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Nonpathologic Infection of Macaques by an
Attenuated Mycobacterial Vaccine Is Not

Reactivated in the Setting of HIV Co-Infection
Taylor W. Foreman,*y Ashley V. Veatch,* Denae N. LoBato,* Peter J. Didier,* Lara A. Doyle-Meyers,* Kasi E. Russell-Lodrigue,*
Andrew A. Lackner,*y Konstantin G. Kousoulas,zx Shabaana A. Khader,{ Deepak Kaushal,*y and Smriti Mehra*zx
From the Tulane National Primate Research Center,* Covington, Louisiana; the Department of Microbiology and Immunology,y Tulane University School of
Medicine, New Orleans, Louisiana; the Center for Biomedical Research Excellencez and the Department of Pathobiological Sciences,x Louisiana State
University School of Veterinary Medicine, Baton Rouge, Louisiana; and the Department of Molecular Microbiology,{ Washington University School of
Medicine, St. Louis, Missouri
Accepted for publication
C

h

August 17, 2017.

Address correspondence to
Smriti Mehra, Ph.D., Louisiana
State University School of
Veterinary Medicine, Baton
Rouge, LA 70803; or Deepak
Kaushal, Ph.D., Tulane Na-
tional Primate Research Center,
18703 Three Rivers Rd., Cov-
ington, LA 70433. E-mail:
smehra@lsu.edu or dkaushal@
tulane.edu.
opyright ª 2017 American Society for Inve

ttps://doi.org/10.1016/j.ajpath.2017.08.014
Failure to replace Bacille Calmette-Guerin vaccines with efficacious anti-tuberculosis (TB) vaccines have
prompted outside-the-box thinking, including pulmonary vaccination to elicit local immunity. Inhala-
tionalMtbDsigH, a stress-responseeattenuated strain, protected against lethal TB in macaques. While live
mycobacterial vaccines show promising efficacy, HIV co-infection and the resulting immunodeficiency
prompts safety concerns about their use. We assessed the persistence and safety of MtbDsigH, delivered
directly to the lungs, in the setting of HIV co-infection. Macaques were aerosol-vaccinated withDsigH and
subsequently challenged with SIVmac239. Bronchoalveolar lavage and tissues were sampled for myco-
bacterial persistence, pathology, and immune correlates. Only 35% and 3.5% of lung samples were
positive for live bacilli and granulomas, respectively. Our results therefore suggest that the nonpathologic
infection of macaque lungs byDsigH was not reactivated by simian immunodeficiency virus, despite high
viral levels andmassive ablation of pulmonary CD4þ T cells. Protective pulmonary responses were retained,
including vaccine-induced bronchus-associated lymphoid tissue and CD8þ effector memory T cells.
Despite acute simian immunodeficiency virus infection, all animals remained asymptomatic of pulmonary
TB. These findings highlight the efficacy of mucosal vaccination via this attenuated strain and will guide
its further development to potentially combat TB in HIV-endemic areas. Our results also suggest that a lack
of pulmonary pathology is a key correlate of the safety of live mycobacterial vaccines. (Am J Pathol 2017,
187: 2811e2820; https://doi.org/10.1016/j.ajpath.2017.08.014)
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Mucosal vaccination is being considered as a viable alterna-
tive to the systemic route,1 especially for lung pathogens like
Mycobacterium tuberculosis (Mtb). Patients who undergo
pulmonary mucosal vaccination can benefit from the unique
physiology and the immune system in the lung. The respira-
tory system serves as the route of entry for numerous patho-
gens, which the lungs have evolved to contain by invoking
rapid innate responses. Large surface area provides the lungs
with greater probability for interaction with the pathogen.
Moreover, the mucosa in the airways and the parenchyma
contain dendritic cells, which can phagocytose Mtb for effi-
cient elicitation of adaptive responses via class I and II pre-
sentation.2 Antibodies are known to passively transfer
stigative Pathology. Published by Elsevier Inc
through the lung epithelium into the alveoli. Furthermore,
pulmonary immune cells can elicit the formation of
local bronchus-associated lymphoid tissue (BALT), the
presence of which is strongly correlated with natural3,4 or
. All rights reserved.
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vaccine-induced5 immunity to tuberculosis (TB), as well as to
HIV-induced reactivation of latent tuberculosis infection6 in
the human-like macaque model.7,8 Mucosal vaccination
against pulmonary infectious agents can result in the elicita-
tion of local, antigen-specific, as well as broad-spectrum B-
and T-cell responses, at the very site of the infection, resulting
in more efficient protection.

