:\' frontiers
In Immunology

ORIGINAL RESEARCH
published: 20 May 2021
doi: 10.3389/fimmu.2021.625649

OPEN ACCESS

Edited by:
Doris Wilflingseder,
Innsbruck Medical University, Austria

Reviewed by:

Morgane Bomsel,

Centre National de la Recherche
Scientifique (CNRS), France
Nuria lzquierdo-Useros,
IrsiCaixa, Spain

Meritxell Genesca,

Vall d’Hebron Research Institute
(VHIR), Spain

*Correspondence:
Marie Larsson
marie.larsson@liu.se

TPresent address:

Rada Ellegérd,

Division of Clinical Genetics,
Department of Biomedical and Clinical
Sciences, Linkdping University,
Linkdping, Sweden

Elisa Crisci,

Department of Population Health and
Pathobiology, College of Veterinary
Medicine, North Carolina State
University, Raleigh, NC, United States
Mohammad Khalid,

Department of Pharmaceutics,
College of Pharmacy, King Khalid
University, Asir-Abha, Saudi Arabia

*These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Viral Immunology,

a section of the journal
Frontiers in Immunology

Received: 03 November 2020

Accepted: 29 April 2021
Published: 20 May 2021

Check for
updates

Complement-Opsonized HIV
Modulates Pathways Involved
in Infection of Cervical Mucosal
Tissues: A Transcriptomic

and Proteomic Study
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Genital mucosal transmission is the most common route of HIV spread. The initial responses
triggered at the site of viral entry are reportedly affected by host factors, especially
complement components present at the site, and this will have profound consequences
on the outcome and pathogenesis of HIV infection. We studied the initial events associated
with host-pathogen interactions by exposing cervical biopsies to free or complement-
opsonized HIV. Opsonization resulted in higher rates of HIV acquisition/infection in mucosal
tissues and emigrating dendritic cells. Transcriptomic and proteomic data showed a
significantly more pathways and higher expression of genes and proteins associated with
viral replication and pathways involved in different aspects of viral infection including interferon
signaling, cytokine profile and dendritic cell maturation for the opsonized HIV. Moreover, the
proteomics data indicate a general suppression by the HIV exposure. This clearly suggests
that HIV opsonization alters the initial signaling pathways in the cervical mucosa in a manner
that promotes viral establishment and infection. Our findings provide a foundation for further
studies of the role these early HIV induced events play in HIV pathogenesis.

Keywords: HIV - human immunodeficiency virus, innate immunity, complement opsonized HIV-1, transcriptomics,
proteomics, cervical tissue, primary infection
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INTRODUCTION

The most common mode of HIV-1 spread is through
heterosexual intercourse, and a vast majority of new infections
globally occur in females. Immunobiological investigations of
HIV infection involving the cervical mucosa are of paramount
importance, especially to better understand the events associated
with initial infection as well as viral dissemination in the host. To
attain successful establishment of infection in the host, HIV
virions need to cross the genital mucosal barrier and/or
encounter certain immune cells that can transfer the viruses to
target cells in the epithelium (1, 2). The target tissue for initial
viral invasion appears to be the simple columnar and the
stratified squamous epithelia of the endocervix and ectocervix,
respectively (2). Evidence suggests that 24h following exposure,
dendritic cells (DCs) with captured virions reach the draining
lymph nodes where they transfer infectious HIV to bystander
cells (2, 3). The primary target cells of HIV and productive viral
infection appear to be tissue-resident memory (TRM) CD4+ T
cells (3).

The mucosal barrier has several defense mechanisms to
deploy against diverse types of invading pathogens: the mucus
as physical barrier and a multitude of antimicrobial factors that
are produced both by epithelial cells as well as leukocytes to
protect the host. Given that mucosal epithelial cells represent the
front-line barrier for HIV to surpass before establishing an
infection, the cells do play a paramount role in viral
acquisition and dissemination (4). Besides, epithelial cells also
produce several antimicrobial factors as well as regulate mucosal
integrity toward molecules and microbes that translocate across
the cellular layer. In addition, they also express pathogen
recognition receptors (PRRs) that respond to pathogenic
invasion by triggering the initiation of type I and type III
interferon (IFN) responses. Such epithelial responses have been
shown to restrict HIV replication in macrophages (4).
Furthermore, HIV exposure also increases the production of
inflammatory mediators such as TNF by epithelial cells (5).
Secreted antimicrobial factors include o- and B-defensins and
lysozymes are part of the mucosal defense (6). In addition to
secreted factors, local microbiota and underlying infections also
appear to impact the mucosal defense and prevent the initial
binding of HIV. Inflammatory conditions of the vagina, such as
bacterial vaginosis, are associated with increased risk of HIV
acquisition (7, 8). Pre-existing sexually transmitted infections,
such as herpes simplex virus type 2 (HSV-2), enhance the risk of
HIV acquisition due to recruitment of more target cells into the
genital mucosa (9). Furthermore, HSV-2 modulates the mucosal
immune cells to be more receptive to HIV infection (10, 11). The
presence of pro-inflammatory cytokines produced during
infection and inflammation, especially TNF, is associated with
enhanced HIV infection (12, 13). Interestingly, the levels of type I
IEN can have pleotropic effects depending on the circumstances,
and have been shown to increase both uptake and dissemination
of HIV as well as limiting viral replication and protecting against
HIV acquisition (14). Other factors that are likely to influence
the initial mucosal responses to HIV and other pathogens

include semen, which has been shown to induce inflammation
and increase HIV acquisition (15). The viral transmission fluid
also contains factors that inhibit viral infection, such as
antibodies, and several types of lectins (16).

The female genital compartment contains an array of soluble
factors that participate in local innate immune defenses; notable
among them are complement proteins such as Clq and C3.
During the initial phases of infection, the transferred HIV virions
are opsonized by complement proteins (17) such as inactivated
C3b (iC3b) and Clq that are attached to the viral surface (18).
The complement protein C3 when activated forms C3b that can
be part of the complement cascade that destroys pathogens or
infected cells by cytolysis and virolysis. Then again in the case of
HIV, C3b is converted to iC3b by complement regulatory factors
found in the viral envelope and thereby protecting the virus from
virolysis (19). In addition, C1q adheres to gp120 and gp41 and
this process appears to be particularly efficient in the presence of
anti-gp41 antibodies (20). The opsonization pattern of the
virions will be affected by the surrounding microenvironment
and the type of tissue or body fluid (18) due to different levels of
antibodies and complement factors as well as tissue/fluid specific
factors. Virus particles that are transferred via mucosal
transmission should be opsonized by complement and other
factors present in cervical secretions or seminal fluids, including
HIV specific antibodies if the donor is HIV-1 seropositive (18).
We have previously shown that complement opsonization
influences HIV infection by enhancing viral uptake by
emigrating cervical mucosal DCs (21). Furthermore,
complement opsonization of HIV dampens the inflammatory
and antiviral responses of in vitro cultured immature DCs (22)
and affects the pattern of chemotactic factors produced by the
DCs, which in turn alters the migration of NK cells (23). In this
light, it is critical to explore the effects of opsonization on the
initial phases of HIV infection to advance our understanding of
what factors that are important for the establishment infection.

The cervical mucosa consists of multiple layers of different
tissue types, with the endocervix being lined with a single layer of
columnar epithelium, a transformation zone where the columnar
cells change into squamous cells, and the ectocervix lined with
stratified squamous epithelial cells. The different regions of the
female reproductive tract contain diverse subsets of DCs and T
cells (24-27). DCs play a major role in the dissemination of HIV
infection in the host (25). DC subsets are found both at the basal
membrane as well as in the outer layers of the epithelium, and
represent one of the first cell types to encounter HIV in the
cervical mucosa (28). DCs and myeloid DCs in cervical mucosa
play an important early role in the capture the HIV and
harboring of infectious virions and in the transmission of HIV
to CD4+ T cells (29, 30). For instant, the epithelium also contains
CDla+ DCs that reportedly preserve HIV virions and support
their replication (31).

DCs are efficient in capturing, effectively preserving, and
transporting the virus via the mucosa to infect T cells in the
lymphoid organs (32). The CD4+ T cells in the cervix are located
close to the basal membrane but can also be found within the
stratified epithelia of the ectocervix, as well as within the
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columnar epithelia of the endocervix (33). It is also worth noting
that the T helper (TH) 17 T cell subsets are more abundant in the
ectocervix and endocervix than in the endometrium. Further, it
has also been reported that endocervical CD4+ T cells are highly
susceptible to HIV infection in vitro, whereas the same cell type
present in the endometrium are relatively resistant (27). In
addition to DCs and T cells, the cervical mucosa also contains
macrophages and CD14+ myeloid cells; the latter being the most
abundant immune cell type in the tissue (33).

It has been reported that the HIV transmitter/founder virions
are foremost CCR5-tropic, and that a vast majority of the new
infections is established by one single transmitted founder virus
(34, 35). The ability to enter target cells is attributed to the HIV
envelope (Env) protein that encompasses the gp120 and gp4l
subunits, and notably, on the founder viruses the gp120 appears to
have unique phenotypes (16, 36). During the initial phases of HIV
infection, the viral population is markedly homogenous. After the
initial phase, a rapid virus evolution occurs, likely attributed to the
high replicative potential of HIV, leading to increased rates of
genetic diversity, and hence a highly heterogenous HIV population
in an infected individual (16, 34, 35).

The ex vivo HIV infection of cervical mucosa has been
studied by several groups including ours (1, 2, 28, 31, 37, 38),
but the initial immune responses of the human cervical mucosa
to HIV exposure have not been well characterized. So, we
endeavored to investigate the effects of either free or
complement-opsonized HIV on the initial events during viral
transmission, using a cervical explant model to get insights of
factors that facilitate or protects against viral transmission that
could be utilized for the development of effective protective
vaccines/microbicides. We used RNA sequencing and
proteomics to delineate the molecular events underlying the
differences in gene and protein expression after exposure to
the free and the complement-opsonized HIV. We found that the
infection levels of the cervical mucosal tissue and emigrating
immune cells were enhanced after exposure to complement-
opsonized HIV and complement and antibody-opsonized HIV
compared to free HIV. This increase in infection was mirrored in
the biological function and disease pathway analyses of the
transcriptome and proteome of the tissues, with multiple
pathways supporting viral infection and replication
significantly enriched/activated. Signaling pathways involved in
immune activation were induced 6h post exposure, but this
activation was downregulated at 24h post exposure, both at the
transcript and protein levels indicating an active immune
suppression induced by HIV. These early events occurring in
the cervical tissue are most likely crucial for the establishment of
the viral infection and for persistence.

MATERIALS AND METHODS
Study Subjects and Ethics Approval

Healthy cervical tissue specimens (N=41) were obtained from
individuals that underwent prolapse surgery or a hysterectomy
for benign conditions at the Department of Gynecology,

University Hospital, Linképing, Sweden, after securing
informed consent prior to surgery. All participants had normal
Pap smears prior to surgery and showed no clinical signs of
cervical pathology at surgery. The study was approved by the
Linkoping University Ethical Review Board (Ethical permit EPN
M206-06).

Ex Vivo Cervix Tissue Preparation

and Culture

The cervical tissue biopsies collected from the study participants
were kept on ice and processed within 30 min after resection. The
cervical tissues were punched into 3 or 8 mm? biopsies (punch-
biopsy). Thereafter, the epithelial layer and lamina propria were
separated from the underlying stroma using sterile surgical
scissors. Ectocervical and endocervical biopsies were kept
separated and placed in a culture media that contained RPMI-
1640, 20ug/mL Gentamicin, 10mM HEPES (Fisher Scientific,
Gothenburg, Sweden), 5% pooled human serum (Novakemi,
Sollentuna, Sweden) and 2.5ug/mL fungizone (Sigma-Aldrich)
in such a way that the epithelial layer was in line with the liquid
interface. Subsequently, the cervical tissues were spin inoculated
at 1200g together with HIV-1 BaL (250 ng/mL) for 2h at 37°C.
Following infection, the explants were washed using RPMI,
moved into a 6-well-plate that contained 1mL of culture media
and were left in the incubator (37°C, 5%CO,) for 6h up to 5 days
before explant and/or emigrating cells were collected for further
investigations. Culture supernatants were collected for ELISA/
CBA analysis of cytokines and HIV-1 p24 assays. For graphical
illustration on how the procedure was performed see Figure 1.

