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Background. Biomarkers of progression from latent Mycobacterium tuberculosis infection to active tuberculo-
sis are needed. We assessed correlations between infection outcome and antibody responses in macaques and
humans by high-throughput, proteome-scale serological studies.

Methods. Mycobacterium tuberculosis proteome microarrays were probed with serial sera from macaques rep-
resenting various infection outcomes and with single-point human sera from tuberculosis suspects. Fluorescence
intensity data were analyzed by calculating Z scores and associated P values. Temporal changes in macaque anti-
body responses were analyzed by polynomial regression. Correlations between human responses and sputum
bacillary burden were assessed by quantile and hurdle regression.

Results. Macaque outcome groups exhibited distinct antibody profiles: early, transient responses in latent in-
fection and stable antibody increase in active and reactivation disease. In humans, antibody levels and reactive
protein numbers increased with bacillary burden. Responses to a subset of 10 proteins were more tightly associated
with disease state than reactivity to the broader reactive proteome.

Conclusions. Integration of macaque and human data reveals dynamic properties of antibody responses in
relation to outcome and leads to actionable findings for translational research. These include the potential of
antibody responses to detect acute infection and preclinical tuberculosis and to identify serodiagnostic proteins for
the spectrum of bacillary burden in tuberculosis.

The vast majority of persons infected with Mycobacteri-
um tuberculosis are asymptomatic. In these individuals,

who are estimated to constitute one-third of the human
population, tubercle bacilli presumably persist in very
low numbers. Only >10% of immunocompetent, latent-
ly infected individuals develop active disease and
become infectious. Nevertheless, M. tuberculosis infec-
tion causes 9.4 million new cases of active tuberculosis
and 1.7 million deaths per year [1]. Transmission of in-
fection would be greatly reduced if it were possible to
identify and treat infected individuals as they progress
to active disease before they become symptomatic and
infectious. Detecting tubercle bacilli or bacillary prod-
ucts is exceedingly difficult during preclinical disease
due to low bacillary numbers. Thus, we tested the hy-
pothesis that host-derived biomarkers track the course
of infection with M. tuberculosis.
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We focused on the antibody response as a potential bio-
marker of progression of M. tuberculosis infection for several
reasons. First, serum levels of specific antibodies are typically
detected during active tuberculosis but not during stable
latent infection [2], indicating stage-specific responses.
Second, we observed changes in the protein composition of
the seroreactive proteome of M. tuberculosis associated with
disease [3], indicative of correlations between bacillary
antigen production and antibody targets. Third, temporal
changes of the antibody response prior to clinical manifesta-
tion and active tuberculosis diagnosis have been observed in
human immunodeficiency virus (HIV)–coinfected individuals
[4, 5]. For the reasons above, it should be possible to find
serological markers of infection outcome and tuberculosis
reactivation.

To examine global changes in the antibody response asso-
ciated with infection outcome and disease progression, we
utilized high-throughput proteome microarray technology [6]
and 2 host systems: experimental infection of macaques and
human tuberculosis. The macaque model is relevant to
human tuberculosis because it well recapitulates the various
outcomes of M. tuberculosis infection seen in humans, in-
cluding spontaneous reactivation [7, 8]. Thus, the pathogene-
sis of macaque and human tuberculosis is similar, even
though immunological differences between macaques and
humans exist (eg, [9–11]) and comparative studies of
immune responses to tuberculosis in the 2 species are still
lacking. Further, parallel studies are warranted because these
2 host systems complement each other. On one hand, it is
possible to monitor temporal changes of the antibody re-
sponse to M. tuberculosis infection with the macaque model,
whereas conducting longitudinal human studies is exceeding-
ly difficult, even in high-burden countries, due to the low fre-
quency of reactivation in immunocompetent individuals. On
the other hand, correlations between antibody levels and ba-
cillary burden (an indicator of disease severity) are best as-
sessed in humans. Enumeration of acid-fast bacilli in sputum
of tuberculosis suspects is common clinical practice and is a
reasonable surrogate of lung bacillary burden. In contrast,
bacterial counts are not routinely performed in macaques
because enumerating tubercle bacilli requires sacrifice of these
expensive animals.

