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Background. The translation of preclinically promising novel tuberculosis vaccines to ultimate human applications has been

challenged by the lack of animal models with an immune system equivalent to the human immune system in its genetic diversity

and level of susceptibility to tuberculosis.
Methods.

We have developed a humanized mice (Hu-mice) tuberculosis model system to investigate the clinical relevance of a

novel virus-vectored (VV) tuberculosis vaccine administered via respiratory mucosal or parenteral route.

Results.

We find that V'V vaccine activates T cells in Hu-mice as it does in human vaccinees. The respiratory mucosal route for

delivery of VV vaccine in Hu-mice, but not the parenteral route, significantly reduces the humanlike lung tuberculosis outcomes in

a human T-cell-dependent manner.
Conclusions.

Our results suggest that the Hu-mouse can be used to predict the protective efficacy of novel tuberculosis vaccines/

strategies before they proceed to large, expensive human trials. This new vaccine testing system will facilitate the global pace of clin-

ical tuberculosis vaccine development.
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Tuberculosis is the leading infectious cause of mortality world-
wide [1]. The BCG vaccine, the only licensed tuberculosis vac-
cine, has been used globally for >6 decades but is suboptimal
against pulmonary tuberculosis [2]. Thus, there is a need to
develop novel tuberculosis vaccines and vaccination strategies
that can be used to replace the BCG vaccine or boost BCG-
induced protective immunity in the lung [3, 4].

Preclinical vaccine evaluation in conventional animal models
has helped screen for promising novel tuberculosis vaccines and
vaccination strategies, thus representing a critical step toward
clinical development [4-6]. However, humans are the sole
natural host of Mycobacterium tuberculosis, and their genetic
makeup, immune system, and anti-M. tuberculosis responses
are much different from those in other animal species [7]. As
a result, whether or not a promising tuberculosis vaccine may
improve tuberculosis protection in humans remains unknown
until the large costly efficacy trials are completed [8, 9].
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The most advanced novel tuberculosis vaccine, MVAS85A,
which has undergone the canonical preclinical and clinical
assessment process for >10 years, has been shown to provide
no enhanced protection in a human efficacy trial [7-10]. This
represents a long, resource-consuming journey of vaccine
assessment and has been one of the major bottlenecks in clin-
ical tuberculosis vaccine development. This situation empha-
sizes the development and application of novel and affordable
preclinical tuberculosis animal models. The humanized mouse
(Hu-mouse) model that closely recapitulates human immune
system has emerged as an attractive surrogate model system for
human infectious disease research [11-14]. Hu-mice are highly
susceptible to M. tuberculosis infection and generate humanlike
T-cell responses as well as immunopathologic lung tissue find-
ings seen in human tuberculosis [12, 13, 15]. However, their
value for evaluating novel tuberculosis vaccines and/or vaccina-
tion strategies has remained unexplored.

In the current study, we show the model of M. tuberculo-
sis-infected Hu-mice to be a suitable human surrogate for inter-
rogating the potency of novel tuberculosis vaccines/concepts.
Using this model, we find that a novel virus-vectored (VV)
tuberculosis vaccine, developed in our laboratory and with
recently completed phase I human studies, activates T cells in
Hu-mice as it does in human vaccinees [16, 17]. The respiratory
mucosal (RM) route for delivery of VV vaccine in Hu-mice, but
not the parenteral route, significantly reduces humanlike lung
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tuberculosis outcomes in a human T-cell-dependent manner.
This new vaccine testing system will facilitate the global pace of
clinical tuberculosis vaccine development.

MATERIALS AND METHODS

Detailed methods are provided in the online Supplement.

Generation of Hu-Mice
Humanized NOD-Rag1"!om [[2rgtIWil (NRG) mice were gen-
erated as described elsewhere [18] (Supplementary Figure S1).

Immunization of Hu-Mice

Hu-mice were immunized intranasally or intramuscularly
with AdHu5Ag85A [17, 19]. The BCG vaccine was prepared as
described elsewhere [20] and delivered subcutaneously.

