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Abstract

Background—Thrombocytopenia is a known consequence of HIV infection, and decreased

production of platelets has been previously implicated in the pathogenesis of platelet decline

during asymptomatic infection. Thrombopoietin (THPO) drives platelet production by stimulating

the maturation of bone marrow megakaryocytes, and can be transcriptionally down-regulated by

cytokines that are increased during infection such as TGFβ and pf4.

Design—To determine whether transcriptional down-regulation of THPO contributed to

decreased platelet production during asymptomatic infection in the SIV/ macaque model of HIV,

we compared hepatic THPO mRNA levels to platelet number and megakaryocyte density. To

identify potential inhibitory factors that decrease THPO transcription during asymptomatic

infection, we measured TGFβ and pf4 plasma levels. To determine whether cART could correct

platelet decline by altering cytokine levels, we measured TGFβ and pf4 in cART-treated SIV-

infected macaques and compared these values to untreated SIV-infected macaques.

Results—Hepatic THPO transcription was down-regulated during asymptomatic SIV infection

concurrent with platelet decline. Hepatic THPO mRNA levels correlated with bone marrow

megakaryocyte density. In contrast, plasma TGFβ levels were inversely correlated with hepatic

THPO transcription and bone marrow megakaryocyte density. With cART treatment, plasma

TGFβ levels and platelet count returned to values similar to those in uninfected macaques.
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Conclusions—TGFβ mediated downregulation of hepatic THPO may lead to decline in platelet

number during asymptomatic SIV infection, and cART may prevent platelet decline by

normalizing plasma TGFβ levels.
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Introduction

Platelet counts reach thrombocytopenia-defining lows of <100,000 platelets per μL in 5-30%

of untreated HIV-infected individuals1, and decreased platelet production has been

previously implicated in the pathogenesis of HIV-associated platelet decline2-5. Platelets

arise from megakaryocytes in the bone marrow. Thrombopoietin (THPO), a large heavily

glycosylated protein produced predominantly by the liver, drives platelet production by

influencing the differentiation and maturation of megakaryocytes from CD34+ progenitor

cells6. THPO levels are predominantly regulated by platelet mass; binding to its cognate

receptor CD110/C-MPL on the platelet removes THPO from circulation, therefore allowing

THPO levels to increase in the context of low platelet numbers7. However individuals with

asymptomatic HIV infection have lower than expected plasma THPO given their

thrombocytopenia8,9. The mechanisms leading to this unexpectedly low concentration of

THPO in the face of insufficient numbers of circulating platelets have yet to be explored in

detail, but the presentation suggests inappropriate regulation of THPO production. THPO

produced by the liver contributes to the majority of platelet production10, and decreased

hepatic THPO transcription has been previously associated with thrombocytopenia in the

context of liver failure11. Transcriptional up- and down-regulation in response to cytokines

has been described in detail for THPO, and the immune response to HIV results in elevated

levels of transforming growth factor β (TGFβ) and platelet factor 4 (pf4) that have the

potential to contribute to platelet decline during asymptomatic lentiviral infection12-17.

Thrombocytopenia only occurs in 3.2% of those treated with combined anti-retroviral

therapy (cART)18. cART consists of combinations of anti-retroviral drugs that act to inhibit

viral replication and also modulate the immune response to infection. Though treatment with

cART is generally sufficient to correct low platelet counts in HIV-infected individuals and is

recommended as a first line of therapy19, the mechanism through which cART remedies low

platelet count in the context of HIV infection has yet to be defined. Megakaryocytes can

become infected with HIV20, but direct infection is not necessary to hinder platelet

production; HIV-1 gp120 interactions with megakaryocyte CD4 inhibit megakaryocyte

maturation and trigger megakaryocyte apoptosis21. cART furthermore serves to dampen the

inflammatory response in HIV infection, which includes factors such as TGFβ and pf4 that

downregulate THPO transcription, and, in the case of TGFβ, directly block megakaryocyte

maturation12,15,16.

