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CD4+ T-Cell Count in HIV-1 Infected Patients on cART After
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Background: HIV infection is associated with increased ratio
between kynurenine and tryptophan (KTR) in plasma, increased
microbial translocation, expansion of regulatory T cells (Tregs), and
depletion of Tc17/mucosa-associated invariant T (MAIT) cells. The
association between these parameters and the impact of KTR on CD4+

T-cell recovery in HIV-infected patients on combination antiretroviral
therapy (cART) after 2 years of follow-up was investigated.

Methods: Forty-one HIV-infected individuals treated with cART
for a minimum of 2 years were included. Tregs, CD161+Tc17/MAIT
cells, naive cells, immune activation, senescence, and apoptosis were
measured using flow cytometry. Soluble CD14 (sCD14), lipopoly-
saccharide, and tryptophan metabolites in plasma were measured
retrospectively before cART and at inclusion initiation using
Limulus Amebocyte Lysate colometric assay, enzyme-linked immu-
nosorbent assay, and tandem mass spectrometry, respectively. KTR
was calculated, and patients were divided into 2 groups defined by
high vs. low KTR. CD4+ T-cell count was determined at inclusion
and after 2 years of follow-up.

Results: KTR decreased after cART initiation. Patients on cART
with high KTR displayed an immunological profile with high
sCD14, high percentage Tregs, low percentage CD161+Tc17/MAIT
cells, low percentage naive cells, low CD4/CD8 ratio, and poor
immune reconstitution after 2 years of follow-up compared with
patients with low KTR.

Conclusions: Our results support the hypothesis that tryptophan
catabolism, indoleamine 2,3-dioxygenase 1 (IDO1) activation,
microbial translocation, and perturbed distribution of Tregs and
CD161+Tc17/MAIT cells are part of a vicious circle that perpetuates
exhaustion of the immune system and progression of untreated HIV
infection and challenge immune reconstitution in patients on cART.
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INTRODUCTION
In HIV infection, CD4+ T cells are depleted, and excess

activation of the immune system, in particular chronic
activation of T cells, is a well-documented contributor to
HIV disease progression.1–8 Chronic immune activation may
be a result of severe depletion of CD4+ T cells including
interleukin 17 (IL-17)–producing T cells (Th17 cells) within
the gut during acute infection, leading to a leaky mucosal
barrier.9,10 This allows transfer of microbial remnants such as
lipopolysaccharide (LPS) from the gut to enter the circulation,
a phenomenon denoted microbial translocation.11,12 LPS
triggers inflammation and immune activation in part by
stimulating toll-like receptor 4 (TLR4) on monocytes and
other innate immune cells. The soluble form of CD14
(sCD14) plays an important role for signaling by transferring
LPS to the TLR4 complex.

Another hallmark of progressive HIV infection is
increased percentage of anti-inflammatory regulatory T cells
(Tregs) found in untreated and treated patients.13,14–16 Micro-
bial translocation and chronic immune activation may
contribute to this increased percentage of Tregs.17,18

Lately, a link between tryptophan metabolism, micro-
bial translocation, and Tregs has been suggested. Tryptophan
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is an essential amino acid being metabolized primarily through
the kynurenine pathway. Indoleamine 2,3-dioxygenase 1
(IDO1) is the rate-limiting enzyme for catabolism of trypto-
phan through the kynurenine pathway.19 Kynurenine is sub-
sequently metabolized to a number of metabolites, including
the neurotoxic metabolites 3-hydroxykynurenine and quino-
linic acid. The ratio between plasma concentrations of
kynurenine and tryptophan (KTR) is used as an indirect
measure of IDO activity.20 Increased circulating levels of
kynurenine pathway metabolites have been reported to be
associated with Alzheimer disease, Huntington disease, schizo-
phrenia, cancer, and HIV-associated neurocognitive disor-
ders.21–24 These findings may be explained by an increased
catabolism of tryptophan being associated with suppression of
T-cell responses, potentially due to decreased tryptophan levels
per se and to elevated levels of the metabolites.19 In HIV
infection, reduced tryptophan levels in progressive disease
were acknowledged more than a decade ago.25 In animal
models, the regulatory function of T cells has been shown to
depend on the ability to induce IDO expression by dendritic
cells.19 Furthermore, in humans, it has been shown that IDO
activates Tregs and blocks their conversion into CD4+Th17-
like cells26 and in HIV infection, an altered balance of
CD4+Th17 cells and Tregs by IDO has been reported.20

