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ABSTRACT Helminth infections are known to modulate cytokine responses in latent
tuberculosis (LTB). However, very few studies have examined whether this modula- Received 21 November 2016 Returned for
tion is reversible upon anthelmintic therapy. We measured the systemic and myco- 'F‘;Efu'zrc;;'(;';wDecemberzom Accepted |
bacterial (TB) antigen-stimulated levels of type 1, type 2, type 17, and regulatory Accepted manuscript posted online 6
cytokines in individuals with LTB and with or without coexistent Strongyloides sterco- February 2017
ralis infection before and after anthelmintic therapy. Our data reveal that individuals Citation Anuradha R, Munisankar S, Bhootra Y,
with LTB and coexistent S. stercoralis infection have significantly lower levels of sys- Diell € [Mummem 2, MiiieIn TE) tow 5, 20117
. . . . . Anthelmintic therapy modifies the systemic
temic and TB antigen-stimulated type 1 (gamma interferon [IFN-y], tumor necrosis and mycobacterial antigen-stimulated cytokine
factor alpha [TNF-a], and interleukin-2 [IL-2]) and type 17 (IL-17A and/or IL-17F) cyto- profile in helminth-latent Mycobacterium
kines and significantly higher levels of systemic but not TB antigen-stimulated type tuberculosis coinfection. Infect Immun 85;

. . €00973-16. https//doi.org/10.1128/IA100973-16.
2 (IL-4 and IL-5) and regulatory (transforming growth factor beta [TGF-B]) cytokines. b e e e

Anthelmintic therapy resulted in significantly increased systemic levels of type 1 College
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data therefore confirm that the modulation of systemic and TB antigen-stimulated
cytokine responses in S. stercoralis-LTB coinfection is reversible (for the most part) by
anthelmintic treatment.
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elminth infections and tuberculosis (TB) are both common in low- and middle-

income countries and share a great degree of geographical overlap (1). In addition,
both helminth infection and TB are major health care problems worldwide and the
cause of rising morbidity and mortality. Helminth infections are inducers both of type
2 immune responses, typically characterized by the induction of interleukin-4 (IL-4),
IL-5, and IL-13 responses, and of regulatory responses characterized by the production
of IL-10 and TGF-B (2). In contrast, immunity to TB is typically characterized by the
presence of type 1-associated immune responses, with the cytokines gamma interferon
(IFN-y), tumor necrosis factor alpha (TNF-a), and IL-2 all playing important roles (3).
Moreover, type 17-associated cytokines (IL-17A, IL-17F, and IL-22) are also thought to
play an accessory role in TB infection (4).

Clinically, TB is associated with a spectrum of clinical presentation ranging from
asymptomatic, latent infection to active pulmonary or extrapulmonary disease (3). After
initial infection, most individuals control bacterial replication and enter a period of
infectious latency known as latent tuberculosis (LTB). Approximately 5 to 10% of those
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TABLE 1 Hematological parameters of the study population?

Value(s)

Parameter LTB-S. stercoralis (n = 60) LTB (n = 58) P

Hb gm/dl GM (range) 12.48 (4.9-18.6) 11.14 (4.9-16.3) 0.0378
RBC 106/ml GM (range) 4.5 (3.5-6.06) 4.067 (2.11-5.84) 0.0391
WBC 103/ml GM (range) 8.83 (5.8-16.9) 8.81 (5.8-13.7) NS
HCT % GM (range) 36.85 (19.5-53) 33.55 (15-47.4) NS
PLT 103/ml GM (range) 261.91 (140-417) 258.18 (198-363) NS
Neutrophil 103/ml GM (range) 5.3 (3.3-7.2) 5.5 (4.2-6.89) NS
Lymphocyte 103/ml GM (range) 2.63 (1.45-3.71) 3.04 (2.02-4.27) 0.0248
Monocyte 103/ml GM (range) 0.67 (0.38-1.2) 0.71 (0.43-1.09) NS
Eosinophil 103/ml GM (range) 0.68 (0.11-3.45) 0.43 (0.18-1.1) 0.0354
Basophil 103/ml GM (range) 0.09 (0.02-0.33) 0.08 (0.05-0.35) NS

