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CD8� T cells are believed to play an important role in the control of human immunodeficiency virus type 1
(HIV-1) infection. However, despite intensive efforts, it has not been possible to consistently link the overall
magnitude of the CD8� T-cell response with control of HIV-1. Here, we have investigated the association of
different CD8� memory T-cell subsets responding to HIV-1 in early infection with future control of HIV-1
viremia. Our results demonstrate that both a larger proportion and an absolute number of HIV-1-specific
CD8� CCR7� CD45RA� effector memory T cells (TEMRA cells) were associated with a lower future viral load
set point. In contrast, a larger absolute number of HIV-1-specific CD8� CCR7� CD45RA� effector memory T
cells (TEM) was not related to the viral load set point. Overall, the findings suggest that CD8� TEMRA cells have
superior antiviral activity and indicate that both qualitative and quantitative aspects of the CD8� T-cell
response need to be considered when defining the characteristics of protective immunity to HIV-1.

The spread of human immunodeficiency virus type 1
(HIV-1) infection is now best described as a global pandemic,
which continues to exert a huge toll of death and morbidity in
communities worldwide (11). Efforts to combat its spread by
design of an effective vaccine have been frustrated so far, and
long-term therapy with antiviral drugs remains suboptimal be-
cause of drug toxicity, viral drug resistance, and high cost.

It is clear that the immune system can control HIV-1 repli-
cation to a certain extent, albeit with large interindividual
variation. The CD8� T-cell response is assumed to play an
important role (10, 17), is regarded as being sufficiently robust
to exert some control of viral replication following acute in-
fection, and probably helps to establish the viral load set point,
a key long-term prognostic indicator (22). Progression to AIDS
in untreated HIV-1-infected individuals is in general inevita-
ble. However, some patients progress to AIDS only slowly, if at
all. These rare patients, known as long-term nonprogressors
(LTNPs), may have superior immune responses, suggesting
that in the majority of infected persons, the CD8� T-cell re-
sponse does not attain its full potential. Therefore, manipula-
tion of the CD8� T-cell response, e.g., by vaccination, may
pave the way to partial and perhaps even permanent control of
HIV-1 infection.

However, despite strong evidence for a role for CD8� T cells

in the control of HIV-1 infection (10, 17), attempts to statis-
tically link the magnitude of the CD8� T-cell response with
control of HIV-1 replication in vivo have yielded contradictory
results (1, 3, 8, 12, 21, 23). Indeed, the majority of studies have
not confirmed an association of the magnitude of the CD8�

T-cell response with control of HIV-1 viral replication (1, 4, 12,
21), and one study actually showed that a large HIV-1-specific
CD8� T-cell response was linked to higher HIV-1 viral loads
(21). In light of these studies, use of the magnitude of HIV-1-
specific CD8� T-cell responses alone as a predictor of clinical
outcome is not appropriate. However, studies combining quan-
titative and qualitative examinations of CD8� T-cell responses
may enable the input of this factor in the control of HIV-1
infection to be determined. For example, a recent study using
multicolor flow cytometry showed that LTNPs have more mul-
tifunctional HIV-1-specific CD8� T cells than do persons with
progressive disease (4).

In addition to examining the role of multifunctional cells, it
is plausible that the general phenotype of the HIV-1-specific
CD8� T-cell response is linked to its antiviral capacity. Differ-
ent memory T-cell subsets, defined according to phenotype,
have different functional capabilities and roles (19, 25), and
their relative contributions to the overall size of the response
may relate to overall efficacy. For example, HIV-1-specific
CD8� CCR7� CD45RA� effector memory T cells (TEM cells),
which are CCR7�, have a powerful and direct antiviral capac-
ity; on the other hand, central memory T cells, which are
CCR7�, have little direct antiviral activity but probably serve
to replenish and sustain CD8� TEM cell populations through
secretion of interleukin-2 and proliferation. In addition, some
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TEM cells lose CD45RO and reexpress CD45RA (CD45RA
reversion), although the significance of this is uncertain.

