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Abstract

There are 37 million people globally infected with the Human Immunodeficiency Virus (HIV).
People living with HIV can achieve nearly normal lifespans due to the use of antiretroviral drugs
(ARVSs). However, people living with HIV experience chronic inflammation and increased risk for
cardiovascular diseases (CVD) relative to uninfected people. While the cause for this risk is
unclear, some ARVs have been associated with CVD, and it is speculated that some ARVs
potentiate inflammation in infected individuals. Platelets are a critical link between inflammation
and the development and progression of CVD, but the effects of ARVs on platelets are largely
understudied. In this study, we examined the effects of ARVs on human platelet function in vitro.
Our data show that the ARV ritonavir, a protease inhibitor, severely altered human platelet lipid
mediator production (prostaglandin E, and thromboxane) in both resting and activated platelets.
Further characterization revealed that ritonavir altered measures of platelet hemostatic and
thrombotic function that included significantly decreased platelet spreading, increased platelet
aggregation, and trended toward increased clot strength. These data provide proof-of-principle that
ARVs can directly dysregulate human platelets, possibly contributing to inflammation-related
comorbidities. These data may provide mechanistic insight into the factors contributing to
increased risk of CVD in people living with HIV, and may help guide future development of new
HIV agents and ARV regimens that mitigate platelet dysregulation by ARVS.
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Introduction:

Currently, more than 37 million people globally are infected with the Human
Immunodeficiency Virus (HIV). Approximately half of those infected are being treated with
antiretroviral drugs (ARVs), with a goal of 30 million people living with HIV to be treated
with ARVs by 2020 [1, 2]. Treatment with combination antiretroviral therapies (CART) can
suppress viral burden to undetectable levels [3]. However, despite adherence to antiretroviral
treatments and undetectable viral loads, people living with HIV experience chronic
inflammation and have shorter lifespans compared to the uninfected population [4, 5]. As a
result of chronic inflammation, people living with HIV are at increased risk for
inflammation-linked comorbidities, including cardiovascular diseases (CVD) [6-8]. CVD is
the major cause of death in the United States and similar resource-rich societies, and people
living with HIV are at greater risk for CVD, including myocardial infarction, stroke, and
atherosclerosis [9-11].

There are many competing theories as to why people living with HIV who are successfully
treated with ARV have increased risk for inflammation-related diseases. One possibility is
that low-levels of persistent viral replication cause chronic activation of the immune system.
Another factor to be considered is that people living with HIV are at increased risk for
behaviors that are known to cause inflammation, such as cigarette smoking. However, these
behaviors alone do not account entirely for the increased risk of CVD or other inflammation-
linked diseases [12-14]. A separate line of thought is that the ARVs themselves contribute to
inflammation. ARVs have many side effects, including dyslipidemia, hepatotoxicity, and
lipodystrophy [15, 16]. The role of the different classes of ARVs on the increased risk of
CVD is under investigation, with several ARVs suspected of contributing to this risk [17—
20]. However, because studies are often conflicting, there is no consensus on the role of
ARVs in HIV-associated CVD [18-23].

Platelets are a key cell in the initiation and progression of CVD, yet they have not been
adequately investigated in the context of HIV-associated CVD. Platelets are the second most
numerous cell in the blood, and are important in systemic inflammation due to their ability
to rapidly activate and release inflammatory mediators that include chemokines and
cytokines (/.e. soluble CD40 ligand (SCD40L, CD154), interleukin-1 beta (IL-1), platelet
factor 4 (PF4)) and lipids including prostaglandins and thromboxane A, (TXA)) [24, 25].
People living with HIV have increased markers of platelet activation, which may contribute
to chronic inflammation and CVD risk [26—28]. Despite the relationship of ARVs to
increased CVD risk, the critical importance of platelets in CVD and thrombosis, and the
increase in activated platelets observed in people living with HIV, there are few studies on
the direct effects of ARVs on platelet activation and function [29, 30]. Thus, it is important
to further characterize the effects of ARVs on platelet inflammatory and hemostatic
functions.

In our study, we address this important knowledge gap of the effects of ARVs on human
platelets. We screened ARVs for effects on human platelet function /n vitro and found that
ritonavir, a protease inhibitor, dysregulates platelet inflammatory and hemostatic functions.
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The findings herein support the hypothesis that ARVs can dysregulate platelets, implicating
them in the chronic inflammation that drives HIV-associated CVD.

