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Abstract: Since its standardization, clinical antimicrobial susceptibility testing (AST) has
relied upon a standard medium, Mueller-Hinton Broth/Agar (MHB/A), to determine
antibiotic resistance. However, this microbiologic medium bears little resemblance to the
host milieu, calling into question the physiological relevance of resistance phenotypes it
reveals. Recent studies investigating antimicrobial susceptibility in mammalian cell culture
media, a more host-mimicking environment, demonstrate that exposure to host factors
significantly alters susceptibility profiles. One such factor is bicarbonate, an abundant ion
in the mammalian bloodstream/tissues. Importantly, bicarbonate sensitizes methicillin-
resistant Staphylococcus aureus (MRSA) to early-generation β-lactams used for the treatment
of methicillin-susceptible S. aureus (MSSA). This “NaHCO3-responsive” phenotype is
widespread among US MRSA USA300/CC8 bloodstream and skin and soft tissue infection
isolates. Translationally, β-lactam therapy has proven effective against NaHCO3-responsive
MRSA in both ex vivo simulated endocarditis vegetation (SEV) and in vivo rabbit infective
endocarditis (IE) models. Mechanistically, bicarbonate appears to influence mecA expres-
sion and PBP2a production/localization, as well as key elements for PBP2a functionality,
including the PBP2a chaperone PrsA, components of functional membrane microdomains
(FMMs), and wall teichoic acid (WTA) synthesis. The NaHCO3-responsive phenotype
highlights the critical role of host factors in shaping antibiotic susceptibility, emphasizing
the need to incorporate more physiological conditions into AST protocols.

Keywords: antimicrobial susceptibility testing (AST); minimum inhibitory concentration
(MIC); bicarbonate (NaHCO3); methicillin-resistant Staphylococcus aureus (MRSA);
β-lactams

1. Introduction
Antimicrobial susceptibility testing (AST) is essential for assessing antimicrobial po-

tency, guiding treatment regimens, monitoring treatment efficacy, setting clinical suscepti-
bility and resistance breakpoints, and identifying novel therapeutic compounds. However,
a variety of flaws exist in the standard AST methodology, one of which being the choice
of in vitro growth medium used for such tests. While fully recapitulating the host milieu
in vitro is unattainable, ignoring the influence of any host factor in these tests will invariably
result in flawed interpretations of clinical antimicrobial susceptibility.

Various recent studies have demonstrated that AST in conditions that better represent
host micro-environments can provide dramatically different interpretations of antimicrobial
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susceptibility compared to standard AST media. What is more, bacterial strains from the
same species with similar susceptibilities under standard conditions may have vastly dif-
ferent responses to antibiotics from one another in mammalian cell culture media that more
closely mimic the host environment (“host-mimicking”). A prime example of such an intri-
cate phenomenon is the identification of a novel phenotype, termed ‘NaHCO3-responsive’,
wherein certain methicillin-resistant Staphylococcus aureus (MRSA) strains display suscepti-
bility to β-lactams in the presence of bicarbonate, including in vivo susceptibility [1–5]. The
existence of such a phenotype demonstrates the hidden ability of bicarbonate to modulate
antimicrobial susceptibility.

Herein, we will describe the problems that arise from our standard AST methodology;
attempts to improve such assays with “host-mimicking” media; and the scope, mechanisms,
and impact of the newly identified ‘NaHCO3-responsive’ phenotype.

2. Antimicrobial Susceptibility Testing and Its Shortcomings
Standardized AST was first developed by the National Committee for Clinical Labora-

tory Standards (later termed the Clinical and Laboratory Standards Institute) in the 1960s,
two decades after the introduction of the antibiotic era. To establish a standardized mini-
mum inhibitory concentration (MIC) assay, one particular growth medium, Mueller-Hinton
broth/agar (MHB/A), was selected as the standard medium to be used for such testing.
Interestingly, MHB was developed decades prior as a method for isolating pathogenic
strains of Neisseria spp. and other fastidious organisms in the laboratory, with no reference
to evaluating antimicrobial susceptibilities [6,7]. While a single growth medium with
broad application across bacterial species has clear appeal as a universal standard, it raises
the question: What do susceptibility results from a medium so divorced from human
physiology mean in regards to susceptibility exhibited during actual infection?

