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Daclizumab is a humanized monoclonal antibody that prevents formation of high-affinity
interleukin (IL)-2 receptor (IL-2R). Because activated T cells up-regulate high-affinity IL-2R
and IL-2 is used to grow activated T cells in vitro, daclizumab was envisioned to selectively
inhibit activated T cells. However, the mechanism of action (MOA\) of daclizumab is surpris-
ingly broad and it includes many unanticipated effects on innate immunity. Specifically,
daclizumab modulates the development of innate lymphoid cells, leading to expansion of
immunoregulatory CD56""8" natural killer (NK) cells. Activated CD56""8" NK cells migrate
to the intrathecal compartment in multiple sclerosis (MS) and regulate autoreactive T cells via
cytotoxicity. Finally, daclizumab also restricts initial steps of T-cell activation by blocking
trans-presentation of IL-2 by dendritic cells to antigen-specific T cells. In conclusion, dacli-
zumab has complex immunomodulatory effects with resultant inhibition of central nervous

system inflammation in MS.

nterleukin 2 (IL-2) has been called “T-cell
Igrowth factor” (Ruscetti et al. 1977; Mizel and
Farrar 1979) because it is used in in vitro T-cell
expansion. Once activated, T cells up-regulate
IL-2 receptor (IL-2R; Fig. 1). When surface
expression of IL-2R peaks (i.e., ~ 48-72 h post-
stimulation), activated naive T cells also start
producing large quantities of IL-2. This auto-
crine IL-2 signal was believed to be required for
expansion of activated T cells. Consequently, it
was presumed that blockade of IL-2 signaling
would inhibit T-cell effector functions. Daclizu-
mab was the first drug to target IL-2 signaling
(Queen et al. 1989), a humanized monoclonal
antibody (mAD) of an immunoglobulin (Ig)G1
subtype, which prevents interaction of CD25
with IL-2.
The high-affinity IL-2R contains two signal-
ing molecules, y-chain (CD132) and B-chain

(CD122), and the nonsignaling c.-chain (CD25;
Fig. 1) (Wang et al. 2005). The y-chain is called
common Y-chain (yc), because it is utilized by
several cytokines (IL-2, IL-4, IL-7, IL-15, and
IL-21), while the B-chain is shared by IL-2 and
IL-15, which are two closely related cytokines
(Waldmann et al. 1998).

Constitutive expression of yc on resting T
cells underlies their responsiveness to cytokines,
which mediate T-cell homeostasis and survival
(e.g., IL-7). Resting human T cells also express
low levels of IL-2RB-chain, allowing them to
receive the IL-15 signal and, potentially also
the IL-2 signal under conditions of IL-2 abun-
dance. However, only a subgroup of CD4" T
cells (T regulatory cells [Tregs]) that depend
on the transcriptional factor FoxP3, express
constitutively high levels of CD25 in the resting
state. Although expression of B- and y-chain of
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Figure 1. Configuration of three interleukin 2 receptors (IL-2R) and their expression on the surface of resting

versus activated or effector T cells.

IL-2R, which together form the “intermediate
affinity IL-2R” is sufficient to mediate IL-2
signaling when IL-2 concentrations are high
(Kqg=1nm), T cells that express CD25 can re-
spond to 10- to 100-fold lower concentrations of
IL-2 (Fig. 1) (Kg =10 pm; [Rickert et al. 2005]).
Therefore, only resting Tregs can effectively uti-
lize lower concentrations of IL-2 that are neces-
sary for their in vivo survival, their homeostatic
proliferation (because they have low levels of
IL-7 receptor a-chain), and immunoregulatory
functions (Setoguchi et al. 2005).

CD25 itself has a very limited affinity for IL-
2 (Kq=10nm); therefore, this nonsignaling
chain is called the “low-affinity IL-2R” (Fig. 1)
(Rickert 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 inter-
mediate affinity IL-2R), or “in trans” (when rest-
ing T cells express only intermediate affinity
IL-2R), but CD25 is expressed on activated
dendritic cells (DCs) (Fig. 2).

