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Abstract

Although HIV has become a manageable chronic disease with the introduction of
antiretroviral therapy (ART), people living with HIV (PLWH) experience a higher
prevalence of age-related non-AIDS comorbidities (NACMSs), such as cardiovascular
disease (CVD). PLWH often presents chronic inflammation and higher thrombogenicity,
which are key contributing factors for NACM’s CVD development. The interplay between
the complement system and platelets with neutrophil activation and neutrophil
extracellular traps (NETS) has been a major contribution to chronic inflammation and
higher thrombogenicity, but little attention has been directed to its association with virally
suppressed PLWH in the context of NACM CVD.

We used 40 virally suppressed HIV-seropositive plasma samples and 39 HIV-
seronegative plasma samples to quantify and correlate important complement
components (C2, C3a, C5a, C9) and platelet activation (von-Willebrand factor-A2 (VWF-
A2), ADAMTS13, tissue factor (TF), protein C, and fibrinogen) analytes. We then used
ex-vivo NET assays to see further correlations with plasma proteins in inducing NET
formation.

Results showed that participants had similar demographics, blood parameters,
and co-morbidities, with significant differences in hepatitis B and C between groups.
PLWH plasma displayed significant altered differences in complement components C2
and Cba, with both of these markers significantly strongly correlated with platelet and
neutrophil NET activation markers. C2 also significantly positively correlated with chronic
inflammatory markers (serum amyloid A (SAA), serum amyloid P (SAP), IL-1beta, and

vascular endothelial growth factor VEGF)). Furthermore, HIV status was a predictive



value of C2 and Cbha concentration levels in PLWH'’s plasma. PLWH’s plasma was also
able to induce NETosis compared to HIV-negative plasma, showing that these soluble
factors can contribute to both NETosis and non-lytic NET formation as well, and platelets
specifically can facilitate NETosis. Our findings highlight the association between
complement dysregulation, inflammation, and coagulation in virally suppressed PLWH’s

plasma.
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Chapter 1. Background



1.1.a. History & Epidemiology

Human immunodeficiency virus (HIV) causes AIDS (acquired immunodeficiency
syndrome), the most prevalent epidemic in the history of mankind [1]. The first case was
recognized in the summer of 1981. This case was initially associated with young gay men
being ill and dying of opportunistic infections. They often developed dark purple lesions
on their arms and faces because of Kaposi's sarcoma, a rare and aggressive cancer [2].
This epidemic continued with drug users, people who had received blood transfusions,
and the general population. This sparked epidemiologists to establish surveillance
activities, and within a couple of years, the groups at risk of infection and modes of
disease transmission were identified. In 1983, they isolated the retrovirus, later known as
HIV-1. This led to three decades of intense research in virology, pathogenesis, diagnosis,
and treatment [3].

Human-to-human transmission of HIV occurs through three known routes:
inoculation in the blood (e.g., transfusion, contaminated needle), sexually, and perinatally
(e.g., intrauterine, breast milk) [4]. As of 2017, 36.9 million people were living with HIV
(PLWH) living worldwide, with most of these infections in sub-Saharan Africa. AIDS is a
global pandemic caused by two genetically diverse subtypes, HIV-1 and HIV-2. The
subtypes were introduced through multiple cross-species transmission of simian
immunodeficiency viruses from non-human primates to humans [5]. Worldwide, the
majority of HIV infections are HIV-1, with HIV-2 occurring predominantly in West Africa,

but has been reported in other countries, including the U.S. [6].



1.1.b.i. Virology: Genome

Human immunodeficiency virus (HIV) originates from the Retroviridae family,
specifically in the Lentivirus genus, meaning “slow virus” [4]. Viruses from the Retroviridae
family, including HIV, are enveloped, positive sense single-stranded RNA viruses that
encode an enzyme called reverse transcriptase (RNA-dependent RNA polymerase) [4].
HIV’s genome contains three types of genes: structural, regulatory, and accessory, with
long terminal repeats (LTRs) at both the 5" and 3’ end of the gene [4, 7]. LTRs are unique
sequences that contain the promoter, enhancer, and other signals required for
transcription of the viral genes by the host RNA polymerase II7. The structural genes are
gag, pol, and env, which are essential in HIV’s ability to infect target cells [4]. The gag
gene encodes the matrix, capsid, and nucleocapsid, proteins critical to protect and
contain the virus's genome [4]. The pol gene encodes protease, reverse transcriptase,
and integrase, essential enzymes for HIV replication [4]. The env gene encodes two
surface glycoproteins, glycoprotein (gp)120 & 41(gp120 & gp41), necessary for the initial
binding and entry of target cells [4]. The regulatory genes are tat & rev, and the accessory
genes are vif, vpu, vpr, & nef [4]. These genes encode non-structural proteins essential
in HIV’s replication, with tat non-structural proteins required for transcriptional activation

of HIV LTR and rev non-structural protein necessary for nuclear export of late HIV mRNAs

[1].

1.1.b.ii. Virology: Replication

Once HIV is transmitted from an infected person to a non-infected person, HIV can

target specific cells, specifically immune cells. It has a tropism for two types of cells,
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depending on the host cell's co-receptor and these co-receptors usually appear in certain
types of immune cells*. The HIV R5 virus they are M-tropic, meaning HIV’s gp120 binds
to receptors on host cells that have CD4 with a CCRS5 co-receptor and that usually infects
monocytes and primary CD4 T-cell, which is the primary transmitted virus[8]. For HIV X4
virus, they are T-tropic, so HIV’s gp120 binds to CD4 with a co-receptor of CXCR4, and
these appear in infected CD4 T-cell lines and CD4 T-cells but not macrophages; these
are seen in acquired immunodeficiency syndrome (AIDS) [4, 8].

After binding, the fusion peptide, gp41, fuses HIV with the target cell to facilitate
endocytosis and release viral capsid into the cytoplasm [7]. Endocytosis of the viral capsid
facilitates the uncoating and release of two ssRNA, viral reverse transcriptase, integrase,
and protease enzymes [7]. Viral RNA is reverse-transcribed into complementary DNA
(cDNA) by the reverse transcriptase enzyme, the virion-associated RNA-dependent DNA
polymerase [7]. The cDNA is converted into linear, double-stranded DNA molecule
flanked by the LTR sequences by DNA-dependent DNA polymerase activity of the same
reverse transcriptase enzyme [7]. The viral RNA template is removed from the RNA-DNA
hybrid by Ribonuclease H (RNase H) activity of the same reverse transcriptase enzyme
[7, 9]. Following the overall process of reverse transcription, the resultant linear DNA
molecule circularizes and makes a pre-integration complex with the help of viral and host
factors’. The pre-integration complex enters the nucleus and integrates at random sites
into the host cell chromosome by viral integrase [7]. It becomes part of the cellular
genome and permanently infects the cell. The integrated viral genome, called the
provirus, is replicated and faithfully inherited as long as the infected cell continues to

divide [7].
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The viral integrase with high specificity to the linear HIV DNA substrate integrates
the linear DNA into host DNA [7]. Two base pairs are generally lost from each DNA end
and are usually randomly integrated into the host cellular DNA; however, it prefers actively
transcribed genes [7]. A short sequence of base pairs in the target DNA (four to six) is
duplicated during the integration process, and these repeat sequences immediately flank
the integrated provirus’. Host RNA polymerase |l completes the replication process by
transcribing the pro-viral DNA with the help of the LTRs [7]. Once transcribed, HIV
produces a series of spliced mMRNAs that encode structural proteins and viral regulatory
and accessory proteins [7]. HIV and other lentiviruses exert high control over whether the
primary transcripts are allocated to full-length RNA or spliced to produce mRNAs [7]. Viral
MRNA is exported out of the nucleus and is subsequently translated by host cell
ribosomes into proteins necessary for the assembly and budding of a virus particle[1]. In
the budding process, once HIV polyproteins are subsequently processed by proteolysis
into the individual protein molecules [7]. In the maturation process, virus-specific protease
is responsible for cleavages of Gag and Gag-pol precursor polyprotein, resulting from

maturation from immature virus particle to mature HIV virion [7].