To determine whether transcriptional downregulation of THPO could contribute to platelet

decline during asymptomatic infection, we used the SIV/macaque model of HIV infection to

examine platelet production and thrombopoeitin transcription. Our SIV-infected pigtailed
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macaque model develops consistent and persistent platelet decline during asymptomatic

infection,22 and therefore provides an ideal system in which to investigate the mechanisms

underlying decreased platelet counts in asymptomatic HIV infection.

Materials and Methods

Animals

Male juvenile pigtailed macaques (Macaca nemestrina) were inoculated intravenously with

both SIV/17E-Fr and SIV/DeltaB670 as previously described, or with sterile physiologic

buffered saline to serve as uninfected controls23. Serology was negative for SIV, simian T-

cell leukemia virus, and simian type D retrovirus for all macaques prior to this study.

Macaques in the combined antiretroviral therapy (cART) group were given the nucleoside

reverse transcriptase inhibitor (NRTI) tenofovir (30 mg/kg, Gilead) subcutaneously once

daily, the integrase inhibitor L-870812 (10 mg/kg, Merck) orally once daily, and the

protease inhibitors (PI) atazanavir (270 mg/kg, Bristol-Myers Squibb) and saquinavir (205

mg/kg, Roche) orally twice daily starting on day 12 post-inoculation.24 For phlebotomy,

macaques were sedated with an intramuscular dose of 10 mg/kg ketamine HCl (KetaVed

from Vedco Inc, St. Joseph, MO, USA), and prior to terminal sample procurement (bone

marrow for megakaryocyte density and liver for THPO qRT-PCR) animals were

anesthetized with intravenous 25 mg/mL sodium pentobarbital (Nembutal from Lundbeck

Inc, Deerfield, IL, USA) prior to perfusion with saline.

Animals were housed in Johns Hopkins University facilities that are fully accredited by the

Association for Assessment and Accreditation of Laboratory Animal Care International

(AAALAS). Macaques were fed a commercial macaque diet (Harlan, Indianapolis, IN,

USA), given water ad libitum, and provided with environmental enrichment daily. All

procedures were approved by the Johns Hopkins University Institutional Animal Care and

Use Committee, and conducted in accordance with guidelines set forth in the Animal

Welfare Regulations (USDA) and the Guide for the Care and Use of Laboratory Animals

(OLAW).

Circulating platelet counts and mean platelet volume

Whole blood was collected for platelet counts from 19 untreated SIV-infected, 5 cART-

treated SIV-infected, and 12 untreated uninfected control macaques at three pre-inoculation

timepoints and on days 7, 10, 14, 21, 28, 42, 56, 70 and 84 post-inoculation. Blood was

collected from the femoral vein directly into a syringe containing citrate-dextrose solution

(Sigma-Aldrich, St. Louis, MO, USA) at 1:5 volume, and 1.0 mL of this blood was then

submitted to a commercial hematology laboratory for platelet counts and determination of

mean platelet volume (MPV; MPV data for 5 of the 19 untreated SIV-infected and 3 of the

12 untreated uninfected control macaques were not available) (IDEXX, Westbrook, ME,

USA).

Plasma TGFβ and pf4 concentration

Citrated whole blood was harvested on day 42 post-inoculation from 19 untreated SIV-

infected, 5 cART-treated SIV-infected, and 4 untreated uninfected control macaques and

Pate et al. Page 3

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2015 April 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



was centrifuged at 2500 g for 15 minutes to obtain plasma. Plasma was stored at −80°C

prior to analysis for TGFβ concentration at a 1:8 dilution and pf4 concentration at a 1:400

dilution using commercially available ELISAs (Quantikine Human TGFβ1 or DuoSet

CXCL4/Pf4, R&D Systems, Minneapolis, MN, USA).

