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Background. A controlled human infection model for assessing tuberculosis (TB) immunity can accelerate new vaccine
development.

Methods. In this phase 1 dose escalation trial, 92 healthy adults received a single intradermal injection of 2 X 10° to 16 x 10°
colony-forming units of Bacillus Calmette-Guérin (BCG). The primary endpoints were safety and BCG shedding as measured
by quantitative polymerase chain reaction, colony-forming unit plating, and MGIT BACTEC culture.

Results. Doses up to 8 X 10° were safe, and there was evidence for increased BCG shedding with dose escalation. The MGIT time-
to-positivity assay was the most consistent and precise measure of shedding. Power analyses indicated that 10% differences in MGIT
time to positivity (area under the curve) could be detected in small cohorts (n = 30). Potential biomarkers of mycobacterial immunity
were identified that correlated with shedding. Transcriptomic analysis uncovered dose- and time-dependent effects of BCG challenge
and identified a putative transcriptional TB protective signature. Furthermore, we identified immunologic and transcriptomal

differences that could represent an immune component underlying the observed higher rate of TB disease incidence in males.

Conclusions.

The safety, reactogenicity, and immunogenicity profiles indicate that this BCG human challenge model is feasible

for assessing in vivo TB immunity and could facilitate the vaccine development process.
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Despite intensive efforts in prevention and control, tuberculo-
sis (TB) remains a formidable public health challenge [1, 2].
The current TB vaccine—live attenuated Mycobacterium bovis
strain Bacillus Calmette-Guérin (BCG)—is the most widely
used vaccine in history, with >4 billion doses administered
since 1921 [2]. BCG is routinely administered to neonates to re-
duce the risk of TB meningitis, disseminated disease, and death
[3, 4]. However, BCG vaccine efficacy against pulmonary TB is
highly variable and often wanes over time, affording little to no
protection in adults [5].
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Several vaccine candidates have shown promise, and many
more are in the pipeline [6, 7]. However, the barriers for
vaccine development are significant [8]. Controlled human
infection models (CHIMs) have the potential to revolutionize
vaccine development by enabling researchers to quickly
evaluate new candidates in a relatively small number of
participants. By incorporating CHIMs early on, critical data
are obtained to inform development that ultimately accelerates
and derisks the process. In short, human participants are
intentionally challenged with an infectious organism in a
controlled setting and monitored over time for a variety of clin-
ical outcomes and immunologic endpoints. CHIMs have been
instrumental in bringing several vaccines to licensure [9-11].

CHIM studies may be particularly advantageous for TB
vaccine development since animal models fail to accurately
recapitulate disease and the human immunologic correlates
of protection have not been defined. However, deliberately in-
fecting healthy participants with virulent Mycobacterium tuber-
culosis (Mtb) is unethical; thus, alternative approaches must be
employed [12, 13]. Two TB human challenge models have been
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studied by using BCG as a surrogate for Mtb infection. Yet,
these models use invasive pulmonary procedures or cutaneous
punch biopsies [13, 14], are not amenable to serially sampling
participants, and provide only a snapshot of the immunologic
underpinnings of vaccinations. To address these limitations,
we describe a TB CHIM using BCG shedding at the vaccination
site as an inverse surrogate for levels of Mtb immunity present
during infection, with the potential for estimating early efficacy
of novel TB vaccines.

METHODS

Study NCT01868464 was approved by the institutional review
boards of Saint Louis University and Emory University and car-
ried out according to the principles of the Declaration of
Helsinki. Participants were fully informed of study procedures,
and they provided written consent. BCG-naive, healthy, male
and nonpregnant females aged 18 to 45 years were enrolled
in an open-label study (Supplementary Figure 1A). Those with
latent Mtb infections (ie, positive interferon y [IFN-y] release as-
says) were excluded. Participants received a single intradermal
injection of BCG TICE containing ~2 x 10° colony-forming
units (CFUs; a standard intradermal BCG maximal dose used
with many strains worldwide), 4 x 10°, 8 x 10°% or 16x 10°
(Supplementary Figure 1B). All participants returned to the re-
search clinics after BCG administration for assessment between
days 4 and 181. Swabs from the BCG challenge site and periph-
eral blood samples were collected to determine mycobacterial
loads as well as immune and transcriptomic responses. Full
methods are detailed in Supplementary Methods.