1.1.b.iii. Virology: Pathophysiology & Clinical Presentation

In addition to its unique structure and replication process, it contains a complex
pathophysiology and prolonged clinical disease, specifically AIDS [7]. AIDS is a diagnosis
assigned to patients who are HIV antibody-positive and have CD4* T cell counts lower
than 200/mm3. The pathogenesis of HIV infection and progression to AIDS is a

consequence of the properties of viral infection and the host’'s immune response to the
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virus’. The balance between these two components determines the different outcomes of
the infection, from the development of AIDS to long-term survival [10]. The clinical course
contains three phases: acute (primary) infection, chronic (asymptomatic) infection, and
AIDS!. The initial infection or acute (primary) infection with HIV is usually asymptomatic,
with some cases having flu-like iliness developing 2 to 4 weeks after infection and lasting
about 2 to 6 weeks [7]. During this time, the virus rapidly invades, persists, and integrates
into some host cells' genomes; thus, the individual is infected for life [7]. The initial
infection is followed by an asymptomatic period that, in most cases, continues for years
before the disease becomes clinically apparent [7]. As the disease progresses in
untreated patients, the number of CD4* T-cells declines until it reaches 200/mm?3, which
is classified as AIDS’. AIDS makes patients susceptible to a range of ailments, from

opportunistic microbial infections to incidences of rare cancer, to death [7].

1.1.c. Treatment & Prevention

Unfortunately, there is no cure for HIV [11]. Still, highly effective antiretroviral
therapy (ART) was introduced in 1995 [12]. Once ART was introduced, in ten years, death
rates from HIV disease were reduced by 50% to 80%. It changed a nearly universally fatal
and catastrophic illness to a manageable chronic illness [13].

Current ART suppresses HIV replication, restores CD4 cell counts & immune
function, reduces morbidity & mortality, and prolongs survival like the general population.
Current treatment guidelines worldwide recommend starting ART in anyone who is HIV
infected regardless of prior signs and symptoms. An issue with treatment is the adherence

to daily oral drug intake, which is the most important factor for sustained viral suppression
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and prevention of the emergence of drug-resistant viral strains. Several factors contribute
to this, such as treatment fatigue for multidrug regimens that must be taken indefinitely.
A promising approach to overcome the adherence challenge and prevent drug resistance
is the development of long-acting formulations, which can ensure 2-month-long effective
plasma concentrations [14]. A new US FDA (Food and Drug Administration) injectable
solution or tablet for treating HIV infection is a capsid inhibitor, Lenacapavir. It is usually
prescribed in combination with treatment-experienced adults who have drug resistance
and meet certain [15].

HIV pre-exposure prophylaxis (PrEP) is a prevention strategy of giving
antiretroviral drugs to uninfected individuals who engage in high-risk behaviors [16]. PrEP
consists of 1 or 2 antiretroviral agents, usually a dual therapy with NRTIs but not a
complete regimen used to treat HIV, with a 99% effective in reducing sexual transmission
and 74 to 84% effective In reducing transmission in people who use injection. Adherence
is a similar problem to preventative measures, and they are also looking into long-acting

formulations [14, 17].

1.1.d Non-AIDS Comorbidities (NACM) in PLWH: Cardiovascular Disease (CVD)
Even with HIV disease being a manageable chronic disease, they now experience
disproportionately higher rates of various NACMs like diabetes [18], malignancies [19],
and CVD [20, 21]. As the population of older PLWH (age 2 50 years) is anticipated to rise,
the proportion of NACMs and NACMs-related deaths is likely to increase [22] . Therefore,

morbidity and mortality from NACMs have emerged as major health concerns [22]. In
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terms of CVD, specifically atherosclerotic CVD (ASCVD), has become a significant cause
of morbidity and mortality in PLWH [23].

Chronic immune activation and inflammation remain an obstacle for non-AIDs co-
morbidities, including CVD [24, 25]. The mechanisms of higher prevalence and burden of
NACMs include multiple traditional risk factors [26, 27]. The first risk factor is HIV
persistence, which is the ability for HIV to remain in the body despite effective ART, and
persist within reservoirs within the body, like CD4+ T-cells [24, 25]. Another risk factor
includes microbial translocation, which is the movement of microbial products, such as
bacterial components, from the gut lumen into the systemic circulation [28, 29]. Next is
lifestyle choices like consuming alcohol, smoking cigarettes and marijuana, and diet [26,
27]. Next is co-infections, which can complicate the management and prognosis of
NACMSs, including hepatitis B, hepatitis C, tuberculosis (TB), and human papillomavirus
(HPV) [24, 30, 31]. Furthermore, ART toxicity is another risk factor that has major side
effects and toxicities [24, 30, 31].

Other risk factors specifically for NACM CVD include persistent HIV-related
inflammation and higher thrombogenicity, which increases the risk of developing ASCVD
[23]. Inflammation, platelet activation, and alteration in the coagulation pathway may
contribute to microvascular dysfunction [23]. The persistence of inflammation in PLWH is
associated with progressive atherosclerosis, and elevated platelet activation increases
the susceptibility to hypercoagulability [23]. Therefore, understanding the risk factors

associated with NACM CVD burden is critical for therapeutic and management strategies.
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1.2a Complement Function

The complement system comprises several small proteins synthesized in the liver and
exists in the plasma and cell surface [32]. The complement system represents a
component of host defense. During the infection, traditionally, the complement cascade
acts as an effector arm of the innate immunity required for host defense against
pathogens. The complement proteins engage in a series of molecular events to neutralize
pathogens through cytolytic membrane attack and opsonization of antigens to promote
phagocytosis, and this process also augments inflammation via increasing
chemoattraction and leukocyte activation, particularly macrophages and neutrophils [33,
34]. The inappropriate or excessive complement activation can contribute to various

inflammatory pathologies [35].

1.2b Platelet Function

Platelets are short-lived, anuclear cells derived from megakaryocytes. These
megakaryocytes are derived from hematopoietic stem cells in the bone marrow. The
primary function of platelets is hemostasis, and platelets form blood clots during this
process [36]. The mechanism of hemostasis requires four main steps, vasoconstriction,
primary hemostasis, secondary hemostasis & thrombus, and antithrombic events; each
stage requires vital players to play an essential role.

After vascular injury, local neurohormonal factors, like endothelin & angiotensin I,
are released to induce transient vasoconstriction to recruit platelets at the injury site.
Platelets bind via glycoprotein Ib (Gplb) receptors to active von Willebrand factor (VWF)

on exposed extracellular matrix (ECM). VWF is activated by ADAMTS13. ADAMTS13 is
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an active protease that circulates within the blood to cleave its only known substrate,
VWF, whenever conditions of shear permit substrate activation[37]. Platelets are
activated, undergoing shape change and granule release of adenosine diphosphate
(ADP) and thromboxane Az (TxAz). These granules induce additional platelet aggregation
through platelet Gpllb-llla receptor binding to fibrinogen and forming the primary
hemostatic plug. Then local activation of the coagulation cascade, including tissue factor
and platelet phospholipids, results in fibrin polymerization, cementing the platelets into a
definite secondary hemostatic plug. Counterregulatory mechanisms, mediated by tissue
plasminogen activator (tPA), thrombomodulin, and protein C confine the hemostatic
process to the site of injury [38]. The primary function of hemostasis represents a pivotal

link to inflammation, immunity, and atherogenesis [36].

