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Summary
Background In HIV infection, even under long-term antiretroviral therapy (ART), up to 20% of HIV-infected indi- eBioMedicine 2022;80:
viduals fail to restore CD4+ T cell counts to the levels similar to those of healthy controls. The mechanisms of poor 104037

CD4+ T cell reconstitution on suppressive ART are not fully understood. Published online o
https://doi.org/10.1016/j.

Methods Here, we tested the hypothesis that lipopolysaccharide (LPS) from bacteria enriched in the plasma from ebiom.2022.104037

immune non-responders (INRs) contributes to blunted CD4+ T cell recovery on suppressive ART in HIV. We char-
acterized plasma microbiome in HIV INRs (aviremic, CD4+ T cell counts < 350 cells/ul), immune responders (IRs,
CD4+ T cell counts > 500 cells/ul), and healthy controls. Next, we analyzed the structure of the lipid A domain of
three bacterial species identified by mass spectrometry (MS) and evaluated the LPS function through LPS induced
proinflammatory responses and CD4+ T cell apoptosis in PBMCs. In comparison, we also evaluated plasma levels
of proinflammatory cytokine and chemokine patterns in these three groups. At last, to study the causality of micro-
biome-blunted CD4+ T cell recovery in HIV, B6 mice were intraperitoneally (i.p.) injected with heat-killed Burkholde-
ria fungorum, Serratia marcescens, or Phyllobacterium myrsinacearum, twice per week for total of eight weeks.

Findings INRs exhibited elevated plasma levels of total microbial translocation compared to the IRs and healthy con-
trols. The most enriched bacteria were Burkholderia and Serratia in INRs and were Phyllobacterium in IRs. Further,
unlike P. myrsinacearum LPS, B. fungorum and S. marcescens LPS induced proinflammatory responses and CD4+ T
cell apoptosis in PBMCs, and gene profiles of bacteria-mediated cell activation pathways in THP-1 cells in vitro. Nota-
bly, LPS structural analysis by mass spectrometry revealed that lipid A from P. myrsinacearum exhibited a divergent
structure consistent with weak toll-like receptor (TLR) 4 agonism, similar to the biological profile of probiotic bacte-
ria. In contrast, lipid A from B. fungorum and S. marcescens showed structures more consistent with canonical TLR4
agonists stemming from proinflammatory bacterial strains. Finally, intraperitoneal (i.p.) injection of inactivated B.
fungorum and S. marcescens but not P. myrsinacearum resulted in cell apoptosis in mesenteric lymph nodes of
Cs57BL/6 mice in vivo.

Abbreviations: ART, antiretroviral therapy; INRs, immune non-responders; IRs, immune responders; i.p., intraperitoneal; LPS, lipo-
polysaccharide; TLR, toll-like receptor; ASVs, amplicon sequence variants; sCD14, soluble CD14; MD2, myeloid differentiation fac-
tor 2; MS, mass spectrometry; APC, antigen-presenting cells; PBS, phosphate-buffered saline; m/z, mass-to-charge ratio; PBMC,
peripheral blood mononuclear cells; FDR, Benjamini and Hochberg false-discovery rate; GO, gene ontology; IL, Interleukin; GM-
CSF, Granulocyte-macrophage colony-stimulating factor; IFN-y, Interferon-y; IP-10, Interferon gamma-induced protein 10; MCP,
Monocyte chemoattractant protein; MDC, Macrophage-derived chemokine; MIP, Macrophage inflammatory protein; TARC, Thy-
mus and activation-regulated chemokine; TNF, Tumor necrosis factor; VEGF, Vascular endothelial growth factor
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Interpretation These results suggest that the microbial products are causally associated with INR phenotype. In
summary, variation in blood microbial LPS immunogenicity may contribute to immune reconstitution in response
to suppressive ART. Collectively, this work is consistent with immunologically silencing microbiome being causal
and targetable with therapy in HIV.
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Research in context

Evidence before this study

In HIV disease, B. fungorum was found to colonize
duodenum in patients with low CD4+ T cell counts
but neither in patients with normal CD4+ T cell
counts nor in HIV-negative controls. Furthermore,
the enrichment of B. fungorum in the gut was
inversely correlated with CD4+ T cell counts. These
results suggest a link between microbiome and CD4
+ T cell counts in HIV disease.

Added value of this study

In the current study, both quantitative and qualitative
plasma microbial translocation differed in INRs com-
pared to IRs and healthy individuals. The enriched
plasma bacteria from INRs belonged to proinflamma-
tory bacterial strains, whereas the enriched plasma bac-
teria in IRs belonged to non-infllammatory bacterial
strains. Structural analysis of LPS from P. myrsinacearum,
mainly enriched in IRs, showed a structure with low pre-
dicted TLR4 stimulatory properties. LPS from B. fungo-
rum and S. marcescens, mainly enriched in INRs, showed
a lipid A structure closely related to the canonical TLR4
agonist, E. coli lipid A. Further, INR-enriched microbial
LPS induced proinflammatory responses, CD4+ T cell
apoptosis, and CD4+ T cell dysfunction, whereas IR-
enriched microbial LPS did not exhibit such pathogenic
activity.

Implications of all evidence available

Our findings reveal variation of circulating microbial LPS
contributes to chronic inflammation and immune
reconstitution failure in HIV patients on ART. In the
future, a therapeutic strategy targeting anti-bacterial
peptides, inhibitors for pathogenesis mediated by the
inflammatory bacterial strain LPS, or changing diet,

together with ART, could improve CD4+ T cell recovery
and reduce chronic immune activation and inflamma-
tion, morbidity, and mortality in HIV.

