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Summary

Daclizumab is a humanized monoclonal antibody (mAb) that binds to the interleukin-2 (IL-2) 

receptor α-chain (IL-2Rα; CD25) and blocks its interaction with IL-2, thus preventing the 

formation of high affinity IL-2 receptor (IL-2R). Because activated T cells upregulate high affinity 

IL-2R and because IL-2 is used to grow activated T cells in vitro, daclizumab was envisioned to 

selectively inhibit activated T cells. Under this assumption, daclizumab was successfully 

developed as add-on therapy to standard immunosuppressive regimen for prevention of acute 

allograft rejection in renal transplantation. After its regulatory approval for transplantation, 

daclizumab was tested in inflammatory uveitis and multiple sclerosis (MS) and in both diseases 

daclizumab reproducibly inhibited target organ inflammation. Mechanistic studies in MS showed 

that the mechanism of action (MOA) of daclizumab is surprisingly broad and that the drug has 

many unanticipated effects on the innate immunity. Specifically, daclizumab modulates the 

development of innate lymphoid cells (ILCs) by driving differentiation of ILC precursors away 

from pro-inflammatory lymphoid tissue inducer cells (LTi) towards immunoregulatory CD56bright 

NK cells, leading to their expansion and activation. Activated CD56bright NK cells migrate to the 

intrathecal compartment in MS and regulate autoreactive T cells via cytotoxicity. Finally, 

daclizumab also severely restricts initial steps of activation of T cells, by blocking trans-

presentation of IL-2 by mature dendritic cells (mDCs) to antigen-specific T cells.

In conclusion, daclizumab therapy, which has proven its clinical efficacy in Phase III trials for 

relapsing-remitting MS (RRMS), has a unique MOA that does not limit migration of immune cells 

into the target tissue, but rather provides complex immunomodulatory effects with resultant 

inhibition of central nervous system (CNS) inflammation in MS.

Keywords

multiple sclerosis; autoimmunity; biological therapy; IL-2; CD25

Introduction

Interleukin 2 (IL-2) has been called “T cell growth factor” (Ruscetti, Morgan et al. 1977, 

Mizel and Farrar 1979), because since its discovery it has been used for T cell expansion in 
vitro. Upon activation of T cell receptor (TCR), T cells upregulate on their surface 
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heterotrimeric “high affinity” IL-2 receptor (IL-2R; Figure 1). When the surface expression 

of IL-2R peaks (i.e. ~48–72h post-stimulation), activated naïve T cells also start producing 

large quantities of IL-2. Consequently, it was believed that this autocrine IL-2 signal is 

required for clonal expansion of activated T cells. As the induction of IL-2R on activated T 

cells is proportional to the strength of the TCR signal (Feinerman, Jentsch et al. 2010), T 

cells that receive higher antigen-specific stimulus compete better for subsequent IL-2 signal. 

This observation further reinforced the idea that IL-2 promotes T cell immunity. As a 

consequence, it was presumed that blockade of IL-2 signaling, for example by CD25-

blocking therapies, would inhibit T cell effector functions (Waldmann, Kozak et al. 1987, 

Waldmann and O’Shea 1998, Waldmann 2002). The first such biological agent targeting 

IL-2 signaling pathway was daclizumab (Queen, Schneider et al. 1989).

IL-2 receptors and their expression on resting and activated “effector” T cells

The IL-2R system consists three chains, different combinations of which constitute 3 

receptors that differ in their binding affinity to IL-2 and in their distribution on resting versus 

activated immune cells. The high affinity IL-2R consists of all three chains: two signaling 

molecules, γ-chain (CD132) and β-chain (CD122), and the non-signaling α-chain (CD25; 

Figure 1) (Wang, Rickert et al. 2005). The γ-chain is also called common γ-chain (γc), 

because it is utilized by several cytokines (IL-2, IL-4, IL-7, IL-15 and IL-21), while the β-

chain is shared by two closely-related cytokines, IL-2 and IL-15 (Waldmann, Tagaya et al. 

1998). Due to competition for limited quantities of different cytokines, this sharing of 

signaling chains has important functional consequences for cellular functions.

Constitutive expression of γc on resting T cells underlies their responsiveness to cytokines 

that mediate T cell homeostasis and survival, such as IL-7. Resting human T cells also 

express low levels of IL-2Rβ-chain, allowing them to receive IL-15 signal, and, under 

conditions of IL-2 abundance, also IL-2 signal. However, only a subgroup of CD4+ T cells 

called T-regulatory cells (T-regs), which are dependent on the transcriptional factor FoxP3, 

express high levels of CD25 in the resting state. Therefore, only resting T-regs are capable of 

binding low concentrations of IL-2, which is required for their in vivo survival, their 

homeostatic proliferation (because they have low levels of IL-7 receptor alpha chain) and 

their immunoregulatory functions (Setoguchi, Hori et al. 2005). Because of their expression 

of high-affinity IL-2R, T-regs can successfully “steal” the limited amounts of IL-2 secreted 

by weakly stimulated T cells, which represents one of the several mechanisms of T-reg-

mediated immunoregulation of effector T cells (Feinerman, Jentsch et al. 2010). Expression 

of β- and γ-chain of IL-2R, which together form the “intermediate affinity IL-2R (Figure 

1)” is sufficient to mediate IL-2 signaling when IL-2 concentrations are relatively high (Kd = 

1nM). However, T cells that express CD25 can respond to 10–100-fold lower concentrations 

of IL-2 (Kd = 10pM; (Rickert, Wang et al. 2005)), explaining why T-regs win the tug-of-war 

with weakly stimulated effector T cells for the limited concentrations of IL-2 (Feinerman, 

