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Abstract

Chronic immune activation despite long-term therapy poses an obstacle to immune recovery in HIV infection. The role of
antigen presenting cells (APCs) in chronic immune activation during HIV infection remains to be fully determined. APCs, the
frontline of immune defense against pathogens, are capable of distinguishing between pathogens and non-pathogenic,
commensal bacteria. We hypothesized that HIV infection induces dysfunction in APC immune recognition and response to
some commensal bacteria and that this may promote chronic immune activation. Therefore we examined APC
inflammatory cytokine responses to commensal lactobacilli. We found that APCs from HIV-infected patients produced an
enhanced inflammatory response to Lactobacillus plantarum WCFS1 as compared to APCs from healthy, HIV-negative
controls. Increased APC expression of TLR2 and CD36, signaling through p38-MAPK, and decreased expression of MAP
kinase phosphatase-1 (MKP-1) in HIV infection was associated with this heightened immune response. Our findings suggest
that chronic HIV infection enhances the responsiveness of APCs to commensal lactobacilli, a mechanism that may partly
contribute to chronic immune activation.
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Introduction

Chronic immune activation is a major driver of HIV disease

pathogenesis. It contributes to the persistence of viral reservoirs,

incomplete immune restoration, as well as medical co-morbidities.

Hallmarks of chronic immune activation, including increased

immune cell activation and inflammation, can be seen in a wide

spectrum of HIV-infected patients, including therapy-naı̈ve

patients and those who achieve complete viral suppression on

long-term highly active antiretroviral therapy (HAART) [1–3].

Mechanisms contributing to chronic immune activation are

multifactorial and include residual viral replication in tissues,

reactivation of latent viral infections, and microbial translocation

[4–6]. To date, the majority of investigations pertaining to chronic

immune activation in HIV infection have focused on the role of

CD4+ T-cells. In contrast, the role of antigen presenting cells

(APCs) in chronic immune activation is not fully defined. A better

understanding of functional impairment in APC immune recog-

nition and response will provide insights into HIV pathogenesis

and may identify novel therapeutic targets.

APCs, including myeloid dendritic cells (mDCs), monocytes,

and macrophages, recognize pathogen-associated molecular pat-

terns (PAMPs) through pattern recognition receptors (PRRs),

including toll-like receptors (TLRs) [7]. Following pathogen

recognition by PRRs, APCs generate a rapid immune response

via signaling pathways, including NFkB and mitogen-activated

protein kinase (MAPK), through phosphorylation of transcription

factors that induce the production of inflammatory cytokines

including IL-6, IL-12/IL-23p40, and TNFa [8]. This inflamma-

tory response to pathogens leads to the recruitment of both innate

and adaptive immune cells to the site of infection so that pathogen

clearance can occur.

APCs have an important role in the host’s ability to distinguish

between self versus non-self as well as pathogenic versus

commensal bacteria. This function is essential for generating

appropriate immune responses to pathogens while avoiding

immune diversion to innocuous microbial stimuli and preventing

chronic inflammation. The ability to distinguish between patho-

genic and commensal bacteria is particularly important in the

human gastrointestinal (GI) tract because it harbors over 1014

microorganisms [9]. Immune cells, particularly dendritic cells, in

the GI tract influence the interactions between host and

commensal bacteria enabling a symbiotic relationship critical for

immune development and prevention of chronic inflammation

and tissue damage [10,11].
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To date, the effects of HIV infection on the innate immune

system and its response to commensal bacteria, including

lactobacilli, are not fully defined. It is of particular importance

to determine whether HIV alters APC functional responses to

commensal bacteria because APCs may encounter these micro-

organisms or their microbial products in circulation or at the

mucosal sites of infection [12,13]. In addition, commensal

Lactobacillus strains are consumed through diet as well as employed

as probiotics, many of which are currently under evaluation in

HIV clinical trials [14,15]. Therefore, we examined the effects of

HIV infection on the APC responses to different lactobacilli,

including Lactobacillus plantarum WCFS1, Lactobacillus gasseri 1SL4,

and Lactobacillus casei BL23. Our findings identify heightened APC

response to commensal Lactobacillus as a potential mechanism of

chronic immune activation and inflammation in HIV infection.

Results

Increased Immune Cell Activation in HIV-infected Patient
Groups

Peripheral blood samples were obtained from HIV-negative

controls (HIV2, n = 40), HIV-infected therapy-naı̈ve patients

(n = 34), and HIV-infected patients receiving long-term HAART

(n = 63). Patient groups and characteristics are presented in

Table 1. HIV-infected patients, both therapy-naı̈ve and

HAART-treated, demonstrated varying degrees of peripheral

blood CD4+ T-cell loss. Compared to HIV-negative controls, both

HAART-treated and therapy-naı̈ve patients demonstrated signif-

icantly decreased frequencies of CD4+ T-cells and increased

CD8+ T-cell frequencies. While most of the HIV-infected,

therapy-naı̈ve patients had detectable plasma viral loads and low

CD4+ T-cells numbers, four of the 34 patients had undetectable

plasma viral loads and CD4+ T-cells counts .700 cells/mm3

despite being HIV-positive for over ten years. HAART-treated

HIV-infected patients also showed a range of CD4+ T-cells

counts, indicating variable levels of immune recovery. Significant

increases in frequencies of activated CD4+ and CD8+ T-cells were

also seen in HIV-infected, therapy-naı̈ve patients. Higher

frequencies of activated CD4+ T-cells were also detected in

HAART-treated patients, reflecting the persistence of immune

activation despite long-term therapy. Since a majority of the HIV-

infected patients (both therapy-naı̈ve and HAART-treated) had

lower CD4+ T-cells frequencies and higher immune activation

than HIV-negative controls, we present the APC functional data

from HIV-infected patients collectively as an HIV-infected group.