Methods:

Blood collection:

Peripheral blood was collected from healthy human donors who had not taken platelet-
inhibiting drugs for at least 2-weeks and who were consented in accordance with the
Helsinki declaration under a protocol approved by the University of Rochester Institutional
Review Board. Up to 100 mL of venous blood was drawn from the forearm of the
consenting donor via venipuncture using a 19 gauge butterfly needle into vacutainer tubes.
18 donors were recruited for this study. Donor age ranged from 24 to 65, with an average
age of 37 and median age of 30. The donors were 22% (4/18) male, 78% (14/18) female,
89% (16/18) Caucasian, and 11% (2/18) non-Caucasian.

Isolation of human platelets:

Whole blood was collected in ACD solution A vacutainer tubes (BD, Franklin Lakes, NJ).
Platelet-rich plasma (PRP) was prepared via centrifugation of whole blood at 200 x g for 15
minutes at 21°C with no brake. PRP was collected carefully with a wide-bore pipette from
the top third of the centrifuged blood to avoid disrupting the buffy coat. Washed platelets
were prepared from PRP as previously described [31]. Briefly, 1 pg/mL of prostacyclin
(PGI5) (Cayman Chemical) was added to PRP and mixed gently via inversion. PRP was
centrifuged for 10 minutes at 1,000 x g at 21°C. The supernatant was aspirated and the top
portion of the platelet pellet was gently resuspended in Tyrode’s Salt Solution (TSS, Sigma-
Aldrich): acid-citrate-dextrose (25:3) containing 0.1 pg/mL PGl, using a wide bore pipet.
The resuspended solution was centrifuged at 1,000 x g for 10 minutes at 21°C. The
supernatant was aspirated and the top two-thirds of the platelet pellet was gently
resuspended in TSS using a wide-bore pipet, leaving the bottom third of the pellet to ensure
the platelet resuspension is not contaminated with other cell types. The platelet
concentration was measured using a Sysmex automated blood cell counter. Platelets were
diluted to the desired concentration in TSS. Unless otherwise noted, platelets were used
within 2-3 hours of the blood draw.

In vitro antiretroviral drug screening:

Washed human platelets were diluted to 1.1x108 platelets/mL in TSS and 300 pL aliquots
were plated into each well of a 96-well plate. Platelets were treated with ARVSs or vehicle
(PBS or <0.1% DMSO) for 30 minutes at 37°C as follows: ritonavir 5 uM, abacavir 20 uM,
darunavir 10 pM, raltegravir 20 uM, lamivudine 20 UM, tipranavir 25 pM, and atazanavir 5
UM. At 30 minutes, the 96-well plates were centrifuged at 1,200 x g for 10 minutes. Platelet
supernatants were collected into a separate 96-well plate for storage and stored at —20°C
until used to detect TXB, and PGE, using enzyme immunoassays (Cayman Chemical). The
following ARV reagents were obtained through the NIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH: ritonavir (Cat. # 4622), darunavir ethanolate (Cat. # 11447), abacavir
(Cat. # 4680), lamivudine (Cat. # 8146), and raltegravir (Cat. # 11680); tipranavir (Cayman
Cat. #21028) and atazanavir (Cayman Cat. # 11733) were purchased from Cayman.
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In vitro ritonavir treatments.

Human platelets were isolated and washed, then diluted to 1.1x108 platelets/mL in TSS. The
platelets were then treated with ritonavir (0.5, 5, 10, 20 uM) or vehicle (<0.1%DMSO) for
30 minutes at 37°C, or for 15 minutes followed by a 15 minute incubation with the platelet
agonists ADP and thrombin (2.5 uM and 0.1 U/mL respectively). These washed human
platelets were then tested for function as described below.

Platelet Spreading:

After treatments, platelets were spread on fibrinogen-coated coverslips as a surrogate
measure of wound healing, as previously described [32]. Coverslips were coated with 50 pL
of 250 ug/mL fibrinogen (Sigma-Aldrich, St Louis, MO) for 2 hours at room temperature,
then blocked with 0.5% bovine serum albumin (BSA; Sigma-Aldrich, St Louis, MO) in 1 X
phosphate buffered saline (PBS) for up to 1.5 hours. Washed human platelets were diluted to
3.3 x 107 platelets/mL in TSS and 300 pL plated onto the fibrinogen coated coverslips, then
incubated at 37°C for 45 minutes to spread. The coverslips were then washed with PBS three
times, and fixed with 4% paraformaldehyde in PBS for 15 minutes. After fixing, coverslips
were washed once with PBS, then mounted onto slides using Fluoromount G mounting
media (Southern Biotech). Images were taken at 100X with an Olympus BX51 microscope
(Olympus, Melville, NY) using differential interference contrast microscopy (DIC), and at
least 5 fields of view were captured for each coverslip. Images were edited using SPOT
software to enhance platelet visibility. Platelet spreading was quantified by manual counting,
after blinding via randomizing images and obscuring sample information.

