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Abstract

We investigated the impact of monocytes, NK cells, and CD8+ T-cells in primary HTLV-1

infection by depleting cell subsets and exposing macaques to either HTLV-1 wild type

(HTLV-1WT) or to the HTLV-1p12KO mutant unable to infect replete animals due to a single

point mutation in orf-I that inhibits its expression. The orf-I encoded p8/p12 proteins

counteract cytotoxic NK and CD8+ T-cells and favor viral DNA persistence in monocytes.

Double NK and CD8+ T-cells or CD8 depletion alone accelerated seroconversion in all

animals exposed to HTLV-1WT. In contrast, HTLV-1p12KO infectivity was fully restored

only when NK cells were also depleted, demonstrating a critical role of NK cells in primary

infection. Monocyte/macrophage depletion resulted in accelerated seroconversion in all

animals exposed to HTLV-1WT, but antibody titers to the virus were low and not sus-

tained. Seroconversion did not occur in most animals exposed to HTLV-1p12KO. In vitro

experiments in human primary monocytes or THP-1 cells comparing HTLV-1WT and

HTLV-1p12KO demonstrated that orf-I expression is associated with inhibition of inflam-

masome activation in primary cells, with increased CD47 “don’t-eat-me” signal surface

expression in virus infected cells and decreased monocyte engulfment of infected cells.

Collectively, our data demonstrate a critical role for innate NK cells in primary infection

and suggest a dual role of monocytes in primary infection. On one hand, orf-I expression

increases the chances of viral transmission by sparing infected cells from efferocytosis,

and on the other may protect the engulfed infected cells by modulating inflammasome

activation. These data also suggest that, once infection is established, the stoichiometry

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 1 / 31

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Moles R, Sarkis S, Galli V, Omsland M,

Artesi M, Bissa M, et al. (2022) NK cells and

monocytes modulate primary HTLV-1 infection.

PLoS Pathog 18(4): e1010416. https://doi.org/

10.1371/journal.ppat.1010416

Editor: Charles R. M. Bangham, Imperial College

London, UNITED KINGDOM

Received: August 24, 2021

Accepted: March 4, 2022

Published: April 4, 2022

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This project has been funded in whole

with federal funds from the Intramural Research

Program National Cancer Institute, National

Institutes of Health (to G.F.). The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0001-8576-2394
https://orcid.org/0000-0002-0818-6490
https://orcid.org/0000-0003-3455-3992
https://orcid.org/0000-0001-5782-8755
https://orcid.org/0000-0002-5284-9765
https://orcid.org/0000-0002-1097-9756
https://orcid.org/0000-0002-8990-158X
https://orcid.org/0000-0002-5400-1231
https://orcid.org/0000-0002-9488-7719
https://orcid.org/0000-0002-5422-0549
https://orcid.org/0000-0003-2788-235X
https://orcid.org/0000-0003-2851-6589
https://doi.org/10.1371/journal.ppat.1010416
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010416&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010416&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010416&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010416&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010416&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010416&domain=pdf&date_stamp=2022-04-21
https://doi.org/10.1371/journal.ppat.1010416
https://doi.org/10.1371/journal.ppat.1010416
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


of orf-I expression may contribute to the chronic inflammation observed in HTLV-1 infec-

tion by modulating monocyte efferocytosis.

Author summary

The immune cells that inhibit or favor HTLV-1 infection are still unknown and their

identification is critical for understanding viral pathogenesis and for the development of

an effective HTLV-1 vaccine. Neutralizing antibodies are produced in natural HTLV-1

infection, but their impact is likely hampered by the virus’s ability to be transmitted from

cell to cell via the virological synapse, cellular conduits, and biofilms. By depleting specific

immune cell subsets in blood, we found that NK cells play a critical role in the contain-

ment of early HTLV-1 infection. Moreover, transient depletion of monocytes/macro-

phages results in early, but not sustained seroconversion, suggesting that early

engagement of monocytes may be necessary for long-term productive infection. The

engulfment of apoptotic T-cells infected by HTLV-1 may represent a viral strategy to per-

sist in the host since the viral proteins encoded by orf-I and orf-II affect the function of

receptors and proteins involved in efferocytosis. These results suggest that effective

HTLV-1 vaccines must also elicit durable innate responses able to promptly clear virus

invasion of monocytes through engulfment of infected T-cells to avoid the establishment

of a vicious cycle that leads to chronic inflammation.

Introduction

The Human T-cell Leukemia Virus type-1 (HTLV-1) retrovirus causes Adult-T-cell Leuke-

mia/Lymphoma and the neurodegenerative disorder HTLV-1 Associated Myelopathy/Tropi-

cal Spastic Paraparesis [1–6]. HTLV-1 integrates in the human genome [3,7,8] and establishes

a durable DNA viral reservoir in T-cells and myeloid cells [9–19]. While viral integration is

well-documented in T-cells, it remains uncertain if this process occurs in monocytes due to

the ability of monocytes/macrophages to engulf HTLV-1 infected T-cells. HTLV-1 transmis-

sion occurs via cell to cell contact through virological synapses, cellular conduits, and biofilms

[20–27]; no cell-free virus is detected in the blood of infected individuals. Immune-dysregula-

tion is a common feature in HTLV-1 infection [16,28–34], and life-long virus persistence

occurs even in the face of strong innate and adaptive responses [35–40], likely linked to the

ability of the virus to counteract host responses.

The non-structural protein product p12, expressed from the HTLV-1 orf-I by alternative

splicing, is post-translationally cleaved to the p8 protein [41–43]. Both p8 and p12 are dispens-

able in viral replication in vitro [44–47], however they are essential for viral infectivity/persis-

tence in vivo [38,44]. The p12 and p8 proteins counteract natural killer (NK) cells [48,49] and

CD8+ cytotoxic T-cell (CTL) [38] responses in vitro and augment T-cell proliferation [50,51]

and viral transmission [24,52,53]. The p12 protein localizes in the endoplasmic reticulum (ER)

and Golgi apparatus via a retention signal that, once removed, allows the cleaved p8 protein to

localize to the cellular surface [54–56]. In the ER, p12 interacts with the heavy chain of major

histocompatibility complex class I (MHC-I) and reroutes it to proteasomal degradation [56],

causing a decrease in cell surface MHC-I expression and suboptimal recognition of infected

cells by cytotoxic T-cells [38,48]. Moreover, p12 also downregulates ICAM-1 and ICAM-2,

reducing NK cell recognition [49]. The p12 protein interacts with calreticulin and calnexin to

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 2 / 31

https://doi.org/10.1371/journal.ppat.1010416


promote calcium release, activate the nuclear factor of T-cells (NFAT) [57], and stimulate T-

cell proliferation [58,59]. Furthermore, its binding to both of the interleukin 2 receptor

(IL2-R) β and γ chains in the ER promotes STAT5 activation and reduces the IL-2 requirement

for T-cell growth [51].

The p8 protein is recruited to the immunological synapse and, upon antigen stimulation,

downregulates proximal T-cell receptor (TCR) signaling, thus causing T-cell anergy [52]. The

p8 protein is transferred from cell to cell by cellular conduits and increases T-cell adhesiveness

and HTLV-1 transmission [24,26,38,60,61]. Recently, p8 has also been shown to bind to the

vasodilator-stimulator phosphoprotein (VASP) that promotes actin filament elongation [62],

an important step in phagocytosis [63]. Both p12 and p8 are necessary for efficient HTLV-1

infectivity in macaques, as demonstrated by a prior study in which an HTLV-1 molecular

clone was engineered by site-specific mutagenesis to ablate expression of both proteins

encoded by orf-I (HTLV-1p12KO) and was demonstrated to be unable to infect macaques [44].

In humans, genetic mutations surrounding the p12/p8 cleavage sites altering the p12/p8 ratio

are associated with lower viral burden [38], a documented predictor of disease development

[64–68].

In the current work, our investigation into the relative importance of CD8, NK cells, and

myeloid cells in the early phases of viral transmission revealed an unexpected, critical role for

NK cells in restricting viral infection and that the decrease in monocytes/macrophages early in

infection on one hand facilitates seroconversion, yet on the other renders seroconversion

unsustainable. In vitro studies demonstrated that orf-I expression is also necessary for dampen-

ing inflammasome activation in monocytes and for upregulating the CD47 “don’t-eat-me” sig-

nal on infected cells. These seemingly contrasting results suggest the hypothesis that orf-I may

favor viral persistence by sparing a portion of HTLV-1 infected cells from efferocytosis, and,

possibly, by hijacking the clearance of the engulfed infected cells via inhibition of inflamma-

some activation.

Results

Critical role of Natural Killer cells in HTLV-1 transmission

Prior data demonstrated that both orf-I products p8 and p12 are required to protect infected

T-cells from CTL-mediated killing in vitro and viral persistence in vivo [38], suggesting the

possibility that the CTL response could be key to inhibiting viral infection. However, orf-I
expression is also required to escape NK recognition and killing in vitro and for viral DNA per-

sistence in monocytes [44,49]. To dissect which of these immune responses is critical to inhibit

viral transmission and/or early viral replication in vivo, we administered monoclonal antibod-

ies that deplete either CD8+β lymphocytes (CD8β255R1) or both CD8+ lymphocytes and NK

cells (M-T807R1). CD8β255R1 recognizes the CD8 α/β chains that selectively deplete CD8 T-

cells without also depleting non-CD8 T-cell populations that express CD8, such as natural

killer cells [69]. In comparison, M-T807R1 recognizes the α/α chains of CD8+ lymphocytes

and NK cells [70,71]. To deplete monocytes and tissue macrophages, we exposed animals to

clodronate delivered in liposomes [72] prior to exposure to virus-producing irradiated cells

infected with either HTLV-1WT or HTLV-1p12KO (Table 1). Controls for these experimental

treatments included macaques exposed to irradiated uninfected cells following treatment with

M-T807R1 (two animals), macaquses exposed to irradiated HTLV-1WT cells following treat-

ment with an isotype IgG control (two animals), or macaques exposed to irradiated HTLV-

1WT cells following treatment with liposomes (three animals; S1A Fig). M-T807R1 effectively

depleted CD8+ cells (S1B–S1E Fig), total NKG2A+, and, in part, the NKG2A+CD16+ subsets

(S1C and S1D and S2A Figs) as expected. The IgG isotype and liposome treatments had no
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effect on CD8+ cells (S1E, S2B and S2C Figs) or monocytes (S1F Fig) respectively, and neither

treatment affected other cell populations (S2B and S2C Fig). Likewise, neither treatment with

IgG nor liposome exacerbated the frequency of HTLV-1WT infection in macaques, as approxi-

mately half of the animals exposed to HTLV-1 fully seroconverted as shown previously [44],

and were positive by nested PCR for viral DNA in blood (S1G Fig, bottom panel). Only animal

ZJ11 had low antibodies titers (1:100) to p24Gag in ELISA at week 12, and the two animals

that scored positive by Western blot at week 21 (H28P and HFM) had undetectable ELISA

titers (S1H Fig). Prior treatment and history for the animals enrolled in this study are summa-

rized in S1 Table.

Macaques exposed to HTLV-1WT (Fig 1A) following treatment with M-T807R1 showed

depletion of CD8+ T-cells, NKG2A+, and NKG2A+CD16+ [73] (Figs 1B–1D and S3A).

Macaques exposed to HTLV-1WT following treatment with CD8β255R1 also showed deple-

tion of CD8+ T-cells (Figs 1E and S3B), and furthermore had partial depletion of NKG2A+, and

particularly the CD16+ subset (Figs 1F and S3B). This result is not unexpected since CD8+

makes up a portion of NK cells in Indian rhesus macaques [73]. Clodronate treatment decreased

Table 1. Study design and animals.

Group Treatment Virus Inoculation Number of Animals (n) Animal ID

α-CD8/NK Ctrl uninfected M-T807R1 none 2 H28W

ZN19

IgG WT IgG1 OKT3 HTLV-1WT 2 H28P

HFM

α-CD8 WT CD8β255R1 HTLV-1WT 3 ZL54

ZN25

ZN28

α-CD8 p12KO CD8β255R1 HTLV-1p12KO 4 ZL49

ZN17

ZN12

H861A

α-CD8/NK WT M-T807R1 HTLV-1WT 3 ZM32

ZN36

ZN01

α-CD8/NK p12KO M-T807R1 HTLV-1p12KO 4 HXR

HRC

ZN23

H16X

Liposome WT Encapsome HTLV-1WT 3 ZJ11

ZJ58

H28J

Clodronate WT Clodrosome HTLV-1WT 5 ZJ22

Zi51

HPM

P651

R257

Clodronate p12KO Clodrosome HTLV-1p12KO 5 M616

P205

P206

P212

P213

https://doi.org/10.1371/journal.ppat.1010416.t001
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Fig 1. Exacerbation of HTLV-1WT infectivity by depletion of immune cell subsets. (A) Schematic of study design. Black arrows represent the day of

treatments (M-T807R1, CD8ß255R1, or Clodrosome). Blue arrows indicate inoculation day of the lethally irradiated 729.6 cells lymphoblastoid B-cell lines

producing HTLV-1WT. (B,E) Absolute CD8+ T-cell numbers shown before (baseline), during (day 0), and after (weeks 2, 4, 6, 8, 10, 12, 16, 18, and 20) the

administration of M-T807R1 and CD8β255R1. A complete blood count (CBC) of CD8+ was performed in the (B) α-CD8/NK WT and (E) α-CD8 WT groups

inoculated with HTLV-1WT. (C) The frequency of NKG2A+ cells identified as Singlets/Live/CD45+/CD3-CD20-/NKG2A+ was measured before (baseline),
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total monocyte counts (Figs 1G and S3C) and, surprisingly, also partially decreased the

NKG2A+CD16+ subset (Figs 1H and S3C). All treatments enhanced HTLV-1WT infection in

100% of the animals, compared to the 50% observed in replete animals. Because the viral load in

this model system is<0.02%, we measured viral DNA in the blood of each animal throughout

the course of the study and all animals scored positive for viral DNA by nested PCR at one or

more points following viral exposure (Fig 1I and 1K, bottom panels). However, we observed

varying effects on the seroconversion of HTLV-1WT to HTLV-1 antigens, measured by Western

blot. All animals pretreated with M-T807R1 seroconverted within one month (Fig 1I and 1L);

seroconversion for those treated with CD8β255R1 antibodies occurred within 1–2 months (Fig

1J and 1L). All animals treated with clodronate fully seroconverted within 3 months, but by

week 21, 3 out of 5 animals became sero-indeterminate (Fig 1K) with low ELISA titers for

p24Gag (1:100) that decreased by the third month from viral exposure in these three animals

(1:10; Fig 1L), suggesting that HTLV-1 replication was not sustained in vivo.

Treatment of macaques with M-T807R1 prior to exposure to HTLV-1p12KO (Fig 2A) also

resulted in depletion of CD8+ cells, NKG2A+, and partial depletion of NKG2A+CD16+ (Figs

2B–2D and S4A). Following treatment with CD8β255R1 we observed depletion of CD8+ cells

(Figs 2E and S4B) and a partial decrease in the NKG2A+CD16+ subset (Figs 2F and S4B). Clo-

dronate treatment reduced total monocytes in most animals (Fig 2G) and we observed a par-

tial decrease in NKG2A+CD16+ subset frequency (Figs 2H and S4C). Strikingly, depletion of

both CD8+/NK populations restored the infectivity of HTLV-1p12KO in all animals that sero-

converted and had antibody titers up to 1:1000 (Fig 2I and 2L). In contrast, depletion of CD8+

T-cells alone resulted in full seroconversion in only one macaque (animal ZN12) out of four,

and ELISA titers remained 1:100 in this animal (Fig 2J and 2L). Clodrosome treatment did

not result in seroconversion in animals exposed to HTLV-1p12KO, except in the case of animal

P206, which also had antibody titers of 1:100 (Fig 2K and 2L). All animals scored positive by

nested PCR for viral DNA in blood at one or more points, except animals ZN12 and M616

treated with the CD8 depleting antibody CD8β255R1 or clodronate, respectively (Fig 2I–2K,

bottom panels)

In these experiments, we also observed that depleting certain populations of cells affected

other cell populations as well. Notably, we observed a consistent decrease in NKG2A+CD16+

cells in all groups at day 0, but only found a sustained decrease at week 2 after M-T807R1 treat-

ment. Sustained depletion of CD8+ cells was observed in animals treated with either anti-CD8/

NK or anti-CD8, as expected. Depletion of CD14+ and CD16+ monocytes at day 0 was found

in clodronate treated macaques. However, we did find macaques in all other treatment groups

that also experienced moderate decreased CD16+ monocyte levels at day 0.