Pulmonary Infection With M. tuberculosis

M. tuberculosis was prepared as described elsewhere [21].
Hu-mice were infected with M. tuberculosis via the respiratory
route.

Depletion of Human CD4* and CD8* T Cells

OKT-4 (100 pg) and OKT-8 (50 ug) monoclonal antibodies
were injected intraperitoneally to deplete human CD4" and
CD8* T cells [13].

Isolation of Mononuclear Cells

Peripheral blood mononuclear cells and bronchoalveolar
lavage, lung, and spleen specimens were obtained as described
elsewhere [19, 20].

Intracellular Cytokine Staining and Flow Cytometry

Intracellular cytokine staining was performed with T cells after
ex vivo stimulation with live BCG. Stained cells were acquired
on a LSR II cytometer, and data were analyzed using FlowJo
software version 10 (TreeStar, Ashland, OR, USA).

Measurement of Tuberculosis Disease Outcome Indices

Illness score, lung and spleen bacterial load, and lung acid-fast
bacilli, gross pathology, and histopathology scores were deter-
mined 4 weeks after M. tuberculosis infection [13, 22].

Immunohistochemical Visualization of Human CD4*, CD8*, and CD68*
Cells in Lungs

Immunohistochemical staining of human CD4, CD8, and CD68
was performed on deparaffinized sections by using anti-human
CD4, CD8, and CD68 monoclonal antibodies.

Statistical Analysis

Two-tailed Student ¢ tests for comparison between 2 groups and
1-way analysis of variance followed by post-test Tukey analysis
for multiple-group comparison were performed using GraphPad
Prism software. Results were considered significant for P values
<.05, and approaching significance for P values <.10 but >.05.

RESULTS

Reconstitution of Human Inmune Cells in Both Circulation and RM Tissue
of Hu-Mice

To generate Hu-mice for the current study, human cord blood
CD34-enriched hematopoietic stem cells were injected intra-
hepatically into sublethally irradiated newborn NRG mice
(Supplementary Figure S1). At 90-120 days after hematopoi-
etic stem cell injection, frequencies of human immune cells
in the peripheral blood and the lung were analyzed using flow
cytometry. Individual Hu-mice had varying frequencies of cir-
culating human CD45" leukocytes, human CD3* T cells, and
human CD14" monocytes/macrophages in peripheral blood
mononuclear cells (Supplementary Figure S2A). Their lung
mucosal tissues were also well populated by human-origin leu-
kocytes with >50% of human CD45* mononuclear cells being
CD3" and 10% being CD14" (Supplementary Figure S2B and
S2C). Immunohistochemistry of lung sections revealed abun-
dant human CD4" and CD8* T cells and human CD68" macro-
phages throughout the entire lung (Supplementary Figure S2D).
Thus, the Hu-mice used in this study demonstrate reconstitu-
tion of human immune cells not only in the circulation but also
in the respiratory mucosa.

Significantly Enhanced Protection Against Pulmonary Tuberculosis
Disease Outcomes by Parenteral BCG Immunization in Hu-Mice

With major immune cell composition characterized in
Hu-mice, as the first step we determined the potential value of
this model for testing the efficacy of novel tuberculosis vaccines
and concepts by parenteral delivery of BCG vaccine, the only
approved tuberculosis vaccine with well-evidenced but subopti-
mal lung protection [23]. Hu-mice were immunized subcutane-
ously with BCG vaccine for 4 weeks and subsequently infected
with M. tuberculosis. Compared with unimmunized animals,
BCG-immunized animals were significantly better protected,
as exemplified by improved illness scores (Supplementary
Figure S3), and significantly reduced M. tuberculosis burden
(Figure 1A and 1B), gross pathologic changes (Figure 1C), and
microscopic granulomatous lesions (Figure 1D) in the lung.
These data suggest that BCG vaccine, as a human vaccine and
when tested in Hu-mice, provides a degree of lung protection as
observed in humans, lending strong support to the value of this
humanized model for testing novel tuberculosis vaccines and
vaccination strategies.

