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Overview

• In vitro testing of pre-clinical compounds is used to 

• Determine the activity of a compound against species of interest

• Compare activities between compounds and drug classes

• Correlate in vitro activity with in vivo models and possible PK/PD targets

• This talk will cover

• Determining MIC values for pre-clinical lead compounds (small molecules)

• Developing a susceptibility testing method as the compound advances

• This talk will not discuss

• Animal or PK/PD modeling

• Breakpoint setting
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Reference Method

• MIC testing for a pre-clinical candidate should be completed in standard                   

cation-adjusted Mueller Hinton broth (CAMHB)

• CAMHB is the most widely used and accessible testing medium

• Indicated by CLSI, EUCAST, and ISO

• Ca2+ and Mg2+ levels are maintained in a defined range

• Broth microdilution preferred

• CAMHB supports the growth of most non-fastidious species of interest

• Fastidious isolates need supplementation with blood

• Anaerobes and other special organisms use different media

• If your compound has lower-than-expected activity with this method

• That’s a challenge

• Need to understand your compound’s characteristics
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Solubility

• Is the compound soluble in a solvent at a sufficient level for MIC testing? 

• The standard working stock is 1280 mg/L (CLSI, M07)

• The typical testing range is 32–0.015 mg/L, depending on activity

• Testing below 0.001 mg/L may generate reproducibility issues 

• Is your compound a neutral or salt form? 

• Assess solubility by 

• Centrifugation/ analytical chemistry

• Spectroscopy 

• Consider the compound may precipitate 

• May exist but not be visible by eye

• May occur at higher concentrations in an MIC test with reappearing growth
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Solvent

• DMSO is the standard research solvent

• Final concentration in MIC tests cannot exceed 1.0% (CLSI, M100)

• Determine early if another solvent would work

• Water

• Phosphate buffer

• Determine if additional tricks are needed

• Heat

• pH adjustment

• Sonication

• Develop directions on how to solubilize
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Testing Medium Stability of Compound

• Perform MIC determinations in CAMHB with the desired dilution range

• Test stability of working stock in (1280 mg/L)

• Freshly prepared

• Stored overnight at 4°C

• Determine MICs of standard ATCC strains

• Freshly made medium

• Medium made >1 week prior and stored at 4°C

• Freshly made panels

• Panels frozen overnight at -80°C, which contain diluted compound and CAMHB
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Panel Stability

• Determine MIC panel stability

• Test panels used above after storage at -80°C weekly for 4 weeks

• Test panels monthly for 6 to 9 months

• Graph MICs vs. time and look for trends

• If the compound will be combined with another agent 

• Test the combination working stock in buffer/water, fresh, and frozen

• Test the combination with medium, both fresh and frozen, in relevant concentrations

• Don’t assume that the combination will be compatible/stable just because each 

compound alone is stable
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Spectrum of Activity

• Activity of compound in target and non-target organism groups

• Gram-negative species: Enterobacterales, non-glucose fermenting species 

• Gram-positive species: staphylococci, enterococci, streptococci

• Activity of compound against multiple isolates per species

• If initial testing was on stock isolates, use clinical isolates next

• 10 isolates is okay, but 100 isolates is better to determine consistent activity

• MIC range by genera and species

• US FDA guidance

• ≥100 isolates/key species collected in the last 3 years

• 75% of which should be from USA

• Usually much larger isolate sets are tested
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Spectrum of Activity, continued

• Isolates should represent both wild-type and common resistant phenotypes

• If available, test molecularly characterized isolates with common resistance 

mechanisms

• See if the MIC range varies with isolates resistant to other drug classes

• Include CLSI/EUCAST QC isolates with each MIC run

• Include a relevant comparator with QC ranges

• Comparator should be of the same or related class

• Is a commonly used antimicrobial active against the target organisms
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Variable Effect on In vitro MIC Testing

