Dynamics of HIV-1 Recombination in its Natural Target Cells
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Background: Extensive diversification and rapid evolution are hallmarks of HIV infection.

aids HIV vaccine and fostering the
emergence of variants resistant to multidrug therapy. A better understanding of
recombination is crucial, yet recombination rates during infection of relevant primary targets
of HIV infection are unknown. Important aspects of HIV-1 recombination remain poorly
defined, including the propensity of HIV-1 to productively infect cells with more than one
virion (a necessary for and the frequency of
recombination events during infection of the natural target cell population

Methods: Because prior methods for analysis of recombination in tissue culture have
employed antibiotic drug resistance markers to select and enumerate infected cells, these
studies have been limited to single round infection of fibroblastic cell lines. We have
developed methods using HIV-1 reporter viruses bearing genes for Yellow and Cyan
Fluorescent Proteins (Figure 1-2) which allows immediate and simultaneous quantification
by flow cytometry of the rate of virus infection, co-infection and recombination within any cell
type, including primary T cells and macrophages as well as the SCID-hu (Thy/Liv) mouse
model. The principle of the method is that recombination between incorporated YFP and
CFP genes generates a GFP variant called GFP* (Figure 3-5). The proportion of cells
expressing GFP* can then be used to calculate the frequency of recombination within the
viral population (Figure 6).

Results: 1. frequency of HIV-1 recombination is profoundly influenced by the infected cell.
The frequency of recombination in T cells is nearly twice the frequency in HeLa-CD4
fibroblasts. Infection of primary monocyte-derived macrophages results in a frequency of
recombination that is 3-4 times the frequency in primary and transformed T cells (Figure 7-
10). 2. Differentiation of two monocytic cell lines, THP-1 and U937 results in an
enhancement of recombination rates from levels observed in T cells to those found in
primary macrophages (Figure 7). 3. Multiround infection assays in primary CD4+ T cells
and in SCID-hu (ThylLiv) mice reveal that co-infection of cells proceeds according to nearly
the square of the infection frequency, indicating little functional inhibition of co-infection
(Figure 11). 4. Since co-inf is a necessary for

diversification, the generation of recombinants also proceeds according to this rule, and
independently of target cell numbers, input MOI, the number of rounds of viral replication.
Nearly identical results are obtained in both the tissue culture and SCID-Hu systems,
suggesting that generally applicable relationships are described

Conclusions: If operative in human infection, these results suggest that increases in viral
load may confer a compounding increased risk of virus escape via recombinational
diversification. We postulate that lentiviruses have evolved high rates of recombination in
order to optimize for the of niches and to faciltate
immune escape. Since macrophages are among the first cells infected, high recombination
in this cell type may aid establishment of diversity early in infection.

Levy et al., 2004 PNAS in press.

Figure 3

Recombination Between YFP and CFP
Generates a Molecule with GFP Fluorescence.

Co-Packaging of YFP and CFP HIV-1 Genomes Allows Recombination to Generate GFP*
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Figure 7
Relative Rates of Recombination During a Single Round of Infection of
Various Cell Types
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Cells were infected with equal MOI of identical HIV-1 viruses containing co-packaged HIV-1 YFP.
and CFP genomes then assessed for expression of YFP, CFP and GFP* following full expression of
HIV-L in the infected cells.

PBL were stimulated with PHA-L and IL-2 for 4 days prior to infection. Macrophages were
generated by adherence to plastic for 4-13 days prior to infection. Differentiation of monocytic cell
lines THP-1 and U937 was induced by phorbol ester (PMA) treatment
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Kinetics of HIV-1 replication, multiple infection and recombination in multiround infection.

Figure 4 )
Protocol for Measuring Retroviral Recombination.

Flow Cytometry-Based Single Round of Infection Assay

Aiv-ceP

J

N e ®@O@

Transfect Viral DNA

©
©

Figure 8
Cellular nucleotide availability does not affect the rate of HIV-1 recombination.
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Figure 1

Construction of HIV-1 Viruses Expressing GFP variants YFP and CFP.
FP and CFP are expressed de novo as native proteins in productively infected cells

Figure 5

Generation of GFP

Fluorescent Cells by Heterozygous .