Markedly Increased M. tuberculosis-Specific Human CD4* T-Cell
Responses in Hu-Mice Lungs After RM Immunization

To begin evaluating novel tuberculosis vaccines/strategies in
Hu-mice, we examined human T-cell responses after paren-
teral (intramuscular) or RM (intranasal) immunization with a
novel adenoviral-vectored (VV) vaccine expressing an immu-
nodominant M. tuberculosis antigen (Ag), Ag85A. Although
early-phase human studies have been completed for this
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Pulmonary tuberculosis disease outcomes in humanized mice (Hu-mice) immunized parenterally with BCG vaccine. Animals were infected with Mycobacterium

tuberculosis at 1 x 10* colony-forming units (CFUs) per animal via the pulmonary route at 4 weeks after BCG immunization and euthanized for assessment of tuberculosis
disease outcome indices 4 weeks after infection. A, Scatterplot comparing M. tuberculosis burden in the lung, assessed by CFU assay. B, Scatterplot (/eft) comparing
M. tuberculosis burden by scoring the density of acid-fast—stained M. tuberculosis bacilli and representative micrographs of acid-fast—stained (red) M. tuberculosis bacilli in
lung tissue sections. Scale bar indicates 50 pm. C, Scatterplots comparing gross lung pathology scores. D, Scatterplots of scores for microscopic histopathologic changes in
the lung and representative micrographs of lung sections stained with hematoxylin-eosin, comparing the extent of granulomatous lesions and necrosis. Scale bar represents
1 mm. Horizontal lines in all scatterplots represent median values. Data are representatives of 2 independent experiments, with 4 animals per unimmunized group and 5

animals per BCG vaccine group.

promising VV vaccine [16, 17], whether it enhances protection
in humans remains completely unknown. Thus, 4 weeks after
parenteral and RM immunization, quantities of Ag-specific
cytokine-producing CD4* and CD8" T cells were analyzed in
bronchoalveolar lavage, lung, and spleen specimens. We found
that animals immunized via both routes lacked T cells in the
airway (Supplementary Figure S4A). Total T-cell numbers in
the lung and spleen did not differ significantly between par-
enterally and RM-immunized animals (Supplementary Figure
S4B and $40).

Immunization induced a predominantly M. tuberculosis Ag—
specific CD4* T-cell response in the lung (Figure 2A) and spleen
(Figure 2B), compared with negligible CD8* T-cell responses
(Supplementary Figure S5A and S5B). In contrast, unimmu-
nized Hu-mice lacked Ag-specific T cells (Supplementary
Figure S6). Compared with parenteral immunization, RM
immunization induced significantly greater Ag-specific CD4*
T-cell responses in the lung parenchyma, particularly interferon

(IFN) y* CD4" T-cell responses (Figure 2A). On the other hand,
parenteral immunization seemed to induce more Ag-specific
interleukin 2 (IL-2)* CD4* T cells in the spleen (Figure 2B).

Because T cells that coexpress multiple cytokines have been
implicated in protection, we examined the polyfunctionality
of Ag-specific CD4* T cells. The majority of RM immuniza-
tion-induced CD4* T cells in the lung were polyfunctional,
coexpressing IFN-y, tumor necrosis factor (TNF) a, and IL-2
(red) (Figure 2C) or IFN-y and TNF-a in the spleen (yel-
low) (Figure 2D), in contrast to predominantly monofunc-
tional counterparts with parenteral immunization (Figure 2C
and 2D). These data indicate that although VV tuberculosis
immunization can engage human cells in Hu-mice to induce
Ag-specific T-cell responses, RM immunization induces much
stronger polyfunctional T-cell responses in the lung than par-
enteral immunization. These data show inducible antituber-
culosis T cells caused by VV immunization in Hu-mice before
M. tuberculosis exposure.
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Figure 2. Characterization of Mycobacterium tuberculosis antigen (Ag)-specific polyfunctional human CD4* T-cell responses after viral-vectored (VV) immunization. 4,
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Markedly Increased Secondary M. tuberculosis-Specific Human T-Cell
Responses to Pulmonary M. tuberculosis Infection in RM-lmmunized
Hu-Mice

