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Background. The immunopathogenesis of paradoxical tuberculosis-associated immune reconstitution inflammatory syndrome
(TB-IRIS) remains unclear. We determined the association between pathogen-specific T-cell responses and development of para-
doxical TB-IRIS on antiretroviral therapy (ART).

Methods. This study was nested within a prospective cohort study of HIV-infected patients with active pulmonary tuberculosis
and baseline CD4 counts <125 cells/uL initiating ART. T-cell immune activation (CD38, HLA-DR, and PD-1 expression), pheno-
type, and polyfunctional pathogen-specific cellular immune responses prior to and 4 weeks after ART initiation were determined by
flow cytometry. Patients with TB-IRIS were compared to non-IRIS controls using % and rank-sum tests and logistic regression.

Results. 'TB-IRIS patients and controls had similar CD4 counts, levels of T-cell-associated immune activation, frequencies of T-
cell memory subsets, and frequencies of interferon gamma (IFN-y")/interleukin 2 (IL-2")/tumor necrosis factor alpha (TNF-o;") CD4"
T-cells prior to ART initiation. After ART initiation, cellular immune activation and T-cell subsets also were similar in TB-IRIS pa-
tients and controls. In contrast, TB-IRIS patients had significantly greater early increases in the frequency of tuberculosis-specific
polyfunctional IFN-y*/IL-2*/TNF-o." CD4" T-cells on ART (P =.02); each quartile increase in the percentage of these cells was in-
dependently associated with a 2.8-fold increased risk of TB-IRIS (95% confidence interval, 1.1 to 7.5-fold). In a secondary analysis,
patients with TB-IRIS had rapid, concomitant increases in tuberculosis-specific adaptive immune responses and interleukin 6 (IL-6)
levels, whereas controls with similarly rapid increases in cellular immune function had IL-6 levels that tended to decrease on ART.

Conclusions.
associated with development of paradoxical TB-IRIS.
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Initiating antiretroviral therapy (ART) early during tuberculosis
treatment in patients with advanced human immunodeficiency
virus (HIV)/tuberculosis is associated with improved survival
[1, 2]; however, this strategy also increases risk for worsening
of tuberculosis symptoms in a condition known as paradoxical
tuberculosis-associated immune reconstitution inflammatory
syndrome (TB-IRIS) [3-5]. The incidence of TB-IRIS ranges be-
tween 8% and 54% [6, 7], and associated morbidity can be sig-
nificant [3-5]. With the World Health Organization advocating

Received 27 September 2015; accepted 17 November 2015; published online 26 November
2015.

Correspondence: S. Ravimohan, Perelman School of Medicine at the University of Pennsylva-
nia, 516 Johnson Pavilion, 3610 Hamilton Walk, Philadelphia, PA 19104 (shruthiravimohan@
gmail.com).

Clinical Infectious Diseases®  2016;62(6):795-803

© The Author 2015. Published by Oxford University Press for the Infectious Diseases Society
of America. All rights reserved. For permissions, e-mail journals.permissions@oup.com.
DOI: 10.1093/cid/civ978

early ART during tuberculosis treatment in highly immunosup-
pressed HIV/tuberculosis-coinfected patients [8], the incidence
of TB-IRIS will likely rise [4].

Immunologically, higher pre-ART levels of immune activation
and rapid increases in tuberculosis-specific interferon gamma
(IFN-y)-producing cells after ART initiation in HIV-infected
adults have been associated with development of TB-IRIS
[7,9-12]. However, in several recent studies, levels of pre-ART im-
mune activation were actually lower in TB-IRIS patients vs con-
trols [13-15], and multiple reports have indicated that patients
without TB-IRIS may also have robust increases in levels of path-
ogen-specific immune responses on ART [16, 17]. Existing data
are therefore inconclusive about whether higher levels of pre-
ART immune activation predispose to TB-IRIS and whether tu-
berculosis-specific T-cells are involved in TB-IRIS pathogenesis.

One important limitation is that previous studies relating im-
mune recovery on ART to TB-IRIS have primarily focused on
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IFN-y responses alone [9, 16, 17]; however, multiple cytokines
including interleukin 2 (IL-2) and tumor necrosis factor alpha
(TNF-a), which are involved in T-cell proliferation and host
protection in tuberculosis disease, may also be associated with
TB-IRIS [18, 19]. Furthermore, innate immune responses in-
volving rapid increases in proinflammatory cytokines such as
interleukin 6 (IL-6) on ART have also been relatively consistent-
ly implicated in the pathogenesis of TB-IRIS [11, 20].

