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Abstract

Lenalidomide, an analog of thalidomide, modified responses of stimulated T cells from healthy
young (ages 21-40 years) and old (=age 65 years) subjects. At 0.03 uM to 1 uM, lenalidomide
enhanced generation of IL-2 and IFN-y by T cell receptor-stimulated T cells of young subjects up
to respective maximum increases of 17-fold and three-fold, but at 0.3 uM and 1 pM suppressed
IL-17 generation. The same concentrations of lenalidomide enhanced IL-2 and IFN-y generation
by stimulated T cells of old subjects more, with greater respective maximal increases of up to 120-
fold and six-fold, without suppressing IL-17 generation. Lenalidomide enhanced proliferation and
suppressed apoptosis of stimulated T cells from old subjects, by IL-2-dependent mechanisms, and
restored diminished T cell chemotactic responses to CCL21 and sphingosine 1-phosphate. The
reversal of T cell abnormalities of immunosenescence by low concentrations of lenalidomide
suggest a potential for improvement of immunity in the elderly.
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1. Introduction

The state of human immunosenescence encompasses many changes in immunity and
inflammation that develop with aging [1,2]. The numbers and functions of T cells, B cells,
macrophages, dendritic cells and NK cells all change during human aging [3-8]. Several
profound alterations in T cells, however, constitute the most fundamental basis for
diminished adaptive immunity and consequently reduced host defenses in the elderly. There
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are consistent major reductions in the number of naive T cells, strikingly diminished
diversity of the T cell antigen receptor (TCR) repertoire, increased susceptibility to
activation-induced apoptosis, and substantial modifications in profiles of T cell immune
cytokine production in elderly humans [9-15]. Additional aspects of dysregulated T cell
function regularly observed in immunosenescence include formation of a less effective
synapse between antigen-presenting cells and T cells, decreases in some enhancing subsets
of T cells, and increases in the number and especially activities of suppressor Treg subsets
[16-20]. Other prominent modifications of the human T cell constellation with aging, that
have uncertain functional consequences, are increases in some subsets of memory T cells
and the CD8"CD28™ subset of T cells [21-23].

One universal alteration in elderly human T cell cytokine production is a significant
reduction in generation of I1L-2, that is vital for TCR-mediated activation of naive T cells
and their differentiation into effector T cells, as well as for many other host defensive
activities [15,24,25]. IFN-y, that like IL-2 is highly protective of human hosts through
diverse effects in innate and adaptive immunity, is another T cell cytokine whose generation
is altered substantially with human aging [15]. Relative to T cells of concurrently-evaluated
healthy young controls, T cells of healthy old women produce more IFN-yand T cells of
healthy old men produce less IFN-ywhen stimulated in vitro. Even the T cells of healthy old
women that produce more IFN-ythan those of young controls have lesser increments in
IFN-v generation than controls during infections and other inflammatory challenges [15]. It
is not clear if any countermeasures that correct dysregulated generation of protective T cell
cytokines in the elderly will improve their immune defenses against infections and other
challenges. Thus there is great interest in studying welltolerated drugs that are capable of
normalizing the immune cytokine alterations of immunosenescence sufficiently to improve
elderly human protective immune responses.

Amino-substituted analogs of thalidomide such as lenalidomide and pomalidomide, termed
thalidomide-type immunoactive drugs or immunomodulatory drugs (IMDs), have been
developed that are much more potent inhibitors of TNF-a production by LPS-stimulated
monocytes than thalidomide [26,27]. At concentrations of 0.01 uM to 1 uM, the IMDs also
increase the number and ex vivo cytotoxic activity of NK cells from treated subjects and
enhance the proliferation and cytokine generation of CD4 and CD8 T cells stimulated by
anti-CD3 antibody or phorbol esters plus ionomycin in vitro [28-31]. In contrast to the high
potency of IMD stimulation of CD4 and CD8 T cells, inhibition of IL-2-stimulated
proliferation and suppressive activity of Treg cells is inhibited more than 50% by IMDs only
at concentrations of 10uM or higher [32]. Although the mechanisms of IMD stimulation of
T cell activities have not been unequivocally established, three possibilities have been
identified. One is a selective increase in AP-1 DNA-binding activity [31]. The second is
activation of RhoA and Racl, but not other Rho GTPases [33]. The third is induction of
tyrosine phosphorylation of CD28 and consequently enhanced activation of NF-«xB, that
reduces dependence on CD28-CD80/CD86 co-stimulation for enhancement of IL-2
generation [34]. In this system, IMDs also reduce the inhibitory effect of CTLA-4-Ig on IL-2
generation by minimizing the otherwise requisite role of CD28-CD80/CD86 co-stimulation.
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We now show that nM concentrations of the IMD lenalidomide, but not thalidomide or some
analogs of thalidomide and lenalidomide, alter cytokine generation by stimulated T cells of
old healthy subjects differently than that by T cells of young healthy subjects. In the same
range of concentrations, lenalidomide partially reversed aging-related modifications of
TCR-stimulated proliferation, activation-induced apoptosis and Chemotaxis of T cells from
old subjects. The capacity of low concentrations of lenalidomide to improve several of the T
cell abnormalities of immunosenescence, suggest it may be a beneficial therapy for
restoration of T cell-dependent immunity in the elderly who have impaired host defenses.

