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Neither the number of HIV-1 proviruses within individual infected
cells in HIV-1–infected patients nor their genetic relatedness
within individual infected cells and between cells and plasma virus
are well defined. To address these issues we developed a tech-
nique to quantify and genetically characterize HIV-1 DNA from
single infected cells in vivo. Analysis of peripheral blood CD4+ T
cells from nine patients revealed that the majority of infected cells
contain only one copy of HIV-1 DNA, implying a limited potential
for recombination in virus produced by these cells. The genetic
similarity between HIV populations in CD4+ T cells and plasma
implies ongoing exchange between these compartments both
early and late after infection.

The genetic diversity of HIV (HIV-1) allows the virus to es-
cape immune pressure and rapidly develop drug resistance

and has hindered the development of a functional vaccine. Three
mechanisms contribute to the genetic diversity of HIV: rapid,
high-level virus turnover (ca. 108–109 cells are infected every
day), nucleotide misincorporation during replication of the HIV-1
genome by the error-prone reverse transcriptase, and recom-
bination (1–3).
As with other retroviruses, HIV-1 recombination occurs dur-

ing reverse transcription when reverse transcriptase switches
between the two RNA genome templates in the infecting virion
and uses information from both of them to generate a hybrid
viral DNA. Although recombination can occur in all infection
events, only virions that contain two genetically distinct RNAs
can generate a recombinant that is genotypically different from
either of the two parental strains (4). The production of a ge-
notypically different recombinant is therefore a multistep pro-
cess. The virus producer cell needs to be infected by two or more
genetically distinct viruses, RNAs transcribed from the different
proviruses have to be copackaged into a heterodimeric virion,
and template switching during reverse transcription must take
place to generate recombinant viral DNA (5). It has been esti-
mated that as many as 30 template switches may take place
during a single infection event (reviewed in ref. 6). The potential
for productive recombination in HIV-1–infected individuals is
therefore strongly dependent on both the frequency of multiply
infected cells and the genetic relationship of the proviruses
they contain.
Isolation of recombinants from infected individuals provides

evidence of multiple infected cells (7–10). Furthermore, in vitro
studies have shown the occurrence of doubly infected cells (11,
12) and the generation of heterodimeric virions with two dif-
ferent viral RNAs (13). Evidence for multiply HIV-1–infected
cells in vivo was first demonstrated in spleen by Gratton et al.
(14) and further confirmed in a study by Jung et al. (15). The
latter study concluded that CD4+ cells isolated from the spleen
harbored between one and eight (with a mean of 3.2) proviruses
per cell and that the proviruses within single cells were geneti-
cally diverse (15). Although both the in vitro and in vivo studies

point to the possibility of extensive multiple infection, recent
modeling studies by Neher et al. (16) and Batorsky et al. (17)
concluded that, on the basis of the amount of viral recom-
bination observed during chronic HIV-1 infection, only 10% or
less of HIV-1–infected cells are multiply infected with genetically
distinct virus.
Although the modeling studies indicate low effective re-

combination rates during disease progression, it is unclear how
often infected host cells contain multiple HIV-1 proviruses.
Furthermore, the genetic relatedness of proviruses within an
infected cell to one another and to the extracellular virus pop-
ulation is unknown. To address these issues we developed the
single-cell sequencing assay (SCS), which allows a direct analysis
of the number of HIV-1 DNA molecules in single HIV-1–
infected cells and reveals their relatedness to one another, to
DNA in other cells, and to genome sequences derived from
contemporaneous plasma virus RNA.
In the present study, analysis of cells from five recently (<6

mo) and four chronically (2–15 y) infected patients revealed that
the majority (>85%) of infected CD4+ T cells in blood contain
only one copy of HIV-1 DNA, implying a limited potential for
recombination in virus produced by these cells. Sequence analysis
revealed that intracellular viral DNA from CD4+ T cells in each
of the nine patients was phylogenetically similar to contempo-
raneous plasma RNA, indicating ongoing exchange between
these compartments during early and chronic HIV-1 infection.