To evaluate these issues further, we tested the hypothesis that
TB-IRIS is associated with robust recovery of polyfunctional
tuberculosis-specific CD4" T-cells in a relatively large, well-
characterized cohort of patients with advanced HIV/tuberculosis
coinfection. We also compared levels of T-cell immune activation
and memory subsets between IRIS patients and controls.

METHODS

Ethics Statement

The institutional review boards of the University of Pennsylva-
nia, the Botswana Ministry of Health, and the Princess Marina
Hospital in Gaborone, Botswana, approved this study.

Study Design

This study was nested within a prospective cohort study inves-
tigating the relationship between early immune recovery on
ART and early mortality [21]. Here, we investigated the rela-
tionship between cellular phenotype and function at baseline
and week 4 post-ART initiation and the development of para-
doxical TB-IRIS in the first 6 months of ART.

Study Participants

Patients were enrolled from public outpatient clinics and the
main public hospital in Gaborone, Botswana, from November
2009 to July 2013, as described elsewhere [15]. Participants
had to be HIV-infected, ART-naive adults with pre-ART CD4
counts <125 cells/uL who planned to initiate ART within 2
months of commencing antituberculosis therapy for a new di-
agnosis of WHO-defined smear-positive or smear-negative pul-
monary tuberculosis [15, 21, 22]. Pregnant patients, those on
immunomodulatory agents, and those with drug-resistant
tuberculosis were excluded [15, 21]. For the primary analysis,
patients had to have clinical data and peripheral blood mono-
nuclear cells (PBMCs) available from baseline and/or week 4
post—ART initiation. A secondary analysis explored the associ-
ation between longer-term CD4 count recovery and TB-IRIS
among all those in the cohort who had at least a CD4 count
measured at 3 and/or 6 months after ART initiation, regardless
of PBMC availability.

Data Collection

Clinical data were collected at baseline and monthly for 6
months after ART initiation. CD4 counts, HIV RNA load, and
PBMCs were obtained at baseline and week 4 post-ART initia-
tion [21]. CD4 counts were obtained at 3 and/or 6 months post—
ART initiation as part of clinical care. A modified International

Network for Study of HIV-associated IRIS definition was used to
adjudicate TB-IRIS retrospectively [15,23]. All cases also met the
AIDS Clinical Trials Group definition of IRIS [24].

PBMC Preparation and Stimulation

Previously cryopreserved PBMCs were thawed in RPMI 1640
medium (Gibco) containing 10% fetal bovine serum (Gemini
Bio-Products), 2 mM r-glutamine (Gibco), 100 U/mL of peni-
cillin and streptomycin (Gibco), and DNase (50 pg/mL, Sigma-
Aldrich). PBMCs were rested overnight at 37°C in 5% carbon
dioxide. When <4 million PBMCs were available, only surface
staining for phenotyping T-cells was done. If a patient had
>4 million PBMCs, 1 million cells were stimulated with (1) pu-
rified anti-CD3 (eBioscience) at 4.0 pg/mL (positive control);
(2) HIV consensus C Gag peptide pool (National Institutes of
Health AIDS Research and Reference Reagents Program) at 2
ug/peptide/mL for HIV-specific responses; (3) purified protein
derivative (PPD; Statens Serum Institute) at 5 ug/mL to mea-
sure tuberculosis-specific response; and (4) media alone (nega-
tive control). All reactions were co-stimulated with CD28/
CD49d (BD Fastimmune). After 2 hours of stimulation, mon-
ensin and brefeldin A (BD Biosciences) were added and incu-
bated for an additional 4 hours at 37°C in 5% carbon dioxide.

Flow Cytometry

Multicolor flow panels were used to define phenotype and func-
tion of T-cells (Supplementary Table 1). LIVE/DEAD fixable
aqua stain (Life Technologies) was used for dead cell exclusion.
Anti-CD3-BV570 (Biolegend), anti-CD4-Qdot (QD) 705 or
QD655, and anti-CD8-QD605 (Life Technologies) were used
to identify CD4" and CD8" T-cells. Memory T-cell subsets
were determined using anti-CD45RO-PE-Texas-Red (Beckman
Coulter), anti-CCR7-APC-eFluro780 (eBioscience), and anti-
CD27-BV650 (Biolegend). T-cell activation was determined
with anti-CD38-PE-Cy7 (Biolegend), anti-HLA-DR-BV785 or
FITC (Biolegend, BD Biosciences), and anti-PD1-APC-Cy7
(Biolegend). Intracellular cytokine staining was performed
with anti-IFN-y-Pacific blue (Biolegend), anti-IL-2-AF647 (Bi-
olegend), and anti-TNF-a-AF700 (eBioscience). Stained cells
were acquired on an LSR II (BD Biosciences). Flow cytometric
data were analyzed using Flow]Jo version 9.8.2 (TreeStar), Pestle
version 1.7, and SPICE version 5.35 [25]. To determine antigen-
specific intracellular cytokine levels, the frequency of cytokine-
producing cells in the negative control was subtracted from the
antigen-stimulated responses. Boolean gating was employed to
determine the frequency of poly- and monofunctional IFN-y,
IL-2, and/or TNF-o-containing T-cell subsets.

