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Abstract

Background—Gut damage resulting in microbial translocation (MT) is considered a major
cause of immune activation (1A) in HIV infection, but data in children are limited, particularly in
the absence of antiretroviral therapy.

Methods—Sixty perinatally HIV-infected, antiretroviral therapy-naive children, aged 2-12
years, were evaluated for plasma levels of lipopolysaccharide, DNA sequences encoding bacterial
ribosomal 16 second (16S) RNA (16S rDNA) and soluble CD14 concurrently with markers of
CD4 and CD8 T-cell 1A and immune exhaustion (IE), CD4 counts, and plasma viral load. At study
entry, participants were classified into immune categories (ICs): IC1 (CD4% > 25), IC2 (CD4%
15-25), and IC3 (CD4% < 15). Age-matched HIV-uninfected children served as controls. Data
were evaluated at study entry and at 12 months.

Results—Levels of MT, IA, and IE were increased in patients as compared with controls, were
highest in patients in IC3 group, and did not change over 12 months. MT products
lipopolysaccharide and 16S rDNA correlated with each other and each correlated with plasma
viral load, soluble CD14, and T-cell 1A and IE. There was a correlation of A with IE. CD4 counts
and percentage were inversely correlated with MT products and underlying CD4 activation.
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Conclusions—In a natural history cohort of HIV-infected children not on therapy, MT was
more pronounced in the most severely immunocompromised patients and was associated with IA.
Strategies to reduce MT may help to reduce IA and prevent CD4 depletion.
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INTRODUCTION

Microbial translocation (MT) refers to leakage of gut-derived microbes and microbial
products into the systemic circulation in the absence of bacteremia and is a characteristic
feature of chronic HIV infection. The underlying mechanism of increased permeability of
the mucosal barrier is attributed to initial massive viral replication and rapid depletion of gut
CD4* T cells, including Th17 cells, enterocyte damage, and breakdown of the follicle-
associated epithelium tight junctions in the gut epithelial cells, which collectively may
facilitate the passage of microbes or microbial products into the circulation.12 Persistent MT
is well documented in adults with chronic HIV infection3—6 and has been proposed to be a
major cause of immune activation (IA) and disease progression,’8 including poor CD4 T-
cell reconstitution.3>:9-11 However, the relationship of MT in IA is controversial, 1213 and
there are gaps in knowledge of extent of gut damage and MT in antiretroviral therapy
(ART)-naive, HIV-infected children. In particular, 16 second (16S) rDNA as a measure of
MT has not been evaluated in such children.

To quantify MT, the most frequently used analyte in plasma is lipopolysaccharide (LPS), a
component of gram-negative bacterial cell wall. 16S rDNA, the conserved sequence of
bacterial DNA fragment common to most bacteria and LPS core antigen, is also a
quantitative indicator of MT.14 Markers of IA include among others increased cell surface
co-expression of molecules HLA-DR and CD38 on T cells'>16 and elevated levels of
plasma soluble CD14 (sCD14).> The expression of programmed death receptor 1 (PD-1) is a
marker of immune exhaustion (IE)17 and is often associated with T-cell activation.1® It has
been suggested that microbial products, which leak into the circulation, can drive IA by
stimulating immune cells directly via pattern recognition receptors, such as toll-like receptor
4, with shedding of CD14 from the surface of activated macrophages. Plasma levels of
sCD14 are commonly used as indirect measures of MT.11.19.20 |n pediatric populations,
other factors, such as developmental immaturity of the gut?! and nature of the gut
microbiome,22 may also influence gut permeability and contribute to MT.

In the absence of ART, about 20% of perinatally HIV-infected children develop a rapidly
progressive disease with high mortality, and children who survive beyond 2 years of age
usually have a slower disease progression; information about MT in such children is
limited.23-25 Some studies indicate that even after potent ART and suppression of viral
replication to undetectable levels, plasma LPS levels remain elevated in HIV-infected
children?4 and adults?® as compared with uninfected persons. In HIV-infected children,
however, levels of plasma LPS did not correlate with T-cell 1A.12:25 To better understand
the relationship of viral replication with MT and IA in the absence of ART, we analyzed
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MT, viral load (VL), and markers of 1A in a cohort of 60 treatment-naive, HIV-infected
children and studied their relationship with immunologic and clinical disease status. IE
marker PD-1 was examined in a subset of these patients.

