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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) causes several human cancers, including 

Kaposi’s sarcoma (KS) and primary effusion lymphoma (PEL), which are mostly seen in 

immunocompromised patients such as HIV+ individuals. Tuberculosis (TB), caused by the 

bacterial pathogen Mycobacterium tuberculosis (Mtb), remains one of the deadliest infectious 

diseases in the world. The risk of developing TB is dramatically higher in people living with HIV 

than among those without HIV infection. Case reports link cutaneous or pulmonary KS in HIV+ 

patients with mycobacterial co-infections, however, impacts of Mtb infection or its products on 

KSHV-infected cells are not known. We report here that ESAT-6, a secreted Mtb virulence factor, 

induces viral reactivation from KSHV-infected cells. KSHV-infected pulmonary endothelial cells 

were resistant to ESAT-6 induced inhibition of cell growth. Our data demonstrate that Mtb 
virulence factors influence the biology of KSHV-infected cells, highlighting the need to study the 

interactions between these two pathogens commonly found in people living with HIV.
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Introduction

Kaposi’s sarcoma–associated herpesvirus (KSHV, also known as human herpes virus-8, 

HHV8) is one of the most common etiologic agents for human cancers, including Kaposi’s 

sarcoma (KS), primary effusion lymphoma (PEL) and multicentric Castleman disease 

(MCD).1,2 Similar to other human herpesviruses, KSHV has two alternating life-cycle 

programs following infection of host cells, the latent and lytic phases, which are 

characterized by different patterns of viral gene expression.3 Among KSHV-related 

malignancies, KS lesions are characterized by endothelial-derived “spindle” tumor cells, 

abnormal and leaky vessels and extravasated red blood cells with haemosiderin deposits.4 

Clinically, the lesions are described as patch, plaque, and nodule stages, and an individual 

patient can have different types of lesions simultaneously.5 Currently, there are four known 

types of KS disease: classic KS affecting elderly men of Mediterranean; endemic KS, 

existing in countries of Central and Eastern Africa; iatrogenic KS, usually developed in 

organ transplant recipients under immune suppression regimens; and epidemic or AIDS-KS 

with more aggressive features, which includes visceral lesions, such as in the gastrointestinal 

tract and lungs.3 Interestingly, almost 45% of HIV+ patients with cutaneous KS show 

pleural or pulmonary manifestations of KS. Conversely, 85–95% of patients with pulmonary 

KS also present with cutaneous involvement.6,7 Another KSHV-related malignancy, PEL, 

harbors KSHV episomes in transformed B cells, and typically presents as effusions in the 

pleural, pericardial, or abdominal cavities of patients, although solid/extracavitary lesions 

have also been reported.8,9

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is a major global health 

problem; one-third of the world’s population is infected with Mtb, and TB kills 1.6 million 

people around the world each year.10 Moreover, the risk of developing TB is estimated to be 

16–27 times greater in people living with HIV than among those without HIV infection.10 

Recent studies have established that secretion of early secreted antigenic target 6-kDa 

(ESAT-6) through the ESAT-6 secretion system (ESX-1) is essential for Mtb pathogenesis.11 

ESAT-6 is encoded in a region of difference (RD) 1, which also includes the genes for 

ESX-1, and is present only in the virulent strains of mycobacteria.12 Our previous studies 

suggest that ESAT-6 has the potential to manipulate host immunity during Mtb infection to 

promote its pathogenesis.13–17 Interestingly, case reports describe cutaneous or pulmonary 

KS with mycobacterial comorbid infections (Mtb or Mycobacterium genavense) in the same 

patients.18–20 Moreover, KSHV infection is prevalent in patients with pulmonary TB.21 

However, the potential impacts of Mtb (or its products) on KSHV-infected cells and/or this 

oncogenic virus itself are not known. In the current study, we have investigated whether Mtb 
secreted ESAT-6 influences KSHV gene expression, viral replication, and proliferation of 

latently infected cells.

Materials and Methods

Cell culture, reagents and infection protocols.

KSHV+ PEL cell line BCBL-1 and a KSHV negative Burkitt lymphoma cell line, BL-41, 

were kindly provided by Dr. Dean Kedes (University of Virginia) and cultured in RPMI 

1640 media with supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES, 100 
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U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, 0.05 mM β-mercaptoethanol, 

and 0.02% (wt/vol) sodium bicarbonate. Primary human umbilical vein endothelial cells 

(HUVEC) and human pulmonary artery endothelial cells (HPAEC) were purchased from 

American Type Culture Collection (ATCC), and cultured as recommended by ATCC. 