9Values represent geometric means with 95% confidence intervals, and P values were calculated using the
Mann-Whitney U test. Boldface characters represent statistically significant differences. Hb, hemoglobin; RBC,
red blood cell; WBC, white blood cell; HCT, hematocrit test; PLT, platelet count; NS, not significant.

with LTB progress to active tuberculosis in their lifetime, a progression reflecting the
failure of host immune responses in containing bacterial replication (3). Among the
helminth parasites, Strongyloides stercoralis, the causative agent of strongyloidiasis,
infects approximately 50 to 100 million people worldwide (5, 6). S. stercoralis infection
is often clinically asymptomatic and longstanding due, in large part, to the parasites’
autoinfective life cycle and their ability to modulate or evade the host immune system
(2, 7). Recent epidemiological and experimental data have provided evidence that
helminths (both systemic and intestinal) have a negative regulatory role in the immune
response to TB infection and disease, although no evidence exists for their having a
significant impact on clinical outcomes of TB (1, 8, 9).

Helminth infections are known to induce modulation of T cell-mediated immune
responses to TB antigens in both LTB and active TB, a modulation at least partially
dependent on the regulatory cytokines, IL-10 and TGF-B, and the coinhibitory mole-
cules, cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) and programmed cell
death 1 (PD-1) (9). This modulation is known to extend to influencing the systemic
cytokine responses as well (10). This has been demonstrated for filarial infections,
hookworm infections, schistosomes, and S. stercoralis infection (11-14). However, very
few studies have examined the effect of anthelmintic treatment on the cytokine profiles
of helminth-TB coinfection (14). We therefore examined the systemic and TB antigen-
stimulated levels of type 1, type 2, type 17, and regulatory cytokines in LTB individuals
with or without S. stercoralis coinfection and in the coinfected individual before and
after treatment. We found that anthelmintic therapy has a major impact on systemic
and TB antigen-driven cytokine responses in the context of coinfection and that the
results highlight the reversibility of helminth-modulated antigen-specific cytokine re-
sponses in LTB.

RESULTS

Study population characteristics. The baseline hematological characteristics of the
study population are shown in Table 1. As can be seen, individuals coinfected with LTB
and S. stercoralis (LTB-S. stercoralis individuals) exhibited significantly higher levels of
hemoglobin and erythrocyte and eosinophil counts and significantly lower levels of
lymphocyte counts than LTB individuals. No significant differences in the other hema-
tological parameters were observed.

Coexistent S. stercoralis infection is associated with diminished systemic levels
of type 1 and type 17 cytokines and elevated systemic levels of type 2 and
regulatory cytokines in LTB. To determine the influence of coexistent S. stercoralis
infection on type 1, type 17, and type 2 cytokines and regulatory cytokines in LTB, we
measured the serum levels of IFN-y, TNF-q, IL-2, IL-17A, IL-17F, IL-22, IL-4, IL-5, IL-13,
IL-10, and transforming growth factor beta (TGF-B) in LTB-S. stercoralis and LTB indi-
viduals (Fig. 1). As shown in Fig. 1A, the systemic levels of IFN-y (geometric mean [GM]
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FIG 1 S. stercoralis infection is associated with diminished systemic levels of type 1 and type 17 cytokines and
elevated levels of type 2 cytokines and TGF-f in LTB. (A) The systemic (plasma) levels of type 1 (IFN-y, TNF-¢, IL-2)
and type 17 (IL-17A, IL-17F, IL-22) cytokines were measured in LTB individuals with S. stercoralis coinfection (LTB-Ss,
n = 60) or without S. stercoralis coinfection (LTB, n = 58). (B) The systemic (plasma) levels of type 2 (IL-4, IL-5, IL-13)
and regulatory (IL-10, TGF-B) cytokines were measured in LTB individuals with S. stercoralis coinfection (LTB-Ss, n =
60) or without S. stercoralis coinfection (LTB, n = 58). The results are shown as scatterplots, with each circle
representing a single individual and the bar representing the GM. P values were calculated using the Mann-Whitney

test with Holm’s correction for multiple comparisons.

