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cART, combination antiretroviral therapy;  

dpi, days postinfection;  

fDC, follicular dendritic cell; 

HIV-1, human immunodeficiency virus type 1;  

HSC, hematopoietic stem cell;  

LN, lymph node;  

MNC, mononuclear cell;  

ORF, open reading frame;  

PB, peripheral blood;  

PBMC, peripheral blood mononuclear cell;  

PHA, phytohemagglutinin;  

SLO, secondary lymphoid organ;  

TCID50, 50% tissue culture infective dose;  

VOA, viral outgrowth assay;  

WT, wild-type;  

wpi, weeks postinfection 

 

Abstract 

The appearance of human immunodeficiency virus type 1 (HIV-1) plasma 

viremia is associated with progression to symptomatic disease and CD4+ T 

cell depletion. To locate the source of systemic viremia, this study employed a 

novel method to trace HIV-1 infection in vivo. We created JRCSFξnef, a pool 

of infectious HIV-1 (strain JR-CSF) with highly mutated nef gene regions by 

random mutagenesis PCR and infected this mutated virus pool into both 

Jurkat-CCR5 cells and hematopoietic stem cell-transplanted humanized mice. 

Infection resulted in systemic plasma viremia in humanized mice and viral 

RNA sequencing helped us to identify multiple lymphoid organs such as 

spleen, lymph nodes and bone marrow but not peripheral blood cells as the 
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source of systemic viremia. Our data suggests that this method could be 

useful for the tracing of viral trafficking in vivo. 

 

Keywords 

HIV-1; humanized mouse; source of systemic viremia 

 

Introduction  

Currently, combination antiretroviral therapy (cART) efficiently suppresses 

plasma viremia during human immunodeficiency virus type 1 (HIV-1) infection 

in the majority of infected individuals (1, 2). However upon interruption of 

cART, viral load swiftly returns indicating there are persisting infected cells 

(i.e., reservoirs) in the body (3-5). Thus, there is an ongoing need to 

understand and trace the contribution of various sources of HIV-1 plasma 

viremia as we continue to search for methods of eliminating residual virus in 

these patients.  

Primary and secondary lymphoid organs such as lymph nodes (LNs), 

spleen, and bone marrow (BM) appear to be the most prevalent sites of HIV-1 

replication as these tissues contain huge numbers of infected cells and free 

virions especially in the follicular dendritic cell (fDC) network of secondary 

lymphoid organs (6). There is substantial HIV-1 replication in CD4+ T cells 

right from the beginning of infection throughout LNs despite viral loads being 

below the detection limit in plasma (6). This high level of HIV magnitude is 

maintained throughout infection as HIV-1 DNA and RNA can both be found in 

LN cells years after beginning cART (7-9). In addition, T cell homing to the BM 

is increased in HIV-1 infected patients (10) while only a low level of HIV-1 

DNA and RNA is detected in peripheral blood mononuclear cells (PBMCs). 

The measurement of which has been aided by highly sensitive RT-PCR 

methods (11). Studies in rhesus macaque monkeys with simian 

immunodeficiency virus infections have also shown that after long periods of 
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cART, locations with the highest viral DNA and RNA are the LN and spleen 

(12-14). In post-mortem spleen tissues of cART treated virally suppressed 

patients, single genome sequencing targeting the env-nef region showed that 

the spleen acts as a sanctuary site (15). This quantitative data strongly 

suggests that lymphoid organs are the source of HIV-1 systemic viremia. 

However, it remains unclear the extent of contribution by major lymphoid 

organ(s) to the source of systemic viremia in vivo. To address this, a previous 

study utilized barcoding and tagging tools to trace virus trafficking in vivo. 

Fennessey et al. generated a pool of simian immunodeficiency virus that 

contains ~9,300 mutants with unique 34-nucleotide barcode sequences in 

between vpx and vpr genes and inoculated it into rhesus macaques to trace 

the rebound events after cART cessation (16). A similar method has recently 

been used to estimate the level of viral replication required to generate 

escape mutations from the cytotoxic lymphocyte response (17). However, 

previous studies to trace the diversity of HIV-1 in vivo and address the origin 

of systemic viremia have not been reported. 

