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Abstract Daclizumab is a humanized monoclonal antibody
of IgG1 subtype that binds to the Tac epitope on the
interleukin-2 (IL-2) receptor α-chain (CD25), thus, effec-
tively blocking the formation of the high-affinity IL-2 re-
ceptor. Because the high-affinity IL-2 receptor signaling
promotes expansion of activated T cells in vitro, daclizumab
was designed as a therapy that selectively inhibits T-cell
activation. Assuming the previous statement, daclizumab
received regulatory approval as add-on therapy to standard
immunosuppressive regimen for the prevention of acute
allograft rejection in renal transplantation. Based on its
putative mechanism of action (MOA), daclizumab repre-
sented an ideal therapy for T-cell-mediated autoimmune
diseases and was subsequently tested in inflammatory uve-
itis and multiple sclerosis (MS). In both of these diseases,
daclizumab therapy significantly inhibited target organ in-
flammation. Mechanistic studies in MS demonstrated that
the MOA of daclizumab is surprisingly broad and that the
drug exerts unexpected effects on multiple components of
the innate immune system. Specifically, daclizumab dramat-
ically expands and activates immunoregulatory CD56bright

NK cells, which gain access to the intrathecal compartment
in MS and can kill autologous activated T cells. Daclizumab
also blocks trans-presentation of IL-2 by mature dendritic
cells to primed T cells, resulting in profound inhibition of

antigen-specific T cells. Finally, daclizumab modulates the
development of innate lymphoid cells. In conclusion, dacli-
zumab therapy, which is currently in phase III testing for
inflammatory MS, has a unique MOA that does not limit
migration of immune cells into the intrathecal compartment,
but rather provides multifactorial immunomodulatory
effects with resultant inhibition of MS-related inflammation.
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Introduction

Interleukin (IL)-2 has been called “T cell growth factor” [1,
2], because since its discovery it has been used for in vitro
expansion of T cells. Indeed, upon activation by the T-cell
receptor (TCR), T cells start expressing on their surface high
levels of heterotrimeric “high affinity” IL-2 receptor (IL-2R)
(Fig. 1). At approximately the same time when the surface
expression of IL-2R peaks (i.e., ~48-72 h post-stimulation),
naïve T cells that have received an antigen-specific signal
also start producing large quantities of IL-2. Therefore, it
was believed that this autocrine IL-2 signaling loop medi-
ates clonal expansion of activated T cells and promotes
development of their effector functions. The induction of
IL-2R on activated T cells is proportional to the strength of
the TCR stimulus [3]; thus, T cells that receive higher
antigen-specific stimulus compete better for a subsequent
IL-2 signal. This observation further reinforced the idea that
IL-2 promotes T-cell immunity. As a consequence, it was
believed that blockade of IL-2 signaling would inhibit T-cell
effector functions. This represented the basis for the notion
that CD25-targeting therapies are the ideal treatment for
prevention of rejection of allogeneic transplants or for inhi-
bition of autoimmunity and chronic inflammation [4–6].
The first such therapeutic agent targeting IL-2 signaling
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pathway was daclizumab [7]. The intramural National
Institutes of Health (NIH) played a decisive role in the
development of this biological therapy and in defining its
mechanism of action (MOA).

IL-2 Receptor System and Its Expression on Resting
versus Activated T Cells

To be able to understand the effects of daclizumab on the
human immune system, we need to first review the biology
of IL-2 signaling. The high-affinity IL-2R consists of 3
chains: 2 signaling molecules, 1) γ-chain (CD132) and 2)
β-chain (CD122), and 3) the nonsignaling α-chain (CD25)
(Fig. 1) [8]. An interesting feature of cytokine receptors is
the sharing of their signaling molecules; hence, the γ-chain
is also called common γ-chain (γc), because it is used by a
wide array of cytokines (IL-2, IL-4, IL-7, IL-15, and IL-21),
whereas the β-chain is shared by 2 closely-related cytokines
(IL-2 and IL-15) [9]. We are now only beginning to appre-
ciate that such sharing of signaling chains has important
functional consequences, due to competition for limited
quantities of different cytokines.

Constitutive expression of γc on resting T cells underlies
their responsiveness to cytokines that mediate T-cell homeo-
stasis and survival, such as IL-7. Resting human T cells also
express low levels of IL-2Rβ-chain, allowing them to re-
ceive IL-15 signal, and potentially also IL-2 signal under
conditions of IL-2 abundance. However, only a subgroup of
resting CD4+ T cells, called T-regulatory cells (T-regs),
which are dependent on the transcriptional factor FoxP3,
express constitutively high levels of CD25. Therefore, only
resting T-regs are capable of binding low concentrations of
IL-2, which is required for their in vivo survival and immu-
noregulatory functions [10]. Because of their expression of
high-affinity IL-2R, T-regs can successfully “steal” the lim-
ited amounts of IL-2 secreted by weakly stimulated T cells,

which represents 1 of the several mechanisms of T-reg-
mediated immunoregulation of effector T cells [3].
Although expression of β- and γ-chain of IL-2R, which
together form the “intermediate affinity IL-2R” (Fig. 1) is
sufficient to mediate IL-2 signaling when IL-2 concentra-
tions are relatively high (Kd01 nM), T cells that express
CD25 can respond to 10 to 100-fold lower concentrations of
IL-2 (Kd010 pM) [11]. This explains why T-regs win the
tug-of-war with weakly stimulated effector T cells for the
limited concentrations of IL-2 [3]. CD25 itself has a very
limited affinity for IL-2 (Kd010 nM), and therefore this
nonsignaling chain is called the “low affinity IL-2R”
(Fig. 1) [11].

Development of Daclizumab as a Therapeutic

Daclizumab is a humanized monoclonal antibody (mAb) of
immunoglobulin (Ig)G1 subtype [7] that blocks the interac-
tion of CD25 with IL-2 (via the so-called “Tac” epitope)
(Fig. 1). As a consequence, daclizumab blocks low-affinity
and high-affinity IL-2R, whereas it has no effect on IL-2
signaling through the intermediate affinity IL-2R. As indi-
cated as follows, this property of daclizumab has important
functional consequences for different types of immune cells.