Virus Production and Opsonization

HIV-BaL SUPT1-CCR5 CL.30 (Lot #P4238, Lot #4213, Lot
#4336, and Lot #4369) Biological Products Core/AIDS and
Cancer Virus Program, Frederick National Laboratory,
Frederick, MD, USA was produced using chronically infected
cultures of the ACVP/BCP cell line (No. 204), originally derived
by infecting SUPT1-CCR5 CL.30 cells (generously gifted by Dr. J.
Hoxie, University of Pennsylvania) with an infectious stock of
HIV-1Bal (NIH AIDS Research and Reference Reagent
Program, Catalog No. 416, Lot No. 59155). Virus was purified
and concentrated as previously described (39) and aliquots were
frozen down. All virus preparations were assayed for infectivity.
In addition, HIV-1 THRO founder virus (Lot# 4393) produced
in A66-R5 CL.29 cells, were used in a few experiments. Virus was
purified and harvested using flow centrifugation for 30 min,
diluted to <20% sucrose, pelleted at 100,000xg for 1h and frozen
in liquid N2 vapor. HIV was used in difterent forms, viz., Free
HIV (F-HIV, RPMI only), complement-opsonized HIV (C-HIV)
and complement and antibody opsonized HIV (CI-HIV). C-HIV
was achieved by incubating HIV with 25-50% single donor
human serum for 1h at 37°C. CI-HIV was achieved by
incubating HIV with 25-50% single donor human serum and a
mixture of human gamma globulin non-specific 20mg/mL
(Octagam, Stockholm, Sweden) and 0.2mg/mL HIV specific
neutralizing IgG (HVIGLOB (40), a kind gift from Prof. Jorma
Hinkula, Linkoping University, Sweden) for 1h at 37°C.
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harvested and analyzed using RNA seq, proteomics, gPCR, and flow cytometry.

Experimental model

cervical explant

FIGURE 1 | Model of HIV in vitro infection of cervical mucosal tissue. Cervical biopsies 3 mm?2-8 mm? cervical mucosal biopsies were spin-occulated with 250ng/mi
opsonized referred to as free HIV-1 (F-HIV), complement-opsonized HIV-1 (C-HIV), complement and antibody opsonized HIV-1 (CI-HIV) or mock treatment for 2h.
The tissues were thereafter washed and re-incubated, and then harvested after 6h, 24h, or 5 days. The mucosal tissues and emigrated mucosal cells were

flow cyt.
RNA-seq
proteomics

Verification of the complement opsonization protocol was done
by assessing the production iC3b by ELISA (Supplementary
Figure 1).

Flow Cytometry

Emigrating cells were collected and stained with CD3-PE-Cy7
(clone UCHT1), CD4-PE (clone OKT4), CDla-APC (clone
HI149), CD1c-PerCp-Cy5.5 (clone F10/21A3) (BD Bioscience,
Stockholm, Sweden), CD163-APC-Cy7 (clone GHI/61, Nordic
Biosite) and Zombie AquaTM Fixable Viability Kit (BioLegend).
For intracellular HIV-1 staining, the cells were washed, fixed
using 4% PFA (Fisher Scientific) and permeabilized using 0.2%
saponin and 0.2% FBS in PBS before incubating with either anti-
HIV-1 p24 FITC mAb (KC57, clone FH190-1-1, Beckman
Coulter) or its corresponding isotype control (IgGl mouse,
Beckman Coulter). The cells were acquired on a BD
FACSCanto II flow cytometer, and data were analyzed using
FlowJo software (Treestar, Ashland, OR, USA).

Quantitative LC-MS Proteomics and
Multiplex Proteomics Immunoassay
Matched ectocervical biopsies (n=5, per treatment) were exposed
to F-HIV, C-HIV or CI-HIV, and cultured for 24h. Fifty

micrograms of each sample was digested with trypsin
overnight, labeled with iTRAQ isobaric tags (8-plex) according
to manufacturer’s protocols (AB Sciex), fractionated via reverse
phase liquid chromatography and ran on a Velos Orbitrap mass
spectrometer (Thermo Fisher) using LC-MS/MS as described
previously (22, 41). Searches were performed against the Human
SwissProt (2015) database using Mascot (Matrix Science). The
data obtained was thereafter analyzed using Scaffold (Proteome
Software). Protein and peptide identifications thresholds were set
to the following: 99% protein identification, 80% peptide
identification and a minimum of 2 unique peptides required.
All samples were normalized to a reference sample containing a
mix of all samples included in the study. Groups were thereafter
further normalized to its respective untreated (mock) tissue.
Pathway and biological function analysis were performed using
Ingenuity Pathway Analysis (IPA) software (Qiagen).
Supernatants were taken from cervical cultures at 96h, mixed
1:1 with RIPA lysis buffer (Sigma Aldrich) and was analyzed with
a Proseek 130 =~ multiplex proteomics immunoassay at OLINK
Proteomics (Uppsala, Sweden), which uses a proximity extension
assay technology (42, 43). Both the Immune Response panel
(https://www.olink.com/content/uploads/2017/07/1051-v1.2-
Immune-Response-Panel-Content_final.pdf) and the
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Inflammation panel (https://www.olink.com/content/uploads/
2019/04/1029-v1.3-Inflammation-Panel-Content.pdf) panel
were used for analysis, each detecting 92 unique proteins.

RNA Seq of HIV Exposed Cervical

Mucosal Tissue

Whole cervical tissues were harvested 6 and 24 h post
infection and cells were lyzed using Trizol (Thermofisher,
Stockholm, Sweden) and mechanical disruption at 25Hz
for 15 min (Tissuelyser, Qiagen). The cell lysates were
centrifuged at a maximum speed for 10 min followed by
mixing the supernatants with chloroform. After an additional
centrifugation, the aquatic phase containing RNA was harvested
and further purified using Isolate II RNA Mini or Micro Kit
(Bioline, UK). An amount of 5ng of RNA was amplified using
NuGEN’s Ovation RNA-Seq V2 kit (San Carlos, CA, USA)
according to the manufacturer’s instructions. In short, cDNA
was amplified from total RNA using a single primer isothermal
amplification (SPIA) process. Later, the cDNA was purified
using a MinElute Reaction Cleanup Kit (Qiagen). The cDNA
samples were fragmented, blunt ended, ligated to barcoded
adaptors, and once again amplified using the Ultralow System
V2 kit (NuGEN) according to the manufacturer’s instructions.
Final library size distribution was determined using an
Agilent Bioanalyzer 2100. Libraries of both endocervix and
ectocervix were sequenced on an Illumina NextSeq500
platform (San Diego, CA, USA). The sequencing files were
quality checked using the FastQC and MultiQC programs,
trimmomatic was used to remove the adaptors and to find
low-quality bases. Reads were then mapped to the human
reference genome hgl9 using STAR. Counts for gene
expression was determined using FeatureCounts. The counts
were normalized and further analyzed for differentially expressed
genes using R/DeSeq2. Analysis of pathways was done by
Ingenuity Pathway Analysis (Qiagen), R analysis, Gene
Ontology (GO) Enrichment Analysis (Geneontology.org), and
via custom gene lists.

RT-qPCR

RNA was extracted and purified as described above. cDNA
synthesis was thereafter performed using SuperScript III
Reverse Transcriptase First Strand ¢cDNA Synthesis kit
(Invitrogen, Carlsbad, CA, USA). mRNA was quantified using
the SensiFAST SYBR® Hi-ROX Kit (Bioline, UK) and CFX96
Touch Real-Time system (BIO-RAD Inc.). For all samples -
actin and GAPDH were used as housekeeping genes, and to
compensate for variations between PCR runs, the values were
further normalized as described previously by Rieu and
Powers (44).

Assessment of Cervical Productive

Infection by HIV-1 p24 Gag ELISA and CBA
For HIV-1 p24 gag measurement, supernatants were treated with
0.5% Triton X-100 and the amount of p24 gag was determined by
an in-house HIV-1 p24 capture ELISA using anti-p24 antibodies
(kindly gifted by Prof. Jorma Hinkula). Cytometric bead arrays

(BD Biosciences) were used to measure the levels of cytokines
and chemokines in cell culture supernatants according to the
manufacturer’s protocols.

Statistical Analysis

GraphPad Prism 8 (GraphPad Software, La Jolla, CA) was used
for data stratification and statistical analysis of PT-qPCR and
ELISA and the data groups were compared using One-way
ANOVA and Tukey’s post Hoc test (a two-sided paired t-test),
p value <0.05 was considered statistically significant. RNAseq
was analyzed using DESEQ2, which compensate for multiple
comparisons/repeated measurements). Proteomic data analysis
was performed in R (v3.6.2) using repeated measured Friedman
test. Ingenuity pathway analysis parameters: A p-value cut-off of
0.05 was set as significantly affected molecules for both
proteomics and transcriptomics data. IPA core analysis was
used to identify which canonical pathways, disease and
biofunctions as well as up-stream regulators that were either
up- or down-regulated using Z-scores calculated by the program.
Comparison analyses were used to compare pathways affected by
each treatment arm. Heatmaps were used for visualization of
data, and in some cases individual pathways was selected and
molecules plotted separately for visualization of included molecules.

RESULTS

Complement Opsonization of HIV
Increases the Overall Infection of Cervical
Mucosa and Infection of Emigrating DCs
but Decreases Infection of Emigrating

T Cells

The cervical biopsies were exposed to mock, F-HIV, C-HIV and
CI-HIV and cultured between 6h to 5 days. After 24h of viral
exposure, we measured the initial level of HIV-1 gag mRNA
transcripts in the tissue by q-PCR. The complement-opsonized
HIVs, both C-HIV and CI-HIV, induced a higher level of HIV
gag mRNA transcripts in the mucosal tissue (Figure 2A). To
assess HIV-1 infection of the mucosal immune cells known to be
involved in initial infection (2), i.e. DCs (45) and T cells (37), the
emigrating cells were collected after 3-5 days of infection
followed by flow cytometric investigation to determine the
amount of HIV infected (p24 gag+) DCs (CDla+ or CDl1c+),
and T cells (CD3+CD4+). Shown here are the cervical tissues
infected for 4-5 days (Figure 2B). Complement-opsonization
entailed a higher infection of the emigrating DCs but induced
lower infection of emigrating T cells compared to F-HIV (Figure
2B). These findings are in line with what we have shown
previously (21). The level of HIV-1 p24 gag released into the
supernatant was measured on day 4-5 by an in-house HIV-1 p24
gag ELISA to assess the overall productive infection of the
cervical biopsies. Infection was clearly enhanced in the C-HIV-
and CI-HIV-infected cervical biopsies compared to F-HIV
(Figure 2C). These data demonstrate that opsonization
represents a strategy employed by the virus to create an
environment supporting enhanced infection of the cervical
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FIGURE 2 | Complement opsonization of HIV increases infection of emigrating DCs but decreases infection of emigrating T cells. Cervical mucosal tissues were
exposed to 2560ng/ml HIV-1 Bal that was either F-HIV, C-HIV, or CI-HIV or mock-treated and cultured for 24h or 4-5 days. (A) The HIV-1 exposed cervical mucosal
tissues were lysed, and RNA purified and used for gPCR to measure HIV1 mRNA (gag). (B) The emigrating cells were collected day 4 or 5 and the cells stained for
anti-CD3, anti-CD4, anti-CD1a/CD1c. The cells, DCs (CD1a+) and T helper cells (CD3+CD4+), were thereafter stained for HIV p24 gag and analyzed using flow
cytometry for the level of HIV infection (p24+). (C) The supernatants from the HIV-1 exposed cervical mucosal tissues were harvested day 4or 5 and analyzed for

tissue. Next, to establish the effects HIV exposure had on cervical
mucosal tissue and elucidate the underlying pathways and
factors responsible for enhanced HIV infection induced by
complement opsonization, we performed RNA sequencing to
explore the transcriptome profiles and LS-MS proteomics to
unveil the protein profiles.

