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Summary

Standard methods to monitor tuberculosis (TB) treatment response rely on sputum microscopy and
culture conversion. Alternatives to these methods are needed for those patients whose sputum tests
are smear or culture negative. Here, we examine anti-phospholipid IgM antibody level changes as
a biomarker for treatment response in smear positive TB patients. Serum samples were obtained
from 40 pulmonary TB patients at the start and end of the intensive phase treatment (IPT) from the
CDC-TB Trials Consortium randomized clinical trial in Kampala, Uganda. Samples were screened
by ELISA for IgM levels against five phospholipids found in Mycobacterium tuberculosis and
host cells. Lipid antigens included cardiolipin (CL), phosphatidy! inositol (PI), phosphatidy!l
ethanolamine (PE), phosphatidyl choline (PTC), and sphingolipid (SL). Levels of IgM against all
phospholipids significantly decreased (p= 0.034, 0.001, 0.008 0.008, 0.040, respectively)
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following anti-TB drug treatment in patients without lung cavitary disease at baseline. The mean
sensitivity of this test in these patients was 83% when the IgM response to a single lipid antigen
was used; it was >90% when responses to 2 or more lipids were assessed. In contrast, cavitary TB
patients showed an overall IgM increase, with a significant rise against PE (p= 0.025). There was
no significant difference in the change in antibody levels between patients who remained culture-
positive and those who culture-converted after 40 doses of drug therapy. The measurement of IgM
anti-phospholipid antibodies may be a useful biomarker to monitor treatment response in non-
cavitary TB patients.
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1. Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB) remains a major global
health challenge?. Successful TB treatment is critical for preventing further TB transmission
to others, minimizing relapse rates, and preventing drug resistance. Therefore, successful
treatment requires monitoring response to anti-TB therapy. Current methods to monitor
response to treatment include the demonstration of conversion of sputum acid fast bacilli
(AFB) smear by microscopy and culture for MTB two months into treatment 2 3. However,
in most TB endemic regions of the world, sputum culture is not routinely performed. The
sputum microscopy test is not highly sensitive and is negative in a substantial proportion of
baseline sputum samples in new TB patients. Absence of such sputum microscopy and
culture results precludes uses of such tests to monitor response to treatment in most TB
endemic settings of the world. High TB burden areas require inexpensive, reliable, and rapid
tests that do not rely on the detection of tubercle bacilli.

A large portion of the MTB genome is dedicated to the synthesis and catabolism of lipids
located in the cell wall. The plasma membrane of MTB is comprised of phospholipids found
in other bacteria as well as numerous lipids unique to the genus Mycobacterium; notably, 2-
alkys-3-hydroxy fatty acids composed of up to 90 carbons. Other lipid-containing molecules
unique to the MTB complex include phenolic glycolipids, poly acyl trehalose and
lipooligosaccharides 4. These mycobacterial lipids are distinguished by the immune system
in different contexts. Lipoarabinomannan molecules are recognized by Toll-like receptors of
the innate immune system. Other lipids such as mycolic acids and glucose monomycolates
are presented by CD1 molecules to T lymphocytes °. Other acidic phospholipids present in
the MTB cell wall include cardiolipin (CL), phosphatidylglycerol (PG), phosphatidylinositol
(PI) and its mannoside derivatives, in addition to basic phospholipids such as
phosphatidylethanolamine (PE) 8. Because some of these lipids have a unique presence in
mycobacteria, they may provide a valuable biosignature to be evaluated as potential
biomarkers for diagnosis and treatment response ’.

