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Abstract

Employing NOD/SCID/Jak3−/− mice transplanted with human PBMCs (hNOJ mice) and 

replication-competent, red-fluorescent-protein (mCherry; mC)-labeled HIV-1JR-FL (HIVmC), we 

examined whether early antiretroviral treatment blocked the establishment of HIV-1 infection. The 
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use of hNOJ mice and HIVmC enabled us to visually locate infection foci and to examine the early 

dynamics of HIVmC infection without using a large amount of antiretroviral unlike in non-human 

primate models. Although when raltegravir (RAL) administration was begun 1 day after 

intraperitoneal (ip) inoculation of HIVmC, no plasma p24 or plasma HIV-1-RNA (pRNA) were 

detected in 10 of 12 hNOJ hNOJmC
RAL+  mice as assessed on the last day of the 14-day continuous 

twice-daily RAL administration, all 10 untreated hNOJmC hNOJmC
RAL−  mice became positive for 

p24 and pRNA and had significantly swollen lymph nodes in peritoneal cavity and abundant 

p24+/mC+/CD3+/CD4+ T cells and p24+/mC+/CD68+ monocytes/macrophages were identified in 

their omenta and mesenteric lymphoid tissues/lymph nodes upon necropsy of the mice on day 14. 

In 12 hNOJmC
RAL+ mice, no significantly swollen lymph nodes were seen compared to hNOJmC

RAL+

mice; however, in the omentum of the 2 hNOJmC
RAL− mice that were positive for pRNA and in site 

RNA, mC+/p24+/CD3+/CD83+ cells were identified, suggesting that viral breakthrough occurred 

later in the observation period. The present data suggest that the use of hNOJ mouse model and 

HIVmC may shed light on the study of early-phase dynamics of HIV-1 infection and cellular events 

in post-exposure/pre-exposure prophylaxis.
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1. Introduction

In the research area of HIV-1 infection and AIDS, the construction of humanized animal 

models through transplantation of human tissues or immunocompetent cells into severely 

immunocompromised mice has allowed the development of small human tissue/cell-

reconstituted HIV-1 infection animal models (Van Duyne et al., 2009). In our previous study, 

we utilized humanized mice, non-obese diabetic (NOD)-SCID, interleukin 2 receptor 

gamma (IL-2Rgamma)-chain-knocked-out (NOG) mice, and established a human peripheral 

blood mononuclear cells (hPBMC)-transplanted R5 HIV-1JR-FL-infected NOG mouse and 

showed that the NOG mouse system serves as a small-animal HIV-1 infection/AIDS model 

and that AK602, an experimental CCR5 inhibitor, blocked the infection and propagation of 

R5-HIV-1 in that mouse model (Nakata et al., 2005). In 2008, a group led by Okada 

subsequently developed human CD34+ cells-transplanted, NOD/SCID/Janus kinase 3 (Jak3) 

knockout (NOJ) mice (Okada et al., 2008). In 2009, using a further refined NOJ mouse 

model, in which massive and systemic HIV-1 infection occurs, human CD4+/CD8+ cell 

ratios significantly decrease, and high levels of HIV-1 viremia are achieved (Hattori et al., 

2009), we demonstrated that a novel HIV-1 reverse transcriptase inhibitor, 4′-ethynyl-2-

fluoro-2′-deoxyadenosine or EFdA, exerts potent anti-HIV-1 activity (Hattori et al., 2009; 

Nakata et al., 2007).

Various rodent models for HIV-1 infection and its treatment have been reported; however, 

determination and evaluation of the presence of HIV-1 in a variety of tissues and organs in 

such small animals are time-consuming and labor-intensive since the sites of HIV-1 
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replication are difficult to determine, thus enforcing to sacrifice all animals and to examine 

all the tissues and organs following the sacrifice (Denton et al., 2010; Nischang et al., 2012; 

Sun et al., 2007). In this regard, various molecular imaging techniques, including single 

photon emission computed tomography, magnetic resonance imaging, and optical imaging 

have been developed to promote the understanding of fundamental cellular and molecular 

events in organisms and small animals in a noninvasive manner for various research fields 

(Alford et al., 2009; Lee et al., 2016a, 2016b).

We have most recently reported the establishment of an animal model enabling us to 

examine the dynamics of HIV-1 infection and cellular events in the initial phases of HIV-1 

infection using HIVmC with hNOJ mice and the spectral fluorescence in vivo image 

capturing system, Maestro™ and MVX10-Nuance (Higashi-Kuwata et al., 2017). In the 

present study, using HIVmC, hNOJ mice, and the fluorescence image capturing system, we 

attempted to examine whether an HIV-1 integrase inhibitor, raltegravir (RAL), effectively 

blocked the establishment of HIVmC infection in the setting of post-exposure prophylaxis.

2. Materials and methods

2.1. Determination of RAL concentrations in plasma in hNOJ mice

For the determination of RAL (a gift from MSD K.K., Tokyo, Japan) concentrations in 

hNOJ mouse plasma samples using HPLC (model LC-6A; Shimadzu, Kyoto, Japan) 

(Hashiguchi et al., 2013), the conditions of RAL standardization were first established. More 

details are described in Supplemental Material.

