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In preclinical testing of antituberculosis drugs, laboratory-adapted strains of Mycobacterium tuberculosis are usually used both
for in vitro and in vivo studies. However, it is unknown whether the heterogeneity of M. tuberculosis stocks used by various lab-
oratories can result in different outcomes in tests of antituberculosis drug regimens in animal infection models. In head-to-head
studies, we investigated whether bactericidal efficacy results in BALB/c mice infected by inhalation with the laboratory-adapted
strains H37Rv and Erdman differ from each other and from those obtained with clinical tuberculosis strains. Treatment of mice
consisted of dual and triple drug combinations of isoniazid (H), rifampin (R), and pyrazinamide (Z). The results showed that not
all strains gave the same in vivo efficacy results for the drug combinations tested. Moreover, the ranking of HRZ and RZ efficacy
results was not the same for the two H37Rv strains evaluated. The magnitude of this strain difference also varied between experi-
ments, emphasizing the risk of drawing firm conclusions for human trials based on single animal studies. The results also con-
firmed that the antagonism seen within the standard HRZ regimen by some investigators appears to be an M. tuberculosis strain-
specific phenomenon. In conclusion, the specific identity of M. tuberculosis strain used was found to be an important variable
that can change the apparent outcome of in vivo efficacy studies in mice. We highly recommend confirmation of efficacy results
in late preclinical testing against a different M. tuberculosis strain than the one used in the initial mouse efficacy study, thereby
increasing confidence to advance potent drug regimens to clinical trials.

With nearly 10 million new cases in 2010, tuberculosis (TB)
continues to be a global health issue of the greatest magni-

tude (11). There is a critical need to discover new, more potent
drugs to combat TB, the control of which is further complicated
due to the increasing incidence of drug-resistant forms of Myco-
bacterium tuberculosis, now thought to exceed half a million new
cases a year (48, 49). In addition, with new sensitive diagnostic
tests for drug resistance, there will certainly be an upsurge in re-
ported cases of drug-resistant TB (4). Equally troubling is the
newly emerging evidence suggesting that a number of drug-
resistant clinical isolates of M. tuberculosis can be of high virulence
and infectivity, thereby spreading readily (17, 42–45). Therefore,
there is a need to increase drug discovery efforts as well as to
improve testing methods to identify new active compounds
against clinically relevant M. tuberculosis strains. Typically, a series
of preclinical studies with new chemical entities must be com-
pleted before a drug can advance to clinical trials. A sequence of in
vitro assays followed by in vivo testing in validated animal models
to assess the activity against M. tuberculosis, the pharmacology,
and the toxicity is generally used for advancing compounds in a
preclinical stage (31, 41). Generally, these preclinical studies are
performed with historic laboratory-adapted M. tuberculosis
strains such as H37Rv (ATCC 25618 and 27294) (22, 29) or Erd-
man (ATCC 35801) (9). M. tuberculosis is a member of the M.
tuberculosis complex, and genetic diversity has recently been
linked to clinical, pathogenic, and immunologic heterogeneity in
disease progression and outcomes (5, 12, 30). Strains are currently
being classified into six major phylogenic clades: East African, East
Asian, Euro-American, Indo-Oceanic, and two West African (M.
africanum) types (13, 14). Several studies have reported different
biological, clinical, or epidemiological behaviors of the various
strains, defined by their geographical location or strain type (7, 19,

21, 40). In addition, strains have also been shown to vary sig-
nificantly in virulence in animal infection models, as measured
by survival, bacterial loads in target organs, histopathology (3,
43), and the severity of pulmonary and extrapulmonary le-
sions, as well as the immune response engendered after infec-
tion (35). Various mycobacterial strains have shown a signifi-
cant difference in expression of virulence genes involved in key
cell wall macromolecules [such as phthiocerol dimycocerosate
(PDIMS)] (22). Differences have also been observed in the var-
ious mannooligosaccharide units of lipoarabinomannans,
which may translate to an altered pathobiology in the host (6).
All these recent reports show that M. tuberculosis strains are
more genetically diverse than was previously recognized (18,
23–26). There are major genetic regions of difference between
strains, including mutations in regions encoding enzymes in-
volved in the biosynthesis of surface PDIMS, and this occurs
even within strains with the designation H37Rv. Furthermore,
there are variations now described within region of difference 6
between Erdman and H37Rv, which highlights a divergence
among TB strains that extends beyond those previously recog-
nized (22, 34).