Lipid molecules induce an antibody response by B-1 B cells, which represent about 5% of
the entire B cell population 8. B-1 B cells have little or no immunological memory and are

Tuberculosis (Edinb). Author manuscript; available in PMC 2015 April 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goodridge et al. Page 3

located mainly in the pleural and peritoneal cavities. Interestingly, B-1 B cells express high
levels of IgM and do not require T cells for proliferation; they self-renew from pre-existing
B-1 cells 8. Phospholipids are the major antigens that stimulate B-1 B cells . Recently,
B-1 B cells have been shown to migrate from the peritoneal cavity to the lungs in mice
infected with Mycobacterium bovis bacillus Calmette-Guerin (BCG) 1°. IgM anti-
phospholipid antibodies produced by B-1 B cells have self and poly-reactive
properties!113-14 This characteristic contributes to their rapid clearance from the
bloodstream. Thus, the IgM antibodies produced by B-1 B cells contribute to the innate
immunity of the host and their induction requires continued stimulation by lipid antigens
generated by replicating mycobacteria during TB as well as host cell turn-over.

We thus propose that the B-1 B cell-produced IgM antibody response to lipids may serve as
a biomarker for monitoring TB treatment. We hypothesize that a decrease over 2 months of
serum IgM antibody level to MTB phospholipids may serve as a marker of favorable
response to treatment and end-point assessment in clinical trials of new anti-TB drug
regimens.

2. Materials and methods

2.1 Patient specimens

Serum samples were obtained at baseline (before initiation of drug therapy) and at the end of
the intensive phase of treatment (IPT) from 40 HIV-negative patients with acid-fast bacilli
(AFB) smear and culture-confirmed pulmonary tuberculosis (PTB). These patients were
enrolled in a study of the Center for Disease Control and Prevention —Tuberculosis Trials
Consortium (CDC-TBTC) randomized clinical trial conducted in Kampala, Uganda. The
patient cohort was equally composed of two groups: 19 culture-positive patients (slow
responders) and 21 culture-negative patients (fast responders) at the end of 40 doses of IPT
anti-TB combination, which corresponds to eight weeks of treatment (5 doses per week).
Patients were further categorized according to disease severity, based on the extent of
findings on pre-treatment chest radiographs (limited, moderate, and extensive based on a
validated grading scheme; and whether or not cavitary lesions were present: cavity or no
cavityl2). Serum samples were screened for levels of IgM antibodies against five
phospholipids extracted from bovine sources available commercially (Avanti Polar Lipids,
Alabama, USA).

2.2 Enzyme-linked immunosorbent assay (ELISA)

The phospholipid antigens included cardiolipin (CL), phosphatidylinositol (PI),
phosphatidylethanolamine (PE), phosphatidylcholine (PTC), and sphingolipid (SL). Lipids
were diluted to 10mg/ml in ethanol and 50 pl of the solutions were dried overnight in flat
bottom well polystyrene ELISA plates (Fisher Scientific, USA). ELISA plates were blocked
with 100 pl of 3% low fatty acid bovine serum albumin (BSA) (USBiologicals, USA) and
washed with phosphate buffered saline (PBS) pH 7.4. Frozen serum samples were thawed
twice and diluted 1:100 in 3% low fatty acid BSA. The diluted sample was added to the
plate and incubated for one hour at room temperature (RT), followed by three washes with
PBS. Then, 100 pl of 1:5,000 goat-derived anti-human IgM labeled with horse radish
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peroxidase (HRP) (Thermo Scientific, 111) diluted in PBS pH 7.4 was added, followed by
incubation at RT for 1 hr and washed again with PBS. Finally, 100 pl of
tetramethylbenzidine substrate (TMB) (Thermo Scientific Pierce, Illinois, USA) was added
and the reaction was stopped immediately with 50 pl of sulfuric acid 1M.

Reactions were read within ten minutes at 450 nm in a spectrophotometer (Cambridge
Technologies, Massachusetts). The results were read out as the average of optical densities
(O.D.) of triplicate assays. Standards curves for our in-house ELISA were prepared with
polyclonal human IgM (Thermo Scientific Pierce, Illinois, USA), which yielded a
correlation coefficient R2 of 0.99. The concentration of IgM in serum samples (in ng/ml)
was calculated based on this standard curve. High, medium, and low IgM level control
samples were included in each assay. Assays with control sample results outside two
standard deviations were discarded and repeated.