Jentsch et al. 2010). The expression of IL-2Rβ-chain on resting T cells is low in comparison 

to γ-chain (Figure 1). Because relatively high concentrations of IL-2 are required to trigger 

intermediate affinity IL-2R, in resting state the γ-chain is preferentially paired with IL-7Rα-

chain, mediating survival and homeostatic proliferation of resting naïve and memory T cells.
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CD25 itself has low affinity for IL-2 (Kd = 10 nM) and therefore this non-signaling chain is 

called the “low affinity IL-2R” (Figure 1) (Rickert, Wang et al. 2005), even though in reality 

this receptor cannot transmit any signal. In fact, the only known role of CD25 is facilitation 

of IL-2 capture and therefore assembly of high affinity IL-2R. This can occur “in-cis”, i.e. 

when CD25 is expressed on the same cell that expresses intermediate affinity IL-2R, or “in-
trans”, when resting T cells expressed only intermediate affinity IL-2R and CD25 is 

expressed on activated dendritic cell (DC). In this case, activated DC uses its CD25 to 

capture IL-2 that it released to the immune synapse with T cell during antigen (Ag) 

presentation, to “feed” resting T cells the IL-2 by complimenting intermediate affinity IL-2R 

on the T cell “in-trans” (Figure 2).

Upon activation, T cells strongly upregulate both IL-2Rβ-chain and CD25. This allows T 

cell to form large number of high-affinity IL-2R on its surface and thus respond to small 

quantities of IL-2. Such large numbers of high affinity IL-2R sequester most of the γ-chain, 

making effector T cell relatively insensitive to IL-7 and other γ-chain-signaling cytokines. 

This situation is further exacerbated by down-modulation of IL-7Rα-chain upon T cell 

activation. A T cell that receives strong IL-2 signal, but lacks IL-7 signal can proliferate and 

exert many effector functions, but is destined to die when the IL-2 levels become scarce (i.e. 

towards the end of the immune response). This phenomenon is often called activation-

induced cell death (AICD). In contrast, T cells that become activated at the time when IL-2 

concentrations are scarce do not undergo the same level of upregulation of IL-2R and down-

modulation of IL-7R and they will preferentially survive at the end of the immune response 

as “memory” T cells.

Development of daclizumab as a therapeutic

Daclizumab is a humanized monoclonal antibody (mAb) of IgG1 subtype (Queen, Schneider 

et al. 1989) that blocks the interaction of CD25 with IL-2 (via the so called “Tac” epitope). 

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 we’ll see later, this 

property of daclizumab has important functional consequences for different types of immune 

cells.

Because CD25 is upregulated on T cell activation, it was believed that daclizumab would 

selectively inhibit activated (effector) T cells. Definitely, daclizumab (or its original murine 

anti-Tac mAb) inhibits high-affinity T cell signaling to IL-2 (Waldmann, Goldman et al. 

1988, Goebel, Stevens et al. 2000, Martin, Perry et al. 2010). Because CD25 is also highly 

upregulated on Human T-lymphotropic virus-1 (HTLV-1)-associated adult T-cell leukemia/

lymphoma cells, daclizumab was originally developed as treatment of this condition, where 

it was somewhat effective, but not curative. Subsequent demonstration that addition of 

daclizumab to standard immunosuppressive regimens (i.e. cyclosporine and steroids) 

provided clinical benefit for prevention of rejection of allogeneic renal transplants 

(Waldmann and O’Shea 1998) was fully in agreement with this putative MOA on effector T 

cells.

Based on these data, after its regulatory approval as adjunctive therapy for preventing 

rejection of allogeneic solid organ transplants (i.e. Zenapax®; Hoffmann-La Roche), the 
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efficacy of daclizumab was tested in another HTLV-1 associated condition, tropical spastic 

paraparesis (HAM-TSP) with no definite clinical benefit (Lehky, Levin et al. 1998). 

However, mechanistic studies demonstrated decrease in HTLV-1 pro-viral load and inhibited 

spontaneous lymphoproliferation of activated T cells (Lehky, Levin et al. 1998). This 

prompted an idea that daclizumab may also inhibit other T-cell mediated inflammatory 

conditions, such as non-infectious inflammatory uveitis (Nussenblatt, Fortin et al. 1999, 

Nussenblatt, Thompson et al. 2003). This clinical application demonstrated clear clinical 

benefit of long-term daclizumab treatment.

Both these observations were consistent with the presumed inhibitory effect of daclizumab 

on effector T cells and prompted its testing in multiple sclerosis (MS). Initial trial 

(Clinicaltrials.gov identifier: NCT00001934) demonstrated that addition of daclizumab to 

patients who had inadequate clinical and radiological response to interferon-β (IFN-β) 

resulted in >80% inhibition of contrast-enhancing lesions (CEL) on brain MRI and 

stabilization of clinical disease activity (Bielekova, Richert et al. 2004, Rose, Watt et al. 

2004). Follow-up studies (Rose, Burns et al. 2007, Bielekova, Howard et al. 2009) 

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 monotherapy. However, one of these studies (Bielekova, Howard et al. 2009) 

also demonstrated that IFN-β and daclizumab have synergistic effects and optimal response 

in 1/3 of patients required either continuation of IFN-β/daclizumab combination therapy or 

higher dose of daclizumab monotherapy (i.e. 2mg/kg intravenously every 4 weeks instead of 

traditional 1mg/kg intravenously every 4 weeks). This observation was puzzling, because 

already the standard dose of 1mg/kg led to 100% saturation of CD25 Tac epitope on 

peripheral blood mononuclear cells (PBMC) (Bielekova, Richert et al. 2004), and suggested 

for the first time that blockade of CD25 in tissues may be important for daclizumab’ s 

therapeutic effect in MS.

Because all aforementioned studies focused on a subgroup of MS patients who had high 

break-through activity on IFN-β, the question remained whether daclizumab monotherapy in 

treatment-naïve MS subjects would be equally effective. This question was answered in a 

new Phase II clinical trial (Clinicaltrials.gov identifier: NCT00071838), where comparable 

levels of MRI efficacy and stabilization/improvement of clinical outcomes was observed 

(Bielekova, Richert et al. 2011).

