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Background: Treatment response biomarkers are needed in the care of patients hospitalised
with HIV-associated tuberculosis (TB).

Objectives: We describe the changes in bacillary load during early treatment using quantitative
and semi-quantitative measures of Mycobacterium tuberculosis in blood and urine.

Method: We collected serial blood and urine samples at multiple timepoints in consenting
adult patients with HIV and positive urine lipoarabinomannan (LAM), admitted to Mitchells
Plain Hospital, Cape Town. Blood and urine Xpert Ultra, mycobacterial blood culture and
urine LAM were performed. Survival analysis and mixed-effects modelling were used to
determine time to a negative test, and to give the predicted probability of a positive test at the
different timepoints.

Results: Sixteen participants, predominantly male (63%), with median age 39 years
(interquartile range [IQR] 36-43), and CD4 count 27 cells/mm?® (IQR 8-83) were included. At
day 14, urine LAM, urine Xpert Ultra and blood Xpert Ultra remained positive in between 75%
and 86% of the participants. A mixed-effects model predicted a decline in ordinal values of
urine Xpert Ultra (cycle threshold), blood Xpert Ultra (cycle threshold) and blood culture
(time-to-positivity) in response to anti-TB treatment. Conversely, urine LAM grade intensity
increased over the 14 days.

Conclusion: M. tuberculosis DNA was detectable in urine and blood in decreasing quantity up
to 14 days of standard treatment in patients with HIV-associated TB. Urine Alere LAM showed
an increasing grade intensity during this period. Further research in larger groups and
extended periods are needed to assess relation to clinical outcomes.

Keywords: HIV-associated tuberculosis; biomarkers; bacteraemia; lipoarabinomannan; urine.

What this study adds: In this study in patients with HIV-associated disseminated and extra-
pulmonary tuberculosis (TB), we show the potential value of Xpert MTB/RIF Ultra as a non-
sputum-based treatment response biomarker.

Introduction

Mycobacterium tuberculosis is the leading cause of sepsis and death in people living with HIV
(PLWH) in sub-Saharan Africa, and tuberculosis (TB) is disseminated at death in 88% of HIV-
associated TB cases.'*** The non-specific clinical presentation, often mimicking other clinical
syndromes, may lead to delay in diagnosis and treatment, increasing mortality.> Current
therapeutic and treatment response strategies follow those of outpatient pulmonary TB in HIV-
negative patients.®” Sputum is often difficult to obtain in critically ill patients admitted with HIV-
associated TB.**!° Similarly, studies investigating novel drug regimens still rely heavily on
sputum-based culture conversion strategies, thus excluding patients unable to produce sputum.
Furthermore, treatment response assessment in programmatic settings is performed at week 8, a
timepoint where over 20% of patients with HIV-associated TB may have died.?!!>!?

Several factors are associated with mortality in HIV-associated TB including disseminated
disease, drug resistance, sepsis syndrome and an immune profile characterised by innate immune
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activation.*'*" Patients with disseminated TB are at highest
risk of mortality during the first 2 weeks of treatment.?
Current treatment response monitoring strategies in
disseminated and extra-pulmonary TB are based on clinical
features such as weight gain as a surrogate marker for
treatment efficacy, and, similar to smear microscopy, are
often evaluated at the end of the intensive phase.'*"”
C-reactive protein is an alternative treatment response
biomarker but limited by poor specificity where it may
paradoxically increase especially in PLWH who have other
opportunistic infections and who may develop immune
reconstitution inflammatory syndrome after initiating
antiretroviral therapy.'®

Urine and blood-based treatment response biomarkers could
provide a measure of treatment efficacy in treatment
intensification and drug development clinical trials, as well
as in treatment response in clinical care. Improved
understanding of the decline of M. tuberculosis in blood or
urine during standard treatment could be a novel TB
pharmacodynamic parameter and could inform the
development of novel pathogen and host-directed therapies
in this patient population. In this prospective cohort study,
we serially quantified M. tuberculosis in blood and urine over
a 14-day period in patients admitted to hospital with HIV-
associated disseminated TB, wusing the wurine Alere
lipoarabinomannan (LAM) assay, and Xpert MTB/RIF
(rifampicin) Ultra performed on urine and blood and
mycobacterial blood cultures. We (1) described agreement
between test replicates and between different tests, (2)
determined how long TB bacilli remained detectable by
different tests during the first 14 days of treatment, and (3)
observed the change in the bacillary load in blood and urine
using the semi-quantitative urine Alere LAM grading,
quantitative Xpert MTB/RIF Ultra cycle thresholds (urine
and blood), and mycobacterial blood culture time-to-
positivity (TTP).