Statistical Analysis

In the primary analysis, patients with TB-IRIS were compared
to patients who survived without TB-IRIS (controls). Parti-
cipants who died without IRIS were included as controls in a
sensitivity analysis of the primary relationship between
polyfunctional immune recovery and IRIS. Continuous and
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categorical variables were compared using Wilcoxon rank-sum
and y” tests, respectively. All tests were 2-sided and a P < .05 was
considered statistically significant. Cells with viability of >50%
were used in the analysis; median viability of PBMCs was
72% (interquartile range [IQR], 62%-72%) and did not differ
between IRIS patients and controls. Clinical factors associated
with TB-IRIS with a P <.20 in the univariate analyses were con-
sidered potential confounders in multivariable logistic regres-
sion analysis evaluating the association between changes in
polyfunctional CD4" T-cell responses (stratified into quartiles)
and TB-IRIS. Factors that changed the unadjusted odds ratio
(OR) by >10% were deemed true confounders and were re-
tained in the final model. Furthermore, to evaluate the broader
hypothesis that TB-IRIS is associated with greater immune re-
covery on ART, a secondary analysis used a generalized estimat-
ing equation (GEE) model with an independent correlation
structure and robust standard error estimators to evaluate the
association between TB-IRIS and CD4 count changes on ART
during 6 months of follow-up, including all available CD4
counts and adjusting for potential confounders. Additionally,
some control patients have rapid recovery of tuberculosis-
specific T-cell function similar to TB-IRIS patients, but do not
progress to IRIS [15-17]. In an exploratory analysis, we tested
the hypothesis that increases in IL-6 levels, which have been as-
sociated with IRIS [11, 13, 15, 20], would be less in control pa-
tients who also had rapid recovery of cellular immune function
compared to TB-IRIS patients using previously determined IL-6
concentrations [15] and rank-sum tests. In this analysis, controls
were restricted to those described in this study who had increases
at week 4 of ART that were greater than the overall group medi-
an for IFN-y"/IL-2"/TNF-o" CD4" T-cells, CD4 cell counts, and
tuberculosis-specific IFN-y responses by enzyme-linked immu-
nospot (ELISpot) assay [15]. Given the focused hypothesis of the
primary analysis relating antigen-specific T-cell recovery to TB-
IRIS, adjustment for multiple comparisons in the exploratory
and secondary analyses was not conducted. Stata software version
11.2 (StataCorp, College Station, Texas) was used for analyses.
GraphPad Prism version 5.0 (San Diego, California) and SPICE
version 5.35 were used to generate graphs.

RESULTS

Baseline Characteristics of Patients

Of the 201 patients enrolled in the parent study, 170 (85%) ini-
tiated ART and had baseline clinical data available for analysis
[15]. Of these 170 patients, 157 (92%) had PBMCs at baseline
and/or week 4 post-ART initiation available for flow cytometric
analysis. Thirteen (8%) patients without samples who were not
included in the analysis were similar with respect to age, sex,
and baseline CD4 count as those who were included (data not
shown). Of the 157 patients, 31 (20%) experienced TB-IRIS, 112
(71%) were non-IRIS controls, and 15 (10%) died, 14 of whom
were included as controls in sensitivity analyses. As previously

described, 1 patient who had TB-IRIS died, although her IRIS
symptoms resolved prior to death [15]. She was considered a
TB-IRIS case in the analysis. TB-IRIS patients and controls
were similar in terms of pre-ART CD4 count and time between
antituberculosis therapy and ART initiation (P >.05; Table 1).
TB-IRIS patients were more likely to have initiated a nevirapine-
containing ART regimen (P =.04) and appeared less likely to
have a body mass index <19 kg/m* compared with controls
(P=.06). IRIS-associated symptoms, described previously
[15], were generally mild and involved respiratory worsening
occurring at a median of 4 weeks post-ART initiation (IQR,
4-16 weeks). At week 4 post-ART initiation, TB-IRIS patients
and controls had similar gains in CD4 count and rates of viro-
logic suppression (Supplementary Table 2).