However, because all of these studies were open label, the efficacy of daclizumab on MS 

disease activity had to be reproduced in placebo-controlled studies. This was accomplished 

in two multicenter Phase II trials sponsored by the pharmaceutical industry: specifically in 

the CHOICE study (Clinicaltrials.gov identifier: NCT00109161)(Wynn, Kaufman et al. 

2010), which investigated IFN-β/daclizumab combination therapy and in the Phase IIb 

SELECT trial (Clinicaltrials.gov identifier: NCT00870740)(Gold, Giovannoni et al. 2013), 

which investigated daclizumab monotherapy. The latter study utilized a new preparation of 

daclizumab called daclizumab high yield process (DAC HYP), which has identical amino-

acid sequence with the original Zenapax® preparation, but a different production process 

resulted in altered glycosylation pattern of the molecule, which affect binding of daclizumab 

to Fc receptors. As reviewed elsewhere (Bielekova and Becker 2010), binding of mAb to Fc 
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receptors can significantly modify the outcome of mAb therapy by promoting or inhibiting 

complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity 

(ADCC). Furthermore, DAC HYP was developed for subcutaneous administration (once 

every 4 weeks) in contrast to intravenous administration of Zenapax®. The efficacy and 

safety of long-term DAC HYP monotherapy was examined in the Phase III extension trial 

called SELECTION (Giovannoni, Gold et al. 2014). Finally, efficacy of DAC HYP was also 

tested against active comparator (i.e. interferon β−1a) in DECIDE (Clinicaltrials.gov 

identifier: NCT01064401) trial (Kappos, Wiendl et al. 2015).

We will summarize safety and efficacy data on daclizumab that emerged collectively from 

all studies after a detailed explanation of MOA of daclizumab.

Mechanism of action (MOA) of daclizumab on the human immune system

Regarding the MOA of daclizumab, studies in MS significantly expanded previous 

knowledge and demonstrated that the original assumptions, which represented the rationale 

for development of daclizumab as a selective immuno-suppressive agent against effector T 

cells, were not entirely correct.

First, the notion that IL-2 simply stimulates 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 selected pathogens, but instead succumb to 

severe lymphoproliferation and autoimmunity (Schorle, Holtschke et al. 1991, Kundig, 

Schorle et al. 1993, Suzuki, Kundig et al. 1995, Willerford, Chen et al. 1995, Wakabayashi, 

Lian et al. 2006). Subsequent studies revealed a non-redundant role of IL-2 signaling in the 

biology of FoxP3+ T-regs (Shevach, McHugh et al. 2001, Almeida, Legrand et al. 2002, 

Malek 2003, Setoguchi, Hori et al. 2005, Turka and Walsh 2008) and an important role of 

high affinity IL-2R signaling in apoptosis of effector T cells (i.e. cytokine-withdrawal cell 

death and activation-induced cell death [AICD]) (Lenardo 1991, Van Parijs, Refaeli et al. 

1999). These studies provided a mechanistic explanation for the lymphoproliferation 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 regulation of 

the autoimmune 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 (Hafler, Compston et al. 2007, Lowe, Cooper et al. 2007, Maier, Lowe et al. 

2009).

However, in contrast to mice, humans with genetic deletion of CD25 have in addition to 

lymphoproliferation and autoimmunity also severe immunodeficiency, which is usually the 

first presentation of CD25 genetic defect (Sharfe, Dadi et al. 1997, Roifman 2000, Caudy, 

Reddy et al. 2007). This observation indicates that the role of IL-2 in humans consists of 

both immune-stimulatory and immune-regulatory properties.

Although in our original MOA studies we attempted to confirm direct inhibitory effect of 

daclizumab on activated T cells, we observed no inhibition of T cell proliferation or their 

production of cytokines when T cells were isolated and polyclonally stimulated in the 

presence of in vivo-achievable concentrations of daclizumab (Bielekova, Catalfamo et al. 
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2006). In contrast, we observed that numbers of T-regs, their in vivo proliferation and in 
vitro suppressive functions towards effector T cells are all significantly inhibited by 

daclizumab therapy (Oh, Blevins et al. 2009, Martin, Perry et al. 2010). Furthermore, 

daclizumab inhibited apoptosis of effector T cells in vivo (Baan, Balk et al. 2003) and in 
vitro (Wuest, Edwan et al. 2011), consistent with elimination of pro-apoptotic AICD effects 

of high affinity IL-2 signaling (Lenardo 1991, Van Parijs, Refaeli et al. 1999). Collectively, 

these mechanistic studies were exceedingly perplexing, because they predicted that the net 

effect of daclizumab therapy should be activation 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 disease activity is inhibited by daclizumab therapy. This 

apparent discrepancy suggested that daclizumab must have additional effects on the human 

immune system.

The first evidence that supported this hypothesis stemmed from a unexpected observation 

that emerged from ex vivo immunophenotyping studies performed in conjunction with the 

first trial of daclizumab in MS (Bielekova, Richert et al. 2004): we noticed remarkable 

expansion of lymphocytic cells that did not express TCR or B cell receptor (BCR), but 

instead had high expression of CD122 (IL-2Rβ) and intermediate expression of CD8α. 

Literature search suggested that these cells were natural killer (NK) cells, an important 

component of the innate immune response against viruses and tumors (Biron and Brossay 

2001, Orange 2012). Consequently, in the follow-up studies we not only confirmed that 

expanding cells represent NK cells, but also observed that daclizumab therapy selectively 

expands only minor populations of blood NK cells, characterized by high expression of 

CD56 surface marker (Bielekova, Catalfamo et al. 2006). These CD56bright NK cells have 

been labeled as “immunoregulatory” (Cooper, Fehniger et al. 2001, Caligiuri 2008) for 

several reasons: 1. They are selectively 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 (Nishikawa, Saito et al. 1991, Guleria and 

Sayegh 2007); 2. CD56bright NK cells have, in comparison to the more prevalent CD56dim 

NK cells, lower levels of perforin and entirely lack granzyme B (GzB) – therefore, they were 

for a long time considered non-cytotoxic (Jacobs, Hintzen et al. 2001). 3. CD56bright NK 

cells are enriched in lymph nodes (Fehniger, Cooper et al. 2003) and can secrete large levels 

of cytokines early in the immune response (Saito, Nishikawa et al. 1993), so it was 

suggested that they may alter the phenotype of newly activated T cells during the T cell 

priming process. However, the direct evidence for their immunoregulatory role was lacking. 