MATERIALS AND METHODS

Characteristics of the Patient Population

The study population of perinatally HIV-infected children were enrolled in the study during
2006-2007 and followed for 48 weeks in the immunology clinic at Tuberculosis Research
Center in Chennai, India. The study enrolled 60 children of whom 47 completed the study.
Characteristics of the study population are summarized in Table S1 (see Supplemental
Digital Content, http:/links.lww.com/QAI/A500). None of the patients were on ART for
the duration of the present study. The participants (28 men, 32 women) ranged in age from 9
months to 13 years (median 7 years) and had a body mass index of 6.4-24.1 (median 14.4).
At entry, CD4 counts ranged between 5% and 44% (median 23%) and plasma HIV-RNA
between 3.65 and 5.87 logyq copies per milliliter (median 4.96). Patients were classified into
immune categories (ICs) 1, IC2, and I1C3 based on the Centers for Disease Control and
Prevention classification?’: IC1 (CD4% > 25), IC2 (CD4% 15-25), and 1C3 (CD4% < 15).
Eight age-matched uninfected children were recruited from the same geographical area and
served as controls. Cellular assays for immunologic analyses, including flow cytometry
assays for T-cell IA and IE, were performed on site.?8 Plasma samples were collected during
study visits, stored at —80°C, and shipped to the University of Miami in dry ice after
approval from the Government of India's Health Ministry Screening Committee for MT
studies.

Plasma LPS Assay

Ten microliters of plasma was diluted 1:10 in endotoxin-free water and heat inactivated at
85°C for 15 minutes to inactivate inhibitory plasma proteins. LPS levels were measured in
plasma by the use of the limulus amebocyte lysate chromogenic endpoint assay (Lonza
Group Ltd, Allendale, NJ) according to the manufacturer's recommendations and calculated
in relation to an Escherichia coli endotoxin standard provided with the assay, after
background subtraction.® Results of LPS were recorded as picograms per milliliter.

16S rDNA Quantitation in Plasma

DNA was extracted from 200 pL of plasma by use of the DNeasy Blood and Tissue Kit
(Qiagen Inc, CA). DNA purity and concentration were determined by nanodrop
spectrophotometer (Thermo Scientific, DE). DNA was amplified in a reaction mixture
consisting of 2 pL of 10x polymerase chain reaction (PCR) buffer, 3.5 mmol/L MgCly, 0.2
mmol/L dNTPs, 0.5 pmol/L forward (8F: 5’-AGT TTG ATC CTG GCT CAG-3’) and
reverse (515R: 5’-GWA TTA CCG CGG CKG CTG-3’) primers, 0.32 umol/L probe (338P:
5’-FAM-GCT GCC TCC CGT AGG AGT-BHQ1-3), 0.75 U of Taqg polymerase, and equal
amount of DNA. A negative control (not template control) was used each time to ensure
there were no false-positive reactions. The reaction conditions for amplification of DNA
were 95°C for 5 minutes, followed by 45 cycles at 95°C for 15 seconds and at 60°C for 1
minute. Real-time fluorescence detection was used with the ABI PRISM 7700 sequence
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detector (Perkin EImer Applied Bio-systems, CA) to quantify the bacterial 16S rDNA level
in plasma. Real-time PCR was performed in duplicates for each standard dilution and
sample, and mean CT value of the duplicate PCRs was determined and used for the
calculations. A standard curve was created from serial dilutions of plasmid DNA containing
known copy numbers of the template. Copy numbers of the samples were calculated from
the standard curve by interpolation.® Results were expressed as 16S rDNA copy number per
microliter plasma.