To help connect in vitro MICs with clinical outcomes, in vivo pharmacokinetic-
pharmacodynamic (PK-PD) indices were developed. Such PK-PD models incorporate
(i) free serum concentrations of a particular antibiotic over time (pharmacokinetics), (ii) treat-
ment outcomes from various dosing regimens in non-clinical and clinical models, and
(iii) in vitro-determined MICs [8]. However, various issues arise in regard to the use of
MICs for predictive PK-PD modeling. For one, as previously stated, the MIC only de-
termines antimicrobial potency under the very specific conditions of the MIC test [8,9].
Further, PD predictions have been found to depend greatly on the growth medium used for
MIC determination [10]. This indicates that our “predictions” based on in vitro-determined
MICs may have limitations in predictive value for pharmacodynamic action in patients.

Despite the shortcomings of in vitro MICs, and therefore predictive PK-PD modeling,
these are the foundational elements upon which clinical breakpoints are established [11,12].
Clinical breakpoints are meant to guide physician treatment practices by correlating in vitro
MICs determined for a particular organism to categories describing the likelihood of a given
treatment’s success (Susceptible = likely to respond; Intermediate = response undetermined,
may require increased dosing; Resistant = unlikely to respond). One of the primary metrics
for defining such categories is the relationship between the pharmacological breakpoint
(i.e., the concentration of a drug that can be achieved in the body over a course of time) and
the in vitro MIC. Such preliminary breakpoints can then be compared to clinical outcome
data and revised further if necessary. Despite this rigorous methodology, the process starts
on a flawed foundation, assuming in vitro AST results mirror in vivo susceptibility.
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3. Improving MIC Predictions of In Vivo Outcomes Using
“Host-Mimicking” Media

One major element that in vitro MIC testing neglects is the influence of the host im-
mune system on selection for or against antimicrobial susceptibility. Several studies have
found that host-defense peptides (as functional cationic peptides), synergize with antimi-
crobials (including β-lactams) to kill pathogenic organisms in vitro and in vivo [13–16].
Interestingly, Sakoulas et al. also noted that the influence of host immune factors alters the
fitness costs of certain antimicrobial resistance phenotypes [17]. As such, it would be no
surprise that the incorporation of “host-mimicking” factors into AST media could have
far-reaching effects on antimicrobial susceptibility profiles.

In attempts to ameliorate such discrepancies between susceptibility profiles obtained
in vitro vs. in vivo, many groups have attempted to recapitulate elements of the host milieu
in their AST media. Some of these attempts have included large-scale screens of antibiotics
against a range of pathogens in multiple host-mimicking media [2,18–20]. Interestingly,
these studies have found that MIC testing performed in host-mimicking media can alter
the clinical breakpoint determination for a substantial proportion of both Gram-positive
and Gram-negative species [2,18,19]. Further, “susceptible” and “resistant” MIC results
obtained in host-mimicking media are more predictive of in vivo treatment success and
failure, particularly when the host-mimicking medium recapitulates the specific infection
model (e.g., LPM 5.5 for Salmonella infection, DMEM for bacteremia; M9Glu for lung
infection) [2,18–20].

Other groups have primarily focused on mammalian tissue culture media, such as
RPMI 1640 or DMEM, to recapitulate the host environment [21–23]. These media are
designed to support the growth of mammalian cells in vitro, thereby supplying important
nutritional requirements that likely mimic the host interstitial fluids. A primary finding of
these studies has been the sensitization of the multi-drug-resistant pathogen, Acinetobacter
baumannii, among other clinically important Gram-negative pathogens, to the macrolide
azithromycin (AZM) in such media [24–28]. These findings are of great clinical significance
as AZM is a relatively safe, broad-spectrum antibiotic, widely used in clinical practice [29].
Additionally, several of these studies have found that AZM synergizes potently with the
cationic antimicrobial peptides colistin and LL-37 due to increased membrane permeabil-
ity resulting in enhanced AZM cellular uptake [24,25]. Multiple studies have verified
the in vivo translatability of these findings in both murine and Galleria mellonella mod-
els [24,25,27]. Interestingly, a screen of a large drug-repurposing library identified another
drug, rifabutin, with hyperactivity against A. baumannii in RPMI 1640 [30,31]. Further anal-
ysis revealed that rifabutin strongly synergized with colistin in RPMI 1640 and both mono-
and combination therapies were effective in vivo [31,32]. Notably, as will be discussed
further in later sections, RPMI 1640 and DMEM also sensitize MRSA to several β-lactams
typically effective only against methicillin-susceptible S. aureus (MSSA) [1,2,33–35].