Because CD25 is upregulated on effector T cells, it was
believed that daclizumab would selectively inhibit this acti-
vated state of T cells. Undeniably, daclizumab, or its original
murine anti-Tac mAb, which was developed in the labora-
tory of Thomas Waldmann in the intramural NIH/National
Cancer Institute (NCI), inhibits T-cell signaling to IL-2 in
vitro and in vivo [12–14]. Subsequent demonstration that
addition of daclizumab to standard immunosuppressive reg-
imens (i.e., cyclosporine and steroids) provided clinical
benefit for the prevention of the rejection of allogeneic renal
transplants [5], was fully in agreement with this putative
MOA on effector T cells.

Based on these data, after commercialization of daclizu-
mab and its regulatory approval as adjunctive therapy for
preventing rejection of allogeneic solid organ transplants
(i.e., Zenapax; Hoffmann-La Roche), the efficacy of dacli-
zumab was tested in the intramural NIH in chronic human
inflammatory conditions, such as HTLV-1 associated mye-
lopathy/tropical spastic paraparesis [15] and inflammatory
uveitis [16, 17]. Although in HTLV-1-associated myelopa-
thy/tropical spastic paraparesis short-term application of
daclizumab decreased HTLV-1 pro-viral load and inhibited
spontaneous lymphoproliferation of activated T cells, expe-
rience in inflammatory uveitis demonstrated a clear clinical
benefit of long-term daclizumab treatment.

Both these observations were consistent with the pre-
sumed inhibitory effect of daclizumab on effector T cells.
Thus, in 1999, again in the intramural NIH/National Institute

Fig. 1 Schematics of the 3 interleukin-2 receptors (IL-2R) and dacli-
zumab binding site
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of Neurological Disorders and Stroke (NINDS), we initiated a
phase I/II clinical trial of daclizumab in multiple sclerosis
chronic inflammatory/demyelinating condition (MS) of the
central nervous system (CNS) (the Zenapax to Treat Multiple
Sclerosis study; Clinicaltrials.gov identifier: NCT00001934).
The clinical protocol was shared with a second center
at the University of Utah and in both of these pilot MS
studies, addition of daclizumab to patients who had an
inadequate clinical and radiological response to interferon-β
(IFN-β) resulted in >80 % inhibition of contrast-enhancing
lesions (CEL) on brain magnetic resonance imaging (MRI)
and stabilization of clinical disease activity [18, 19]. Later,
both centers amended their protocols to study the long-term
effects of daclizumab on MS disease activity after withdrawal
of IFN-β [20, 21]. These studies demonstrated that in the
majority of MS patients, IFN-β could be withdrawn after
6 months of IFN-β/daclizumab combination therapy without
decline in clinical efficacy of long-term daclizumab mono-
therapy. However, 1 of these studies [20] also demon-
strated that IFN-β and daclizumab have synergistic
effects, and optimal response in one third of patients
required either continuation of IFN-β/daclizumab com-
bination therapy or a higher dose of daclizumab mono-
therapy (i.e., 2 mg/kg intravenously every 4 weeks
instead of the traditional 1 mg/kg intravenously every
4 weeks). This observation was puzzling, because the standard
dose of 1 mg/kg already led to 100 % saturation of CD25 Tac
epitope on peripheral blood mononuclear cells [18]. We will
get back to this point when discussing new results of theMOA
of daclizumab on the human immune system.

Because all of the aforementioned studies focused on a
subgroup of MS patients who had high breakthrough activ-
ity on IFN-β (and most of these patients had a partial
therapeutic response to IFN-β [i.e., they generally did not
represent subjects with neutralizing antibody against IFN-
β]), then the question remained whether daclizumab mono-
therapy in treatment-naïve MS subjects would be equally
effective. This question was answered in a new phase II
clinical trial (the Zenapax (Daclizumab) to Treat Relapsing
Remitting Multiple Sclerosis trial; Clinicaltrials.gov identi-
fier: NCT00071838), in which comparable levels of MRI
efficacy and stabilization/improvement of clinical outcomes
was observed [22].

However, because these studies were all open-label, baseline
versus treatment clinical trials, the efficacy of daclizumab on
MS disease activity had to be reproduced in placebo-controlled
studies. This was accomplished in 2 multicenter phase II trials
sponsored by the pharmaceutical industry: specifically in the
CHOICE study (the Study of Subcutaneous Daclizumab in
Patients With Active, Relapsing Forms of Multiple Sclerosis;
Clinicaltrials.gov identifier: NCT00109161) [23], which inves-
tigated IFN-β/daclizumab combination therapy and in the phase
2 SELECT trial (the Safety and Efficacy Study of Daclizumab

HYP to Treat Relapsing Remitting Multiple Sclerosis trial;
Clinicaltrials.gov identifier: NCT00870740), which investi-
gated daclizumab monotherapy. This last study used a new
preparation of daclizumab called daclizumab high-yield process
(DAC HYP), which shares an identical amino-acid sequence
with the original Zenapax preparation, but a different produc-
tion process resulted in changes in the glycosylation pattern of
the molecule, which affected the binding of daclizumab to
Fc receptors. As reviewed elsewhere [24], binding of mAb to
Fc receptors can significantly modify the outcome of mAb
therapy by promoting or inhibiting complement-dependent
cytotoxicity and antibody-dependent cellular cytotoxicity.
Furthermore, DAC HYP is being developed for subcutaneous
administration (once every 4 weeks) in contrast to intravenous
administration of Zenapax. Therefore, DAC HYP, which was
jointly developed by Biogen Idec (Cambridge, MA) and
Abbott Biotherapeutics Corporation (Redwood City, CA),
and is currently in phase III clinical testing for MS, requires
a new pre-clinical and clinical development program and is
not yet commercially available.

We will summarize safety and efficacy data on daclizu-
mab that collectively emerged from all studies after a de-
tailed explanation of MOA of daclizumab.

MOA of Daclizumab on the Human Immune System

In regard to the MOA of daclizumab, studies in MS signif-
icantly expanded previous knowledge and demonstrated that
the original assumptions, representing the rationale for de-
velopment of daclizumab as a selective immunosuppressive
agent against effector T cells, were not entirely correct.

