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Abstract
CCR5, a cell surface molecule critical for the transmission and spread of HIV-1, is dynamically
regulated during T cell activation and differentiation. The molecular mechanism linking T cell
activation to modulation of CCR5 expression remains undefined. KLF2 is a transcription factor
that promotes quiescence, survival, and in part by modulating chemokine receptor levels, induces
homing to secondary lymphoid organs. Given the relationship between T cell activation and
chemokine receptor expression, we tested whether the abundance of KLF2 following T cell
activation regulates CCR5 expression and thus susceptibility of a T cell to CCR5 dependent
HIV-1 strains (R5). We observed a strong correlation between T cell activation, expression of
KLF2 and CCR5, and susceptibility to infection. To directly measure how KLF2 affects CCR5
regulation, we introduced siRNA targeting KLF2 expression and demonstrated reduced KLF2
expression also resulted in less CCR5. Chromatin immunoprecipitation assays identified KLF2
bound to the CCR5 promoter in resting but not CD3/28 activated T cells, suggesting that KLF2
directly regulates CCR5 expression. Introduction of KLF2 under control of a heterologous
promoter could restore CCR5 expression and R5 susceptibility to CD3/28 costimulated T cells and
some transformed cell lines. Thus, KLF2 is a host factor that modulates CCR5 expression in CD4
T cells and influences susceptibility to R5 infection.

Introduction
There is great variability within the population regarding susceptibility to HIV-1 infection
and the rate at which those infected progress to AIDS. A large number of host factors
including HLA, TRIM5α, APOBEC3G, CCR5 and CXCR4 have been shown to play a role
in either determining susceptibility to HIV-1 infection or in the progression to AIDS (1).
While much study has been devoted to identifying particular alleles associated with
resistance to infection or altered progression to AIDS, less progress has been made
identifying factors regulating these susceptibility and progression factors. CCR5, which is
highly regulated during T cell activation and differentiation, is particularly interesting
because there is a direct correlation with the amount of CCR5 on the cell surface and
susceptibility to R5 infection (2). It has long been noted that there is an inverse relationship
between the strength of a T cell activation signal and the amount of CCR5 expression (3–6);
however, to date no molecular mechanism has been identified which would explain how the
strength of T cell activation would regulate CCR5 expression.
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Given the predominant role CCR5 plays in HIV-1 acquisition and progression, there have
been many attempts to understand the factors that regulate CCR5 expression (7). CCR5
transcription is initiated at multiple sites via two promoters (8, 9). Interestingly, Promoter 1
(Pr1) is more active in transformed cell lines whereas Pr2 appears to be the dominant
promoter used in activated primary human T cells (8, 10). Although many factors including
NF-κB/Rel, NF-AT, YY1, GATA-1, CREB-1, Oct1 and Oct-2 have been shown to regulate
CCR5 expression (8, 9, 11–17), the spatial-temporal coordination of these factors
modulating CCR5 expression in response to various activation signals is unclear. Moreover,
because T cell lines largely have lost the ability to express CCR5 and structure/function
promoter studies in primary T cells are challenging to perform, it has been difficult to
pinpoint the factors that control CCR5 expression in primary human T cells in response to
developmental, environmental and antigen signals.

Kruppel-like factors are a family of at least 17 zinc-finger transcription factors that play key
roles in differentiation, quiescence, and homeostasis of many cell lineages (18). Krueppel-
like factor 2, KLF2, highlights the importance of this family of transcription factors to the
immune system as mice lacking KLF2 showed an activated T cell phenotype with severely
reduced T cells in the periphery (19). KLF2 plays an active role in keeping T cells in a
resting state, in part by reducing cMyc expression (20). KLF2 has also been shown to
regulate T cell migration by controlling the expression of key regulators of T cell trafficking
such as CD62-L and S1P1 (21, 22), explaining in part the lack of T cells in the lymph nodes
and peripheral blood of KLF2-deficient mice. Further investigation demonstrated KLF2
deficient murine T cells have augmented mRNA levels of the inflammatory chemokine
receptors CXCR3, CCR3 and CCR5 (23) ; however, subsequent studies indicated that loss
of KLF2 lead to a cell-non-autonomous increase in CCR5 expression (24). This suggests
that current mouse models of KLF2 deficiency will not be informative to study cell-intrinsic
effects of KLF2 loss in T cells. Based upon the correlation amongst KLF2, chemokine
receptor expression and T cell activation, we speculated that KLF2 may regulate a human T
cell’s susceptibility to HIV-1 infection. Our studies indicate that KLF2 does indeed regulate
CCR5 expression in primary human T cells in a manner which alters a cell’s susceptibility to
HIV-1 infection.