Multiple other host-like media have been devised to mimic various infection envi-
ronments, including wounds, cystic fibrosis sputum, lungs, the macrophage intracellular
environment, urine, and human serum [36–41]. Similar to findings in tissue culture media,
much of this research has shown that bacterial regulation and response in host-mimicking
media mirrors that in vivo and is a better predictor of in vivo treatment efficacy than stan-
dard AST using bacterial growth media [37,42,43]. While antimicrobial susceptibility is
generally enhanced in host-mimicking media, this is not a universal finding. Salmonella
exhibits high-level resistance to polymyxin B and colistin in LPM 5.5, a medium repre-
senting the intracellular vacuole in which they reside during infection [2,18]. Additionally,
Machado and colleagues found the development of vancomycin tolerance and resistance
occurred faster in RPMI 1640 compared to MHB [44]. Notably, these findings also impli-
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cate the importance of the clinical translatability of host-mimicking media as vancomycin
resistance in S. aureus is rarely documented in MHB despite a high treatment failure rate.

As the above studies have clearly established, AST in host-mimicking conditions will
generally stimulate differences in antimicrobial susceptibility profiles for a large number of
pathogens and drugs compared to standard testing media. This raises the major question of
what factor(s) in such media are responsible for these changes and which are most relevant
to actual infections.

4. Bicarbonate Is a Modulator of Antimicrobial Susceptibility
One of the earliest studies identifying bicarbonate as a key modulator of antimicrobial

susceptibility in S. aureus and Escherichia coli was conducted by Dorschner et al., investigat-
ing the disparity between antimicrobial peptide (AMP) activity in vitro and in vivo [45].
These differences were initially attributed to physiologic concentrations of NaCl and the
presence of host serum proteins. However, systematic investigation of elements in tissue
culture medium revealed that the bicarbonate ion was the key driver of enhanced sus-
ceptibility to AMPs under these conditions [45]. Further, susceptibility to AMPs could be
stimulated by bacterial pre-exposure to bicarbonate, therefore revealing a specific action
of bicarbonate on the bacterium rather than the antimicrobial compound. Mechanistically,
bicarbonate repressed expression of the S. aureus stress response regulator sigB, resulting
in decreased cell wall thickness, likely contributing to enhanced AMP susceptibility [45].
This pivotal study revealed the key impact of bicarbonate as a specific host factor dictating
antimicrobial susceptibility.

Following this, Ersoy et al. discovered that bicarbonate was the primary mediator
of many changes in antimicrobial resistance observed in standard AST media vs. tissue
culture media [2]. This study revealed that bicarbonate altered the susceptibility of various
pathogens, including MRSA, Streptococcus pneumoniae, and Salmonella spp., to multiple
classes of antibiotics. Further, AST results obtained in media containing bicarbonate were
more predictive of in vivo outcomes in murine infection models. Corroborating this work, a
study by Farha et al. also found that bicarbonate dictated the susceptibility of a broad group
of antibiotics in both methicillin-susceptible S. aureus (MSSA) and E. coli [46]. Mechanistic
investigations indicated that bicarbonate dissipated the proton motive force (PMF), thereby
influencing cellular respiration and antibiotic uptake.

Following these initial findings, many studies have investigated bicarbonate’s in-
fluence on antimicrobial susceptibility across various other pathogens and antimicrobial
agents. Building on the findings of Dorschner et al., another study found that bicarbonate
enhanced both neutrophil killing and the LL-37 susceptibility of Pseudomonas aeruginosa [47].
Interestingly, a study of S. aureus small colony variants (SCVs) found that bicarbonate ac-
tually enhanced LL-37 resistance in these isolates [48]. Further, sigB and tcaR mediated
bicarbonate-stimulated LL-37 resistance in SCVs [48], contrasting with the role of sigB as
facilitating bicarbonate-stimulated LL-37 susceptibility in wild-type S. aureus [45].