The analysis of their function was limited due to their low frequencies in peripheral blood 

(i.e. 5–10% of NK cells, which represent around 1% of lymphocytes) and the inability to 

identify an analogous cell type in rodents, which lack the CD56 marker. Because daclizumab 

expanded CD56bright NK cells in peripheral blood up to 400–500% (Bielekova, Catalfamo et 

al. 2006, Bielekova, Howard et al. 2009, Gross, Schulte-Mecklenbeck et al. 2016), 

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 
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mechanistic studies demonstrated that this phenomenon was due to NK-cell mediated 

cytotoxicity towards activated autologous T cells (Bielekova, Catalfamo et al. 2006). This 

interpretation contradicted immunological dogma, that NK cells do not kill autologous cells 

with normal expression of MHC-I molecules, because killer inhibitory receptors (KIRs) 

expressed on the surface of NK cells provided inhibitory signal after their interaction with 

self-MHC-I molecules (Moretta, Biassoni et al. 2002). However, CD56bright NK cells lack 

inhibitory KIRs and instead utilize CD94/NKG2A heterodimer, which recognizes HLA-E 

expression on target cells as their main inhibitory receptor (Kaiser, Pizarro et al. 2008). 

Because HLA-E binds lead peptides from self-MHC-I molecules, which stabilize expression 

of HLA-E on cell surface, decline in MHC-I molecules (e.g. in cancer or virally-infected 

cells) results in downmodulation of HLA-E molecules. Therefore, this system monitors 

MHC-I expression on target cells indirectly (as compared to direct KIR/MHC-I interaction 

characteristic of CD56dim NK cells). We not only demonstrated that killing of activated 

autologous T cells is mediated predominantly by CD56bright NK cells (Bielekova, Catalfamo 

et al. 2006), but we also dissected the molecular mechanisms of this killing (Jiang, Chai et 

al. 2011).

Specifically, we demonstrated that CD56bright NK cells kill autologous activated T cells via 

perforin-mediate degranulation, which induces reactive oxygen species (ROS) and loss of 

mitochondrial transmembrane potential in the target cells. This represents characteristic 

signature of killing by two closely related granzymes, granzyme A (GzA) and K (GzK) 

(Bovenschen, Quadir et al. 2009). CD56bright NK cells are the only immune cells that 

express GzK constitutively (Bratke, Kuepper et al. 2005). While selective blockers of GzK 

currently do not exist, we observed that inhibition of GzK expression by siRNA 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 (Gong, Maki et 

al. 1994, Jiang, Chai et al. 2011). Finally, going back to cryopreserved samples from 

daclizumab-treated MS patients, we observed that daclizumab therapy specifically enhanced 

expression of GzK, but not the two traditionally studied and more widely expressed 

granzymes, GzA and GzB (Jiang, Chai et al. 2011). The observation of a strong correlation 

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 towards activated autologous T cells (Bielekova, Catalfamo et al. 

2006). Although highly controversial at the time of its publication, the idea that CD56bright 

NK cells in humans (and NK cells in mice) kill autologous activated T cells that express 

MHC-I as a part of natural immunoregulatory process has now been reproduced by many 

investigators using different study systems (Nielsen, Odum et al. 2012, Waggoner, Cornberg 

et al. 2012, Gross, Schulte-Mecklenbeck et al. 2016, Laroni, Armentani et al. 2016).

We also observed that daclizumab therapy makes T cell targets more susceptible to NK-

mediated killing (Bielekova, Catalfamo et al. 2006), for which we lacked mechanistic 

insight. These data were recently fully reproduced and expanded by demonstrating 

involvement of CD226 (DNAM-1)/CD155 receptor ligand interaction in the cytolysis of 

activated autologous T cells by CD56bright NK cells (Gross, Schulte-Mecklenbeck et al. 

2016). DNAM-1 is activating receptor expressed on all blood NK cells, which interacts with 

two ligands: CD112 (nectin-2 or herpesvirus entry mediator 2) and CD155 (also known as 
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poliovirus receptor). Analogous to CD25/IL-2 system, genetic polymorphism in CD226/

DNAM-1 has been associated with susceptibility to several autoimmune diseases, including 

MS (Hafler, Maier et al. 2009). Gross et al demonstrated that DNAM-1 is downmodulated 

on CD56bright NK cells in the cerebrospinal fluid of both healthy donors (HDs) and MS 

patients, but the decrease is much more profound in MS. Similarly, the levels of its ligand, 

CD155, were slightly decreased on the surface of MS T cells in comparison to HDs. CD226/

CD155 interaction stimulated killing of autologous activated T cells by CD56bright NK cells, 

and the expression defect in both of these molecules was at least partially corrected by 

daclizumab therapy (Gross, Schulte-Mecklenbeck et al. 2016). This explained the missing 

mechanisms for daclizumab-mediated restoration of susceptibility of effector T cells to 

cytolysis by immunoregulatory NK cells.

Thus, we conclude that CD56bright NK cells utilize CD226 as one of the activating receptors 

recognizing CD155 on the surface of antigen-activated T cells to mediate GzK (and possibly 

also related GzA)-dependent killing of autologous T cells. This immunoregulatory function 

is greatly enhanced by daclizumab therapy through activation and expansion of CD56bright 

NK cells and their upregulation of GzK expression on one hand, but also by upregulation of 

CD155 on effector T cells on the other hand. Because this type of cytotoxicity can be 

inhibited by strong, cell-permeable anti-oxidants, our data raise a voice of caution for 

indiscriminate use of antioxidants in subjects with inflammatory MS without proper 

evaluation in clinical trial setting.