In this study we aimed to investigate the nature of HIV-1 

compartmentalization in a hematopoietic stem cell (HSC)-transplanted 

humanized mice model. We attempted to trace the source of the persistent 

plasma viremia during untreated infection of a pool of HIV-1 containing 

artificially mutated nef via the sequencing of viral RNA in plasma, PBMCs, 

and multiple lymphoid tissues. We found that in humanized mice, the BM, 

LNs, and spleen can all act as the source of systemic HIV-1 viremia under 

untreated conditions. These tissue-resident viruses, but not peripheral blood 

cell-originated viruses, are deemed to have been established by and help to 

maintain systemic viremia. 

 

Materials and Methods 

Ethics Statement 

All animal studies were conducted following the guidelines for the Care and 

Use of Laboratory Animals of the Ministry of Education, Culture, Sports, 
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Science and Technology, Japan. The authors received approval from the 

Institutional Animal Care and Use Committees (IACUC)/ethics committee of 

the institutional review board of Kyoto University (protocol number R0778-1). 

All protocols involving human subjects were reviewed and approved by the 

Kyoto University institutional review board. All human subjects provided 

written informed consent. 

 

Cells 

HEK293T cells (ATCC CRL-1573) and TZM-bl cells (obtained through the NIH 

AIDS Research and Reference Reagent Program) (18) were maintained in 

Dulbecco’s modified Eagle's medium (Sigma) containing 10% fetal calf serum, 

2 mM L-glutamate (Gibco) and penicillin/streptomycin. Jurkat-CCR5 cells (19) 

were maintained in RPMI1640 (Sigma) containing 10% fetal calf serum and 

penicillin/streptomycin. 

 

Humanized Mice 

NOD/SCID/Il2rgnull
 mice (NOG mice) (20) were obtained from the Central 

Institute for Experimental Animals (Kawasaki, Japan). The mice were 

maintained under specific pathogen-free conditions and were handled in 

accordance with the Regulation on Animal Experimentation at Kyoto 

University. Three NOG mice were irradiated by 2 days old with 10cGy/mouse 

of X-ray using the X-ray cabinet system (Faxitron X-ray Corporation, Tucson, 

AZ, USA). They were then intrahepatically injected with 1 × 105 to 2.3 × 105 

human CD34+ HSC (isolated from human fetal liver) (21-24). 

 

Preparation of JRCSFξnef virus pool 

Initially three independent PCRs were carried out on separate regions of a 

plasmid containing full-length HIV-1 JR-CSF (pJRCSF) (GenBank accession 
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no. M38429.1). First, the region between 5’ LTR to nef upstream was 

amplified by conventional PCR using a high fidelity GXL DNA polymerase 

(Takara) with primer A (labeled in Fig. 1a) [JRCSF -91 - -54]: gag ata tac att 

tgg cct ttg aga gtt cat aga agg g and primer B [JRCSF 8741-8772]: gcc ctt tcc 

aag ccc tgt ctt att ctt gta gg). pJRCSF was used as the template. The PCR 

product was run in gel electrophoresis and extracted. The region between nef 

downstream to the end of 3’ LTR was also prepared using GXL DNA 

polymerase and primer E [JRCSF 9439-9473]: gag ctt tct aca agg gac ttc cgc 

tgg gga ctt t and primer F [JRCSF 9781-9817]: gac agg aaa taa cca tta aga 

gca att cag ggg tta c). Next, a mutagenesis PCR targeting the nef region was 

performed using GeneMorph II Random mutagenesis kit (Agilent 

Technologies) and primer C [JRCSF 8741-8772]: cct aca aga ata aga cag ggc 

ttg gaa agg gc and primer D [JRCSF 9439-9473]: aaa gtc ccc agc gga aag tcc 

ctt gta gaa agc tc). pJRCSF was used as the template. The PCR product was 

purified and two additional mutagenesis PCRs were performed using the 1st 

PCR product as the template. To verify the mutation efficacy, aliquots of the 

PCR product at each step (1st, 2nd and 3rd steps) were cloned into TOPO 

vectors for sequencing ("Sequencing A" in Fig. 1a). Finally, the three PCR 

fragments were conjugated by overlap extension PCR using KOD FX Neo 

DNA polymerase (Toyobo) with primers A and F and full-length JRCSF DNA 

fragment with mutated nef ("JRCSFξnef DNA" in Fig. 1a) was obtained. To 

verify the extent of mutations in the nef region of JRCSFξnef DNA fragment, 

PCR was performed using GXL DNA polymerase with primers C and D. The 

products were cloned into TOPO vectors and nef gene region of individual 

clones was sequenced ("Sequencing B" in Fig. 1a). 