Others have focused on the impact of bicarbonate on AZM susceptibility, given its
clinical relevance and the wealth of evidence from tissue culture media. In one such
study, bicarbonate enhanced AZM susceptibility in multiple pathogens via enhanced
intracellular accumulation [49]. Further in vivo studies revealed the addition of bicarbonate
to a topical AZM formulation enhanced its potency in a P. aeruginosa wound infection
model [49]. AZM also effectively reduced bacterial burdens in a systemic MRSA infection
model, presumably due to physiologic concentrations of bicarbonate in the tissues and
blood [49]. Another interesting study found that while bicarbonate enhanced the activity
of azithromycin against A. baumannii, it increased resistance to a different protein synthesis
inhibitor, minocycline [50]. Despite their opposing responses to bicarbonate, AZM and
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minocycline demonstrated synergy in both the presence and absence of bicarbonate in vitro
and in a murine A. baumannii pneumonia model.

Beyond its effects on LL-37 and AZM activity, bicarbonate has also been investigated
for its ability to alter the effectiveness of several other antibiotic classes. Bicarbonate in-
creased the activity of the aminoglycoside kanamycin against enteropathogenic E. coli,
potentially due to impacts on tryptophan metabolism and iron acquisition [51,52]. In-
terestingly, while bicarbonate enhanced the activity of the aminoglycoside tobramycin
against planktonic P. aeruginosa, this combination became antagonistic in biofilms, further
promoting their growth [53]. Of note, however, is that bicarbonate repressed P. aeruginosa
biofilm growth in the absence of antibiotics [54–56]. When tested against three differ-
ent fluoroquinolones, the activity of all three drugs was reduced in tissue culture media,
however, only the activity of delafloxacin was specifically affected by bicarbonate expo-
sure alone [57]. Of particular interest is that bicarbonate has been shown to activate a
peptidoglycan-degrading lysin against Salmonella spp. [58]. This is significant as lysins
require cell wall/membrane destabilizing agents to penetrate the Gram-negative outer
membrane and access the peptidoglycan layer. The role of bicarbonate as an inhibitor of
cell wall synthesis will be further explored in a later section. A summary of the classes of
antimicrobials and pathogens whose susceptibility is influenced by bicarbonate is provided
in Figure 1.
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Figure 1. Summary of classes of antimicrobials and pathogens with bicarbonate-altered susceptibility.

Although many studies support the notion that the bicarbonate ion itself is a modulator
of antimicrobial susceptibility, a study by Hinnu et al. aimed to rebut these findings as a
consequence of changes to media pH [59]. Critically, however, the authors only investigate
the impact of bicarbonate on the susceptibility of one bacteria and antibiotic combination (S.
enterica serovar Typhimurium and AZM). Further, the authors claim that changes to AZM
susceptibility were completely negated by incubation with 5% CO2, which maintained
appropriate media pH. However, Ersoy et al. demonstrated that exposure to tissue culture
media under 5% CO2 incubation enhanced susceptibility to AZM compared to standard
AST media and removal of bicarbonate alleviated this effect in Salmonella, S. aureus, and
S. pneumoniae [2]. Additionally, multiple studies show that the efficacy of AZM in murine
models, wherein host tissue pH is tightly regulated, aligns with its predicted efficacy in
bicarbonate-containing media [2,24,25,28,46]. Therefore, the body of evidence still weighs
in favor of bicarbonate, rather than media pH, being a primary driver of reported changes
to antimicrobial susceptibility.

Considering the many modulatory effects on antimicrobial efficacy, it is no surprise
that bicarbonate has multiple physiological impacts on bacterial cells. One primary effect
recognized for decades is its own direct antibacterial activity [54,60–62]. As previously
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mentioned, bicarbonate also inhibits biofilm formation via alteration of secondary intra-
cellular messengers [54–56]. Additionally, bicarbonate has widespread impacts on the
expression of S. aureus virulence factor regulators, including sigB, sarA, and agr [1,63–65].
Finally, bicarbonate depletion increases cell wall thickness, alters WTA glycosylation, and
enhances resistance to cell wall lytic enzymes and detergents [66], complementing the
opposite effects of bicarbonate addition on the S. aureus cell wall reported by Dorschner
et al. [45].