Plasma sCD14 Analysis

Monocytes and macrophages express membrane CD14 and secrete sCD14 upon activation.
Measurement of plasma sCD14 provides evidence for direct chronic LPS stimulation of
monocytes and macrophages in vivo. Plasma levels of sCD14 were quantified by Human
sCD14 Immunoassay (R&D Systems, Minneapolis, MN). Ten microliters of plasma was
diluted 200-fold by the addition of 1990 pL calibrator diluent and assayed in duplicate.
Results of sSCD14 were expressed in nanograms per milliliter.

Analysis of T-cell Activation and IE

Expression of CD38 and HLA-DR was used as a marker for 1A and expression of PDI-1 for
IE. One hundred micro-liters of fresh whole blood per tube was incubated for 30 minutes
with antibodies to different cell surface markers (CD3, CD8, CD38, HLA-DR, and PD-1) in
dark at room temperature. After incubation, red blood cells were lysed with FACS lysing
solution (BD Biosciences, San Jose, CA) for 10 minutes. Cells were then washed with wash
buffer (2% fetal bovine serum and 0.02% sodium azide in phosphate buffer saline). The
stained cells were suspended in equal volumes of wash buffer and 1% paraformaldehyde
solution. After staining, the cells were acquired on a BD FACSCalibur (BD Biosciences).
All data were analyzed using FlowJo software (version 4.6.2, Tree Star Inc, Ashland, OR).
The gating for all other markers was based on isotype controls. In this cohort, testing for
PD-1 was introduced later and was examined in a subset of 18 patients.

Statistical Analyses

Differences in the variables between baseline and 12 months were analyzed using the
Spearman signed rank test. Planned comparisons between healthy controls and each HIV-
infected group were performed by Mann-Whitney U test. Relationship between 2 variables
was done using the Spearman correlation and linear regression. Data for LPS and 16S rDNA
were analyzed in relation to CD4 counts, VL, T-cell activation markers, and sCD14.
GraphPad prism (version 5.0) was used to plot graphs.

RESULTS

HIV-Infected Children Have Increased Gut MT and Generalized |IA

Plasma MT, measured by plasma LPS and 16S rDNA, was significantly higher in patients
compared with healthy children (Figs. 1A, C). Analysis was also performed based on the
CD4%-based ICs. Plasma MT was highest in IC3 group (Figs. 1B, D) compared with the
other 2 groups and with HC. Interestingly, LPS and 16S rDNA of children in IC1 group did
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not differ from HC. We also noted that both these markers correlated with each other at
entry (Fig. 1E).

IA markers HLA-DR and CD38 were higher in patients, with a mean frequency of 12% in
CD4 and 23% in CD8 T cells as compared with 4% and 6%, respectively, in controls (data
not shown), and 1A markers in T cells of patients in IC3 and 1C2 groups were independently
higher than HC (Figs. 2A, B). Monocyte activation, measured by sCD14, was also higher in
the full cohort (data not shown). Similar to T-cell activation, monocyte activation was also
higher in patients in IC3 and IC2 groups compared with HC (Fig. 2C). T-cell activation
correlated with monocyte activation in patients at baseline (Fig. 2D) and in IC3 group (Fig.
2E), indicating that generalized IA is maximal in the most immunocompromised patients.
CD8 T-cell activation was higher at the 12-month follow-up visit as compared with entry
values (Fig. 2F), but there was no increase in CD4 T-cell activation.

Correlation of MT With VL, IA, and CD4%

To better understand the clinical importance of LPS and 16S rDNA, we investigated their
relationship with viroimmunologic markers of HIV disease, including CD4 T-cell count,
plasma VL, and IA. As shown in Figure 3, LPS correlated positively with VL, T-cell (CD4
and CD8) activation (Figs. 3A-C), and monocyte activation (Fig. 3D). Similar correlations
were observed with 16S rDNA (Figs. 3I-L). These correlative patterns were also observed
in patients in IC3 group for LPS (Figs. 3E-H) and 16S rDNA (Figs. 3M-P). VL did not
differ among the 1C groups at baseline (data not shown) and was correlated with MT (Figs.
3A, E, I, M), CD8 T-cell activation, and sCD14 in the patient cohort (data not shown). For
patients in the IC3 group, in addition to these correlations, VL was also correlated with CD4
T-cell activation. MT parameters showed a negative correlation with CD4% both in total
cohort and in IC3 group (Figs. 4A-D). Besides showing a negative correlation with MT
products, CD4% also showed a negative correlation with CD4 IA and sCD14 (Figs. 4E, F),
implying the association of immune deficiency with MT and 1A.