Cellular Inmune Activation and T-Cell Memory Subsets

TB-IRIS patients and controls had comparable levels of T-cells
expressing CD38, HLA-DR, and PD-1, pre- and week 4 post-
ART initiation (Table 2). Additionally, TB-IRIS patients and
controls were similar with respect to the frequency of memory
T-cell subsets at both time points, with the exception of TB-
IRIS patients having significantly higher pre-ART frequencies
of effector memory CD8" T-cells than controls (P = .04; Supple-
mentary Figure 1).

Table 1. Baseline Characteristics Associated With Tuberculosis-
Associated Inmune Reconstitution Inflammatory Syndrome Among Patients
With Advanced Human Immunodeficiency Virus/Tuberculosis Coinfection
Initiating Antiretroviral Therapy

Characteristic Controls® (n=112) TB-IRIS* (n=31) P Value

Female sex, No. (%) 46 (41) 14 (45) .68
Age, y, mean (range) 36 (22-73) 37 (22-59) .99
ATT to ART initiation 27 (18-47) 30 (20-47) .56

interval, d, median (IQR)

HIV RNA load at baseline,
log1o copies/mL, median
(IQR); No.

55(5.0-6.0); 108 5.4(5.0-6.9);30 .56

CD4 T-cell count at baseline, 66 (32-96) 62 (26-87) 77
cells/uL, median (IQR)

NVP-based ART, No. (%) 10 (9) 7 (23) .04

AFB smear-negative TB, 30 (27) 6 (20) .40
No. (%)

Presence of extrapulmonary 6 (5) 2 (6) .81
TB at baseline, No. (%)

Presence of non-TB Ol at 10 (9) 4(13) .51
baseline, No. (%)

BMI, kg/m?, median (IQR); 19 (16-22); 111 20 (17-23); 31 .10
No.

BMI, No. <19 kg/m? (%); 57 (561); 111 10 (32); 31 .06
No.

Hemoglobin, g/dL, median  10.3 (9-11.3); 97  10.3 (9-12): 29 .70
(IQR); No.

P values shown are comparing controls to TB-IRIS patients by Wilcoxon rank-sum test for
continuous variables and y? test for categorical variables.

Abbreviations: AFB, acid-fast bacilli; ART, antiretroviral therapy; ATT, antituberculosis
therapy; BMI, body mass index; HIV, human immunodeficiency virus; IQR, interquartile
range; IRIS, immune reconstitution inflammatory syndrome; NVP, nevirapine; Ol,
opportunistic infection; TB, tuberculosis.

? Indicates the number of non-IRIS survivors (controls) and TB-IRIS patients with any flow
cytometric analysis at baseline and/or week 4 post-ART initiation.
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Table 2. CD38, Human Leukocyte Antigen-DR, and PD-1 Expression on CD4* and CD8* T-Cells and Association With Tuberculosis-Associated Immune
Reconstitution Inflammatory Syndrome Among Patients With Advanced Human Immunodeficiency Virus/Tuberculosis Coinfection Initiating Antiretroviral Therapy

Cellular Immune Activation Control TB-IRIS P Value
Baseline
CD4* CD38*/DR* 13.6 (9.67-21); 75 15.2 (9.0-22.7); 22 .79
CD4* CD387/DR* 6.7 (3.1-10.7); 75 3.2 (1.3-10); 22 .07
CD4* CD38*/DR™ 42.6 (28.3-51.2); 75 39.4 (29.2-51.6); 22 79
CD8* CD38*/DR* 23.1 (156.2-32.8); 75 24.1 (13.1-32.5); 23 .67
CD8* CD387/DR* 2.0 (0.45-6.4); 75 0.77 (0.09-4.3); 23 17
CD8* CD38*/DR™ 50.3 (36.1-64.8); 75 54.1 (39.5-66.8); 23 40
CD4* PD-1* 34.3 (24.9-51.5); 64 36.8 (15.9-45.8); 18 .69
CD8* PD-17* 30.2 (19.6-38.7); 64 32.3(22.3-39.5); 18 74
Change from baseline
CD4* CD38*/DR* —0.1 (-4.9 t0 4.4); 64 3.5(-2.31t012.8); 156 Al
CD4* CD387/DR* 5.1 (1.4-10); 64 3.6 (1.6-10); 15 .93
CD4* CD38"/DR™ -9.6 (-15.8t0 —4.2); 64 -10.5 (-16.7 to —4.4); 15 .88
CD8* CD38*/DR* -0.8 (-5.7t0 4.4); 65 -2.2(-9.81t05.6); 16 79
CD8* CD387/DR* 1.3 (0.26-3.3); 65 0.17 (=0.11 t0 3.1); 16 Al
CD8* CD38*/DR~ —6.8 (=11.6 to =3.1); 65 -2.1(-9.2 10 0.64); 16 12
CD4* PD-1* 0.6 (—4.0 to 3.5); 54 3.2(-2.31t010.3); 14 .09
CD8* PD-1* -2.2 (-5.2 10 0.70); 54 -1.8(-6.6104.7); 14 72
Week 4 post-ART
CD4* CD38*/DR* 17.2 (9.2-26.4); 88 18.6 (11.4-29.2); 23 .68
CD4* CD387/DR* 11.4 (7.7-20.5); 88 11.1 (3.1-23); 23 .32
CD4* CD38*/DR™ 29.6 (20-41); 88 27.1(19.6-44.3); 23 .90
CD8* CD38*/DR* 24.6 (17.8-36.9); 89 19.6 (15.1-38.4); 23 .58
CD8* CD387/DR* 3.5 (1.2-7.0); 89 2.7 (0.52-6.6); 23 .30
CD8* CD38*/DR™ 43.6 (31.3-54.6); 89 42.7 (24.7-62); 23 .98
CD4* PD-1* 34.1 (19.6-45.9); 81 36.5 (22.3-51.9); 20 43
CD8* PD-1* 25.1 (14.6-32.1); 81 24.7 (19.9-37.7); 20 .34