2.2. Generation of a recombinant HIV-1 clone containing traceable fluorescence protein, 
mC fluorescent protein

In the generation of a full-length molecular infectious HIV-1 clone containing mC 

fluorescent protein, the PCR-mediated recombination method was used as previously 

described (Fang et al., 1999). We refer to this infectious recombinant HIV-1 as HIVmC (Fig. 

1A). More details are shown in Supplemental Material.

2.3. Transplantation of hPBMC into NOJ mice

The NOD-SCID-Jak3−/− (NOJ) mice used in the present study were 16–20 weeks old at the 

time of transplantation of hPBMC isolated from an HIV-1-seronegative donor. The hNOJ 

mice were generated by methods previously described (Hattori et al., 2009; Okada et al., 

2008). More details are described in Supplemental Material.

2.4. Inoculation of HIVmC into hNOJ mice

The transfection-derived virions (HIVmC; 300 ng p24) were intraperitoneally inoculated into 

each mouse in 10 days after hPBMC transplantation. On day 14 after HIVmC inoculation, 

we performed in vivo imaging, immunohistological staining, flow cytometry and 

measurement of plasma p24 and plasma HIV-1 RNA copies levels.
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2.5. In vivo imaging of HIVmC infection in hNOJ mice

The spectral fluorescence images were captured using Maestro™ in vivo imaging system 

(PerkinElmer), eliminating auto-fluorescence and providing multicolor flexibility and 

accuracy for both visible and near-infrared labels using multispectral acquisition and 

analysis. More details are described in Supplemental Material.

2.6. The detection of HIV-1 in the plasma

A fully automated chemiluminescent enzyme immunoassay system (Lumipulse F; Fujirebio, 

Inc., Tokyo, Japan) was employed for determination of the amounts of p24 antigen in murine 

plasma, of which titer ranges were from 50 to 5000 pg/ml as previously described (Koh et 

al., 2003; Nakata et al., 2005). The AMPLICOR HIV-1 monitor test kit, version 1.5 (Roche 

Diagnostics, Branchburg, N.J.) was used for plasma viral load quantification of which titer 

ranges were from <400 copies/ml to >750,000 copies/ml.

2.7. Immunohistochemical staining

Immunohistological staining was performed using a Histofine® MOUSESTAIN KIT 

(Nichirei) according to the manufacturer’s instructions. More details are described in 

Supplemental Material.

2.8. Quantitative examination of lymph nodes

The locations of lymph nodes observed were visually confirmed. To determine the location 

and anatomical terminology of lymph nodes, we referred to “Patterns of lymphatic drainage 

in the adult laboratory rat” published by Tilney (1971). In the quantitative examination of 

lymph nodes in hNOJunexposed, hNOJmC
RAL+ and hNOJmC

RAL− mice, the largest lymph node 

excised from each mouse was individually weighed and compared after removing 

surrounding tissues.

2.9. In situ hybridization

HIV-RNA probes were designed based on HIV gag sequences 1381 to 1560 and 1741 to 

1920 reported for detection of HIV-RNA in formalin-fixed and paraffin-embedded tissues 

(Nakajima et al., 2003) and applied according to the QuantiGene ViewRNA assay protocol 

(Panomics/Affymetrix, Santa Clara, CA, USA) (Honkavuori et al., 2011).

More details are described in Supplemental Material.

2.10. Statistical analyses

Nonparametric statistical analyses were performed by using the Mann-Whitney U test 

(Statview, version 5.0; Abacus Concepts) and Bonferroni method (Stat Flex, 5.0 software; 

Artec). Assessment of correlations was carried out using the Fisher Exact test (JMP® 

software; SAS Institute). P values of <0.05 were defined as significant.
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3. Results

3.1. Pharmacokinetics of RAL in BALB/c mice

In a previous PK study conducted by Massud et al. (2015), an oral dose of 50 mg/kg 

administered to monkeys achieved an average Cmax being 299 (129–924) ng/ml. Since oral 

bioavailability of a number of compounds varies among species, we chose to administer 

RAL intraperitoneally so that possible differences in the oral bioavailability would not affect 

the PK of RAL in the present study. When a dose of 20 mg/kg RAL was administered to 

mice twice daily, and plasma samples were collected 3 min to 24 h after the administration 

and subjected to high-performance liquid chromatography analysis, RAL concentrations 

reached the maximal level of 9.28 (19.3 μM) ± 1.04 μg/ml 15 min after the administration 

and the concentration subsequently declined rapidly (Fig. 1C).

Oral administration of 400 mg RAL produces a peak concentration of 1.63 μg/ml (3.38 μM) 

in humans (n = 20) (Rizk et al., 2012). Thus, the Cmax achieved in the mice in the present 

study (9.28 ± 1.04 μg/ml) was about 6-fold greater than the Cmax achieved in humans.

3.2. Human immune cells are widely populated in the mesenteric region of hNOJmC mice

In order to elucidate early-phase dynamics of HIV-1 infection, we previously established the 

HIVmC-infected hNOJ mouse model using replication-competent HIVmC and hNOJ mice, in 

which following intraperitoneal HIVmC inoculation, the mC signal was readily detected in 

the organs in the peritoneal cavity, making it possible to easily locate HIVmC infection foci, 

although lymph nodes were hardly identified in mice exposed to unlabeled HIV-1 (Higashi-

Kuwata et al., 2017).