One of the limitations of studies that aim to correlate T-cell
responses in chronic HIV infection with control of viremia is
that it is difficult to discern whether the control of viremia is a
consequence of the particular T-cell response or vice versa.
Analyses of CD8� T-cell responses in early HIV infection in
relation to future viral load set point could help to discern
between these two possibilities and might thus provide a more
robust approach when evaluating the role of CD8� T cells in
determining viral load. This study set out to test the hypothesis
that the HIV-1-specific CD8� T-cell phenotype early in infec-
tion relates to the overall potency of the response and predicts
control of HIV-1 viral replication.

MATERIALS AND METHODS

Study samples. Peripheral blood samples from HIV-1-infected patients were
obtained by venipuncture from 10 adult patients recruited, after providing in-
formed consent, from the UCSF Options cohort. The date of HIV-1 infection
was estimated based on one of the following approaches: (i) prior data on the
median time from exposure to acute retroviral syndrome or an indeterminate
HIV-1 antibody test (20), (ii) the midpoint between the last negative and the first
positive HIV-1 antibody tests, or (iii) the level of a less sensitive HIV-1 antibody
test if the optical density was between 0.5 and 1.0, a range in which there has
been shown to be a linear relationship between the less sensitive antibody results
and the days since seroconversion (18). The UCSF Committee for Human
Research approved this study, and patients gave signed consent. All patients
were treatment naı̈ve at the time of sampling and remained untreated for more
than 16 weeks after sampling (mean � 1 standard deviation, 29 � 7.6 weeks;
range, 16 to 40 weeks). The viral load set point was calculated by averaging all
viral load measurements between 6 and 12 months after the estimated date of
infection. The average length of time used to calculate the viral load set point was
4.6 months. Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized whole blood by Ficoll-Paque PLUS density gradient centrifugation
(Amersham Pharmacia, Uppsala, Sweden) and frozen in fetal bovine serum with
10% dimethyl sulfoxide. Frozen cells were thawed; washed twice in R15 medium
(RPMI 1640; MediaTech, Herndon, VA) supplemented with 15% fetal calf
serum (Gemini BioProducts, Woodland, CA), L-glutamine, penicillin, and strep-
tomycin; and used directly in functional assays.

Cytokine flow cytometry and phenotyping. Thawed PBMC were cultured with
1 �g/ml staphylococcal toxin B (Sigma-Aldrich, St. Louis, MO), 1 �g/ml HIV
Gag p55 peptide mix (BD Biosciences, San Diego, CA), or R15 medium alone
for 15 h. Brefeldin A (Sigma-Aldrich, St. Louis, MO) was added at a final
concentration of 5 �g/ml after 1 h of culture. After culture, cells were washed in
fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered saline with
2 mM EDTA and 1% bovine serum albumin) and stained with allophycocyanin-
Cy7-conjugated anti-CD4, phycoerythrin (PE)-Cy5.5-conjugated anti-CD8, bio-
tinylated anti-CD45RA, PE-Cy7-conjugated anti-CCR7, fluorescein isothiocya-
nate (FITC)-conjugated anti-CD57, or PE-conjugated anti-CD27 (all from BD
Biosciences, San Jose, CA) for 30 min at 4°C. The cells were subsequently
washed, fixed in 1% paraformaldehyde for 15 min, and permeabilized in FACS
permeabilizing solution II (BD Biosciences) for 20 min prior to being stained
with energy-coupled dye-conjugated anti-CD3 (Beckman Coulter), Pacific Blue-
conjugated streptavidin, or allophycocyanin-conjugated anti-gamma interferon
(IFN-�) (BD Biosciences, San Jose, CA). Finally, the cells were washed twice in
FACS buffer before being acquired on an LSR II flow cytometer (BD Bio-
sciences, San Jose, CA) modified from the standard configuration by the addition
of a 150-mW green (532-nm) diode laser and the upgrade of the blue and red
lasers to 100 mW and 25 mW, respectively. The green diode was used for the
excitation of all PE tandem conjugates. All flow cytometry data were analyzed
using FlowJo software (Tree Star, San Carlos, CA). The gating strategy used is
depicted in Fig. 1. A wide forward-scatter (FSC) versus side-scatter plot was used
to define lymphocytes, followed by exclusion of cell conjugates by using an
FSC-area versus FSC-height gate. T cells were selected by gating on CD3� cells,
followed by selection of CD8� T cells by gating on CD8� CD4� cells. IFN-��

cells were defined using an allophycocyanin “fluorescence minus one” (FMO)
sample. IFN-�� and IFN-�� cells were further analyzed for expression of T-cell
memory markers in a CD45RA versus CCR7 plot. Quadrant gates were set using
PE-Cy7 FMO and Pacific Blue FMO. TEM cell (CCR7� CD45RA�) and HIV-