Figure 9

The Use of Two Divergent HIV-1 Viruses Allows Direct Detection of the Reverse
Transcription Crossover Events Occuring During a Single Round of Infection.

NL4-3 and 89.6 are 6% divergent in DNA sequence across their genomes.
Vertical lines indicate sites of non-identity that create markers to detect recombination events,

Sites of Non-Identity Between NL.C and 89.Y
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Figure 2 gjyorescence Produced by Infection with HIV-1 YFP Virus. Eiouiels)
Primary monocyte-derived macrophages were infected with YFP HIV-1virus @ T < During a Single Round of

5 days prior Lo fluorescence photomicragraphy.
White Light YEP Fluorescence

Portion of HIV-1 Genome where RT Crossover
Must Occur to Generate GFP*: 0.04

Portion of Viruses Which Will Copackage YFP
and CFP Genome Under Ideal Conditions: 0.50

Portion of Crossovers Occurring From CFP —> YFP
During Minus Strand Synthesis 050

0.04 x 0.50 x 0.50 = 0.01. In other words 1% of All Crossovers Produce GFP*
Therefore, when for example 8% of cells are found to express GFP* following a

single round of virus replication, it is predicted that 8 crossoversivirus per round of
virus replication have occured

Figure 10 gentification of Crossover Events Between NL4-3-CFP and 89.6-YFP
During a Single Round of Infection in Jurkat by Direct Sequencing
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(GEP* Jurkat cels were cloned following a single found of infection with viruses that had co-packaged NL-3
CFP and 89.6-YFP genomes. Fallowing expansion of these cell clones near fulllength HIV-1 genomes were
cloned and sequenced. Shown below are the data from 13 independent clones. The direct observation of an
average of 7.5 crossoversivius is in excellent agreement with the 8 crossoversivirus in Jurkat calculated
using the flow cytometry methot

Kinetics of HIV-1 replication, multiple infection and recombination in T cells and Thymocytes in the SCID-hu (Thy/Liv) model
Activated CD4+ T cells were infected on day 0 with the following amounts of replication-competent homozygous YFP and CFP HIV-1 reporter viruses:

Red: 2000 ng, Blue: 500 ng, Green: 200 ng, Black: 50 ng p24 gag protein input dose. IL-2 was added on day 4 and on every other following day.

Graphs A-C show one experiment of 3 using CD4+ T from separate donors.

Graphs D-F show results from all 3 experiments
A: Percentage of all cells that were fluorescent for YFP, CFP or GFP.

B: Co-infection rate measured as YFPICFP (+/+) cells. Outer graph: Proportion of the infected cells that were YFPICFP (+/+).
Inset: Percentage of all cells that were YFPICFP (+/+). At infection rates below 10%, the percentage of cells that are YFPICFP (+/+) is
very close to 1/2 of all co-infected cells

C: Appearance of GFP+ cells infected with GFP* recombinant viruses. Outer graph: Percentage of the infected cells that were GFP+.
Inset: Percentage of all cells that were GFP+.

D: The co-infection rate is proportional to nearly the square of the infection rate. Data at all time points from 3 independent experiments
are graphed, both before and after peak infection. Black line represents a theoretical square relationship.

E: The abundance of cells infected with recombinant GFP* viruses is directly proportional to the co-infection rate. Data from three
independent experiments are shown. Three data sets were restricted to the days in each sample until peak infection and before target
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show power function curve fits. For all curve fits, p <.

F: The emergence of recombinant viruses is proportional to the square of the infection rate. Data sets are the same as in Figure 11E.
For all curve fits, p < 0.01 except for Donor 3 after peak infection, where p > 0.0:

G-I Relationships between the rates of infection, co-infection and recombination in vivo in the SCID-hu (Thy/Liv) mouse model
12 thymic implants were infected with YFP and CFP replication-competent reporter viruses then assayed at 2-3 weeks p.i
Data are presented as in panels D-F. For all curve fits, p < 0.01