2. Materials and methods

2.1. Selection of study subjects

The healthy old subjects (=65 years of age) were recruited from the Ambulatory Faculty
Practice of UCSF Medical Center and the Jewish Home of San Francisco. Each was
evaluated concurrently with a healthy young subject of age 21 to 40 years, who was matched
with the old subject for gender, race and national origin. None of the healthy old or young
subjects had any history of immune or inflammatory disorders and none was receiving any
immunoactive drug or hormone. The study procedures and potential risks were described to
every participant, who then signed a consent form that was approved by the UCSF
Committee for Human Research. Sixty milliliters of venous blood was taken into a
heparinized syringe once from each subject.

2.2. Isolation and stimulation of T cells and monocytes

Heparinized blood diluted 1:1 with Ca**- and Mg**-free Dulbecco’s balanced salt solution
was centrifuged on cushions of Ficoll-Paque (GE Healthcare Lifesciences, Pittsburgh, PA)
to purify mixed mononuclear leukocytes as described [15]. Monocytes were isolated from
mononuclear leukocytes by anti-human CD14 immunomagnetic bead positive selection on
columns in a magnetic field (Miltenyi Biotec, Auburn, CA). Twenty milliliter to 30 ml
suspensions of 108 monocytes/ml of RPMI-1640 medium with 10% FBS, 100 U/ml of
penicillin and 50 pg/ml of streptomycin (complete RPMI) were incubated for 24 h with 104
1U/ml of human recombinant IFN-a 2A (ProSpec-Tany TechnoGene Ltd., Rehovot, Israel)
to induce differentiation. T cells were isolated from mononuclear leukocytes by two cycles
of immunomagnetic negative selection (human T cell isolation kit I1; Miltenyi Biotec, Inc.).
T cell purity and the levels of expression of CD4, CD8 and CD28 were delineated by flow
cytometry and T cell purity was consistently =96% [20].

Aliquots of 5x10° differentiated monocytes in 0.5 ml of complete RPMI-1640 then were
preincubated for 60 min at 37°C without and with a thalidomide-type drug, that remained in
the suspensions, and stimulated with 100 ng/ml of LPS (E. coli 0111:B4, Sigma Chemicals,
St. Louis, MO). Portions of supernatant were removed at 6 h, 24 h and 48 h. Suspensions of
2x10% T cells per ml of complete RPMI were preincubated for 15 min at room temperature
without and with 33 pg/ml of anti-human IL-2 receptor-a chain mouse monoclonal antibody
(ab62849 at 33 pg/ml; Abcam, Inc., Cambridge, MA). Then suspensions were incubated
further for 60 min at 37°C without and with a thalidomide-type drug. Replicate 0.8 ml
aliquots of the treated and control T cell suspensions, that still contained the anti-human
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IL-2 receptor-a chain mouse monoclonal antibody and thalidomide-type drug, were
transferred to 24-well plates that had been precoated with 2 pg per well of anti-human CD3
plus anti-human CD28 antibodies (eBioscience, San Diego, CA). One hundred microliter
portions of medium from each well were harvested at one, three and five days for cytokine
ELISAs.

2.3. Cytokine ELISAs

The concentrations of IL-2, IL-17 and IFN-yin T cell supernates and TNF-a in monocyte

supernates were determined at two dilutions by colorometric ELISAs (eBioscience). Color
intensity of each well was determined in an ELISA plate reader (MRX Revelation, Dynex
Technologies, Chantilly, VA).