Introduction
In HIV infection, circulating CD4+ T cell counts predict
disease progression regardless of antiretroviral therapy
(ART)." Even under long-term suppressive ART, up to
20% of HIV-infected individuals fail to restore CD4+ T cell
counts to the levels similar to those of healthy controls®;
increased complications, morbidity, and mortality are
observed among these patients.>” ° Despite long-term sup-
pressive ART, HIV immunologic responders (IRs) are
defined by aviremic, ART-treaeted, and peripheral CD4+ T
cell counts above 500 cells/ul™; HIV immunologic non-
responders (INRs) are defined by aviremic, ART-treaeted,
CD4+ T cell counts lower than 350 cells/ul."” The mecha-
nisms of poor CD4+ T cell reconstitution on suppressive
ART are not fully understood, which include insufficient
thymic output, lymph node fibrosis, persistent microbial
translocation and inflammation, residual virus replication,
and autoantibody induced antibody-dependent cellular
cytotoxicity.' ">

It is well established that HIV infection alters the muco-
sal microbiota, elevates gut permeability, and increases
microbial translocation. However, ART does not fully
restore gut microbial dysbiosis. The altered gut microbiota
is associated with chronic inflammation in the gut mucosa,
peripheral CD4+ T cell counts, and mortality in HIV-
infected individuals.” Increased relative abundance of Pre-
votella and Proteobacteria and decreased relative abundance
of Bacteroides were observed in the gut microbiota from the
HIV patients compared to controls.'® Among HIV-infected
individuals with CD4+ T cell counts lower than 200 cells/
ul, reduced enteric phylogenetic diversity and increased
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specific bacteria (i.e., Enterobacteriaceae) are observed com-
pared to patients with normal CD4+ T cell counts.” These
studies indicate that the altered microbiome may play a
role in the immunological outcome of ART; however, asso-
ciations do not indicate causality. The distinction between
beneficial and harmful microbial communities and the
functional mechanisms underlying their effects in ART
outcomes in HIV are poorly understood.

Many studies have analyzed microbiome in stools or
in samples from other mucosal sites that may not repre-
sent systemic microbiome and may not play a major
role in systemic immune reconstitution from ART. HIV
infection is associated with a compromised mucosal epi-
thelial barrier, which allows the translocation of bacteria
or microbial products into the circulation. Thus, bacte-
rial fragments or whole bacteria can appear in the blood
through translocation and influence host immune sys-
tem."® Recently, blood microbiome has been applied to
investigate the microbiome-host interaction in disease
pathogenesis™ *'; we designed a quality-filtering pipe-
line to exclude amplicon sequence variants (ASVs) of
contaminations and artifacts in the human plasma
microbiome.** In this study, we identified the translo-
cated microbiome in INRs and analyzed their effects on
CD4+ T cells' recovery from ART.

Methods

Subjects

This study was conducted using plasma samples from
71 ART-treated HIV individuals on suppressive ART,
including 31 IRs and 40 INRs, and 6o healthy individu-
als. All HIV individuals had ART for at least eight years.
Samples were received from the University of Califor-
nia, San Francisco (UCSF, SCOPE cohort), University
of Alabama at Birmingham (UAB), and Medical Univer-
sity of South Carolina (MUSC). The clinical characteris-
tics are shown in Table 1 and Supplementary Table 1.
This study was approved by each participating institu-
tional review board. All recruited participants for this
study provided written consent.

Plasma microbial 16S rDNA isolation, sequencing, data
processing and analysis

The plasma microbial 16S rDNA isolation, circulating
qPCR bacterial 16S rDNA detection, and sequencing
were performed according to our previously published
method.”* Bacteria 16S rDNA amplicons covering vari-
able regions V3 to V4 were amplified using primers
(515F and 806R with Illumina adapters and eight base-
pair dual indices). All samples were run concurrently to
avoid batch-to-batch variation. The PCR reaction was
incubated at 94°C for 3 min, the 35 cycles at 94°C for
30 s, 53°C for 40 s and 72°C for 6o s, and followed by a
final elongation step at 72°C for 5 min. PCR products
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were checked on a 2% agarose gel to assess the amplifi-
cation. Multiple samples were pooled together in equal
concentrations and purified using Agencourt AMPure
XP beads (Beckman Coulter, Brea, CA). The purified
PCR products were used to prepare the DNA library
according to the Illumina TruSeq DNA library prepara-
tion protocol. 16S rDNA libraries were sequenced at
MR DNA (Shallowater, TX, USA) on a MiSeq platform
using a v2 2 x 250 base-pair kit (Illumina, Inc).
QIIME2 (https://qiime2.org/) was applied to demulti-
plex the data generated by Illumina MiSeq sequencing
into paired forward and reverse FASTQ. Demultiplexed
sequences were processed using the DADA2 (version
1.8)** analysis pipeline in the R (https://www.r-project.
org/, version 3.5.0) environment. Amplicon sequence
variants (ASV) tables and different levels of taxonomic
tables were imported into the phyloseq package (version
3.7)* for statistical analysis. A user-defined filter pipe-
line was performed to remove the low abundance, low
prevalence, and potential contaminants and artifacts
from the plasma microbiome. Differential abundance
testing between groups was compared by nonparamet-
ric Mann-Whitney's U tests at the ASV level. P-values
were adjusted for multiple comparisons by the Benja-
min-Hochberg false discovery rate (FDR). Comparison
analysis was performed using R.

