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Abstract
HIV infection is associated with a wide range of changes in microbial communities and
immune cell components of the oral cavity. The purpose of this study was to evaluate
the oral microbiome in relationship to oral neutrophils in HIV-infected compared to
healthy individuals. We evaluated oral washes and saliva samples from HIV-infected
individuals (n=61) and healthy controls (n=43). Using 16S-rRNA gene sequencing, we
found differential B-diversity using Principal Coordinate Analysis (PCoA) with Bray-Curtis
distances. The a-diversity analysis by Faith’s, Shannon, and observed OTUs indexes
indicated that the saliva samples from HIV-infected individuals harbored significantly
richer bacterial communities compared to the saliva samples from healthy individuals.
Notably, we observed five species of Spirochaeta including Spirochaetaceae,
Spirochaeta, Treponema, Treponema amylovorum, and Treponema azotonutricum were
significantly abundant. In contrast, Helicobacter species were significantly reduced in the
saliva of HIV-infected individuals. Moreover, we found a significant reduction in the
frequency of oral neutrophils in the oral cavity of HIV-infected individuals, which was
positively related to their CD4 T cell count. In particular, we noted a significant decline in
CD44 expressing neutrophils and the intensity of CD44 expression on oral neutrophils of
HIV-infected individuals. This observation was supported by the elevation of soluble

CD44 in the saliva of HIV-infected individuals.

Overall, the core oral microbiome was distinguishable between HIV-infected individuals
on antiretroviral therapy compared to the HIV-negative group. The observed reduction in
oral neutrophils might likely be related to the low surface expression of CD44, resulting

in a higher bacterial diversity and richness in HIV-infected individuals.
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Chapter 1. Introduction
1.1. Human Immunodeficiency Virus (HIV) Infection
The infection is caused by a viral agent called human immunodeficiency virus (HIV),
which causes the disease “the acquired immunodeficiency syndrome (AIDS)” at the late
stage of the disease in the absence of treatment (1). The World Health Organization
(WHO) defines HIV infection as a major global public health issue (2) constituting one of
the main causes of morbidity and mortality worldwide (3). HIV is a retrovirus from the
lentivirus genus, as such its genetic material is present as a double stranded RNA
(ssRNA), (Fig. 1). There are two subtypes of HIV defined as HIV-1 and HIV-2. HIV-1 is
more prevalent and accounts for the most reported infection cases. HIV-2 subtype is
endemic in certain parts of west Africa with a milder disease. Both subtypes emerged
from the cross-species transmission of the simian immunodeficiency virus (SIV) to
humans, which is thought occurred for the first time by blood contact of infected animals

with African meat hunters (3,4).

Reverse
Transcriptase

Single Stranded : p32 integrase
RNA (ssRNA) : e

Matrix

Figure 1 HIV structure, author, created in Biorender software, adapted from (1)



1.1.1. Epidemiology
On a worldwide scale, HIV affected 37.7 million people until the end of 2020 (2). Most of
the new cases (incidence) concentrated in the Sub-Saharan African Region (25 million),
followed by South, Southeast, and East Asia (4.8 million), Eastern Europe and Central
Asia (1.3 million), Latin America (1.5 million), North America (1.3 million), Eastern
Europe and Central Asia (1.3 million), Western and Central Europe (860 000), North
Africa and Middle East (260 000), the Caribbean region (250 000) and Oceania (51 000)
(4). While antiretroviral therapy (ART) has reduced the incidence of HIV especially by
heterosexual and mother-to-child transmission from 3.3 million global cases in 2002 to
2.3 million in 2012, the prevalence of HIV has increased over the last several years
because HIV infected individuals under ART now can live longer. (4)
In Canada, 62,050 people were living with HIV and 8,300 people had HIV but didn’t
know or were undiagnosed at the end of 2018. Also, 2,242 newly infected cases were
registered until 2018, with a slight increase of 1,960 new cases in 2018 compared to

2016 (5).

1.1.2. Transmission
After contact with body fluids from an HIV-infected person by semen, rectal and vaginal
fluids, blood, and breastmilk. Therefore, common routes for transmission are (1,6):
e Sexual transmission: by vaginal or anal intercourse, accounting for most cases.
e The passage from HIV infected mothers to infants during pregnancy, labor,

delivery, or breastfeeding.



e Blood or blood products contamination: in blood transfusions, when sharing
contaminated needles in drug users, or after accidental needle punctures in

health care workers.

1.1.3. Pathophysiology
a) Initial exposure.
After transmission, HIV enters the mucosal barriers as a free virus through inter
epithelial cell spaces and/or tissue abrasions, and then carried by infected immune
cells, or as a virion attached to tissue-resident dendritic cells (DCs) or Langerhans
cells (7). HIV preferentially infects CD4+ T cells, binding its viral protein gp120 with
the CD4 receptor, and gp41 to the coreceptors CXCR4 or CCRS on the surface of T
cells, monocytes/macrophages, and dendritic cells (1,3). Inside the cell, the virus
releases its genetic material (ssRNA), for posterior reverse-transcription to
complementary DNA (cDNA) by the viral enzyme reverse transcriptase (RT). The
newly formed cDNA is incorporated into the host genome, and this provirus is
transcribed and translated to generate viral proteins that together with copies of the
viral ssRNA genome will form virions that bud from the surface of the infected cells
leading to cell lysis (Fig. 2) (1). From the site of infection, HIV disseminates to
draining lymph nodes and later to distal lymph nodes in approximately 2 weeks.
However, the virus can remain latent inside the cells, because it is incorporated into
the host genome. In this way, HIV builds reservoirs where antiretroviral drugs and
the host’s antiviral immune mechanisms cannot reach efficiently to eliminate the

virus (3,4).
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Figure 2. HIV Replication Cycle (8)

b) Primary or Acute Phase.
e Signs and symptoms. Nonspecific mild flu-like symptoms, that occur after 2-
4 weeks of the initial exposure to HIV, are commonly fever, generalized
lymphadenopathy, pharyngitis, non-specific rash, myalgia/malaise, and
arthralgia (3,9). Less common manifestations include oral ulcers, abdominal
pain, diarrhea, weight loss, and photophobia (9).
e Viremia. The severity of symptoms is related to the amount of viral load

present in the blood which in some cases can reach a peak of 108-107



copies/ml (3). After this transitional viremia, the immune response including
natural killer (NK) cells, CD8+ cytotoxic T lymphocytes (CTLs), and B cells
suppress viral replication up to 100 times lower than the acute phase leading
to a steady-state known as the viral set point (3,7).

e CD4 T cell depletion. Severe depletion of CD4 T cells and their subtype
Th17 cells occurs because of the viral replication, especially in the gut-
associated lymphoid tissue (GALT). Gut’'s depletion of CD4 T cells is thought
to permeate the intestinal barrier integrity, promoting bacterial products
translocation that will in turn result in inflammation, hyperimmune activation,

and microbial dysbiosis over time. (3,9-11).

c) Chronic Phase or Clinical Latency.

The chronic phase in the result of the body’s inability to control HIV over time (12).

After the acute phase, CD4 numbers are partially and temporarily restored and HIV

viremia is controlled by the response of CD8+ CTLs, B cells, and NK cells (1,7).

However, HIV will establish body reservoirs within CD4 T cells of the GALT, and

lymphoid tissues from where it will proliferate over the years, resulting in a gradual

and irreversible depletion of CD4 T cells (1,3,4,7). This process greatly differs

between individuals having three types of progressors (12).

e Typical Progressors (70-80%). Experience a period from 6-8 years of clinical
latency, where HIV continues its replication, but no symptoms are observed if
CD4 T cell counts are maintained >500 per ul. Over time their CD4 T cells

numbers will drop to < 200 per ul (12).



Rapid Progressors (RPs) (10-15%). RPs are individuals who progress to AIDS
in a short period of 2-3 years after infection. Their immune system does not
efficiently control the first viremia observed in the primary phase, thus the latency
period is more like an extension of the acute phase, therefore their levels of
viremia are maintained high throughout the disease (12).

Long-Term Nonprogressors (LTNP) (<5%). LTNPs are individuals that
maintain normal CD4 T cell counts, and low viral levels. Their immune system
maintains its architecture and function over time. They do not develop symptoms
of immunodeficiency and do not progress to AIDS even in the absence of
treatment (12,13). LTNPs have healthier CD8+ T cells with greater proliferative,
cytolytic, and cytokine secretion capacities, which can be explained by their
enrichment with a protective form of the human leukocyte antigen (HLA) allele

groups, mainly HLA-B*27 and HLA-B*57 (10,14).

d) Acquired syndrome of immune deficiency (AIDS).

This is the last and more advanced stage of HIV infection (2). It is characterized by

significant drop in CD4 T cells counts (< 200 cells/ul) (1), and the development of

opportunistic infections (Ols) because of their compromised immune system not

being capable of providing a robust immune response against infectious agents.

Common Ols in AIDS are listed below (15).

e Candidiasis e Cryptococcosis
¢ Invasive cervical cancer e Cryptosporidiosis (Crypto)
e Coccidioidomycosis e Cystoisosporiasis



e Cytomegalovirus (CMV) e Mycobacterium avium complex

e HIV related Encephalopathy (MAC)
e Herpes simplex virus (HSV) e Pneumocystis pneumonia (PCP)
e Histoplasmosis e Pneumonia (Streptococcus
e Kaposi’s sarcoma (KS) pneumoniae)
e Lymphoma e Toxoplasmosis
e Tuberculosis (TB) e Wasting HIV syndrome
A
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Figure 3. Pathophysiology of HIV infection (4). Copyright license: 5178400364594

1.1.4. Immune Response to HIV

a) Adaptive Inmune Response.

e CD4 T cells. They are the main target of HIV. During the primary infection,
peripheral CD4 T cells experiment a transient and robust depletion, but later
upon the magnitude of the immune response, they are partially restored (3).

Over time HIV creates a continuous cycle of activation, proliferation, and
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destruction of CD4 T cells especially in the GALT (7). Initially, CD4 T cell
destruction by HIV is counteracted by an increase in CD4 T cell turnover (up to
3-fold in untreated individuals), a process that will occur until the virus spreads
and infects CD4 naive progenitors destroying them (10) (Fig. 3).

T regulatory cells (T regs). As a subset of CD4 cells, identified by CD4+,
CD25+, FoxP3+ expressing T cells, exhibit immunosuppressive capacities to
limit overreacting T cells responses as a mechanism of maintaining homeostasis
(10,16). In HIV infection, there are some reports that Tregs expand decreasing
the proliferation of other CD4 T cells subsets (10,17). In contrast, there are other
reports that HIV infects and depletes Tregs (18). HIV also impacts Tregs effector
functions and may impair or enhance their suppressive properties (18).
Moreover, T regs can suppress CD8+ CTLs by cell-cell interactions and
secretion of soluble factors (e.g. IL-10, IL-35, TGF-B, and adenosine) (19). For
example, it is reported that Tregs by constitutively expressing surface Galectin-9
via interaction with T cell immunoglobulin domain and mucin domain (TIM3) on
the surface of CD8+ CTLs can suppress their proliferative capacity (14) (Fig. 3).
CD8+ cytotoxic T cells (CTLs). They are the most important cells responsible
for killing HIV-infected cells, like CD4 T cells and antigen-presenting cells
(APCs) (7,10). Upon encounter and recognition of viral antigens presented by
APCs, CD8+ CTLs become activated. Following activation, they upregulate
surface activation markers and secrete antiviral cytokines (IFN-y and TNF-a).
Also, they will proliferate into antigen-specific CTLs with higher perforin and

granzyme B content, to better accomplish their cytotoxic properties by



degranulation (20). The effectiveness of CD8+ CTLs response determines HIV
disease progression, while LTNPs show an effective CTL response, progressors
are enriched by CD8+ CTLs that over time lose their degranulation capacity
(20). Also, CTLs from LTNPs with protective HLA alleles (B*27, B*57) evade
suppressive mechanisms of T regs by secreting granzyme B which eliminates T
regs they encounter (14).
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Resting CD4 T cells
= CD4 Tcells PD-1+*CD8*
= ,./ T cells
= // \ 7 Establishment O )
HIV 5 of lymphoid B —d
virion = /ﬁ‘ Dissemination ©f s
5 3 of virus tissue vira Immune
TS = reservoir activation 3 5
B — 353 = : :
= DC S
E Activated Jﬁ‘ { O T 3
= CD4* Teell _@ \>—/ : :
Crossing E i = e 3 2
the 3 ottt ) ‘@'
barrier % % i b = yog Sustained
arrier () HIV
. Infected N production
= activated \ o
b 4 E CD4* Tcell AN
Infected = ﬁ ’ﬁ} Regulatory
cell W N o T cells
; Macrophage ﬁ‘
:: Lamina propria 2 Lymph node
L & Il I I |
Hours Days Weeks Years

Figure 4. Adaptive Inmune Response to HIV- on different stages of disease (7). As HIV progresses
both CD4 and CD8 T cells, will become exhausted upregulating co-inhibitory receptors such as VISTA,
PD1, and Galectin-9, losing their capacity to respond to HIV (21)

b) Humoral Response.

B cells are immune cells responsible for antibody production, that are formed in
the bone marrow and continue to develop and differentiate in the peripheral blood
and lymph nodes (22). After B cells encounter antigens, they will differentiate into
plasma cells and secrete specific antibodies with or without the help of CD4 T
cells (22). In HIV infection, 5-7 days postexposure there is an increase in

activated memory B cells and short-lived plasmablasts (plasma cells) in the



peripheral blood, possibly due to the increase of cytokine levels during the acute
infection (22). However, the antibodies produced at this point of the infection, are
directed to glycoproteins of the virus envelope (gp41, gp120) (Fig.1) and do not
provide efficient protection, because they can not neutralize the virus (non-
neutralizing antibodies) (23). After 3-4 weeks or even months in some cases,
neutralizing antibodies appear (24). In response to such antibodies, HIV will
mutate to escape antibody neutralization (23). Antibodies directed to HIV also
coordinate the phagocytosis of the opsonized virus by innate immune cells, that
recognize them through Fc receptors present in almost all innate immune cells

(macrophages, dendritic cells, granulocytes, NK cells) (23).

c) Innate Immune Response.

e Monocytes/Macrophages. They can be HIV targets, due to their expression
of CD4 receptor, CCR5, and CXCR4 coreceptors, but since they express lower
CD4 compared to T cells they become less attractive for HIV infection (25).
Monocytes are the precursors of the maijority of tissue macrophages, in HIV
infection they are more activated, differentiated with increased tissue migration
capacity (26). Also, monocytes/macrophages can be indirectly infected by HIV
when they engulf HIV-infected T cells (26). Infected macrophages in the
peripheral tissues become long-lasting viral reservoirs, especially in the brain
(microglia) and lungs, where HIV persists even after combined antiretroviral
therapy (CART) (25,27,28). Interestingly, a study showed that the bone marrow

macrophages (osteoclasts) can also be infected by HIV-1 in vitro which
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enhances their differentiation having a possible contribution to osteolytic
disease in HIV-infected patients (29).

Dendritic Cells (DCs). DCs are antigen-presenting cells (APCs) that can be
found in the peripheral blood (myeloid and plasmacytoid DCs types) and
tissues (Langerhans cells). DCs can be potential targets of HIV because they
express CD4, CXCR4, CCR5, and they are also one of the first cells to interact
with HIV during sexual transmissions, like Langerhans cells that have an
intraepithelial location in the vaginal mucosa. Additionally, DCs express C-type
lectins receptors that serve as attachment factors for HIV, for example,
intercellular adhesion molecule 3 (ICAM3), grabbing nonintegrin (DC-SIGN or
CD209), and langerin ( or CD207 only in Langerhans DCs) (30). Through
these C-type receptors, DCs will capture HIV for later trans-infection to CD4 T
cells during antigen presentation in the lymph nodes, without becoming
infected (30). DCs can also serve as reservoirs of HIV or they can react to the
virus displaying antiviral responses by intracellular sensing of viral antigens
through toll-like receptors 7 and 9 (TLRs) resulting in the secretion of interferon
antiviral cytokine (IFN-y) (10).