1-specific CD8� CCR7� CD45RA� effector memory T cell (TEMRA cell)
(CCR7� CD45RA�) populations were further analyzed for expression of CD57
and CD27. The gates for CD57 and CD27 were set using FITC FMO and PE
FMO, respectively.

Statistical analysis. Regression analysis was performed using intercooled
Stata, version 9.0, for Macintosh (StataCorp, College Station, TX). Linear re-
gression was performed using a robust model. Other statistical analyses were
performed using nonparametric tests, such as the Wilcoxon test for paired sam-
ples and Spearman’s correlation coefficient using GraphPad Prism 4 for Macin-
tosh (GraphPad Software, San Diego, CA).

RESULTS AND DISCUSSION

The overall magnitude of CD8� T-cell responses to HIV-1
GAG early in infection is not a strong predictor of future viral
load set point. In this study, we aimed to determine whether
HIV-1-specific CD8� T-cell responses at early phases of infec-
tion were associated with future control of HIV-1, as assessed
by the viral load set point. We made use of eight-color flow
cytometry to simultaneously determine the frequency and
memory phenotype of CD8� T cells responding by IFN-�
production to a pool of HIV-1 GAG-derived peptides (15-mer
peptides overlapping by 11 amino acids, spanning the entire
length of a consensus HIV-1 GAG sequence). The use of a
peptide pool allowed us to identify HIV-1 GAG-specific CD8�

T cells recognizing an array of different epitopes within GAG,
rather than only a few known conserved epitopes, as would be
the case when using, e.g., HLA tetramers. It should be noted
that we did not make use of individual autologous peptide
pools for each patient, which might lead to an underestimation
of the frequency of HIV-1-specific CD8� T cells. We chose
GAG as the antigen since several recent studies have indicated
that CD8� T-cell responses to HIV-1 GAG might be particu-
larly relevant for control of HIV-1 viral replication (13, 15, 16).
Ten treatment-naı̈ve subjects with early HIV-1 infection were
included in the study (Table 1). In addition to the overall
magnitude of the HIV-1-specific CD8� T-cell responses, we
simultaneously determined the expression of CCR7, CD45RA,
CD27, and CD57 on the HIV-1-specific CD8� T cells. The
gating strategy used to identify HIV-1-specific CD8� T cells
responding with IFN-� production and their phenotype is de-
picted in Fig. 1.

The frequency of IFN-�� CD8� T cells in samples cultured
in medium alone was below 0.1%, and this was subtracted from
the response to HIV-1 GAG. The HIV-1-specific responses

TABLE 1. Study subjects

Patient Viral loada CD4 countb ETI (wk)c Patient age
(yr) Patient gender

P1 265 594 12 36 Male
P2 68,000 588 7 34 Male
P3 70,300 432 29 49 Male
P4 61,800 616 12 42 Male
P5 28,400 495 8 34 Female
P6 1,380 558 14 35 Male
P7 20,293 384 14 36 Male
P8 69,800 608 20 40 Male
P9 534 720 14 33 Male
P10 7,670 640 26 23 Male

a Viral load at study entry.
b CD4� T cells/�l blood at study entry.
c ETI, estimated time of infection at study entry.
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thus calculated ranged from 0.1 to 1.8% of the CD8� T cells
(average of 0.44%), with responses being found in 9 of 10
subjects. The frequency of responding HIV-1-specific CD8� T
cells was associated only weakly with the future viral load set
point when analyzed by Spearman’s correlation and linear re-
gression (r � �0.60, P � 0.07) (Table 2 and Fig. 2A). In
addition, we detected no significant relationship between the
absolute number of responding HIV-1-specific CD8� T cells
(per �l of blood) and the viral load set point (r � �0.57, P �
0.12) (Table 2 and Fig. 2B). However, these findings left open
the possibility that other measurable aspects of the HIV-1-
specific CD8� T-cell response, including the contribution of

key CD8� memory T-cell subsets, could be linked to control of
HIV-1.