5. Bicarbonate Sensitizes MRSA to Anti-MSSA β-Lactams
One of the major bicarbonate findings is its ability to sensitize MRSA to β-lactams

used as standard-of-care therapy for MSSA strains [1,2]. This is of great potential clinical
significance, considering β-lactams for susceptible S. aureus are relatively cheap, more
effective, and less toxic than the standard anti-MRSA therapy vancomycin [67,68]. The
seminal study by Ersoy et al. characterizing this phenomenon found that only certain
MRSA strains were sensitized to β-lactams by bicarbonate, a phenotype termed ‘NaHCO3-
responsive’ [1]. These strains tended to display hetero-resistant phenotypes, wherein only
a small proportion or ‘sub-population’ of cells displays resistance to the antimicrobial
agent, and bicarbonate suppressed resistance in these sub-populations. Additionally,
bicarbonate and β-lactams synergized with LL-37 specifically in NaHCO3-responsive
MRSA. Translationally, NaHCO3-responsive strains were effectively cleared by β-lactams in
a rabbit model of infective endocarditis (IE) to levels comparable to the β-lactam treatment
of MSSA infection. Mechanistic investigations revealed bicarbonate repressed expression
of mecA, the key determinant of MRSA β-lactam resistance, and sarA, a virulence regulator
associated with β-lactam resistance.

Building on these findings, several studies were undertaken to determine the overall
prevalence of this phenotype among MRSA isolates from distinct infection sites and geo-
graphic locations. Interestingly, key differences were found in the frequency of NaHCO3 re-
sponsiveness dependent on the isolate infection source. Primarily, the NaHCO3-responsive
phenotype was more prevalent amongst bloodstream infection (BSI) isolates than those
from skin and soft tissue infections (SSTIs) [3,5]. Considering that bicarbonate levels are
higher in the blood than in the skin [69], this could indicate that NaHCO3 responsiveness
aids in bloodstream pathogenesis or dissemination from the skin to blood environs. Sup-
porting this notion is the finding that the frequency of NaHCO3 responsiveness is nearly
2-fold greater in SSTI isolates that disseminated to BSI infection than in BSI isolates that
originated from other sources (63% vs. 36%) [3] (Ersoy et al., unpublished data).

In regard to geographic distribution, the NaHCO3-responsive phenotype appears most
frequently in USA300/CC8 strains, one of the most commonly circulating MRSA genetic
backgrounds in North America [3,5,70,71]. Investigations have revealed the frequency of
this phenotype is much lower in other geographic regions, such as the United Kingdom
and Australia, where USA300/CC8 MRSA is less prevalent [5,72]. Such findings imply
that outcomes of future clinical trials into β-lactam therapy for MRSA infections will be
highly dependent on the geographic location in which the study is performed and the
infection source.

Considering the clinical relevance of this phenotype, multiple approaches have been
undertaken to investigate the translatability of NaHCO3 responsiveness in the clinic. One
such study utilized an ex vivo simulated endocarditis vegetation (SEV) model to investigate
the efficacy of β-lactams against NaHCO3-responsive vs. non-responsive MRSA [73]. The
major benefit of the SEV model is the ability to mimic human PK/PD antibiotic dosing while
bacteria are exposed to human components with immunologic effects (i.e., fibrin/fibrinogen
and platelets) present during infective endocarditis. Further, unlike traditional in vivo
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models, bicarbonate levels can be regulated to directly observe the impact of specific
concentrations on antibiotic PK/PD and efficacy. This study validated in vitro findings that
bicarbonate stimulated enhanced β-lactam susceptibility in NaHCO3-responsive strains in
a dose-dependent manner under ex vivo conditions [73].

Another approach to assessing the translatability of the NaHCO3-responsive pheno-
type focused on enhancing the clinical identification of MRSA strains likely to respond
to β-lactam therapy [74]. Clinical microbiology laboratories utilize standard automated
methodology for AST so the introduction of novel testing methods that incorporate bi-
carbonate would not be easily feasible. Therefore, it was important to devise a simple
procedure based on currently employed methods (i.e., disk diffusion testing and whole
genome sequencing) that could aid in the identification of NaHCO3-responsive MRSA. On
this premise, an algorithm was established in which two-thirds of NaHCO3-responsive
BSI isolates could be identified with 100% specificity based on amoxicillin-clavulanate
disk diffusion testing and mecA and spa genotypes [74]. Such a formula could be easily
employed by clinical microbiology labs, although further validation with a larger number
of isolates from different infection sources is needed to verify its utility.

