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Abstract

In human immunodeficiency virus (HIV) infection, persistent inflammation despite effective 

antiretroviral therapy (ART) is linked to increased risk of non-infectious chronic complications 

such as cardiovascular and thromboembolic disease. A better understanding of inflammatory and 

coagulation pathways in HIV infection is needed to optimize clinical care. Markers of monocyte 

activation and coagulation independently predict morbidity and mortality associated with non-

AIDS events. In this study, we identified a specific subset of monocytes that express tissue factor 

(TF), persist after virological suppression and trigger the coagulation cascade by activating factor 

X. This subset of monocytes expressing TF had a distinct gene signature with upregulated innate 

immune markers as well as evidence of robust production of multiple proinflammatory cytokines 

including IL-1β, TNF-α, and IL-6 ex vivo and in vitro upon LPS stimulation. We validated our 

findings in a nonhuman primate model, showing that TF-expressing inflammatory monocytes were 

associated with SIV-related coagulopathy in the progressive (pigtail macaques) but not the non-

pathogenic (African Green Monkeys) SIV infection model. Lastly, Ixolaris, an anti-coagulant that 

inhibits the TF pathway, was tested and potently blocked functional TF activity in vitro in HIV and 

SIV infection without affecting monocyte responses to toll-like receptor (TLR) stimulation. 

Strikingly, in vivo treatment of chronically infected PTMs with Ixolaris was associated with 

significant decreases in D-dimer and immune activation. These data suggest that TF expressing 

monocytes are at the epicenter of inflammation and coagulation in chronic HIV and SIV infection 

and may represent a potential therapeutic target.

Introduction

Monocytes are key mediators of innate immunity and have been closely associated with 

pathogenesis of chronic viral infections, including HIV (1, 2). Heightened circulating levels 

of monocyte activation markers, such as soluble (s) TF, sCD14 and sCD163 have been 
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associated with increased risk for death (3), non-infectious complications (4, 5), subclinical 

atherosclerosis (6), and immune reconstitution inflammatory syndrome (IRIS) in HIV-

infected individuals (7). Moreover, differential activation of monocyte subsets has recently 

been described as a predictor of tuberculosis (TB)-associated IRIS in patients with HIV-TB 

co-infection (7). One important feature of monocytes in HIV pathogenesis is their capacity 

to produce TF (8-10). TF is expressed in response to inflammatory stimuli such as toll-like 

receptors (TLR) (11-13) and cytokine-driven signals (14, 15) and initiates the extrinsic 

coagulation cascade by cleaving coagulation factors leading to formation of Factor Xa, 

thrombin and fibrin, which when degraded forms the coagulation biomarker D-dimer (16, 

17). For these reasons, augmented TF expression is associated with increased levels of D-

dimer (18) and thus may be associated with an increased risk for cardiovascular 

complications in HIV-infected individuals (19). These findings support a direct role of 

activated monocytes in the persistent inflammatory milieu observed in chronic HIV 

infection.

The need to investigate the link between coagulation and inflammation in chronic viral 

infections is pressing. Inflammatory and coagulation markers are both independent 

predictors of morbidity and mortality in treated HIV individuals (20-23) and are clearly 

associated with non-infectious complications of HIV such as cardiovascular and 

thromboembolic disease (19) which are rising due to the aging of treated HIV-infected 

persons (24). In an experimental model of nonhuman primates (NHP) infected with SIVsab, 

we previously demonstrated that increases in D-dimer as well as monocyte activation 

markers (sCD14) predict disease progression (25). These findings highlighted monocyte 

activation as a key event driving persistent coagulation in SIV/HIV chronic infection, 

suggesting a need to delineate the role of monocyte-derived TF in SIV/HIV-driven systemic 

inflammation and coagulopathy.

In the present study, we evaluated the role of TF-expressing monocytes in HIV and SIV 

pathogenesis and related coagulopathy. We examined the links between inflammation and 

coagulation with the aim to identify potential targets for therapeutic interventions in HIV-

infected persons.

Results

A specific monocyte subset is the major source of TF amongst peripheral blood 
mononuclear cells

To determine the potential of monocytes to express TF, peripheral blood mononuclear cells 

(PBMCs) from healthy blood donors were stimulated with LPS in vitro and TF expression 

was assessed by flow cytometry (monocyte gating strategy shown in Figure S1). The 

frequency of monocytes expressing TF (TFpos) in unstimulated cultures was very low 

(median and interquartile range (IQR); median, 0.49% of total monocytes, IQR: 0.24-0.69). 

Upon LPS stimulation, the expression of TF by monocytes was significantly increased 

(P<0.0001, Figure 1A). We next tested whether TF expression reflects a state of cellular 

activation by quantifying the frequency of TFpos monocytes following stimulation with 

increasing doses of LPS. A robust expression of TF by monocytes was observed only when 

cells were stimulated with ≥10 ng/mL of LPS whereas lower doses triggered a minor 
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induction of the enzyme (Figure 1B). The frequency of TFpos monocytes did not increase 

further with escalated doses of LPS (Figure 1B), suggesting that only a subset of cells is 

capable of producing the coagulation factor in vitro. We next performed a phenotypic 

analysis to better delineate the subpopulation of mononuclear cells from PBMC that produce 

TF upon LPS stimulation. We observed that TF expression is restricted to HLADR+, Dump- 

(CD2-CD3-CD19-CD20-CD56-) cells, which were further characterized as CD14+, CD16- 

and CCR2+ monocytes (Figure S2). A more detailed analysis revealed that TFpos cells 

exhibit differential expression of activation markers and co-stimulatory molecules, such as 

CD36, CD40, CD86, CD62L, CD163, TLR4 and IL-6R (Figure S2). To further investigate 

these populations, we sorted TFpos and TFneg monocytes from six healthy donors after LPS 

stimulation and examined the expression profile of a customized assortment of genes 

associated with monocyte activation and coagulation using a multiplex qPCR assay. 

Hierarchical clustering analysis of the overall gene expression profile of monocytes revealed 

that TFpos cells exhibit a unique signature highlighted by increased expression of TLRs, 

proinflammatory cytokine receptors, and signaling molecules such as MyD88 and TRIF 

(Figure 1C-D) whereas TFneg cells exhibited increased relative expression of CX3CR1 

(Figure 1C-D). Principal Component Analysis (PCA) with vector analysis of the expression 

profile of all genes confirmed the observation that TFpos and TFneg monocytes have distinct 

gene expression profiles associated with inflammation and coagulation (Figure 1D). These 

findings indicate that rather than representing a general state of cell activation, TF 

expression by circulating mononuclear cells may be restricted to a specific monocyte subset.