We focused our investigations on the effects of HIV infection on

the APC population (CD3-CD19-CD56-

HLADR+CD11c+CD123-). The multicolor flow cytometric gat-

ing strategy used to detect the APC population is included in

Figure 1A. PBMCs were initially gated based on forward and side

scatter and doublets were excluded to ensure that the analysis was

based on single cells. Viable lineage-negative (CD3-CD19-CD56-)

cells were assessed for expression of HLA-DR. From this

population, APCs were defined as CD11+ and CD123-. No

significant changes were found in the peripheral blood frequencies

of APCs between the HIV-infected patients and the HIV-negative

controls (Figure 1B). Further analysis showed that the APC

population included both monocytes and mDCs. Monocytes,

which were gated based on CD14 expression and included cells

expressing both high and low levels of CD14, comprised a

majority of the APC population (Figure 1C). Cells negative for

CD14 but positive for CD11c were considered mDCs and

comprised the remainder of the APC population (Figure 1D).

Flow cytometric analysis showed no significant changes in the
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distribution of monocyte or mDC percentages in the APC

population in HIV-infected patients compared to HIV-negative

controls (Figure 1 C–D). In support of previous studies that have

reported increased levels of innate immune cell activation

[6,16,17], we found higher levels of monocyte activation marker,

soluble CD14 (sCD14), in plasma samples of HIV-infected

patients compared to HIV-negative controls (Figure 1E).

Enhanced APC Inflammatory Response to Commensal L.
plantarum WCFS1 in HIV Infection

It is unknown whether HIV alters APC immune sensing and

response to commensal lactobacilli. Therefore we examined APC

inflammatory responses to several Lactobacillus species. Previous

studies reported that stimulation with L. plantarum WCFS1 induces

minimal inflammatory responses in PBMCs from healthy individ-

uals [18]. Following exposure to L. plantarum WCFS1 [19], APCs

from HIV-negative controls produced minimal inflammatory

cytokine response, confirming that APCs in healthy individuals

do not respond strongly to this Lactobacillus strain (Figure 2A).

Remarkably, significantly higher frequencies of APCs from HIV-

infected patients produced IL-6 and IL-12/IL-23p40 in response

to L. plantarum WCFS1 as detected by multicolor flow cytometry

(Figure 2B). In addition, analysis by ELISA revealed that PBMCs

from HIV-infected patients released significantly higher concen-

trations of IL-6 and IL-12/IL-23p40 following stimulation with L.

plantarum WCFS1 (Figure 2C). While no significant differences

were found in the frequencies of PBMCs producing TNFa in

response to L. plantarum WCFS1, cells from HIV-infected patients

released significantly higher concentrations of TNFa (Figure 2B

and C).

Several Lactobacillus strains have been shown to stimulate either

pro- or anti- inflammatory responses in host cells [20,21]. To

Figure 1. Distribution of antigen presenting cells in peripheral blood during chronic HIV infection. (A) Multicolor flow cytometric gating
strategy for the identification of APC populations in peripheral blood. APCs (CD3-CD19-CD56-HLADR+CD11c+CD123-), monocytes (CD3-CD19-CD56-
HLADR+CD123-CD11c+CD14+), and mDCs (CD3-CD19-CD56-HLADR+CD123-CD11c+CD14+) were detected following the exclusion of dead cells and
CD3+, CD19+ and CD56+ cells. The HLA-DR-positive cells were gated for CD11c and CD123. Data were analyzed using FlowJo. (B) Percentages of
circulating APCs (HIV2 n = 37, HIV+ n = 94). (C) Monocyte percentage of the peripheral blood APC population. (D) Myeloid dendritic cell population
of the peripheral blood APC population. (E) Plasma sCD14 concentrations as determined by ELISA (HIV2 n = 25; HIV+ n = 66). Each dot represents an
individual patient. In the HIV+ group, open circles represent therapy-naı̈ve patients and closed circles represent patients on HAART. Bars indicate
median value. P values determined using Mann Whitney U test. P values as indicated.
doi:10.1371/journal.pone.0072789.g001
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assess any aberrant proinflammatory responses due to HIV

infection, we focused on Lactobacillus strains that have been shown

to induce anti-inflammatory effects. Therefore, we expanded the

analysis of APC responses to L. gasseri 1SL4 (Figure 2D) and L. casei

BL23 (Figure 2E). Mucosal administration of both L. gasseri and L.

casei has been reported to reduce inflammatory responses such as

oxidative stress, IL-17-driven inflammation, and other inflamma-

tory infiltrates in inflammatory models of allergen-induced airway

inflammation and DSS-induced colitis [22–24]. APCs from HIV-

infected patients also produced an enhanced inflammatory

cytokine response to L. gasseri 1SL4 (Figure 2D) and L. casei

BL23 (Figure 2E) indicating that the enhanced inflammatory

response by APCs from HIV-infected patients was not confined to

L. plantarum WCFS1.

Analysis of the inflammatory response to lactobacilli by APCs

was expanded to the monocyte and mDC populations (Figure S1).