Occult HTLV-1 infection associated with a pro-inflammatory profile

Analyses of sero-reactivity to viral antigens revealed three main serological profiles: seroposi-

tive, defined as durable serum recognition of four HTLV-1 antigens up to 21 weeks from viral

during (day 0), and after (weeks 2 and 20) CD8+ cell depletion in peripheral blood of the α-CD8/NK WT group. (D,F,H) Frequency of NKG2A+CD16+ cells

identified as Singlets/Live/CD45+/CD3-CD20-/NKG2A+CD16+ before (baseline), during (day 0), and after (weeks 2 and 20) inoculation for the (D) α-CD8/

NK WT, (F) α-CD8 WT, and (H) Clodronate WT groups. (G) Absolute monocyte cell numbers shown before (baseline), during (day 0), and after (weeks 1, 3,

9, 15, and 21) the administration of Clodrosome and inoculation with HTLV-1WT. (I,J,K) Sera from the inoculated macaques belonging to (I) α-CD8/NK

WT, (J) α-CD8 WT, and (K) Clodronate WT groups were assayed at weeks 2, 4, 8, 10, 12, and 21 for reactivity to HTLV-1 antigens using the kit from HTLV

Blot 2.4 Western Blot Assay (MP Diagnostics, Singapore). The animal ID, inoculated viruses, and treatment are indicated above each sample. The week of sera

collection is indicated below each western blot strip. Moreover, below each sample a nested PCR amplifying the gag (top row) and orf-I (bottom row) genes

was performed in the blood of each animal throughout the course of the study. Positive amplification of either gag or orf-I is symbolized by (+); absence of

amplification is symbolized by (-). (L) HTLV-1 p24Gag antibody titer was measured for macaques belonging to α-CD8/NK WT, α-CD8 WT, and Clodronate

WT groups at weeks 0, 12, and 21. Dilutions of 1:10, 1:100, 1:1000, and 1:3200 were used and color-coded as reported in the figure.

https://doi.org/10.1371/journal.ppat.1010416.g001
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Fig 2. Restoration of HTLV-1p12KO infectivity by double NK/CD8+ cell depletion. (A) Schematic of study design. Animals in the α-CD8/NK p12KO and

α-CD8 p12KO groups were injected intravenously with M-T807R1 and CD8β255R1 respectively at 5mg/kg per day for three days prior to virus inoculation.

Macaques in the Clodronate p12KO group were injected with Clodrosome at 20mg/kg one day prior to virus inoculation. Black arrows represent day of

treatment with M-T807R1, CD8β255R1, or Clodrosome as indicated, and red arrows indicate inoculation with the lethally irradiated 729.6 lymphoblastoid B-

cell lines producing HTLV-1p12KO. (B,E) Absolute CD8+ T-cell numbers shown before, during, and after the administration of M-T807R1 and CD8β255R1 in
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exposure, sero-indeterminate, recognizing fewer than four antigens, and completely seronega-

tive. To determine the virological status of blood and tissues in the exposed animals, we per-

formed DNA PCR for viral DNA in all tissues collected at time of euthanasia at approximately

six months from viral exposure from all animals except animals ZJ22, Z151, and HPM treated

with clodrosome, and ZJ58 treated with encapsosome (Tables 2 and S2). PBMCs, thymus,

bone marrow, spleen, lung parenchyma, ileum, colon, jejunum, cortex, pons, skin, inguinal

lymph nodes (LN), mesenteric LN, axillary LN, and lung LN were used as a source of cellular

DNA, and primers for the gag and orf-I genes were used to amplify viral DNA. Gag DNA was

found in two or more tissues of nearly all seropositive or sero-indeterminate animals (Figs 3A,

3C, and S3A–S3F). Only animal P213 (treated with clodronate and exposed to HTLV-1p12KO)

was not included in the analyses since it was both seronegative and had neither gag nor orf-I
DNA in tissues. The orf-I DNA was detected less frequently than gag in tissues of seropositive

animals and was not detected in the mesenteric lymph nodes, colon, or jejunum of sero-inde-

terminate/seronegative animals (Fig 3B and 3D).

Next, we investigated the frequency of gag and orf-I DNA relative to exposure to HTLV-

1WT or HTLV-1p12KO. Surprisingly, the frequency of tissues carrying gag and orf-I DNAs did

not differ between animals exposed to HTLV-1p12KO or to HTLV-1WT (Fig 4A and 4B). Simi-

larly, the overall frequency of tissue positive for both gag and orf-I DNA did not differ between

animals exposed to each virus (Fig 4C and Tables 2 and S2).

We next compared the inflammatory profile associated with infection with HTLV-1p12KO

to that of HTLV-1WT. When we analyzed cytokine profiles in infected animals as separated by

treatment, no significant changes were detected. However, this was in part due to the low

number of infected animals in some groups. We therefore compared the cytokine profiles

associated with infection in HTLV-1p12KO and HTLV-1WT in all animals, regardless of treat-

ment, whose serological and virological status is summarized in Table 2. Animal P213 was

the (B) α-CD8/NK p12KO and (E) α-CD8 p12KO groups inoculated with HTLV-1p12KO at baseline, day 0, and after (weeks 2, 4, 6, 8, 10, 12, 16, 18, and 20).

(C) Frequency of NKG2A+ cells identified as Singlets/Live/CD45+/CD3-CD20-/NKG2A+ measured before (baseline), during (day 0), and after (weeks 2 and

20) CD8+ cell depletion in peripheral blood of the α-CD8/NK p12KO group. (D,F,H) Frequency of NKG2A+CD16+ cells identified as Singlets/Live/CD45+/

CD3-CD20-/NKG2A+CD16+ for the (D) α-CD8/NK p12KO, (F) α-CD8 p12KO, and (H) Clodronate p12KO groups inoculated with HTLV-1p12KO at

baseline, day 0, and weeks 2 and 20. (G) Absolute monocyte cell numbers in the Clodronate p12KO group before (baseline), during (day 0), and after (weeks

1, 3, 9, 15, and 21) the inoculation with HTLV-1p12KO. (I,J,K) Sera from the inoculated macaques in (I) α-CD8/NK p12KO, (J) α-CD8 p12KO, and (K)

Clodronate p12KO groups tested for reactivity to HTLV-1 antigens during the course of the study (weeks 4, 8, 10, 12, and 21). Animal ID, inoculated viruses,

and treatment are indicated above each sample. The week of sera collection is indicated below each western blot strip. Positive amplification of either gag or

orf-I in the blood throughout the course of the study is symbolized by (+); absence of amplification is symbolized by (-). (L) HTLV-1 p24Gag antibody titer

was measured at weeks 0, 12, and 21. Dilutions of 1:10, 1:100, 1:1000, and 1:3200 were used and color-coded as reported in the figure.

https://doi.org/10.1371/journal.ppat.1010416.g002

Table 2. Serological and virological status of animals exposed to HTLV-1WT and HTLV-1p12KO.

Treatment HTLV-1WT HTLV-1p12KO

α-CD8/NK α-CD8 Clodrosome/Encapsome α-CD8/NK α-CD8 Clodrosome

Seropositive 3/3 3/3 1/5�� 4/4 1/4 1/5

Seroindeterminate 0/3 0/3 4/5 0/4 3/4 4/5

Seronegative 0/3 0/3 0/5 0/4 0/4 1/5

PCR gag +2/3 +3/3 +3/3� +4/4 +3/4 +4/4

PCR orf-I +3/3 +3/3 +2/3� +4/4 +3/4 +4/4

PCR gag/orf-I +2/3 +3/3 +2/3� +4/4 +2/4 +4/4

� Only three animals analyzed: P651, R257, H28J.

�� Unsustained seroconversion

Animals ZJ22, Z151, and HPM treated with clodrosome, and ZJ58 treated with encapsosome, were not sacrificed and were enrolled in a subsequent study.

https://doi.org/10.1371/journal.ppat.1010416.t002
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excluded again from this analysis since it was serologically negative and had no viral DNA in

any tissue. When we compared HTLV-1p12KO infected animals at week 21 after exposure when

all cell populations have rebounded to baseline, only IL-1β significantly increased. Likewise,

when we compared HTLV-1WT infected animals at week 21 after exposure when all cell popu-

lations have rebounded to baseline, we detected increases in IL-10 and IL-1β.

Taken together, these results indicate that altering monocyte and NK cellular subsets

impact primary HTLV-1 infection and that occult HTLV-1 infection can be established in ani-

mals depleted of NK and/or CD8+ T-cells or monocytes prior to virus exposure. The data also

suggest possible differences in the inflammatory profiles in both acute and chronic infection in

animals that became infected by HTLV-1WT or HTLV-1p12KO. However, the small number of

animals used here precludes definitive conclusions.

Fig 3. Viral dissemination in infected animals. (A-D) Heat map of the nested PCR amplifying the gag and orf-I genes in biopsies from the ileum, colon,

thymus, skin, jejunum, cortex, lung, spleen, inguinal LN, mesenteric LN, axillary LN, and lung LN, collected at the time of euthanasia following virus

inoculation, together with PBMCs and bone marrow for (A,B) seropositive and (C,D) sero-indeterminate/seronegative animals. Genomic DNA was extracted

to amplify viral DNA. Nested PCR was performed using primers designed to amplify the gag and orf-I genes (see Materials and Methods). The orf-I PCR

products were sequenced to verify HTLV-1p12KO virus versus HTLV-1WT. Positive amplification of either (A,C) gag or (B,D) orf-I by nested PCR is shown in

red; absence of amplification is shown in blue.

https://doi.org/10.1371/journal.ppat.1010416.g003
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orf-I expression inhibits inflammasome activation in primary monocytes

and upregulates CD47 “don’t-eat-me” signal in HTLV-1 infected cells

Prior work has demonstrated that expression of orf-I is essential for sustained persistence of

viral DNA in monocyte-derived dendritic cells and the monocytic cell line THP-1 [38,44]. In

particular, we observed that the p8 protein is essential for the detection of viral DNA in the

THP-1 monocyte cell line infected via cell-free virus [38]. To further assess the impact of orf-I
expression on monocyte functionality, we used in vitro adherent human primary monocytes

purified from the blood of HTLV-1 negative individuals. Although monocytes and dendritic

cells can be infected with cell-free virus, the primary route of viral infection is thought to still

occur through cell-to-cell contact. We therefore examined HTLV-1 infection through co-cul-

ture. Monocytes and irradiated MHC-I-matched CD4 cells infected with either HTLV-1WT or

HTLV-1p12KO were co-cultivated for 24 hours and extensively washed (day 1) to eliminate

CD4+ cells. Input CD4 producing cells were normalized for virus production by supernatant

p19Gag levels (S6A Fig). For some co-cultures equivalent p19Gag resulted in different input

in viral DNA (S6B Fig). Co-culture supernatants were harvested at days 2, 3, and 4. Even

Fig 4. Viral dissemination in infected animals. (A,B,C) Heat map charts show the percentage of HTLV-1WT and HTLV-1p12KO inoculated

animals with positive amplification for (A) gag (red), (B) orf-I (blue), or (C) both (purple) are shown for the different tissues.

https://doi.org/10.1371/journal.ppat.1010416.g004
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though p19Gag release in the supernatant at day 2 was higher in monocytes exposed to HTLV-

1p12KO than to HTLV-1WT, p19Gag production decreased in all cell cultures (S6C and S6D

Fig). Invariably, following exposure to HTLV-1p12KO we observed a pronounced decrease in

the percentage of CD14+CD16+ intermediate and CD14-CD16+ non-classical subsets, particu-

larly in HTLV-1p12KO co-cultures (S6F and S6G Fig). We hypothesized that exposure of

monocytes to the irradiated HTLV-1p12KO infected cells may result in more pronounced

inflammasome activation, an effect that may be mitigated by the expression of orf-I in HTLV-

1WT. This hypothesis was supported by the finding in monocytes of increased expression of

NLRP3, a component of the inflammasome, by RT-PCR at the mRNA level, following expo-

sure to HTLV-1p12KO (Fig 5A). Only a marginal difference or no difference in the NLRP3 pro-

tein levels were detected. The restriction factor SAMHD1, shown to limit HTLV-1 infection of

monocytes in vitro [74], was reduced in HTLV-1p12KO co-cultured monocytes compared to

those cultured with uninfected CD4 cells or HTLV-1WT producing cells (Fig 5B, compare lane

5 to lanes 3 and 4). This is consistent with increased inflammasome activation in HTLV-

1p12KO monocyte cultures [75]. In addition, we did not observe phosphorylation of SAMHD1,

indicating that our cultures were activated and differentiated [76]. The monocytic cell line

THP-1 and PMA/LPS differentiated THP-1 cells were used as antibody controls. We also

noted that the lipidated form of LC3 (LC3-II) was higher in monocytes exposed to HTLV-

1p12KO, a finding consistent with a feedback activation of autophagy [77] (Fig 5C, lane 3).

Interestingly, the expression of T-cell immunoglobulin and mucin domain containing 4 pro-

tein (TIM-4), a receptor that recognizes phosphatidylserine on apoptotic cells (pdTS) and is

essential in early monocyte engulfment of apoptotic cells during efferocytosis [78], was also

higher in cells infected with HTLV-1WT (Fig 5B, lane 4). To demonstrate functional activation

of the inflammasome, we measured cytokines in the supernatants of MHC-I-matched CD4+

(HTLV-1 infected or uninfected) monocyte co-cultures from four healthy individuals. We

observed an increase in the release of several cytokines, including the inflammasome-depen-

dent cytokines IL- 31 and IL-1β, in cells exposed to HTLV-1p12KO (Fig 5D).

The decline of p19Gag production in CD4+ cell/monocyte co-culture observed in our

experiments (S6C and S6D Fig) raised the possibility that monocytes may not be infected with

canonical viral integration in the host genome but may rather engulf apoptotic infected CD4+

cells. Indeed, confocal microscopy of CD4+ infected T-cells (stained with CellTracker Blue)

and monocytes stained to label the plasma membrane (WGA594 in red) prior to co-cultivation

demonstrated clearly that primary human monocytes engulf HTLV-1 infected cells (S7A Fig).

We next performed high-throughput sequencing (HTS) and compared viral integration sites

in the input CD4+ cells with their matched monocyte co-cultures at day 4 (following removal

by extensive washing of the CD4+ T-cells). These analyses revealed the relative abundance of

unique integration sites (S7B Fig) and demonstrated that a high number of sites are identical

in monocytes and CD4+ T-cells (13.5% and 5.3% of all integration sites observed in WT and

p12KO cells, respectively), suggesting that monocyte engulfment is the predominant source of

both p19Gag in the supernatant and of viral DNA in monocytes. We also observed a minority

of integration sites that appeared to be unique to monocytes. However, because the infected

CD4+ T-cells are a mixed population of cells and not clonal, we cannot exclude the possibility

that monocytes had engulfed rare CD4+ infected T-cells and that viral DNA arises from “pas-

senger T-cells” rather than from integration in the monocyte genome. Our data therefore leave

the question of HTLV-1 integration in the monocytes’ genome unresolved. Similar results

were obtained by co-culturing MHC-I unmatched CD4+ T-cells and monocytes (S7C Fig).

We extended our analysis to macaque primary monocytes, and we confirmed engulfment of

lethally irradiated HTLV-1 infected cells in the monocytes of the four macaques (S8A and S8B

Fig). Since an essential function of monocytes is efferocytosis, a highly regulated clearance of
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Fig 5. Differences in inflammasome activation and engulfment in monocytes exposed to HTLV-1p12KO and HTLV-1WT infected cells. (A) NRLP3 mRNA from

cDNA of monocytes co-cultivated with CD4+ cells (uninfected), CD4+ HTLV-1WT, and HTLV-1p12KO was assessed by Real-time PCR. Infected CD4+ cells used for the

experiment were included in our analysis. Real-time PCR was performed in triplicate and samples were normalized to GAPDH expression. Fold-change was calculated by
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apoptotic cells that is hijacked by several pathogens [79], we next investigated whether orf-I
expression affected THP-1 engulfment of HTLV-1 infected cells. We observed that uninfected

and HTLV-1p12KO infected cells were engulfed more efficiently than HTLV-1WT infected cells,

leaving a larger proportion of HTLV-1WT infected cells non-engulfed (Figs 5E, 5F, and S8C).