It is known that expression of surface markers on monocytes is dynamic and can change 

depending on the stimulation and microenvironment conditions (26). To address whether 

this dynamic expression of surface markers was confounding our interpretation of which 

monocyte subset expresses TF in response to LPS, we sorted the three major monocyte 

subsets based on the dichotomous surface expression of CD14 and CD16 (CD14++CD16-, 

CD14+CD16+ and CD14dimCD16+), stimulated each subset with LPS and then examined TF 

expression in cell lysates and measured TF functional activity by a colorimetric assay which 

quantifies the formation of the coagulation factor Xa (27) (Figure 1E). In unstimulated 

conditions, TF protein expression and functional activity by each monocyte subset was 

uniformly low in cultures (Figure 1E). LPS stimulation induced an increase in TF protein 

expression and activity in CD14++CD16- monocytes, a marginal increase of TF functional 

activity (by means of factor Xa formation) in CD14+CD16+ cells and no effect on 

CD14dimCD16+ monocytes (Figure 1E). These data demonstrate an inherent capacity for the 

CD14++CD16- monocyte subset to express TF after LPS-driven activation.

TF-expressing monocytes are expanded in chronic HIV infection independent of 
antiretroviral treatment

It has been previously observed that monocytes from HIV+ patients display higher levels of 

TF expression compared to healthy controls (18). In the present study, we extended these 

observations by comparing TF expression in HIV+ individuals before and after ART 

initiation (after virological suppression was achieved) and age and gender-matched healthy 

controls. In a cross-sectional comparison of ex vivo TF expression, meadured by flow 

cytometry, we observed that the frequency of TFpos monocytes was significantly higher in 
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both ART-naïve and ART-treated HIV+ patients compared to healthy controls (P<0.001 and 

P<0.01 respectively, Figure 2A), albeit with considerable variability in expression levels. 

The median frequency of TFpos cells was not statistically different between treatment naïve 

HIV+ patients and those with ART-induced suppression of HIV viremia (Figure 2A). This 

finding suggests that TF protein expression in HIV+ patients may not be substantially 

affected by ART. We next compared the potential of monocytes to produce TF in response to 

LPS between the different study groups. We found that the frequencies of TFpos monocytes 

were significantly higher in HIV+ patients, pre and post-ART, compared to healthy 

individuals in unstimulated cultures as well as upon LPS stimulation (Figure 2B). There was 

no observed difference in response to LPS between treatment-naïve HIV+ patients and those 

on ART with virological suppression (Figure 2B). These results mirrored the findings 

obtained by quantification of TF protein expression in PBMC lysates (Figure 2C). We 

further demonstrated that TF expressed on the cell surface of monocytes from HIV+ 

individuals was able to trigger Factor Xa formation, demonstrating that TF was functionally 

active in vitro (Figure 2D). Again, no difference was detected in TF functional activity 

between the groups of HIV+ patients (Figure 2C-D). The differences in TF expression on 

monocytes were independent of the total monocyte counts in PBMC amongst the HIV-

infected groups, which were not significantly different (median 4451 cells/μL, IQR: 

2383-6829 in ART-naïve vs. 4507 cells/μL, IQR: 3308-7771 in virologically suppressed 

individuals, P=0.34).

These primary observations indicated an increased in the capacity of monocytes to produce 

TF and promote factor Xa formation in vitro upon cellular activation in HIV infection which 

persists after ART-induced HIV suppression. To further test this hypothesis, we 

prospectively assessed ex vivo TF expression as well as plasma levels of D-dimer and C-

reactive protein (CRP) in an additional set of HIV+ patients examined longitudinally with 

paired samples available from pre-ART and post-ART (at virological suppression) 

timepoints. This longitudinal paired analysis confirmed that the frequency of TFpos 

monocytes was not significantly altered by ART (Figure S3). Out of 12 HIV+ patients 

prospectively evaluated, 6 (50%) exhibited increases whereas 4 (33.3%) displayed reduction 

in TF expression upon ART-induced HIV suppression. Mean fluorescent intensities (MFI) 

values for TF expression did not differ between the timepoints (MFI at pre-ART: 575 

arbitrary units [AU] ± 49.5 vs. MFI at virologic suppression timepoint: 553 AU ± 89.6, 

P=0.785). However, D-dimer levels decreased whereas CRP values remained unchanged 

after ART initiation (Figure S3). These findings show sustained elevation of TF expression 

on circulating monocytes regardless of the reduction in D-dimer levels, which strongly 

argues that HIV-associated coagulopathy may persist even after ART-induced HIV 

suppression, as has been previously suggested (28). In ART-naïve patients, the ex vivo 

frequency of TFpos monocytes was positively correlated with the levels of D-dimer (r=0.69, 

P=0.015; Figure S3) and did not associate with concentrations of CRP (r=0.04, P=0.908; 

Figure S3).

To further assess the role of TF on monocytes in HIV pathogenesis and coagulopathy, we 

next examined the expression and activity of this coagulation factor in PBMC from NHP 

before and after SIVsab infection in vivo. In this biological system, AGMs are the natural 

hosts of SIVsab and undergo infection but do not progress to SIV disease and coagulopathy 
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despite active chronic viral replication reflected by lifelong high plasma SIV viremia (29, 

30). Contrastingly, SIVsab infection causes progressive disease in PTMs (29). We have 

previously shown that PTMs infected with SIVsab experience increased systemic 

inflammation and coagulopathy compared to naïve animals (25). Prior to SIVsab infection, 

both PTMs and AGMs exhibited similarly low frequency of TFpos monocytes (Figure 2E). 

The frequency of monocytes expressing TF ex vivo was substantially increased in 

chronically infected PTMs compared to naïve animals (P<0.001), whereas there was no 

marked effect of SIV infection in AGMs (Figure 2E). Importantly, monocytes, but not 

myeloid dendritic cells, were the major source of TF ex vivo and after LPS stimulation in 

vitro (Figure S4). Notably, monocytes isolated from naïve PTMs and AGMs displayed 

indistinguishable TF expression in response to LPS stimulation in vitro (Figure 2F). During 

chronic SIVsab infection, the frequency of TFpos monocytes was higher in PTMs compared 

to AGMs in unstimulated cells and this difference was further increased upon LPS 

stimulation (Figure 2F). Comparable results were obtained by quantification of TF 

functional activity (Figure 2G). In addition, we found in our cohort of NHP that 

concentrations of D-dimer and CRP in plasma were significantly higher in accordance with 

the augmented TF monocyte expression in chronically infected PTMs compared to naïve 

animals (Table S1). Neither TF expression nor levels of these plasma markers of 

inflammation and coagulation were significantly altered upon SIVsab infection in AGMs 

(Table S1). To further investigate the role of TF in SIV pathogenesis, we examined TF 

expression prior to infection and at different time points post-infection in the mucosal tissues 

sampled from PTMs. We observed continuous increase of TF expression in the gut with 

disease progression (Figure S5). Furthermore, few TF positive cells were present in the 

lamina propria prior to infection, but their numbers increased after infection, first at the tip 

of the villi and then more profoundly in the lamina propria. The same dynamics were also 

observed in Peyer's patches (Figure S5). The significant increase in TF expression of both 

mucosal tissues and peripheral monocytes of chronically SIV-infected PTM suggest that TF 

expression may contribute to the pathogenesis of SIV-driven persistent coagulation and 

inflammation.