NK cells. They are antiviral effector cells of the innate immune system (31).
They lyse virally infected cells by secreting perforin and granzymes, after the
loss of interaction between their inhibitory receptors (iNKRs) with the major
histocompatibility complex type | (MHC 1) present on healthy cells. HIV is
known to prevent downregulation of MHC | on infected cells, mimicking a

healthy cell status, thus avoiding NK cell lysis (32). Also, another antiviral

11



mechanism of NKs is the lysis of antibody-coated infected cells through their
Fc receptors (like CD16) a mechanism called antibody-dependent cell-
mediated cytotoxicity (ADCC) (32). Alternatively, NK cells fight HIV by
secreting chemokines (CCL3,4 and 5) that bind to CCRS5 receptors and inhibit
HIV cell entrance through receptor competition. Besides, NKs secrete other
cytokines like IFN-y, TNF-a, and granulocyte/macrophage colony-stimulating
factor (GM-CSF) to recruit more cytolytic effector cells (32). Additionally, HIV
infection causes the upregulation of surface Gal-9 on NK cells which is
associated with enhanced secretion of IFN-y, but impaired Granzyme B,
perforin, and granulysin expression (31).

Neutrophils. The most abundant immune cells and front-line defenders in the
peripheral blood and tissues. Their protective mechanisms include
phagocytosis of pathogens, or antibody/complement opsonized pathogens,
production of neutrophil extracellular traps (NETs), and secretion of
antimicrobial peptides (33-35). It has been shown that HIV can bind to
neutrophils and that neutrophil-bounded HIV is more efficient in infecting T
cells compared to cell-free viruses (36). Moreover, activated neutrophils
enhance their binding to HIV (37). Neutrophils can also bear HIV after the
phagocytosis of antibody opsonized infected cells by recognition through their
Fc receptors CD16, CD32, CD64, CD89 (38). HIV-infected neutrophils later
recognize intracellular HIV by their TLRs 7 and 8, producing NETs in response
(39). Neutrophils can also release the surface-bound Gal-9 to CD44 following

activation, which subsequently can activate T cells (40). However HIV-infected

12



individuals with low CD4 counts have neutrophils with reduced phagocytic
capacities, and HIV progression is reported to be related to a decrease in
neutrophils (neutropenia), a process that occurs because of the destruction of
CD34+ hematopoietic bone marrow progenitors, CD4 T cells, and mucosal

Th17 cells by HIV (33).

1.1.5. Diagnosis of HIV
Diagnostic tests are performed on blood, which evaluates the presence of viral RNA,
viral capsid antigen p24, and antibody-antigen immunocomplexes. Thus, different
methods have been developed according to the progression of HIV (Fig. 5) (41,42).
a) Enzyme Immunoassays (EIA).
This method recognizes antibodies directed to HIV or viral p24, according to their
sensibility and time of application, they are classified into 4 Generations,
summarized in Table 1 (42). Generally, EIAs offer high sensitivity and specificity in
detection, but on some occasions, they can report false positives. Thus after
positive EIAs results, confirmation by a different type of EIA or a different assay

such as Western Blot must be performed (43).

Table 1. HIV Diagnostic EIA (42).

EIA Principle Limitations
First Detect HIV-1 specific IgGs antibodies from Does not detect HIV-specific
Generation the serum of infected patients after 6-8 IgM antibodies
weeks of infection Does not detect HIV antigens
Second Detect HIV-1 specific IgGs antibodies from Does not detect HIV-specific
generation the serum of infected patients that are IgM antibodies
after 5-8 weeks of infection Does not detect HIV antigens

13



Third Detect both HIV-1/2 IgM and IgG Does not detect HIV antigens

Generation antibodies 3 weeks after infection.

Fourth Detects both HIV-1/2 IgM and 1gG Miss early infection before
Generation antibodies 2 weeks after infection. antigenemia
Detects HIV p24 HIV antigen 5-7 days

after the appearance of nucleic acid.

b) Western Blot.

This approach tests IgG antibodies that bind to fixed HIV proteins, which after
exposure to a substrate creates a pattern that is read as positive, negative, or
indeterminate. Traditionally this has been used after EIA to corroborate results (42).
c) Qualitative polymerase chain reaction (PCR).

This is a method that detects viral nucleic acid in human secretions after its
amplification. It is a very sensitive test, especially during the early phase of the
infection (42). It can detect small amounts of virus, useful to evaluate the infection
in babies that carry maternal antibodies to HIV up to 15 months of age, and
immunocompromised infected individuals that cannot produce significant levels of
antibody response against the virus (43).

d) Rapid Tests.

This is an antibody-based test that detect IgG and IgM anti-HIV antibodies, suitable
for oral fluids, whole blood, plasma, or serum. Their results can be read in around
20-30 min, making them a good option for remote places where lab testing is
limited. They can also be used for self-testing, although their effectiveness will be

compromised especially in the early stages of the disease (42).
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Figure 5. Diagnostic markers of HIV by sequence of appearance (40)

1.1.6. Treatment of HIV

There is no cure for HIV infection, but antiretroviral therapy (ART) suppresses viral
replication converting HIV into a chronic disease rather than a death sentence (44).
Antiviral drugs target different stages of the HIV replication cycle (Fig. 6, Table 2).
Standard ART regimen will combine 2 nucleoside reverse transcriptase inhibitors with
a non-nucleoside reverse transcriptase inhibitor, protease, or integrase inhibitor (4).
The combination of tenofovir, emtricitabine, efavirenz in a single pill, that is very
common for daily intake (44). After starting ART plasmatic viral load will decrease to
undetectable concentrations after 3 months, however, CD4 Tcells may rebound to
close to normal levels is some patient but not in all. It is different among individuals
depending on the early start of ART and the viral set point at the beginning of the

infection (4). Clinical trials have shown the benefits of starting early ART, and also the

15



benefits of immediate ART as a preventive method after a possible exposure (e.g. a
sexual encounter, pregnancy, and breastfeeding) to reduce the risk of HIV

transmission.
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Figure 6. HIV drugs and their targets along HIV’s life cycle (4). Copyright license: 5178400364594

Transcription

Table 2. Antiretrovirals for HIV Treatment (3,4,44)

Class Drug
- Tenofovir
. . - - Abacavir
Nucleoside Reverse Transcriptase Inhibitor . .
(NRTIs) - Zldovuc.jme
- Stavudine
- Lamivudine/ Emtricitabine
Non-Nucleoside Reverse Transcriptase Inhibitors ) Efav.|ren.z
(NNRTIs) - Newrgpme
- Etravirine
- Raltegravir
Integrase Inhibitors - Dolutegravir
- Elvitegravir
- Fosamprenavir
- Atazanavir
Protease Inhibitors - Darunavir
- Lopinavir
- Saquinavir (Ritonavir)
Binding or Entry Inhibitors (CCR5 or CXCR4) Maraviroc
Fusion inhibitors Enfuvirtide
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1.2. The oral cavity and HIV infection
The oral cavity is a unique environment, where immune protective mechanisms, mainly
saliva and its components, immune cells, and mucosal epithelium maintain tolerance
against a diverse repertoire of commensal microbes and food antigens, restricting the
growth of pathogens. (45) (46).

1.2.1. Salivary Immune Factors
Saliva is an aqueous, and hypotonic body fluid of the oral cavity, a mixture of exudates
from salivary glands, and crevicular fluid (47). It is made of 98.5% water, 1% organic,
and 0.5% inorganic components. Organic components are mainly proteins (amylase,
mucin, peroxidase, lysozyme, cortisol, immunoglobulins), glucose, cholesterol, fatty
acids, triglycerides, urea, uric acid, and steroid hormones (cortisol). Inorganic
components are electrolytes (Na+, Cl—-, Ca2+, K+, HCO3—, H2PO4—, F—, |- and Mg2+)
(48) (47). Also, saliva contains a large number of oral microorganisms, and some
epithelial and immune cells (49). Saliva has several important functions, including
mucosal protection, pH maintenance, microbial control (antibacterial, antifungal,
antiviral), remineralization of teeth, bolus formation, conversion of starch into maltose or
glucose (by amylase), and taste mediator (50). Moreover, saliva can reflect pathological
changes, acting as a mirror of systemic diseases, thus many of its components can be
used as biomarkers for infectious diseases, neoplasias, hormonal disorders,
autoimmune and cardiovascular diseases with diagnosis and prognosis application(51).
Despite the presence of HIV in the saliva, its oral transmission is a rare event (52).
Saliva is a hypotonic medium and disrupts the membrane of HIV-infected lymphocytes
(53). Additionally, some salivary components can bind to HIV and neutralize it (46).

However, following HIV progression local protective mechanisms are unable to protect
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the host. Hence, leading to the appearance of oral opportunistic infections (e.g. Kaposi’s
sarcoma, oropharyngeal candidiasis, hairy leukoplakia, necrotizing gingivitis, and
periodontitis) that are associated with AIDS (54).

Many salivary components have antimicrobial functions (summarized in Table 3). But

only some of them have antiviral and/or anti-HIV functions as described below (Fig. 8),

Table 3. Antimicrobial factors in the saliva (55)

¢ 0,3 defensins

e Cathelicidin (LL-37)
Cationic antimicrobial peptides o Histatins 1, 3

e Adrenomedullin

e Azurocidin

e Mucins

¢ Salivary agglutinin

Adhesive proteins mediating e Surfactant protein A
Innate bacterial agglutination e B2 microglobulin
Immunity e Proline rich proteins (PRPs)

e Fibronectin

Metal ion chelators Calprotectin, Lactoferrin

Cystatins, Secretory leukocyte protease
inhibitor (SLPI)

Enzymes against bacterial cell Lysozyme, Peptidoglycan recognition

Protease inhibitors

galls proteins 3 and 4

. Salivary peroxidase, Myeloperoxidase
Peroxidases

(neutrophils)

Adaptive .
_ Immunoglobulins IgA, IgG
Immunity
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a) Immunoglobulins (lgs).

Their main function is to bind/agglutinate pathogens, inactivating them. There are 2
main Igs in the saliva IgG (1-10%), and secretory IgA (SIgA, 90-98%). IgG has
serum origin and reaches the oral cavity through the crevicular fluid. SIgA is
produced by plasma cells originated from committed B cells, residing in the MALT
(Mucous associated lymphoid tissue) predominantly of the salivary glands (56). B
cells class switch and secrete IgA, after receiving stimulation from T helper CD4

Tcells or APCs (57).

e Secretory Immunoglobulin A (SIgA). Constitutes the major antibody in the
saliva, with antiviral and antibacterial opsonizing properties (46). In HIV infection,
salivary IgA neutralizes free HIV binding to its gp120, thus inhibiting its
attachment to target cells, enzyme activity, and movement across the oral
epithelium (58) (46). Also, a decrease in the levels of salivary and serum IgA
occurs in HIV-infected individuals, possibly as an indirect effect of CD4 T cells
depletion (59) (60). In support, we have observed a decrease in the concentration
of salivary IgA, although not statistically significant according to Mann-Whitney

statistical test for non- parametrical data (Fig. 7).

0.0732

600000+

400000+

= 200000+

Saliva IgA ng/mL

Figure 7. Saliva IgA concentrations in HIV-infected patients versus HCs, measured by ELISA
(Abcam, Cat.# ab196263)
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b) Cationic peptides.

Cationic peptides are positively charged (15-20 aminoacids) with antiviral activity

against HIV and other enveloped viruses, Gram+ and Gram — bacteria, fungi, and

parasites. They include cathelicidins and defensins (55).

e Cathelicidins. They are also found in the lungs, intestine, and skin. They are
produced by neutrophils, mast cells, lymphocytes, keratinocytes, and epithelial
cells. The LL-37 cathelicidin has been identified as an antiviral against HIV and
influenza viruses, basically by binding to their membranes and creating pores for
membrane rupture (46,56,61).

e Defensins. There are a-defensins (HNP1, 2, 3, 4) from neutrophils, and [3-
defensins (hBD1,2,3,4) from mucosal cells (56). They inhibit HIV replication by
binding gp120 of HIV and decreasing the expression of CXCR4 on the surface
of cells (46). Also, a and 3 defensins bind to the CD4 receptor, and they can
inhibit HIV-1 replication at a step before reverser transcription (62). Moreover,

HIV increases the expression of Hbd-2,3 mRNA in oral epithelial cells (63).

c) Metal ion chelators / Lactoferrin.
Secreted by salivary glands and neutrophils, it is an iron-binding glycoprotein with
strong anti-HIV activity, because it competes with HIV for the binding to CXCRA4,
one of its receptors on T cells, as well (64). Lactoferrin also binds directly to
gp120 of HIV, inhibiting HIV replication. (62).

d) Enzymes / Lysozyme.
It is produced by the salivary glands, especially the sublingual salivary gland, as

well as by neutrophils and macrophages. It is also present in tears, egg whites,
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and human milk (65). Lysozyme’s anti-HIV properties are attributed to its binding

to the CD4 receptor on host cells. Also, lysozyme degrades viral polysaccharides

and RNA transcripts (46,62).

e) Protease Inhibitors.

e Secretory Leukocyte Protein Inhibitor (SLPI). It is a serine protease
inhibitor, that protects the mucosa from excessive proteolytic activity (66). It is
produced by macrophages, neutrophils, epithelial cells, and salivary glands
(46). Its anti-HIV activity occurs by binding to annexin Il on macrophages,
avoiding HIV to bind to it through phosphatidylserine, which is acquired from
the host after budding. (62).

e Cystatins. Are proteins that inhibit bacterial cysteine proteases denying
nutrient uptake from bacteria suppressing their growth (55). In the case of HIV,
they inhibit viral cysteine processes, as well (46).

f) Adhesive proteins.

e Thrombosphodin, acidic proline-rich proteins (PRPs). Thrombospondin is a
glycoprotein that suppresses the infectivity of bacteria and protozoa. PRPs are
proteins that constitute nearly 70% of the total protein fraction of human saliva.
These 2 factors, interfere with HIV cell entrance by binding to gp 120 (46).

e Mucins. Produced by acinar cells of salivary glands (submandibular,
sublingual). Mucins agglutinate viral particles, isolated salivary Muc5b, and 7

have inhibitory activity against HIV (55) (67).
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e Salivary agglutinins: They are large glycoproteins, from parotid secretion and
able to agglutinate large numbers of bacteria by their scavenger receptor (55).

They bind and detach gp120 from the virus, damaging it (46).

2) Thrombospondin, PRPs,
polyanionic proteins
- an

P o 5) Mucins,
S5FsaX \ ¥ salivary
2 N agglutinins

6) Hypotonicity

Figure 8. Salivary factors that inhibit HIV-1 infection (46).

1.2.2. Epithelial disruption, microbial dysbiosis, and translocation
In the genital, intestinal, and oropharyngeal mucosa, epithelial cells express CXRC4,
CCRS5, galactosylceramide (GalCer) receptors, which are targets for HIV binding and
entrance into the epithelium. Then, by transcytosis HIV reaches deeper epithelial layers
to end up in the lamina propria (68) (69). HIV also disrupts the epithelial tight junctions’
proteins, for instance, after 24 hours epithelial cells incubated with HIV showed
impairment in their tight junction proteins (claudin 1,2,3, occludin, and ZO-1), resulting in
increased tissue permeability. HIV-infected epithelial cells secrete inflammatory

22



cytokines TNF-a, IL-6, IL-8, increasing epithelial disruption (70) (68). Moreover, the loss
of tight junctions results in bigger paracellular spaces that favor HIV passage across the
epithelium (68). Additionally, epithelial disruption causes bacterial translocation from the
outside (lumen) to the interior of the gut’s tissue, causing dysbiosis or disturbing the
homeostasis between the host and the commensal microbiota (71). Consistently it has
been shown that HIV-infected individuals have decreased bacterial diversity in their gut,
increasing pathogenic species from Proteobacteria phylum and decreasing commensal
Bacteroidetes phylum (71). Dysbiosis does not improve even after the start of ART, and
as a result, a vicious circle of inflammation and continuous activation of CD4 T cells
takes place in the gut, contributing to the viral replication and consequently CD4 T cells
depletion, especially of the subsets Th1, Th17, Th22 (72). Similarly, bacterial dysbiosis
in the oral cavity of HIV-infected individuals has been reported in several studies,
analyzing the bacterial microbiome from the saliva and finding changes associated with
periodontitis (73), gingivitis (74), the start of antiretroviral therapy (75) (76), decreased
pulmonary function (77) and pneumonia risk (78), age and CD4 T cell counts (79), etc.

