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Abstract

Tuberculosis (TB) remains a world-wide public health threat. Development of a more effective
vaccination strategy to prevent pulmonary TB, the most common and contagious form of the
disease, is a research priority for international TB control. A key to reaching this goal is improved
understanding of the mechanisms of local immunity to Mycobacterium tuberculosis (Mtb), the
causative organism of TB. In this study, we evaluated global Mib-induced gene expression in
airway immune cells obtained by bronchoalveolar lavage (BAL) of individuals with latent
tuberculosis infection (LTBI) and Mtb-naive controls. In prior studies, we demonstrated that BAL
cells from LTBI individuals display substantial enrichment for Mb-responsive CD4+ T cells
compared to matched peripheral blood samples. We therefore specifically assessed the impact of
depletion of CD4+ and CD8+ T cells on Mtb-induced BAL cell gene expression in LTBI. Our
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studies identified 12 canonical pathways and a 47-gene signature that was both sensitive and
specific for the contribution of CD4+ T cells to local recall responses to Mib. In contrast, depletion
of CD8+ cells did not identify any genes that fit our strict criteria for inclusion in this signature.
Although BAL CD4+ T cells in LTBI displayed polyfunctionality, the observed gene signature
predominantly reflected the impact of IFNy production on a wide range of host immune
responses. These findings provide a standard for comparison of the efficacy of standard BCG
vaccination as well as novel TB vaccines now in development at impacting the initial response to
re-exposure to Mtb in the human lung.

INTRODUCTION

Tuberculosis (TB) remains a major threat to international public health, with recent
estimates indicating that over 1.5 million individuals die each year from the disease [1].
Mycobacterium tuberculosis (Mth) the causative organism of TB, is transmitted through the
inhalation of infectious droplet particles, which, if they effectively evade non-specific host
defenses, establish initial infection within the lungs. Most often, infected individuals develop
antigen-specific immunity which serves to contain, but not fully eliminate viable Mtb
organisms [2]. Current vaccination against Mtb uses the attenuated M. bovis strain BCG,
which is typically administered via intradermal injection to newborns. Although BCG
vaccination helps prevent the development of disseminated tuberculosis (TB) in very young
children, it is not proven to prevent the development of active pulmonary TB, which is the
most common, most contagious, and mostly deadly form of the disease [3-5]. Multiple
candidate tuberculosis vaccines are currently in development [6], but their evaluation in
human subjects is hampered by the lack of clear immunologic correlates of protection that
may indicate which prospective vaccines are most promising for advancing into large-scale
clinical trials [7-8]. However, multiple vaccine studies in animals have emphasized the
importance of localization of immune responses to the lung in outcomes following
subsequent respiratory Mtb exposure [9-12].

We have previously reported various assessments of local pulmonary immune responses in
otherwise healthy individuals with latent tuberculosis infection (LTBI) who were not
previously vaccinated with BCG [13-15]. These individuals represent a human population in
whom the development of mycobacterial-specific immunity developed following natural
respiratory infection with Mitb. We presumed that the immune responses of these individuals
would demonstrate local enrichment for Mtb-responsive T cells within the lung and, indeed,
we found that CD4+ T cells capable of IFN-ygg production in response to stimulation with
purified protein derivative of Mtb (PPD) were approximately 50-fold more frequent in cells
from baseline bronchoalveolar lavage (BAL) in these individuals than in their peripheral
blood. Further, localization of these memory cells to the lung allowed for rapid in vivo
production of IFN-y-inducible chemokines capable of mediating recruitment of additional
cells into the airways in response to bronchoscopic PPD challenge [14].

Prior studies have indicated the importance of early localization of antigen-specific CD4+ T
cells to the lung in vaccine-induced immunity to Mitb [16-18]. Subsequent studies more
specifically indicated a role for multi-functional CD4+ T-cells capable of producing IFN-y,
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IL-2 and/or TNFa in optimizing immunity within the airways [19-21]. In addition, despite
the key role of Thl-associated immunity in protecting against TB, other CD4+ T cell
populations (notably Th17 cells) as well as CD8+ T cells have been implicated as
contributing to protection as well [22-26]. These observations led us to undertake a more
comprehensive approach to evaluating the impact of localized T-cell subsets in the recall
responses of individuals with LTBI. We hypothesized that Mrb-responsive CD4+ T cells,
while comprising less than 1% of all cells in baseline BAL of LTBI subjects, nevertheless
have a dominant impact on global Mt6-induced gene expression of airway immune cells.
Our studies involved /n vitro infection of unsorted BAL cells from LTBI subjects, as well as
BAL cells from which CD4+ or CD8+ T cells had been depleted, in microarray-based
assessments of global Mtb-induced gene expression by immune cells from the first site of
Mitb re-exposure, the airways. Our findings were compared to those observed in Mtb
infection of BAL cells from Mtb-naive control subjects. In making these assessments, we
sought to identify a CD4+ T-cell dependent BAL cell gene expression signature of LTBI that
may provide a basis for comparison with local airway immune responses induced using
various immunization strategies. To clarify the potential contributions of various CD4+ T-
cell cytokines to this signature, we also evaluated production of IFNvy, IL-2, TNFa, and
IL-17 from supernatants of BAL cells cultured in medium alone or infected /n vitro with
Mib for these gene-expression studies. In addition, we utilized intracellular cytokine staining
for these same cytokines to evaluate the polyfunctionality of BAL CD4+ T cells in LTBI.
Our findings provide a comprehensive evaluation of the ability of memory CD4+ T cells of
the distal airways to contribute to initial recall responses to respiratory re-exposure to Mtb;
they also provide a basis for comparison of these responses in recipients of standard 1D
vaccination with BCG as well as in individuals who are immunized via novel routes or with
newly developed prospective TB vaccines.

MATERIALS AND METHODS

Subjects

Eligibility for research bronchoscopy was based on age 18-50, non-smoking status, and lack
of other significant medical problems including asthma or other chronic respiratory disease,
cardiac disease, or ongoing use of systemic immunosuppressive agents for any reason. LTBI
subjects were self-identified on the basis of prior positive PPD skin test or QuantiFERON
TB Gold In-Tube (QFN-GIT) blood test. Subjects with a history of BCG vaccination were
excluded. Each subject underwent both skin-testing and QuantiFERON testing for study
purposes. All 11 LTBI subjects had positive skin-test responses to PPD (using criteria of 10
mm or more of induration). Of these, 9 also had positive QuantiFERON testing. Given the
lack of BCG vaccination in our cohort and the known frequency of discordant skin-test and
IGRA results [27], subjects were not excluded based on negative QuantiFERON testing
alone. No LTBI subjects had a prior history of active TB or of any symptoms suggestive of
current disease, such as cough, night sweats, fevers, or weight loss. All underwent chest x-
rays that showed no evidence for active TB. The status of Mrb-naive control subjects was
also confirmed by negative responses (0 mm induration) to PPD skin testing.
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All protocols involving human subjects were approved by the Institutional Board of Review
of Case Western Reserve University and University Hospitals Cleveland Medical Center and
of the Louis Stokes Cleveland Department of Veterans’ Affairs Medical Center.