At least 10 new anti-TB drugs are currently in the pipeline for
clinical evaluation (47); therefore, it is more crucial than ever to
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have reliable, validated testing animal models in order to build
confidence that new drug combination regimens will perform bet-
ter than the standard regimen in humans as it does in the animal
model. Methods for preclinical animal model testing of drugs
against M. tuberculosis vary from laboratory to laboratory; how-
ever, it was unknown until recently whether these variations can
result in different outcomes. Our earlier work demonstrated that
certain experimental variables in preclinical evaluations (such as
the mouse strain, route of infection, drug formulations for rifam-
pin, and dosing schedule) did not necessarily affect the result of
mouse bactericidal efficacy trials for the TB drug combinations
evaluated (9). By performing these head-to-head mouse studies,
we were still unable to resolve the discrepancy seen among labo-
ratories regarding the reported antagonism between the standard
drugs isoniazid (H), rifampin (R), and pyrazinamide (Z), which
has been observed in some (1, 37, 38) but not all (9, 20) laborato-
ries. In our published head-to-head studies, the combination
HRZ was significantly more effective than RZ dual therapy in all
three mouse models evaluated (9), and we did not observe antag-
onism of H in the HRZ combination in the three infection models
evaluated. Antagonism between the three standard drugs has been
shown by other groups (1, 15), who demonstrated that the dual
regimen of RZ after removal of H performed better than the stan-
dard three-drug regimen HRZ. The significance of the antagonism
becomes apparent when a “new” drug regimen is being compared
to a “less-effective” drug regimen prior to clinical trials. An exam-
ple of the latter is mouse studies where moxifloxacin (M), substi-
tuted for isoniazid (INH), showed significant improvement in
efficacy over standard therapy (HRZ), and most of this benefit was
in fact attributed to removal of the antagonism between H and R
plus Z (41). Our animal data showed that the activity of the
moxifloxacin-containing regimen (MRZ) was similar to that of
the standard drug regimen (HRZ), which more accurately reca-
pitulates the outcome of the human trial TBTC 28 (TB Trials
Consortium Study 28) (10).

The discrepancy between laboratories in observing antago-
nism between drugs in the HRZ regimen formed the premise of
these studies. As several other parameters had already been eval-
uated in earlier studies, the use of different M. tuberculosis strains
for the infection of mice by aerosol was addressed. We focused on
two of the most widely used laboratory-adapted M. tuberculosis
strains (H37Rv and Erdman), as well as two clinical strains
(CDC1551 and HN878). The results described herein make the
importance of the M. tuberculosis strain (and the stocks from
which it arose) used in drug efficacy trials apparent.

MATERIALS AND METHODS
Mice. Female BALB/c (Charles River Laboratories, Wilmington, MA) be-
tween the ages of 6 and 8 weeks were housed at five animals per cage in
HEPA (high-efficiency particulate air)-filtered racks (Thoren Caging Sys-
tems Inc., Hazleton, PA) in certified animal biosafety level 3 (ABSL-3)
laboratories and rested for at least 2 weeks before infection with M. tuber-
culosis.

Bacterial strains. The M. tuberculosis strains used were provided by
the following institutions: H37Rv is the main strain used at Johns Hopkins
University (JHU); H37Rv was from Colorado State University (CSU)
stocks; Erdman (TMC 107; ATCC 35801) is the main strain used at CSU;
and CDC 1551 and HN878 were kindly provided by K. Dobos and A. Izzo
at CSU (contract HHSN26620040091C). The M. tuberculosis H37Rv
strain derived from JHU is referred to here as the JHU H37Rv stock, and
the H37Rv strain derived from CSU is referred to as the CSU H37Rv stock.

The original culture for CSU H37Rv came from the Trudeau Institute,
Saranac Lake, NY (TMC 102). The JHU H37Rv (kindly provided by E.
Nuermberger) originated from the laboratory of the late Frank Collins at
the Trudeau Institute and has been passaged at JHU through mice in order
to maintain virulence. The Erdman strain (TMC 107; ATCC 35801) has
been maintained at CSU and was derived from the original as a very-low-
passage seed lot. CDC1551 was provided to CSU by Thomas Shinnick
(from the U.S. Centers for Disease Control), and HN878 was provided to
CSU by Barry Kreiswirth (Public Health Research Institute).