T-Cell Exhaustion Correlates With T-Cell IA and MT

PD-1 is a marker that has been shown to be associated with both 1A and IE. We investigated
PD1 expression only in a subset of 18 patients. PD1 expression levels on CD4 and CD8 T
cells were higher in patients at baseline compared with controls and increased further at the
12-month follow-up visit (Figs. 5A, B). At study entry, frequency of PD-1+ CD4 T cells
correlated with LPS levels (Fig. 5C), 16S rDNA (Fig. 5D), and activated CD4 T cells (Fig.
5E). Frequency of PD1+ CD8 T cells correlated with LPS (Fig. 5F) and frequency of
activated CD8 T cells (Fig. 5G).

MT and IA in Relation to Disease Progression During 12 months of Follow-Up

To gain insight into disease progression in the absence of ART, we determined the MT and
immunologic markers in the 47 HIVV+ children who completed 12 months of follow-up.
CD4% and absolute counts remained unchanged as did plasma levels of LPS, bacterial
DNA, and sCD14 (see Figure S1 A-D, Supplemental Digital Content, http://
links.lww.com/QAI/A500). CD4 T-cell and monocyte IA also remained unchanged at 12
months after entry (see Figure S1 E-F, Supplemental Digital Content, http://
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links.lww.com/QAI/A500). There was a small but significant increase in CD8 T-cell
activation (Fig. 2F) and IE (Fig. 5B) as described above, indicating that the immunologic
profile was not completely stable. Clinically, this subgroup of children did not experience
serious infections in this time span.

DISCUSSION

This study examined MT in a group of perinatally HIV-infected children from the Indian
subcontinent who were not on ART. Although perinatal HIV infection is associated with a
more rapid disease progression than in adults,2%:3% most children in our cohort were in a
state of chronic infection, having survived the initial critical period associated with rapid
disease progression.31:32 MT is a characteristic feature of chronic HIV infection in adults
that can persist with variable severity despite ART.3-59.12 |n contrast, relatively less is
known about MT in children,23-25 especially in the absence of ART, and there are even less
data from resource-limited countries where there may be additional nutritional and
infectious challenges. In the study population investigated, there was clear evidence of
ongoing gut MT that was greater than in uninfected healthy controls as evidenced by
increased levels of LPS and the universally conserved microbial 16S ribosomal RNA gene
sequences in plasma. Increased plasma LPS levels have been demonstrated within 3—4
months after simian immunodeficiency virus (SIV) inoculation in rhesus macaques.33 This
is the first study to provide evidence of MT in treatment-naive, HIV-infected children in a
resource-limited setting and to demonstrate the association of MT with IA and disease
progression in this background.

There is evidence in adults that failure of immune reconstitution after ART can be
associated with persistent MT and ongoing 1A.2 Our study in children shows that in the
absence of ART, the more severely immunocompromised children in the 1C3 group had the
highest MT, with elevated levels of both plasma LPS and 16S rDNA, whereas in patients in
IC1 group, measures of MT were comparable with healthy controls. This is the first report of
16S rDNA in HIV-infected, treatment-naive pediatric population in a resource-limited
setting. Earlier, we also reported that plasma 16S rDNA was elevated compared with healthy
volunteers in a treatment-experienced HIV+ pediatric US cohort, but the values were far
lower than those observed here.24 A recent study in ART-treated, HIV-infected children in
the United Kingdom34 also found low levels of 16S rDNA in low frequency, and gut-
associated bacterial species were identified by sequencing the bacterial DNA. In broad range
quantitative 16S rDNA PCR assays, there is a possibility of DNA contamination, exogenous
or endogenous, for which only cloning or sequencing can confirm gut bacteria. In the
present study, the correlation of the 16S rDNA with LPS and its absence in healthy children
and in experimental negative controls all point to the observed 16S rDNA as being a true
indicator of MT. Future studies that determine the bacterial species in the 16S rDNA in
different regional settings are warranted.