HIV-1-specific CD8� T cells with a TEMRA phenotype are
linked to lower viral load set points. The phenotype of HIV-
1-specific CD8� T cells has been compared to those of CD8�

T cells specific for other viruses, e.g., cytomegalovirus (CMV).
The HIV-1-specific CD8� T-cell response appears to be
skewed towards a TEM phenotype, with lower frequencies of
TEMRA cells (which are thought to represent more mature
effector cells) than are present with CMV-specific CD8� T-cell
responses (2, 6). It has therefore been proposed that HIV-1-
specific CD8� T cells are deficient in their maturation, and this

FIG. 1. Gating strategy for phenotyping of HIV-1-specific CD8� T cells. (A) T cells were selected based on CD3 expression. (B) CD8� CD4�

T cells were selected in a CD8 versus CD4 plot. (C) The allophycocyanin (APC) FMO sample was used to set the gate for (D) IFN-�� CD8� T
cells. (E) The PE-Cy7 FMO sample and (F) the Pacific Blue FMO sample were used to set the gates for TEM (CD45RA� CCR7�) and TEMRA
(CD45RA� CCR7�) CD8� T cells. The expression levels of CCR7 and CD45RA were analyzed for (G) IFN-�� CD8� T cells and (H) IFN-��

CD8� T cells. (I) The FITC FMO sample was used to set the gate for CD57� cells. The expression of CD57 was analyzed for (J) HIV-1-specific
CD8� TEMRA cells and (K) HIV-1-specific CD8� TEM cells. FMO indicates a sample stained with all antibodies except the one indicated. ECD,
energy-coupled dye.
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may be one reason why control of HIV-1 infection is poor. If
this is the case, it is anticipated that control of HIV-1 infection
would be better if there were a greater number of TEMRA cells.
In line with this hypothesis, we found that early HIV-1-specific
CD8� T-cell responses with a higher proportion of TEMRA

cells were strongly and negatively linked with a lower subse-
quent viral load set point (r � �0.73, P � 0.03) (Table 2 and
Fig. 2C). This finding supports and extends recently published
data (14), where the fraction of HLA/HIV peptide tetramer-
positive CD8� T cells displaying a TEMRA phenotype was
associated with better viral control in patients undergoing
structured treatment interruption. Furthermore, responses
were enriched for this subset in LTNPs (14). Overall, the data
suggest that CD8� TEMRA cells may have an enhanced capac-
ity to enable sustained control of HIV-1 viral replication.

However, several important caveats need to be addressed
before this conclusion can be reached. First, it is known that
the overall magnitude of the CMV-specific CD8� T-cell re-
sponse correlates with phenotype (9, 24). Therefore, a greater
number of TEMRA cells may be linked with larger responses
rather than directly with control of HIV-1 infection. In the
current study, however, the fraction of HIV-1-specific CD8� T
cells displaying a TEMRA phenotype was linked with viral load
set point independently of the magnitude of the overall HIV-
1-specific CD8� T-cell response, as tested by multivariate re-
gression analysis (r � �0.053 � 0.015 [standard error], P �
0.025) (Table 2).

Second, it is possible that the differentiation of HIV-1-spe-
cific CD8� T cells progresses over time starting from the time
of infection. Since the subjects included in the study were
sampled at different stages of early infection, it remained pos-
sible that the frequency of HIV-1-specific CD8� T cells dis-
playing a TEMRA phenotype reflected the time since infection.
However, we could not detect any correlation between the
time since the estimated date of infection and the frequency of
HIV-1-specific CD8� T cells with a TEMRA phenotype (data
not shown). This indicated that the timing of the sampling was
not a key determinant of the frequency of HIV-1-specific
CD8� T cells displaying a TEMRA phenotype.