Importantly, combination antiretroviral therapy (cART)
only partially restores the damaged mucosal barrier,
and IL-17–producing CD4+Th17 cells are depleted in HIV

infection despite successful cART.11,27,28 Also, CD8+ IL-17–
producing cells, named Tc17 cells or mucosa-associated
invariant T (MAIT) cells, have been suggested to play an
important role in mucosal defense. In contrast to CD4+Th17
cells, CD8+Tc17/MAIT cells are considered to be a part of the
innate immune system, important for mucosal integrity, and
involved in the antibacterial and antifungal defense.29 Recently,
we and others have shown that both the total number and
relative frequency of Tc17/MAIT cells are reduced in treated
and untreated HIV infection.28,30 To date, no studies have
explored a potential association between tryptophan catabolism
and Tc17/MAIT cells. We hypothesized that increased trypto-
phan catabolism could be associated with depletion of
CD161+Tc17/MAIT cells, expansion of Tregs, and reduced
CD4+ T-cell count in patients receiving cART (Fig. 1A).

METHODS
Forty-one HIV-infected patients on cART with sus-

tained viral suppression were included in this study. All
patients had been on cART for a minimum of 2 years and
had CD4 nadir ,250 cells per microliter. Exclusion criteria
were hepatitis B and C, malignant disease, and pregnancy.
These patients also participated in another study, where
they were grouped according to CD4+ T-cell count as
published elsewhere.31 However, as plasma samples were
only available for analyses in 41/77 patients, the cohort was

FIGURE 1. A, Figure showing the overall
hypothesis of the study. Increased tryptophan
catabolism could be associated with depletion of
Tc17/MAIT cells, expansion of Tregs, and reduced
CD4 T-cell count in patients receiving cART. B,
Flow cytometry and measurement of TGF-b and
IFN-g, LPS, sCD14, and tryptophan metabolites
were performed in samples from the time of
inclusion. LPS, sCD14, and tryptophan metabo-
lites were also measured in plasma samples col-
lected from the patients before initiation of cART
(n = 37). CD4/CD8+ T-cell counts were measured
before cART initiation and at the time of inclusion.
Furthermore, CD4+ T-cell counts were recorded
prospectively and until 2 years of follow-up.
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considered one group in this study. Clinical characteristics are
presented in Table 1.

Flow cytometry and measurement of TGF-b and IFN-g,
LPS, sCD14, and tryptophan metabolites were performed in
samples from the time of inclusion. LPS, sCD14, and
tryptophan metabolites were also measured in plasma samples
collected from the patients before initiation of cART (n = 37).
CD4/CD8+ T-cell counts were measured before cART
initiation and at the time of inclusion. Furthermore, CD4+ T-
cell counts were recorded prospectively and until 2 years of
follow-up (Fig. 1B). Data on Tc17 cells, Tregs, and immune
activation have previously been published.28,31

The study was performed in accordance with the ethical
guidelines of the 1975 Declaration of Helsinki and approved
by the local ethical committee (H-2-2009-089 and H-4-2010-
012) and the Danish Data Protection Agency.

Blood Analysis
EDTA-stabilized blood was used to obtain a full blood

count, for flow cytometry (except for Tregs) and measure-
ments of tryptophan with metabolites, sCD14, and LPS.
Heparinized blood was used to isolate peripheral blood
mononuclear cells by means of density gradient centrifuga-
tion. Fresh isolated peripheral blood mononuclear cells were
used for determination of Tregs.

Flow Cytometry
CD3 was used in combination with CD4 or CD8 to

identify CD4+ and CD8+ T cells, respectively. Naive
(CD27+CD45RA+CCR7+), recently activated (CD69+) and
chronically activated (CD38+HLA-DR+), senescent
(CD282CD57+), and apoptotic (CD282CD95+) T cells were
determined. Furthermore, CD161+Tc17/MAIT cells
(CD3+CD8+CD161high) and Tregs (CD4+CD25+CD127low-