We next investigated to what extent such Ag-experienced
human T cells could respond to pulmonary M. tuberculosis
infection, because the secondary T-cell responses in the lung
are key to tuberculosis protection. Contrary to the lack of air-
way T cells before M. tuberculosis infection (Supplementary
Figure S4A), total CD4* T cells were recruited to the airways of
animals immunized either parenterally (intramuscularly) or via
the RM (intranasally) within 6 days after M. tuberculosis infec-
tion (Figure 3A). However, compared with those immunized
parenterally, infected animals immunized via the RM route had
significantly more total CD4" T cells in the airways (Figure 3A)
and, importantly, greater frequencies (Figure 3B) and numbers
(Figure 3C) of M. tuberculosis Ag-specific IFN-y*, TNF-a*, or
IL-2* CD4" T cells in the airways. Polyfunctional profiles of

airway M. tuberculosis Ag-specific CD4" T cells were similar
for the 2 immunization routes (Figure 3D).

As in the airways, RM-immunized animals also had signifi-
cantly more M. tuberculosis Ag-specific, particularly IL-2*, CD4*
T cells in their lung parenchyma, with more animals responding
highly to infection, compared with parenterally immunized ani-
mals (Figure 4A). Contrary to the lack of CD8" T-cell responses
before infection (Supplementary Figure S5A), M. tuberculosis
Ag-specific CD8" T-cell responses in the lung were increased in
both parenterally and RM-immunized animals (Figure 4B). In
contrast to those in the airway, CD4" T cells in the lung paren-
chyma of RM-immunized animals became monofunctional
after infection (Figure 4C), after being polyfunctional before
infection (Figure 2C). Lung CD8" T cells in these animals were
also mostly monofunctional (Figure 4D). These data suggest that
VV vaccine—activated human T cells can respond well to pul-
monary M. tuberculosis exposure. RM-immunized animals have
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Figure 3. Secondary Mycobacterium tuberculosis antigen (Ag)-specific human T-cell responses in the airway to pulmonary M. tuberculosis infection. A, Scatterplot show-
ing numbers of total CD4* T cells recruited to the airways (bronchoalveolar lavage [BAL] specimen) at 6 days after pulmonary M. tuberculosis infection (5 x 10° colony-forming
units [CFUs] per animal) in humanized mice (Hu-mice) immunized parenterally (intramuscularly) or through the respiratory mucosa (intranasally). B, Representative dot plots
showing frequencies (means with standard errors of the mean) of M. tuberculosis Ag—specific interferon (IFN) y*, tumor necrosis factor (TNF) a.*, and interleukin 2 (IL-2)* CD4*
T cells among total CD4* T cells in the airways of animals immunized intramuscularly or intranasally after pulmonary M. tuberculosis infection. C, Scatterplot showing num-
bers of M. tuberculosis Ag—specific cytokine-producing CD4* T cells in the airways of animals immunized intramuscularly or intranasally after M. tuberculosis infection. [, Pie
charts comparing average proportions of M. tuberculosis Ag—specific CD4* T cells expressing a single cytokine or a combination of 2 or 3 cytokines in the airways (BAL spec-
imen) of animals immunized intramuscularly or intranasally. Horizontal lines in Aand Crepresent median values. Data are from a single experiment with 3 animals per group.
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Figure 4. Secondary respiratory mucosal Mycobacterium tuberculosis antigen (Ag)-specific human T-cell responses in the lung parenchyma to pulmonary M. tuberculosis
infection. A, B, Scatterplots showing numbers of M. tuberculosis Ag—specific cytokine-producing CD4* (A) and CD8* (B) T cells in the lung parenchyma of animals immunized
intramuscularly or intranasally 6 days after pulmonary M. tuberculosis infection (5 x 10° colony-forming units per animal). C, D, Pie charts comparing average proportions of
M. tuberculosis Ag—specific CD4* T (C) or CD8* (D) T cells expressing a single cytokine or a combination of 2 or 3 cytokines in the lung parenchyma of animals immunized
intramuscularly or intranasally. Horizontal lines in A and B represent the median values. Data are representative of 2 independent experiments, with 6 animals in the intra-

muscular and 5 in the intranasal immunization group.

much greater and qualitatively different T-cell responses com-
pared with their parenterally immunized counterparts.