of 300 pg/ml in LTB-S. stercoralis versus 351 pg/ml in LTB), TNF-a (GM of 249 pg/ml
versus 302 pg/ml), and IL-2 (GM of 127 pg/ml versus 165 pg/ml) were significantly lower
in LTB-S. stercoralis individuals than in LTB individuals. Similarly, the systemic levels of
the prototypical type 17 cytokine—IL-17A (GM of 29 pg/ml versus 53 pg/ml)—were
also significantly lower in LTB-S. stercoralis individuals than in LTB individuals. In
contrast, the systemic levels of IL-22 were significantly higher in LTB individuals than in
LTB-S. stercoralis individuals (GM of 90 pg/ml versus 67 pg/ml). Also, as shown in Fig. 1B,
the systemic levels of type 2 cytokines—IL-4 (GM of 58 pg/ml in LTB-S. stercoralis
individuals versus 34 pg/ml in LTB individuals) and IL-5 (GM of 120 pg/ml versus 91
pg/ml)—and the regulatory cytokine—TGF- (GM of 209 pg/ml versus 160 pg/ml)—
were significantly higher in LTB-S. stercoralis individuals than in LTB individuals. Thus,
coexistent S. stercoralis infection is associated with diminished systemic levels of type
1 and type 17 cytokines and increased levels of type 2 and regulatory cytokines in LTB.

Treatment modifies the systemic cytokine profile of LTB-S. stercoralis-coinfected
individuals. To determine the effect of anthelmintic therapy of LTB-S. stercoralis-
coinfected individuals on type 1, type 17, and type 2 cytokines and regulatory cyto-
kines, we measured the circulating levels of IFN-y, TNF-q, IL-2, IL-17A, IL-17F, IL-22, IL-4,
IL-5, IL-13, IL-10, and TGF-p in LTB-S. stercoralis individuals before (pre-T) and 6 months
after (post-T) administration of treatment (Fig. 2). As shown in Fig. 2A, the systemic
levels of IFN-y (mean fold change of 1.2 at post-T compared to pre-T values), TNF-«
(mean fold change of 1.2), and IL-2 (mean fold change of 1.2) were significantly
increased in LTB-S. stercoralis individuals following treatment. Similarly, the systemic
levels of type 17 cytokines—IL-17A (mean fold change of 1.2) and IL-17F (mean fold
change of 1.2)—were also significantly increased following treatment. In contrast, the
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FIG 2 Treatment modifies the systemic cytokine profile in LTB-S. stercoralis coinfection. (A) The systemic (plasma)
levels of type 1 (IFN-vy, TNF-q, IL-2) and type 17 (IL-17A, IL-17F, IL-22) cytokines were measured in LTB-S. stercoralis
individuals (n = 60) before (Pre-T) and 6 months after (Post-T) anthelmintic therapy. (B) The systemic (plasma) levels
of type 2 (IL-4, IL-5, IL-13) and regulatory (IL-10, TGF-B) cytokines were measured in LTB-S. stercoralis individuals
(n = 60) before (Pre-T) and 6 months after (Post-T) anthelmintic therapy. The results are shown as line diagrams,
with each line representing a single individual. P values were calculated using the Wilcoxon signed-rank test with
Holm'’s correction for multiple comparisons.

systemic levels of IL-22 (mean fold change of 0.8) were significantly decreased following
treatment. In addition, as shown in Fig. 2B, the systemic levels of type 2 cytokines—IL-4
(mean fold change of 0.9), IL-5 (mean fold change of 0.9), and IL-13 (mean fold change
of 0.9)—and the regulatory cytokines—IL-10 (mean fold change of 0.9) and TGF-B
(mean fold change of 0.7)—were all significantly decreased in LTB-S. stercoralis indi-
viduals following treatment. Thus, treatment of coexistent S. stercoralis infection is
associated with modulation of the systemic cytokine profile in LTB-S. stercoralis coin-
fection.