Of course, one of the primary requirements for the eventual clinical translatability of
the NaHCO3-responsive phenotype is establishing the molecular mechanism(s) by which
bicarbonate sensitizes MRSA to β-lactams. To this end, multiple studies have been under-
taken to determine key molecular and genetic factors involved in this phenotype. These are
summarized in Figure 2. One of the main targets of the investigation was mecA, the gene
that encodes the alternative penicillin-binding protein (PBP) 2a, the primary determinant
of MRSA β-lactam resistance [75,76]. Consistent with this, bicarbonate suppressed the
expression of mecA and PBP2a production and overall membrane localization [65]. Further
investigations revealed that the likely mechanism of suppressed mecA expression was
bicarbonate-mediated repression of the bla regulatory axis [77], the classical regulator of
mecA expression in many clinical MRSA isolates [78–80]. In addition to direct impacts on
mecA/PBP2a, bicarbonate suppressed the expression and membrane localization of the
PBP2a chaperone PrsA [65], another critical component of β-lactam resistance [81,82]. Bicar-
bonate also suppressed staphyloxanthin production [65], regulated by sigB, an integral part
of functional membrane microdomains necessary for PBP2a functionality [83]. Together,
these data highlight the critical impacts of bicarbonate on multiple elements required for
PBP2a activity.

Another recent study identified the importance of specific mecA genotypes in dictating
susceptibility to combinations of β-lactams/β-lactamase inhibitors [84]. To evaluate the
role of these specific genotypes, studies were performed in which mecA genotypes were
“swapped” between NaHCO3-responsive and non-responsive strains [85]. Additional stud-
ies were performed to determine the influence of bicarbonate and specific PBP2a variants
on β-lactam binding [86]. Interestingly, these studies revealed several key findings: (i) the
introduction of a non-responsive mecA genotype into a NaHCO3-responsive strain elimi-
nated bicarbonate-induced β-lactam susceptibility and PBP2a suppression; (ii) however, the
introduction of a NaHCO3-responsive mecA genotype into a non-responsive strain did not
generate any sensitized phenotype; and (iii) bicarbonate enhanced the ability of β-lactams
to bind to both PBP2a variants but the effect was stronger in the NaHCO3-responsive
variant. Importantly, these data indicate that while certain mecA genotypes/PBP2a variants
may be required to maintain the NaHCO3-responsive phenotype, they are not sufficient
to generate NaHCO3-responsiveness. As such, additional factors besides PBP2a are likely
involved in bicarbonate-mediated β-lactam susceptibility.
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Figure 2. Major points of action in bicarbonate-stimulated β-lactam susceptibility in MRSA. PBP2a is
the primary PBP required for peptidoglycan (PG) synthesis in the presence of β-lactam antibiotics.
(1) The MpsABC bicarbonate transporter is required for intracellular accumulation of bicarbonate;
deletion of mpsABC alleviates the NaHCO3-responsive phenotype. (2) Bicarbonate inhibits mecA
transcription, likely via the bla regulatory system, reducing PBP2a production and localization to
the cell membrane (CM). (3) Bicarbonate represses staphyloxanthin production, a key component
of functional membrane microdomains (FMMs) that support PBP2a functionality. (4) Bicarbonate
inhibits PrsA production and membrane localization, a chaperone that aids in proper PBP2a folding
and function. (5) Bicarbonate suppresses WTA synthesis, which is necessary for coordinated PBP
activity. WTA inhibition is known to sensitize MRSA to β-lactams. (6) Bicarbonate activates SabR, a
potential upstream mediator of Impacts 2–5. These bicarbonate-mediated effects likely destabilize
PBP2a activity, leading to increased β-lactam susceptibility.