Thrombopoietin (THPO) mRNA production in liver

For measurement of hepatic THPO mRNA production, liver tissue was harvested at

necropsy on day 42 post-inoculation from 9 untreated SIV-infected and 3 uninfected control

macaques. Tissue was immediately frozen by submersion in liquid nitrogen cooled 2-

methylbutane, and stored at −80°C. An RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA)

and two sequential digestions with DNase (Qiagen, Valencia, CA, USA and Promega,

Madison, WI, USA) were used to extract RNA from banked hepatic tissue. cDNA was made

using oligo (dT) 12-18 primers, Superscript III reverse transcriptase (Invitrogen, Grand

Island, NY, USA) and the parameters of 5 minutes at 65°C, 1 minute at 4°C, 5 minutes at

25°C, 60 minutes at 50°C and 15 minutes at 70°C on a PTC-200 Peltier Thermal Cycler (MJ

Research Inc, St. Bruno, Quebec, Canada). In a similar manner to methods previously

described for human THPO,25 qRT-PCR for THPO was achieved through subsequent qPCR

amplification of a 152 base pair sequence spanning exons 3 and 4 of THPO labeled by a 5’-

Hex/3’-Iowa black FQ-labeled probe 5’-AGTAAACTGCTTCGTGACTCCCATGTCCT-3’

flanked by the forward primer 5’-ATTGCTCCTCGTGGTCATGC-3’ and reverse primer 5’-

AAGGGTTAACCTCTGGGCACA-3’(Integrated DNA Technologies, Coralville, IA, USA).

The Quantitect Multiplex PCR kit without reverse transcriptase (Qiagen, Valencia, CA,

USA) was used to amplify THPO mRNA over 36 cycles of 15 seconds at 94°C, 15 seconds

at 55°C, and 30 seconds at 72°C on a Bio (Bio-Rad iCycler iQ5 PCR Thermal Cycler (Bio-

Rad, Hercules, CA, USA). C(t) values were normalized to the housekeeping gene 18S (5’-

Cy5/3’-BHQ2-labeled probe 5’-AGCAATAACAGGTCTGTGATG-3’ flanked by the

forward primer 5’-TAGAGGGACAAGTGGCGTTC-3’ and the reverse primer 5’-

CGCTGAGCCAGTCAGTGT-3’) to control for variability in RNA loading, and delta C(t)

values were normalized to the median THPO expression of uninfected control macaques.

Bone marrow megakaryocyte density

Bone marrow was harvested from the femur at necropsy from 9 SIV-infected macaques on

day 42 post-inoculation and from 5 uninfected control macaques. Tissue was fixed for 7

days by immersion in tissue fixative (Streck, Omaha, NE, USA) before being embedded in

paraffin, cut into 5μm sections and stained with hematoxylin and eosin. As previously

reported,22 megakaryocytes were quantified within a 3.35 mm2 region of interest using

Stereo Investigator software on a Nikon Eclipse E600 microscope equipped with a

motorized stage and a MBF Bioscience color camera (MBF Bioscience, Williston, VT,

USA). Megakaryocytes were identified at 200X magnification by their distinctive

morphology including large size and complex nuclei. Three sections of bone marrow per

slide were chosen for analysis, and megakaryocyte numbers were normalized to the area of

bone marrow analyzed to yield megakaryocytes/mm2. Two animals were excluded from

analysis because CD68+/CD163+ macrophages and multinucleate giant cells were identified

in the bone marrow using immunohistochemistry as previously described.26
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Statistical analysis

Statistical analyses used nonparametric Mann-Whitney tests to compare mock-inoculated

uninfected macaques with SIV-infected macaques on day 42 post-inoculation, and

nonparametric Kruskal-Wallis tests followed by a Dunn's Multiple Comparison test to

compare mock-inoculated uninfected macaques, SIV-infected macaques and cART-treated

SIV-infected macaques. Correlations employed the nonparametric Spearman correlation.

Statistical significance was defined by a P < 0.05. Microsoft Excel 2010 (Microsoft,

Redmond, WA, USA) was used to organize data, and Prism 5 (GraphPad Software Inc, San

Diego, CA, USA) was used for all statistical analyses and to construct all graphs.