In the present study, we examined the cellular constituents in the mesenteric region of the 

peritoneal cavity of HIVmC-unexposed hNOJ mice (hNOJunexposed mice), hNOJ mice 

exposed to HIVmC and untreated with RAL (hNOJmC
RAL− mice), and hNOJ mice exposed to 

HIVmC and treated with RAL (hNOJmC
RAL+ mice). In line with our previous findings (Higashi-

Kuwata et al., 2017), cells positive for hCD45 antigen (pan-human leucocyte marker) were 

found to be diffusely populated in the greater omentum (referred to as the omentum) and 

mesenteric lymph nodes in all hNOJunexposed, hNOJmC
RAL−, and hNOJmC

RAL+ mice (Fig. 1–D).

We further examined the profiles of human cell re-population in the three mouse groups. 

Morphologically, no apparent germinal centers or follicular structures were seen in all the 

mice examined. Fig. 2–A shows immunohistochemical staining results of the lymphoid 

tissues from each mouse group. In hNOJunexposed mice, no mC+ or p24+ cells were seen, 

while the tissues contained substantial numbers of hCD45+, hCD68+, hCD3+, hCD4+ and 

hCD8+ cells. In hNOJmC
RAL− mice examined (n = 6), mC+ and p24+ cells were abundantly 

seen, together with hCD45+, hCD68+, hCD3+, hCD4+, and hCD8+ cells. By contrast, no mC
+ or p24+ cells were seen in hNOJmC

RAL+ mice examined (n = 6), while the numbers of 

hCD45+, hCD68+, hCD3+, hCD4+, and hCD8+ cells were roughly comparable to those in 

hNOJmC
RAL− mice (Fig. 2–A and –B). It was noted that hCD20+ cells were not identified in 

lymphoid tissues from the hNOJunexposed mice (n = 6), while significant numbers of hCD20+ 
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cells were seen in all the hNOJmC
RAL− and hNOJmC

RAL+ mice (Fig. 2–A and –B), suggesting that 

the inoculum containing HIVmC stimulated otherwise scarce and unidentifiable hCD20+ 

cells and those cells proliferated to become visually identified regardless of HIVmC 

exposure.

3.3. Effects of RAL on HIVmC replication in hNOJ mice

The effects of RAL on HIVmC replication was examined in hNOJ mice exposed to HIVmC. 

NOJ mice irradiated with 1 Gy X-ray were intraperitoneally transplanted with hPBMC (2 × 

107 cells/mouse) and were inoculated with HIVmC 10 days after transplantation. Twenty-

four hours later, RAL (20 mg/kg) was intraperitoneally administered twice a day for 14 days 

(Fig. 1–B) and PBMC and plasma samples were collected from murine peripheral blood on 

day 14 after the HIVmC inoculation. HIV-1 plasma p24 antigen levels and HIV RNA copy 

number were determined in hNOJ mice exposed to HIVmC and treated with RAL 

(hNOJmC
RAL+ mice) and hNOJ mice exposed to HIVmC but not treated with RAL (hNOJmC

RAL−

mice). The amount of HIV-1 p24 in plasma proved to be high in hNOJmC
RAL− mice, ranging 

from 4.4 × 102 to 2.5 × 105 pg/ml (5.5 × 103 pg/ml) (Fig. 3A), while no p24 antigen was 

found in plasma samples from hNOJmC
RAL+ mice as examined on day 14, suggesting that RAL 

blocked the replication and p24 production of HIVmC (P = 0.0003) (Fig. 3–A).

As determined on day 14, HIV-1 RNA copy numbers in plasma samples were also high in 

hNOJmC
RAL− mice, ranging from 8.0 × 104 to 2.7 × 107 copies/ml (3.3 × 106 copies/ml) (Fig. 

3–B). However, plasma samples from 10 of 12 hNOJmC
RAL+ mice contained no HIV-1 RNA 

copies, while those from 2 of 12 hNOJmC
RAL+ mice contained significant levels of HIV-1 RNA 

copies (8.9 × 104 and 2.0 × 105 copies/ml) (Fig. 3–B). These data suggest that the RAL 

administration was mostly capable of blocking HIVmC replication over the present 14-day 

observation period.

We also determined the numbers of hCD4+ T cells in peripheral blood of the three mouse 

groups with flow cytometry using anti-mCD45, anti-hCD45, anti-hCD3, and anti-hCD4 on 

day 14. There was a significant decrease in the number of hCD4+ T cells in the hNOJmC
RAL−

and hNOJmC
RAL+ mouse groups as compared to that in the hNOJunexposed mouse group (P < 

0.006 and 0.01 < P < 0.05, respectively), while there was no significant difference in the 

hCD4+ T cell numbers between the hNOJmC
RAL− and hNOJmC

RAL+ mouse groups (Fig. 3–C). The 

reason why the hCD4+ T cell numbers were not significantly different between the 

hNOJmC
RAL− and hNOJmC

RAL+ mouse groups, is not clear (Fig. 3–C).