Complement Opsonization of HIV Alters
Anti-Viral Innate Immune Signaling and
Affects Key Inflammatory Regulators in
the Cervical Mucosa

We set out to investigate the initial transcriptomic responses
induced by HIV in the endocervical and ectocervical tissues
exposed for 6h to mock, F-HIV, C-HIV or CI-HIV by RNA
sequencing. The effects on the complete cervical tissue, i.e., the
combined transcriptome of both endo- and ectocervical tissues
were investigated (hereafter referred to as cervix tissue). The
canonical pathway analysis showed that both C-HIV and CI-
HIV altered the signaling pathways activated by HIV in the

cervical tissue compared to F-HIV (Figure 3A). The F-HIV
activated a larger number of canonical pathways than C-HIV
and CI-HIV at 6h. F-HIV-exposed mucosal tissue had
significantly activated pathways (indicated by positive z-scores)
such as “HMGBI signaling”, “Role of pattern recognition
receptors in recognition of bacteria and viruses”, “STAT3
pathway”, and “Activation of IRF by cytosolic pattern
recognition receptors”. C-HIV had positive Z-score for
interferon signaling (Figure 3A). These pathways include pro-
inflammatory cytokines such as HMGB1, CCL2 and CXCL8
(HMBGTI signaling pathway), IL6, IRF3, IRF7, CCL5 (Role of
pattern recognition receptors in recognition of bacteria and
viruses pathway), interferons type 1 and several interferon
response factors and interferon stimulated genes (pathway
“Activation of IRF by cytosolic pattern recognition receptors
pathway). We used gPCR to confirm the dysregulated expression
of the antiviral factors MXA and IFIT3 and proinflammatory
factor IL6 and chemokine CXCL8 were more elevated in F-HIV
compared to C-HIV and CI-HIV at 6h in cervix and at 24h had
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FIGURE 3 | Complement opsonization of HIV alters innate immune signaling and affects key inflammatory regulators in cervical mucosa. Cervical mucosal biopsies
(8mm) were spin-occulated with 250ng/ml F-HIV, C-HIV; CI-HIV or mock for 2 hours. The biopsies were then washed and incubated for an additional 4h or 22h. The
tissues and emigrated cells were harvested, and RNA was purified and whole transcriptome sequencing was performed. (A) Canonical pathways affected by the HIV
exposure in the complete, i.e. endo and ecto, cervical tissue at 6h. (B) Canonical pathways affected by the HIV exposure in the ecto cervical tissue at 6h. (C) Analysis of
expression log ratio of factors from the canonical pathway, “Dendritic Cell Maturation” identified in ectocervix tissue only. (D) Analysis of expression log ratio of factors
from canonical pathway” NF-kB Signaling” identified in ectocervix tissue only. (E) Canonical pathways affected by the HIV exposure in the ectocervical tissue only at 24h.
(N=6). Heat maps display pathways significantly affected by a treatment arm (p < 0.05) and activation z-scores are displayed.
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the IL6 and MX1 responses disappeared while the CXCL8 and
IFIT3 responses remained Supplementary Figures 2A, B).

The canonical pathway called “Dendritic cell maturation”
was activated in all groups, with significantly positive Z-score for
the F-HIV and C-HIV exposed mucosal tissue groups, but not
for CI-HIV (Figure 3A). When restricting the analysis to the

ectocervical tissue transcriptome, the canonical pathways
“Dendritic cell Maturation”, “NF-xB Signaling”, “CD28
signaling in T helper cells” and “IL-2 Signaling” canonical
pathway were all positive for C-HIV and CI-HIV, with the
highest Z-score in the C-HIV group at 6h (Figure 3B). This
difference between the ectocervical tissue alone and complete
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cervical tissue regarding pathway such as “Dendritic cell
Maturation” could be due to the tissue composition with more
epithelial cell in the complete cervical tissue and/or immune cell
composition and activation levels. The “Interferon signaling”,
“cytokine profile”, “Dendritic cell maturation, “Production of
nitric oxide and reactive oxygen species in macrophages”, “IL-6
signaling”, “Role of NFAT in regulation of the immune
response” and “ICOS-ICOSL signaling in T helper cells” were
some of the representative groups that were activated among C-
HIV but not with F-HIV or CI-HIV (Figure 3B). The overall
effects on signaling pathways were higher for C-HIV-exposed
mucosal tissues, whereas F-HIV generally induced negative, i.e.,
inhibition, Z-scores, if any, for the canonical pathways. When
exploring the molecules involved in some of the different
canonical pathways seen in ectocervical tissues, we found that
C-HIV had a higher fold change than both F- and CI-HIV for
almost all molecules assigned to the pathways “NFkB signaling”
and “Dendritic Maturation Signaling” (Figures 3C, D). Genes
associated with both DC and T-cell activation were increased in
ectocervical tissues exposed to C-HIV and CI-HIV whereas the
F-HIV-exposed tissues remained unaltered by the virus. Most
effects were seen after exposing the tissue to C-HIV. Genes such
as LCK, WASP and AKT3 associated with T-helper cell
functions (not shown) were affected as well as genes such as
IL1A, IL23A and LTB (lymphotoxin beta) associated with
Dendritic Cell Maturation Signaling and/or “NFkB signaling”
were more highly upregulated in tissues exposed to C-HIV
(Figures 3C, D).

The Transcriptome Profile Was Drastically
Altered at the 24h Time-Point Compared
to the Initial Responses Seen at

6h Exposure

In addition to the early 6h time-point, we explored the
transcriptome profiles of the ectocervical tissues after 24h of
HIV exposure. The canonical pathway analysis clearly
demonstrated a decrease in the number of genes that were
activated compared to the 6h time-point (Figures 3A, E),
fitting to previous findings where HIV induced a transient
activation of the immune system (22, 46). Furthermore, the
canonical pathways documented at 24h differed from the shorter
6h period of HIV exposure (Figures 3A, E). The canonical
pathway “cAMP mediated signaling” with genes such as AMP,
ATP, ERK1/2 was significantly increased in F-HIV, C-HIV and
CI-HIV compared to mock. In addition, the nuclear receptor
signaling was evident with “PPAR signaling” and “LXR/RXR
activation” having positive significant Z-score in all HIV groups
(Figure 3E). LXR/RXR activation had the highest positive Z-
scores for F-HIV and genes in these pathways include ABCA1,
ABCG1, APOA1, APOA4, APOCI, APOE, CCL2, CYP51A1,
CYP7A1, HDL, HMGCR, IRF3 and LDL. Retinoic acid-mediated
apoptosis signaling was found in F-HIV but not in C-HIV and
CI-HIV (Figure 3E). The metabolomic changes in the tissues
induced by LXR/RXR signaling are induced at the 24h time-
point but not as early as 6h. In summary, at 24h the
transcriptome profiles of the cervical tissue displayed

upregulation/downregulation of the second messenger cAMP,
and nuclear receptors LXR/RXR pathways, the previous known
to be involved in, and upregulated during HIV-1 infection (47,
48), and decreased in inflammatory responses. The LXR/RXR
pathways have been shown to inhibit HIV infection (49) and
inflammatory responses (50). This is in contrast with the 6h
timepoint when pathways associated with dendritic cell
maturation and NFxB signaling were up regulated, both
suggesting an increase in inflammation in the tissue.

Upstream Regulator Analysis Shows the
Dynamics of the Cervical Mucosal
Transcriptome After HIV Exposure With a
Transient Expression of Many Genes That
Is Lost at 24h

The transcriptome profile of upstream regulators in the cervical
tissue, the combined ecto and endocervix, 6h after HIV-1
exposure clearly displayed that the different forms of HIV
shaped distinct transcriptomic profiles. F-HIV showed
significant positive activation Z-scores for the upstream
regulators IFNA2, MAP3K7 and CEBPB. In the opsonized
HIV groups, significant positive activation Z-scores for IFNL1,
FOXALI, AR, and TNF were found in C-HIV, whereas activation
of TP53 and EIF2AK2 were predicted by exposure to CI-HIV
(Figure 4A). In ectocervix, the impact of TNF in response to C-
HIV exposure was even stronger than seen for the combined ecto
and endocervix, which was reflected in that most molecules
assigned by IPA to the TNF upstream regulator pathway had
higher fold change in tissues exposed to C-HIV than in tissues
exposed to F-HIV and CI-HIV (Figures 4B, C). The C-HIV
exposed ectocervical tissue also had positive Z-scores for e.g.,
BRD4, cAMP and NF-kB (complex) and significant P-values.
There was a bigger overlap between CI-HIV and C-HIV exposed
tissues than with F-HIV (Figure 4B). The opsonized HIV groups
and shared the profile for TNF, BRD4, IL1A, SMARCA4, SSB
and IL18. In addition, C-HIV also induced activation of PGR,
HIF1A, SRA1, and TGFB1 (Figure 4B). IL-18 can induce TNF
production (51) and TNF conditioning reportedly increases the
expression of CCR5 on DCs (13, 52). At 6h post HIV exposure,
our data suggest that complement-opsonized viruses induced a
more potent activation of immunological signaling in the cervical
tissue, compared to the F-HIV. At 24h post HIV exposure the
transcriptomic profiles had changed. The effects on the tissues
induced by the F-HIV and C-HIV exposure were abolished and
the profiles of the CI-HIV exposure had changed (Figure 4D).
CI-HIV divulged positive Z-scores for SPP1, ILIRN, MYDSS8,
CST5, TRIB3 and MAPKI signaling suggesting that the
antibodies added during complement opsonization also affect
gene expression in response to HIV exposure. Negative Z-scores
of upstream regulators such as cAMP, IENy, TNF and IFNo. post
CI-HIV exposure, and no change for F-HIV and C-HIV, suggest
that all forms of HIV either suppress signaling or lay silently in
the ecto cervical tissue at the 24h time-point (Figure 4D). In
summary, upstream regulator analysis show that F-HIV, C-HIV
and CI-HIV rapidly induce distinct gene expression patterns that
are significantly changed within 24 hours.
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FIGURE 4 | Upstream regulator analysis showing activation and upregulation of several genes induced by HIV in the cervical mucosal tissue 6h post exposure that is
lost at 24h. Cervical mucosal biopsies (3mm) were spin-occulated with 250ng/ml F-HIV, C-HIV; CI-HIV or mock for 2 hours. The biopsies were then washed and
incubated for an additional 4h or 22h. The tissues were harvested, and RNA was purified and whole transcriptome sequencing was performed. (A) Analysis of upstream
regulators affected by the HIV exposure in the complete, i.e. endo and ecto, cervical tissue at 6h were assessed by IPA and presented as a heat map with the threshold
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Complement-Opsonized HIV Activates
Infection and Viral Replication Pathways/
Groups in the Ectocervical Tissue

The RNA seq transcriptome data of the ectocervical tissue exposed to
HIV-1 for 6h was analyzed in the IPA function “Diseases and
Biological Functions” for enrichment of groups/pathways involved
in infection and viral replication. We found positive Z-scores for
several infection and viral replication pathways/groups after exposure
to complement-opsonized HIV-1 but not after F-HIV exposure
(Figure 5), clearly demonstrating that opsonization altered HIV’s
effects on the cervical mucosa gene expression. The C-HIV had a
higher Z-score for “viral infection”, “infection of cells”, “infection by
RNA viruses” and “replication of influenza virus” (Figure 5). In
addition, the pathways called “infection by HIV-1” and “HIV
infection” showed positive Z-scores for the CI-HIV group (Figure 5).

Free and Complement- Opsonized HIV
Exposure Have Diverse Effects on
Expression of Proteins Involved in

Canonical Pathways
Ectocervical biopsies were exposed to mock, F-HIV, C-HIV or
CI-HIV and cultured for 24h after which they were lysed, and

LS-MS proteomics was performed. The proteomics was only
performed at 24h, due to that we expected low effects on protein
at the 6h timepoint. We identified 2086 proteins in total, and
data were normalized by subtracting each sample’s reference
(mock). There were 1,302 proteins consistently measured across
all samples, and these were compared between viral treatment
groups. There were 40 proteins (3.1%) that were differentially
abundant between the different viral groups (p<0.05, Friedman
test) (Table 1). However, there were no proteins that passed
multiple hypothesis testing correction. All proteomic data were
thereafter analyzed using the IPA software to assess each viral
treatment’s effects on protein pathways and functions.
Visualization of treatment specific protein expression was done
by heat maps with Z-scores (Figure 6A). Most Canonical
pathways were inhibited in the HIV treated groups with the
exception for pathways such as “RhoGDI signaling”, which had a
positive Z-score for all with the highest for C-HIV and CI-HIV
and complement system, which had a positive Z-score for F-HIV
and C-HIV (Figure 6A). Of the top canonical pathways activated
after F-HIV treatment, the most affected pathways were EIF2
Signaling, and pathways involved in T-cell associated signaling
such as Phospholipase C Signaling and hormonal signaling such
as Ephrin Receptor Signaling, all with negative Z-scores

Ecto cervical tissue 6h
Diseases and Biological Functions

Viral Infection

infection of cells

HIV infection
infection by HIV-1

p-values set to log 1.3 (p < 0.05) presented as activation Z-score. (N=6).

replication of RNA virus
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infection of kidney cell lines
infection of embryonic cell lines
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FIGURE 5 | Complement-opsonized HIV activates infection and viral replication pathways/groups in the ectocervical tissue. Cervical mucosal biopsies (3mm) were
spin-occulated with 250ng/ml F-HIV, C-HIV; CI-HIV or mock for 2 hours. The biopsies were then washed and incubated for an additional 4h. The tissues were
harvested, and RNA was purified and whole transcriptome sequencing was performed. Analysis of the RNA seq transcriptome was analyzed in the IPA using the
Biofunctions and Diseases analysis for enrichment of groups/pathways involved in infection and viral replication and presented as a heat map with the threshold for
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TABLE 1 | Proteins differentially abundant between viral treatment arms.