Upon activation, T cells strongly up-regulate
both IL-2RB-chain and CD25. This allows the T

cell to form a large number of high-affinity IL-
2Rs on its surface and thus respond to small
quantities of IL-2. Such large numbers of high-
affinity IL-2R sequester most of the y-chain,
making the effector T cell relatively insensitive
to IL-7 and other y-chain-signaling cytokines.
This situation is further exacerbated by down-
modulation of IL-7Ra-chain upon T-cell activa-
tion. AT cell that receives a strong IL-2 signal, but
lacks an IL-7 signal can proliferate and exert
many effector functions, but is destined to die
when the IL-2 levels become scarce (i.e., toward
the end of the immune response). This phenom-
enon is known as 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 up-regulation of
IL-2R and down-modulation of IL-7R, and they
will preferentially survive at the end of the im-
mune response as “memory” T cells.

MECHANISM OF ACTION (MOA)
OF DACLIZUMAB ON THE HUMAN
IMMUNE SYSTEM

Daclizumab studies in humans demonstrated
that assumptions, which represented the ratio-
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Figure 2. Trans-presentation of interleukin (IL)-15 and IL-2. As a result of the very high affinity of the IL-15Ra.
chain for IL-15, the IL-15Ra chain can quickly capture and hold released IL-15 for long time periods. This IL-
15R0/IL-15 complex can then be readily trans-presented to intermediate affinity IL-2/IL-15 receptor, expressed
on T cells or natural killer (NK) cells. In contrast, CD25 (IL-2Ra. chain) only has low affinity for IL-2, so it is most
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 readily diffuse to the environment. However, if IL-2 is released
instead into the synaptic cleft, this is represented by an enclosed space between a 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 diffusion is limited and high IL-2 concentrations can be
achieved. Under those circumstances, when the T cell does not yet express CD25, CD25 is expressed on the
surface of dendritic cells (DCs), which form stable immune synapses (IS) with antigen-specific T cells, and can
effectively capture released IL-2 and trans-present it to the T cell. This cytokine signal is called signal 3. Signal 3 is
delivered concomitantly with signal 1, provided by T-cell receptor (TCR) recognizing the peptide-MHC com-
plex, and the costimulatory signal 2 (e.g., provided by interaction of CD28 with CD80 or CD86). All three signals
seem necessary for efficient activation of human naive T cells. When CD25 on the DC is blocked by daclizumab,
then the primed T cell is unable to receive the IL-2-mediated signal 3, resulting in suboptimal stimulation of the T
cell. Functional consequences are inhibition of antigen-specific T-cell activation, formation of antigen-specific
effector, and memory T cells.

Cite this article as Cold Spring Harb Perspect Med 2019;9:a034470 3



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

B. Bielekova

nale for development of daclizumab as a selec-
tive immunosuppressive agent against effector T
cells, were not entirely correct.

First, the initial belief that IL-2 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) had
normal immune responses to pathogens, but in-
stead succumbed to extreme lymphoprolifera-
tion and autoimmunity (Schorle et al. 1991;
Kundig et al. 1993; Suzuki et al. 1995; Willerford
et al. 1995; Wakabayashi et al. 2006). This sur-
prising observation was later explained by a non-
redundant role of IL-2 signaling in the biology of
FoxP3" Tregs (Shevach etal. 2001; Almeida et al.
2002; Malek 2003; Setoguchi et al. 2005; Turka
and Walsh 2008) and an important role of high-
affinity IL-2R in apoptosis of effector T cells (i.e.,
AICD) (Lenardo 1991; Van Parijs et al. 1999).
These studies highlighted a crucial role of IL-2 in
immunoregulation, which was confirmed by
genetic linkage of IL-2 and/or signaling compo-
nents (e.g., CD25, CD122) with several human
autoimmune diseases, including MS (Hafler
et al. 2007; Lowe et al. 2007; Maier et al. 2009).

However, in contrast to mice, humans with
genetic deletion of CD25 have, in addition to
lymphoproliferation and autoimmunity, severe
immunodeficiency, which is usually the first
presentation of CD25 genetic defect (Sharfe
et al. 1997; Roifman 2000; Caudy et al. 2007).
This indicates that the IL-2 in humans has both
immune-regulatory and immune-stimulatory
properties.