The MFI of engulfed cells did not differ between those infected by HTLV-1WT or HTLV-

1p12KO (Fig 5G). The difference between HTLV-1WT and HTLV-1p12KO infected cell engulf-

ment was not due to differences in their level of apoptosis before or after irradiation (72 hours)

at the time of readout of the efferocytosis assay (S8D Fig). Rather, we observed that the level of

expression of the CD47 “don’t-eat-me” signal was significantly higher in HTLV-1WT than

HTLV-1p12KO infected cells (Fig 5H and 5I), suggesting that HTLV-1p12KO infected cells are

more susceptible to engulfment by efferocytes, likely because of lower surface expression of the

CD47 molecule (Fig 6). Whether or not orf-I expression also decreases cargo destruction by

inhibiting inflammasome activation and creating a “trojan horse” mechanism of viral trans-

mission will require further investigation.

Discussion

Chronic HTLV-1 infection is associated with unrelenting immune activation accompanied by

high levels of both pro- and anti-inflammatory cytokines [80,81]. This outcome likely results

from the host’s continuous, albeit unsuccessful, attempts to eradicate viral infection and main-

tain tissue homeostasis [82]. HTLV-1 establishes a life-long virus reservoir, and viral DNA has

also been found in other cell types, such as neutrophils, epithelial cells, and monocytes

[12,14,83], though there is no compelling evidence that viral integration (provirus) occurs in

these cell types. Instead, our data in monocytes suggest that infected cell engulfment may be a

predominant mechanism of viral invasion, and this may also be the case for neutrophils or epi-

thelial cells, both of which are able to engulf and eliminate senescent or apoptotic cells [84].

In contrast, infection with viral integration occurs in memory CD4+ and CD8+ T-cells [85].

Upon antigen stimulation, however, memory cells carrying HTLV-1 can express Tax and pro-

duce virus with an increased risk of host immune recognition [86,87]. While the mode of

HTLV-1 transmission may have evolved to spare free virus from antibody recognition, there

remain several obstacles for the survival of infected cells, including natural killer cells, phago-

cytic monocytes, and CTL.

In vitro studies have demonstrated that HTLV-1 has evolved strategies to escape immune

recognition. Viral proteins such as p13 and p30 encoded by orf-II are able to modulate

comparing values with monocytes co-cultivated with uninfected CD4+ normalized NLRP3 expression. (B) Western blot analyses of NLRP3 (110kDa), SAMHD1 (72kDa),

pSAMHD1 (69.7kDa), and TIM4 (50kDa) expression from total cellular extracts of monocytes co-cultivated with uninfected CD4+ cells, CD4+ HTLV-1 WT, and CD4+

HTLV-1p12KO. THP-1 cells unstimulated and treated with PMA and LPS were included as controls. Protein loading was assessed by ß-actin expression. (C) Western blot

analyses of LC3I/II (14–18 kDa) expression from total cellular extracts of monocytes co-cultivated with uninfected CD4+ cells, CD4+ HTLV-1WT, and CD4+ HTLV-

1p12KO. (D) Spider chart of cytokines and chemokines measured in the cryopreserved supernatants from monocytes isolated from four different donors at three days

post-co-cultivation. Cytokine level was analyzed using Bio-Plex Pro Human Th17 Cytokine Panel assays. The following targets were assayed according to the

manufacturer’s instructions: IL-1β, IL-4, IL-6, IL-10, IL-17A, IL-17F, IL-21, IL-22, IL-23, IL-25, IL-31, IL-33, IFN-γ, TNF-α, and CD40L. The level of cytokines in the

supernatant of HTLV-1p12KO exposed monocytes (isolated from four different donors) was graphed in red as a fold-change compared to the HTLV-1WT (blue). The

average is shown in the figure. Asterisks (�) indicate cytokines that were found induced in all donors. Efferocytosis assay of THP-1 cells co-cultivated with HTLV-1 WT or

HTLV-1p12KO infected cells or uninfected control cells (E,F). The bait cells, THP-1, were labeled with CytoTell Blue. Cells were then seeded in 12 well plates and treated

with PMA. THP-1 cells were cultivated for 72 h with effector cells (729.6 cells, 729.6 producing HTLV-1WT, or 729.6 producing HTLV-1p12KO) previously stained with

CFSE and lethally γ-irradiated. A well without effector cells was included for compensation and as a gating control. Fold-change of engulfed cells (CytoTell Blue positive

and CFSE positive) and non-engulfed (CytoTell Blue negative and CFSE positive) cells were calculated from 3 independent experiments (see S8C Fig for an example of

gating and cellular populations). The HTLV-1 proviral loads (PVL) of 729.6 producing HTLV-1WT and HTLV-1p12KO cells were 776% and 262% respectively. The

p19Gag produced in the supernatant 729.6 HTLV-1WT and HTLV-1p12KO in 24 h measured 2832 and 939 pg/ml respectively. (G) Mean Fluorescent Intensity (MFI) of

engulfed cells. Unpaired t-test was used for statistical evaluation. (H) CD47 staining of 729.6 cells, 729.6 HTLV-1WT and 726.9 HTLV-1p12KO cell lines. (I) Fold-change of

MFI CD47 was calculated from 3 independent experiments. Unpaired t-test was used for statistical evaluation.

https://doi.org/10.1371/journal.ppat.1010416.g005
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Fig 6. Role of orf-I gene and immune cells in primary HTLV-1 infection. (A) Graphical representation of how HTLV-1WT infected cells escape immune

recognition by counteracting cytocidal NK and CTL activity via downregulation of ICAM-1, ICAM-2 [49], and MHC- I [56] and partly elude efferocytosis via

orf-I upregulation of the “don’t-eat-me” CD47 molecule as demonstrated in the current work. (B) The absence of orf-I expression would result in lower CD47

expression on the surface of HTLV-1p12KO infected cells and susceptibility of infected cells to both NK cells and CTLs as well as to efferocytosis, explaining the

inability of this mutant virus to persist in the host.

https://doi.org/10.1371/journal.ppat.1010416.g006
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interferon responses [32,88–90], and p8 and p12 encoded by orf-I counteract NK and CTL

functions [38,48,49,52,56]. In vivo, both orf-I and orf-II ablation by single point mutations of

HTLV-1 molecular clones resulted in loss of virus infectivity [44]. Remarkably, these studies

demonstrated that reversion of the single point mutation to wild type in replete condition

occurred only with the HTLV-1 molecular clone ablated in orf-II, suggesting that sufficient

rounds of replication still occurred in macaques to allow for the selection of a revertant virus,

whereas reversion of HTLV-1p12KO mutation to wild type was not observed in replete

macaques [44]. Of interest, however, is that HTLV-1p12KO reversion to wild type did occur in

humanized mice [91], perhaps because the incomplete reconstitution of the human immune

system in this murine model allowed sufficient rounds of HTLV-1p12KO replication to select

for viral fitness. No significant reconstitution of human monocytes was detected in these

humanized infected mice, suggesting a possible role for monocytes in the early phase of

HTLV-1 infection [91].

Here, we used the macaque model of HTLV-1 infection to directly address the importance of

monocytes and NK and CD8+ cells. The macaque model has some limitations however, as the

HTLV-1WT virus that we use infects approximately only half of the animals, and the virus load is

lower than in HTLV-1 infected carriers. Thus, to increase our chances of understanding the role

of these immune cells in primary infection, we designed experiments using both HTLV-1WT and

HTLV-1p12KO, capitalizing on the lack of infectivity of the HTLV-1p12KO molecular clone. We

report here that depletion of NK cells is associated with exacerbation of HTLV-1WT infectivity

and restoration of HTLV-1p12KO infectivity, highlighting the critical role of orf-I expression in
vivo. The finding that HTLV-1WT infection is also exacerbated by NK depletion further supports

this finding and suggests that the stoichiometry of orf-I expression likely differs among infected

cells. Ablation of orf-I expression in HTLV-1p12KO resulted in inflammasome activation and

increased lipidation of LC3, a protein that promotes phagolysosome assembly and suppresses

proinflammatory signaling [92] in primary human monocytes. In addition, surface expression of

the CD47 “don’t-eat-me” molecule is higher on HTLV-1WT than HTLV-1p12KO infected cells,

resulting in less effective monocyte engulfment of cells infected by wild type virus. Thus, our

data suggested the hypothesis that HTLV-1WT infected cells may escape immune recognition

and transiently elude efferocytic function of monocytes via upregulation of the CD47 molecule

by orf-I and spare HTLV-1 infected cells (Fig 6).

Prior works provide support for a possible role of viral proteins in the phagocytic function

of monocytes. The orf-I proteins both increase cytoplasmic calcium [58,59], which promotes

phagolysosome formation [93], and bind to the 16KA subunit of vacuolar ATPase, an essential

enzyme regulating acidification of lysosomes for recycling cellular components during effero-

cytosis [94,95]. In addition, p8 binds to the vasodilator-stimulator phosphoprotein (VASP)

that promotes actin filament elongation, a key step in phagocytosis [62,63], and the p30 pro-

tein encoded by orf-II promotes the expression of the pro-resolving IL-10 cytokines [32] asso-

ciated with efferocytosis.

The overall picture that emerges suggests the hypothesis that HTLV-1 hijacks efferocytosis

and decreases the engulfment of virus-infected T-cells via orf-I upregulation of surface expres-

sion of the CD47 “don’t-eat-me” molecule. This effect likely complements orf’s ability to

downregulate ICAM-1 and ICAM-2, and MHC-I, which respectively confer infected cells with

resistance to cytocidal NK and CTL activity (Fig 6A). The possibility of orf-I expression also

transiently protecting engulfed cells from degradation and further facilitating the spread of

virus by migratory efferocytes to tissues is only hypothetical at present and has not been inves-

tigated here. However, defective efferocytosis could create a durable and vicious inflammatory

response unable to clear the virus by inducing further inflammation [96] and Treg cell differ-

entiation via production of IL-10 and TGF-β.
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The increased expression of these cytokines and Treg counts are both hallmarks of HTLV-1

infection and are thought to contribute to HTLV-1 pathogenesis [82]. The possibility that

defective efferocytosis may play a role in maintaining persistent viral infection is compatible

with the abortive infection observed with depletion of monocytes/macrophages in animals

prior to exposure to HTLV-1WT, despite the accelerated but transient seroconversion and the

lack of infectivity of HTLV-1p12KO in the same conditions. The transient decrease of mono-

cytes induced by clodronate in the first few days following exposure may further spare infected

cells from efferocytosis, expanding the early pool of infected T-cells with a resultant increase in

viral antigens and enhanced sero-conversion. In turn, however, increased antigen exposure

could increase the activation of cytotoxic NK and CD8 cells, impairing viral persistence and

resulting in unsustained seroconversion. An alternate hypothesis is that clodronate affects the

establishment of an early viral reservoir in monocytes necessary to maintain viral persistence.

Additional experiments with simultaneous in vivo depletion of NK, CD8, and monocytes will

be necessary to address these hypotheses.

HTLV-1 infection has been reported to significantly alter monocyte subsets, with chronic

infection resulting in lower frequency of classical monocytes and increased intermediate and

non-classical monocytes [12]. Further work will be needed to mechanistically assess which of

the tightly regulated steps of efferocytosis are regulated by the non-structural HTLV-1 proteins

in virus infected cells and in monocytes. This work will be essential to identify possible drug-

gable targets to ameliorate clearance of virus-infected cells and decrease the immune activation

observed in HTLV-1 infection [81,84,97].

The frequency and function of NK cells is also altered in HTLV-1 infection [98]. NK cells

undergo spontaneous proliferation in infected individuals and their frequency correlates with

their viral DNA burden [99]. An anecdotal case wherein passive transfer of amplified natural

killer (ANK) cells to a patient with smoldering adult T-cell leukemia resulted in complete

remission [100] also suggests the importance of NK cells in chronic HTLV-1 infection. Little is

known however on the role of NK cells in primary infection. We show here by NK depletion

in animals prior to virus exposure that NK cells are key to restricting HTLV-1 primary infec-

tion. However, it remains unclear whether the protective role of NK cells in primary infection

is conveyed via their interaction with monocytes/macrophages, dendritic cells, T-cells, and/or

B cells to shape innate and adaptive immunity, or via their innate cytocidal function.

In summary, our data are consistent with a critical role of HTLV-1 infected cell engulfment

by monocytes for productive and persistent viral infection and suggest that continuous mono-

cyte engagement by virus infected cells may underlie the pro-inflammatory profile observed in

HTLV-1 infected individuals. Hence, preventive vaccines will need to induce not only adap-

tive, but also innate responses able to promptly eliminate virus infected cells.

Materials and methods

Ethics statement

The animals used in this study were colony-bred Indian rhesus macaques (Macaca mulatta)

obtained from either Alpha Genesis Inc. (Yemasee, SC), Primate Products Inc. (Immokalee,

FL), the National Institute of Child Health and Human Development (NICHD, Rockville,

MD), or Covance Research Products (Princeton, NJ). Animals were housed at the National

Institutes of Health, Bethesda, MD (Protocol VB033). Animals were cared for in accordance

with Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)

standards in an AAALAC-accredited facility (OLAW, Animal Welfare Assurance A4149-01).

All animal care and procedures were carried out under protocols approved by the NCI and/or

NIAID Animal Care and Use Committees (ACUC; Protocol number: VB033). Animals were
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closely monitored daily for any signs of illness, and appropriate medical care was provided as

needed. Animals were socially housed per the approved ACUC protocol and social compatibil-

ity except during the viral challenge phase when they were individually housed. All clinical

procedures, including biopsy collection, administration of anesthetics and analgesics, and

euthanasia, were carried out under the direction of a laboratory animal veterinarian. Steps

were taken to ensure the welfare of the animals and minimize discomfort of all animals used in

this study. Animals were fed daily with a fresh diet of primate biscuits, fruit, peanuts, and

other food items to maintain body weight or normal growth. Animals were monitored for

mental health and provided with physical enrichment including sanitized toys, destructible

enrichment (cardboard and other paper products), and audio and visual stimulation.

Generation and Characterization of HTLV-1 infected human primary

CD4+ T-cells

Primary CD4+ T-cells were isolated from PBMCs from healthy donors using negative-selec-

tion beads (StemCell, Cambridge, MA). Stable HTLV-1-producing CD4+ T-cell lines were

established by co-cultivation of uninfected donor primary CD4+ T-cells with γ-lethally irradi-

ated 729.6 human lymphoblastoid B-cell lines producing HTLV-1WT or the p12 viral mutant

HTLV-1p12KO [38,44]. CD4+ T-cells were maintained in culture for several months in RPMI-

1640 medium supplemented with 20% FBS and 100 U of IL-2. HTLV-1 infection was deter-

mined by p19Gag antigen detection by a commercially available ELISA in the culture superna-

tants of 106 cells washed and seeded in a 24-well plate in 1 mL complete RPMI (Zeptometrix,

Buffalo, NY). According to the manufacturer, sensitivity of detection is 25 pg/mL. Viral geno-

mic sequences were verified by sequencing the ClaI-SalI fragment of the pAB molecular clone.

Viral DNA load was determined for each established CD4+ cell culture. Briefly, genomic DNA

was extracted from infected CD4+ T-cells (DNeasy Blood and Tissue Kit; Qiagen, German-

town, MD) and 50 ng of DNA were used in Real-time PCR analysis of HTLV-1 (tax) [44]. The

RNase P gene, detected with the TaqMan RNase P control reagents kit (Applied Biosystems,

Foster City, CA), was used as the endogenous reference. HTLV-1 viral DNA levels were calcu-

lated by the following formula: copies of HTLV-1 (pX)/(copies RNase P)×100 cells.