2.3 Statistical analyses

All statistical analyses were conducted with STATA (Version 11, STATA Corp., Texas).
The two-sample Wilcoxon rank-sum test was used to compare lipid-specific IgM
concentration differences between fast and slow responders (at baseline and at the end of
IPT). We performed a step-wise procedure to test for the following variables suspected to be
biologically relevant to IgM antibody response during treatment: age, gender, body mass
index (BMI), bilateral abnormalities, AFB smear status at baseline, cavitary disease, and
disease severity. Variables were added to the basic model in a stepwise fashion. Variables
were eliminated if they failed to achieve significance at the 5% level from the full model to
obtain the best fit and simplest model that included cavity classification and disease severity
as significant variables. The Wilcoxon signed-rank nonparametric test was used to compare
lipid-specific antibody differences between groups for cavity and disease severity variables.

The Committee for Protection of Human Subjects at UC Berkeley (UCB#2010-06-1752)
approved this sub-study. The protocol for the parent clinical trial (conducted by the TB
Trials Consortium sponsored by the U.S. Centers for Disease Control and Prevention;
ClinicalTrials.gov number, NCT00694629) was approved by the Center for Disease Control
and Prevention IRB and the local IRBs at all participating sites. All patients gave informed
consent for participation.

3. Results

The CDC-TBTC sample set was composed of 40 HIV-negative patients (29 males and 11
females) with smear and culture-confirmed pulmonary TB. The baseline characteristics of
the study subjects are shown in Table 1. The average age was 29 years (range 19 to 53 years
of age). Seventy-three percent of these patients were non-smokers, non-alcoholics, and non-
drug users (Table 1). Patients with negative culture after 2 months of treatment showed a
higher pretreatment BMI. On chest radiographs, two patients were diagnosed to have limited
disease, 22 had moderate disease, and 16 had extensive disease. Twenty-three (57%) had
cavitary lesions. Two patients were diagnosed with MDR-TB at the third month of anti-TB
treatment (Table 3).
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The IgM anti-phospholipid antibody response was highly variable among these patients. A
global analysis of our sample set showed heterogeneous results for all five anti-phospholipid
IgM levels, regardless of culture conversion status (Table 1). A comparison of the decrease
in IgM antibody levels between TB patients who remained culture positive and those who
culture converted after 40 doses of IPT, revealed no significant differences using a two-
sample t- test (Table 1).

The multi-variable model included age, gender, body mass index, bilateral abnormalities,
smear status at baseline, cavity disease and extent of chest disease on radiographs. This
model revealed no contribution of the variables to changes in antibody levels upon treatment
completion. Thus, we opted to use a simpler model using “cavity classification” as a proxy
for disease severity and adjusted for “age”. The “cavity classification” variable showed a
uniform distribution across three categories, including no cavity (n= 17), small cavity (n=9),
and large cavity (n= 14). This simpler model allowed us to study the IgM anti-phospholipid
antibodies as a biomarker for TB treatment response, despite the variability of the antibody
levels within our sample set.

Analysis of this simpler model consistently revealed IgM anti-phospholipids antibodies to
decrease among TB patients with no lung cavities. Specifically, the mean IgM concentration
decreased significantly against four of the five phospholipids, including PE, PIl, PTC and SL
(paired t-student p= 0.012, 0.012, 0.022, and 0.043, respectively). The distribution of delta
change among all patients was scattered due to the presence of outliers in the cavity
classification categories (data not shown). The median values of antibody change were
analyzed with a two-sample Wilcoxon rank-sum test. This revealed a significant decrease
for all five lipids, CL, PI, PE, PTC, and SL in non-cavitary TB patients (Wilcoxon rank-sum
test p= 0.034, 0.008, 0.001, 0.008, 0.040 respectively, see figure 1). The antibody level
reduction was different for each lipid. Specifically, we observed a 22.4%, 8.2%, 16.5%,
22.6% and 17.5% serum concentration reduction of IgM anti-CL, PE, PI, PTC and SL,
respectively (data not shown). For cavitary TB, IgM antibody levels showed increase in
most patients. A significant increase was observed only against PE (p=0.025, 95% C.I.
-2.287, -0.113).