Collection and processing of bronchoalveolar lavage (BAL) cells

All bronchoscopies were performed in the Dahms Clinical Research Unit (DCRU) at
University Hospitals Cleveland Medical Center as previously described [14]. BAL samples
were obtained by instillation and subsequent withdrawal of up to eight 30 mL aliquots of
pre-warmed buffered saline. Recovered BAL fluid was placed on ice for transport to the
laboratory. Samples were aliquoted into 50 ml polypropylene tubes and immediately
centrifuged at 2000 RPM (480 x g) for 10 minutes. BAL cells were stained and counted
using a hemocytometer.

Cell preparation

Infections

BAL cells were prepared for infection as unsorted samples, and following depletion of
CDA4+ or CD8+ T-cells. For T-cell subset depletion, BAL cells were incubated with
magnetized EasySep antibodies (CD4 #18052, CD8 #18053 StemCell Technologies,
Cambridge MA) and collected following passage through EasySep magnet using EasySep
human cell depletion protocols. Following depletion, flow cytometry was used to confirm
the efficacy of T-cell depletion; samples were not used in further studies unless removal of at
least 90% of the targeted T-cell subset was achieved. Due to limitations of cell numbers and
significant cell loss during depletion procedures, CD4+ and CD8+ T cells could not always
be depleted in parallel from the same samples.

Following counting, unsorted and T-cell depleted BAL samples were resuspended in 4 ml of
IMDM with 30% autologous serum (AS) and 1% penicillin G and aliquoted into sterile
screw-topped microfuge tubes (Sarstedt, #72.692.005, Newton, NC) with at least 1e6 cells
per tube. Frozen stocks of virulent Mtb strain H37Rv (#NR-123, BElresources, Manassas
VVA) were thawed and prepared for infection by vortexing with sterile glass beads followed
by centrifugation to remove clumped bacteria. After re-suspension in 30% autologous
serum/IMDM/penicillin, infections were performed using a 3:1 bacteria-to-cell ratio as
previously described [28]. For uninfected control samples, initial culture medium was
replaced with 30% autologous serum/IMDM/penicillin alone. After 2 hours of incubation,
microfuge tubes were centrifuged at 2000 RPM (480 x g). Supernatants were discarded
(removing non-phagocytosed organisms from infected samples) and cell pellets were
resuspended in 1 ml IMDM with 10% AS and 1% PCN. Cells were then incubated at 37°C
in a 5% CO» incubator. Twenty-four hours later, all tubes were again centrifuged.
Supernatants were removed and frozen for later use in assessing Mtb-induced cytokine
production (below). Cell pellets were fast-frozen by placing microfuge tubes in dry ice for 5
minutes prior to transfer to —80 storage until use in RNA preparation.
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Sample preparation and performance of microarrays

Batched frozen cell pellets were lysed with mirVana buffer (# AM1560, ThermoFisher
Scientific, Waltham MA), mRNA isolated and cDNA synthesized according to mirVana
protocols. Samples were run on Affymetrix Human Genome U133 plus 2.0 arrays
(ThermoFisher Scientific)

Assessment of Mtb-induced BAL cell cytokine production

Cytokine concentrations if BAL culture supernatants were assessed using the Human
Magnetic Luminex Assay reagents for simultaneous assessment of concentrations of IFN-y,
IL-2, TNFa and IL-17 (R&D Systems, Minneapolis, MN). Standard curves for each
cytokine (in duplicate) were generated by using the reference cytokine concentrations
supplied in this kit. Samples were analyzed using the Luminex 100 IS Multiplex Bio-Assay
Analyzer (Bio-Rad Laboratories, Hercules, CA). Statistical analysis of unsorted and T-cell
depleted samples utilized paired t-tests as performed in Prism 7.0 (GraphPad Software, San
Diego CA)

Assessment of BAL T-cell polyfunctionality

In separate experiments, BAL cells from individuals with LTBI were utilized in assays of
cytokine production using intracellular cytokine staining. Cells were incubated with medium
alone or purified protein derivative of Mtb (PPD, 10 ug/ml, Staten Serum Institut,
Copenhagen, Denmark). After an initial 2-hr incubation at 37°C, 20 ug/ml Brefeldin A
(#347688; BD Biosciences, San Diego CA) was added to each tube. All samples were then
further incubated overnight at 37°C for a total of 24 h of stimulation.

The next morning, cells were incubated with live/dead aqua and with a surface staining
antibody cocktail of CD14 Qdot 655, CD27 Qdot605, CD45RA PE-Texas red
(ThermoFisher), CD3 PerCP, CD4 APC-Cy7 (Biolegend, San Diego CA) and CCR7 PE-Cy7
(BD Biosciences). Samples were then washed, fixed, and permeabilized with BD Cyotfix/
Cytoperm for ICS using IFNy AF700, IL-2 APC, TNFa Pacific Blue, and IL-17 PE
(Biolegend). Samples were again washed and resuspended in 1% paraformaldehyde for data
acquisition on an LSR-11 flow cytometer (BD Biosciences). Analysis was based on cytokine
production by live CD4+ effector memory T cells (Tgpn) based on lymphocyte gate singlets
and gating on the CD14-, CD3+, CD4+, CD45RA-, CCR7- population using Boolean
analysis of Flow Jo (Tree Star) and Simplified Presentation of Incredibly Complex
Evaluations (SPICE, Mario Roederer, NIAID, Bethesda, MD) to assess polyfunctionality
[29].

Statistical and functional analysis of gene expression data

Power analysis and sample size calculations—Power analyses and sample size
calculations for microarray studies were based on controlling the False Discovery Rate
(FDR) as previously described [30-35] and detailed in Supplemental Figure 1.

Pre-filtering, Normalization, Variance Stabilization and Correction for
Normality—As detailed in Supplemental Figure 2, preprocessing issues upstream of the
statistical analyses were addressed through the use of implementations and algorithms
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available from the R project, a platform for statistical computing and visualization that is
freely available to academic users through the the Comprehensive R Archive Network
(CRAN) consortium (http://cran.r-project.org/). The dataset of measured intensities was
corrected for global normalization, variance-stabilization and normality using our previously
described “Joint Adaptive Mean-Variance Regularization’ procedure [35] as implemented in
our R package ‘MVR’ [36].

Bayesian ANOVA Differential Expression Analyses—Assessment of differential
expression of MRNA probesets utilized a Bayesian hierarchical model and called “Bayesian
ANOVA?” as currently implemented as a R package ‘spikeslab’, and as a stand-alone Java-
based software Bayesian Analysis of Microarray (BAM), freely available to academic users
(www.bamarray.com), also detailed in Supplemental Figure 2 [37—42]. Further analysis was
based on an absolute Z-cut value of 2.5 for each data set. Supplemental Figure 2 also
includes M-shaped scatter plots of gene expression for each study group; these are
comparable to volcano plots used to display probabilities in methods of p-value based
methods of analysis.

