; GBS, group B Streptococcus; HIF-1α, hypoxia-
inducible factor 1 alpha; CFU, colony-forming unit.
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evaluated for GBS adherence after 30 min of incubation. 
Stabilization of HIF-1α with AKB-4924 did not alter GBS 
adherence to vaginal epithelial cells at MOI = 0.1 or  
MOI = 1 (Fig. 2a). To evaluate the impact of HIF-1α sta-
bilization on cytokine production, VK2 cells, pretreated 
with AKB-4924 as above, were infected with GBS COH1 
at MOI = 10, or uninfected as a control, and evaluated for 
IL-8 and IL-1β production in the cell supernatant after  
3 h. GBS infection increased IL-8 levels in the supernatant 
over uninfected controls as expected (Fig. 2b), yet AKB-
4924 treatment did not further increase cytokine produc-
tion. Rather, HIF-1α stabilization in GBS infected cells led 
to significantly decreased IL-8 compared to vehicle-treat-
ed GBS infected cells (Fig. 2b). Similarly, GBS infection 
increased IL-1β production over uninfected controls 
(Fig. 2c) and, likewise, AKB-4924 treatment of GBS in-
fected cells led to significantly decreased IL-1β compared 
to vehicle-treated GBS infected cells (Fig. 2c). AKB-4924 
treatment alone did not affect the levels of IL-8 and IL-1β 
produced by uninfected VK2 cells (Fig. 2b, c). To assess 
whether pharmacologic stabilization of HIF-1α would 
impact GBS vaginal colonization in vivo, WT C57Bl/6 
mice were treated with 5 doses of AKB-4924 either IP or 
intravaginally, as detailed in the Methods section, prior to 
and during colonization with 107 CFUs of GBS COH1. 

AKB-4924 did not significantly alter GBS vaginal burdens 
compared to vehicle controls at any time point over the 
first 3 days of colonization (Fig. 2d).

Myeloid Cell-Specific HIF-1α Deficiency Decreases 
GBS Intracellular Survival ex vivo, but Does Not Alter 
Host Outcomes in vivo
Because HIF-1α is a critical regulator of myeloid cell 

inflammatory and antibacterial responses towards mul-
tiple pathogens [25, 42], we assessed the impact of my-
eloid cell-specific HIF-1α deficiency using a mouse line 
harboring Cre expression driven be the lysozyme M 
(LysMCre) as previously described [25, 42]. BMDMs 
from HIF-1α-sufficient (HIF-1αfl/fl) and myeloid HIF-
1α-deficient (HIF-1αfl/fl LysMCre+) were isolated and 
differentiated ex vivo. Efficiency of HIF-1α deletion in 
HIF-1αfl/fl LysMCre+ BMDMs was confirmed by qPCR 
(online suppl. Fig. 2a). We performed an in vitro phago-
cytosis assay by infecting BMDMs with GBS strain COH1 
(5 × 105 CFUs) followed by antibiotic treatment to elimi-
nate extracellular GBS. No differences in bacterial uptake 
were observed between HIF-1α-sufficient (HIF-1αfl/fl) 
and HIF-1α-deficient (HIF-1αfl/fl LysMCre+) BMDMs 
(Fig. 3a). To determine the impact of HIF-1α deficiency 
on macrophage control of intracellular GBS, BMDMs 
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Fig. 4. Impact of HIF-1α  stabilization on GBS intracellular sur-
vival and host morbidity in a murine model of GBS sepsis. BMDMs 
were isolated from HIF-1αfl/fl  (a) and HIF-1αfl/fl LysMCre+ (b), 
treated with AKB-4924 or a vehicle control, and infected with GBS 
COH1 at MOI = 10. Intracellular GBS survival was assessed as de-
scribed in Methods.  c  WT C57Bl/6 mice were pretreated with 
AKB-4924, or a vehicle control, and infected intraperitoneally with 
1×108 or 2 × 108 CFU GBS COH1 and survival monitored over 7 
days. Symbols represent the median of 4 or 5 independent experi-