3.4. Visualization of HIVmC infection in hNOJ mice and alteration of visualization under 
the treatment of RAL

We then attempted to examine the nature of mC signal-positive cells seen in the organs in 

hNOJmC
RAL− and hNOJmC

RAL+ mice. In the present study, we examined how RAL administration 

impacted the early dynamics of HIVmC infection in HIVmC-exposed hNOJ mice. As shown 
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in Fig. 4–A-a and –d, when hNOJmC
RAL− mice (n = 10) were sacrificed and mC-positive organs 

were excised out on day 14 following the HIVmC inoculation, the mC signal was readily 

located in the serous membrane of the omentum and mesenteric lymph nodes using 

Maestro™. As expected, in the 10 hNOJmC
RAL+ mice, in which no p24 antigens or pRNA 

copies were detected in their plasma samples, no mC signal was identified (Fig. 4–A-b and –

e). However, in the 2 hNOJmC
RAL+ mice, in which no p24 antigens were detected but ~105 

pRNA copies/ml were found, only dim mC signals were seen while no distinct or condensed 

mC-positive lymph nodes were observed (Fig. 4A–c and f), indicating that the RAL dose 

employed failed to block the initial establishment of HIVmC in the omentum, permitting the 

breakthrough of HIVmC infection in the 2 hNOJmC
RAL+ mice. The hNOJmC

RAL+ mice that were 

positive for pRNA are referred as hNOJmC
RAL+/pRNA +  mice, while hNOJmC

RAL+ mice that were 

negative for pRNA as hNOJmC
RAL+/pRNA −  mice. As examined on day 14, a number of p24+ 

cells were seen in the omentum and mesenteric lymph nodes in all hNOJmC
RAL− mice. 

However, no p24+ cells were detected in the 10 hNOJmC
RAL+/pRNA −  mice, while in the 2 

hNOJmC
RAL+/pRNA +  mice, a substantial number of p24+ cells were seen in the omentum (Fig. 

4–B).

In order to confirm that the positivity of mC signal reflects the establishment of HIVmC 

infection and its expression, we further conducted immunohistochemical double-staining of 

the omentum tissues from four mouse groups (n = 2 to 6). Fig. 4–C shows representative 

immunohistochemical profiles. In hNOJunexposed mice, no mC or p24 signals were seen, 

although substantial numbers of human cells positive for hCD3 were identified (Fig. 4–C, 

top panel). However, in hNOJmC
RAL− mice, mC+ cells were abundantly identified in hCD3+ 

cells. Those mC+, hCD3+ cells were also positive for p24. When in situ RNA hybridization 

was conducted in order to confirm the HIV-l-specificity, a number of HIV-1-RNA+ cells 

were seen in the omentum tissues from hNOJmC
RAL− mice. As expected, no mC or p24 signals 

were seen in the tissues from hNOJmC
RAL+/pRNA −  mice. This finding was further confirmed 

by the negativity in in situ hybridization. However, in hNOJmC
RAL+/pRNA +  mice, a significant 

number of mC+, p24+ cells were seen in hCD3+ and hCD83+ cells although such cells were 

scarce as compared to those in hNOJmC
RAL− mice. The positivity for mC and p24 was also 

confirmed by in situ hybridization (Fig. 4–C, bottom panel) in the omentum tissues from 

hNO]mC
RAL+/pRNA + .

3.5. ℎNOJmC
RAL −  mice have a higher number and greater sizes of mesenteric lymph nodes 

than ℎNOJmC
RAL +  mice

In the previous study (Higashi-Kuwata et al., 2017), we reported that the enlarged 

mesenteric lymph nodes were identified in HIVmC-exposed hNOJ mice. In general, the 

mesenteric lymph nodes are small and cannot be easily located with the naked eye in hNOJ 

mice as well as other humanized immunodeficiency mice, and even following HIV-1 
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infection, mesenteric lymph nodes are hardly identified. However, the use of HIVmC made it 

possible to easily locate such lymph nodes. Our previous data showed that the number and 

weight of mesenteric lymph nodes are significantly greater in HIVmC-exposed hNOJ mice 

than in unexposed hNOJ mice (Higashi-Kuwata et al., 2017). Therefore, in the present study, 

we attempted to determine the number and weight of mesenteric lymph nodes in hNOJmC
RAL−

and hNOJmC
RAL+ mice, both of which had been exposed to HIVmC. Each of the mesenteric 

lymph nodes visually located and dissected was carefully stripped of surrounding tissues and 

the wet weight was measured using microbalance. Fig. 5–A shows all the weights of the 

mesenteric lymph nodes of the greatest size in each mouse. We failed to locate and identify 

mesenteric lymph nodes in hNOJunexposed mice since they were of such small sizes and had 

no signals. Thus, those weights in 10 hNOJ mice are expressed as “zero” mg in Fig. 5–A. 