Results
The Majority of Infected CD4+ T Cells Contain One DNA Molecule. The
rate of HIV-1 recombination is dependent on multiply HIV-1–
infected cells, the number of which in peripheral blood is un-
known. Therefore, we developed the SCS to quantify and ge-
netically characterize HIV-1 DNA molecules from individual
infected cells [Fig. 1 and SI Materials and Methods, Detailed
Description of Single-Cell Sequencing Assay (SCS)]. The ability of
the assay to detect all proviruses in singly and multiply infected
cells was validated using 293T cells infected with defined num-
bers of HIV-based vectors (SI Materials and Methods, Validation
of SCS, and Table S1). To evaluate the number of multiply
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infected CD4+ T cells from peripheral blood a 1.3-kb gag-pol
fragment was amplified from samples collected from five recently
infected (<6 mo of infection) and four chronically infected
patients (2–15 y of infection) using SCS (Table 1). Two time
points, ≈6 mo apart, were analyzed for three of the chronically
infected patients. The analysis revealed that the majority (>85%)
of infected CD4+ T cells contained a single viral DNA molecule
(Table 2), but at least one row containing the cell lysate with <<
one infected cell spread over 10 wells had two or more HIV-1
DNA molecules in eight of the nine patients. There were three
possible reasons for the detection of more than one HIV-1 DNA
molecule in a row of 10 wells: (i) one cell contained two or more
different HIV-1 DNA molecules; (ii) one cell contained a single
provirus but was in the process of DNA replication; or (iii) two
or more HIV-1 positive cells were lysed and analyzed in the same
row. In each case, the number of rows with more than one copy
of viral DNA corresponded closely to that predicted by the
Poisson distribution under the assumption of no multiple in-
fection [predicted values are shown in parentheses in columns
2–6 (from left) in Table 2 (“Individual patients”)]. For each in-
dividual patient, correspondingly, there was insufficient statisti-
cal support to reject the hypothesis that no multiple infection
was present (P ≥ 0.10 for all patients) [Table 2 (“Individual
patients”), column 7]. Additionally, patients sampled early in
infection collectively did not demonstrate significant evidence of
multiple infection (P = 0.78) [Table 2 (“Combining all early and
all chronic patients”), column 7]. However, when results from all
patients with chronic infection were combined, the number of
rows with more than one DNA molecule significantly exceeded
that predicted from a random distribution, implying that multi-

ple infection was present (P = 0.03). These data indicate that,
most of the time, the multiple DNA molecules are more likely to
have been derived from two or more HIV-positive cells lysed and
analyzed in a row of 10 wells than from one cell containing
multiple HIV-1 molecules.
Although we cannot definitively determine the frequency of

multiply infected cells from the data in Table 2, we can use these
results to put bounds on their frequency. If we conservatively
assume that all rows containing two or more HIV-1 DNA mol-
ecules are the result of multiply infected cells, we can conclude
with a confidence level of 95% that fewer than 15–44% of cells
during early infection and fewer than 30–58% of cells during
chronic infection are multiply infected [Table 2 (“Individual
patients”), column 8]. When we combined all of the data from all
of the early infected patients we found with 95% confidence that
multiple infection occurs in less than 20% of cells [Table 2
(“Combining all early and all chronic patients”), column 8]. For
cells from chronically infected patients, multiple infections occur
at less than 30%. However, when simulations were conducted to
estimate the rate of multiple infection most consistent with the
observed distribution of HIV-1 DNA molecules, we found that
the most likely number of multiply infected cells was ≤10% for
all patients [Table 2 (“Individual patients”), column 9]. Overall,
these data suggest that during untreated HIV-1 infection mul-
tiple infection of CD4+ T cells in peripheral blood is an un-
common event; however, it seems that multiply infected cells
may be more common during chronic infection.

Frequency of Infection of Peripheral CD4+ T Cells Is Similar During
Early and Chronic Infection. To determine whether viral RNA
levels, CD4+ T-cell count, or length of infection influenced the
frequency of HIV-1–infected cells, we calculated the frequency
of infected CD4+ T cells in all samples from the nine patients.
The frequency of infection was determined by dividing the total
number of cells analyzed in each sample by the number of
infected cells calculated from the number of DNA molecules
detected in each row of 10 wells. Because multiple DNA mole-
cules in one row could have been derived from singly or multiply
infected cells, we used two methods to account for the range of
possible multiple infection rates. The first method, in which all
multiple DNA molecules were assumed to derive from singly
infected cells (no occurrence of multiple infection), yielding
a higher frequency of infection (fewer cells per HIV DNA
molecule). The second method, in which all multiple DNA
molecules were assumed to derive from multiply infected cells
(maximal occurrence of multiple infection), yielding a lower
frequency of infection (more cells per HIV DNA molecule)
[Table 2 (“Individual patients”), columns 10–13]. These calcu-
lations gave a geometric mean of 1,503–1,730 cells per DNA
molecule during early infection (patients 1–5) and 617–771 cells
per DNA molecule during chronic infection (patients 6–9).

