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Summary

Suppressed T cell functions in human immunodeficiency virus (HIV) infec-
tion were identified and corrected by lenalidomide in middle-aged HIV-
infected patients. Chemotaxis of T cells from HIV-infected men (n = 6, mean
43 years) to sphingosine 1-phosphate (S1P) and CCL21 was significantly
lower than that of HIV-negative men (n = 6, mean 41 years), and was
enhanced significantly up to control levels by 100 and 1000 nM lenalidomide.
Generation of interleukin (IL)-2, but not interferon (IFN)-g, by T cells of
middle-aged HIV-infected men was significantly lower than that for controls
and was increased significantly by 10–1000 nM lenalidomide up to a
maximum of more than 300%. CD4 and CD8 T cells isolated from healthy
middle-aged men and reconstituted in vitro at a low CD4 : CD8 ratio typical
of HIV infection had depressed chemotaxis to S1P, but not CCL21, and gen-
eration of IL-2, but not IFN-g. Significant enhancement of chemotaxis to S1P
and CCL21was induced by 100–1000 nM lenalidomide only for normal T cells
at a low CD4 : CD8 ratio. T cells from HIV-negative middle-aged CD4 T
lymphocytopenic patients (n = 3), with a CD4 : CD8 ratio as low as that of
HIV-infected patients, had similarly diminished chemotaxis to S1P and
CCL21, and depressed generation of IL-2, but not IFN-g. Lenalidomide at
30–1000 nM significantly enhanced chemotaxis to S1P and IL-2 generation
for T cells from HIV-negative CD4 T lymphocytopenic patients as from HIV-
infected patients, with less effect on CCL21-elicited chemotaxis and none for
IFN-g generation. Defects in functions of T cells from middle-aged HIV-
infected men are partially attributable to CD4 T lymphocytopenia and are
corrected by lenalidomide.
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Introduction

The extent and continuing severity of the worldwide epi-
demic of acquired immune deficiency syndrome (AIDS),
despite widespread treatment, requires investigation of any
potential therapeutic approach [1,2]. Most research in the
treatment of HIV infection has focused appropriately on
suppressing the causative virus and maintaining blood levels
of CD4 T cells necessary for adaptive host defences. Several
studies have revealed qualitative defects in immune func-
tions of T cells from HIV-infected patients, some of which
were detectable in selected patients with early human immu-
nodeficiency virus (HIV) infection and normal CD4 T cell
counts.

Initial analyses of T cell function in HIV infection
involved principally homosexual male patients and focused
on quantification of proliferation of lymphocytes stimulated
by anti-CD3 antibodies or phytohaemagglutinin using a
diluted whole blood method [3–5]. T cell proliferative
responses at an early stage of disease were a mean of 55% of
those of concurrent non-infected controls and declined
further in the patients who were within several months of
progression to AIDS [4]. In these patients, a significant
decline in T cell proliferative response was an independent
marker of progression to AIDS. In other homosexual men
with a normal blood level of CD4 T cells, despite chronic
infection with HIV, there were decreased proliferative
responses of CD4 and CD8 T cells to anti-CD3 antibody,
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depressed CD4 T cell help to B cells in mitogen-driven
production of immunoglobulins, and diminished cytotoxic
CD8 T cell activity against influenza virus [6]. Current
studies have shown that successful anti-retroviral therapy
only partially reconstitutes T cell tissue pools and T cell
functions, and fails to reverse lymphopoietic exhaustion
[7,8]. Recent investigation of proliferative responses T cell
subsets in chronically HIV-infected homosexual men also
has demonstrated two distinct mechanisms. Recruitment of
naive CD4 T cells into proliferating pools was evoked prin-
cipally by low levels of CD4 T cells, whereas proliferation of
naive CD8 T cells was driven predominantly by HIV RNA
[9]. There was corresponding evidence in these HIV-infected
men for greater activation of CD4 than CD8 T cells by
interferon (IFN)-a and interleukin (IL)-7.