Foxp3+) were determined. Erythrocytes were lysed with lysing
solution (Becton Dickinson [BD], Franklin Lakes, NJ), and
samples were resuspended in FACSFlow (BD). Gating strategies
have been published elsewhere.31,32 In brief, 100 mL of fresh
EDTA blood was incubated with fluorescent dye–conjugated
monoclonal antibodies according to the manufacturer’s instruc-

tions. Monoclonal antibodies used to determine lymphocyte
subsets were isotype control IgG1/IgG2a phycoerythrin (PE),
IgG1 peridinin chlorophyll proteins–cyanine (PerCP-Cy5.5),
IgG1/IgM fluorescein isothiocyanate (FITC), IgG1/IgG2b allo-
phycocyanin (APC), IgG1 PE-Cy7, IgG1 APC-H7, CCR7-PE,
CD161-PE, CD28-PE, Foxp3-PE, CD8-PerCP-Cy5.5, CD25-
PerCP-Cy5.5, CD3-FITC, CD127-FITC, CD57-FITC, HLA-
DR-APC, CD45RA-APC, CD95-FITC, CD27-PE-Cy7,
CD38-PE-Cy7, CD69-PE-Cy7, and CD4-APC-H7, all purchased
from BD. Six-color acquisition was performed using FACSCan-
to, and data were processed using FACSDiva software (BD). For
each sample, a minimum of 50,000 cells were acquired.

LPS and sCD14
LPS was analyzed by Limulus Amebocyte Lysate

colometric assay (Lonza, Walkersville, MD) according to the
manufacturer’s instructions, with the following modifications:
samples were diluted 10-fold to avoid interference with
background color and preheated to 68°C for 12 minutes before
analyses to dissolve immune complexes. sCD14 (R&D Sys-
tems, Minneapolis, MN) was analyzed by ELISA according to
the manufacturer’s instructions, and samples were diluted 300-
fold. Samples for both analyses were measured in duplicates.

Kynurenine Pathway
Tryptophan and metabolites were measured using

liquid chromatography–tandem mass spectrometry (LC-MS/
MS; Agilent and Applied Biosystems/MSD Sciex) as
described earlier.33 KTR was calculated by dividing the
plasma concentration of kynurenine (in nanomoles per liter)
by the concentration of tryptophan (in micromoles per liter)
and subsequently multiplying by 1000.

Analysis of TGF-b and IFN-g
To determine the ex vivo production of TGF-b and IFN-g,

0.4 mL of heparinized peripheral blood was cultured in 1.6 mL
RPMI 1640 and PHA. The culture was incubated at 37°C for 24
hours after which the supernatant was collected and stored at
280°C until use. TGF-b and IFN-g levels were measured in the
supernatants by the Flourokine Human MultiAnalyte Profiling
Base Kit assay (R&D Systems) in duplicate according to the
manufacturer’s instructions and analyzed on Luminex 100
platform (Luminex Corp., Austin, TX).

Statistical Analyses
Results are given as mean values with 95% confidence

intervals, unless otherwise stated. Data on patients before and
after initiation of cART were analyzed using paired t tests.
Results of KTR both before and after cART were divided into
2 groups with low/high KTR, respectively, according to the
median. Comparison between groups with low vs. high KTR
was evaluated using unpaired t test. Associations were
calculated using univariate linear regression. Because of
non-normal distribution, log-transformation was applied on
sCD14. The data were thereafter normally distributed.

TABLE 1. Clinical Characteristics of the Study Population at
Inclusion in the Study

Low KT Ratio
(n = 20)

High KT Ratio
(n = 21) P

Gender (male), n (%) 18 (90) 17 (81) 0.663

Ethnicity (white), n (%) 18 (90) 21 (100) 0.232

Age, yrs 45 (38–55) 56 (45–66) 0.019

CD4 nadir, cells/mL 105 (69–141) 98 (66–130) 0.766

CD4+ T-cell count, cells/mL 461 (367–554) 348 (255–442) 0.083

CD8+ T-cell count, cells/mL 695 (560–829) 903 (708–1099) 0.077

CD4/CD8 ratio 0.71 (0.56–0.86) 0.40 (0.33–0.52) 0.001

Treatment duration, mo 52 (38–67) 78 (49–106) 0.110

Values are given as median (IQR).
IQR, interquartile range; KT, kynurenine–tryptophan.
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Two-tailed P values ,0.05 were considered significant.
Statistical analyses were performed using GraphPad Prism
6.0 (GraphPad Software, La Jolla, CA).

RESULTS
A total of 41 patients were included. Figure 1B

demonstrates the timeline of when study participants were
included in relation to data collection.

Concentrations of Tryptophan, Kynurenine,
and KTR

Levels of tryptophan in patients increased from 46.6
mM/L (41.4–51.9) before cART to 61.2 mM/L (57.0–65.3)
after cART (P , 0.001). In contrast, levels of kynurenine
decreased from 2.5 mM/L (2.2–2.8) to 1.8 mM/L (1.6–2.0,
P , 0.001). KTR decreased from 67.7 (48.3) to 30.9 (27.3–
34.4) after initiation of cART (P , 0.001, Fig. 2A–C).