• Purpose

• Study common variables and their effect on MIC values 

• Understand how robust your MIC test is

• Standard method 

• CAMHB microdilution

• Triplicate testing, use median value

• Method variations

• Inoculum: low, standard (105 CFU/mL), high

• Incubation atmosphere: ambient, CO2, microaerophilic, and anaerobic

• Incubation time: 16, 18, or 24 hours

• Compare broth microdilution and agar dilution  
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Variable Effect on In vitro MIC Testing, continued

• pH

• Low (pH 6), standard (pH 7.2), or high (pH 8)

• Macrolides have less activity at lower pH

• Calcium and magnesium (lower and higher) vs standard CAMHB

• Effect of other cations on compound activity might be useful

• Depends on chemical class and mode of action 

• Polysorbate-80

• Addition of polysorbate-80 up to 0.002%

• CAMHB

• MIC values can vary between MHB manufacturers

• Compare 3 different MHB sources, if possible

• MHB must be meet ISO criteria for use in susceptibility testing
20



Activity in Biological Fluids

Compound activity should be examined in

• Pooled human serum (25–50% v/v)

• Heat-inactivated and non-heated (complement effect)

• Novobiocin will show a large MIC shift against S. aureus

• Activity will reflect the compound’s protein binding

• Some marketed drugs are highly protein bound but still efficacious

• Bovine lung surfactant (10% v/v)

• Surrogate for human lung epithelial lining fluid

• Daptomycin against S. aureus as a control, as it lacks activity in bovine surfactant

• MICs can be difficult to read (use resazurin, if necessary) 
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Activity in Biological Fluids, continued

• Porcine mucin (2–10% v/v)

• Of interest for large molecules

• Colistin as a control, has decreased activity in 2% porcine mucin

• Lysed horse blood (2-5% v/v)

• Standard medium additive for fastidious organisms

• Pooled human urine (80% v/v)

• If the goal is to treat urinary tract infections
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Activity in Biological Fluids, continued

To review,

The goal is to show that your compound’s activity is not impacted by these fluids:

• Pooled human serum 

• Lung surfactant 

• Porcine mucin

• Lysed horse blood

• Pooled human urine

If MICs are >2 dilutions higher or lower, additional studies can be performed 

to determine the reason
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Non-standard Medium

• If your compound has more activity (a lower MIC) in non-standard medium:

• Do you develop your susceptibility test in that medium?

• Is the MIC difference > than the +/- 1 doubling dilution variation of the method?

• What is the difference in MIC values to your drug using a panel of isolates with a 

range of MICs, as well as on a larger set of wild-type isolates? 

• What percentage of isolates show the effect in non-standard medium?

• Does the lower MIC correlate much better with the in vivo PK/PD targets?
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Non-standard Medium, continued

• Binding to plastic panels may be seen with larger molecules

• Does polysorbate-80 lower MICs? 

• Compare glass tubes, polypropylene panels, polystyrene panels

• Using a non-standard method for your susceptibility test will add complexity to 

development (and cost)

• Avoid whenever possible

• Avoid just to increase in vitro potency

• An alternate method may delay getting your compound on AST device menus

• May delay adoption of testing by clinical laboratories

Discuss with CLSI/EUCAST early on if using a non-standard medium
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Drugs Not Tested in Standard CAMHB

• See CLSI (M100)

• Cefiderocol: iron-depleted CAMHB

• Daptomycin: CAMHB + additional Ca2+

• Fosfomycin and mecillinam: agar dilution

• Lipoglycopeptides: CAMHB + P-80 (0.002%) 

• Telavancin: CAMHB + P-80 (revision, with lowered breakpoints) 

• Oxacillin: CAMHB + 2% NaCl

• Polymyxin: originally CAMHB + P-80 (now reversed to omit P-80) 

• Tigecycline: fresh medium

26



What About Disk Diffusion?

• Overall

• Useful, qualitative test method for antimicrobials in a clinical setting

• Does not work for polymyxins or vancomycin for staphylococci

• Determine if your compound is compatible with disk diffusion

• Will it diffuse through agar? 

• Is it stable to drying on a paper disk? 