However, no inhibition of T-cell prolifera-
tion or their production of cytokines was noted
when human T cells were polyclonally stim-
ulated in the presence of in vivo—achievable con-
centrations of daclizumab (Bielekova et al.
2006). In contrast, numbers of Tregs, their
in vivo proliferation, and in vitro-suppressive
functions toward effector T cells were all signifi-
cantly inhibited by daclizumab therapy (Oh
et al. 2009; Martin et al. 2010). Furthermore,
daclizumab inhibited apoptosis of effector T
cells in vivo (Baan et al. 2003) and in vitro
(Wuest et al. 2011), consistent with elimination
of proapoptotic effects of high-affinity IL-2 sig-
naling. Collectively, these mechanistic studies

were exceedingly perplexing because they pre-
dicted that the net effect of daclizumab therapy
should be an activation of T-cell immunity seen
in CD25 knockout (KO) animals and humans
with genetic deletion of CD25. However, clinical
trials (see below) clearly demonstrated that MS
disease activity is inhibited by daclizumab ther-
apy. This apparent discrepancy suggested that
daclizumab must have additional effects on the
human immune system.

The first evidence supporting this hypothe-
sis stemmed from immunophenotyping studies
performed in conjunction with the first trial of
daclizumb in MS (Bielekova et al. 2004), which
showed remarkable expansion of lymphocytic
cells that were neither T nor B cells, but rather
had a high expression of CD122 (IL-2Rp) and
intermediate expression of CD8a.. These turned
out to be natural killer (NK) cells, representing
an important component of the innate immu-
nity against viruses and tumors (Biron and
Brossay 2001; Orange 2012). However, daclizu-
mab expanded only minor populations of blood
NK cells, characterized by high expression of
CD56 (Bielekova et al. 2006). These CD56°8ht
NK cells have been labeled as “immunoregula-
tory” (Cooper et al. 2001; Caligiuri 2008) for
several reasons: (1) They are selectively expand-
ed in pregnancy and may participate in mediat-
ing tolerance of the mother’s immune system to
the genetically foreign fetus (Nishikawa et al.
1991; Guleria and Sayegh 2007). (2) Compared
to the more prevalent CD56"™ NK cells,
CD56"¢™ NK cells have lower perforin levels
and completely lack granzyme B (GzB). Thus,
they were long considered noncytotoxic (Jacobs
etal. 2001). (3) CD56"8" NK cells are enriched
in lymph nodes (Fehniger et al. 2003) and, via
secretion of large levels of cytokines early in the
immune response (Saito et al. 1993), they may
alter the phenotype of newly activated T cells.
However, direct evidence for their immunoreg-
ulatory role was lacking. Functional analysis of
CD56"" NK cells was limited because of their
low frequencies in peripheral blood (i.e., 5%-
10% of NK cells, which represents ~1% lym-
phocytes) and the inability to identify analo-
gous cells in rodents, which lack a CD56 mark-
er. Because daclizumab expanded CD56"&"
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NK cells up to 400%-500% (Bielekova et al.
2006, 2009; Gross et al. 2016), daclizumab-treat-
ed MS patients provided a unique chance to
study these cells in detail.