Median KTR before cART was 35.8 (29.4–40.9) in the
group with low KTR vs. 75.0 (66.1–111.2) in the group with
high KTR. Median KTR after cART was 23.9 (19.2–25.3) in
the group with low KTR vs. 36.1 (32.4–40.5) in the group
with high KTR.

KTR, sCD14, and LPS in Patients
Initiating cART

Likewise, the level of sCD14 decreased after initiation
of cART [668 (559–778) vs. 525 (458–592) ng/mL, P =
0.044], whereas no difference in LPS levels before and after
initiation of cART was found [123 (107–139) vs. 114 (105–
122) pg/mL, P = 0.251].

Before initiation of cART, patients with high KTR also
had higher levels of sCD14 compared with those with low
KTR [856 (687–1025) vs. 504 (400–609) ng/mL, P, 0.001],
whereas no difference was found in LPS levels [116 (99–134)

FIGURE 2. A–C, Concentrations of tryptophan (A), kynurenine (B), and KTR (C) in HIV-infected patients before and after initiation
of cART. D and E, Concentration of sCD14 in patients with high vs. low KTR before (D) and after initiation of cART (E). F and G,
Association between KTR and sCD14/LPS before (F) and after cART (G).
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vs. 130 (98–162) pg/mL, P = 0.421]. Furthermore, KTR was
positively associated with sCD14, but not LPS (r2 = 0.30, P,
0.001 and r2 = 0.00, P = 0.789, respectively). Finally, KTR
was associated with HIV RNA before initiation of cART, but
not with CD4+ T-cell count (r2 = 0.19, P = 0.009 and r2 =
0.06, P = 0.139, respectively).

In contrast, no difference was found neither in sCD14
nor in LPS levels between patients with high vs. low KTR on
cART (P = 0.448 and P = 0.210, respectively). Also, in these
virally suppressed patients, the association between KTR and
sCD14 was attenuated (r2 = 0.07, P = 0.096), whereas KTR
stayed unrelated to LPS (r2 = 0.02, P = 0.430) (Fig. 2D–G).

KTR Is Positively Associated With Tregs and
Negatively Associated With CD161+Tc17/
MAIT Cells in Patients on cART

In patients with high KTR, the percentage of Tregs was
higher compared with patients with low KTR [8.2% (6.5–9.9)
vs. 6.2% (5.3–7.2) of CD4+ cells, P = 0.049, Fig. 3A]. No

difference was found in the count of absolute Tregs between
patients with high KTR and those with low KTR [25.3 (19.9–
30.7) vs 26.2 cells/mL (21.5–30.8), P = 0.801]. A positive
association was found between KTR and percentage Tregs of
CD4+ T cells as well as the concentration of TGF-b (r2 =
0.13, P = 0.021 (Fig. 3B) and r2 = 0.15, P = 0.017,
respectively). Finally, the percentage of Tregs was positively
associated with the concentration of kynurenine, but not with
tryptophan (r2 = 0.15, P = 0.011 and r2 = 0.02, P = 0.42,
respectively).

In contrast, the percentage of CD161+Tc17/MAIT cells
was almost 3-fold lower in patients with high KTR compared
with patients with low KTR [1.1% (0.5–1.7) vs. 3.2% (1.7–
4.7) of CD8+ cells, P = 0.009, Fig. 3C]. Also, the absolute
CD161+Tc17 cell count seemed to be lower in patients with
high KTR compared with those with low KTR, although
this did not reach statistical significance [10.6 (3.6–17.7)
vs. 19.6 cells/mL (9.6–29.5), P = 0.132]. Accordingly, this
was accompanied by a negative association between KTR
and percentage CD161+Tc17/MAIT cells of CD8+ T cells

FIGURE 3. A and B, Percentage
Tregs of CD4+ T cells in patients
with high vs. low KTR (A) and
association between KTR and per-
centage Tregs of CD4+ T cells in
HIV-infected patients on cART (B).
C and D, Percentage Tc17/MAIT
cells of CD8+ T cells in patients with
high vs. low KTR (C) and associa-
tion between KTR and percentage
Tc17/MAIT cells of CD8+ cells (D).
Percentage Naive CD8+ cells (E)
and CD4+ cells (F) high vs. low KTR.
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(r2 = 0.12, P = 0.026, Fig. 3D). Also, a tendency towards
negative association between the percentage of CD161+Tc17/
MAIT cells and the concentration of kynurenine, but not
tryptophan, was found (r2 = 0.09, P = 0.063 and r2 = 0.04, P =
0.225, respectively).