Immunoassays:

After treatments, platelets were centrifuged at 1,200 x g for 10 minutes at 21°C. Platelet
supernatants were used to detect proinflammatory-mediators. As TXA, is unstable and
quickly converted to the less bioactive Thromboxane B, (TXB,), we used TXB, as a
surrogate measure. TXB, and prostaglandin E; (PGE,) concentrations were determined
using enzyme immunoassays (Cayman Chemical). PF4 was assayed using enzyme-linked
immunosorbent assay kits (R&D Systems). sCD40L was assayed by ELISA using a mouse
anti-human sC40L antibody clone MK13A4 (kind gift from Marilyn Kerry), as previously
described [33].

Flow cytometry:

1x108 washed human platelets were fixed with 1.1% PFA for 15 minutes and washed once
with TSS. Platelets were centrifuged at 1,200 x g for 10 minutes, supernatant was aspirated,
and the platelet pellet was resuspended in human Fc blocking reagent to a final
concentration of 1x108 platelets/mL. Platelets were blocked for 15 minutes, then stained
with mouse anti-human CD62P-AF647 (Biolegend Cat. # 304918) for 30 minutes at 21°C
and analyzed using an Accuri C6 flow cytometer (BD, Franklin Lakes, NJ, USA). Platelets
were identified based on size and granularity by forward- and side-scatter on a log-scale;
Megamix beads (Stago Cat. # 00420-RUQ) were used for gate sizing. The CD62P gate was
set using isotype control (Santa Cruz Cat. # 3890).
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Aggregometry:

Aggregation was performed using the turbidimetric method using a Chrono-Log Lumi-
aggregometer with AGGRO/LINK software (Chrono-Log Corp., Havertown, PA), as
described previously [31, 32]. Blood was collected from healthy human donors via
venipuncture into buffered sodium citrate vacutainer tubes (BD, Franklin Lakes, NJ). The
blood was centrifuged at 21°C at 100 x g for 15 minutes with moderate acceleration and no
brake. PRP was collected without disturbing the buffy coat or red blood cells. 700 pL of
PRP was collected and centrifuged at 1,200 x g for 10 minutes to generate platelet-poor-
plasma (PPP). At least 500 uL of PRP was treated with the indicated concentrations of
ritonavir for 30 minutes. After treatment, 450 L of PRP was added to a cuvette containing a
siliconized magnetic stir-bar. 500 uL of PPP was added to a separate cuvette to act as a blank
(100% light transmission). The PRP and PPP were placed in the aggregometer. 50 uL of
Chrono-lume reagent (Chrono-Log Corp., Havertown, PA) was incubated with PRP for at
least 1 minute with stirring before activation. 5 pM ADP was added to the PRP to activate
aggregation. Aggregation tracing was measured for 6.5 minutes. Percent aggregation was
determined for all tracings at 6.5 minutes.

Thromboelastography:

Statistics:

Results:

Whole blood was collected into ACD solution A vacutainer tubes. 1mL of whole blood was
treated with vehicle (0.1% DMSO), or ritonavir (0.5, 5, and 10 pM) for 30 minutes at 37°C.
Thromboelastography (TEG) was performed within 2 hours of blood collection using a TEG
hemostasis system (Haemoscope Corp, Niles, IL, USA) and citrated Kaolin as previously
described [31, 34].

Data were analyzed using GraphPad Prism software. Paired two-tailed t-tests were used for
statistical analysis except where otherwise indicated. A 2-way ANOVA with Bonferroni
post-hoc correction for multiple comparisons was used to compare activated to resting
platelets. All error bars represent the standard error of the mean. P-values of < 0.05 were
considered significant.