However, in hNOJmC
RAL− mice, a number of mesenteric lymph nodes were readily located with 

significant and condensed signals (using Maestro™), solidly palpated, and effortlessly 

dissected from their surrounding tissues. As shown in Fig. 5–A, nine of the ten hNOJmC
RAL−

mice had swollen mesenteric lymph nodes of the weights ranging from ~0.01 to 0.6 mg. By 

contrast, no mC signals were seen in the abdominal cavity of all the twelve hNOJmC
RAL+ mice 

and we barely identified and dissected one likely mesenteric lymph node in three hNOJmC
RAL+

mice. It was possible, however, that each of these three lymph nodes represented a solitary 

lymph node such as a gut-associated lymphoid nodule (Kuper, 2006) and is not HIV-1-

infection-associated swollen lymph node. In this regard, it should be noted that in the 2 

hNOJmC
RAL+/pRNA +  mice, no swollen lymph nodes were seen as highlighted in blue in Fig. 

5–A. We also determined the numbers of lymph nodes in all the mice. All six hNOJunexposed 

mice had no identifiable lymph nodes, while all ten hNOJmC
RAL− mice had significant numbers 

of readily identifiable mC-signal-emitting mesenteric lymph nodes. However, none of twelve 

hNOJmC
RAL+ mice had no identifiable mC-signal-emitting lymph nodes, although two of the 

twelve mice had one likely lymph node (Fig. 5–B). The observation that no mC signals were 

seen in the peritoneal cavity of all the hNOJmC mice suggests that RAL administration in the 

present study may have blocked the infection and/or propagation in the HIVmC-exposed 

mice as assessed over the 14-day period of treatment. However, to conclude that RAL 

treatment blocked HIVmC, infection, no viral rebound following the cessation of the 

treatment should be confirmed.

3.6. No multinuclear giant cells or cytolysis were seen in successfully RAL-treated 
hNOJmC mice

Since RAL treatment blocked the infection of HIVmC in 10 of 12 hNOJmC mice but 2 such 

mice underwent HIVmC breakthrough as described above, we immunohistologically 

examined the lymphoid tissues/lymph nodes in the mesenteric region of all the mice. In the 

lymphoid tissues of hNOJunexposed, multi-nuclear giant cells or cytolysis, a salient feature of 

HIV-1 infection (Dargent et al., 2000), were not identified and all human lymphocytes and 

human monocytes/macrophages (shown by arrows in Fig. 6–A) appeared morphologically 

normal. However, in the mesenteric lymph nodes of hNOJmC
RAL− mice, a number of mC+ 
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multi-nuclear cells (shown by arrows in Fig. 6–B) were readily identified with cytolytic 

feature. No multi-nuclear cells were identified in the lymphoid tissues from either of 

hNOJmC
RAL+/pRNA −  (Fig. 6–C) or hNOJmC

RAL+/pRNA +  mice. However, apparent lytic feature 

of mC+ cells was observed (Fig. 6–D) in the lymphoid tissues of one of the two 

hNOJmC
RAL+/pRNA +  mice. The observation that abnormal morphology was identified in only 

one of the two hNOJmC
RAL+/pRNA +  mice suggest that the two hNOJmC

RAL+/pRNA +  mice 

probably had just undergone HIVmC breakthrough.

4. Discussion

In the present work, employing hNOJ mice, HIVmC, and an in vivo fluorescence image 

capturing system, we examined whether early antiretroviral treatment using an HIV-1 

integrase inhibitor, RAL, blocked the productive HIV-1 infection. The reason why RAL was 

chosen as an antiretroviral agent in the present study is three-fold: (i) unlike protease 

inhibitors, RAL does not require a booster; (ii) a once-daily dose of RAL has been approved 

in May 2017 and could be used more widely; and (iii) RAL (in a long-acting formulation) 

has been shown to potently block HIV-infection in humanized BLT mice (Kovarova et al., 

2016).

As shown in Fig. 1–D and 5, we demonstrated that even following transplantation of 

hPBMC to hNOJ mice, lymph nodes remained shrunk and appeared remnant and were 

hardly identified in hNOJunexposed and hNOJmC
RAL+ mice. However, in hNOJmC

RAL− mice, with 

the use of HIVmC combined with the in vivo imaging system using Maestro™, lymph nodes 

were readily identified and we subjected those to various examinations. Of note, those 

lymph nodes were visibly swollen compared to hNOJunexposed mice, no germinal centers or 

follicular structures were observed. In line with our previous observation (Higashi-Kuwata et 

al., 2017), human lymphocytes and monocytes/macrophages were well distributed in various 

lymphoid tissues in all hNOJ mice (Fig. 2). In hNOJ mice infected with HIVmC but 

untreated (hNOJmC
RAL− mice), as expected, an increased number of mC+ and p24+ cells were 

seen (Fig. 2–B), although no changes in hCD68+, hCD3+, hCD4+, or hCD8+ cells were seen. 