Coexistent S. stercoralis infection is associated with diminished baseline and/or
TB antigen-stimulated levels of type 1 and type 17 cytokines in LTB. To determine
the influence of coexistent S. stercoralis infection on baseline or TB antigen- or mitogen-
stimulated type 1 and type 17 cytokine responses in LTB, we measured the levels of
IFN-y, TNF-, IL-2, IL-17A, IL-17F, and IL-22 in whole-blood culture supernatants (Quan-
tiferon supernatants) following incubation with no antigen, TB antigen, or mitogen in
LTB-S. stercoralis and LTB individuals (Fig. 3). As shown in Fig. 3A, the baseline
(antigen-unstimulated) levels of IFN-y (GM of 36 pg/ml in LTB-S. stercoralis individuals
versus 53 pg/ml in LTB individuals), TNF-a (GM of 24 pg/ml versus 55 pg/ml), and IL-2
(GM of 34 pg/ml versus 58 pg/ml) were significantly lower in LTB-S. stercoralis individ-
uals than in LTB individuals. Similarly, as shown in Fig. 3B, the TB antigen-stimulated
levels of IFN-y (GM of 56 pg/ml in LTB-S. stercoralis individuals versus 92 pg/ml in LTB
individuals), TNF-a (GM of 73 pg/ml versus 98 pg/ml), IL-2 (GM of 48 pg/ml versus 73
pg/ml), IL-17A (GM of 69 pg/ml versus 93 pg/ml), and IL-17F (GM of 19 pg/ml versus 39
pg/ml) were also significantly lower in LTB-S. stercoralis individuals than in LTB individ-
uals. In contrast, TB antigen-stimulated levels of IL-22 were significantly higher in LTB
individuals than in LTB-S. stercoralis individuals (GM of 72 pg/ml versus 51 pg/ml). In
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FIG 3 S. stercoralis infection is associated with diminished baseline and/or mycobacterial antigen-
stimulated production of type 1 and type 17 cytokines in LTB. The baseline (A) or mycobacterial
antigen-stimulated (B) levels (at 18 h) of type 1 (IFN-y, TNF-q, IL-2) and type 17 (IL-17A, IL-17F, IL-22)
cytokines were measured in LTB individuals with S. stercoralis coinfection (LTB-Ss, n = 60) or without S.
stercoralis coinfection (LTB, n = 58). The results are shown as scatterplots, with each circle representing
a single individual and the bar representing the GM. P values were calculated using the Mann-Whitney
test with Holm’s correction for multiple comparisons.

addition, as shown in Fig. S1, TB antigen stimulation resulted in significantly increased
levels of type 1 and type 17 cytokines in both LTB-S. stercoralis individuals and LTB
individuals. Thus, coexistent S. stercoralis infection is associated with downmodula-
tion of both baseline and TB antigen-driven type 1 and/or type 17 cytokine
responses in LTB.

Treatment modifies the baseline and TB antigen-stimulated type 1 cytokine
responses of LTB-S. stercoralis-coinfected individuals. To determine the effect of
anthelmintic therapy of LTB-S. stercoralis-coinfected individuals on type 1 and type 17
cytokine responses, we measured the circulating levels of IFN-y, TNF-«, IL-2, IL-17A,
IL-17F, and IL-22 in LTB-S. stercoralis individuals before (pre-T) and 6 months after
(post-T) administration of treatment (Fig. 4). As shown in Fig. 4A, the baseline levels of
IFN-y (mean fold change of 1.2 at post-T compared to pre-T values), TNF-a (mean fold
change of 1.2), and IL-2 (mean fold change of 1.2) were significantly increased in LTB-S.
stercoralis individuals following treatment. However, there were no significant differ-
ences in the baseline levels of type 17 cytokines after treatment. Similarly, as shown in
Fig. 4B, the TB antigen-stimulated levels of IFN-y (mean fold change of 1.2), TNF-«
(mean fold change of 1.7), and IL-2 (mean fold change of 1.2) were significantly
increased in LTB-S. stercoralis individuals following treatment. In contrast, no significant
differences were observed in TB antigen-stimulated levels of type 17 cytokines after
treatment. However, even at posttreatment time points, per-individual analysis re-
vealed that TB antigen-induced type 1 or type 17 cytokine production was significantly
increased in LTB-S. stercoralis individuals (see Fig. S1C in the supplemental material).
Thus, treatment modified the baseline and TB-driven type 1 cytokine responses in
LTB-S. stercoralis coinfection.