First, the idea that IL-2 simply promotes T-cell immunity
in vivo was challenged by the observations that mice with
genetic deletions of IL-2 or its signaling chains (CD25,
CD122) have apparently normal immune responses to se-
lected pathogens, but instead succumb to severe lympho-
proliferation and autoimmunity [25–29]. Subsequent studies
revealed a nonredundant role of IL-2 signaling in the biol-
ogy of FoxP3+ T-regs [10, 30–33], and an important role of
high affinity IL-2 signaling in apoptosis (i.e.. cytokine-
withdrawal cell death and activation-induced cell death) of
effector T cells [34, 35]. These studies provided a mechanis-
tic explanation for the T-cell expansion and autoimmunity
observed in IL-2 signaling deficient mice and highlighted a
crucial role of IL-2 in immunoregulation. Intriguingly, this
important contribution of IL-2 to the regulation of the immune
responses has been confirmed by genetic linkage of IL-2 and/
or its signaling components (e.g., CD25, CD122) with several
human autoimmune diseases, including MS [36–38].

However, humans with genetic deletion of CD25 also
have severe immunodeficiency, in addition to lymphoprolif-
eration and autoimmunity [39–41]. This observation
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indicates that the role of IL-2 in human immunity is highly
complex and consists of both immune-stimulatory and
immune-regulatory properties.

In our original MOA studies, although we attempted to
confirm direct inhibitory effect of daclizumab on activated T
cells, to our great surprise, we observed no inhibition of T-
cell proliferation or their production of cytokines when T
cells were isolated and polyclonally stimulated in the pres-
ence of in vivo achievable concentrations of daclizumab
[42]. In contrast, our studies demonstrated that numbers of
T-regs, their in vivo proliferation and in vitro suppressive
functions toward effector T cells are all significantly
inhibited by daclizumab therapy [13, 43]. Furthermore,
daclizumab inhibited apoptosis of effector T cells in vivo
[44] and in vitro [45], consistent with the elimination of pro-
apoptotic effects of high-affinity IL-2 signaling defined in
animal studies [34, 35]. Collectively, these mechanistic
studies were exceedingly perplexing, because they predicted
that the net effect of daclizumab therapy should be activa-
tion of T cell immunity, as was observed in CD25 KO
animals and humans with genetic deletion of CD25.
However, clinical trials clearly demonstrated that MS dis-
ease activity is inhibited by daclizumab therapy. This appar-
ent discrepancy suggested that daclizumab had to have
additional effects on the human immune system.

The first evidence that supported this hypothesis stemmed
from a serendipitous observation that emerged from ex vivo
immunophenotyping studies performed in conjunction with
the first trial of daclizumab inMS [18]; we noticed remarkable
expansion of lymphocytic cells that did not express TCR or B-
cell receptor, but instead had high expression of CD122 (IL-
2Rβ) and intermediate expression of CD8α. A literature
search indicated that these cells were most like the natural
killer (NK) cells, which represent an important component of
the innate immune response against viruses and tumors [46,
47]. Consequently, in the extension of the first trial of dacli-
zumab in MS, we not only confirmed that expanding cells
represent NK cells, but also observed that daclizumab therapy
selectively expands onlyminor populations of blood NK cells,
characterized by a high expression of CD56 surface marker
[42]. These CD56bright NK cells have been labeled as “immu-
noregulatory” [48, 49] for several reasons: 1) they are selec-
tively expanded during pregnancy, especially in the first
trimester, and it is believed that they participate in mediating
tolerance of the mother’s immune system to the genetically
foreign fetus [50, 51]; 2) CD56bright NK cells have, in com-
parison to the more prevalent CD56dim NK cells, lower levels
of perforin, and they entirely lack granzyme B, and were
therefore, for a long time, considered noncytotoxic [52]; and
3) CD56bright NK cells are enriched in lymph nodes [53] and
can secrete large levels of cytokines early in the immune
response [54], so it was suggested that they may alter the
phenotype of newly activated Tcells during the T-cell priming

process. However, the direct evidence for their immunoregu-
latory role was lacking. The analysis of their function was
limited due to their low frequencies in the peripheral blood
(i.e., 5-10 % of NK cells, which represent approximately 1 %
of lymphocytes), and the lack of an analogous cell type
in the NK cells of rodents that lack the CD56 marker.
Because daclizumab expanded numbers of CD56bright

NK cells in the peripheral blood to up to 500 % [20,
42], daclizumab-treated MS patients provided a unique
opportunity to study the immunoregulatory functions of
these cells in detail.

First, we observed that while daclizumab had no effect on
expansion or cytokine production of polyclonally activated T
cells in the absence of NK cells, when NK cells were present
during T-cell activation, survival of activated T cells was
severely limited. Subsequent mechanistic studies demonstrated
that this phenomenon was due to NK-cell mediated cytotox-
icity toward activated autologous T cells [42]. This interpreta-
tion contradicted the well-accepted dogma in immunology,
which stipulated that NK cells do not kill autologous cells that
have normal expression of major histocompatibility complex
class I (MHC-I) molecules, because killer inhibitory receptors
expressed on the surface of NK cells provided inhibitory signal
after their interaction with self-MHC-I molecules [55].
However, CD56bright NK cells lack inhibitory killer inhibitory
receptors and instead use CD94/NKG2A heterodimer, which
recognizes histocompatibility antigen, alpha chain E (HLA-E)
expression on target cells as their main inhibitory receptor [56].
Because HLA-E binds lead peptides from self-MHC-I mole-
cules, which stabilize expression of HLA-E on the cell surface,
whenMHC-I molecules are downmodulated (e.g., in cancer or
virally infected cells), then the expression of HLA-Emolecules
is also expected to decline. Therefore, this system monitors
MHC-I expression on target cells only indirectly (as compared
to direct killer inhibitory receptor/MHC-I interaction charac-
teristic of CD56dim NK cells). We not only demonstrated that
killing of activated autologous T cells is mediated predomi-
nantly by CD56bright NK cells [42], but later we also dissected
the molecular mechanisms of this killing [57].