However, in both hNOJmC
RAL− and hNOJmC

RAL+ mice, moderate increase of hCD20+ cells were 

seen. Such increase of hCD20+ cells in both RAL-treated and -untreated mice suggested that 

the HIVmc inoculum contained various allogeneic antigens within the cellular debris of 

human-derived 293T cells, in which HIVmC was propagated, such antigens stimulated 

otherwise scarce and unidentifiable hcD20+ cells, and those cells proliferated to become 

visually identified regardless of HIVmC infection/replication. It is also possible that HIVmC 

particles per se within the inoculum served as polyclonal B-cell stimulators (Yarchoan et al., 

1986) and caused the proliferation of hCD20+ cells without regard to the establishment of 

HIVmC infection. The immunologic activation of human cells by human allogeneic antigens 

and/or HIVmC particles is assumed to have taken place in antigen-presenting cells such as 

dendritic cells that upon activation migrate to lymphoid tissues, where they interact T- and 

B-cells and mediate immune responses. Harman’s group has reported that the expression of 

the maturation marker CD83 is up-regulated in mature monocyte-derived dendritic cells 
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upon HIV-1 infection (Harman et al., 2006). As expected, hCD83+ cells (representing 

human activated dendritic cells including HIVmC-infected dendritic cells) proved to be 

positive for mC signals (Fig. 4–C).

In the present study, two of the 12 hNOJmC
RAL+ mice turned out to be positive for pRNA 

copies (~105/ml), although those two mice were negative for plasma p24 antigen and the 

numbers of RNA copies were significantly less than those in hNOJmC
RAL− mice (Fig. 3). These 

two hNOJmC
RAL+/pRNA +  mice were confirmed to have undergone HIVmC breakthrough as 

examined with immunohistochemical double-staining and in situ hybridizatioin (Fig. 4–C). 

However, the number of mC+, p24+, or in situ RNA+ cells appeared to be less compared to 

those in hNOJmC
RAL− mice, suggesting that these two mice just had viral breakthrough at the 

time of sacrifice. In this regard, we first suspected that the two hNOJmC
RAL+/pRNA +  mice had 

viral breakthrough since rather dim but significant mC signals were detected in the serous 

membrane of the omentum as examined using the Maestro™ technology (Fig. 4–A). It is 

also possible that the apparent lower mC+/p24+/in situ RNA+ signals in the two 

hNOJmC
RAL+/pRNA +  mice than those in hNOJmC

RAL− mice may reflect that the two mice were 

infected and the relatively low viral load was maintained by the RAL treatment and the 

blunting of the HIV replication ensued (Garcia-Lerma et al., 2008). We did not initially 

conduct HIV PCR assays when we sacrificed the mice and obtained the fresh tissues. Only 

after we generated the data set showing that no plasma p24 or plasma HIV-l-RNA (pRNA) 

were detected in 10 of 12 hNOJ (hNOJmC
RAL+) mice over the 14-day observation, we 

attempted to conduct PCR assays using paraffin-embedded tissues. However, for some 

unknown technical problems (e.g., poor DNA extraction and such), we could not 

reproducibly gain the PCR signal. These data suggest that as shown in a post-exposure 

prevention study using simian immunodeficiency virus by Tsai et al. (1998), due to the time 

between virus exposure and treatment initiation that is a crucial factor for prevention of 

infection, a part of hNOJmC
RAL+ had eventual viral breakthrough but other 10 hNOJmC

RAL+ mice 

had no breakthrough during the 14 day-period of observation in the present study. It is 

possible that the use of greater doses of RAL or the same dose of RAL combined with other 

antiretroviral agent(s) could have prevented the viral breakthrough seen in the two 

hNOJmC
RAL+/pRNA +  mice. It is also possible that more hNOJmC

RAL+ mice could have viral 

breakthrough if the observation period in the present study had been extended. Of note, the 

nature of the mCherry-encoding gene deletion and 2-week interval observation poses a limit 

in interpreting the absence of mC+/p24+/in situ RNA+ signals in the present data as a 

successful prophylaxis. Moreover, a relatively long-term examination as to whether or not 

such mC+/p24+/in situ RNA+ signals remains negative following RAL washout is required 

to assure that prophylaxis was successful. However, the present experimental design was 

only 14 days and no further observation was made after washout. One reason is that as 

shown in Fig. 1–E of our previous paper first describing the present mouse system (Higashi-

Kuwata et al., 2017), the mCherry-encoding gene persisted within PBMCs obtained from the 

HIVJR−FL
mC -infected hNOJ mice over 14 days following HIVJR−FL

mC  inoculation; however, 
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deletion of the mCherry-encoding gene apparently occurred by day 21 after the inoculation. 

Thus, we planned to conduct the 14-day interval examination in the present study.

When we determined the numbers of hCD4+ T cells in peripheral blood of the three mouse 

groups on day 14, there was a significant decrease in the number of hCD4+ T cells in the 

hNOJmC
RAL+ and hNOJmC

RAL− mouse groups as compared to that in hNOJjunexposed (P < 0.006 

and 0.01 < P < 0.05, respectively) (Fig. 3–C). Since HIVmC infection was efficiently blocked 

in hNOJmC
RAL+ mice (Fig. 3–A and –B), the reason why the hCD4+ T cell numbers in the 

hNOJmC
RAL− and hNOJmC

RAL+ mouse groups were significantly less compared to those in 

hNOJunexposed mice is not readily understood. In this regard, it is possible that the R5 

envelope glycoprotein of HIVmC, which originated from R5-HIV-1JR-FL employed as a 

source of infectious virions in the present study, caused R5-induced apoptosis of hCD4+ 

cells, resulting in the decrease of hCD4+ cells in both hNOJmC
RAL+ mouse group (Wade et al., 