Sort patient cells 
by phenotype 
using FACS

Place a specific number 
of cells containing << 1
   infected cell per well 

in the first column 
of a 96 well plate

Lyse cells and spread 
the lysate over 10 wells 

per row (see arrow) 
in a total of 8 rows 
 on a 96 well plate 

PCR amplify (p6-RT)  
each HIV genome from 
lysate, detect positives 
on gel and sequence 

Calculate genetic 
relationship to one 

another, and to 
HIV DNA in other cells 

and to plasma viral RNA

*

* Two HIV amplicons in the same lane - possible multiple infected cell 

Fig. 1. SCS. CD4+ T cells and monocytes from HIV-1–infected patients were sorted by FACS into PCR plates at dilutions selected so that each well would
contain an average of much less than one infected cell. The cells in each well were lysed and their DNA distributed over 10 wells. PCR using primers spanning
a 1.3-kb fragment of HIV-1 DNA encompassing part of the gag-pol region was performed, and the products were detected by gel electrophoresis and se-
quenced. The number of viral DNA molecules per infected cell was estimated from the number of positive wells. Viral DNA amplicons were sequenced and
aligned to pNL43. The relatedness of viral DNA sequences to one another and to single-genome sequences derived from contemporaneous plasma virus RNA
was determined by phylogenetic analysis.

Table 1. Patient information

Patient no.
No. of
samples

CD4+ T-cell
count (cells/μL)

Viral load
(RNA copies/mL)

Length of
infection (y)

Early Infection
1 1 512 29,700 0.5
2 1 407 3,800 <0.5
3 1 906 510 <0.5
4 1 1057 1,400,000 <0.5
5 1 482 79,800 0.5

Chronic Infection
6 2 704 47,787 2

664 86,212 2.5
7 2 490 12,482 3–5.0

339 16,339 3–5.5
8 2 342 15,362 8.5

343 8,753 9
9 1 101 1,801,380 >15
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When we compared the infection frequency in early infection
with chronic infection (geometric mean of the two time points
for patients 6–8) we could not show any difference between the
two groups for methods 1 or 2 (P > 0.4, Mann–Whitney test).
Similarly, when we accounted for the range of infection frequency
we found that the ranges during early and chronic infection
overlapped, suggesting no difference of infection frequency dur-
ing early and chronic infection (Fig. 2). However, the ranges of
estimated infection frequency demonstrated a large variability of
infection frequency across patients (521–7,133 cells per DNA
molecule during early infection for patients 1–5 and 65–6,003
cells per DNA molecule during chronic infection for patients 6–
9). For example, patient 9, who had been infected for at least 15 y,
had a much higher frequency of infected CD4+ T cells compared
with the other patients. Further statistical analysis showed no
correlation between frequency of infected cells and plasma viral
load [Spearman r = 0.20 (method 1) and 0.00 (method 2)] in
samples collected from patients during early infection; however,
a correlation was found in samples collected from patients during
chronic infection [Spearman r = −0.86 (method 1) and −0.89
(method 2)] (Fig. 2), but when patient 9, infected for > 15 y, was
taken out from the data set this correlation was not as strong
[Spearman r = −0.77 (method 1) and −0.82 (method 2)]. No
correlation was found between frequency of infected CD4+

T cells and CD4+ T-cell count in either subset of patients
[Spearman r = 0.30 (method 1) and 0.10 (method 2) and 0.13
(method 1) and 0.18 (method 2) in early and chronic infection,
respectively]. In addition to analyzing CD4+ T cells, we also an-
alyzed monocytes from peripheral blood. Monocytes were isolated
by sorting either for CD14+ or CD14loCD16hi positive cells. This
analysis (CD14+ in five of the nine patients and CD16hiCD14lo in
four of the nine patients) did not identify any HIV-1–infected
monocytes corresponding to less than 1 HIV-1 DNA molecule
per 2,300–200,000 cells (SI Discussion and Table S2).