Mechanistic studies showed that contrary to
immunological dogma, which stipulated that
NK cells do not kill autologous cells that have
normal expression of major histocompatibility
complex (MHC) I molecules, CD56%8" NK
cells could kill autologous activated T cells (Bie-
lekova et al. 2006) using granzyme K (GzK) (Ji-
ang et al. 2011). Specifically, CD56"¢" NK cells
kill autologous activated T cells via perforin-me-
diated degranulation, which induces reactive ox-
ygen species (ROS) and loss of mitochondrial
transmembrane potential in the target cells.
This represents the signature of killing by two
closely related granzymes (granzyme A [GzA]
and GzK) (Bovenschen et al. 2009). CD56"8t
NK cells are the only immune cells that express
GzK constitutively (Bratke et al. 2005). Inhibi-
tion of GzK expression by short interfering RNA
(siRNA) technology significantly inhibited kill-
ing of syngeneic activated T cells by the NK-92
cell line, which originates from and retains func-
tional characteristics of CD56™™ NK cells
(Gong et al. 1994; Jiang et al. 2011). Addition-
ally, daclizamab therapy specifically enhanced
expression of GzK, but not other granzymes (Ji-
ang et al. 2011). A correlation between expan-
sion of CD56°™ 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 activated autologous T cells (Bielekova
etal. 2006). Although highly controversial at the
time of its publication, the idea that CD56""""
NK cells in humans (and NK cells in mice) kill
autologous activated T cells that express MHC I
as part of a natural immunoregulatory process
has now been reproduced by many investigators
using different study systems (Nielsen et al.
2012; Waggoner et al. 2012; Gross et al. 2016;
Laroni et al. 2016).

Daclizumab therapy makes T-cell targets
also more susceptible to NK-mediated killing
(Bielekova et al. 2006). There, data were again
reproduced and further expanded by demon-
strating involvement of CD226 (DNAM-1)/

Daclizumab Therapy for MS

CD155 receptor-ligand interaction in the cytol-
ysis of activated T cells by CD56""8" NK cells
(Gross et al. 2016). DNAM-1 is an activating
receptor, which interacts with two ligands:
CD112 (nectin-2 or herpesvirus entry mediator
2) and CD155 (also known as poliovirus recep-
tor). Analogous to the CD25/IL-2 system, genet-
ic polymorphism in CD226/DNAM-1 has been
associated with susceptibility to several autoim-
mune diseases, including MS (Hafler et al. 2009).
CD226/CD155 interaction significantly stimu-
lated killing of autologous activated T cells by
CD56""€" NK cells, and the expression defect in
these interacting molecules observed in MS
samples was at least partially corrected by dacli-
zumab therapy (Gross et al. 2016). Thus,
CD56"¢™ NK cells use CD226 to recognize
CD155 on the surface of antigen-activated T
cells, which activates NK cells to mediate GzK-
dependent killing of T cells. Strong cell-perme-
able antioxidants can inhibit this type of cyto-
toxicity. Without proper evaluation in clinical
trials, these data raise concern for indiscriminate
use of antioxidants in subjects with inflamma-
tory MS.

Where does the killing of activated autolo-
gous T cells happen in vivo? CD56"8" NK cells
are enriched in the cerebrospinal fluid (CSF) in
comparison to blood and CSF levels of
CD56"" NK cells further increased after da-
clizumab treatment (Bielekova et al. 2011; Gross
etal. 2016). GzK-expressing CD56""8" NK cells
were also found in MS lesions, where NK cells
were in contact with T cells and polarized GzK-
containing granules to such contact interphase,
suggesting that aforementioned cytotoxicity oc-
curs directly in the inflamed central nervous
system (CNS) tissue (Gross et al. 2016).

Intriguingly, the target of daclizumab ther-
apy, the CD25 Tac epitope, was not only blocked
completely in the blood, but also in the CSF after
daclizumab treatment. When the blood-brain
barrier (BBB) is intact, only 0.1% of blood con-
centrations of therapeutic mAb gain access to
the CSF (Rubenstein et al. 2003; Komori et al.
2016). This corresponds to a peak concentration
of 10 ng/mL of daclizumab in the CSF, which is
~100-fold lower concentration in comparison
to what is necessary for saturation of CD25 ex-
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pression on T cells. Therefore, if T cells were
reactivated in the CNS, available concentrations
of daclizumab would be insufficient to saturate
de novo-produced CD25. As a result, we con-
cluded that the cells detected in the CSF-ac-
quired blockade of CD25 Tac epitope in the
blood and they were not reactivated in the
CNS (Bielekova et al. 2011; Lin et al. 2015).
This means that either the inflammatory process
was abrogated or, possibly, during daclizumab
therapy, T cells activated in CSN tissue were
destroyed by CD56"8" NK cells or did not mi-
grate out of CNS tissue back to the CSF.