2.4. ELISAs for T cell proliferation, apoptosis and Bcl-XL content

As for cytokine generation, suspensions of 1 x 108 T cells/ml were preincubated without or
with 33 pg/ml of anti-human IL-2 receptor-a chain mouse monoclonal antibody and/or a
thalidomide-type compound, that remained with the T cells. Aliquots then were transferred
to wells of a 96-well plate precoated with either 1 g each of anti-human CD3 antibody plus
anti-CD28 antibody for initiation of proliferation or with 1 pg of anti-human CD3 antibody
without anti-human CD28 antibody for induction of apoptosis. After one or two days of
proliferation-stimulating incubation, BrdU was added to each well, incubation was
continued for one more day, and then the T cells were fixed and their BrdU-labeled DNA
was denatured. Peroxidase-conjugated Fab of anti-BrdU antibody and then peroxidase
substrate were introduced sequentially. Newly-produced BrdU-labeled DNA, that is a linear
indicator of T cell proliferation on day two and three (Cell Proliferation Assay Kit, Roche
Biosciences, Indianapolis, IN), was quantified spectroscopically at 450 nm. After two and
three days of apoptosis-evoking incubation, T cells were lysed and their nucleosomes in the
lysates were trapped by anti-histone antibodies coating each well. The number of antibody-
immobilized nucleosomes was quantified by their binding of peroxidase-conjugated anti-
DNA antibodies (cell death detection kit, Roche Biosciences, Indianapolis, IN). The
consequent rate of conversion of peroxidase substrate to a product with maximal absorption
at 405 nm was directly related to the number of nucleosomes and thus the level of apoptosis.

T cells stimulated without and with different treatments for two or three days were washed
twice with PBS and solubilized at 107/ml in kit lysis buffer for ELISA quantification of Bcl-
XL content using the reagents and procedures of DuoSet IC ELISA system (R&D Systems,
Inc., Minneapolis, MN). Values were normalized according to total protein determined with
a BCA kit (ThermoFisher-Pierce, Rockford, IL) and the effective range of the ELISA was
200-30,000 pg/ml.

2.5. Quantification of T cell Chemotaxis

To assess Chemotaxis, each upper insert of Transwell permeable supports with a 5 pm
diameter pore filter (Corning Life Sciences, Lowell, MA) received 1x108 T cells in 0.1 ml
and was placed over 0.6 ml of RPMI-1640 with 10% charcoal- and dextran-extracted fetal
bovine serum (lipid-free FBS) (UCSF Cell Culture Facility) without or with a stimulus in
the lower compartment. The filters had been preincubated in human type IV collagen for 8 h
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and then washed and dried overnight, as described [35]. The T cells had been pretreated with
0.01 uM and 0.1 uM lenalidomide for 30 min at 37°C and the stimuli were 10 nM S1P and
100 nM CCL21 and CCL5 (Peprotech, Inc., Rocky Hill, NJ). After 4 h of incubation at
37°C, the number of T cells in each lower compartment was determined by microscopic
counting and expressed as a percentage of the initial number added to the upper insert.

2.6. Thalidomide-type compounds

Lenalidomide (Revlimid, CC-5013) was obtained from three sources, each of which was
shown in initial studies to have the same effects on T cells. Five milligram pharmaceutical
tablets and purified powder from Celgene, Inc. (San Diego, CA) were dissolved in
anhydrous dimethyl sulfoxide (DMSQO) without further chemical analyses. A third lot of
purified powder was synthesized and its structural properties authenticated at NIA (WL, DT
and NHG). Thalidomide was obtained from Sigma-Aldrich Co. (St. Louis, MO) and the di-
thiol derivatives of thalidomide and lenalidomide were synthesized and their structural
properties authenticated at NIA (WL, DT and NHG), as described [36]. All stocks were
maintained at —20°C as 10 mM solutions in anhydrous DMSO and diluted in medium just
prior to addition to T cell suspensions.

2.7. Data analyses

3. Results

All groups of data were normally distributed. The statistical significance of each difference
between levels of cytokines, proliferation, Chemotaxis and apoptosis was determined by a
two-sample t test.