RESULTS

Safety and Reactogenicity of the CHIM for TB

To assess the feasibility of our human challenge model, 92
healthy adults were challenged with BCG TICE intradermally
(Supplementary Figure 1A). Participants in the first dose group
were administered a single dose of 2 X 10° CFUs of BCG; then,
the doses were doubled sequentially to a maximum of 16 x 10°
CFUs following assessment of safety and reactogenicity data
from previous dose groups and sentinels (Supplementary
Figure 1B). No treatment-related serious adverse events oc-
curred. In general, challenge with up to 8 X 10° CFUs of BCG
was well tolerated. Furthermore, severe lymphadenopathy, oste-
omyelitis, and disseminated infection were not observed. All
mycobacterial blood cultures collected on days 3 and 7 were neg-
ative, except for a single transiently positive result on day 3. As
shown in Figure 1, all participants developed injection site ery-
thema, induration, and pain or tenderness, and most developed
the expected local site ulcerations similar to those observed in
previous trials [15, 16]. Systemic reactions were mostly mild
to moderate. Only 9 of 92 participants (<10%) reported grade
3 injection site solicited adverse events, which increased in

frequency with dose escalation. One volunteer in the 4 x 10°
CFU group experienced at least 1 severe systemic solicited adverse
events (fever >39 °C; Supplementary Figure 2). The 16 x 10° CFU
group was terminated after 2 sentinel participants exhibited levels
of reactogenicity considered unacceptable by the study team and
Data Safety Monitoring Committee (and independent safety
monitor), which included severe injection site pain and the for-
mation of deep ulcers (Figure 1D). Together, these data indicate
that up to 8 x 10° CFUs can be safely administered.

BCG Shedding Is Positively Correlated With BCG Challenge Dose

We previously demonstrated that the size of ulcers or erythema
did not correlate with immunogenicity but that duration of ulcers
was inversely correlated with immunogenicity [15]. Here, we
quantified BCG shedding with 3 assays: quantitative polymerase
chain reaction (PCR), CFU plating, and MGIT time to positivity
(TTP). As expected, BCG shedding increased over time and then
decreased to baseline as lesions resolved (Figures 1 and 2). In ad-
dition, there was evidence for increased mean shedding with dose
escalation in all 3 assays. While all shedding endpoint analyses
gave similar results, the MGIT TTP was the most consistent
and precise (coefficient of variation <8%; Supplementary
Table 1). Pairwise assay correlations showed positive correlations
between CFUs and PCR and negative correlations between CFUs
or PCR and MGIT, as expected. The strongest correlations were
observed between MGIT and CFUs: r=-0.6894 for 2x 10°
CFUs of BCG, r=-0.7107 for 4x10°% and r=-0.7647 for
8% 10° In general, the highest correlations (>80%) were ob-
served between days 11 and 22 across all dose groups.

Several analytic methods were employed to compare shed-
ding among dose groups, including analyses of peak shedding,
proportion shedding, and area under the curve (AUC) over the
total shedding between 4 and 57 days postchallenge (Figure 2
and data not shown). Of the 3 methods, AUC analyses were
the most consistent in demonstrating a dose escalation effect,
likely due to its ability to capture the total pattern of BCG shed-
ding. This contrasts with measures at a single time point or di-
chotomous data, which do not reflect either the total shedding
or the overall magnitude of the response.

BCG Challenge Uncovers Serum Biomarkers for Mycobacterial Imnmunity
To determine whether BCG challenge induced inflammatory
responses that are associated with BCG shedding, we quantified
23 inflammatory markers in the serum. Multiple significant
geometric mean fold rises (GMFRs) were detected in erythro-
cyte sedimentation rate (ESR) and C-reactive protein (CRP)
as compared with baseline, with day 4 postchallenge having
the most consistent increases (Supplementary Table 2). ESR
and CRP were reproducibly increased, suggesting that these in-
flammatory markers detectable in whole blood may be useful as
more simplified endpoints in assessing in vivo immunity. For
the 21 inflammatory cytokines analyzed in the serum, the
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Central lesion type by day postdosing (days 4-57). Lesions were assessed in participants who received (4) 2 x 105, (B4 x 105, (€) 8 x 10%, or (D) 16 x 10° CFUs

of Bacillus Calmette-Guérin at each study visit postdosing. CFU, colony-forming unit.