Bacterial culture and LPS extraction

B. fungorum (strain: CCUG 31961, ATCC, Manassas, VA)
was grown in trypticase soy broth at 30°C in a shaker incu-
bator for 2448 h. S. marcescens (strain: PCI 1107, ATCC)
and P. myrsinacearum (strain: NCIB 121277, ATCC) were
grown in nutrient broth at 26°C in a shaker incubator for
48-72 h. The bacteria species selection was based on the
following criteria: 1. The species should be contained in the
predicted species using 16S sequencing; 2. The bacteria
species selected were commercially available and reported
in human microbiome. After centrifugation of culture
media at 5000 rpm for 30 min, sedimented bacteria were
harvested. The LPS was isolated using LPS Extraction Kit
(Boca Scientific, Dedham, MA) according to the man-
ufacturer’s instructions. The concentration of LPS was
determined using LAL Chromogenic Endotoxin Quantita-
tion Kit (Thermo Fisher, Waltham, MA).

mRNA sequencing

THP-1 cells (5 x 10° cells per well) were seeded in 2 ml
RPMI-1640 medium containing 10% FBS (culture
medium) onto the 12 well plate. The final concentration of
2 ng/ml LPS isolated from B. fungorum, S. marcescens, and
P. myrsinacearum were added to each well. After 24h cul-
ture, total RNA was extracted from the bacteria treated
THP-1 cells using the RNeasy Plus Mini Kit (Qiagen)
according to the manufacturer's protocol, the RNA purity
was determined by a Nanodrop 2000 (Thermo Fisher).
The mRNA libraries construction and sequencing were
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Value for group®
HIV- HIV+, IRs HIV+, INRs p value (two HIV+ groups)©
Number of participants 60 31 40
Sex (Male/Female) 42/18 23/8 39/1
Age (yr) 375 46 52 0.0011
(31-55.75) (35-53) (45.25-60.75)
Race (AA/W/Others)” 15/38/7 17/14/0 4/30/2006 NA
CD4+ T cell counts (Cells/ul) 707 253 <0.0001
(545-958) (212.5-310.8)
Nadir CD4+ T cell counts 207 59.5 <0.0001
(50-353) (23-128.8)
Viral load pre-ART 37300 57307 0.78
(31336-119535) (48816-60202)
Time from diagnosis to ART (year)* 7 10 0.196
(4-12) (6-14)
Duration of ART¢ 5 75 0.0006
(4-6) (5-9.75)
Duration of undetectable virus® 4 7 0.0023
(3-6) (4-8)
Viral blips? 1 1 04
(0-4) (0-2)
Table 1: Demographical clinical characteristics of all study participants.
# Data are medians (interquartile ranges).
> AA: African American; W: White; Others: Mixed Ethnicity/Multiracial and Hispanic/Latino.
€ Fisher’s exact test or Mann-Whitney's U test (unpaired) were used.
4" Descriptive statistics have removed unknown or unavailable data (NA), details see Supplementary Table r.

performed at Novogene (Durham, NC). The library was
quantified using a Qubit 2.0 fluorometer (Thermo Fisher)
and real-time quantitative PCR (TagMan Probe), and the
average length was detected by an Agilent 2100. Next, the
libraries were sequenced on a HiSeq 2000 system (Illu-
mina, San Diego, CA). The quality of the reads was
checked using FastQC. The reference genome GENCODE
v38 (GRCh38.p13) and corresponding gene model annota-
tion files were downloaded from GENCODE (gencode-
genes.org). STAR (v2.7)*° was applied using the default
parameters to build the indexes of the reference genome
and align the paired-end clean reads to the reference
genome. Transcripts per kilobase million (TPM) were cal-
culated based on the length of the gene and read count
mapped to the gene. Differential expression between two
groups was identified by the R Bioconductor package
DESeq2 (v1.24.0).*” The resulting p-values were adjusted
using Benjamini and Hochberg’s approach for controlling
the FDR. Genes with an adjusted p-value < o.05 were
assigned as differentially expressed.

Plasma levels of antibodies against specific bacterial
antigens

The B. fungorum, S. marcescens, and P. myrsinacearum
(r x 10"°/ml) were sonicated for 9o s on ice. The bacte-
ria lysates were spun at 13,000 x g at 4°C for 20 min,
and the bacteria lysates were treated using DNase I (5

Hg/ml) in 37°C for 30 min. High binding microtiter
plates were coated with LPS (2 pig/100 pl/well) or 1:200
diluted bacteria lysates at 4°C overnight. Microwells
were washed three times with fresh prepared 1 x PBST
wash buffer (1x PBS, 0.1% Tween 20). The plates were
blocked using 1 x PBST, containing 3% BSA for
120 min at 37°C. After washing, diluted plasma was
added to each well for 1 h at room temperature. After
four times washing, horseradish peroxidase-labeled
goat anti-human IgG (KPL, Gaithersburg, MD) was
added at a n:5000 dilution in PBS containing 3% BSA
and incubated for 6o min at room temperature. After
four times washing, 2,2"-azino-bis (3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS) substrate solutions were
used to detect binding. Absorbance was measured at
405 nm emission within 30 min.

Bacterial lipid A structural analysis

Bacterial lipid A structures were analyzed in the Depart-
ment of Microbial Pathogenesis, University of Maryland
School of Dentistry. Cultures of B. fungorum, S. marces-
cens, and P. myrsinacearum were plated overnight, and
three colonies used to inoculate a 5 mL overnight cul-
ture of the respective nutrient broths (agar plates and
broth per ATCC specifications) without antibiotics. Lig-
uid cultures were grown aerobically. Bacterial pellets
were prepared and a colony-equivalent placed on a
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MALDI target plate for direct lipid A analysis and struc-
tural characterization using our previously described
method.***° MALDI-MS and MS/MS were performed
in negative ion mode on a timsTOF Flex instrument
with norharmane matrix.

Levels of cytokines and chemokines in plasma in vivo
and cell culture supernatant in vitro

The isolated PBMCs from healthy individuals were cul-
tured into 96-well plates at 2 x 10° cells/well in culture
medium, consisting of RPMI-1640 supplemented with
10% fetal bovine serum (FBS, vol/vol) and 50 pg/ml
penicillin/streptomycin. These cells were stimulated
using LPS isolated from B. fungorum, S. marcescens, and
P. myrsinacearum. LPS from E.coli 055:B5 was used as a
positive control with a final concentration of 2 ng/ml.
After 48 h, the cell culture supernatant was collected.
The levels of the following 33 cytokines or chemokines
were measured from the cell culture supernatant or
human plasma from IRs, INRs, and healthy controls
using Human Thry/Cytokine/Chemokine/ProInflam
kit (Meso Scale Diagnostics, Rockville, Maryland)
according to the manufacturer’s instructions.