This will be further discussed in chapter 2.
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1.3. Galectin-9 (Gal-9)
Gal-9 is a B-galactoside-binding protein with different immunomodulatory functions,
including cell aggregation, adhesion, proliferation, death, and inflammation (40) (80).
Plasma levels of Gal-9 increase in pathologic conditions, like viral infections including
HIV (81). Also, Gal-9 impacts neutrophil functions, increasing or decreasing chemotaxis,
enhancing phagocytosis, and production of reactive oxygen species (ROS) (82). It has
been reported that Gal-9 is highly expressed on the surface of neutrophils from the
peripheral blood in healthy individuals. However, HIV-1 infection results in
downregulation of surface Gal-9 as CD4 T cell counts decrease. (40). This suggests
neutrophil activation results in Gal-9 shedding from neutrophils. This was supported by
the downregulation of Gal-9 after in vitro stimulation with bacterial lipopolysaccharide
(LPS) (Fig. 9). Therefore, neutrophils can be an important source of plasma Gal-9, given
their abundance in the peripheral blood. Furthermore, secreted Gal-9 from neutrophil

can interact with other cells resulting in their activation (e.g. CD4 and CD8 T cells) (40).
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Figure 9. Downregulation of surface Gal-9 on blood neutrophils. (A) Cumulative data of neutrophils
from the peripheral blood of HCs (n=8) after 3 hours in-vitro stimulation with LPS (100ng/mL) (B) Flow
cytometry plot of 1 HC.
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1.4. CDA44- Hyaluronan Receptor

In T cells, one of the receptors for Gal-9 is CD44 (81). CD44 is a transmembrane
glycoprotein expressed by hematopoietic and non-hematopoietic cells such as
endothelial, epithelial cells, fibroblasts, keratinocytes, (83). CD44 is a common
adhesion molecule, that participates in the attachment of immune cells to hyaluronan or
hyaluronic acid (HA) of the extracellular matrix (ECM) (84). Adhesion of CD44 on
immune cells and its ligand HA promotes cell activation and extravasation to the
extracellular space. Particularly in neutrophils, CD44-HA acid interaction enhances their
phagocytosis and IL-8 cytokine production (84). CD44 also binds to E-selectins (CD62E)
on endothelial cells, therefore CD44 plays an important role in neutrophils’ tethering,
rolling- arrest, and adhesion (85). For instance, in the liver, endothelial cells capture
neutrophils via CD44-HA (86). Also, CD44-/- knockout mice, showed less neutrophil
emigration and adhesion after injection with neutrophil-activating chemokine (MIP-2)
(87).

Based on our observations of blood neutrophils, they not only co-express abundant
surface CD44 and Gal-9 but also Gal-9 is colocalized with CD44. Gal-9 shedding from
neutrophil surface takes place following neutrophil activation that makes CD44 interact

with the actin cytoskeleton of the cell, promoting cell polarization and movement (40).
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1.5. Hypothesis and study aims

As discussed in chapter 1, HIV-1 infection in different ways impacts the oral immunity
(46). Some previous studies have described bacterial dysbiosis in the oral cavity of HIV-
1 infected patients (75,88). However, this has been the subject of debate. Moreover,
there is no information about the frequency and phenotype of neutrophils as the most
abundant cells in the oral cavity of HIV-1 infected individuals compared to HIV-negative
individuals. Thus, the purpose of this study was to address oral bacterial dysbiosis with

a particular interest in neutrophils, given their important role in bacterial containment

and tissue homeostasis in the oral cavity (89). | hypothesize that HIV-1 infected

individuals harbor a pro-inflammatory environment shaped by neutrophil’s phenotype,

similar as the gut, where dysbiotic bacteria impact neutrophil’s functions (90).

| propose the following specific aims to better understand the role of neutrophils in the

oral cavity of HIV-infected patients versus HIV-negative individuals.

1. To phenotype neutrophils from oral washes of HIV patients versus healthy controls by
flowcytometry analysis, evaluating their expression of surface Gal-9 and CD44. |
suggest that neutrophils’ that lose Gal-9 become more activated. Additionally,
neutrophils’ CD44 expression will also be important, considering its role in Gal-9
shedding (40), neutrophil migration, phagocytosis and cytokine production (84), as
described previously.

2. To measure soluble biomarkers, mainly inflammatory cytokines, and other biomarkers
(soluble Gal-9, and CD44) in the saliva of HIV-1 infected versus healthy controls by
Elisa and Multiplex Elisa.

3. To explore changes in the bacterial oral microbiome of HIV-1 infected versus age/sex-

matched healthy controls by 16srRNASeq.
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Chapter 2. "Differential signature of the microbiome and neutrophils in the oral

cavity of HIV-1-infected individuals"

This study has already been published in Frontiers of Inmunology Journal,09 November
2021 | https://doi.org/10.3389/fimmu.2021.780910.
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2.1. Introduction

The oral cavity is a unique environment that comprises immune cells, soluble immune
mediators, microbial communities, food antigens/foreign materials, soft and hard tissues
(45) (91). Although most of the research has been focused on bacterial communities,
the oral cavity harbors a large collection of viruses, fungi, and bacteriophages (92).
Saliva flow, soluble salivary components such as antimicrobial peptides (93), immune
cells, and mucosal epithelial cells in cross-talk with oral microbiome work together to
sustain an immune homeostatic state under normal physiological conditions (52) (57).
For example, SLPI (salivary secretory leukocyte protease inhibitor), defensins, slgA,
lactoferrin, and lysosome in the saliva play a protective role against viral infections (e.g.
HIV) (46). However, upon the acquisition of HIV infection and disease progression due
to the elimination/reduction of HIV-target cells (CD4 and Th17 cells) (46) (11)(94),
patients become prone to opportunistic infections such as candidiasis and other oral
manifestations (e.g. Kaposi's sarcoma) (54) (95). Notably, elimination of Th17 cells and
reduction in IL-17 result in decreased recruitment of innate immune cells especially
neutrophils into the oral cavity (96). Besides, HIV-infected individuals with lower CD4 T
cell count even when on antiretroviral therapy (ART) exhibit decreased neutrophil
frequency in their blood circulation (97).

Neutrophils are the most abundant leukocytes in the blood circulation and also in the
oral cavity (98). The interaction of neutrophils with symbiotic microbial communities
plays a crucial role in immune homeostasis at the mucosal surfaces such as the oral
cavity (99). However, dysbiotic microbiota at the mucosal surfaces (e.g. gingival crevice)
activate neutrophils which result in an exacerbated inflammatory response (100). The

oral cavity is an important peripheral microenvironment for neutrophils given its richness
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with bacterial communities (89). Additionally, bacterial communities can directly or
indirectly (e.g. activation of macrophage, dendritic cells, and lymphocytes) influence
neutrophil recruitment and activation in oral tissues (99) (101). For example, germ-free
mice have decreased neutrophils and their progenitors in the oral cavity compared to
wild-type mice (102). It has also been reported that bacterial communities enhance
neutrophils aging (103). As such, aged neutrophils exhibit an inflammatory phenotype by
increased production of reactive oxygen species (ROS) (104). Moreover, chronic
conditions can influence microbial communities at the mucosal surfaces including the
oral cavity. For example, diabetes can modify the oral microbiome to exacerbate
periodontal disease (105).0n the other hand, the dysbiotic oral microbiome has been
reported to be associated with colorectal and pancreatic cancers (106) (107) (108).
Nevertheless, the impact of HIV infection on the oral microbiome has been controversial.
Some studies support microbiome modifications and some do not. These discrepancies
could be related to various factors such as the study design, detection methods, and
sampling (e.g., saliva, oral wash, or subgingival). For example, it was reported that HIV
infection modulates the fungi population, and smoking habit in HIV-infected individuals
was associated with greater microbial diversity (109). It appears that HIV infection shifts
oral microbial communities towards a dysbiotic state (79). In particular, higher levels of
cultivable microbes were isolated from the saliva of HIV-infected individuals compared to
the HIV-uninfected group (88) (74). Other clinical variables are associated with
alterations in the composition of oral microbial communities in HIV-infected individuals
on ART (74). Although the potential influence of ART on the oral microbiome is
debatable, it is reported that ART partially reverses HIV-induced oral microbiota

alteration (74). ART treatment appeared to be associated with significantly greater
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bacterial richness and diversity (75). These studies demonstrate that HIV infection
and/or ART adds another layer of complexity to the tight interplay between the immune
system and microbial communities in the oral cavity. However, the impact of HIV
infection and/or microbial communities on oral neutrophils and vice versa have remained
unexplored.

Neutrophils are crucial players in immune homeostasis players in the oral cavity (110).
However, in inflammatory conditions such as periodontitis, the accumulation of activated
neutrophils can result in tissue damage and bone loss (111). The activation of
circulatory neutrophils results in cellular polarization, which facilitates tissue
extravasation (112). CD44, a type | transmembrane glycoprotein, is one of the
extracellular adhesion molecules that impacts neutrophil rolling and tissue migration
(83). As such, lack of CD44 was associated with decreased neutrophil migration to
inflamed tissue in CD44 KO mice (87). Besides, the interaction of CD44 with
hyaluronate enhances neutrophil phagocytosis in vitro (84). Recently, we reported that
CD44 interacts with Galectin-9 (Gal-9) on blood neutrophils (40). Gal-9 as a beta-
galactosidase binding protein has a wide range of immunomodulatory properties
depending on interaction with its corresponding receptors (81). We found that CD44
depalmitoylate during neutrophil activation and facilitates the movement of CD44 out of
the lipid raft, and subsequently Gal-9 shedding from neutrophils in HIV-1-infected
individuals (40). This process results in increased soluble plasma Gal-9 in HIV-1
infected individuals which subsequently enhances T cell activation via interaction with
CD44 on T cells (40). Therefore, Gal-9 shedding from neutrophils might explain a

potential source for the elevated plasma Gal-9 in HIV-1 infected individuals (113).
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In the present study, we show that HIV-1 infected individuals have a different and richer
bacterial composition in their saliva than healthy controls. Besides, we observed a
significant reduction in the proportion of oral neutrophils in HIV-1 infected individuals, in
particular, in those with lower CD4 T cell count. Additionally, we observed
downregulation of CD44 surface expression on oral neutrophils in HIV-infected
individuals, which potentially explains their decreased frequency in the oral cavity of HIV

1 infected-individuals.

2.2. Materials and Methods

2.2.1. Study population

For this study, we recruited sixty-one HIV-1 infected individuals including: a) on ART
with low CD4 T cell count (< 200 cell/mm?3, n=11); b) on ART with high CD4 count (>200
cell/mm3, n=40); ¢) Long-term non-progressors (21) (LNTPs, n=9) and d) ART-naive,
n=2) through the Northern Alberta HIV-1 Program in Edmonton, Canada
(Supplementary Table 1). Also, a total of 43 healthy controls (HCs) defined as HIV-1,
Hepatitis B virus, and Hepatitis C virus seronegative individuals without active oral
disease were recruited for comparison. The institutional ethics review boards at the
University of Alberta approved the study with the protocols (Pro00070528 and
Pro000064046). All study participants gave written informed consent to participate in the
study.

2.2.2. Sample collection

Participants avoided eating or drinking for at least 30 minutes before the sample
collection. Saliva samples were obtained followed by oral washes from the study

participants. Saliva samples were aliquoted and stored at -80°C until use.
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Oral wash was performed 5 times using 20 ml of phosphate-buffered saline solution
(PBS) for 30 seconds with 3 minutes’ intermission between rinses. Samples were
centrifuged at 2000 rpm for 10 min, supernatants were discarded, and cell pellets were
resuspended in culture media (RPMI-1640) supplemented with 10% fetal bovine serum
(FBS) (Sigma) and 1% penicillin-streptomycin (Sigma). Cell suspensions were filtered
through 100, 70, and 50 um sterile strainers (Fischer Scientific), centrifuged and
resuspended in culture media for further analysis. Blood samples of 16 HCs and 15 HIV-
1 infected individuals on ART were subjected to gradient separation using Ficoll-Paque
Premium (GE). The peripheral blood mononuclear cell (PBMC) fraction was removed,
and the remaining red blood cell pellet was lysed using red blood cell lysis buffer for 10
minutes (0.155M NH4Cl, 10mM KHCOs3, and 0.1mM EDTA) to isolate
polymorphonuclear cells according to our previous methods (40) (114).

2.2.3. Flow cytometry analysis

Fluorophore antibodies with specificity to antigens of human cells were purchased from
BD Biosciences, Thermo Fisher Scientific, and/or R&D. We used anti-CD15 (W6D3),
anti-Gal-9 (9M1-3), anti-CD44 (515), and anti-CD32 (FLI8.26). Cell viability was
evaluated by LIVE/DEAD Kit (Life Technologies) (Cat. L34966). Apoptosis assay was
performed using the PE Annexin V Apoptosis Detection Kit | (BD Biosciences) (Cat.
559763) according to the manufacturer’s protocol. Stained cells were fixed in 4%
paraformaldehyde before acquiring on an LSRFortessa-SORP or LSRFortessa X-20
flow cytometers (BD Biosciences), and data were analyzed using the FlowJo (version

10).
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2.2.4. Cytokine, CD44, and Gal-9 measurement

The liquid fraction of the saliva was 2-fold diluted for cytokine quantification. We
specifically measured TNF-a, IL-8, IL-6, IL-10, IL-13, IL-1B, IFN-y using V-plex Plus pro-
inflammatory kit from Meso Scale Discovery (MSD) (K15054D-1) according to the
manufacturer’s instruction and our previous reports (114) (115). Similarly, CD44 (R&D
Systems; DY7045-05) and Gal-9 (R&D; DY 2045) concentrations were quantified by
ELISA.

2.2.5. Bacterial DNA Isolation

Saliva aliquots from sex and age paired participants were centrifuged and pellets were
used for DNA isolation using the QlAamp DNA Mini Kit (cat. 51304). Pellets were mixed
with 20 ul of Proteinase K and 200 pl of in-house lysis buffer (100 mL of 0.5 M sodium
chloride, 0.005 M tris aminomethane-pH8, 0.05M ethylenediaminetetraacetic acid with
pH 8, and 4% sodium dodecyl sulfate), briefly vortexed, and incubated at 56°C water
bath for 60 min, followed by 15 min incubation at 70°C. Then 200 pl of buffer AL (from
the kit) was added for a final 10-minute incubation at 70°C, accompanied by DNA
column extraction according to the manufacturer’s instructions.

2.2.6. 16SrRNA lllumina MiSeq Sequencing

V3-V4 variable regions of 16S rRNA were amplified from genomic DNA samples.
Amplicons were generated using the following primers: Forward Primer = 5'
CGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and
Reverse Primer = 5' TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTAC
HVGGGTATCTAATCC (IDT). Thus, generated PCR products were indexed using

lllumina's Nextera XT kit. Sequencing was performed on Illumina's MiSeq platform using
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a 250-bp paired-end sequencing kit at The Applied Genomic Core (TAGC), University of
Alberta. Sequencing data were demultiplexed and binned into individual samples
according to their barcodes and further bioinformatic analysis was performed using the
QIIMEZ2 pipeline (2021.4). The first step of this analysis was to join the paired-end reads
(1 and 2) with a minimum of 100 bp overlap and 0 mismatches. Reads were then quality
filtered by removing sequences having more than 10 sites with a Phred quality score
less than 20. Next, reads were denoised into amplicon sequence variants (ASVs) using
the DADA2 method. Taxonomy classification at the phylum, family, and genus levels
was done by comparing ASVs to the Green genes bacterial reference database (v.
13.5). Diversity indices (Evenness, Observed OTUs, Shannon’s diversity, and Faith’s
phylogenetic index) and distances between samples (Bray-Curtis, weighted- and
unweighted-Unifrac) were all calculated in QIIMEZ2 to profile oral microbiota. Before
taxonomy classification and generating alpha and beta diversity metrics, data were
rarefied across samples for normalization such that all samples have the same number
of total reads.