• Early disk pilot with isolates that have known MIC values (low and high)

• Make disks with a range of compound concentrations based on other agents in 

related classes

• Correlate the diameter of inhibition around the disk with the MIC 

• Notice if there is a concentration that differentiates isolates with low and high MICs

• Formal disk development will be done through the CLSI/EUCAST Working Group
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When to Go to Standards Organizations

When your compound is ready to move from pre-clinical to clinical, 

plan when to go to CLSI and EUCAST with your compound and proposed method

• CLSI M23 describes what information is required

• Need the completed studies discussed here (and others)

• Begin discussions earlier if you have a non-standard reference method

• Begin planning QC studies for broth microdilution and disk diffusion, if applicable

• Reference method for broth and disk

• Changes to the standard method must be accepted by CLSI and EUCAST

• The US FDA will also need to be aware of proposed changes

• Preliminary QC ranges will be required prior to clinical trials
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When to think about Commercial AST 

Consider for antimicrobials that will be used to treat infections caused by resistant 

bacterial pathogens, particularly in a hospital setting

• Devices 

• Disk diffusion first, if using

• Then other in vitro devices, such as automated systems or gradient strips

• Remember

• Development time varies and can be 3 to 4 years or more

• Requirements for solvent, solubility, and stability vary by manufacturer 

• Requires reference AST method with QC ranges

• If you have a non-standard method, more time will be required to determine if compatible
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Conclusions

Understand your compound’s

characteristics

• Mode of action

• Solubility

• Spectrum of activity

• Solvent

• Stability

30

Start the following studies

(the earlier the better!)

• External MIC testing

• MHB comparisons

• Disk development

• M23 QC studies

To develop a reproducible susceptibility test



Final Points

The goal is to make MIC testing with your compound as easy and reproducible as 

possible

• When determining MIC values, start with CAMHB first

• If in vitro activity with reference broth microdilution doesn’t correlate with in vivo

• MIC method variation studies

• An alternate MIC method is an option, but should be the last option

• The test should clearly and cleanly identify S vs R isolates

• If MIC endpoints are less than clear-cut to read

• Develop reading guidelines with photos

• Discuss how to read endpoint with external experts

• Discuss with CLSI/EUCAST
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Antimicrobial drug discovery process 

DMPK = drug metabolism and pharmacokinetics Hughes D, Karlén A. Discovery and preclinical development of new antibiotics. Ups J Med Sci. 2014; 119:162-9.

Preclinical development

Target validation

High-throughput screening 

Assay development 

Lead optimization 

In vitro activity

MIC



Pitfalls and opportunities of susceptibility testing in clinical trials of new antibiotics

Minimum inhibitory concentration (MIC)

Broth microdilution used as 
reference method 

by 
breakpoint committees (EUCAST and CLSI) 



Pitfalls and opportunities of susceptibility testing in clinical trials of new antibiotics

▪ MIC reflects the activity of the drug under specific standardized test conditions and is used:

- To guide clinical use of antimicrobials taking also into account other factors (PK/PD, resistance
mechanisms, patient’s characteristics, …)

- To define epidemiological cut-off values (ECOFFs / ECV) to discriminate wild-type from non wild-
type bacterial populations (without and with acquired resistance mechanisms, respectively)

- To compare activity of new antimicrobials and correlate with clinical outcomes in clinical trials

- In susceptibility/resistance surveillance studies in preclinical development and post-marketing
authorization 

- To calibrate alternative methods (disc-diffusion, gradient tests, automatic susceptibility testing
systems and new rapid system)

Reference value of in vitro activity in the drug discovery and in clinical trials



Antimicrobial drug discovery: in vitro activity

▪ Antimicrobial hit

- A molecule that binds to a target that is important to a pathogen of interest and produce an 
antibacterial effect

▪ In vitro antibacterial effect 

- Use the minimum inhibitory concentration (MIC) as a reference value, reflecting the 
minimum concentration that inhibits the visible bacterial growth

- MIC measure inhibition of growth (bacteriostatic) rather than killing effect (bactericidal)