ARVs dysregulate human platelet function in vitro:

To determine the direct effects of ARVs on human platelet function, we screened commonly
used ARVs for effects on human platelet production of the pro-inflammatory lipid-mediators
thromboxane (measured via the stable metabolite TXB5) and PGE, /n vitro. Washed human
platelets from 3—6 donors were treated with several different classes of ARVs at
pharmacologically achievable doses, including the integrase inhibitor raltegravir, nucleoside
reverse transcriptase inhibitors lamivudine and abacavir, and the protease inhibitors
darunavir and ritonavir (Figure 1). Ritonavir significantly increased production of PGE,
(Figure 1A), and caused a slight decrease in production of thromboxane (Figure 1B). The
protease inhibitors atazanavir and tipranavir did not affect PGE,, and modestly but
significantly increased TXB, production (Figure 1C and D). No other ARVSs in the screen
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significantly altered platelet production of thromboxane or PGE,. These data suggest that
ritonavir dysregulates platelet function /n vitro. As ritonavir had a dramatic effect on PGE,
production, and as tipranavir and atazanavir are often boosted with ritonavir, the remainder
of this study focuses on characterizing the direct effects of ritonavir on human platelet
function.

Ritonavir dysregulates human platelet production of pro-inflammatory mediators in vitro:

In order to further characterize the effects of ritonavir on human platelet function, we treated
human platelets with a range of pharmacologically relevant doses of ritonavir as indicated
(Figure 2), and observed changes in platelet mediator production and granule release.
Platelet supernatants were analyzed for levels of the pro-inflammatory mediators PGE,,
TXB5, sSCD40L, and PF4 via immunoassay. Platelet production of PGE, increased
significantly in a dose-responsive manner (Figure 2A). Additionally, platelet production of
TXB, decreased in a dose-responsive manner (Figure 2B). Platelet supernatant
concentrations of SCD40L and PF4 did not significantly change (Figure 2C, D). Platelet
surface expression of CD62P, associated with alpha-granule release, was unaffected by
ritonavir treatment (Figure 2E).

Ritonavir exacerbates human platelet activation in vitro.

To determine if ritonavir dysregulated platelet activation, we pre-treated human platelets
with ritonavir for 15 minutes, then activated platelets for an additional 15 minutes with a
combination of the platelet agonists, thrombin and ADP (0.1 U/mL and 2.5 pM). We found
that platelets treated with ritonavir before activation produced more PGE, than untreated
activated platelets or resting ritonavir treated platelets(Figure 3A). Conversely, activated
platelet production of thromboxane was significantly decreased when pre-treated with
ritonavir (Figure 3B). Interestingly, there were still significant differences between
production of TXB> in platelets pretreated with ritonavir and activated or left unactivated,
indicating a blunting of thromboxane production, but not complete inhibition (Figure 3B).
PF4 and sCD40L did not significantly change when platelets were treated with ritonavir and
then activated (Figure 3C, D). These data indicate that platelet proinflammatory mediator
production is differentially dysregulated by ritonavir and this dysregulation is exacerbated
by platelet activation.

Platelet spreading is inhibited by increasing doses of ritonavir in vitro:

In order to determine how ritonavir affects platelet hemostatic function, we next examined
platelet spreading. During injury and wound healing, platelets activate and morph from a
discoid shape to a sphere, extend filopodia and lamellipodia, and finally flatten into a thin
circle (termed “fully spread™). We used an /n vitro measure of spreading by treating washed
human platelets with a range of ritonavir concentrations and plating them on fibrinogen
coated coverslips. Platelets adhere to and spread on the coverslips, and platelet hemostatic
function is measured as the percentage of fully spread platelets. Representative images of a
dose-response is shown in Figure 4A. We observed that ritonavir reduced the number of
fully spread platelets (black arrows), and increased unspread platelets (white arrows). The
quantification of fully spread platelets is shown in Figure 4B. We found that with increasing
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doses of ritonavir, the relative percentage of fully spread platelets decreased by ~20%,
supporting a role for ritonavir in platelet dysregulation.

Pre-treatment of platelets with ritonavir results in increased platelet aggregation in vitro:

To further characterize ritonavir-induced hemostatic functional defects in human platelets,
we performed aggregometry, a clinical measure of platelet clotting ability. We treated freshly
collected PRP with ritonavir and measured aggregation in response to the agonist ADP (5
UM). We observed that platelet aggregation increased with ritonavir treatment following
activation with ADP (Figure 5). A representative aggregometry profile is shown in Figure
5A, and the quantification of percent aggregation is shown in Figure 5B. These data indicate
that ritonavir increases platelet aggregation.