The final question was where does the killing of activated autologous T cells happen? It was 

shown previously that CD56bright NK cells are enriched at inflammatory sites (Dalbeth, 

Gundle et al. 2004) but there were no studies performed that investigated 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 central 

nervous system (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 

enriched in the CSF as compared to blood and their CSF levels significantly increased 6.5 

months after initiation of daclizumab treatment (Bielekova, Richert et al. 2011), an 

observation that was fully reproduced by independent investigators (Gross, Schulte-

Mecklenbeck et al. 2016). The latter study also demonstrated presence of GzK-expressing 

CD56bright NK cells in MS lesions, where NK cells were in contact with T cells and 

polarized GzK-containing granules to such contact interphase, suggesting that afore-

mentioned cytotoxicity occurs directly in the inflamed CNS tissue (Gross, Schulte-

Mecklenbeck et al. 2016).

Intriguingly, we also observed that CD25 Tac epitope, 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 (BBB) is intact (Rubenstein, Combs et 

al. 2003, Komori, Lin et al. 2016). This would correspond to a peak concentration of 

10ng/ml of daclizumab in the CSF, which is approximately 100 fold lower concentration 

compared to that required for saturation of CD25 expression on all T cells. Therefore, if T 
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cells were re-activated in the CNS, available concentrations of daclizumab would be 

insufficient to saturate de novo produced CD25. As a result, we had to conclude that the 

cells that were detected in the CSF acquired blockade of CD25 Tac epitope in the blood and 

they were not re-activated in the CNS compartment (Bielekova, Richert et al. 2011, Lin, 

Winokur et al. 2015). This means that either the inflammatory process was abrogated, or, 

alternatively, T cells that became activated in CNS tissue during daclizumab therapy were 

either killed by CD56bright NK cells or did not migrate out of CNS tissue back to the CSF. 

As further supporting evidence for inhibition of intrathecal inflammatory process in 

daclizumab-treated MS patients we observed that 6.5 months after initiation of daclizumab, 

CSF levels of cytokine IL-12p40 (Bielekova, Richert et al. 2011), and chemokine CXCL13 

(Perry, Han et al. 2012), both of which are produced by activated macrophages, microglia 

and DCs, were decreased by 50–60%. Furthermore, daclizumab therapy also decreased IgG 

index, reflecting the intrathecal production of immunoglobulins (Perry, Han et al. 2012).

We also addressed the question 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 (Cooper, Fehniger et al. 2001, Bielekova, 

Catalfamo et al. 2006) and are selectively expanded in vivo in response to administration of 

limiting doses of IL-2 (Caligiuri, Zmuidzinas et al. 1990). This phenomenon has been 

interpreted as evidence that CD56bright NK cells receive IL-2 signal via high affinity IL-2R, 

while CD56dim NK cells, which lack CD25, can signal only via 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 though, 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 100–1000 fold higher compared to resting T cells (Bielekova, 

Catalfamo et al. 2006). 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 

(Martin, Perry et al. 2010). 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 utilized by CD56bright NK cells for signaling via the 

intermediate affinity IL-2R, which is not being inhibited by daclizumab. Thus, 

paradoxically, daclizumab therapy expands and activates CD56bright NK cells in an IL-2-

dependent manner (Martin, Perry et al. 2010).

We observed a strong correlation between in vivo expansion of CD56bright NK cells and 

inhibition of focal brain inflammatory activity measured by CEL (Bielekova, Catalfamo et 

al. 2006), 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 T cells (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 

responders in our MS cohort (Bielekova, Howard et al. 2009). These data have been 
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reproduced in two independent multicenter Phase II trials of daclizumab in MS: CHOICE 

(Wynn, Kaufman et al. 2010) and SELECT trials (Elkins, Sheridan et al. 2012). However, 

even patients with the smallest levels of expansion of CD56bright NK cells had discernable 

efficacy on MRI and clinical markers, indicating that while expansion of CD56bright NK 

cells is an important mechanism, it cannot be the only mechanism responsible for drug’s 

efficacy (see below).

Since our original description of CD56bright NK cells as an immunoregulatory population 

relevant to MS disease process (Bielekova, Catalfamo et al. 2006), expansion of these cells 

was observed by other effective therapies for MS, such as IFN-β (Bielekova, Howard et al. 

2009, Vandenbark, Huan et al. 2009) and rituximab (Reis, Athanazio et al. 2008). 

Furthermore, unbiased cytometric profiling in MS uncovered a deficiency in non-T, non-B 

cell lymphocytes that expressed CD8α surface marker as the only distinguishing feature 

between MS subjects and controls (De Jager, Rossin et al. 2008). It is probable that these 

cells represent a subpopulation of CD56bright NK cells. However, several follow-up studies 

did not identify numerical or proportional defects in NK or CD56bright NK cell numbers in 

MS (Gross, Schulte-Mecklenbeck et al. 2016, Laroni, Armentani et al. 2016). On the other 

hand functional deficiencies in NK cells, especially in their secretion of IFN-γ, which is 

mainly secreted by CD56bright NK cells, have been associated with MS and other 

autoimmune diseases by many studies performed over the past 30 years (Benczur, Petranyl 

et al. 1980, Kastrukoff, Morgan et al. 1998, French and Yokoyama 2004). 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 expansion of CD56bright NK cells and 

inhibition of the MS disease process suggested that this is the main MOA responsible for 

beneficial effect of daclizumab in MS. However, consistent with later observations from 

clinical trials (Elkins, Sheridan et al. 2015) in our extensive experience 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 

(Ohayon, Oh et al. 2013). 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 

upon their activation by microbial stimuli and are also endowed with the ability to synthesize 

and secrete IL-2 (Granucci, Vizzardelli et al. 2001). Because mature DCs (mDCs) are the 

most important antigen presenting cells (APC) 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 (10μg/ml) that had no discernable 

effect on proliferation of polyclonally activated T cells almost completely abolished 

expansion of antigen-specific T cells activated by mDCs (Wuest, Edwan et al. 2011). 