Here, we analyzed proteome-scale antibody responses in
serial sera from infected macaques representing different in-
fection outcomes and in sera from tuberculosis patients and
controls in relation to sputum bacillary burden. We report the
parallel characterization of the macaque and human antibody
response to M. tuberculosis infection at the proteome scale.
Moreover, by integrating monkey and human global measure-
ments, we find that the antibody response changes quantita-
tively and qualitatively with M. tuberculosis infection outcome
and disease severity in both hosts.

MATERIALS AND METHODS

Experimental Animals
Sera from 14 cynomolgus macaques of Philippine or Chinese
origin were used. These macaques exhibit greater immunoge-
netic diversity than those from other geographic regions, such
as the Mauritian cynomolgus [9, 12, 13]. Protocols for infec-
tion and clinical and bacteriological assessments were as pub-
lished [7, 14]. Three criteria of outcome-based grouping were
used: (1) active disease: persistent evidence of disease, with
ongoing radiographic involvement, persistent culture positivi-
ty, or other clinical signs of active disease; (2) latent infection:
no radiographic involvement after 4 weeks of infection and no
clinical sign of disease for the study period (1–3 years); and
(3) reactivation disease: similar to latent disease but developed
active disease spontaneously following an initial, disease-free
period lasting at least 6 months. In the present work, sponta-
neous reactivation was caused by transfer between housing
facilities.

Human Sera
Sera utilized to probe proteome microarrays were from a ret-
rospective serum bank collected from adults in 2003–2008 in
the context of a National Institutes of Health–funded, interna-
tional, multisite study titled “Clinical Suspicion of Tuberculo-
sis” (PI: A. Catanzaro, acatanzaro@ucsd.edu). Recruitment of
tuberculosis suspects was based on epidemiologic factors,
symptoms, and radiographic findings under uniform protocols
approved by institutional ethics committees at each site. Final
diagnosis of active tuberculosis was based on positive M. tu-
berculosis culture. Sputum-smear status of active tuberculosis
patients was based on Ziehl–Neelsen staining results. Diagno-
sis of nontuberculosis disease (NTBD) was based on negative
M. tuberculosis culture plus a positive diagnosis for other
disease. Seven percent of all study subjects were positive for
HIV infection. Here we utilized sera from 397 tuberculosis
suspects, 169 of whom were diagnosed with active tuberculosis
(tuberculosis patients) and 228 of whom received an alterna-
tive diagnosis (NTBD patients). Mean age of tuberculosis and
NTBD patients were 49 (±17) and 40 (±17), respectively. The
countries of serum collection were Philippines (45%), the
United Kingdom (27%), Mexico (20%), and the United States
(8%). Previous history of active tuberculosis was reported for
31% of NTBD and 17% of tuberculosis patients. Sera were col-
lected within 1 week of antituberculosis chemotherapy, when
applicable.

Proteome Microarrays
Mycobacterium tuberculosis proteome microarrays were manu-
factured and probed with sera following published protocols
[3]. On the arrays, serum reactivity to each protein is detected
as intensity of the fluorescence signal. Analytical performance
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characteristics and reproducibility of the assay have been re-
ported [3]. Limitations of the system, such as lack of posttrans-
lational modifications of proteins expressed in recombinant
Escherichia coli, have been discussed [3]. Study protocols were
approved by the institutional review board at the University of
Medicine and Dentistry of New Jersey.

Assessment of Serum Reactivity
Given the proteome array characteristics (eg, different amount
of protein per spot), each protein spot was treated as an inde-
pendent assay, and Z statistics were used to identify protein
spots that reacted with serum, as previously described [3].
Null distributions for the Z statistics were obtained from pre-
infection sera (n = 14) in the macaque study and from sera
from noninfected individuals (defined by negative tuberculin
skin test) (n = 14) in the human study. A P value ≤ .01 after
correction for multiple testing was used to define a serum as
reactive to a protein (reactivity call).

Enrichment Analysis
Fisher exact tests were performed with 2 sets of protein classi-
fications: subcellular localization by LocateP (http://www.cmbi.
ru.nl/locatep-db/cgi-bin/locatepdb.py) and functional classifi-
cation by TubercuList (http://tuberculist.epfl.ch/).