1.2c Neutrophil Function

Neutrophils are short-lived (half-life: 8 hours in humans) polymorphonuclear
leukocytes (PMNSs) that are major players during acute inflammation. They are derived
from myeloblast in the bone marrow [39]. They are usually the first leukocytes to be
recruited to an inflammatory site. They can eliminate pathogens by multiple mechanisms,
such as phagocytosis, degranulation, neutrophil extracellular traps (NETs), and oxidative
burst. NETs are made of core DNA elements to which histones proteins (e.g. citrullinated
histones) and neutrophil granules (e.g. cathepsin, MPO, and neutrophil elastase (NE))
are attached[36, 39]. This forms a web-like structure that captures microbes; these

mechanisms, in turn, promote phagocytosis of microbes by neutrophils [36]
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1.2d Platelet & Neutrophil Interaction

Depending on the (patho)physiological environment, platelets indirectly have
other functions, like regulating various leukocyte functions by releasing inflammatory
mediators and direct cell-cell interaction[36]. Elevated circulating platelet-leukocyte
aggregates have been shown in patients suffering from several thrombotic or
inflammatory conditions [36]. Platelet-neutrophil and platelet-monocyte interaction can
trigger pro- and anti-inflammatory responses and modulate effector functions of all
leukocyte subpopulations [36]. These platelet-mediated immune responses have
implications for the progression of CVDs [36].

When platelets are activated, they rapidly bind to leukocytes initially by platelet
CD62P (p-selectin) and leukocyte P-selectin ligand-1 (PSGL-1). They are further
stabilized by various other receptors, like CD40L with CD40 [36]. The affinity of CD62P
varies among leukocyte subpopulations and is highest in monocyte, then neutrophils, with
lymphocytes having the lowest affinity. These direct interactions of platelets and
leukocytes lead to the targeted release of soluble mediators and mutual activation of both
cell types, observed in various diseases [36].

Activated platelets have many effector functions when interacting with neutrophils.
They modulate neutrophil activation and function via soluble mediators and enforce
degranulation and release of pro-inflammatory markers like interleukin (IL)-1b, IL-8, and
matrix metalloprotease-9 (MMP9) [36]. They also help recruit neutrophils to the site of
injury and inflammation by indirectly enforcing neutrophil extravasion [40, 41]. It also
modulates the activation of neutrophils’ defense mechanism, like oxidative burst and

neutrophil extracellular trap (NET) formation forming a web-like structure that captures
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microbes. These mechanisms, in turn, promote phagocytosis of microbes by neutrophil.
Lastly, neutrophils are essential in clearing activated platelets to regulate inflammatory
response by scavenging chemokine ligand (CCL)3 and CCL5 via chemokine receptor
(CCR)5 during inflammation. Therefore, platelets seem to play a dual role in modulating
neutrophil functions, which, depending on the environmental factors, exert pro- or anti-

inflammatory functions [36].

1.2e Complement, Neutrophils, Coagulation, & their Interaction in Diseases

The complement system not only acts as a first line of defense to eliminate
microbes with neutrophils, but it also acts as a rapid and efficient immune surveillance
system that has distinct effects on healthy and altered host cells and foreign intruders
[42]. Complement contributes substantially to homeostasis but can also act against
healthy cells if not adequately controlled [42]. Complement C2, an important convertase
part of the classical and lectin pathway, cleaves C3 and C5 proteins to recruit more
immune cells and lyse and terminate target cells [42]. Complement C9 is part of the
terminal complement complex that forms a lytic pore, also known as the membrane attack
complex, on the surface of the target cells [42]. With deficiencies and dysregulation of
the complement system, literature shows it contributes to many chronic diseases like
chronic inflammation and myocardial infarction [42]. For example, people with
complement C2 deficiency have an increased risk of recurrent bacterial infections,
especially in the respiratory, central nervous, and circulatory systems [43]. Reduced
complement C2 levels are also associated with an increased risk of developing

autoimmune disorders like systemic lupus erythematosus (SLE) or vasculitis [43].
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Recent research has identified extensive crosstalk between complement,
NETosis, and coagulation, where they reinforce each other in their main function. They
work together to protect the host against both hemorrhage and infection. The cooperation
is not limited to the injury site but also occurs within the bloodstream. When the complex
interplay is not carefully balanced, complications such as sepsis, deep vein thrombosis
(DVT), autoimmunity, and even cancer may arise [44].

In sepsis patients, complement proteins are almost completely consumed,
indicating heightened immune activation that leads to a cytokine storm [45]. High
fibrinogenesis levels are also found, but in such patients, it remains unclear why and how
the coagulation cascade is activated [46]. With sepsis induced by mostly microbial
infection, neutrophils also play an important part in the pathophysiology of sepsis [44].

The interplay between complement, coagulation, and neutrophil activation has
been discussed in the context of HIV infection [35, 47]. Vujkovic-Cvijin et al. (2021) used
a proteomic-matched-based case-control study of treated PLWH, and they revealed that
the complement cascade is among the top pathways enriched in PLWH. Specific
complement components, namely C5, are associated significantly with NACM prevalence
more strongly than previously established predictive biomarkers [47]. Hensley-McBain
and Klatt (2022) reviewed the three pathways in the context of HIV/SIV pathogenesis,
and they concluded that they play intertwined roles in NACM. They also described how
inhibitors, such as C3, can inhibit two pathways, complement and NET-formation, in-vitro
[35]. Although differences in complement components among PLWH can predict PLWH
at high risk of NACM, the involvement of complement dysregulation in inflammation and

immune activation in PLWH is relatively unknown.
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2.1 Background & Rationale

The role of neutrophils and neutrophil activation on NACM, specifically CVD, is
largely unknown [48, 49]. Neutrophils are essential cells of the innate immune system
[49]. Neutrophils mediate pathogen defense by phagocytosis, by releasing proteolytic
enzymes (e.g., elastase, a-defensins, cathepsin G, cathelicidins), by producing reactive
oxygen species (ROS) (e.g., hydrogen peroxide and hypochlorous acid), and through
formation of neutrophil extracellular traps (NETs) that includes DNA, histones, and
cytoplasmic granules (e.g., myeloperoxidase (MPO) and matrix metalloproteinase(MMP)-
9[49]. Neutrophils have both beneficial and detrimental effects on HIV acquisition and
pathogenesis. Neutrophils can contribute to tissue damage due to their release of ROS,
protease, and other potentially harmful effector molecules. They have been shown in
chronic HIV and other pathogen infections[49]. Neutrophils can also engulf pathogens
like HIV[49]. Neutrophils have been found to bind HIV-1 and transfer the virus to T-
lymphocytes, thereby increasing the risk of HIV transmission, particularly at the mucosal
interface, which implicates in the pathogenesis of T-cell dysfunction [11]. They also
influence the recruitment and activation of other immune cells involved in controlling and
eliminating HIV [50].

In addition to hemostasis and several immune functions, platelets engulf viral and
non-viral infectious pathogens, including HIV, in-vitro. Real et al. demonstrated that
human platelets harboring HIV could deliver the virus to macrophages in-vitro, inferring
that platelets may be transient carriers of HIV and provide an alternative pathway for HIV
dissemination in HIV-infected individuals on ART with viral suppression and poor CD4* T

cell recovery [51].
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During the initial HIV-1 infection, activation with antigen/antibody interaction of
complement through the classical pathway opsonizes the virions. Complement plays a
critical role in HIV-1 virion clearance, but also plays various roles in the spread and
maintenance of the virus at different stages of HIV infection [52-56]. HIV-1 can escape
complement-mediated lysis and exploit complement components to enhance its activity
and facilitate HIV infection [52, 54, 56, 57]. The mechanism for the increased HIV-1
transmission to immune cells, such as monocytes, macrophages, and dendritic cells, and
to erythrocytes is through the deposition of complement components 3 (C3) and 5 (C5)
on the surface of HIV-1, allowing HIV-1 to interact with the cells expressing complement
receptors [52, 54, 56, 57]. Previous studies show that complement systems have
bidirectional roles with the coagulation pathway components, including D-dimers [58] and
fibrinogen [59] in animal models of sepsis. There is no defined mechanism underlying the
interplay of complement, platelets, and neutrophils in virally suppressed PLWH and how
their interplay contributes to chronic inflammation and immunothrombosis, ultimately
leading to CVD in PLWH.