Data are presented as median (interquartile range) and No.: median frequency of CD38 and/or HLA-DR and PD-1-expressing CD4* and CD8" T-cells pre-ART (baseline), change from baseline,
and at week 4 post-ART initiation; and number of controls and tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) patients assessed at each time point and those
who had paired data to determine change from baseline. P values shown are comparing controls to TB-IRIS patients by Wilcoxon rank-sum test.

Abbreviations: ART, antiretroviral therapy; HLA-DR, human leukocyte antigen-DR.

Tuberculosis-Specific Cellular Inmune Responses
A subset of the TB-IRIS (n = 13) patients and controls (n = 72)
had PBMC:s available for intracellular cytokine staining follow-
ing antigenic stimulation at baseline and/or week 4 post—-ART
initiation. Baseline clinical characteristics of these controls
and TB-IRIS patients were similar to those described in Table 1.
Prior to ART initiation, TB-IRIS patients tended to have higher
median frequencies of tuberculosis-specific polyfunctional (IFN-
v /IL-2*/TNF-o.") CD4" T-cells vs controls; however, these dif-
ferences were not statistically significant (Figure 1A). After ART
initiation, TB-IRIS patients had significantly greater increases
from baseline to week 4 in the frequency of tuberculosis-specific
CD4" T-cells expressing IFN-y*/IL-2*/TNF-o." (P = .02; Figure 2).
Similarly, tuberculosis-specific IFN-y*/IL-2"/TNF-o." and IFN-y7/
IL-2"/TNF-0." CD4" T-cell frequencies were higher in TB-IRIS
patients compared to controls at week 4 post-ART (P=.01 and
P =.03, respectively; Figure 3A). After adjusting for use of
nevirapine-based ART regimen and body mass index, every quar-
tile increase in tuberculosis-specific IFN-y*/IL-2*/TNF-o," CD4"
T-cells from baseline to week 4 post-ART was independently

associated with 2.8-fold (95% confidence interval [CI], 1.1 to
7.5-fold) increased odds of TB-IRIS (Table 3). This association
was not affected by adjustment for pre-ART CD4 counts, and
was even stronger when week 4 polyfunctional CD4" T-cells
were evaluated (Table 3). Sensitivity analyses, including patients
who died as non-IRIS controls, did not meaningfully affect the re-
sults (data not shown). Notably, associations between TB-IRIS
and greater tuberculosis-specific CD4" T-cell-associated cyto-
kines, assessed at week 4 or as the change from baseline to
week 4, were observed not only for IFN-y but for IL-2 and
TNF-o as well, when assessed as total cytokine expression (Sup-
plementary Figure 2). HIV-specific immune responses did not
differ between groups (Supplementary Figure 3).

More rapid functional tuberculosis-specific CD4" T-cell re-
covery at week 4 was also reflected in overall CD4 cell recovery
during the first 6 months after ART initiation among those with
available CD4 count data beyond week 4 (n =151). In the GEE
model, adjusting for baseline CD4 count, TB-IRIS patients had
higher average follow-up CD4 counts on ART (25 cells/uL [95%
CI, 3-47 cells/uL]; P =.03).
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Figure 1.