mental replicates (a,  b, performed in technical triplicate), with 
lines indicating medians and interquartile ranges. In (c) symbols 
represent death time points on a survival curve (n = 11–15/group) 
with lines indicating percentage survival between time points. 
Data were analyzed by two-way ANOVA with Sidak’s multiple 
comparisons posttest (a, b), or log-rank (Mantel-Cox) test (c). *p < 
0.05. BMDM, bone marrow-derived macrophage; GBS, group 
B Streptococcus; HIF-1α, hypoxia-inducible factor 1 alpha; CFU, 
colony-forming unit; WT, wild type.
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were infected with COH1 (5 × 105 CFUs), treated with 
antibiotics to eliminate extracellular GBS, and intracel-
lular GBS quantified over the span of 2 h. Elimination of 
extracellular GBS was confirmed under the assay condi-
tions (online suppl. Fig. 2b). No differences in GBS intra-
cellular survival were observed at any time point between 
HIF-1α-sufficient and HIF-1α-deficient BMDMs 
(Fig. 3b).

To enhance GBS uptake and thus increase potential 
phenotypes due to HIF-1α deficiency, we repeated these 
assays under opsonizing conditions. Although total num-
bers of recovered intracellular GBS were higher in opso-
nizing compared to nonopsonizing conditions (Fig. 3a), 
no differences in bacterial uptake were observed between 
HIF-1α-sufficient and HIF-1α-deficient BMDMs 
(Fig. 3c). Additionally, we performed intracellular GBS 
survival assays as above, but under opsonizing condi-
tions. Overall, we observed enhanced BMDM control of 
intracellular opsonized GBS compared to nonopsonized 
GBS (Fig.  3b), but differences between HIF-1αfl/fl and 
HIF-1αfl/fl LysMCre+ were modest, and only achieved 
significance at the 120 min time point (Fig. 3d). Counter 
to our hypothesis, HIF-1α-deficient (HIF-1αfl/fl 
LysMCre+) BMDMs showed greater reduction of intra-
cellular GBS compared to HIF-1α-sufficient (HIF-1αfl/fl) 
BMDMs at this time point. Cell viability assessed by a 
Hoechst and propidium iodide co-stain showed no dif-
ferences in BMDM viability between genotypes across as-
say conditions (online suppl. Fig. 2c). To test whether this 
phenotype extended to other myeloid cell populations, 
we stimulated myeloid migration into the murine perito-
neal cavity using a single intraperitoneal injection of thio-
glycolate [38]. After a 24-h stimulation, peritoneal lavage 
was performed and recovered cell populations were dis-
tinguished morphologically using Giemsa staining. Total 
leukocyte populations were similar between HIF-1αfl/fl 
and HIF-1αfl/fl LysMCre+ mice and comprised of >75% 
polymorphonuclear cells (online suppl. Fig. 2d). Thiogly-
colate-elicited cells were infected with 5 × 106 CFUs non-
opsonized GBS (MOI = 10) and GBS phagocytosis and 
intracellular GBS survival were assessed as above in opso-
nizing and nonopsonizing conditions, respectively. Spe-
cifically, GBS phagocytosis was assessed solely under op-
sonizing conditions and not in nonopsonizing condi-
tions, whereas intracellular GBS survival was assessed 
solely in nonopsonizing conditions. Similar to BMDM 
results, no significant differences in opsonized GBS up-
take were observed between thioglycolate-elicited HIF-
1αfl/fl and HIF-1αfl/fl LysMCre+ cells (Fig. 3e). Notably, 
thioglycolate-elicited cell control of nonopsonized intra-