All strains, unless otherwise specified, were grown at CSU from orig-
inal bacterial stock as a pellicle, as described previously (33) but with the
following modifications. Briefly, the vial was resuspended in Proskauer-
Beck (PB) medium and cultured as a pellicle for three passages. The final
pellicle was harvested, dispersed into PB medium with Tween 80 (Sigma
Chemical Co., St. Louis, MO), and snap-frozen as 1-ml seed stock cul-
tures. Working stocks (maximum of 3 passages) were expanded into PB
medium to generate the infectivity stocks from seed stocks and grow
them to mid-log phase from the seed stocks. Infectivity stock vials were
recovered from frozen storage immediately prior to use in animal
model studies. Drug susceptibility testing of the five M. tuberculosis
strains was performed for INH, rifampin (RIF), and pyrazinamide
(PZA) at the Mycobacteriology Laboratory at National Jewish Health,
Denver, CO, using the Bactec 460 method. The pncA gene was se-
quenced by the U.S. Centers for Disease Control and Prevention
(CDC, Atlanta, GA). Drug susceptibility testing by agar proportion or
Bactec MGIT 960 system and pncA sequencing were performed by the
CDC. Additional MIC testing was performed in our laboratory as pre-
viously described (16) to obtain exact MIC endpoints. Spoligotyping
revealed the following spoligotypes: HN878, 000000000003771; CSU
H37Rv, 777777475760771; JHU H37Rv, 777777475760771; Erdman,
777777774020771; and CDC 1551, 700076757760771.

Antimicrobial agents, dosing, and formulations. INH, PZA, and RIF
were purchased from Sigma Chemical Co. (St. Louis, MO). RIF was ad-
ministered at 10 mg/kg, PZA at 150 mg/kg, and INH at 25 mg/kg. All
antimicrobial compounds were administered by oral gavage 5 days per
week (at 0.2 ml per mouse). All drugs were prepared in water. RIF was
ground in a clean mortar and pestle to a small particle size prior to the
addition of sterile distilled water. RIF was dosed at least 1 h before the
other drug(s). Organs were harvested at least 48 h after the last drug
administration for the group to allow clearance of the drugs.

Infection. Six- to eight-week-old female BALB/c mice were exposed to
a high-dose aerosol infection in a GlasCol aerosol chamber with the vir-
ulent M. tuberculosis strains in the Colorado State University animal bio-
safety level 3 laboratories (ABSL-3), as previously described (9). A high-
dose aerosol infection is defined here as an inoculum that will result in all
animals succumbing to disease within 1 month after infection. All animal
studies had received written approval after institutional review and ap-
proval by the Animal Care and Use Committee at CSU.

Fresh bacterial cultures for the high-dose aerosol infections of mice
were grown in 7H9 media (Difco) supplemented with albumin-dextrose-
catalase and Tween 80 and propagated at 37°C to log phase with an optical
density at 600 nm (OD600) of 0.8 to 1.0 on the day of infection. The M.
tuberculosis inoculum was enumerated by plating on 7H11 agar plates
generating CFU, as described before (9). The actual bacterial load im-
planted in the lungs was determined from three mice per group on the day
of or the day after aerosol infection. At the start of treatment, the bacterial
load was determined in lungs and spleens of five mice each. For determi-
nation of the emergence of RIF-resistant colonies, tissue homogenates
were plated on 7H11 plates containing 4 �g/ml of RIF for the first study
and 2 �g/ml for the second study in order to ensure that all resistant
mutants were recovered.

Statistical analysis. The numbers of CFU were converted to loga-
rithms (log10 CFU), which were then evaluated by multiple comparison
analyses of variance (ANOVAs), including a one-way ANOVA followed
by a two-way ANOVA. For early treatment data, an ANOVA F test was
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done to compare all treatments, followed by comparisons of specific pairs
of means. When the counts for a treatment group in general were low
(e.g., �2 log10 CFU), a nonparametric test, the Wilcoxon rank sum test,
was used.