Protein Name Accession ID Average Average Average Friedman General Function
FHIV CHIV CIHIV p-value

Calpain-2 catalytic subunit CAN2_HUMAN -0,031 0,092 -0175 0,0001 Regulation of cytoskeleton organization

Flotillin-2 FLOT2_HUMAN -0,191 0,221 0,033 0,006 Epidermal cell adhesion

Poly [ADP-ribose] polymerase 1 PARP1_HUMAN -0,074 0,148 0,091 0,007 Transcription regulation

Cytokine ¢ CYC_HUMAN -0,324 -0,323 0,022 0,008 Cellular

Signal transducing adapter molecule 2 STAM2_HUMAN -0,078 0,456 -0,017 0,01 Protein transport

Cytosolic non-specific dipeptidase CNDP2_HUMAN -0,165 0,045 -0,186 0,01 Proteolysis

RNA-binding motif protein, X RBMX_HUMAN -0,102 0,111 0,075 0,013 mMRNA processing

Thiosulfate sulfurtransferase THTR_HUMAN -0,072 0,433 -0,066 0,014 rRNA transport

Erlin-2 ERLN2_HUMAN -0,004 0,203 -0,04 0,014 Lipid metabolism

Histone H2A,V H2AV_HUMAN -0,288 0,165 0,042 0,016 Chromatin organization

Ras-related protein Rab-35 RAB35_HUMAN 0,042 0,516 0,095 0,017 Antigen processing and

Matrix-remodeling-associated ptotein 7 MXRA7_HUMAN 0,12 0,674 0,199 0,021 Unknown

Talin-2 TLN2_HUMAN 0,015 0,452 0,357 0,021 Cell adhesion

Splicing factor, proline-and SFPQ_HUMAN 0,015 0,165 0,075 0,021 Innate immunity

Catechol O-methyltransferase COMT_HUMAN -0,01 0,247 0,053 0,021 Catecholamine metabolism

Band 4,1-like protein E41L2_HUMAN -0,048 0,226 -0,009 0,021 Cell cycle

Nucleolar protein 58 NOP58_HUMAN 0,189 0,42 0,02 0,021 rRNA processing

Basigin BASI_HUMAN -0,247 0,102 -0,23 0,021 ECM disassembly

Histone H1,10 H1X_HUMAN -0,131 0,443 0,329 0,026 Chromosome condensation

Ras-related protein Rab-58 RAB5B_HUMAN -0,097 0,43 -0,065 0,027 Antigen processing and

Myosin-9 MYH9_HUMAN -0,223 -0,078 0,046 0,027 Cell adhesion

Protein NDRG1 NDRG1_HUMAN -0,074 0,171 -0,046 0,029 Mast cell

Membrane-associated progesterone PGRC1_HUMAN 0,118 0,716 0,385 0,029 Neutrophil degranulation

Vacuolar protein sorting -associated VP26A_HUMAN -0,21 0,182 0,13 0,029 Protein transport

Reticulon-4 RTN4_HUMAN -0,145 0,409 0,171 0,03 Neurogenesis

Protein LYRIC LYRIC_HUMAN -0,052 0,375 0,084 0,033 Positive regulation of NF-kappa B

transcription

Inactive tyrosine-protein kinase 7 PTK_HUMAN 0,068 0,301 0,194 0,033 Cell adhesion

Rootletin CROCC_HUMAN 0,13 0,485 0,126 0,035 Epithelial structure

Nuclear factor 1 C-type NFIC_HUMAN -0,199 0,228 0,083 0,035 Transcription regulation

Spermine synthase SPSY_HUMAN -0,164 0,187 0,126 0,039 Polyamine biosynthesis

Keratin, type Il cytoskeletal 78 K2C78_HUMAN 0,053 -0,107 -0,449 0,039 Keratinization

Suprabasin SBSN_HUMAN -0,048 0,295 -0,7 0,04

Aldehyde dehydrogenase family 1 ALT1A3_HUMAN 0,001 -0,298 -0,019 0,041 Retinoic acid metabolism

member A3

E3 SUMO-protein ligase RanBP2 RBP2_HUMAN -0,073 0,222 -0,045 0,042 mMRNA transport

Phenylalanine-tRNA ligase alpha subunit SYFA_HUMAN -0,042 0,159 0,077 0,043 Potein biosynthesis

Calpain small subunit CPNS1_HUMAN -0,182 -0,194 -0,504 0,045 ECM disassembly

Extended synaptotagmin-1 ESYT1_HUMAN -0,295 0,072 -0,082 0,046 Lipid transport

Nidogen-1 NID1_HUMAN 0,002 -0,006 0,234 0,047 Cell adhesion

Pinin PININ_HUMAN 0,034 0,129 -0,057 0,049 Cell adhesion

60S ribosomal protein L10a RL10A_HUMAN -0,162 0,063 0,057 0,05 Viral transcription

suggesting inhibition (Figure 6A and Table 2). C-HIV on the
other hand, gave negative Z-scores for several pathways
associated with endocytosis such as “Actin Cytoskeleton
Signaling” and “Integrin Signaling” and metabolomic signaling,
including “RXR related pathways”. C-HIV also affected the
remodeling of epithelial adherence junctions (Figure 6A and
Table 3). CI-HIV affected EIF2 signaling and metabolic
pathways where RXR and PKA signaling was some of the most
affected pathways with negative Z-score (Figure 6A and Table
4). Comparing the different HIV groups showed distinct patterns
with some degree of overlap (Figure 6B). Accordingly,
proteomic analysis of cervical tissue exposed to different forms
of HIV showed a general inhibition of canonical signaling
pathways for all viral treatments. To establish if this profile
was preserved even later in the HIV-1 exposed tissue we analyzed
the released proteins in supernatants using the proteomics panels
Inflammation and Immune Response at 96h. The protein profiles

at 96h showed a decrease of many proteins and thereby verifying
the GS-MS proteomics (Supplementary Figure 3).

Proteins Associated With Viral Infection
Are Upregulated in Cervical Mucosa
Exposed to Complement-Opsonized HIV
When investigating “Diseases and Biological functions” in IPA, it
was a clear distinction in the activation of pathways related to
viral biofunctions between the complement-opsonized virus and
F-HIV (Figure 7). Both the complement-opsonized forms of
HIV activated pathways involved in viral infection, replication of
and infection by RNA viruses to a much higher degree than F-
HIV. In addition, complement treatment also induced pathways
involved in the organization of cytoplasm and cytoskeleton
(Figure 7A). An in-depth investigation of factors involved in
different pathways in “Disease and Biological Function” was
performed (Figures 7B-D). A clear pattern, showing a higher
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FIGURE 6 | Free and complement-opsonized HIV exposure have diverse effects on expression of proteins involved in canonical pathways. Ecto-cervical biopsies
were treated with F-HIV, C-HIV, CI-HIV, or mock treated for 24h. The samples were lysed and digested into peptides that was labeled with iTRAQ isobaric and
analyzed using LC/MS. The resulting data were then normalized to the mock samples and (A) canonical pathways affected were analyzed by IPA and presented as a
heat map with the threshold for p-values set to log 1.3 (p < 0.05) and presented as activation Z-score. (B) Venn diagram analysis was performed for the canonical
pathways activated by F-HIV, C-HIV, CI-HIV to identify similarities in pathway activation. (N=5).
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expression log ratio for C-HIV and CI-HIV for almost all
molecules assigned by IPA into the pathways “Viral infection”,
and “Infection of cells” (Figures 7B, C) and for several others
involved in viral infection and replication, with a high overlap in
molecules between C- and CI-HIV was observed (data not
shown). In addition, the pathway “Organization of cytoplasm”
and “Organization of cytoskeleton” showed highest expression
log ratio for C-HIV (Figure 7D and data not shown). In
conclusion the data clearly states an increase in viral infection
of tissues exposed to C- and CI-HIV compared to F-HIV, most
likely as a result of the different signaling cascades induced in the
tissues by the initial exposure to the different viral compositions.

DISCUSSION

The cervical mucosa represents the most common route for
HIV transmission and most of all new infections occur in
women (1, 2). The effects of initial HIV exposure, i.e., the first
24h, on the cervical tissue has not been well elucidated and was
therefore the scope of the current investigations. By using RNA
sequencing and LS-MS proteomics to get the transcriptome and
proteomic profiles, respectively, the overall effects HIV exposure
exerted on the cervical mucosal tissue were investigated.
Considering the stringent statistical analyses adopted, the
findings assume paramount importance for advancing our
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TABLE 2 | Biofunctions in F-HIV treated cervical mucosa tissue.

Diseases or Functions Annotation p-Value Activation z-score
Proliferation of connective tissue cells 4.19E-02 -0.849
Immune response of cells 3.28E-02 0.200
Cell death of connective tissue cells 4.15E-02 0.305
Viral Infection 1.84E-02 0.726
Cell death of tumor cell lines 2.74E-02 0.741
Necrosis 2.31E-02 1.087
Cell death 6.21E-03 1.378

Molecules # Molecules

CAPNS1,CDH13,DNM1L,GRB2,PRDX4 5
DNM1L,GRB2,IGHA1,IGHA2,SERPINB9 5
CAPNS1,COX5A,DNM1L,GRB2,UBE2K 5
AFG3L2,DNM1L,FGA,GRB2,GYGT,IGJ,MTX1,NHP2L1,
RBM17,SERPINB9,SNRPA1

—

1

CAPNS1,CCT5,CD99,COX5A,DNM1L,LGALS3BP,PRKA 10
R1A,RBM17,RPLPO,UBE2K
ALDH2,CAPNS1,CAPRIN1,CCT5,CD99,COX5A,DNM1L, 15
FGA,GRB2,LGALS3BP,PRKAR1A,RBM17,RPLPO,SERPI

NB9,UBE2K

AFG3L2,ALDH2,AP1G1,CAPNS1,CAPRIN1,CCT5,CD99, 20

COX5A,DDX19A,DNM1L,FGA,GRB2,LGALS3BP,PRDX4,
PRKAR1A,RBM17,RPLP0,SCRIB,SERPINB9,UBE2K

Proteomics data from cervical biopsies treated with F-HIV were normalized to the mock value for each donor and analyzed using. Ingenuity IPA (Qiagen) to determine the top biofunctions

associated with this treatment.

TABLE 3 | Biofunctions in C-HIV treated cervical mucosa tissue.

Diseases or p-value Activation Molecules # Molecules

Functions z-score

Annotation

Cell cycle 1.07E-02 -1.964  APOE,CKAP5,CUL2,DIABLO,FASN,MECP2,NUMA1,PRK 10

progression AR2B,PTMA,SCRIB

Cell death of 1.19E-02 -0.594  CUL2,DIABLO,RAB35,YBX1 4

melanoma cell

lines

Apoptosis 1.41E-02 -0.366  APOE,CASP14,CKAP5,CUL2,DDX19A,DIABLO,FASN,H2AFX,LAMA2, MECP2,NUMA1,PDXK, 19
PPP3CA,PRKAR2B,PTMA,SCRIB,SUN1,YARS,YBX1

Cell death of 9.67E-03 -0.222  APOE,CASP14,CCT5,CKAP5,CUL2,DIABLO,FASN,H2AFX,PRKAR2B,PTMA,RAB35,YARS,YBX1 13

tumor cell

lines

Proteolysis 1.57E-03 -0.1562  APOE,ASPH,CASP14,PITRM1,PREP,SPINK5 6

Catabolism of 2.45E-03 -0.162  APOE,ASPHE,CASP14,CUL2,HGS,PITRM1,PREP,SPINK5 8

protein

Metabolism of 1.80E-03 0.640 APOE,ASPH,CASP14,CKAP5,CUL2,HGS,PITRM1,PREP,SPINK5,UPF3B,YBX1 11

protein

Endocytosis 2.71E-04 1.067 ANKFY1,APOE,ATP6VOD1,HGS,PPP3CA,RAB34,SCRIB 7

Proliferation 3.07E-04 1.125 APOE,ASPH,ASPSCR1,ATP6VOD1,CCT5,CES2,CUL2,DIABLO,FASN,H2AFX,HGS,LAMA2, 29

of cells MECP2,NCCRP1,NOP58,NUMA1,0STF1,PDAP1,PDXK,PPP3CA,PREP,PRKAR2B,PTMA,RAB35,
SCRIB,SF1,SRSF5,YARS,YBX1

Proliferation 2.40E-02 1.446 ASPSCR1,CES2,NOP58,PRKAR2B,PTMA 5

of fibroblast

cell

lines

Proliferation 1.65E-02 1.951 FASN,HGS,PRKAR2B,YBX1 4

of prostate

cancer

cell lines

Size of body 2.64E-02 1.974 APOE,DIABLO,H2AFX,LAMA2, MECP2,PPP3CA,PRKAR2B,SUN1 8

Organization 2.26E-02 2.597 ANXAB/ANXABL1,APOE,CKAP5,CROCC,FASN,LAMA2, MECP2,NSFL1C,NUMA1,PTK7,RAB35, 12

of cytoplasm YBX1

Proteomics data from cervical biopsies treated with F-HIV were normalized to the mock value for each donor and analysed using. Ingenuity IPA (Qiagen) to determine the top biofunctions

associated with this treatment.

understanding of the events during the initial phases of exposure
to HIV and the establishment of infection. To start with, we
verified that the complement-opsonized HIV presented a higher
level of infection of the cervical tissue compared to free HIV and in
the emigrating cells had a preference to infect DCs over CD4 T
cells, which is in agreement with previous finding from our
laboratory (21). The higher HIV-1 infection of DCs is in line

with findings from our and several groups for monocyte derived
DCs (53-56). The observed increased HIV infection of the
emigrating cells with the complement-opsonized virus, was
associated with a significant upregulation of the pathways and
factors involved in the diverse aspects of viral infection, viral entry,
and viral replication, both at the transcriptome as well as the
proteome levels in the cervical mucosa and should reflect the
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TABLE 4 | Biofunctions in CI-HIV treated cervical mucosa tissue.