2010). In terms of the possible down-regulation of CD4 antigen expression by NEF 

(Levesque et al., 2004), the virus HIVmC expressed no NEF when assessed with western blot 

using the pHIVmC-transfected COS-7 cell lysates and virion (HIVmC) lysates, as we 

described in our previous paper authored by Higashi-Kuwata, Ogata-Aoki et al. (Higashi-

Kuwata et al., 2017). The absence of NEF expression is probably due to the insertion of the 

mCherry-encoding gene in place of the NEF-encoding region in HIV-1JR-FL. It is also 

possible that HIV-1 infection was established and subsequently viral replication was 

controlled by RAL treatment so that the hNOJmC
RAL+ mice became apparently negative for 

HIV-1 indices, leaving the significant reduction in hCD4+ T cells in such mice. Such 

possibility cannot be excluded in the absence of early sampling and a more detailed analysis 

of HIV DNA in tissues. The numbers of hCD4+ cells in Fig. 2–B were determined with thin 

sectioned mesenteric lymph node samples derived from 6 mice of hNOJunexposed, 

hNOJmC
RAL−, and hNOJmC

RAL+ groups using the highperformance image processing/analysis/

measurement software WinROOF. No significant differences were found among the three 

samples. In contrast, the numbers of hCD4+ cells in Fig. 3 were determined with peripheral 

blood mononuclear cells in 10 hNOJunexposed mice, 8 hNOJmC
RAL− mice and 12 hNOJmC

RAL+

mice using flow-cytometry. Thus, the apparent discrepancy between Figs. 2B and 3C may be 

due to the statistical power of the greater numbers of the samples in Fig. 3C. It is also 

possible that although CD4+ cells in tissues are from only one site (one mesenteric lymph 

node only), which may not reflect the number of CD4+ T-cell in the entire tissues/organs. 

The number of CD4+ T-cells in peripheral blood perhaps does not deviate due to the 

sampling site. It is also possible that the discrepancy may reflect a compartmental variation 

in the three mice groups (hNOJunexposed, hNOJmC
RAL−, and hNOJmC

RAL+ mice).

The present study, taken together, strongly suggest that the use of the current hNOJ mouse 

model employing HIVmC as a source of infectious virions is of utility and should shed light 

on the study of early-phase dynamics of HIV-1 transmission and cellular events as well as in 

the research area of pre-exposure and post-exposure prophylaxis of HIV-1 infection.
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Fig. 1. Construction of pHIVmC and study design.
(A) Genetic map of HIV-1 containing the mC fluorescent protein-encoding gene. HIV-1Jr-Fl 

was constructed to contain mC fluorescent protein between gp41 and nef proteins. (B) 

Protocol for radiation, hPBMC transplantation, HIVmC inoculation, RAL treatment and 

monitoring the dynamics of HIVmC infection. Twenty million hPBMC were transplanted to 

each mouse 1 day after X-ray exposure. Ten days after the hPBMC transplantation, HIVmC 

was inoculated ip. Twenty-four hours following the HIVmC inoculation, RAL administration 

(20 mg/kg, twice a day) was implemented and continued over 14 days. Mice were sacrificed 

on day 14 and subjected to virological, histological, and immunological examinations. (C) 

Pharmacokinetics of RAL. RAL was administered to each mouse at a dose of 20 mg/kg. 

Blood samples were taken at 3, 7, 15, 30, 60, 120 and 1440 min and subjected to HPLC 

analysis (n = 4). The concentration of RAL reached the maximal concentration almost 

immediately after ip administration and subsequently decreased rapidly. The plasma half-life 

of RAL in this study was approximately 20 min. (D) Re-population of hPBMC in the 

mesenteric area of each mouse group. Fixed/paraffin-embedded tissue sections were 
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immunohistologically stained with anti-hCD45 antibody (a pan-lymphocyte marker) and 

examined under light microscopy. Nuclei were counterstained with Mayer’s hematoxylin 

(blue). Note that hCD45+ cells (brown) had been re-populated within the mesenteric lymph 

nodes comparably among the three mouse groups: hNOJunexposed, hNOJmC
RAL+, and 

hNOJmC
RAL− mice. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 2. Representative immunohistochemical staining profiles of mesenteric lymph nodes.
(A) Re-population of human cells in the abdominal cavity. The paraffin sections of 

mesenteric lymph nodes in each group were immunostained with monoclonal antibodies 

against mC/DsRed, p24, hCD45, hCD68 (macrophage-specific antigen), hCD3, hCD4, 

hCD8 and hCD20 (brown). Nuclei were counterstained with Mayer’s hematoxylin (blue). 