Results

Platelet decline does not occur during asymptomatic SIV infection in cART treated
macaques

A persistent platelet decline is common in asymptomatic HIV infection,1 and untreated SIV-

infected macaques similarly develop a persistent decrease in platelet numbers during early

asymptomatic infection (day 28 post-inoculation) through terminal infection (Fig. 1).22

cART is recommended as the preferred therapy for low platelet counts in HIV infected

individuals19. We therefore questioned whether treatment with cART starting early in

infection (day 12 post-inoculation) would prevent platelet decline in the SIV/macaque model

of HIV infection. Though platelet decline started on day 28 post-inoculation and persisted

into terminal infection in untreated SIV-infected macaques, cART-treated macaques

demonstrated normal platelet counts during asymptomatic infection after 30 days of

treatment. (Fig. 1, day of start of treatment indicated by arrow, Two Way ANOVA P <

0.0001, post-hoc Bonferroni multiple comparisons test P < 0.01 between SIV-infected and

cART-treated on days 56, 70 and 84). Day 42 post-inoculation represents the mid-point of

asymptomatic infection in our SIV/macaque model and the timepoint at which we begin to

see a divergence in platelet number between uninfected and untreated SIV-infected

macaques (Fig. 1). We therefore chose day 42 as a representative timepoint for further

investigation into the cause of platelet decline during asymptomatic infection.

Platelet production is decreased during asymptomatic SIV infection

Platelet decline due to decreased platelet production has been previously reported in HIV-

infected humans during asymptomatic infection2. Bone marrow megakaryocytes respond to

decreases in circulating platelet number by releasing larger, less mature platelets27. To

determine whether decreased platelet production contributed to platelet decline during

asymptomatic infection in the untreated SIV/macaque model, we measured mean platelet

volume (MPV) as an indicator of platelet production. There was no difference in MPV

between SIV-infected and uninfected macaques (Fig. 2a, Mann-Whitney P = 1.00),

indicating that bone marrow megakaryocytes did not increase platelet production as a

compensatory response to platelet decline during asymptomatic infection in untreated SIV-

infected macaques.
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Thrombopoietin (THPO) transcription is downregulated, and correlates with
megakaryocyte density

Thrombopoietin (THPO) drives platelet production primarily by stimulating bone marrow

progenitor cells to differentiate into megakaryocytes6. The majority of platelet production

depends upon hepatic THPO10, and decreased transcription of THPO has been associated

with thrombocytopenia in children with liver failure11. We investigated whether hepatic

THPO mRNA production was altered in SIV infection by measuring hepatic THPO mRNA

levels by qRT-PCR. SIV-infected macaques demonstrated a 10,000-fold decrease in hepatic

THPO transcription compared with uninfected controls (Fig. 2b, Mann-Whitney, P =

0.0091). This decrease in THPO mRNA was positively correlated with bone marrow

megakaryocyte density (Fig. 2c, Spearman rs = 0.79, P = 0.048), consistent with a link

between a deficiency of THPO production and a reduction in megakaryocyte number in the

bone marrow. Since THPO influences platelet count by driving megakaryocyte

differentiation within the bone marrow,6 it was not unexpected that hepatic THPO mRNA

did not directly correlate with circulating platelet number (Spearman rs = −0.025, P = 0.95).

Plasma TGFβ levels influence THPO production and megakaryocyte density

As TGFβ and pf4 are known transcriptional repressors of THPO12, we next measured

plasma levels of each during asymptomatic SIV infection. TGFβ was inversely correlated

with both hepatic THPO mRNA production (Fig. 3a, Spearman rs = −0.75, P = 0.026) and

with bone marrow megakaryocyte density (Fig. 3b, Spearman rs = −0.79, P = 0.048) during

asymptomatic infection. In contrast, pf4 was not correlated with hepatic THPO mRNA

(Spearman rs = −0.25, p = 0.52) or with megakaryocyte density (Spearman rs = −0.57, p =

0.15).

cART treatment corrects plasma TGFβ level

cART inhibits viral replication and modulates the cytokine response in HIV-infected

patients. To determine whether cART could prevent platelet decline by countering the

inhibitory control of TGFβ on THPO transcription, we compared plasma TGFβ levels in

untreated versus cART-treated SIV-infected macaques. Elevated plasma TGFβ levels

observed in untreated SIV-infected macaques were significantly reduced in cART treated

macaques (Fig. 4, Kruskal-Wallis P = 0.0092, Dunn's Multiple Comparison Test P < 0.05

for SIV infected compared to cART-treated). This implies that correction of TGFβ levels

may play a central role in the response of low platelet counts to cART.