Materials and Methods
Lentiviral vectors, transduction and cell culture

KLF2 and TRIM22 cDNAs were obtained from Open Biosystems (Huntsville, AL) and
cloned into a lentiviral expression system that linked expression to either GFP or mRFP via
a 2A sequence. Murine CD28 with an introduced stop codon placed right after the
transmembrane domain (aa 167) was also inserted into a lentiviral vector backbone.
Construction of huTRIM5α lentiviral vector, high titer vector production, and transduction
into primary T cells was performed as previously described (25).

siRNA electroporation
Electroporation of primary human T cells was performed as described (26), using 20 µg
siRNA comprising a pool of 4 control or KLF2-specific siRNAs (Dharmacon, Lafayette,
CO).

FACS Analysis, Cell Sorting and Quantitative RT-PCR
Cell-surface staining for CCR5 was performed as previously described (27) using a BD LSR
II. Cell sorting was performed by Flow Cytometry & Cell Sorting Core at the University of
Pennsylvania as previously described (25). KLF2, CCR5 and GAPDH expression levels
were quantitated by real time PCR using a 7900HT thermocycler (Life Technologies) using
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FAM-based inventoried assays Hs00360439_g1, Hs99999149_s1, and Hs00266705_g1
(Life Technologies), as recommended by the manufacturer and relative expression was
calculated as previously described (28).

Chromatin Immunoprecipitation
ChIP was performed using the EZ-MagnaChIP G kit (Millipore) as previously described
(29) with anti-KLF2 monoclonal antibody (M09, Abnova). Real time PCR primers are
identified at their extreme ends in Fig. 2A and full length sequences are available upon
request.

HIV-1 Challenge and Entry Assay
KLF2-, mCD28-167*- or untransduced CD4 T cells were costimulated with αCD3/CD28-
coated beads at a 3:1 bead to cell ratio, and challenged 2 hours later with cell-free
HIV-1BalHIV-1US1 or HIV-1BK132 at a multiplicity of infection of 0.1, or mock challenged
as previously described (27). After 48 hours, 2–4 × 105 cells were harvested for DNA
isolation using a QIAamp DNA Mini kit (Qiagen, Valencia, CA). The extent of infection in
mock and HIV-challenged samples was quantified by TaqMan for HIV-1 gag and
gapdhusing DNA from stably-infected Ach-2 cells to construct a gag standard curve (25).
To perform HIV-1 pseudotype entry assay, PHA + IL2 stimulated primary human CD4 T
cells were transduced with mRFP 2A KLF2- or CCR5-expressing lentivectors, or were left
untransduced as a control. After 4 days, KLF2- and hTRIM22-expressing cells were sorted
based on mRFP expression. The next day, cells were subjected to the 24-hour BlaM assay as
previously described (30) and then assayed for HIV-1 fusion by FACS for cleaved CCF2.

Results
KLF2 and CCR5 expression are linked in primary human CD4 T cells

HIV-1 preferentially infects activated T cells (31), but the manner by which the T cell is
activated influences its susceptibility to infection (32). We compared the expression levels
of KLF2 and CCR5 in primary human CD4 T cells after being activated by either PHA +
IL-2 or immobilized anti-CD3 and anti-CD28 Ab coated beads (CD3/28 bead). These two
means of activating human CD4 T cells diverge in their ability to drive T cell expansion and
support R5 infection. PHA + IL-2 stimulation results in limited T cell expansion and
supports R5-dependent HIV-1 infection, whereas CD3/28 bead costimulation is not
conducive to a productive R5 infection but enables robust and long term expansion of
human CD4 T cells (5, 6, 33, 34). Consistent with previous findings, we observed high
expression of KLF2 in resting T cells that was rapidly downregulated following T cell
activation (28, 35). However, KLF2 downregulation was delayed in PHA + IL-2 blasts
relative to CD3/28 bead stimulation and remained significantly higher even after the cells
had started to expand (Fig 1A). The inability of PHA + IL-2 stimulation to completely
downregulate KLF2 expression correlated well with higher CCR5 expression in PHA blasts
relative to cells stimulated by CD3/28 coated beads (Fig 1B). Examination of CCR5 surface
expression reveals a similar, albeit less dramatic, finding (Fig 1C); however, examination of
CCR5 surface expression is complicated by the fact that β-chemokine binding to CCR5
forces CCR5 internalization (36, 37), making steady-state CCR5 mRNA expression levels a
more accurate depiction of CCR5 regulation in activated primary human T cells. Thus,
higher levels of KLF2 expression in PHA blasts also correlated with less cell expansion
relative to CD3/28 bead stimulation (34), suggesting a link between KLF2 expression, T cell
expansion and susceptibility to HIV-1 infection. We further examined the association of
CCR5 and KLF2 expression using freshly isolated CCR5HIGHCCR5LOW and CCR5NEG