Neither mCherry+ nor p24+ cells were seen in mesenteric (q and r) lymph nodes of 

hNOJmC
RAL+ mice. Cells in mesenteric lymph nodes of hNOJmC

RAL+ mice (s–w) showed similar 

features as seen in hNOJunexposed mice (c–g). (B) Quantitative analysis of each positive cell 

Ogata-Aoki et al. Page 17

Antiviral Res. Author manuscript; available in PMC 2021 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the mesenteric lymph nodes. Numbers of mCherry+, p24+, hCD68+, hCD3+, hCD4+, 

hCD8+, and hCD20+ cells per unit area were divided by each corresponding hCD45+ cell 

number per unit area. No mC+ or p24+ cells were seen in hNOJunexposed and hNOJmC
RAL+ mice 

and cell number/hCD45+ cell number was expressed as 0%. Note that the %hCD20+ was 

significantly greater in the mesenteric lymph node of hNOJmC
RAL− and hNOJmC

RAL+ mice 

compared to that of hNOJunexposed mice (P < 0.01). No significant differences were observed 

in hCD68+, hCD3+, hCD4+, or hCD8+ cell numbers among the three mouse groups. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 3. HIV-1 p24 amounts, pRNA copies and hCD4+ cell counts in each hNOJ mouse group with 
or without RAL treatment.

(A) Amounts of plasma p24 antigen. Plasma from the hNOJmC
RAL− and hNOJmC

RAL+ mice were 

examined using a fully automated chemiluminescent enzyme immunoassay on day 14 after 

HIVmc inoculation. Note that the amounts of p24 in plasma were high in hNOJmC
RAL− mice 

while RAL significantly suppressed the plasma p24 antigen as examined on day 14 after 

HIVmc inoculation. (p = 0.0003 compared to hNOJmC
RAL+ mice). (B) Amounts of pRNA 

copies. Blood samples were collected on day 14 and subjected to the determination of pRNA 

copy numbers. Note that the copy numbers in hNOJmC
RAL− mice were high on day 14. (P = 

0.0004 compared to hNOJmC
RAL+ mice). (C) Numbers of CD4+ cells in each mouse group. 

hPBMc recovered on day 14 after HIVmc inoculation were counted and subjected to flow 

cytometry.
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Fig. 4. Prevention of HIVmC infection with RAL treatment in hNOJ mice.
(A) Representative in vivo images. No mC signals were seen in abdominal area in all of 

hNOJmC
RAL+ mice, except two hNOJmC

RAL+/pRNA +  mice. Composite images (a–c) consisting of 

autoflurescence spectra and mC specific spectra demonstrate the location of mC positive 

organs. By day 14 after HIVmC inoculation, mC signal was mainly detected in mesenteric 

lymph nodes and the omentum of hNOJmC
RAL− mice (a and d). The mC signals were hardly 

recognized in hNOJmC
RAL+ mice with undetectable pRNA levels (b and e). hNOJmC

RAL+ mice 
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with detectable pRNA copies showed diffuse mC signals in their omentum (c and f). In 

panels a and d of Figure 4-A, the multiple spotty red signals are mC+ mesenteric lymph 

nodes, whereas the dimly red areas are mC+ omenta. In panels c and f of Figure 4-A, 

although significant mC signals are seen in omenta, no mC+ lymph nodes are seen. (B) 

Representative p24 profiles among mouse groups. No p24 positive cells were observed in 

the abdominal area in all the hNOJmC
RAL+ mice, except two hNOJmC

RAL+/pRNA +  mice. The p24+ 

cells were observed in the omenta of those two hNOJmC
RAL+/pRNA +  mice as well as all 

hNOJmC
RAL− mice. No p24+ cells were observed in the mesenteric lymph node of 

hNOJmC
RAL+/pRNA +  mice, whereas a number of p24 positive cells were found in hNOJmC

RAL−

mice. (C) Representative double-staining profiles and in situ hybridization data. HIV-RNA 

was not detected in the mesenteric lymph nodes of hNOJmC
RAL+/pRNA − , while no HIV-RNA 

was observed in hNOJunexposed (very right columns). HIV-RNA was detected in the omenta 

of hNOJmC
RAL+/pRNA + , however, the number of such HIV-RNA+ cells was much smaller than 

in the hNOJmC
RAL−. Nuclei were stained with DAPI. Arrows denote mC+ plus p24+ cells, mC+ 

plus hCD3+ cells, and mC+ plus hCD83+ cells. Nuclei were stained with hematoxylin and 

seen in blue. mC + cells are stained in red, whereas HIV-1 p24+, CD3+, and CD83+ cells are 

stained in brown. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 5. Comparison of the weights and numbers of mesenteric lymph nodes among three hNOJ 
mouse groups with or without RAL treatment.
For comparison, the largest lymph node in each mouse was examined. The largest lymph 

nodes in each mouse less than 0.01 mg were expressed as 0 mg in Panel A. For comparison 

of the numbers of lymph nodes, mC signal-emitting lymph nodes were counted using the 

Maestro™ system as shown in Panel B. Statistical analyses were performed using a 

nonparametric multiple comparison called Bonferroni method.
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Fig. 6. Morphologic profiles of mesenteric lymph nodes.
A number of multinuclear giant cells and cytolysis were seen in HIVmC

RAL− mice. Only 

cytolysis was seen in one of the two hNOJmC
RAL+/pRNA +  mice. Neither was seen in the other 

hNOJmC
RAL+/pRNA +  mouse, hNOJunexposed mice, or hNOJmC

RAL+/pRNA −  mice.
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