Figure 1.

shedding AUC. Despite the significant increases in the GMFR

only significant GMFR increases detected were IFN-inducible

for ESR and CRP (Supplementary Table 2), these increases did

T-cell o chemoattractant and monocyte chemoattractant pro-

not correlate with BCG shedding endpoints (Supplementary
Table 3). Therefore, ESR and CRP may lack the fidelity to iden-
tify significant differences in BCG shedding in CHIM studies.
There were correlations among interleukins 2, 6, and 8. For ex-

tein lo. However, the magnitude of these increases was small

(GMFR <£1.222) and not observed in all volunteer groups, sug-

gesting that these inflammatory cytokines are unlikely to be

useful for detection of BCG challenge-induced inflammation

ample, at the 4 X 10° dose, levels of interleukin 8 in the serum
were positively correlated (r=0.439, P=.025) with the PCR

AUC, indicating that the cytokine may be a useful marker for

(Supplementary Table 2).

To test whether serum inflammatory responses could be used
as biomarkers of mycobacterial immunity, we analyzed the cor-

in vivo pathogen load (Supplementary Table 3). In contrast, at

relations between serum inflammatory markers and BCG
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Figure 2. BCG shedding at the challenge site is positively correlated with dose
escalation. Participants (n = 83) were enrolled and received 2 x 108 (black), 4 x 108
(red), or 8 x 10° (blue) CFUs of BCG intradermally on day 1. BCG shedding at the
challenge site was assessed by (4) gPCR, (B) CFUs, or (C) MGIT TTP, and results
from all swab specimen cultures are presented as geometric means over time.
BCG, Bacillus Calmette-Guérin; CFU, colony-forming unit; gPCR, quantitative poly-
merase chain reaction; TTP, time to positivity.

the 8 x 10° dose, levels of interleukins 2 and 6 in the serum were
negatively correlated with the CFU AUC (interleukin 6: r=-
0.383, P =.049). These results suggest that these latter cytokines
may be markers of protective immunity.

IFN-y Levels Are Positively Correlated With BCG Shedding
IFN-v is known to protect against Mtb and has been used as a
readout to evaluate the immunogenicity of new vaccine

candidates [16]. However, there is increasing evidence that dis-
crete levels of IFN-y are not tightly correlated with protective
TB immunity [16]. We stimulated peripheral blood mononu-
clear cells with Mtb lysate, Mtb culture filtrate, and live BCG
in IFN-y ELISPOT assays. IFN-y responses were significantly
increased postchallenge in a dose-dependent fashion
(Figure 3 and Supplementary Table 4). The PCR AUC showed
stronger correlations with IFN-y response than either the
MGIT TTP AUC or the CFU AUC, suggesting that nonviable
organisms detectable only by PCR may contribute significantly
to the magnitude of induction of IFN-y-producing T cells. Yet,
our data indicate that the levels of IFN-y and BCG shedding, as
measured by the MGIT TTP AUC, were negatively correlated.
These results indicate that in our model, IFN-y levels alone do
not predict protective immunity capable of suppressing in vivo
replication during a primary BCG response.

BCG Challenge Model Is a Feasible Approach to Assess TB Immunity
To evaluate the feasibility of this CHIM for studies of in vivo im-
munity induced by experimental TB vaccines, we performed
power calculations to determine whether a 50% reduction in
the AUC of BCG shedding could be identified between the vac-
cine and placebo groups. Based on the assumption that future
studies should be able to detect a 50% reduction in PCR AUC
by day 57 postchallenge (80% power and o =.05), with equal
variances in the placebo and vaccination groups and a 1:1 allo-
cation ratio, >400 participants per group would be required
(Figure 4A). Similarly, >200 participants per group would be re-
quired for the CFU AUC endpoint (Figure 4B). However, MGIT
TTP AUC days 4 to 57 had less variance than either the PCR or
CFU assay (Supplementary Table 1), and power curves were
generated by nonparametric Wilcoxon-Mann-Whitney tests,
assuming an equal SD between groups for a range of treatment
effects (Figure 4C). Based on the assumption of a large SD
(o =160), only 30 participants per group would be required to
detect a MGIT AUC 10% treatment effect (Figure 4C, dotted
line). Together, these data indicate that the MGIT TTP AUC
at the day 57 endpoint could be used to detect significant reduc-
tions in BCG shedding by comparing different groups of 30 par-
ticipants receiving different vaccines.