Utilizing selective pre-treatment of mDCs or T cells with daclizumab, siRNA technology 

and ultimately also T cells derived from a rare human subject with genetic deletion of CD25, 

we demonstrated that it is the blockade of CD25 on mDCs, and not on T cells that underlies 
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this inhibition. We then hypothesized that mDCs are activated by 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, because myeloid DCs, either in resting or activated 

state do not express CD122 and therefore cannot receive IL-2 (or IL-15) signal (Driesen, 

Popov et al. 2008, Wuest, Edwan et al. 2011).

As a result, we pursued the alternative hypothesis, that mDCs utilize their CD25 to present 

IL-2 to primed T cells “in trans”; in a manner analogous to what was previously described 

for IL-15 (Dubois, Mariner et al. 2002) (Figure 2A). In other words, mDCs utilize their 

CD25 in trans to complement intermediate affinity IL-2R on resting T cells, and thus allow 

T cells to receive 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: while IL-15Rα has a very 

strong affinity for IL-15, such that the majority (if not all) IL-15 is bound to IL-15Rα in 
vivo (Figure 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 unlikely that CD25 would be able to 

effectively capture small quantities of IL-2 secreted by mDC if 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; Figure 2B). Thus, 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 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 subsequent mechanistic studies: First, we observed 

that trans-presentation of IL-2 by CD25-expressing mDC to CD25 negative T cells was 

inefficient when T cells 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 T cell). This was true 

even when we added IL-2 exogenously 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 daclizumab (Wuest, Edwan et al. 

2011) (Figure 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 phosphorylated 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 would mDCs release their IL-2. Therefore, there appears to be a bilateral 

communication between mDC and T cell (likely triggered by cognate TCR/antigen-MHC 

interaction; called “Signal 1”) before the mDC decides to release its IL-2 to the synaptic 

cleft. This assures that limiting amounts of IL-2 produced at the beginning of the immune 

response are not wasted for “bystander” T cells, but are delivered to T cells that have 

received full TCR and co-stimulatory signals (Signal 2) and thus can mediate an effective 

immune response. In in vitro assays, Signal 3, provided by mDC-derived IL-2 was necessary 
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for efficient expansion of antigen-specific T cells, and when it was abrogated (by blocking 

CD25 on mDCs), T cells proliferated poorly, even though daclizumab-pretreated mDCs 

expressed many MHC-peptide complexes and co-stimulatory molecules. This observation is 

consistent with immunodeficiency observed in children with genetic deletion of CD25. Of 

note, T cells could enter the proliferation cycle when supplemented in vitro with IL-7 as an 

alternative source of γc-signaling cytokine. However, T cells expanded this way did not 

express full effector functions, compared to T cells that received IL-2 signal during priming. 

A similar observation was made in the animal system, where IL-2 signal was necessary 

during the priming of antigen-specific CD8+ T cells for effective development of T cell 

memory (Williams, Tyznik et al. 2006). Again, these observations are compatible with the 

curious combination of immunodeficiency and lymphoproliferation that is the characteristic 

phenotype of individuals with genetic deletion of CD25.

Interestingly, for this MOA to occur, daclizumab must saturate CD25 in sites where the 

antigen-presentation happens, such as lymphoid organs (Savo, Book et al. 1999) 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 4–6 weeks after 

the last IV dose despite the fact that the CD25 epitope remains almost completely saturated 

(>95%) in the blood (Bielekova, Richert et al. 2004).

Final described MOA, represents inhibitory effect of daclizumab on innate lymphoid cells 

(ILCs), especially on development of their pro-inflammatory subtype called lymphoid tissue 

inducer (LTi) cells (Perry, Han et al. 2012). Like in the case of CD56bright NK cells, it was 

broader immunophenotyping associated with the NIH daclizumab trial (Clinicaltrials.gov 

identifier: NCT01143441) that alerted us to the link between LTi cells and daclizumab 

therapy (Perry, Han et al. 2012).

ILCs are heterogeneous group of lymphocytes that belong to innate, rather than adaptive 

immune systems. While NK cells are the most familiar subset of ILCs, this category also 

contains recently described cells with constitutive expression of retinoic acid receptor-

related orphan receptor γt (ROR γt). Depending on the tissue from which these cells have 

been isolated, they express slightly different phenotype and have been labeled by different 

names (Sawa, Cherrier et al. 2010, Spits and Di Santo 2011), 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 

(Yokota, Mansouri et al. 1999).

Although LTi cells play fundamental role in the formation of secondary lymphoid tissues 

during fetal development (Aloisi and Pujol-Borrell 2006), tertiary ectopic follicles 

associated with chronic inflammation can form in ROR γt-deficient animals (Lochner, 

Ohnmacht et al. 2011), where either activated T cells or B cells can acquire lymphoid tissue-

inducing capacity. 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 vital role in the evolution and maintenance of CD4+ T cell memory (Withers, 
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Gaspal et al. 2012) and related B cell/antibody (Ab) responses, including formation of high-

affinity class-switched IgG (Lane, Gaspal et al. 2012).

We observed that untreated MS patients have significantly higher levels of c-kit+/RORγt-

expressing LTi cells in the blood and CSF (Perry, Han et al. 2012, Lin, Winokur et al. 2015) 

in comparison to healthy controls. These observations were reproduced by independent 

investigators studying independent cohort of MS patients, although the elevations of LTi 

cells in the blood did not reach formal statistical significance (Degn, Modvig et al. 2015). 

Daclizumab therapy normalizes this CSF abnormality (Perry, Han et al. 2012, Lin, Winokur 

et al. 2015), 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 (Perry, Han et al. 2012).