Modeling of Antibody Responses in Macaques
Locally estimated scatterpoint smoothing (LOESS) regression
fits a model to a scatter plot by estimating polynomial regres-
sion models for each data point using a small proportion of
nearby (local) data points [15]. Polynomial regression models
of antibody responses over time were estimated up to 650 days
postinfection. The time terms included in the models were
suggested by the fluctuations of the time trajectory in the
LOESS regression. To compensate for the lack of indepen-
dence among successive antibody measurements over time, we
used generalized estimating equations, assuming an autore-
gressive correlation structure [16]. To reduce the intrinsic cor-
relation between powers of time, these powers were
transformed to orthogonal polynomials.

Modeling of Antibody Responses in Tuberculosis Suspects
Two regression modeling approaches were used with the
human data. Quantile regression, which models the complete
distribution, including median and extremities [17], was used
because serum reactivity is seen at the high tail of the distribu-
tion in the microarray platform [3]. Hurdle models include a
logistic component modeling the probability of a response
and a truncated Poisson component modeling response mag-
nitude [18].

Analytical Software
R (http://www.r-project.org) was used for reactivity call estimation
and quantile regression analysis; TMEV (http://www.tm4.org)

was used for enrichment analysis; and SAS (http://www.sas.com/)
was used for polynomial and hurdle regression models.

RESULTS

Reactivity of Macaque Sera With M. tuberculosis Proteins
To investigate antibody responses during infection, we probed
M. tuberculosis proteome microarrays with serial sera collected
from experimentally infected macaques with active disease,
latent infection, and reactivation disease (4 or 5 animals per
infection outcome group). For each animal, we tested serum
from 1 preinfection time point and from approximately 10
postinfection time points at 1-month intervals. Using data col-
lected from preinfection sera as the null distribution, we
defined 101 proteins as reactive to at least 1 postinfection
serum, with a false discovery rate ≤1% (Supplementary
Table 1). The reactive protein pool defines the immunopro-
teome. Protein class analysis showed that the immunopro-
teome was enriched for extracellular proteins and Pro-Glu/
Pro-Pro_Glu (PE/PPE) family proteins [19] (Fisher exact test,
P < .01), in agreement with previous observations that these
protein classes are frequent immunological targets [20].

Having established size and composition of the immuno-
proteome, we next examined serum reactivity per animal. We
observed that, even though the animals had been infected
under the same protocol, antigen recognition varied consider-
ably from 1 animal to another (Figure 1A). Thus, the observed
variation in antibody responses is host driven. Results in
Figure 1A also indicated that sera from the active and the reac-
tivation groups reacted with more proteins than those from
the latent group (22, 10, and 5 proteins on average, respectively)
(Supplementary Table 1), suggesting that infection outcome
was reflected in the antibody response. This association is ex-
amined below.

Temporal Changes in Antibody Responses in Relation
to Infection Outcome
Two parameters of the antibody response were analyzed: anti-
body levels and number of reactive proteins. Given the hetero-
geneity of antigen recognition, we used maximal antibody
levels against any 1 of the 101 reactive proteins. Maximal anti-
body levels were plotted against time after infection and strati-
fied by outcome class, and LOESS curves were fitted to these
plots (Figure 1B). In the latent infection group, antibody levels
were characterized by an early, transient rise followed by a
decline to preinfection levels. In contrast, in the active disease
class, the early rise was followed by a further increase of anti-
body levels. A slower increase characterized the response in
the reactivation class. Similar changes were observed when an-
tibody responses were expressed as number of reactive pro-
teins (Figure 1C).
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To determine whether the temporal changes of the antibody
response depicted by the LOESS curves were statistically sig-
nificant, we estimated polynomial regression models. We first
analyzed maximal antibody levels. Because the LOESS curves
for active disease and reactivation classes included 1 local
maximum and 1 local minimum, which correspond to a
third-degree polynomial, we modeled antibody responses in
these 2 classes by including the terms Time, Time2, and
Time3. As shown in Table 1, the statistically significant coeffi-
cients of Time indicated that antibody levels in both classes
increased over time and that the increase was more rapid with
active tuberculosis than with reactivation (7.88 vs 1.91). The
statistically significant coefficients of Time, Time2 and Time3

for the active tuberculosis group, together with a positive
value of the discriminant of the polynomial’s derivative (ie,
3.182–3 × 7.88 × 0.41 > 0), imply an initially increasing anti-
body response that may transiently weaken (local maximum,
followed by local minimum) but then resumes an overall in-
creasing trend. In contrast, the antibody response in the reac-
tivation group showed only a monotonic increase because
Time2 and Time3 coefficients were nonsignificant. The re-
sponse in the latent infection class was modeled separately
because the LOESS curve showed 2 local maxima, which sug-
gested a quartic time term (Time4). Models estimated for this
class showed that overall antibody levels initially increased
over time (Table 1; Time effect), subsequently fell, rose again,