Research methods and design
Study design and population

We prospectively recruited PLWH (18 years or older) with
suspected TB admitted to Mitchells Plain Hospital (Cape
Town, South Africa) between November 2020 and August
2021. We included patients who were positive by urine Alere
LAM (Determine™ TB LAM Ag, Abbott Laboratories, Lake
Bluff, Illinois, United States) or FUJIFILM SILVAMP TB LAM
(FujiLAM; Fuyjifilm, Tokyo, Japan). We further enriched
recruitment using high predicted probability of M. tuberculosis
blood stream infection: a bespoke prediction model (https://
davidadambarr.shinyapps.io/lindaboloko/) developed using
prior data*® of readily available baseline clinical variables
accessed via a smartphone application at the patient’s bedside;
patients with > 50% predicted probability of positive TB blood
culture were asked to participate. We excluded patients who
received any anti-TB treatment prior to enrolment, had
haemoglobin < 5 g/dL or symptomatic anaemia with
haemoglobin 5 g/dL - 8 g/dL. Participants were followed up
for blood and urine collection at day 0 before standard anti-TB
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treatment (rifampicin, isoniazid, pyrazinamide, ethambutol),
at day 1, day 3, day 7, day 14 on anti-TB treatment, and
subsequently at day 28 for vital status. This was a pilot study
and the sample size of 16 patients was not powered for
hypothesis testing.

Study procedures

At baseline (day 0), we collected fresh spot urine in 50 mL
falcon tubes with varying volumes between participants,
prior to initiation of anti-TB treatment. Urine Alere LAM
testing was done at the bedside and read at 25 min using
reference cards as per manufacturer’s instruction. Urine was
then aliquoted into separate volumes for storage at -80 °C and
for urine Xpert MTB/RIF Ultra (Cepheid, Sunnyvale,
California, United States) testing done by the National Health
Laboratory Services. Similarly, blood was collected at
baseline prior to institution of anti-TB treatment in 4 mL
K,EDTA (dipotassium ethylenediaminetetraacetic acid;
Becton, Dickinson and Company, Franklin Lakes, New Jersey,
United States) and 6 mL heparin sodium (Becton, Dickinson
and Company, Franklin Lakes, New Jersey, United States)
tubes. Ethylenediaminetetraacetic acid (EDTA) blood was
separated into plasma for storage at -80°C and the red cell
pellet used for performing blood Xpert Ultra. We separated
heparin sodium blood for plasma storage and the red blood
cell pellet for mycobacterial blood culture. Red blood cell lysis
buffer was added to the pellet, incubated at room temperature,
centrifuged, and inoculated into a blood culture bottle,
reducing potential antimicrobial drug carry-over from
plasma. TB blood cultures were performed by liquid culture
(BACTEC Myco F/Lytic; Becton, Dickinson and Company,
Franklin Lakes, New Jersey, United States) and M. tuberculosis
was identified by GenoType MTBDRplus line-probe assay
(Hain Lifescience GmbH, Nehren, Germany). Serial follow-
up samples were collected and processed as described above
on days 1, 3, 7 and 14. Serial urine LAM measurement was
done on frozen samples after completion of the clinical study:.

Statistical analysis

The minimum cycle threshold value of the four Xpert Ultra
rpoB probes was used, with ‘trace” positive samples imputed
by modelling the relationship between rpoB and 156110-1081.
We assessed reproducibility of assay results by examining
concordance of each possible pairwise comparison of
technical replicates (the same assay performed on replicate
samples from the same participant at the same timepoint),
summarising agreement using Cohen’s Kappa statistic. We
also assessed correlation of semi-quantitative results (cycle
threshold [Ct] values of Xpert Ultra; and blood culture TTP)
for technical replicate pairs. We similarly assessed agreement
and correlation between different assays using all available
test pairs from same participant-timepoints.

Association between Ct values, TTP, or LAM grade and
mortality was assessed using Wilcoxon rank sum testing
(ignoring nesting of replicates). Confidence intervals for
proportions were derived from binomial proportion tests.
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To assess change in bacillary load in blood and urine following
treatment, results for each assay were converted to an ordinal
scale ranging from 0 to 4. A negative result was assigned 0, and
values 1-4 were assigned based on quartiles, such that a value
of 4 indicated highest bacillary load detection (lowest Ct,
lowest TTP, or highest LAM grade). We then estimated the
effect of days on treatment on ordinal category using linear
mixed-effects models, including random effects on intercept
and slope by participant to account for nesting of replicates.
These models were fit with the Bayesian Regression Models
using ‘Stan’ (BRMS) package in R using non-informative priors.
Predicted ordinal category from these model fits was then used
as a time-varying predictor variable for mortality in a Cox
proportional hazards model, to assess for evidence that
bacillary load exposure over time of follow-up was associated
with mortality hazard. All analysis was done using RStudio
v1-2-5033 (RStudio, PBC, Boston, Massachusetts, United States).