Sequences from Cellular DNA and Plasma RNA Are Phylogenetically
Similar in Both Early and Chronic Infection. To evaluate the re-
latedness of viral DNA sequences from CD4+ T cells to one
another and to single-genome sequences derived from contem-
poraneous plasma virus RNA, we conducted phylogenetic anal-
yses (Fig. 3). Sequences from all nine patient samples as well as
standard laboratory viruses formed independent populations
that were at least 5% different from one another on a phyloge-
netic tree, with no intermingling, demonstrating that the viruses
found in these patients were genetically distinct. As expected,
intrapatient comparisons showed that all five early infection
patients had nearly monomorphic viral populations derived from
both cells and plasma (an example is shown in Fig. 3A). The
homogeneity of viral sequences in patients with early infection
contrasted with the heterogeneity of sequences found in patients
with chronic infection (examples shown in Fig. 3 B and C). In
samples from seven of the nine patients we found sequences that
were identical for one or more doublet DNA molecules ampli-
fied from the same row of 10 wells (examples shown in Fig. 3 B
and C), for a total of 23 identical doublets out of 45 multiples.
Such doublets could result either from a cell in the process of
S-phase DNA synthesis or from one cell infected by two genet-
ically identical virions. For all patients analyzed, the phylogenetic
distribution of intracellular DNA sequences was similar to single-
genome sequences derived from plasma virus RNA taken at the
same time. The genetic similarity between HIV-1 populations in
CD4+ T cells and plasma implies ongoing exchange between
these compartments.

HIV-1 Genetic Diversity Is Similar in Paired Cell and Plasma Samples.
To further assess the genetic relationship between HIV-1 pop-
ulations found in cells and plasma, the diversity of sequences
from all patient samples was calculated using average pairwise
distance (APD). The APD of the HIV-1 DNA from CD4+ T

Table 2. Frequency of infection

Frequency of infected CD4+ T cells

Patient

Observed no. of HIV DNA molecules per row

P value for null
hypothesis of
no multiple
infection

Frequency of multiple infection Method 1* Method 2†

0 1 2 3 4

Upper 95%
confidence
bound (%)

Most consistent with
observed no. of

multiple HIV DNA
molecules (%)

Cells/
HIV
DNA 95% CI

Cells/
HIV
DNA 95% CI

Individual patients
Early Infection
1 (1)‡ 94 (92.1)§ 20 (22.4) 4 (4.4) 1 (0.9) 1 (0.2) 0.5 40.5 2.0 869 625–1,247 1,169 798–1,790
2 (1) 77 (79.3) 19 (14.5) 0 (1.9) 0 (0.2) 0 (0) 1.0 14.6 0 813 521–1,349 813 521–1,349
3 (1) 142 (140.5) 14 (17.2) 4 (2) 0 (0.2) 0 (0) 0.2 43.9 10 2,847 1,881–4,543 3,480 2,202–5,872
4 (1) 58 (61.4) 21 (15.1) 1 (2.9) 0 (0.6) 0 (0.1) 0.98 19.8 0 1,078 719–1701 1,127 745–1,798
5 (1) 119 (118) 15 (16.1) 1 (1.7) 1 (0.1) 0 (0) 0.56 32.6 0.9 3,532 2,287–5,782 4,155 2,595–7,133
Chronic Infection
6 (2) 65 (65.6) 20 (19.1) 3 (2.9) 0 (0.3) 0 (0) 0.25 30.4 4.9 954 651–1,460 1,078 719–1,701

142 (139) 20 (25.4) 5 (3.2) 1 (0.3) 0 (0) 40.5 783 558–1,137 994 678–1,521
7 (2) 128 (122) 15 (24.9) 7 (4.2) 1 (0.7) 1 (0.1) 0.1 56.3 9.7 1,296 936–1,850 1,943 1,306–3,033