Mice

Cs57BL/6 mice were purchased from the Jackson Labo-
ratories (Bar Harbor, ME) and housed at the MUSC ani-
mal facility. All animal studies were approved by MUSC
Institutional Animal Care and Use Committee
(IACUC). Mice were injected with PBS, heat-killed B.
fungorum, S. marcescens, or P. myrsinacearum (5 mice for
each group) twice a week for total of eight weeks by
intraperitoneal (i.p.) route. The heat-killed bacteria were
given 5*107 CFU/mice/time. The mice were sacrificed
on day three after the last injection. For cell death and
caspase detection, cells from mesenteric lymph nodes
were digested, passed through a 4oum filter, and
stained using Muse MultiCaspase Kit (Luminex Corpo-
rate, Austin) according to the manufacturer's protocol.
The cells were analyzed using a MUSE flow cytometer
(Luminex Corporate). For the T cell function study,
mouse spleen cells were collected using the same
method as described for cells from mesenteric lymph
nodes. Next, spleen cells were stained for surface
markers and intracellular cytokines using standard flow
cytometric protocols. The following antibodies (Miltenyi
biotec, Bergisch Gladbach, Germany) were used for cell
staining: anti-CD3 (17A2), anti-CD4 (REAGo4), anti-
CD44 (IMy), anti-CD62L (MEL-14), anti-IFN-y
(XMGr.2), anti-IL-2 (REAGG5), anti-TNF-o (REAG306).
Cells were stimulated in complete RPMI-1640 + 10%
FBS with leukocyte activation cocktail (BD, San Jose,
CA) at 2 pl/ml. After being cultured at 37°C for 16 h,
cells were collected and washed with PBS. 50 uL aqua
blue (Life Technologies, Carlsbad, CA) was used at 4°C
for 20 min to exclude dead cells, and cells were stained
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with surface markers and intracellular markers. Cells
were analyzed using a BD FACSverse flow cytometer
(BD) and data were analyzed by FlowJo software (Ver-
sion 10.0.8).

Plasma LPS measurement

Fresh blood samples or endotoxin-free water (a negative
control, Catalog number: W50-640, LONZA, Walkers-
ville, MD, USA) in EDTA-containing tubes (BD, San
Jose, CA, USA) were centrifuged at 8oo g for 15min,
which was followed by transferring the samples to new
centrifuge tubes (Catalog number: 352098, BD). Plasma
and water controls were placed in aliquots and stored at
—80°C. We avoided repeated freezing and thawing.
Plasma LPS levels were measured according to our pre-
vious publication.”> Endpoint chromogenic limulus
amebocyte lysate assays kit (Lonza, Basel, Switzerland)
was used in the detection according to the man-
ufacturer’s protocol. Samples were 1:10 diluted with
endotoxin-free water and subsequently heated to 85°C
for 15 min to inactivate inhibitory proteins. LPS levels
were calculated based on the standards. The background
was subtracted using corresponding sample controls
without adding chromogenic substrate.

Statistical analysis

One-way ANOVA tests were used to compare differen-
ces among more than two groups. Comparisons of indi-
vidual gene expression in RNA-seq data were tested
using the Wald test in DESeq2 package; p values were
corrected using the Benjamini-Hochberg method. Com-
parison analysis was performed using R (version 3.3.1)
or GraphPad Prism 8, and p < o.05 was considered sta-
tistically significant.

Ethics approval and consent to participate

This study was approved by Medical University of South
Carolina institutional review boards (IBC-2019-00745).
All participants provided written informed consent. All
animal studies were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at the Medical
University of South Carolina (IACUC-2019-00858).

Role of the funding source

No entity other than the authors listed played any role in
the design of the study; the collection, analysis, or inter-
pretation of the data; writing of the report; or in the deci-
sion to submit the paper for publication.

Results

Increased systemic microbial translocation in HIV INRs
Plasma levels of LPS, total bacterial 16s rDNA, and solu-
ble CDi4 (sCDi4) are proven markers of systemic
microbial translocation, were evaluated in 31 HIV IRs,
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40 HIV INRs, and 68 healthy controls. As expected,
plasma levels of LPS, sCDi4, and total bacterial 16s
rDNA were significantly increased in INRs compared to
healthy controls; but no difference was observed
between IRs and healthy controls (Figure tA—C).

Distinct circulating microbiome in HIV INRs

The plasma microbiome is known to contribute to
immune perturbations and disease pathogenesis.**°
To study the role of the plasma microbiome in immune
failure in HIV+ individuals under suppressive ART, we
performed microbial 16S rRNA sequencing. It has been
reported that contamination and false-positive microbial
DNA signals may generate noise during sequencing.’"
Here, we focused on an extremely low-biomass micro-
biome sample (blood) and presented the identification
of atypical human microbiome signals, it is critical to
remove the background and artifacts from sequencing
data to obtain accurate results from plasma microbiome
analysis. After carefully removing potential contami-
nants using blank extractions according to our previous
methods,** there was no difference in Gini Simpson
(alpha-diversity) index among the three study groups
(Figure 1D). However, unweighted UniFrac phyloge-
netic distance analysis showed that INRs had a signifi-
cantly altered circulating microbiome community
compared to the other two groups, whereas similar com-
munities were found between IRs and healthy controls
(Figure 1E). After excluding the ASVs with a low preva-
lence across samples,** Actinobacteria and Bacteroidetes
phylum were predominantly decreased in INRs com-
pared to IRs and healthy controls (Figure 2A). The top
increased phylum in INRs compared to IRs were Proteo-
bacteria and Firmicutes (Figure 2B). At the class level,
both IRs and INRs had increased Gammaproteobacteria
and decreased Alphaproteobacteria compared to healthy
controls (Figure S1A). The abundance of Alphaproteobac-
teria and Bacteroidia was increased in healthy controls
and less in IRs. The abundance of Bacteroidia was
almost absent in INRs (Figure S1A). After adjusting p-
values for multiple comparisons (Benjamini and Hoch-
berg false-discovery rate [FDR]), 12 ASVs at the genus
level showed significant differences in INRs relative to
IRs and healthy controls, including four decreased taxa
(Phyllobacterium, Janibacter, Moheibacter, and Petrimo-
nas) and eight increased taxa (Burkholderia, Serratia,
Xanthomonas, Massilia, Alcanivorax, Leuconostoc, Anoxy-
bacillus, and Rhodobacter) (Figure 2C).