Ritonavir treatment decreased clot strength as measured by thromboelastography (TEG):

As ritonavir increases aggregation, we next determined if it altered other clotting properties.
To test the effects of ritonavir on clot formation, clot strength (a global measure of platelet
function) was measured by TEG. We treated whole blood with vehicle or ritonavir, activated
with kaolin, and measured clot parameters using TEG. A representative TEG graph from
one donor treated with ritonavir is show in Figure 6A, and quantified in Figure 6B. Our data
indicate that with increasing doses of ritonavir, clot strength (measured by maximum
amplitude (MA)) trended toward an increase, though this did not reach traditional statistical
significance. The time to clot formation and clot retraction were unaffected by ritonavir
treatment (data not shown).

Discussion:

The pro-inflammatory role of circulating blood platelets in CVD is well known but
understudied in the context of HIV infection [35-38]. Increased platelet activation
contributes to the initiation and progression of CVD [39, 40]. People living with HIV have
chronic inflammation, increased basal levels of platelet activation, and are at increased risk
of CVD [26, 27, 41]. There are few reports on the direct effects of ARVs on platelet
function, despite the many known side-effects of ARVs which could contribute to
inflammation [42-44]. In our study, we addressed this by screening ARVs for effects on
platelet function. We found that the protease inhibitor, ritonavir, dramatically increased
platelet production of the proinflammatory mediator PGE,.

Ritonavir was originally used to inhibit HIV proteases, but was repurposed to take advantage
of its off-target inhibition of human cytochrome P450 (CYP450), a family of enzymes that
metabolize xenobiotics - including ARVs [45]. Ritonavir is now used at a lower dose in
combination with other ARVs (e.g. darunavir) to inhibit their degradation and increase their
efficacy. Therefore, studies on protease inhibitors often focus on the ARVs co-administered
with ritonavir, but not on ritonavir itself. In addition to its use as an ARV, ritonavir is being
investigated for novel applications including treatment for hepatitis C virus and some cancer
malignancies [46, 47]. As such, it is important to study the effects of ritonavir alone on
platelet function.
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Protease inhibitors increase coagulation, platelet activation, and are associated with CVD,
but there is no consensus on which protease inhibitors are driving these effects [17, 44, 48—
52]. As these studies do not focus on ritonavir, its effects on platelet function, coagulation,
and hemostasis are largely unknown. Due to this knowledge gap and our finding in this
study that ritonavir increased PGE», we directed our efforts to better understand the direct
effects of ritonavir on human platelet function in vitro.

We characterized ritonavir’s effects on platelet inflammatory function by measuring platelet
release of alpha granules (containing PF4 and CD62P) and production of pro-inflammatory
mediators (PGE,, sCD40L, and TXB,) in response to increasing doses of ritonavir. Platelet
alpha-granule release, measured via supernatant concentrations of PF4 and platelet surface
expression of CD62P, was unaffected by ritonavir. As with alpha granule release, SCD40L
levels were unchanged by ritonavir. However, ritonavir significantly increased production of
PGE,, and decreased the relative production of TXB, in a dose-dependent manner. These
data indicated that ritonavir alters platelet lipid mediator production specifically, but does
not alter all aspects of platelet function. Additionally, ritonavir alone may not activate
platelets, but because PGE; increases platelet reactivity to agonists, ritonavir may cause
platelet hyper-responsiveness. We found that pre-treatment with ritonavir before activation
resulted in further increased platelet production of PGE; and inhibited TXB,, but no change
in SCD40L or PF4. While TXB, was inhibited relative to activated platelets, the levels of
TXB, were still significantly increased compared to resting platelets; platelet functions
dependent on thromboxane, such as the second wave of aggregation, may be inhibited but
not entirely blunted by ritonavir.

Thromboxane inhibition by ritonavir is consistent with previous observations of decreased
urinary thromboxane in a controlled experiment of HIV-negative people taking ritonavir
[29]. However, our results were unexpected as both PGE, and thromboxane are considered
proinflammatory mediators; we had expected an increase in both or a decrease in both. One
possible explanation for this surprising result is that ritonavir may inhibit the enzyme
responsible for thromboxane production, thromboxane synthase (TXAS). If ritonavir
inhibited TXAS, arachidonic acid metabolism could be shunted to prostaglandin E, synthase
(PGES), resulting in increased PGE,. To this point, TXAS is a CYP450 enzyme, though of a
different family than that targeted by ritonavir. While TXAS has not specifically been tested
for inhibition by ritonavir, ritonavir is known to have off-target effects. Determining the
mechanism is beyond the scope of our present study, which is focused on characterizing
ritonavir’s effects.