Pathway and Network Analyses—All functional analysis of the interactions of
differentially-expressed genes utilized Ingenuity Pathway Analysis software (https://
www.giagenbioinformatics.com/products/ingenuity-pathway-analysis/, QIAGEN Silicon
Valley, Redwood City, CA, USA). For “Pathways Analysis”, metabolic and signaling
pathways were determined by first matching our lists of significantly up- or down-regulated
genes (MRNA probesets) to uniqgue HUGO gene symbols, then by comparing the abundance
of these unique HUGO gene symbols with those in the 320 Ingenuity canonical metabolic
and signaling pathways (as of Q4 2017). Ingenuity proprietary algorithms were used to build
gene-gene interaction networks based on the connectivity of our lists of differentially
expressed genes. The p-values of significant canonical pathways and networks were
computed using right-tailed Fisher exact test probabilities and scores represented as the
negative log of the calculated p-values. In this approach, only over-represented pathways and
networks (i.e., those that have more molecules than expected by chance) are significant.
Functional comparison analyses between our datasets were based on heatmaps of p-value
statistics of the identified Canonical Pathways. To account for multiple hypothesis testing,
multiple inference corrections were made using the Benjamini-Hochberg (B-H) method
[30]. In this approach, B-H adjusted p-values represent an upper bound for the expected
fraction of falsely rejected null hypotheses among all tests with p-values smaller than a
certain level (usually a = 0.05); the chosen p-value therefore corresponds directly to the rate
of false positives findings calculated to be significant (i.e., the False Discovery Rate or
FDR). Agreement between networks as assessed in the various study conditions was
assessed using the Intraclass Correlation Coefficient (ICC) [43-45]. Here, the ICC and
derived F~test p-values were derived to assess the consistency or agreement between any two
experimental contrasts (/CC ratings) of observed Z-cuts values on genes/nodes (/CC units)
in a given gene-interaction network/graph of an experimental contrast (/CC group).
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RESULTS

BAL cell parameters of LTBI and Mtb naive subjects

The basic BAL cell parameters for LTBI and Mtb-naive subjects are compared in Table 1.
Consistent with previous reports [13, 46], no differences between the two groups were
observed with regard to total BAL cell numbers or differential counts. Of specific interest for
our subsequent depletion studies, there were no significant differences in the percentage of
lymphocytes or in the CD4:CD8 T-cell ratios of BAL from LTBI and Mtb-naive subjects.

Mtb-induced BAL cell gene expression in LTBI and Mtb-naive controls

Due to limitations of cell numbers, it was not always possible to perform depletions of both
CD4+ and CD8+ T-cells on each BAL sample. Accordingly, we did not have CD8 depletion
data for all subjects in whom CD4+ T-cell depletion was performed; likewise, not all CD4+
and CD8+ T-cell depletion data was matched. Each dataset was therefore evaluated
separately and compared independently to findings observed in BAL cells from Mtb-naive
subjects. The microarray data analyzed in this manuscript has been uploaded to the Gene
Expression Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/) and are listed as
reference series GSE134566.

Lists of BAL cell genes found to be differentially expressed in response to Mtb infection are
provided in Supplemental Table I. In studies of unsorted BAL samples from which paired
CDA4+ depleted samples were evaluated (n=11), Mib infection resulted in significant changes
in expression of 469 unique annotated genes (327 upregulated, 142 downregulated,
Supplmental Table 1A). Mtb-induced gene expression in unsorted BAL cells from the
studies that involved CD8 depletion yielded similar results, with significant changes being
observed for 427 genes (235 upregulated, 192 downregulated, Supplemental Table 1B),
whereas in Mtb naive subjects (n=6), differential expression was observed for 287 genes
(171 upregulated, 116 downregulated, Table Supplemental Table 1C)

Canonical pathways

Using IPA analysis of the gene lists noted above, canonical pathways associated with Mtb
infection of unsorted BAL cells from LTBI individuals were evaluated. Using a stringent
criteria of p-value <0.001 (ie, -log p>3), 51 canonical pathways were identified (Table II).
The impact of CD4 T-cell depletion was expressed as the change in significance of
identification of these pathways. Specifically, based on the criteria of change in p-value of >
2 logs, the significance of 34 of the 51 pathways (67%) was reduced in CD4-depleted
samples. In terms of the general profile of CD4+ T cell function in these samples, it was
notable that following CD4 depletion there was a marked decline in the significance of
several pathways in which IFNvy plays a substantial role (“interferon signaling”, *“crosstalk
between dendritic cells and natural killer cells”, “Th1 pathway”, “Th1 and Th2 activation
pathway, antigen presentation pathway”, “activation of IRF by cytosolic pattern recognition
receptors”, “iNOS signaling”, “allograft rejection signaling”, and “role of JAK1, JAK2 and
TYK2 in interferon signaling”, Figure 1A). In contrast, the threshold of a 2-log decline in p-
value following CD4 depletion was not reached for any of several IL-17 associated pathways
identified; to the contrary, the significance of three of these pathways (“role of IL17F in
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inflammatory airway disease” and “role of IL17A signaling in fibroblasts” and “IL-17
signaling™) actually increased following depletion (1B).

Expression of the 34 pathways in which the 2-log decline in significance was observed
following CD4 depletion from LTBI BAL was then compared to that observed in the Mib-
induced gene expression responses of BAL cells from Mtb-naive subjects (Figure 2A). For
12 of the 34 pathways for which CD4 depletion in LTBI subjects resulted in a decline in p-
value of >2 logs following CD4 depletion in LTBI individuals, pathway p-values were also
>2 logs lower in Mtb-naive than LTBI subjects (Figure 2B). We therefore viewed these 12
pathways as being most significant for the impact of resident BAL CD4+ T cells in creating
a unique signature of BAL cell immune memory to Mtb.

Parallel evaluation of studies involving depletion of CD8+ T cells from BAL of LTBI
subjects revealed 6 pathways which fit both conditions of displaying a reduction of pathway
p-value by > 2 logs following CD8 depletion as compared to unsorted BAL cells in LTBI,
and a > 2 log difference between pathway expression in unsorted BAL cells of LTBI and
Mitb-naive control subjects. Of these 6 pathways, 4 were common to those impacted by
CD4-depletion (“Allograft rejection signaling”, “Antigen presentation pathway”, “Crosstalk
between dendritic cells and Natural Killer cells”, and “Protein ubiquitination pathway”),
whereas 2 were uniquely identified within the CD8 depletion studies (“Autoimmune thyroid
disease signaling” and “T helper cell differentiation”, data not shown).