To verify the enrichment of translocated bacterial
antigens in INRs, we evaluated plasma levels of antibod-
ies against bacterial lysate or LPS extracted from Phyllo-
bacterium, Burkholderia, and Serratia (Figure SiB).
Consistently, plasma levels of IgGs against Phyllobacte-
rium myrsinacearum LPS were increased in healthy con-
trols and IRs compared to those in INRs (Figure SiC).
However, the plasma levels of IgGs against LPS from

Burkholderia fungorum or Serratia marcescens were simi-
lar among the three groups (Figure S1C). Nonetheless,
plasma levels of IgGs against B. fungorum and S. marces-
cens bacterial lysates were increased in INRs compared
to IRs and healthy controls (Figure SiD). In terms of
IgA, plasma levels of IgA against all three bacterial
lysates were decreased in INRs compared to healthy
controls (Figure S1E).

Variation in LPS structure from blood predominant
microbiome in INRs and IRs

LPS is the major component of the Gram-negative bac-
terial outer membrane and is highly antigenic with con-
served structural molecular motifs. The lipid A domain
of LPS is responsible for immune signaling through the
myeloid differentiation factor 2 (MD2)/TLR4 coreceptor
complex.’® Structural changes in lipid A impact TLR4
recognition and downstream immune responses.** We
utilized mass spectrometry (MS) to analyze the struc-
ture of the lipid A domain of three bacterial species
identified in this study.>> Notably, the lipid A from S.
marcescens presented two predominant peaks at mass-
to-charge ratio (m/z) of 1,796 and 1,927, which was
structurally similar to E. coli lipid A,” a potent agonist
of MD2/TLR4, which is the most common immunosti-
mulatory lipid A structure. However, important diversi-
fications from the canonical E. coli lipid A structure was
observed as hydroxylation and aminoarabinose modifi-
cation of the terminal phosphate moiety of lipid A from
S. marcescens (Figure 3A). Lipid A extracted from B. fun-
gorum presented predominant peaks at m/z of 1,670
and 1,801. The lipid A observed from B. fungorum
showed longer primary acyl chains at the 2- and 2’- posi-
tions and lacking the typical 3’-acyl-oxo-acyl chain. Ami-
noarabinose modification was also found in lipid A
from B. fungorum. Aminoarabinose modification of lipid
A has been linked to the susceptibility to antibiotics (e.
g., Colistin resistance)*® (Figure 3B). In contrast, lipid A
from P. myrsinacearum showed an extremely elongated
2’-acyl-oxo-acyl modification (28 carbon) similar to
those seen in other environmental bacterial species (e.
g., Agrobacterium),”” which had a predominant peak at a
m/z of 2,356 (Figure 3C). These elongated, exotic lipid A
structures have been predicted to be far too long to sit in
the binding pocket of MD2 and expected to fail in stim-
ulating TLR4.3®

Gene signatures of myeloid cell responses to the
bacterial LPS enriched in IRs and INRs

In order to understand the consequences of the struc-
tural differences between the enriched bacterial LPS
from two patient populations, we first analyzed RNA
gene expression profiles in a human myeloid cell line
THP-1 cells, which express high levels of TLR4. RNA-
seq transcriptome was analyzed in THP-1 cells treated

www.thelancet.com Vol 80 Month June, 2022



ZZ0T ‘aunf Yluol\ 08 [OA Wod°1adue|ayy mmm

A B C
LPS sCD14 16s rDNA
100 ki 51 Hrkk 200 R
*%
~ 807 3 4 ) = 1001 .
-l E Q.
E S 3. : g =9
2 £ < 40
ol <
4 e 5 27 & 30 3
— 3, & 20
T 10
T 0 T T T T f T
INRs Healthy IRs INRs Healthy IRs INRs
D E
a diversity ol * ® Healthy
Al 0.2 S Les s o °. :. - e IRs
> X . T MY g YL LN e INRs
= © o3 o & S, o,
.g E 0.0{ ", _.' e e i :
s 0.95- 0 Iy .. ® o e = °* .
g < BRI
g : f . &l =
£ P : -02 g
0.90 T . . :
Healthy IRs INRs °
-0.2 0.0 0.2
Axis.1 [9.6%]