2.2.7. Statistical Analysis

This was performed in GraphPad Prism 9 (GraphPad Software, Inc.). D’Agostino &
Pearson test was used for normality check, being samples non-parametrical Mann-
Whitney U tests for unpaired data or Wilcoxon signed-rank tests for paired data were
used. When comparing more than two groups, the Kruskal Wallis test was used. Means
and standard deviations (mean £ SD) are used to present the data. Correlation analysis

was performed by nonparametric Spearman correlation.
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2.3. Results

2.3.1. Differential bacterial communities in the oral cavity of HIV-1 infected
individuals compared to HCs.

We first compared the two groups in terms of p-diversity using Principal Coordinate
Analysis (PCoA) with Bray-Curtis distances. The results indicated a differential clustering
of bacterial communities in the saliva of HIV-1 infected compared to healthy individuals
(Figure 10 A). Distances within groups versus distances across groups were
determined by ANOSIM, which was significant (P=0.001). ADONIS or differences
between the group’s centroid was also significant (P=0.003). The Alpha diversity
analysis by Faith’s, Shannon, and observed OTUs indexes showed that the saliva
samples from HIV-1 infected individuals harbored significantly richer bacterial

communities compared to the saliva samples from HCs (Figure 10 B)

A B
Axis 2 (7.940 %) . HC
P =0.02 00, P=004 - 000
® HIv 309 1 — 8001 :
2 8.5 ” '

g § 801 2 600-

o 201 & o}

=

@ 5§ 7 ?l 8 4001 E

= 10 £ 7.0 g

L & 6.5 8 2004
O———— o0l —-—

Axis 1(8.714 %) HC HIV HC HIV HC Hlv

Axis 3 (6.747 %)

Figure 10. Bacterial Diversity in the saliva of HIV-1 patients vs HCs.(A). Beta diversity in bacterial
communities is shown by Principal coordinates analysis (PCOA) of Bray-Curtis Distances, in gray HCs
(n=11), in red HIV-1 infected individuals (n=10), and each symbol represents an individual. (B) Alpha

diversity in bacterial communities determined by Faith’s, Shannon's, and observed OTUs indexes.
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To further determine which bacterial communities were different between the groups, we
compared them at different levels. At the phylum level, we found Spirochaetes' phylum

was significantly enriched in the saliva samples of HIV-1 infected individuals compared

to HCs (Figure 11A and 11B).
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Figure 11. Salivary Bacteria at the phylum level in HCs vs. HIV-1 infected (A) Comparison of the
saliva microbiota at phylum level in HCs versus HIV-1 infected group. (B) Comparison of Spirochaete’s

phylum in the saliva of HCs versus HIV-1 infected individuals

When bacterial communities were compared at the species level (Figure 12A), we
observed that five species of Spirochaeta including Spirochaetaceae, Spirochaeta,
Treponema, Treponema amylovorum, and Treponema azotonutricum were significantly
abundant in the saliva of HIV-1 infected individuals compared to HCs (Figure 12B). The
volcano plot shows further differences in bacterial species among the groups. Species
that were enriched in the saliva of HIV-1 infected individuals are shown in the right upper
quadrant, and bacterial species that were less prevalent in the saliva of HIV-1 infected
individuals are shown in the upper left quadrant of the volcano plot (Figure 12B).
Bacterial species with mean counts less than 1 were not accounted for. We found that
bacterial communities belonging to Spirochaetes, Bacteroidetes, Firmicutes, and TM7
species were significantly enriched in the saliva samples from HIV-1 infected individuals,
respectively (Figure 12C-G). In contrast, we noted a significantly lower abundance of
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Proteobacteria phylum (in particular Helicobacter) in the saliva of HIV-1 infected

individuals compared to HCs (Figure 12G). Overall, our results show a significant

difference in bacterial communities in the oral cavity of HIV-1 infected compared to HCs
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Figure 12. Salivary bacteria at the species level in HCs vs. HIV-1 infected individuals (A) Relative
abundance of bacterial species. (B) Volcano plot of bacterial species, those who exceeded the dotted line
marked at 1.3 were considered significant. (C) Comparison of unclassified Spirochaetaceae, Spirochaeta,

Treponema, Trep. amylovorum, and Trep. Azotonutricum species (D) Comparison of Bacteroidetes
species Prophyromonadaceae, Prevotella, and Elizabethkingia. (E) Comparison of Firmicutes species
Bacillaceae and Lactobacillales (F) Comparison of (TM7-RS-045) species (G) Comparison of Helicobacter

species.

2.3.2. A lower proportion of neutrophils in the oral cavity is related to the clinical
status of HIV-1 infected individuals

To better understand the possible role of immune components of the oral cavity in HIV-1
infected individuals on the bacterial composition, we focused on neutrophils as the most
abundant immune cells in the oral cavity (116). In agreement with previous reports, we
found that neutrophils were the most abundant cells in the oral cavity. However, HIV-1
infected individuals had significantly lower percentages of neutrophils in their oral cavity
compared to HCs (Figure 13A and 13B). Notably, we observed significantly lower
percentages of neutrophils in the oral cavity of ART-naive and patients on ART
compared to HCs (Figure 13C and 13D). In contrast, we found a similar proportion of
oral neutrophils in the oral cavity of HIV-1 infected LTNPs compared to HCs (Figure 13C
and 13D). These observations suggest that the disease status may impact the

frequency of neutrophils at the mucosal surfaces.
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Figure 13. Neutrophils in the oral cavity are decreased in HIV-1 infected individuals (A)
Representative flow cytometry plots for CD15* neutrophil identification in the oral wash. (B) Cumulative
data of percentages of CD15* cells in the oral washes of HCs compared to HIV-1 infected individuals. (C)
Representative flow cytometry plots, and (D) cumulative data of neutrophils in oral washes of different

HIV-1 infected individuals (ART-naive, on ART with low CD4 T cell count (< 200 cells/ul) or high CD4 T

cell count (> 200 cells/ul), and long-term non-progressor (LTNP) compared to HCs.

2.3.3. Gal-9 is downregulated on the surface of blood but not oral neutrophils in
HIV-1 infected individuals

Recently, we showed that Gal-9 is downregulated from the surface of blood neutrophils
in HIV-1 infected individuals compared to HCs (40). Therefore, we decided to investigate
whether this was the case for oral neutrophils. Our observations reconfirmed that the
frequency of Gal-9 expressing blood neutrophils was significantly lower in HIV-1 infected
individuals compared to HCs (Figure 14A and 14B). However, we found a smaller

portion of Gal-9 expressing oral neutrophils compared to their siblings in the blood,

39



without any significant difference between the HIV-1 infected individuals on ART and
HCs (Figure 14A and 14B). Moreover, we measured the intensity of Gal-9 and found
that the Mean fluorescence intensity (MFI) of Gal-9 was significantly lower on the
surface of blood neutrophils from HIV-1 infected individuals (Figure 14C and 14D).

However, this was not the case for the oral neutrophils (Figure 14C and 14D).
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Figure 14. Low expression of surface Gal-9 in oral neutrophils of HIV-1 infected individuals vs HCs
(a) Representative flow cytometry plots, and (b) cumulative data of Gal-9 surface expression in
neutrophils from the blood and oral washes of HIV-1 and healthy individuals. (c) Representative
histogram plots, and (d) cumulative data of Gal-9 expression measured by the Mean Fluorescence

Intensity (MFI) on blood and oral neutrophils of HIV-1 -infected and healthy individuals.
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2.3.4. Soluble Gal-9 is positively correlated with IL-6 in the saliva of HIV-1 infected
individuals

We also quantified the concentration of soluble Gal-9 in the plasma and saliva samples.
Although soluble Gal-9 was significantly elevated in the plasma of HIV-1 infected
individuals as we have reported elsewhere (113), we did not find any difference in the
soluble Gal-9 levels in the saliva between the groups (Figure 15A).

Since Gal-9 has been reported as a contributing factor to the cytokine storm in COVID-
19 patients (114), we reasoned to evaluate the correlation of saliva Gal-9 levels with
pro-inflammatory cytokines. We found that Gal-9 levels were positively correlated with
IL-6 in the saliva (Figure 15B). This may suggest the potential role of soluble Gal-9 in
the activation status of neutrophils in the oral cavity of HIV-1 infected individuals.
However, we did not find such correlation for other pro-inflammatory cytokines (e.g., IL-

1B, IL-8, TNF-a and IFN-y) in the saliva (Supp. Fig 3).
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Figure 15. Salivary Gal-9 is correlated with IL-6. (A) Cumulative data of soluble Gal-9 in the plasma
and saliva of HIV-1 infected and healthy individuals as measured by ELISA. (B) Cumulative data of a

positive correlation between the saliva Gal-9 with the saliva IL-6 (Spearman correlation, r=0.54, P= 0.008).
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2.3.5. Downregulation of surface Gal-9 makes oral neutrophils less apoptotic

IL-6 has been related to increased neutrophil survival (117) and an activated status can
prolong the lifespan of neutrophils (118). Thus, we decided to investigate differences in
Gal-9+ versus Gal-9- oral neutrophils. Recently, we have reported that stimulation of
blood neutrophils with LPS results in the downregulation of Gal-9 at the gene and
protein levels (40). Thus, we proposed that activated neutrophils lose their surface Gal-
9, which in turn increases their lifespan. Indeed, we found that in HCs and HIV-1
infected individuals, neutrophils that did have surface Gal-9 were less apoptotic
compared to their Gal-9 expressing counterparts (Figure 16A and B). These
observations suggest that the downregulation of Gal-9 may act as a mechanism of

enhanced neutrophil survival.
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Figure 16. Oral neutrophils with low Gal-9 are more apoptotic. (A) Representative histogram plots,
and (B) cumulative data of apoptosis in oral neutrophils regarding Gal-9 expression measured by Annexin

V assay.
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2.3.6 CD44 is downregulated from the surface of oral neutrophils in HIV-1 infected
individuals

Unstimulated blood neutrophils express high levels of surface Gal-9 which is bound to
CD44 (40). Therefore, we decided to determine whether the same pattern exists for oral
neutrophils. Similar to our previous finding, we found all blood neutrophils expressed
CD44, however, this was about 50% for oral neutrophils (Figure 17A). Interestingly, we
observed that the percentage of CD44 expressing neutrophils was significantly lower in
the oral cavity of HIV-1 infected individuals (Figure 17A and 17B). Moreover, we found a
significant reduction in the intensity of CD44 expression on oral neutrophils from HIV-1
infected individuals versus HCs (Figure 17C and 17D). When the expression of CD44 in
the blood and oral neutrophils was analyzed, we found a lower frequency of CD44
expressing neutrophils and even CD44 expression level on oral neutrophils compared to

their counterparts in the blood in both HCs and HIV-1 infected individuals (Fig. 17E-F).
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2.3.7. Soluble CD44 is associated with inflammatory cytokines and bacterial
diversity

The previous observations led us to measure the soluble CD44 concentration in the
saliva, which was higher in HIV-1 infected compared to healthy individuals (Figure 18A).
This might explain that oral neutrophils in HIV-1 infected individuals shed CD44 that can
be detected in their saliva. Therefore, these findings may suggest that oral neutrophil’s
surface CD44 is upregulated to facilitate neutrophil migration into peripheral tissues, but
once they reach their action site it gets downregulated to keep neutrophils at their
destination. Additionally, we found that increased salivary CD44 in HIV-1 infected was
positively correlated with salivary proinflammatory cytokines IL-6 and IL-8 in HIV-1
infected individuals (Figure 18C and 18D). Remarkably, we noted a positive correlation

between the soluble CD44 with Faith’s bacterial diversity index in HIV-1 infected
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Figure 18. Salivary Soluble CD44 (A) Concentrations in HIV-1 infected vs. HCs as measured by ELISA.
(B) Cumulative results showing a positive correlation (Spearman correlation) between the soluble CD44
with IL-6 in the saliva of HIV-1 infected individuals (C) Cumulative results showing a positive correlation

(Spearman) between the soluble CD44 with IL-8 in HIV-1 infected. (D) Cumulative data showing a positive

correlation (Spearman) between the soluble CD44 with bacterial Faith’s diversity.
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2.3.8. CD32 is highly expressed in oral neutrophils from HIV-1 infected individuals
and in CD44* neutrophils

To further determine the activation status of neutrophils, we measured the expression of
CD32. We found that CD32 was significantly upregulated in oral neutrophils of HIV-1
infected compared to healthy individuals (Figure 19.A-C). CD32 has been described to
participate in the interaction of neutrophils and uptake of IgG-opsonized viral particles
(119). Thus, we decided to investigate whether aged oral neutrophils expressing CD44
had different CD32 expressions compared to CD44-negative counterparts. We found
that CD44* oral neutrophils had significantly a higher expression of CD32 compared to
their CD44- counterparts in both HIV-1 infected and healthy individuals (Figure 20. A).

In addition, we noted that although CD44* neutrophils were more activated, both CD44*
and CD44- neutrophils in HIV-1 infected individuals had significantly higher expression
of CD32 compared to their counterparts in HCs (Figure 20. B-D). These results suggest
that neutrophils in the oral cavity of HIV-1 infected individuals have an activated

phenotype compared to their counterparts in HCs.
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Figure 19. Surface expression of CD32 on oral neutrophils of HIV-1 infected vs. HCs
(A)Representative flow cytometry plots of CD32 expression on neutrophils of an HIV-1 infected vs. a
healthy individual. (B) Representative histogram plots, and (C) cumulative data of CD32 expression (MFI)

in oral neutrophils from HIV-1 infected vs. healthy individuals.
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Figure 20. CD32 expression on oral neutrophils related to CD44 in HCs vs. HIV-1 infected
individuals (A) Cumulative data of flow cytometry stainings of neutrophils from oral washes and their co-
expression of CD44 and CD32 in HIV-1 infected individuals shown in red and HCs in black. Note the
higher expression of CD32 in neutrophils of HIV -1 infected individuals. (B) Representative histogram
plots, and cumulative data of CD32 expression (MFI) in (C) CD44-, and (D) CD44* populations of oral
neutrophils from HCs and HIV-1 infected individuals..