Figure 1. Antibody responses in cynomolgus macaques. Fourteen cynomolgus macaques were infected intratracheally with approximately 25 colony-
forming units of Mycobacterium tuberculosis strain Erdman per animal. Preinfection sera and approximately 10 postinfection sera per animal were
tested with proteome microarrays. The number of sera per macaque varied depending on the duration of follow-up, which was shortest for the animals
in the active class. Based on Z statistics, 101 proteins were identified as significantly reactive to postinfection sera, compared with pre-infection sera.
A, Maximal antibody levels obtained at any time point to the 101 reactive proteins (columns) are shown. The data were normalized to preinfection sera
signal intensities by Z score estimation; the red color indicates Z score = 2, and the black color indicates Z score = 0. A, active class; L, latent class; R,
reactivation class. B, Maximal antibody levels over time. Each circle represents maximal antibody level to any of the 101 reactive proteins in a particular
macaque. Outcome groups are color-coded: blue, active; green, latent; red, reactivation. Locally estimated scatterpoint smoothing (LOESS) regression
curves are shown. C, Numbers of reactive proteins over time. Each circle represents the total number of reactive proteins in a particular macaque. As in
B, outcome groups are color-coded, and LOESS regression curves are shown.
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and finally declined. All these fluctuations were statistically
significant (Table 1; Time2, Time3, and Time4 effects). The
models estimated for maximal antibody levels also applied to
changes in the number of reactive proteins over time
(Table 1), suggesting that these 2 properties of the antibody
response changed concurrently. Collectively, the results show
that changes of the antibody response as a function of time
after infection were associated with infection outcome.

Antibody Responses in Active Tuberculosis Patients
Because antibody levels can be sensitive markers of antigen
burden [21], we reasoned that the association between anti-
body responses and infection outcome in macaques could
reflect the effect of bacillary burden on antibody responses.
We tested this association in human tuberculosis by probing
proteome microarrays with sera collected from patients with
active tuberculosis (n = 169) and NTBD (n = 228).

We first identified proteins reactive with human sera. By ap-
plying Z statistics and a false discovery rate of ≤0.01 (see
Methods), we identified 356 proteins reactive to at least 1 tu-
berculosis-suspect serum (Supplementary Table 2). This im-
munoproteome was rich in extracellular proteins, proteins of
cell wall and cell processes, PE/PPE proteins, and proteins in-
volved in lipid metabolism (Fisher exact test, P < .01). Almost
30% of the macaque immunoproteome was contained in the
human counterpart (Supplementary Tables 1 and 2). Within
the human immunoproteome, reactivity to 10 proteins was
significantly associated with active tuberculosis (tuberculosis-

associated proteins) (Table 2). Most (8 of 10) tuberculosis-
associated proteins identified in the present study were also
identified as tuberculosis associated in an earlier, independent
multisite study [3], strongly indicating the existence of univer-
sal immunodominant antibody targets.

We next asked how antibody levels correlated with bacillary
burden. For this analysis, we stratified tuberculosis suspects
into 3 groups of no (NTBD), low (smear-negative tuberculo-
sis), and high (smear-positive tuberculosis) burden. As in pre-
vious work with human sera [3] and with the macaque data
(Figure 1A), antigen recognition varied from 1 patient to
another (Figure 2A). Thus, we used maximal antibody levels
to the immunoproteome to summarize antibody response per
subject. We observed higher antibody levels in the low- and
high-burden classes than in the no-burden class (Figure 2B).
Differences among groups were even higher when maximal
antibody levels to only the 10 tuberculosis-associated proteins
were analyzed (Figure 2C). We next investigated the statistical
significance of the observed differences by quantile regression
analysis. We found that the 60th, 70th, and 80th quantiles
consistently showed that maximal antibody levels in the
smear-positive class were significantly higher than in the
NTBD class after controlling for age, country of origin, and
past tuberculosis (Table 3). When only maximal levels of anti-
body to the tuberculosis-associated proteins were analyzed,
significantly higher antibody levels relative to the no-burden
class were observed for both low- and high-burden classes
(Table 3).