Robust Secondary Human T-Cell Responses to Pulmonary M. tuberculosis
Infection in RM-Immunized but Not Unimmunized Hu-Mice
Thus far, we have demonstrated the superiority of RM immuniza-
tion, compared with parenteral immunization, in human T-cell
responses before and after M. tuberculosis exposure. To further
examine the potency and establish a key role of RM immuni-
zation in the observed secondary T-cell responses in Hu-mice,
we set up independent experiments to compare secondary T-cell
responses in the lungs of RM-immunized Hu-mice with those in
their unimmunized counterparts after pulmonary M. tubercu-
losis exposure. M. tuberculosis infection alone in unimmunized
Hu-mice failed to induce any Ag-specific cytokine-producing
CD4" or CD8" T-cell responses in either the airways (Figure 5A)
or the lungs (Figure 5B) 6 days after M. tuberculosis exposure.
The same held true in the spleen (Figure 5C).

In stark contrast, RM-immunized animals generated robust,
rapid secondary M. tuberculosis Ag-specific CD4" and CD8*

T-cell responses, with significantly increased IFN-y*, TNF-a*,
or IL-2* CD4" and CD8" T cells seen not only in the airways
and lung of RM-immunized animals, but also in a distal tis-
sue site, the spleen (Figure 5A-5C). These data lend further
evidence that VV-based RM immunization robustly activates
human T cells capable of rapid secondary responses to pulmo-
nary M. tuberculosis infection in Hu-mice.

Markedly Improved T-Cell-Dependent Antituberculosis Imnmune
Protection by RM Immuni-zation in Hu-Mice

Next, to investigate whether VV vaccine-activated antitubercu-
losis human T cells could improve protection against pulmo-
nary M. tuberculosis infection, we assessed a set of tuberculosis
disease outcomes, including illness scores, lung M. tuberculo-
sis bacillary burden, and lung macroscopic and microscopic
pathologic changes. Compared with findings in unimmunized
animals, both RM (intranasal) and parenteral (intramuscular)
immunization routes reduced illness scores after M. tuberculosis
infection, RM immunization the most significantly (Figure 6A).
In keeping with this finding, RM-immunized animals had
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significantly reduced M. tuberculosis burden in the lung, as
assessed by M. tuberculosis colony-forming unit (CFU) assay
(Figure 6B), accompanied by decreased acid-fast-stained bacilli
in the lung (Figure 6C and Supplementary Figure S7).

In contrast, the M. tuberculosis burdens in the lungs of par-
enterally immunized animals were unreduced, being as high as
in unimmunized controls, about 8 log CFUs (Figure 6B and 6C
and Supplementary Figure S7). Such magnitude of infection in
Hu-mice was 2 logs higher than the usual levels of infection in the
lung of conventional unimmunized mice, indicating their high
sensitivity to M. tuberculosis, as in humans. Macroscopically,
compared with large and smaller nodules visible on the lungs
of unimmunized and parenterally immunized animals, respec-
tively, the smallest lung nodules were seen in RM-immunized
animals (Figure 6D). Microscopically, the lungs of unimmu-
nized animals displayed extensive granulomatous tuberculosis
lesions, characterized by solidification, giant mononuclear cell
formation, and necrosis (Figure 7A and 7B), resembling many
aspects of human tuberculosis. Consistent with much-reduced
gross pathologic changes, the lungs of RM-immunized ani-
mals had the most significantly reduced granulomatous lesions
(Figure 7B). With immunohistochemistry, human CD4*/CD8*
T cells and human CD68" macrophages were visualized within

and at the periphery of small granulomas in RM-immunized
animals (Supplementary Figure S8).