3.1. Effects of lenalidomide and other thalidomide-type compounds on the generation of
cytokines by T cells of healthy old and young subjects

The capacity of several different thalidomide-type compounds to alter the generation of
three distinct immune cytokines by TCR-stimulated T cells of young and old subjects was
investigated using concentrations of each compound known to have immune effects [27,37].
In initial studies designed to define the dose-range of thalidomide-type drugs, lenalidomide
enhanced generation of IFN-y by TCR-stimulated T cells of two young and two old healthy
subjects significantly at concentrations of 0.03 uM to 3 uM up to a peak of nearly three-fold
at 3 uM (Fig. 1A). Significant inhibition of generation of IFN-ywas observed instead for
dithiol lenalidomide beginning at 1 uM and di-thiol thalidomide beginning at 3 uM, with
only modest inhibition by thalidomide at 100 uM. For stimulated T cell generation of IL-2,
again only lenalidomide enhanced the levels significantly at concentrations of 0.03 pM to 30
UM, with mean maximal enhancement of 9.5-fold at 1 uM in this mixed group of young and
old subjects (Fig. 1B). Significant inhibition of IL-2 generation was found for di-thiol
lenalidomide beginning at 3 uM and for di-thiol thalidomide starting at 30 M, whereas
thalidomide had no detectable effect at up to 100 pM. The distinctively high level of
variation of lenalidomide enhancement of IL-2 generation suggested that there may be
differences in the effects of lenalidomide on T cells of young and old subjects.
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No thalidomide-type drug was capable of enhancing TCR-stimulated T cell generation of
IL-17. However, there was significant inhibition of generation of IL-17 by di-thiol
lenalidomide at 0.1 pM and higher, lenalidomide at 0.3 uM and higher, di-thiol thalidomide
at 3 UM and higher, and thalidomide only at 100 uM (Fig. 1C). None of the thalidomide-type
drugs altered cytokine generation alone in the absence of TCR-directed stimulation (data not
shown).

As lenalidomide enhancement of generation of both IL-2 and IFN-y were significant in the
low concentration range of 0.03 uM to 1 uM for TCR-stimulated T cells from a mixed age
group, the time-courses of the effects of these concentrations were delineated for T cells of
young and old healthy subjects separately.

For TCR-stimulated T cells of six healthy young subjects (three female and three male),
lenalidomide enhancement of generation of IFN-ywas significant at 0.03 uM to 1 uM on
days one, three and five, up to maximal levels of two-fold on day three and nearly three-fold
on day five (Fig. 2A). Lenalidomide enhancement of IL-2 generation in the same studies
was significant at 0.01 uM to 1 pM on all days, was much greater than for IFN-, and
attained maximal increases of 17-fold on day three and 10-fold on day five (Fig. 2B). In
contrast, 0.3 uM and 1 pM lenalidomide suppressed generation of IL-17 on all days, whereas
none of the lower concentrations had any significant effects (Fig. 2C). For T cells of six
healthy old subjects (three female and three male), 0.01 uM to 1 uM lenalidomide enhanced
generation of IFN-y significantly on all days up to maximal levels of fourfold on day three
and six-fold on day five (Fig. 3A). In studies of the same healthy old subjects, generation of
IL-2 was enhanced significantly by 0.03 uM to 1 pM lenalidomide on all days with maximal
increases of 120-fold and 95-fold at 0.3 uM and 1 uM lenalidomide, respectively (Fig. 3B).
The generation of IL-2 by T cells, especially those of old subjects, decreased from a peak on
day one to a level approximately 10% of the peak by day five in the absence of
lenalidomide. Thus the very striking enhancement of I1L-2 generation by T cells of old
subjects achieved by lenalidomide effectively prevents this decline and leads to an average
level of IL-2 on day five that is ten-fold higher than the level on day one without
lenalidomide. Unlike the suppression of IL-17 generation by TCR-stimulated T cells of
young subjects by 0.3 uM and 1 pM lenalidomide on days one, three and five, the
production of IL-17 by TCR-stimulated T cells of old subjects was not affected significantly
by any level of lenalidomide, except for minor suppression of 1L-17 at 0.01 uM (Fig. 3C).