RESULTS
Drug susceptibility testing of the M. tuberculosis strains used in
vivo. All M. tuberculosis strains used in the mouse studies were
evaluated for drug susceptibility in standardized reference labora-
tories. All were found to be drug susceptible, defined as antimi-
crobial susceptibility below critical concentrations for INH, RIF,
and PZA and exact endpoint MIC for RIF and INH (Table 1). No
mutations in the pncA gene were detected in any of the five strains.

The JHU H37Rv and Erdman M. tuberculosis strains have
different responses to standard anti-TB drug therapy in the
high-dose aerosol BALB/c model. The purpose of this experi-
ment was to compare the efficacy results of drug regimens after
mice had been infected with either the JHU H37Rv or CSU Erd-
man strain, which are the standard reference M. tuberculosis
strains used in mouse models by both laboratories. Table 2 pres-
ents the treatment groups and numbers of animals used. The bac-
terial loads at the start of treatment were statistically similar in the
lungs of the control mouse groups infected with Erdman and with
JHU H37Rv, 7.18 log10 CFU and 6.99 log10 CFU, respectively (P �
0.42). For the spleens at the start of treatment, the bacterial loads
were significantly higher for Erdman than JHU H37Rv, 3.8 and 3.0
log10 CFU, respectively (P � 0.045).

After 1 month of treatment with either the three-drug combi-
nation of INH, RIF, and PZA (HRZ) or the two-drug combination
RIF and PZA (RZ), the lungs of infected animals showed a signif-
icant difference in bacterial load between the H37Rv and Erdman
infections when analyzed overall by treatment (Fig. 1A). In the

lungs of mice infected with JHU H37Rv, HRZ was far less effica-
cious than RZ [log10 CFU of 2.84 versus 3.82, respectively (P �
0.0001)] at the 1-month time point. In the groups of mice infected
with Erdman, treatment with HRZ and RZ showed statistically

TABLE 1 In vitro susceptibility and typing data of TB strains used in
these studiesa

Strain Spoligotype

MIC (�g/ml)

INH RIF

Erdman 777777774020771 0.023 0.063
CSU H37Rv 777777475760771 0.023 0.049
JHU H37Rv 777777475760771 0.023 0.063
CDC 1551 700076757760771 0.023 0.063
HN878 000000000003771 0.049 0.031
a No pncA mutations were found in any of the strains. Drug susceptibility testing done
at critical concentrations for PZA, INH, and RIF at National Jewish Health Advanced
Diagnostic Laboratories and drug susceptibility testing done at critical concentrations
with a Bactec MGIT 960 system for PZA, INH, and RIF by agar dilution at Center for
Disease Control TB Laboratories showed that all strains were pansusceptible based on
predetermined critical concentration breakpoints.

TABLE 2 Animal numbers per time point for the entire triala

M. tuberculosis strain Drug regimenb

No. of animals

Day �12 Day 0 Day 28 Day 56 Day 84 Total

Erdman 2HRZ, 1HR 3 5 6 6 6 26
Erdman 3RZ 6 6 7 19

H37Rv 2HRZ, 1HR 3 5 6 6 6 26
H37Rv 3RZ 6 6 6 18
a Treatment started 12 days after infection.
b Numbers indicate months (2 months HRZ, 1 month HR, 3 months RZ).

FIG 1 High-dose aerosol infection models with M. tuberculosis in BALB/c
mice using either JHU H37Rv or Erdman for aerosol infection. Bacterial num-
bers in lungs (A) or spleens (B) of BALB/c mice after a high-dose aerosol
infection with M. tuberculosis and 3 months of treatment with H, Z, and R were
determined.
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similar efficacies [log10 CFU of 4.08 and 4.29, respectively (P �
0.22)]. When the treatment groups were compared according to
the bacterial strain used for infection, the HRZ treatment groups
showed statistically similar results for H37Rv and Erdman (P �
0.15). However, a highly significant difference was noted between
the log10 CFU in the lungs of mice infected with the different
strains and treated with RZ (P � 0.0001).

After 1 month of treatment, most of the spleens were culture
negative, and therefore, organs and treatments were analyzed us-
ing the Wilcoxon rank sum test. There was a significant difference
in bacterial loads in the spleens of mice infected with the two
bacterial strains when analyzed by treatment group (Fig. 1B). The
HRZ treatment groups showed statistically similar results for
H37Rv- and Erdman-infected mice, whereas for the RZ treat-
ment, mice infected with H37Rv had far fewer CFU in the spleens
than mice infected with Erdman (P � 0.003) (Fig. 1B).