These data show that higher frequencies of monocytes produced

inflammatory cytokines in response to the lactobacilli compared to

the mDC population (Figure S1A and S1B). In addition, the data

demonstrate higher frequencies of monocytes and mDCs from

HIV-infected patients produced inflammatory cytokines in

response to the lactobacilli compared to those from HIV-negative

controls (Figure S1A and S1B). While the sample size was smaller,

similar increased inflammatory responses were also observed in

HIV-infected patients in response to L. rhamnosus GG (Figure S2A)

and L. reuteri F275 (Figure S2B). Together, these findings suggest

that HIV infection induces a heightened APC inflammatory

response to commensal lactobacilli.

Increased APC Expression of TLR2 and CD36 in HIV
Infection

Recent studies demonstrate increased expression of pattern

recognition receptors (PRRs), including TLR4, TLR2 and TLR2

co-receptor CD36, in both therapy-naı̈ve and HAART-treated

HIV-infected patients [10,25]. Therefore, it is likely that increases

in PRRs contribute to the observed APC hyper-responsiveness to

commensal lactobacilli in HIV-infected patients. To investigate

the impact of chronic, untreated HIV infection on peripheral

blood APCs, we evaluated global gene expression profiles of APCs

using DNA microarray analysis. CD11c+ APCs were isolated from

four HIV-negative controls and four chronically infected, therapy-

naı̈ve patients with depleted CD4+ T-cells (84–637 cells/mm3)

and plasma HIV RNA viral loads ranging from 15,485–976,464

HIV RNA copies/mL. DNA microarray analysis revealed distinct

changes in APC gene expression profiles of pattern recognition

receptors, specifically TLRs, between the HIV-infected patients

and HIV-negative controls (Figure 3A). HIV infection was

associated with significantly increased gene expression levels of

TLRs that recognize bacterial ligands, including TLR1 and

TLR2, as well as those that recognize viral RNA, including TLR7

and TLR8 (Figure 3B). Substantial increases in expression of co-

receptors CD14 and CD36 transcripts were also found in HIV-

infected patients (Figure 3B).

We focused further examination on TLR2 and its co-receptor

CD36 because these PRRs play an important role in recognition

of Gram-positive lactobacilli. We performed multicolor flow

cytometry to determine whether cell surface expression of TLR2

and CD36 was increased in HIV infection. The median

fluorescence intensity (MFI) of TLR2 on APCs was significantly

higher in HIV-infected patients (Figure 3C, D). Increased MFI of

CD36 was also detected on APCs from HIV-infected patients

(Figure 3E, F).

To further investigate the role of increased TLR2 and CD36

expression in the enhanced APC inflammatory response to L.

plantarum WCFS1, we performed a blocking assay. Because CD36

functions as a co-receptor that shuttles the ligand to TLR2, we

chose to block TLR2 activation using an anti-TLR2 antibody

[26,27]. Blocking TLR2 reduced the frequencies of APCs

producing proinflammatory cytokines (Figure 3G) as well as

decreased the concentrations of IL-6, IL-12/IL23p40, and TNFa
produced by PBMCs in response to L. plantarum WCFS1

(Figure 3H). Production of IL-12/IL-23p40 by PBMCs was

significantly reduced with the TLR2 blocking treatment; however

TLR2 blocking did not result in statistically significant reductions

in PBMC production of IL-6 or TNFa following stimulation with

L. plantarum WCFS1 (Figure 3H). These data indicate that

increased TLR2 and CD36 expression contribute to the enhanced

APC inflammatory response, but additional mechanisms might

also contribute to the enhanced APC inflammatory response to

commensal lactobacilli observed in HIV infection likely exist.

p38-MAPK Signaling Drives the Heightened APC
Inflammatory Response in HIV Infection

NFkB and p38-MAPK signaling pathways are important for

producing inflammatory cytokines in response to bacteria

[11,28,29]. Therefore, we measured NFkB and p38 phosphory-

lation in APC subsets following L. plantarum WCFS1 stimulation.

While no significant difference in NFkB phosphorylation was

found in APCs between the patient groups (Figure S3), higher

frequencies of both mDCs (Figure 4A, B) and monocytes

(Figure 4C, D) exhibited p38 phosphorylation following stimula-

tion with L. plantarum WCFS1 in HIV-infected patients. To further

validate the role of the p38-MAPK pathway in the enhanced APC

response to Lactobacillus species, APCs from HIV-infected patients

were pretreated with the p38-inhibitor, BIRB796, and exposed to

commensal lactobacilli. Blocking p38 phosphorylation significantly

reduced the frequencies of APCs producing IL-6 and TNFa in

response to L. plantarum WCFS1 (Figure 5A and B). Significant

reductions in the frequencies of APCs producing IL-6, IL-12/

IL23p40, and TNFa in response to L. gasseri 1SL4 (Figure 5C) and

L. casei BL23 (Figure 5D), as well as L. rhamnosus GG and L. reuteri

F275 (Figure S2C, S2D), were also observed following BIRB796

treatment of PBMCs from HIV-infected patients. These data

suggest that the p38-MAPK pathway plays an important role in

the aberrant APC response to lactobacilli in HIV infection.