populations from resting PBMC and tonsil tissue (Fig 1D). Again, we observed a positive
correlation between KLF2 and CCR5 expression.
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KLF2 expression targets CCR5 but not β-chemokine expression
As shown above, analysis of CCR5 surface expression in primary human T cells is made
challenging by inherently low expression. Further complicating analysis is the fact that
CD3/28 costimulation results in secretion of high levels of the β-chemokines CCL3, CCL4,
CCL5 which are also known as MIP-1α, MIP-1β and RANTES (6), leading to the
internalization of CCR5 after binding. Thus, it is possible some of the differences in the
CCR5 surface expression observed in Fig 1 are the result of KLF2 interfering with β-
chemokine production rather than a direct effect on CCR5 protein expression. To test
whether KLF2 expression altered β-chemokine production, we transduced PHA + IL-2
stimulated blasts with a lentiviral vector that co-expressed monomeric (m) RFP and KLF2
via a T2A sequence or a control vector that expressed mCD28 with a truncated cytoplasmic
tail (mCD28 167*). Transduced cells were purified by cell sorting after which they were
stimulated with CD3/28 coated beads and β-chemokine production was measured 24h later
(Fig 2A). We observed no significant difference in β-chemokine production between the
different cell populations indicating that enhanced expression of KLF2 does not regulate β-
chemokine production (MIP-1α (p=0.511) and Rantes (p=0.831), by ANOVA), and
differences in CCR5 expression observed in KLF2 expressing cells are likely due to direct
effects of KLF2 on CCR5 regulation. To better understand how KLF2 controls CCR5
expression, we set up an assay to measure recovery of CCR5 expression after CD3/28
coated beads are removed, after which β-chemokine levels drop considerably following 8–
10 days of culture (38). We transduced CD3/28 costimulated CD4 T cells with lentivirus
vectors expressing either GFP T2A KLF2 or GFP T2A human TRIM5α. The TRIM5α
expression vector was chosen as a control because it was constructed on the same backbone
as the KLF2-expressing vector and is not thought to be involved in CCR5 regulation. After 3
days, the beads were removed and CCR5 expression was examined after an additional 3 and
8 days of culture. We observed approximately twice as many CCR5 expressing cells in
KLF2 transduced cells as compared to untransduced or hTRIM5α-transduced cells (Fig 2B).
These data further demonstrate that KLF2 expression augments CCR5 expression in primary
human T cells. Moreover, this data shows the cell-intrinsic nature of this relationship
between KLF2 and CCR5 expression, as the GFP-negative cells within the KLF2 expressing
cultures exhibit the same amount of CCR5 as the TRIM5α and untransduced cell
populations.

Targeting KLF2 expression using siRNA results in reduced CCR5 expression
While CD3/28 bead stimulation potently downregulates expression of KLF2 and CCR5, it
does not establish whether KLF2 directly regulates CCR5 expression. To do this, we
transfected a pool of 4 control siRNAs, or a pool of 4 KLF2-specific siRNAs into primary
human CD4 T cells, and the expression of both KLF2 and CCR5 mRNA levels were
monitored by quantitative RT-PCR the next day (t = 0) and for the next 72 hours after PHA/
IL-2 activation. KLF2-specific siRNAs reduced KLF2 mRNA levels by 61% in resting CD4
T cells incubated overnight following transfection (t = 0), relative to control siRNA
transfection (Fig 3A). KLF2 knockdown was most pronounced 24 hours after PHA/IL-2
activation (t = 24) in which there was 78% less KLF2 mRNA present. After an additional 24
and 48 hours of culture, KLF2 expression gradually returned. Knockdown of KLF2 resulted
in a 20% decrease in CCR5 after 24 hours, a 30% decline by 48 hours, and a 35% reduction
after 72 hours (Fig 3B). Hence, specific knockdown of KLF2 using siRNAs subsequently
reduced expression of CCR5 but not the control GAPDH, indicating KLF2 expression can
regulate CCR5 levels in primary human T cells.