Specifically, we demonstrated that CD56bright NK cells
kill autologous activated T cells via perforin-mediate de-
granulation, which induces reactive oxygen species and loss
of mitochondrial transmembrane potential in the target cells.
This represents the characteristic signature of killing by 2
closely related granzymes (i.e., granzyme A [Gz]A and
GzK) [58]. This was highly interesting, as CD56bright NK
cells are the only immune cells that express GzK constitu-
tively [59]. Although selective blockers of GzK do not
currently exist, we observed that inhibition of GzK expres-
sion by small interfering RNA technology significantly
inhibited killing of syngeneic activated T cells by the NK-
92 cell line, which originates from and retains functional
characteristics of CD56bright NK cells [57, 60]. Finally,
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going back to cryopreserved samples from daclizumab-
treated MS patients, we observed that daclizumab therapy
specifically enhanced expression of GzK, but not the 2
traditionally studied and more widely expressed granzymes
(GzA and GzB [57]. The observation of a strong correla-
tion between expansion of CD56bright NK cells and
contraction of absolute numbers of CD4+ and CD8+ T
cells induced by daclizumab therapy provided in vivo
support for the NK-mediated cytotoxicity toward acti-
vated autologous T cells [42].

Thus, we conclude that CD56bright NK cells use GzK
(and possibly also related GzA) to kill autologous activated
T cells, and this immunoregulatory function is greatly en-
hanced by daclizumab therapy through activation and ex-
pansion of CD56bright NK cells and their upregulation of
GzK expression. Because this type of cytotoxicity can be
inhibited by strong, cell-permeable antioxidants, our data
raise a voice of caution for indiscriminate use of antioxi-
dants in subjects with inflammatory MS without proper
evaluation in the clinical trial setting.

The final question was where does the killing of activated
autologous T cells happen in vivo? It was shown previously
that CD56bright NK cells are enriched at inflammatory sites
[61], but there were no studies that investigated the access of
these rare cells to the intrathecal compartment. Because in
the MS disease process the ability of CD56bright NK cells to
kill autologous activated T cells would be most relevant in
the CNS, we asked if CD56bright NK cells could be detected
in the cerebrospinal fluid (CSF) of MS patients and whether
their numbers in the CSF are expanded after administration
of daclizumab. Indeed, we found that CD56bright NK cells
are relatively enriched in the CSF as compared to blood and
their CSF levels significantly increased 6.5 months after
initiation of daclizumab treatment [22]. Intriguingly, this
study also demonstrated that CD25 Tac epitope (i.e., the
target of daclizumab therapy) was completely blocked, not
only in the blood, but also in the CSF after daclizumab
treatment. Experimental evidence indicates that only 0.1 %
of blood concentrations of therapeutic mAb gain access to
the CSF when the blood brain barrier is intact [62]. This
would correspond to a peak concentration of 10 ng/ml of
daclizumab in the CSF, which is approximately 100-fold
lower in concentration compared to that required for the
saturation of CD25 expression on all T cells. Therefore, if
T cells were re-activated in the CNS, available concentra-
tions of daclizumab would be insufficient to saturate de
novo produced CD25. As a result, we had to conclude that
the cells detected in the CSF acquired blockade of CD25
Tac epitope in the blood and were not reactivated in the
CNS compartment [22]. This means that either the inflam-
matory process was abrogated, or alternatively the T cells
that became activated in CNS tissue during daclizumab
therapy were either killed by CD56bright NK cells or did

not migrate out of the CNS tissue back to the CSF compart-
ment. As further supporting evidence for inhibition of the
intrathecal inflammatory process in daclizumab-treated MS
patients, we observed that 6.5 months after the initiation of
daclizumab, CSF levels of cytokine IL-12p40 [22] and
chemokine CXCL13 [63], both of which are produced by
activated macrophages, microglia, and dendritic cells (DCs),
were decreased by 50 to 60 %.

We also addressed the question of why CD56bright NK
cells are expanded and activated by daclizumab therapy.
Interestingly, CD56bright NK cells, in contrast to CD56dim

NK cells, express some CD25 on their cell surface [42, 49]
and are selectively expanded in vivo in response to the
administration of limiting doses of IL-2 [64]. This phenom-
enon has been interpreted as evidence that CD56bright NK
cells receive an IL-2 signal via high-affinity IL-2R, whereas
CD56dim NK cells, which lack CD25, can signal only via an
intermediate-affinity IL-2R. However, because daclizumab
therapy abrogates formation of high-affinity IL-2R, if CD25
expression was the only difference between CD56bright and
CD56dim NK cells, then daclizumab therapy should have
inhibited, rather than expanded CD56bright NK cells. There
is another striking difference between these NK cell subsets,
however, and that is the expression of IL-2Rβ (CD122),
which is at least 10-fold higher on CD56bright as compared
to CD56dim NK cells, and 100-to 1000-fold higher com-
pared to resting T cells [42]. As a consequence, CD56bright

NK cells have the highest expression of intermediate-
affinity IL-2R among all accessible human immune cells.
We hypothesized, and experimentally confirmed, that this
high expression of intermediate-affinity IL-2R allows
CD56bright NK cells to sustain their IL-2 signaling in the
presence of daclizumab [13]. Furthermore, as daclizumab
limits consumption of IL-2 by T cells, which are dependent
on high-affinity IL-2R because of their limited expression of
CD122, excess IL-2 can be used by CD56bright NK cells for
signaling via the intermediate affinity IL-2R, which is not
being inhibited by daclizumab. Thus, paradoxically, dacli-
zumab therapy expands and activates CD56bright NK cells in
an IL-2-dependent manner [13].