Diseases or Functions p-value Activation Molecules #Molecules

Annotation z-score

Perinatal death 3.29E-02 -1.387 CAPRINT,CTNNA2,RAP1B,TOP2B,YBX1 CAPRIN1,COL5A1,CTNNA2,FOSL2,GPX3, 5
HISTH1C,M

Organismal death 2.13E-03 -1.201 TAP,MUC5B,PRKACA,PTGES,RAP1B,RPL24,SF3B1,SRR T,TOP2B,YBX1 16

Neonatal death 3.92E-02 -1.067 CAPRINT,CTNNA2, TOP2B,YBX1 4

Proliferation of tumor 3.39E-02 -0.432 CES2,CLIP11,GKC,MTAP,PRKACA,PTGES,RAP1B,RPS14 YBX1 9

cellines

Edema 1.53E-02 -0.277 DBNL,PRKACA,PTGES,YBX1 4

Growth Failure 3.42E-02 -0.277 FOSL2,HIST1H1C,MUC5B,PRKACA,YBX1 ADD3,AG01,CAPRIN1,CASP14,CCT5, 5
CTNNA2,CUL2,F

Cell death 5.14E-03 -0.255 OSL2,HIST1H1C,IGKC,MUCSB,NAE1,PDCD5,PRKACA, PTGES,RAP1B,SRRT,TOP2B, 19
YBX1

Microtubule dynamics 2.54E-03 -0.176 CAPRIN1,CDC42BPB,CLIP1,CTNNA2,DBNL,FLOTI,PRK ACA,RAP1B,TOP2B,YBX1 10

Apoptosis 3.14E-02 -0.067 AGO01,CAPRINT,CASP14,CUL2,HIST1H1C,MUC5B,NAE 1,PDCD5,PRKACA,PTGES, 14
RAP1B,SRRT, TOP2B,YBX1

Expression of RNA 2.97E-02 -0.014 AGO1,ALYREF,CAPRIN1,FOSL2,GCDH,HIST1TH1C,NAE1 ,PRKACA,RPL24,RPS14, 12
SRRT,YBX1

Proliferation of cells 2.48E-03 0.672 AGO01,CAPRIN1,CCT5,CDC42BPB,CES2,CLIP1,CMA1,C UL2,FLOTI,FOSL2, 21
GPX3,1GKC,MTAP,NAE1,PRKACA,P TGES,RAP1B,RPS14,SRRT, TOP2B,YBX1

Replication of Influenza A 8.44E-03 1.131 CDC42BPB,PRKACA,RPS14,SF3B1 4

virus

HIV infection 1.23E-03 1.212 COL5A1,MUC5B,RAP1B,SF3B1,SRRT, TMISF2T, OP2B, YBX1 8

Infection by HIV-1 2.35E-03 1.212 COL5A1,MUC5B,RAP1B,SF3B1,SRRT,TMISF2,YBX1 7

Infection of cells 1.07E-02 1.212 COL5A1,MUC5B,RAP1B,SF3B1,SRRT, TMISF2,YBX1 7

Size of body 4.69E-02 1.706 DBNL,HIST1H1C,PRKACA,PTGES,RAP1B,TOP2B 6

Replication of RNA virus 6.20E-04 1.964 AGO01,CDC42BPB,IGKC,PRKACA,RPS14,SF3B1,YBX1 7

Proliferation of fibroblasts 1.58E-02 1.969 FOSL2,PTGES,RAP1B,YBX1 4

Infection of embryonic cell 6.71E-03 2.000 COL5A1,SF3B1,SRRT,YBX1 4

lines

Infection of epithelial cell 6.71E-03 2.000 COL5A1,SF3B1,SRRT,YBX1 4

lines

Infection of kidney cell 7.62E-03 2.000 COL5A1,SF3B1,SRRT,YBX1 4

lines
AGO01,CDC42BPB,COL5A1,HIST1H1C,IGKC,MTX1,MU

Viral Infection 1.84E-05 2.094 C5B,PRKACA,RAP1B,RPS13,RPS14,SF3B1,SRRT,TM9S F2 TOP2B YBX1 16

Proteomics data from cervical biopsies treated with F-HIV were normalized to the mock value for each donor and analyzed using Ingenuity IPA (Qiagen) to determine the top biofunctions

associated with this treatment.

effects in vivo as the transferred HIV virions should be
complement-opsonized (17). Importantly, the effects seen in the
tissues on the transcriptome and protein levels are not restricted to
a direct infection of immune cells, but could also be attributed to
the activation of PRRs and other innate pathways in the epithelial
cells and immune cells that are exposed to but not productively
infected by HIV but produce pro-inflammatory chemokines and
anti-viral factors as shown by other groups (4, 57, 58). Thus, the
effects seen in the tissues on the transcriptome and protein levels
in this study are likely to be attributed to the activation of mucosal
cells and not restricted to a direct infection of immune cells.
Besides the activation of PRRs the virions interactions with target
cell in the mucosa involve an array of receptors including a4b7 for
CD4 T cell infection (59) and Siglec-1 for DCs capture and
transfer of cell associated virus to new cells (60). This important
early role of DCs and CD14+ myeloid cells in the capture the HIV
and harboring of infectious virions and in the transmission of HIV
to CD4+ T cells (29) might also play an important role in our
system. Besides the role of DCs in capturing the virions in the
upper epithelium, Rhodes et al. showed that HIV-1 penetrated to
the sub-epithelial layer where the myeloid cells, i.e., CD14+ CD1c+

monocyte derived DCs and ¢DC2s, became HIV-1 infected
and transmitted the virus to CD4+ T cells (30). Integrated
HIV DNA was found early in T cells but not myeloid cells
indicating the initial replication occurred in the T cells not
myeloid cells in the cervical mucosa (29). We found that both
the mucosal T cells and DCs to productively infected after three
days and this is accordance to findings by several other groups (1,
2, 28, 31, 37, 38).

There are differences in tissue composition throughout the
female genital tract, i.e. between the endocervix and ectocervix,
and it is clear that both these sites are targets for HIV infection (61).
We found infection in the cervical endo and ecto tissue and in
emigrating DCs and T cells, with higher infection induced by
complement-opsonized HIV in the tissue and DCs compared to
infections with free virions, which confirms our previous findings
(21). The immune response of cervical mucosa is affected by the
menstrual cycle (62). A “window of vulnerability” to HIV-infection
during the secretory phase has been proposed (63). The majority of
tissue donors in this study were older than 45 years, ie., pre-
menopausal or menopausal. Thus, we consider the menstrual cycle
to have little or no impact on HIV infectivity in our model.
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FIGURE 7 | Proteins associated with viral infection is upregulated in cervical mucosa exposed to complement-opsonized HIV. Ectocervical biopsies treated with F-
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resulting data were then normalized to the mock samples. (A) Affected proteins was thereafter analyzed in the IPA function “Diseases and Biological Functions” for
visualization of enrichment of groups/pathways involved in infection and viral replication and presented as a heat map with the threshold for p-values set to log 1.3
(p<0.05) presented as activation Z-score. (B) Analysis of protein log ratio of factors involved in the “Diseases” pathway viral infection from figure 7A. (C) Analysis of
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Proinflammatory cytokines and chemokines are constitutively
expressed in the female genital tract (64, 65), which has been
considered to be immunologically active (65). This may explain
why only restricted changes of many inflammatory factors in
response to HIV were observed at the protein level, despite the
triggering of inflammatory responses at the on gene/mRNA level.
Another important aspect of the initial events on both mRNA and
protein levels, during the early phases of HIV exposure, is the
responses exerted by the epithelial cells lining the cervical mucosa.
SIV transmission via vaginal mucosal challenge has been shown to
induce MIP-30/CCL20 signaling in endocervix in combination

with innate immune and inflammatory responses to infection in
both cervix and vagina (66). In the initial response after SIV
exposure, the cervical mucosal epithelium played an important
role in the production of inflammatory chemokines including
CCL3, CCL20 and CXCLS (58). These chemokines are crucial for
the recruitment of macrophages, plasmacytoid DCs and CD4+ T
cells to the site of infection, which preferentially are clustered below
the cervical epithelium in a chemokine dependent manner (58). In
addition, SIV rapidly induced a broad spectrum of
proinflammatory responses in the epithelium of the cervical
mucosa in rhesus macaques, characterized by an upregulation of

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 625649


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Svanberg et al.

Complement-Opsonization Facilitate Cervical HIV Infection

the NF-kB signaling pathway and a reduction in the glucocorticoid
receptor signaling pathway mainly in the epithelial cells lining the
mucosa (67). In our data we also found an upregulation of CCL20,
CCL2 and CXCL11 after 6h of HIV exposure. In addition, we could
measure an increase in CXCL8 on mRNA level induced by F-HIV,
and on protein levels for all HIV groups. At the 24h time point,
transcription of these chemokines was downregulated. Thus, it can
be hypothesized that the expression of cytokines seen in the SIV
model might be driven by immune cells migrating into the tissue. In
accordance with Shang et al. (67) NF-kB signaling was upregulated
during the early phase of HIV exposure and establishment of
infection. Combined, these results suggest that female genital tract
epithelial cells are of major importance in our system since their
modulation of the local mucosal environment will affect the
recruitment of immune cells and the establishment of
HIV infection.

HIV exposure has previously been shown to induce a
transient activation of immune responses in different models
(22, 46, 68), which is in line with our present findings. The initial
events and activation of e.g.,, inflammatory responses in the
mucosal tissue at the 6h post HIV exposure may facilitate the
establishment of infection. It has been reported that
inflammation, even at low asymptomatic levels, could increase
the risk of HIV and SIV acquisition (66, 69, 70). Transcriptomics
showed an activation of inflammatory pathways in the tissues
exposed to complement-opsonized HIV at 6h. Enrichment of
factors related to inflammatory pathways were not reflected at
the protein levels at 24h. Active suppression of mRNA
translation into protein caused by, for instance micro RNAs
may contribute to lack of congruence (71), as well as proteasomal
protein degradation via ubiquitination, a pathway know to be
exploited by HIV (72), or a threshold value of mRNA levels for
protein synthesis that is not reached (73). HIV has previously
been shown to modulate mRNA processing and translation at
multiple levels and to redirect protein synthesis toward a more
beneficial state for viral replication and dissemination (68).

In the combined endo and ecto cervical tissues, pathway analysis
showed the activation of the IFN signaling pathway with IFNA and
IFNLI1 as top enriched upstream regulators after 6h exposure. The
enrichment of factors related to IFNA and IFNL1 was more
pronounced in tissues exposed to F-HIV than C-/CI-HIV at this
time point. This is in accordance with previous findings, wherein we
have shown a CR3-mediated suppression of antiviral pathways in
DCs exposed to complement-opsonized HIV (22).