 To generate a replication-competent nef-mutated JRCSF (henceforth 

denoted as JRCSFξnef), 10 μg of the obtained JRCSFξnef DNA fragment and 

20 μg of pUC19 were cotransfected into HEK293T cells using a standard 

calcium phosphate protocol as previously described (25). At 48 hours 

posttransfection, the culture supernatant was harvested, centrifuged, and then 

filtered through a 0.45-μm-pore-size filter (Millipore). Viral infectivity was 

measured with TZM-bl cells and the 50% tissue culture infective dose 

(TCID50) of standard virus was measured by Reed-Muench’s method as 
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previously described (26). Briefly, serially diluted JRCSFξnef virus pool and 

the standard virus (JR-CSF) were inoculated into TZM-bl cells and infectivity 

was measured by TZM-bl assay (25, 21). Infectivity was 52,684 TCID50/ml. 

 

HIV-1 Infection 

For the experiments in in vitro cell culture (Fig. 2), 100,000 Jurkat-CCR5 cells 

were infected with a JRCSFξnef (1,000 TCID50; multiplicity of infection 0.01). 

The culture supernatant was harvested every two days (i.e., 2, 4, 6, 8, 10, 12 

and 14 days post infection [dpi]) for sequencing of the nef region (at 6, 10 and 

14 dpi) and measuring viral RNA level. During harvest of the culture 

supernatant, culture media was replaced with fresh media. These in vitro 

experiments were performed in four independent cultures. The nef gene 

region from viruses in culture supernatant at 6, 10 and 14 dpi were sequenced 

and combined together on a phylogeny tree for each culture. 70, 83, 63 and 

76 sequences were isolated and sequenced from cultures A-D respectively. 

For the experiments in humanized mice, (Fig. 3), 10,000 TCID50 of 

JRCSFξnef was injected intraperitoneally into three humanized mice between 

12-13 weeks post-HSC transplantation. 

 

RNA extraction, cDNA preparation and Sanger sequencing 

Viral RNA was extracted from the culture supernatant or the plasma of 

infected humanized mice using QIAamp viral RNA mini kit (Qiagen). cDNA 

was synthesized with SuperScript III reverse transcriptase (Thermo Fisher 

Scientific) and primer D as previously described (27). cDNA was cloned into 

TOPO vectors and the nef region of individual clones were sequenced.  
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Collection of peripheral blood (PB) and quantification HIV-1 RNA in 

plasma from humanized mice 

PB was collected from humanized mice at 1, 2, 4, 6 and 9 weeks postinfection 

(wpi) as described previously (25). Red blood cells in the PB were lysed with 

1 × BD Lysis Buffer (BD Pharmingen) and the copy number of viral RNA in 

plasma was measured routinely by Bio Medical Laboratories Inc, Tokyo, 

Japan.  

 

Quantification of CD4+ T cell decrease in PB 

Flow cytometry was performed with a FACSCalibur (BD Biosciences) as 

previously described (22-24) and the obtained data was analyzed with 

CellQuest software (BD Biosciences) and FlowJo software (Tree Star, Inc.). 

For flow cytometry analysis, the following antibodies were used: PE-

conjugated anti-CD45 antibody (HI30; Biolegend), FITC-conjugated anti-CD3 

antibody (UCHT1; Biolegend), and APC-conjugated anti-CD4 antibody (RPA-

T4; Biolegend). 

 

Isolation of human mononuclear cells (MNCs) from organs 

Infected mice were euthanized with 500 µL of 1.2% avertin (Sigma-Aldrich) 

prepared in saline (0.2 ml/10 g body weight) at 9 wpi. Human MNCs from BM, 

spleen, and LNs were collected using Ficoll-Paque (Pharmacia) and stored at 

-80˚C until use. 

Molecular phylogenetic analyses 

Fasta files were made in TextEdit and aligned in MEGA6 software (28). Using 

MEGA6, primary phylogeny trees were constructed via the maximum 

likelihood method before transferring to FigTree (version 1.4.3) for final 

phylogeny tree construction. 
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Viral outgrowth assay (VOA) 

Human peripheral blood mononuclear cells (PBMCs) were separated using 

Ficoll-Paque (Pharmacia) and then stimulated with phytohemagglutinin (PHA; 

Sigma) and recombinant human IL-2 (100 unit/ml) for ~1 week. PHA-activated 

PBMCs (5 × 105 cells) were co-cultured for 14 days with 5 × 105 splenic 

MNCs obtained from infected humanized mice. Supernatant was collected at 

8 dpi and viral RNA was isolated from culture supernatant as described 

above. 