Live attenuated mycobacterial vaccines demonstrate prom-
ising efficacy in protecting against TB.9 Due to the presence of a
virtually complete array of antigens, such vaccines elicit a
breadth of immune responses not obtained by vector or protein-
subunit strategies, increasing the likelihood of protection.10 Live
vaccines can mimic natural infection through persistent anti-
genic stimulation, promoting stronger, long-lived immunity.
However, a balance must exist between the pathogenicity and
attenuation of the strain. Deletion various virulence pathways in
Mtb is likely to result in a reduction of infectivity, and arguably
someof thesemutationsmaygenerate the preferred combination
of persistence, immunogenicity, and nonpathogenicity.11e14

HIV remains endemic to the regions of high TB prevalence.
Bacille Calmette-Guerin (BCG), a live attenuated Mycobacte-
rium that is one of themost widely used vaccines in theworld, is
efficacious against severe forms of TB. However, BCG is con-
traindicated in individuals with impaired immunity, including
pregnant mothers and HIV-infected individuals.15 The realiza-
tion of a TB-freeworld is therefore contingent uponfinding safe,
novel, and efficacious replacements for BCG.16

TheWorldHealthOrganization recommends immunization
with BCG as soon as possible after birth in infants born in
endemic areas. Infants with symptomatic HIV disease are not
immunized with BCG due to significantly increased rates of
BCG-induced disease and the unknown efficacy of vacci-
natingHIV-infected infants17e19; however, it is recommended
that infants in whom AIDS has not developed or who might
subsequently become HIV infected still be vaccinated. The
risk for acquiring vaccine-induced disease poses a significant
problem for the implementation of novel live attenuated
mycobacterial vaccines; therefore, each vaccine candidate
must be tested for persistence and safety upon subsequentHIV
infection. There is currently only one new live attenuated
mycobacterial vaccine in clinical trials,20 while there are
multiple preclinical vaccines that have shown moderate to
strong protection and varying immunogenicity. The
MtbDsigH mutant induced a nonpathogenic infection in ma-
caques21 and pulmonary vaccination,with this strain protected
significantly against subsequent lethal challenge with homol-
ogous Mtb.5 We previously demonstrated that this protection
was strongly associated with the recruitment of central mem-
ory T (TCM) cells to the lung andwith the presence of vaccine-
inducedBALT.5While these resultswere highly promising for
clinical implementation of this live attenuated mycobacterial
vaccine, safety concerns were noted due to the vaccine strain
containing only a single gene deletion and possible persistence
of the bacteria in the vaccinated individual.

In the current study, we aerosol-vaccinated five macaques
with DsigH and subsequently infected each macaque with
2812
simian immunodeficiency virus (SIV).We hypothesized that if
DsigH was not adequately attenuated, some of the macaques
could potentially develop signs of TB disease, including
dissemination of bacilli and uncontrolled bacterial replication
in the lung, as have been replicated for BCG in this model.22

Materials and Methods

Macaques

Five mycobacteria-naive adult Indian rhesus macaques, bred
and housed at the Tulane National Primate Research Center
(TNPRC) and ranging from approximately 3 to 9 years in age
and 4.0 to 11.6 kg in weight, were aerosol-vaccinated, as
described earlier (for Mtb),5,6,21,23e29 to a high-dose [approxi-
mately 1000 colony-forming units (CFU) implanted] of DsigH
isogenic deletion mutant in the Mtb CDC1551 back-
ground.5,21,30,31 All macaques were exposed 9 weeks after
vaccination to 300 TCID50 of SIVmac239 administered intra-
venously in 1 mL saline, as described earlier.6,24 All animal
procedures were approved by the TNPRC Institutional Animal
Care and Use Committee and performed in strict accordance
with NIH guidelines.32 The TNPRC is accredited by the Asso-
ciation of Assessment and Accreditation of Laboratory Animal
Care aswell as by theUSDepartment ofAgriculture.Criteria for
euthanasia included presentation of four or more of the
following conditions: i) body temperatures consistently >2�C
above preinfection values for 3 or more weeks in a row; ii) 15%
ormore loss in bodyweight; iii) serumC-reactive protein (CRP)
values higher than 10 mg/mL for 3 or more consecutive weeks
(CRP is a marker for systemic inflammation that exhibits a high
degree of correlation with active TB in macaques8,24); iv) chest
radiographyTBpathology values higher than 2 on a scale of 0 to
4; v) dyspnea; vi) significant or complete loss of appetite; and
vii) detectable bacilli in bronchoalveolar lavage (BAL) samples.