We evaluated our biomarker test’s ability to identify successful treatment response in non-
cavitary TB patients. We defined a positive biomarker test as a decrease in IgM anti-
phospholipid antibodies and a negative test as an increase or no change in IgM anti-
phospholipid antibodies. The outcome was successful treatment response. We excluded the
MDR-TB cases from this analysis. The sensitivity values were 93.3%, 66.7%, 80.0%, 93.3%
and 80.0% for each anti-CL, PE, PI, PTC and SL IgM, respectively, with an overall
sensitivity of 82.6% (Table 2). The sensitivity was 93.3% in non-cavitary disease patients
when the decrease in IgM response was assessed against 2 or more of the phospholipids (CL
and PTC, or CL, PTC, and PI).

4. Discussion

The standard method to monitor response to TB treatment includes demonstration of sputum
smear microscopy and culture conversion after 2 months of IPT. Of course, this requires the
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first sputum sample to be smear or culture test positive. In most TB endemic regions of the
world, sputum culture is not done. Sputum microscopy for AFB has low sensitivity. In this
study, after 8 weeks of treatment, sputum of many patients tested AFB positive and 19
patients tested culture positive (Table 1). Among those whose sputum converted at 8 weeks,
all were cured at the end of treatment (EOT), while among those who did not convert, 90%
were cured at the EOT, indicating poor correlation of these tests to monitor treatment
response (Table 1). Thus, for patients in whom such sputum sample conversion information
is not available, alternative ways to monitor treatment response are needed. We show here
that changes in serum IgM anti-phospholipid antibodies appear to be a useful marker to
monitor treatment response in TB patients, especially in those with non-cavitary disease.
This IgM decrease may reflect decrease in bacterial burden and healing of lung lesions in
these patients.

In contrast, in patients with cavitary disease, IgM levels tended to show an increase,
although the significant increase was observed only against one of the phospholipids
(phosphatidylethanolamine) after 40 doses of IPT. This increase may reflect liquefied
caseum containing high levels of MTB bacilli and their lipid debris, as well as host cells’
phospholipids released during the inflammatory process 13 14, This increase might be
transient during treatment, but additional studies assessing antibody levels at later time
points are needed to support this suggestion.

The pathophysiology of cavity formation and healing during TB is not completely
understood 5. Evidence from human cavities suggests that Th2 cytokines, such as IL-4 and
TNFa, may play a role in cavity formation 16. These Th2 cytokines may antagonize host
defense and cause tissue necrosis in TB patients’ lungs 17. Early work by Yamamura et al.
showed that a lipid-protein mixture from heat-killed bacilli sensitized and elicited cavities in
white male rabbits 18, Interestingly, this study demonstrated that mycobacterial proteins
alone were able to produce granulomas, but not cavities. More recently, it has been shown
that mycobacterial lipids act as adjuvants. Mycobacterial proteins combined with synthetic
adjuvants were able to elicit cavity formation 19, Once the cavity breaks open and
communication with the bronchial tree is established, more oxygen enters allowing the
bacilli to multiply further inside the cavity 20. Routine cultures have measured 107— 10°
bacilli within the liquefied material of a single cavity.