HIV-infected adults over age 50 years progress to AIDS
more rapidly than younger patients, but no therapeutic
modalities target this difference [10]. Evidence of accelerated
immunosenescence in chronically HIV-infected patients, as
well as more rapid ageing of some other organ systems, has
now been found [11–17]. The occurrence of a profile of
polypathology in chronic HIV infection resembling that of
ageing suggests that a drug capable of preferentially enhanc-
ing T cell function in elderly people should be evaluated for
its effects on T cell functions in middle-aged HIV-infected
individuals.

Lenalidomide, an analogue of thalidomide used to treat
some immune cell malignancies, attains mean maximal
levels of 100–400 nM in these protocols [18,19]. At similar
levels of 30–1000 nM, lenalidomide enhanced T cell func-
tions much more in older than in younger healthy subjects.
Generation of IL-2 and IFN-g by T cell receptor-stimulated
T cells of young subjects (aged 21–40 years) were increased
maximally by up to 16-fold and threefold, respectively [20].
The same concentrations of lenalidomide enhanced IL-2 and
IFN-g generation by stimulated T cells of older subjects
(ages > 65 years) much more, with respective maximal
increases of up to 115-fold and sixfold. Lenalidomide also
enhanced proliferation and suppressed apoptosis of stimu-
lated T cells from older subjects by IL-2-dependent mecha-
nisms, and restored diminished T cell chemotactic responses
to CCL21 chemokine and sphingosine 1-phosphate (S1P)
[20]. Thalidomide and several other thalidomide analogues
tested lacked this capacity to enhance T cell activation [20].

In the present study, IL-2 generation and chemotaxis to
S1P and CCL21 all were impaired significantly for T cells
of chronically HIV-infected middle-aged men, despite
adequate treatment that partially corrected blood levels of
CD4 T cells. Concentrations of lenalidomide that were
highly immunostimulatory for T cells of healthy older sub-
jects augmented significantly these defective functions of T
cells from the HIV-infected men. Lenalidomide also aug-
mented these functions of T cells from both healthy HIV-
negative men, studied at an abnormally low CD4 : CD8
ratio in vitro, and chronically CD4 T lymphocytopenic

HIV-negative men, suggesting that a major requirement for
lenalidomide responsiveness is CD4 lymphocytopenia.

Materials and methods

Patient selection and evaluation

Six male HIV-infected subjects with ages ranging from 30 to
56 years were studied concurrently with healthy HIV-
negative control men matched by gender and age. All HIV-
infected subjects were on stable anti-retroviral therapy
(ART) programmes for at least 9 months, taking no addi-
tional immunoactive drugs, and without active infection or
malignancy. HIV-infected patients also were excluded for
detectable blood HIV RNA, hepatitis C seropositivity, blood
CD4 count less than 330 per microlitre at the time of study,
ongoing cancer therapy, renal failure requiring haemodialy-
sis or receipt of a vaccine within 1 month before the study.
Three HIV-negative men aged 37–63 years with CD4-only T
lymphocytopenia for a minimum duration of 6 months also
were studied in parallel. These patients had abnormally fre-
quent minor respiratory infections, but no AIDS-type
serious infections. All subjects gave informed consent to par-
ticipate in the study, which was approved by the University of
California, San Francisco Committee on Human Research.
Sixty ml of blood were collected once by standard
venipuncture.

Isolation of T cells

Heparinized blood was diluted 1:1 (v : v) with calcium- and
magnesium-free phosphate-buffered saline and 30 ml por-
tions centrifuged on 10 ml cushions of Ficoll-Paque (GE
Healthcare Life Sciences, Pittsburgh, PA, USA) for 30 min at
400 g to resolve mixed mononuclear leucocytes at the inter-
face from other blood cells, as described [21]. The total
population of T cells was obtained at >96 % purity by immu-
nomagnetic depletion of all non-T cell mononuclear leuco-
cytes, including natural killer (NK) cells, with an antibody
cocktail-based negative-selection kit (Miltenyi Biotec,
Auburn, CA, USA). CD4 and CD8 T cells were isolated from
mixed T cells by positive immunomagnetic bead chromatog-
raphy procedures (Miltenyi Biotec).