Proinflammatory cytokines increase TF expression during chronic HIV infection

A potential explanation for the activation of circulating monocytes and subsequent persistent 

TF expression in HIV-infected persons could be a soluble factor. To test this hypothesis, we 

column-purified CD14+ monocytes from healthy blood donors and incubated them overnight 

with medium supplemented with either heat inactivated serum from human AB plasma 

(HAB serum), filtered pooled sera from healthy controls, or sera from individuals 

chronically infected with HIV or hepatitis C virus (HCV). TF protein expression was then 

quantified in cell lysates. Samples incubated with HIV+ or HCV+ sera displayed augmented 

production of TF (Figure 3A). TF expression was indistinguishable between cultures of 

monocytes incubated with sera from ART-naïve HIV+ patients and at different time points 

upon treatment initiation (Figure 3B). This observation indicates that the factors driving TF 

expression by monocytes persist after ART implementation. Moreover, we performed a 

series of blocking experiments trying to delineate the molecules that are potentially driving 

monocyte activation and TF production from the sera of HIV infected individuals. We found 

that IL-1RI blocking resulted in a slight but consistent reduction of TF production in 
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monocytes cultured in the presence of HIV+ serum (Figure 3C). Neutralizing IL-6R and 

interferon-gamma receptor (IFNγR) did not alter TF expression in this experimental setting 

(Figure 3C). Notably, TF production exhibited a substantial drop in monocyte cultures 

incubated with blocking antibodies against type I interferon receptor (IFNAR) or tumor 

necrosis factor receptor 1 (TNFR1) (P=0.003 and P=0.005, respectively, Figure 3C). These 

experiments confirmed that inflammatory signals present in serum from HIV-infected 

persons are capable of inducing TF production in monocytes. The specific drivers of these 

inflammatory signals could be coming from inflamed tissues or the blood itself. Microbial 

translocation in the gut has been described as an important trigger of persistent systemic 

inflammation detected in HIV+ persons (31). To test the possibility that monocyte activation 

in blood could be resulting from a residual leakage of microbial products from mucosal 

interfaces, we incubated HIV+ serum with polymyxin B before culturing the monocytes. 

Serum treated with this bactericidal compound resulted in the lowest TF expression among 

all the experimental conditions tested (Figure 3C). These findings demonstrate that 

circulating microbial products are indeed relevant drivers of TF expression by activated 

monocytes.

TF-expressing monocytes produce multiple proinflammatory cytokines

Chronic HIV infection has been associated with persistent immune activation and elevated 

markers of coagulation (22, 32). We hypothesized that TF-expressing monocytes, aside from 

promoting coagulation, could contribute to systemic inflammation. Indeed, in non-HIV-

infected healthy individuals, TFpos monocytes more frequently produced multiple 

proinflammatory cytokines, such as TNF-α, IL-1β and IL-6, simultaneously upon LPS 

stimulation (Figure 4A-C). We further investigated the profile of intracellular cytokine 

expression in monocytes ex vivo from our longitudinal cohort of HIV+ patients before ART 

initiation and after virological suppression. HIV+ individuals, regardless of treatment status, 

exhibited high frequencies of monocytes spontaneously producing pro-inflammatory 

cytokines (Figure S6A). Furthermore, by testing the monocyte response to LPS stimulation 

in our prospective cohort of HIV+ patients, we detected markedly different intracellular 

cytokine expression profiles between TFneg and TFpos monocytes in ART-naïve HIV+ 

patients (chi-square P<0.001). In contrast to monocytes from healthy controls (Figure 4C), 

following LPS stimulation, the vast majority of TFneg monocytes from HIV infected 

individuals produced IL-6 alone (median 48.7%, IQR: 33.5-52.8% of all the cytokine 

producing TFneg cells) whereas TFpos monocytes more frequently produced TNF-α, IL-1β 
and IL-6 simultaneously (53.1% of all the cytokine producing TFpos cells, IQR: 49.5-56.7%) 

(Figure 4D). The intracellular cytokine expression profile of LPS-stimulated monocytes 

significantly changed after ART initiation (chi square P=0.015 for the expression profile in 

TFneg cells and P<0.001 for TFpos monocytes from pre vs. post-ART initiation; Figure 4D). 

In virologically suppressed HIV+ individuals, TFneg cells exhibited a mixed cytokine 

expression profile with monocytes producing one or various combinations of two cytokines 

whereas the majority of TFpos monocytes remained polyfunctional, producing a combination 

of three cytokines (TNF-α, IL-1β and IL-6) simultaneously (chi-square P<0.001 profile of 

TFneg vs. TFpos cells; Figure 4D). In addition, the frequency of TF-expressing monocytes 

strongly correlated with the frequency of polyfunctional monocytes before ART initiation 

(r=0.89, P<0.001) and in patients with virological suppression (r=0.91, P<0.001).
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We next examined the monocyte response to LPS in our NHP cohort by assessing the 

intracellular expression of TNF-α, IL-1β and IL-6 in vitro and found that monocytes 

isolated from both naïve and chronically SIVsab infected PTMs and AGMs were capable of 

producing these cytokines upon LPS stimulation (Figure S6B). The cytokine expression 

profile of stimulated monocytes was not different between uninfected PTMs and AGMs, 

with a majority of the cytokine-producing cells expressing IL-1β alone in both species (chi-

square P=0.459; Figure 4E and Figure S6B). The overall frequency of monocytes 

simultaneously expressing multiple pro-inflammatory cytokines (TNF-α, IL-1β and IL-6) ex 

vivo was significantly higher in chronically infected PTMs than in AGMs (Figure 4F). Upon 

activation in vitro, frequency of cytokine producing monocytes was higher in PTMs than in 

AGMs (Figure S6B). SIVsab infection caused changes in the cytokine expression profile of 

stimulated monocytes from both NHP species (chi-square P=0.035 for AGM naïve vs. 

chronically infected, P<0.001 for PTM naïve vs. chronically infected; Figure 4E). During 

chronic SIVsab infection, the majority of the activated monocytes from PTMs produced 

TNF-α, IL-1β and IL-6 simultaneously (median 43.5% of all the cytokine producing 

monocytes, IQR: 35.2-55.8%) whereas the activated monocytes from AGMs had a mixed 

expression profile and a low frequency of triple cytokine producers (median 12.5% of all the 

cytokine producing monocytes, IQR: 8.5-18.9%, P<0.001 vs. frequency of triple producers 

from PTMs) (Figure 4E).