We also addressed the question of why da-
clizumab therapy expanded and activated
CD56"8" NK cells. CD56""8"* NK cells, in con-
trast to CD56"™ NK cells express some CD25
(Cooperetal. 2001; Bielekova et al. 2006) and are
selectively expanded in vivo in response to small
doses of IL-2 (Caligiuri et al. 1990). This has
been interpreted as evidence that CD56"&""
NK cells receive the IL-2 signal via high-affinity
IL-2R. However, because daclizumab therapy
abrogates formation of high-affinity IL-2R, if
CD25 expression was the only difference be-
tween CD56""8" and CD56"™ NK cells, then
daclizumab therapy should have inhibited,
rather than expanded, CD56""" NK cells.
There is another striking difference between
these NK cell subsets and that is the expression
of IL-2RB (CD122), which is at least 10-fold
higher on CD56°"¢" in comparison to CD56%™
NK cells, and 100- to 1000-fold higher com-
pared to resting T cells (Bielekova et al. 2006).
We hypothesized and experimentally confirmed
that the high expression of intermediate affinity
IL-2R allows for CD56"¢" NK cells to sustain
IL-2 signaling in the presence of daclizumab
(Martin et al. 2010). Further, because daclizu-
mab limits consumption of IL-2 by T cells
(which are dependent on high-affinity IL-2R be-
cause of their limited CD122 expression), excess
IL-2 can be utilized by CD56°¢" NK cells
for signaling via the intermediate affinity IL-
2R. Thus, paradoxically, daclizumab expands
CD56""€" NK cells in an IL-2-dependent man-
ner (Martin et al. 2010).

A correlation between in vivo expansion of
CD56"" NK cells and inhibition of focal brain

inflammatory activity measured by CEL (Biele-
kova et al. 2006) suggested that immunoregula-
tion of T cells by CD56""¢™ NK cells represents
an important MOA of daclizumab in MS. The
level of expansion of CD56""8" NK cells could
differentiate full responders from partial re-
sponders to daclizumab treatment (Bielekova
etal. 2009). These data have been independently
reproduced (Wynn et al. 2010; Elkins et al.
2012). However, even patients with the smallest
levels of expansion of CD56"8" NK cells had
discernible efficacy on magnetic resonance im-
aging (MRI) and clinical markers, indicating
that while expansion of CD56""¢" NK cells is
an important mechanism, it cannot be the only
mechanism responsible for drug efficacy.
Search for such alternative mechanism(s)
focused on myeloid DCs, because these cells
up-regulate CD25 upon their activation by mi-
crobial stimuli and are also endowed with the
ability to secrete IL-2 (Granucci et al. 2001).
Because mature DCs (mDCs) are the most im-
portant antigen-presenting cells (APCs) for
T-cell activation, we questioned whether dacli-
zumab affects this vital mDC function. We ob-
served that peak in vivo achievable concentra-
tions of daclizumab (10 pg/mL) that had no
effect on proliferation of polyclonally activated
T cells almost completely abolished expansion
of antigen-specific T cells activated by mDCs
(Wuestetal. 2011). Using selective pretreatment
of mDCs or T cells with daclizumab, siRNA
technology and T cells derived from a human
subject with CD25 genetic deletion, we convinc-
ingly demonstrated that it is the blockade of
CD25 on mDCs and not on T cells that underlies
this inhibition. Further studies demonstrated
that mDCs use their CD25 to present IL-2 to
primed T cells “in trans”; the manner is analo-
gous to that previously described for IL-15 (Fig.
2A) (Dubois et al. 2002). The only problem with
this hypothesis was the discrepancy in affinities
of IL-15Ra versus IL-2Ra (i.e., CD25) for their
respective ligands; while IL-15Ro has a very
strong affinity for IL-15, such that the majority
(if not all) of IL-15 is bound in vivo to IL-15Ra
(Fig. 2A), CD25 has a very low affinity for IL-2,
which allows it to bind IL-2 only under circum-
stances of IL-2 abundance. Therefore, CD25
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would be unable to effectively capture small
quantities of IL-2 secreted to the environment.
Conceptually, we remedied the problem by hy-
pothesizing that IL-2 is trans-presented by
mDCs across the immune synapse (IS) (Fig.
2B). This hypothesis turned out to be correct;
instead of secreting IL-2 to the environment,
mDCs release their IL-2 into the small synaptic
cleft formed between an antigen-specific T cell
and an mDC. Consequently, sufficiently high
concentrations of IL-2 in the synaptic cleft allow
effective capture of IL-2 by CD25 expressed on
mDC and subsequent trans-presentation of IL-2
to the antigen-specific T cell (Wuest et al. 2011).
This mDC-derived IL-2 signal was absolutely
necessary for efficient expansion of antigen-spe-
cific T cells, and when it was abrogated (by
blocking CD25 on mDCs) (Fig. 2C), T cells pro-
liferated poorly, despite the fact that daclizu-
mab-pretreated mDCs expressed high levels of
MHC peptide and high levels of costimulatory
molecules. Of note, we found that T cells could
enter the proliferation cycle if in vitro conditions
were supplemented with high doses of IL-7 as
an alternative source of yc-signaling cytokine.
However, T cells expanded in this manner did
not express full effector functions. A similar ob-
servation was made in the animal system, where
the IL-2 signal was absolutely necessary during
priming of the antigen-specific CD8" T cells for
effective development of T-cell memory re-
sponses (Williams et al. 2006). Thus, the de-
scribed mechanism can fully explain the strange
combination of immunodeficiency with lym-
phoproliferation, which is characteristic of
CD25 deletion in humans.