To date, four publications have discussed the complement-platelet-neutrophil
interaction in the context of viral diseases, specifically SARS-CoV-2 [60, 61] & HIV [35,
47]. Skendros et al. (2020) provide a mechanistic basis for the pivotal role of complement
and NETs in COVID-19 immunothromobosis using COVID-19 specimens in cell-based
inhibition studies and co-culture assays [60]. The next study confirms that NETosis and
complement systems are key players in COVID-19 inflammation and clinical severity,
specifically by showing characteristics distinguishing COVID-19 from other pulmonary

infectious diseases. In this study, blood samples from hospitalized patients with acute
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respiratory infections (SARS-CoV-2 infection, pneumonia, or infection-triggered acute
exacerbated COPD (chronic obstructive pulmonary disease) were evaluated using
diagnostic immunoassays to examine potential correlations between markers of NETosis,
coagulation, platelets, and complement markers, and showed that NETosis and
complement markers are elevated in COVID-19 patients compared to healthy controls
[61].

Vujkovic-Cvijin et al. (2021) used a proteomic-matched-based case-control study
of treated PLWH and revealed that the complement cascade is among the top immune
pathways enriched in PLWH. Specific complement components, namely C5, associated
significantly with NACM prevalence and did so more strongly than previously established
predictive biomarkers [47]. A literature review of these three pathways in terms of HIV/SIV
pathogenesis, concluded that these pathways are intertwined in NACM, and that
inhibitors such as C3, can inhibit two pathways, complement and NET-formation, in-vitro
[35]. Although differences in complement components among PLWH can predict PLWH
at high risk of NACM, the involvement of complement dysregulation in inflammation and

immune activation in PLWH is relatively unknown.

2.2 Objective & Hypothesis

This study aims to determine whether soluble factors associated with complement
or coagulation systems are dysregulated in PLWH and whether systemic inflammation
can impact their alteration. It will examine the bidirectional role between complement
activation with platelet and platelet activation, complement activation with neutrophil and

neutrophil activation, and platelet and neutrophil activation. This will provide insight into
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this triangular relationship regarding chronic immune activation and inflammation, and
how it can contribute to the pathogenesis of CVD in PLWH. We hypothesize that
compared to HIV-seronegative (HIV-) individuals, HIV-positive (HIV+) individuals will
show more of a direct relationship between complement activation, coagulation activation,
and neutrophil activation, in terms of the chronic immune activation and inflammation that
leads to chronic immune activation and inflammation, which can be another mechanism

that can be looked into to decrease NACM, specifically CVD, in PLWH.

2.3 Significance & Innovation

With ART, HIV has been a manageable chronic disease, but it continues to be a
significant global public health issue, with 650,000 deaths in 2021 alone, with a total of
40.1 million deaths to date [11]. The remaining obstacle is that although HIV is no longer
a death sentence due to effective therapies, PLWH experience disproportionally higher
rates of various NACMSs, including diabetes, malignancies, and cardiovascular disease
(CVD)[23]. As the population of older PLWH (age = 50 years) is anticipated to rise, the
proportion of NACMs and NACMS-related deaths is likely to increase in this population.
Therefore, morbidity and mortality from NACMs have emerged as major health concerns
[22].

The association of the complement, platelet, and neutrophil interplay with
thrombosis and inflammation has been thoroughly studied in inflammatory diseases and
CVD [62], but not in HIV [35, 47]. Finding a potential mechanism for the progression of
inflammatory response and immune activation in NACM remains of clinical interest and

is understudied in the literature
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In the study, | will determine the bidirectional interaction of complement and
platelets with neutrophils in HIV. First, | will use a Luminex assay and enzyme-linked
immunosorbent assay (ELISA) to compare plasma levels of complement components,
coagulation factors, and neutrophil activation markers between HIV- and HIV+ individuals
and assess any differences between groups and potential correlations with biomarkers
within groups in terms of previous laboratory and clinical parameters. Next, ex-vivo NET
assays will be used to induce NET formation in a controlled laboratory setting using
different treatment conditions: HIV+ plasma, HIV- plasma, platelet-rich plasma from the
HIV+ group, and platelet-poor plasma from the HIV+ group. These results will contribute
to our understanding of the interplay between complement and platelet with neutrophils
and their pathophysiologic roles in NACMs. With improved understanding, we can
potentially find existing and/or new therapeutics to combat coagulation and NET formation

and decrease the mortality of PLWH dealing with NACMs.

2.4 Specific Aims

2.4.a: Specific Aim 1A: To compare plasma levels of markers for complement,
coagulation activation, and inflammation in HIV- and HIV+ individuals

2.4.a.ii. Specific Aim 1B: Further analyze if these correlations between soluble
markers and if there are any other correlations with previous clinical and laboratory
parameters measured

2.4.b Determine and compare the effect of plasma-inducing NET formation between

HIV+ and HIV-individuals
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2.4.b.ii Determine and compare the effect of platelet-rich plasma and platelet-poor

plasmain inducing NET formation in HIV+ individuals
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Chapter 3. Dysregulation of Complement Components associated with
Inflammation and Coagulation in Virally Suppressed People Living with HIV
(PLWH)
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INTRODUCTION

With the introduction of antiretroviral therapy (ART), HIV has become a manageable
chronic disease, and people living with HIV (PLWH) have a similar life expectancy to
people without HIV (PLWoH). Although effective ART has drastically reduced AIDS-
defining illnesses among PLWH, they experience disproportionately higher rates of
various non-AIDS co-morbidities (NACMSs), such as diabetes [18], malignancies [19], and
cardiovascular diseases (CVD) [20, 21]. The proportion of NACMs and NACMs-related
deaths is likely to increase, and morbidity and mortality from non-AIDS comorbidities have
emerged as major concerns [63]. The mechanisms of higher prevalence and burden of
NACMs are multifactorial, including traditional risk factors (smoking, hypertension,
dyslipidemia, diabetes, and obesity) [26, 27] and HIV-related factors (including
immunodeficiency, immune activation, and ART toxicities) [24, 30, 31]. Also, the presence
and persistence of HIV reservoirs in the blood and tissues contribute to persistent chronic
immune activation and inflammation linked to NACM development [24, 25]. Overall, the
detrimental consequences of inflammation and immune activation are recognized as

essential to NACM development.

The complement system comprises several small proteins synthesized in the liver and
present in the plasma and on the cell surface [32]. The complement system represents a
component of host defense. During infection, the complement cascade traditionally acts
as an effector arm of the innate immune response required for host defense against
pathogens. The complement proteins engage a multitude of molecular events to

neutralize pathogens through cytolytic membrane attack and opsonization of antigens to
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promote phagocytosis, and this process also augments inflammation via increasing
chemoattraction and leukocyte activation, particularly macrophages and neutrophils [33,
34]. During the initial phase of HIV-1 infection, the virions are opsonized by complement
activation through the classical and lectin pathways. Complement activation occurs
directly in the early stages of HIV-1 infection with antigen/ antibody interaction through
the classical pathway [52-56]. Although complement activation plays a critical role in HIV-
1 virion clearance, it also plays various roles in the spread and maintenance of the virus
at different stages of HIV infection [52, 54-56, 64]. HIV-1 can escape complement-
mediated lysis and exploit complement components to enhance its activity and facilitate
HIV infection [52, 54, 56, 57]. The mechanism for an increased HIV-1 transmission to
immune cells, such as monocytes, macrophages, and dendritic cells, and non-immune
cells like erythrocytes, is through the deposition of complement components 3 (C3) and
5 (C5) on the surface of HIV-1, allowing HIV-1 to interact with the cells expressing

complement receptors [54, 56].