We next quantitatively compared the dynamics of monocyte polyfunctionality in HIV-

infected patients as well as in SIVab-infected NHP. In HIV+ patients, the polyfunctionality 

of TFpos monocytes remained high after ART initiation and was significantly increased in 

TFneg cells post-ART compared to TFneg cells before ART initiation (P<0.001, Figure 4F). 

The polyfunctionality of TFpos monocytes from chronically SIVsab+ PTMs was significantly 

higher when compared to TFneg monocytes from the same animals and also when compared 

to TFpos monocytes isolated from chronically SIVsab+ AGMs (P<0.001 Figure 4G). These 

findings from both HIV-infected patients and SIV-infected NHPs support the hypothesis that 

in monocytes, increased TF expression is associated with an enhanced potential to produce 

multiple proinflammatory cytokines.

Thrombin triggers TF expression on CD14high monocytes and induces production of 
multiple proinflammatory cytokines via PAR-1 signaling

Our results so far demonstrated that CD14high monocytes have increased capacity both to 

promote activation of coagulation factors and to produce multiple proinflammatory 

cytokines linked to HIV and SIV pathogenesis. Activation of the coagulation cascade by TF 

in vivo ultimately results in formation of thrombin, an essential protein leading to thrombus 

development (33). Thrombin has been shown to activate NF-κB via cleavage of the 

cytoplasmic tail of protease-activated receptors (PAR) (34). Amongst the various types of 

PARs, PAR-1 and PAR-3 are known to be expressed on monocytes (35). Interestingly, a 

recent study has demonstrated that thrombin triggers TF expression on human monocytes 

via activation of PAR-1 (36, 37). We postulated that activated CD14highTFpos monocytes 

might also be able to sense thrombin generated from coagulation. To test this hypothesis, we 

performed a series of experiments and first confirmed that thrombin triggers TF expression 

on monocytes from healthy donors (Figure S7A). Subsequently we found that this effect was 
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associated with reduced expression of PAR-1 on the surface of these cells upon thrombin 

stimulation (Figure S7B). Importantly, we observed that TF expression triggered by 

thrombin was restricted to CD14high monocytes (Figure S7C) and we further established that 

CD14++CD16- and CD14+CD16+ cells exhibited similarly high expression of PAR-1 (Figure 

S7C). Additional assays in HIV+ patients suggested that PAR-1 is preferentially expressed in 

CD14high cells and that it is shed in response to thrombin in monocytes, a phenomenon that 

was associated with induction of TF expression by these cells (Figure S7D). These results 

indicate that the subset of monocytes that produces TF upon LPS-driven activation is the 

same that can respond to thrombin stimulation in vitro possibly via PAR1.

These results led us to speculate that monocytes activated by thrombin also produce multiple 

pro-inflammatory cytokines. We tested this idea by examining cytokine production by 

PBMC directly stimulated with thrombin in vitro. We found that thrombin induced robust 

production of intracellular cytokines (TNF-α, IL-1β and IL-6) by CD14high monocytes from 

healthy individuals (Figure S7E). Pharmacologic inhibition of PAR-1 signaling by 

SCH79797 completely neutralized the effects of thrombin on TF expression and cytokine 

production (Figure S7E). These results delineate how thrombin triggers an inflammatory 

response by monocytes in a PAR-1 dependent manner.

Ixolaris blocks TF activity without suppressing monocyte immune function in vitro

The results at this point support the hypothesis that monocytes are highly responsive to 

thrombin and act as a critical link between TLR-driven persistent inflammation and 

coagulation in chronic viral infections. Interventional therapies focusing on TF inhibition 

and/or blockade could therefore be key to breaking this vicious cycle of coagulation and 

inflammation in HIV and SIV pathogenesis. Ixolaris is a small molecule isolated from the 

saliva of the tick Ixodes scapularis and acts as a potent TF pathway inhibitor (TFPI), by 

blocking Factor VIIa/TF-induced coagulation (38, 39). Although Ixolaris has been tested in 

thrombosis models (40), it has not been evaluated in the setting of HIV-driven coagulopathy.

In our in vitro model, Ixolaris inhibited TF functional activity in monocytes from healthy 

donors stimulated with LPS in a dose-dependent fashion (Figure 5A). Importantly, even at 

doses 10 times higher than the maximum inhibitory concentration (10 ng/mL), Ixolaris did 

not exhibit substantial cytotoxicity (Figure S8). We next examined if Ixolaris blocks TF 

activity in pathological settings such as HIV and SIV infection. Indeed, Ixolaris completely 

inhibited formation of factor Xa in unstimulated conditions and after LPS stimulation in 

vitro in PBMCs from both ART-naïve and ART-treated, virologically suppressed HIV+ 

persons (Figure 5B). Ixolaris also significantly inhibited TF activity in PBMCs from 

chronically SIVsab-infected PTMs and AGMs (Figure 5C). Ixolaris did not affect TF protein 

expression or cytokine production triggered by LPS stimulation in vitro (Figure 5D). These 

results demonstrate that, at low doses, Ixolaris can potently inhibit TF functional activity in 

cells from HIV+ patients and from SIVsab-infected NHP and suggest that inhibition of TF 

activity could be used to suppress monocyte-driven activation of coagulation in these 

settings without directly affecting the capacity of these cells to respond to TLR stimulation.
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In vivo administration of Ixolaris is safe and decreases coagulation and immune activation 
in SIVsab infection in PTMs

To assess the efficacy of Ixolaris, we first measured its anticoagulant effect in vitro (Figure 

6). Ixolaris resulted in dose-dependent prolongation of prothrombin time (PT) /international 

normalized ratio (INR) when added to human plasma collected from healthy individuals 

(Figure 6A). Changes in PT/INR were similar when Ixolaris was added to plasma from 

uninfected healthy PTMs (Figure 6B). Activated partial thromboplastin time (aPTT), an 

intrinsic pathway coagulation marker, was not affected by Ixolaris in either monkey or 

human plasma, indicating that Ixolaris has a specific inhibitory effect on the extrinsic 

pathway. Our results thus confirmed the high efficacy and specificity of Ixolaris in NHP in 

vitro.