Many studies have demonstrated that disruption to WTA synthesis sensitizes MRSA
to β-lactams [87–91], indicating that WTA may be a key target of bicarbonate-mediated
β-lactam sensitization. To explore this, Ersoy et al. investigated the impact of bicarbonate
on WTA synthesis and associated phenotypes [92]. These studies revealed that exposure
to bicarbonate inhibited WTA production in NaHCO3-responsive strains, resulting in
several WTA-deficiency-associated phenotypes (e.g., enhanced rates of autolysis; increased
frequency of aberrant cell division). Analysis of transcriptional and translational impacts of
bicarbonate on key WTA synthesis genes did not reveal any direct effects on tarO, tarG, dltA,
or fmtA. However, RNA-seq and qRT-PCR analyses determined that bicarbonate repressed
expression of the two-epimerase genes cap5P and mnaA specifically in NaHCO3-responsive
strains [64] (Ersoy et al., unpublished data). Disruption of both these functionally redundant
enzymes results in the impairment of WTA synthesis [91], therefore, this represents a likely
target for bicarbonate-mediated repression of WTA synthesis.

To further investigate the potential of bicarbonate as a WTA synthesis inhibitor, the
effectiveness of known WTA synthesis inhibitors in combination with bicarbonate and
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β-lactams was evaluated [4]. This study found that WTA synthesis inhibitors were only
capable of sensitizing NaHCO3-responsive MRSA to β-lactams and that bicarbonate further
enhanced this effect. Further, WTA synthesis inhibitors strongly sensitized NaHCO3-
responsive MRSA to the β-lactam cefuroxime in SEV and rabbit IE models. Together, these
data indicate that WTA synthesis inhibitors synergize with bicarbonate to sensitize MRSA
to β-lactams but this effect may be specific to NaHCO3-responsive strains. Larger studies
with other WTA synthesis inhibitors are needed to determine the utility of such therapeutic
combinations in a clinical setting.

Another possible element involved in the NaHCO3-responsive phenotype is the bicar-
bonate transporter MpsABC, required for the intracellular uptake of bicarbonate [93–96]. A
study by Fan et al. observed that NaHCO3-responsive strains had enhanced bicarbonate
uptake under ambient conditions compared to non-responsive MRSA [97]. Further, the
deletion of mpsABC resulted in the amelioration of bicarbonate-mediated β-lactam suscep-
tibility. These data indicate that NaHCO3-responsiveness may be a two-step mechanism
involving, first, bicarbonate uptake and intracellular accumulation, followed by direct
bicarbonate effects on the previously discussed gene expression.

In addition to targeted studies of the NaHCO3-responsiveness mechanism, broader
RNA-seq and genome-wide association studies (GWASs) have also been undertaken [5,64].
Consistent with previous studies, RNA-seq analysis revealed that bicarbonate repressed the
expression of genes within the sigB-sarA-agr regulatory axis, corresponding with impacts
on cell-wall-anchored and stress response proteins [64,98,99]. Interestingly, GWAS analysis
identified a novel gene, SAUSA300_RS00540, termed ‘sabR’, with distinct genotypes in
NaHCO3-responsive and non-responsive strains [5]. Additionally, sabR was identified
as an AraC-family transcriptional regulatory, a class of regulators known to be activated
directly by bicarbonate [100,101]. Mutational studies revealed that the deletion of sabR elim-
inated the NaHCO3-responsive phenotype, underscoring its crucial role in the underlying
mechanism [5].

Overall, these studies indicate the clinical importance and relevance of the NaHCO3-
responsive phenotype, particularly in North America, wherein this phenotype appears
to be most frequent. Translationally, in vivo studies reveal that β-lactam therapy can be
efficacious against such strains and simple genotypic and phenotypic metrics could be used
for their clinical identification. Broader clinical studies are required to fully adjudicate the
relevance of this phenotype in human infection. Mechanistically, bicarbonate appears to
influence the expression of genes within the sigB-sarA-agr regulon following intracellular
uptake by MpsABC. The likely downstream mediators of the phenotype involve alterations
in peptidoglycan and WTA synthesis, sensitizing NaHCO3-responsive MRSA to β-lactams.
An additional regulator, sabR, has recently been identified but its role in the NaHCO3-
responsive phenotype remains to be fully elucidated.