To assess surface markers, HTLV-1 infected CD4 cells were stained with anti-CD3-Alexa

Fluor 700, anti-CD4-PerCP-Cy5.5, anti-CD8-Brilliant Violet 650 (BV650), and anti-

CD19-BV605 antibodies (BD Biosciences, San Jose, CA), and with Live/Dead fixable aqua

dead cell stain (Thermo Fisher Scientific, Eugene, OR). Samples were acquired on an LSRII

flow cytometer using FACSDiva 8.0 software (BD Biosciences) and analyzed using FlowJo (BD

Biosciences).

Co-Cultivation of HTLV-1 infected human primary CD4+ T-cells and

primary monocytes

Primary monocytes were obtained from heparinized human peripheral blood from healthy

donors and were treated with Ficoll-Paque plus (GE Healthcare, Chalfont St. Giles, United

Kingdom) according to the manufacturer’s instructions. Monocytes were separated using

EasySEP Human Monocytes Enrichment Cocktail without CD16 depletion (StemCell) as

described by the manufacturer, checked for purity by flow cytometry, and cultured in DMEM

1X (GIBCO, Thermo Fisher Scientific) with 20% FBS and 10% of Human AB Serum (Media-

tech, Inc. Manassas, VA). Monocytes were co-cultivated with lethally γ-irradiated primary

CD4+ T-cells (matched and unmatched donors) infected with HTLV-1WT or HTLV-1p12KO, or

uninfected primary CD4+ T-cells used as negative control. The number of infected CD4+ T-
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cells used in the co-cultures was normalized based on the level of p19Gag in the supernatant

(Zeptometrix) and the Viral DNA load.

Twenty-four hours after co-cultivation, monocytes were washed and maintained in DMEM

supplemented with 10% FBS and 10% human AB sera for 72 h. The supernatants were col-

lected for p19Gag measurement, and the media was changed daily. Three days post co-cultiva-

tion, monocytes were harvested, and flow cytometry analyses were performed to evaluate the

purity of the culture and the monocyte phenotype. Cells were stained with CD14, CD16, CD3,

C4, and CD20 antibodies (BD Biosciences), and Live/Dead aqua viability dyes (Thermo Fisher

Scientific).

Total RNA was extracted from the monocyte culture 72 h post co-cultivation using RNeasy

RNA isolation kit (Qiagen) as per the manufacturer’s instructions. All RNA samples were dis-

solved in 50 μl of nuclease-free H2O and quantified using a Nanodrop ND-2000 apparatus

(Thermo Fisher Scientific). Reverse transcription was performed on 200 ng of total RNA using

QuantiTect Reverse transcription Kit according to the manufacturer’s instructions (Qiagen).

Real-time PCR was then performed in triplicates using SYBR Green PCR Master Mix (Applied

Biosystems) and specific primers for NLRP3: NLRP3-F, 5’- AGCTGCCTCCTGCAGAACCT

-3’and NLRP3-R, 5’-GGTCAGCTCAGGCTTTTCTTCT -3’. The qPCR was performed as fol-

lows: denaturation at 95˚ C for 5 min, followed by amplification with 40 cycles of 95˚ C for 10

s, followed by 60˚ C for 30 s. The data were normalized to GAPDH, and the fold-change was

calculated as 2-ΔΔCt, where ΔΔCt represents the Ct (sample)—Ct (control).

Animal inoculation and treatments

Thirty-one rhesus macaques uninfected by SIV/SHIV as demonstrated by several consecutive

negative PCR were randomized into nine groups based on sex and their prior enrollment in

other studies (S1 Table). Animals were treated for three days with one of three antibodies:

either one of the two different depleting anti-CD8 monoclonal antibodies (the clone

M-T807R1 that targets the α/α chain or the CD8β255R1 targeting the α/β chain), or with the

isotype control antibody IgG OKT3 reactive against the human CD3 molecule used as control.

The three different antibodies were purchased from the NHP Reagent Resource Program

(University of Massachusetts Medical School, Worcester, MA) and were injected intravenously

at 5mg/kg per day for three days prior to virus inoculation. Animals were then inoculated

intravenously with the lethally γ-irradiated 729.6 B cells producing equivalent levels of p19Gag

antigen and expressing a similar viral DNA load from the HTLV-1WT and HTLV-1p12KO or

1x108 of the parental uninfected 729.6 cells used as a control [38,44]. In order to assess the role

of the monocytes during the acute HTLV-1 infection in macaques, animals were treated intra-

venously once with 5mg/kg of either Clodrosome or Encapsome (Encapsula NanoSciences

LLC, Brentwood, Tennessee) one day prior to the inoculation of irradiated HTLV-1WT or

HTLV-1p12KO producing cells (Table 1). The number of virus infected cells injected was nor-

malized for p19Gag production and viral DNA level measured as above. Animals were

observed for more than 20 weeks and then euthanized to study viral dissemination in tissues.

HTLV serology and viral DNA detection

Reactivity to specific viral antigens in the plasma of infected animals were detected with the

use of a commercial HTLV-1 western immunoblot assay (GeneLabs Diagnostics, Redwood

City, CA). Genomic DNA from the PBMC, bone marrow, and biopsies from ileum, colon, thy-

mus, skin, jejunum, cortex, lung, spleen, and inguinal LN, mesenteric LN, axillary LN, and

lung LN were isolated from animals at 21 or 31 weeks (euthanasia) post-inoculation using the

DNeasy Blood and Tissue Kit (Qiagen). One hundred nanograms of DNA were used as
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templates for the first round of PCR amplification using primers gag-F1, 50-GGCCAAAT

CCTTTCCCGTAG-30 and gag-R1, 50-GTTGTGGATTGTTGGCTTGG-30 or p12-F1, 50-

CCTCGCCCTTCCAACTGTCT-3’ and p30-R1, 50-AGGAAGGAGGGTGGAATGTT-3’.

Three microliters of the PCR reaction were used as a template for nested PCR using primers

gag-F2, 50-GTCCCTCCAGTTACGATTTCC-30 and gag-R2, 50-AGGGAGGAGCAAAGG

TACTG-30 or p12-F2, 5’-CGCCTTCCAACTGTCTAGTATAGC-3’and p30-R2, 5’-GGGA

GTCGAGGGATAAGGAA-3’. The PCR conditions used were 94˚ C for 2 min, followed by 35

cycles of 94˚ C for 30 s, 55˚ C for 30 s, 68˚ C for 60 s, and a final extension at 68˚ C for 7 min,

and a hold at 4˚ C. Platinum High Fidelity PCR SuperMix (Invitrogen, Carlsbad, CA) was

used according to the manufacturer’s protocol. Correctly sized amplicons were identified by

1% agarose gel electrophoresis. Sanger sequencing was carried out on the orf-I amplicons at

the Center for Cancer Research Genomics Core at the National Cancer Institute, NIH.

HTLV-1 p24 antibody titer

HTLV-1 p24 antibodies in plasma samples from macaques were detected and quantified

against purified HTLV-1 p24 protein using an ELISA assay (Advanced BioScience Laborato-

ries, Inc., Rockville, MD). Each well of the ELISA plate was coated with HTLV-1 p24 and incu-

bated overnight at 4˚C. Wells were then emptied and blocked with PBS for 1 h at room

temperature. Serially diluted samples were added to the wells and incubated for 1 h at 37˚C.

The plate was then washed with PBS Tween 20 and incubated for 1 h at 37˚C with the diluted

goat anti-human IgG HRP (Kirkegaard & Perry Lab Inc., Gaithersburg, MD). The plate was

washed and the K-Blue Aqueous substrate (Neogen, Lansing, MI) was added to the wells and

incubated for 30 min at room temperature. The reaction was stopped by adding H2SO4 and

the plate was Read at 450 nm (E-max reader, Molecular Devices, San Jose, CA).

Western blot

Whole cell extracts were prepared and 15 μg samples were boiled for 5 min at 100˚C with 2x

sample buffer with 10% β-mercaptoethanol. The denatured proteins were separated by

SDS-PAGE (NuPAGE 4–12% Bis-Tris Protein Gels, Thermo Fisher Scientific) for approxi-

mately 2 h at 100 A and transferred to a 7.0 cm x 8.4 cm, 0.45 μm pore size, hydrophobic

PVDF (Immobilon-P PVDF, Millipore Sigma, St. Louis, MO), previously activated with meth-

anol for 1 min. Proteins were transferred for 1 h 30 min at 140 mA. The membranes were

incubated overnight at 4˚C with primary antibodies to NLRP3 (Rabbit D4D8T, Cell Signaling

Technology, Danvers, MA), SAMHDI (Mouse ab67820, Abcam, Cambridge, MA), and Phos-

pho-SAMHD1 (Rabbit D7O2M, Cell Signaling Technology), LC3A/B (Rabbit D3U4C, Cell

Signaling Technology) in PBS containing 0.1% Tween 20 and 0.25% milk. Membranes were

washed in PBS 0.1% Tween and exposed to a horseradish peroxidase-conjugated goat second-

ary anti-Mouse or anti-Rabbit antibody (1:10,000; ab112767, Abcam). Proteins were visualized

by chemiluminescence using a ChemiDoc Imaging System (Bio-Rad Laboratories, Hercules,

CA). Densitometric analysis was performed using Image Lab Software.

High-throughput sequencing (HTS) method to map viral integration sites

To explore HTLV-1 clonality in monocytes following co-cultivation with infected CD4+ T-

cells, we used an optimized HTS method to map proviral integration sites in the human

genome and to simultaneously measure the abundance of the corresponding clones, as previ-

ously described [91,101]. Pie charts in the figure illustrate the relative abundance of HTLV-

1WT and HTLVp12KO provirus in monocytes following co-cultivation of matched and
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unmatched infected CD4+ T-cells. Each slice represents a unique integration site and size cor-

responds to the relative abundance.

Multiplex assay of monocyte supernatants and plasma collected from

rhesus macaques

Cryopreserved supernatants from monocyte infected cultures (1 and 3 days co-cultivation)

were analyzed using Bio-Plex Pro Human Th17 Cytokine Panel assays (Bio-Rad Laboratories).

The following targets were assayed following the manufacturer’s instructions: IL-1β, IL-4, IL-

6, IL-10, IL-17A, IL-17F, IL-21, IL-22, IL-23, IL-25, IL-31, IL-33, IFN-γ, TNF-α, and CD40L.

Cryopreserved plasma collected from rhesus macaques at baseline, 24 h, at 2, 4, and 8 weeks

after inoculation of the virus, and at euthanasia were analyzed using MILLIPLEX Non-Human

Primate Multiplex assays (EMD Millipore, Billerica, MA). The following targets were assayed

following the manufacturer’s instructions: IL-18, IL-12/23, TNF-α, IL-8, IL-6, IL-10, IL-1β.

After thawing the plasma on ice, 25 μl of each were briefly loaded into the well and mixed with

25 μl of assay buffer and 25 μl magnetic beads. The plates were incubated under agitation at 4˚

C for 18 h. After washing, 25 μl of detection antibody were added to each well.

Flow cytometry analysis of rhesus macaque samples

Two staining panels were developed for analysis of macaque PBMC from these experiments. A

22-color panel was designed to examine T-cell and NK cell responses to treatment (CD2, CD3,

CD4, CD7, CD8 [2 clones], CD14, CD16, CD20, CD56, NKp44, NKG2A, CD45, CD25,

CD62L, CD28, CD95, CCR4, CD107a, CD127, and HLA-DR). A 16-color panel was designed

to measure monocyte responses to treatment (CD3, CD4, CD11b, CD14, CD15, CD16, CD20,

CD33, CD45, CD68, CD86, CCR2, CXCR4, PDL1, and HLA-DR). All antibodies were selected

based on cross-reactivity with rhesus macaques and fluorochrome availability. Antibody infor-

mation for both panels, including clones and fluorochromes, is listed in S3 Table. Frozen

PBMCs were thawed, counted, and stained for flow cytometry analysis. Live/Dead Fixable

aqua dye (Thermo Fisher Scientific) was included in each panel to eliminate dead cells.

Briefly, frozen PBMCs were thawed, counted, and resuspended at 1x107 cells/ml in D-PBS

without Ca2+ or Mg2+ (Thermo Fisher Scientific). Cells were aliquoted into three 12 x 75 mm

polystyrene tubes, 100 μl per tube, (Unstained, 22-color panel, 16-color panel) and stained for

30 min on ice. Samples were washed with D-PBS and resuspended in 1% ultrapure formalde-

hyde (Tousimis, Rockville, MD). Samples were acquired immediately on a BD FACSymphony

A5 analyzer using FACSDiva 8 software. Data were analyzed using FlowJo Version 10.6.

Immunofluorescence

Primary monocytes (1x105) were seeded in an uncoated μ-well (Ibidi, Fitchburg, WI). Prior to

co-cultivation, 48x103 CD4+ infected cells (HTLV-1WT and HTLVp12KO) were labeled with

1 μM of Cell Tracker Blue CMAC (7-amino-4-chloromethylcoumarin, 25 μM) for at least 30

min before they were washed once with saline and incubated with medium overnight. Cells

were washed once with PBS before their addition to the μ-well containing monocytes. The cell

membrane of primary monocytes was pre-stained with 1.67μg/ml wheat germ agglutinin

(WGA)-Alexa Fluor 594 in medium (8 min at 37˚C), followed by two gentle washes with saline

or PBS, always leaving 100 μl in the well prior to the addition of CTB-stained CD4+ infected

cells. 24 h after co-culturing, the cells were fixed with 4% PFA for 15 min at room temperature

followed by two washes with PBS. Cells were investigated with LSM 510 confocal microscope

with alpha Plan-Apochromat 63x/1.40 oil objective using the following laser sets: Argon (Ar) -

30mW/488 and Helium/Neon I (HeNeI) - 1mW/543 using Plan-Apochromat 63X, 1.40 NA
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Zeiss objective and GaASP detectors (Alexa 594) and PMT (DAPI). Forty-two Z-stack images

of 0.45 μm thickness were acquired with pixel size of 264 nm at 12-bit image depth with aver-

aging (setting 2) and pixel dwell time of 1.27 ms in the following channels: Red (Ex 594 nm,

10% of laser power; Em 597–695 nm) and Blue (Ex 405 nm, 1% of laser power; Em 410–470

nm). Figures were made using the orthogonal view option in the Fiji software [102].

Efferocytosis assay

The THP-1 human monocytic cell line or primary monocytes were labeled with CytoTell Blue

(Cayman Chemical, Ann Arbor, MI) or CellTrace Far Red Cell (ThermoFisher Scientific,

Eugene, OR) according to the manufacturer’s instruction. Briefly, cells were counted and sus-

pended at a cellular density of 1x107 cells/ml and incubated with an equal amount of 2X Cyto-

Tell Blue at 37˚C for 30 minutes in the dark. Cells were then washed twice with media (RPMI

10% FBS) to remove excess dye. THP-1 cells were seeded in 12 well plates and treated with

200nM PMA for 8 h. THP-1 cells or primary monocytes were cultivated with effector cells pre-

viously lethally irradiated (20 min for a dosage of 12 grays, Precision X-Ray, 320KV X-rays). A

well without effector cells was included for compensation and as a gating control.

Effectors cells (729.6 uninfected, 729.6 HTLV-1WT or 729.6 HTLV-1p12KO) were stained

with CFSE (Cayman Chemical) according to the manufacturer’s instructions and cells were

washed twice with 20 ml of media (RPMI 10% FBS). Effector cells were added immediately to

the well with bait cells (ratio 1:1) and left for 18 or 72 h. 106 cells were kept in a separate well

without THP-1 to be used for compensation and as a gating control. Cells were then collected

and samples analyzed by flow cytometry (BD LSR II). Data were analyzed using FlowJo Ver-

sion 10.6.

Annexin V staining

Effector cells (729.6 HTLV-1WT or 729.6 HTLV-1p12KO) were lethally irradiated (20 min for a

dosage of 12 grays, Precision X-Ray, 320KV X-rays). Before 24, 48, and 72 h post-irradiation

cells were stained with Annexin V, Alexa Fluor 647 conjugate (ThermoFisher Scientific).

Briefly, cells were washed with PBS and 0.5x106 cells were suspended in 1X Annexin V binding

buffer (ThermoFisher Scientific). Alexa Fluor 647 conjugate (5 drops) was added to the cells

and incubated at room temperature for 15 min in the dark. Cells were then washed with 2 ml

of 1X Annexin V binding buffer. Cells were then collected and samples analyzed by flow

cytometry (BD LSR II). Data were analyzed using FlowJo Version 10.6.