2.3.9. Patients’ demographics and oral health associated factors

To better understand whether observed changes were associated with other variables in
both groups, we examined their sex, age, medications, oral health (brushing, flossing,
using mouthwash), and other habits (smoking, alcohol, and recreational drug use) into
our analysis. We found that groups were differently distributed based on their sex
(P=0.028) (Figure 21A). While HCs consisted of 16 Males and 27 females, the HIV 1
cohort was composed of 37 males and 24 females. In terms of age, for statistical
analysis, age was dissected in groups, 18-30, 31-40, 41-50, 51-75+, and differences
were evaluated by Chi-square test (P<0.0001). HCs had more participants between18-
50 years compared to HIV-1 infected individuals who were 50 plus years old (Figure
21B). Excluding LTNPs and naive patients, the rest of HIV-1 infected individuals were
receiving ART. Also, some HIV-1 infected individuals (n=33) had other comorbidities

(mainly diabetes, high cholesterol, and blood pressure, rheumatoid arthritis, anxiety-
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depression, and chronic pain). In contrast, a small portion of HC participants (n=13) had
underlying conditions and were receiving related medications at the time of examination.
Also, the participants had differences in their habits as was analyzed by Fischer’s exact
test. The HIV-1 infected group had a significantly higher number of smokers compared
to HCs ( P < 0.0001). The same pattern was true for recreational drug/cannabis in HIV-1
infected individuals compared to HCs (P=0.002) (Figure 21C). However, alcohol
consumption was similar between the groups (Figure 21C). Regarding oral health, HIV-1
infected individuals flossed less often compared to HCs (P= 0.0001) (Figure 21C). In
terms of brushing, mouthwash use, and the self-reported evaluation for bleeding on
brushing (a tool for periodontitis risk prediction), we did not find any difference between
the groups (Figure 21C). Finally, we correlated the proportion of neutrophils in oral
washes (CD15" cells) with habit practices in HIV-1 infected versus HCs. We found that
HCs tend to have more neutrophils in their oral wash compared to HIV-1 infected
individuals regardless of their habits (Figure 21D). Also, we noted that alcohol
consumption, daily brushing, mouthwash use, and flossing significantly impacted
neutrophil % in HCs vs HIV-1 infected individuals, respectively. Of note, the self-report

for bleeding on brushing did not impact neutrophil percentages in the oral wash.
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Figure 21. Demographics and habits assessment of participants. (A) Sex distribution with 37% and
63% females and males, respectively in HCs, 61% and 39% for males and females in HIV-1 infected
group. (B) Age distribution among participants. HC group was enriched with younger population according
to the Chi-square test (P<0.0001). (C) Cumulative data illustrating participant’s habits such as smoking,
drug use, alcohol consumption, daily oral health. (D) Cumulative data showing the correlation of

neutrophils’ percentages with study participants' habits.
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2.4, Discussion

We investigated microbial communities in the saliva of HIV-1 infected and age-sex-
matched HCs. We found differential bacterial compositions in the saliva of HIV-1
infected compared to healthy individuals. Our results are in agreement with another
report that demonstrated differential bacterial clusters in the oral washes of a larger
cohort of HIV-1 infected individuals versus HCs regardless of other contributing factors
(e.g. smoking, missing teeth, gingivitis, candida infection, etc.) (74). We observed
differences in bacterial a-diversity (e.g. Shannon and Faith’s indexes) and bacterial
richness, which supports HIV-1 associated salivary dysbiosis. Although previous work
investigated dysbiosis of the tongue (120) and periodontal (121) tissues in HIV-1
infected individuals, our results support that saliva expectoration provides a non-
invasive, less expensive, and informative approach for oral cavity microbiome-related
studies. In addition to microbiome studies, our study bridges the correlation between
HIV-1 immune status, oral soluble mediators, and oral neutrophils. In previous work, a
major difference in the phyla of Bacteroidetes, Firmicutes, Proteobacteria, and TM7 in
the saliva of HIV-1 infected individuals versus HCs has been documented (122). Our
results were somewhat similar in identifying increases in oral Spirochaetes,
Bacteroidetes, Firmicutes, and TM7 in HIV-1 infected individuals. Such differential oral
microbiome composition may be related to systemic inflammation and impaired
pulmonary function in HIV-1 infected individuals as a contributing factor to chronic
obstructive pulmonary disease (COPD) (77). Since all of our study subjects were on
ART, we were unable to investigate the potential effects of ART on the oral microbiome.
However, it was reported that the dysbiotic oral microbiome was not fully restored after

effective ART, although some microbiota were restored (123). Furthermore, ART, viral
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load, and CD4 T cell count differentially contribute to salivary dysbiosis resulting in
reduced or increased different bacterial species (79).

It is difficult to differentiate between various factors without longitudinal studies pre-
infection, pre-ART, the type of ART regimens, and well-matched HIV-1 infected
untreated controls sampling. In general, oral health, habits such as smoking and
drinking may influence the oral microbial communities. Although in our cohort we did not
observe any difference between the HIV-1 infected vs. the control group in terms of
periodontitis, higher bacterial diversity and richness have been reported in HIV-1
infected individuals with severe periodontitis (73). Therefore, oral health can have direct
effects on the microbial communities as increased bacterial diversity and richness have
been associated with periodontal disease (124). Prior work also reported gingival
bleeding, decayed teeth, periodontal pockets, and smoking habits as important
contributing factors to oral dysbiosis (125). In our study, we observed that the HIV-1
infected group was more enriched with smokers, recreational drug users, and individuals
who had poor adherence to oral health. These factors may influence the general oral
health and subsequently the microbial composition of the oral cavity. For example,
smoking has been associated with alteration in the oral microbiome. In particular, it has
been reported that smoking enhances bacterial colonization in the upper respiratory
tract in HCs, and is even more pronounced in HIV-1 infected individuals (77,126).
Although a greater abundance of Streprococcus mutants, lactobacillus, and candida
species have been found in the saliva of HIV-1 infected individuals (120), we did not find
such differences. Instead, we discovered a significantly higher abundance of
Spirochaetes (Spirochaetacea, Spirochaeta, and Treponema), Porphyromonadaceae,

Prevotella, Elizabethkingia, TM7 in the saliva of HIV-1 infected individuals. These
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observations are in agreement with a report showing an increased abundance of
Prevotella in HIV-1 infected individuals (79). Similarly, an increase in
Porphyromonadaceae in the saliva of HIV-1 infected individuals was reported at the start
of ART when compared to 24 weeks later (75). Interestingly, the Porphyromonadaceae
family harbors the well-known periodontal pathogens Phorphyromona gingivalis and
Tannerella Forsythia (127,128). It is reported that Phorphyromona gingivalis partners
with HIV-1 virus to co-infect mucosal epithelial cells, in vitro (129). Based on this
observation, the abundance of Phorphyormonas in the oral cavity may facilitate HIV 1
acquisition at the mucosal sites. However, further studies are required to support this
hypothesis. TM7-RS-045 or Saccharibacteria is a recently discovered commensal oral
bacteria that abides at the expense of Actynomices bacteria, however, its role in the oral
cavity is not well defined (130). In our cohort, we observed an increase of TM7, although
we did not observe any difference in the abundance of Actinomyces species. A previous
study, in support of our results, found a higher abundance of TM7, Treponema, and
Prevotella in the oral washes of HIV-1 infected individuals (74). Particularly, Treponema
denticola associated with Porphyromonas gingivalis, and Tanerella forsythia form the
“red complex”, which are the main pathogenic bacteria involved in periodontitis (131)
(132) (124). Therefore, consistently our data suggest that HIV-1 infected individuals
have increased bacterial communities associated with periodontal conditions. Besides,
Prevotella is reported to be more abundant in the gastrointestinal tract (Gl) of men who
have sex with men (133). Furthermore, a higher abundance of Prevotella is related to a
lower abundance of Th17 cells and IFN-I genes expression in the Gl of HIV-1 infected
individuals (134). Moreover, the presence of Prevotella is associated with increased

HIV-1 acquisition in the genital tract (135). We found Elizabethkingia was another
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abundant bacteria in the saliva of HIV-1 infected individuals. Elizabethkingia is a
multidrug-resistant bacteria associated with life-threatening infections in
immunocompromised individuals (136). Thus, the presence of bacterial species like
Porphyromonadacea and Elizabethkingia in the saliva of HIV-1 infected individuals may
predispose them to such bacterial infections.

On the other hand, we found that Helicobacter was significantly decreased in the saliva
of HIV-1 infected individuals. The presence of Helicobacter pillory in the dental plaque of
HIV-1 infected individuals with H. pillory-induced gastritis has been reported (137) (138).
However, its correlation with the stomach infection has been challenged (139) despite
reports that the oral cavity should be considered as the secondary site for its
colonization (140). However, our results are in agreement with another report that
indicated the reduced frequency of H. pillory-induced gastric infection in HIV-1 infected
individuals (141).

Our further analysis in understanding the immune components of the oral cavity in HIV-1
infected individuals demonstrated a significant decrease in the proportion of oral
neutrophils which was associated with disease progression (e.g. CD4 T cell count).
Notably, LTNPs exhibited the same frequency of neutrophils in their oral cavity
compared to HCs. This observation provides another novel insight into the uniqueness
of this rare group of HIV-1 infected individuals as we have reported elsewhere
(14,19,142). Therefore, considering the crucial role of oral neutrophils in immune
homeostasis in the oral cavity, their lower frequency may predispose HIV-1 infected
individuals to opportunistic infections. As such, it is possible to speculate that decreased
frequency of oral neutrophils in individuals with lower CD4 T cell count may reflect the

depletion of Th17 cells at their mucosal sites (143). Subsequently, a lower Th17 cell
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population reduces neutrophils’ recruitment to the oral cavity. On the other hand, lower
Th17 cells at the mucosal sites of the oral cavity may predispose HIV-1 infected
individuals to oral candidiasis, considering the protective role of IL-17 against Candida
albicans (144). Although we were unable to investigate the cross-talk between
neutrophils and the oral microbiome, the salivary increase of Treponema species may
potentially be related to neutrophil dysfunction in HIV-1 infected individuals (145).
Deficiency in neutrophils chemotaxis and polarization in HIV-1 infected individuals (146)
might explain another reason for reduced neutrophil frequency in HIV-1 infected
individuals. On a supporting note, we observed significantly reduced expression and
frequency of CD44* neutrophils in the oral cavity of HIV-1 infected individuals. CD44 is
expressed on neutrophils and contributes to neutrophil crawling and extravasation (87).
Therefore, lower CD44 expression on neutrophils from HIV-1 infected individuals may
provide another underlying mechanism for their impairment. Subsequently, we found
elevated levels of soluble CD44 in the saliva of HIV-1 infected individuals compared to
HCs. The role of soluble CD44 in the saliva of HIV-1 infected individuals is still unknown
and required further investigation. However, the salivary CD44 appears to be a
surrogate marker in detection of head and neck squamous cell carcinoma (HNSCC)
(147). Additionally, we found that CD44 was positively correlated with IL-6 in the saliva
of HIV 1 patients. Interestingly, IL-6 apart from its inflammatory activities, is highly
secreted by tumorigenic mammary cells (148) and lung tumorigenic epithelial cells
(149), having a possible role in the development of cancers (150). Besides, in vitro
stimulation with IL-6 promoted neutrophil degranulation (151). Thus, our results point out
that increased levels of CD44 and IL-6 in the saliva of HIV 1 patients possibly activate

neutrophils in the oral cavity.
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We are aware of many study limitations that may have influenced our results. Although
we attempted to have age-sex-matched study subjects, due to the COVID-19 pandemic
we had limited options in terms of cohort access. We also noted a higher prevalence of
cigarette smoking, people with substance use disorder, and individual with poor oral
health in the HIV-1 infected group, which might have influenced our results. Moreover,
we were unable to analyze the impact of ART on neutrophils and/or microbiome in our
cohort. Also, HIV-1 infected individuals had more underlying conditions compared to the
HCs. However, for the microbiome studies, we selected subjects without major
underlying health conditions apart from HIV-1 infection. Finally, due to a very low cell
yield in the oral washes, we were unable to perform functional studies to better
characterize/compare neutrophil functions.

In summary, our data provide a novel insight into the impact of HIV-1 infection on oral
neutrophils. In particular, we discovered that oral neutrophils exhibit an activated
phenotype but with lower frequency in the oral cavity of HIV-1 infected individuals. More
importantly, we found elevated levels of soluble salivary CD44 which was positively
correlated with Faith’s diversity of the microbiome.

Overall, our results support the differential oral microbiome diversity and richness in HIV-
1 infected individuals. Although further studies in larger cohorts are required, our results
provide a novel insight into the immune-microbiota relationship in the oral cavity.

2.5. Author Contributions

E. P. performed most of the immunological and microbiome-related experiments,
analyzed the data, and wrote the first draft. S. H. performed some of the experiments. J.
J. assisted with 16S rRNA data analysis. C. O. and S. T. recruited HIV-1 infected

individuals for the study. P.P. provided resources and scientific advice. S.E. conceived

54



the original idea, designed and supervised all of the research, assisted in data analysis,
and re-wrote the manuscript.

2.6. Founding

This study was supported by a Foundation Grant from the Canadian Institutes of Health

Research (CIHR) and a CIHR New Investigator Salary Award (both to SE).

95



10.

11.

12.

13.

14.

15.

16.

17.

References

Owen JA, Punt J, Stranford SA, Jones PP, Kuby J. Kuby Immunology [Internet]. Seventh
Ed. Schultz L, editor. New York: Freeman and Company; 2013. 109 p. Available from:
https://login.ezproxy.library.ualberta.ca/login?url=https://search.ebscohost.com/login.aspx
?direct=true&db=cat03710a&AN=alb.6803011&site=eds-live&scope=site

World Health Organization. HIV/AIDS [Internet]. HIV/AIDS. 2020 [cited 2021 Apr 3].
Available from: https://www.who.int/news-room/fact-sheets/detail/hiv-aids

Deeks SG, Overbaugh J, Phillips A, Buchbinder S. HIV infection. Nat Rev Dis Prim
[Internet]. 2015 [cited 2020 Feb 24];1. Available from: www.nature.com/nrdp

Maartens G, Celum C, Lewin SR. HIV infection: epidemiology, pathogenesis, treatment,
and prevention. Lancet. 2014 Jul 19;384(9939):258-71.

Public Health Agency of Canada. The Epidemiology of HIV in Canada - Factsheet
[Internet]. 2009 [cited 2021 Apr 3]. p. 2-5. Available from: https://www.catie.ca/en/fact-
sheets/epidemiology/epidemiology-hiv-
canada?utm_source=google&utm_medium=cpc&utm_content=en&utm_campaign=wad+
hiv+stats#hivstatistics

Centers for Disease Control and Prevention. HIV Transmission | HIV Basics | HIV/AIDS |
CDC [Internet]. Centers for Disease Control and Prevention. 2019 [cited 2021 Oct 28].
Available from: https://www.cdc.gov/hiv/basics/transmission.html

Moir S, Chun TW, Fauci AS. Pathogenic mechanisms of HIV disease. Annu Rev Pathol
Mech Dis [Internet]. 2011 Jan 24 [cited 2021 Oct 30];6:223—48. Available from:
https://www-annualreviews-org.login.ezproxy.library.ualberta.ca/doi/abs/10.1146/annurev-
pathol-011110-130254

National Institute of Allergy and Infectious Disease. HIV Replication Cycle | NIH: National
Institute of Allergy and Infectious Diseases [Internet]. 2018 [cited 2021 Nov 3]. Available
from: https://www.niaid.nih.gov/diseases-conditions/hiv-replication-cycle

Vergis EN, Mellors JW. Natural history of HIV-1 infection. Infect Dis Clin North Am. 2000
Dec 1;14(4):809-25.

Vidya Vijayan KK, Karthigeyan KP, Tripathi SP, Hanna LE. Pathophysiology of CD4+ T-
Cell Depletion in HIV-1 and HIV-2 Infections. Front Immunol. 2017 May 23;0(MAY):580.
Zicari S, Sessa L, Cotugno N, Ruggiero A, Morrocchi E, Concato C, et al. Immune
activation, inflammation, and non-AIDS co-morbidities in HIV-infected patients under long-
term ART. Viruses [Internet]. 2019;11(3). Available from: http://smart.servier.com/
Pantaleo G, Fauci AS. Immunopathogenesis of HIV infection. Annu Rev Microbiol
[Internet]. 1996 Nov 28 [cited 2021 Oct 30];50:825-54. Available from: https://www-
annualreviews-
org.login.ezproxy.library.ualberta.ca/doi/abs/10.1146/annurev.micro.50.1.825

Sabin CA, Lundgren JD. The natural history of HIV infection. Curr Opin HIV AIDS.
2013;8(4):311-7.