Quantification of cytokines by enzyme-linked
immunosorbent assays (ELISAs)

Purified T cells were suspended at 106/ml in RPMI-1640 with
10% fetal bovine serum, 100 U of penicillin G and 50 mg/ml
of streptomycin (UCSF Cell Culture Facility) and 1-ml ali-
quots cultured in wells of 24-well plates (Corning Life
Sciences, Lowell, MA, USA) that had been pre-incubated
with 1 mg each of anti-human CD3 plus anti-human CD28
antibodies (BioLegend, Inc., San Diego, CA, USA), as
described previously [22]. Lenalidomide (sources in [20])
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stock solution in dimethylsulphoxide (DMSO) was then
diluted into medium so that the final concentration of
DMSO was <1% (v : v). The concentrations of IL-2 after
24 h and IFN-g after 48 h in duplicate aliquots of T cell
supernates were quantified at respective dilutions of 1:5 and
1:300 with colorimetric ELISAs (MiniKits from Thermo
Scientific-Pierce Biotechnology, Inc., Rockford, IL, USA).
Colour intensity was determined in a VersaMax Microplate
Reader (Sunnyvale, CA, USA) and the value for each point
calculated from the average of the duplicate results.

Assessment of T cell chemotaxis

T cells were incubated overnight in RPMI-1640–penicillin
G–streptomycin medium with 10% charcoal- and dextran-
extracted fetal bovine serum (CD–FBS; UCSF Cell Culture
Facility) to deplete T cell S1P. Transwell plate permeable
upper inserts with a 5-mm-diameter pore filter (Corning Life
Sciences) were pre-incubated overnight at 4°C in human
type IV collagen, washed and dried as described [23]. T cells
were pre-incubated with lenalidomide for 15 min at 37°C.
Each of duplicate upper inserts received 106 T cells in 0·1 ml
of CD–FBS–RPMI-1640 and was placed in a well containing
0·6 ml of CD–FBS–RPMI-1640 without (control) or with
10-7 M S1P (Sigma Chemical Co., St Louis, MO, USA) or
3 ¥ 10-8 M CCL21 (Peprotech, Inc., Rocky Hill, NJ, USA).
After incubation at 37°C for 4 h, the number of T cells in
each lower compartment was determined by manual micro-
scopic counting. All samples were blinded by coding and one
investigator performed all counts. The results are expressed
as a percentage of the initial number added to the upper
insert.

Statistical evaluations

Data for each group were examined with the Kolmogorov–
Smirnov test to confirm that they were distributed normally.
The significance of differences between mean values in any
series of studies was calculated by a two-sample t-test
(GraphPad Software, La Jolla, CA, USA).

Results

Characteristics of study subjects

The age mean and ranges of the HIV-infected patients, CD4
T lymphocytopenic patients and control subjects were
similar (Table 1). Each group of study subjects also had a
diverse racial distribution. All HIV-infected patients were on
a stable anti-HIV ART programme that eliminated detect-
able blood HIV RNA and raised their blood CD4 T cell levels
to at least 330 per microlitre from a nadir below 200 per
microlitre. The blood CD4 T cell levels of the CD4 T lym-
phocytopenic patients were similar to the nadir levels for the
HIV-infected patients. CD4/CD8 T cell ratios were similarly
low for the HIV-infected and CD4 T lymphocytopenic
patients.

Impaired chemotaxis and IL-2 generation by T cells of
HIV-infected patients

T cells from HIV-infected men had significantly lower
chemotactic responses to both S1P and CCL21 than T cells
from HIV-negative control subjects (Fig. 1a). The generation
of IL-2, but not IFN-g, also was significantly less for T cells
from HIV-infected men than for control uninfected men
(Fig. 1b).