CD47 staining

Effector cells (729.6 uninfected, 729.6 HTLV-1WT, and 729.6 HTLV-1p12KO) were washed with

PBS. 106 cells were stained with 10 μl of PE Mouse anti-human CD47 (BD Pharmingen, Frank-

lin Lakes, NJ) together with a viability dye (Aqua fluorescent reactive dye, Invitrogen) for 30

min at room temperature in the dark. Cells were then collected and samples analyzed by flow

cytometry (BD LSR II). Data were analyzed using FlowJo Version 10.6.

Statistical analysis

The Wilcoxon test was used to compare the plasmatic cytokines in HTLV-1p12KO and HTLV-

1WT infected animals to their own baseline and the Mann–Whitney two-tailed test was used to

compare HTLV-1p12KO and HTLV-1WT infected animals. For in vitro experiments, the

unpaired t-test was used for statistical evaluation.
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Supporting information

S1 Fig. Study design of control groups: uninfected, IgG, and Liposome. (A) Schematic of

study design: The animals in the α-CD8/NK control uninfected group were injected intrave-

nously with M-T807R1 at 5 mg/kg per day for three days prior to inoculation with lethally irra-

diated uninfected 729.6 cells. The animals in the IgG WT group were injected intravenously

with IgG control at 5mg/kg per day for three days prior to inoculation with lethally irradiated

729.6 HTLV-1WT cells. Macaques in the Liposome WT group were injected with Liposome

control at 20 mg/kg per day prior to inoculation with lethally irradiated 729.6 HTLV-1WT

cells. Black arrows represent the day of treatment (M-T807R1, IgG or the Liposome) and blue

and gray arrows indicate the day of inoculation with the lethally irradiated 729.6 lymphoblas-

toid B-cell lines producing HTLV-1WT or the parental uninfected 729.6 B cell lines, respec-

tively. Absolute CD8+ T-cell numbers before (baseline), during (day 0), and after (weeks 2, 4,

6, 8, 10, 12, 16, 18, and 20) the administration of (B) M-T807R1 (E) or IgG in the groups inoc-

ulated with HTLV-1WT or the parental uninfected 729.6 cell lines, respectively. (C) Frequency

of NKG2A+ cells identified as Singlets/Live/CD45+/CD3-CD20-/NKG2A+ measured before

(baseline), during (day 0), and after (every 2 weeks) CD8+ cell depletion in peripheral blood of

the α-CD8/NK control uninfected group. (D) Frequency of NKG2A+CD16+ cells identified as

Singlets/Live/CD45+/CD3-/CD20-/NKG2A+/CD16+ graphed at different timepoints in the

PBMC of the α-CD8/NK control uninfected group. (F) Absolute monocyte cell numbers in

the Liposome WT group before (baseline), during (day 0), and after (weeks 1, 3, 9, 15, and 21)

the administration of Liposome and inoculation with HTLV-1WT. (G) Sera from the inocu-

lated macaques belonging to α-CD8/NK control uninfected, IgG WT, and Liposome WT

groups were assayed for reactivity to HTLV-1 antigens (weeks 2, 4, 8, 10, 12, and 21). The ani-

mal ID, inoculated viruses, and treatments are indicated above each sample. The week of sera

collection is indicated below each Western blot strip. Positive amplification of either gag or

orf-I in the blood throughout the course of the study is symbolized by (+); absence of amplifi-

cation is symbolized by (-). (H) HTLV-1 p24 antibody titer in macaques belonging to α-CD8/

NK WT, α-CD8 WT, and Clodronate WT groups at weeks 0, 12, and 21. Dilutions of 1:10,

1:100, 1:1000, and 1:3200 were used as reported.

(TIF)

S2 Fig. Immunophenotype of control groups. Monocyte density. Density plot of

CD45+CD3+CD4+, CD45+CD3+CD8+, CD45+CD14+ monocytes, CD45+CD16+ monocytes,

CD45+CD20+, CD45+NKG2A+, and CD45+NKG2A+CD16+ cells at baseline, day 0, and weeks

2 and 21 of the animals included in the (A) α-CD8/NK control uninfected, (B) IgG HTLV-

1WT, and (C) liposome HTLV-1WT groups.

(TIF)

S3 Fig. Immunophenotype of HTLV-1WT inoculated animals. Monocyte density. Density

plot of CD45+CD3+CD4+, CD45+CD3+CD8+, CD45+CD14+ monocytes, CD45+CD16+ mono-

cytes, CD45+CD20+, CD45+NKG2A+, and CD45+NKG2A+CD16+ cells at baseline, day 0, and

weeks 2 and 21 of the animals included in the (A) α-CD8/NK WT, (B) α-CD8 WT, and (C)

Clodronate WT groups.

(TIF)

S4 Fig. Immunophenotype of HTLV-1p12KO inoculated animals. Monocyte density. Density

plot of CD45+CD3+CD4+, CD45+CD3+CD8+, CD45+CD14+ monocytes, CD45+CD16+ mono-

cytes, CD45+CD20+, CD45+NKG2A+, and CD45+NKG2A+CD16+ cells at baseline, day 0, and

weeks 2 and 21 of the animals included in the (A) α-CD8/NK p12KO (B), α-CD8 p12KO, and
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(C) Clodronate p12KO groups.

(TIF)

S5 Fig. Viral dissemination of HTLV-1WT and HTLV-1p12KO. Summary of nested-PCR

results using primers designed to amplify the (A,B,C) gag and the (D,E,F) orf-I genes per-

formed on the genomic DNA isolated from the tissues listed below. Each slice of the pie chart

represents an animal, and each segment represents a tissue collected at the time of the nec-

ropsy. From perimeter to center, segments represent: (1) PBMC, (2) Mesenteric LN, (3) Ingui-

nal LN, (4) Axillary LN, (5) Lung LN, (6) Bone Marrow, (7) Spleen, (8) Thymus, (9) Lung, (10)

Cortex, (11) Pons, (12) Jejunum, (13) Colon, (14) Ileum, and (15) Skin. Animals were divided

based on the treatment and inoculated virus in 6 radial plots. (A,D) Control animals including

α-CD8/NK control uninfected, IgG WT, and liposome WT groups. (B,E) HTLV-1WT, includ-

ing α-CD8/NK WT, α-CD8 WT, and Clodronate WT groups. (C,F) HTLV-1p12KO including

α-CD8/NK p12KO, α-CD8 p12KO and Clodronate p12KO groups.

(TIF)

S6 Fig. Co-cultivation of primary monocytes with WT or p12KO infected CD4+. (A) CD4

cells were isolated from two independent donors (ND1 and ND3) to establish CD4 virus-pro-

ducing cells. This was done by co-culturing the isolated CD4 cells with irradiated 729.6 WT or

p12KO producing cell lines. Once established, the CD4 cultures were adjusted for p19Gag

supernatant production for co-cultivation with primary monocyte cultures. (B) Quantitative

real-time PCR assay using the TaqMan probe was used to detect the provirus, as described pre-

viously (see Materials and Methods). The HTLV-1 copy number was measured with primers

for the pX region. The RNase P gene was used as the endogenous reference in multiplex reac-

tions. The viral levels are presented as the number of copies of HTLV-1 per 100 copies of the

RNase P gene. (C,D) Monocytes were co-cultivated with primary infected CD4+ for 24 h; cells

were then washed every day to remove the infected HTLV-1WT and HTLV-1p12KO CD4+ from

the culture and maintained in culture for a total of four days in DMEM media supplemented

with 10% FBS and 10% human AB sera. Production of p19Gag in the supernatant was mea-

sured at days 2, 3, and 4, as illustrated in the figure. (E) Four days following co-cultivation,

monocytes were stained to demonstrate the purity of the culture by flow cytometry. (F) Cells

were stained with CD3, CD14, CD16 antibodies, and viability dye. Percentage of CD3-CD14+

and classical (CD14+CD16-), intermediate (CD14+CD16+), and non-classical (CD14-CD16+)

monocyte subsets were analyzed. Remaining free CD3+ cells were negligible in most cases.

Graphs represent results from 4 independent experiments. (G) Cytokines and chemokines

measured in the cryopreserved supernatants from monocytes isolated from four different

donors at three days post-co-cultivation with uninfected HTLV-1WT and HTLV-1p12KO CD4+.

(TIF)

S7 Fig. Viral integration in MHC-I-matched and unmatched monocytes and CD4+. (A)

Confocal microscopy of monocytes two days post co-cultivation with infected CD4+. Prior to

co-cultivation, CD4+ infected cells were labeled with Cell Tracker Blue (blue) and the plasma

membrane of monocytes labeled with WGA594 (red). After 24 h, cells were washed three

times with PBS (scale bar = 10mm), mixed, and cultured an additional 24 h before fixation

(scale bar = 10mm). (B,C) Genomic DNA was extracted from monocytes 3 days post co-culti-

vation with infected CD4+. High-throughput sequencing (HTS) was used to map viral integra-

tion sites. Pie charts illustrate the relative abundance of HTLV-1WT and HTLV-1p12KO

provirus in monocytes following co-cultivation with matched and unmatched infected CD4+.

Each slice represents a unique integration site, with size corresponding to relative abundance.

The analysis shows monocytes following co-cultivation with infected CD4+ isolated from (B)
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MHC-I-matched CD4+/monocytes, both from ND1, or (C) MHC-I unmatched CD4+ from

ND1 and monocytes from ND3.

(TIF)

S8 Fig. Efferocytosis of HTLV-1 infected cells. (A) Efferocytosis assay using rhesus macaque

monocytes co-cultivated with WT infected cells. The bait cells, primary monocytes isolated by

adherence, were labeled with Far Red co-cultivated for 18 h with effector cells (729.6 HTLV-

1WT) previously stained with CFSE and lethally γ-irradiated. A well without effector cells was

included for compensation and as a gating control. (B) Percentage of engulfment cells (Far

Red and CFSE positive cells) were graphed. (C) Efferocytosis assay of THP-1 cells co-cultivated

with WT and p12KO infected cells. The bait cells, THP-1, were labeled with CytoTell Blue.

Cells were then seeded in 12 well plates and treated with PMA. THP-1 cells were cultivated for

72 h with effector cells (729.6 HTLV-1WT or 729.6 HTLV-1p12KO cells) previously stained with

CFSE and lethally γ-irradiated. A well without effector cells was included for compensation

and as a gating control. (D) 729.6 HTLV-1WT and 729.6 HTLV-1p12KO cells were lethally γ-

irradiated. Apoptosis was assessed by Annexin V staining of samples before irradiation (0 h)

and 24, 48, or 72 h post irradiation. The percentage of apoptotic cells was graphed for WT

(blue) and p12KO (red) cells from three independent experiments. No significant difference

was noted.

(TIF)

S1 Table. Animal prior history. Profiles of animals and their individual treatment histories.

(XLSX)

S2 Table. Viral DNA status in immune tissues of all animals at the time of euthanasia.

Viral DNA status of all animals measured in PBMCs, bone marrow (BM), and mesenteric

(MS), inguinal (Ing), axillary (Ax), and lung lymph nodes. Positive amplification by nested

PCR is symbolized by (+), and the absence of amplification by (-). Animals ZJ22, ZI51, HPM,

and ZJ58 were not sacrificed at the time of this study so samples were not available.

(XLSX)

S3 Table. Antibodies used for non-human primate flow cytometry. Antibodies used for

non-human primate flow cytometry, including clones, fluorochromes, and source.

(XLSX)

Acknowledgments

We thank D. Ahern for editorial support and Dr. Steve Jacobson for performing nanodrop

PCR in the macaque PBMCs. The contents of this publication do not necessarily reflect the

views or policies of the Department of Health and Human Services, nor does mention of trade

names, commercial products, or organizations imply endorsement by the U.S. Government.

Author Contributions

Conceptualization: Sarkis Sarkis, Veronica Galli, Maria Omsland, Marcin Moniuszko, Anne

Van den Broeke, Cynthia A. Pise-Masison, Genoveffa Franchini.

Data curation: Ramona Moles, Sarkis Sarkis, Veronica Galli, Maria Artesi, Vincent Hahaut,

David J. Venzon, Marcin Moniuszko, Anne Van den Broeke, Genoveffa Franchini.

Formal analysis: Ramona Moles, Sarkis Sarkis, Veronica Galli, Maria Omsland, Maria Artesi,

Massimiliano Bissa, Katherine McKinnon, Sophia Brown, Vincent Hahaut, Joshua Welsh,

David J. Venzon, Cynthia A. Pise-Masison, Genoveffa Franchini.

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 24 / 31

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010416.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010416.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010416.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010416.s011
https://doi.org/10.1371/journal.ppat.1010416


Funding acquisition: Genoveffa Franchini.

Investigation: Ramona Moles, Sarkis Sarkis, Veronica Galli, Maria Omsland, Maria Artesi,

Massimiliano Bissa, Katherine McKinnon, Sophia Brown, Vincent Hahaut, Robyn Wash-

ington-Parks, Joshua Welsh, David J. Venzon, Anna Gutowska, Melvin N. Doster, Matthew

W. Breed, Joshua Kramer, Jennifer Jones, Marcin Moniuszko, Anne Van den Broeke, Cyn-

thia A. Pise-Masison, Genoveffa Franchini.

Methodology: Ramona Moles, Sarkis Sarkis, Veronica Galli, Massimiliano Bissa, Katherine

McKinnon, Sophia Brown, Matthew W. Breed, Kristin E. Killoran, Joshua Kramer, Jennifer

Jones, Cynthia A. Pise-Masison.

Project administration: Genoveffa Franchini.

Resources: Matthew W. Breed, Kristin E. Killoran, Joshua Kramer, Anne Van den Broeke,

Genoveffa Franchini.

Supervision: Jennifer Jones, Anne Van den Broeke, Cynthia A. Pise-Masison, Genoveffa

Franchini.

Validation: Ramona Moles, Sarkis Sarkis, Veronica Galli, David J. Venzon.

Writing – original draft: Ramona Moles, Sarkis Sarkis, Veronica Galli, Cynthia A. Pise-Masi-

son, Genoveffa Franchini.

Writing – review & editing: Ramona Moles, Sarkis Sarkis, Veronica Galli, Maria Omsland,

Maria Artesi, Massimiliano Bissa, Katherine McKinnon, Sophia Brown, Vincent Hahaut,

Robyn Washington-Parks, Joshua Welsh, David J. Venzon, Anna Gutowska, Melvin N.

Doster, Matthew W. Breed, Kristin E. Killoran, Joshua Kramer, Jennifer Jones, Marcin

Moniuszko, Anne Van den Broeke, Cynthia A. Pise-Masison, Genoveffa Franchini.

References
1. Gessain A, Barin F, Vernant JC, Gout O, Maurs L, Calender A, et al. Antibodies to human T-lymphotro-

pic virus type-I in patients with tropical spastic paraparesis. Lancet. 1985; 2(8452):407–10. https://doi.

org/10.1016/s0140-6736(85)92734-5 PMID: 2863442

2. Gallo RC. HTLV: the family of human T-lymphotropic retroviruses and their role in leukemia and AIDS.

Med Oncol Tumor Pharmacother. 1986; 3(3–4):265–7. https://doi.org/10.1007/BF02935003 PMID:

2879966

3. Yoshida M, Miyoshi I, Hinuma Y. Isolation and characterization of retrovirus from cell lines of human

adult T-cell leukemia and its implication in the disease. Proc Natl Acad Sci U S A. 1982; 79(6):2031–5.

https://doi.org/10.1073/pnas.79.6.2031 PMID: 6979048

4. Poiesz BJ, Ruscetti FW, Reitz MS, Kalyanaraman VS, Gallo RC. Isolation of a new type C retrovirus

(HTLV) in primary uncultured cells of a patient with Sezary T-cell leukaemia. Nature. 1981; 294

(5838):268–71. https://doi.org/10.1038/294268a0 PMID: 6272125

5. Poiesz BJ, Ruscetti FW, Mier JW, Woods AM, Gallo RC. T-cell lines established from human T-lym-

phocytic neoplasias by direct response to T-cell growth factor. Proc Natl Acad Sci U S A. 1980; 77

(11):6815–9. https://doi.org/10.1073/pnas.77.11.6815 PMID: 6256763

6. Osame M, Usuku K, Izumo S, Ijichi N, Amitani H, Igata A, et al. HTLV-I associated myelopathy, a new

clinical entity. Lancet. 1986; 1(8488):1031–2. https://doi.org/10.1016/s0140-6736(86)91298-5 PMID:

2871307

7. Yoshida M, Seiki M, Yamaguchi K, Takatsuki K. Monoclonal integration of human T-cell leukemia pro-

virus in all primary tumors of adult T-cell leukemia suggests causative role of human T-cell leukemia

virus in the disease. Proc Natl Acad Sci U S A. 1984; 81(8):2534–7. https://doi.org/10.1073/pnas.81.8.