cellular GBS was enhanced in HIF-1αfl/fl LysMCre+ com-
pared to HIF-1αfl/fl cells (Fig. 3f) as seen with BMDM as-
says using opsonized GBS (Fig. 3d). To determine wheth-
er GBS infection stimulated HIF-1α stabilization in 
macrophages, we generated a HIF-1α reporter system in 
the murine macrophage cell line RAW 264.7 (RAW-
HRE) in the same manner that we construct the VK2-
HRE reporter cells. RAW-HRE reporter cells were infect-
ed with GBS COH1 at MOI = 20 for 2 h and cell lumines-
cence was quantified. As a control, RAW-HRE reporter 
cells were treated with 12 μg/mL of AKB-4924. GBS infec-
tion of RAW-HRE reporter cells was not sufficient to in-
duce HIF-1α expression (online suppl. Fig. 2e). HIF-1α 
levels were increased in both uninfected and GBS-infect-
ed cells only when the cells were co-treated with the HIF-
1α stabilizer AKB-4924 (online suppl. Fig. 2e) demon-
strating the sensitivity of the assay in detecting HIF-1α. 
Furthermore, a GBS mutant, ΔcylE, was also insufficient 
to induce luciferase activity (online suppl. Fig. 2e). To in-
terrogate whether HIF-1α deficiency in myeloid cells al-
ters the course of infection in vivo, HIF-1αfl/fl and HIF-
1αfl/fl LysMCre+ mice were infected intraperitoneally 
with 5 × 107 CFUs GBS and survival monitored over 7 
days. No differences in animal survival were observed be-
tween genotypes (Fig. 3g).

Enhancing HIF-1α Stabilization Reduces Macrophage 
Control of GBS in vitro, but Does Not Impact Human 
Neutrophil Control of GBS nor Alter Host Outcome 
during GBS Systemic Infection in vivo
Because deficiency of HIF-1α in myeloid lineage cells 

only minimally impacted GBS phagocytosis and intracel-
lular survival in vitro, nor did it alter host outcomes in a 
sepsis model, we next investigated whether systemic 
pharmacologic boosting of HIF-1α would improve host 
control of GBS. As done in Fig. 3, BMDMs isolated from 
HIF-1αfl/fl and HIF-1αfl/fl LysMCre+ mice were pretreat-
ed with AKB-4924 for 4 h prior to GBS intracellular kill-
ing assays as described above. Pretreatment with AKB-
4924 significantly reduced the ability of HIF-1α-sufficient 
(HIF-1αfl/fl) BMDMs to control opsonized GBS (Fig. 4a), 
but this effect was absent in HIF-1α-deficient (HIF-1αfl/fl 
LysMCre+) BMDMs (Fig. 4b). This observation suggests 
enhancement of HIF-1α may modulate innate immune 
responses to GBS. To assess whether this finding trans-
lated to human cells, we assessed whether AKB-4924 
treatment of human peripheral neutrophils altered neu-
trophil control of GBS. There were no differences in GBS 
survival or formation of neutrophil extracellular traps be-
tween AKB-4924 treatment and vehicle conditions, al-
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though AKB-4924-treated cells had decreased ROS re-
lease compared to vehicle treated cells across vehicle, 
GBS-infected, and PMA-stimulated conditions (online 
suppl. Fig. 3a–c). To interrogate how boosting of HIF-1α 
impacts host susceptibility to GBS systemic infection, 
C57Bl/6J mice were treated IP with AKB-4924 prior to 
infection with GBS, or treated with vehicle as a control. 
We tested 2 different doses of GBS, 1 × 108 CFUs and 2 × 
108 CFUs, which resulted in ∼80% survival and ∼20% 
survival in vehicle-treated mice, respectively, over 7 days. 
No differences in animal survival were observed between 
AKB-4924 and vehicle-treated mice at either dosage 
(Fig. 4c).

Discussion

The role of HIF-1α in orchestrating immune respons-
es to bacterial pathogens has recently been established in 
a variety of conditions ranging from urinary tract infec-
tion, to polymicrobial sepsis, to necrotizing fasciitis. In 
this study, we investigate the role of HIF-1α in host de-
fense against the important neonatal pathogen GBS using 
genetic tools, pharmacologic agents, and murine models 
of systemic infection and colonization. Our findings sug-
gest that HIF-1α is not a key mediator of immune re-
sponses to GBS and do not provide encouragement for 
pursuit of therapeutic applications modulating HIF-1α to 
limit GBS colonization or disease.