After 2 months of treatment, the bacterial load in all lung ho-
mogenates was reduced to low numbers (�2 log). Statistically
similar results were obtained for the different drug regimens for
both TB strains. In addition, the HRZ and RZ treatments for both
TB strains showed statistical similar efficacies in the lungs. How-
ever, this result this was barely not significant with the statistical
methods used (P � 0.05), thereby showing a trend toward im-
proved activity of RZ over HRZ for the JHU H37Rv-infected
mouse groups.

No significant difference in the spleens was noted in the mice
treated with RZ at 2 months and infected with the Erdman versus
the JHU H37Rv strain, which showed bacterial loads of 2.08 log10

CFU and 0.94 log10 CFU, respectively (P � 0.37). Likewise, there
were no differences between the mouse groups infected with Erd-
man and JHU H37Rv and then treated with HRZ (P � 1.0). How-
ever, most spleens at 2 months had no detectable CFU, which
makes the analysis at this time point difficult.

By 3 months of therapy, most mice had reached negative cul-
tures, and Wilcoxon analysis was used to assess statistical signifi-
cance of treatment efficacy. Similar activity was seen in the lungs
for the HRZ-treated groups infected with either Erdman or JHU
H37Rv (P � 0.7). However, for the RZ treatment groups, the
efficacy in lungs was significantly greater for the mice infected with
JHU H37Rv (all culture negative) than for the mice infected with

Erdman, which showed a mean average bacterial load of 2.03 log10

CFU (P � 0.005). Similarly, in the spleens after 3 months of treat-
ment, the RZ treatment showed significantly improved efficacy
for the mice infected with JHU H37Rv (all culture negative) com-
pared to mice infected with Erdman [2.66 log10 CFU (P � 0.02)].
No RIF resistance was detected in bacteria from RZ groups plated
at 1, 2, or 3 months on RIF-containing plates (4 �g/ml).

Clinical and laboratory-adapted M. tuberculosis strains have
different responses to standard drug therapy in the high-dose
aerosol BALB/c model. The purpose of this experiment was to
compare the drug efficacy results after mice are infected with dif-
ferent laboratory-adapted strains of TB (CSU H37Rv, JHU
H37Rv, or Erdman) or clinical strains of TB (CDC 1551, or
HN878) after treatment with HRZ or RZ. Table 3 represents the
treatment groups and the animal numbers per treatment group
used. The starting inoculums used in the nebulizer were as follows:
Erdman at 1.7 � 108 CFU/ml, CSU H37Rv at 2.5 � 109 CFU/ml,
JHU H37Rv at 8.5 � 109 CFU/ml, CDC 1551 at 6.5 � 107 CFU/ml,
and HN878 at 1.3 � 107 CFU/ml. On the day after high-dose
aerosol infection, one whole lung each from three sacrificed mice
was homogenized and plated, and the following bacterial numbers
were obtained: for Erdman, 4.47 log10 CFU; for CSU H37Rv, 4.25
log10 CFU; for JHU H37Rv, 4.37 log10 CFU; for CDC 1551, 3.84
log10 CFU; and for HN878, 1.75 log10 CFU (Fig. 2). On the day
when treatment was started, the bacterial loads in the lungs were
7.61, 6.11, 7.27, 6.97, and 5.2 log10 CFU for mice infected with
Erdman, CSU H37Rv, JHU H37Rv, CDC1551, and HN878, re-
spectively. Treatment was uneventful until one animal was lost on
day 17 in the CDC 1551-infected RZ-treated group by technical
error. One data point for lungs was discarded at day 28 in the CSU
H37Rv HRZ group due to technical error.