Chronic progressive HIV/SIV infection is characterized by high levels of immune activation, 

inflammation and hypercoagulation, which are robust independent prognostic factors of 

progression to AIDS and comorbidities (23, 41, 42). To investigate the effect of the 

anticoagulant therapy on the outcome of a highly pathogenic SIVsab infection, we 

administered Ixolaris to five PTMs upon SIVsab infection (at day of infection) and 

compared the natural history of SIVsab infection in Ixolaris-treated PTMs and untreated 

controls. Therefore, we first assessed the effects of the anticoagulant treatment by comparing 

the levels of immune activation and inflammation markers in PTMs receiving Ixolaris and in 

controls. The animals treated with Ixolaris showed significantly reduced levels of the 

proinflammatory cytokine IL-17 during early chronic infection (P=0.03, Figure 6C). The 

anticoagulant treatment also impacted T cell immune activation, as demonstrated by a lower 

frequency of CD4+ T cells expressing HLA-DR+ and CD38+ (Figure 6D), and by 

significantly lower frequency of CD8+ T cells expressing HLA-DR+ and CD38+ during 

early chronic infection (P<0.001, Figure 6E).

Following treatment, TF expression on circulating CD14+ monocytes decreased compared 

with untreated controls (Figure 6F). In addition, Ixolaris treatment significantly lowered 

both CD80 expression in chronically infected PTMs (P=0.004, Figure 6G) and CD86 

expression in both acutely and chronically infected PTMs (P=0.03, Figure 6H), compared 

with the untreated controls. To further validate the reduction of monocyte activation induced 

by Ixolaris treatment, we measured Glut-1 expression on CD14+ monocytes, an important 

monocyte activation marker (43-45). Ixolaris-treated animals showed a significantly reduced 

Glut-1 expression following SIV infection, compared to untreated controls (P=0.001, Figure 

6I). Furthermore, we examined associations between expression of monocyte markers and 

lymphocyte activation using generalizing estimating equations, due to the nature of the data 

distribution and small sample size of the experimental groups. Using this approach, we 

found that the monocyte activation markers strongly associated with lymphocyte activation. 

CD80 and CD86 expression on CD14+ monocytes were directly associated with HLA-DR+ 

CD38+ expression on CD4+T cells (p<0.001 and p<0.001, respectively), while Glut-1 

expression on CD14+ monocytes was strongly associated with HLA-DR+ CD38+ expression 

on both CD4+ and CD8+ T cells (P<0.001 and P<0.001, respectively). Altogether, these 

results suggest that Ixolaris treatment had a beneficial effect in reducing immune activation 

and inflammation associated with SIV infection.
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The hypercoagulable status exhibited in SIVsab-infected progressive NHPs and HIV-

infected patients is marked by elevated D-dimer, which is associated with increased 

incidence of cardiovascular comorbidities and mortality (25, 46, 47). Therefore, we next 

compared the D-dimer levels in Ixolaris-treated PTMs and controls. Ixolaris administration 

significantly reduced plasma D-dimer levels in acute SIVsab-infection of PTMs (P=0.033) 

(Figure 6J), and resulted in lower D-dimer levels during early chronic infection, indicating a 

clear effect of Ixolaris in improving the coagulation status in the SIV-infected animals. To 

monitor the infection in SIVsab-infected PTMs, we measured plasma SIV viremia in all 

infected animals (48). Interestingly, the Ixolaris-treated group showed overall lower viral 

loads compared to controls (Figure 6K).

Most importantly, Ixolaris-treated animals did not develop disease during the first 100 days 

postinfection (Figure 6L). In accordance with our previous studies in which two out of five 

SIVsab-infected PTMs were rapid progressors (49, 50), one animal out of three progressed 

to AIDS in the first 100 days postinfection in the untreated group, however, no rapid 

progression was registered in the Ixolaris group. Statistical significance was not reached in 

the present study, possibly due to the small sample size. This result is of potential 

translational interest, as it suggests that Ixolaris treatment may abrogate rapid progression in 

treated animals, likely due to the combination effect of reduced immune activation and 

inflammation, reduced hypercoagulable status and small reduction in plasma viremia.

Discussion

Chronic HIV infection has been associated with elevated circulating levels of biomarkers of 

coagulation, in particular D-dimer, and systemic inflammation, such as IL-6, sCD14 and 

CRP (22, 23, 51) which have been independently linked to a higher risk of non-AIDS related 

death and mortality (23) even in persons treated with ART (52). Although ART induced 

suppression of HIV viremia is shown to significantly reduce plasma levels of D-dimer, 

plasma levels remain higher than in non-HIV infected populations (32).

Monocytes have been previously described as immune cells involved in cardiovascular 

disease in both HIV- and HIV+ populations (4, 52-54) and are an important source of TF (9). 

In the current study we performed a detailed immune profiling of monocyte subsets and 

delineated molecular signatures that characterize TF-expressing cells in the context of TLR 

activation. Our results demonstrated that TF positive monocytes exhibit elevated expression 

of several genes associated with innate immune activation. These findings argue that the 

subpopulation of monocytes able to upregulate TF expression upon TLR4 activation is the 

classical subset defined as CD14+CD16-. Activated monocytes not expressing TF in the 

same circumstances exhibit markers of patrolling monocytes (CD14dimCD16+) such as 

upregulation of CX3CR1 gene expression. In the setting of coagulopathy, it is possible that 

patrolling monocytes, expressing high levels of CX3CR1, a vascular homing receptor, might 

interact with thrombin clots. Our results indicate that the patrolling monocytes express the 

lowest level of PAR-1 and that PAR-1 expression is decreased by thrombin stimulation. 

Therefore, in vivo, it is possible that the interaction between CX3CR1-expressing patrolling 

monocytes and thrombin clots accounts for the lower expression of PAR-1. Furthermore, we 

demonstrated that the frequency of monocytes expressing TF upon activation could not be 
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further increased with augmenting doses of TLR activation, suggesting an inherent capacity 

of these circulating monocytes to express this coagulation factor. Importantly, we confirmed 

that non-monocytic cells from peripheral blood are unable to express TF upon LPS 

stimulation. Flow cytometry-based phenotypic analysis revealed that compared to TFneg 

monocytes, TFpos cells displayed increased expression of HLA-DR and co-stimulatory 

molecules such as CD40 and CD86 as well as IL-6R. These results indicate a unique 

monocyte phenotype capable of producing TF. Previous flow-cytometry based studies have 

indicated that CD16+ monocytes are able to produce TF (55). Our results however indicate 

that the molecular signature associated with TF expression in monocytes is restricted to the 

classical proinflammatory subset that lacks expression of CX3CR1. It is possible that 

different experimental settings and/or gating strategies have resulted in discrepancies 

between the studies, and for this reason we performed TF expression assessment in sorted 

monocyte subsets to identify the main TF producers. In addition, molecular gene analysis 

was performed in healthy individuals and gene expression might differ in HIV+ individuals 

due to the trained immunity phenomenon (56). Our findings clearly indicate that classical 

proinflammatory monocytes are the major subset capable of robustly expressing TF protein 

and also upregulating TF functional activity upon LPS stimulation.