Nonhuman Primate Sample Collection and Clinical
Procedures

Samples were collected before and after vaccination, as well as
after SIV infection. Chest radiographs were acquired before and
3weeks after vaccination and 1 and 7weeks after SIV infection,
as previously described.5,6,24,25,27,33,34 The chest radiographs
were scored by veterinary clinicians (L.A.D.-M. and K.E.R.-L.)
in a blinded fashion on a subjective scale of 0 to 4,with a score of
0 denoting normal lung and a score of 4 denoting severe
tuberculous pneumonia, as previously described.5 Before
vaccination, all five animals received a normal score of 0. Blood
was drawn before vaccination and then weekly thereafter for
measuring complete blood count and serum chemistry.24,25

Blood collected in EDTA tubes (Sarstedt AG & Co., Nüm-
brecht, Germany) was used for whole blood flow cytometry
using the panels as described earlier.5,25,27 BAL samples were
obtained, as previously described, before vaccination and again
at 3, 7, 11, and 14 weeks24,25 and then analyzed for CFU values
and flow cytometry.
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Vaccinated Animals

Animal Age, y Sex
Weight
prevaccination, kg

Tuberculin
skin test
prevaccination

KH76 2.8 Male 4.0 e
KF62 2.9 Male 4.1 e
GB13 9.5 Female 8.4 e
IM63 5.4 Male 11.0 e
JG35 4.4 Male 11.6 e
Means � SD 5.0 � 2.7 NA 7.8 � 3.6 NA

e, negative test result; NA, not applicable.

Attenuated TB Vaccine Is Safe in Lungs
Bacterial Burden and Pulmonary Pathology

Humane end points were predefined in the animal use protocol
and applied as a measure of reduction of discomfort.5 At nec-
ropsy, lung, spleen, and liver tissues were collected and pro-
cessed, as previously described, using two sections of
pulmonary tissue representing every lung lobe with at least one
sample5; CFU values were determined per gram of tis-
sue.3,5,6,21,24,25,27,33,34 Lung pathology at necropsy was deter-
mined as described earlier.6,25 TB pathologywas determined for
multiple sections in each lung and averaged for each animal in
the study. SIV-induced pathologywas reported per section, with
multiple sections analyzed per animal.6

Flow Cytometry

Flow cytometrywas performed onwhole blood,BAL, lung, and
bronchial lymph node samples from all animals, as previously
described.5,6,25,27 Briefly, cells were stained for 25 minutes on
ice with antibodies CD3 (SP34-2), CD4 (L200), CD8
(RPA-T8), CD28 (CD28.2), and CD95 (DX2) (all from BD
Biosciences, San Jose, CA) and washed twice with phosphate-
buffered saline containing 2% bovine serum albumin and
0.45% sodium azide then permeabilized with the BD Fix/Perm
Kit and stainedwithKi67 (B56) (both fromBDBiosciences) for
60 minutes on ice. Samples were fixed and acquired using a BD
LSRFortessa cell analyzer. Data were analyzed using FlowJo
software version 10.3 (Tree Star, Inc., Ashland, OR).

Immunohistochemistry Analysis

Fluorescent immunohistochemistry analysis, chromogenic
staining, and in situ hybridization were performed on formalin-
fixed, paraffin-embedded tissue as previously described.6,35

Briefly, antigen retrieval was performed on tissue slides and
stained with antibodies CD20 (L26), CD3 (polyclonal), and
CD68 (KP1) (all, Dako/Agilent Technologies, Glostrup,
Denmark) orCD163 (EDHu-1) (AbDSerotec,Kidlington,UK).
Statistical Analysis

All statistical comparisons were performed using a one-way
analysis of variance, t-test, or Pearson correlation analysis
in Prism software version 7.0b (GraphPad Software, Inc.,
The American Journal of Pathology - ajp.amjpathol.org
La Jolla, CA) as described earlier.5 All data are presented as
means � SEM.

Results

Clinical/Pulmonary Correlates of Mycobacterial
Infection in DsigH Vaccination and SIV Infection