KTR is Negatively Associated With Naive Cells
and Positively Associated With Immune
Activation in Patients on cART

Patients with high KTR on cART displayed lower
percentages of naive CD8+ T cells compared with those with
low KTR [23.6% (17.7–29.4) vs. 16.4% of CD8+ cells (12.4–
20.4), Fig. 3E]. No significant difference was found in naive
CD4+ cells [38.9% (32.0–45.9) vs. 31.3% of CD4+ T cells
(23.8–38.9), P = 0.127, Fig. 3F]. Negative associations were
found between KTR and both naive CD4+ and CD8+ T cells
(r2 = 0.13, P = 0.026 and r2 = 0.17, P , 0.01, respectively).

Positive associations between KTR and recently acti-
vated CD4+CD69+ cells and apoptotic CD8+CD282CD95+

cells were found (r2 = 0.11, P = 0.032 and r2 = 0.112,
P = 0.035, respectively). Also, a positive tendency was found
between KTR and chronically activated CD4+CD38+HLA-
DR and CD8+CD38+HLA-DR as well as senescent
CD8+CD282CD57+ cells (r2 = 0.09, P = 0.059; r2 = 0.09,
P = 0.058; and r2 = 0.09, P = 0.06, respectively).
No associations were found between KTR and recently
activated CD8+CD69+ and apoptotic CD4+CD282CD95+

cells (data not shown).

KTR, CD161+Tc17/MAIT Cells, CD4+/CD8+

T-cell Ratio, and Immune Reconstitution
Patients on cART with high KTR presented with

a lower CD4+/CD8+ T-cell ratio compared with patients
with lower KTR, and a negative association was found [0.4
vs. 0.7, P = 0.001 (Fig. 4A); r2 = 0.15, P = 0.014,
respectively]. In contrast, a strong positive association
between percentage Tc17/MAIT cells of CD8+ T cells and
CD4+/CD8+ T-cell ratio was found (r2 = 0.36, P , 0.001,
Fig. 4B). Likewise, percentage CD161+Tc17/MAIT cells
of CD8+ T cells was positively associated with CD4 nadir
(r2 = 0.17, P = 0.008).

After 2 years of follow-up, CD4+ T-cell counts were
recorded (Fig. 1B). Patients with low KTR had a better
immune reconstitution and a higher CD4+ T-cell count after 2
years of follow-up compared with patients with high KTR
(DCD4: 88 vs. 32 cells/mL, P = 0.051 and CD4+ T-cell count:
531 vs. 381 cells/mL, P = 0.04, Fig. 4C–D). Likewise,
negative association was found between KTR at the time of
inclusion in the study and CD4+ T-cell count after 2 years of
follow-up (r2 = 0.12, P = 0.039).

DISCUSSION
The main findings of this study was that increased

tryptophan catabolism as measured by KTR was associated
with depletion of CD161+Tc17/MAIT cells, increased fre-
quency of Tregs, and lower immune reconstitution in HIV-
infected patients receiving cART.

FIGURE 4. A, CD4/CD8 ratio in
HIV-infected patients on cART with
high vs. low KTR. B, Association
between percentage of Tc17/MAIT
cells of CD8+ T cells and CD4/CD8
ratio in patients on cART. C and
D, CD4+ T-cell count (C) and
delta CD4+ T-cell count (D) in HIV-
infected patients with high vs. low
KTR after 2 years of follow-up.
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Tryptophan catabolism has gained interest, as recent
evidence have suggested a skewed balance of tryptophan and
the downstream metabolites to be involved in a nonfavorable
outcome of HIV infection. We found reduction of KTR by
more than half after a median of .5 years of cART (Fig. 2C)
This is in line with a recent study showing 50% reduction in
KTR in Ugandans who had been on cART for 12 months34

and with yet another study showing reduction in an American
cohort treated for nearly 2 years.35 Furthermore, despite this
reduction in KTR, we found a lower CD4/CD8 ratio and
a lower CD4+ T-cell gain after 2 years of follow-up in patients
on cART with high KTR. This finding is also in agreement
with the recent report from Uganda.34

Apart from CD3 and CD8, Tc17/MAIT cells can be
characterized by expression of CD161high, CCR6, and IL-
17.36–39 In this study, we used CD3, CD8, and CD161high, and
this lack of IL-17 production used in the identification may
influence on the results. However, it has been shown that all
CD161high cells also express CCR6, and CD3+CD8+CD161high

harbor all of the IL-17–producing CD8+ cells.36,37 Thus,
CD3+CD8+ cells expressing CD161high identify Tc17/MAIT
cells in an acceptable although not optimal way.