It is now apparent that the complement system plays a central role in various
inflammatory pathologies. Excessive activation or insufficient regulation of complement
activation causes inflammatory responses and tissue injury, exacerbating clinical
complications [32]. Evidence supports the pathologic roles of complement in chronic
disease settings, including inflammatory and autoimmune diseases [65]. Previous studies
show that complement systems have bidirectional roles with the coagulation pathway
components, including D-dimers[58] and fibrinogen [59] in animal models of sepsis. In

HIV, a recent study by Vujkovic-Cvijin et al. [47] showed that plasma levels of several
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complement components and factors were higher in PLWH than in PLWoH. In addition,
increased C5 levels were significantly associated with the prevalence of NACM and did
so more strongly than other associated biomarkers [47]. Although differences in
complement components among PLWH can predict risk for NACM, the involvement of
complement dysregulation in inflammation and immune activation in PLWH is relatively
unknown. Thus, this study aimed to assess and compare the levels of inflammatory
cytokines and complement components factors in PLWH and well-matched PLWoH. Also,
we determined the correlations of C2 and C5a levels with soluble proteins associated with
inflammation and coagulation. Lastly, we evaluated NET formation induced by plasma to
evaluate whether altered plasma soluble factors and/or platelet activation in PLWH

promote neutrophils to form NETS.

METHODS

Study Subjects

This cross-sectional study analysis used archived data and banked peripheral blood
mononuclear cells (PBMCs) and plasma from the entry time point of the longitudinal
Hawaii Aging with HIV-Cardiovascular (HAHC) study [66]. Briefly, the study enrolled
adults who had documentation of HIV infection, were 240 years old, and were on stable
ART for 26 months from the state of Hawaii, with 85% of these individuals having
undetectable viral load [66]. A HIV- cohort was recruited as a comparator group [66].
Whole blood from the study subjects was collected in ethylene diamine tetra-acetic acid
(EDTA) tubes (BD, Vacutainer) by venipuncture and processed immediately. Plasma and

PBMCs were isolated as previously published [66] and cryopreserved until further use.
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The HAHC-CVD study was approved by the University of Hawaii Committee on Human
Subjects (CHS #16476 and #17857), and informed consent was obtained from all

subjects.

Clinical Parameters

Clinical parameters were obtained, including height, weight, body mass index (BMI), and
systolic and diastolic blood pressure. Demographic information and past medical history
were documented, such as age, gender, ethnicity, pre-existing health conditions, and past
and current tobacco use and alcohol intake. Complete blood count (CBC), T-cell, plasma
HIV RNA assessments, chemistries, and metabolic labs (glucose, insulin, total
cholesterol, directly measured low-density lipoprotein-cholesterol [LDL-C] and high-
density lipoprotein-cholesterol [HDL-C]) were obtained at entry in a fasting state (nothing

by mouth except water for 12 hours) .

Measurement of Complement Components and Soluble Markers for Coagulation
and Neutrophil activation.

Complement components: C2, C3a, C5a, and C9, coagulation markers: von-Willebrand
Factor-2a (VWF-A2), ADAMTS13, tissue factor (TF), fibrinogen, and protein C, neutrophil
activation markers; matrix metalloproteinase (MMP)-9 and myeloperoxidase (MPO) were
determined in plasma samples. Following the manufacturer's protocol, the expression
levels were quantified in duplicate using a Luminex bead-based multiplex immunoassay
(R&D Systems Inc., no. LXSAHM). C3a was determined in the plasma samples using

C3a human the enzyme-linked immunosorbent assay (ELISA) kit (ThermoFisher, no.
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BMS2089) according to the manufacturer's protocol. Absorbance was read at 450 nm
using the microplate reader (The SpectraMax® M3, Molecular Devices, San Jose, CA).
Each sample's The concentration of each analyte was calculated based on the standard

curve generated by the respective standards.

Visualization of Ex Vivo NETs

Whole blood collected from healthy volunteers was layered in a 1:1 volume ratio on 5 ml
of Polymorphprep™ and spun for 30 min at 500g without braking. The neutrophil layer
was collected, and residual erythrocytes were removed by incubation with TheraPEAK™
ACK Lysis buffer (Lonza Bioscience) for 5 min. Neutrophils (2.5x10° cells/well) were
seeded onto 16-mm poly-L-lysine-coated coverslips (Corning) in 12-well tissue culture
plates with serum-free RPMI1640 media and allowed to adhere at 37°C and 5% CO2 for
10 min. Plasma was spun for 15 min at 15009 to recover a platelet-poor plasma (PPP)
layer on the top and a platelet-rich plasma (PRP) layer on the bottom. Neutrophils were
treated with PPP from HIV+ individuals, then plasma was reconstituted to create PRP
from HIV+ individuals, hereafter referred to as HIV+ PPP and HIV+PRP, respectively, or
unseparated HIV+ and HIV- plasma at 5% vol/vol for 3h. After fixing the cells with 4%
paraformaldehyde (PFA) in HBSS for 15 min, cells were gently washed with HBSS twice.
Cells were permeabilized with 0.1% Triton X-100 in Dulbecco's phosphate-buffered saline
(DPBS) for 15 min, blocked for 1 h with blocking buffer (1.5% donkey serum, 1% bovine
serum albumin [BSA] in DPBS), and incubated with primary antibodies (Histone H2A,
Abcam, no. ab5103) and myeloperoxidase (MPO, R&D Systems, no. AF3667) at 4°C

overnight. Cells were incubated with secondary antibodies, donkey anti-goat Alexa Fluor
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594 and donkey anti-rabbit Alexa Fluor 488 (1:500 dilution, Thermofisher) for 1 h, then
washed twice with DPBS. Then 2-3 drops of Fluoromount-G™ Mounting Medium, with
DAPI (Invitrogen), were added on top of pelleted neutrophil cells, and a cover slip was

placed on the cells. The cells were visualized immediately using A Zeiss Axiovert 200M.

NETs quantification

Neutrophils (5-10 x 102 cells per well) were seeded in a 96-well tissue culture plate and
treated with various plasma preparations at 5% vol/vol. The culture plates were incubated
in a CO2 incubator at 37°C for 3 h. After adding the SYTOX red (Invitrogen) and incubation
in a CO2 incubator for 15 min at 37°C, the endpoint fluorescence intensity (ex: 658 nm,
em: 640 nm) was measured with the Varioskan Lux Multimode Microplate Reader
(Thermo Fisher) and analyzed. To detect NETs released into the culture supernatants,
100 pL of culture supernatant was collected from each well, and dsDNA was measured
by a PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific). The endpoint fluorescence
intensity (ex: 480 nm, em: 520 nm) was measured with the Varioskan Lux Multitmode

Microplate Reader (Thermo Fisher).

Flow cytometry Analysis

Cryopreserved plasma was thawed on ice for 1-2 hours. Platelets in plasmas were
stained with the titrated fluorophore-conjugated primary antibody cocktail (CD41 &
CD62P) at room temperature for 30 min, protected from light, and then washed twice with
ice-cold flow buffer. Samples were acquired on an Attune NxT Flow Cytometer

(Thermofisher, Waltham, MA) with approximately 1.0 x 106 events collected per sample.

34



Volumetric calculations directly determined cell counts by the Attune Nxt (Thermofisher,
Waltham, MA) machine. Data analysis was performed using FlowJo Version 10.8.1

(Treestar, Ashland, OR) software.

Statistical Analysis

The continuous variables that were measured include plasma soluble markers of
complement components: C2, C3a, Cba, and C9; coagulation markers: VWF-2a,
ADAMTS13, TF, fibrinogen, and protein C; neutrophil activation markers: MMP-9 and
MPO; and previous clinical laboratory and clinical parameters including age, BMI, blood
parameters, chronic inflammatory markers, and CVD markers. The categorical variables

that were measured include sex, ethnicity, comorbidities, and HIV-status.