We hypothesize that IgM-secreting B-1 B cells are activated upon treatment by the
transiently enhanced inflammation induced by dying MTB in cavitary lesions. Necrotic cells
accumulate lipids in the caseum. Lipids from both dead host cells and from MTB in the
released caseous material contain sufficient levels of antigens to activate the B-1 B cells and
induce IgM anti-phospholipid antibody production. This may explain the increase in IgM
anti-phospholipid antibody levels we observed in treated patients with cavitary disease in
this study. Indeed, lungs of BCG infected BALB/c mice have shown a significant increase in
B-1 B cells at 40 days post infection1?. Together, host lipids, mycobacterial lipids, and 1L-5
secreted by granulocytes generate the signaling required for full activation of B-1 B cells.
Therefore, the increase in IgM anti-phospholipid antibodies observed in cavitary TB patients
on IPT might be a reflection of T cell-independent B-1 B cell activation upon cavity
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liquefaction. Treatment of those with cavitary disease may transiently cause an increase in
lipids released from a large burden of dead MTB.

The percentage of TB patients with cavitary disease at initial diagnosis varies by
geographical region. Countries with low and mid TB incidence such as Saudi Arabia,
Denmark, and Brazil report cavities on the initial chest X-ray in 14%, 42%, and 36% of TB
patients, respectively?1-23, In contrast, Nigeria, a country with a high prevalence of TB, has
reported the presence of cavities in up to 46% of cases 3. Our biomarker IgM anti-
phospholipid antibody test will be useful to monitor the treatment of 64—-86% of the patients
suffering from TB, depending on the cavitary TB prevalence in the region.

The change in IgM anti-phospholipid antibody levels may also serve as a valuable test to
monitor TB treatment in HIVV-positive patients. As mentioned previously, B-1 B cells do not
require T cells for activation. Therefore CD4 and CD8 cell counts will not affect the IgM
anti-phospholipid antibody levels produced in patients suffering from HIV. In addition,
HIV-positive patients generally do not develop cavitary TB because of a weakened cell-
mediated immune response. The IgM anti-phospholipid antibodies in TB-HIV infected
patients could be useful in monitoring disease severity.

The proportions of non-cavitary TB patients that showed a decrease in IgM response were
93.3%, 66.7%, 80.0%, 93.3% and 80.0% for IgM anti-CL, PE, PI, PTC and SL, respectively
(Table 2). This study shows sensitivity of the IgM ELISA results for favorable initial
response but does not show specificity of the response. At eight weeks of treatment, the
sensitivity values were all higher than the reported 60-80% sensitivity of the 2-month
sputum culture conversion method currently in use to monitor treatment response 2427,
Since a large proportion of sputum cultures from newly diagnosed patients are negative
before treatment, the sensitivity of the traditional monitoring test may be actually even
lower. The anti-phospholipid IgM ELISA does not require sputum culture results.

This study is limited by the fact that nearly all patients were cured at EOT. Two patients
were diagnosed with multidrug-resistant TB (MDR-TB) three months after treatment
initiation; both had non-cavitary disease. Drug susceptibility tests showed that patient A had
resistance to isoniazid (INH) and rifampicin (RIF), whereas patient B was resistant to INH
and streptomycin (STM). After two months of IPT with ethambutol (EMB), pyrazinamide
(PZA), INH, RIF or rifapentine (RPT), patient A still had a positive culture with 100-200
CFU in solid media. In contrast, patient B showed negative culture results twice in solid
media and a positive result once in liquid media. The IgM anti-phospholipid antibody levels
increased in patient A while patient B showed a decrease over the IPT period. These
observations support the hypothesis that IgM anti-phospholipids antibody levels reflect the
bacterial burden within the lungs of TB patients even though the patients remained culture-
positive at the end of IPT. They also suggest, however, that the test needs further refinement
for monitoring MDR-TB treatment.

This new test needs to be conducted with a larger sample size that includes patients who do
not respond to treatment and also have MDR-TB. If this test can be shown to also have high
specificity, it can serve as a low-cost method to monitor response to treatment. The bovine
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phospholipids used in this study were all readily commercially available and can be used in
low concentrations. In most countries, chest x-rays are routinely performed as part of TB

diagnostic work up. Thus, the combination of chest x-ray and anti-lipid IgM response results
could serve an inexpensive and sensitive approach to monitor response to TB treatment.
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Figure 1.