We observed a strong correlation between in vivo expan-
sion of CD56bright NK cells and inhibition of focal brain
inflammatory activity measured by CEL [42], suggesting that
immunoregulation of T-cell responses by CD56bright NK cells
may represent a decisive MOA of daclizumab in MS. This
observation indicated that the level of expansion of CD56bright

NK cells and the decrease in ratios of Tcells (as target cells) to
CD56bright NK cells (as effector cells) could represent a useful
biomarker indicative of therapeutic response to daclizumab
therapy, as it differentiated full responders from partial res-
ponders in our MS cohort [20]. These data have been repro-
duced in 2 independent multicenter phase II trials of
daclizumab in MS: CHOICE [23] and SELECT trials [65].
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Since our original description of CD56bright NK cells as
an immunoregulatory population relevant to the MS disease
process [42], expansion of these cells was observed by other
effective therapies for MS, such as IFN-β [20, 66] and
rituximab [67]. Furthermore, unbiased cytometric profiling
in MS uncovered a deficiency in non-T, non-B-cell lympho-
cytes that expressed the CD8α surface marker as the only
distinguishing feature between MS subjects and controls
[68]. It is highly probable, that these cells represent a sub-
population of CD56bright NK cells. Functional deficiencies
in NK cells, especially in their secretion of IFN-γ, which is
mainly secreted by CD56bright NK cells, have been associ-
ated with MS and other autoimmune diseases by many
studies performed in the past 30 years [69–71]. It is likely
that CD56bright NK cells work together with other regulatory
cell populations, such as FoxP3+ T-regs or Tr1 regulatory
cells, to maintain immune tolerance under physiological
conditions. Whether any of these regulatory cells play a
more important role in specific immune-mediated disorders
remains an open question.

The strong correlation between daclizumab-driven ex-
pansion of CD56bright NK cells and inhibition of the MS
disease process suggested that this is the main or po-
tentially the only MOA responsible for beneficial effect
of daclizumab in MS. However, in our extensive expe-
rience with daclizumab therapy, we identified a patient
who did not expand CD56bright NK cells at all, but still

experienced more than 80 % suppression of CEL and
stabilization of clinical disability. This patient taught us
there had to be another MOA, unrelated to CD56bright

NK cells.
We started our search by focusing on myeloid DCs,

because these cells upregulate CD25 with their activation
by microbial stimuli and are also endowed with the ability
to synthesize and secrete IL-2 [72]. Because mature den-
dritic cells (mDCs) are the most important antigen present-
ing cells that activate T cells in an antigen-specific manner,
we asked if daclizumab affects this crucial function of
mDCs. Indeed, we observed that peak in vivo achievable
concentrations of daclizumab (10 μg/ml), which had no
discernable effect on proliferation of polyclonally activated
T cells, almost completely abolished expansion of the
antigen-specific T cells activated by mDCs [45]. Using
selective pre-treatment of mDCs or T cells with daclizu-
mab, small interfering RNA technology and ultimately also
T cells derived from a rare human subject with genetic
deletion of CD25, we convincingly demonstrated that it
is the blockade of CD25 on mDCs (and not on T cells) that
underlies this inhibition. We then hypothesized that mDCs
are activated by the IL-2 signal and that this activation is
necessary for effective priming of antigen-specific T cells.
However, this hypothesis turned out to be incorrect, be-
cause myeloid DCs, whether in the resting or activated
state, do not express CD122, and therefore cannot receive
an IL-2 (or IL-15) signal [45, 73].

As a result, we pursued the alternative hypothesis, that
mDCs use their CD25 to present IL-2 to primed T cells “in
trans,” in a manner analogous to what was previously
described for IL-15 [74] (Fig. 2a). In other words, mDCs
use their CD25 in trans to complement intermediate affinity
IL-2R on resting T cells, and thus allow T cells to receive a
high-affinity IL-2R signal at a time when T cells express
only intermediate-affinity IL-2R. The only problem with
this hypothesis was the discrepancy in affinities of IL-
15Rα versus IL-2Rα (i.e., CD25) for their respective
ligands; whereas IL-15Rα has a very strong affinity for
IL-15, such that the majority (if not all) of IL-15 is bound
to IL-15Rα in vivo (Fig. 2a), CD25 has a very low
affinity for IL-2, which allows it to bind IL-2 only under
circumstances of IL-2 abundance. Thus, it is highly unlikely
that CD25 would be able to effectively capture small quan-
tities of IL-2 secreted by mDC, when IL-2 can freely diffuse
to the environment. We conceptually solved this dilemma by
hypothesizing that trans-presentation of IL-2 by mDCs
occurs across the immune synapse (IS) (Fig. 2b).
Therefore, instead of indiscriminative release of IL-2 to the
environment, we hypothesized that mDCs release their IL-2
into the small synaptic cleft formed between an mDC and an
antigen-specific T cell, and that this physical constraint

�Fig. 2 Trans-presentation of interleukin (IL)-15 and IL-2. a Because
of very high affinity between interleukin-15 receptors alpha (IL-15Rα)
chain and IL-15, IL-15Rα chain can easily capture and hold released
IL-15. This IL-15Rα/IL-15 complex can be then easily trans-presented
to intermediate-affinity IL-2/IL-15 receptor, expressed on T cells or
NK cells. b In contrast, CD25 (IL-2Rα chain) has only low affinity for
IL-2, so it is highly unlikely that CD25 would be able to effectively
capture small concentrations of IL-2 and create stable CD25/IL-2
complexes for trans-presentation, if IL-2 can easily diffuse to the
environment. However, if instead the IL-2 is released into the synaptic
cleft, which represents an enclosed space between the peripheral su-
pramolecular activation cluster (p-SMAC) formed by adhesion mole-
cules, such as lymphocyte function associated antigen-1 (LFA-1) and
intercellular adhesion molecule-1 (ICAM-1), then its diffusion is lim-
ited and high IL-2 concentrations can be achieved. Under those cir-
cumstances, CD25 expressed on the surface of the dentritic cells (DC),
which formed stable immune synapse (IS) with antigen-specific T cell,
can effectively capture released IL-2 and trans-present it to the T cell at
the time when T cell does not yet express CD25. This cytokine signal
(signal 3), delivered concomitantly with the signal 1, provided by T-
cell receptor (TCR), specifically recognizing peptide loaded on the
major histocompatibility complex (MHC) and the co-stimulatory sig-
nal 2 (e.g., provided by interaction of CD28 with CD80 or CD86)
seems to be necessary for efficient activation of human T cells. cWhen
CD25 on the DC is blocked by daclizumab, then primed T cell cannot
receive IL-2 signal (signal 3) concomitantly with its signal 1 and 2,
resulting in suboptimal stimulation of T cell. The functional conse-
quences are inhibition of antigen-specific T cell activation, formation
of antigen-specific effector and memory T cells
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limits the diffusion of IL-2 away from the primed T cell.
Consequently, sufficiently high concentrations of IL-2 are
reached in the IS to allow effective capture of IL-2 by CD25
expressed on mDC and subsequent trans-presentation of IL-
2 to the primed, antigen-specific T cell.