Previous studies have indicated that TF expression on monocytes is increased in HIV-

infected individuals compared to healthy controls and that frequency of TFpos cells is 

associated with HIV disease progression (18). Here we found that the frequency of TFpos 

monocytes as well as TF functional activity was similar between ART-naïve HIV+ 

individuals and those who achieved HIV suppression after ART initiation. These findings 

strongly indicate that TF expression by monocytes remains high in HIV+ individuals 

regardless of ART-induced virological suppression, which could be associated with 

increased potential to activate the coagulation cascade and cause cardiovascular disease. 

Consistent with this concept, previous work has demonstrated a positive correlation between 

frequency of TFpos monocytes and D-dimer levels in HIV+ patients (18). We validated these 

findings in our analysis of ART-naive HIV+ patients. Intriguingly, while D-dimer plasma 

levels were significantly reduced after ART-induced suppression of HIV viremia, the 

frequency of TFpos monocytes remained elevated. It is plausible that some degree of 

coagulopathy persists despite the decreases in D-dimer and supports a more complex 

relationship between pro- and anti-coagulant factors in untreated HIV due to poor synthetic 

liver function (20). This also suggests that assessing TF expression on monocytes would 

increase sensitivity for the detection of coagulopathy. Our findings further reveal TF as a 

potential therapeutic target in ART-treated patients with evidence of coagulopathy.

The pathogenic role of coagulation during progressive SIVsab infection in PTMs has been 

established previously (25), and NHPs serve as an important HIV model that can be 

controlled for key variables, such as time of infection. In the present study, we observed that 

compared to AGMs, which experience active viral replication but no disease progression, 

PTMs have significantly increased frequency of TF-expressing monocytes as well as TF 

functional activity upon chronic SIVsab infection. Importantly, no differences were observed 

in TF expression and activity in vitro between PTMs and AGMs prior to SIV infection, 

suggesting that monocyte subsets from these two NHP species diverge drastically in 

response to chronic viral infection. These results also link the occurrence of SIV progression 
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and systemic coagulopathy with increased capacity of monocytes to produce TF upon 

activation.

Aside from their role in coagulation, monocytes are also important in inflammatory 

processes due to their production of cytokines. There is a growing body of evidence 

indicating that persistent inflammation is associated with increased mortality in HIV (23, 

58). Our experiments assessing polyfunctionality of monocytes by means of production of 

IL-1β, IL-6 and TNF-α upon TLR activation in vitro clearly demonstrate that TFpos cells are 

more frequently triple cytokine producers when compared to TFneg monocytes in healthy 

individuals and in HIV+ patients, as well as in chronically SIV-infected PTMs. These results 

suggest that the same monocyte subset that expresses TF upon activation may also be 

implicated in persistent inflammation by producing multiple cytokines. This idea was 

reinforced by our findings demonstrating an increased frequency of polyfunctional 

monocytes in PTMs compared to AGMs after SIVsab infection, but not in naïve animals. 

Thus, it is reasonable to propose that TFpos cells may be critically implicated in promotion 

of systemic inflammation and coagulation associated with disease progression in chronic 

HIV and SIVsab infection (Figure S9).

Having identified a role of TF-expressing monocytes at the intersection of inflammation and 

coagulation, we hypothesized that interfering with TF could serve as a therapeutic approach 

to target hypercoagulation. Administration of Ixolaris in vivo decreased T cell activation as 

well as plasma IL-17 and D-dimer levels. Ixolaris produced no evidence of toxicity and was 

not associated with significant CD4+ or SIVsab viremia changes. The results of the in vivo 

study are significant for two reasons. First, they point to a causal relationship between 

coagulation and immune activation and inflammation. Thus, not only did the Ixolaris 

treatment reduce inflammation, treatment also lowered monocyte and lymphocyte activation 

in the treated animals. The reduction of lymphocyte activation may be the direct result of 

reduced expression of the costimulatory markers CD80 and CD86 (two potent T cell 

activators) on monocytes. Alternatively, Ixolaris treatment could have impacted the levels of 

immune activation by directly reducing T cell expression of protease activator receptor 1 

(PAR-1). Such a scenario is supported by our finding that Ixolaris treatment appears to have 

a stronger impact on the activation of CD8+ T cells activation, as these cells express higher 

levels of PAR-1. In vitro assays showed that Ixolaris treatment did not diminish TF 

expression on monocytes in response to LPS, however these assays did not have the capacity 

to generate thrombin. Importantly, the in vivo data show reduction of monocyte activation 

after Ixolaris treatment, highlighting the importance of TF-generated thrombin on monocyte 

activation.

Our study limitations included the small sample size of our longitudinal cohort and the 

cross-sectional nature of many experiments. In addition, the in vivo Ixolaris administration 

study included only a small number of ART-naïve acutely infected animals, prohibiting a 

more detailed evaluation of possible toxicity, drug interaction, complications and potential 

survival benefit in untreated or treated animals.

The impact of anticoagulant therapy on immune activation and inflammation in SIVsab-

infected PTMs demonstrates that hypercoagulation is a significant source of persistent 
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immune activation and inflammation in this model and probably in HIV-infected patients as 

well. Anticoagulant therapy by itself reduced important measurements of immune activation 

and inflammation and therefore has potential to improve the clinical management of HIV-

infected patients. Second, we show that anticoagulant treatment improved the natural history 

of highly pathogenic SIVsab infection even in the absence of any other intervention aimed at 

either controlling viral replication (ART) or improving the health of the gut. Therefore, our 

study suggests that targeting the coagulation pathway in HIV-infected patients may be 

effective in reducing the immune activation and inflammation that are linked to 

cardiovascular comorbidities in HIV infection. These findings indicate that targeting TF may 

be employed as a host-directed therapy in chronic HIV infection as well as other 

inflammatory diseases with similar immune pathology.

Materials and Methods

Study Design

Ethics statements are detailed in the Supplementary Materials and Methods. Participants 

were prospectively enrolled in a clinical observational study to evaluate impact of ART in 

ART-naïve HIV-infected persons. The study objectives included the evaluation of phenotype 

and function of monocytes at different stages of HIV infection. Participants were selected 

retrospectively from a completed trial for evaluation of the monocyte function based on 

PBMC availability, compliance with ART and lack of aberrant immune responses or clinical 

course that would entail administration of medications that may affect coagulation such as 

corticosteroids or chemotherapy or other immune therapies.

For the in vivo NHP studies, 8 pigtailed macaques were infected with SIVsab. In PTMs, 

Ixolaris was administered starting from the day of the infection to assess its impact on key 

parameters of SIV infection (survival, viral replication, CD4+ T cell counts and activation 

status, systemic inflammation and coagulation status). The study design involved assessment 

of the impact of Ixolaris on key variables of acute SIV infection, as this stage of infection is 

when differences in these parameters can reach statistical significance even in small animal 

groups. Also, the study design permitted not only comparisons between the animals in the 

Ixolaris-treated group and controls, but also in the same animals before and after SIVsab 

infection and Ixolaris treatment. Multiple samples collected at well defined key time points 

of SIVsab infection enabled these comparisons. Primary data are located in table S6.