Elahi S, Dinges WL, Lejarcegui N, Laing KJ, Collier AC, Koelle DM, et al. Protective HIV-
specific CD8+ T cells evade T reg cell suppression. Nat Med. 2011;17(8):989-95.
Centers for Disease Control and Prevention. Opportunistic Infections | Living with HIV |
HIV Basics | HIV/AIDS | CDC [Internet]. Opportunistic Infections. 2017 [cited 2021 Nov 3].
Available from: https://www.cdc.gov/hiv/basics/livingwithhiv/opportunisticinfections.html
Vignali DAA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev Immunol
2008 87 [Internet]. 2008 Jul [cited 2021 Nov 4];8(7):523—-32. Available from: https://www-
nature-com.login.ezproxy.library.ualberta.ca/articles/nri2343

Weiss L, Donkova-Petrini V, Caccavelli L, Balbo M, Carbonneil C, Levy Y. Human
immunodeficiency virus-driven expansion of CD4+CD25 + regulatory T cells, which
suppress HIV-specific CD4 T-cell responses in HIV-infected patients. Blood [Internet].

56



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

2004 Nov 15 [cited 2021 Nov 3];104(10):3249-56. Available from:
http://ashpublications.org/blood/article-pdf/104/10/3249/1703323/zh802204003249.pdf
Shahbaz S, Jovel J, Elahi S. Differential transcriptional and functional properties of
regulatory T cells in HIV-infected individuals on antiretroviral therapy and long-term non-
progressors. Clin Transl Immunol [Internet]. 2021 [cited 2021 Nov 4];10(5). Available
from: /pmc/articles/PMC8155695/

Elahi S, Horton H. Association of HLA-alleles with the immune regulation of chronic viral
infections. Int J Biochem Cell Biol. 2012;44(8):1361-5.

Migueles SA, Connors M. Success and failure of the cellular immune response against
HIV-1. Nat Immunol 2015 166 [Internet]. 2015 May 19 [cited 2021 Nov 3];16(6):563—70.
Available from: https://www-nature-com.login.ezproxy.library.ualberta.ca/articles/ni.3161
Shahbaz S, Dunsmore G, Koleva P, Xu L, Houston S, Elahi S. Galectin-9 and VISTA
Expression Define Terminally Exhausted T Cells in HIV-1 Infection. J Immunol [Internet].
2020 [cited 2020 Apr 21];ji1901481. Available from:
http://www.jimmunol.org/content/204/9/2474

Moir S, Fauci AS. B-cell responses to HIV infection. Immunol Rev [Internet]. 2017 Jan 1
[cited 2021 Nov 5];275(1):33—48. Available from: https://onlinelibrary-wiley-
com.login.ezproxy.library.ualberta.ca/doi/full/10.1111/imr.12502

Alter G, Moody MA. The Humoral Response to HIV-1: New Insights, Renewed Focus. J
Infect Dis [Internet]. 2010 [cited 2021 Nov 5];202(Suppl 2):S315. Available from:
/pmc/articles/PMC2945610/

Mogensen TH, Melchjorsen J, Larsen CS, Paludan SR. Innate immune recognition and
activation during HIV infection. Retrovirology [Internet]. 2010 Jun 22 [cited 2021 Nov
3];7(1):1-19. Available from: https://retrovirology-biomedcentral-
com.login.ezproxy.library.ualberta.ca/articles/10.1186/1742-4690-7-54

QJ S, M S. Macrophages and HIV-1: An Unhealthy Constellation. Cell Host Microbe
[Internet]. 2016 Mar 9 [cited 2021 Nov 5];19(3):304—10. Available from: https://pubmed-
ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/26962941/

Kruize Z, Kootstra NA. The Role of Macrophages in HIV-1 Persistence and Pathogenesis.
Front Microbiol. 2019 Dec 5;10:2828.

Castellano P, Prevedel L, Valdebenito S, Eugenin EA. HIV infection and latency induce a
unique metabolic signature in human macrophages. Sci Rep [Internet]. 2019 Mar 8 [cited
2021 Nov 7];9(1):1-14. Available from: https://www-nature-
com.login.ezproxy.library.ualberta.ca/articles/s41598-019-39898-5

Honeycutt JB, Thayer WO, Baker CE, Ribeiro RM, Lada SM, Cao Y, et al. HIV
persistence in tissue macrophages of humanized myeloid-only mice during antiretroviral
therapy. Nat Med 2017 235 [Internet]. 2017 Apr 17 [cited 2021 Nov 8];23(5):638—43.
Available from: https://www-nature-com.login.ezproxy.library.ualberta.ca/articles/nm.4319
Gohda J, Ma Y, Huang Y, Zhang Y, Gu L, Han Y, et al. HIV-1 replicates in human
osteoclasts and enhances their differentiation in vitro. Retrovirology [Internet]. 2015 Feb 7
[cited 2021 Nov 8];12(1):1-10. Available from: https://retrovirology-biomedcentral-
com.login.ezproxy.library.ualberta.ca/articles/10.1186/s12977-015-0139-7

Wu L, KewalRamani VN. Dendritic-cell interactions with HIV: infection and viral
dissemination. Nat Rev Immunol 2006 611 [Internet]. 2006 Nov 13 [cited 2021 Nov
6];6(11):859—-68. Available from: https://www-nature-
com.login.ezproxy.library.ualberta.ca/articles/nri1960

Motamedi M, Shahbaz S, Fu L, Dunsmore G, Xu L, Harrington R, et al. Galectin-9
Expression Defines a Subpopulation of NK Cells with Impaired Cytotoxic Effector
Molecules but Enhanced IFN-y Production, Dichotomous to TIGIT, in HIV-1 Infection.
ImmunoHorizons [Internet]. 2019 Nov 1 [cited 2021 Nov 8];3(11):531-46. Available from:
https://pubmed-ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/31732662/

57



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Fauci AS, Mavilio D, Kottilil S. NK cells in HIV infection: Paradigm for protection or targets
for ambush. Nat Rev Immunol 2005 511 [Internet]. 2005 Oct 20 [cited 2021 Nov
8];5(11):835—43. Available from: https://www-nature-
com.login.ezproxy.library.ualberta.ca/articles/nri1711

Yaseen MM, Abuharfeil NM, Yaseen MM, Shabsoug BM. The role of polymorphonuclear
neutrophils during HIV-1 infection [Internet]. Vol. 163, Archives of Virology. 2018 [cited
2019 Dec 14]. p. 1-21. Available from: https://doi.org/10.1007/s00705-017-3569-9

Lacy P. Mechanisms of Degranulation in Neutrophils. Allergy, Asthma Clin Immunol
[Internet]. 2006 Sep 15 [cited 2021 Nov 9];2(3):1-11. Available from: https://link-springer-
com.login.ezproxy.library.ualberta.ca/articles/10.1186/1710-1492-2-3-98
Hensley-McBain T, Klatt NR. The Dual Role of Neutrophils in HIV Infection [Internet]. Vol.
15, Current HIV/AIDS Reports. 2018 [cited 2019 Dec 12]. Available from:
https://doi.org/10.1007/s11904-018-0370-7

Olinger GG, Saifuddin M, Spear GT. CD4-Negative cells bind human immunodeficiency
virus type 1 and efficiently transfer virus to T cells. J Virol [Internet]. 2000 Sep 15 [cited
2021 Nov 9];74(18):8550—7. Available from: https://pubmed-ncbi-nim-nih-
gov.login.ezproxy.library.ualberta.ca/10954556/

Gabali AM, Anzinger JJ, Spear GT, Thomas LL. Activation by Inflammatory Stimuli
Increases Neutrophil Binding of Human Immunodeficiency Virus Type 1 and Subsequent
Infection of Lymphocytes. J Virol [Internet]. 2004 Oct [cited 2021 Nov 9];78(19):10833—6.
Available from: https://journals.asm.org/doi/abs/10.1128/JVI.78.19.10833-10836.2004
Worley MJ, Fei K, Lopez-Denman AJ, Kelleher AD, Kent SJ, Chung AW. Neutrophils
mediate HIV-specific antibody-dependent phagocytosis and ADCC. J Immunol Methods.
2018 Jun 1;457:41-52.

Saitoh T, Komano J, Saitoh Y, Misawa T, Takahama M, Kozaki T, et al. Neutrophil
extracellular traps mediate a host defense response to human immunodeficiency virus-1.
Cell Host Microbe [Internet]. 2012 [cited 2021 Nov 9];12(1):109-16. Available from:
https://pubmed-ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/22817992/

Dunsmore G, Rosero EP, Shahbaz S, Santer DM, Jovel J, Lacy P, et al. Neutrophils
promote T-cell activation through the regulated release of CD44-bound Galectin-9 from
the cell surface during HIV infection. PLOS Biol [Internet]. 2021 Aug 1 [cited 2021 Nov
8];19(8):€3001387. Available from: https://journals-plos-
org.login.ezproxy.library.ualberta.ca/plosbiology/article?id=10.1371/journal.pbio.3001387
Branson BM, Owen SM, Wesolowski LG, Benett B, Werner BG, Wroblewski KE, et al.
Laboratory testing for the diagnosis of HIV infection : updated recommendations -
Guidelines and Recommendations. Centers Dis Control Prev [Internet]. 2014 Jun 27
[cited 2021 Nov 10];4—7. Available from: http://stacks.cdc.gov/view/cdc/23447?links=false
Cornett JK, Kirn TJ. Laboratory diagnosis of HIV in adults: A review of current methods.
Clin Infect Dis [Internet]. 2013 [cited 2021 Nov 10];57(5):712-8. Available from:
https://academic.oup.com/cid/article/57/5/712/310729

Fearon M. The laboratory diagnosis of HIV infections. Can J Infect Dis Med Microbiol
[Internet]. 2005 [cited 2021 Nov 10];16(1):26. Available from: /pmc/articles/PMC2095005/
Volberding PA, Deeks SG. Antiretroviral therapy and management of HIV infection. In:
The Lancet. Elsevier; 2010. p. 49-62.

Moutsopoulos NM, Moutsopoulos HM. The oral mucosa: A barrier site participating in
tissue-specific and systemic immunity. Oral Dis [Internet]. 2018 [cited 2019 Oct 27];24(1—
2):22-5. Available from: http://orcid.org/0000-0002-7365-6735

Heron SE, Elahi S. HIV infection and compromised mucosal immunity: Oral
manifestations and systemic inflammation. Front Immunol. 2017;8(MAR):1-18.

Zhang CZ, Cheng XQ, Li JY, Zhang P, Yi P, Xu X, et al. Saliva in the diagnosis of
diseases. Int J Oral Sci 2016 83 [Internet]. 2016 Sep 2 [cited 2021 Nov 16];8(3):133-7.

58



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Available from: https://www.nature.com/articles/ijos201638

Dave PK, Rojas-Cessa R, Dong Z, Umpaichitra V. Survey of Saliva Components and
Virus Sensors for Prevention of COVID-19 and Infectious Diseases. Biosens 2021, Vol
11, Page 14 [Internet]. 2020 Dec 31 [cited 2021 Nov 16];11(1):14. Available from:
https://www.mdpi.com/2079-6374/11/1/14/htm

Theda C, Hwang SH, Czajko A, Loke YJ, Leong P, Craig JM. Quantitation of the cellular
content of saliva and buccal swab samples. Sci Rep [Internet]. 2018 [cited 2020 May
18];8(1). Available from: www.nature.com/scientificreports

Kaplan MD, Baum BJ. The functions of saliva. Dysphagia [Internet]. 1993 Jun [cited 2021
Nov 16];8(3):225-9. Available from: https://link.springer.com/article/10.1007/BF01354542
Lima DP, Diniz DG, Moimaz SAS, Sumida DH, Okamoto AC. Saliva: reflection of the
body. Int J Infect Dis. 2010 Mar 1;14(3):e184-8.

LdO FX, Jacobson RS. Oral mucosal immunity and HIV/SIV infection [Internet]. Vol. 86,
Journal of Dental Research. J Dent Res; 2007 [cited 2019 Oct 27]. p. 216—26. Available
from: https://journals.sagepub.com/doi/pdf/10.1177/154405910708600305

Baron S, Poast J, Cloyd MW. Why Is HIV Rarely Transmitted by Oral Secretions?: Saliva
Can Disrupt Orally Shed, Infected Leukocytes. Arch Intern Med [Internet]. 1999 Feb 8
[cited 2021 Nov 15];159(3):303—10. Available from: https://jamanetwork-
com.login.ezproxy.library.ualberta.ca/journals/jamainternalmedicine/fullarticle/484948
Indrastiti RK, Wardhany Il, Soegyanto Al. Oral manifestations of HIV: Can they be an
indicator of disease severity? (A systematic review). Oral Dis [Internet]. 2020;26(S1):133—
6. Available from: https://doi.org/10.1111/j.1600-0714.1993.tb010

Lamont RJ, Hajishengallis G, Jenkinson HF. Oral microbiology and immunology. Second.
ASM Press; 2014. 504 p.

Fabian TK, Hermann P, Beck A, Fejérdy P, Fabian G. Salivary defense proteins: Their
network and role in innate and acquired oral immunity. Vol. 13, International Journal of
Molecular Sciences. Multidisciplinary Digital Publishing Institute (MDPI); 2012. p. 4295
320.

Feller L, Altini M, Khammissa RAG, Chandran R, Bouckaert M, Lemmer J. Oral mucosal
immunity [Internet]. Vol. 116, Oral Surgery, Oral Medicine, Oral Pathology and Oral
Radiology. 2013 [cited 2019 Oct 27]. p. 576—83. Available from:
http://dx.doi.org/10.1016/j.0000.2013.07.013

Challacombe SJ, Naglik JR. The effects of HIV infection on oral mucosal immunity. Vol.
19, Advances in dental research. 2006. p. 29-35.

Kulkarni V, Ruprecht RM. Mucosal IgA responses: Damaged in established HIV infection-
yet, effective weapon against HIV transmission. Front Immunol. 2017 Nov
15;8(NOV):1581.

Sweet SP, Rahman D, Challacombe SJ. IgA subclasses in HIV disease: Dichotomy
between raised levels in serum and decreased secretion rates in saliva. Immunology
[Internet]. 1995 [cited 2021 Nov 15];86(4):556—9. Available from:
/pmc/articles/PMC1384055/?report=abstract

Tripathi S, Wang G, White M, Qi L, Taubenberger J, Hartshorn KL. Antiviral Activity of the
Human Cathelicidin, LL-37, and Derived Peptides on Seasonal and Pandemic Influenza A
Viruses. PLoS One [Internet]. 2015 Apr 24 [cited 2021 Nov 16];10(4):e0124706. Available
from: https://journals-plos-
org.login.ezproxy.library.ualberta.ca/plosone/article?id=10.1371/journal.pone.0124706
Moutsopoulos NM, Greenwell-Wild T, Wahl SM. Differential mucosal susceptibility in HIV-
1 transmission and infection. Adv Dent Res [Internet]. 2006 Oct 10 [cited 2021 Aug
20];19(1):52—6. Available from: https://journals-sagepub-
com.login.ezproxy.library.ualberta.ca/doi/10.1177/1544073706019001117?url_ver=239.88-
2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed

59



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Weinberg A, Quifiones-Mateu ME, Lederman MM. Role of human beta-defensins in HIV
infection. Adv Dent Res [Internet]. 2006 Oct 10 [cited 2021 Nov 16];19(1):42—8. Available
from: https://journals-sagepub-
com.login.ezproxy.library.ualberta.ca/doi/10.1177/154407370601900109?url_ver=239.88-
2003&rfr_id=ori%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed

Kell DB, Heyden EL, Pretorius E. The Biology of Lactoferrin, an Iron-Binding Protein That
Can Help Defend Against Viruses and Bacteria. Front Immunol. 2020 May 28;11:1221.
Behbahani M, Nosrati M, Mohabatkar H. Inhibition of Human Immunodeficiency Type 1
Virus (HIV-1) Life Cycle by Different Egg White Lysozymes. Appl Biochem Biotechnol
[Internet]. 2018 Jul 1 [cited 2021 Nov 16];185(3):786—98. Available from: https://pubmed-
ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/29330771/