Gene signatures

The twelve CD4-associated and six CD8-associated pathways identified by the criteria stated
above were then scrutinized further in terms of specific genes for which in vitro Mt
infection induced changes in gene expression in LTBI subjects. Again, we sought a specific
pattern of genes for which i) expression was significant in unsorted BAL cells from LTBI
individuals, ii) p-values were reduced by > 2 logs following CD4 depletion, and iii) p-values
were also at least 2 logs lower in unsorted BAL cells of Mtb-naive individuals than in those
of LTBI subjects. Of 68 differentially-expressed genes in the CD4-associated pathways, a set
of 47 genes fulfilled these criteria, as detailed in Table I11. In contrast, none of the 31 genes
identified in the CD8-associated pathways met these criteria (not shown). The 47 genes
identified in Table 111 therefore comprise the CD4+ T-cell mediated signature of Mtb-
induced gene expression in BAL cells of individuals with LTBI. A summary of the major
functions of the products of the genes represented in this signature is provided in
Supplemental Table S2. In addition to the anticipated inclusion of many genes involved in
Th1l-associated cell-mediated immunity, it was notable that 9 of the 47 genes of this
signature (19%) are primarily characterized as being associated with anti-viral immune
responses, of which several are noted specifically as components of immunity to influenza.
Further, despite the IFN-y-dependence of many of the signature genes, they do not cluster
into a limited number of processes, but rather reflect the pleiotropic impact of IFN-y,
particularly on multiple aspects of host immunity.
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Upstream regulators

Because limited BAL cell numbers prevented us from assessing Mt6-induced gene
expression at multiple timepoints, we utilized IPA to review “upstream regulators” within
the expression profiles observed within the varying conditions detailed above. Here we again
made this assessment based on changes in the -log (adjusted p-value) in comparisons of
unsorted BAL cells from LTBI subjects with those of T-cell depleted BAL in LTBI and
unsorted BAL cells of Mtb-naive subjects. In CD4 depletion studies, 75 upstream regulators
identified within unsorted BAL cells in LTBI were found to be less significant by at least 2
logs in both CD4-depleted BAL cells of these same subjects and in unsorted BAL cells of
Mitb-naive subjects. Seventy-three upstream regulators were identified by these same criteria
in studies of CD8 depletion. In both comparisons, upstream regulators associated with type |
interferons were prominent; these accounted for 30 of the 75 identified regulators in CD4
depletion studies and 31 of 73 regulators identified in the CD8 depletion studies. As is
consistent with the greater impact of CD4 depletion on overall Mtb-induced BAL cell gene
expression, the change in p-values of these regulators was generally substantially greater
with depletion of CD4+ T cells than CD8+ T cells (Figure 3). Of the non-type | IFN
associated upstream regulators (as based on decrease in significance with T-cell depletion),
greater diversity was observed between the impact of CD4 and CD8 depletion; however, the
change in p-value associated with CD4 depletion remained markedly greater than that
observed with CD8 depletion, as detailed in Table IV.

Clustering analysis

The 47 genes of the CD4+ T-cell mediated signature of Mré-induced gene expression in
BAL cells of individuals with LTBI were arranged by hierarchical clustering using the
average or complete linkage method; the number of significant clusters (K) was determined
by the Gap Statistic method [47]. In this method, the clustering is based on the patterns of
gene expression observed within each sample and is blinded as to the study conditions
represented by the samples. As illustrated in Figure 4, samples from both Mtb-naive and
LTBI subjects segregated into two gene expression clusters. For Mtb-naive subjects, the
clusters separated BAL gene expression from BAL samples incubated in medium alone from
those in which cells had been infected with M6, with the exception of uninfected BAL cells
from one subject which clustered with the Mtb-infected samples (4A). Samples from BAL
cells of LTBI subjects represented three study conditions (unsorted cells maintained in
medium alone and both unsorted and CD4-depleted cells that were infected in vitro with
Mitb). Nevertheless, LTBI samples also segregated into only two clusters, with uninfected
BAL and CD4-depleted Mtb-infected cells largely clustering together into one group. Of 11
samples from each condition, only 1 sample of uninfected BAL cells and one CD4-depleted,
Mitb infected sample clustered with the unsorted Mrb-infected BAL cells (4B). These
“outlier” samples were from the same subject. Of note, this individual displayed positive
responses in both PPD testing and QFN testing for LTBI; in contrast, neither of the two
LTBI subjects with negative QFN testing proved to be an outlier in terms of expression of
this gene signature. It was also notable that the pattern of clustering of expression within the
47 genes of the CD4-signature (y-axis of both figures) was substantially different between
the Mtb-naive and LTBI subjects, so that presentation of these findings in separate figures
most accurately represents the results for each subject group.
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Application of this model also allows for the derivation of classical measures of prediction
performances for each subject group. For the Mtb-naive subjects, the cluster-based
prediction of infected vs. uninfected BAL samples demonstrated Area Under the Receiver
Operating Characteristic Curve (AUC) of 91.7%, Specificity 83.3%, and Sensitivity 100%.
For LTBI subjects, cluster-based prediction of memory (unsorted Mib-infected) vs.
“memoryless” (unsorted, uninfected and CD4-depleted, Mtb infected) samples display AUC
95.5%, Specificity 90.9%, and Sensitivity 100%.

Analysis of gene expression networks was performed as well; as with pathway analysis, the
role of resident airway CD4+ T cells was substantial. As illustrated in Figure 5, the top 3
networks identified in analysis of gene expression response of unsorted BAL cells from
individuals with LTBI were i) “infectious diseases; endocrine system disorders;
gastrointestinal disease”, ii) “antimicrobial response; inflammatory response; cancer”, and
iii) “cellular function and maintenance, hematological system development and function;
cellular development”. Gene expression within each of these networks was substantially
reduced in BAL cells from which CD4+ T cells were depleted prior to Mtb infection and in
unsorted BAL from Mtb-naive subjects, as illustrated. In contrast, the top 3 gene expression
networks observed in CD4+ T-cell depleted BAL cells were i) “lipid metabolism, small
molecule biochemistry, vitamin and mineral metabolism”, ii) “cellular movement,
hematological system development and function, immune cell trafficking”, and iii)
“infectious diseases, hematological disease, immunological disease” (not shown).

In addition, we used the 47-gene signature to develop our own gene expression network
specific to the role of CD4+ T cells in defining the global Mtb-induced gene expression
profile of LTBI. As illustrated in Figure 6, this novel network centers on IFN-y and displays
connections to all but 2 of the 47 genes identified through pathway analysis. As anticipated
by the manner in which the component genes of the network were identified, only limited
expression of these genes is observed within the network for either LTBI subjects following
CD4 T-cell depletion, or for Mtb-naive subjects. Assessment of intra-class correlation (ICC)
of this Mtb-induced gene expression network within the 3 study conditions indicated that
there was a highly significant correlation between study the conditions of CD4-depleted
samples from LTBI subjects and unsorted BAL cells from Mtb-naive individuals
(p=2.27e-05). In contrast, ICCs of this network between unsorted BAL cells and CD4-
depleted BAL cells from LTBI subjects and between unsorted LTBI BAL and unsorted Mtb-
naive BAL were not significant (p=0.315 and p=0.196, respectively).