The observed effects of lenalidomide on cytokine generation were not attributable to
alterations in the subset composition of T cells. The mean percentages + S.D. of CD4 and
CD8 T cells in the old subjects (n=4 of 6) were 66 + 7.4 and 29 * 5.8, respectively, after two
days of TCR stimulation in medium alone and were no different at 69 + 8.0 and 24 + 4.6
after two days of TCR stimulation with 1 uM lenalidomide. Similarly, no changes in
expression of CD28 were induced by lenalidomide in CD4 and CD8 T cells after 2 days of
TCR stimulation with respective mean percentages of 92 and 64 without and 94 and 67 with
1 uM lenalidomide. No NK cells were detected in any suspension as anticipated based on
the T cell purification procedure.
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3.2. Effects of lenalidomide on T cell generation of IL-2 and IFN-y. amplification by IL-2

signaling

Lenalidomide significantly enhanced generation of IL-2 by stimulated T cells from two
young and three old healthy subjects at concentrations of 0.03 uM to 1 uM on days 1, 3 and
5and at 0.01 pM on some days (Table 1). In this mixed group of old and young healthy
subjects, very significant increases of 21 -fold on day three and 10-fold on day five were
observed at 0.1 pM lenalidomide and maximal enhancement of a mean of 32-fold on day
three and 37-fold on day five were attained at 1 UM lenalidomide. The presence of a
blocking concentration of mouse monoclonal anti-human IL-2 receptor antibody prior to and
during exposure to lenalidomide and anti-TCR antibodies (+) significantly decreased all
levels of enhancement of IL-2 generation on all days that had been significant in the absence
of IL-2 receptor blockade (=) (Table 1). Similarly, the anti-human IL-2 receptor blocking
antibody (+) significantly decreased all levels of enhancement of IFN-y generation on all
days that had been significant in the absence of I1L-2 receptor blockade (=) (Table 1). The
positive feedback enhancement of 1L-2 generation and amplification of IFN-y generation by
lenalidomide-evoked increases in the levels of IL-2 thus are mediated by the IL-2 receptor
and contribute substantially to the observed steady state levels. In contrast, levels of
generation of IL-17 were not affected by the anti-human IL-2 receptor blocking antibody.

3.3. Effects of lenalidomide on T cell proliferation and apoptosis: dependence on IL-2

signaling

The proliferation of T cells from healthy old subjects elicited by anti-TCR antibodies was
enhanced significantly by 0.03 uM to 1 (UM lenalidomide up to a maximum of
approximately two-fold (Fig. 4, left-hand frame). All significant enhancements of
proliferation by lenalidomide were eliminated by prior introduction of the anti-human IL-2
receptor blocking antibody (Fig. 4, right-hand frame). The apoptosis of T cells from healthy
old subjects induced by TCR-dependent activation was suppressed significantly by 0.01 uM
to 1 uM lenalidomide up to a mean maximum of approximately 41% at 0.1 uM lenalidomide
(Fig. 5, left-hand frame). As for lenalidomide enhancement of stimulated proliferation,
protection of activated T cells from apoptosis by lenalidomide also was lost after inhibition
of IL-2 signaling by the anti-human IL-2 receptor blocking antibody (Fig. 5, right-hand
frame).

Initial investigations of possible mechanisms by which lenalidomide suppressed apoptosis of
activated T cells from old subjects showed significant increases in T cell content of Bcl-XL.
After two and three days of incubation with anti-CD3 antibody, the mean content trange of
Bel-XL was 8290 + 1048 pg/108 T cells and 6270 + 691 pg/106 T cells, respectively, and the
values for the two times were increased to respective means of 133, 151 and 158% and 123,
164 and 193% of controls by 0.01 pM, 0.1 pM and 1 pM lenalidomide (n=two, pb0.05 for
all except 1 p.M lenalidomide on day 3 = pb0.001 and 0.1 uM lenalidomide on day 2 = not
significant).

3.4. Effects of Lenalidomide on T cell Chemotaxis

The chemotactic responses of T cells from healthy young subjects to S1P and CCL21 were
significantly higher and that to CCL5 was significantly lower than the responses of T cells
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from healthy old subjects (Table 2). The chemotactic response of T cells from healthy old
subjects to CCL21 was augmented significantly by 0.01 uM lenalidomide to a level
indistinguishable from that of T cells from healthy young subjects. Similarly, the
chemotactic responses of T cells from healthy old subjects to CCL21 and S1P were
enhanced significantly by 0.1 uM lenalidomide and the restored levels were
indistinguishable from those of T cells from healthy young subjects. Lenalidomide had no
effect on the chemotactic responses of T cells from healthy young subjects.