Metabolic changes have been studied in many aspects of
inflammation and infection, but not in cervical tissues in the
context of HIV infection. After HIV exposure, there was
enrichment of factors of the PPAR and LXR/RXR pathways at
the 24h time-point. Both transcriptomics and proteomics
indicated activation of the LXR/RXR signaling pathways.
Resting and memory immune cells are mainly metabolically
inactive but can after stimulation rearrange their metabolism
towards a faster production of ATP and important building
blocks for the induction of a strong immune response (74). LXRs
forms heterodimers with RXRs and the complex acts as a
modulator of lipid and cholesterol homeostasis as well as

inflammatory signaling (75). LXR signaling is associated with
repression of inflammation through inhibiting NF-xB (50).
Activation of these pathways are therefore indicative of active
suppression of inflammatory signaling in tissues exposed to HIV.
The transcriptomic data also suggest inhibition of inflammation
after 24h of HIV exposure, since there were negative Z-scores,
i.e., inhibition/suppression for “Toll-like Receptor signaling” and
“Role of Pathogen Recognition Receptors in Recognition of
Bacteria and Viruses” at this timepoint. The anti-inflammatory
signaling at 24h was most pronounced after exposure to
complement-opsonized HIV. The protein kinase A (PKA)
signaling pathway (47, 76, 77), was activated for C-HIV and
CI-HIV. The PKA together with cAMP signaling is an important
modulator of many different pathways involved in immune
activation and inhibit transcription of several inflammatory
cytokines induced by the NF-xB pathway (77). Furthermore,
cAMP have previously been shown to be increased in HIV
positive individuals (76, 77). Together these data suggest
suppression of the cervical tissue inflammatory response, and
possibly a shift to an immunosuppressive milieu in the tissue,
preferentially induced by opsonized HIV at 24h post exposure.

HIV opsonized by serum and serum-containing HIV-specific
antibodies increase the internalization of virions via receptor-
mediated endocytosis (56, 78) and the receptors involved in the
viral interaction and uptake. The receptors involved in endocytosis
include complement receptors and Fc-receptors. Increased levels of
proteins involved in endocytosis after C-HIV exposure, in the
cervical tissue explants, may correlate with increased viral uptake
and increased viral dissemination. We have previously shown that
C-HIV binding and signaling via complement receptor 3, induce
suppression of the antiviral and the inflammatory response in
immature DCs via the complement receptor 3 engagement (22).
This was mainly due to fixation of iC3b molecules on the viral
surface during HIV opsonization (19). The effects complement
HIV-1 exert on the DCs has been shown to depend on the balance
of CR3 and CR4 on the DCs, with high level of CR3 give rise to
suppression of inflammation and antiviral activities, whereas high
CR4 induce and activation (79). The presence of pre-existing HIV
specific antibodies such as anti-gp120 and anti-gp41 during
complement opsonization will increase Clq deposition on the
viral surface (20). Activation of Fc-receptors by the complement-
opsonized virions will also influence the ensuing response (80). For
example, an activation of FcyRIIB induced by the formation of SIV
specific immune complexes following SIV-vaccination of rhesus
macaques have been shown to induce immune suppression in the
mucosal epithelium (67). Modulation of Fc-receptor signaling
might also have affected the present findings, since these
receptors can transduce a wide variety of different immunological
and HIV specific effector functions (80). The differences in
pathways activated by C-HIV and CI-HIV could be attributed to
differences in Fc-receptor engagement. In addition, differences in
micro-RNA expression between C-HIV and CI-HIV exposed
tissues may contribute to differences in inflammatory signaling
by modulation of Fc-receptor induced signaling.

In addition to receptor-mediated immune suppression, there
may also be a regulation of translation of mRNA into protein via
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miRNAs. miRNA dysregulation has been shown during HIV
infection and is also involved in breaches in the gastrointestinal
integrity found in HIV-infected individuals (81). Nonetheless,
we did not find these affected in our system, and for the miRNAs
with significant fold change in our system, the functions remain
unknown. Potentially, they might be involved in limited
inflammation and antiviral responses as well as increased HIV
infection, seeing their important role in regulating responses,
seen in our complement-opsonized HIV- exposed tissues and
hence needs further investigation.

One limitation of the study is the use of spinoculation to
infect the mucosal tissue (37) seeing that this method allows
the virions access to the tissue from more than the apical/
epithelial side. The rational for using this method was that it
achieves a high level of HIV-1 infection compared to other
infection methods.

In conclusion, we observed enhanced HIV infection in the
cervical tissue when the virions were opsonized with complement
and/or immunoglobulins. Pathway analysis of cervical tissue gene
expression showed enrichment of factors related to the upregulation
of different immune modulatory and inflammatory pathways that
were time dependent. Proteomics showed that most of the immune
pathway genes activated on transcriptional level did not translate
into proteins. We found evidence of active suppression of immune
responses, which offers an environment advantageous for HIV
infection. Complement opsonization is critical in the early events
of sexual transmission of HIV infection. The effects exerted by the
complement-opsonized virions should be considered in the design of
drugs and strategies to prevent HIV transmission.

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the NCBI GEO
repository, accession number GSE160774.

ETHICS STATEMENT

The study was approved by the Linkdping University Ethical Review
Board (Ethical permit EPN M206-06). Written informed consent for

REFERENCES

1. Carias AM, Hope T]. Barriers of Mucosal Entry of HIV/SIV. Curr Immunol
Rev (2019) 15(1):4-13. doi: 10.2174/1573395514666180604084404

2. Hladik F, McElrath M]J. Setting the Stage: Host Invasion by HIV. Nat Rev
Immunol (2008) 8(6):447-57. doi: 10.1038/nri2302

3. Cantero-Perez ], Grau-Exposito J, Serra-Peinado C, Rosero DA, Luque-
Ballesteros L, Astorga-Gamaza A, et al. Resident Memory T Cells are a
Cellular Reservoir for HIV in the Cervical Mucosa. Nat Commun (2019) 10
(1):4739. doi: 10.1038/s41467-019-12732-2

4. Xu XQ, Guo L, Wang X, Liu Y, Liu H, Zhou RH, et al. Human
Cervical Epithelial Cells Release Antiviral Factors and Inhibit Hiv
Replication in Macrophages. ] Innate Immun (2019) 11(1):29-40. doi:
10.1159/000490586

5. Nazli A, Chan O, Dobson-Belaire WN, Ouellet M, Tremblay MJ, Gray-Owen
SD, et al. Exposure to HIV-1 Directly Impairs Mucosal Epithelial Barrier

participation was not required for this study in accordance with the
national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

CS, RE, MK, EC, MS, SN, ML, ES, KB, and AB performed
experiment and/or analyzed data., NB provided human cervical
tissue samples. CS, RE, SN, ES, and ML wrote the manuscript.
NB, KB, EC, MK, and AB edited the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported in part with Federal funds from the
National Cancer Institute, National Institutes of Health, under
Contract No. HHSN261200800001E.

ACKNOWLEDGMENTS

We like to thank Julian W. Bess, Jr and the Biological Products
Core of the AIDS and Cancer Virus Program, Frederick National
Laboratory, Frederick, MD, USA for providing the HIV-BaL
SUPT1-CCR5 CL.30 virus used in these studies. This work has
been supported by: The Swedish Research Council, The Swedish
Physicians against AIDS Research Foundation, Linkoping
University Hospital Research Fund, Forsknings ALF, and The
Swedish Society of Medicine for ML. The computations for the
RNAseq were performed on resources provided by SNIC
through Uppsala Multidisciplinary Center for Advanced
Computational Science (UPPMAX) under project b2015293.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
625649/full#supplementary-material

Integrity Allowing Microbial Translocation. PloS Pathog (2010) 6(4):
€1000852. doi: 10.1371/journal.ppat.1000852

6. Wira CR, Patel MV, Ghosh M, Mukura L, Fahey JV. Innate Immunity in the
Human Female Reproductive Tract: Endocrine Regulation of Endogenous
Antimicrobial Protection Against HIV and Other Sexually Transmitted
Infections. Am ] Reprod Immunol (2011) 65(3):196-211. doi: 10.1111/j.1600-
0897.2011.00970.x

7. Nunn KL, Wang YY, Harit D, Humphrys MS, Ma B, Cone R, et al. Enhanced
Trapping of HIV-1 by Human Cervicovaginal Mucus is Associated With
Lactobacillus crispatus-Dominant Microbiota. mBio (2015) 6(5):¢01084-15.
doi: 10.1128/mBi0.01084-15

8. Eastment MC, McClelland RS. Vaginal Microbiota and Susceptibility to HIV.
AIDS (2018) 32(6):687-98. doi: 10.1097/QAD.0000000000001768

9. Looker KJ, Welton NJ, Sabin KM, Dalal S, Vickerman P, Turner KME, et al.
Global and Regional Estimates of the Contribution of Herpes Simplex Virus
Type 2 Infection to HIV Incidence: A Population Attributable Fraction

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 625649


https://www.frontiersin.org/articles/10.3389/fimmu.2021.625649/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.625649/full#supplementary-material
https://doi.org/10.2174/1573395514666180604084404
https://doi.org/10.1038/nri2302
https://doi.org/10.1038/s41467-019-12732-2
https://doi.org/10.1159/000490586
https://doi.org/10.1371/journal.ppat.1000852
https://doi.org/10.1111/j.1600-0897.2011.00970.x
https://doi.org/10.1111/j.1600-0897.2011.00970.x
https://doi.org/10.1128/mBio.01084-15
https://doi.org/10.1097/QAD.0000000000001768
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Svanberg et al.

Complement-Opsonization Facilitate Cervical HIV Infection

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Analysis Using Published Epidemiological Data. Lancet Infect Dis (2020) 20
(2):240-9. doi: 10.1016/51473-3099(19)30470-0

Crisci E, Svanberg C, Ellegard R, Khalid M, Hellblom ], Okuyama K, et al.
Hsv-2 Cellular Programming Enables Productive HIV Infection in Dendritic
Cells. Front Immunol (2019) 10:2889. doi: 10.3389/fimmu.2019.02889
Goode D, Truong R, Villegas G, Calenda G, Guerra-Perez N, Piatak M, et al.
Hsv-2-driven Increase in the Expression of alpha4beta7 Correlates With
Increased Susceptibility to Vaginal SHIV(SF162P3) Infection. PloS Pathog
(2014) 10(12):e1004567. doi: 10.1371/journal.ppat.1004567

de Jong MA, de Witte L, Oudhoff MJ, Gringhuis SI, Gallay P, Geijtenbeek TB.
TNEF-Alpha and TLR Agonists Increase Susceptibility to HIV-1 Transmission
by Human Langerhans Cells Ex Vivo. J Clin Invest (2008) 118(10):3440-52.
doi: 10.1172/JCI34721

Marsden V, Donaghy H, Bertram KM, Harman AN, Nasr N, Keoshkerian E,
et al. Herpes Simplex Virus Type 2-Infected Dendritic Cells Produce TNF-
alpha, Which Enhances CCR5 Expression and Stimulates HIV Production
From Adjacent Infected Cells. J Immunol (2015) 194(9):4438-45. doi:
10.4049/jimmunol.1401706

Utay NS, Douek DC. Interferons and HIV Infection: The Good, the Bad, and
the Ugly. Pathog Immun (2016) 1(1):107-16. doi: 10.20411/pai.v1il.125
Introini A, Bostrom S, Bradley F, Gibbs A, Glaessgen A, Tjernlund A, et al.
Correction: Seminal Plasma Induces Inflammation and Enhances HIV-1
Replication in Human Cervical Tissue Explants. PloS Pathog (2017) 13(7):
€1006492. doi: 10.1371/journal.ppat.1006492

Joseph SB, Swanstrom R, Kashuba AD, Cohen MS. Bottlenecks in HIV-1
Transmission: Insights From the Study of Founder Viruses. Nat Rev Microbiol
(2015) 13(7):414-25. doi: 10.1038/nrmicro3471

Nijmeijer BM, Bermejo-Jambrina M, Kaptein TM, Ribeiro CMS,
Wilflingseder D, Geijtenbeek TBH. HIV-1 Subverts the Complement
System in Semen to Enhance Viral Transmission. Mucosal Immunol (2021)
14(3):743-50. doi: 10.1038/s41385-021-00376-9

Stoiber H, Banki Z, Wilflingseder D, Dierich MP. Complement-HIV
Interactions During All Steps of Viral Pathogenesis. Vaccine (2008) 26
(24):3046-54. doi: 10.1016/j.vaccine.2007.12.003

Stoiber H, Pruenster M, Ammann CG, Dierich MP. Complement-Opsonized
HIV: The Free Rider on its Way to Infection. Mol Immunol (2005) 42(2):153—
60. doi: 10.1016/j.molimm.2004.06.024

Prohaszka Z, Daha MR, Susal C, Daniel V, Szlavik J, Banhegyi D, et al. Cl1q
Autoantibodies in HIV Infection: Correlation to Elevated Levels of
Autoantibodies Against 60-kDa Heat-Shock Proteins. Clin Immunol (1999)
90(2):247-55. doi: 10.1006/clim.1998.4620