BCG Challenge Model Identifies Genes Correlated With BCG Shedding

To identify potential gene expression biomarkers of TB immuni-
ty, we analyzed whole blood transcriptomic responses on days 1
(prevaccination), 4, 8, 15, 29, and 43. We found 934 genes differ-
entially expressed (DE; at least 1.2-fold change and false discovery
rate-adjusted P <.05) at >1 time point for >1 challenge group
(Figure 5A, Supplementary Tables 5-8). Inspection of overall
mean fold changes per group for these 934 genes showed that
higher-challenge doses resulted in earlier peak mean log, fold
change responses (day 15 peak for 16 x 10° and 8 x 10° CFU
groups; day 29 peak for 4x10° and 2x10° CFU groups;
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Figure 3. IFN-y levels are positively correlated with increased doses of BCG in-

tradermal challenge. PBMCs were harvested from patients challenged with (4) 2 x
10 (black), (B) 4 x 108 (red), or (C) 8 x 10° (blue) CFUs of BCG, and the level of IFN-y
was quantified via ELISPOT assay following stimulation with Mycobacterium tuber-
culosis lysate. Open circles represent outliers. Boxes indicate the 25th and 75th per-
centiles, with the center line indicating the median. Whiskers extend to the 2.5th
and 97.5th percentiles. ***P < .001: statistically significant change from baseline
(Wilcoxon signed rank test). BCG, Bacillus Calmette-Guérin; CFU, colony-forming
unit; IFN-y, interferon y; PBMC, peripheral blood mononuclear cell; SFC, spot-
forming cell.

Figure 5A-C). All groups returned to prechallenge levels by day
43 (Figure 5B and 5D and Supplementary Figure 3).

On day 4, DE genes from the 4 x 10° and 8 X 10° CFU BCG
challenge groups were enriched in innate immune response path-
ways, including defense responses to virus, type I interferon
(Gene Ontology), and IFN-a/pB signaling pathways (Reactome;
Supplementary Tables 9-11). The strongest pathway-wide signals

were the hydrogen peroxide catabolic and metabolic pathways,
leukocyte migration, phagocytosis, and mitophagy, which are
all important pathogen elimination processes (Supplementary
Figure 2). Many of the hydrogen peroxide-related pathways
showed a dose response with earlier peak activation in the higher
challenge doses (Supplementary Figure 4). Activation of neutro-
phils, coagulation/complement cascades, and platelets were also
strongly induced across BCG challenge doses.

Our studies of correlations between DE genes and BCG
shedding responses identified some potential biomarkers of hu-
man responses capable of controlling in vivo mycobacterial
replication. Using elastic net-regularized linear regression,
we identified a subset of gene expression responses among
the 934 DE genes that best predicted mycobacterial shedding.
The best-fitting model based on the explained proportion of
variance was identified for MGIT TTP AUC results when
changes of 19 genes at day 8 were compared with prechallenge
(Figure 6, Supplementary Figure 5, and Supplementary
Table 12). Correlates with reduced AUC included changes in
NFIL3 (activator of T-cell interleukin 3 production), TRAV3
(increased with T-cell activation), and FKBP9 (important for
protein folding responses and T-cell proliferation), as well as
cell cycle genes BUBI, KIF14,and TUBA1C and a mitochondri-
al RNA gene (MRPS31P5; Figure 6B and 6C). These findings in-
dicated that early T-cell activation is important for control of in
vivo mycobacterial replication after BCG challenge. Time trend
analysis of these 19 genes indicated that timing to peak gene ex-
pression response was inversely related to challenge dose
(Figure 6D). This gene expression signature of protection will
need to be validated with future cohorts.

BCG Challenge Model Identifies Inmunogenicity and Transcriptomal
Differences Between Sexes

Sexual dimorphism has been identified as an important variable
in immunologic responses. Women develop stronger immune
responses to a range of antigens, and epidemiologic data
indicate that men have a 2- to 10-fold increased risk for active
TB disease [17, 18]. Therefore, we investigated whether sex af-
fected BCG shedding results. While both sexes showed an in-
crease in BCG shedding with dose escalation (Supplementary
Figure 6), males displayed significantly enhanced BCG shed-
ding in all 3 endpoint assays (MGIT and PCR, p<0.001 and
CFU, p<0.05, by MTP mixed model analysis), according to
pooled data across dose groups (Figure 7A, Supplementary
Figure 7). These results could represent an immune component
underlying the observed higher rate of TB disease incidence in
males and indicate that our new BCG challenge model may be
useful for identifying the specific biological differences that ex-
plain differential TB risks in men vs women.