Figure 1. Systemic microbial translocation and distinct circulating microbial profiles in INRs. Plasma levels of LPS (A), sCD14 (B), and bacterial 16S rDNA (C) from the three study groups.
(D) The Gini Simpson diversity index (a-diversity) was used to compare the diversity of the plasma-circulating microbial community within INRs and IRs or healthy controls. (E) PCoA was con-
ducted based on the unweighted UniFrac distance to determine the beta diversity of the plasma microbial community. One-way ANOVA was used, followed by Tukey's post hoc test. The sta-
tistical significance of the beta diversity was tested using the Multivariate Welch t-test. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 2. Differentially abundant bacterial taxa from circulating micro
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in healthy individuals or IRs compared to INRs. Bacterial
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The gradient key indicates percent abundance.
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Figure 3. Determination of lipid A structures. (A—C) MALDI-MS and MS/MS analysis of lipid A from S. marcescens (A), B. fungorum
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with LPS from three bacteria enriched in IRs and INRs
in vitro. In general, B. fungorum and S. marcescens LPS
induced a more robust cell activation compared to P.
myrsinacearum. Compared to unstimulated THP-1 cells,
a total of 5711 and 6275 gene expression was regulated
by B. fungorum and S. marcescens, respectively (FDR
adjusted p < 0.05). In contrast, 4866 genes were regu-
lated by P. myrsinacearum (FDR adjusted p < o0.05)
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(Figure 4A). B. fungorum and S. marcescens induced a
similar gene expression pattern compared to P. myrsina-
cearum (Figure 4B). Further, gene ontology (GO) is
used to characterize the function of regulated genes; the
top functional entities were “leukocyte differentiation,
activation, and migration”, “response to bacterium and
response to virus and regula-

TLR signaling pathways”, “
tion of defense response”, and “cell activation and
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Figure 4. Gene expression profiles of THP-1 cells after stimulation with different bacterial LPS. (A) Volcano plots of differential expression genes (DEGs, threshold fold change > 1.5 and
FDR < 0.05) in THP-1 cells stimulated with LPS from each bacterium compared with unstimulated THP-1 cells. Red dots indicate upregulated DEGs and blue dots indicate downregulated
DEGs. The horizontal and vertical dark green lines indicate fold-change (log2) thresholds and adjusted p-value (log10). (B) Heatmap of fold changes (log2) in gene expression for B. fungorum,
S. marcescens, or P. myrsinacearum stimulated THP-1 cells compared to unstimulated THP-1 cells. (C) The most altered GO pathways enriched in coherently changed genes in THP-1 cells stim-
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cytokine production” represented cellular responses to
B. fungorum or S. marcescens compared to those in P.
myrsinacearum treated cells (Figure 4C). Although all
three tested bacteria induced the gene expression
related to the TLR response, B. fungorum and S. marces-
cens induced greater TLR-related gene expression com-
pared to those responses to P. myrsinacearum.
Moreover, B. fungorum and S. marcescens increased
TLR2, TLR7, TLR8 expression and upregulated genes of
cytokines when compared with P. myrsinacearum
(Figure 4D).

LPS from B. fungorum and S. marcescens but not P.
myrsinacearum induce CD4+ T cell apoptosis and
proinflammatory responses

To study the causality of microbiome-blunted CD4+ T
cell recovery in HIV, we evaluated CD4+ T cell apopto-
sis in response to LPS from B. fungorum, S. marcescens,
and P. myrsinacearum in peripheral blood mononuclear
cells (PBMC) or in isolated CD4+ T cells from healthy
subjects in vitro. LPS from B. fungorum and S. marces-
cens increased CDg4+ T cell apoptosis in PBMCs
(Figure S2A) but not in purified CD4+ T cells
(Figure S2B). In general, healthy human CD4+ T cells
express low to undetectable levels of toll-like receptors
(TLRs) and do not respond to most TLR ligands
directly.’?*° These results suggest LPS from INR
enriched bacteria induces CD4+ T cell apoptosis indi-
rectly.

Given that LPS from B. fungorum and S. marcescens
induced CD4+ T cell apoptosis indirectly, we evaluated
cytokine and chemokine production in PBMC culture
supernatants after culturing with LPS from three bacte-
ria and LPS from E. coli 055:Bj as a positive control. LPS
from B. fungorum and S. marcescens showed a proinflam-
matory response like pattern similar to LPS from E coli,
including increased production of Eotaxin, Eotaxin-3,
IL-15, IL-22, IL-27, MIP-3¢, TNF-e, IFN-y, IL-10, IL-12/
IL-23p40, IL-12pyo0, IL-1er, IL-1B, IL-4, IL-6, IL-7, IL-8,
MCP-1, MIP-1er, MIP-18, and VEGF (Figures 5A, S3A),
and decreased production of IL-16, MDC, TARC, TNE-
B, IL-5, and IP-10 (Figures 5A, S3B), compared to those
treated with P. myrsinacearum LPS.

To further understand the link between the plasma
microbiome and  its-mediated proinflammatory
responses in INRs in vivo, we evaluated plasma levels of
proinflammatory cytokine and chemokine patterns.
Although a more complicated pattern was observed in
humans in vivo compared to the results in vitro
(Figures 5B, S4), many cytokine or chemokine patterns
in INRs in vivo were consistent with those in vitro in
PBMCs in response to LPS of B. fungorum and S. mar-
cescens (Figure 5A, B); plasma levels of Eotaxin, Eotaxin-
3, [L-15, IL-22, IL-27, MIP-3cr, and TNF-« were increased
in INRs compared to those in IRs or healthy controls
(Figure 5A, B), and levels of IL-16, MDC, TARC, and
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TNEF-B were decreased in INRs compared to levels in
IRs or healthy controls (Figure 5A, B).

B. fungorum and S. marcescens induce intestinal
lymph node cell apoptosis and impair CD4+ T cell
function in mice

To further verify the effects of B. fungorum and S. mar-
cescens on CD4+ T cell recovery in INRs, B6 mice were
intraperitoneally (i.p.) injected with phosphate-buffered
saline (PBS), heat-killed B. fungorum, S. marcescens, or
P. myrsinacearum, twice per week for total of eight
weeks. LPS structure is highly sensitive to temperature
and growth condition changes resulting in unique
structural characteristics.*"** Thus, we injected mice
with whole inactivated bacteria but not purified LPS.
Notably, B. fungorum and S. marcescens administration
resulted in cell apoptosis from mesenteric lymph nodes
compared to those with injection of PBS or P. myrsina-
cearum (Figure GA). Next, to evaluate CD4+ T cell func-
tion after i.p. injection of bacteria in the spleen cells
from mice, we conducted a standard T cell functional
assay for cytokine production in response to a leukocyte
activation cocktail. Note, injection of B. fungorum
impaired CD4+ T cell function compared to the controls
(Figure 6B, C). These results suggested that B. fungo-
rum and S. marcescens induced cell apoptosis from intes-
tinal lymph nodes, and B. fungorum further impaired
CDy4+ T cell function.