88 (88.8) 20 (20.1) 4 (3.2) 0 (0.4) 0 (0) 34.2 666 461–1,002 777 522–1,212
8 (2) 99 (97.3) 10 (13.4) 3 (1.2) 0 (0.1) 0 (0) 0.14 49.5 10.4 1,465 902–2,563 1,803 1,055–3,368

41 (37.4) 10 (14.8) 2 (3.2) 3 (0.5) 0 (0.1) 57.7 2,191 1,461–3,457 3,360 2,037–6,003
9 (1) 47 (47.6) 15 (14.1) 2 (2.1) 0 (0.2) 0 (0) 0.69 32.6 0 101 65–168 113 71–194

Combining all early and all chronic patients
Early Infection

490 (491.3) 89 (85.3) 10 (12.9) 2 (2.0) 1 (0.3) 0.78 19.2 2.58 1,503¶ 1,730
Chronic Infection

610 (597.7) 110 (131.8) 26 (20.0) 5 (2.5) 1 (0.2) 0.03 29.1 7.0 617 771

*Method 1: Assuming no multiple infection.
†Method 2: Assuming maximal multiple infection.
‡Number of samples per patient in parentheses.
§Poisson predicted values in parentheses.
¶Geometric mean of early and chronic infection values.
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cells and plasma RNA was 0.09% and 0.12% in recently (Fig.
4A) and 1.0% and 0.9% in chronically infected patients (both
time points were combined for patients 6–8), respectively (Fig.
4B). For each patient, the APD of intracellular and extracellular
HIV-1 populations was similar (P ≥ 0.4, Mann–Whitney test)
and, consistent with the tree analysis, the APD of the combined
cell- and plasma-derived sequences was not different from the
APD of either the intracellular or extracellular HIV-1 pop-
ulations (both P ≥ 0.5, Mann–Whitney test) (Fig. 4 A and B). As
expected, the APD of HIV-1 populations from both cells and
plasma in early infection was significantly lower than that found
in these two compartments during chronic infection (P < 0.04)
for both compartments and for both time points compared
separately for the chronic infection patients) (Fig. 4 C and D).

Discussion
The production of recombinant HIV-1 variants is strongly de-
pendent on both the frequency of multiply infected cells and the
genetic relationship of the proviruses they contain (4). Infection
of cells with two different virions has been shown to occur
in vitro (11, 12, 18); however, to date in vivo infected cells
containing multiple HIV-1 variants have only been identified in
spleen tissue from chronically infected patients (14, 15). Despite
the lack of direct evidence since the publication of these studies,
it has been generally accepted that most cells are multiply in-
fected during HIV-1 disease.

To investigate the numbers of multiply infected cells in the
peripheral blood from HIV-1–infected individuals we developed
the SCS. We found that the majority (>85%) of CD4+ T cells
from the peripheral blood in nine treatment-naïve patients (five in
early and four in chronic infection) contain only a single viral DNA
molecule. In samples from eight of the nine patients we observed
DNA molecules that could arise from multiply infected cells. If we
assume that all of the multiple HIV-1 DNA molecules that we
observed were derived from multiply infected cells the upper 95%
confidence bound for the proportion of multiply HIV-1–infected
CD4+ T cells in peripheral blood is 19% and 29% during early and
chronic infection, respectively, far below the previous estimate (14,
15). Furthermore, when we compared the actual number of mul-
tiple HIV-1 DNA molecules with the values predicted by Poisson
distribution, we estimated the most likely frequency of cells con-
taining multiple HIV-1 DNA molecules during early and chronic
infection to be 2.6% and 7.0%, respectively, and not significantly
different from 0 for any individual patient.
These findings agree with the recent analyses of Neher et al.

(16) and Batorsky et al. (17), who used modeling to estimate
a rate of recombination consistent with an effective coinfection
rate of ≤10%, and Simmonds et al. (19), who found evidence for
one provirus per infected peripheral blood mononuclear cell.
Several factors having to do with the cell source may explain the
discrepancy with the Gratton and Jung results (14, 15). These
authors analyzed spleen cells, as opposed to cells from the pe-
ripheral blood, and some studies have detected a higher con-
centration of HIV-1 in lymphoid tissue (20, 21); therefore,
spleen cells may encounter HIV-1 virions more frequently than
cells in the peripheral circulation. In addition, in vitro studies
have shown that cell-to-cell transmission (which is a common
feature in lymphoid tissue) more efficiently transfers virions to
the acceptor cell, increasing the possibility of multiple infection
(11, 12, 22). Furthermore, our analysis was limited to CD4+ T
cells from the peripheral blood, and other cells and/or cellular
reservoirs such as the spleen may have higher numbers of mul-
tiply HIV-1–infected cells. Despite these explanations, our re-
sults demonstrate that during productive HIV-1 infection most
of the CD4+ T cells in the peripheral blood contain a single
HIV-1 DNA molecule with the same population of sequences as
found in plasma virus.