Finally, nearly all of the responding HIV-1-specific CD8� T
cells displayed either a TEMRA or a TEM phenotype, and there
was thus a close and inverse correlation between the two (r �
�0.98, P � 0.0001). Therefore, a higher proportion of the
response with a TEM phenotype was linked strongly and posi-
tively with a higher viral load set point (r � 0.82, P � 0.01)
(Fig. 2E). It thus remained to be determined whether better
viral control was associated with relative enrichment of the
TEMRA cell subset or relative deficiency of the TEM cell subset.

The absolute number of HIV-1-specific TEMRA cells is in-
versely related to the viral load set point, and this is indepen-
dent of the number of HIV-1-specific CD8� TEM cells. In an
attempt to determine whether more HIV-1-specific CD8�

TEMRA cells early in infection, rather than fewer HIV-1-spe-
cific CD8� TEM cells, was predictive of future viral control, we
compared the viral load set point with the absolute number of
HIV-1-specific CD8� TEMRA and TEM cells at study entry. We
found that a higher absolute number of HIV-1-specific CD8�

TEMRA cells was strongly associated with a lower viral load set
point (r � �0.70, P � 0.04) (Table 2 and Fig. 2D). In contrast,
the absolute number of HIV-1-specific CD8� TEM cells was
not related to the viral load set point (r � �0.45, P � 0.23)
(Table 2 and Fig. 2F). Furthermore, the relationship between
the absolute number of HIV-1-specific CD8� TEMRA cells and
the viral load set point was independent of the absolute num-
ber of HIV-1-specific CD8� TEM cells, as tested by multivar-
iate regression analysis (�0.263 lower log10 HIV-1 RNA per
additional CD8� TEMRA cell measured [per �l blood], P �
0.04) (Table 2). These results suggested that it is highly likely
that TEMRA cells are directly beneficial to viral control.

Analysis of bulk CD8� T cells from healthy individuals re-
vealed that a fourfold- to fivefold-larger fraction of CD8�

TEMRA cells than CD8� TEM cells contained perforin and
granzyme (data not shown), a finding consistent with previous
studies suggesting enhanced cytotoxic function for this subset
(6, 7, 26). Together with the independent and apparently sus-
tained effect of HIV-1-specific CD8� TEMRA cells on viral
load, these results further strengthened the proposed link be-
tween HIV-1-specific CD8� TEMRA cells and better viral con-

TABLE 2. Statistical analysis linking the viral load set point with the HIV-1-specific CD8� T-cell response early after infectiona

Cell set/subset

Univariate analysis Multivariate analysis

Percentageb Absolute countc Percentaged Absolute counte

r P Coefficient (SE) r P Coefficient (SE) Coefficient (SE) P Coefficient (SE) P

All CD8� �0.60 0.07 �0.438 (0.229)* �0.57 0.12 �0.060 (0.033)** 0.496 (0.262) 0.13

TEMRA �0.73 0.03 �0.027 (0.006)† �0.70 0.04 �0.236 (0.039)*** �0.053 (0.015) 0.03 �0.263 (0.104) 0.042
TEM �0.82 0.01 �0.029 (0.006)† �0.45 0.23 �0.035 (0.049)‡ 0.034 (0.059) 0.275

CD57� �0.32 0.41 �0.015 (0.008)§ �0.78 0.02 �0.218 (0.051)¶ 0.013 (0.013) 0.39
CD27� �0.23 0.55 �0.004 (0.010)¶¶ �0.63 0.08 �0.065 (0.068)� �0.027 (0.010) 0.06

a Symbols: *, P � 0.092; **, P � 0.114; †, P � 0.002; ***, P � 0.001; ‡, P � 0.505; §, P � 0.091; ¶, P � 0.004; ¶¶, P � 0.627; �, P � 0.376. Bold type indicates a
statistically significant correlation.

b Spearman’s correlation coefficient and univariate linear regression analysis were used to relate the overall HIV-1-specific CD8� T-cell response (as a percentage
of all CD8� T cells), as well as the indicated phenotypes of HIV-1-specific CD8� T cells (as a percentage of all HIV-1-specific CD8� T cells), with the viral load set
point.

c Univariate analysis of the relationship between the absolute number of HIV-1-specific CD8� T cells per �l blood with the indicated phenotypes and the viral load
set point.

d Multivariate regression analysis of the terms outlined in footnote b with the viral load set point (excluding the TEM cells, due to marked colinearity of TEM and
TEMRA subsets).

e Multivariate regression analysis of the terms outlined in footnote c with the viral load set point.
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trol and the hypothesis that these cells have stronger antiviral
activity in vivo.