MAP kinase phosphatase-1 (MKP-1) regulates p38 phosphor-

ylation and controls inflammation [30,31]. Since our data

Figure 2. Enhanced inflammatory response by APCs from HIV-infected patients to commensal lactobacilli. (A) Representative flow
cytometry plots of APCs producing proinflammatory cytokines in response to L. plantarum WCFS1. (B) Frequencies of APCs from HIV-negative
controls (n = 29) and HIV-infected patients (n = 62) producing IL-6, IL-12/IL-23p40, and TNFa in response to L. plantarum WCFS1 determined by
multicolor flow cytometry. (C) Concentrations of IL-6, IL-12/IL-23p40, and TNFa following stimulation with L. plantarum WCFS1 as determined by
ELISA (HIV2 n = 4; HIV+ n = 10). Frequencies of APCs from HIV-negative controls (n = 14) and HIV-infected patients (n = 23) producing IL-6, IL-12/IL-
23p40, and TNFa in response to (D) L. gasseri 1SL4 and (E) L. casei BL23 as measured by multicolor flow cytometry. Each dot represents an individual
subject. In the HIV+ group, open circles represent therapy-naı̈ve patients, closed circles represent patients on HAART. Bars indicate median value. Bar
graphs represent mean +/2 SEM. P values determined using Mann Whitney U test, P values as indicated.
doi:10.1371/journal.pone.0072789.g002
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demonstrated increased APC inflammatory cytokine production

by APCs and increased p38 phosphorylation in HIV infection, we

sought to determine whether HIV infection altered MKP-1

expression. APCs from HIV-infected patients demonstrated

significantly reduced levels of MKP-1 (Figure 5E). In addition, a

marked induction of MKP-1 mRNA levels in response to L. casei

BL23 stimulation was observed only in APCs from HIV-negative

controls (Figure 5E). These findings support the role of p38-

MAPK signaling in HIV-induced alteration in inflammatory

response of APCs to commensal lactobacilli.

Discussion

The appropriate response of immune cells, particularly APCs,

to both pathogenic and commensal bacteria is critical for human

health, but may be especially complex in individuals with HIV

infection. Previous HIV investigations have focused on identifying

impaired immune cell responses to HIV as well as to pathogenic

co-infections. In contrast, less is known about how HIV affects the

immune response to commensal bacteria. In the present study, we

examined the effects of HIV infection on APC response to

commensal lactobacilli. APCs play a pivotal role in the host

immune response as they control infections by generating an

inflammatory response to pathogens but also maintain a tolerance

to self and commensal bacteria so that excessive inflammation and

tissue damage is avoided. Understanding the interaction of APCs

with commensal bacteria in the setting of HIV infection is

important since humans typically harbor over 1014 bacteria. We

found that peripheral blood APCs from HIV-infected patients

were hyper-responsive to stimulation with commensal lactobacilli.

As expected, APCs from healthy, HIV-negative controls were

generally non-responsive to stimulation with the lactobacilli that

have previously been shown to induce minimal inflammatory

response. However, APCs from HIV-infected patients produced

higher levels of inflammatory cytokines in response to the

lactobacilli stimulation. Collectively, these results provide evidence

that HIV infection may induce enhanced APC inflammatory

response to commensal lactobacilli.

Our data show heightened inflammatory response to commen-

sal lactobacilli in both therapy-naı̈ve and HAART-treated subject

groups. Reflective of varying degrees of immune control of the

virus as well as different magnitudes of CD4+ T-cell depletion, the

therapy-naı̈ve patients included in this study had a range of viral

loads (,50–976,464 copies/mL plasma) and T-cells numbers (18–

Figure 3. Increased expression of pattern recognition receptors on APCs from HIV-infected patients. (A) Heatmap and (B) fold changes
of PRR gene expression in isolated CD11c+ APCs from HIV-infected patients were compared to HIV-negative controls (HIV2 n = 4, HIV+ n = 4) using
DNA microarray analysis. P values determined by unpaired t test (*P,0.05, **P,0.01, ***P,0.001). (C) Representative flow cytometry histograms of
TLR2 expression of APCs from HIV-negative controls (black) and HIV+ patients (gray). (D) Median fluorescence intensity of TLR2 expression of APCs
from HIV-negative controls (n = 20) and HIV-infected patients (n = 46). (E) Representative flow cytometry histograms of CD36 expression of APCs from
HIV-negative controls (black) and HIV+ patients (gray). (F) Median fluorescence intensity of CD36 expression of APCs from HIV-negative controls
(n = 20) and HIV-infected patients (n = 46). (G) Frequencies of APCs from HIV-infected patients (n = 7) producing IL-6, IL-12/IL23p40, and TNFa in
response to L. plantarum WCFS1 with or without TLR2 blocking antibody. (H) Concentrations of IL-6, IL-12/IL-23p40, and TNFa following stimulation
with L. plantarum WCFS1 with or without TLR2 blocking antibody as determined by ELISA (HIV+ n = 3–6). Each dot represents an individual subject. In
the HIV+ group, open circles represent therapy-naı̈ve patients, closed circles represent patients on HAART. Bars indicate median value. Bar graphs
represent mean +/2 SEM. P values determined using Mann Whitney U test or paired t test.
doi:10.1371/journal.pone.0072789.g003
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1353 cells/mm3). Four therapy-naı̈ve patients had .700 CD4+ T-

cells/mm3 and undetectable plasma viral loads despite being HIV-

positive for several years. These patients likely have slower disease

progression and maintain better APC functionality. Similarly,

HAART-treated patients had varying levels of immune restora-

tion, shown through the range of CD4+ T-cells (96–1578 cells per

mm3). Seventeen HAART-treated patients had peripheral CD4+
T-cells counts ,300 cells/mm3. In support of other studies, our

data show that despite viral suppression in HAART-treatment,

significant changes in immune cell function persist [3,32]. In

addition, increased immune activation and aberrant APC

responses to lactobacilli were detected in a majority of HIV-

infected patients.