Direct aerosolization of DsigH into the lungs of macaques
induced robust responses and impressive protection against le-
thal TB. Five macaques (Table 1) were therefore aerosol-
vaccinated with 1000 CFU of DsigH to test the safety of this
strain in the setting of HIV co-infection. This dose has been
shown to produce a nonpathogenic infection inmacaques and to
induce superlative protection upon subsequent lethal challenge
when used as a vaccine. The vaccinated animalswere allowed to
rest for 9 weeks before high-dose i.v. challenge with SIV. This
dose and route of SIV challenge are commonly used in HIV
research to study pathogenic infection in rhesus macaques. In
our experiment, this dose/route combinationmodeled acuteHIV
infection resulting in the rapid ablation of CD4þ T cells and
overall dysfunction of immune responses to Mtb.6 For com-
parison purposes, rhesus macaques latently infected with a low
dose (101 CFU) of Mtb CDC1551 and subsequently infected
with the same dose/route of SIV at the same time (9 weeks after
aerosol infection with Mtb) have been included in graphs
(Figures 1 and 2) to demonstrate SIV-induced reactivation ofTB
disease (co-infected group). The lower dose of Mtb in these
reactivated animals was chosen since 103 CFU ofwild-typeMtb
would lead to rapid death within 9 weeks. However, the low
dose establishes latent infection in these animals and allows the
study of reactivation by immunosuppression or SIV co-
infection.

Immediately after vaccination, all animals maintained or
gained weight (Figure 1A) and maintained temperature
(Figure 1B), as shown as percent change compared to pre-
infection (baseline) weight and temperature. One in five ani-
mals exhibited elevated CRP 1 week after vaccination, which
subsided by week 3, while the other four vaccinated animals
showed no increase in CRP for the entire study (Figure 1C).
None of the animals had lung pathology as assessed by chest
radiography 3 weeks after vaccination. Upon subsequent i.v.
challenge with a high dose of pathogenic SIV, all vaccinated
animals remained devoid of TB disease as evidenced by lack of
weight loss, minimal change in temperature, and no increase in
CRP (Figure 1, AeC). Conversely, co-infected animals
demonstrate reactivation disease as evidenced by progressive
weight loss, extensive pyrexia, and significantly elevated CRP
levels (Figure 1). Thoracic radiographs of these animals further
validated the lack of pulmonary disease in vaccinated animals
(Supplemental Figure S1).

Lung Bacterial Burden after SIV Infection

We next investigated whether DsigH persists in the lungs of
vaccinated macaques and whether infection with SIV would
2813
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Figure 1 Clinical and bacteriologic correlates of MtbDsigH vaccination and subsequent simian immunodeficiency virus (SIV) infection. Five Indian rhesus
macaques were vaccinated with 1000 CFU of MtbDsigH and challenged with a high dose of SIVmac239 at 9 weeks after vaccination. AeC: Comparisons of
percent weight loss (A), percentage of temperature increases (B), and C-reactive protein (C) in MtbDsigH-vaccinated animals (color) versus Mtb/SIV co-
infected animals (gray). Dotted lines indicate day of vaccination or SIV challenge. D: MtbDsigH bacilli present in the lung (in number per gram of tissue)
at the time of euthanasia, with multiple lung sections sampled per animal. EeG: Vaccine bacilli present in bronchoalveolar lavage (E), spleen (F), and kidney
(G). Data are expressed as means. *P < 0.05, ***P < 0.001, and ****P < 0.0001 using a t-test analyzing the mean values of all vaccinated animals versus
Mtb/SIV-co-infected animals. CRP, C-reactive protein.

Foreman et al
permit uncontrolled bacterial replication. Nine weeks after SIV
challenge, the animals were humanely euthanized and tissues
were extensively assessed for bacterial burden. From the 5
vaccinated animals, 13 of 20 lung sections testedwere devoid of
any detectable bacteria. Very low levels ofMtbDsigH could be
cultured from the lungs of vaccinated animals (100.86; mean, 7
bacilli/g of lung tissue) as compared to co-infected animals that
had a significantly higher bacterial burden (104.3; approximately
20,000 bacilli) (Figure 1D). To exclude potential skewing due to
sterile lobes, the mean bacterial burden of vaccinated animals
with only culturable bacteria was 102.47 or approximately 300
CFU. However, animals that are able to maintain control of
infection in a latent state have been found to have upward of
103.5 CFU. Furthermore, amean of 4 bacilli (100.62) permilliliter
of lavage fluid was recovered in BAL, while three animals had
no detectable bacilli (Figure 1E). In comparison, a mean of
10,000 bacilli (104.0) was recovered from Mtb/SIV co-infected
animals.6 These results are even more contrasting, since vacci-
nated animals received approximately 2-log (103) more
MtbDsigH bacilli than was used in Mtb/SIV co-infection (101)
with wild-typeMtb. Co-infection withMtb and HIV in humans
and macaques is characterized by extensive dissemination to
extrathoracic organs. However, DsigH-vaccinated animals had
no detectable bacilli in spleen or kidney (Figure 1, F and G).
These results demonstrate that while vaccination with DsigH is
largely sterilized, very fewbacilli persist and acute infectionwith
SIV does not generate a permissive environment for excessive
bacterial replication.
2814
Lung Pathology