In agreement with previous reports in adults,32 plasma LPS and 16S rDNA levels in our
cohort were correlated with each other and also with plasma VL. These associations seen in
the population as a whole were also evident in patients in IC3 group. During the initial
stages of chronic HIV infection, LPS levels have been reported to be predictive of disease
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progression, independently of immunovirological markers, that is, absolute CD4 cell count
and VL.35 LPS values in this cohort of HIV-infected children were similar to a US cohort of
a similar age range.12 The direct correlation of both LPS and 16S rDNA with VL in our
study is not unexpected as the children were not on ART. In patients on ART, however, the
IA that persists despite apparent virological control has been attributed to ongoing MT
because of delayed gut healing, rather than viral replication.36:37 However, other studies
have shown that viral replication is evident in the gut even in the absence of detectable
plasma viremia in patients on potent ART.38-40 Thus, it is possible that viral replication is
contributing to MT to some degree, even in situations when plasma VL is undetectable by
conventional laboratory assays that would not detect low-level viral replication in tissue
sites.

Although many factors have been suggested to contribute to IA during chronic HIV/SIV
infection, MT is considered to be a major cause for it.541-43 The microbial products can
stimulate immune cells directly via pattern recognition receptors, such as toll-like receptors.
As activated T cells have a relatively short half-life, the persistent IA in aviremic long-term
ART-treated patients has been attributed to ongoing antigenic stimulation from MT.6 MT is
also associated with IA during the chronic phase of SIV infection in rhesus macaques,**
whereas chronic SIV infection of sooty mangabeys does not cause damage to the intestinal
barrier or result in MT and does not cause IA. The relationship of gut MT with 1A and
disease progression, however, remains controversial. In our study, MT was correlated with
generalized IA as evidenced by HLA-DR* CD38" expressing T cells, circulating levels of
sCD14 (a marker of monocyte activation), and increased IE (PD-1). The correlation between
MT and activated T-cell phenotype points toward polyclonal T-cell activation, contributed
by MT either directly or indirectly via cytokines and chemokines. The levels of neither of
the MT products (LPS and 16S rDNA) showed a change during the 12-month follow-up in
the absence of ART. CD4 IA also remained unchanged, but CD8 IA increased along with
the frequency of PD-1+ T cells. These data affirm that MT is evident even in
immunologically stable children although it is worse in association with CD4 immune
deficiency, suggesting a potentially deleterious effect of ongoing MT on disease
progression. MT and 1A have been associated with disease progression even in long-term
nonprogresssor adults.

Not only LPS levels but SCD14 levels were also increased in the children at baseline,
indicating monocyte activation. Increased sSCD14 has been reported in chronically infected
individuals?; this observation is not unexpected as LPS is known to be a direct stimulant of
the immune system in vivo. In agreement with this reasoning, LPS and 16S rDNA correlated
with both T-cell and monocyte activation but only in association with severe
immunosuppression of 1C3. In contrast to reported absence of association between the level
of sCD14 and CD8" T-cell activation in adults, we found a correlation of sCD14 with both
CD4 and CD8 activation in our pediatric population. A strong inverse correlation of sCD14
with CD4* T cells and a direct correlation of SCD14 with VL have been previously
reported.>46 We found an inverse correlation of sSCD14 with CD4% but did not find any
correlation with VL (data not shown). T-cell A was correlated with monocyte activation at
baseline, suggesting that there is generalized IA. In contrast to our results and of others from
the United States, SCD14 levels were not altered in an Ugandan cohort among groups with
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different disease courses in a longitudinal study,*” which needs further investigation. Even
though sCD14 is one of the important markers for the evaluation of MT, it cannot be
considered as a specific marker for MT because sCD14 levels are also elevated in other
infections (RSV, dengue virus, mycobacteria) and inflammatory conditions.*8:49

