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George Wills Comstock, MD, 
1915-2007 

• Captain, US Public Health 
Service

• Professor, Johns Hopkins School 
of Public Health; 

• Founder and Director, Training 
Center for Public Health 
Research and Prevention

• Accomplished Bassoonist

Objectives

• How did we get here?

• What do we know now that we didn’t 
appreciate then?

• What are our options going forward?

• What might be the answer to this riddle?
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“streptomycin-resistant bacilli, if 
transmitted to another individual. 
would produce disease resistant to 
streptomycin from the start…this is a 
very grave danger for the future”

The Advent of Combination Chemotherapy

• BMRC and USPHS Trials:
INH+SM+PAS (1953)
SM+PAS (1952)

• Expected likelihood of developing resistance to all 
three agents, only 1 in 1015 bacilli

• TB burden in cases of severe, cavitary disease 
estimated to be 108 to 1010 bacilli

Br Med J 1952;1:1157–1162
Am Rev Tuberc 1953;67:553-67
Proc Staff Meet Mayo Clin 1947;22:465-473
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Drug-resistant Bacilli are Less Fit

• 1952 – “H37Rv…made resistant to isoniazid has lost 
its ability to grow in synthetic media” (MW Fisher et al 
Am Rev Tuberc 1952;66:626-8)

• 1954 - “INH resistant strains were less virulent for 
guinea pigs” (Mitchison, BMJ 1954;1(4854):128-30

The Conclusions..

• ”At the start of the study the prevalence of 
persons harbouring tubercle bacilli resistant 
to at least one drug was accounted for 
mainly by secondary resistance…the results 
reveal that with adequate, timely treatment 
drug-resistance ceases to be a serious 
problem.”

• “The mutation rate is balanced by a tendency 
of strains to revert to sensitivity or by a failure 
of the resistant strains to grow as successfully 
as the sensitive organisms…the balance 
between creation of resistance and reversion 
to sensitivity tends towards the slow 
elimination of resistance.” Bull WHO 1967;37:819-74

Br Med Bull 1984;49:84-90
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Does Drug Resistance Even Matter?

• “Bacteriologial relapses…occur almost invariably with 
strains of tubercule bacilli fully sensitive to the drugs” 
(Lancet 1976;1:162-3)

• Response to retreatment with standard regimen: 68/73 
(93%) were cured. (Lancet 1976;1:162-3)

• “When results in the presence of initial resistance are 
virtually as good as those in patients with initially 
sensitive bacilli, … there seems to be no point in 
changing a regimen if initial resistance to isoniazid or 
streptomycin is found and therefore no point in looking 
for it.” (Am Rev Respir Dis 1986;133:423-30)

But on the other hand…

• 1981 – Four contacts of a patient with 
INH, SM and PAS resistance develop 
DR disease; “the potential of DR 
strains for causing disease in humans 
should not be underestimated”

• 1985 – In Peru, the standard WHO 
recommended 8-month regimen 70% 
had a favorable outcome and 14% 
“abandoned”; 25% of previously 
treated patients had drug-resistant 
organisms. Am J Epidemiol 1981;113:423-35

ARRD 1984;129:439-43
ARRD 1985;132:737-41
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Not to say we weren’t warned

• “We are unwittingly transforming an eminently 
treatable infection into a life-threatening 
disease that is exorbitantly expensive to 
treat.”

ARRD 1985;132:735

The Rifampicin Era
• 1966 – First used for salvage therapy

• 1971 – First studied for newly-diagnosed TB

• “A new drug, rifampin, still very expensive, is just now 
being released for general use. It appears to be virtually 
as effective as INH and even more promising…. It is 
thought that it may replace streptomycin in primary 
treatment before long. (NEJM 1971;284:1381).