Frequency of Infection (CD4+ T-cells/HIV DNA Molecule) and 95% CI
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Fig. 2. Frequency of infection of CD4+ T cells from peripheral blood in early
(n = 5) and chronic infection (n = 4) vs. plasma viral RNA level. Frequency of
infection for each patient and time point was calculated using two methods.
The first method assumed that each observed HIV-1 amplicon represented
a unique infected cell, corresponding to an assumption that no multiple
infection was present. The second method assumed that any row with
multiple proviruses represented only one infected cell, corresponding to an
assumption that the maximum possible rate of multiple infection was
present. Frequency of infection is shown as total CD4+ T cells per HIV DNA
molecule. The frequency of infection with 95% confidence interval in early
and chronic infection was compared, as well as the correlation between
frequency of infection and plasma viral RNA levels within the two groups.
The correlation analysis is represented as Spearman r values in the figure.

0.005 0.005

A
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C

Sequences from plasma
Sequences from CD4+ T-cells

Reference sequence pNL4-3

0.005

Multiple sequences from CD4+ T-cells, same color indicates sequences from the same row

Fig. 3. Phylogenetic analysis of viral sequences from cells and plasma.
Maximum likelihood trees of plasma (open circles) and cell-derived
sequences (filled circles) from early HIV infection (patient 2) (A), chronic HIV
infection (patient 7, time point 1) (B), and patient 9, the longest-infected
patient (C). All trees are rooted to pNL43 (open square). Colored triangles
denote sequences from different wells in the same row.
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According to previous studies, CD4+ T-cell populations harbor
the highest, but still relatively low, numbers of HIV-1 proviruses in
the peripheral blood (infection rate of one per 100–107 cells) (19,
23, 24). In agreement with these studies, we found low frequencies
of infection in CD4+ T cells from peripheral blood. However, in
using SCS we achieved more accurate estimates of the HIV-1
infection rate of CD4+ T cells, averaging ≈1,600 cells per HIV
DNA molecule (0.06%) during early infection and ≈700 cells per
HIV DNA molecule (0.14%) during chronic infection, values not
significantly different from each other (P > 0.4). Taken together,
these findings indicate that the duration of infection does not
seem to affect the frequency of infection of CD4+ T cells as long
as the viral RNA levels are relatively low and the CD4+ T-cell
count is higher than 300 cells/μL. An earlier study revealed that
a high frequency of infection correlates with low CD4+ T-cell
counts and high viral loads (25). In agreement with this study, we
found that patient 9, infected for 15 y with a low CD4+ T-cell
count (101 cells/μL) and a high viral load (1.8 × 106 copies/mL),
had a much higher CD4+ T-cell infection rate (average ≈107 cells
per HIV DNA molecule, 0.93%) than all of the other patients
analyzed. When comparing the CD4+ T-cell frequency of in-
fection with viral load we found a correlation between frequency
of infection and viral RNA levels in patients during chronic in-
fection. The lack of correlation between the infection frequency of
CD4+ T cells and viral RNA levels in early infection could be
explained by the fact that a viral set point has not been established
in these patients. Interestingly, we were unable to detect infection
of monocytes in this study (SI Discussion and Table S2), despite
previous reports to the contrary (26–28).
The genetic makeup of HIV-1 DNA molecules in multiply

infected cells is crucial for the production of heterodimeric
virions (4). In samples from eight of the nine patients, we
detected more than one HIV-1 DNA molecule in the infected
cell lysate (<20% of the time), and these molecules could be
the result of a multiply infected cell. Analyzing the genetic re-
lationship between these HIV-1 DNA molecules revealed both