As shown before, pathology induced by aerosol vaccination
with DsigH remained insignificant as determined by both gross
and histopathologic examination. Despite infection with SIV,
DsigH-vaccinated macaques maintained minimal pathology
(Supplemental Figure S2). Of 85 lung sections histopatho-
logically examined, only 3 sections (3.5%) revealed evidence
of granulomatous inflammation (Figure 2, AeE). Each of
these few granulomas were well-organized and lacked signif-
icant neutrophilic infiltrates. The severity of pulmonary
pathology is increased in co-infected macaques versus only
Mtb-infected animals, making macaques a good model of the
synergy between HIV and TB during co-infection. In vacci-
nated animals, however, interstitial pulmonary pathology
parametersdincluding vasculitis/lymphangitis (Figure 2, F
and G), septal thickening, type II pneumocyte hyperplasia,
accumulation of foamy alveolar macrophages, and lympho-
histiocytic perivasculitisdwere significantly reduced
compared to those in co-infected animals (Supplemental
Figure S2), suggesting that SIV-induced pathology was not
exacerbated in vaccinated animals.
Since diminished SIV replication could explain the lack of

severe SIV-induced pathology and subsequent effects on the
control of bacterial replication, we next assessed peripheral
viral loads in plasma. While there were no distinct differences
in peripheral viral loads during the entire study (Figure 2H),
differences in replication at the site of vaccination could
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Pulmonary pathology after MtbDsigH vaccination and simian immunodeficiency virus (SIV) infection. AeD: Hematoxylin and eosin staining of lung
sections from a representative animal showing an entire lung section (A), with boxed areas in A shown as enlarged images of consolidation (B), vaccine-induced
bronchus-associated lymphoid tissue (BALT) (C), and healthy lung tissue examples (D) corresponding to the boxed regions in A. E: Quantification of overall
pathology as percentage of lung involvement. Multiple lung sections per animal were scored and quantitatively compared with those from Mtb/SIVeco-infected
animals in total pathology score (F) and lymphangitis (G). H: Peripheral viral loads in vaccinated animals (color) and Mtb/SIVeco-infected animals (gray). Dotted
line indicates the time of SIV infection. I: In situ hybridization demonstrating the presence of SIV-infected CD3þ T cells in the lungs of vaccinated animals.
J: Enlarged inset image of an infected cell corresponding to the boxed area in I. Data are expressed as means � SEM (EeH). **P < 0.01, ***P < 0.001, and
****P < 0.0001 using a t-test analyzing the mean values of all vaccinated animals versus Mtb/SIVeco-infected animals. Scale bars: 100 mm (I); 5 mm (J).

Attenuated TB Vaccine Is Safe in Lungs
explain the reduced pathology. Mtb/SIV co-infected animals
with severe reactivation disease harbored SIV-infected cells in
the lung while animals that controlled reactivation were able to
minimize viral replication in the lung. These results indicate
that viral replication at the site of infection or vaccination can
act to inhibit immunity to the persistent bacteria. Permissive
viral replication in the lungs of co-infected animals likely
increased pathology and decreased immune control of latent
TB inMtb/SIV co-infected animals. Upon investigation, it was
observed that MtbDsigH-vaccinated animals harbored many
SIV-infected CD3þ T cells and a few CD68þCD163þ mac-
rophages (Figure 2, I and J, and Supplemental Figure S2).
Hence, in terms of the presence of SIV in the lungs, the
MtbDsigH-vaccinated animals resembledMtb/SIVeco-infected
animals that could not control latent infection. However, despite
The American Journal of Pathology - ajp.amjpathol.org
the presence of large numbers of SIV-infected cells in the lungs,
the MtbDsigH-vaccinated animals maintained minimal pathol-
ogy and immune control of the attenuated bacterial vaccine
despite productive viral replication in the lungs.