Our findings support increased expression of TLR2 and CD36

in APCs from HIV-infected patients [10,25,33]. Increased

expression of PRRs in HIV infection may lower the activation

threshold of APCs, thereby enhancing their inflammatory

response and permitting an inflammatory response to otherwise

innocuous stimuli such as commensal lactobacilli. We focused our

investigations on TLR2 and CD36, however blocking TLR2 using

an anti-TLR2 antibody decreased the frequencies but did not

completely abolish of APCs producing inflammatory cytokines in

HIV-infected patients. This suggests that chronic HIV infection

and the accompanying persistent immune activation upregulates

additional PRRs (both known and unknown), which may

subsequently contribute to the increased inflammatory response

to lactobacilli observed in HIV-infected patients. It is also possible

that HIV infection downregulates receptors that regulate or inhibit

the inflammatory response which would also contribute to the

observed APC response to lactobacilli. In addition, increased TLR

expression and enhanced inflammatory response to intestinal

microbiota have been reported in several chronic viral infections

and chronic inflammatory conditions, including hepatitis C,

CMV, and Crohn’s disease [2,34,35]. Since viruses, including

HIV, activate TLRs 3, 7, 8 and 9, it is possible that immune cell

responses to bacterial stimuli are altered as a consequence of TLR

activation by the virus. Our study suggests that chronic viral

infections or chronic inflammatory conditions may alter the APC

expression of PRRs, thereby enhancing their response to

commensal lactobacilli. Additional research is needed to deter-

mine the factor or combination of factors that cause increased

TLR expression and the subsequent enhanced inflammatory

response by APCs in HIV infection.

The p38-MAPK pathway is activated via TLR activation and

results in the production of inflammatory cytokines. Increased

expression of TLR2 likely contributes to the increased p38-MAPK

phosphorylation in APC subsets from HIV-infected patients. It is

also likely that increases in p38 phosphorylation may be influenced

by the decreased expression of p38 regulator, MKP-1, in HIV-

infected patients. Deficiencies in MKP-1 lead to excessive

inflammation and play a role in desensitization to TLR activation

[36,37]. To our knowledge, we are the first to report decreased

expression of MKP-1 in both unstimulated and bacterial-

stimulated APCs from HIV-infected patients. Diminished basal

MKP-1 expression, as well as expression following bacterial

stimulation, in APCs from HIV-infected patients may contribute

to increases in p38 phosphorylation and enhanced inflammatory

response to commensal lactobacilli bacteria in HIV-infected

patients. However, because blocking p38 did not completely

abrogate the production of inflammatory cytokines by APCs,

signaling pathways in addition to the p38 MAPK pathway are

Figure 4. Increased phosphorylation of p38-MAPK in mDCs and monocytes from HIV-infected patients following stimulation with L.
plantarum. (A) Representative flow cytometric gating strategy detecting phosphorylation of p38 in mDCs following stimulation with L. plantarum
WCFS1. Myeloid dendritic cells were gated based on forward and side scatter followed by lineage-negative (CD3-CD14-CD16-CD19-CD20-CD56-), and
were positive for both HLA-DR and CD11c. (B) Frequencies of mDCs phosphorylated p38 following stimulation with L. plantarum WCFS1 as
determined by phosflow (HIV2 n = 7; HIV+ n = 14). (C) Representative flow cytometric gating strategy detecting phosphorylation of p38 in
monocytes following stimulation with L. plantarum WCFS1. Monocytes were gated based on forward and side scatter and were positive for the
lineage marker, HLA-DR, and CD11c. (D) Frequencies of monocytes phosphorylated p38 following stimulation with L. plantarum WCFS1 as
determined by phosflow (HIV2 n = 7; HIV+ n = 14). Each dot represents an individual subject and bars indicate median. P values determined using
Mann Whitney U test.
doi:10.1371/journal.pone.0072789.g004
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potentially involved in the aberrant APC response to lactobacilli

species.

Based on our findings, we provide evidence that chronic HIV

infection is associated with altered APC recognition and inflam-

matory response to commensal lactobacilli. We believe that

chronic HIV infection leads to upregulation of TLR2 and CD36

expression. This upregulation may magnify APC sensitivity to

bacteria subsequently leading to a more robust inflammatory

response that signals, at least in part, through p38-MAPK. The

resultant induction of proinflammatory cytokines by APCs in the

event of translocation of small numbers of Lactobacillus or

Lactobacillus-secreted metabolites across the GI lumen, could

contribute to the higher plasma concentration of IL-6 and TNFa
observed in HIV-infected patients.

Although our study focused on the aberrant inflammatory

response of APCs from HIV-infected patients, it is probable that

other immune cells contribute either directly or indirectly to the

heightened inflammatory response to commensal lactobacilli in

HIV-infected patients. Since immune cells communicate and work

together and do not entirely function in isolation, we performed

functional assays utilizing PBMCs rather than isolated APCs in

order to adequately reflect a physiological response. While APCs

are major producers of inflammatory cytokines in response to

bacteria, we cannot rule out the possibility that additional immune

cells were contributing to the enhanced inflammatory cytokine

response. It is well known that HIV infection alters immune cell

populations, particularly T cell subsets, as well as their functional

responses. Therefore, it is likely that alterations or defects in T cell

subsets, including regulatory T cells and Th17 cells, play an

important role in possibly suppressing the enhanced APC

inflammatory response in HIV-negative controls or secreting

factors that induce the enhanced inflammatory response in HIV-

infected patients. Additional research is needed to completely

unravel the mechanisms contributing to the enhanced inflamma-

tory response by APCs in HIV-infected patients and the

contribution of other immune cells.