This hypothesis was fully supported by our subsequent
mechanistic studies; first we observed that trans-presentation
of IL-2 by CD25-expressing mDC to CD25 negative T cells
was extremely inefficient when the Tcells did not carry a TCR
specific for the antigen being presented by the mDC (i.e.,
when the stable IS was not formed between the mDC and
the T cell). This was true even when we added IL-2 exoge-
nously to such mDC-T cell co-cultures. In contrast, when
CD25-negative T cells were specific for the antigen presented
by mDC, they promptly received strong IL-2 signal without
any exogenous addition of IL-2, and this IL-2 signaling was
significantly reduced if mDCs were pre-treated with daclizu-
mab [45] (Fig. 2c). We also observed that CD25, expressed
solely on mDCs, co-localized to the IS with the antigen-
specific T cell, and that it was only the T cell, and not the
mDC, that received the IL-2 signal, as measured by phosphor-
ylated STAT5 molecules. The reason mDC-mediated IL-2
signaling on T cells occurred strictly in an antigen-specific
manner was the fact that only when mDCs were co-cultured
with T cells that recognized their antigen-MHC-II complex,
thenmDCswould release their IL-2. Therefore, there is almost
certainly bilateral communication required between mDC and
T cell (likely triggered by cognate TCR/antigen-MHC inter-
action, called “Signal 1”) (Fig. 2b, c) before the mDC decides
to release its IL-2 to the synaptic cleft. This assures that
limiting amounts of IL-2 produced at the very beginning of
the immune response are not wasted for “bystander” T cells,
but are instead delivered specifically to T cells that have
received full TCR and co-stimulatory signals (Signal 2)
(Fig. 2b, c), and can thus mediate an effective immune re-
sponse. In our in vitro assays, signal 3, provided by mDC-
derived IL-2, was absolutely necessary for efficient expansion
of antigen-specific T cells, and when it was abrogated (by
blocking CD25 on mDCs), T cells proliferated poorly, despite
the fact that daclizumab-pretreated mDCs expressed high
levels of MHC-peptide and high levels of co-stimulatory
molecules. This observation is fully consistent with immuno-
deficiency observed in children with a genetic deletion of
CD25. Of note, T cells could enter the proliferation cycle
if we supplemented in vitro conditions with IL-7 as an
alternative source of γc-signaling cytokine. However, T
cells expanded this way did not express full effector
functions, as did T cells that received IL-2 signal during
priming. A similar observation was made in the animal
system, in which IL-2 signal was absolutely necessary
during the priming of antigen-specific CD8+ T cells for
effective development of T-cell memory responses [75].
Again, these observations are fully compatible with the bizarre

combination of immunodeficiency and lymphoproliferation
that is the characteristic phenotype of individuals with a
genetic deletion of CD25.

Interestingly, for this MOA to occur, daclizumab has to
saturate CD25 in sites in which the antigen-presentation hap-
pens, such as lymphoid organs [76] and inflamed tissues.
Because concentrations of intravenously administered mAb
are expected to be higher in the blood than in tissues, this
requirement may explain the previously mentioned paradoxical
observations that efficacy of daclizumab decreases 4 to 6 weeks
after the last intravenous dose, despite the fact that the CD25
epitope remains almost completely saturated (>95 %) in the
blood [18]. Analogously, this requirement may also explain
why higher doses of daclizumab (2 mg/kg) enhanced therapeu-
tic efficacy in patients with a suboptimal response to 1 mg/kg
dosing, despite the fact that this classical dosing regimen com-
pletely saturated the CD25 epitope in the periphery [20].

Final-described MOA represents inhibitory effect of dacli-
zumab on innate lymphoid cells (ILCs), especially on develop-
ment of their pro-inflammatory subtype called lymphoid tissue
inducer (LTi) cells [63]. As in the case of CD56bright NK cells, it
was broader immunophenotyping associated with the NIH
daclizumab trial (the Investigating Mechanism of Action of
DAC HYP in the Treatment of High-Inflammatory Multiple
Sclerosis (MS); Clinicaltrials.gov identifier: NCT01143441)
that alerted us to the link between LTi cells and daclizumab
therapy [63].

ILCs are a heterogeneous group of lymphocytes that
belong to innate, rather than adaptive immune systems.
Although NK cells are the most familiar subset of ILCs,
this category also contains relatively recently described cells
with constitutive expression of retinoic acid receptor-related
orphan receptor gamma-t. Depending on the tissue from
which these cells have been isolated, they express a slightly
different phenotype and have been labeled by different
names [77, 78], such as LTi cells, ILC22 (i.e., IL-22-
producing ILCs, which also express NKp44) and ILC17
(IL-17 producing ILCs). It is clear that these different ILC
categories are developmentally related, as they all originate
from CD34+ hematopoietic precursors and are all dependent
on transcriptional regulator Id2 [79].

Although LTi cells play a fundamental role in the formation
of secondary lymphoid tissues during fetal development [80],
tertiary ectopic follicles associated with chronic inflammation
can form in retinoic acid receptor-related orphan receptor
gamma-t-deficient animals [81], in which either activated T
cells or B cells can acquire a lymphoid tissue-inducing capac-
ity. Therefore, the role of adult LTi cells remains unclear.
Nevertheless, it has been hypothesized that through their
constitutive expression of OX40 and CD30, adult LTi cells
may play a vital role in the evolution and maintenance of CD4
+ T-cell memory [82] and related B-cell/antibody responses,
including formation of high-affinity class-switched IgG [83].
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We observed that untreated MS patients have significant-
ly higher levels of circulating LTi cells in comparison to
healthy controls. On the other hand, daclizumab therapy
normalizes this abnormality, by skewing development of
CD34+ hematopoietic stem cells and c-kit+undifferentiated
ILC precursors away from LTi lineage and toward CD56bright

NK cells, by enhancing IL-2 signaling through intermediate-
affinity IL-2R [63].