KLF2 binds to the CCR5 promoter in resting but not CD3/28 activated T cells
KLF2 is a zinc finger transcription factor that plays a direct role in regulating the expression
of IL-2, CD62-L and S1P1 (22, 39). There are 5 putative KLF2 binding sites “CCACCC”
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within the first 4500 basepairs upstream of the CCR5 translational start site (Fig 4A). To
determine whether KLF2 binds the CCR5 promoter, we performed chromatin
immunoprecipitation (ChIP) assays using freshly obtained T cells that were stimulated with
CD3/28 beads for 48 hours. We observed KLF2 occupancy on the CCR5 promoter in resting
but not activated primary human CD4 T cells (Fig. 4B). Although this data does not
eliminate the possibility that KLF2 can regulate the activity or expression of other factors
involved in CCR5 regulation, it does show that KLF2 engages the CCR5 promoter region in
a manner that correlates with changes in CCR5 expression, suggesting that it is a direct
transactivator of gene expression for not only CD62-L and S1P1 (22), but CCR5 as well.

KLF2 expression induces CCR5 in some but not all transformed T cell lines and restores
susceptibility to R5 HIV-1 infection

Given its ability to act as an anti-proliferative gene, we suspected KLF2 would likely be
poorly expressed in continuously dividing T cell lines, potentially explaining why T cell
lines are CCR5 deficient. To test this, we transduced three T cell lines used often in HIV-1
research: CEM, SupT1 and Jurkat with a GFP 2A KLF2 lentiviral vector. After transduction,
these cells were sorted by GFP expression in near but not absolutely pure populations (Fig
5A). After an additional 10 days of culture, we observed that all three cell lines had fewer
GFP positive T cells than on Day 1 suggesting that the introduced KLF2 was functionally
active as an anti-proliferative agent and T cell lines not expressing KLF2 had a selective
growth advantage (39). Of note, loss of KLF2 expressing cells was most pronounced in
Jurkat T cells, suggesting that KLF2 has much functional activity in this cell line. Next, we
examined CCR5 expression levels in KLF2-transduced and untransduced T cell lines and
observed that KLF2 expression induced significantly higher levels of CCR5 expression in
Jurkat T cells, with a more modest increase in CEM and SupT1 T cells (Fig. 5B). To
determine if KLF2-mediated upregulation of CCR5 expression in Jurkat T cells now made
these cells sensitive to CCR5 tropic (R5) HIV-1 strains, we challenged them with HIV-1BaL
and then harvested the cells 48 hours later and measured HIV-1 gag copy-number by
quantitative PCR. As a positive control, Jurkat T cells were transduced with a CCR5
expressing lentiviral vector and negative controls included the parent Jurkat cell line or those
transduced with murine CD28 devoid of a cytoplasmic tail (mCD28 167*) (Fig. 5C). KLF2-
expressing Jurkat cells were much more susceptible to HIV-1BaL infection compared to
mCD28-167*-expressing or untransduced Jurkat T cells. Therefore, augmented KLF2
expression in a transformed T cell line can lead to a physiologically relevant induction of
CCR5, suggesting that KLF2 is a key regulator of CCR5 expression and loss of KLF2
expression is why Jurkat T cells cannot support an R5 infection. Moreover, the ability of
KLF2 to robustly restore CCR5 expression to some but not all transformed T cells lines
suggests that KLF2 is necessary but not sufficient to drive CCR5 expression, and/or cell
lines such as SupT1 or CEM are insensitive to KLF2 activity.