Because T cells are critical to antituberculosis immunity in
humans [24-26] and RM VYV vaccine-activated Ag-specific T
cells (Figure 2) robustly responded to M. tuberculosis exposure
in the lung (Figures 3-5), we determined the role of vaccine-in-
duced human T cells in markedly improved protection by RM
VV immunization. To this end, CD4* and CD8* T cells were
depleted in RM-immunized animals 1 week before M. tuber-
culosis infection, with human CD4*/CD8" T-cell-depleting
monoclonal antibodies administered twice (100 and 50 ug
per animal for anti-CD4 and anti-CD8, respectively), 2 days
apart. Compared with T-cell-competent RM-immunized ani-
mals, T-cell depletion significantly worsened the initially RM
VV vaccine-improved tuberculosis disease outcomes to lev-
els close to those seen either in unimmunized or parenterally
(intramuscularly) immunized animals, including illness, lung
CFU and acid-fast-stained bacilli scores, and macroscopic
and microscopic granulomatous lesions (Figure 6 and 7 and
Supplementary Figure S7).

Together, the above data indicate that the Hu-mouse is a
highly susceptible humanlike model for stringent tuberculosis
vaccine testing. The novel RM VV immunization strategy, but
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Figure 6.

Pulmonary tuberculosis disease outcomes in immunized humanized mice (Hu-mice) and the requirement of vaccine-induced immunity for protection. A, Scatterplot

comparing illness scores of unimmunized animals, animals immunized parenterally (intramuscularly) or via the respiratory mucosa (intranasally), and animal immunized intra-
nasally and depleted of human CD4+and CD8* T cells (T-depleted). All animals were infected with Mycobacterium tuberculosis (1 x 10* colony-forming units [CFUs] per animal)
via the pulmonary route 4 weeks after viral-vectored immunization and euthanized for assessment of tuberculosis disease outcome indices 4 weeks after infection. Iliness

scoring was carried out using a rating model in which 0 indicated no symptoms; 1, mild p

iloerection; 2, marked piloerection and reduced activity; 3, hunched and less active;

and 4, lethargic. B, Scatterplot comparing M. tuberculosis burden in the lung, assessed by CFU assay. C, Scatterplot comparing M. tuberculosis burden by scoring the density
of acid-fast—stained M. tuberculosis bacilli (AFB). D, Representative lung lobes showing the degree of gross pathologic change, indicated by the size and the number of

tuberculosis lesion nodules. Scale bar represents 5 mm. Scatterplot compares gross lung

pathology scores. Horizontal lines in all scatterplots represent median values. Data

presented in A, C, and Dare pooled from 2 independent experiments, with the indicated number of animals per group. Data in Bare pooled from 3 independent experiments,

with the indicated number of animals per group.

not parenteral immunization, can significantly improve lung
tuberculosis protection in a human T-cell-dependent manner.

DISCUSSION

A major challenge the tuberculosis vaccine field faces is that
the knowledge from conventional animal models is of lit-
tle value in predicting the efficacy in humans. s a result, the
protective efficacy of a promising vaccine in humans remains
unknown until costly clinical efficacy trials are completed
[8-10]. Indeed, although extensive preclinical studies have
demonstrated the efficacy of a novel tuberculosis vaccine,
MVAS5A, it has been shown to be ineffective in infants or
adults with human immunodeficiency virus infection [7-9,
27, 28]. It is now recognized that the gap between humans
and conventional animal models in genetics, M. tuberculosis
susceptibility, tuberculosis disease outcomes, and immune
responses to vaccination severely diminishes the value of

such animal models for predicting vaccine efficacy in humans
[7, 8, 28]. Therefore, besides efforts to improve tuberculosis
vaccines, there is a need to develop novel, affordable animal
models amenable to efficacy prediction in humans (http://
pipelinereport.org/2016/tb-prevention).