Systemic and Lung Immunity

We next studied the immune cells responding to both
vaccination and SIV infection in both whole blood
and in the lung via BAL. Vaccination with MtbDsigH
resulted in the rapid accumulation of both CD4þ and CD8þ

T cells in BAL (Figure 3A). We previously demonstrated
that CD4þ TCM cells rapidly respond to this vaccination
and correlate with strong protection upon lethal challenge.5

As validation, there was a significant increase in the
2815
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Figure 3 Correlates of cellular immune responses. A: Analysis of CD3þ lymphocytes found in bronchoalveolar lavage (BAL) throughout the study, demonstrating
decline in CD4þ T cells after simian immunodeficiency virus (SIV) infection at week 9. BeD: Absolute number of CD4þ T cells found in BAL (B), with example flow
plot of memory status (C) and absolute count of CD4þ central memory T (TCM) cells (D). E and F: Ki67þ-proliferating CD4þ TCM cells in BAL. Boxed areas indicate
Ki67þ cells (E). GeI: CD8þ T cells found in BAL, with example flow plot of CD8þ T-cell memory status (H) and absolute count of CD8þ effector memory T (TEM) cells
(I). J and K: Ki67þ-proliferating CD8þ TEM cells in BAL. Boxed areas indicate Ki67

þ cells (J). LeN: Representative flow plot of pulmonary lymphocytes at the time of
euthanasia demonstrating depletion of effector and CD4þ TCM cells (M) and effector CD8þ T-cell retention (N). OeQ: Percentages of CD4þ T cells (O) and CD8þ T
cells (P) in lung, bronchial lymph node (BrLN), and spleen, demonstrating the preservation of naïve (Th0) CD4þ T cells after SIV infection (Q). Data are expressed as
means � SEM (B, D, F, G, I, K, OeQ). *P < 0.05, **P < 0.01 using one-way analysis of variance with �Sídák correction. SSC, side scatter.

Foreman et al
number of (CD28þCD95þ) CD4þ TCM cells responding to
vaccination at week 7 and also exhibited rapid proliferation
after vaccination as marked by Ki67 positivity (Figure 3,
BeF). However, subsequent SIV infection resulted in the
rapid ablation of pulmonary CD4þ T cells (Figure 3, A and
B), resulting in a virtually complete loss of CD4þ TCM

cells (Figure 3D). Furthermore, CD8þ T cells responding
2816
to vaccination persisted after SIV infection and demon-
strated proliferation both after vaccination and subsequent
infection (Figure 3, GeK). While these differences were
apparent in BAL, comparison of CD4þ and CD8þ T cells
in whole blood showed no significant differences after
either vaccination or SIV infection (Supplemental
Figure S3).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Persistent vaccine-induced bronchus-associated lymphoid tissue (BALT). A: Chromogenic staining with CD20 (left panels) and the respective
hematoxylin and eosin staining (right panels) showing B-cell follicles in the lung at euthanasia. B: Immunohistochemistry analysis staining for CD20 B cells,
CD3 T cells, and nuclei, showing that T cells remain in BALT. C: Correlation analysis of the degree of BALT formation and the overall pathology score for each
lung section analyzed, demonstrating that BALT persists in areas of continued inflammation to maintain immune control of bacterial replication, analyzed
using the Pearson r correlation analysis. Data are expressed as correlation values. Scale bars: 100 mm (B, right); 25 mm (B, left).

Attenuated TB Vaccine Is Safe in Lungs
Wenext assessed the level ofCD4þT-cell depletion in tissues
at the time of euthanasia (Figure 3, L and N). The extent of
CD4þ T-cell depletion in lung was comparable to that in BAL;
however, relatively greater frequencies of CD4þ T cells per-
sisted in the bronchial lymph nodes (Figure 3, O and P). Ex-
amination of the memory status of the few remaining CD4þ T
cells demonstrated that these cells were primarily TCM or naïve
(Th0) cells (Figure 3Q). CD4þ cells that remained in the bron-
chial lymph nodes were also predominantly Th0. The CD8þ T
cells in lungwere primarily (CD28�CD95þ) effectormemory T
cells, indicating that CD8þ T cells likely compensate for the
absence of CD4þ T cells to facilitate the complete control of this
avirulentMycobacterium (Figure 3P).
Persistence of Bronchus-Associated Lymphoid Tissue

Presence of BALT strongly correlates with protection in
DsigH-vaccinated macaques after lethal challenge5 and also
correlates with protection from HIV-induced reactivation of
latent TB.6 BALT is also associatedwith the natural control of
Mtb infection in a latent state,4 whereas animals developing
active disease coincidentally lose granuloma-associated
BALT with neutrophilic influx.3 We therefore assessed the
persistence of vaccine-induced BALT despite the very min-
imal bacterial burden and ablation of CD4þ T cells after SIV
infection. While only 3.5% of the analyzed lung sections
contained evidence of granulomatous pathology, 84% of lung
The American Journal of Pathology - ajp.amjpathol.org
sections contained BALT (Figure 4). Chromogenic staining
of lung sections with CD20 demonstrated large organized
follicles persisted proximal to airways and the pulmonary
vasculature (Figure 4). Further assessment of CD3þ T cells
demonstrated colocalization of T cells in these lymphoid
follicles (Figure 4). The scored level of BALT persistence
strongly correlated with the amount of vaccine- and SIV-
induced pathology as assessed by pathologic scores for
each lung section (Figure 2F). The present findings support
previous work demonstrating that the induction of BALT by
DsigH vaccination correlates with reduced overall pathol-
ogy.5 Furthermore, the ability of BALT to persist for 17
weeks after vaccination, despite SIV infection and a lack of
significant antigen stimulation, indicates that mucosal
vaccination may drive long-lived tissue-specific immunity.