KLF2 expression induces CCR5 in primary human CD4 T cells and renders them
susceptible to R5-tropic HIV infection

Having established a link between KLF2 and CCR5 expression and susceptibility to R5
infection in transformed T cell lines, we wished to determine whether modulation of KLF2
expression could alter susceptibility to HIV-1 infection in primary human T cells. Since
CD3/28 costimulation proved to be a much more effective means of downregulating KLF2
expression than introduction of KLF2-specific siRNAs, we decided to determine whether
enforced expression of KLF2 could overcome the previously described CD28 costimulation-
mediated downregulation of CCR5 (37, 40, 41). First, we hypothesized that KLF2
expression would facilitate enhanced HIV-1 entry due to augmented CCR5 expression. PHA
blasts were transduced with mCD28 167*, GFP T2A KLF2 or CCR5 expressing vectors and
pure populations of transduced T cells were obtained by cell sorting. These cells were
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loaded with the fluorescent dye CCF2-AM and then infected with a R5 (SF162)ENV-HIV-1
viral pseudotype that incorportated a Vpr-β-lactamase fusion protein. Binding and fusion of
the viral membrane with the host cell delivers the Vpr-β-lactamase fusion protein to the host
cell cytoplasm where it cleaves CCF2-AM, resulting in a shift in fluorescence that can be
easily monitored by FACS. Thus, this assay monitors virus entry into cells, which is the step
of the virus life cycle impacted by CCR5 expression. We observed that KLF2-transduced T
cells expressed slighlty more CCR5 than control cells and also permitted higher levels of
viral entry (4.8% KLF2-transduced vs 3.1% for untransduced controls-Fig. 6A), while cells
transduced with the CCR5 expression vector supported even higher levels of CCR5 (Fig.
6B) and virus entry (7.6%, Fig. 6A), suggesting that the differences observed between the
KLF2-transduced and untransduced T cells are biologically relevant differences.

To determine whether a similar experimental plan could be used to measure susceptibility to
infection by replication-competent HIV-1, we activated T cells that had been transduced
with the mCD28 167*, GFP T2A KLF2 or CCR5 expression vectors and then measured
CCR5 expression 4, 24 and 48 hours post CD3/28 costimulation (Fig 6C). We observed that
CCR5 expression remained detectable in T cells transduced with the KLF2 expressing
vector, whereas T cells transduced with mCD28 167* rapidly downregulated CCR5
expression after CD3/28 bead stimulation. We obtained pure populations of KLF2 and
mCD28 167* expressing cells by transducing KLF2 or mCD28 167* expression vectors into
PHA blasts and sorting them based on GFP and mCD28 expression. To determine whether
KLF2 expression could block the CD3/28 antiviral effect, these KLF2 and mCD28 167*
expressing T cells were stimulated with CD3/28 coated beads and two hours later challenged
with one of two R5 viruses, HIV-1BAL or HIV-1US-1or the X4 tropic virus HIV-1BK132. We
observed that KLF2 expression made CD3/28 costimulated T cells much more susceptible to
R5 but not X4 infection (Fig 6D–F), demonstrating expression of the host factor KLF2
regulates susceptibility to CCR5-dependent HIV-1 strains.

Discussion
HIV-1 requires T cell activation to initiate a productive infection (31); therefore it was quite
surprising that a supra-physiological stimulus like CD3/28 costimulation permitted the long
term expansion of HIV-1 infected CD4 T cells in the absence of a spreading infection
without the addition of antiretrovirals (5, 6). These studies and others (4, 27) highlight the
“bell curve” relationship between T cell activation and susceptibility to CCR5-dependent
HIV-1 infection. While this finding that strong stimulation leads to a robust antiviral state in
primary human CD4 T cells has permitted testing of cell therapy approaches to treat HIV-1
infections (42), a molecular mechanism that would explain this relationship has yet to be
described. Our data suggest KLF2 expression plays a pivotal role in determining how T cell
activation affects receptiveness to R5 HIV-1 infection. Our findings support the view that
KLF2 plays at least two roles in T cell biology that are, in part, regulated by its relative
abundance in the cell. When expressed at high levels, KLF2 enforces T cell quiescence, and
activating stimuli must sufficiently downregulate KLF2 expression in order to enable the
transition from G0 to G1 (20, 43, 44). The second role for KLF2 is regulation of chemokine
receptor expression in lymphocyte trafficking (45–48). Our data would indicate that much
more modest levels of KLF2 are required to regulate chemokine receptor expression as
opposed to T cell quiescence, as less than 1% of KLF2 present in resting T cells is still able
to upregulate CCR5 expression in PHA blasts (Fig 2A). Moreover, we find KLF2 expression
must be essentially undetectable to render T cells completely CCR5 negative. Thus,
suboptimal modes of T cell activation such as use of soluble anti-CD28 Ab coupled with
plate bound anti-CD3 Ab (4), lectin (PHA or ConA) +IL-2 (5), or by APCs that express both
costimulatory and negative regulators of T cell activation (27) are insufficient to completely
downregulate KLF2 expression, rendering T cells stimulated in this manner susceptible to
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R5 infection. Thus, agents that promote T cell activation such as CTLA-4 and PD-1
blocking antibodies (49) may provide a dual benefit to fight HIV-1 infection by first
augmenting T cell activity, and second by further reducing KLF2 expression resulting in less
CCR5 expression. Absolute downregulation of KLF2 by CD3/28 costimulation provides a
molecular mechanism underlying why primary human CD4 T cells stimulated in this
manner are resistant to R5 infection.