Lenalidomide correction of impaired chemotaxis
and generation of IL-2 by T cells from
HIV-infected patients

Lenalidomide at 100 nM and 1 mM enhanced chemotaxis of T
cells from HIV-infected men significantly to both S1P and
CCL21, but had no effect on chemotaxis of T cells from
healthy control HIV-negative men (Fig. 2a). The extent of
lenalidomide-induced increases in chemotaxis for T cells of
HIV-infected men raised the levels elicited by both stimuli to
or above those seen for T cells of control uninfected men
(Fig. 1a). Lenalidomide at 10 nM to 1 mM significantly aug-
mented the generation of IL-2 by T cells from HIV-infected

Table 1. Study group characteristics.

Group

Number

of men

Age, mean

(range) Race

HIV duration Treatment period CD4 nadir

CD4 level CD4/CD8

(at time of study)

(mean, years) (number/ml)

HIV-infected 6 43 (30–56) 2C, 2AA, 2H 12 2·4 187 � 112 840 � 374 0·71 � 0·50

Control 6 41 (25–54) 3C, 2AA, 1A

HIV-negative

lymphopenia

3 47 (37–63) 1C, 1A, 1AA 258 � 42 0·70 � 0·09

Control 3 49 (42–60) 2C, 1A

C: Caucasian; AA: African American; H: Hispanic; A: Asian; HIV: human immunodeficiency virus. Values for CD4 and CD4/CD8 were determined

within 4 weeks before or after the T cell functional studies, and are mean � standard deviation; treatment period represents total duration; laboratory

normal mean for CD4/CD8 is 1·7.
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men to a maximum of over 300% (Fig. 2b). For T cells from
healthy control HIV-negative men, 100 nM to 1 mM lenalido-
mide augmented the generation of IL-2 significantly, but only
to a mean maximum of 175%. At all concentrations of lena-
lidomide, the increases in IL-2 levels generated by T cells from
HIV-infected men were significantly greater (P < 0·01) than

those for T cells from healthy control HIV-negative men. The
same concentrations of lenalidomide had no effect on gen-
eration of IFN-g by T cells from healthy control HIV-negative
men and only 300 nM and 1 mM lenalidomide augmented by
a mean maximum of just over 125% the generation of IFN-g
by T cells from HIV-infected men (Fig. 2b).
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Fig. 1. Functions of T cells from human immunodeficiency virus (HIV)-infected and non-infected control subjects. Each column and bar depicts

the mean � standard deviation of (a) the chemotactic responses of T cells to 10-7 M sphingosine 1-phosphate (S1P) and 3 ¥ 10-8 M chemokine

CCL21, as a percentage of the 106 T cells introduced initially into the upper chamber, and of (b) interleukin (IL)-2 and interferon (IFN)-g
concentrations after 24 h and 48 h, respectively, in culture media of activated T cells. The statistical significance of differences between values for

T cells from control and HIV-infected subjects by t-test is shown; +P < 0·05; *P < 0·01; **P < 0·001.
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Fig. 2. Effects of lenalidomide on functions of T cells from human immunodeficiency virus (HIV)-infected and non-infected control subjects.

Each point and bar depicts the mean � standard deviation of (a) the chemotactic responses of lenalidomide-treated T cells of that group to 10-7 M

sphingosine 1-phosphate (S1P) and 3 ¥ 10-8 M chemokine CCL21 and (b) interleukin (IL)-2 and interferon (IFN)-g concentrations in media of

lenalidomide-treated activated T cells of that group; for both frames as a percentage of the level for the same T cells without lenalidomide treatment

(100%). Statistical significance is shown as in Fig. 1.
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Contributions of depressed CD4 : CD8 T cell ratio to
diminished T cell chemotaxis and generation of IL-2
in HIV-infected patients

The CD4 : CD8 T cell ratio was lower for HIV-infected men
than control HIV-negative men (Table 1). A potential role
for this compositional abnormality of T cell subsets in their
impaired functions was investigated with T cells isolated
from three HIV-negative healthy middle-aged men. CD4 and
CD8 T cells obtained by immunomagnetic bead chromatog-
raphy from each donor were remixed at ratios of 2, 1 and 0·5.
T cell chemotaxis to S1P, but not CCL21, decreased with
CD4 : CD8 ratio and was significantly lower at a ratio of 0·5
than 2 (Fig. 3). Lenalidomide increased T cell chemotaxis
to S1P and CCL21 modestly, with direct concentration-
dependence and relationship to the CD4 : CD8 ratio. Signifi-
cant enhancement of T cell chemotaxis to either stimulus
was observed only at the two lower ratios of CD4 : CD8 T
cells and at 100 nM or 1 mM lenalidomide. The extent of
maximal enhancement of T cell chemotaxis to either stimu-
lus by lenalidomide was lower than that seen for T cells of
HIV-infected men (Fig. 2a).