Recombinant Mtb ESAT-6 and CFP10 proteins were expressed in Escherichia coli and 

prepared as described earlier.13 To obtain KSHV for the infection experiments, BCBL-1 

cells were incubated with 0.6 mM valproic acid for 4–6 days, and KSHV was purified from 

the culture supernatant by ultracentrifugation at 20,000 × g for 3 h, 4°C. The viral pellets 

were resuspended in 1/100 the original volume with the appropriate culture media. The 

infectious titers were determined as described previously.22

qRT-PCR.

Total RNA was isolated using the RNeasy Mini kit (Qiagen), and cDNA was synthesized 

using a SuperScript III First-Strand Synthesis SuperMix Kit (Invitrogen). Primers used for 

amplification of target genes were listed in Table S1. Amplification was carried out using an 

iCycler IQ Real-Time PCR Detection System, and cycle threshold (Ct) values were 

tabulated in duplicate for each gene of interest in each experiment. “No template” (water) 

controls were used to ensure minimal background contamination. Using mean Ct values 

tabulated for each gene, and paired Ct values for β-actin as a loading control, fold changes 

for experimental groups relative to assigned controls were calculated using automated iQ5 

2.0 software (Bio-rad).

Cell proliferation assays.

Cell proliferation was measured using the WST-1 Assay (Roche). Briefly, after the period of 

treatment of cells, 10 μL/well of cell proliferation reagent, WST-1 (4-[3-(4-

Iodophenyl)-2-(4-nitro- phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate), was added into 

96-well microplate and incubated for 3 h at 37°C in 5% CO2. The absorbance of samples 

was measured by using a microplate reader at 490 nm.

Immunofluorescence.

Cells were incubated in 1:1 methanol-acetone at −20°C for fixation and permeabilization, 

then with a blocking reagent (10% normal goat serum, 3% bovine serum albumin, and 1% 

glycine) for an additional 30 min. Cells were then incubated for 1 h at 25°C with 1:1000 

dilution of a rat anti-LANA monoclonal antibody (ABI) followed by 1:200 dilution of a goat 

anti-rat secondary antibody conjugated to Texas Red (Invitrogen). For identification of 

nuclei, cells were subsequently counterstained with 0.5 mg/mL 4′,6-diamidino-2- 

phenylindole (DAPI; Sigma) in 180 mM Tris-HCl (pH 7.5). Slides were washed once in 180 

mM Tris-HCl for 15 min and prepared for visualization using a Leica TCPS SP5 AOBS 

confocal microscope.

Statistical analysis.

Significance for differences between experimental and control groups was determined using 

the two-tailed Student’s t-test.

Dai et al. Page 3

J Med Virol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results and Discussion:

To determine the impact of Mtb gene products on KSHV infection, we treated KSHV-

infected primary endothelial cells (HUVEC) and/or PEL cells (BCBL-1) with purified 

recombinant ESAT-6 protein. The chemical inducer, valproic acid (VA) was used as a 

positive control. Viral gene expression was examined using qRT-PCR. Treatment with 

ESAT-6 significantly induced the expression of KSHV lytic genes, such as Rta, vGpcr, K8.1, 
from both cell lines when compared to the PBS control groups (Figure 1A–B). Consistent 

with enhanced lytic gene expression, ESAT-6 treatment promoted KSHV reactivation, as 

demonstrated by increased detection of LANA-positive cells (a marker for successful 

establishment of KSHV latent infection in host cells) following using purified virions 

released from control or ESAT-6 treated HUVEC or BCBL-1 cells to infect fresh HUVEC 

(Figure 1C–D). Culture filtrate protein of 10 kD (CFP10) is a molecular partner of ESAT-6 

and form a dimer with ESAT-6 after their expression and secreted as a dimer through Mtb 
specific ESX-1 secretion system, and at low pH, these two proteins can be disassociated.13 

Interestingly, we found that CFP10 treatment was not able to induce KSHV lytic gene 

expression from infected cells (Figure S1). Since Mtb and KSHV may co-exist in the same 

anatomic sites on a human body, such as skin, lung, or gastrointestinal tract, our data 

indicate that comorbid infection with Mtb may promote KSHV lytic reactivation, leading to 

increased virus dissemination in infected patients. Since ESAT-6 protein can be released into 

the extracellular space from cells infected with Mtb,23 the effect of ESAT-6 on KSHV-

infected cells would not require these two pathogens to infect the same cells. However, co-

infection of a single cell could be possible, given that macrophage, dendritic cells, epithelial 

cells and lymphatic endothelial cells (LEC) are potential targets of both pathogens.24–26