Role of the funding sources

The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of the
report.

Ethical considerations

Ethical clearance to conduct this study was obtained from the
University of Cape Town Human Research Ethics Committee
(reference no.: HREC 645/2021). This study was approved by
the Institutional Review Board. All participants provided
written informed consent. All data were treated with
confidentiality.

Results
Baseline characteristics

Sixteen participants who were either Alere LAM or FujiLAM
positive were enrolled in the study (Figure 1). Three
participants were lost to follow-up at day 1 (n = 1) and day 7
(n = 2). The median age was 39 years (interquartile range
[IQR] 36-43), median CD4 count was 27 cells/mm?® (IQR
8-83), and predominantly male participants (63%) were
included in the study. Six (38%) participants reported taking
antiretroviral therapy at enrolment. Fifteen (94%) participants

P
Referral for screening
(n=43)
4 N\
R Excluded (n = 15):
P| e Low probability disseminated TB
4 Y . J
Screened
(n=28) Excluded (7 = 12):
N~ ¢ Declined participation: 2
.| * Confused: 1
"] e Multiple dose anti-TB treatment: 7
\ 4 * Low haemoglobin: 1
Included e Other diagnosis: 1
. J
(n=16)

TB, tuberculosis.
FIGURE 1: Inclusion and exclusion from study.
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had microbiological evidence of TB. There were five in-
hospital deaths (31%), with median time to death being 7
days (IQR 2-9). The baseline characteristics are presented in
Table 1 and Online Appendix Table 1-A1.

Detection of disseminated tuberculosis

Three technical replicates at each of five timepoints for the 16
participants yielded valid results: for blood Xpert Ultra samples,
78% (187/240), urine Xpert Ultra 71% (171/240), and
mycobacterial blood culture 69% (165/240). Urine LAM had a
valid result in 55% (44/80) (Online Appendix Figure 1-Al).
Missing results were because of early death, loss to follow-up,
urine unavailability, and technical factors including
contamination. There was strong agreement within technical
replicates of each assay, and Cohen’s Kappa similar for the three
methods (0.67 for blood Xpert Ultra, 0.71 for urine Xpert Ultra,
and 0.68 for mycobacterial blood culture) (Online Appendix
Table 2-Al). In addition, there was moderate agreement
between blood Xpert Ultra and urine Xpert Ultra (Cohen’s
Kappa 0.32, 95% confidence interval [CI] 0.24-0.40), and slight
agreement for blood culture and urine Xpert Ultra (Cohen’s
Kappa 0.09, 95% CI 0.05-0.13) (Online Appendix Table 2).

Quantitative and semi-quantitative measures of
bacillary load

The median cycle threshold prior to treatment was 29 (25-30)
for blood Xpert Ultra and 23 (19-30) for urine Xpert Ultra;
median time to blood culture positivity was 28 days

TABLE 1: Baseline characteristics (N = 16).

Variable Median IQR n %
Age (years) 39 36-43

Sex

Female - - 6 38
Male - - 10 63
Current ART use - - 6 38
CD4 count (cells/mm?) 27 8-83

Previous tuberculosis - - 9 56
White cell count (x10°/L) 6.1 3.9-9.2

Haemoglobin (g/dL) 9.1 7.6-10.5

Platelets (x10°/L) 203 121-378

Creatinine (umol/L) 111 73-374

Mycobacterium tuberculosis 0.49 0.42-0.62

blood stream infection
prediction scoref

Symptoms

Cough - - 6 38
Fever = = 8 50
Loss of appetite - - 13 81
Malaise - - 16 100
Night sweats - - 4 25
Weight loss - - 14 88
Baseline Alere LAM grade

Negative 3 19
1+ 0 0
2+ 2 12
3+ 5 31
4+ - - 6 38

IQR, interquartile range; ART, antiretroviral therapy; LAM, lipoarabinomannan.