To determine ritonavir’s effect on platelet hemostatic function and examine if ritonavir
causes platelet hyper-responsiveness, we examined platelet spreading. Platelet spreading is
an /n vitro, surrogate measure of platelet function in wound healing and hemostasis. When
treated with ritonavir, platelet spreading was inhibited. We considered that the reduced
percentage of fully spread platelets might be an artifact of decreased platelet adhesion to the
coverslips. However, the number of platelets per coverslip was not significantly different
between treatments (data not shown). Blunted platelet spreading results from a defect in
platelet shape change in response to binding fibrinogen. Thromboxane is a key mediator
driving platelet shape change. Thus, ritonavir’s inhibition of thromboxane could drive this
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inhibited spreading. As ritonavir did not alter platelet SCD62P surface expression or PF4, we
conclude that platelet spreading is inhibited independent of platelet granule release.

Our data indicates that ritonavir dysregulates platelet shape change, which impacts platelet
hemostatic function. To further elucidate the effects of ritonavir on hemostasis, we tested the
effect of ritonavir on ADP-induced aggregation. Aggregation is a clinical assay used to
determine platelet adherence to other platelets, with increased aggregation corresponding to
a prothrombotic, procoagulant platelet profile in patients. Our data indicate that ritonavir
increases ADP-stimulated platelet aggregation. This increased aggregation parallels the
increased risk of CVD in people taking protease inhibitors [18, 49], but is surprising given
the decrease in platelet spreading observed with ritonavir treatment. However, the spread
platelets were not stimulated with ADP, unlike the aggregating platelets. Platelet spreading is
heavily driven by thromboxane, but the first wave of aggregation (the only wave present
when platelets are stimulated with the dose of ADP used in this study) is not dependent on
thromboxane. Additionally, PGE, increases platelets activation in response to agonists;
ritonavir increases PGE> and thus increases the platelet response to ADP. Consequently, we
hypothesized that while ritonavir-treated platelets had inhibited spreading, they were hyper-
responsive to agonists. Since ritonavir increased aggregation, it was also possible that it
affected other clotting parameters.

To examine the possibility of ritonavir altering other aspects of hemostasis, we studied the
effects of ritonavir on whole blood clot formation using thromboelastrography (TEG), a
clinical assay of clot formation. TEG measures multiple hemostatic parameters including
time to clot initiation and clot strength. Ritonavir did not significantly change time to clot
formation (data not shown), but it did modestly increase clot strength, a platelet-dependent
parameter, though not significantly. It is important to note that it is believed that slight to
modest increases in clot strength, especially over time (as is the case in chronic
inflammation), correspond to clinically relevant changes in hemostasis [53]. Thus, the
increased clot strength should be further studied in patients taking ritonavir.

Our study determined the direct effect of ritonavir on platelet function using isolated,
washed platelets from whole blood, a widely used technique [54, 55]. While platelets are
exquisitely sensitive to manipulation, and can be easily activated during isolation, we limited
platelet activation during isolation by treating platelets with the short-lived inhibitor
prostacyclin, as well as by collecting blood in ACD tubes. These agents are no longer
present in platelets following the last wash step. While the use of whole blood could prevent
unintentional platelet activation, whole blood contains many other cell types, including
leukocytes that would prevent us from studying the direct effects of ritonavir on platelets.
Thus, we initially use washed platelets in our studies. A small sample size was analyzed
(n=6) for each assay. However, we observed that platelets from these 6 individual donors
respond similarly with ritonavir treatment in several measurements of platelet function,
indicating a robust effect of ritonavir on human platelet function.