- Initially tested against a short panel of isolates (6-8) that might act as biosensors to initially 
define the antibacterial spectrum and potency

- normally includes strains with no resistance mechanisms
- suggested to include “hyper-susceptible” strains (i.g. defective efflux pumps: E. coli ΔrfaC/ΔtolC) 
- inclusion of a secondary panel with well characterized resistant strains 

- Optimal MIC for an antimicrobial hit is ≤1 mg/L

- MIC distribution of contemporary isolate to calculate MIC90 values (and ECOFF / ECV)

Hughes D, Karlén A. Ups J Med Sci. 2014; 119:162-9.; Muñoz KA, Hergenrother PJ. Acc Chem Res. 2021 16; 54:1322-33 



Conjugated oligoelectrolytes (COE )

▪ Small amphiphilic molecules sharing a 
modular structure that spontaneously 
interact with lipid bilayers

▪ Initially designed to insert into bacterial 
membranes functioning as electron 
transporters

▪ Some derivatives have antibacterial 
activity due to specific effects on 
membrane-associated functions (e.g. 
septation, motility, ATP synthesis, …) 

Heithoff DM et al. EBioMedicine 2023 Feb 14:104461

COE antibacterial activity (broth microdilution ) against clinical isolates

Antimicrobial drug discovery: MICs of new antimicrobials

COE mechanisms of action



Antimicrobial drug discovery: MICs of new antimicrobials

▪ Depsipeptide that inhibit cell wall synthesis:

- binds to lipid II (precursor of peptidoglycan)
- form large supramolecular fibrils upon lipid 

II binding

▪ Bactericidal effect

▪ Tested  with  0.002% polysorbate-80  to 
prevent drug binding to plastic surfaces 

Teixobactin antibacterial activity (broth microdilution*)
against clinical isolates

*Cation adjusted MH broth supplemented with 0.002% polysorbate-80

Teixobactin

Ling et al. Nature 2015; 517(7535):455-9



Antimicrobial drug discovery: MICs of new antimicrobials

Irresistin-16

▪ SCH-79797 derivative with a dual mechanisms 
of action:

- Interaction with folate metabolism (inhibition of 
dihydrofolate reductase)

- Disruption of both membrane potential and 
integrity

▪ Bactericidal activity against both Gram-negative 
and Gram-positive bacteria

Antibacterial activity (broth microdilution) of SCH-79797 
and derivatives 

Martin JK et al. Cell 2020; 181:1518-32.e14.



MIC and epidemiological cut-off values (ECOFF / ECV)

ECOFF = 16 mg/L ECOFF = 4 mg/L



MIC and epidemiological cut-off values (ECOFF / ECV)

https://mic.eucast.org/search/

ECOFF = 0.06 mg/L ECOFF = 0.016 mg/L



Antimicrobial susceptibility testing: enhancing permeability

▪ MIC testing might fail when antimicrobials does not penetrate bacterial cell/outer membrane (mainly in Gram-
negatives) despite outstanding activity in biochemical assays yielding very high MICs

▪ Chemistry modification strategies facilitates enhancement of this activity allowing penetration and avoiding natural 
efflux pumps activity

▪ Measurement of compound accumulation rather than antibacterial activity should be initially tested to facilitate 
structure-activity relationship

eNTRy characteristics:  presence of a ionizable Nitrogen 
enhanced Three-dimensionality (measured as globularity)
Rigid structure (low number of rotatable bonds)

Comparative antimicrobial activity of the DNA gyrase inhibitor 6DNM-NH3

Modified from Muñoz KA, 
Hergenrother PJ. Acc Chem
Res. 2021; 54:1322-33.