The generation of IL-2, but not IFN-g, decreased with
CD4 : CD8 ratio and was significantly lower at a ratio of 0·5
and 1 than 2 (Fig. 4). The magnitude of decrease in IL-2

generation when the CD4 : CD8 ratio dropped from 2 to
0·5 was similar to that found between IL-2 generation by
T cells of HIV-negative control men and HIV-infected men
(Fig. 1b). Enhancement of IL-2 generation was observed at
all concentrations of lenalidomide and all CD4 : CD8 T cell
ratios, with no significant differences between levels of aug-
mentation for any of the conditions. The magnitude of
maximal enhancement of IL-2 generation by lenalidomide
was similar to that seen for T cells of HIV-negative control
men, but at any CD4 : CD8 ratio did not attain the level of
augmentation found with T cells of HIV-infected men
(Fig. 2b). A modest suppression of IFN-g generation by lena-
lidomide was significant only at one point, due largely to less
variability in the data at this concentration (Fig. 4).

Lenalidomide enhancement of impaired chemotaxis
and generation of IL-2 by T cells from HIV-negative
CD4 T lymphocytopenic patients

Mean [� standard deviation (s.d.)] chemotaxis of T cells
from CD4 T lymphocytopenic patients to S1P was
4·4 � 1·1% compared to 6·7 � 1·2% for T cells of concur-
rently studied control subjects (P < 0·05), and for CCL21
was 10·6 � 2·1% compared to 16·9 � 3·3% for controls
(P < 0·01). Impaired chemotaxis of T cells from CD4 T
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Fig. 3. Influence of CD4 : CD8 T cell ratio on healthy male human T cell chemotaxis and the effects of lenalidomide on T cell chemotaxis.

Left-hand frame: each column and bar depicts the mean � standard deviation (s.d.) of the chemotactic responses of T cells from three human

immunodeficiency virus (HIV)-negative healthy male subjects to 10-7 M sphingosine 1-phosphate (S1P) and 3 ¥ 10-8 M chemokine CCL21, as a
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of lenalidomide-treated and control T cells is shown as in Fig. 1.
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lymphocytopenic patients to S1P was enhanced significantly
by 30–1000 nM lenalidomide (Fig. 5) to a mean maximum
similar to that attained for T cells of HIV-infected patients
(Fig. 2a). Impaired chemotaxis of T cells from CD4 T lym-
phocytopenic patients to CCL21 was enhanced significantly
by 300 and 1000 nM lenalidomide (Fig. 5) to a mean

maximum less than that attained for T cells of HIV-infected
patients (Fig. 2a).

Mean (� s.d.) generation of IL-2 by T cells from CD4
T lymphocytopenic patients was 71 � 14% of that by T cells
of concurrently studied control subjects (P < 0·05), whereas
no difference between the groups was found for generation
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of IFN-g. Impaired IL-2 generation by T cells from CD4 T
lymphocytopenic patients was enhanced significantly by
30 nM to 1 mM lenalidomide (Fig. 5) to a mean maximum
less than that attained for T cells of HIV-infected patients
(Fig. 2b). Impaired IFN-g generation by T cells from CD4 T
lymphocytopenic patients was enhanced only up to a mean
maximum of 124% by 300 nM lenalidomide (Fig. 5), as had
been seen with T cells of HIV-infected patients (Fig. 2b).