Apart from being proinflammatory, Tc17/MAIT cells
are considered as part of the innate immune system with
biological effect against bacteria and fungi.29 A novel finding
of this study is that patients with high KTR during cART had
approximately 3-fold depletion in CD161+Tc17/MAIT cells
compared with patients with low KTR (Fig. 3C). This
association may be explained by several factors working in
concert as illustrated in Figure 1A. First, IDO has several
immune suppressive effects, including suppression of T
cells.19 Second, Tc17/MAIT cells may be indirectly depleted
by increased secretion of IFN-g, which is known to be
a strong activator of IDO.29 Indeed, we found a negative
association between CD161+Tc17/MAIT cells and IFN-g.
Third, IDO can possibly deplete Tc17/MAIT cells indirectly
by inducing Tregs, which secrete inhibiting enzymes such as
TGF-b.19,40 In line with other studies, we found a positive
association between KTR and levels of Tregs,20,41 strength-
ened by increased production of TGF-b being positively
associated with KTR. Interestingly, we found positive
association between Tregs and the concentration of kynur-
enine but not tryptophan, suggesting that excess kynurenine
rather than depletion of tryptophan may lead to expansion of
Tregs. However, it remains unclear whether this expansion of
Tregs is beneficial or not during HIV infection.

It has been suggested that increased tryptophan degra-
dation and IDO activity may in part be triggered by microbial
translocation and monocyte activation.20 We found that KTR
was strongly associated with sCD14 in cART-naive patients,
and this association was attenuated after cART initiation. In
contrast to the study by Favre et al, however, we found no
correlation between LPS levels and KTR in our cohort. Of
note, sCD14 is shed from monocytes by several microbial
antigens in addition to LPS,42 and other products from the gut
microbiota could have contributed to the association between
sCD14 and KTR. Interestingly, a previous study found that
a dysbiotic gut microbiota was associated with increased
tryptophan catabolism and inflammation, in particular in

untreated patients.43 Thus, it is not unlikely that gut micro-
biota alterations could contribute to several findings in our
study and should be further investigated not only in relation to
tryptophan catabolism but also in relation to downregulation
of Tc17/MAIT cells. This is supported by our findings of the
negative relation between percentage of CD161+Tc17/MAIT
cells, CD4/CD8 ratio, and CD4 nadir, suggesting that
depletion of CD161+Tc17/MAIT cells may contribute to
a nonfavorable immunological profile.

Recently, it was reported that increased tryptophan
metabolism and several markers of inflammation strongly
predicted all-cause mortality in patients receiving cART,
whereas T-cell activation was less predictive after adjustment
for CD4+ T-cell count.34 This is in line with our finding of
a less favorable distribution of CD4+ and CD8+ T cells and
impaired immune reconstitution in patients with high KTR.
Furthermore, we found that those patients with high KTR
displayed lower percentages of naive T cells. Also, the KTR
was positively associated with immune activation, senes-
cence, and apoptosis. This is in line with findings from
in vitro studies showing that downstream metabolites of
tryptophan catabolism have toxic effects on T-cell responses
both suppressing proliferation and inducing cell death.44,45

Finally, we found a positive association between KTR and
HIV RNA levels before cART. These findings are in line with
the positive relation of kynurenine concentrations with both
the levels of CD4+ and CD8+ T-cell activation and HIV RNA
in the cART-naive cohort by Favre et al.20

It has been proposed that tryptophan catabolism, IDO
activation, inflammation, microbiota alterations, and micro-
bial translocation are part of a vicious circle that perpetuates
exhaustion of the immune system and progression of HIV
infection.43 In conclusion, our findings support this overall
hypothesis and suggest that downregulation of CD161+Tc17/
MAIT cells is part of this overall picture. However, this study
was limited by the lack of mechanistic investigations, a partly
retrospective design, and a relative limited number of study
participants. Also, gut biopsies were not available in this
cohort. Indeed, it would be interesting to evaluate MAIT cells
in the mucosa, as cells in the peripheral blood may not always
reflect cells in tissue.31 Future studies focusing on tryptophan
degradation, gut microbiota changes, and Tc17/MAIT cells
are warranted to clarify the direction of these associations and
the potential impact for future therapeutic options.
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