Patients with tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) tended to have elevated levels of TB-specific CD4* T-cells express-

ing multiple cytokines prior to antiretroviral therapy (ART) initiation. Peripheral blood mononuclear cells from patients obtained prior to ART initiation were stimulated with
purified protein derivative (PPD) to measure TB-specific responses followed by intracellular cytokine staining and flow cytometry. Frequencies of TB-specific CD4* T-cells
expressing interferon gamma (IFN-y), interleukin 2 (IL-2), and/or tumor necrosis factor alpha (TNF-c) at baseline in controls (n=43) vs TB-IRIS patients (n = 9) were compared.
A, Bar graph shows median frequency and interquartile range of the 7 possible combinations of IFN-y, IL-2, and TNF-o expression by CD4* T-cells in response to PPD stimulation
in controls and TB-IRIS patients. B, Pie charts show the contribution of each combination of cytokine response to the total TB-specific responses mediated by CD4* T-cells in
controls and TB-IRIS patients. Colors in the pie charts correspond to the bottom of the bar graph, with pie arcs indicating the contribution of IFN-y, IL-2, and TNF-o. to the
3+ (poly), 2+, and 1+ (mono)-functional responses in non-IRIS survivors (controls) and TB-IRIS patients. Data shown are following subtraction of corresponding background
responses. P values were >.05 for all comparisons shown in A and B by Wilcoxon rank-sum tests.

We also assessed the relationship between change in cellular im-
mune function and IL-6 (innate immune response) on ART among
controls and TB-IRIS patients (Supplementary Figure 4). A sub-
stantial number of controls had rapid increases in tuberculosis-
specific IFN-y*/IL-2"/TNF-o." CD4" T-cells (median change,
0.23% [IQR, 0.11%-0.42%]) following ART initiation that
were comparable to those in TB-IRIS patients (median change,
0.38% [IQR 0.22%-0.53%]; P = .40). However, while TB-IRIS
patients had early increases in IL-6 (median change, 5.4 pg/
mL [IQR, —1.7 to 16.6 pg/mL]), controls tended to have IL-6
concentrations that decreased (median change, —2.4 pg/mL
[IQR, —13 to 12.9 pg/mL]; P = .15; Figure 4A). This relationship
became significant when assessing larger sample sizes afforded
by assessment of cellular immune recovery by ELISpot assay,
where the median IL-6 change was significantly higher in
those who developed IRIS vs controls (5.6 pg/mL [IQR, —2.9
to 16.4 pg/mL] vs —6.4 pg/mL [IQR, —18.1 to 12.9 pg/mL];
P =.02; Figure 4B). Changes in IL-6 on ART were also higher
among TB-IRIS patients when controls with rapid increases
in CD4 counts were examined (median change, 5.3 pg/mL
[IQR, —2.5 to 16.4 pg/mL] vs —3.2 pg/mL [IQR, —9.7 to 6.2
pg/mL]; P =.007; Figure 4C).

DISCUSSION

We utilized a large cohort of patients with advanced HIV/tuber-
culosis coinfection to evaluate the association between cellular
phenotype and function prior to and shortly after ART initia-
tion and the risk of paradoxical TB-IRIS. Despite similar cellu-
lar phenotype and immune activation profiles, TB-IRIS patients
demonstrated significantly greater increases in polyfunctional
tuberculosis-specific CD4" T-cell responses that are considered
correlates of host protection from tuberculosis [26, 27]. Im-
proved cellular immune recovery in those with TB-IRIS is fur-
ther suggested by the significantly greater increases in CD4
counts on ART during longer-term follow-up.

Most immunologic investigations of TB-IRIS have focused
on IFN-y responses, yielding inconsistent results [9, 16, 17]. Al-
though very few studies have evaluated polyfunctional T-cell
responses, our finding that increases in tuberculosis-specific
IFN-y*/IL-2*/TNF-0." CD4" T-cells on ART are independently
associated with paradoxical TB-IRIS is consistent with a report
where patients with several different types of opportunistic in-
fections (including 2 with paradoxical TB-IRIS) were evaluated
[28]. As in previous studies [9, 10, 16, 28], these responses were
pathogen-specific. Additional insights into the pathogenesis of
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Figure 2.

Patients with tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) have a greater increase in polyfunctional TB-specific CD4* T-cells

from baseline to week 4 post—antiretroviral therapy (ART) initiation compared to controls. Peripheral blood mononuclear cells from patients obtained prior to ART initiation and
week 4 post—ART initiation were stimulated with purified protein derivative (PPD) to measure TB-specific responses followed by intracellular cytokine staining and flow
cytometry. Change from baseline to week 4 post—ART initiation in the frequency of TB-specific CD4* T-cells expressing interferon gamma (IFN-y), interleukin 2 (IL-2), and/or
tumor necrosis factor alpha (TNF-c) in controls (n=37) vs TB-IRIS patients (n=8) with paired data was determined. Change from baseline in frequency of the 7 possible com-
binations of IFN-y, IL-2, and TNF-o. expression by CD4* T-cells following PPD stimulation in controls and TB-IRIS patients is depicted. Horizontal lines indicate median frequency

with interquartile range. Wilcoxon rank-sum tests were used to determine P values.