The effect of pathogens and chronic infections on the synergistic

and beneficial relationship between the host immune system and

commensal bacteria remains an under-investigated area of

research. Our findings and previously reported studies suggest

that the presence of one pathogen can alter host response to

subsequent commensal microbial encounters [34,38,39]. In this

regard, further investigations of chronic viral infections may

identify common mechanisms that contribute to persistent

Figure 5. Enhanced APC inflammatory response to commensal lactobacilli signals predominantly through p38-MAPK. (A)
Representative flow cytometry plot and frequencies of APCs from HIV-infected patients producing proinflammatory cytokines IL-6, IL-12/IL-23p40,
and TNFa in response to (B) L. plantarum WCFS1 (n = 16), (C) L. gasseri 1SL4 (n = 12), and (D) L. casei BL23 (n = 11) with or without BIRB796
pretreatment. (E) Relative expression of MKP-1 in unstimulated and bacterial stimulated APCs as determined by real-time PCR (HIV2 n = 3–9, HIV+
n = 5–16). Bar graphs represent mean +/2 SEM. P values determined using paired t or Mann Whitney U test (*P,0.05, **P,0.01, ***P,0.001).
doi:10.1371/journal.pone.0072789.g005
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immune activation through dysfunctional APC response to

commensal bacteria. These findings are of high clinical signif-

icance since several Lactobacillus strains are used as probiotics and

are becoming increasingly popular health supplements used to

regulate digestion or to alleviate complications of inflammatory

bowel diseases. However, the use of probiotics in HIV clinical

trials to prevent and/or restore epithelial barrier disruption and

subsequently decrease disease co-morbidities has produced con-

flicting results with some studies reporting benefits whereas others

suggest the probiotics provide no clinical benefit [14,15,40,41].

While the results and conclusions of our data are limited to the

Lactobacillus strains examined, our findings highlight the impor-

tance of investigating APC inflammatory response to commensal

bacteria. Further evaluation of APC responses to additional

commensal bacterial species, both Gram-positive and Gram-

negative, will shed light on those potential probiotic strains and/or

therapeutics that truly dampen inflammation, thus preventing gut

epithelial barrier disruption and HIV co-morbidities. Since many

different bacterial species, and even some yeasts species, are

employed as probiotics, it is possible that some of the strains are

more beneficial than others. Therefore, it is important to evaluate

the individual bacterial strains and determine the mechanisms by

which they exert their beneficial effects to produce more targeted

therapeutics for individuals with chronic viral infections such as

HIV.

Materials and Methods

Subject Cohorts and Sample Collection
Peripheral blood samples were obtained from human study

participants in three groups: HIV-1 infected therapy naı̈ve, HIV-1

infected on long-term HAART, and HIV-negative controls. The

inclusion criteria for the HIV-infected therapy-naı̈ve group

included positive diagnosis with HIV infection for at least one

year and no prior history of anti-retroviral therapy (-Tx, n = 34).

HIV-infected therapy-naı̈ve subjects had peripheral blood CD4+
T cell counts of 18 to 1353 cells/mm3 and plasma viral loads

ranging from ,50 to 976,464 copies/mL. Four of 34 subjects in

this group were HIV-positive for over 10 years but had plasma

viral loads ,50 copies/mL and maintained CD4+ T cell counts

.700 cells/mm3. These subjects meet the criteria of long-term

non-progressors. Three of the 34 subjects in the group also

maintained high CD4+ T cell numbers in peripheral blood and

plasma viral loads ,5000 copies/mL. These subjects were known

to be HIV-positive for less than five years and were likely in the

clinically asymptomatic phase of infection. The remaining 27

HIV-infected therapy naı̈ve subjects had variable degrees of CD4+
T cell loss and plasma viral loads.

Subjects included in the HIV-infected HAART-treated group

were receiving HAART for at least 2 years and had undetectable

plasma viral loads (,50 HIV RNA copies/mL) (+Tx, n = 63). The

CD4+ T cell numbers in peripheral blood samples ranged from 96

to 1578 cells/mm3 suggesting variable level of CD4+ T cell

recovery in response to therapy. Seventeen of the 60 HAART-

treated subjects had peripheral blood CD4+ T cells counts below

300 cells/mm3.

Healthy subjects in the HIV-negative control group included

those with no prior diagnosis of HIV infection or chronic disease

(HIV2, n = 40). Due to variability in cell yields from the

peripheral blood samples from the HIV-infected patients, each

assay was not performed on every patient sample. Each figure

contains the sample size (n) for each assay. Studies were performed

under informed written consent and a protocol approved by the

University of California-Davis Institutional Review Board.

Peripheral Blood Mononuclear Cell Isolation
Whole blood was collected using EDTA tubes. PBMCs were

isolated by methods previously described [42]. Following isolation,

cells were washed in 1X PBS (GIBCO), pelleted, and resuspended

in media with no antibiotics (RPMI-1640 supplemented with 10%

FBS, 1% L-glutamine, and 1% HEPES, GIBCO).