2534 PMID: 6326131

8. Derse D, Crise B, Li Y, Princler G, Lum N, Stewart C, et al. Human T-cell leukemia virus type 1 integra-

tion target sites in the human genome: comparison with those of other retroviruses. J Virol. 2007; 81

(12):6731–41. https://doi.org/10.1128/JVI.02752-06 PMID: 17409138

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 25 / 31

https://doi.org/10.1016/s0140-6736%2885%2992734-5
https://doi.org/10.1016/s0140-6736%2885%2992734-5
http://www.ncbi.nlm.nih.gov/pubmed/2863442
https://doi.org/10.1007/BF02935003
http://www.ncbi.nlm.nih.gov/pubmed/2879966
https://doi.org/10.1073/pnas.79.6.2031
http://www.ncbi.nlm.nih.gov/pubmed/6979048
https://doi.org/10.1038/294268a0
http://www.ncbi.nlm.nih.gov/pubmed/6272125
https://doi.org/10.1073/pnas.77.11.6815
http://www.ncbi.nlm.nih.gov/pubmed/6256763
https://doi.org/10.1016/s0140-6736%2886%2991298-5
http://www.ncbi.nlm.nih.gov/pubmed/2871307
https://doi.org/10.1073/pnas.81.8.2534
https://doi.org/10.1073/pnas.81.8.2534
http://www.ncbi.nlm.nih.gov/pubmed/6326131
https://doi.org/10.1128/JVI.02752-06
http://www.ncbi.nlm.nih.gov/pubmed/17409138
https://doi.org/10.1371/journal.ppat.1010416


9. Yasunaga J, Sakai T, Nosaka K, Etoh K, Tamiya S, Koga S, et al. Impaired production of naive T lym-

phocytes in human T-cell leukemia virus type I-infected individuals: its implications in the immunode-

ficient state. Blood. 2001; 97(10):3177–83. https://doi.org/10.1182/blood.v97.10.3177 PMID:

11342446

10. Yamano Y, Araya N, Sato T, Utsunomiya A, Azakami K, Hasegawa D, et al. Abnormally high levels of

virus-infected IFN-gamma+ CCR4+ CD4+ CD25+ T cells in a retrovirus-associated neuroinflammatory

disorder. PLoS One. 2009; 4(8):e6517. https://doi.org/10.1371/journal.pone.0006517 PMID:

19654865

11. Nakahata S, Saito Y, Marutsuka K, Hidaka T, Maeda K, Hatakeyama K, et al. Clinical significance of

CADM1/TSLC1/IgSF4 expression in adult T-cell leukemia/lymphoma. Leukemia. 2012; 26(6):1238–

46. https://doi.org/10.1038/leu.2011.379 PMID: 22289924

12. de Castro-Amarante MF, Pise-Masison CA, McKinnon K, Washington Parks R, Galli V, Omsland M,

et al. Human T Cell Leukemia Virus Type 1 Infection of the Three Monocyte Subsets Contributes to

Viral Burden in Humans. J Virol. 2015; 90(5):2195–207. https://doi.org/10.1128/JVI.02735-15 PMID:

26608313

13. Alais S, Mahieux R, Dutartre H. Viral Source-Independent High Susceptibility of Dendritic Cells to

Human T-Cell Leukemia Virus Type 1 Infection Compared to That of T Lymphocytes. J Virol. 2015; 89

(20):10580–90. https://doi.org/10.1128/JVI.01799-15 PMID: 26269171

14. Rocamonde B, Carcone A, Mahieux R, Dutartre H. HTLV-1 infection of myeloid cells: from transmis-

sion to immune alterations. Retrovirology. 2019; 16(1):45. https://doi.org/10.1186/s12977-019-0506-x

PMID: 31870397

15. Macatonia SE, Cruickshank JK, Rudge P, Knight SC. Dendritic cells from patients with tropical spastic

paraparesis are infected with HTLV-1 and stimulate autologous lymphocyte proliferation. AIDS Res

Hum Retroviruses. 1992; 8(9):1699–706. https://doi.org/10.1089/aid.1992.8.1699 PMID: 1457215

16. Makino M, Wakamatsu S, Shimokubo S, Arima N, Baba M. Production of functionally deficient den-

dritic cells from HTLV-I-infected monocytes: implications for the dendritic cell defect in adult T cell leu-

kemia. Virology. 2000; 274(1):140–8. https://doi.org/10.1006/viro.2000.0445 PMID: 10936095

17. Araya N, Sato T, Yagishita N, Ando H, Utsunomiya A, Jacobson S, et al. Human T-lymphotropic virus

type 1 (HTLV-1) and regulatory T cells in HTLV-1-associated neuroinflammatory disease. Viruses.

2011; 3(9):1532–48. https://doi.org/10.3390/v3091532 PMID: 21994794

18. Demontis MA, Hilburn S, Taylor GP. Human T cell lymphotropic virus type 1 viral load variability and

long-term trends in asymptomatic carriers and in patients with human T cell lymphotropic virus type 1-

related diseases. AIDS Res Hum Retroviruses. 2013; 29(2):359–64. https://doi.org/10.1089/AID.

2012.0132 PMID: 22894552

19. Richardson JH, Edwards AJ, Cruickshank JK, Rudge P, Dalgleish AG. In vivo cellular tropism of

human T-cell leukemia virus type 1. J Virol. 1990; 64(11):5682–7. https://doi.org/10.1128/JVI.64.11.

5682-5687.1990 PMID: 1976827

20. Igakura T, Stinchcombe JC, Goon PK, Taylor GP, Weber JN, Griffiths GM, et al. Spread of HTLV-I

between lymphocytes by virus-induced polarization of the cytoskeleton. Science. 2003; 299

(5613):1713–6. https://doi.org/10.1126/science.1080115 PMID: 12589003

21. Nejmeddine M, Negi VS, Mukherjee S, Tanaka Y, Orth K, Taylor GP, et al. HTLV-1-Tax and ICAM-1

act on T-cell signal pathways to polarize the microtubule-organizing center at the virological synapse.

Blood. 2009; 114(5):1016–25. https://doi.org/10.1182/blood-2008-03-136770 PMID: 19494354

22. Nejmeddine M, Barnard AL, Tanaka Y, Taylor GP, Bangham CR. Human T-lymphotropic virus, type 1,

tax protein triggers microtubule reorientation in the virological synapse. J Biol Chem. 2005; 280

(33):29653–60. https://doi.org/10.1074/jbc.M502639200 PMID: 15975923

23. Majorovits E, Nejmeddine M, Tanaka Y, Taylor GP, Fuller SD, Bangham CR. Human T-lymphotropic

virus-1 visualized at the virological synapse by electron tomography. PLoS One. 2008; 3(5):e2251.

https://doi.org/10.1371/journal.pone.0002251 PMID: 18509526

24. Van Prooyen N, Gold H, Andresen V, Schwartz O, Jones K, Ruscetti F, et al. Human T-cell leukemia

virus type 1 p8 protein increases cellular conduits and virus transmission. Proc Natl Acad Sci U S A.

2010; 107(48):20738–43. https://doi.org/10.1073/pnas.1009635107 PMID: 21076035

25. Pais-Correia AM, Sachse M, Guadagnini S, Robbiati V, Lasserre R, Gessain A, et al. Biofilm-like extra-

cellular viral assemblies mediate HTLV-1 cell-to-cell transmission at virological synapses. Nat Med.

2010; 16(1):83–9. https://doi.org/10.1038/nm.2065 PMID: 20023636

26. Omsland M, Andresen V, Gullaksen SE, Ayuda-Duran P, Popa M, Hovland R, et al. Tyrosine kinase

inhibitors and interferon-alpha increase tunneling nanotube (TNT) formation and cell adhesion in

chronic myeloid leukemia (CML) cell lines. FASEB J. 2020; 34(3):3773–91. https://doi.org/10.1096/fj.

201802061RR PMID: 31945226

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 26 / 31

https://doi.org/10.1182/blood.v97.10.3177
http://www.ncbi.nlm.nih.gov/pubmed/11342446
https://doi.org/10.1371/journal.pone.0006517
http://www.ncbi.nlm.nih.gov/pubmed/19654865
https://doi.org/10.1038/leu.2011.379
http://www.ncbi.nlm.nih.gov/pubmed/22289924
https://doi.org/10.1128/JVI.02735-15
http://www.ncbi.nlm.nih.gov/pubmed/26608313
https://doi.org/10.1128/JVI.01799-15
http://www.ncbi.nlm.nih.gov/pubmed/26269171
https://doi.org/10.1186/s12977-019-0506-x
http://www.ncbi.nlm.nih.gov/pubmed/31870397
https://doi.org/10.1089/aid.1992.8.1699
http://www.ncbi.nlm.nih.gov/pubmed/1457215
https://doi.org/10.1006/viro.2000.0445
http://www.ncbi.nlm.nih.gov/pubmed/10936095
https://doi.org/10.3390/v3091532
http://www.ncbi.nlm.nih.gov/pubmed/21994794
https://doi.org/10.1089/AID.2012.0132
https://doi.org/10.1089/AID.2012.0132
http://www.ncbi.nlm.nih.gov/pubmed/22894552
https://doi.org/10.1128/JVI.64.11.5682-5687.1990
https://doi.org/10.1128/JVI.64.11.5682-5687.1990
http://www.ncbi.nlm.nih.gov/pubmed/1976827
https://doi.org/10.1126/science.1080115
http://www.ncbi.nlm.nih.gov/pubmed/12589003
https://doi.org/10.1182/blood-2008-03-136770
http://www.ncbi.nlm.nih.gov/pubmed/19494354
https://doi.org/10.1074/jbc.M502639200
http://www.ncbi.nlm.nih.gov/pubmed/15975923
https://doi.org/10.1371/journal.pone.0002251
http://www.ncbi.nlm.nih.gov/pubmed/18509526
https://doi.org/10.1073/pnas.1009635107
http://www.ncbi.nlm.nih.gov/pubmed/21076035
https://doi.org/10.1038/nm.2065
http://www.ncbi.nlm.nih.gov/pubmed/20023636
https://doi.org/10.1096/fj.201802061RR
https://doi.org/10.1096/fj.201802061RR
http://www.ncbi.nlm.nih.gov/pubmed/31945226
https://doi.org/10.1371/journal.ppat.1010416


27. Gross C, Thoma-Kress AK. Molecular Mechanisms of HTLV-1 Cell-to-Cell Transmission. Viruses.

2016; 8(3):74. https://doi.org/10.3390/v8030074 PMID: 27005656

28. Porto AF, Santos SB, Alcantara L, Guerreiro JB, Passos J, Gonzalez T, et al. HTLV-1 modifies the

clinical and immunological response to schistosomiasis. Clin Exp Immunol. 2004; 137(2):424–9.

https://doi.org/10.1111/j.1365-2249.2004.02508.x PMID: 15270862

29. Horiuchi I, Kawano Y, Yamasaki K, Minohara M, Furue M, Taniwaki T, et al. Th1 dominance in HAM/

TSP and the optico-spinal form of multiple sclerosis versus Th2 dominance in mite antigen-specific

IgE myelitis. J Neurol Sci. 2000; 172(1):17–24. https://doi.org/10.1016/s0022-510x(99)00232-4 PMID:

10620655

30. Goon PK, Igakura T, Hanon E, Mosley AJ, Asquith B, Gould KG, et al. High circulating frequencies of

tumor necrosis factor alpha- and interleukin-2-secreting human T-lymphotropic virus type 1 (HTLV-1)-

specific CD4+ T cells in patients with HTLV-1-associated neurological disease. J Virol. 2003; 77

(17):9716–22. https://doi.org/10.1128/jvi.77.17.9716-9722.2003 PMID: 12915584

31. Enose-Akahata Y, Oh U, Grant C, Jacobson S. Retrovirally induced CTL degranulation mediated by

IL-15 expression and infection of mononuclear phagocytes in patients with HTLV-I-associated neuro-

logic disease. Blood. 2008; 112(6):2400–10. https://doi.org/10.1182/blood-2008-02-138529 PMID:

18509087

32. Fenizia C, Fiocchi M, Jones K, Parks RW, Ceribelli M, Chevalier SA, et al. Human T-cell leukemia/lym-

phoma virus type 1 p30, but not p12/p8, counteracts toll-like receptor 3 (TLR3) and TLR4 signaling in

human monocytes and dendritic cells. J Virol. 2014; 88(1):393–402. https://doi.org/10.1128/JVI.

01788-13 PMID: 24155397

33. Enose-Akahata Y, Matsuura E, Tanaka Y, Oh U, Jacobson S. Minocycline modulates antigen-specific

CTL activity through inactivation of mononuclear phagocytes in patients with HTLV-I associated neuro-

logic disease. Retrovirology. 2012; 9:16. https://doi.org/10.1186/1742-4690-9-16 PMID: 22335964

34. Yamauchi J, Araya N, Yagishita N, Sato T, Yamano Y. An update on human T-cell leukemia virus type

I (HTLV-1)-associated myelopathy/tropical spastic paraparesis (HAM/TSP) focusing on clinical and

laboratory biomarkers. Pharmacol Ther. 2021; 218:107669. https://doi.org/10.1016/j.pharmthera.

2020.107669 PMID: 32835825

35. Etoh K, Tamiya S, Yamaguchi K, Okayama A, Tsubouchi H, Ideta T, et al. Persistent clonal prolifera-

tion of human T-lymphotropic virus type I-infected cells in vivo. Cancer Res. 1997; 57(21):4862–7.

PMID: 9354450

36. Cavrois M, Leclercq I, Gout O, Gessain A, Wain-Hobson S, Wattel E. Persistent oligoclonal expansion

of human T-cell leukemia virus type 1-infected circulating cells in patients with Tropical spastic para-

paresis/HTLV-1 associated myelopathy. Oncogene. 1998; 17(1):77–82. https://doi.org/10.1038/sj.

onc.1201906 PMID: 9671316

37. Sarkis S, Galli V, Moles R, Yurick D, Khoury G, Purcell DFJ, et al. Role of HTLV-1 orf-I encoded pro-

teins in viral transmission and persistence. Retrovirology. 2019; 16(1):43. https://doi.org/10.1186/

s12977-019-0502-1 PMID: 31852543

38. Pise-Masison CA, de Castro-Amarante MF, Enose-Akahata Y, Buchmann RC, Fenizia C, Washington

Parks R, et al. Co-dependence of HTLV-1 p12 and p8 functions in virus persistence. PLoS Pathog.

2014; 10(11):e1004454. https://doi.org/10.1371/journal.ppat.1004454 PMID: 25375128

39. Parker CE, Daenke S, Nightingale S, Bangham CR. Activated, HTLV-1-specific cytotoxic T-lympho-

cytes are found in healthy seropositives as well as in patients with tropical spastic paraparesis. Virol-

ogy. 1992; 188(2):628–36. https://doi.org/10.1016/0042-6822(92)90517-s PMID: 1374983

40. Nagasato K, Nakamura T, Shirabe S, Shibayama K, Ohishi K, Ichinose K, et al. Presence of serum

anti-human T-lymphotropic virus type I (HTLV-I) IgM antibodies means persistent active replication of

HTLV-I in HTLV-I-associated myelopathy. J Neurol Sci. 1991; 103(2):203–8. https://doi.org/10.1016/

0022-510x(91)90165-4 PMID: 1880539

41. Koralnik IJ, Gessain A, Klotman ME, Lo Monico A, Berneman ZN, Franchini G. Protein isoforms

encoded by the pX region of human T-cell leukemia/lymphotropic virus type I. Proc Natl Acad Sci U S

A. 1992; 89(18):8813–7. https://doi.org/10.1073/pnas.89.18.8813 PMID: 1528897

42. Fukumoto R, Andresen V, Bialuk I, Cecchinato V, Walser JC, Valeri VW, et al. In vivo genetic muta-

tions define predominant functions of the human T-cell leukemia/lymphoma virus p12I protein. Blood.