6. Conclusions
Recent studies have increasingly challenged the traditional use of standardized AST in

MHB/A, questioning its relevance to host physiology. While we acknowledge the impact
of the environment on bacterial cultivation and phenotypes, why do we overlook these
factors in regard to something as crucial as antibiotic resistance? Alternative media that
incorporates factors to better recapitulate the host environment, including bicarbonate,
significantly impact antimicrobial susceptibility in a wide array of bacterial pathogens.
Furthermore, consider the potential to discover needed antibiotic combinations and new
antimicrobial compounds if the screening pipeline incorporated host-mimicking media.

Although there is strong in vitro evidence for bicarbonate as an antimicrobial agent
by itself and in combination with other antibiotic compounds, clinical use of bicarbonate
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for infection treatment is limited. However, studies have shown promise for bicarbonate
as a clinical adjuvant to control periodontal infection and improve wound dressings, as
well as an alternative catheter-locking solution to prevent catheter-related bloodstream
infection [61,102–107]. The use of bicarbonate in antibiotic combination therapies for more
systemic infections may be challenging due to the body’s inherent buffering capacity.
Further research is needed to explore strategies to overcome these challenges and better un-
derstand the potential role of bicarbonate in enhancing antibiotic efficacy in clinical settings.

While the addition of bicarbonate or other host factors into AST media has clear trans-
lational benefits, certain challenges to this approach exist. Foremost is the standardization
of such media across clinical microbiology laboratories. Bicarbonate weakly buffers with
atmospheric CO2, therefore, maintaining consistent pH utilizing such media is a chal-
lenge [59]. Such problems could be overcome through the use of additional buffers and/or
CO2 incubators, all of which would require extensive validation. Another consideration in
standardizing host-mimicking media is the variation in biological compositions, such as
bicarbonate and immune factors, across different infection sites. For example, bicarbonate
is abundant in the bloodstream but sparse in the skin [69,108]. This highlights the challenge
of developing standardized host-mimicking media tailored to the specific conditions of
different infection sites. Finally, routine clinical use of media that specifically identifies
the NaHCO3-responsive phenotype may have less utility in regions where this phenotype
appears to be infrequent (such as the UK or Australia) [5,72]. Despite these potential
drawbacks to standardization for routine clinical use, the benefits of improved predictive
power for antibiotic treatment efficacy may weigh in favor of host-mimicking vs. standard
AST media.

Beyond AST and drug discovery, the broader incorporation of host factors, such as
bicarbonate, into in vitro testing could reshape our understanding of gene function and
relevant phenotypes. These factors, often overlooked or misinterpreted in the context of rich
microbiologic broths, may help refine antimicrobial strategies in clinical settings. Despite
the shortcomings of in vitro AST, we should consider its essential role in the overall success
of antimicrobial therapy and stewardship throughout the last several decades. However,
integrating host-mimicking media could refine our approaches, aligning laboratory findings
more closely with clinical conditions and outcomes.

7. Outstanding Questions
Many outstanding questions regarding the use of host-mimicking media in AST and

the NaHCO3-responsive phenotype still exist. In regards to AST, which host-mimicking
medium would be most predictive of in vivo therapeutic outcomes? Is there one particular
medium that would work broadly or would different media need to be selected based on
the infection context? Other than bicarbonate, what other relevant factors are present in
host-mimicking media that may dictate antimicrobial response during infection? Does the
addition of such factors influence antimicrobial susceptibility in a dose-dependent fashion?
Can such alternative media be practically validated for clinical translational use? In regards
to the NaHCO3-responsive phenotype, what is the specific underlying mechanism of
bicarbonate-stimulated β-lactam susceptibility? Once determined, can a simple genotypic
algorithm readily identify MRSA strains likely to respond to β-lactam therapy? More
broadly, can host-mimicking and/or bicarbonate-containing media improve our ability to
perform in vitro phenotypic assays with greater in vivo translational relevance? Can such
media be used in the drug discovery pipeline to identify novel therapeutic compounds that
were previously overlooked?
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8. Search Strategy Criteria
Data for this review were identified by searches of Google Scholar, PubMed, and

references from relevant articles using the search terms “bicarbonate”, “host-mimicking
media”, “establishment of MIC breakpoints”, and “MIC based PK-PD metrics”. Abstracts
and reports from meetings were not included. Only articles published in English were
included. There was no limitation on the publication date for inclusion.
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