Unpaired non-parametric (Mann-Whitney U) T-test was used to compare continuous
variables between groups. The chi-square test was used to compare categorical variables
between groups. Spearman’s correlation was used to compare continuous variables
within a group. Continuous variables from the immunoassays that showed significant
differences (p<0.05) using the non-parametric (Mann-Whitney U) T-test were further
analyzed using linear regression models to predict if previous categorical and continuous
clinical variables can predict these values. Statistical analyses were performed in SPSS
Version 29.0 and Prism 9 (Graph Pad, San Diego, CA), and figures were created with

corresponding p-values using Prism 9.
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RESULTS

Study participant description

A total of 79 study subjects (HIV-; n= 39 and HIV+; n=40) were included in the analyses.
The comparator group comprising adult HIV- individuals matched for age, gender, and
BMI were chosen as controls for the HIV+ group. Baseline demographic characteristics
of the study subjects were presented in Table 1. Overall. the HIV+ and HIV- individuals
had a mean age of 51.5 and 55.3 years, and the majority were male (92.5 and 87.2%)
and white (67.5 and 61.5%), respectively. Most HIV+ individuals (82.5%) had
undetectable HIV RNA (HIV RNA <50 copies/mL) and a median CD4+ T-cell count of
507.5 (424.5-706) cells/uL. Blood parameters such as white blood cell (WBC), absolute
neutrophil count, and platelet count were comparable between the groups. Prevalence of
hepatitis B and C virus co-infection was higher in HIV+ than HIV- individuals (p<0.01,
p=0.05, respectively), but the other comorbidities, including smoking history,

hypertension, CVD, and diabetes, had no significant difference.

PLWH displays altered plasma levels of complement components

Previous literature found that virally suppressed PLWH had higher citrullinated Histone
H3 (CitH3) levels and immature LDGs with enhanced neutrophil extracellular traps
(NETs) formation [48]. Recent evidence supports that complement activation aids in
inducing NET formation [44, 47, 60, 61] . In turn, neutrophils themselves trigger
complement, which can act as a positive feedback loop for neutrophil activation [44, 47,
60, 61]. Furthermore, NET formation is regulated by bidirectional interaction between

neutrophils and platelets [44, 47, 60, 61]. Therefore, we attempted to investigate if PLWH
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displays dysregulation of complement components linked to inflammation and

coagulation.

When comparing the concentrations of coagulation markers (VWWF-A2, TF, Protein C, and
ADAMTS13), the levels were not statistically different between the groups. In addition,
the expression of neutrophil activation markers (MMP9 and MPO) was comparable
between the groups (Fig. 1A-F). Interestingly, HIV+ individuals had significantly
decreased C2 but increased Cb5a levels compared to HIV- individuals, while there were
no significant differences in the C3a and C9 levels between the two groups, as shown in
Fig. 1G-H. A recent study showed that complement activation is linked to the prevalence
of comorbidities in PLWH [47]. Based on altered C2 and C5a levels in the HIV+ group,
we further analyzed if those levels could be attributed to differences in age and
comorbidities among the HIV+ individuals. However, the two parameters did not impact

C2 and C5a levels (Suppl. Fig. 1).

PLWH plasma displays association of complement C2 and C5a with coagulation
and inflammatory soluble markers

Recent studies have shown that C5a can induce neutrophils to form NETs [44, 67, 68]
and platelet aggregation [44, 69, 70], providing evidence that elevated C5a levels facilitate
sustained inflammation in various diseases, including arterial thrombosis and COVID-19
[71]. Given that the complement system is engaged in the regulation of inflammation and
coagulation, it is vital to evaluate if altered levels of C2 and C5a are associated with

neutrophil activation and coagulation. In both groups, C2 and C5a were positively
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correlated with Protein C, which is known as a natural anticoagulant (Figs. 2A, B, E, F).
Also, MPO positively correlated with C2a and C5a (Figs. 2C, D, G, H). Interestingly, these

associations were stronger in HIV+ individuals than in HIV- individuals (Fig. 2).

Further Spearman correlation was done with C2 and C5a levels, with previous clinical
and laboratory parameters in the PLWH group, particularly chronic inflammatory and CVD
biomarkers, to further prove a bidirectional relationship exists between complement
components and chronic inflammation. Interestingly, C2 was significantly positively
correlated with chronic inflammatory markers: serum amyloid A (SAA), serum amyloid P
(SAP), IL-1B, and vascular endothelial growth factor (VEGF) (Table 3). A linear
regression model analysis determined whether demographics was a predictive variable
of C2 and Cba levels. Suppl. Table 1 shows that HIV status is a predictive variable of C2
and Cba levels, showing a significant negative beta-coefficient of HIV status with C2
levels but a significant positive beta-coefficient of HIV status with C5a levels. Overall, the
data demonstrate that complement dysregulation in PLWH plasma contributes to
increased levels of inflammation and coagulation markers in PLWH, and that HIV status

can be a predictive value for C2 and C5a levels.

Cbha showed increased NETosis on healthy neutrophils in PLWH’s plasma

A growing body of evidence shows that C5a acts as a neutrophil chemoattractant and
NET stimulus itself [65, 67, 70] . Considering these findings, we hypothesize that altered
levels of plasma soluble factors in PLWH, including higher C5a levels, can promote NET

formation. To assess if plasma can induce neutrophils to form NET and whether plasma
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from HIV+ individuals has a higher tendency to trigger NETs, we utilized human blood
neutrophils isolated from healthy volunteers and cultured them in serum-free media
containing HIV+ or HIV- plasma for 3 hrs. To detect ex vivo NET formation, NETs were
visualized by immunofluorescence staining of extracellular chromatin fiber with anti-
histone H2 and MPO antibodies. In the presence of plasma, regardless of HIV status,
there appeared to be a higher MPO expression in neutrophils (Fig. 3A). Interestingly,
neutrophils treated with HIV+ plasma resulted in an even greater NET induction,

compared to HIV- plasma (Fig. 3A).

To further corroborate this observation and to quantify NETs in the culture conditions in
the presence of HIV- or HIV+ plasma, we measured the fluorescence intensity of SYTOX
dye in the cells, which is an indicator for NETosis, a programmed cell death, and cfDNA
contents in the culture supernatant using Picogreen assay at the end of the neutrophil
culture. The SYTOX Red fluorescence intensity tended to be higher in HIV+ plasma
treatment, although it was not statistically significant (Fig. 3B). HIV+ plasma-treated
neutrophils produced robustly increased cfDNA contents, compared to HIV- plasma-
treated neutrophils (Fig. 3C). When Spearman correlation was done with C5a and
NETosis markers, surprisingly, there was significant positive correlation with SYTOX dye
(r=0.365, p=0.024) and cfDNA (r=0.363, p=0.035) in HIV+ individuals’ plasma (Fig. 4A &
4B) but no significant correlation was shown in the HIV- individuals’ plasma (Fig. 4C &
4D). These results show that C5a from PLWH’s plasma could contribute to increased

NETosis on healthy neutrophils.
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Coagulation cascade mechanism differs between PLWoH and PLWH plasma

Spearman correlation analysis was done between coagulation cascade biomarkers within
each group to see if there were any differences. Although there was a significant negative
correlation of protein C levels with VWF-A2 (r=-0.669, p=0.001), TF (-0.480, p=0.028),
and ADAMTS13 (r=-0.582, p<0.001) in PLWoH plasma, PLWH plasma did not show any
significant correlations with the same parameters. ADAMTS13 levels were significantly
negatively correlated with protein C (r=-0.582, p<0.001) but significantly positively
correlated with vVWF-A2 (r=0.0768, p<0.0001) and TF (r=0.764, p<0.0001) in PLWoH
plasma. However, PLWH plasma showed a similar significant positive correlation of
ADAMTS13 with TF (r=0.734, p<0.001) (Table 3), suggesting that the function of the

coagulation cascade is different in PLWoH and PLWH plasma.

PLWH plasma shows dysregulated platelet activation

Our data suggest that NET production is induced by plasma components, and HIV+
plasma may contain stronger NET stimuli. Plasma samples tested for ex-vivo NET assay
were platelet-rich plasma, and platelets are critical for regulating NET production through
their adhesion and platelet activation. Therefore, we next determined platelet activation
status based on the expression of P-selectin (CD62P), a platelet activation marker in the
plasma, by flow cytometry analysis. Although platelet numbers were comparable between
the groups (Fig. 5A), both the percentages and numbers of activated, CD62P-expressing
platelets were significantly reduced in the HIV+ group compared to the HIV- group (Fig.
5B-C). Interestingly, mean fluorescence intensity (MFI) of CD62P expression remained

significantly elevated in HIV+ individuals, compared to HIV- individuals (Fig. 5D). This
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data suggests that HIV+ individuals display strong platelet intensity, although the
activated platelet numbers are relatively low, which might be due to dysregulated platelet

activation.