Mtb-induced cytokine production and polyfunctionality of Mtb-responsive CD4+ T-cells in

LTBI

Because the dominance of IFN-y-induced responses in the CD4 T-cell mediated gene
signature in LTBI contrasted with prior reports suggesting the importance of localization of
polyfunctional CD4+ T cells to the lungs in immunity to Mitb, we assessed production of
multiple CD4+ T-cell associated cytokines by BAL cells of LTBI individuals (Figure 7).
First, we evaluated the supernatants of cell cultures used in the gene expression analysis for
production of various T-cell associated cytokines. As illustrated, IFNy, TNFa, IL-2 and
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IL-17 were all produced by BAL cells from LTBI subjects. Depletion of CD4+ T cells from
cultures resulted in significant decreases in Mtb-induced production of IFNvy, I1L-2 and
IL-17. TNFa production was decreased following CD4+ T-cell depletion as well, although
not significantly so (7A). In contrast, CD8 depletion did not result in significant changes in
production of any of these cytokines (not shown).

Because evaluation of BAL cell culture supernatants from LTBI subjects demonstrated
production of multiple T-cell associated cytokines, we then evaluated the polyfunctionality
of BAL CD4+ T cells in these individuals. In prior studies, we demonstrated that CD4+
BAL T cells overwhelmingly express an effector-memory (Tgpm) phenotype [14]; we found
this to be true with the current LTBI subjects as well, as >95% of all BAL CD4+ T cells
were CD45RA- and CCR7-. Accordingly, our analysis is focused on this population. Figure
7B indicates the percentage of CD4+ T cells from each subject displaying PPD-induced
production of each of the 15 potential combinations of these 4 cytokines IFNy, TNFa, IL-2,
and IL-17, and the color scheme below each combination indicates the shading of the
corresponding pie graph “slice” as shown in the graphic summary of Figure 7C. The very
low percentage of cells that produced all 4 cytokines is represented by the very thin black
slice pointing straight up in the figure; from there, the proportions of the various
combinations of 3 cytokines, 2 cytokines, and a single cytokine proceed clockwise in the
same order presented in the 7B. The colored arcs surrounding the pie graph represent each
of the cytokines evaluated, as detailed in the figure legend. As indicated, nearly all PPD-
responsive CD4+ Tgy produced TNFa, whereas more than half produced IFN-y. Of the
IFNy producing CD4+ Tgyy, the great majority also showed positive staining for TNFa.,
whereas approximately 25% showed polyfunctional production IFN-y, TNFa and IL-2. In
contrast, very few cells demonstrated PPD-induced production of IL-17, consistent with the
low levels of 1L-17 detected in culture supernatants.

DISCUSSION

The recent introduction of genome-wide gene expression to the assessment of vaccine
responses had provided a comprehensive means of assessing the global impact of
immunization [48-49]. Likewise, developments in mucosal immunology and mucosal
vaccinology have indicated the importance of responses at the sites of initial pathogen
exposure in mediating protection [50-53]. With regard to immune responses to respiratory
pathogens, airborne infections have been demonstrated to induce populations of lung-
resident memory T cells that do not rejoin the general circulation [54]. In murine models of
Mitb infection in particular, CD4+ tissue resident-memory cells (Tgrp) provide more
effective protection against respiratory reinfection than do circulating CD4+ T cells
associated with the pulmonary vasculature [11]. Multiple investigators have demonstrated
that aerosol vaccination may be optimal for inducing protective immunity to Mtbin
association with the increased early localization of Mtb-responsive CD4+ T cells to the
airways [9-10, 16-17]. In particular, development of polyfunctional CD4+ T cells capable
of Mtb-induced production of IFN+y, TNFa and IL-2 within the airways has been suggested
to provide optimal protection from respiratory challenge with Mtb [19-20]. These studies
further emphasize the importance of assessing Mtb-specific immune responses in the
airways of human subjects.
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In human studies, sampling of airway immune cells via bronchoalveolar lavage provides a
safe, well-tolerated means to assess local immunity within the lung. Cells of the airway also
provide the first line of defense against infection from respiratory pathogens such as Mib.
Study of BAL cells from healthy individuals with LTBI demonstrates how Mtb-specific
immunity that has established following respiratory exposure to the organism provides initial
recall responses at the time of re-exposure to the organism. We have previously
demonstrated that, compared to peripheral blood, BAL cells in LTBI are markedly enriched
for CD4+ T cells that are responsive to protein antigens of Mitb. Specifically, we found that
an average of 5% of BAL CD4+ T cells in baseline BAL of LTBI subjects were capable of
IFNy production in response to in vitro stimulation with PPD. Further, production of IFN-y
by these cells results in rapid local production of IFN+y-inducible chemokines that can
recruit additional immune cells to the airways in response to re-exposure to the organism
[14]. In the current study, we sought to evaluate the more global impact of resident T cells in
the lungs on initial responses to respiratory re-exposure to Mtb.

Our findings demonstrate that Mib-responsive CD4+ T cells localized to the airways play a
predominant role in the initial response of BAL cells from LTBI subjects. Specifically, a
signature composed of 47 Mtb-induced genes was identified as defining the impact of local
CD4+ T-cells in initial recall responses to Mtb. These genes were components of 12
canonical pathways that are identified to a level of significance at least 2 logs greater in
unsorted BAL cells from LTBI subjects than in paired CD4+ T-cell depleted BAL cells from
these same subjects. The 12 pathways were also identified with 2 logs greater significance in
LTBI subjects than in Mtb-naive controls. Of 68 genes within these pathways, each of the 47
signature genes were also expressed with 2 log lower p-values in CD4-depleted samples
from LTBI subjects and unsorted BAL cells of Mtb-naive subjects than in unsorted LTBI
BAL cells. In contrast, depletion of CD8+ T cells from BAL cells of LTBI subjects did not
identify any genes that met all components of this stringent set of criteria.

Prior studies of global gene expression in Mtb have largely focused on differentiating
individuals with LTBI from those with active tuberculosis, or on defining the gene
expression profiles of specific populations of Mtb-specific T-cells [55-58]. In contrast, our
study is the first to examine the global response to Mtb re-exposure within the mixture of
airway-resident immune cells that are the first to encounter the organism. Given that
lymphocytes typically represent only 5-10% of cells in baseline BAL of healthy individuals,
Mitb-responsive CD4+ T cells account for <1% of all baseline BAL cells even in individuals
in whom these antigen-specific cells represent as many as 10% of all airway CD4+ T cells.
Assessment of global gene expression of BAL cells thus overwhelming reflects alterations in
the mRNA of alveolar macrophages (AM). Our findings that local IFN-y production by
resident CD4+ T cells of the airways so profoundly alters overall BAL cell gene expression
indicates the remarkable impact of 1% or fewer airway cells in determining the initial
immune response to re-exposure to Mtb. Although IFNy is central to the novel immune
network constructed from this gene signature, our findings do not exclude the possibility that
the polyfunctional nature of resident BAL CD4+ T cells in LTBI may be critical to optimal
protection from airborne Mtb in humans, as has been suggested in mice [19-20]. In prior
studies, the induction of T-cell populations that display both effector function and
proliferative capacity has been noted to be critical to protective immunity [59-60]; further,
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in previous human studies we found that antigen-specific T-cell proliferation provides the
greatest overall correlation with other assays of TB immunity [61]. It may therefore be that
IL-2-production in the airways contributes to this signature by maintaining the local
population of effector CD4+ T cells despite its lack of clear impact on the overall BAL cell
gene expression profile. Likewise, Mtb-induced production of TNFa by polyfunctional
airway CD4+ T cells may optimize protection by enhancing phagocyte responsiveness to
IFNy rather than through its direct impact of BAL cell gene expression [62]. A more
puzzling finding is the increased significance of IL-17 associated pathways following CD4
depletion, even though the low levels of Mib-induced 1L-17 produced by unsorted BAL cells
from LTBI was significantly reduced by this depletion. Neutrophils are among other cell
populations in BAL and lung tissue potentially capable of IL-17 production [63]. We also
speculate that the dominant effects of IFN+y could potentially inhibit the impact of IL-17
within this local environment; in this scenario the substantial decline in IFN+y-induced
responses following CD4 depletion could permit more significant responses to IL-17 despite
decreased production of this cytokine.