The current study provides evidence that Hu-mice represent
a viable solution for this challenge. We have used Hu-mice as a
surrogate human M. tuberculosis challenge model to evaluate
the efficacy of a novel VV tuberculosis vaccine, AdHu5Ag85A,
and a new RM vaccination paradigm. To date, this vaccine has
completed a range of preclinical evaluation [19, 29-32] and ear-
ly-phase human studies [16, 17], but its protective efficacy is still
unknown. Although the RM tuberculosis vaccination concept
has been shown to be promising in humans [33], its human effi-
cacy is still unknown, despite a study by Jeyanathan et al [29]
showing its superiority over parenteral route in a more clinically
relevant nonhuman primate (NHP) model.
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Figure 7. Pulmonary tuberculosis histopathologic findings in immunized humanized mice (Hu-mice). Unimmunized animals, animals immunized parenterally (intramus-
cularly) or via the respiratory mucosa (intranasally), and animals immunized intranasally and depleted of human CD4* and CD8* T cells (T-depleted) were infected with
Mycobacterium tuberculosis (1 x 10* colony-forming units per animal) via the pulmonary route 4 weeks after viral-vectored immunization and euthanized 4 weeks after
infection. A, Representative micrographs of lung sections stained with hematoxylin—eosin, comparing the extent of granulomatous lesions and necrosis. Scale bar represents
1 mm. B, Scatterplot comparing the scores of microscopic histopathologic changes in the lung. Horizontal lines in B represent the median values, and data in B are pooled

from 2 independent experiments with the indicated number of animals per group.

In the current study, we showed that this model system reca-
pitulates not only the high susceptibility to M. tuberculosis and
tuberculosis disease outcomes in humans but also the charac-
teristics of human T-cell responses to AdHu5Ag85A vaccine in
humans, as reported in a phase I trial by Smaill et al [17]. With
the efficacy of BCG vaccine validated in Hu-mice as demon-
strated in humans [23], we tested the efficacy of AdHu5Ag85A
in this model and showed RM immunization to be superior to
parenteral route in markedly improving tuberculosis disease
outcomes. We also demonstrate that improved protection by
RM immunization in Hu-mice is mediated by human T cells.
Our conclusion is in basic agreement with earlier findings in
the NHP model [29].

The strength of our study is the provision of a small animal
system with much lessened ethical and financial constraints
that is still equipped with the major human immune cells, for
more reliable prediction of protective efficacy by a novel tuber-
culosis vaccine and/or vaccination concept in humans [6, 11].
We believe this to be an imperative step forward in tubercu-
losis vaccine development. Presently, it takes 10-15 years and

enormous resources to complete all preclinical and clinical
studies before the human efficacy of a vaccine is known [9,
34]. With such a small animal-based humanized model as the
one currently available, the global pace of clinical tuberculosis
vaccine development may be expedited. Thus, further study
could be discouraged for any promising tuberculosis vaccines/
immunization concepts that failed to activate human T cells and
significantly enhance lung protection (http://pipelinereport.
org/2016/tb-prevention).

M. tuberculosis is a highly human-adapted pathogen and fails
to elicit the same type of infection, pathologic, and immune
responses in many conventional animal models as it does in
humans [6, 19, 32]. As a result, the mycobacterial load (typi-
cally reduced by >0.5 log CFUs) is used as the main readout for
protective efficacy, rather than disease prevention, the ultimate
protective readout in humans [9]. A handful of studies have
reported the validity of Hu-mice to model humanlike tuber-
culosis disease outcomes [12, 13, 15, 35]. However, the value
of Hu-mice for evaluations of novel tuberculosis vaccines has
remained unexplored.
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Detailed evaluation of vaccine-activated human T-cell sub-
sets before and after M. tuberculosis challenge reveals a human
T-cell activation profile in our model to be similar to that in
humans, as reported in the phase I trial of this vaccine [17], a
profile poorly reflected in murine models [19]. VV parenteral
immunization in trial participants led to a predominant CD4*
T-cell response. Similarly, immunization in Hu-mice also led
to predominantly antimycobacterial CD4* T-cell responses.
Furthermore, the polyfunctional property of CD4" T cells was
also comparable between Hu-mice and the trial participants. In
comparison, antimycobacterial CD4" T cells were hardly detect-
able in AdHu5Ag85A-immunized conventional mice [19].