Platelet removal in PLWH plasma reduced plasma-induced NETosis

A study showed that platelets isolated from P-selectin™~ mice failed to promote NETs [53].
Also, the NET formation was enhanced in mice engineered to overproduce P-selectin
(CD62P) [53], indicating that platelet activation is essential for the NET formation.
Therefore, we hypothesized that increased platelet activation in HIV+ individuals can
trigger NET formation efficiently. To determine our hypothesis by assessing NET
formation in platelet-rich and -poor plasma, plasma samples from HIV+ individuals were
additionally centrifuged to remove residual platelets to prepare PPP. DNA concentrations
in the neutrophil culture medium were comparable between PRP and PPP treatment (Fig
6A). However, PPP-treated neutrophils drastically reduced the fluorescence intensity of
SYTOX dye compared to PRP treatment, suggesting that the numbers of NETosis and/or

dying neutrophils without NET decreased in PPP treatment (Fig. 6B).

Previous literature has demonstrated that NET formation induced by natural stimuli can
occur entirely independently of cell lysis and subsequent cell death [72-74]. This process
happens very rapidly (5-60 minutes) compared to lytic NET formation that occurs in a cell-
dependent manner (NETosis) occurs primarily in 3-4 hours [72]. To further determine if
PPP can still promote non-lytic NETs due to no changes of DNA release to the culture

medium, the NET formation was visualized by immunofluorescence staining to confirm
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non-lytic NETs (Fig. 6C). Interestingly, PPP-led intracellular MPO expression in healthy
control neutrophils, but they could not robustly induce NETosis, as we observed in the
condition of platelet-rich plasma (PRP) treatment (Fig. 6C). Strikingly, we found
neutrophils with decondensed chromatin within the cells without releasing extracellular

DNAs, indicating that PPP can induce non-lytic NET formation.

CONCLUSION
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complement C2 and C5a to inflammation in terms of NETosis and chronic inflammation,
the role of platelets in NETosis, and the involvement of soluble factors in plasma in non-
lytic NET formation. In turn, neutrophil and NETosis can activate platelets and contribute
to local and systemic inflammatory mediators. Lastly, platelets are also associated with

local and chronic inflammation.
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Our findings highlight the association between complement dysregulation, inflammation,
and coagulation in virally suppressed PLWH. Dysregulated complement C2 and Cb5a
levels are associated with inflammation, coagulation, and HIV status (Fig. 7). With ex-
vivo NET assays, it proved that PLWH plasma has an increased ability to promote NETS,
platelets can facilitate NETosis, but soluble factors in the plasma can contribute to non-

lytic NET formation (Fig. 7).

Understanding the biological mechanisms driving NACM development among PLWH is
crucial for managing mortality and morbidity from NACM. Although the complement
system plays a vital role in the innate immune response, dysregulated complement
activation appears to be linked to the development of inflammatory diseases and disease
progression. A recent study demonstrated altered plasma levels of complement
components and factors in PLWH and its association with the risk of comorbidities [47].
However, very few studies have been conducted to examine the complement
components and factors in HIV, and it is still largely unexplored how complement
dysregulation contributes to chronic inflammation and immune activation in PLWH and its
impact on NACM development among PLWH. Our study showed that C2 and C5a levels
were altered in virally suppressed PLWH, which also provided evidence that complement
dysregulation is associated with inflammation and coagulation. HIV status is predictor
variable for concentration levels of C2 and C5a. Furthermore, plasma from HIV+
individuals have an increased ability to promote NETs compared to HIV- individuals, and

platelets can facilitate NETosis and lytic NET formation.
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In HIV+ individuals, levels of C2 were significantly reduced. Furthermore, C2 levels were
associated with coagulation markers, such as Protein C and ADMATS13, regardless of
HIV-seropositive status. However, the association between C2 and ADMATS13 was
weaker in the HIV+ group than the HIV- group, suggesting that the coagulation cascade
through C2-mediated complement pathways is not tightly regulated in PLWH.
Furthermore, complement C2 levels were associated with chronic inflammatory markers:
SAA, SAP, IL-1B, and VEGF, further proving its role in chronic inflammation. People with
complement C2 deficiency have an increased risk of recurrent bacterial infections,
especially in the respiratory, central nervous, and circulatory systems [43]. Reduced
complement C2 levels are also associated with an increased risk of developing

autoimmune disorders like systemic lupus erythematosus (SLE) or vasculitis [43, 75].

Cba is a downstream potent chemoattractant and pro-inflammatory protein [65, 67, 70],
inferring that the mechanism of action to the dysregulated inflammation is possibly caused
by the activation of the alternative pathway instead of the classical and lectin pathway
because complement C2 levels were decreased upstream. Studies have demonstrated
that excess production of C5a can contribute to pathogenic proinflammatory and
angiogenic responses in different diseases, including COVID-19 and sepsis [71]. Indeed,
Cba can induce neutrophils to form NETs [44, 67, 68] and promote thrombosis through
neutrophil and platelet activation [44, 69]. Interestingly, we observed stronger
associations of C5a with Protein C and MPO in HIV+ individuals, suggesting that higher
Cba levels could contribute to persistent inflammation in circulation and further augment

immune activation. Lastly, HIV status is a good predictive variable for the concentration
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of complement C2 and Cb5a using linear regression models, further proving the
importance of elucidating the mechanism of the complement cascade in NACM,

specifically CVD.

With the ex-vivo NET assay altered levels of plasma soluble factors in PLWH, including
higher C5a levels, can promote NET formation. Other evidence shows platelets play
opposing roles in chronic HIV infection and contribute to the development of comorbid
conditions [51, 76-78]. A previous in-vivo mouse study shows how P-selectin (CD62P)
has been implicated platelet-induced NETosis [53]. Although platelet count was
comparable between HIV+ and HIV-groups, the number of activated platelets decreased,
but the intensity of CD62P expression drastically increased in HIV+ individuals, providing
evidence that increased platelet activation in PLWH and direct interaction of platelets with
neutrophils are essential for NETosis. Interestingly, ex-vivo NET assay verified that
soluble factors in blood plasma from HIV+ individuals substantially impact non-lytic NET
formation, as proven in previous literature [73, 74]. Non-lytic NET formation is a process
that releases NETs very rapidly (5-60 minutes) and in a cell-independent manner,
compared to NETosis (lytic NET formation), which has been reported to occur primarily
at 3 to 4 hours [79]. This non-lytic NET formation has been implicated in many human
diseases such as sepsis [80], organ damage [81, 82], and systemic lupus erythematous

[83].

The study does not come without limitations, including the small sample size that does

not accurately represent the PLWH population due to most of them being 50 years and
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older. Furthermore, the HIV+ individuals did not have a significant difference in co-
morbidities compared to HIV- individuals, showing that it is not a good representation of
PLWH having an increased risk of NACM, specifically CVD. Lastly, those who had a
history of hepatitis B and C were based on self-report; therefore, data on active hepatitis

B and C was not available.