▪ Fabimycin: 

- FabI inhibitor (enzyme catalyzing the rate-determining step in bacterial fatty acid biosynthesis)

- Derived from Debio-1452 lead compound 
- Enhanced activity against ESKAPE Gram-negative pathogens and Staphylococcus aureus

Antimicrobial susceptibility testing: enhancing permeability

Modified from Parker EN et al. ACS Cent Sci. 2022 Sep 28;8(9):1362

Comparative antimicrobial activity of Fabimycin



Antimicrobial susceptibility testing: MIC variability

▪ MIC: endpoint representing the bacterial growth and bacteriostatic/bactericidal effects over time

▪ Factor affecting MIC values

- assay variation within and between laboratories (random and systematic errors)

- MH broth, pH conditions and supplements
- Inoculum preparation and inoculum used
- Atmosphere and incubation temperature 
- Time of incubation 
- MIC reading and observer (technician)

- biological variation (variation between strains) 

▪ ISO-20776 recognized MIC variability 

- Careful control and standardization are required for intra- and inter-laboratory reproducibility of broth MIC test

- The MICs generally span 2-3 doubling dilutions with a dominant central values. For quality control (QC) strains can 
have a 4-dilution range

- Acceptable criteria for reproducibility: 
- one dilution from the mode for 95% of cases or range of at least two 2-fold dilutions

Turnidge J, Paterson DL. Clin Microbiol Rev 2007; 30:391-408;  Mouton JW et al. J Antimicrob Chemother. 2018; 73:564-8;  Mouton JW et al. J Antimicrob Chemother 2018; 73:2374-9



Antimicrobial susceptibility testing: MIC variability

Comparison of ozenoxacin, ciprofloxacin and 
levofloxacin MIC values using different pH 

conditions and that of the standard (pH 7.4)



Antimicrobial susceptibility testing: MIC variability

Comparison of ozenoxacin, ciprofloxacin and 
levofloxacin MIC values using different inoculum and 
its preparation and that of the standard (105 ufc/ml)
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Antimicrobial susceptibility testing: MIC variability

Ozenoxacin M23 QC study 

Multicenter study
10 laboratories 

MIC values/strain
10 labs x 10 replicates x 4 media lots 

= 400 MICs 

Servicio de Microbiologia. Hospital Universitario Ramón y Cajal



Antibiotic Supplements Microorganisms Comments

Oxacillin
MH + ClNa 2% (microdilution and 

agar dilution)
Staphylococcus spp.

Improves detection of methicillin resistance in 

heteroresistant isolates 

Daptomicin MH Ca2+ 50 mg/L (microdilution) Gram-positives
Improves interaction with membrane 

phospholipids 

Oritavancin

Dalbavancin
MH + polysorbate-80 (microdilution) Gram-positives Prevents drug binding to plastic surfaces 

Fosfomycin
MH + 25 mg/L glucose-6-phosphate 

(G-6P) (agar dilution)

Enterobacterales,

Staphylococcus spp. 

Regulate competition of fosfomycin with  G-6P 

during bacterial entry 

Cefiderocol
Fe 2+ depleted MH broth and Ca2+, 

Mg2+ and Zn2+ supplemented 
Gram-negatives

Improves penetration binding residual Fe2+ 

(≈0.01 mg/L) and using iron transporters

Current antimicrobial agents with supplements in testing media

CLSI. 2022. Performance standards for antimicrobial susceptibility testing, 30th ed.  CLSI document M100. Clinical and Laboratory Standards Institute, Wayne, PA
EUCAST. Breakpoint tables for interpretation of MICs and zone diameters. Version 13.0, 2023. http://www.eucast.org; Guidance document on broth microdilution testing of 

cefiderocol. Dec 2020. https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Guidance_documents/Cefiderocol_MIC_testing_EUCAST_guidance_document_201217.pdf

Antimicrobial susceptibility testing: supplements to the testing media

http://www.eucast.org/
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Guidance_documents/Cefiderocol_MIC_testing_EUCAST_guidance_document_201217.pdf


▪ Relevant factors in setting breakpoints for antimicrobial agents
EUCAST SOP 1.4, 2 December 2021