Coexistent S. stercoralis infection is associated with diminished baseline but
not TB antigen-stimulated levels of regulatory cytokines in LTB. To determine the
influence of coexistent S. stercoralis infection on baseline or TB antigen- or mitogen-
stimulated type 2 and regulatory cytokine responses in LTB, we measured the levels of
IL-4, IL-5, IL-13, IL-10, and TGF-B in whole-blood culture supernatants following incu-
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FIG 4 Treatment modifies the baseline and mycobacterial antigen-stimulated cytokine profile in LTB-S.
stercoralis coinfection. The baseline (A) or mycobacterial antigen-stimulated (B) levels (at 18 h) of type 1
(IFN-y, TNF-, IL-2) and type 17 (IL-17A, IL-17F, IL-22) cytokines were measured in LTB-S. stercoralis
individuals (n = 60) before (Pre-T) and 6 months after (Post-T) anthelmintic therapy. The results are
shown as line diagrams, with each line representing a single individual. P values were calculated using
the Wilcoxon signed-rank test with Holm’s correction for multiple comparisons.

bation with no antigen, TB antigen, or mitogen in LTB-S. stercoralis individuals and LTB
individuals (Fig. 5). As shown in Fig. 5A, the baseline (or no antigen-stimulated) levels
of IL-10 (GM of 60.6 pg/ml in LTB-S. stercoralis individuals versus 50.9 pg/ml in LTB
individuals) and TGF-$ (GM of 49 pg/ml versus 27 pg/ml) but not IL-4, IL-5, or IL-13 were
significantly higher in LTB-S. stercoralis individuals than in LTB individuals. In contrast,
as shown in Fig. 5B, no significant differences were observed in the TB antigen-
stimulated levels of type 2 or regulatory cytokines between LTB-S. stercoralis individuals
and LTB individuals. In addition, as shown in Fig. S1, TB antigen stimulation resulted in
significantly increased levels of type 2 and regulatory cytokines in both LTB-S. stercoralis
individuals and LTB individuals. Thus, coexistent S. stercoralis infection is associated
with upregulation of baseline regulatory cytokine responses in LTB.

Treatment does not modify the baseline or TB antigen-stimulated type 2 or
regulatory cytokine response of LTB-S. stercoralis-coinfected individuals. To de-
termine the effect of anthelmintic therapy of LTB-S. stercoralis-coinfected individuals on
type 2 and regulatory cytokine responses, we measured the circulating levels of IL-4,
IL-5, IL-13, IL-10, and TGF-B in LTB-S. stercoralis individuals before (pre-T) and 6 months
after (post-T) administration of treatment (Fig. 6). As shown in Fig. 6, no significant
increase or decrease in the baseline (Fig. 6A) or TB antigen-stimulated (Fig. 6B) levels of
type 2 and regulatory cytokines were observed after treatment compared to pretreat-
ment levels. Thus, treatment does not modify the baseline or TB antigen-stimulated
type 2 or regulatory cytokine profile in LTB-S. stercoralis individuals. However, even at
posttreatment time points, per-individual analysis revealed that TB antigen-induced
type 2 or regulatory cytokine production was significantly increased in LTB-S. stercoralis
individuals (Fig. S1C).

Coexistent S. stercoralis infection is not associated with any significant changes
in mitogen-stimulated levels of type 1, type 17, type 2, or regulatory cytokines in
LTB. To determine the influence of coexistent S. stercoralis infection on mitogen-
stimulated type 1, type 17, type 2, and regulatory cytokine responses in LTB, we measured
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FIG 5 S. stercoralis infection is associated with diminished baseline but not mycobacterial antigen-
stimulated production of regulatory cytokines in LTB. The baseline (A) or mycobacterial antigen-
stimulated (B) levels (18 h) of type 2 (IL-4, IL-5, IL-13) and regulatory (IL-10, TGF-B) cytokines were
measured in LTB individuals with S. stercoralis coinfection (LTB-Ss, n = 60) or without S. stercoralis
coinfection (LTB, n = 58). The results are shown as scatterplots, with each circle representing a single
individual and the bar representing the GM. P values were calculated using the Mann-Whitney test with
Holm'’s correction for multiple comparisons.