 

Results 

Generation of a replication-competent HIV-1 pool with highly mutated 

nef 

To create a mutant virus pool that is able to replicate at a similar level to wild-

type (WT), random mutagenesis PCR was performed on the nef ORF of HIV-

1 (strain JR-CSF), with primers C and D (see "Materials and Methods" and 

Fig. 1a) using a low fidelity DNA polymerase. "Sequencing A" in Fig. 1a 

shows the creation of a sequentially greater number of nucleotide mutations in 

the nef gene product pool from 1st, 2nd and 3rd mutagenesis PCR, 

respectively (Supplementary Fig. 1 and 2). To prepare JRCSFξnef DNA, a 

library of full-length HIV-1 DNA with highly mutated nef regions, the mutated 

nef products were conjugated to the downstream and upstream remainders of 

the HIV-1 sequence (Fig. 1b). Sanger sequencing verified the nef region of 

JRCSFξnef DNA contained a high number of mutations ("Sequencing B" in 

Fig. 1a and Supplementary Fig. 3). We then produced infectious HIV-1 

particles via transfection of the JRCSFξnef DNA fragment. The culture 

supernatant of transfected cells then contained infectious viruses (Fig. 1c), 

referred to as “JRCSFξnef virus pool”. The sequencing of the nef region of 

JRCSFξnef virus pool confirmed the presence of at least 187 viruses with 

unique nef sequences and 9 viruses with WT nef amongst the 270 clones 

sequenced (Supplementary table 1). The nef region of JRCSFξnef virus pool 

varied anywhere between 1 mutation (23/270) to more than 10 mutations 
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(34/270) (Fig. 1d and Supplementary table 1) and was highly diverse (Fig. 

1e).  

 

JR-CSFξnef virus pool exhibits random predomination of mutant virus 

infection in Jurkat-CCR5 cells 

To investigate the replication dynamics of JRCSFξnef virus pool in in vitro cell 

culture, JRCSFξnef virus pool was infected into four independent Jurkat-

CCR5 cell cultures. As shown in Fig. 2a, the JRCSFξnef virus pool was 

replication competent. Upon analyzing viral sequences, 25, 36, 15 and 19 

unique sequences were independently found in cultures A-D. Only culture C 

had 1 WT nef sequence at 10 dpi. The L86S/G109A (in amino residues) 

mutant virus predominated in 3 out of the 4 (A, B and C) cultures making up 

30%, 33%, 27% and 9% of viruses in cultures A-D. No other viruses were in 

common between the 4 independent cultures (Fig. 2b). Interestingly, the 

viruses that dominantly replicated in each culture were different: the 

A36A/A70A/F78S/L86L mutant predominated only in culture D (Fig. 2b). 

These observations suggest that the viruses dominantly replicating in in vitro 

cell culture were stochastically selected. 

 

JR-CSFξnef virus pool shows systemic replicative fitness with 

significant pathogenicity 

To analyze the replication and pathogenic potential of JRCSFξnef virus pool 

in an in vivo animal model of HIV-1, we used humanized mice. Blood samples 

were taken at 1, 2, 4 and 6 wpi and viral RNA was isolated from the plasma. 

Mice were sacrificed at 9 wpi and intracellular viral RNA was isolated from BM 

(both left and right femurs), spleen, PBMCs and mesenteric LNs (Fig. 3a). 

 JRCSFξnef virus pool and WT JRCSF were infected into three and five 

mice respectively, at the same infectious dose (10,000 TCID50). Although 

these small numbers of mice do not allow for any statistical significance 
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during comparisons, by 1 wpi plasma viral RNA level in WT JRCSF-infected 

mice was 5-fold greater than that of JRCSFξnef virus pool-inoculated mice 

and 108-fold greater by 9 wpi (Fig. 3b). Despite viral load being relatively so 

much lower in JRCSFξnef virus pool-inoculated mice, the decrease in 

peripheral CD4+ T cell number was similar for both WT and JRCSFξnef  

infected groups (Fig. 3c). These observations suggest that despite less 

efficient replication by JRCSFξnef virus pool, this virus pool is pathogenic and 

results in the depletion of CD4+ T cells in humanized mice. 