Immunophenotypic Analysis
Multicolor flow cytometry was used for phenotypic analysis.

Samples were stained with antibodies for surface markers CD3

(SP34-2), CD4 (OKT4), CD8 (RPA-T8), CD19 (H1B19), CD56

(HCD56), HLA-DR (L243), CD11c (3.9), CD123 (7G3), CD14

(TUK4), TLR2 (TL2.1), and CD36 (5-271) (BD Bioscience,

Invitrogen, Biolegend, eBioscience). Cells were washed, fixed in

1% PFA, and analyzed with LSRII (BD Bioscience). Data analysis

was performed using FlowJo software (TreeStar).

The APC gating strategy is as follows: PBMCs were initially

gated based on forward and side scatter to eliminate debris and

non-immune cells. Exclusion of doublets was included to ensure

analysis of the APC population was based on single cells. Cell

viability was assessed using LIVE/DEAD Fixable Dead Cell Stain

kit (Invitrogen) and dead cells were excluded. Cells expressing

CD3 (T cells), CD19 (B cells), and CD56 (NK cells) were excluded.

Cells positive for HLA-DR were gated for CD11c and CD123.

APCs were defined as CD11c-positive and CD123-negative. From

the APC population, the monocyte and mDC populations were

identified using the CD14 marker. Monocytes were defined as cells

positive for CD14 expression and included cells expressing both

low to high levels of CD14. Cells negative for CD14 but positive

for CD11c expression were considered mDCs.

Plasma sCD14 Detection
Plasma levels of sCD14 were determined using Quantikine

ELISA (R & D Systems) as per manufacturer’s instructions.

Bacterial Stimulation
PBMCs were exposed to Lactobacillus plantarum WCFS1 [19],

Lactobacillus gasseri 1SL4 (ATCC 19992) [43], Lactobacillus casei

BL23 [44], Lactobacillus rhamnosus GG (ATCC 53101) [45], and

Lactobacillus reuteri F275 (ATCC 23272) [43], were grown in MRS

broth (BD Biosciences) overnight, washed in PBS, and were

incubated with PBMCs at a multiplicity of infection (MOI) of 1:2.

Samples were incubated at 37uC/5% CO2 for one hour then

washed with 1X PBS. Cells were resuspended in media containing

antibiotics (RPMI-1640, 10% FBS, 1% Penicillin/Streptomycin/

Glutamine, and 1% HEPES), Brefeldin-A was added and cells

were incubated for an additional three hours. Samples were

washed and stained with antibodies for surface markers CD3,

CD19, CD56, HLA-DR, CD11c, CD123, and CD14. Cells were

washed and fixed, then permeabilized with Caltag Permeabiliza-

tion Solution B (Invitrogen) and stained with antibodies for

cytokines IL-12/IL-23p40 (C8.6), TNFa (MAb11), and IL-6

(MQ2-13A5) (eBioscience). Cells were washed, fixed, and analyzed

with LSRII (BD Bioscience). Data analysis was performed using

FlowJo software (TreeStar).

For ELISA assays, 26106 PBMCs from randomly selected HIV-

negative (n = 4) and ten HIV-infected patients (therapy naı̈ve

n = 2, HAART n = 8) were resuspended in 500 ml of media with

no antibiotics and stimulated with L. plantarum WCFS1 at an MOI

of 1:2.After one hour of stimulation, an additional 500 ml of media

with antibiotics was added and the cells were incubated for three

additional hours. Following stimulation, cell supernatants were

collected and frozen at 280uC. Supernatants were thawed and IL-
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6, IL-12/23p40, and TNFa ELISAs (ELISA MAX Deluxe,

Biolegend) were performed following manufacturer’s protocol.

TLR2 Blocking Assay
PBMCs from HIV-infected patients were pretreated with 1 mg/

mL anti-TLR2 antibody (TL2.1, eBioscience) then stimulated with

L. plantarum WCFS1 as described above. For ELISAs, PBMCs

from HIV-infected patients were pretreated with 1 mg/mL anti-

TLR2 antibody (T2.5, Biolegend) for one hour then stimulated

with L. plantarum WCFS1 for four hours in media with no

antibiotics. Following stimulation, cell supernatants were collected

and frozen at 280uC. Supernatants were thawed and IL-6, IL-12/

23p40, and TNFa ELISAs (ELISA MAX Deluxe, Biolegend) were

run following manufacturer’s protocol.

Phospho-protein Detection
Phospho-proteins analysis by flow cytometry was performed

following the protocol as previously described [46]. PBMCs were

harvested by centrifugation using CPT tubes (BD Biosciences).

Cells were washed, resuspended in PBS and stained for 20 minutes

at room temperature with Lin-1 FITC and CD11c V450 (BD

Biosciences). Cells were then stimulated with L. plantarum WCFS1

at an MOI of 1:10 for 20 minutes at 37uC. Following stimulation,

cells were fixed, washed, permeabilized using BD Custom perm

buffer (BD Biosciences) and stained for one hour at room

temperature with anti-NFkB (pS529) PE, anti-p38 MAPK

(pT180/pY182) Alexa 647 and HLA-DR PerCP-Cy5.5 (BD

Biosciences). After a final wash, the cells were analyzed on BD

FACSCantoTM II flow cytometer.

p38-MAPK Inhibition
Following two hours of incubation with 10 mM BIRB796 (Axon

Medchem), bacterial stimulations were performed as previously

described.