Table 1. Polynomial Regression Models of Antibody Responses vs Time Since Infection

Parameter Reactivation Active Latent

Maximal antibody levelsa as outcome variable

Time 1.91 (.35–3.47) 7.88 (5.08–10.67) 10.58 (6.38–14.78)

Time2 −0.36 (−1.00 to .28) −3.18 (−4.99 to −1.37) −7.69 (−10.91 to −4.46)
Time3 0.033 (−.04 to .11) 0.41 (.11 –.72) 1.89 (1.02–2.76)

Time4 NA NA −0.15 (−.22 to −.07)
Number of reactive proteinsb as outcome variable

Time 1.21 (.12–2.29) 6.53 (4.38–8.69) 5.28 (2.21–8.35)

Time2 −0.28 (−.73 to .16) −2.71 (−4.19 to −1.24) −3.83 (−6.20 to −1.46)

Time3 0.03 (−.02 to .08) 0.36 (.10 –.61) 0.95 (.30–1.59)

Time4 NA NA −0.08 (−.13 to −.02)

Polynomial regression analyses were performed with maximal antibody levels or number of reactive proteins as outcome variable and Time (linear), Time2

(quadratic), Time3 (cubic), or Time4 (quartic) as independent variables. The estimated regression coefficients and 95% confidence intervals are shown.
Confidence intervals that exclude the value zero indicate a statistically significant regression coefficient (P < .05; shown in bold). Models that include a positive,
statistically significant linear coefficient define a curve that is increasing over time; the other coefficients (quadratic, cubic and quartic terms) represent
undulations in the curve. If these latter coefficients are not statistically significant then the departures from a straight-line model (ie, the undulations) are due to
chance (ie, random error), implying that the observed data is consonant with a strictly increasing linear function of time. Transformation of powers of Time to
orthogonal polynomials, which was tested to reduce the intrinsic correlation between powers of Time, estimated models extremely similar to those based on
untransformed powers of Time (not shown).

Abbreviation: NA, not applicable (not estimated).
a Maximal antibody levels, the highest normalized signal intensity obtained with any of the 101 reactive proteins.
b Log transformed.
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The proteome-wide platform also gave the opportunity to
assess the number of reactive proteins as another parameter of
the antibody response, as tested in macaques. We used hurdle
regression to model the probability to react to at least 1
protein and the number of antigenic targets in reactive sera in
relation to sputum bacillary burden. When we analyzed reac-
tivity to the immunoproteome, we found that the odds of a
response to at least 1 protein were 3-fold (95% confidence in-
terval [CI], 1.79–4.81) higher in subjects with smear-positive
tuberculosis than in those with NTBD, whereas no difference
was seen between smear-negative tuberculosis and NTBD
(data not shown). Moreover, the mean number of protein
targets in seroreactive tuberculosis patients, regardless of
smear status, was only 1.5-fold (95% CI, 1.32–1.87) higher
than that in NTBD subjects. In contrast, when we analyzed
reactivity to the tuberculosis-associated proteins, the odds of a
response were 12-fold (95% CI, 6.07–22.21) higher in smear-
positive tuberculosis than in NTBD subjects and 3-fold (95%
CI, 1.23–6.95) higher in smear-negative tuberculosis than in
NTBD subjects. In addition, among the seroreactive subjects,
the mean number of reactive proteins was more than twice as
high (95% CI, 1.02–4.07]) in smear-positive tuberculosis patients
than in NTBD cases. The comparison between smear-negative
tuberculosis and NTBD was not statistically significant (data
not shown). Thus, immunoproteome reactivity was only suffi-
ciently sensitive to model the differences between tuberculosis
and NTBD, whereas reactivity to the tuberculosis-associated
proteins was sensitive enough to model differences between all
3 groups (smear-positive tuberculosis, smear-negative tubercu-
losis, and NTBD). Together, the analyses of the human sera
indicate that antibody levels and number of reactive proteins

increase with bacillary burden and both parameters of the re-
sponse vary in concert, as seen in macaques.