Discussion

Development of novel vaccination strategies for TB remains
a high priority and significant endeavor.16 Correlates of
natural immunity are incompletely defined due to the com-
plex nature of Mtb infection and the breadth of antigenic
responses elicited.36 Protection from active disease likely
involves various arms of the immune system acting in syn-
ergy to control infection.6,37,38 This protection is seen in the
approximately 90% of infected individuals able to maintain
infection in a latent state. Therefore, a TB vaccine eliciting
2817
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natural immunity through a resolved infection would be
ideal. Live attenuated mycobacteria may protect better than
either subunit or viral-vectorebased candidates due to their
broader antigenic repertoires, which can elicit an array of
immune responses mimicking natural immunity. Persistence
of live attenuated mycobacteria likely drives long-lived
memory immune responses through continual bacterial
stimulation and an almost complete array of mycobacterial
antigens. Mimicking natural infection may drive develop-
ment of both conventional and unconventional T cells, nat-
ural killer cells and innate lymphocytes, and B-cell responses
that include antibody production. The key is to identify
mutants unable to invoke pathogen-induced immunomodu-
latory pathways that hinder the ability of natural immunity to
sterilize infection. Mtb is constantly exposed to various types
of environmental stress during its life cycle and has become
dependent on stress-response factors. RNA polymerase s-H
factor (sigH) regulates a key stress-response module and the
DsigH mutant, a poor scavenger of oxidative stress, protects
against lethal TB. In this study, we sought to test the safety
profile of this leading preclinical, live attenuated vaccine that
is deficient in stress response and that demonstrated signifi-
cant protection upon lethal challenge.

It has been postulated that direct delivery of live attenu-
ated vaccines to the lung can elicit locally protective re-
sponses leading to a better control of infection.39e41 In
addition, this route can permit co-delivery of adjuvants.42

Direct delivery of BCG to the pulmonary compartment
improves protection against TB,41,43 including in the ma-
caque model.44 While vaccination with live attenuated
mycobacterial vaccines has yielded promising results, the
persistence that likely drives protective immune responses
also raises safety concerns regarding the extent of attenua-
tion. Despite the vast attenuation of the currently used
vaccine, BCG cannot be given to infants with symptomatic
HIV due to increased rates of dissemination. Recent data
from Sharpe et al45 suggest that direct delivery of BCG to
the lung may in fact elicit lesser pathology than the systemic
intradermal route, thus alleviating concerns about the safety
of mycobacterial vaccine strains delivered directly to the
lung. More data are however required before such strains
can be considered totally safe in lungs. The issues related to
safety and the potential infectivity of the live attenuated Mtb
strains are only heightened by the choice of the pulmonary,
relative to systemic, delivery. Therefore, due to the persis-
tence of the mycobacterial vaccine and the high endemicity
of HIV in areas in desperate need of an efficacious TB
vaccine, the attenuation of vaccine candidates must be tested
in individuals who subsequently become infected with HIV,
and they must be proven to be safe.

Using a macaque model of HIV co-infection (using SIV
as a surrogate),6,24 we first aerosol-vaccinated five
nonhuman primates with the live mycobacterial strain
DsigH and successively challenged them with i.v. patho-
genic SIV. Animals were monitored throughout the study
and euthanized at predetermined end points to determine
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whether the bacterial vaccine strain persisted or dissemi-
nated to extrathoracic organs. Here we demonstrate that
vaccinated macaques remain asymptomatic of tuberculous
disease throughout the study despite severe depletion of
CD4þ TCM cells and active replication of SIV in the lung.
Mtb/SIVeco-infected macaques that reactivate latent TB
disease were previously shown to have profound SIV6 and
TB-associated pathology,8 contain SIV-infected cells in
pulmonary granulomas, and were characterized by a lack of
BALT. If the mutant strain was not attenuated enough, we
hypothesized that vaccinated macaques would develop
symptoms comparable to Mtb/SIVeco-infected macaques.
However, our results demonstrate that the infection of