3.5. Effect of lenalidomide on the generation of TNF-a by differentiated monocytes

The lowest concentrations of lenalidomide that altered diverse T cell functions were
examined for their capacity to inhibit generation of TNF-a by differentiated human blood
monocytes, which was the immune effect of thalidomide-type IMDs observed initially [26].
The generation of TNF-a by LPS-stimulated differentiated monocytes from a mixed group
of healthy young and old subjects was inhibited significantly by 0.1, 0.3 and 1 pM
lenalidomide at all times, by 0.03 uM lenalidomide at 24 and 48 h, and by 0.01 uM
lenalidomide at 24 h (Table 3). Thus a macrophage-dependent anti-inflammatory effect of
lenalidomide accompanies its T cell-mediated immunostimulatory activities.

4. Discussion

Potent thalidomide-type drugs, such as lenalidomide (Revlimid), are in regular use at oral
doses of 5 mg to 20 mg per day for treatment of some forms of leprosy, del 5q myelodys-
plastic syndromes, chronic lymphocytic leukemia and multiple myeloma. Pharmacokinetic
studies of lenalidomide in humans have documented mean plasma levels of 320 to 440 nM
at 1 h and of over 30 nM for up to 10 h after a single 5 mg oral dose [38,39]. Deductions
from these data predict that a lower oral dose of 1 mg to 3 mg would result in plasma levels
of 76 nM to 228 nM at 1 h and of 6 nM to 18 nM for up to 10 h. At the plasma
concentrations of approximately 0.01 nM to 0.1 uM attained by such a low-dose,
lenalidomide enhanced T cell generation of IL-2 and IFN-y in young and old subjects for at
least five days (Figs. 2 and 3). The enhancement of T cell generation of IL-2 and IFN-y
continued to be observed in both age groups with 0.3 uM to 1 uM lenalidomide, in which
higher concentration range there also was significant inhibition of generation of 1L-17 by
stimulated T cells of young but not old subjects (Figs. 2 and 3). In the same plasma
concentration range of 0.01 pM to 0.1 uM lenalidomide, achieved by a low-dose, TNF-a
generation by LPS-stimulated differentiated monocytes was inhibited significantly for at
least 48 h (Table 3). Low-dose lenalidomide thus concurrently enhances T cell generation of
protective immune cytokines and inhibits macrophage generation of inflammatory
cytokines.

In the concentration range of 0.03 uM to 1 pM, lenalidomide augmented significantly anti-
TCR antibody-initiated proliferation of T cells from healthy old subjects by an IL-2 receptor
signaling-dependent mechanism (Fig. 4). Anti-TCR antibody activation-induced apoptosis,
to which the T cells of old subjects are especially susceptible, also was suppressed by 0.01
UM to 1 uM lenalidomide in T cells of healthy old subjects by an IL-2 receptor signaling-
dependent mechanism (Fig. 5). An IL-2 positive-feedback mechanism enhanced generation
of IL-2 and IFN-y by stimulated T cells through a mechanism that was inhibited by the same
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concentration of anti-1L-2 receptor-a chain blocking antibody which prevented IL-2-
mediated lenalidomide enhancement of proliferation and survival (Table 1). Promotion of
increased proliferation and survival of T cells by 0.01 uM to 1 pM lenalidomide through
IL-2 receptor signaling leads to more cytokine-generating T cells and thereby may
contribute to the sustained enhancement of generation of IL-2 and IFN-y by low
concentrations of lenalidomide. It has long been known that differentiation of naive CD4 T
cells into effector CD4 T cells and subsequently into memory CD4 T cells by TCR-plus co-
receptor-stimulation requires concurrently-generated IL-2 [40,41]. TCR-mediated activation
of the diminished number of naive T cells in old mice and humans generates fewer effector
T cells and lower levels of IL-2 than for naive T cells of young subjects [24,42,43]. The
deficiency of effector T cells in older mice may be corrected by addition of exogenous IL-2
but not other cytokines of the cluster whose receptors utilize the common y chain-binding
unit [40]. Lenalidomide enhancement of generation of endogenous IL-2 appears to mimic
addition of exogenous IL-2 and consequently reverses the deficient proliferation and
survival of activated naive T cells in old subjects. This could be a central mechanism
through which lenalidomide restores the capacity of immunosenescent activated naive T
cells to differentiate efficiently into longer-lived effector T cells.