Clearly, KLF2 is not the only factor regulating CCR5. While KLF2 was necessary and
sufficient to restore CCR5 expression to Jurkat T cells, it was not enough to restore high
levels of CCR5 to CEM or SupT1 cells, suggesting these cell lines are deficient in other
factors necessary to induce CCR5 expression. Moreover, with multiple promoters and start
sites of transcription to which many transcription factors including NF-KB/Rel, NF-AT,
YY1, GATA-1, CREB-1, Oct1 and Oct-2 have been shown to bind to the CCR5 promoter,
(8, 9, 11–17) coupled with developmental, environmental, and antigenic signals that all
regulate CCR5 expression, understanding the molecular mechanisms by which KLF2
modulates CCR5 expression will undoubtedly be complicated. Nonetheless, our data argues
that KLF2 is a rate-limiting factor in regards to CCR5 expression following T cell
activation, given the direct correlation observed between KLF2 and CCR5 expression.
Interestingly, there is evidence suggesting that CCR5 may also regulate KLF2 expression,
suggesting that there may be a positive regulation loop. Studies of CCR5 deficient mice
demonstrate that the CCR5−/− CD4 SP T cells which preferentially accumulated in the
thymus also lacked KLF2 and S1P1 expression compared to WT cells, and signaling via
CCR5 in WT cells induced KLF2 expression, highlighting their potential co-regulation (50).
Lastly, given the tight correlation of KLF2 and CCR5 expression we would predict that
small differences in KLF2 expression (perhaps mediated by SNPs within the KLF2 gene)
could translate into meaningful differences in an individual’s susceptibility to HIV-1
infection as well as the rate by which an individual would progress to AIDS.
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Figure 1. KLF2 and CCR5 expression are linked in primary human CD4 T cells
Relative KLF2 (A.)and CCR5 (B.) expression levels were determined by real time RT-PCR
using cDNA from resting CD4 T cells (T = 0 hrs), and at subsequent timepoints (T = 4, 24,
48 hrs) after PHA/IL2 activation or αCD3/CD28 coated bead costimulation. Expression
levels were normalized to those in αCD3/CD28 stimulated CD4 T cells at assay endpoint (T
= 48 hrs). C. FACS analysis of CCR5 expression on the cell surface in resting, PHA/IL2 or
αCD3/CD28 stimulated CD4 T cells, relative to isotype control, during the first 48 hours
after activation. D. CD4 T cells from tonsil or PBMC were FACS-sorted based on CCR5
expression, and their cDNAs were assayed by RT-PCR for relative KLF2 and CCR5
expression levels normalized to GAPDH.
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Figure 2.
A. Resting CD4 T cells were stimulated with PHA + IL2 for 24 hours, and then transduced
with KLF2-expressing or mCD28 167* lentivirus, or left untransduced. After 5 days,
transduced cells were sorted and stimulated with CD3/CD28 coated beads for 24 hours and
supernatants were collected. Concentration of MIP-1α (CCL3) and RANTES (CCL5) was
measured by ELISA. Error bars reflect SEM from three independent experiments. B. CD3/
CD28 coated bead stimulated CD4 T cells were transduced with KLF2 or huTRIM5α
expression vectors. After 3 days, the αCD3/28 coated beads were removed (Day 0, top
panel), and the T cells were cultured an additional 3 (middle panel) or 8 (bottom panel)
days. Staining for cell surface CCR5 expression was monitored in parallel with GFP by
FACS, and percentages of CCR5+ cells were calculated for both GFP+ and GFP-
populations.
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Figure 3. Targeting KLF2 expression using siRNA results in reduced CCR5 expression
Resting, freshly isolated CD4 T cells were electroporated with control (siC) or KLF2-
specific siRNA (siK) pools. The next day, relative KLF2 (A.)and CCR5 (B.) expression
levels were determined by real time RT-PCR (t = 0) for siRNA treated and untreated control
cells (t = 0*). siRNA treated T cells were stimulated by PHA + IL-2, whereas untreated
control cells were stimulated with CD3/28 coated beads. Relative CCR5 and KLF2
expression levels were measured by RT-PCR from cDNA isolated at the indicated time