Further study is needed to clarify the role of decreased C2 levels in PLWH and its impact
on the pathogenesis of chronic HIV, particularly coagulation and inflammation. Further
work is needed to clarify the source of increased C5a levels in PLWH and to identify
altered soluble proteins that can be involved in the non-lytic NET formation in PLWH.
Also, elucidating the mechanisms underlying these observations and explore the effect
of targeting the complement cascade to determine the relationship between complement,
platelets, and neutrophils as well as evaluate its therapeutic efficacy to modulate

inflammation and immune activation in HIV.
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Figure 1 PLWH plasma displays altered levels of complement C2 and C5a concentration.
Concentration of coagulation proteins: VWF-A2 (A), TF (B), Protein C (C), ADAMTS13
(D), neutrophil activation markers: MMP9 (E), MPO (F), and complement activation
markers: C3a (G), & C9 (H) showed no significant difference between HIV- (n=39) and

HIV+ (n=40) groups. Displayed a significant decrease in complement C2a (I) and a

significant increase in complement C5a (J) markers HIV+ group showed a significant

decrease in complement C2a (G) and a significant increase in complement C5a (l)

markers HIV+ group compared to HIV- group. Mann Whitney U test for continuous
variables, *p<0.05, **p<0.01.
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Figure 2 PLWH plasma displays a stronger positive association between complement C2

and Cbha with coagulation and neutrophil activation markers. Spearman correlation with

linear regression for the line of best fit of protein C concentration with Complement C2

and C5a in HIV+ individuals’ plasma (Figure 2A-B) and HIV- individuals’ plasma (Figure

2E-F), showing a stronger significant positive correlation in the HIV+ group (n=40) than

the HIV- group (n=39).
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Figure 3
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Figure 3. PLWH’s plasma shows increased NETosis formation on healthy neutrophils. A)
Freshly isolated human neutrophils treated with 5% HIV- individual's plasma (n=39), 5%
HIV+ individual’s plasma (n=40), and no treatment for 3 h. Then cells were fixed with 4%
paraformaldehyde (PFA) for 15 min; washed with HBSS twice, and permeabilized with
0.1% Triton X-100 for 15 minutes, and subsequently incubated with blocking buffer for 1
h, then stained with DAPI (blue, nuclei) Histone H2 (green, extracellular DNA), and MPO
(red, extracellular DNA). Immunofluorescence imaging was obtained using confocal
microscopy (Zeiss Axiovert 200M) at 10x magnification showing increased Histone H2
and MPO compared to control and HIV- plasma. B) Before immunofluorescence staining,
SYTOX red (DNA) was incubated for 15 min and endpoint fluorescent intensity was
measured using Varioskan Lux Multimode Microplate Reader, showing a significant
increase in SYTOX red in PLWH compared to HIV- group and C) cfDNA was quantified

using PicoGreen dsDNA assay kit and measured using Varioskan Lux Multimode
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Microplate Reader, showing a significant increase in cfDNA in the PLWH group compared

the HIV- group.
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Figure 4. Complement C5a levels in PLWH plasma are associated with NETosis from
healthy neutrophils. Spearman correlation analysis was done with complement C5a levels
with NETosis markers: SYTOX red and cfDNA in HIV+ individuals (A & B) and HIV-
individuals (C &D), showing a significant positive correlation between parameters in HIV+

individuals but no association in HIV- individuals.
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Figure 5. PLWH plasma show dysregulated platelet activation. A) Flow cytometry
analysis of platelet count was comparable, with B) CD62P+ (platelet activation marker)
platelet percent (%) decreasing C) CD62P+ platelet count decreasing, but D) CD62 MFI

on platelets increasing
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Figure 6
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Figure 6. PRP from PLWH shows increased NETosis. A) After 3 h incubation of healthy
neutrophils with either PRP or PPP, the amount of intracellular DNA increased in the
PRP-induced neutrophil NETosis, B) but the amount of cfDNA (extracellular DNA) was
comparable to the PPP conditions. C) Confocal microscopy showed more intact cells with

NETosis release in the PRP conditions compared to the PPP conditions.
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TABLES

HIV+ (n=40) HIV- (n=39) | P-value
Demographics | Age (years) 51.5[45.3, 55.3[47.5, |0.235
57.0] 60.6]
Male 37.0 (92.5) 34 (87.2) 0.433
BMI (kg/m?) 26.4 [24.2, 26.6 [22.9, |0.837
28.8] 30.3]
Caucasian 27 (67.5) 24 (61.5) 0.580
Blood Undetectable HIV 33 (82.5) - -
Parameters RNA <50 copies/mL
CitH3 (ng/mL) 11.7 [10.8, - -
14.3]
cfDNA (ug/mL) 0.783[0.733, |- -
0.863]
CD4+ T-cell Count 507.5[425, - -
(cells/uL) 709]
WBC count (x10°%/L) 54[4.8,6.4] |5.1[4.4, 0.222
5.9]
Absolute Neutrophil 3.0[2.443.7] |3.1[2.2, 0.603
Count (10°/L) 3.6]
Platelet Count 186 [164, 212 [175, 0.393
(x10°/L) 236] 242]
Hemoglobin 14.7 [13.4, 14.2 [13.7, |0.624
15.3] 15.2]
Co-Morbidities | Hypertension 5 (12.5) 11 (28.2) 0.105
High cholesterol 20 (50) 17 (43.6) 0.568
History of myocardial | 2 (5) 1 (2.56) 0.571
infarction
History of stroke 1(2.5) 0 (0) 0.320
Diabetes 1(2.5) 0 (0) 0.320
History of Smoking 23 (57.5) 26 (66.7) 0.401
Current cigarette 9 (22.5) 8 (20.5) 0.830
smoking
History of Hepatitis B* | 11 (27.5) 1 (2.56) 0.002
History of Hepatitis C* | 6 (15) 1 (2.56) 0.052

Table 1. Demographics, Blood Parameters, and Co-Morbidities in the study participants.
Values presented are median [quartile 1, quartile 3] and n (%) as appropriate.
*Statistically significant, P-values using Chi-square test for categorical variables and

Mann test for numerical variables
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Parameters | Analytes HIV+
Rho P-value
C2 SAA 0.504* | 0.001
SAP 0.470* | 0.003
IL-1B 0.403* | 0.012
VEGF 0.374* | 0.021

Table 2. Complement C2 from PLWH plasma associated with chronic inflammatory
markers. Spearman correlation was done on complement C2 and C5a with chronic

inflammatory and CVD markers, and a significant positive correlation was showed only in

complement C2 levels with chronic inflammatory markers: SAA, SAP, IL-1j3, & VEGF.

Parameters Analytes HIV- (n=39) HIV+ (n=40)
Rho P-value Rho P-value

ADAMTS13 VWE-A2 0.768 <0.0001 0.205 0.349
TF 0.764 <0.0000001 0.734 <0.0000001

Protein C -0.582 <0.0001 -0.262 0.102

Protein C VWF-A2 -0.669 0.001 -0.283 0.191

TF -0.480 0.028 -0.140 0.391

ADAMTS13 -0.582 <0.001 -0.283 0.102

Table 3. Coagulation functionality difference between plasma in HIV+ and HIV-
Individuals. Spearman correlation of coagulation regulation markers with coagulation
activation markers in HIV-individuals (n=39) and HIV+ individuals (n=40). There is more
significant correlation of coagulation regulator markers with coagulation activation

markers, as well as inflammation markers, and complement protein markers compared
to PLWH.

54



SUPPLEMENTARY FIGURE
Supplementary Figure 1
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Supplementary Figure 1 Age and co-morbidities among PLWH plasma did not impact
complement levels. C2 (A) and C5a (B) concentration comparison between HIV- (n=39)
and HIV+ (n=40) groups’ plasma stratified into less than or equal to 50 and >50 of age,
with no significant difference. C2 (C) and C5a (D) concentration comparison within HIV+
individuals with co-morbidities and no co-morbidities shows no significant difference.

Mann Whitney U Test was used.

SUPPLEMENTARY TABLE

Independent Dependent variable: logC2 Dependent variable:
Variable: logCha

Demographics Linear Regression

Beta-coefficient | P-value Beta-coefficient | P-value

HIV status -0.285* 0.012 0.261* 0.024
Age 0.037 0.740 0.069 0.547
Male -0.134 0.235 -0.148 0.198
BMI -0.006 0.960 0.038 0.749
Caucasian -0.100 0.389 -0.099 0.403

Supplementary Table 1 HIV status is a predictive variable for complement C2 and C5a
concentrations in PLWH plasma. Linear regression model done on independent
variables: HIV status, age, sex, BMI, and ethnicity with concentration of C2 and C5a levels
showing a negative correlation with HIV status and C2 concentrations levels, and a

positive correlation with HIV status and C5a concentration levels
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