 

In vivo tracing of nef-mutated HIV-1 in plasma and tissue cells indicate 

HIV-1 trafficking 

To address the diversity of HIV-1 in the plasma as well as the multiple organs 

of three mice inoculated with JRCSFξnef virus pool, we extracted viral RNA 

and determined the sequences. As shown in Fig. 3d, a variety of nef mutants 

were detected. Since no mutations were observed in the gag region (data not 

shown), the majority of the mutations in the nef region detected appeared to 

be derived from the artificial mutagenesis (Fig. 1). 

 In the plasma and BM of mouse #1, the L86S/G109A mutant virus 

which predominated in 3 out of the 4 Jurkat-CCR5 cell cultures was again 

detected. This mutant virus was found in the plasma at 1 wpi (54%), 2 wpi 

(17%), 4 wpi (56%), and 6 wpi (85%) as well as in the BM collected from the 

left femur (28%) at 9 wpi (Fig. 3d, top). On the other hand, a WT nef virus 

predominated in mouse #2. It was found in 2 separate mesenteric LNs (26% 

and 100%), BM of both femurs (53% and 11%), and plasma at 1, 2, 4 (all 

100%) and 9 wpi (92%) (Fig. 3d, middle). Although the L86S/G109A mutant 

was detected in mouse #2, it was only found in the spleen at 9 wpi (33%) (Fig. 

3d, middle), suggesting that the L86S/G109A mutant is not highly replicative 

in vivo. Moreover, in mouse #3, the D28G mutant virus predominated and was 

found in BM of both femurs (18 and 50%), the spleen (47%) and plasma at 4 

wpi (86%) (Fig. 3d, bottom). The R19K/D28G mutant virus was also found in 

the spleen (6%) and plasma at 6 wpi (31%), while WT viruses were found in 
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both the spleen (29%) and the BM of left femur (27%) (Fig. 3d, bottom). 

Because the detected mutants were different across the three mice, our data 

suggests dominantly replicating viruses were also stochastically selected in 

vivo. 

 To trace the source(s) of systemic viremia (i.e., viruses in plasma), we 

compared viral sequences between plasma and lymphoid samples. As shown 

in Fig. 3d, identical viruses were observed in both tissue and plasma in the 

same mouse. In all 3 mice, an identical virus was found in both BM and 

plasma. An identical virus was also found in both the plasma and either 

mesenteric LNs or spleen in mouse #2 and #3, respectively. These 

observations suggest that BM is a mainstay source of systemic viremia and 

spleen and LNs may also contribute to systemic viremia in this mouse model. 

Interestingly, identical viruses were never found in both the plasma and 

PBMCs, suggesting PBMCs are not the source of plasma virus in our system. 

 

VOA from infected mice 

Finally, to address whether the nef mutant viruses detected in lymphoid 

tissues are replication competent, the splenic MNCs of mice #1 and #3 were 

co-cultured with PHA-stimulated human PBMCs (Fig. 4a). At 8 dpi, the culture 

supernatants were harvested and the nef region was sequenced. As shown in 

Fig. 4b, 90% of the 20 sequences obtained from the co-culture with mouse #1 

spleen possessed the W5G mutation. In the co-culture with mouse #3 spleen, 

95% of the 20 nef sequences had the D28G mutation (Fig. 4c). Importantly, 

W5G and D28G were respectively detected in the spleen of mice #1 and #3 

(Fig. 2d). Therefore, our findings show that at least W5G and D28G mutant 

viruses are replication competent in vitro and in vivo and our observations in 

nef mutations reflect the diversity of replication-competent viruses. 
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Discussion 

In this study we used a novel method to trace the nature of systemic HIV-1 

trafficking in an in vivo mouse system using a replication-competent HIV-1 

pool with artificially mutated nef. We traced the source of the persistent 

plasma viremia and found that BM and secondary lymphoid organs (SLOs; 

e.g., spleen, LNs and gut-associated lymphoid tissues) but not PB are major 

compartments of HIV-1 virions that systemically circulate in the plasma in 

vivo. 