Shine N, Konopka K, Dlzgunes N. The anti-HIV-1 activity associated with saliva. J Dent
Res [Internet]. 1997 Nov 8 [cited 2021 Nov 15];76(2):634—40. Available from:
https://journals-sagepub-
com.login.ezproxy.library.ualberta.ca/doi/10.1177/00220345970760020301?url_ver=Z39.
88-2003&rfr_id=0ri%3Arid%3Acrossref.org&rfr_dat=cr_pub++0pubmed

Habte HH, Mall AS, De Beer C, Lotz ZE, Kahn D. The role of crude human saliva and
purified salivary MUC5B and MUC7 mucins in the inhibition of Human Immunodeficiency
Virus type 1 in an inhibition assay. Virol J [Internet]. 2006 Nov 24 [cited 2021 Nov
17];3:99. Available from: /pmc/articles/PMC1676003/

Tugizov S. Human immunodeficiency virus-associated disruption of mucosal barriers and
its role in HIV transmission and pathogenesis of HIV/AIDS disease. Tissue Barriers
[Internet]. 2016 Jul 2 [cited 2021 Nov 17];4(3). Available from: /pmc/articles/PMC4993574/
Challacombe SJ, Sweet SP. Oral mucosal immunity and HIV infection: current status.
Oral Dis [Internet]. 2002 [cited 2021 Nov 17];8(SUPPL. 2):55—-62. Available from:
https://onlinelibrary-wiley-com.login.ezproxy.library.ualberta.ca/doi/full/10.1034/j.1601-
0825.2002.00013.x

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 Integrity Allowing Microbial
Translocation. PLOS Pathog [Internet]. 2010 [cited 2021 Nov 17];6(4):e1000852.
Available from: https://journals-plos-
org.login.ezproxy.library.ualberta.ca/plospathogens/article?id=10.1371/journal.ppat.10008
52

Bandera A, De Benedetto |, Bozzi G, Gori A. Altered gut microbiome composition in HIV
infection: Causes, effects and potential intervention. Curr Opin HIV AIDS [Internet]. 2018
Jan 1 [cited 2021 Nov 17];13(1):73—80. Available from: https://journals-lww-
com.login.ezproxy.library.ualberta.ca/co-
hivandaids/Fulltext/2018/01000/Altered_gut_microbiome_composition_in_HIV.12.aspx
Veazey RS. Intestinal CD4 Depletion in HIV / SIV Infection. Curr Immunol Rev [Internet].
2019 Jun 5 [cited 2021 Nov 17];15(1):76. Available from: /pmc/articles/PMC6701936/
Noguera-Julian M, Guillén Y, Peterson J, Reznik D, Harris E V., Joseph SJ, et al. Oral
microbiome in HIV-associated periodontitis. Med (United States). 2017;96(12).

Griffen AL, Thompson ZA, Beall CJ, Lilly EA, Granada C, Treas KD, et al. Significant
effect of HIV/HAART on oral microbiota using multivariate analysis. Sci Rep [Internet].
2019;9(1). Available from: https://doi.org/10.1038/s41598-019-55703-9

Presti RM, Handley SA, Droit L, Ghannoum M, Jacobson M, Shiboski CH, et al.
Alterations in the oral microbiome in HIV-infected participants after antiretroviral therapy
administration are influenced by immune status. Aids. 2018;32(10):1279-87.
Annavajhala MK, Khan SD, Sullivan SB, Shah J, Pass L, Kister K, et al. Oral and Gut
Microbial Diversity and Immune Regulation in Patients with HIV on Antiretroviral Therapy.
mSphere [Internet]. 2020;5(1). Available from: http://msphere.asm.org/

60



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Yang L, Dunlap DG, Qin S, Fitch A, Li K, Koch CD, et al. Alterations in oral microbiota in
HIV are related to decreased pulmonary function. Am J Respir Crit Care Med [Internet].
2020;201(4):445-57. Available from: www.atsjournals.org.

Iwai S, Fei M, Huang D, Fong S, Subramanian A, Grieco K, et al. Oral and airway
microbiota in HIV-infected pneumonia patients. J Clin Microbiol [Internet]. 2012 Sep [cited
2021 Jul 29];50(9):2995-3002. Available from: https://journals.asm.org/journal/jcm

Lewy T, Hong BY, Weiser B, Burger H, Tremain A, Weinstock G, et al. Oral Microbiome in
HIV-Infected Women: Shifts in the Abundance of Pathogenic and Beneficial Bacteria Are
Associated with Aging, HIV Load, CD4 Count, and Antiretroviral Therapy. AIDS Res Hum
Retroviruses [Internet]. 2019;35(3):276—86. Available from: www.r-project.org

Hirashima M, Kashio Y, Nishi N, Yamauchi A, Imaizumi T-A, Kageshita T, et al. Galectin-9
in physiological and pathological conditions. Vol. 19, Glycoconjugate Journal. Kluwer
Academic Publishers; 2004.

Merani S, Chen W, Elahi S. The bitter side of sweet: The role of Galectin-9 in
immunopathogenesis of viral infections. Rev Med Virol [Internet]. 2015 May 1 [cited 2020
Jun 10];25(3):175-86. Available from: http://doi.wiley.com/10.1002/rmv.1832

Robinson BS, Arthur CM, Evavold B, Roback E, Kamili NA, Stowell CS, et al. The Sweet-
Side of Leukocytes: Galectins as Master Regulators of Neutrophil Function. Front
Immunol. 2019;10(August):1762.

McDonald B, Kubes P. Interactions between CD44 and hyaluronan in leukocyte
trafficking. Front Immunol [Internet]. 2015;6(FEB). Available from: www.frontiersin.org

Lu CH, Lin CH, Li KJ, Shen CY, Wu CH, Kuo YM, et al. Intermediate Molecular Mass
Hyaluronan and CD44 Receptor Interactions Enhance Neutrophil Phagocytosis and IL-8
Production via p38- and ERK1/2-MAPK Signalling Pathways. Inflammation.
2017;40(5):1782-93.

Hyun Y, Hong C. Deep insight into neutrophil trafficking in various organs. J Leukoc Biol
[Internet]. 2017 Sep 1 [cited 2021 Jul 22];102(3):617-29. Available from:
https://jlb.onlinelibrary.wiley.com/doi/full/10.1189/jlb.1RU1216-521R

Nauseef WM, Borregaard N. Neutrophils at work. Nat Immunol. 2014;15(7):602—-11.
Khan Al, Kerfoot SM, Heit B, Liu L, Andonegui G, Ruffell B, et al. Role of CD44 and
Hyaluronan in Neutrophil Recruitment. J Immunol [Internet]. 2004 [cited 2019 Dec
171;,173(12):7594—-601. Available from:
http://www.jimmunol.org/content/173/12/7594http://www.jimmunol.org/content/173/12/759
4 full#tref-list-1

Li Y, Saxena D, Chen Z, Liu G, Abrams WR, Phelan JA, et al. HIV infection and microbial
diversity in saliva. J Clin Microbiol [Internet]. 2014;52(5):1400—11. Available from:
https://journals.asm.org/journal/jcm

Fine N, Tasevski N, McCulloch CA, Tenenbaum HC, Glogauer M. The Neutrophil:
Constant Defender and First Responder. Vol. 11, Frontiers in Immunology. Frontiers
Media S.A.; 2020.

Hensley-McBain T, Wu MC, Manuzak JA, Cheu RK, Gustin A, Driscoll CB, et al.
Increased mucosal neutrophil survival is associated with altered microbiota in HIV
infection. PLOS Pathog [Internet]. 2019 [cited 2021 Nov 18];15(4):e1007672. Available
from: https://journals-plos-
org.login.ezproxy.library.ualberta.ca/plospathogens/article?id=10.1371/journal.ppat. 10076
72

Dewhirst FE, Chen T, lzard J, Paster BJ, Tanner ACR, Yu WH, et al. The human oral
microbiome. J Bacteriol. 2010 Oct;192(19):5002-17.

Baker JL, Bor B, Agnello M, Shi W, He X. Ecology of the Oral Microbiome: Beyond
Bacteria. Trends Microbiol. 2017 May 1;25(5):362—74.

SE,RMB, SA-P,HG T, LA B, V G. The host defense peptide beta-defensin 1 confers

61



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

protection against Bordetella pertussis in newborn piglets. Infect Immun [Internet]. 2006
Apr [cited 2021 Aug 27];74(4):2338-52. Available from: https://pubmed-ncbi-nim-nih-
gov.login.ezproxy.library.ualberta.ca/16552064/

Pandiyan P, Younes S-A, Ribeiro SP, Talla A, McDonald D, Bhaskaran N, et al. Mucosal
Regulatory T Cells and T Helper 17 Cells in HIV-Associated Immune Activation. Front
Immunol [Internet]. 2016 Jun 20 [cited 2021 Aug 20];7(JUN). Available from:
/pmc/articles/PMC4913236/

Nittayananta W, Tao R, Jiang L, Peng Y, Huang Y. Oral innate immunity in HIV infection
in HAART era. Vol. 45, Journal of Oral Pathology and Medicine. 2016. p. 3-8.

Abusleme L, Moutsopoulos NM. IL-17: overview and role in oral immunity and microbiome
[Internet]. Vol. 23, Oral Diseases. 2017 [cited 2019 Oct 27]. p. 854—65. Available from:
www.wiley.com

Levine AM, Karim R, Mack W, Gravink DJ, Anastos K, Young M, et al. Neutropenia in
Human Immunodeficiency Virus Infection: Data From the Women'’s Interagency HIV
Study. Arch Intern Med [Internet]. 2006 Feb 27 [cited 2021 Jul 22];166(4):405-10.
Available from: https://jamanetwork.com/journals/jamainternalmedicine/fullarticle/409872
Moonen CGJ, Hirschfeld J, Cheng L, Chapple ILC, Loos BG, Nicu EA. Oral neutrophils
characterized: Chemotactic, phagocytic, and neutrophil extracellular trap (NET) formation
properties. Front Immunol [Internet]. 2019 [cited 2019 Nov 21];10(MAR):635. Available
from: www.frontiersin.org

Zhang D, Frenette PS. Cross talk between neutrophils and the microbiota. Blood
[Internet]. 2019 May 16 [cited 2021 Jul 23];133(20):2168. Available from:
/pmc/articles/PMC6524562/

G H. Immunomicrobial pathogenesis of periodontitis: keystones, pathobionts, and host
response. Trends Immunol [Internet]. 2014 Jan [cited 2021 Aug 27];35(1):3—11. Available
from: https://pubmed-ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/24269668/
Uriarte SM, Edmisson JS, Jimenez-Flores E. Human neutrophils and oral microbiota: a
constant tug-of-war between a harmonious and a discordant coexistence. Immunol Rev.
2016;273(1):282-98.

Deshmukh HS, Liu Y, Menkiti OR, Mei J, Dai N, O’Leary CE, et al. The microbiota
regulates neutrophil homeostasis and host resistance to Escherichia coli K1 sepsis in
neonatal mice. Nat Med. 2014;20(5):524—-30.

Zhang D, Chen G, Manwani D, Mortha A, Xu C, Faith JJ, et al. Neutrophil ageing is
regulated by the microbiome. Nat 2015 5257570 [Internet]. 2015 Sep 16 [cited 2021 Jul
25];525(7570):528-32. Available from: https://www-nature-
com.login.ezproxy.library.ualberta.ca/articles/nature 15367

Adrover JM, Nicolas-Avila JA, Hidalgo A. Aging: A Temporal Dimension for Neutrophils.
Vol. 37, Trends in Immunology. Elsevier Ltd; 2016. p. 334—45.

Xiao E, Mattos M, Vieira GHA, Chen S, Corréa JD, Wu Y, et al. Diabetes Enhances IL-17
Expression and Alters the Oral Microbiome to Increase Its Pathogenicity. Cell Host
Microbe [Internet]. 2017 Jul 12 [cited 2021 Aug 27];22(1):120-128.e4. Available from:
https://pubmed-ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/28704648/

Flynn KJ, Baxter NT, Schloss PD. Metabolic and Community Synergy of Oral Bacteria in
Colorectal Cancer. mSphere [Internet]. 2016 Jun 22 [cited 2021 Aug 27];1(3). Available
from: https://journals.asm.org/journal/msphere

Ogrendik M. Medical Hypothesis Oral bacteria in pancreatic cancer: mutagenesis of the
p53 tumour suppressor gene. Int J Clin Exp Pathol [Internet]. 2015 [cited 2021 Aug
271;8(9):11835-6. Available from: www.ijcep.com/

Whitmore SE, Lamont RJ. Oral Bacteria and Cancer. PLOS Pathog [Internet]. 2014 [cited
2021 Aug 27];10(3):e1003933. Available from: https://journals-plos-
org.login.ezproxy.library.ualberta.ca/plospathogens/article?id=10.1371/journal.ppat. 10039

62



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

33

Mukherjee PK, Chandra J, Retuerto M, Tatsuoka C, Ghannoum MA, McComsey GA.
Dysbiosis in the oral bacterial and fungal microbiome of HIV-infected subjects is
associated with clinical and immunologic variables of HIV infection. PLoS One [Internet].
2018 Jul 1 [cited 2021 Aug 25];13(7):e0200285. Available from: https://journals-plos-
org.login.ezproxy.library.ualberta.ca/plosone/article?id=10.1371/journal.pone.0200285
Scott DA, Krauss JL. Neutrophils in periodontal inflammation. Periodontal Dis [Internet].
2011 Nov 2 [cited 2021 Aug 27];15:56—83. Available from: https://pubmed-ncbi-nim-nih-
gov.login.ezproxy.library.ualberta.ca/22142957/

Berezow AB, Darveau RP. Microbial shift and periodontitis. Periodontol 2000 [Internet].
2011 Feb [cited 2021 Aug 27];55(1):36—47. Available from: https://pubmed-ncbi-nlm-nih-
gov.login.ezproxy.library.ualberta.ca/21134227/

Lokuta MA, Nuzzi PA, Huttenlocher A. Analysis of neutrophil polarization and chemotaxis.
Methods Mol Biol [Internet]. 2007 [cited 2021 Aug 27];412:211-29. Available from:
https://pubmed-ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/18453114/

Elahi S, Niki T, Hirashima M, Horton H. Galectin-9 binding to Tim-3 renders activated
human CD4+ T cells less susceptible to HIV-1 infection. Blood. 2012 May
3;119(18):4192-204.

NB,SM EPR,LX, SS,WS, etal. Galectin-9, a Player in Cytokine Release Syndrome
and a Surrogate Diagnostic Biomarker in SARS-CoV-2 Infection. MBio [Internet]. 2021
May 1 [cited 2021 Aug 3];12(3). Available from: https://pubmed-ncbi-nim-nih-
gov.login.ezproxy.library.ualberta.ca/33947753/

Bozorgmehr N, Okoye |, Oyegbami O, Xu L, Fontaine A, Cox-Kennett N, et al. Expanded
antigen-experienced CD160+CD8+effector T cells exhibit impaired effector functions in
chronic lymphocytic leukemia. J Immunother Cancer [Internet]. 2021 Apr 1 [cited 2021
Aug 28];9(4):e002189. Available from: https://jitc-bmij-
com.login.ezproxy.library.ualberta.ca/content/9/4/e002189

Rijkschroeff P, Jansen IDC, Van Der Weijden FA, Keijser BJF, Loos BG, Nicu EA. Oral
polymorphonuclear neutrophil characteristics in relation to oral health: A cross-sectional,
observational clinical study. Int J Oral Sci. 2016 Sep 29;8(3):191-8.

Asensi V, Valle E, Meana A, Fierer J, Celada A, Alvarez V, et al. In Vivo Interleukin-6
Protects Neutrophils from Apoptosis in Osteomyelitis. Infect Immun [Internet]. 2004 Jul
[cited 2021 Aug 13];72(7):3823. Available from: /pmc/articles/PMC427428/

Prince LR, Whyte MK, Sabroe I, Parker LC. The role of TLRs in neutrophil activation. Vol.
11, Current Opinion in Pharmacology. Elsevier Ltd; 2011. p. 397-403.