TB-IRIS were obtained by measuring, in parallel, multiple cyto-
kines that are important in tuberculosis disease [29]. Speci-
fically, the assessment of polyfunctional responses indicates
that development of TB-IRIS on ART may involve several
interrelated aspects of the recovering host immune system.
For example, IFN-y and TNF-a are important in monocyte/
macrophage activation and the recruitment of these cells to
the site of infection [30, 31], whereas IL-2 can promote T-cell
proliferation in response to antigen exposure, particularly
when produced in combination with IFN-y and TNF-a [32].
Thus, robust recovery of polyfunctional tuberculosis-specific
CD4" T-cells may simultaneously activate innate and adaptive
immune cells, triggering systemic inflammation to a greater ex-
tent than recovery of less functional cells.

Previous studies noted that many patients without TB-IRIS
have similarly rapid increases in pathogen-specific immune re-
sponses on ART, questioning the role of these cells in develop-
ment of the syndrome [16, 17]. Our exploratory analysis of
changes in IL-6 levels, which is consistently implicated in
IRIS immunopathology [11, 20], in non-IRIS controls who
also had rapid cellular immune recovery needs confirmation,
but preliminarily suggests that development of TB-IRIS may
be dependent on the coordinated recovery of both adaptive
and innate immune function. We have previously documented

that granulocyte colony-stimulating factor and TNF-o increase
on ART in TB-IRIS patients in this cohort, whereas these bio-
marker levels (and granulocyte macrophage colony-stimulating
factor) decrease in non-IRIS controls [15]. These factors, involved
in the maturation and activation of monocyte/macrophages,
may lead to pathologic inflammation by boosting tuberculosis
antigen presentation in the setting of rapidly expanding patho-
gen-specific polyfunctional CD4" T-cells in TB-IRIS [33]. Col-
lectively, these data suggest that the link between reconstitution
of both adaptive and innate immune responses after ART initi-
ation and TB-IRIS should be investigated further.

Evaluation of other cytokines in addition to IFN-y may also
illuminate potential treatment strategies. For example, TB-IRIS
in our study was generally associated not only with increases in
multiple CD4" T-cell subsets containing TNF-o, but also with
increases in total CD4" T-cell-derived TNF-o. (Figures 2 and 3;
Supplementary Figure 2) and systemic levels of TNF-a [15],
after ART initiation. These observations are in line with a report
including 5 TB-IRIS patients documenting an association
between IRIS and CD4" T-cells expressing both IFN-y and
TNF-a [10]; with case reports documenting paradoxical reac-
tions in patients with autoimmune disease who develop tuber-
culosis and discontinue infliximab, a monoclonal antibody
against TNF-o [34]; and with a case series of patients with
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Figure 3. After 4 weeks of antiretroviral therapy (ART), patients with tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) have increased
TB-specific production of multiple cytokines by CD4" T-cells compared to controls. Peripheral blood mononuclear cells from patients obtained at 4 weeks following ART initiation
were stimulated with purified protein derivative to measure TB-specific responses. Cells were stained to quantitate cytokine responses by flow cytometry. The frequency of
TB-specific CD4* T-cells expressing interferon gamma (IFN-y), interleukin 2 (IL-2), and/or tumor necrosis factor alpha (TNF-o) at week 4 post-ART in controls (n = 66) vs TB-IRIS
patients (n=12) is shown. A, Bar graph shows median frequency and interquartile range of the 7 possible combinations of TB-specific IFN-y, IL-2, and TNF-o—expressing CD4*
T-cells in controls and TB-IRIS patients. B, Pie charts show the contribution of each combination of cytokine responses to the total TB-specific responses meditated by CD4*
T-cells in controls and TB-IRIS patients. Colors in the pie chart correspond to the pie slice colors shown at the bottom of the bar graph, with pie arcs indicating the contribution of
IFN-y, IL-2, and TNF-c to the 3+ (poly), 2+, and 1+ (mono)-functional responses in non-IRIS survivars (controls) and TB-IRIS patients. Data shown are following subtraction of
corresponding background responses. Wilcoxon rank-sum tests were used to determine P values.