Discussion

This study identified a novel candidate mechanism for thrombocytopenia in asymptomatic

HIV infection, in which elevated plasma TGFβ downregulates hepatic THPO transcription.

This results in insufficient numbers of bone marrow megakaryocytes with subsequent

decreased platelet production and low circulating platelet counts. Both plasma TGFβ and

platelet number were maintained at baseline levels in cART-treated SIV-infected macaques,

showing that cART may contribute to the resolution of decreased platelet numbers by

preventing TGFβ-driven inhibition of THPO transcription. These findings provide insight

into the mechanisms underlying decreased platelet production during asymptomatic
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infection, and provide an explanation for the effectiveness of cART in correcting

thrombocytopenia in HIV-infected individuals.

Our finding that hepatic THPO mRNA production was correlated with bone marrow

megakaryocyte density in asymptomatic SIV infection concurrent with low circulating

platelet numbers is consistent with the paradigm that THPO influences platelet count by

driving the differentiation and maturation of megakaryocytes28,29. THPO of hepatic origin

accounts for at least 60% of platelet production10, and platelet decline has previously been

attributed to decreased hepatic THPO transcription in liver failure in children11. The

magnitude of THPO's transcriptional downregulation and its strong correlations with

megakaryocyte density imply that decreased platelet production secondary to

downregulation of THPO transcription plays a significant role in the pathogenesis of platelet

decline during asymptomatic infection. This finding is in contrast to the mechanisms

contributing to the transient platelet decline during acute infection, in which platelet

production is maintained while platelets are sequestered in platelet-monocyte aggregates.22

Additional study is necessary to determine whether THPO continues to be negatively

regulated during terminal infection, or whether other mechanisms drive the continued

decline in platelet numbers. Platelet decline during asymptomatic and terminal infection has

been associated with the development of neurocognitive decline and increased mortality in

HIV-infected humans and SIV-infected macaques.30-32 Thorough characterization of the

mechanisms underlying platelet decline throughout infection will provide valuable insight

into the pathogenesis of these deleterious consequences of HIV infection.

Marked downregulation of THPO transciption during asymptomatic SIV infection was

inversely correlated with plasma TGFβ levels. We examined the plasma levels of TGFβ and

pf4, two cytokines that are well-known to down-regulate THPO transcription in vitro12.

Plasma TGFβ but not pf4 was inversely correlated with hepatic THPO mRNA levels,

identifying TGFβ as a likely candidate for inhibiting THPO transcription in HIV infection.

HIV infection stimulates increased production of TGFβ by monocytes33; TGFβ in the

circulation may also originate from activated platelets12. The levels of TGFβ that we

detected in the plasma of untreated SIV-infected macaques ranged from 1.5 to 9.4 ng/mL, in

contrast to concentrations of 50 to 100 ng/mL previously reported to suppress the

transcription of THPO in bone marrow stromal cells in culture12. Supplementary production

of TGFβ by Kupffer cells in the liver may allow TGFβ to reach local tissue levels in vivo

consistent with those reported to inhibit THPO transcription in vitro.12

We also report that plasma TGFβ levels were inversely correlated with megakaryocyte

density. This is consistent with reports that TGFβ can directly arrest megakaryocyte

maturation13 and supports a dual role for TGFβ in platelet decline during asymptomatic

infection, with TGFβ inhibiting megakaryocyte development and therefore decreasing

platelet numbers both indirectly by decreasing the production of THPO and directly through

TGFβ-mediated maturation arrest in megakaryocytes. Decreased megakaryocyte

differentiation/maturation or defective platelet production secondary to direct lentiviral

contact or infection may also contribute to decreased production21,34. Other mechanisms,

such as platelet destruction secondary to platelet autoantibodies raised versus homologous

lentiviral envelope proteins and sequestration of activated platelets in leukocyte-platelet
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aggregates, also have the potential to contribute to platelet decline22,35,36. The myriad of

factors that contribute to decreased platelet numbers during asymptomatic infection

contrasts with the mechanism of platelet decline during acute infection, when sequestration

of platelets in platelet-monocyte aggregates drives platelet decline while platelet production

is maintained22.