It should be noted that the twelve canonical pathways identified as being significantly
impacted by CD4+ T-cell depletion in LTBI subjects emphasize the complexities of the
IFN-y-centered network developed from this gene expression profile. Specifically, the impact
of IFNy in the airway environment is clearly pleiotropic in ways that reflect the
contributions of multiple components of the immune system to protection from Mib. Besides
pathways specifically associated with Th1l immunity, multiple top pathways are notable for
involving interactions of innate and acquired immunity, and for indicating the impact of
IFNy on antigen processing and presentation, stimulation of other lymphocyte populations
(including CD8+ and NK cells), and promotion of mechanisms of cytoxicity. These include
“Crosstalk between dendritic cells and natural killer cells”, “Antigen presentation pathway”,
“Primary immunodeficiency signaling”, “Allograph rejection signaling”, “Graft vs. host
disease signaling” and “Role of MAPK signaling in the pathogenesis of influenza”. The
identification of “Type | diabetes mellitus signaling” as a pathway associated with this
dataset is based on the contributions to these multiple immune mechanisms as well, although
within the airways of LTBI subjects these responses clearly do not target pancreatic islet
cells as they do in diabetes. The “Pathogenesis of multiple sclerosis” pathway was identified
by the expression of multiple chemokine genes; in particular, the trio of IFN-y-inducible
chemokines CXCL9 (Mig), CXCL10 (IP-10), and CXCL11 (I-TAC) identified in this
pathway are relevant to known host defense mechanisms in TB because of their capacity to
recruit of protective T-cell populations expressing their target receptor, CXCR3 [11, 64]. The
“Retinoic acid mediated apoptosis signaling” pathway is also relevant to host immunity to
Mitb in that extensive literature suggests multiple mechanisms by which Vitamin A can
contribute to inhibition of the organism; these may include reduction of intracellular
cholesterol (which serves as an energy source for Mtb), promation of lysosomal
acidification, and increasing reactive oxygen species and autophagy [65-67]. Indeed, a
recent study has demonstrated the potential efficacy of inhaled all trans-Retinoic acid
(ATRA), the active metabolite of vitamin A, as a TB treatment [68]. Identification of
remaining pathway, “Protein ubiquitination” was based on the expression of multiple IFNvy-
associated genes that contribute to the immunoproteasome [69]. This component of the

J Immunol. Author manuscript; available in PMC 2020 October 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jarvela et al.

Page 14

immune system degrades ubiquitinated proteins (of pathogens, in particular) for presentation
via MHC Class | molecules to CD8+ T-cells and has been associated with protective
immune responses to multiple viruses [70-71], although not specifically with Mtb infection.

A major obstacle to our approach is the limited numbers of BAL cells available for these
studies, particularly in light of the large amount of cell loss associated with T-cell depletion
protocols. This limitation made us unable to assess Mtb-induced BAL cell gene expression
at multiple time points within studies of a specific individual. Assessment of predicted
upstream regulators provides one means to ameliorate this shortcoming. As with the main
body of analysis, upstream regular assessment again demonstrated the much greater impact
of depletion of CD4+ T cells than CD8+ T cells to local Mtb-induced gene expression, and
also emphasized an early role for Type | IFNs in this response. These findings are in contrast
with multiple prior studies of peripheral blood gene expression of both humans with LTBI
and animal models of Mib. These investigations have suggested a dichotomy between
immune signatures dominated by IFN-y and associated with continued control of the
organism, versus those dominated by Type | IFNs and predictive of progression to active
disease [57, 72-73]. Although complicated by the overlapping downstream responses to
IFNy and IFNa/p, our findings suggest that both types of IFNs can contribute in rapid
sequence to presumably protective local recall responses to Mtb. The contrast also reflects
the differing goals of these prior studies and our current project. Longitudinal studies of
Mib-infected individuals seek to identify markers of risk for progression to active disease.
However, even peripheral immune markers that may be very useful in this setting do not
necessarily reflect local immune events within the lung. As one example, pulmonary
sarcoidosis, which shares both pathologic and immunologic features with tuberculosis [74]
has long been noted for demonstrating compartmentalization of the immune response, in
which active Thl-associated inflammation within the lung is actually associated with
peripheral anergy and inverted blood CD4:CD8 ratios [75].

Our approach aims to define the initial local immune responses of Mtb-immune individuals
to respiratory re-exposure to the organism, with the goal of application of this approach to
initial evaluations of the potential efficacy of novel approaches to TB vaccination. Recent
array-based findings by Hoft and colleagues have indicated that the immune signatures of
CDA4+ T cells of peripheral blood following BCG vaccination by standard intradermal and
investigational PO administration are distinct; further, the degree to which these
mycobacteria-specific T cells are localized to the airways is greater following oral as
opposed to ID administration [76]. The findings thus suggest that the impact of localized
Mitb-responsive CD4+ T cells within BAL cells that first encounter Mtb may be both
qualitatively and quantitatively altered by the route of vaccination. The signature of 47 genes
identified in our study provides a succinct profile of local immunity to Mtbin LTBI subjects,
in whom initial exposure to the organism via inhalation may be expected to result in optimal
localization of responsive CD4+ T cells to the lung. These findings can serve as a standard
for comparison with human pulmonary immune responses induced by current intradermal
vaccination with BCG and by novel TB vaccines and vaccine strategies. Correlation of these
observations with those from animal models in which the results of /7 vivo infection can be
directly assessed will likely be required to confirm which vaccine approaches and resulting
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local gene expression profiles most optimally predict protection from respiratory infection
with Mitb.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS
1. IFN-y dominates the CD4+ dependent Mtb-induced BAL cell gene signature
in LTBI
2. Nevertheless, CD4+ BAL cells in LTBI display polyfunctional responses to
Mith
3. This signature may provide a means to assess vaccine-induced local immunity
to Mitb
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CD4-depletion of BAL cells from LTBI subjects results in loss of significance of several
Mitb-induced pathways associated with the impact of IFN-y production (1A); in contrast, the
significance of pathways associated with IL-17 production are not reduced in CD4-depleted
LTBI BAL samples (1B). In both figures, significance is expressed as -log (p-value). Dark
blue bars represent findings from unsorted BAL cells whereas light blue bars represent p-
values of Mtb-induced gene expression in BAL cells from which CD4+ T cells had been