The many roles of IL-2 in T cell development, subset differentiation, proliferation,
activation and the balance between apoptosis and survival are complex and only partially
understood. Although IL-2 itself may have immunosuppressive effects by directly
promoting activation-induced T cell death and by indirectly fostering differentiation of Treg
cells, the mechanisms of IL-2 signaling in these processes and in the establishment of
tolerance in vivo are controversial [44,45]. In contrast, apoptosis evoked by the state of IL-2
deprivation that ensues rapidly after transient activation of CD4 and CD8 T cells involves
well-defined transcriptional programs that result in appearance of pro-apoptotic factors and
concurrent repression of anti-apoptotic principles [46,47]. Our experimental design does not
include restimulation of the T cells at a time of IL-2 sufficiency, so that elicitation of
apoptosis on day two and especially day three after primary TCR-dependent stimulation is
most likely attributable to inadequate levels of IL-2 and possibly other cytokine growth
factors. The persistent promotion of adequately protective levels of IL-2 by lenalidomide
may account for the observed reduction in apoptosis (Fig. 5). The administration of blocking
doses of anti-IL-2a receptor antibody to patients with autoimmune diseases similarly leads
to decreases in T cell survival and reduced proliferative responses of CD4 and CD8 T cells
to their cognate antigens [48,49].

The capacity of lenalidomide to augment the diminished chemotactic responses of T cells
from healthy old subjects to S1P and CCL21 resulted in levels of migration that were the
same as those of T cells from healthy young subjects (Table 2). As this enhancement is
similar for two different chemotactic factor systems, that share only decreased activity for T
cells of healthy old subjects compared to healthy young subjects, lenalidomide appears to be
acting on a common signal transduction or T cell intrinsic mobility pathway rather than at
the level of the chemotactic factor receptors.

The principal functionally-relevant difference between responses to lenalidomide of T cells
from old subjects and those from young subjects is the magnitude of enhancement of IL-2
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generation (Figs. 2 and 3). For the maximal enhancing effects of nanomolar concentrations
of lenalidomide on days three and five, increments in IL-2 levels were six- to twelve-fold
higher for stimulated T cells of old than young subjects. Although partially attributable to
lower baseline levels of IL-2 from stimulated T cells of old than young subjects,
lenalidomide nonetheless effectively raised IL-2 generation by stimulated T cells of old
subjects to a ten-fold higher actual mean peak level on day three than that on day one in the
absence of lenalidomide. These data also reveal the differential cytokine specificity of
lenalidomide, as there were no significant effects on IL-17 generation by T cells of old
subjects and only modest decreases for those of young subjects. Thus a low-dose regimen of
lenalidomide in old subjects also would not be expected to increase the risk of bacterial
infections by impairing recruitment of neutrophils nor increase the risk of autoimmunity by
mobilization and activation of Th17 cells and related subsets of effector T cells.
Additionally, low-dose lenalidomide may improve T cell-dependent immunity by
augmenting Chemotaxis, proliferation and post-activation survival.

In considering the possible beneficial effects of low-dose lenalidomide in
immunosenescence, two other effects may prove to be important. First is the capacity of
lenalidomide to increase the number and activity of NK cells, that is attained at 1 uM or
lower concentrations [28,29]. Second is the capability of lenalidomide at 1 uM or lower
concentrations to suppress stimulated mononuclear phagocyte generation of a range of
inflammatory mediators, including IL-6, TNF-a and IL-10, as well as to increase their
production of immunosuppressive IL-10 (Table 3) [26]. Both effects of lenalidomide will
add to its therapeutic value in immunosenescence by reducing excessive inflammation while
correcting diminished innate and adaptive immunity. Future testing of low-dose
lenalidomide IMD will focus on its potential roles in improving diverse aspects of immunity
in the elderly population ranging from the effectiveness of vaccines to host defenses against
microbial infections to resistance to cancers.
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Concentration-dependence of effects of thalidomide-type drugs on human T cell generation

of cytokines. Each column and bar depicts the mean £ S.D. of the results of cytokine

ELISAs of supernates from T cells of a total of four healthy subjects, of whom two were

young and two were old, after three days of incubation with anti-CD3 + anti-CD28

antibodies without (control = 100%) and with a drug. The mean + S.D. of control (100%)
values for IFN-y, IL-2 and IL-17, respectively, were 30,915 + 11,206, 5.8 + 3.4 and 1149 +
372pg/ml.A= IFN-y, B = IL-2 and C=IL-17. Statistical significance of differences from the

Clin Immunol. Author manuscript; available in PMC 2015 November 12.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Huang et al.

controls without an IMD was calculated by a two-sample t test and indicated by + for
pb0.05, * for pb 0.01 and ** for pb 0..001.
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Figure 2.