 Neither the L86S/G109A mutant virus, which predominated in both 

three of four of the Jurkat-CCR5 cultures and in mouse #1, nor the D28G 

mutant virus that predominated in mouse #3, were observed in the input 

JRCSFξnef virus pool. Because the L86S/G109A mutant was detected both in 

vitro (Fig. 2) and in vivo (Fig. 3), we believe the most likely possibility is that 

this mutant was already present but not detected in the initial 270 sequences 

screened in the input pool. To fully elucidate the diversity of the JRCSFξnef 

virus pool, deep sequencing using next generation sequencing technology will 

be needed. 

 It is also important to consider the large difference in time span 

between the three stages of these experiments. The input virus was 

generated in HEK293T cells over 48 hours (Fig. 1), the viruses were collected 

from Jurkat-CCR5 cell cultures for 2 weeks (Fig. 2) and blood was taken from 

humanized mice until 9 weeks (Fig. 3). Therefore, we must acknowledge 

when comparing virus sequences between these different systems that time 

spans are significantly longer in the third stage of experiments in humanized 

mice (Fig. 3). Because of the differential and more diverse selective intrinsic 

pressures present in a mouse compared with those in Jurkat-CCR5 cell 

monoculture, comparisons between these systems have a limited meaning. 

 In multiple studies the majority of HIV-1 replication has been observed 

to occur in SLOs (6, 12, 15, 13, 14) perhaps enlightening us as to why such a 

high number of unique viruses were observed in the spleen of our mice. 
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Unfortunately, mesenteric LNs were only recovered in one mouse so we 

cannot observe any trend in LNs.  

HIV-1 RNA+ cells are known to concentrate in B cell follicles of SLOs 

(29, 30) and CD8+ T cells play an important role in suppressing viral 

replication in both SIV models and HIV-1 infected individuals (31-33). This is 

mostly in extrafollicular areas as the B cell follicle appears to be a somewhat 

immune privileged zone. However, it is difficult to reproduce the induction of 

CD8+ T cell response in HSC transplanted humanized mice with HIV-1 

infection (24). Therefore adaptive immunological responses against HIV-1 

seem to be weak in our humanized mice, and immune privileged zones in B 

cell follicles are probably not the reason for spleen and LNs acting as the 

source of plasma virus in two of three mice. In mouse #1, the L86S/G109A 

mutant virus is prevalent at all time points in plasma except at 9 wpi (54%, 

17%, 56% and 85% in weeks 1, 2, 4 and 6 plasma), as well as making up 

28% of BM viruses although was not observed in PBMCs or spleen. Its 

presence in the BM however suggests it could be seeded into the 

bloodstream again at any time point. In mouse #2 a similar phenomenon is 

observed where WT virus predominates in plasma even until time of sacrifice. 

Although both BM and LNs still contain WT virus [26% in LN1, 100% in LN2, 

53% in BM (left) and 11% in BM (right)]; the spleen, LN1, both BM and 

PBMCs at sacrifice all consist of a range of unique viruses relative to the 

plasma at earlier time points. In mouse #3, we see the constant presence of 

mutant D28G virus, making up 41% and 84% of plasma viruses at weeks 4 

and 9 and almost 50% of viruses in two of three lymphoid organs [ spleen and 

BM (right)] at sacrifice.  

The W5G virus in mouse #1 was found to make up 90% of total viruses 

in the VOA despite only making up 4% (1/23) of the viral RNA sequences 

identified in the spleen. This may suggest that the majority of splenic viral 

RNA sequences are not replication competent, while the W5G virus clearly is. 

The D28G virus in mouse #3 was also confirmed to be replication competent 

in the VOA, suggesting these mutations provides some sort of replicative 
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advantage. To the best of our knowledge, there has been no reports thus far 

of the mutations D28G, L86G or G109A resulting in altered Nef function.  

In general, we observed BM and SLOs to contain a much greater 

range of unique viruses at 9 wpi sacrifice than in plasma. In the plasma of all 

mice from week 6 onwards, there was just one or two dominant sequences 

that made up >92% of all viruses, suggesting these viruses have the highest 

replication fitness in the plasma. The observation in mouse #1 that there was 

a much higher number of unique viruses in the spleen relative to plasma or 

even BM and PBMCs, while in mouse #2; BM, SLOs and PBL and in mouse 

#3, BM and spleen always had the highest numbers of unique viruses; 

supports previous findings that replication may proceed with less selective 

pressure in SLOs and BM. Although, unlike in humans where lack of cytotoxic 

T lympocytes in the B cell follicle of SLOs may contribute to such an 

observation, the reason for increased range of viruses in these compartments 

in humanized mice remains unknown.  