removed by magnetic bead sorting.
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Figure 2:
BAL cell Mtb-induced canonical pathways that demonstrated a reduction in p-value of at

least 2 logs following depletion of CD4+ T cells. Heat maps of -log (p-value) in unsorted
BAL samples from LTBI subjects, CD4-depleted BAL cells from LTBI subjects, and
unsorted BAL from Mtb-naive subjects are presented in Figure 2A. For the 12 “signature”
pathways (top), pathways significance was reduced by >2 logs in both LTBI BAL from
which CD4+ T cells had been depleted and in Mtb-naive subjects. For 22 “non-signature”
pathways, decrease in -log (p-value) of >2 log was observed following CD4 depletion from
LTBI BAL, but not in that of Mtb-naive subjects. The -log p-values for 12 “signature”
pathways are presented graphically in 2B. -log (p-values) for LTBI-unsorted BAL cells are
presented in dark blue bars. Bars for LTBI CD4-depleted BAL cells are light blue and red
bars represent -log (p-values) for unsorted BAL cells of Mtb-naive subjects.
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Figure 3:
Type | IFN-associated genes identified as impacted CD4+ and CD8+ T cells on Mtb-induced

BAL cell gene expression in LTBI. The figure shows 30 Type | IFN-associated upstream
regulators and the degree to which the significance of their associations with the dataset
were altered by depletion of CD4+ (black) or CD8+ (gray) T cells, expressed as the change
in -log of p-values. As indicated, although both T-cell subset depletion impacted the
significance of multiple regulators, the magnitude of this effect was far greater for CD4+ T-
cells that for CD8+ cells.
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Figure 4:
Cluster analysis of expression of the 47 signature genes in Mtb-naive subjects (4A) and

individuals with LTBI (4B). Clustering was performed on a blinded basis according to
patterns of responses of the 47-gene signature without regard to the study conditions of each
sample. As illustrated in the y-axis of each figure, the clustering of the signature genes was
substantially different in Mtb-naive and LTBI subject groups, leading to the need to present
the results in separate heat maps. As indicated on the x-axes, samples from each subject
group were segregated into two clusters. In Mtb-naive subjects (4A), uninfected samples are
represented by blue rectangles, whereas Mtb-infected samples are indicated in red. This
clustering effectively separates responses of uninfected vs Mib-infected BAL cells, with the
exception of one subject whose uninfected cells gave responses more typical of the Mtb-
infected cells (green arrow). For each LTBI subject, three samples are represented, with blue
again indicating unsorted, uninfected cells and red unsorted, Mib-infected cells, whereas
black rectangles indicate CD4-depleted, Mib-infected BAL cells (4B). Despite the
representation of three sample types, these responses remain classified into two clusters,
reflecting that finding that M¢6-induced gene expression of the signature 47 genes following
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CDA4+ T cell depletion was largely the same as that observed in unsorted, uninfected BAL
cells of the same individuals. Unsorted Mitb-infected BAL samples from all 11 LTBI
subjects segregated to the same cluster, which also included a single uninfected sample, as
well as a single sample infected following CD4 T-cell depletion (green arrows). Of note,
both of these “outlier” samples were from the same individual.
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Figure 5.
The top networks identified through analysis of Mtb-induced BAL cell gene expression in

LTBI subjects. Schematic figures illustrate gene interactions in these top 3 networks, A.
“infectious diseases; endocrine system disorders; gastrointestinal diseases”, B. antimicrobial
response; inflammatory response; cancer”, and C. “cellular function and maintenance,
hematological system development and function; cellular development”. For each network
figure (left), shading indicates degrees of significant upregulation (red) and downregulation
(green) of gene expression in unsorted BAL cells from LTBI subjects. Heat maps to the right
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of each figure indicate Mtb-induced expression of all network genes in this condition, as
well as in CD4-depleted cells of LTBI subjects and unsorted BAL cells of Mtb-naive
controls.
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Novel gene expression network representing the interrelationships of genes identified as the

signature of CD4+ T-cell associated Mtb-induced gene expression in BAL cells from

individuals with LTBI. Again, the figure represents gene expression in unsorted BAL

samples from LTBI subjects; upregulated genes are represented with red shading and

downregulated ones in green; as illustrated, all but 2 of the 47 genes within the identified
signature have defined connections to a network that is centered on IFN+y. The associated
heat map schematically compares expression of all network genes in this condition and in
CD4+-depleted BAL cells from LTBI subjects and unsorted BAL cells from Mtb-naive

individuals using the same shading key. As indicted, significant Mrb-induced gene

expression is almost completely absent within this network in these additional conditions.
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Figure 7.

Mitb-responsive resident airway CD4+ T-cells of LTBI individuals produce multiple
cytokines. Supernatants of Mrb-infected BAL cells from cultures used in our gene
expression studies were evaluated for production of IFNy, TNFa, IL-2 and I1L-17. As
illustrated in Figure 7A, levels of IFNvy, IL-2, and IL-17 were all significantly reduced in
cultures of BAL cells from which CD4+ T cells were depleted as compared to those of
unsorted BAL cells (based on paired t-tests); reduction in TNFa was observed as well but
was not statistically significant. In contrast, depletion of CD8+ T cells had no significant
impact on production on any of these cytokines by BAL cell of LTBI subjects (not shown).
In all figures, results are represented as cytokine levels for Mtb-infected cultures subtracted
from cultures of uninfected, unsorted BAL cells from the same individual. Cytokine levels
are reported as pg/mL of culture supernatants, with the exception of TNFa, which is
reported as ng/mL. Based on these findings, we also examined polyfunctionality of BAL
CD4+ Ty from LTBI subjects using intracellular cytokine staining for these same four
cytokines in response /n vitro stimulation with PPD. Figure 7B shows the percentage of
effector-memory (CD45RA-/CCR7-) CD4+ T cells (Tgpy) in each subject’s samples that
produced each of the possible 15 cytokine combinations in response to PPD. As illustrated,
the most commonly observed PPD-induced cytokine profiles were single production of
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TNFa and dual production of TNFa and IFN+y, with polyfunctional production of TNFa,
IFN-y and IL-2 being the next most common. These findings are represented in pie chart
form in Figure 7C. The very low number of CD4+ Tgy\ producing all 4 cytokines are
indicated by the thin black slice pointing straight upward; from there, the remaining
combinations of three, two and single cytokines proceed clockwise in the same order
displayed in 7B. The colored arcs indicate production of each of the measured cytokines. As
indicated, TNFa (dark blue arc) is the most frequently observed cytokine produced by PPD-
responsive BAL CD4+ Tgy, followed by IFNy (red arc), IL-2 (green arc), and IL-17 (light
blue arc).
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Table I:

BAL cell parameters in LTBI and Mtb-naive subjects

parameter LTBI Mtb naive p-value
BAL cell count 1.38e7 (+/- 6.29e6) | 1.82e7 (+/-7.45e6) | 0.2221
Differential counts (%)
macrophages 91.14 (+/- 11.03) 92.75 (+/- 3.91) 0.7354
lymphocytes 2.99 (+/-2.51) 4.78 (+/- 2.75) 0.1788
neutrophils 5.71 (+/- 11.44) 2.25 (+/-2.07) 0.4780
eosinophils 0.15 (+/- 0.22) 0.22 (+/- 0.40) 0.6336
CD4:CD8 ratio 3.14 (+/-1.43) 3.38 (+/- 1.58) 0.7372

BAL parameters of samples from LTBI and Mtb-naive subjects used in microarray assessments of gene expression. As noted, no significant
differences were observed between the two groups with regard to total or differential cell counts, or to BAL CD4:CD8 ratios. P-values were

determined from non-paired t-tests as assessed with Prism software.
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Table II:
Canonical pathways associated with Mtb-induced BAL cell gene expression in LTBI subjects

Canonical pathways with -log p-value >3.0 (from Mtb-induced gene expression in LTBI unsorted | LTBI CD4 depleted | A-log p
LTBI subjects)

Interferon Signaling 10.666 0.342 10.323
Crosstalk between Dendritic Cells and Natural Killer Cells 10.347 1.987 8.360
Pathogenesis of Multiple Sclerosis 6.057 0.000 6.057
Thl Pathway 7.473 1.781 5.692
Antigen Presentation Pathway 5.277 0.000 5.277
Type | Diabetes Mellitus Signaling 6.294 1.102 5.192
Activation of IRF by Cytosolic Pattern Recognition Receptors 5.127 0.210 4.917
CD40 Signaling 5.694 0.862 4.833
Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 8.772 4.212 4.560
Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza 6.694 2.446 4.249
Th1 and Th2 Activation Pathway 6.791 2.614 4.178
JAK/Stat Signaling 5.367 1.301 4.066
IL-15 Production 4.465 0.437 4.027
Altered T Cell and B Cell Signaling in Rheumatoid Arthritis 7.441 3.493 3.948
INOS Signaling 4.194 0.288 3.906
Primary Immunodeficiency Signaling 4.636 0.898 3.737
Role of JAK1, JAK2 and TYK?2 in Interferon Signaling 3.658 0.000 3.658
Dendritic Cell Maturation 6.869 3.235 3.634
Toll-like Receptor Signaling 5.061 1.473 3.588
Graft-versus-Host Disease Signaling 7.030 3.571 3.460
Communication between Innate and Adaptive Immune Cells 9.139 5.680 3.458
Atherosclerosis Signaling 6.668 3.682 2.986
IL-10 Signaling 4.541 1.592 2.949
Allograft Rejection Signaling 3.868 0.959 2.909
Hepatic Fibrosis / Hepatic Stellate Cell Activation 5.784 3.025 2.760
Role of MAPK Signaling in the Pathogenesis of Influenza 3.640 0.966 2.674
NF-xB Signaling 3.597 1.163 2.434
Agranulocyte Adhesion and Diapedesis 5.524 3.255 2.269
Acute Phase Response Signaling 4.938 2.700 2.237
T Helper Cell Differentiation 3.871 1.657 2.214
Oncostatin M Signaling 3.868 1.727 2.142
IL-6 Signaling 4.964 2.881 2.084
Autoimmune Thyroid Disease Signaling 3.050 1.003 2.047
HMGBL Signaling 4.818 2.795 2.023
IL-17A Signaling in Airway Cells 3.350 1.418 1.932
Th2 Pathway 3.930 2.071 1.859
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Canonical pathways with -log p-value >3.0 (from Mtb-induced gene expression in LTBI unsorted | LTBI CD4 depleted | A-log p
LTBI subjects)

Granulocyte Adhesion and Diapedesis 8.079 6.339 1.739

Antioxidant Action of Vitamin C 3.290 1.635 1.655

Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A 3.751 2.197 1.554

and IL-17F

1L-15 Signaling 3.350 2.056 1.294

MIF-mediated Glucocorticoid Regulation 3.115 1.835 1.280

Colorectal Cancer Metastasis Signaling 3.135 2.118 1.017

LXR/RXR Activation 3.221 2.397 0.824

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 3.980 3.296 0.685

Role of IL-17A in Arthritis 3.730 3.060 0.669

TREML1 Signaling 5.229 4.678 0.551

Inhibition of Matrix Metalloproteases 4.556 4.443 0.113

Hepatic Cholestasis 4.021 4.200 -0.179
Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by 3.126 3.715 -0.588
IL-17A and IL-17F

Role of Cytokines in Mediating Communication between Immune Cells 3.821 4.802 -0.981
Role of IL-17F in Allergic Inflammatory Airway Diseases 3.405 5.335 -1.929

Canonical pathways associated with Mtb-induced gene expression in LTBI subjects. Pathway analysis was based on IPA assessment of genes
identified as having significant changes in expression following /n vitro infection of unsorted BAL cells from individuals with LTBI, and from BAL
cells from which CD4+ T cells were depleted prior to Mtb infection. Pathways are ordered by the differences in the degree to which they were
identified as significant in assessments of unsorted and CD4-depleted BAL cells (as indicated by A -log p-value). Of the 51 pathways identified in
unsorted BAL cells by the p-value cut-off of <0.001 (-log p > 3.0), 34 (shown in bold) displayed a reduction in significance of > 2 logs following

CD4 depletion.
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Top 20 upstream regulators not associated with Type | IFN, as based on impact of T-cell depletion on —log
(adjusted p-values)

CD4 top upstream regulators

CD8 top upstream regulators

Regulator Change in —(log p) with CD4 depletion Regulator Change in —(log p) with CD8 depletion
IFNG 40.37 TNF 11.03
LPS 35.31 1L27 7.98
Poly I:C RNA 34.72 IL1I0RA 5.69
CD40LG 28.06 NKX2 5.47
TNF 24.27 CpG nucleotide 5.30
TLR4 23.69 IFNG 5.28
STAT3 23.07 CREBBP 5.12
TLR3 21.19 NLRC5 5.02
TICAM 21.04 fluticasone 4.92
CD40 20.32 L6 4.88
1L27 20.03 IL27RA 4.78
TLR9 19.49 PARP1 4.54
TLR7 19.21 MAPK1 3.90
STAT6 17.74 Mir-21 3.86
TRIM24 17.71 ILIRN 3.84
1L10 17.38 SOCS1 3.74
IL1B 17.12 STAT5A 3.67
TCR 16.94 GATA2 3.11
BTK 16.75 SMARCA4 3.07
NIKX2-3 16.35 KIT 2.97

Top 20 Mib-induced upstream regulators of BAL cell gene expression not associated with Type I interferons. Results are expressed in terms of the
decrease in significance (-log p-value) following depletion of CD4+ or CD8+ T cells. As shown, with the exceptions of IFNy, TNFa, and IL-27
(indicated in bold) the lists do not overlap; further, the reductions in significance of the various regulations is far greater following depletion of
CD4+ as compared to CD8+ T-cells.
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