Our study shows that ritonavir dysregulates platelet function by increasing platelet
production of PGE,, as well as increasing aggregation and possibly clot strength. Ritonavir
may sensitize platelets to agonists via increasing PGE; levels such that a small amount of
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another agonist might cause hyper-responsive platelets and increased clotting risk, and when
absent of ritonavir platelets would remain quiescent. Our findings support a role for
ritonavir-driven platelet dysregulation in contributing to the systemic, chronic inflammation
that increases the risk of cardiovascular disease and thrombosis in people living with HIV.
Additional studies are required to understand the ritonavir-specific mechanisms that promote
platelet dysregulation and to examine how these factors contribute to HIV-associated CVD.
Given ritonavir’s potential use for treatment of HCV and cancer, it will be also be of the
utmost importance to understand the potential for platelet dysregulation in these patients.
This is of special concern in the case of cancer, as many are associated with increased risk of
thrombosis.
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Figure 1. Screening ARVs on platelet function in vitro reveals dysregulation by ritonavir.
1.1x108/mL of washed human platelets were treated with the indicated antiretroviral drugs

(ARVs) for 30 minutes with either 0.1% DMSO or PBS as vehicle. The following ARVs
were tested at pharmacologically relevant concentrations: abacavir (ABC) 20 pM; ritonavir
(RTV) 5 pM,; tipranavir (TPV) 25 uM; atazanavir (ATV) 5 uM; darunavir (DAR) 5 uM;
raltegravir (RAL) 20 uM; lamivudine (LAM) 20 uM. After treatment, platelet supernatant
was analyzed for the lipid mediators A&C Prostaglandin E; (PGE»), and B&D
Thromboxane (TXB,). Statistics were determined with paired two-tailed T-tests. n=3
*p<0.05. Symbols represent individual donors. Solid columns indicate the vehicle was
DMSO, and gray dotted columns indicate vehicle was PBS.
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Figure 2: The protease inhibitor ritonavir dysregulates human platelet proinflammatory
mediator production and release in vitro.

1.1x108/mL of washed human platelets were treated with vehicle (0.1% DMSO) or the
indicated doses of ritonavir. Supernatant concentrations of A. prostaglandin E, (PGE,), B.
the thromboxane A, metabolite thromboxane B, (TXB,), C. soluble CD40L (sCD40L), and
D. Platelet factor 4 (PF4) were determined via enzyme immunoassay. E. 1.1 x 108
platelets/mL were stained for CD62P. Platelets were gated on based on their size and
granularity via forward and side scatter on a log scale. n=6 for each immunoassay. n=3 for
flow cytometry. Symbols in A-D represent unique donors. Error bars indicate SEM.
Statistics were performed using paired two-tailed t-tests. *p<0.05.
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Figure 3. Effects of ritonavir on activated platelet function inflammatory mediators with
activation.

1.1x108/mL platelets were pre-treated with the indicated doses of ritonavir then activated.
Platelet supernatant concentrations of A. PGE,, B. TXB5, C. sCD40L, and D. PF4 were
determined via enzyme immunoassay. n=3-5 for each immunoassay. Error bars indicate
standard error of the mean. Statistics were performed with a Two-way ANOVA with post-
hoc multiple comparisons with Bonferroni correction. *p<0.05.

Thromb Res. Author manuscript; available in PMC 2018 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Loelius et al. Page 17

A

Vehicle RTV 0.5 yM

RTV 10 pM

B 100 7 E
80 1
60 1
40 -
20 -

% Fully Spread

RTV(um) Veh 05 5 10

Figure 4. Ritonavir inhibits platelet spreading.
1.1x108 washed platelets/mL were treated with the indicated doses of ritonavir or vehicle

(0.1% DMSOQ). Platelets were imaged at 100 X magnification using differential interference
contrast (DIC) microscopy. At least 5 field of view were taken for each coverslip, and
platelets were manually counted. A. Representative images of platelet spreading after
treatment. Black arrows show a typical fully spread platelet, and white arrows show a typical
unspread platelet. B. Quantification of fully spread platelets after each treatment. *p<0.05
using a paired two-tailed T-tests.
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Figure 5. Ritonavir increases platelet aggregation

PRP was isolated from whole blood and treated with the indicated doses of ritonavir.
Aggregometry was performed for 6.5 minutes, with 5 uM ADP being added around 5
seconds into the reading. A. representative aggregometry tracing B. Scatterplot of
aggregometry profiles from 6 donors. Symbols represent unique donors. *p<0.05,

determined by paired two-tailed t-tests. N=6.
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Figure 6. Ritonavir does not significantly change clot strength.
Thromboelastography was performed using whole human blood collected into ACD tubes.

Whole blood was treated with vehicle (0.1% DMSO) or the indicated doses of ritonavir.
TEG was measured using a TEG hemostasis system Bars represent SEM. Statistics
performed using paired two-tailed T-tests. n=6
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