The T-cell response to pulmonary M. tuberculosis infection
is known to be much delayed compared with that to other
respiratory pathogens in conventional animal models [24-26,
36, 37]. Although there are limited data from human studies,
much-delayed tuberculin skin test conversion in M. tubercu-
losis—exposed humans suggests that M. tuberculosis-specific
T-cell responses are delayed in humans as well [38]. Indeed, in
our current study, the unimmunized Hu-mice failed to produce
human T-cell responses in the lung and spleen for at least 6 days
after M. tuberculosis exposure. Because the early events leading
to delayed T-cell responses in humans remain to be understood,
the Hu-mouse model can be used to dissect the mechanisms.

In contrast to unimmunized or parenterally immunized
Hu-mice, potent Ag-specific human CD4" T-cell responses in
the lung were present and rapidly increased in RM-immunized
Hu-mice before and after M. tuberculosis exposure, respec-
tively. Such accelerated T-cell responses were correlated with
improved tuberculosis disease outcomes in RM-immunized
Hu-mice. Parenteral immunization reduced illness scores but
not bacterial burden or disease in the lung. These findings sug-
gest that parenteral immunization strategy might induce tissue
tolerance but not resistance to M. tuberculosis, further support-
ing our conclusion that RM immunization provides superior
protection compared with a parenteral route.

Mounting evidence has highlighted the critical dependence
of vaccine-induced T-cell responses at the lung mucosa for
protection [4, 19, 20, 33, 39-41], and the requirement of T
cells for host defense against tuberculosis in humans has been
well established [24, 26]. The protective role of human T cells
is also demonstrated for VV in RM-immunized Hu-mice, as
evidenced in the current study by abrogation of otherwise pro-
tective immunity on human T-cell depletion. Because the lung
is the entry site for M. tuberculosis [42], our findings strongly
support RM immunization as a new strategy for tuberculosis
prevention in humans. In NHPs and humans, tuberculosis is
characterized by lung granuloma formation [43]. However, the
conventional mouse models do not reflect the key features of
tuberculosis granuloma in NHP or human lungs [6, 19].

We show in the current study that lung tuberculosis gran-
uloma in infected Hu-mice recapitulates that in NHPs and

humans, as evidenced by necrotic granulomas that are resided
by macrophages and surrounded by CD4* T cells, and to a
lesser extent by CD8* T cells. Moreover, acid-fast staining of M.
tuberculosis bacilli occurred nearly exclusively within granulo-
mas. However, because murine radioresistant immune cells and
lung stromal cells are present in Hu-mice, further studies are
required to determine potential limitations of Hu-mice model
in reflecting human lung tuberculosis granulomas.

Currently, the protective correlates still remain elusive [5-7,
36]. Our data suggest that M. tuberculosis Ag-specific CD4" T
cells in the lung before and after M. tuberculosis infection might
be a reliable protective correlate that deserves further investiga-
tion in humans. Rapidly emerging Ag-specific human CD4* T
cells in the airways of RM-immunized Hu-mice after infection
were characterized by TNF-a monofunctionality, and to a lesser
extent TNF-a and IFN-y bifunctionality with minimal IL-2 pro-
duction, resembling effector or effector memory CD4* T cells
[44]. In contrast to the airway findings, there was a marked
increase in monofunctional IL-2-producing Ag-specific CD4" T
cells in the lungs of RM-immunized Hu-mice after M. tubercu-
losis infection. These cells thus resembled long-lasting memory
CD4" T cells with proliferative capacity indicating establishment
of central memory Ag-specific CD4" T cells by RM immuniza-
tion [45, 46]. Facilitated by our Hu-mouse model with easy acces-
sibility to various organs, further “-omic” characterization of T
cells will allow biological correlates of protection to be identified.

In conclusion, we show for the first time that the Hu-mouse
model can be used as a surrogate human model to evaluate the
efficacy of novel tuberculosis vaccines/concepts before they
proceed to large human trials. This new vaccine testing system
will facilitate the global pace of clinical tuberculosis vaccine
development and immune protective correlate identification.
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