Unlike similar studies with various Gram-negative 
and Gram-positive bacterial pathogens [25, 31–34, 43], 
we observed no effect of HIF-1α modulation on GBS vag-
inal persistence nor disease severity in our mouse models 
of GBS vaginal colonization and systemic infection, re-
spectively. Our murine models have several limitations, 
however. Because global deletion of HIF-1α is embryonic 
lethal, loss of HIF-1α in our mouse lines is cell lineage 
specific and dependent on the efficiency of Cre recombi-
nase within the target cell type. Thus, it is possible that 
compensatory activity of HIF-1α by other cell types in our 
murine models may mask any phenotypes linked to kera-
tinocyte or myeloid HIF-1α deficiency. Additionally, we 
did not extensively optimize the dosage or time of phar-
macologic enhancement of HIF-1α in our model systems, 
but rather, extended timing and dosage regimens from 
previous studies showing potent AKB-4924 effects [32, 
44]. Even with these limitations, we conclude that the lack 
of robust phenotypes in both our genetic and pharmaco-
logical studies with GBS, which have proved insightful 
tools for other bacterial pathogens, do not scientifically 

justify additional animal experimentation at this point in 
time.

There is a paucity of data on the role of HIF-1α in the 
female urogenital tract, although production of HIF-1α 
has been detected in vaginal stromal cells [45] and in pla-
cental cytotrophoblasts [46]. Indeed, treatment with 
AKB-4924-induced robust stabilization in our vaginal 
epithelial cell HRE-reporter cell line indicating HIF-1α is 
produced by this cell type. Interestingly, vaginal epithe-
lial (VK2) infection with GBS did not itself stimulate HIF-
1α during normoxic conditions, nor did we detect evi-
dence for GBS suppression of HIF-1α due to toxicity; an 
attenuated GBS mutant (ΔcylE) showed no difference in 
HIF-1α stimulation compared to the parental WT GBS 
(online suppl. Fig. 1). This contrasts with a previous study 
which detected HIF-1α production in HeLa-229 and hu-
man epidermal keratinocytes [47], although the host 
cells, GBS strain, and MOI were different than our cur-
rent study. Additionally, the absence of HIF-1α induction 
in response to GBS is supported by clinical studies. HIF-
1α is elevated in women with preeclampsia [48, 49], yet 
there is a lack of positive association between GBS infec-
tion and preeclampsia [50].

Although studies with other bacterial pathogens have 
demonstrated a protective role for HIF-1α in reducing 
pathogen interactions with epithelial cells [32, 51], adher-
ence of GBS to vaginal epithelial cell line VK2 was not 
altered with treatment of AKB-4924 in this study (Fig. 2a). 
Even so, AKB-4924 did significantly lower production of 
cytokines IL-1β and IL-8 in GBS-infected VK2s (Fig. 2b, 
c). Importantly, our assays were conducted under opti-
mized conditions to assess GBS-VK2 interactions based 
on prior studies [18, 19, 37], and it remains possible that 
altering experimental conditions may reveal additional 
functions of HIF-1α in this cell line. Our results are in line 
with previous observations of reduced bladder epithelial 
cell production of IL-1β and IL-8 upon treatment with 
AKB-4294 [32]. Similar to our findings (Fig.  2), AKB-
4924-mediated reduction in cytokine levels was absent in 
uninfected bladder cells [32]. However, AKB-4924 treat-
ment responses vary among cell types, as AKB-4924 en-
hanced production of cytokines including IL-8 in the skin 
epithelial HaCat cell line [44]. HIF-1α regulation of IL-8 
and IL-1β is well-supported [52–54], and thus far, in vivo 
models testing the impact of HIF-1α stabilizer AKB-4924 
have demonstrated a universal cytokine dampening effect 
across inflammatory and infection conditions [32, 55, 
56]. Although we observed no impact of AKB-4924 treat-
ment on GBS vaginal colonization over the first 3 days 
following inoculation in vivo, it remains possible that 
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AKB-4924-mediated alterations to vaginal cytokine pro-
files may impact GBS persistence long term. A recent 
study described altered vaginal cytokine levels, including 
IL-1β, between mice that cleared GBS compared to those 
that remained colonized over 3 weeks [57]. We propose 
that HIF-1α stabilization does not confer protection 
against GBS colonization. Nevertheless, AKB-4924 
dampening of GBS-mediated pro-inflammatory cytokine 
production by vaginal epithelial cells may serve as a useful 
strategy for limiting maladaptive pro-inflammatory sig-
naling for other conditions afflicting the female urogeni-
tal tract such as bacterial vaginosis and aerobic vaginitis 
[58–60].