DISCUSSION

Given the heterogeneous antibody profiles seen in humans
and now also in macaques, tracking antibody responses to in-
dividual M. tuberculosis antigens fails to provide a full under-
standing of the antibody response to M. tuberculosis infection.
The correlation between levels of particular antigens and the
corresponding specific antibodies likely varies with the
antigen considered because antigens may differ in relative im-
munogenicity and antibodies in relative affinity. Moreover, rel-
ative antigen abundance during infection may vary with
bacterial growth phase (reviewed in [22]). Although less sensi-
tive than conventional assays such as enzyme-linked immuno-
sorbent assay, our high-throughput platform uniquely allows
proteome-scale studies of the antibody response. In the
present study, these global measurements revealed novel
dynamic characteristics of the antibody response in relation to
infection outcome and bacillary burden.

Proteome-scale antibody profiling in infected macaques re-
vealed correlations between antibody response and infection
outcome. A transient increase of the antibody response
(peaking at around 3 months) was seen both in the latent in-
fection and active disease groups. The early surge is prominent
in the latent infection group because antibodies return to
quasi-basal levels. In the active disease group, in contrast, a
second, stronger, and more stable increase interrupts the de-
scending curve of the early, transient response. That transient,
early antibody responses may also be seen in human infection

Table 2. Proteins Associated With Active Tuberculosis

Protein ID Odds Ratio (95% CIa) Annotationsb

Rv0934c 7 (2.2–28.7) Glycolipoprotein 38 kDa antigen/PstS1

Rv1174c 9.6 (1.2–434.5) Low molecular weight T-cell antigen/TB8.4
Rv1411cc 7.7 (2.1–41.8) Lipoprotein LprG

Rv1860c 15.5 (2.2–671.4) Secreted glycoprotein 45–47 kDa antigen/MPT32

Rv1980cc 9.6 (1.2–434.5) Secreted antigen MPT64
Rv3616cc 11 (1.4–492) Conserved hypothetical protein

Rv3763 12.5 (1.7–552.2) Lipoprotein lpqH/19 kDa Antigen

Rv3804cc 5.4 (2.1–16.8) Secreted antigen 85A/mycolyltransferase
Rv3874c 12.4 (2.9–111.9) Secreted antigen Cfp10/EsxB

Rv3881cc 4.6 (1.7–14.4) SecretedEspB

All proteins were previously identified as B-cell or T-cell antigens.

Abbreviation: CI, confidence interval.
a Odds ratios were calculated from reactivity calls.
b Annotations were adapted from the Sanger Institute database (http://www.sanger.ac.uk/Projects/M_tuberculosis/Gene_list/).
c They have been already identified as active tuberculosis associated in our previous proteome-scale serological screening [3].
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is supported by the observation that contacts of index tubercu-
losis cases were found to have serum antibodies to particular
M. tuberculosis antigens [23], whereas stable latent M. tubercu-
losis infection in humans is most often seronegative (reviewed
in [22]). Furthermore, we find it puzzling that the early peak
seen in the active disease and latent groups was absent in the
reactivation group, even though the latter group was clinically
indistinguishable from the latent group at the time of the tran-
sient antibody increase. An intriguing possibility is that stress-
induced reactivation occurred in animals that were unable to
mount humoral immune responses early after infection.

Integration of macaque and human studies strongly sup-
ports correlations between antibody responses and bacillary
burden. A vast body of human studies indicates that antibody
responses relate to bacterial load because sensitivity of

serodiagnostic assays is greater for smear-positive than for
smear-negative active tuberculosis (eg, [2, 24, 25]). Our prote-
ome-scale analysis revealed a new aspect of this correlation
because reactivity to the immunoproteome was less sensitive to
bacillary burden than that to the smaller pool of tuberculosis-
associated proteins. Indeed, only reactivity to the tuberculosis-
associated proteins differed between high- and low-burden
tuberculosis and between either form of tuberculosis and NTBD,
indicating that specific protein subsets become preferred targets
of the antibody response as disease develops. Moreover, the
correlation between antibody responses and bacillary burden
in human tuberculosis should help further characterize the
course of infection in macaques. That is, the antibody profiles
seen in latently infected animals might reflect initial bacillary
multiplication, which is subsequently controlled. In contrast,