genetically homogenous and distinct sequences. Because iden-
tical viral sequences were rarely found among the sequences
from plasma (7 of 203 sequences) in this study or in other
studies of untreated chronic infection, we believe that the ho-
mogenous sequences found in the cell samples from the chronic
patients come from cells with multiple proviruses, either singly
infected cells in the process of replication or doubly infected by
cell-to-cell transfer of virus from a singly infected cell. Of the 45
potentially multiply infected cells we observed, 23 contained
pairs of identical sequences (8 during acute infection and 15
during chronic infection, time points 1 and 2 combined for
patients 6–8). However, the rest did contain genetically distinct
DNA sequences, which, if they arose from double infection and
not multiple singly infected cells, could give rise to hetero-
dimeric virions and new genetic recombinants.
We also analyzed the genetic relationship between in-

tracellular HIV-1 DNA populations and HIV-1 RNA isolated
from plasma. The half-life of HIV-1 in blood is very short (on the
order of 1 h) (29), indicating that the virions found in plasma
have recently been produced and reflect ongoing viral pro-
duction from cells in the peripheral blood. In agreement with
a recent report by Edo-Matas et al. (30), we found that in-
tracellular viral DNA sequences in these infected patients were
phylogenetically similar to sequences derived from contempo-
raneous plasma RNA. We also found that the genetic diversity of
the HIV-1 populations in these two compartments was similar.
This comparison suggests that the virus found in these patients’
plasma is produced by their peripheral CD4+ T cells. Recently,
we and others demonstrated that genetic diversity in virus iso-
lated from plasma in the majority of patients is low in early in-
fection and increases with time of infection (31, 32). In this study
we were able to demonstrate the same pattern in sequences
isolated from peripheral CD4+ T cells.
In conclusion, our results indicate that most CD4+ T cells in

the peripheral blood contain only one copy of HIV-1 DNA,
implying limited potential for recombination in viruses produced
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Fig. 4. Genetic diversity of HIV-1 in CD4+ T cells and plasma during early (n = 5) and chronic (n = 4) stages of infection. Diversity was measured as APD and
shown as percent differences. Symbols in gray represent values from early infection, and symbols in black represent values from chronic infection. Intrapatient
genetic diversity of HIV-1 DNA from CD4+ T cells vs. RNA from plasma and the combined interpopulation APD of cells and plasma during early (A) and chronic
infection (B). Comparison of HIV-1 diversity in CD4+ T cells (C) and plasma (D) collected from patients during early vs. the two different time points for chronic
infection. Statistical analysis was conducted using the Mann–Whitney test.
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by this cellular population. The genetic similarity between HIV-1
populations in CD4+ T cells isolated from peripheral blood and
plasma implies ongoing exchange between plasma RNA and
DNA from peripheral CD4+ T cells. The failure to detect HIV-
1–infected monocytes in this study implies that their frequency of
infection is very low compared with CD4+ T cells.

Materials and Methods
Clinical Specimens. Cells and plasma samples from five recently and four
chronically infected HIV-1 subtype B-infected individuals were analyzed. The
samples were obtained from patients attending the National Institute of
Allergy and Infectious Disease Critical Care Medical Department of the Na-
tional Institutes of Health (NIH), Bethesda, MD (n = 4, patients 6–9) and
Venhälsan at Södersjukhuset, Stockholm, Sweden (n = 5, patients 1–5). In-
formed consent was obtained from all of the patients. The study was ap-
proved by the institutional review boards at the NIH and the Karolinska
Institutet. All patients were treatment naïve throughout the study (Table 1).

Single-Cell Sequencing. The single-cell sequencing technique allows for the
quantitative and genetic analysis of intracellular HIV-1 viral populations. In
brief, pools of cells, each containing << one infected cell, are lysed and

distributed across 10 wells per row in a total of eight rows on a 96-well PCR
plate. PCR amplification and sequencing of the DNA in each well allows
enumeration and analysis of the genetic relationship of viral DNA molecules
in each infected cell (Fig. 1, SI Materials and Methods, and Table S1).

Single-Genome Sequencing. To compare the intracellular populations iden-
tified using the SCS with HIV-1 RNA populations found in plasma, we per-
formed single-genome sequencing on the plasma samples from each of the
nine patients, as described earlier (31, 33, 34).
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