Final described MOA represents the inhibi-
tory effect of daclizumab on innate lymphoid
cells (ILCs), especially on development of their
proinflammatory subtype called lymphoid tis-
sue inducer (LTi) cells (Perry et al. 2012).

ILCs, a heterogeneous group of lympho-
cytes, belong to innate not adaptive immune
systems. Whereas the most familiar subset of
ILCs are NK cells, this category also contains
cells with constitutive expression of RORyt. De-
pending on the tissue from which these cells
have been isolated, they express slightly different
phenotypes and are therefore labeled with dif-

Daclizumab Therapy for MS

ferent names (Sawa et al. 2010; Spits and
Di Santo 2011), for example, LTi cells, ILC22
(i.e., IL-22-producing ILCs that also express
NKp44), and ILC17 (IL-17-producing ILCs). It
is clear that these different ILC categories are
related developmentally because all originate
from CD34" hematopoietic precursors and all
are dependent on the Id2 transcriptional regu-
lator (Yokota et al. 1999).

Although LTi cells play a 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 RORyt-
deficient animals (Lochner et al. 2011), where
either activated T or B cells can acquire lym-
phoid tissue-inducing capacity. What remains
unclear is the role that adult LTi cells play. It is
hypothesized that, via constitutive expression of
0X40 and CD30, adult LTi cells may play a vital
role in the evolution and maintenance of the
CD4" T-cell memory (Withers et al. 2012) and
related B-cell/Ab responses, including forma-
tion of high-affinity class-switched IgG (Lane
et al. 2012).

We observed that MS patients who were un-
treated have significantly greater levels of c-kit"/
RORyt-expressing LTi cells in the blood and CSF
(Perry et al. 2012; Lin et al. 2015) in comparison
to healthy controls. These observations were re-
produced in an independent cohort of MS pa-
tients, although the elevations of LT1 cells in the
blood did not reach formal statistical signifi-
cance (Degn et al. 2015). Daclizumab therapy
normalizes this CSF abnormality (Perry et al.
2012; Lin et al. 2015) by skewing development
of CD34" hematopoietic stem cells and c-kit"
undifferentiated ILC precursors away from LTi
lineage toward CD56°"8" NK cells through en-
hanced intermediate affinity IL-2R-signaling
(Perry et al. 2012).