To uncover the mechanisms driving the differences in the
magnitude of BCG shedding between males and females, we
identified DE genes on days 4, 8, 15, 29, and 43 by sex and
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Figure 4. Sample sizes required for implementation of BCG challenge model. Power analyses were performed to determine a reduction in the AUC of BCG shedding at day
57 postchallenge in participants who received an experimental tuberculosis vaccine vs placebo with a 1:1 allocation ratio, 80% power, and 2-sided a = .05. For (A) PCR and
(B) CFU assays, the means were calculated for a 50% reduction in BCG shedding, with the number of participants per group calculated as >500 and >250, respectively. For
the (C) MGIT assay, a 5%—20% increase in mean AUC was assumed (range, 1346—1538). Based on the AUC, the minimum number of participants per group needed to detect
a 10% change in TTP was 30. Notations: o = SD, N1 = sample size, u1 = mean AUC for placebo group, p2 = mean AUC for vaccinated group. AUC, area under the curve;
BCG, Bacillus Calmette-Guérin; CFU, colony-forming unit; PCR, polymerase chain reaction; TTP, time to positivity.

group, excluding the highest-dose group (Supplementary
Table 13). While transcriptomal analysis indicated that 1492
unique genes were differentially regulated following BCG chal-
lenge in whether by sex or group, only 232 of these were shared
between sexes (Figure 7B, Supplementary Table 14). Overall,
females had nearly 4.8 times more DE genes than males, indi-
cating broader activation (1492 vs 305 DE genes, respectively;
Supplementary Figure 8). Both sexes exhibited dose-dependent
trends with similar overall kinetics for the 2 highest-dose

groups (Supplementary Figure 9). However, pathway-wide me-
dian log, fold changes for activated innate immune response
showed differential
(Supplementary Figure 10). While both sexes generally had a
peak increase from baseline at day 29 for the 4 x 10° CFU
group, the earlier peak increase observed at day 15 for the

pathways profiles between sexes

8 x 10° CFU group was unique to females. This was observed
for of IFN-y signaling, phagosomes, the hydrogen peroxide cat-
abolic process, mitophagy, and platelets activation.
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DISCUSSION

Extensive data published over the past century support the safety
of BCG vaccines, including the TICE strain [19]. Although BCG
vaccination is considered safe, except for use in immunosup-
pressed persons, local reactogenicity frequently occurs, and
more serious rare events can also occur. While the usual dose
of BCG delivered intradermally ranges from 1 X 10° to 2-3 X
10° CFUs, we performed a dose escalation above these levels.
To mitigate the risk of adverse events, we dose escalated with

only 2-fold increases and included sentinels in doses >2 x 10°
CFUs. Overall, no major safety signals were identified except
for progressive local reactogenicity at the BCG challenge sites
with dose escalation. Local reactogenicity with doses <8 x 10°
CFUs was considered tolerable and justifiable for use in a chal-
lenge model to assess in vivo TB immunity in small groups.
Despite only 2-fold increases in the BCG challenge doses, all
3 endpoint assays showed significant dose escalation effects

(Figure 2, Supplementary Figure 7). BCG shedding was
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significantly increased in the 8 X 10° CFU group when compared
with the 2 x 10° CFU group in the overall analysis and when males
and females were analyzed separately. Higher levels of IFN-y were
induced by higher BCG challenge doses, but earlier IFN-y respons-
es were not associated with protection from BCG shedding
(Figure 3 and Supplementary Table 4). Finally, a dose effect was ev-
ident in the timing of peak DE genes between days 8 and 29 before
returning to prechallenge levels at day 43 (Figure 5B). These data
suggest that our BCG human challenge model has the capacity
to detect subtle differences in vaccine dosing in a variety of assays.