Cotter MJ, Zaiss AK, Muruve DA. Neutrophils Interact with Adenovirus Vectors via Fc
Receptors and Complement Receptor 1. J Virol [Internet]. 2005 Dec 15 [cited 2021 Aug
13];79(23):14622-31. Available from: https://journals.asm.org/journal/jvi

Dang AT, Cotton S, Sankaran-Walters S, Li CS, Lee CYM, Dandekar S, et al. Evidence of
an increased pathogenic footprint in the lingual microbiome of untreated HIV infected
patients. BMC Microbiol [Internet]. 2012 [cited 2021 Sep 16];12. Available from:
https://pubmed-ncbi-nim-nih-gov.login.ezproxy.library.ualberta.ca/22838383/

Aas JA, Barbuto SM, Alpagot T, Olsen |, Dewhirst FE, Paster BJ. Subgingival plaque
microbiota in HIV positive patients. J Clin Periodontol [Internet]. 2007 Mar 1 [cited 2021
Sep 16];34(3):189-95. Available from: https://onlinelibrary-wiley-
com.login.ezproxy.library.ualberta.ca/doi/full/10.1111/j.1600-051X.2006.01034.x

Saxena D, Li Y, Devota A, Pushalkar S, Abrams W, Barber C, et al. Modulation of the
orodigestive tract microbiome in HIV-infected patients. Oral Dis. 2016 Apr 1;22:73-8.

Li J, Chang S, Guo H, Ji Y, Jiang H, Ruan L, et al. Altered salivary microbiome in the
early stage of hiv infections among young chinese men who have sex with men (Msm).
Pathogens [Internet]. 2020;9(11):1-19. Available from: www.mdpi.com/journal/pathogens

63



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Lamont RJ, Koo H, Hajishengallis G. The oral microbiota: dynamic communities and host
interactions. Nat Rev Microbiol [Internet]. 2018;16(12):745-59. Available from:
www.nature.com/nrmicro

Takeshita T, Kageyama S, Furuta M, Tsuboi H, Takeuchi K, Shibata Y, et al. Bacterial
diversity in saliva and oral health-related conditions: the Hisayama Study. Sci Reports
2016 61 [Internet]. 2016 Feb 24 [cited 2021 Jul 26];6(1):1-11. Available from:
https://www.nature.com/articles/srep22164

Lawani MB, Morris A. The respiratory microbiome of HIV-infected individuals. Expert Rev
Anti Infect Ther. 2016;14(8):719-29.

Khor B, Snow M, Herrman E, Ray N, Mansukhani K, Patel KA, et al. Interconnections
between the oral and gut microbiomes: Reversal of microbial dysbiosis and the balance
between systemic health and disease. Microorganisms [Internet]. 2021 Mar 1 [cited 2021
Sep 1];9(3):1-22. Available from: https://pubmed-ncbi-nim-nih-
gov.login.ezproxy.library.ualberta.ca/33652903/

Saxena D, LiY, Yang L, Pei Z, Poles M, Abrams WR, et al. Human microbiome and
HIV/AIDS. Curr HIV/AIDS Rep [Internet]. 2012 [cited 2021 Jul 27];9(1):44-51. Available
from: http://ab.inf.uni-tuebingen.de/software/megan/,

Mantri CK, Chen C, Dong X, Goodwin JS, Xie H. Porphyromonas gingivalis—mediated
Epithelial Cell Entry of HIV-1. J Dent Res [Internet]. 2014 [cited 2021 Jul 29];93(8):794.
Available from: /pmc/articles/PMC4126220/

Bor B, Bedree JK, Shi W, McLean JS, He X. Saccharibacteria (TM7) in the Human Oral
Microbiome. J Dent Res [Internet]. 2019;98(5):500-9. Available from:
https://doi.org/10.1177/0022034519831671

Curtis MA, Diaz PI, Thomas |, Van Dyke E. The role of the microbiota in periodontal
disease. Periodontology. 2000;83:14-25.

Darveau RP. Periodontitis: a polymicrobial disruption of host homeostasis. Nat Publ Gr
[Internet]. 2010; Available from: www.nature.com/reviews/micro

Vujkovic-Cvijin I, Sortino O, Verheij E, Sklar J, Wit FW, Kootstra NA, et al. HIV-associated
gut dysbiosis is independent of sexual practice and correlates with noncommunicable
diseases. Nat Commun 2020 111 [Internet]. 2020 May 15 [cited 2021 Jul 30];11(1):1-15.
Available from: https://www.nature.com/articles/s41467-020-16222-8

Pinacchio C, Scagnolari C, lebba V, Santinelli L, Innocenti GP, Frasca F, et al. High
abundance of genus Prevotella is associated with dysregulation of IFN-l and T cell
response in HIV-1-infected patients. AIDS [Internet]. 2020 Aug 1 [cited 2021 Jul
30];34(10):1467—-73. Available from: https://journals-lww-
com.login.ezproxy.library.ualberta.ca/aidsonline/Fulltext/2020/08010/High_abundance_of
_genus_Prevotella_is_associated.5.aspx

Buvé A, Jespers V, Crucitti T, Fichorova RN. The vaginal microbiota and susceptibility to
HIV [Internet]. Vol. 28, Aids. Lippincott Williams and Wilkins; 2014 [cited 2021 Sep 16]. p.
2333-44. Available from: https://journals-lww-
com.login.ezproxy.library.ualberta.ca/aidsonline/Fulltext/2014/10230/The_vaginal_microbi
ota_and_susceptibility_to_HIV.1.aspx

Lin JN, Lai CH, Yang CH, Huang YH. Elizabethkingia infections in humans: From
genomics to clinics. Microorganisms [Internet]. 2019;7(9). Available from:
www.mdpi.com/journal/microorganisms

Bicak DA, Akyuz S, Kiratli B, Usta M, Urganci N, Alev B, et al. The investigation of
Helicobacter pylori in the dental biofilm and saliva samples of children with dyspeptic
complaints. BMC Oral Heal 2017 171 [Internet]. 2017 Mar 21 [cited 2021 Jul 27];17(1):1—
12. Available from: https://bmcoralhealth-biomedcentral-
com.login.ezproxy.library.ualberta.ca/articles/10.1186/s12903-017-0361-x

Al Asgah M, Al Hamoudi N, Anil S, Al Jebreen A, Al-Hamoundi WK. Is the presence of

64



139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Helicobacter pylori in the dental. Vol. 23, Canadian Journal of Gastroenterology. 2009.
Ji'Y, Liang X, Lu H. Analysis of by high-throughput sequencing: Helicobacter pylori
infection and salivary microbiome. BMC Oral Health [Internet]. 2020 Mar 20 [cited 2021
Sep 16];20(1). Available from: https://pubmed-ncbi-nim-nih-
gov.login.ezproxy.library.ualberta.ca/32197614/

Yee JKC. Helicobacter pylori colonization of the oral cavity: A milestone discovery. World
J Gastroenterol [Internet]. 2016 Jan 14 [cited 2021 Jul 27];22(2):641-8. Available from:
/pmc/articles/PMC4716065/

Nevin DT, Morgan CJ, Graham DY, Genta RM. Helicobacter pylori Gastritis in HIV-
Infected Patients: A Review. Helicobacter. 2014;19(5):323-9.

Elahi S, Shahbaz S, Houston S. Selective Upregulation of CTLA-4 on CD8+ T Cells
Restricted by HLA-B*35Px Renders them to an Exhausted Phenotype in HIV-1 infection.
PLOS Pathog [Internet]. 2020 Aug 6 [cited 2021 Sep 16];16(8):e1008696. Available from:
https://journals-plos-
org.login.ezproxy.library.ualberta.ca/plospathogens/article?id=10.1371/journal.ppat.10086
96

Elhed A, Unutmaz D. Th17 cells and HIV infection. Curr Opin HIV AIDS [Internet]. 2010
Mar [cited 2021 Sep 16];5(2):146-50. Available from: /pmc/articles/PMC3115760/
Gaffen SL, Hernandez-Santos N, Peterson AC. IL-17 Signaling in Host Defense Against
Candida albicans. Immunol Res [Internet]. 2011 Aug [cited 2021 Sep 16];50(2—-3):181.
Available from: /pmc/articles/PMC3257840/

Jones MM, Vanyo ST, Visser MB. The Msp protein of treponema denticola interrupts
activity of phosphoinositide processing in neutrophils. Infect Immun [Internet]. 2019 [cited
2021 Jul 22];87(11). Available from: https://pubmed-ncbi-nim-nih-
gov.login.ezproxy.library.ualberta.ca/31481407/

Mécsai A, Walzog B, Lowell CA. Intracellular signalling during neutrophil recruitment.
Cardiovasc Res [Internet]. 2015 Aug 1 [cited 2021 Jul 30];107(3):373—-85. Available from:
/pmc/articles/PMC4502828/

Franzmann EJ, Reategui EP, Carraway KL, Hamilton KL, Weed DT, Goodwin WJ.
Salivary soluble CD44: A potential molecular marker for head and neck cancer. Cancer
Epidemiol Biomarkers Prev. 2005;14(3):735-9.

Sansone P, Storci G, Tavolari S, Guarnieri T, Giovannini C, Taffurelli M, et al. IL-6 triggers
malignant features in mammospheres from human ductal breast carcinoma and normal
mammary gland. J Clin Invest. 2007 Dec 3;117(12):3988—4002.

Gao SP, Mark KG, Leslie K, Pao W, Motoi N, Gerald WL, et al. Mutations in the EGFR
kinase domain mediate STAT3 activation via IL-6 production in human lung
adenocarcinomas. J Clin Invest. 2007 Dec 3;117(12):3846-56.

Schafer ZT, Brugge JS. IL-6 involvement in epithelial cancers. J Clin Invest. 2007 Dec
3;117(12):3660-3.

Borish L, Rosenbaum R, Albury L, Clark S. Activation of neutrophils by recombinant
interleukin 6. Cell Immunol. 1989;121(2):280-9.

65



Appendix

Supplemental Fig 1. Purity plots for oral and blood neutrophils
A. Gating strategy for oral neutrophils showing that all gated CD15+ cells identified as

neutrophils are also CD16+ cells. B. Same gating for blood neutrophils.
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Supplemental Fig 2. Neutrophil migration in relationship to Gal-9 and CD44

Using the Cell Invasion Assay (Cat. No. ECM 555, Millipore), neutrophils from 6 HCs, were left
to migrate towards chemoattractant N-Formyl methionyl-leucyl-phenylalanine (fMLP, 50 uM) in
the presence or absence of Galectin 9 (1.5 ng/ml), and recombinant anti-CD44 antibody (20

ug/mL). Gal-9 enhanced neutrophil migration.
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Supplemental Fig.3. Inflammatory cytokines in the saliva of HIV-1 infected individuals
versus healthy controls (HC).

Cytokines were measured using V-plex Plus pro-inflammatory kit from Meso Scale Discovery
(MSD) (K15054D-1).
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Table 4. HIV-1 infected individuals demographics
TH=ART patients with CD4 High>200 cells/mm3, TL=ART patients with CD4 Low<=200
cells/fmm3, L= Long-term non progressor, N= Naive ART

Red= Samples used for 16SrDNA sequencing

Patient Code CD4 absolute (cells'mm3) Viral Load (copies/mL) Sex Age
THO1 640 <40 Female 26-30
THO2 590 <40 Male 51-55
THO4 880 <40 Male 51-55
THO5 730 <40 Male 41-45
THO6 740 <40 Male 61-65
THO9 560 <40 Male 56-60
TH10 870 <40 Male 46-50
TH11 800 <40 Male 41-45
TH12 650 <40 Female 41-45
TH13 630 <40 Male 61-65
TH15 740 <40 Female 41-45
TH16 550 <40 Male 46-50
TH17 710 <40 Female 31-35
TH18 760 <40 Male 36-40
TH19 560 <40 Female 36-40
TH20 570 <40 Female 36-40
TH21 650 <40 Male 41-45
TH170 720 <40 Male 36-40
TH173 340 804 Male 31-35
TH175 354 <40 Female 36-40
TH177 651 <40 Female 18-25
TH178 590 <40 Male 41-45
TH180 460 <40 Male 46-50
TH182 302 54 Female 41-45
TH185 750 <40 Male 41-45
TH186 590 <40 Female 46-50
TH187 920 <40 Male 36-40
TH189 208 314 Male 51-55
TH190 910 <40 Female 56-60
TH191 780 51 Male 51-55
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TH193 570 <40 Female 51-55
TH194 348 <40 Male 66-70
TH196 1200 <40 Male 61-65
TH197 402 <40 Male 71-75
TH198 1464 <40 Male 56-60
TH199 539 <40 Male 18-25
TH201 N/A <40 Male 26-30
TH202 539 <40 Male 36-40
TH204 315 <40 Male 41-45
TLO1 140 <40 Male 75+

TLO3 170 <40 Male 56-60
TLO4 20 <40 Male 41-45
TLO5 140 <40 Female 41-45
TLO7 100 <40 Female 56-60
TLO8 40 <40 Female 36-40
TLO9 160 <40 Male 56-60
TL171 166 <40 Female 36-40
TL174 152 <40 Male 51-55
TL179 161 <40 Male 51-55
TL184 110 <40 Male 51-55
LO1 720 <40 Male 61-65
LO2 250 <40 Female 41-45
LO4 570 <40 Female 41-45
LO5 1030 <40 Female 51-55
LO6 640 <40 Female 26-30
LO7 920 <40 Male 31-35
LO8 560 <40 Female 36-40
LO9 700 <40 Female 36-40
L10 970 <40 Female 41-45
NO1 230 N/A Male 41-45
NO02 160 N/A Male 56-60
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Table 5. Healthy Controls Demographics
Red= Samples used for 16SrDNA sequencing

Patient Code Sex Age
HC1 Male 26-30
HC2 Male 26-30
HC3 Female 41-45
HC4 Female 41-45
HC5 Male 18-25
HC6 Female 31-35
HC7 Female 56-60
HC8 Female 46-50
HC9 Female 18-25
HC10 Female 26-30
HC11 Female 18-25
HC12 Female 26-30
HC13 Female 26-30
HC14 Female 41-45
HC15 Female 36-40
HC16 Male 31-35
HC17 Female 51-55
HC18 Female 18-25
HC19 Male 18-25
HC20 Male 18-25
HC21 Female 26-30
HC22 Female 26-30
HC23 Female 26-30
HC24 Male 26-30
HC25 Female 51-55
HC26 Female 18-25
HC27 Female 18-25
HC28 Female 31-35
HC29 Male 51-55
HC30 Male 31-35
HC31 Male 31-35
HC32 Male 31-35
HC33 Female 18-25
HC34 Male 18-25
HC35 Female 26-30
HC36 Male 46-50
HC37 Female 36-40
HC38 Male 61-65
HC39 Male 41-45
HC40 Female 41-45
HC41 Male 26-30
HC42 Female 51-55
HC43 Female 51-56
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Table 6. Questionnaire Results

Frequencies and percentages are presented. The Chi-square test was applied to calculate the

p-value for age. For all other parameters, Fischer's exact test was used.

HC (n=43) HIV (n=61)
Counts % Counts % p-value
Age 18-30 21 49 5 8
31-40 9 21 14 23
41-50 6 14 19 31 0.0003
51-60 6 14 16 26
61-75 1 2 6 10
75+ 0 0 1 2
16
Sex Male 37 37 61 0.028
Female 27 63 24 39
Smoking No 41 95 36 59 <0.0001
Yes 2 5 25 41
Alcohol No 16 37 27 44 0.546
Yes 27 63 34 56
Drugs No 41 95 43 70 0.002
Yes 2 5 18 30
Medication No or only ART 30 70 33 54 0.153
Yes 13 30 28 46 '
i 6
Flossing No 14 31 51 0.0001
Yes 37 86 30 49
Mouthwash No 25 58 35 57 0.194
Yes 10 23 26 43
i 14
Brushing Oto1 33 25 41 0.168
2t03 36 84 36 59
(n=24) (n=22)
Bleeding on No 19 79 15 68 0.507
Brushing Yes 5 21 7 32
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