Although we cannot directly visualize or quantify menin-
geal lymphoid follicles in living MS subjects [84, 85], we
observed that daclizumab therapy decreased intrathecal pro-
duction of chemokine CXCL13 and of IgG, measured as the
IgG index [63]. Intriguingly, the effect of daclizumab on IgG
production was specific for the intrathecal compartment, be-
cause we reported in previous studies that daclizumab did not
lower blood levels of IgG, IgA, or IgM [18, 42]. Because
daclizumab does not limit migration of immune cells to the
intrathecal compartment [22], decrease in intrathecal levels of
CXCL13, which is highly expressed in tertiary lymphoid
follicles [85, 86], indirectly supports the notion that inhibition
of LTi cells by daclizumab may have impeded the mainte-
nance of meningeal lymphoid aggregates and associated im-
munememory responses. Because the formation of meningeal
lymphoid follicles in MS has been associated with greater
pathology of the underlying gray matter [84], future studies
should investigate whether long-term administration of dacli-
zumab inhibits atrophy of the CNS gray matter that is in direct
contact with the CSF/meningeal compartment.

MOA of Daclizumab: Unanswered Questions
and Ongoing Studies

It appears that daclizumab has even broader immunomodu-
latory effects than those published so far. Additional
changes in the immune system induced by daclizumab ther-
apy are currently being pursued mechanistically, and it is
likely that knowledge in regard to the MOA of daclizumab
and the diverse effects of IL-2 on the human immune system
will continue to grow.

A further complicating feature that was not described in
detail in the current review (because it is not yet fully under-
stood) is the effect of soluble cytokine receptor chains, in this
case especially soluble CD25 (sCD25), but also soluble
CD122 (sCD122), on IL-2 signaling. It is known that both
activated T cells, and especially pathogen-activated mono-
cytes and macrophages secrete large amounts of sCD25 [87,
88], and that sCD25 competes with surface CD25, and there-
fore inhibits high-affinity IL-2 signaling [89]. Thus, sCD25, to
some extent, mimics daclizumab by skewing IL-2 signaling
from high affinity toward intermediate affinity, and based on
our data [45], 1 can predict that sCD25 would enhance T-cell
survival, leading to more efficient expansion of activated T

cells. This was indeed observed experimentally [89].
However, sCD25 cannot reproduce all effects of daclizumab
(e.g., we would predict minimal effect of sCD25 on trans-
presentation of IL-2 by mDC, because sCD25 would likely
diffuse away from cells and therefore become mostly exclud-
ed from the small synaptic cleft formed between mDC and
primed Tcell). Therefore, the net effect of sCD25would cause
stimulation of the adaptive immune responses. Because secre-
tion of sCD25 by monocytes and macrophages is linked to
their stimulation by pathogens, sCD25may represent a unique
feedback mechanism that links continuous activation of adap-
tive immune responses in the infected tissue to the persistence
of pathogen. Clearly, more work needs to be done to support
this hypothesis with experimental evidence.

When multiple different effects on the immune system
are described, the question often asked is which of these
MOA is the most important for the observed therapeutic
effect? Because these various effects cannot be separated
from each other in vivo, it is virtually impossible to answer
this question within the context of 1 particular therapy.
Instead, if the same mechanism is being targeted by another
successful therapy (e.g., expansion of CD56bright NK cells
by IFN-β), then the likelihood that the described mechanism
is important for studying disease process increases.
Similarly, correcting abnormality that is associated with
the disease state (e.g., the ability of daclizumab to
normalize increased numbers of circulating LTi cells in
MS subjects) provides support to the notion that the
observed MOA may be pathophysiologically relevant.
Therefore, it is only the aggregate experience with dif-
ferent therapies that may elucidate the most important
pathophysiological drivers of the disease that conse-
quently lead to the knowledge that is necessary for
design of more targeted therapies.

At the same time, however, we should not be expecting
only 1 decisive MOA linked to 1 therapeutic modality. The
experience with immunomodulatory monoclonal antibodies,
which by definition target only 1 specific molecule and yet
exert multiple in vivo effects, provide clear evidence that
pleiotropy of functions, often dependent on situational di-
versity, is inherent to biological systems. Such pleiotropy
and functional redundancies make biological systems robust
and resilient [90]. Reflecting on newly discovered intrica-
cies of how a single cytokine can have profound and at
times opposing effects on multiple cells of the immune
system, based on the dynamics of expression of its signaling
chains and competition for available cytokines (both of
which are intimately linked to spatio-temporal character-
istics of the developing immune response), 1 can only
admire the ingenuity and organizational nondualism of the
immune system. For this reason, it is very likely that mul-
tiple, if not all described MOA of daclizumab are important
on the population level. That does not eliminate the
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possibility that occasional patients, likely due to their genet-
ic background, may not be able to utilize all MOAs [45],
and may therefore rely more prominently on the remaining
ones, or experience suboptimal therapeutic response.

Efficacy and Safety of Daclizumab Therapy in MS

We already mentioned that all open label baseline-ver-
sus-treatment studies demonstrated that intravenously
administered daclizumab (1 mg/kg every 4 weeks)
inhibited CEL on brain MRI by more than 75 %, re-
gardless of whether daclizumab was administered as
monotherapy or as an add-on to IFN-β [18–22]. This
was associated with stabilization [18, 19, 21] or even
improvements [20, 22] of clinical outcome measures.
Clearly, limited selection of highly active MS subjects
and open-label design without placebo control were
major drawbacks of these early studies [91, 92], al-
though the consistent efficacy on objective outcome
measures, such as CEL or MSFC provided a strong
impetus for commercial development of daclizumab for
the treatment of inflammatory MS.