Clinical responses to BCG vaccination are highly variable
across participants [15, 19]. While most develop a transient
ulcerative lesion after receiving BCG, onset and timing of ulcer
drainage fluctuate greatly [15, 19]. This variability was also ob-
served in our study (Figure 1). AUC analyses better captured a
more accurate estimate of the entire spectrum of clinical respons-
es, with 90% to 100% of the total BCG shedding detected between
days 4 and 57. This contrasts with single measurements (peak
shedding) and dichotomous data that did not account for either
the total amount of shedding over time or the magnitude of the
response. AUC analyses were the most consistent for evaluating
dose escalation effects and differences in shedding between males
and females. Accordingly, future BCG challenge studies should
utilize the BCG shedding AUC for endpoint analyses.

Transcriptomics analysis showed dose-dependent timing to
peak gene expression activation, with the 2 higher doses achiev-
ing earlier peak responses as compared with the 2 lower doses
(day 15 vs 29). We also observed activation of pathways in-
volved in IFN-o/p signaling, hydrogen peroxide catabolism
and metabolism, leukocyte migration, phagocytosis, and mi-
tophagy—all important processes for pathogen elimination.

A similar dose-dependent effect was seen overall for
post-BCG DE genes shared by males and females. However,
for activation of several pathways, such as IFN-y signaling,
phagosomes, the hydrogen peroxide catabolic process, mitoph-
agy, and platelets, women achieved earlier activation after the
8 x 10° CFU dose. We hypothesize that women more rapidly
develop innate immune responses to mycobacterial challenge
involving phagocytes and secondary amplifiers. We identified
19 gene expression biomarkers whose changes at day 8 correlat-
ed with MGIT TTP AUQG, including several genes involved in
T-cell activation as well as cell cycle/cell proliferation. These
findings indicated that T-cell activation and proliferation
have important effects reducing overall BCG replication and
shedding. Interestingly, time trend analysis showed that peak
average gene expression response for all 19 genes was inversely
related to challenge dose, which may indicate that higher-
challenge doses induced stronger protective responses.

BCG vaccination in humans is known to provide at least 50%
protection against TB infection and pulmonary TB disease, as
well as 70% to 80% against TB meningitis and mortality [20].
However, it is currently not possible to provide early estimates

of efficacy for novel TB vaccines. This report represents the first
step in developing a BCG CHIM for this purpose. Our research
will focus on confirming that our model can detect BCG vac-
cine-induced immunity. We also need to determine the effects
of previous BCG in our model to identify its usefulness in as-
sessing enhanced immunity induced by novel vaccines in pop-
ulations already given standard infant BCG.

Remarkably, power analysis of the MGIT TTP AUC of BCG
shedding indicates that our BCG CHIM model can detect a 10%
treatment effect in cohorts with as few as 30 participants per group
(Figure 4). Since treatments that are <10% effective are unlikely to
be of interest for further clinical development, we propose that this
BCG challenge model is a powerful tool for rapidly evaluating new
methods for the prevention and treatment of TB.

CHIMs have been used since 1796 when Edward Jenner
reported inoculation of a young boy with cowpox to prevent
smallpox disease [21], and they have been applied to >25 human
pathogens, including malaria, influenza, cholera, and, most re-
cently, COVID-19 [21, 22]. While large clinical trials are needed
for licensure of new drugs or vaccines prior to receiving Food
and Drug Administration approval, CHIMs can provide an im-
portant intermediate step in the developmental process by al-
lowing candidates to be quickly triaged and by preventing
expenditures on projects that are unlikely to succeed [23].
Besides efficacy studies, CHIMs can be used to carefully study
attack rates, pathogenesis, incubation time, disease progression,
and correlates of protection since at baseline the host factors, the
timing of inoculation, and the precise dosing are known [24, 25].

A robust, accessible TB CHIM can be an indispensable tool to
combat this deadly disease. As described, implementing CHIMs
early in TB vaccine and drug pipelines will ensure that the most
promising candidates are selected for future development.
Additional applications of our TB CHIM include assessing the abil-
ity of novel vaccinations to induce systemic immunity, studying
the mechanisms for protective immunity, and understanding the
mechanisms by which women develop better immunity than
their male counterparts. While additional CHIMs will be needed to
assess mucosal immunity, our proof-of-concept study demonstrates
the potential feasibility and utility of this approach in the TB field.
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Infectious Diseases online (http:/jid.oxfordjournals.org/).
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