In the present study, we found significantly higher expression of the exhaustion marker
PD-1in T cells of HIV-infected children compared with age-matched controls, and its
expression was directly related with IA. IE is a component of aberrant IA in chronic HIV-1
infection, which is associated with ongoing viral replication. We and others have reported
previously that PD-1 and IA are closely linked in HIV-infected adults.18:50 Further
supporting the link between IA and IE is the fact that PD-1 is expressed by activated T cells,
but not naive T cells.51 PD-1 expression was further increased at the 12-month follow-up.
As PD-1 expression was also directly associated with both LPS and 16S rDNA, these data
suggest that MT not only is associated with 1A but also contributes to IE.

In conclusion, in this group of clinically stable HIV-infected children, disease severity was
manifested by ongoing MT, IA, and IE. As the comparison group of age-matched healthy
controls was exposed to similar environmental conditions, the observed effects are most
likely attributable to HIV infection. MT was clearly evident in HIV-infected children,
including those with mild—-moderate immune deficiency; thus, strategies aimed to minimize
MT would be useful with the aim to decrease A and slow the decline of CD4 T cells. The
children in this study were not “eligible” for treatment in accordance with the guidelines of
India's National AIDS Control Organization at the time this study was conducted. With
change in World Health Organization guidelines, more children will have the benefit of
ART earlier in life that could have an impact on MT and IA by preventing, reducing, or
reversing MT. Factors related to differences in gut microbiota in children and adults along
with additional developmental factors may play an important role in MT in children.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Plasma levels of microbial products are elevated in HIV-infected children. Baseline plasma
LPS (A and B) and 16S rDNA (C and D) levels in total and IC groups. Correlation between
LPS and 16S rDNA in total patients (E). Comparisons of median clinical values between
different groups of subjects were performed by Mann—Whitney U test. Correlations between
2 variables were done using the Spearman correlation and linear regression. Asterisks
indicate the levels of significance. *P < 0.05, **P < 0.01, ***P < 0.001.
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HIV-infected children show generalized IA. CD4 T-cell (A), CD8 T-cell (B), and monocyte

activation (C) in IC groups compared with healthy controls. Correlation of CD4 T-cell
activation (D) and CD8 T-cell activation (E) with monocyte activation in total patients. CD8
T-cell activation at baseline (M0) and at 12 months follow-up (M12), compared with HC
(F). Comparisons of median clinical values between different groups of subjects were
performed by Mann—Whitney U test. Correlations between 2 variables were done using the
Spearman correlation and linear regression. Asterisks indicate the levels of significance: *P
<0.05, **P < 0.01, ***P < 0.001.
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FIGURE 3.

Correlation of MT with 1A. Correlation of baseline plasma LPS with VL (A), CD4 T-cell
activation (B), CD8 T-cell activation (C), and monocyte activation (D) in total patients and
IC groups (E-H). Correlation of baseline plasma 16S rDNA with VL (1), CD4 T-cell
activation (J), CD8 T-cell activation (K), and monocyte activation (L) in total patients and
IC groups (M-P). Correlations between 2 variables were done using the Spearman
correlation and linear regression.
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Relationship of IE and 1A and MT. Expression of PD-1 on CD4 (A) and CD8 T (B) cells at
baseline compared with follow-up and healthy controls. Correlation between frequency of
PD1-expressing CD4 T cells with LPS (C), 16S rDNA (D), and activated CD4 T cells (E).
Correlation between frequency of PD1-expressing CD8 T cells and LPS (F) and activated
CD8 T cells (G). Asterisks indicate the levels of significance: *P < 0.05, **P < 0.01, ***P <
0.001. Correlations between 2 variables were performed using the Spearman correlation and
linear regression.
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