Figure 2. Antibody levels in tuberculosis suspects. The Mycobacterium tuberculosis proteome arrays were probed with sera from 169 active tubercu-
losis and 228 nontuberculosis disease (NTBD) patients. Reactive proteins (n = 356) were identified by Z statistics, and proteins associated with active
tuberculosis (n = 10) were identified by odds ratio calculation. A, Heat map of reactivity (Z scores) to 10 tuberculosis-associated proteins (rows) is shown
for reactive sera from tuberculosis patients (columns); the red color indicates Z score = 3 and the black color indicates Z score = 0. B, Distribution of
maximal antibody levels to any of the 356 reactive proteins by diagnostic class. The box plots show the median of the distribution (horizontal line in the
box), the interquartile range (box), the range excluding outliers (whiskers), and the outliers (circles). C, Distribution of maximal antibody levels to any of
the 10 tuberculosis-associated proteins by diagnostic class. Data are presented as box plots, as in B.
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failure of immune control of infection might lead to bacillary
multiplication and increased antibody responses in the active
disease and reactivation groups. Indeed, that the antibody in-
crease in the reactivation group is clearly delayed relative to
the active disease group strongly supports our interpretation
of the data. The proposed link among disease activation, bacil-
lary multiplication, and increased antibody responses agrees
with reports of increased antibody responses in HIV-positive
human subjects progressing to active tuberculosis [4, 26].

The above discussion shows that, even though the antigens
targeted by the antibody response may differ between ma-
caques and humans (presumably due to interspecies immuno-
genetic differences), data obtained in the 2 hosts can be
integrated to generate a single, coherent picture of the
dynamic properties of the response over time in relation to
infection outcome and bacillary burden. Importantly, integra-
tion of the macaque and human data leads to at least 3 action-
able findings for use in translational research. First, acute
infection may be associated with an antibody surge, which is
likely transient, suggesting the possibility of diagnosing early
infection among contacts of active tuberculosis cases. The lack
of this early humoral response—when accompanied by inde-
pendent proof of infection (eg, by tests assessing cell-mediated
responses [27])—may imply greater susceptibility to stress and
predict greater reactivation risk. Together, the above consider-
ations support the notion that latent infection comprises a
variety of conditions characterized by diverse microbiological,
immunopathological, and outcome features [28]. Second, in-
creased antibody responses in latently infected individuals
should be a strong indicator of preclinical tuberculosis. Third,
proteome-scale work can help identify proteins that have sero-
diagnostic potential for the entire spectrum of bacillary

burden. A caveat is that cases at the high end of this spectrum
would be diagnosed more accurately than those at the low end
of the spectrum because the regression coefficients in Table 3
are lower and the hurdle models are less sensitive for smear-
negative tuberculosis than for smear positive tuberculosis. In
conclusion, greater understanding of the antibody response to
M. tuberculosis infection afforded by the global measurements
reported here supports current efforts of antibody biomarker
discovery and reveals new potential applications.
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Table 3. Quantile Regression Models of Maximal Antibody Levels vs Bacillary Burden

Regression Coefficients

Bacillary Burden 60th Quantile 70th Quantile 80th Quantile

Maximum antibody levels to any reactive protein
None (reference)

Low −0.19 (−.49 to .61) 0.08 (−.40 to .82) 0.53 (−.08 to .89)

High 0.97 (.62–1.31) 0.97 (.69–1.25) 0.78 (.48–1.12)

Maximum antibody levels to any tuberculosis-associated protein

None (reference)

Low 0.66 (−.08 to 1.30) 0.83 (.31–1.63) 1.08 (.53–2.25)
High 2.47 (2.10–3.14) 2.74 (2.41–3.18) 2.61 (2.29–3.19)

Quantile regression was performed with maximum antibody levels to any reactive protein or tuberculosis-associated protein as dependent variable and burden
class as independent variable. Regression coefficients (and 95% confidence intervals in parentheses) were calculated for the 60th, 70th and 80th quantiles after
adjusting for age, country of serum sampling, and history of past tuberculosis. Bacillary burden: none, nontuberculosis disease; low, sputum smear-negative
tuberculosis; high, sputum smear-positive tuberculosis. The coefficients indicate antibody levels in either burden class compared with the no-burden class
(reference). Differences between burden classes are significant (shown in bold) when the confidence intervals of coefficients do not include zero and when
confidence intervals of 2 burden classes do not overlap.
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