Discussion

In the current study, both quantitative and qualitative
plasma microbial translocation differed in INRs com-
pared to IRs and healthy individuals. Further, INR-
enriched microbial LPS induced proinflammatory
responses, CD4+ T cell apoptosis, and CD4+ T cell dys-
function, whereas IR-enriched microbial LPS did not
exhibit such pathogenic activity. Structural analysis of
LPS from P. myrsinacearum, mainly enriched in IRs,
showed a structure with low predicted TLR4 stimulatory
properties. LPS from B. fungorum and S. marcescens,
mainly enriched in INRs, showed a lipid A structure
closely related to the canonical TLR4 agonist, E. coli
lipid A.

Results from previous studies on plasma levels of
microbial translocation in INRs compared to IRs in
HIV show either significantly increased or slightly
increased.””#** Consistently, we found that INRs have
increased plasma levels of total microbial or microbial
product translocation compared to IRs and healthy con-
trols, suggesting a compromised mucosal barrier in
INRs. Next, not only the total levels of microbial translo-
cation but also the microbial composition differed in
INRs versus IRs. Gut microbial dysbiosis has been asso-
ciated with poor CD4+ T cell recovery in HIV-1 infected
individuals on ART.** A previous study found sexual
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Figure 5. Plasma cytokines in INRs in vivo were consistent with B. fungorum and S. marcescens-induced cytokines in vitro. (A) The extracted LPS from B. fungorum, S. marcescens, and P.
myrsinacearum were used to stimulate peripheral blood mononuclear cells (PBMC) from healthy subjects; LPS from E. coli 055:B5 was chosen as a positive control. The LPS induced multiplex
cytokines in the cell culture supernatants were measured. (B) Plasma levels of cytokines in INRs compared with IRs or healthy controls. One-way ANOVA followed by Tukey’s post hoc test, *p
< 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 6. B. fungorum and S. marcescens, the bacteria enriched in INRs, impaired CD4+ T cell function. 6-week-old healthy C57BL/6 mice were injected with PBS, heat-killed B. fungo-
rum, S. marcescens, or P. myrsinacearum twice a week for eight weeks by i.p. route (n = 5 per group). The mice were sacrificed on day three after the last injection (day 1). (A) The percentage
of apoptotic cells and dead cells in the mesenteric lymph nodes. One-way ANOVA followed by Tukey’s post hoc test, *p < 0.05, **p < 0.01. (B, C) The portion of functional memory CD4+ T
cells (B) and functional naive CD4+ T cells (C) from spleen. The spleen CD4+ T cells were stimulated using a leukocyte activation cocktail after 18 h and measured cytokine production using
flow cytometry. One-way ANOVA followed by Dunnett’s multiple comparisons test. *p < 0.05, * p < 0.01.
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preference has been shown to affect gut microbiome
diversity, gut microbiota in MSM had higher Shannon
diversity than non-MSM among HIV+ individuals.* In
our study, the alpha diversity of plasma microbiome in
IRs tends to be lower than in INRs, although did not
achieve significance. The current study reports a unique
finding in the INRs, i.e., the consensus loss of coloniza-
tion resistance to exogenous Burkholderia or Serratia.
The enrichment of Burkholderia and Serratia in INRs
were further confirmed by bacterial antigen-specific IgG
in plasma. In contrast, IgAs of B. fungorum and S. mar-
cescens were decreased in INRs. HIV infection is associ-
ated with impaired IgA production.*® The impaired IgA
production specific to the enriched bacteria in INRs
may stem from reduced CD4+ T cell counts and func-
tion and its mediated impairment of antibody class
switch recombination to IgA,* and may contribute to
reduced mucosal surface protection against bacteria.**

Inter-species differences in LPS structure are associ-
ated with alterations of immunoregulatory properties.*?
A recent study reveals that Bacterioides LPS, enriched in
gut microbiome from a population with low prevalence
of early-onset autoimmune diseases, is structurally dis-
tinct from E. coli LPS, and inhibits innate immune sig-
naling and endotoxin tolerance; early colonization by
immunologically silencing microbiota (i.e., B. dorei)
may contribute to early immune education and low
prevalence of autoimmune diseases.*> Moreover, B.
dorei previously associated with type 1 diabetes patho-
genesis.’® Notably, the lipid A domain of LPS is the
minimal structure sufficient for TLR4 recognition of
Gram-negative bacteria; TLR4 is expressed on the sur-
face of many types of immune cells (i.e., myeloid cells).
The recognition of LPS by TLR4 activates an intracellu-
lar signaling cascade and mediates proinflammatory
responses, which plays a role in both innate and adap-
tive immune responses as well as autoimmune disease
pathogenesis.”" >* Besides binding to TLR4, the lipid A
of LPS can directly bind to human caspase-4 and mouse
homolog caspase-11 (caspase-4/11) with high specificity
and affinity, which is next to activate caspase-4/11 then
triggers cell pyroptosis and IL-18/18 release.”>>°

In the current study, the lipid A from B. fungorum
and S. marcescens exhibited stimulatory properties in
monocytes. In contrast, the lipid A from P. myrsinacea-
rum exhibited weak stimulation of monocytes, which is
consistent with the predicted profile of LPS from a bene-
ficial bacterial species (Figure 4).*° Moreover, the
enriched bacterial LPS from INRs and IRs was evalu-
ated for their activities of inducing innate immune
responses and apoptosis and function of CD4+ T cells
in vitro. INR-enriched bacterial LPS showed largely
proinflammatory responses and pathologic strain for
inducing CD4+ T cell apoptosis and dysfunction. The
gut microbial LPS with different degree of acylation on
the lipid A was found related to the level of inflamma-
tion in HIV, indicating a link between proinflammatory