• 1976 – First report of clinical RIF resistance (JID 1976; 
133:88-90)
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Early DR-TB 
Treatment Reports

1970

1993

1967

The Global impact of Rifampicin
• A 6-month rifampicin-based regimen (“Short-Course”) 

became the standard in developed countries after 1976

• Rifampicin-based treatment was prioritized in the U.S. by 
ATS/CDC in 1978

• Developing countries continued to use INH- and Strep-
based regimens because rifampicin was felt to be too 
expensive

• “In developing countries, a standardized regimen of 
chemotherapy, ignoring the results of pre-treatment 
sensitivity tests is recommended, while in technically 
advanced countries, resistant drugs should be changed 
to sensitive ones.” (Tubercle 1987;68:S5-15)
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The Wake-up Call

• Increased susceptibility of HIV+ persons to TB was 
noted early in the AIDS epidemic

• Deterioration in the NYC TB Control program had led to 
many TB patients not completing treatment

• Failure to complete treatment led to unrecognized MDR

• Poor hospital infection control led to this outbreak 

NEJM 1992;326:1514-21

Next Steps
• 1989 – WHO TB Program consists of 2 people

• 1992 - the U.S. recommends drug-susceptibility 
testing be performed on all initial and final isolates. 

• 1993 - TB Global Emergency declared 

• 1993 - WHO endorses RIF-based treatment for 
everyone!

• 1993 – WHO rolls out DOTS to prevent DR

• 1994 - WHO and IUATLD initiate Global                 
TB Drug Resistance Surveillance
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The bugs are staying ahead of us…
• 1998 - Surveillance for drug resistance in 35 countries 

shows 9.9% of patients with no prior treatment had DR 
and MDR was found in 13% of previously treated 
patients

• 1998 - DOTS-Plus initiated

• 2006 - XDR-TB in HIV+ in South Africa

BMJ 1998;317:6714, NEJM 1998;338:1641-9
Lancet 2006;368:1575-80; JAMA 2000;283-2537-45

MDR-TB Treatment 
Recommendations - 1993

“Second-line” drugs; 4-6 drugs for 20-24 months

- Based on “Expert Opinion” 

• Ciprofloxacin/Ofloxacin
• Kanamycin/Amikacin
• Ethionamide
• Cycloserine
• Thiacetazone
• PAS
• Capreomycin

NEJM 1993;329:784-91
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Results with Early MDR-TB Regimens

• 50-60% cures

• 10-20% mortality

• High rates of LTFU

• Substantial ototoxicity 

Does HRZE Prevent DR?

• Cohort study in Ukraine, 
2015-18

• 29,363 people with RS-
TB at baseline, 1,165 
people (4.0%) 
experienced recurrence 
within 18 months of 
discontinuing treatment

• Of those, 254 (21.8%, or 
0.84% of all persons with 
RS-TB) had developed 
RR-TB

Dupuis, Jenkins, unpublished
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Why Isn’t Adherence Better?

• TB drugs are not well tolerated

• Adverse Events (AE) occur in 25–75% of 
people receiving treatment for TB

• AE to TB drugs are associated with poor 
treatment adherence, treatment interruption 
and treatment failure

• In a recent study, DR-TB treatment-related AE 
were associated with concomitant medications, 
HbA1c, alcohol, HIV, older age and lower BMI

PLoS Med 2024;21(7):e1004438
JID 2024;229:813-23

Are DR Strains Really Less Fit?

Clin Micro Infect 2009;15:S66-S68
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Why Doesn’t Combination Therapy 
Prevent Emergence of DR?

• “Unlikelihood of developing resistance to all 
three agents, an event that would occur in only 1 
in 1015 bacilli” (ARRD, 1953)

• Based on in vitro mutation rates

• 2010: E. coli, under sublethal antibiotic pressure, 
develops resistance to antibiotics – even ones 
that were not administered!  

• Increased DNA mutation, mediated by reactive 
oxygen species Mol Cell 2010;37:311-20

A Closer Look at Acquisition of DR

• The INH-R katG mutation arises before RIF-R 
mutations in MDR isolates

• INH kills M. tb the most rapidly

• Homozygous fast acetylation (FF) shortens effective 
INH exposures

• Sublethal antibiotic exposures drive emergence of 
resistance

• Acquired rifamycin resistance has been clinically 
associated with low INH AUC

Eur J Clin Pharm 2007;63:633-9 ; Nat Genet 2017;49:395-404
CID 2005;40:1481-91 ; Lancet RM 2018;6:265-75
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Other Reasons for PK Mismatch

• Poor absorption of one drug and not others
• H,R,Z,E better absorbed on an empty stomach

• Rifapentine exposures increased with fatty meal

• Differing penetration into caseum or cavities
• Penetrate well: Rifamycins, Fluoroquinolones

• Intermediate: BDQ, LZD, PZA, EMB

• Poor: INH, PAS, KM, CF  

• Differing activity vs. nonreplicating organisms
• Active: Rifamycins, BDQ

• Inactive: INH, Fluoroquinolones, PZA, PAS, CS

Why is MDR continuing to spead?