2009; 113(16):3726–34. https://doi.org/10.1182/blood-2008-04-146928 PMID: 18791162

43. Georgieva ER. Non-Structural Proteins from Human T-cell Leukemia Virus Type 1 in Cellular Mem-

branes-Mechanisms for Viral Survivability and Proliferation. Int J Mol Sci. 2018; 19(11). https://doi.org/

10.3390/ijms19113508 PMID: 30413005

44. Valeri VW, Hryniewicz A, Andresen V, Jones K, Fenizia C, Bialuk I, et al. Requirement of the human T-

cell leukemia virus p12 and p30 products for infectivity of human dendritic cells and macaques but not

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 27 / 31

https://doi.org/10.3390/v8030074
http://www.ncbi.nlm.nih.gov/pubmed/27005656
https://doi.org/10.1111/j.1365-2249.2004.02508.x
http://www.ncbi.nlm.nih.gov/pubmed/15270862
https://doi.org/10.1016/s0022-510x%2899%2900232-4
http://www.ncbi.nlm.nih.gov/pubmed/10620655
https://doi.org/10.1128/jvi.77.17.9716-9722.2003
http://www.ncbi.nlm.nih.gov/pubmed/12915584
https://doi.org/10.1182/blood-2008-02-138529
http://www.ncbi.nlm.nih.gov/pubmed/18509087
https://doi.org/10.1128/JVI.01788-13
https://doi.org/10.1128/JVI.01788-13
http://www.ncbi.nlm.nih.gov/pubmed/24155397
https://doi.org/10.1186/1742-4690-9-16
http://www.ncbi.nlm.nih.gov/pubmed/22335964
https://doi.org/10.1016/j.pharmthera.2020.107669
https://doi.org/10.1016/j.pharmthera.2020.107669
http://www.ncbi.nlm.nih.gov/pubmed/32835825
http://www.ncbi.nlm.nih.gov/pubmed/9354450
https://doi.org/10.1038/sj.onc.1201906
https://doi.org/10.1038/sj.onc.1201906
http://www.ncbi.nlm.nih.gov/pubmed/9671316
https://doi.org/10.1186/s12977-019-0502-1
https://doi.org/10.1186/s12977-019-0502-1
http://www.ncbi.nlm.nih.gov/pubmed/31852543
https://doi.org/10.1371/journal.ppat.1004454
http://www.ncbi.nlm.nih.gov/pubmed/25375128
https://doi.org/10.1016/0042-6822%2892%2990517-s
http://www.ncbi.nlm.nih.gov/pubmed/1374983
https://doi.org/10.1016/0022-510x%2891%2990165-4
https://doi.org/10.1016/0022-510x%2891%2990165-4
http://www.ncbi.nlm.nih.gov/pubmed/1880539
https://doi.org/10.1073/pnas.89.18.8813
http://www.ncbi.nlm.nih.gov/pubmed/1528897
https://doi.org/10.1182/blood-2008-04-146928
http://www.ncbi.nlm.nih.gov/pubmed/18791162
https://doi.org/10.3390/ijms19113508
https://doi.org/10.3390/ijms19113508
http://www.ncbi.nlm.nih.gov/pubmed/30413005
https://doi.org/10.1371/journal.ppat.1010416


rabbits. Blood. 2010; 116(19):3809–17. https://doi.org/10.1182/blood-2010-05-284141 PMID:

20647569

45. Derse D, Mikovits J, Ruscetti F. X-I and X-II open reading frames of HTLV-I are not required for virus

replication or for immortalization of primary T-cells in vitro. Virology. 1997; 237(1):123–8. https://doi.

org/10.1006/viro.1997.8781 PMID: 9344914

46. Lairmore MD, Albrecht B, D’Souza C, Nisbet JW, Ding W, Bartoe JT, et al. In vitro and in vivo func-

tional analysis of human T cell lymphotropic virus type 1 pX open reading frames I and II. AIDS Res

Hum Retroviruses. 2000; 16(16):1757–64. https://doi.org/10.1089/08892220050193272 PMID:

11080823

47. Robek MD, Wong FH, Ratner L. Human T-cell leukemia virus type 1 pX-I and pX-II open reading

frames are dispensable for the immortalization of primary lymphocytes. J Virol. 1998; 72(5):4458–62.

https://doi.org/10.1128/JVI.72.5.4458-4462.1998 PMID: 9557741

48. Davis DA, Shrestha P, Aisabor AI, Stream A, Galli V, Pise-Masison CA, et al. Pomalidomide increases

immune surface marker expression and immune recognition of oncovirus-infected cells. Oncoimmu-

nology. 2019; 8(2):e1546544. https://doi.org/10.1080/2162402X.2018.1546544 PMID: 30713808

49. Banerjee P, Feuer G, Barker E. Human T-cell leukemia virus type 1 (HTLV-1) p12I down-modulates

ICAM-1 and -2 and reduces adherence of natural killer cells, thereby protecting HTLV-1-infected pri-

mary CD4+ T cells from autologous natural killer cell-mediated cytotoxicity despite the reduction of

major histocompatibility complex class I molecules on infected cells. J Virol. 2007; 81(18):9707–17.

https://doi.org/10.1128/JVI.00887-07 PMID: 17609265

50. Mulloy JC, Crownley RW, Fullen J, Leonard WJ, Franchini G. The human T-cell leukemia/lymphotro-

pic virus type 1 p12I proteins bind the interleukin-2 receptor beta and gammac chains and affects their

expression on the cell surface. J Virol. 1996; 70(6):3599–605. https://doi.org/10.1128/JVI.70.6.3599-

3605.1996 PMID: 8648694

51. Nicot C, Mulloy JC, Ferrari MG, Johnson JM, Fu K, Fukumoto R, et al. HTLV-1 p12(I) protein enhances

STAT5 activation and decreases the interleukin-2 requirement for proliferation of primary human

peripheral blood mononuclear cells. Blood. 2001; 98(3):823–9. https://doi.org/10.1182/blood.v98.3.

823 PMID: 11468184

52. Fukumoto R, Dundr M, Nicot C, Adams A, Valeri VW, Samelson LE, et al. Inhibition of T-cell receptor

signal transduction and viral expression by the linker for activation of T cells-interacting p12(I) protein

of human T-cell leukemia/lymphoma virus type 1. J Virol. 2007; 81(17):9088–99. https://doi.org/10.

1128/JVI.02703-06 PMID: 17582004

53. Omsland M, Pise-Masison C, Fujikawa D, Galli V, Fenizia C, Parks RW, et al. Inhibition of Tunneling

Nanotube (TNT) Formation and Human T-cell Leukemia Virus Type 1 (HTLV-1) Transmission by

Cytarabine. Sci Rep. 2018; 8(1):11118. https://doi.org/10.1038/s41598-018-29391-w PMID:

30042514

54. Koralnik IJ, Fullen J, Franchini G. The p12I, p13II, and p30II proteins encoded by human T-cell leuke-

mia/lymphotropic virus type I open reading frames I and II are localized in three different cellular com-

partments. J Virol. 1993; 67(4):2360–6. https://doi.org/10.1128/JVI.67.4.2360-2366.1993 PMID:

8445734

55. Ding W, Albrecht B, Luo R, Zhang W, Stanley JR, Newbound GC, et al. Endoplasmic reticulum and

cis-Golgi localization of human T-lymphotropic virus type 1 p12(I): association with calreticulin and cal-

nexin. J Virol. 2001; 75(16):7672–82. https://doi.org/10.1128/JVI.75.16.7672-7682.2001 PMID:

11462039

56. Johnson JM, Nicot C, Fullen J, Ciminale V, Casareto L, Mulloy JC, et al. Free major histocompatibility

complex class I heavy chain is preferentially targeted for degradation by human T-cell leukemia/lym-

photropic virus type 1 p12(I) protein. J Virol. 2001; 75(13):6086–94. https://doi.org/10.1128/JVI.75.13.

6086-6094.2001 PMID: 11390610

57. Ding W, Albrecht B, Kelley RE, Muthusamy N, Kim SJ, Altschuld RA, et al. Human T-cell lymphotropic

virus type 1 p12(I) expression increases cytoplasmic calcium to enhance the activation of nuclear fac-

tor of activated T cells. J Virol. 2002; 76(20):10374–82. https://doi.org/10.1128/jvi.76.20.10374-10382.

2002 PMID: 12239314

58. Albrecht B, D’Souza CD, Ding W, Tridandapani S, Coggeshall KM, Lairmore MD. Activation of nuclear

factor of activated T cells by human T-lymphotropic virus type 1 accessory protein p12(I). J Virol.

2002; 76(7):3493–501. https://doi.org/10.1128/jvi.76.7.3493-3501.2002 PMID: 11884573

59. Kim SJ, Ding W, Albrecht B, Green PL, Lairmore MD. A conserved calcineurin-binding motif in human

T lymphotropic virus type 1 p12I functions to modulate nuclear factor of activated T cell activation. J

Biol Chem. 2003; 278(18):15550–7. https://doi.org/10.1074/jbc.M210210200 PMID: 12601010

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 28 / 31

https://doi.org/10.1182/blood-2010-05-284141
http://www.ncbi.nlm.nih.gov/pubmed/20647569
https://doi.org/10.1006/viro.1997.8781
https://doi.org/10.1006/viro.1997.8781
http://www.ncbi.nlm.nih.gov/pubmed/9344914
https://doi.org/10.1089/08892220050193272
http://www.ncbi.nlm.nih.gov/pubmed/11080823
https://doi.org/10.1128/JVI.72.5.4458-4462.1998
http://www.ncbi.nlm.nih.gov/pubmed/9557741
https://doi.org/10.1080/2162402X.2018.1546544
http://www.ncbi.nlm.nih.gov/pubmed/30713808
https://doi.org/10.1128/JVI.00887-07
http://www.ncbi.nlm.nih.gov/pubmed/17609265
https://doi.org/10.1128/JVI.70.6.3599-3605.1996
https://doi.org/10.1128/JVI.70.6.3599-3605.1996
http://www.ncbi.nlm.nih.gov/pubmed/8648694
https://doi.org/10.1182/blood.v98.3.823
https://doi.org/10.1182/blood.v98.3.823
http://www.ncbi.nlm.nih.gov/pubmed/11468184
https://doi.org/10.1128/JVI.02703-06
https://doi.org/10.1128/JVI.02703-06
http://www.ncbi.nlm.nih.gov/pubmed/17582004
https://doi.org/10.1038/s41598-018-29391-w
http://www.ncbi.nlm.nih.gov/pubmed/30042514
https://doi.org/10.1128/JVI.67.4.2360-2366.1993
http://www.ncbi.nlm.nih.gov/pubmed/8445734
https://doi.org/10.1128/JVI.75.16.7672-7682.2001
http://www.ncbi.nlm.nih.gov/pubmed/11462039
https://doi.org/10.1128/JVI.75.13.6086-6094.2001
https://doi.org/10.1128/JVI.75.13.6086-6094.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390610
https://doi.org/10.1128/jvi.76.20.10374-10382.2002
https://doi.org/10.1128/jvi.76.20.10374-10382.2002
http://www.ncbi.nlm.nih.gov/pubmed/12239314
https://doi.org/10.1128/jvi.76.7.3493-3501.2002
http://www.ncbi.nlm.nih.gov/pubmed/11884573
https://doi.org/10.1074/jbc.M210210200
http://www.ncbi.nlm.nih.gov/pubmed/12601010
https://doi.org/10.1371/journal.ppat.1010416


60. Kim SJ, Nair AM, Fernandez S, Mathes L, Lairmore MD. Enhancement of LFA-1-mediated T cell adhe-

sion by human T lymphotropic virus type 1 p12I1. J Immunol. 2006; 176(9):5463–70. https://doi.org/

10.4049/jimmunol.176.9.5463 PMID: 16622014

61. Donhauser N, Heym S, Thoma-Kress AK. Quantitating the Transfer of the HTLV-1 p8 Protein Between

T-Cells by Flow Cytometry. Front Microbiol. 2018; 9:400. https://doi.org/10.3389/fmicb.2018.00400

PMID: 29563906

62. Donhauser N, Socher E, Millen S, Heym S, Sticht H, Thoma-Kress AK. Transfer of HTLV-1 p8 and

Gag to target T-cells depends on VASP, a novel interaction partner of p8. PLoS Pathog. 2020; 16(9):

e1008879. https://doi.org/10.1371/journal.ppat.1008879 PMID: 32997728

63. Jaumouille V, Waterman CM. Physical Constraints and Forces Involved in Phagocytosis. Front Immu-

nol. 2020; 11:1097. https://doi.org/10.3389/fimmu.2020.01097 PMID: 32595635

64. Furtado Mdos S, Andrade RG, Romanelli LC, Ribeiro MA, Ribas JG, Torres EB, et al. Monitoring the

HTLV-1 proviral load in the peripheral blood of asymptomatic carriers and patients with HTLV-associ-

ated myelopathy/tropical spastic paraparesis from a Brazilian cohort: ROC curve analysis to establish

the threshold for risk disease. J Med Virol. 2012; 84(4):664–71. https://doi.org/10.1002/jmv.23227

PMID: 22337307

65. Nagai M, Usuku K, Matsumoto W, Kodama D, Takenouchi N, Moritoyo T, et al. Analysis of HTLV-I pro-

viral load in 202 HAM/TSP patients and 243 asymptomatic HTLV-I carriers: high proviral load strongly

predisposes to HAM/TSP. J Neurovirol. 1998; 4(6):586–93. https://doi.org/10.3109/

13550289809114225 PMID: 10065900

66. Matsuzaki T, Nakagawa M, Nagai M, Usuku K, Higuchi I, Arimura K, et al. HTLV-I proviral load corre-

lates with progression of motor disability in HAM/TSP: analysis of 239 HAM/TSP patients including 64

patients followed up for 10 years. J Neurovirol. 2001; 7(3):228–34. https://doi.org/10.1080/

13550280152403272 PMID: 11517397

67. Nagai M, Yamano Y, Brennan MB, Mora CA, Jacobson S. Increased HTLV-I proviral load and prefer-

ential expansion of HTLV-I Tax-specific CD8+ T cells in cerebrospinal fluid from patients with HAM/

TSP. Ann Neurol. 2001; 50(6):807–12. https://doi.org/10.1002/ana.10065 PMID: 11761481

68. Yamano Y, Nagai M, Brennan M, Mora CA, Soldan SS, Tomaru U, et al. Correlation of human T-cell

lymphotropic virus type 1 (HTLV-1) mRNA with proviral DNA load, virus-specific CD8(+) T cells, and

disease severity in HTLV-1-associated myelopathy (HAM/TSP). Blood. 2002; 99(1):88–94. https://doi.

org/10.1182/blood.v99.1.88 PMID: 11756157

69. Sutton MS, Ellis-Connell A, Balgeman AJ, Barry G, Weiler AM, Hetzel SJ, et al. CD8beta Depletion

Does Not Prevent Control of Viral Replication or Protection from Challenge in Macaques Chronically

Infected with a Live Attenuated Simian Immunodeficiency Virus. J Virol. 2019; 93(15). https://doi.org/

10.1128/JVI.00537-19 PMID: 31092584

70. Schmitz JE, Johnson RP, McClure HM, Manson KH, Wyand MS, Kuroda MJ, et al. Effect of CD8+ lym-

phocyte depletion on virus containment after simian immunodeficiency virus SIVmac251 challenge of

live attenuated SIVmac239delta3-vaccinated rhesus macaques. J Virol. 2005; 79(13):8131–41.

https://doi.org/10.1128/JVI.79.13.8131-8141.2005 PMID: 15956558

71. Vaccari M, Mattapallil J, Song K, Tsai WP, Hryniewicz A, Venzon D, et al. Reduced protection from

simian immunodeficiency virus SIVmac251 infection afforded by memory CD8+ T cells induced by

vaccination during CD4+ T-cell deficiency. J Virol. 2008; 82(19):9629–38. https://doi.org/10.1128/JVI.