Time-course of effect of lenalidomide on generation of cytokines by T cells of young
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subjects. Conditions, anti-TCR antibody stimulation, methods of quantification of cytokines,
and calculation of statistical significance were the same as in Figure 1. Each column and bar
depicts the mean + S.E.M. of the results of cytokine ELISAs of supernates from T cells of

six healthy young subjects (three women and three men). The mean £ S.D. of control

(100%) values for IFN-y, IL-2 and IL-17, respectively, were 3901 + 1087, 535 + 85 and 296
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+ 92 pg/ml on day 1,33,623 + 8934, 29 £ 3.4 and 1149 + 372 pg/ml on day 3, and 49,095 +
13,501,18 + 1.8 and 1521 + 376 pg/ml on day5.A=IFN-y, B = IL-2 and C = IL-17.
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Figure 3.
Time-course of effect of lenalidomide on generation of cytokines by T cells of old subjects.

Conditions, anti-TCR antibody stimulation, methods of quantification of cytokines, and
calculation of statistical significance were the same as in Figure 1. Each column and bar
depicts the mean + S.E.M. of the results of cytokine ELISAs of supernates from T cells of
six healthy old subjects (three women and three men). The mean £ S.D. of control (100%)
values for IFN-y, IL-2 and IL-17, respectively, were 1786 + 1065, 371 + 247 and 79 £ 57
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pg/ml on day 1,26,804 + 15,216,15 + 10 and 354 + 233 pg/ml on day 3, and 115,839 +
52,211,13 + 8 and 721 + 454 pg/ml on day 5.A=IFN-y, B = IL-2 and C=IL-17.
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Figure 4.
Enhancement of activation-induced T cell proliferation by lenalidomide: dependence on

IL-2 signaling. Each point and bar in the left-hand frame and each column and bar in the
right-hand frame depict the mean+S.D. of the results of proliferation assays of activated T
cells from the same five old subjects as in Figure 5. Incubation with anti-CD3 + anti-CD28
antibodies was for two days without (control = 100%) or with lenalidomide prior to addition
of BrdU. The meanzS.D. of control values was 0.468+0.166 AU (450 nm-690 nm).
Statistical significance was calculated and depicted as in Figure 1, with comparisons
between values with lenalidomide and the 100% control for points in the left-hand frame
and between values without and with a-IL-2 R monoclonal antibody for each set of two
columns in the right-hand frame.
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Suppression of activation-induced T cell apoptosis by lenalidomide: dependence on IL-2
signaling. Each point and bar in the left-hand frame and each column and bar in the right-
hand frame depict the mean = S. D. of the results of apoptosis assays of activated T cells
from the same five old subjects as in Figure 4. Incubation with anti-CD3 antibody was for
two days (right-hand frame) or three days (left-hand frame) without (control = 100%) or
with lenalidomide. The mean £ S.D. of control values was 0.599+0.121 AU (405 nm-490
nm). Statistical significance was calculated and depicted as in Figure 1, with comparisons
between values with lenalidomide and the 100% control for points in the left-hand frame
and between values without and with a-1L-2 R monoclonal antibody for each set of two

columns in the right-hand frame.
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Table 2

Effects of lenalidomide on T cell Chemotaxis.

Response to each chemotactic stimulus (net percentage of initial T cells, mean + S.D.)

Concentration of lenalidomide (nM)  S1P CCL5 CCL21

Young subjects

0 2.77+£0.70** 4.13 +0.45** 37.4£2.7%*

10 2.47 +0.76 3.93+0.31 323+19

100 2.27+0.67 3.60+0.56 35.8+4.3
Old subjects

0 1.70 +0.36 5.30+0.40 27829

10 2.10+0.26 5.00+0.87 33.8+2.7*

100 2.40+0.10* 5.07+0.71 33.2+2.9*

Each value is the mean £ S.D. of the results for T cells from three healthy young subjects and three healthy old subjects responding chemotactically
to 10 nMS1 P or 100 nM CCLS5 or CCL21. The levels of statistical significance of differences in baseline values between T cells of young and old

subjects without lenalidomide are depicted by ** = pb0.05 or **=pb0.01. The level of statistical significance of differences between baseline

values and those with lenalidomide for T cells of old subjects is depicted by *=pb0.05.
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