Although meningeal inflammation cannot
be directly visualized in living MS subjects (Ma-
gliozzi et al. 2007; Howell et al. 2011), daclizu-
mab therapy decreased intrathecal production
of chemokine CXCL13 and of IgG, measured
as the IgG index (Perry et al. 2012). The affect
of daclizumab on IgG production was specific
for the intrathecal compartment, because earlier
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studies reported that daclizumab did not lower
IgG, IgA, or IgM blood levels (Bielekova et al.
2004, 2006). Daclizumab does not limit migra-
tion of immune cells to the intrathecal compart-
ment (Bielekova et al. 2011; Lin et al. 2015);
therefore, decreased intrathecal CXCL13 levels
that are highly expressed in tertiary lymphoid
follicles (Magliozzi et al. 2004, 2007) indirectly
supports the notion that inhibition of LTi cells
by daclizumab may have impeded maintenance
of meningeal lymphoid aggregates and associat-
ed immune responses. Because the creation of
meningeal lymphoid follicles in MS is linked to
greater pathology of the underlying gray matter
(Howell et al. 2011), it is intriguing to note that
in comparison to standard MS therapies such as
interferon f (IFN-f) or glatiramer acetate, dacli-
zumab had significantly greater inhibitory effect
on brain atrophy (Kappos et al. 2015), especially
of the gray matter (Borges et al. 2013).

EFFICACY AND SAFETY OF DACLIZUMAB
IN MS

In the proof-of-principle, open-label, baseline-
versus-treatment phase II clinical trial (Clinical-
trials.gov identifier: NCT00001934), addition of
daclizumab to patients who had inadequate clin-
ical and radiological response to IFN-f resulted
in >80% inhibition of contrast-enhancing le-
sions (CELSs) on brain MRI as well as stabilized
clinical disease activity (Rose et al. 2004; Biele-
kova et al. 2014). In the majority of MS patients,
IFN-B could be withdrawn after 6 months of
combination therapy without a decline in clini-
cal efficacy of long-term daclizumab monother-
apy (Rose etal. 2007; Bielekova et al. 2009). How-
ever, IFN-f and daclizumab were also found to
have synergistic effects, and optimal response in
1/3 of patients required either continued IFN-f/
daclizumab combination therapy or a higher
dose of daclizumab monotherapy (i.e., 2 mg/kg
every 4 wk instead of the traditional 1 mg/kg
every 4 wk) (Bielekova et al. 2009). This obser-
vation was puzzling because the already standard
dose of 1 mg/kg led to 100% saturation of CD25
Tac epitope on peripheral blood mononuclear
cells (PBMCs) (Bielekova et al. 2004), and sug-
gested for the first time that blockade of CD25 in

tissues is important for daclizumab’s effect on
MS. This hypothesis was proven by demonstrat-
ing that daclizumab had to block CD25 on DCs
(residing in lymphoid organs or tissues) to
achieve its inhibitory effect on T-cell activation.

Whereas all open-label studies observed sta-
bilization (Bielekova et al. 2004; Rose et al. 2004,
2007) or even improvements (Bielekova et al.
2009, 2011) of clinical outcomes, this had to be
reproduced in placebo-controlled studies. Three
multicenter trials were sponsored by the phar-
maceutical industry: the CHOICE study (clini-
caltrials.gov identifier: NCT00109161) (Wynn
et al. 2010), which investigated IFN-f/daclizu-
mab combination therapy, and two monother-
apy trials: the placebo-controlled SELECT trial
(clinicaltrials.gov  identifier: NCT00870740)
(Gold et al. 2013) and the DECIDE (clinical-
trials.gov identifier: NCT01064401) trial (Kap-
pos et al. 2015), which tested efficacy of daclizu-
mab against active comparator. The latter two
studies used a new preparation of daclizumab
called daclizumab high-yield process (DAC
HYP, Zinbryta; AbbVie and Biogen), which
has an identical amino-acid sequence to the
original Zenapax preparation; however, changes
in the production process resulted in an altered
glycosylation pattern of the molecule affecting
binding of daclizumab to Fc receptors. Such
change can modify complement-dependent
cytotoxicity (CDC) and Ab-dependent cellular
cytotoxicity (ADCC), as was shown previously
for different therapeutic mAb (Bielekova and
Becker 2010). In addition, DAC HYP was devel-
oped for subcutaneous administration (once
every 4 wk) in contrast to intravenous adminis-
tration of Zenapax. The efficacy and safety of
long-term DAC HYP monotherapy was exam-
ined in the extension trial called SELECTION
(Giovannoni et al. 2014).