Description of HIV-infected patients

Cross-sectional analysis was performed in HIV-infected individuals enrolled in protocols at 

the National Institutes of Health. Cryopreserved PBMC from 10 HIV+ ART-naïve donors 

and 10 HIV+ virally suppressed patients (median: 128 weeks on ART, IQR: 112-128 weeks) 

were used. The characteristics of the participants from the cross-sectional analysis are shown 

in Table S2. Prospective analysis was performed in HIV infected ART-naïve patients over 

the age of 18 with CD4+ T-cell counts <100 cells/μL prior to therapy initiation. 

Cryopreserved PBMC samples were used from 15 patients pre and post ART initiation after 

HIV suppression (median: 160 weeks on ART, IQR: 96-192 weeks). The characteristics of 
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the participants from the prospective analysis are shown in Table S3. Blood from age- and 

gender-matched healthy donors was collected from the NIH blood bank.

Description of the Non-human Primates samples used for in vitro and in vivo studies

Cryopreserved PBMCs from six pigtailed macaques (PTMs) and six age-matched African 

green monkeys (AGMs) were studied from pre-SIVsab infection (SIV-, naïve) and 72 days 

post-SIVsab infection (SIV+). The characteristics of the animals before and after SIVsab 

infection are shown in Table S1. For the pre-clinical study in vivo, eight PTMs were 

intravenously infected with plasma equivalent to 300 tissue culture infectious doses 

(TCID50) of SIVsab strain BH66 (49). Ixolaris therapy (20 μg/kg, subcutaneously, daily) 

was initiated in five PTMs at the time of infection and was maintained for 80 days. Blood 

was collected from all animals twice prior to infection, twice a week for the first two weeks 

postinfection (p.i.), weekly during early chronic infection (up to ten weeks p.i.) and then 

monthly. The Ixolaris-treated group was closely monitored for signs of bleeding. Plasma 

viral RNA loads were quantified using quantitative real-time PCR specifically developed for 

SIVsab, as described previously (60, 61).

LPS stimulation

Cryopreserved PBMCs were thawed and resuspended in RPMI-1640 media supplemented 

with 10% human AB serum at 106 cells/well in 96-well plates. Cells were washed and 

resuspended in complete media with 5μg/mL brefeldin-A (Sigma-Aldrich, St. Louis, MO) 

and stimulated with indicated doses of ultrapure LPS (Sigma-Aldrich) in the presence or 

absence of purified Ixolaris (10nM) for 6 hours at 37oC in 5% CO2. Cells were then stained 

following the flow cytometry assay described above.

In vitro experiments with HIV+ and HCV+ serum

Column-purified CD14+ monocytes were obtained from healthy blood donors and 

resuspended in RPMI-1640 media supplemented with 10% of indicated serum 

(commercialized human AB serum or pooled 0.22μm filtered sera from 12 healthy controls, 

20 ART-naïve HIV+ patients and at week 12 and 48 of ART, and 16 HCV+ persons) at 106 

cells/well in 96-well plates. Cells were left overnight (18h) at 37oC in 5% CO2. Cells were 

then washed and lysed for measurement of TF protein expression in cell lysates. In 

additional experiments, cells were incubated with 10μg/mL of anti-IL1R1 (polyclonal, R&D 

Systems), anti-IL6Ra (clone 17506, R&D Systems), anti-IFNγR (clone 92101, R&D 

Systems), anti-IFNAR (polyclonal, ab10719, Abcam) and anti-TNFR1 (clone 16803R, R&D 

Systems) for 1h before incubation with HIV+ serum and persisted in cultures for additional 

18h. HIV+ serum was also treated with Polymyxin (0.5μg/μL, Sigma-Aldrich) for 1h and 

filtered before incubating for 18h.

Testing the efficacy of Ixolaris in inhibiting coagulation in NHP in vitro

The in vitro efficacy of Ixolaris was assessed by measuring its impact on clotting time on 

citrate plasma from SIV-naïve healthy pigtail macaques (PTMs). Results were compared to 

the in vitro testing of Ixolaris-treated plasma from healthy human subjects. Plasma samples 

from PTMs and humans were incubated with Ixolaris (0.5, 1, 1.5, 2, or 2.5 μg/ml) for two 
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minutes at 37°C. PT/INR and aPTT were then immediately measured. Testing was 

performed by ITxM Diagnotics.

Statistical Analysis

Median and interquartile ranges were used as measures of central tendency. All statistical 

comparisons were pre-specified and two-tailed. Differences with P-values < 0.05 were 

considered statistically significant. Data from continuous variables comparing two groups 

were analyzed using Wilcoxon matched-pairs, Mann-Whitney and Spearman rank 

correlation tests. Comparisons between more than two groups were performed using the 

Kruskal-Wallis test with Dunn's multiple comparisons ad hoc test. Nominal variables and the 

expression profile of cytokine production by monocytes were compared using the Fisher's 

exact test (two groups) or Chi-square test (more than 2 groups). Hierarchical cluster analysis 

(Ward's method with bootstrap 100×) was used to test if TFpos and TFneg monocytes could 

be clustered separately based on expression profile of selected proinflammatory genes 

measured by qPCR (after data was z-score normalized). A model of principal component 

analysis with an associated vector analysis were employed to visualize the distinction 

between TFpos and TFneg cells and the direction in which each marker influences 

mathematically the distribution of the data. These data analyses were performed using 

GraphPad Prism 6.0 (GraphPad Software Inc.) and JMP 11.0 (SAS) softwares. Additional 

description of statistical analyses is in Supplementary Materials and Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. LPS drives TF expression on human monocyte subsets
(A) Left panel shows representative FACS plots of tissue factor (TF) expression on human 

monocytes from healthy controls upon LPS stimulation in vitro. Right panel shows summary 

data (n=5) of frequency of TF positive monocytes. Lines represent median values. Data were 

analyzed using Mann-Whitney test. (B) Frequency of TF-expressing monocytes on PBMCs 

from healthy controls stimulated with increasing doses of LPS in vitro (n=8). Data were 

analyzed using Kruskal-Wallis test with Dunn's multiple comparisons and linear trend ad 
hoc test. (C) Hierarchical cluster analysis of the expression profile (z-score normalized) of 

indicated genes assessed by qPCR in monocytes (n=6 healthy donors) sorted after 6h of LPS 

stimulation (100ng/mL) as described in Methods. (D) Principal Component Analysis of the 

expression level of indicated genes was performed. (E) Different monocyte subsets were 

sorted based on surface expression of CD14 and CD16 (n=6 healthy donors). Representative 

plots show monocytes pre and post sorting (left panel). TF protein expression in cell lysates 

and TF functional activity measured by formation of Factor Xa in vitro were compared 

between the different monocyte subsets in vitro using Kruskal-Wallis test with Dunn's 

multiple comparisons post test. Lines represent median values * P<0.05, ** P<0.01, *** 