the levels of IFN-vy, TNF-¢, IL-2, IL-17A, IL-17F, IL-22, IL-4, IL-5, IL-13, IL-10, and TGF-B in
whole-blood culture supernatants following incubation with mitogen in LTB-S. sterco-
ralis individuals and LTB individuals (Fig. S2). As shown in Fig. S2A, no significant
differences between LTB-S. stercoralis individuals and LTB individuals were observed in
the mitogen-stimulated levels of type 1 or type 17 cytokines. Similarly, as shown in Fig.
S2B, no significant differences between LTB-S. stercoralis individuals and LTB individuals
were observed in the mitogen-stimulated levels of type 2 or regulatory cytokines. Thus,
mitogen stimulation does not induce a differential cytokine response between LTB-S.
stercoralis individuals and LTB individuals.

DISCUSSION

Helminth infections are powerful modulators of the immune response and typically
elicit both type 2 and regulatory cytokine responses (2, 15). Due to their ability to
manipulate the host immune system and their propensity to establish long-standing
infections, helminths characteristically induce bystander or spillover suppression of
immune responses to third-party antigens (1). In addition, helminths harbor and secrete
a variety of immunomodulatory molecules that are known to dampen the inflammatory
response in a variety of settings (16). Thus, numerous studies in humans as well as in
animal models clearly suggest that helminth infections or their products can engender
protection from a variety of inflammatory diseases such as allergic disease, autoim-
mune disease, and inflammatory bowel disease (17, 18). In addition, helminths are now
known to exert major effects on host metabolic processes both by direct effects and
indirectly through interactions with the bacterial microbiota (19).

We and others have previously shown that different helminth infections can influ-
ence the innate and adaptive immune response to mycobacterial antigens in latent TB
(20). Thus, filarial infections are known to modulate antigen-specific type 1 and type 17
cytokine responses in latent TB and also to alter the expression and function of Toll-like
receptors in this coinfection (11, 21). Similarly, hookworm infections are known to
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FIG 6 Treatment does not modify the baseline or mycobacterial antigen-stimulated cytokine profile in
LTB-S. stercoralis coinfection. The baseline (A) or mycobacterial antigen-stimulated (B) levels (at 18 h) of
type 2 (IL-4, IL-5, IL-13) and type 17 (IL-10, TGF-B) cytokines were measured in LTB-S. stercoralis
individuals (n = 60) before (Pre-T) and 6 months after (Post-T) anthelmintic therapy. The results are
shown as line diagrams, with each line representing a single individual. P values were calculated using
the Wilcoxon signed-rank test with Holm’s correction for multiple comparisons.

modulate Th1 and Th17 responses in an antigen-specific manner in latent TB (13). Both
S. stercoralis and schistosomes are known to enhance regulatory T cell responses, which
in turn downmodulate Th1 responses in latent TB (14). Finally, S. stercoralis infection is
also known to influence the systemic responses of cytokines, including type 1, type 2,
and type 17 cytokines, and other proinflammatory responses in coinfected individuals
(10). The mechanism by which helminths drive this modulation is still not clearly
understood, although the induction of alternatively activated macrophages and
arginase-1 appears to play an important role (22, 23).

The results of our study expand on the findings described above and confirm the
effect of S. stercoralis infection on systemic cytokine responses in latent TB. Thus, in the
presence of S. stercoralis infection, type 1 and type 17 responses are downmodulated
whereas type 2 and regulatory cytokine responses are upregulated. This is further
confirmed by our data on whole-blood culture supernatants. Our study data add to the
previous literature in also demonstrating an important effect of TB antigen stimulation
on cytokine responses in latent TB. First, activities of TB antigen-specific type 1
cytokines normally associated with protective immunity in LTB (3), including IFN-y,
TNF-q, and IL-2, are clearly shown to be downmodulated with S. stercoralis coinfection.
This is the most direct associative evidence that coexistent helminth infection can
indeed alter the protective immune response in TB infection. Second, activities of TB
antigen-specific type 17 cytokines, especially IL-17A, were also downmodulated in S.
stercoralis infection. Among the type 17 cytokines, only IL-17A has been shown to
clearly exert protective immunity to TB infection in mice (24). The role of IL-17F and
IL-22 in TB infection remains poorly explored. Our data would therefore suggest that,
while the prototypical Th17 cytokine (IL-17A) follows the same pattern as type 1
cytokines, IL-22 and, to a lesser extent, IL-17F do not. Third, our data reveal that, while
baseline or systemic levels of type 2 or regulatory cytokines are also altered in latent TB,
TB antigen-specific cytokine responses are not. This implies that alterations in TB
antigen-driven type 2 or regulatory cytokines are not major hallmarks of LTB-S. sterco-
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ralis coinfections. They also highlight a potential mechanism by which helminth
coinfections could deleteriously alter the course of latent infection, i.e., by compromis-
ing the ability to contain infection by direct inhibition of protective type 1/type 17
responses. The baseline elevation of type 2 and/or regulatory cytokines could also
potentially influence the pathogenesis of TB by other mechanisms, including induction
of alternative activation of macrophages, abrogation of host protective autophagy, and
other intracellular protective responses (25).