In the first industry-sponsored, placebo-controlled trial
(CHOICE study, N0230; the Study of Subcutaneous
Daclizumab in Patients With Active, Relapsing Forms of
Multiple Sclerosis; Clinicaltrials.gov identifier: NCT00
109161), addition of subcutaneously administered daclizu-
mab (low-dose: 1 mg/kg every 4 weeks and high- dose:
2 mg/kg every 2 weeks) to IFN-β, decreased CEL lesion
by 72 % in the high-dose arm (p00.004), and by 25 % (p0
0.51) in the low-dose arm [23]. The high-dose arm yielded
systemic levels of daclizumab comparable to the intrave-
nous 1 mg/kg dose, which was used in all previous open-label
trials. In the phase IIb SELECT trial (Safety and Efficacy
Study of Daclizumab HYP to Treat Relapsing-Remitting
Multiple Sclerosis [SELECT]; N0600; Clinicaltrials.gov
identifier: NCT00390221), 2 doses of DAC HYP monother-
apy (150 mg or 300 mg every 4 weeks) administered subcu-
taneously for 1 year were compared to a placebo. Both doses
of daclizumab inhibited formation of CEL (by 68.8 % and
79.2%; p<0.001) and new or enlarging T2 lesions (by 70.4 %
and 79.0 %; p<0.001) on brain MRI [93]. This efficacy on
MRI parameters of MS lesion formation was paralleled
by significant inhibition of annualized relapse rate (by
54.3 % and 50 %; p<0.001) and by inhibition of
disability progression (by 57 %; p00.021 for 150 mg
dose and by 43 %; p00.091 for 300 mg dose). Clearly,
these efficacy data compare very favorably with current
Food and Drug Administration-approved therapies, but
they need to be reproduced in phase III trials.

In general, daclizumab therapy has been very well
tolerated. The overall incidence of adverse events (AE)

and the rate of discontinuation of therapy were similar
between the placebo and daclizumab arms in both the
CHOICE [23] and SELECT [93] trials. The most com-
mon AEs observed in MS trials of daclizumab belong to
4 categories: 1) skin rashes, 2) lymphadenopathy, 3)
elevation of liver function tests (LFTs), and 4) infec-
tions [18, 20, 22, 23, 93].

We will discuss these categories of AE in view of the
described MOA Skin rashes were seen in 13 % of daclizu-
mab subjects and 8 % of placebo subjects in the CHOICE
study [23]. In NIH open-label trials, we observed frequent
skin rashes, mostly of mild intensity that responded to
emollients or topical steroids. We now advise patients to
routinely use sunscreen and skin moisturizers, because we
have observed an increased frequency of skin rashes on sun-
exposed areas and with dry, scaling skin. However, we have
also observed few prolonged and more severe skin rashes,
which required systemic steroids and/or discontinuation of
therapy [18, 20, 22]. Serious coetaneous events were ob-
served in 1 % of DAC HYP-treated subjects in the
SELECT trial [93]. It is not clear what underlies enhanced
skin reactivity in daclizumab-treated subjects; there is 1
hypothesis that implicates daclizumab-driven inhibition of
FoxP3 T-regs [43]. The mechanism underlying develop-
ment of skin rashes with daclizumab therapy is being
investigated in the ongoing open-label clinical trial at the
NIH (Clinicaltrials.gov identifier: NCT01143441) that
includes skin biopsies before and 1 year after administra-
tion of daclizumab.

Mild generalized lymphadenopathy is often associated
with daclizumab therapy [18, 20] without any pathological
consequences. We have evaluated several subjects with
prominent or persistent lymphadenopathy using fine needle
biopsy and found no pathological changes in flow cytom-
etry or pathology profile (unpublished observations).

Elevations of LFTs have been observed in daclizumab-
treated cohorts; whereas in the NIH trials we observed only
transient elevation of LFTs that did not require discontinu-
ation of therapy [18, 20, 22], the SELECT trial reported
elevations of LFTs (5 times greater than the upper limit
of normal) in 4 % of DAC HYP-treated subjects. Again,
the mechanism behind this phenomenon is unclear,
however, CD56bright NK cells have been reported to be
a prominent immune cell population in the liver under
physiological conditions [94].

Although, in our open-label NIH studies, we ob-
served a slight increase in the frequency of mild infec-
tious AE (mostly urinary and upper respiratory tract
infections), the placebo-controlled CHOICE study did
not demonstrate an increased incidence of infections in
the daclizumab arms [23]. In contrast, the SELECT trial
reported an increase in serious infections (2 %) in the
DAC HYP cohort. One DAC HYP-treated subject died
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due to a complications of psoas abscess [93]. However,
no opportunistic infections were observed. Our MOA
studies indicate that daclizumab-treated subjects may
be susceptible to infections, especially with new patho-
gens, because of the inhibitory effect of daclizumab on
T-cell priming. On the other hand, daclizumab does not
limit access of immune cells to the intrathecal compart-
ment and expanded CD56bright NK cells may provide
effective immunity against (herpes) viruses [47] and
potentially also enhanced immuno-surveilance against
cancer. This conclusion is supported by in vivo obser-
vations from experience in transplantation, in which
transplant patients who received daclizumab (in addition
to standard immunosuppressive therapy) had in fact
lower levels of infectious complications, including
CMV [95] and a lower level of secondary cancers
[96] than those patients who received identical immu-
nosuppression without daclizumab. Nevertheless, only
long-term safety data on a large number of subjects will
demonstrate whether daclizumab increases incidence of
serious or opportunistic infections.

Conclusions

At the time we initiated studies of daclizumab in MS, the
model of its MOA was based on the idea that IL-2 is a
crucial T-cell growth factor and by blocking high-affinity
IL-2 signaling on T cells, daclizumab would inhibit effector
functions of activated T cells. Instead, carefully conducted
in vivo observations supplemented by mechanistic in vitro
studies revealed entirely unexpected effects of daclizumab
on cells belonging to the innate immune system, CD56bright

NK cells, mDCs, and ILCs. These effects were not previ-
ously identified in animals with genetically deleted IL-2 or
its signaling components, signifying that carefully con-
ducted mechanistic studies linked to human interventional
trials have the potential to discover novel biological mech-
anisms. Such newly acquired insights may be relevant not
only for the MOA of the studied therapeutic, but also for the
pathophysiology of the targeted disease. The MOA of dacli-
zumab also pinpoints that adaptive immune responses, which
are dysregulated in autoimmunity, are tightly controlled by
cells of the innate immune system. For that reason, both of
these systems need to be studied in an integrated manner
before we can fully understand mechanisms that lead to the
breakdown of tolerance and development of chronic immune-
mediated pathology.
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