After 1 month of therapy, there was a significant difference
seen in treatment regimen efficacies in the lungs of infected mice
based on the strain used to infect the mice (P � 0.0001). The
bacterial loads indicated higher efficacy in the HRZ groups than in
the RZ groups in the mice infected with CSU H37Rv [3.35 versus
3.90 log10 CFU, respectively (P � 0.014)] as well as for HN878
[1.49 versus 4.58 log10 CFU (P � 0.0001)] at 1 month of treat-
ment. The efficacies for HRZ and RZ were similar for the JHU
H37Rv strain (4.26 versus 3.86 log10 CFU, respectively [P �

TABLE 3 Animal numbers per time point for the entire triala

M. tuberculosis strain Drug regimenb

No. of animals

Day �10–11 Day 0 Day 28 Day 56 Day 84 Total

Erdman 2HRZ, 1HR 3 5 6 6 6 26
Erdman 3RZ 6 6 7 19

CSU H37Rv 2HRZ, 1HR 3 5 6 6 6 26
CSU H37Rv 3RZ 6 6 6 18

JHU H37Rv 2HRZ, 1HR 3 5 6 6 6 26
JHU H37Rv 3RZ 6 6 7 19

CDC 1551 2HRZ, 1HR 3 5 6 6 6 26
CDC 1551 3RZ 6 6 7 19

HN878 2HRZ, 1HR 3 5 6 6 6 26
HN878 3RZ 6 6 7 19
a Treatment started 10 to 11 days after infection.
b Numbers indicate months.
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0.063]), with a trend toward RZ being more effective than HRZ.
Among mice infected with the other strains, bacterial loads in
lungs of mice receiving RZ treatment were statistically similar to
loads in mice receiving HRZ for those infected with CDC 1551
[4.51 versus 4.60 log10 CFU (P � 0.68)] as well as for those infected
with Erdman [4.96 versus 4.83 log10 CFU (P � 0.53)].

After 2 months of therapy, there was a statistically significant
difference in treatment efficacy based on the bacterial strain used
for infecting the mice (P � 0.0001). There was no significant dif-
ference between HRZ and RZ treatment in mice infected with the
JHU H37Rv strain, and this strain was the only one to show equiv-
alent CFU burdens in HRZ- and RZ-treated mice [2.06 versus 2.21
log10 CFU, respectively (P � 0.67)]. For the groups of mice in-
fected with the four other TB strains, the RZ treatment was in all
cases statistically more effective than HRZ. The bacterial loads
were significantly lower for the HRZ than the RZ treatment in
mice infected with CSU H37Rv [0.78 versus 1.97, respectively
(P � 0.0011)], HN878 [0 versus 3.77 (P � 0.0001)], CDC 1551
[2.47 versus 3.45 (P � 0.0068)], and Erdman [1.82 versus 3.43
(P � 0.0001)].

After 3 months of therapy, a sizable number of mice were cul-
ture negative, and for statistical analysis, the Wilcoxon rank sum
exact P value was calculated. HRZ showed significantly higher
efficacy than RZ in mice infected with CDC 1551 (P � 0.0013),
Erdman (P � 0.022), and HN878 (P � 0.0070). The bacterial
loads from the lungs of mice infected with strain CSU H37Rv and
treated with HRZ versus those with RZ approached a statistically
significant difference (P � 0.07), whereas loads from mice in-
fected with JHU H37Rv showed a nonsignificant difference be-
tween the HRZ and RZ treatment arms (P � 0.73). Only one
RIF-resistant colony was detected (from a single spleen from the
RZ group plated at 3 months). There were no differences in
PDIMs between the strains (data not shown).

DISCUSSION

Given the number of new drugs in the TB drug development pipe-
line (46, 47), it is more crucial than ever to have validated preclin-
ical testing methods that are predictive of clinical outcome and
that provide the highest confidence that the most potent drug
regimens are being advanced into clinical trials. This is especially

FIG 2 High-dose aerosol infection models in BALB/c mice infected with five strains of M. tuberculosis and treated with either the three-drug combination (HRZ)
or the two-drug combination (RZ). (A) Erdman; (B) CSU H37Rv; (C) JHU H37Rv; (D) CDC1551; (E) HN878. The x axes show days from experiment start. Drug
treatment included 2 months of HZR, followed by HR for 1 month (solid lines) or ZR for 3 months (dashed lines).
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important in light of a recent initiative by the Gates Foundation
(Critical Path to New TB Regimens [CPTR]) that will stimulate
development of new combination regimens (of new investiga-
tional drugs along with existing TB drugs) to avoid developing
each drug sequentially over decades to come (47). Although there
is no doubt that the CPTR approach will lead to more effective
drug regimens, it will become important to select the most prom-
ising combinations from preclinical studies for both bactericidal
and sterilizing activity to advance and be tested clinically.