When examining the role of HIF-1α in immune cell 
response to GBS, we found no effect of HIF-1α deficiency 
on GBS phagocytosis of bone marrow-derived macro-
phages nor thioglycolate-elicited peritoneal cells (Fig. 3). 
This result contrasts previous studies demonstrating de-
ficient phagocytosis of closely related group A Streptococ-
cus as well as P. aeruginosa in HIF-1α-deficient BMDMs 
[42]. HIF-1α deficiency in both professional phagocytes 
[42] and epithelial cells [61] impedes host control of in-
tracellular bacteria or fungi in a manner linked to block-
age of autophagic flux [61, 62] or reduction of nitric oxide 
and cathelicidin levels [32, 42]. In clear contrast, we ob-
served improved macrophage control of GBS in HIF-1α 
deficiency (Fig. 3) and worsened control of intracellular 
GBS in stabilized HIF-1α conditions (Fig.  4). We ob-
served that nonopsonized GBS had decreased survival in 
HIF-1α-deficient, thioglycolate-elicited cells, which con-
tained a mixture of myeloid cell populations including 
neutrophils and macrophages. However, we did not fur-
ther evaluate the specific cells contributing to this pheno-
type, nor did we assess survival of opsonized GBS in the 
presence of thioglycolate-elicited cells. Nevertheless, a 
similar phenomenon is shared with obligate intracellular 
pathogens, including Leishmania donovani [63] and 
Toxoplasma gondii [64], both of which demonstrate re-
duced survival in HIF-1α-deficient cells. BMDM cell vi-
ability was similar between HIF-1α-sufficient and HIF-
1α-deficient cells (online suppl. Fig. 2). Intact BMDM vi-
ability suggests that the observed differences in GBS 
survival may be instead due to altered intracellular traf-
ficking in the absence of HIF-1α. GBS is well-known to 
persist in macrophages and induce apoptosis [65–67]. 
However, the role that HIF-1α plays in intracellular local-
ization and trafficking of GBS within the macrophage re-
mains to be determined. We speculate that in the absence 
of HIF-1α, GBS is trafficked in a manner less conducive 
to GBS survival. As an example, HIF-1α deficiency in in-

testinal epithelial cells enhances survival of adherent in-
vasive E. coli (AIEC) through sequestering AIEC in early 
autophagic vesicles rather than forming autolysosomes 
[61]. This hypothesis is supported by a study using J774 
macrophages which found that GBS resided in phago-
somes and that blocking acidification of these phago-
somes/phagolysosomes decreased GBS intracellular sur-
vival [68]. The biological interactions of GBS within the 
macrophage remains an important topic of study. Taken 
together, these results suggest that loss of HIF-1α may in-
crease the ability of macrophages to control GBS infec-
tion in vitro. However, this does not translate to in vivo 
significance (Fig. 3g) nor does HIF-1α stabilization im-
pact human neutrophil control of GBS (online suppl. Fig. 
3). These data lead us to speculate that the in vitro phe-
nomenon of enhanced macrophage control of GBS is ul-
timately dwarfed by the loss of in vivo immune mecha-
nisms that are HIF-1α dependent, which could include 
reactive oxygen and nitrogen species and antimicrobial 
peptide production and may be cell type and context de-
pendent.

In summary, we conclude that unlike experimental 
models with other bacterial pathogens, the transcription-
al regulator HIF-1α is not a prominent arm of immune 
responses to GBS in the context of pathogenesis or com-
mensalism within the host. Due to active research in ther-
apeutic manipulation of HIF-1α in immune, cancer, and 
infectious conditions, it is important to note the limita-
tions of this pathway as a target, and to identify the bacte-
rial pathogen exceptions, such as GBS, to this important 
element of host defense.
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