Plot of the median change in IgM anti-phospholipid antibody levels after 40 doses of anti-
TB drug therapy. Antibody levels were determined by ELISA; results are shown as
concentrations (ng/ml). The panels compare the antibody level decrease in cavitary TB
patients vs. non-cavitary TB patients for each of the five phospholipids including,
cardiolipin (CL); phosphatidyl ethanolamine (PE); phosphatidyl Inositol (PI); phosphatidyl
choline (PTC); sphingolipid (SL).
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Table 1

Demographic and clinical characteristics of TB patients who responded early (sputum culture negative at 8
weeks of treatment) and late (sputum culture positive at 8 weeks).

Culture negative at  Culture positive at
8 weeks (n =21) 8 weeks (n =19) p value

Demographic characteristics

Age; median (IQR) 26.0 (6.5) 30.0 (4.0) 0.007
Male gender 13 (62%) 16 (84%) 0.085
Social characteristics
Smoking history 4 (19%) 5 (25%) 0.255
Past alcohol use 0 (0%) 1 (5%) 0.475
Past drug use (injection) 0 (0%) 0 (0%) 1
Past drug use (non-injection) 0 (0%) 1 (5%) 0.475

Clinical characteristics

BMI; median (IQR) 19.8 (2.7) 18.2 (2.8) 0.192
HIV infected 0 (0%) 0 (0%) 1
Any co-morbid condition 1 (5%) 0 (0%) 0.525

Presence of cavity on chest x-ray
Any cavity 12 (57%) 11 (58%) 0.250
Bilateral cavitation 1 (5%) 2 (11%) 0.364

Cavity classification on chest x-ray

Absent 9 (43%) 8 (42%) 0.250
Present < 4cm 5 (24%) 4 (21%) 0.289
Present = 4cm 7 (33%) 7 (37%) 0.253

Extent of Chest x-ray involvement

Limited 0 (0%) 2 (11%) 0.219

Moderate 15 (71%) 7 (37%) 0.024

Extensive 6 (29%) 10 (52%) 0.080

Any bilateral abnormalities 9 (43%) 12 (63%) 0.113
AFB smear

2+ 5 (24%) 0 (0%) 0.031

3+ 6 (29%) 6 (32%) 0.264

4+ 10 (47%) 13 (68%) 0.108

Days to detection; median (IQR) 5.84 (2.54) 5.98 (2.60) 0.538

End of treatment (EOT) assessment at 6 months

Cured 21 (100%) 17 (90%)@ 0.219

Decrease in IgM response toP
CL -16.5% 8.2% 0.123
PE 2.5% 9.7% 0.419
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Culture negative at  Culture positive at
8 weeks (n =21) 8 weeks (n =19) p value

Pl -2.5% 3.9% 0.782
PTC -11.3% -3.6% 0.860
SL -10.1% 1.4% 0.557

aTwo patients who had multidrug-resistant TB were placed on a 2-year treatment course. The sputum of one became culture-negative after 6
months of retreatment, while that of the other was negative throughout the entire retreatment. Both had non-cavitary disease.

b . . . -
Decrease in IgM antibody levels are expressed as percent change. Negative values indicate decrease.
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Sensitivity of anti-lipid IgM level decrease after 8 weeks of treatment among non-cavitary TB patients® as a
marker of favorable treatment response.

Decrease in  Sensitivity
IgM %
CL 14/15 93.3
PE 10/15 66.7
Pl 12/15 80.0
PTC 14/15 93.3
SL 12/15 80.0

aNumber of non-cavitary TB patients who showed a decrease in IgM anti-phospholipid antibody levels. Values for sensitivity were determined for
each lipid by contingency table analysis. Multidrug resistant TB patients were excluded. Cardiolipin (CL); phosphatidyl ethanolamine (PE);
phosphatidy! Inositol (PI); phosphatidyl choline (PTC); sphingolipid (SL).
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