+, Variables included in the model: sodium, creatinine, lactate, haemoglobin, lymphocyte,
CD4 count, Alere LAM, heart rate, ECOG (Eastern Cooperative Oncology Group), peripheral/
mediastinal lymph nodes, miliary chest X-ray.
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(IOR 24-30) and the median LAM grade intensity was 3+
(IQR 2-4). Correlation of semi-quantitative results (Ct or
TTP) within technical replicates of the same assay ranged
from r = 0.92 for paired, pre-treatment blood Xpert Ultra
sample Ct values, to r = 0.77 for blood culture TTP from
paired samples taken after day 0 of treatment (Online
Appendix Figure 2-Al). Correlations between the three
assays (comparing blood vs urine Xpert Ultra Ct; blood
culture TTP vs blood Xpert Ultra Ct; and urine Xpert Ultra Ct
vs blood culture TTP) were similarly high at day 0. However,
correlations were substantially lower for samples taken after
participants were on TB treatment (Online Appendix Figure
2). For both blood and urine Xpert Ultra, the distribution of
Ct values (across all replicates and timepoints) was strongly
associated with study outcome: lower Ct values, indicating
higher bacillary load, being found in the participants who
died. Such an association was less clear for blood culture TTP
and urine LAM grade (Figure 2).

Changes in blood and urine biomarkers in
response to treatment

At baseline, at least one positive urine LAM, urine Xpert
Ultra, blood Xpert Ultra, or mycobacterial blood culture was
found in 11/15 (73%), 13/15 (87%), 12/16 (75%) and 7/16
(44%) participants, respectively. Blood and urine Xpert Ultra,
and urine LAM remained detectable in a similar proportion
across all time points, with 6/8 participants remaining blood
Xpert Ultra positive at day 14 (75% CI 41-93). In contrast, the
proportion with a positive blood culture fell progressively
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over this period, with no TB blood stream infection detected
by culture on day 14 (Figure 3).

We assessed the change in bacillary load in blood and urine
following treatment with each assay converted to an ordinal
scale ranging from 0 (negative test) to 4 (lowest Ct or TTP, or
highest LAM grade). A linear mixed-effects model was used
to assess for an effect of time on treatment on assay ordinal
scale value. There was interindividual variability on all the
assays; however, on average, ordinal category decreased
with days on treatment for blood Xpert Ultra, urine Xpert
Ultra and mycobacterial blood culture during the first 14
days of anti-TB treatment.

By contrast, urine LAM grade intensity increased slightly
(Figure 4). A Cox proportional hazards model with ordinal
category as a time-varying predictor of mortality showed
positive hazard ratios for blood Xpert Ultra, urine Xpert
Ultra and mycobacterial blood culture, and a negative hazard
ratio for urine LAM, but none of these effect sizes was
statistically significant (Online Appendix Table 3-Al).

Discussion

In our study, M. tuberculosis DNA was detectable by Xpert
Ultra in blood and urine in over two-thirds of patients with
disseminated HIV-associated TB up to 14 days after starting
standard anti-TB treatment. M. tuberculosis was detected by
liquid culture in blood up to day 7 of anti-TB treatment. We
also showed that there is a decline bacillary load as measured
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FIGURE 2: Association between quantitative and semi-quantitative bacilli load readouts and mortality. (a-d) All available samples (all replicates, all timepoints): (a) Blood
Xpert Ultra cycle threshold (P < 0.001), (b) Blood culture time-to-positivity (P = 0.14), (c) Urine Xpert Ultra cycle threshold (P < 0.001), (d) Urine lipoarabinomannan grade
(P =0.038). (e-h) Pre-treatment samples (all replicates, day 0): (e) Blood Xpert Ultra cycle threshold (P = 0.041), (f) Blood culture time-to-positivity (P = 0.67), (g) Urine

Xpert Ultra cycle threshold (P = 0.0062), (h) Urine lipoarabinomannan grade (P = 0.66).
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FIGURE 3: Proportion positive and remaining positive during the study follow-up
period. (a) Proportion of participants with at least one positive result among
replicates at timepoint, with 95% confidence interval (Cl) shown with error bars
and numbers ‘at risk’ (participants with at least one valid test result at this
timepoint) in Table. (b) Predicted probabilities of a positive test result from
logistic regression mixed-effects model with replicates nested within participant-
timepoints and a random intercept and slope included in model. Shaded areas
give 95% Cl for mean predicted probability.

by Xpert Ultra cycle threshold and blood culture TTP, while,
conversely, urine LAM concentrations appear to increase
during the first 14 days of treatment.

In routine management of pulmonary TB, treatment response
is assessed by conversion of sputum TB tests from positive to
negative. We demonstrate that TB can be detected and
quantified in urine and blood up to 14 days into treatment,
suggesting that an analogous approach may be possible for
disseminated TB treatment using these novel diagnostic
platforms. We suggest that Xpert Ultra could have utility in
the monitoring of treatment response in the first 2 weeks,
when mortality is highest in HIV-associated TB.