In conclusion, we have used a novel method to successfully trace HIV-

1 across various lymphoid organs and plasma. We identified both primary 

(BM) and secondary (LNs and spleen) lymphoid organs as the source of 

systemic HIV-1 viremia in our humanized mice. We think these findings show 

this method to be useful for further viral dynamics studies under cART 

conditions, as well as the reliability of these humanized mice to reflect 

scenarios occurring in human HIV-1 infections. 
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Figures 

Figure 1. Preparation of JRCSFξnef virus pool 

(a) Scheme of the preparation of JRCSFξnef virus pool. The detailed 

procedure is summarized in Materials and Method section. Primers A-F 

denotes the location of pJRCSF. For the verification of mutations in the nef 

region, sequencing was performed at three steps ("Sequencings A, B and C" 
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in the figure), and the results are shown in Supplemental Fig. 1-3 and 

Supplemental Table 1. (b) Preparation of JRCSFξnef DNA fragment. The size 

of JRCSFξnef DNA fragment is expected to be ~9.4 kb when run in gel 

electrophoresis alongside the markers of HindIII digest of lambda DNA and 1-

kb DNA ladder. (c) Infectivity of WT JR-CSF and JRCSFξnef virus pool. Viral 

infectivity was measured by TZM-bl assay and normalized to the amount of 

viral p24 antigen. (d) Number of mutations in the nef region of JRCSFξnef 

virus pool. cDNA was synthesized from JRCSFξnef virus pool and cloned into 

TOPO vectors for sequencing. 270 clones were sequenced and number of 

mutations per amplicon is shown. (e) A phylogenetic tree of the sequences of 

nef of the 270 clones from JRCSFξnef virus pool. Parental (WT) virus is 

indicated by asterisk. A scale bar indicates 0.005 nucleotide substitutions per 

site.  
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Figure 2. Stochastic HIV-1 infection in Jurkat-CCR5 cells 

(a) The growth of JRCSFξnef virus pool in 4 independent Jurkat-CCR5 cell 

cultures (cultures A-D). (b) Phylogenetic trees of the nef region of JRCSFξnef 

virus pool in in 4 independent Jurkat-CCR5 cell cultures. The nef region of the 

viruses collected from the culture supernatant at days 6 (circle), 10 (triangle) 

and 14 (diamond) was sequenced. The sequences are aligned on a 

phylogeny tree relative to WT JRCSF nef sequence as a reference. The 

mutants dominantly detected are indicated by colors. 
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Figure 3. Infection of JRCSFξnef virus pool in humanized mice 

(a) Experimental setup. Three humanized mice were infected with JRCSFξnef 

virus pool. Blood was collected at 1, 2, 4, 6 wpi and mice were sacrificed at 9 

wpi and organs indicated were collected. (b) (Left) The growth of JRCSFξnef 

virus pool (n=3) and WT JRCSF (n=5). The amounts of viral RNA in the three 

mice infected with JRCSFξnef virus pool are individually indicated by lines, 

and the averages of viral RNA in WT JRCSF-infected mice (n=5) are shown 

with SEM. (Right) The area under the curve (AUC) of the viral RNA. Each dot 

indicates the result from individual infected mouse. 

(c) (Left) Decrease of peripheral CD4+ T cells. The fold change of the level of 

peripheral CD4+ T cells in the three mice infected with JRCSFξnef virus pool 

are individually indicated by lines, and the averages of the fold change of the 

level of peripheral CD4+ T cells in WT JRCSF-infected mice (n=5) and mock-

infected mice (n=6) are shown with SEM. (Right) The AUC of the fold change 

of the level of peripheral CD4+ T cells. Each dot indicates the result from each 

individual infected mouse. (d) Mutations detected in each organ of the mice 

infected with JRCSFξnef virus pool. The mutants detected in mice #1 (top), #2 

(middle) and #3 (bottom) are summarized in pie charts. The numbers in 

parentheses indicate the numbers of sequences analyzed. Each color 

indicates the mutant detected, and "*X" are the mutants that contain more 

than five mutations. The list of mutants detected is summarized in 

Supplemental Table 2. 
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Figure 4. VOA showing at least two replication-competent mutated 

viruses (W5G and D28G) in the spleen of humanized mice 

(a) A scheme of VOA. (b and c) Pie charts of the viruses rescued from the 

spleens of mouse #1 (b) and mouse #3 (c). 

 

 

 