Very few clinical studies have examined the effect of treatment on the immune
response in helminth-TB coinfection. Previous studies examining the effect of anthel-
mintic treatment on clinical outcomes (8, 26) as well as on Mycobacterium bovis BCG
vaccination (27, 28) have yielded conflicting results. However, examination of T cell
responses in helminth-infected individuals clearly showed diminished T cell prolifera-
tion and IFN-y production in response to purified protein derivative (PPD) and partial
reversal of the diminished levels following albendazole therapy, although the LTB
status of the population was not ascertained (29). We have previously shown that
downmodulation of TLR expression and function was partially reversible by anti-filarial
treatment in filarial-LTB coinfection (21). More recently, anthelmintic treatment was
shown to significantly improve the Th1 response and downregulate the regulatory T
cell response in helminth-LTB coinfection (14). Our study data thus add to the literature
on the modulation of immune response following treatment of helminth infection in
the setting of coinfections. Our data extend to S. stercoralis a major effect of anthel-
mintic treatment on the systemic cytokine response prevalent in the setting of LTB-S.
stercoralis coinfection. Thus, while type 1 and type 17 responses are significantly
upregulated, type 2 and regulatory cytokines are significantly downregulated, and data
from this study provide direct evidence for a role of helminth infection in actively
modulating the cytokine milieu in the context of latent TB. The data also suggest that
intestinal helminth infections such as those by S. stercoralis parasites could exert
profound systemic effects, possibly due to their migratory capacity or due to translo-
cation of parasite products. In addition, our data on treatment-induced TB antigen-
specific responses suggest that the downmodulation of antigen-specific immune re-
sponses (especially those of type 1 and type 17 cytokines) engendered by helminth
parasites is also reversible for the most part. While the importance of this reversal in the
continued maintenance of protective immunity for the development of active TB is still
unclear, the data might imply that anthelmintic treatment preceding vaccine efficacy
studies in areas of helminth-TB coendemicity would offer great benefits. This is because
almost all vaccine studies of novel TB vaccine candidates have relied on the examina-
tion of type 1 and type 17 cytokine responses as correlates of protective immunity, and
the confounding presence of helminths could spuriously skew the cytokine profile in
vaccinees. Interestingly, while antigen-specific type 1 and type 17 responses exhibited
major changes, anthelmintic treatment had very little to no effect on antigen-specific
type 2 and regulatory cytokine responses. This could possibly reflect different kinetics
in the restoration of cytokine responses (type 1 versus type 2) following therapy or
failure to optimally downregulate type 2 responses following treatment in these
coinfected individuals.

Understanding the balance between type 1/type 17 cytokines and type 2/regulatory
cytokines is crucial for developing more-effective measures to combat TB infection and
disease, and the lack of knowledge of the mechanisms that mediate protection and
pathogenesis is a major hurdle in improving vaccination and therapeutic strategies (30).
Clearly, coexistent helminth infection can significantly alter the systemic immune
response in TB infections or disease and the immune response to TB antigens. Limita-
tions of our study were that cytokine levels exhibit a great degree of overlap between
groups and that there is variability in the responses of different individuals in the same
group; thus, cytokine levels cannot be utilized as biomarkers for diagnosis or thera-
peutic monitoring. In addition, administration of ivermectin per se has been shown to
exert anti-mycobacterial effects and could thus serve as a confounding factor (31).
While our report is clearly preliminary and the data need to be confirmed in a much
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TABLE 2 Demographics of the study population