Tools to detect extra-pulmonary M. tuberculosis are advancing
our understanding of the TB disease spectrum.’* We found
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good reliability of Xpert Ultra agreement and correlation
across technical replicates to detect and quantify TB in blood
and urine, supporting the use of these tools when studying
the pathophysiology of advanced HIV-associated TB. There
was interpatient variability in the dynamics of bacillary load
measures across the different assays. Heterogeneity in
sputum conversion in response to treatment is known to
occur and is associated with HIV status, baseline smear
status, and presence or absence of cavities. Similarly, variation
in blood and urine may occur because of pharmacokinetics,
immune response, and bacillary load.?! Further research is
needed to interrogate these associations. Pre-treatment,
higher bacillary load measured by blood and urine Xpert
Ultra was associated with mortality persisting through all
timepoints. Agreement and correlation of bacilli readouts
between blood and urine in this study suggests that these
compartments have some continuity in disseminated
infection, either because renal TB disease is a frequent
complication of bateraemia and/or because both blood and
urine bacillary load are markers of underlying total systemic
bacillary load.?*

In contrast to the other assays, our data did not show a
decrease in the urine LAM band intensity in the follow-up
period, in keeping with previous results using optical
density measure showing stability in the first 2 weeks with
subsequent decrease over 24 weeks.?*?2¢ This limits the use
of this platform for early treatment monitoring. We
hypothesise that during early treatment there is ongoing
release of LAM antigen and, similarly, M. tuberculosis DNA
from dying mycobacteria, particularly in those patients
with high disease load such as disseminated TB and possible
renal involvement. It is plausible that, as with cell-free
DNA, M. tuberculosis DNA 1is released via apoptosis and
necrosis.” This is likely exaggerated during anti-TB drug
treatment. Heavy bacillary load in tissues may result in
bacterial antigen and DNA seeding into the bloodstream
from tissues where it can be recovered by Xpert Ultra.
Similarly, release into the renal tract is recoverable by urine
Xpert Ultra.?

Ct values were lower in urine, indicating greater DNA
concentrations compared to blood. Several mechanisms may
be responsible for this difference. Firstly, there may be direct
release into the urine from renal tissue in addition to DNA
filtered through the glomerulus, increasing recovery by urine
Xpert Ultra. Secondly, cell-free DNA in blood has a half-life of
approximately 2 h after clearance by DNAses, macrophage
degradation, and renal excretion.?®* Finally, technical factors
such as our concentration methods may be better in urine
than blood, where additional wash steps may result in loss of
DNA material.

Implications

Our findings have several potential implications for the
management of HIV-associated TB admitted to hospital.
Firstly, given the detection of M. tuberculosis DNA in blood
and urine at 14 days despite the decline in bacillary load, it is
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FIGURE 4: Measures of bacilli load over time on treatment. (a—d) Semi-quantitative results (blood and urine Xpert Ultra Ct, mycobacterial blood culture TTP, and urine
LAM grade) over time, with a line of best fit per participant. In (e—h), these results have been adapted to an ordinal scale, with 1 representing lowest bacilli load (highest
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Predicted ordinal level from a linear mixed-effects model (mean value) is shown with coloured line and shaded 95% CI.

possible that the current standard first-line treatment initially
developed for pulmonary TB may not be adequate for initial
clearance of infection in patients with a high bacillary load in
the context of disseminated disease. Secondly, Xpert Ultra
quantitative outputs may potentially be used to establish
treatment intensification targets as surrogate markers of
treatment efficacy.

Limitations

Our study had several limitations. Firstly, this was a pilot
study with a small sample size and requires a larger study
to confirm these findings and their associations with
clinical outcomes. Secondly, we detected M. tuberculosis
using Xpert MTB/RIF Ultra, which does not differentiate
between live and dead bacteria. However, detection by
blood culture strengthens the likelihood that Xpert Ultra
detected viable M. tuberculosis. Thirdly, our blood culture
method to remove antibiotics in longitudinal blood cultures
suffered a technical-related contamination (the blood
cultures were contaminated because of a contaminated
batch of pre-processing reagents), disallowing detection of
M. tuberculosis beyond 7 days. Furthermore, the volume
of blood collected for mycobacterial culture was not
standardised and could have affected the results. However,
this finding is still novel, as no previous studies have
detected M. tuberculosis in blood culture beyond 72 h of
treatment.

http://www.sajhivmed.org.za . Open Access

Conclusion

Blood and urine Xpert Ultra quantitative outputs may have
utility as non-sputum-based treatment response biomarkers
in patients with HIV-associated TB, and need further research
in larger cohorts and extended periods. Furthermore,
longitudinal measure of these biomarkers may provide more
insight into the pathogenesis and pathophysiology of
disseminated tuberculosis.
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