cART normalized both plasma TGFβ levels and platelet counts in the SIV/macaque model

during asymptomatic infection. Similar elevations in plasma TGFβ level have been

previously noted in HIV-infected patients compared with healthy controls, and associated

with the progression of disease.37 HIV-1 gp120 or Tat are sufficient to stimulate the

production of TGFβ from hematopoietic stem cells or mammary epithelial cells in culture,

respectively21,38. cART serves to suppress lentiviral replication and has been previously

reported to decrease the level of TGFβ transcription in the lymph nodes of SIV-infected

macaques39. Therefore, in untreated HIV infection, high viral loads stimulate TGFβ
production, which can then inhibit THPO transcription, resulting in fewer megakaryocytes

and in platelet decline. In cART treated patients, however, viral loads are low and do not

stimulate TGFβ production, therefore allowing THPO to be produced and platelet numbers

to be maintained. Unfortunately, hepatic samples from cART-treated macaques at day 42

post-inoculation were unavailable to test whether THPO transcription was truly restored in

the SIV-infected macaque. Additional studies in which appropriate hepatic samples are

procured and TGFβ is blocked through targeted pharmacologic or antibody therapy will help

to establish the extent to which TGFβ down-regulates THPO transcription. Similarly, future

investigations that evaluate thrombopoietin and TGFβ in the context of platelet number and

clinical outcome in HIV-infected individuals will help to determine the clinical relevance of

these findings. Though cART has proven to be effective therapy for most HIV-associated

thrombocytopenia, treatment of thrombocytopenia remains imperfect. Corticosteroids, IVIg

therapy and THPO mimetics are therapeutic for some but not all individuals with recurrent

thrombocytopenia or thrombocytopenia resistant to cART19,40, and TGFβ inhibitors may

prove an effective adjunct therapy in the treatment of these difficult cases.

In summary, we demonstrate that THPO transcription in the liver is down-regulated

concurrent with platelet decline during asymptomatic SIV infection. Plasma TGFβ, a known

inhibitor of both THPO transcription and megakaryocyte maturation, is inversely correlated

with both hepatic THPO mRNA level and bone marrow megakaryocyte density, supporting

a role for TGFβ in the pathogenesis of platelet decline during asymptomatic infection. We

furthermore report that cART treatment corrects both plasma TGFβ level and platelet count,

providing additional evidence for a link between TGFβ and decreased THPO in HIV-

associated thrombocytopenia. These findings provide a novel explanation for platelet decline

in the context of asymptomatic HIV infection.
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Fig. 1. SIV-associated platelet decline during asymptomatic infection was prevented by cART
SIV-infected macaques developed platelet decline during asymptomatic infection. In contrast, platelet counts normalized in

cART-treated macaques at days 56, 70 and 84 post-inoculation. cART treatment was started on day 12 post-inoculation (arrow).

Lines represent mean value, * indicates statistical significance with P < 0.05.
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Fig. 2. Insufficient platelet production secondary to decreased hepatic THPO transcription contributed to platelet decline during
asymptomatic SIV infection

(A) Mean platelet volume in uninfected and SIV-infected macaques did not differ on day 42 post-inoculation. Bars represent

median value. (B) Hepatic THPO mRNA in uninfected and SIV-infected macaques on day 42 post-inoculation. Bars represent

median value. (C) Hepatic THPO mRNA compared to bone marrow megakaryocyte density in SIV-infected macaques on day

42 post-inoculation.
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Fig. 3. Plasma TGFβ levels were inversely correlated with THPO transcription and megakaryocyte density
(A) Plasma TGFβ compared to hepatic THPO mRNA in untreated SIV-infected macaques on day 42 post-inoculation. (B)

Plasma TGFβ compared to bone marrow megakaryocyte density in untreated SIV-infected macaques on day 42 post-

inoculation.
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Fig. 4. SIV-associated elevated plasma TGFβ was corrected by cART treatment
Plasma TGFβ in untreated uninfected, untreated SIV-infected, and cART-treated SIV-infected macaques on day 42 post-

inoculation. Bars represent median value.
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