MKP-1 Expression Analysis
PBMCs were enriched for APCs using magnetic Pan Mouse

IgG beads (Dynabeads, Invitrogen) conjugated to CD3, CD19,

CD56, and CD11c antibodies. After CD3+, CD19+, and CD56+

cells were removed from PBMCs, CD11c conjugated beads were

used to positively enrich the APC population. APCs were

stimulated with bacteria (MOI of 1:2). Samples were incubated

at 37uC/5% CO2 for one hour, pelleted and snap-frozen for real-

time PCR. RNA was extracted using the RNeasy RNA isolation

kit (Qiagen). Isolated RNA was treated with DNase (Invitrogen)

and reverse transcribed using the superscript III first strand

synthesis kit (Invitrogen). Real time PCR was performed using 2x

Taqman universal master mix (Applied Biosystems) and a specific

MKP1 primer (predesigned assay Hs00610256_g1; Applied

Biosystems) on a Viia 7 real-time PCR system. Gene expression

was normalized to GAPDH levels (Applied Biosystems).

DNA Microarray Analysis
CD11c+ APCs were isolated from PBMCs from four HIV-

negative controls and four therapy-naı̈ve subjects with high levels

of plasma viral loads (15,485-976,464 HIV RNA copies/mL

plasma) and CD4+ T cells from 84-637 cells/mm3. Dynabeads

CD8 and Dynabeads Pan Mouse IgG (Invitrogen) beads

conjugated to CD3, CD13, or CD11c antibodies were utilized

to enrich the APC population. Following selection of CD3+,

CD8+, and CD13+ cells, the remaining PBMCs were positively

selected for CD11c+ APCs and snap frozen. Total RNA was

extracted from isolated APCs utilizing Qiagen RNeasy RNA

isolation kit (Qiagen). mRNA amplification, labeling, hybridiza-

tion to human genome GeneChips (Affymetrix), staining, and

scanning were performed according to the Affymetrix Gene

Expression Analysis Technical Manual at the Microarray Core

Facility at the University of California-Davis [47,48]. Stringent

statistical criteria were applied to the microarray data analysis

using RMA-based (GeneSpring, Agilent Technologies) algorithms.

A minimum fold-change of 50% (p-value #0.05) was used as a cut

off. Genes meeting fold-change and statistical criteria were

functionally categorized and pathways and processes statistically

enriched were identified with dChip and Ingenuity Pathway

Analysis software. The microarray data set is deposited at the

Gene Expression Omnibus at the National Center for Biotech-

nology Information (GSE42058).

Statistical Analysis
Statistical significance was assessed using Mann Whitney U test

and paired t tests were used to determine statistical significance as

indicated. Statistics were generated using GraphPad Prism

(GraphPad Software).

Supporting Information

Figure S1 Monocyte and myeloid dendritic cell inflam-
matory response to lactobacilli. (A) Frequencies of mono-

cytes producing IL-6, IL-12/IL-23p40, and TNFa in response to

L. plantarum WCFS1 (HIV2 n = 23, HIV+ n = 43), L. gasseri 1SL4

(HIV2 n = 7, HIV+ n = 23), and L. casei BL23 (HIV2 n = 7,

HIV+ n = 23) as measured by multicolor flow cytometry. (B)

Frequencies of mDCs producing IL-6, IL-12/IL-23p40, and

TNFa in response to L. plantarum WCFS1 (HIV2 n = 23, HIV+
n = 43), L. gasseri 1SL4 (HIV2 n = 7, HIV+ n = 23), and L. casei

BL23 (HIV2 n = 7, HIV+ n = 23) as measured by multicolor flow

cytometry. Each dot represents an individual subject. In the HIV+
group, open circles represent therapy-naı̈ve patients, closed circles

represent patients on HAART. Bars indicate median value. P

values determined using Mann Whitney U test, P values as

indicated.

(TIF)

Figure S2 Enhanced inflammatory response by APCs
from HIV-infected patients to commensal L. rhamnosus
GG and L. reuteri F275 dampened by blocking p38-
MAPK. Frequencies of APCs from HIV-negative controls (n = 4)

and HIV-infected patients (n = 7) producing IL-6, IL-12/IL-

23p40, and TNFa in response to (A) L. rhamnosus GG and (B) L.

reuteri F275 determined by multicolor flow cytometry. Each dot

represents an individual subject. In the HIV+ group, open circles

represent therapy-naı̈ve patients, closed circles represent patients

on HAART. Bars indicate median value. Bar graphs represent

mean +/2 SEM. P values determined using Mann Whitney U

test. Frequencies of APCs from HIV-infected patients (n = 4)

producing IL-6, IL-12/IL-23p40, and TNFa in response to (C) L.

rhamnosus GG and (D) L. reuteri F275 with or without BIRB796

pretreatment. Bar graphs represent mean +/2 SEM. P values

determined using paired t test.

(TIF)

Figure S3 Similar phosphorylation of NFkB in HIV-
infected patients and HIV-negative controls following
stimulation with L. plantarum WCFS1. Frequencies of

monocytes and mDCs with phosphorylated NFkB following

stimulation with L. plantarum WCFS1 as determined by phosflow

(HIV2 n = 7; HIV+ n = 11). Each dot represents an individual

subject and bars indicate median. In the HIV+ group, open circles
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represent therapy-naı̈ve patients and closed, gray circles represent

those on HAART. P values determined using Mann Whitney U

test.

(TIF)
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