00893-08 PMID: 18667509

72. van Rooijen N, van Kesteren-Hendrikx E. "In vivo" depletion of macrophages by liposome-mediated

"suicide". Methods Enzymol. 2003; 373:3–16. https://doi.org/10.1016/s0076-6879(03)73001-8 PMID:

14714393

73. Webster RL, Johnson RP. Delineation of multiple subpopulations of natural killer cells in rhesus

macaques. Immunology. 2005; 115(2):206–14. https://doi.org/10.1111/j.1365-2567.2005.02147.x

PMID: 15885126

74. Sze A, Belgnaoui SM, Olagnier D, Lin R, Hiscott J, van Grevenynghe J. Host restriction factor

SAMHD1 limits human T cell leukemia virus type 1 infection of monocytes via STING-mediated apo-

ptosis. Cell Host Microbe. 2013; 14(4):422–34. https://doi.org/10.1016/j.chom.2013.09.009 PMID:

24139400

75. Chen S, Bonifati S, Qin Z, St Gelais C, Wu L. SAMHD1 Suppression of Antiviral Immune Responses.

Trends Microbiol. 2019; 27(3):254–67. https://doi.org/10.1016/j.tim.2018.09.009 PMID: 30336972

76. Pauls E, Ruiz A, Badia R, Permanyer M, Gubern A, Riveira-Munoz E, et al. Cell cycle control and HIV-

1 susceptibility are linked by CDK6-dependent CDK2 phosphorylation of SAMHD1 in myeloid and lym-

phoid cells. J Immunol. 2014; 193(4):1988–97. https://doi.org/10.4049/jimmunol.1400873 PMID:

25015816

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 29 / 31

https://doi.org/10.4049/jimmunol.176.9.5463
https://doi.org/10.4049/jimmunol.176.9.5463
http://www.ncbi.nlm.nih.gov/pubmed/16622014
https://doi.org/10.3389/fmicb.2018.00400
http://www.ncbi.nlm.nih.gov/pubmed/29563906
https://doi.org/10.1371/journal.ppat.1008879
http://www.ncbi.nlm.nih.gov/pubmed/32997728
https://doi.org/10.3389/fimmu.2020.01097
http://www.ncbi.nlm.nih.gov/pubmed/32595635
https://doi.org/10.1002/jmv.23227
http://www.ncbi.nlm.nih.gov/pubmed/22337307
https://doi.org/10.3109/13550289809114225
https://doi.org/10.3109/13550289809114225
http://www.ncbi.nlm.nih.gov/pubmed/10065900
https://doi.org/10.1080/13550280152403272
https://doi.org/10.1080/13550280152403272
http://www.ncbi.nlm.nih.gov/pubmed/11517397
https://doi.org/10.1002/ana.10065
http://www.ncbi.nlm.nih.gov/pubmed/11761481
https://doi.org/10.1182/blood.v99.1.88
https://doi.org/10.1182/blood.v99.1.88
http://www.ncbi.nlm.nih.gov/pubmed/11756157
https://doi.org/10.1128/JVI.00537-19
https://doi.org/10.1128/JVI.00537-19
http://www.ncbi.nlm.nih.gov/pubmed/31092584
https://doi.org/10.1128/JVI.79.13.8131-8141.2005
http://www.ncbi.nlm.nih.gov/pubmed/15956558
https://doi.org/10.1128/JVI.00893-08
https://doi.org/10.1128/JVI.00893-08
http://www.ncbi.nlm.nih.gov/pubmed/18667509
https://doi.org/10.1016/s0076-6879%2803%2973001-8
http://www.ncbi.nlm.nih.gov/pubmed/14714393
https://doi.org/10.1111/j.1365-2567.2005.02147.x
http://www.ncbi.nlm.nih.gov/pubmed/15885126
https://doi.org/10.1016/j.chom.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24139400
https://doi.org/10.1016/j.tim.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30336972
https://doi.org/10.4049/jimmunol.1400873
http://www.ncbi.nlm.nih.gov/pubmed/25015816
https://doi.org/10.1371/journal.ppat.1010416


77. Paik S, Kim JK, Silwal P, Sasakawa C, Jo EK. An update on the regulatory mechanisms of NLRP3

inflammasome activation. Cell Mol Immunol. 2021; 18(5):1141–60. https://doi.org/10.1038/s41423-

021-00670-3 PMID: 33850310

78. Liu W, Xu L, Liang X, Liu X, Zhao Y, Ma C, et al. Tim-4 in Health and Disease: Friend or Foe? Front

Immunol. 2020; 11:537. https://doi.org/10.3389/fimmu.2020.00537 PMID: 32300343

79. Sattentau Q. Avoiding the void: cell-to-cell spread of human viruses. Nat Rev Microbiol. 2008; 6

(11):815–26. https://doi.org/10.1038/nrmicro1972 PMID: 18923409

80. Vallinoto ACR, Cayres-Vallinoto I, Freitas Queiroz MA, Ishak MOG, Ishak R. Influence of Immunoge-

netic Biomarkers in the Clinical Outcome of HTLV-1 Infected Persons. Viruses. 2019; 11(11). https://

doi.org/10.3390/v11110974 PMID: 31652745

81. Futsch N, Mahieux R, Dutartre H. HTLV-1, the Other Pathogenic Yet Neglected Human Retrovirus:

From Transmission to Therapeutic Treatment. Viruses. 2017; 10(1). https://doi.org/10.3390/

v10010001 PMID: 29267225

82. Kannagi M, Hasegawa A, Nagano Y, Kimpara S, Suehiro Y. Impact of host immunity on HTLV-1 path-

ogenesis: potential of Tax-targeted immunotherapy against ATL. Retrovirology. 2019; 16(1):23.

https://doi.org/10.1186/s12977-019-0484-z PMID: 31438973

83. Amorim CF, Souza AS, Diniz AG, Carvalho NB, Santos SB, Carvalho EM. Functional activity of mono-

cytes and macrophages in HTLV-1 infected subjects. PLoS Negl Trop Dis. 2014; 8(12):e3399. https://

doi.org/10.1371/journal.pntd.0003399 PMID: 25521499

84. Morioka S, Maueroder C, Ravichandran KS. Living on the Edge: Efferocytosis at the Interface of

Homeostasis and Pathology. Immunity. 2019; 50(5):1149–62. https://doi.org/10.1016/j.immuni.2019.

04.018 PMID: 31117011

85. Bangham CR, Cook LB, Melamed A. HTLV-1 clonality in adult T-cell leukaemia and non-malignant

HTLV-1 infection. Semin Cancer Biol. 2014; 26:89–98. https://doi.org/10.1016/j.semcancer.2013.11.

003 PMID: 24316494

86. Mahgoub M, Yasunaga JI, Iwami S, Nakaoka S, Koizumi Y, Shimura K, et al. Sporadic on/off switching

of HTLV-1 Tax expression is crucial to maintain the whole population of virus-induced leukemic cells.

Proc Natl Acad Sci U S A. 2018; 115(6):E1269–E78. https://doi.org/10.1073/pnas.1715724115 PMID:

29358408

87. Melamed A, Laydon DJ, Gillet NA, Tanaka Y, Taylor GP, Bangham CR. Genome-wide determinants

of proviral targeting, clonal abundance and expression in natural HTLV-1 infection. PLoS Pathog.

2013; 9(3):e1003271. https://doi.org/10.1371/journal.ppat.1003271 PMID: 23555266

88. Datta A, Sinha-Datta U, Dhillon NK, Buch S, Nicot C. The HTLV-I p30 interferes with TLR4 signaling

and modulates the release of pro- and anti-inflammatory cytokines from human macrophages. J Biol

Chem. 2006; 281(33):23414–24. https://doi.org/10.1074/jbc.M600684200 PMID: 16785240

89. Cavallari I, Rende F, Bender C, Romanelli MG, D’Agostino DM, Ciminale V. Fine tuning of the tempo-

ral expression of HTLV-1 and HTLV-2. Front Microbiol. 2013; 4:235. https://doi.org/10.3389/fmicb.

2013.00235 PMID: 24032027

90. Moles R, Sarkis S, Galli V, Omsland M, Purcell DFJ, Yurick D, et al. p30 protein: a critical regulator of

HTLV-1 viral latency and host immunity. Retrovirology. 2019; 16(1):42. https://doi.org/10.1186/

s12977-019-0501-2 PMID: 31852501

91. Galli V, Nixon CC, Strbo N, Artesi M, de Castro-Amarante MF, McKinnon K, et al. Essential Role of

Human T Cell Leukemia Virus Type 1 orf-I in Lethal Proliferation of CD4(+) Cells in Humanized Mice. J

Virol. 2019; 93(19). https://doi.org/10.1128/JVI.00565-19 PMID: 31315992

92. Martinez J, Almendinger J, Oberst A, Ness R, Dillon CP, Fitzgerald P, et al. Microtubule-associated

protein 1 light chain 3 alpha (LC3)-associated phagocytosis is required for the efficient clearance of

dead cells. Proc Natl Acad Sci U S A. 2011; 108(42):17396–401. https://doi.org/10.1073/pnas.

1113421108 PMID: 21969579

93. Czibener C, Sherer NM, Becker SM, Pypaert M, Hui E, Chapman ER, et al. Ca2+ and synaptotagmin

VII-dependent delivery of lysosomal membrane to nascent phagosomes. J Cell Biol. 2006; 174

(7):997–1007. https://doi.org/10.1083/jcb.200605004 PMID: 16982801

94. Franchini G, Mulloy JC, Koralnik IJ, Lo Monico A, Sparkowski JJ, Andresson T, et al. The human T-

cell leukemia/lymphotropic virus type I p12I protein cooperates with the E5 oncoprotein of bovine papil-

lomavirus in cell transformation and binds the 16-kilodalton subunit of the vacuolar H+ ATPase. J

Virol. 1993; 67(12):7701–4. https://doi.org/10.1128/JVI.67.12.7701-7704.1993 PMID: 8230493

95. Rao Z, Pace S, Jordan PM, Bilancia R, Troisi F, Borner F, et al. Vacuolar (H(+))-ATPase Critically Reg-

ulates Specialized Proresolving Mediator Pathways in Human M2-like Monocyte-Derived Macro-

phages and Has a Crucial Role in Resolution of Inflammation. J Immunol. 2019; 203(4):1031–43.

https://doi.org/10.4049/jimmunol.1900236 PMID: 31300512

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 30 / 31

https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1038/s41423-021-00670-3
http://www.ncbi.nlm.nih.gov/pubmed/33850310
https://doi.org/10.3389/fimmu.2020.00537
http://www.ncbi.nlm.nih.gov/pubmed/32300343
https://doi.org/10.1038/nrmicro1972
http://www.ncbi.nlm.nih.gov/pubmed/18923409
https://doi.org/10.3390/v11110974
https://doi.org/10.3390/v11110974
http://www.ncbi.nlm.nih.gov/pubmed/31652745
https://doi.org/10.3390/v10010001
https://doi.org/10.3390/v10010001
http://www.ncbi.nlm.nih.gov/pubmed/29267225
https://doi.org/10.1186/s12977-019-0484-z
http://www.ncbi.nlm.nih.gov/pubmed/31438973
https://doi.org/10.1371/journal.pntd.0003399
https://doi.org/10.1371/journal.pntd.0003399
http://www.ncbi.nlm.nih.gov/pubmed/25521499
https://doi.org/10.1016/j.immuni.2019.04.018
https://doi.org/10.1016/j.immuni.2019.04.018
http://www.ncbi.nlm.nih.gov/pubmed/31117011
https://doi.org/10.1016/j.semcancer.2013.11.003
https://doi.org/10.1016/j.semcancer.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24316494
https://doi.org/10.1073/pnas.1715724115
http://www.ncbi.nlm.nih.gov/pubmed/29358408
https://doi.org/10.1371/journal.ppat.1003271
http://www.ncbi.nlm.nih.gov/pubmed/23555266
https://doi.org/10.1074/jbc.M600684200
http://www.ncbi.nlm.nih.gov/pubmed/16785240
https://doi.org/10.3389/fmicb.2013.00235
https://doi.org/10.3389/fmicb.2013.00235
http://www.ncbi.nlm.nih.gov/pubmed/24032027
https://doi.org/10.1186/s12977-019-0501-2
https://doi.org/10.1186/s12977-019-0501-2
http://www.ncbi.nlm.nih.gov/pubmed/31852501
https://doi.org/10.1128/JVI.00565-19
http://www.ncbi.nlm.nih.gov/pubmed/31315992
https://doi.org/10.1073/pnas.1113421108
https://doi.org/10.1073/pnas.1113421108
http://www.ncbi.nlm.nih.gov/pubmed/21969579
https://doi.org/10.1083/jcb.200605004
http://www.ncbi.nlm.nih.gov/pubmed/16982801
https://doi.org/10.1128/JVI.67.12.7701-7704.1993
http://www.ncbi.nlm.nih.gov/pubmed/8230493
https://doi.org/10.4049/jimmunol.1900236
http://www.ncbi.nlm.nih.gov/pubmed/31300512
https://doi.org/10.1371/journal.ppat.1010416


96. Doran AC, Yurdagul A Jr., Tabas I. Efferocytosis in health and disease. Nat Rev Immunol. 2020; 20

(4):254–67. https://doi.org/10.1038/s41577-019-0240-6 PMID: 31822793

97. Sawada L, Nagano Y, Hasegawa A, Kanai H, Nogami K, Ito S, et al. IL-10-mediated signals act as a

switch for lymphoproliferation in Human T-cell leukemia virus type-1 infection by activating the STAT3

and IRF4 pathways. PLoS Pathog. 2017; 13(9):e1006597. https://doi.org/10.1371/journal.ppat.

1006597 PMID: 28910419

98. Amorim CF, Carvalho NB, Neto JA, Santos SB, Grassi MFR, Carvalho LP, et al. The Role of NK Cells

in the Control of Viral Infection in HTLV-1 Carriers. J Immunol Res. 2019; 2019:6574828. https://doi.

org/10.1155/2019/6574828 PMID: 30944834

99. Norris PJ, Hirschkorn DF, DeVita DA, Lee TH, Murphy EL. Human T cell leukemia virus type 1 infec-

tion drives spontaneous proliferation of natural killer cells. Virulence. 2010; 1(1):19–28. https://doi.org/

10.4161/viru.1.1.9868 PMID: 20640055

100. Teshigawara K, Nagai S, Bai G, Okubo Y, Chagan-Yasutan H, Hattori T. Successful Amplified-Natu-

ral-Killer Cell (ANK) Therapy Administered to a Patient with Smoldering Adult T-Cell Leukemia in

Acute Crisis. Reports-Basel. 2018; 1(2).

101. Artesi M, Marcais A, Durkin K, Rosewick N, Hahaut V, Suarez F, et al. Monitoring molecular response

in adult T-cell leukemia by high-throughput sequencing analysis of HTLV-1 clonality. Leukemia. 2017;

31(11):2532–5. https://doi.org/10.1038/leu.2017.260 PMID: 28811663

102. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source

platform for biological-image analysis. Nat Methods. 2012; 9(7):676–82. https://doi.org/10.1038/

nmeth.2019 PMID: 22743772

PLOS PATHOGENS NK cells and monocytes modulate primary HTLV-1 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010416 April 4, 2022 31 / 31

https://doi.org/10.1038/s41577-019-0240-6
http://www.ncbi.nlm.nih.gov/pubmed/31822793
https://doi.org/10.1371/journal.ppat.1006597
https://doi.org/10.1371/journal.ppat.1006597
http://www.ncbi.nlm.nih.gov/pubmed/28910419
https://doi.org/10.1155/2019/6574828
https://doi.org/10.1155/2019/6574828
http://www.ncbi.nlm.nih.gov/pubmed/30944834
https://doi.org/10.4161/viru.1.1.9868
https://doi.org/10.4161/viru.1.1.9868
http://www.ncbi.nlm.nih.gov/pubmed/20640055
https://doi.org/10.1038/leu.2017.260
http://www.ncbi.nlm.nih.gov/pubmed/28811663
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1371/journal.ppat.1010416