Table 3. Logistic Regression Model Assessing Relationship Between
Polyfunctional Response and Tuberculosis-Associated Immune Reconstitution
Inflammatory Syndrome Among Patients With Advanced Human
Immunodeficiency Virus/Tuberculosis Coinfection Initiating Antiretroviral
Therapy

TB-Specific IFN-y*/IL-2*/TNF-o.* Unadjusted OR Adjusted OR
CD4* T-cells (95% CI) (95% ClI)

Baseline 1.7 (.82-3.4) 1.7 (.83-3.5)
Change from baseline 2.5 (1.1-6.0)° 2.8 (1.1-7.5)°
Week 4 post-ART 2.3 (1.2-4.5)2 3.5(1.4-8.8°

Baseline (n =52), change from baseline (n = 45), and week 4 post-ART initiation (n = 78)
frequencies of polyfunctional (IFN-y*/IL-2*/TNF-o*) CD4* T-cell response to purified
protein derivative stimulation from unadjusted analyses shown in Figures 14, 2, and 3A
were stratified into quartiles and assessed for association with tuberculosis-associated
immune reconstitution inflammatory syndrome (TB-IRIS) in a logistic regression model.
Median frequencies of polyfunctional CD4" T-cells corresponding to each quartile are
detailed in Supplementary Table 3. Table shows the ORs and 95% Cls for TB-IRIS for
every quartile increase in polyfunctional IFN-y*/IL-2*/TNF-o.* CD4* T-cells. For adjusted
analyses, nevirapine-based ART, body mass index, and pre-ART CD4 counts were
included in the model.

Abbreviations: ART, antiretroviral therapy; Cl, confidence interval; IFN-y, interferon
gamma; IL-2, interleukin 2; OR, odds ratio; TB, tuberculosis; TNF-o, tumor necrosis
factor alpha.

@ Indicates independent association between polyfunctional tuberculosis-specific CD4*
T-cell response and TB-IRIS.

mycobacterial IRIS who improved after infliximab administra-
tion [35]. Trials of immunotherapies with approved drugs tar-
geting TNF-o or drugs that decrease TNF-o expression should
be considered [35, 36].

We found minimal evidence to support the hypothesis that
higher pre-ART levels of cellular immune activation (PD-1
[28,37], HLA-DR, and CD38 [12]) increased risk of subsequent
TB-IRIS. These findings are similar to several other investiga-
tions [14, 16] and are generally consistent with our previous re-
port documenting reduced pre-ART systemic inflammation in
those who later developed TB-IRIS [15]. Furthermore, we found
no enrichment in late differentiation stage CD4" T-cells in TB-
IRIS. We were able to compare paradoxical (and not unmask-
ing) IRIS cases and controls in the setting of similar times to
ART initiation after tuberculosis diagnosis, thereby eliminating
a major potential confounder associated with higher levels of
immune activation at ART initiation [7, 11, 12, 38].

Our data cannot elucidate why some individuals recovered
polyfunctional responses more rapidly than others. One possibility
is that the lower levels of circulating markers of pre-ART
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Figure 4. Linked tuberculosis (TB)-specific T-cell and innate immune responses as measured by systemic interleukin 6 (IL-6) characterized TB-associated immune recon-
stitution inflammatory syndrome (TB-IRIS). A, Non-IRIS controls with change in TB-specific polyfunctional (interferon gamma [IFN-y*1/interleukin 2 [IL-2*]/tumor necrosis factor
alpha [TNF-o.*]) CD4* T-cell responses post—antiretroviral therapy (ART) initiation that were above the median for the group were identified from Figure 2. Control patients with
above-median TB-specific IFN-y responses measured previously by enzyme-linked immunospot (ELISpot) assay [15] (B), as well as higher than median increase in CD4 count on
ART (C), were identified. Change in circulating IL-6 levels from baseline to week 4 post-ART were compared between controls with high adaptive cellular immune response to
all TB-IRIS patients with corresponding data. Bars indicate median change in IL-6 concentration with interquartile range, which was previously quantitated by Luminex assay

[15]. Wilcoxon rank-sum tests were used to determine P values.

systemic inflammation in the TB-IRIS patients compared to
controls in this cohort, documented previously [15], may
have facilitated greater redistribution of sequestered polyfunc-
tional and total CD4" T-cells from lymphoid tissue soon after
ART initiation [39]. While the study may be generalizable to
similar settings, findings from this study were restricted to rel-
atively mild cases of paradoxical pulmonary TB-IRIS but may
not be generalizable to those with more severe disease includ-
ing that involving the central nervous system. Furthermore, a
greater number of patients with TB-IRIS would have enabled
greater power for statistical comparisons. Finally, we did not
characterize monocyte function to integrate more comprehen-
sive analyses [11].

In conclusion, rapid increases in tuberculosis-specific poly-
functional CD4" T-cells following ART initiation characterized
TB-IRIS. Studies investigating immune mechanisms of TB-IRIS
should characterize multiple relevant cytokines, and links be-
tween adaptive and innate immune function may reveal new

preventive and treatment interventions for this syndrome.
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