1. Available formulation
2. Dosage (standard and maximum dosing)
3. Clinical indications and target organisms
4. Full MIC distributions for individual species
5. Pharmacokinetic (PK) data (humans): Cmax, AUC, T½,

protein binding, Vd,…
6. Pharmacodynamic (PD) data
7. Modeling processes (Monte Carlo)
8. Clinical data relating outcomes to MIC values 
9. Resistance mechanisms and their clinical significance, MIC 

for organisms expressing resistance mechanisms

Process of setting breakpoints: The EUCAST approach

MIC is a 
relevant value 



AMR surveillance programs for the industry based on MIC values

Guideline on the evaluation of medicinal products indicated for treatment of bacterial infections 

https://www.ema.europa.eu/en/evaluation-medicinal-products-indicated-treatment-bacterial-infections-scientific-guideline

https://www.ema.europa.eu/en/evaluation-medicinal-products-indicated-treatment-bacterial-infections-scientific-guideline


PK/PD breakpoints

Mouton JW, et al. Clin Microbiol Infect 2012;18:E37-45

▪ Definition of the relationship between a
PK/PD index and response to treatment

(pharmacodynamic target)

- PK/PD indexes:

fAUC/MIC, Cmax/MIC, fT>MIC

- Pharmacodynamic target: 

Minimum value aimed when treating patients
based on preclinical and clinical drug/
microorganism exposure-response relationships

- Probability of target attainment (PTA) using Monte
Carlo Simulations (MCS) to avoid patients’ variability

Process of setting breakpoints: The EUCAST approach



EUCAST. Ceftolozane-tazobactam: rationale for the clinical breakpoints, version 1.0, 2020. https://www.eucast.org/documents/rd/

▪ PK models: 1/0.5 g / 8 h (1-h infusion) for cIAI and cUTI, and 2/1 g every 8 h (1-h infusion) for nosocomial pneumonia

▪ fT>MIC 24.8% for bacteriostasis; 32.2% for a 1-log10  reduction and 40% for a 2-log10 reduction of CFU and a threshold 
concentration (CT) of tazobactam of 1 mg/L determined in the mouse thigh model

Ceftolozane-tazobactam breakpoints

Percentage Achieving Free-Drug %T>MIC for 
Enterobacterales

Percentage Achieving Free-Drug %T>MIC for 
Pseudomonas aeruginosa

https://www.eucast.org/documents/rd/


Xiao AJ et al. Infect Dis Ther. 2017; 6:137-48

Probability of target attainment at steady state based on renal function

Ceftolozane-tazobactam breakpoints



Pathogen Eradication Rates at Test of Cure by CTL-TAZ MIC Value from the 
Phase 3 cUTI Study in the microbiology evaluation at Test of Cure Population

EUCAST. Ceftolozane-tazobactam: rationale for the clinical breakpoints, version 1.0, 2020
https://www.eucast.org/documents/rd/

Ceftolozane-tazobactam: clinical data relating outcomes to MIC values 

https://www.eucast.org/documents/rd/


Pitfalls and opportunities of susceptibility testing in R&D and clinical trials of new antibiotics
Why are MIC needed?

▪ MIC is the reference value to define in vitro antimicrobial activity in R&D of new antimicrobials

▪ There is a (consensus) ISO document (ISO 20776) defining its determination with broth microdilution as 
the reference method

▪ MICs might fail to define the activity of antimicrobials with problems to penetrate the outer membrane

▪ Different factors (assay variation) might affect MICs such as pH, inoculum and inoculum preparation, 
incubation time, …) 

▪ Specific supplements are used with some antimicrobials to demonstrate the antibacterial activity 

▪ During the process of setting breakpoints, MICs are used in

- surveillance studies (pre-clinical development and post marketing authorization)
- in PK/PD studies
- in clinical outcome correlations

▪ MICS are used to monitor development of resistance

Conclusions



Pitfalls and opportunities of susceptibility testing in R&D and 
clinical trials of new antibiotics: Why is MIC needed?



New webinars will be announced soon

On the REVIVE website (revive.gardp.org/webinars)

In our newsletters

On Twitter and LinkedIn



Thank you for joining us
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