DsigH-vaccinated macaques with a high dose of pathogenic
SIV did not result in TB disease. None of these animals
exhibited any clinical, microbiological, or pathologic signs of
disease characterized in Mtb/SIVeco-infected macaques. A
majority of Mtb/SIVeco-infected macaques exhibit rapid
reactivation of latent tuberculosis infection characterized by
high bacterial burdens, significant extrapulmonary dissemina-
tion, and severe granulomatous pathology.6 However, bacilli
were barely detectable in the lungs and absent in extrap-
ulmonary tissues of DsigH-vaccinated/SIV-infected macaques.
It is important that we report bacterial burden data generated
by extensive sampling of the lung compartment, and from
every animal individually, and not as a whole group, which
would have averaged and masked some of the heterogeneity
observed in our experiments. While we could not include a
BCG/SIV co-infection experiment in our study design due to
some limitations, prior data indicate that BCG infection in
rhesus macaques can be reactivated by SIV co-infection.22

While the studies were performed at different times/sites and
used different (intradermal versus aerosol) routes, it appears
that DsigH may be more attenuated than BCG in rhesus ma-
caques. Another consideration is that rhesus macaques are
highly susceptible to mycobacteria, and far more than are
Chinese cynomolgus, and yet DsigH could not be reactivated.
Despite the significant ablation of CD4þ T cells caused

by SIV infection, vaccinated macaques were able to main-
tain control of bacterial replication. As seen inMtb/SIVeco-
infected macaques, both CD8þ T cells and B cells
contribute to improved clinical outcomes. Here we
demonstrate that in the absence of effective CD4þ T-cell
responses, CD8þ T cells and B cells are able to persist in the
lungs and maintain control of DsigH replication after SIV
infection. The current results reinforce the notion that pro-
tective immunity to Mtb infection is composed of multiple
layers, with CD8þ and B-cell responses playing critical
roles in the absence of CD4þ responses. A key feature of
reactivation of latent Mtb infection was the presence of SIV-
infected cells within pulmonary granulomas, whereas ani-
mals that retained control of infection were completely
devoid of the virus. Here, we report that substantial quan-
tities of the virus could be detected in the lungs of DsigH-
vaccinated animals and yet the control of mycobacterial
infection did not diminish.
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Attenuated TB Vaccine Is Safe in Lungs
Differential induction of immune responses to DsigH as
compared towild-typeMtb demonstrates thatmodulation of key
aspects of immunity occur in a SigH-dependent manner. BCG
may also modulate some aspects of host immunity; however, it
lacks the genomic segment RD1, which encompasses highly
immunogenicMtb antigens 6-kDa early secreted antigenic target
(ESAT-6) and10-kDa culturefiltrate protein (CFP-10), anddoes
not induce long-lived immunity.46 Vaccination with BCG and
subsequent SIV infection in cynomolgusmacaques resulted in a
number of animals developing tuberculous disease.22 In
contrast, our results demonstrate that DsigH vaccination does
not induce tuberculous disease upon acute viral challenge. The
virtual absence of disease in immunocompromised macaques
highlights that DsigH may be more attenuated than BCG, yet
retains a complete array of Mtb antigens and could serve as a
better anti-TB vaccine vector. It therefore appears that the
inability to sequester thiol-oxidative stress in the absence of the
SigH regulon drastically attenuates the Bacillus so that it is
rendered nonpathogenic to such an extent that a primary im-
munodeficiency does not hinder immune control. It remains to
be seen whether DsigH-vaccinated/SIV-infected animals will
develop TB disease if subsequently infected withMtb. This will
be a telling experiment, and if protection by DsigH solely de-
pends on B-cells/iBALT then it is possible that co-infected
macaques will still be protected. On the contrary, if high levels
of CD4þ TCM cells and TCM/effector memory CD8þ T cells
recruited to the lungs afterDsigH vaccination play a key role in
mediating protection, and if such cells are depleted and unable to
proliferate after SIV co-infection, then protection may be
compromised.

BCG remains the most widely used vaccine in the world
yet is contraindicated in a large population that is in most
need of an efficacious TB vaccine. Vaccination with live
attenuated mycobacterial vaccines results in superlative
protection as compared to subunit or viral vectorebased
candidates. However, live attenuated vaccines should not be
used in HIV-endemic areas until each candidate vaccine can
be proven safe in individuals with primary immunodefi-
ciencies. Vaccination with DsigH resulted in protection
comparable to or better than natural immunity, and results
from this current study demonstrate that DsigH is also safe
in immunocompromised macaques. Our results suggest that
live attenuated mycobacterial vaccines based on the DsigH
vehicle are likely to be both safe and efficacious.
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