Although we cannot directly visualize or quantify meningeal lymphoid follicles in living MS 

subjects (Magliozzi, Howell et al. 2007, Howell, Reeves et al. 2011), daclizumab therapy 

decreased intrathecal production of chemokine CXCL13 and of IgG, measured as IgG index 

(Perry, Han et al. 2012). Intriguingly, effect of daclizumab on IgG production was specific 

for the intrathecal compartment, because daclizumab did not lower blood levels of IgG, IgA 

or IgM (Bielekova, Richert et al. 2004, Bielekova, Catalfamo et al. 2006). Because 

daclizumab does not limit migration of immune cells to the intrathecal compartment 

(Bielekova, Richert et al. 2011, Lin, Winokur et al. 2015), decrease in intrathecal levels of 

CXCL13, which is highly expressed in tertiary lymphoid follicles (Magliozzi, Columba-

Cabezas et al. 2004, Magliozzi, Howell et al. 2007), indirectly supports the notion that 

inhibition of LTi cells by daclizumab may have impeded the maintenance of meningeal 

lymphoid aggregates. Since formation of meningeal lymphoid follicles in MS has been 

associated with greater pathology of the underlying gray matter (Howell, Reeves et al. 2011) 

future studies should investigate whether long-term administration of daclizumab inhibits 

atrophy of the CNS gray matter that is in direct contact with CSF/meningeal compartment.

MOA of daclizumab: unanswered questions

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 impossible to 

answer this question within the context of one 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 studied disease process 

increases. Similarly, correcting abnormality that is associated with the disease state (e.g. 

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 different 

therapies that may elucidate most important pathophysiological drivers of the disease and 

consequently, lead to knowledge that is necessary for design of more targeted therapies.

At the same time, we should not expect a single MOA underlying each therapeutic modality. 

Even monoclonal antibodies, which target only one specific molecule exert multiple in vivo 
effects, often dependent on situational diversity. Such pleiotropy and functional 
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redundancies make biological systems robust and resilient (Mesarovic, Sreenath et al. 2004). 

Indeed, example of IL-2 shows that 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. Thus, it is likely 

that all described MOA of daclizumab are important on the population level. That does not 

eliminate the possibility that occasional patients, likely due to their genetic background, may 

not be able to utilize some MOA (Ohayon, Oh et al. 2013, Elkins, Sheridan et al. 2015) and 

may therefore rely more prominently on remaining ones, or experience suboptimal 

therapeutic response.

Efficacy and safety of daclizumab therapy in MS

All open label baseline-versus-treatment studies demonstrated that intravenously 

administered daclizumab (1mg/kg every 4 weeks) inhibited CEL on brain MRI by more than 

75%, regardless of whether daclizumab was administered as monotherapy or as add-on to 

IFN-β (Bielekova, Richert et al. 2004, Rose, Watt et al. 2004, Rose, Burns et al. 2007, 

Bielekova, Howard et al. 2009, Bielekova, Richert et al. 2011). This was associated with 

stabilization (Bielekova, Richert et al. 2004, Rose, Watt et al. 2004, Rose, Burns et al. 2007) 

or even improvements (Bielekova, Howard et al. 2009, Bielekova, Richert et al. 2011) of 

clinical outcomes. Limited selection of highly-active MS subjects and open-label design 

without placebo control were major drawbacks of these early studies (Liu, Wang et al. 2012, 

Schneider and Arbour 2012), although the consistent efficacy on objective outcome 

measures, such as CEL or MSFC provided strong impetus for commercial development of 

daclizumab for the treatment of inflammatory MS.

In the first industry-sponsored, placebo controlled trial (CHOICE study, N=230; 

Clinicaltrials.gov identifier: NCT00109161), addition of subcutaneously administered 

daclizumab (low dose: 1mg/kg every 4 weeks and high dose: 2mg/kg every 2 weeks) to IFN-

β, decreased CEL lesion by 72% in the high dose arm (p=0.004) and by 25% (p=0.51) in the 

low dose arm (Wynn, Kaufman et al. 2010). The high dose arm yielded systemic levels of 

daclizumab comparable to the intravenous 1mg/kg dose, which was utilized in open-label 

trials. In the Phase IIb SELECT trial (N=600; Clinicaltrials.gov identifier: NCT00390221), 

two doses of DAC HYP monotherapy (150mg or 300mg every 4 weeks) administered 

subcutaneously for 1 year were compared to 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 (Gold, Giovannoni et al. 2012). 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%; p=0.021 for 150mg dose and by 43%; p=0.091 for 300mg dose).

SELECTION extension trial examined several important issues, such as rebound 

phenomenon after stopping of DAC HYP treatment, efficacy after re-initiation of therapy 

and long-term efficacy/safety. This trial confirmed no meaningful difference between 150mg 

and 300mg doses, lack of rebound of disease activity beyond baseline values and continuous 

efficacy of daclizumab (on relapses, MRI markers and disability) after treatment re-initiation 

or its continuous use (Giovannoni, Gold et al. 2014). This study also reproduced 
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observations from the open-label studies that linked daclizumab administration to expansion 

of CD56bright regulatory natural killer (NK) cells.

Finally, DECIDE trial, demonstrated statistically-significant superiority of DAC HYP 

(150mg SQ q 4 weeks) against weekly IM administration of interferon-β1a in annualized 

relapse rate (45% inhibition) and the number of new or enlarging T2 lesions (54% reduction)

(Kappos, Wiendl et al. 2015).

In general, all clinical trials in MS found daclizumab well-tolerated, with little induced 

immunogenicity. The overall incidence of adverse events (AE) and the rate of 

discontinuation of therapy were similar between placebo and daclizumab arms in the 

CHOICE (Wynn, Kaufman et al. 2010) and SELECT (Gold, Giovannoni et al. 2012) trials 

and between IFN-b and daclizumab in DECIDE trial (Kappos, Wiendl et al. 2015). The most 

common AEs observed in MS trials of daclizumab belong to four categories: 1. Skin rashes, 

2. Lymphadenopathy, 3. Elevation of liver function tests (LFTs) and 4. Infections 

(Bielekova, Richert et al. 2004, Bielekova, Howard et al. 2009, Wynn, Kaufman et al. 2010, 

Bielekova, Richert et al. 2011, Gold, Giovannoni et al. 2012, Kappos, Wiendl et al. 2015).