Result
Parameter LTB-S. stercoralis (n = 60) LTB (n = 58)
No. of males/no. of females 37/23 32/26
Median age (yrs) (range) 36 (20-61) 40 (20-60)
Tuberculin skin test (diam) =12 mm =12 mm
Quantiferon ELISA Positive (=0.35 1U/ml) Positive (=0.35 1U/ml)
NIE ELISA Positive Negative

larger setting with additional examination of local cytokine responses—and while
longitudinal studies examining the effect of anthelmintic treatment on systemic and
antigen-specific cytokine responses in TB need to be performed—our data clearly
highlight the major regulatory effects that helminth infections can exert on the
immune response to coexisting infections.

MATERIALS AND METHODS

Ethics statement. All individuals were examined as part of a natural history study protocol (NCT
01547884) approved by Institutional Review Boards of the National Institute of Allergy and Infectious
Diseases (USA) and the National Institute for Research in Tuberculosis (India), and informed written
consent was obtained from all participants.

Study population. We studied a group of 118 individuals with LTB, 60 of whom had S. stercoralis
infection (here LTB-S. stercoralis) and 58 of whom had latent TB alone (LTB) (Table 2). All the study
individuals were recruited from villages in the Kanchipuram District of Tamil Nadu state, on the outskirts
of the city of Chennai, India. This was a cross-sectional study, and a convenience sampling methodology
was used. LTB individuals were asymptomatic, with positive Quantiferon gold in-tube tests and normal
chest radiographs. S. stercoralis infection was diagnosed by the presence of IgG antibodies to the 31-kDa
recombinant NIE antigen by the luciferase immunoprecipitation system assay (LIPS assay) as described
previously (32). Individuals with other helminth infections were excluded. All individuals were negative
for filarial infection by filarial antigen tests (immunochromatographic card test [ICT] and TropBio
enzyme-linked immunosorbent assay [ELISA]), and none had other intestinal helminths by stool micros-
copy. All individuals were nondiabetic (determined by fasting blood glucose) and antituberculous and
anthelmintic treatment naive. All S. stercoralis-infected individuals were treated with single doses of
ivermectin (12 mg) and albendazole (400 mg), and followup blood draws were obtained 6 months later.
End-of-treatment serology revealed significantly decreased anti-NIE IgG levels, and stool examination did
not reveal any intestinal helminths.

ELISA. Plasma cytokines were measured using a Bioplex multiplex cytokine assay system (Bio-Rad,
Hercules, CA). The parameters analyzed were IFN-y, TNF-¢, IL-2, IL-17A, IL-4, IL-5, IL-13, and IL-10 levels.
Plasma levels of TGF-B (R& D Systems), IL-17F (Biolegend), and IL-22 (eBioscience) were measured by
ELISA. All samples were run in duplicate.

Quantiferon supernatant ELISA. Whole blood from LTB-S. stercoralis individuals and LTB individuals
was incubated with either no antigen or TB antigen (ESAT-6, CFP-10, TB 7.7) or mitogen according to the
instructions of the manufacturers using a Quantiferon gold in-tube kit. The unstimulated or TB antigen-
or mitogen-stimulated whole-blood supernatants were then used to analyze the levels of IFN-vy, TNF-,
IL-2, IL-17A, IL-17F, IL-22, IL-4, IL-5, IL-13, IL-10, and TGF-B. The net cytokine values for TB antigen or
mitogen stimulation were calculated by subtracting the baseline (no-antigen) values for each individual.

Statistical analysis. Data analyses were performed using GraphPad PRISM (GraphPad Software, Inc.,
San Diego, CA, USA). Geometric means (GM) were used for measurements of central tendencies.
Comparisons between two groups were made by using the Mann-Whitney U test followed by Holm’s
correction for multiple comparisons. Similarly, comparisons before and after treatment were made using
the Wilcoxon signed-rank test followed by Holm’s correction for multiple comparisons.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
IAL.00973-16.

SUPPLEMENTAL FILE 1, PDF file, 1.2 MB.
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