Our previously published studies focused on a multitude of
variables in the methods used in preclinical drug testing in mice
(9), and these ultimately revealed that the strain used in animal
infection models deserved greater investigation. To our knowl-
edge, there are no in vivo studies that have evaluated combination
anti-TB drug regimens against various strains of M. tuberculosis in
a single head-to-head experiment. In the studies presented here,
we evaluated the bactericidal activity of the drug combinations
HRZ and RZ in the BALB/c mouse model, infected via aerosol
using five different strains of M. tuberculosis (JHU H37Rv, CSU
H37Rv, Erdman, CDC1551, and HN878). The results showed that
the in vivo efficacy of the tested drug combinations was not always
the same for the different M. tuberculosis evaluated. In fact, the
degrees of in vivo bactericidal activity of RZ for two different
H37Rv strains were different, with the efficacy in the lungs being
significantly better in JHU H37Rv-infected mice than in CSU
H37Rv-infected mice. Moreover, the rankings of the HRZ and RZ
regimens were not the same for both H37Rv strains. Antagonism
in the HRZ combination was seen only with the JHU H37Rv
strain, not with any of the four other strains evaluated.

Recently, it has become clear that even among the H37Rv
strains across different laboratories there is a significant genetic
heterogeneity (22). Loerger et al. urge investigators to use caution
in referring to H37Rv as a standard reference strain, as experimen-
tal results derived with “H37Rv” may depend on the laboratory in
which it is maintained and its associated genetic characteristics.
The whole-genome sequencing results obtained by the same au-
thors showed that differences among H37Rv strains have arisen
over time, and while they are relatively few (on the order of 5 to 10
polymorphisms per strain), they still could be functionally rele-
vant. Which genetic differences are responsible for the strain-
based differences in efficacy presented here remains unclear and
would have to be investigated further. Ongoing genetic evolution
has been observed in vitro via the accumulation of genetic differ-
ences during serial passaging of cultures (39); therefore, keeping
the passage number low has been shown to be a definite require-
ment. The methods of propagation, storage, and passaging of
strains are highly variable across different laboratories. Some in-
vestigators passage M. tuberculosis strains through animals to
maintain virulence (8), while others grow the strain in a pellicle for
the same purpose (32). In both cases, there is no published evi-
dence that in fact shows that either protocol increases or main-
tains the virulence of the strain. In contrast, Converse et al. pub-
lished results indicating that animal passaging of M. tuberculosis
strains prior to quantitative virulence testing in mouse and guinea
pig models did not enhance or restore potency to strains that may
have lost virulence due to in vitro passaging (8). The authors men-
tion that it is critical to verify virulence of parental strains before
any manipulation is undertaken. For the studies described here,
there was a clear difference in the origins of the H37Rv strain used
by both groups, as well as the method of strain propagation: the

JHU H37Rv strain was serially passaged in mice and individual
bacteria were isolated and propagated, whereas the CSU H37Rv
was grown as a pellicle, seed lots were frozen, and the passage
number of the working stocks never exceeded six. Identifying the
most important variable which can influence the virulence and
drug responses of the strains used in animal models (source/ori-
gin, method of maintaining virulence, protocol for propagation,
etc.) in TB drug evaluation mouse studies would require a careful
stepwise investigation.

The chain of custody of different M. tuberculosis strains can
become more uncertain over time and is often not reported in
published works. For instance, in regard to the history of the
strains, it is known that the parent strain of H37Rv (TMC102) was
isolated by E. R. Baldwin from a human lung in 1905 and dissoci-
ated from this parent (H37) in 1934 at the Trudeau Institute,
Saranac Lake, NY (27, 28). H37RV was continually passaged in
Proskauer-Beck medium until 1970, when it was frozen at �70°C,
and it is the neo-type strain from which ATCC 27294 was derived.
M. tuberculosis Erdman was originally isolated from human spu-
tum by W. Feldman at the Mayo Clinic in 1945 (personal com-
munication, Trudeau Medical Library). The following year, in
1946, it was transferred to the Trudeau Institute, where it was
maintained in Proskauer-Beck medium until 1970, when it was
frozen at �70°C. We were unable to find documentation of the
exact details of the years of additional propagation for both the
H37Rv and Erdman strains.