Tjomsland V, Ellegard R, Kjolhede P, Wodlin NB, Hinkula J, Lifson JD, et al.
Blocking of Integrins Inhibits HIV-1 Infection of Human Cervical Mucosa
Immune Cells With Free and Complement-Opsonized Virions. Eur ]
Immunol (2013) 43(9):2361-72. doi: 10.1002/€ji.201243257

Ellegard R, Crisci E, Burgener A, Sjowall C, Birse K, Westmacott G, et al.
Complement Opsonization of HIV-1 Results in Decreased Antiviral and
Inflammatory Responses in Immature Dendritic Cells Via CR3. J Immunol
(2014) 193(9):4590-601. doi: 10.4049/jimmunol.1401781

Ellegard R, Crisci E, Andersson J, Shankar EM, Nystrom S, Hinkula J, et al.
Impaired NK Cell Activation and Chemotaxis Toward Dendritic Cells
Exposed to Complement-Opsonized Hiv-1. ] Immunol (2015) 195(4):1698—
704. doi: 10.4049/jimmunol.1500618

Rodriguez-Garcia M, Fortier JM, Barr FD, Wira CR. Isolation of Dendritic
Cells From the Human Female Reproductive Tract for Phenotypical and
Functional Studies. J Vis Exp (2018). doi: 10.3791/57100

Rodriguez-Garcia M, Shen Z, Barr FD, Boesch AW, Ackerman ME, Kappes JC, et al.
Dendritic Cells From the Human Female Reproductive Tract Rapidly Capture and
Respond to HIV. Mucosal Immunol (2017) 10(2):531-44. doi: 10.1038/mi.2016.72
Sallusto F, Zielinski CE, Lanzavecchia A. Human Th17 Subsets. Eur |
Immunol (2012) 42(9):2215-20. doi: 10.1002/¢ji.201242741

Rodriguez-Garcia M, Barr FD, Crist SG, Fahey JV, Wira CR. Phenotype and
Susceptibility to HIV Infection of CD4+ Th17 Cells in the Human Female
Reproductive Tract. Mucosal Immunol (2014) 7(6):1375-85. doi: 10.1038/mi.2014.26
Hladik F, Sakchalathorn P, Ballweber L, Lentz G, Fialkow M, Eschenbach D,
et al. Initial Events in Establishing Vaginal Entry and Infection by Human
Immunodeficiency Virus Type-1. Immunity (2007) 26(2):257-70. doi:
10.1016/j.immuni.2007.01.007

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Trifonova RT, Bollman B, Barteneva NS, Lieberman J. Myeloid Cells in Intact
Human Cervical Explants Capture HIV and Can Transmit It to CD4 T Cells.
Front Immunol (2018) 9:2719. doi: 10.3389/fimmu.2018.02719

Rhodes JW, Botting RA, Bertram KM, Vine EE, Rana H, Baharlou H, et al.
Human Anogenital Monocyte-Derived Dendritic Cells and Langerin+cDC2
are Major HIV Target Cells. Nat Commun (2021) 12(1):2147. doi: 10.1038/
541467-021-22375-x

Pena-Cruz V, Agosto LM, Akiyama H, Olson A, Moreau Y, Larrieux JR, et al.
HIV-1 Replicates and Persists in Vaginal Epithelial Dendritic Cells. J Clin
Invest (2018) 128(8):3439-44. doi: 10.1172/]C198943

Shen R, Kappes JC, Smythies LE, Richter HE, Novak L, Smith PD. Vaginal
Myeloid Dendritic Cells Transmit Founder HIV-1. ] Virol (2014) 88
(13):7683-8. doi: 10.1128/JV1.00766-14

Trifonova RT, Lieberman J, van Baarle D. Distribution of Immune Cells in the
Human Cervix and Implications for HIV Transmission. Am ] Reprod
Immunol (2014) 71(3):252-64. doi: 10.1111/aji.12198

Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, Salazar MG,
et al. Identification and Characterization of Transmitted and Early Founder
Virus Envelopes in Primary HIV-1 Infection. Proc Natl Acad Sci USA (2008)
105(21):7552-7. doi: 10.1073/pnas.0802203105

Parrish NF, Gao F, Li H, Giorgi EE, Barbian HJ, Parrish EH, et al. Phenotypic
Properties of Transmitted Founder HIV-1. Proc Natl Acad Sci USA (2013) 110
(17):6626-33. doi: 10.1073/pnas.1304288110

Ashokkumar M, Aralaguppe SG, Tripathy SP, Hanna LE, Neogi U. Unique
Phenotypic Characteristics of Recently Transmitted HIV-1 Subtype C
Envelope Glycoprotein Gp120: Use of CXCR6 Coreceptor by Transmitted
Founder Viruses. J Virol (2018) 92(9):e00063-18. doi: 10.1128/JV1.00063-18
Joag VR, McKinnon LR, Liu ], Kidane ST, Yudin MH, Nyanga B, et al.
Identification of Preferential CD4+ T-Cell Targets for HIV Infection in the
Cervix. Mucosal Immunol (2016) 9(1):1-12. doi: 10.1038/mi.2015.28
Merbah M, Introini A, Fitzgerald W, Grivel JC, Lisco A, Vanpouille C, et al.
Cervico-Vaginal Tissue Ex Vivo as a Model to Study Early Events in HIV-1
Infection. Am J Reprod Immunol (2011) 65(3):268-78. doi: 10.1111/j.1600-
0897.2010.00967.x

Panico M, Bouche L, Binet D, O’Connor M]J, Rahman D, Pang PC, et al.
Mapping the Complete Glycoproteome of Virion-Derived HIV-1 gp120
Provides Insights Into Broadly Neutralizing Antibody Binding. Sci Rep
(2016) 6:32956. doi: 10.1038/srep32956

Guay LA, Musoke P, Hom DL, Nakabiito C, Bagenda D, Fletcher CV, et al.
Phase I/II Trial of HIV-1 Hyperimmune Globulin for the Prevention of HIV-1
Vertical Transmission in Uganda. AIDS (2002) 16(10):1391-400. doi:
10.1097/00002030-200207050-00011

Burgener A, Mogk K, Westmacott G, Plummer F, Ball B, Broliden K, et al.
Salivary Basic Proline-Rich Proteins are Elevated in HIV-exposed
Seronegative Men Who Have Sex With Men. AIDS (2012) 26(15):1857-67.
doi: 10.1097/QAD.0b013e328357f79¢

Assarsson E, Lundberg M, Holmquist G, Bjorkesten J, Thorsen SB, Ekman D,
et al. Homogenous 96-Plex PEA Immunoassay Exhibiting High Sensitivity,
Specificity, and Excellent Scalability. PloS One (2014) 9(4):¢95192. doi:
10.1371/journal.pone.0095192

Lundberg M, Eriksson A, Tran B, Assarsson E, Fredriksson S. Homogeneous
Antibody-Based Proximity Extension Assays Provide Sensitive and Specific
Detection of Low-Abundant Proteins in Human Blood. Nucleic Acids Res
(2011) 39(15):e102. doi: 10.1093/nar/gkr424

Rieu I, Powers SJ. Real-Time Quantitative RT-PCR: Design, Calculations, and
Statistics. Plant Cell (2009) 21(4):1031-3. doi: 10.1105/tpc.109.066001

Hu J, Gardner MB, Miller CJ. Simian Immunodeficiency Virus Rapidly
Penetrates the Cervicovaginal Mucosa After Intravaginal Inoculation and
Infects Intraepithelial Dendritic Cells. J Virol (2000) 74(13):6087-95. doi:
10.1128/JV1.74.13.6087-6095.2000

Ellegard R, Khalid M, Svanberg C, Holgersson H, Thoren Y, Wittgren MK, et al.
Complement-Opsonized HIV-1 Alters Cross Talk Between Dendritic Cells and
Natural Killer (Nk) Cells to Inhibit Nk Killing and to Upregulate Pd-1, CXCR3, and
CCR4 on T Cells. Front Immunol (2018) 9:899. doi: 10.3389/fimmu.2018.00899
Masci AM, Galgani M, Cassano S, De Simone S, Gallo A, De Rosa V, et al.
Hiv-1 gp120 Induces Anergy in Naive T Lymphocytes Through CD4-
independent Protein kinase-A-mediated Signaling. J Leukoc Biol (2003) 74
(6):1117-24. doi: 10.1189/j1b.0503239

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 625649


https://doi.org/10.1016/S1473-3099(19)30470-0
https://doi.org/10.3389/fimmu.2019.02889
https://doi.org/10.1371/journal.ppat.1004567
https://doi.org/10.1172/JCI34721
https://doi.org/10.4049/jimmunol.1401706
https://doi.org/10.20411/pai.v1i1.125
https://doi.org/10.1371/journal.ppat.1006492
https://doi.org/10.1038/nrmicro3471
https://doi.org/10.1038/s41385-021-00376-9
https://doi.org/10.1016/j.vaccine.2007.12.003
https://doi.org/10.1016/j.molimm.2004.06.024
https://doi.org/10.1006/clim.1998.4620
https://doi.org/10.1002/eji.201243257
https://doi.org/10.4049/jimmunol.1401781
https://doi.org/10.4049/jimmunol.1500618
https://doi.org/10.3791/57100
https://doi.org/10.1038/mi.2016.72
https://doi.org/10.1002/eji.201242741
https://doi.org/10.1038/mi.2014.26
https://doi.org/10.1016/j.immuni.2007.01.007
https://doi.org/10.3389/fimmu.2018.02719
https://doi.org/10.1038/s41467-021-22375-x
https://doi.org/10.1038/s41467-021-22375-x
https://doi.org/10.1172/JCI98943
https://doi.org/10.1128/JVI.00766-14
https://doi.org/10.1111/aji.12198
https://doi.org/10.1073/pnas.0802203105
https://doi.org/10.1073/pnas.1304288110
https://doi.org/10.1128/JVI.00063-18
https://doi.org/10.1038/mi.2015.28
https://doi.org/10.1111/j.1600-0897.2010.00967.x
https://doi.org/10.1111/j.1600-0897.2010.00967.x
https://doi.org/10.1038/srep32956
https://doi.org/10.1097/00002030-200207050-00011
https://doi.org/10.1097/QAD.0b013e328357f79c
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1093/nar/gkr424
https://doi.org/10.1105/tpc.109.066001
https://doi.org/10.1128/JVI.74.13.6087-6095.2000
https://doi.org/10.3389/fimmu.2018.00899
https://doi.org/10.1189/jlb.0503239
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Svanberg et al.

Complement-Opsonization Facilitate Cervical HIV Infection

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Hofmann B, Nishanian P, Nguyen T, Liu M, Fahey JL. Restoration of T-cell
Function in HIV Infection by Reduction of Intracellular cAMP Levels With
Adenosine Analogues. AIDS (1993) 7(5):659-64. doi: 10.1097/00002030-
199305000-00008

Ramezani A, Dubrovsky L, Pushkarsky T, Sviridov D, Karandish S, Raj DS,
et al. Stimulation of Liver X Receptor Has Potent Anti-HIV Effects in a
Humanized Mouse Model of HIV Infection. ] Pharmacol Exp Ther (2015) 354
(3):376-83. doi: 10.1124/jpet.115.224485

Joseph SB, Castrillo A, Laffitte BA, Mangelsdorf DJ, Tontonoz P. Reciprocal
Regulation of Inflammation and Lipid Metabolism by Liver X Receptors. Nat
Med (2003) 9(2):213-9. doi: 10.1038/nm820

Joosten LA, Radstake TR, Lubberts E, van den Bersselaar LA, van Riel PL, van
Lent PL, et al. Association of interleukin-18 Expression With Enhanced Levels
of Both interleukin-1beta and Tumor Necrosis Factor Alpha in Knee Synovial
Tissue of Patients With Rheumatoid Arthritis. Arthritis Rheum (2003) 48
(2):339-47. doi: 10.1002/art.10814

Hornung F, Scala G, Lenardo MJ. TNF-Alpha-Induced Secretion of C-C
Chemokines Modulates C-C Chemokine Receptor 5 Expression on Peripheral
Blood Lymphocytes. J Immunol (2000) 164(12):6180-7. doi: 10.4049/
jimmunol.164.12.6180

Pruenster M, Wilflingseder D, Banki Z, Ammann CG, Muellauer B, Meyer M,
et al. C-Type Lectin-Independent Interaction of Complement Opsonized HIV
With Monocyte-Derived Dendritic Cells. Eur ] Immunol (2005) 35(9):2691-8.
doi: 10.1002/€ji.200425940