• 1990: “90% of patients 
with smear-positive 
pulmonary tuberculosis 
have objective 
symptoms” 

• 2022: Less than half of 
persons with TB have 
symptoms 

• Asymptomatic persons 
account for 35-51% of 
M.tb transmission

Bull IUAT 1990;65:6-24, Lancet ID 2024;24:726-36, PNAS 2022;119:e2211045119
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Coming to your clinic soon: 
Bedaquiline Resistance

• In South Africa between 2015-2019, 8041 
patients received BDQ in combination regimens

• 3.8% had baseline BDQ resistance

• Baseline BDQ resistance was associated with 
previous exposure to BDQ or CF

• Baseline BDQ resistance was also seen among 
persons exposed to patents with BDQ-R

• Resistance to BDQ developed during treatment 
in 3.5% of patients

Lancet ID 2022;22:496-505, BMC ID 2022;22:870

What Can be Done to Prevent DR?

• Initial DR testing, including INH

• NAT2 testing to optimize dosing

• Discard standardized MDR treatment 
regimens

AJRCCM 2024;209:1486-96
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Don’t Fly Blind!

IJTLD2022;26:524-8

But TB is not like HIV…

• Two phases of 
growth: 
– rapid multiplication

– nonreplicating 
persistence

• Sequestration of 
bacteria in caseum
and cavities
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What Can be Done to Prevent DR?

• Develop regimens of 3+ all-new drugs

– That have similar PK

– That have good penetration into caseum

– That kill nonreplicating organisms

– That are well tolerated!

Three new Drugs?
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TB Drugs in Phase 1 & 2 Trials
Penetrates 
Caseum?

Half-lifeCandidatesMode of ActionClassTarget

+3-12 hrsSudapyrine
TBAJ-876
TBAJ-587
Telacebac

Inhibits electron chain 
transport

DiarylquinoloneATP synthase

+2-26 hrsDelpazolid
Sutezolid
TBI-223
TBA-7371

Inhibits protein 
synthesis

OxazolidinonerRNA

+40 hrsGanfeboroleInhibits protein 
synthesis

OxaboroleLeucyl-tRNA 
synthetase (LeuRS)

–3-30 hrsBTZ-043
Quabodepostat
Macozinone

Inhibits cell wall 
formation

BenzathiazinoneDecaprenylphosphoryl
-β-D-ribose oxidase 
(DprE1)

–0.5 hrsSanfetrinumInhibits cell wall 
formation

Beta-LactamTranspeptidase

–20 hrsAlpibectir/ETAInhibits cell wall 
formation

Mycolic Acid 
Synthesis inhibitor

EthA monooxygenase

??FobrepodacinInhibits DNA 
replication

AminobenzimidazoleDNA Gyrase B

?>24 hrsGSK 286Inhibits cholesterol 
synthesis

Cholesterol 
synthesis inhibitor

cAMP

?45 hrsPyrifazimine?Rimophenazine?

Optimizing Adherence to Reduce 
Generation of DR

• Linezolid, Moxifloxacin poorly tolerated 
(especially by older patients)

• Bedaquiline prolongs QT and may raise the risk 
of Torsade de Pointes

• Future clinical trials need to focus on improved 
tolerability 

• This is even more important than treatment 
shortening!

PLoS Med 2024;21(7):e1004438
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Reducing Transmission of MDR

• 25% of those with CXR+ 
for TB had a positive 
smear

• As much as half of 
transmitted TB can be 
attributed to such people

• Finding and treating MDR 
sooner will be important 
for decreasing 
transmission Lancet ID  2024;24:726-36

PNAS 2022;119:e2211045119
eLife 2023;12:e82469

Conclusions

• New information requires rethinking theories

• Finding and treating Chronic Excretors is still 
the essential DR prevention strategy

• Rolling out one new drug at a time will 
always result in its becoming resistant

• We may now have the opportunity to escape 
this trap

• Continued new drug development will be 
essential 
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“…The art of epidemiologic reasoning is 
to draw sensible conclusions from 
imperfect data…”

Comstock GW.  Am J Epidemiol 1990;131:206