The results here also shed some light on the question of
whether the antagonism seen within the standard HRZ regimen
by some investigators (15) but not others (2, 9) is a TB strain-
specific phenomenon. Previous studies have often had widely dif-
fering experimental variables and endpoints, and therefore a
direct comparison was not feasible. In the direct head-to-head-
comparison studies described in this work, the combination of
HRZ was as effective as or significantly more effective than RZ
dual therapy for four of five TB strains tested, excepting only the
JHU H37Rv strain, for which the efficacy of RZ under most con-
ditions was better than that of HRZ. In none of the other four TB
strains did we ever observe antagonism with the HRZ combina-
tion. Even in our laboratory, the antagonism in HRZ for JHU
H37Rv is not seen to the same extent every time, and this may be
dependent on the INH dose or drug exposure, as was previously
reported (1). Another older study reported that the antagonism
observed is dependent on certain timing of the infection and ad-
ministration of drugs (36). Although the basis of the observed
antagonism remains poorly understood, the results presented
here make the point that the antagonism within the standard reg-
imen appears to be a strain-specific phenomenon and is seen only
under specific conditions. Murine models certainly make it pos-
sible to rank efficacies of drug regimens, if appropriate and suffi-
cient control groups for each regimen are wisely chosen. If, for
instance, the impact of a new compound is evaluated when it is
added to the standard HRZ regimen against a particular TB strain,
its activity should be compared to that of the standard regimen by
itself. On the other hand, if the goal is to evaluate the efficacy of a
new regimen where the new drug replaces a drug of the standard
drug regimen (e.g., H) then the appropriate control (e.g., RZ)
should be included alongside HRZ.

The studies presented here have some obvious limitations.
Only a limited number of drug regimens were studied due to the
labor-intensive nature of these comparative studies, and therefore
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the conclusions regarding the choice of M. tuberculosis strains can
at this point be made only for the regimens tested. In addition, the
responses of the various strains were evaluated only in terms of the
bactericidal activity of certain drug regimens, not the sterilizing
activity in long-term relapse trials. In relapse studies, the choice of
M. tuberculosis strain might affect the outcome even more, as the
presence of memory immunity for all strains is not equal. For
instance, only clinical isolates of M. tuberculosis have been de-
scribed to induce a regulatory T-cell population, which influences
the degree of relapse of infection (7, 45). HN878, a member of the
W-Beijing genotype, is known to be a potent inducer of regulatory
T cells and is associated with increased virulence and pathology in
lungs of mice (42). Additional mouse studies will be necessary to
answer these important questions regarding the difference in re-
sponses of laboratory-adapted and clinical TB strains in relapse
and for the assessment of other drug regimens. One limitation in
our second study was that the inoculums for the various strains
were not entirely identical, as they were in the first study. This was
especially the case for HN878, which surprisingly grew less well
than the comparator strains.

In conclusion, in the in vivo head-to-head experiments de-
scribed here, the M. tuberculosis strain was found to be one of the
most important variables that can change the outcome of the in
vivo efficacy trial in mice. Therefore, we highly recommend con-
firmation of in vivo efficacy results in a late stage of preclinical
testing against a second M. tuberculosis strain, thereby increasing
the confidence to advance a potent drug regimen to clinical trials.
Moreover, we suggest that these studies include current clinical M.
tuberculosis strains (from one or more different clades based on
their geographical locations) (14). Given the widespread dissem-
ination of Beijing strains in the world and the coadaptation with
humans over time, strong consideration should be given to in-
cluding a member of the Beijing family of M. tuberculosis strains.
In addition, it is highly recommended for all in vivo studies to use
only M. tuberculosis strains that are fully characterized (geneti-
cally), have good growth characteristics and a limited passage
number, have been propagated appropriately, and have a com-
pletely documented chain of custody.

The recommendation to evaluate and confirm anti-TB drug
regimens against relevant M. tuberculosis strains in validated
mouse models is of especially great importance given the CPTR
effort to advance a combination of three novel drugs into human
clinical trials in the next few years. In summary, we believe that all
efficacy data generated with animal models should be confirmed
in parallel mouse models in a second laboratory and should in-
clude a range of representative isolates.
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