LPS and inflammation.”” Indeed, INRs displayed
increased spontaneous cell activation in both monocytes
and DCs compared with those in cells from IRs.”® HIV-
associated monocyte activation and chronic inflamma-
tion, reflected by elevated levels of proinflammatory
cytokines and monocyte dysfunction, play a critical role
in disease pathogenesis despite ART.>® Previous studies
have shown that antiretroviral drug combinations affect
the gut microbiome, immune activation and microbial
translocation.®® In this study, there was no difference of
ART regimens in IRs and INRs. However, the relative
small sample size prevents us to draw further conclu-
sions. Moreover, the majority of CD4+ T cells are
depleted from the gut lymphoid tissues during HIV/
SIV infection, regardless of the route of exposure.’ In
this study, B. fungorum and S. marcescens LPS had exten-
sive abilities to promote proinflammatory responses by
human monocytes; i.p. injection of inactivated B. fungo-
rum and S. marcescens, resulted in intestinal lymph
node cell apoptosis in B6 mice. Both bacteria and bacte-
rial LPS promoted cell apoptosis in vitro and in vivo. In
general, human CD4+ T cells express low to undetect-
able TLRs and do not directly respond to bacterial
products.>**° We found that B. fungorum and S. marces-
cens increased apoptotic CD4+ T cells in PBMCs but not
in isolated CD4+ T cells, suggesting that the accessory
cells in PBMCs (e.g., monocytes) or cytokines mediated
CD4+ T cell apoptosis in response to bacteria.

Previous studies show that TLR4-mediated
responses contributed to persistent cell activation in
response to LPS in vivo in HIV.®* However, cells may
respond differently to different bacterial LPS as LPS
from different strains of bacteria has shown different
immunoregulatory properties.®* A previous study found
that the initial binding of Burkholderia spp to the cell sur-
face receptors triggered the proinflammatory signaling,
which facilitated bacterial invasion into host epithelial
cells.®* Our in vitro results indicated that LPS from B.
fungorum and S. marcescens, but not from P. myrsinacea-
rum, induced robust proinflammatory chemokine and
cytokine responses. Notably, the overall plasma cytokine
and chemokine patterns in INRs in vivo were consistent
with those in B. fungorum and S. marcescens LPS-treated
PBMCs in vitro. Intriguingly, RNAseq revealed that the
gene profiles in THP-1 cells treated with LPS from B.
fungorum and S. marcescens predicted T cell activation
and viral responses. Those findings indicate that circula-
tion translocation of LPS from proinflammatory bacte-
rial strains (i.e., B. fungorum and S. marcescens) might
contribute to persistent elevated cell activation and
inflammation in INRs. Proinflammatory cytokines (e.g.,
TNF-«) have been shown to increase HIV
infection.®> °® Given that B. fungorum and S. marces-
cens LPS induced proinflammatory cytokines in vitro,
their LPS-mediated inflammation may play a role in
HIV infection or latency, which deserves further investi-
gations. In contrast, LPS from P. myrsinacearum

www.thelancet.com Vol 80 Month June, 2022



Articles

induced limited inflammation and thus prevented per-
sistent monocyte activation, inflammation, and CD4+ T
cell death. In this study, the LPS structure of a represen-
tative species was assigned and the resulting proinflam-
matory profile analyzed for the three implicated genera.
Lipid A structural diversity can be observed at an intra-
genus level and refinement of the species identity and
respective lipid A structural assignments are worth
future investigations. Furthermore, it is critical for
future studies to determine the mechanism of translo-
cated pathogens or microbial antigens-mediated remod-
eling of immune responses and disease progression in
HIV.®

The limitation in this study includes: 1) the source of
the enriched microbial translocation in INRs is not
clear, comparing the stool and oral microbiota with
blood microbiota would be essential to understand the
origin of microbiota in blood. Thus, it would be impor-
tant to study microbiome from these paired samples
from different sites in the future. 2) We tested one spe-
cies in each genus. However, the other strains within
the same genus were not tested and may contribute to
immune reconstruction. Furthermore, besides LPS,
other microbial products or antigens may play a role in
immune failure in HIV. 3) Using myeloid cells line
THP-1 cells to analyze LPS-regulated gene expression
instead of using primarily myeloid cells from patients.
4) No information of sexual preference and BMI in each
individual, which were found as major confounders to
affect the gut microbiome in HIV+ individuals.*>7° We
also do not have information of gastrointestinal disease,
liver disease, and medications of prophylactic antibiot-
ics, probiotics, and steroids, which may impact gut
microbiome and microbial translocation.

Conclusions

The present study analyzed the systemic translocated
microbiome associated with CD4+ T cell counts in
ART-treated HIV-infected subjects. We found that dif-
ferent structures of lipid A domain from plasma
enriched bacterial LPS in INRs and IRs; unlike LPS of
IR-enriched bacteria, LPS of INR-enriched bacteria acti-
vated monocytes to produce proinflammatory cytokines
or chemokines and increased CD4+ T cell apoptosis.
The enriched plasma bacteria from INRs belonged to
proinflammatory bacterial strains, whereas the enriched
plasma bacteria in IRs belonged to non-inflammatory
Dbacterial strains. We conclude that variation of circulat-
ing microbial LPS contributes to chronic inflammation
and immune reconstitution failure in HIV patients on
ART. In the future, a therapeutic strategy targeting anti-
bacterial peptides,”’ inhibitors for inflammatory bacte-
rial strain LPS-mediated pathogenesis, or changing diet,
together with ART, could improve CD4+ T cell recovery
and reduce chronic immune activation and inflamma-
tion, morbidity, and mortality in HIV.
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