We will discuss these categories of AE in view of the described MOA: Skin rashes were 

seen in 13% of daclizumab subjects and 8% of placebo subjects in the CHOICE study 

(Wynn, Kaufman et al. 2010). In NIH open label trials we observed frequent skin rashes, 

mostly of mild intensity that responded to emollients or topical steroids (Cortese, Ohayon et 

al. 2016). 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 (Bielekova, Richert et al. 

2004, Bielekova, Howard et al. 2009, Bielekova, Richert et al. 2011, Oh, Saidha et al. 2014). 

Serious cutaneous events were observed in 1% of DAC HYP-treated subjects in the 

SELECT trial (Gold, Giovannoni et al. 2012) and in 2% of DAC HYP-treated subjects in 

DECIDE trial (Kappos, Wiendl et al. 2015). It is not clear what underlies enhanced skin 

reactivity in daclizumab-treated subjects; one hypothesis implicates daclizumab-driven 

inhibition of FoxP3 T-regs (Oh, Blevins et al. 2009), while we observed in lesional skin 

biopsies increased representation of CD56+ NK cells (Cortese, Ohayon et al. 2016), 

suggesting that the same cell population that mediates beneficial effects of daclizumab on 

MS may be responsible for (at least some) cutaneous side-effects.

Mild generalized lymphadenopathy is often associated with daclizumab therapy (Bielekova, 

Richert et al. 2004, Bielekova, Howard et al. 2009) 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 cytometry or pathology profile 

((Oh, Saidha et al. 2014) and unpublished observations).

Elevations of LFTs have been observed in daclizumab-treated cohorts; while in NIH trials 

we observed only transient elevation of LFTs which did not require discontinuation of 

therapy (Bielekova, Richert et al. 2004, Bielekova, Howard et al. 2009, Bielekova, Richert et 

al. 2011), serious elevations of LFTs (five times above upper limit of normal) were observed 
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in 4% of DAC HYP-treated subjects in SELECT trial and in 6% of subjects in DECIDE trial 

(as compared to 3% of IFN-β treated subjects in the same study. 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 (Moroso, 

Metselaar et al. 2010).

Although in our open label NIH studies we observed a slight increase in the frequency of 

mild infectious 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 (Wynn, Kaufman et al. 2010). In contrast, the SELECT trial reported an 

increase in serious infections (2%) in the DAC HYP cohort and DECIDE trial confirmed 

these findings by observing 4% rate of serious infections in DAC HYP group in comparison 

to 2% rate of serious infections in IFN-β group. One DAC HYP-treated subject died due to a 

complications of psoas abscess (Gold, Giovannoni et al. 2012). However, thus far no 

opportunistic infections were observed. MOA studies indicate that daclizumab-treated 

subjects may be at risk of severe infectious because of the inhibitory effect of daclizumab on 

T cell priming by limiting IL-2 trans-presentation by DCs. This mechanism would be 

predicted to have stronger effect on sterile inflammation as opposed to infections, where 

robust activation of innate immunity may partially compensate for the deficiency of Signal 

3; this hypothesis is indirectly confirmed by observations that rate of mild infections is 

comparable between DAC-HYP and placebo arms and that patients under daclizumab 

therapy mount protective immune responses to routine annual influenza vaccination (Lin, 

Winokur et al. 2016).

Will daclizumab cause progressive multifocal encephalopathy? Because daclizumab does 

not limit access of immune cells to the intrathecal compartment and expanded CD56bright 

NK cells may provide effective immunity against (at least herpes) viruses (Orange 2012) we 

would predict risk of PML lower in daclizumab-treated patients as compared to those 

treatments that directly limit access of immune system to CNS. However, only broad post-

marketing experience will determine the actual risk of PML with long-term daclizumab 

administration.

Finally, none of the clinical trials demonstrated increased risk of cancer with daclizumab 

therapy and again, from the mechanistic standpoint we would predict that activation of 

(CD56bright) NK cells may enhance NK-mediated immuno-surveillance against cancer, even 

if T cell immunity is diminished in parallel. This conclusion is supported by in vivo 
observations from experience in transplantation, where transplant patients that received 

daclizumab (in addition to standard immunosuppressive therapy) had in fact lower levels of 

secondary cancers (Webster, Playford et al. 2004) than those patients that received identical 

immunosuppression without daclizumab.

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. 
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Instead, in vivo observations supplemented by mechanistic in vitro studies revealed 

unexpected effects of daclizumab on cells belonging to the innate immune system, 

CD56bright NK cells, mDCs and ILCs. These effects were not previously identified in 

animals with genetically deleted IL-2 or its signaling components, signifying that carefully 

conducted mechanistic studies linked to human interventional trials have the potential to 

discover novel biological mechanisms (Bielekova, Vodovotz et al. 2014). Such new insights 

may be also relevant for the pathophysiology of the targeted disease. The MOA of 

daclizumab also reminds us that adaptive immune responses, which are dysregulated in 

autoimmunity, are tightly controlled by cells of the innate immune system. Thus, 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 immune-mediated 

pathology.
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Figure 1: 
Schematics of the three IL-2 receptors (IL-2R) and their expression on the surface of resting, 

versus activated (effector) T cells.
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Figure 2: 
Trans-presentation of IL-15 and IL-2

A. Because of very high affinity between IL-15Rα chain for IL-15, IL-15Rα chain can 

easily capture and “hold” released IL-15 for long time-periods. 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 
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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 represent an enclosed 

space between peripheral supramolecular activation cluster formed by adhesion molecules 

such as lymphocyte function associated antigen-1 (LFA-1) and intercellular adhesion 

molecule-1 (ICAM-1), then its diffusion is limited and high IL-2 concentrations can be 

achieved. Under those circumstances, CD25 expressed on the surface of dendritic cell (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 Signal 2 (e.g. provided by 

interaction of CD28 with CD80 or CD86) seems to be necessary for efficient activation of 

human T cells and their differentiation to cytokine-producing effector cells.

C. When 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 sub-optimal stimulation 

of T cell. The functional consequences are inhibition of antigen-specific T cell activation, 

formation of antigen-specific effector and memory T cells.
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