Discussion

The present findings extend earlier observations of reduced
in-vitro proliferative responses of T cells from HIV-infected
patients to similarly diminished chemotaxis evoked by two
distinct stimuli and to generation of IL-2, but not IFN-g
(Fig. 1). The extent of depression of both types of functions
was significant, despite the small number of subjects and
resultant potential statistical bias of the findings. The abnor-
mally low in-vitro chemotactic responses to two stimuli
involved in T cell trafficking implies that T cell patrolling of
lymphoid and other tissues in vivo is impaired in HIV-
infected patients. Therapeutically attainable concentrations
of lenalidomide enhanced functions of T cells from HIV-
infected patients significantly more than those of T cells
from HIV-negative control subjects and thereby corrected
the abnormalities in both chemotaxis and IL-2 generation
(Fig. 2). The most effective concentrations of lenalidomide
studied in vitro were similar to those attained in therapy of
several types of cancers and T cell exposure times would also
be similar to those in treatment for in-vitro cytokine genera-
tion, but less for chemotaxis.

The possibility that a depressed CD4 : CD8 T cell ratio in
HIV-infected patients may contribute to impaired immune
functions of the total T cell population was examined ini-
tially with mixtures of T cells prepared at CD4 : CD8 ratios
encompassing normal levels and the lower levels found in
HIV-infected patients (Table 1). Qualitatively similar, but
lesser, decrements in chemotaxis to S1P but not CCL21 and
in generation of IL-2 but not IFN-g were elicited by conduct-
ing functional analyses of T cells from healthy subjects at
ratios of CD4 : CD8 T cells characteristic of HIV-infected
patients (Figs 3 and 4). Thus, the diminished immune func-
tions of T cells of HIV-infected patients may, in part, be
attributable to decrements in the ratio of CD4 : CD8 T cells.

Abnormally low levels of chemotaxis to S1P and some-
times CCL21 also have been documented for T cells from
patients with CD4 and/or CD8 T lymphocytopenia who also
have depressed ratios of CD4 : CD8 T cells (Table 1) [23]. T
cells from a group of three male patients with CD4 T lym-
phocytopenia, who were age-matched with the HIV-infected
men, had similar in-vitro abnormalities of chemotaxis and
IL-2 generation to those of the HIV-infected patients
(Fig. 5). These impairments of T cell functions were cor-
rected by lenalidomide to the same extent as those of T cells
from HIV-infected patients, except that the enhancement of

IL-2 generation was less than that found for the T cells of
matched HIV-infected patients (Fig. 5). Thus, it is possible
that the homeostatic corrective mechanisms evoked by low T
cell counts may be responsible for some of the similar alter-
ations in T cell immune functions in both conditions. This
same possibility was invoked to explain the difference in
mechanisms between mobilization of CD4 and CD8 T cells
in HIV infections [9].

Experienced investigators of HIV infections in humans
have observed accelerated ageing in patients with AIDS
[13–15]. Numerous AIDS-related morbidities, including
immune depletion, despite successful therapy that controls
HIV infection and immune activation leading to chronic
inflammation, are also characteristics of human immunose-
nescence without HIV infection [24–28]. Individuals with
HIV infections and healthy elderly people both have similar
changes in T cell composition, including low ratios of
CD4 : CD8 T cells and of naive : memory T cells, as well as
expanded CD57 and CD28- CD8 subsets [15]. Both groups
also have similar changes in T cell functions, including
decreased proliferative responses and IL-2 generation to
stimulation, as well as restricted T cell antigen receptor rep-
ertoire and impaired T cell responses to vaccines. Thus, it
seems possible that the shared responses to low concentra-
tions of lenalidomide of T cells from both HIV-infected
middle-aged patients and healthy elderly subjects may be
attributable to the same mechanisms [20]. Accelerated senes-
cence also appears to be a predictor of non-AIDS-related
co-morbidities in HIV-infected men [29]. Some com-
ponents of ART contribute to chronic inflammation,
inflammation-associated manifestations, such as the lipod-
ystrophic phenotype, and widespread cellular senescence
[30–32]. However, the similarity of T cell immune abnor-
malities in HIV-infected and HIV-negative CD4 T lympho-
cytopenic patients argues against a major role of these drugs
as contrasted with other immune mechanisms.
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