Since ESAT-6 causes lysis of alveolar epithelial cells and macrophages,11,12 we investigated 

how ESAT-6 treatment would impact the growth of KSHV-infected cells, especially cells 

from lung, since this is a common organ for pathologies caused by both Mtb and KSHV. As 

mentioned above, KS consists of endothelial-derived “spindle” tumor cells, so here we used 

human pulmonary artery endothelial cells (HPAEC) for our study as a potential 

physiologically relevant model for lung disease. We first demonstrated that HPAEC were 

susceptible to KSHV infection using immunofluorescence (IFA) to quantify the number of 

LANA-positive cells. We found that > 95% of HPAEC contained LANA in their nuclei by 

48 h post infection (p.i.) with a MOI ~10, while no LANA dots were observed in mock-

infected control cells (Figure 2A). Compared to uninfected cells, KSHV-infected HPAEC 

were resistant to the inhibition of cell growth caused by ESAT-6 (Figure 2B), even at a 

relatively high concentration of 10 μg/mL. In contrast, ESAT-6 treatment caused a dose-

dependent reduction in growth of both mock-infected and KSHV-infected HUVEC, as well 

as BCBL-1 and BL-41 cells (Figure 2C–D). Again, we found that CFP10 treatment failed to 

affect the growth of cells with or without KSHV infection (Figure S2), which is in 

accordance with our previous findings that only ESAT-6 but not CFP10 inhibited human 

immune cell responses.13–15 The underlying mechanisms for the resistance of KSHV-

infected HPAEC (but not HUVEC) to ESAT-6 will require further investigation. 

Interestingly, we found that ESAT-6 as well as VA treatments induced less extent of viral 

lytic gene expression from KSHV-infected HPAEC when compared to infected HUVEC 
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(Figure S3), which may represent one of the potential mechanisms for its impact on cell 

growth differences. In addition, ESAT-6 is able to stimulate cells to produce a variety of 

inflammatory cytokines, such as IL-1β, IL-6, IL-8 and MCP-1,16,17 all of which are also 

induced during KSHV infection and highly expressed in patients with KSHV-related 

malignancies.27–29 Therefore, it will be interesting to understand whether co-infection with 

Mtb manipulates host immune responses and tissue-specific microenvironments in a manner 

that further drives KSHV-induced tumorigenesis, especially in immunocompromised 

patients. To our knowledge, this is the first study reporting that Mtb products have impacts 

on KSHV-infected cells, highlighting the need to further study the interactions of these two 

pathogens commonly found in people living with HIV.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mycobacterium tuberculosis ESAT-6 protein induces KSHV lytic reactivation from 
latently infected cells.
(A-B) KSHV-infected primary endothelial cells (HUVEC) or PEL cells (BCBL-1) were 

treated with purified ESAT-6 protein (2.5 μg/mL) or PBS control for 48 h. The valproic acid 

(VA) was used as a positive control. Quantitative RT-PCR was performed to determine the 

expression of representative viral latent (Lana) and lytic genes (Rta, vGpcr and K8.1). (C-D) 

HUVECs were infected with purified virions isolated from supernatants of HUVEC (C) or 

BCBL-1 (D) cells treated with ESAT-6, VA or PBS control for 72–96 h by 

ultracentrifugation. After 24 h post infection, Lana transcripts were quantified using qRT-

PCR. Error bars represent the S.D. for 3 independent experiments. ** = p<0.01.
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Figure 2. KSHV-infected pulmonary endothelial cells are resistant to ESAT-6 mediated inhibition 
of cell growth.
(A) Human pulmonary artery endothelial cells (HPAEC) were mock infected or infected 

with purified KSHV (MOI~10). Immunofluorescence was performed 48 h post-infection to 

quantify the number of cells expressing KSHV-encoded LANA, as indicated by the typical 

intranuclear, punctate staining pattern (red dots). Nuclei were identified using DAPI (blue). 

(B-D) Infected and uninfected HPAEC and HUVEC, BCBL-1 or BL-41 (a KSHV negative 

lymphoma cell line) were treated with the indicated concentrations of ESAT-6 protein for 48 

h. Cellular proliferation relative to untreated cells was examined using the WST-1 cell 

proliferation assays (Roche). Error bars represent the S.D. for 3 independent experiments. * 

= p<0.05, ** = p<0.01.
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