points. Similar results were obtained in three separate experiments.
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Figure 4. KLF2 binds to the CCR5 promoter and directly regulates its expression
A. Schematic of the CCR5 promoter and exon/intron structure. Numbering is relative to the
start site of translation. Each circle depicts a KLF2 binding site (CCACCC), and the arrows
surrounding these sites indicate the primer sets with the number representing the 5’ base of
the oligo primer used to for the chromatin immunoprecipation (ChIP) assay. B. C. and D.
Data depict triplicate PCR reactions, with p values determined using Students t test.
Background values obtained by using control IgG Ab were subtracted prior to statistical
analysis. This data is representative of two independent experiments in which both pull
down and quantitative PCR was performed. We were unable to get the assay to work for Site
2.
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Figure 5. KLF2 expression induces CCR5 in some but not all transformed T cell lines and
restores susceptibility to R5 infection
A. KLF2-expressing CEM, Jurkat and SupT1 cells were sorted by GFP expression GFP+
cells on day 0, and then monitored for stability of expression subsequently at day 1 and day
11. B. Relative CCR5 expression levels were measured by quantitative PCR using cDNA
obtained from freshly (day 1) sorted KLF2-expressing CEM, Jurkat and SupT1 cells, as well
as mCD28-167*-expressing and untransduced controls for each human CD4 T cell line.
Relative KLF2 and CCR5 expression levels were normalized to those observed in
untransduced cells for each T cell line. C. Untransduced and KLF2-, mCD28-167*-, or
CCR5-expressing Jurkat T cells were challenged with cell-free HIV-1BaL. After 48 hours,
cells were harvested and TaqMan was performed for HIV-1 gag to assess the extent of
infection, using DNA from stably-infected Ach-2 cells as a standard. Samples were run in
duplicate, and results are indicative of those obtained in three separate experiments.
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Figure 6. Forced expression of KLF2 in CD4s restores CCR5 expression during CD3/28
costimulation, and renders them susceptible to R5-tropic HIV
A. PHA + IL2 stimulated primary human CD4 T cells were transduced with mRFP 2A
KLF2-, or CCR5-expressing lentiviral vectors, or were left untransduced as a control. After
4 days of culture, KLF2- expressing cells were sorted based on mRFP expression. The
following day cells were loaded with CCF2 and challenged with HIV-1 pseudotype
expressing the HIVSF162 (R5) Env and Vpr-BlaM fusion in the presence or absence of 1μg
of T20. Cleaved CCF2 was analyzed by flow cytometry 24 hours later. B. Untransduced and
KLF2-, and CCR5-expressing CD4 T cells used in the BlaM assay were stained for cell
surface CCR5 expression and assayed via flow cytometry. C. Untransduced, sorted KLF2-,
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or sorted mCD28-167*- expressing human CD4 T cells were activated with αCD3/CD28-
coated beads. Relative CCR5 expression levels were determined by real time prior to (T = 0
hrs) and during αCD3/CD28 coated bead costimulation (T = 4, 24, 48 hrs). Expression
levels were normalized to those in untransduced, αCD3/CD28 costimulated CD4 T cells at
assay endpoint (T = 48 hrs). Similar results were obtained in five separate experiments,
using cells from different donors. D,E.F KLF2- and mCD28-167*- expressing human CD4
T cells were prepared as above and activated with αCD3/CD28-coated beads and then
challenged two hours later with CCR5-tropic or CXCR4-tropic cell-free HIV-1. After 48
hours, DNA was isolated from harvested cells, and real time PCR was performed for
integrated HIV-1 gag DNA. DNA from stably-infected Ach-2 cells was used as a standard.
D. CCR5-tropic HIV-1BaL challenge. E. CCR5-tropic HIV-1US1 challenge. F. CXCR4-
tropic HIV-1BK132 challenge. Each experiment was performed in duplicate and data shown
is representative of three independent studies. Error bars reflect the standard deviation of
real time PCR assay of one representative experiment.
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