P<0.001.
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Fig. 2. Frequency of TF- expressing monocytes is increased in chronically HIV infected 
individuals and in SIV infected non-human primates despite virological suppression status
(A) Left panel shows representative plots of TF positive (TFpos) monocytes ex vivo in 

healthy controls and HIV+ patients. Right panel shows summary data of frequency of TFpos 

monocytes from a cross-sectional analysis including healthy controls (n=12), ART-naïve 

HIV+ patients (n=10) and HIV+ individuals post-ART induced virological suppression 

(HIV+ post-ART; n=10). PBMCs were stimulated with LPS in vitro and frequency of TFpos 

monocytes (B) as well as TF protein expression in cell lysates (C) and TF functional activity 

(D) were compared between the cross-sectional study groups using Kruskal-Wallis test with 

Dunn's multiple comparisons post test. (E) Left panel shows representative plots of TF 

expression on monocytes ex vivo in chronically SIV-infected PTMs (n=6) and AGMs (n=6). 

Right panel shows summary data of frequency of TFpos monocytes ex vivo from both naïve 

and chronically SIV-infected animals. PMBCs were stimulated with LPS in vitro and 

frequency of TFpos monocytes (F) and TF functional activity (G) were compared between 

naïve or SIV-infected PTMs and AGMs. Lines represent median values. Data were analyzed 

using Mann-Whitney test. * P<0.05, ** P<0.01, *** P<0.001.
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Fig. 3. Inflammatory mediators and microbial products may drive TF expression by circulating 
monocytes in the context of HIV infection (A)
Column-purified CD14+ monocytes from 10 healthy controls were cultured for 18h in the 

presence of RPMI medium supplemented with 10% manufactured human AB serum, or 

serum isolated from healthy controls, ART-naïve HIV+ patients or HCV+ individuals as 

described in Methods. (B) Monocytes were also cultured in the presence of serum from 

ART-naïve HIV-infected patients at different time points after ART initiation. (C) 

Monocytes were cultured for 18h in the presence of indicated blocking antibodies 

(10μg/mL) or with serum previously treated with polymyxin B (0.5μg/μL). Cells were 

washed and lysed for assessment of TF protein expression using ELISA. Unmatched data 

were analyzed using Mann Whitney U test whereas matched pairs were compared using 

Wilcoxon matched pairs test. * P<0.05, ** P<0.01, *** P<0.001. ns, nonsignificant.
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Fig. 4. TF-expressing monocytes produce multiple pro-inflammatory cytokines
(A ) Representative plots show intracellular cytokine staining for IL-1β, IL-6 and TNF-α in 

monocytes from healthy donors (n=12) upon LPS stimulation in vitro. (B) Polyfunctional 

analysis of TFneg and TFpos monocytes upon LPS stimulation. (C-E) The cytokine 

expression profiles in TFneg and TFpos monocytes were compared using Chi-square tests. (F) 
Frequency of monocytes producing more than one cytokine ex vivo was compared between 

TFneg and TFpos monocytes in a prospective cohort of ART-naïve HIV+ patients (n=15) 

before therapy initiation and after ART-induced virological suppression (HIV+ post-ART). 

(G) Frequency of monocytes producing more than one cytokine ex vivo was compared 

between TFneg and TFpos monocytes in chronically SIV-infected PTMs (n=6) and AGMs 

(n=6). Unmatched data were compared using the Mann-Whitney test whereas matched 

comparisons were performed using the Wilcoxon matched pairs test. ** P<0.01, *** 

P<0.001.
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Fig. 5. Ixolaris potently blocks TF activity but not protein expression in activated monocytes 
from HIV+ patients and chronically SIV-infected NHPs
(A) Tissue factor functional activity in vitro measured by Factor Xa formation in elutriated 

monocyte cultures from healthy donors stimulated with LPS and treated with indicated doses 

of Ixolaris (n=5). Data represent percentage of the positive control (LPS 1μg/ml without 

Ixolaris). TF activity upon treatment with Ixolaris was compared between (B) healthy 

controls (n=12) and unmatched ART-naïve HIV+ (n=10) patients and those who achieved 

ART-induced virological suppression (post-ART; n=10) as well as between (C) chronically 

SIV-infected PTMs (n=6) and AGMs (n=6). (D) Representative plots of intracellular IL-6 

and TNF-α production in monocytes from ART-naïve HIV+ individuals stimulated in the 

presence or absence of Ixolaris (left panel). Summary data showing frequency of TFpos 

monocytes as well as percent of cytokine producing monocytes in stimulated cultures treated 

or non-treated with Ixolaris (right panel). Data were analyzed using the Wilcoxon matched 

pairs test. * P<0.05, *** P<0.001.
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Fig. 6. Anticoagulant treatment positively impacts the immune activation and systemic 
inflammation of highly pathogenic SIVsab infection in PTMs
(A) Dose-dependent dynamics of PT/INR and aPTT after Ixolaris addition to plasma 

isolated from uninfected human subjects. (B) Dose-dependent dynamics of PT/INR and 

aPTT after Ixolaris addition to plasma isolated from uninfected PTMs. (C) Dynamics of the 

pro-inflammatory cytokine IL-17 in untreated vs Ixolaris-treated SIVsab-infected PTMs 

assessed by Luminex. Dynamics of activated double positive HLA-DR+/CD38+ CD4+ (D) 
and CD8+ T cells (E) in untreated vs Ixolaris-treated SIVsab-infected PTMs assessed by 

flow cytometry. Dynamics of TF expression (F) on CD14+ monocytes in untreated vs 

Ixolaris-treated SIVsab-infected PTMs assessed by flow cytometry, as well as CD80 (G), 
CD86 (H) and Glut-1 (I) expression on CD14+ monocytes in untreated vs Ixolaris-treated 

SIVsab-infected PTMs assessed by flow cytometry. (J) Dynamics of D-Dimer in untreated 

vs Ixolaris-treated SIVsab-infected PTMs assessed by an immunoturbidimetric assay. (K) 
Dynamics of plasma SIVsab viremia in untreated vs Ixolaris-treated SIVsab-infected PTMs 

assessed by a real-time PCR assay. (L) Survival in untreated vs Ixolaris-treated SIVsab-

infected PTMs. Statistical analyses were performed with grouping of acute vs chronic 

infection time points as described in Methods, except for TF and Glut-1 for which the 
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statistical analyses were done on whole dynamics, due to limited availability of samples for 

flow staining. Survival analysis was performed using the Mantel-Cox test.
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