Bouhlal H, Chomont N, Requena M, Nasreddine N, Saidi H, Legoff J, et al.
Opsonization of HIV With Complement Enhances Infection of Dendritic Cells
and Viral Transfer to CD4 T Cells in a CR3 and DC-SIGN-dependent Manner.
J Immunol (2007) 178(2):1086-95. doi: 10.4049/jimmunol.178.2.1086

Banki Z, Posch W, Ejaz A, Oberhauser V, Willey S, Gassner C, et al.
Complement as an Endogenous Adjuvant for Dendritic Cell-Mediated
Induction of Retrovirus-Specific Ctls. PloS Pathog (2010) 6(4):e1000891.
doi: 10.1371/journal.ppat.1000891

Tjomsland V, Ellegard R, Che K, Hinkula J, Lifson JD, Larsson M.
Complement Opsonization of HIV-1 Enhances the Uptake by Dendritic
Cells and Involves the Endocytic Lectin and Integrin Receptor Families. PloS
One (2011) 6(8):¢23542. doi: 10.1371/journal.pone.0023542

Dezzutti CS, Guenthner PC, Cummins JE]Jr., Cabrera T, Marshall JH,
Dillberger A, et al. Cervical and Prostate Primary Epithelial Cells are Not
Productively Infected But Sequester Human Immunodeficiency Virus Type 1.
J Infect Dis (2001) 183(8):1204-13. doi: 10.1086/319676

Shang L, Duan L, Perkey KE, Wietgrefe S, Zupancic M, Smith AJ, et al.
Epithelium-Innate Immune Cell Axis in Mucosal Responses to SIV. Mucosal
Immunol (2017) 10(2):508-19. doi: 10.1038/mi.2016.62

Arthos ], Cicala C, Nawaz F, Byrareddy SN, Villinger F, Santangelo PJ, et al.
The Role of Integrin alpha4beta7 in HIV Pathogenesis and Treatment. Curr
HIV/AIDS Rep (2018) 15(2):127-35. doi: 10.1007/s11904-018-0382-3
Perez-Zsolt D, Cantero-Perez ], Erkizia I, Benet S, Pino M, Serra-Peinado C,
et al. Dendritic Cells From the Cervical Mucosa Capture and Transfer HIV-1
Via Siglec-1. Front Immunol (2019) 10:825. doi: 10.3389/fimmu.2019.00825
Kaldensjo T, Petersson P, Tolf A, Morgan G, Broliden K, Hirbod T. Detection
of Intraepithelial and Stromal Langerin and CCR5 Positive Cells in the
Human Endometrium: Potential Targets for HIV Infection. PloS One
(2011) 6(6):€21344. doi: 10.1371/journal.pone.0021344

Wira CR, Rodriguez-Garcia M, Patel MV. The Role of Sex Hormones in
Immune Protection of the Female Reproductive Tract. Nat Rev Immunol
(2015) 15(4):217-30. doi: 10.1038/nri3819

Rodriguez-Garcia M, Connors K, Ghosh M. Hiv Pathogenesis in the Human
Female Reproductive Tract. Curr HIV/AIDS Rep (2021) 18(2):139-56. doi:
10.1007/s11904-021-00546-1

Fahey JV, Schaefer TM, Channon JY, Wira CR. Secretion of Cytokines and
Chemokines by Polarized Human Epithelial Cells From the Female Reproductive
Tract. Hum Reprod (2005) 20(6):1439-46. doi: 10.1093/humrep/deh806

Reis Machado J, da Silva MV, Cavellani CL, dos Reis MA, Monteiro ML,
Teixeira Vde P, et al. Mucosal Immunity in the Female Genital Tract, HIV/
AIDS. BioMed Res Int (2014) 2014:350195. doi: 10.1155/2014/350195

Li Q, Estes JD, Schlievert PM, Duan L, Brosnahan AJ, Southern PJ, et al.
Glycerol Monolaurate Prevents Mucosal SIV Transmission. Nature (2009)
458(7241):1034-8. doi: 10.1038/nature07831

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Shang L, Smith AJ, Reilly CS, Duan L, Perkey KE, Wietgrefe S, et al. Vaccine-
Modified NF-kB and GR Signaling in Cervicovaginal Epithelium Correlates With
Protection. Mucosal Immunol (2018) 11(2):512-22. doi: 10.1038/mi.2017.69
Wiredja DD, Tabler CO, Schlatzer DM, Li M, Chance MR, Tilton JC.
Global Phosphoproteomics of CCR5-tropic HIV-1 Signaling Reveals
Reprogramming of Cellular Protein Production Pathways and Identifies
P70-S6K1 and MK2 as HIV-responsive Kinases Required for Optimal
Infection of CD4+ T Cells. Retrovirology (2018) 15(1):44. doi: 10.1186/
512977-018-0423-4

Masson L, Passmore JA, Liebenberg L], Werner L, Baxter C, Arnold KB, et al.
Genital Inflammation and the Risk of HIV Acquisition in Women. Clin Infect
Dis (2015) 61(2):260-9. doi: 10.1093/cid/civ298

Nasi M, Pinti M, Mussini C, Cossarizza A. Persistent Inflammation in HIV
Infection: Established Concepts, New Perspectives. Immunol Lett (2014) 161
(2):184-8. doi: 10.1016/j.imlet.2014.01.008

Tahamtan A, Teymoori-Rad M, Nakstad B, Salimi V. Anti-Inflammatory
MicroRNAs and Their Potential for Inflammatory Diseases Treatment. Front
Immunol (2018) 9:1377. doi: 10.3389/fimmu.2018.01377

Seissler T, Marquet R, Paillart JC. Hijacking of the Ubiquitin/Proteasome
Pathway by the HIV Auxiliary Proteins. Viruses (2017) 9(11):322. doi:
10.3390/v9110322

Mukherji S, Ebert MS, Zheng GX, Tsang JS, Sharp PA, van Oudenaarden A.
MicroRNAs can Generate Thresholds in Target Gene Expression. Nat Genet
(2011) 43(9):854-9. doi: 10.1038/ng.905

Gaber T, Strehl C, Buttgereit F. Metabolic Regulation of Inflammation. Nat
Rev Rheumatol (2017) 13(5):267-79. doi: 10.1038/nrrheum.2017.37

Zelcer N, Tontonoz P. Liver X Receptors as Integrators of Metabolic and
Inflammatory Signaling. J Clin Invest (2006) 116(3):607-14. doi: 10.1172/JCI27883
Serezani CH, Ballinger MN, Aronoff DM, Peters-Golden M. Cyclic AMP:
Master Regulator of Innate Immune Cell Function. Am ] Respir Cell Mol Biol
(2008) 39(2):127-32. doi: 10.1165/rcmb.2008-0091TR

Moreno-Fernandez ME, Rueda CM, Velilla PA, Rugeles MT, Chougnet CA.
cAMP During HIV Infection: Friend or Foe? AIDS Res Hum Retroviruses
(2012) 28(1):49-53. doi: 10.1089/aid.2011.0265

van Montfort T, Nabatov AA, Geijtenbeek TB, Pollakis G, Paxton WA.
Efficient Capture of Antibody Neutralized HIV-1 by Cells Expressing DC-
SIGN and Transfer to CD4+ T Lymphocytes. ] Immunol (2007) 178(5):3177—
85. doi: 10.4049/jimmunol.178.5.3177

Bermejo-Jambrina M, Blatzer M, Jauregui-Onieva P, Yordanov TE, Hortnagl
P, Valovka T, et al. Cr4 Signaling Contributes to a DC-Driven Enhanced
Immune Response Against Complement-Opsonized Hiv-1. Front Immunol
(2020) 11:2010. doi: 10.3389/fimmu.2020.02010

Su B, Dispinseri S, Iannone V, Zhang T, Wu H, Carapito R, et al. Update on
Fc-Mediated Antibody Functions Against HIV-1 Beyond Neutralization.
Front Immunol (2019) 10:2968. doi: 10.3389/fimmu.2019.02968

Xu 'Y, Wang HW, Luo HY, Shu R, Liu J, Sun L, et al. MicroRNA Expression
Profiling of Intestinal Mucosa Tissue Predicts Multiple Crucial Regulatory
Molecules and Signaling Pathways for Gut Barrier Dysfunction of AIDS
Patients. Mol Med Rep (2017) 16(6):8854-62. doi: 10.3892/mmr.2017.7722

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Citation: Svanberg C, Ellegdard R, Crisci E, Khalid M, Borendal Wodlin N,
Svenvik M, Nystrom S, Birse K, Burgener A, Shankar EM and Larsson M (2021)
Complement-Opsonized HIV Modulates Pathways Involved in Infection of Cervical
Mucosal Tissues: A Transcriptomic and Proteomic Study.

Front. Immunol. 12:625649. doi: 10.3389/fimmu.2021.625649

Copyright © 2021 Svanberg, Ellegird, Crisci, Khalid, Borendal Wodlin, Svenvik,
Nystrom, Birse, Burgener, Shankar and Larsson. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

May 2021 | Volume 12 | Article 625649


https://doi.org/10.1097/00002030-199305000-00008
https://doi.org/10.1097/00002030-199305000-00008
https://doi.org/10.1124/jpet.115.224485
https://doi.org/10.1038/nm820
https://doi.org/10.1002/art.10814
https://doi.org/10.4049/jimmunol.164.12.6180
https://doi.org/10.4049/jimmunol.164.12.6180
https://doi.org/10.1002/eji.200425940
https://doi.org/10.4049/jimmunol.178.2.1086
https://doi.org/10.1371/journal.ppat.1000891
https://doi.org/10.1371/journal.pone.0023542
https://doi.org/10.1086/319676
https://doi.org/10.1038/mi.2016.62
https://doi.org/10.1007/s11904-018-0382-3
https://doi.org/10.3389/fimmu.2019.00825
https://doi.org/10.1371/journal.pone.0021344
https://doi.org/10.1038/nri3819
https://doi.org/10.1007/s11904-021-00546-1
https://doi.org/10.1093/humrep/deh806
https://doi.org/10.1155/2014/350195
https://doi.org/10.1038/nature07831
https://doi.org/10.1038/mi.2017.69
https://doi.org/10.1186/s12977-018-0423-4
https://doi.org/10.1186/s12977-018-0423-4
https://doi.org/10.1093/cid/civ298
https://doi.org/10.1016/j.imlet.2014.01.008
https://doi.org/10.3389/fimmu.2018.01377
https://doi.org/10.3390/v9110322
https://doi.org/10.1038/ng.905
https://doi.org/10.1038/nrrheum.2017.37
https://doi.org/10.1172/JCI27883
https://doi.org/10.1165/rcmb.2008-0091TR
https://doi.org/10.1089/aid.2011.0265
https://doi.org/10.4049/jimmunol.178.5.3177
https://doi.org/10.3389/fimmu.2020.02010
https://doi.org/10.3389/fimmu.2019.02968
https://doi.org/10.3892/mmr.2017.7722
https://doi.org/10.3389/fimmu.2021.625649
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Complement-Opsonized HIV Modulates Pathways Involved in Infection of Cervical Mucosal Tissues: A Transcriptomic and Proteomic Study
	Introduction
	Materials and Methods
	Study Subjects and Ethics Approval
	Ex Vivo Cervix Tissue Preparation and Culture
	Virus Production and Opsonization
	Flow Cytometry
	Quantitative LC-MS Proteomics and Multiplex Proteomics Immunoassay
	RNA Seq of HIV Exposed Cervical Mucosal Tissue
	RT-qPCR
	Assessment of Cervical Productive Infection by HIV-1 p24 Gag ELISA and CBA
	Statistical Analysis

	Results
	Complement Opsonization of HIV Increases the Overall Infection of Cervical Mucosa and Infection of Emigrating DCs but Decreases Infection of Emigrating T Cells
	Complement Opsonization of HIV Alters Anti-Viral Innate Immune Signaling and Affects Key Inflammatory Regulators in the Cervical Mucosa
	The Transcriptome Profile Was Drastically Altered at the 24h Time-Point Compared to the Initial Responses Seen at 6h Exposure
	Upstream Regulator Analysis Shows the Dynamics of the Cervical Mucosal Transcriptome After HIV Exposure With a Transient Expression of Many Genes That Is Lost at 24h
	Complement-Opsonized HIV Activates Infection and Viral Replication Pathways/Groups in the Ectocervical Tissue
	Free and Complement- Opsonized HIV Exposure Have Diverse Effects on Expression of Proteins Involved in Canonical Pathways
	Proteins Associated With Viral Infection Are Upregulated in Cervical Mucosa Exposed to Complement-Opsonized HIV

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