CD57 is expressed by a larger fraction of HIV-1-specific
CD8� TEMRA cells than TEM cells. The maturation of CD8� T
cells has been described previously by use of several models, of
which senescence, as measured by CD57 expression (5), and
terminal differentiation, as indicated by TEMRA cell status (6),
are commonly used. A larger fraction of HIV-1-specific CD8�

TEMRA cells than HIV-1-specific CD8� TEM cells expressed
CD57 (P � 0.004 by Wilcoxon matched-pairs test) in all except
one individual (Fig. 3A). On average, 69% of the HIV-1-
specific CD8� TEMRA cells expressed CD57, compared to 43%
of the TEM cells, although a large amount of overlap in CD57
expression was seen.

The fraction of HIV-1-specific CD8� T cells expressing CD57
was not a strong predictor of viral load set point (r � �0.32, P �
0.4) (Table 2). However, the absolute number of CD57�, HIV-
1-specific CD8� T cells was associated with a lower viral load set
point (r � �0.78, P � 0.02) (Table 2). We found that the absolute

number of HIV-1-specific CD8� T cells expressing CD57 was
closely correlated with the absolute number of HIV-1-specific
CD8� T cells with a TEMRA phenotype (r � 0.983, P � 0.0001)
(Fig. 3C). It is possible, therefore, that the linkage between ab-
solute numbers of HIV-1-specific CD57� cells and viral load set
points was dependent on the TEMRA cell subset. However, the
marked colinearity between HIV-1-specific CD57� CD8� T cells
and TEMRA cells prevented us from further dissecting the contri-
butions of these two subsets to viral control in terms of absolute
cell numbers. However, when controlling for the fraction of
CD57-expressing cells among HIV-1-specific CD8� T cells
with multivariate regression analysis, the link between the
viral load set point and the fraction of HIV-1-specific CD8�

T cells displaying a TEMRA phenotype remained significant,
while the fraction of CD57� CD8� T cells was not associ-
ated with viral load set point (Table 2). This suggests that
the TEMRA cell subset (rather than the CD57� cell subset)
was the subset more independently and consistently linked
with control of HIV-1 infection.

FIG. 2. Occurrence of HIV-1-specific CD8� TEMRA cells is linked to future viral control. (A) Percentage of CD8� T cells responding with
IFN-� production in PBMC stimulated with HIV-1 GAG peptides versus future viral load set point. (B) Absolute number of CD8� T cells per
�l of blood responding with IFN-� production in PBMC stimulated with HIV-1 GAG peptides versus future viral load set point. (C) Percentage
of TEMRA cells (CCR7� CD45RA�) among HIV-1-specific CD8� T cells versus future viral load set point. (D) Absolute number of HIV-1-specific
CD8� TEMRA cells per �l of blood versus future viral load set point. (E) Percentage of TEM cells (CCR7� CD45RA�) among HIV-1-specific CD8�

T cells versus future viral load set point. (F) Absolute number of HIV-1-specific CD8� TEM cells per �l of blood versus future viral load set point.
The correlations between the viral load set points and the HIV-specific CD8� T-cell responses were tested by Spearman’s test.

VOL. 81, 2007 CD8� TEMRA CELLS PREDICT HIV VIRAL LOAD SET POINT 5763



Concluding remarks. One of the major goals of HIV research
is to develop efficient and safe vaccines for use on a global scale.
However, well-defined correlates of immune protection from nat-
ural infection with HIV-1, which is crucial for the development of
such a vaccine, are lacking. Here, we present evidence indicating
that higher HIV-1-specific CD8� TEMRA cell numbers early in
infection, in either absolute or relative terms, predict a lower
future viral load set point. Although our results are limited by the
modest sample size, our results suggests that therapies or vaccine
regimens inducing HIV-1-specific CD8� TEMRA cells may move
us one step closer to the goal of durable control or prevention of
HIV-1 infection.
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