In the CHOICE study (N = 230), addition of
subcutaneously administered daclizumab (low
dose: 1 mg/kg every 4 wk; high dose: 2 mg/kg
every 2 wk) to IFN-B decreased CEL lesions by
72% in the high-dose arm (p =0.004) and by
25% (p=0.51) in the low-dose arm (Wynn
etal. 2010). Systemic levels of daclizumab yield-
ed in the high-dose arm were comparable to the
intravenous 1 mg/kg dose utilized in all of the
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previous open-label trials. In the SELECT trial
(N=600), two doses of DAC HYP monotherapy
(150 mg or 300 mg every 4 wk) administered
subcutaneously for 1yr were compared to
placebo. Both doses 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 et al.
2012). This efficacy on MRI parameters was par-
alleled 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 150 mg dose and by 43%; p = 0.091
for 300 mg dose).

The SELECTION extension trial examined
several important issues, such as rebound phe-
nomenon after stopping of DAC HYP treat-
ment, efficacy after reinitiation of therapy, and
long-term efficacy/safety. This trial confirmed
no meaningful difference between 150 mg and
300 mg doses, lack of rebound of disease activity
beyond baseline values, and continuous efficacy
of daclizumab (on relapses, MRI markers, and
disability) after treatment reinitiation or its con-
tinuous use (Giovannoni et al. 2014). This study
also reproduced daclizumab-driven expansion
of CD56°"¢" regulatory NK cells.

Finally, the DECIDE trial demonstrated stat-
istically significant superiority of DAC HYP
(150 mg subcutaneously every 4 wk) against
weekly intramuscular administration of IFN-f-
la in annualized relapse rate (45% inhibition)
and the number of new or enlarging T2 lesions
(54% reduction) (Kappos et al. 2015).

In general, all clinical trials in MS found
daclizumab well tolerated, with little induced
immunogenicity. The incidence of adverse
events (AEs) and the rate of discontinuation of
therapy were similar between both placebo and
daclizumab arms in both CHOICE (Wynn et al.
2010) and SELECT (Gold et al. 2012) trials and
between IFN-B and daclizumab in the DECIDE
trial (Kappos et al. 2015). The most common
AEs observed in MS trials of daclizumab belong
to four categories: (1) lymphadenopathy, (2)
skin rashes, (3) elevated liver function tests
(LFTs), and (4) infection (Bielekova et al.
2004, 2009, 2011; Wynn et al. 2010; Gold et al.
2012; Kappos et al. 2015).

Daclizumab Therapy for MS

We will discuss these categories of AEs in
view of the described MOA; in the CHOICE
study, skin rashes appeared in 13% of daclizu-
mab subjects and 8% of placebo subjects (Wynn
et al. 2010). National Institutes of Health (NIH)
trials observed frequent skin rashes of mainly
mild intensity that responded to topical steroids
or emollients (Cortese et al. 2016). However,
they also reported few prolonged and more se-
vere skin rashes requiring systemic steroids and/
or discontinuation of therapy (Bielekova et al.
2004,2009,2011; Oh etal. 2014). In the SELECT
trial, serious cutaneous events were observed in
1% of DAC HYP-treated subjects (Gold et al.
2012) and in 2% of DAC HYP-treated subjects
in the DECIDE trial (Kappos et al. 2015). It is
unclear what underlies enhanced skin reactivity
in daclizumab-treated subjects; one hypothesis
implicates inhibition of FoxP3 Tregs driven by
daclizumab (Oh et al. 2009), while lesional skin
biopsies demonstrated increased presence of
CD56" NK cells (Cortese et al. 2016), suggesting
that the same cell population that mediates ben-
eficial effects of daclizumab on MS may be re-
sponsible for cutaneous side-effects.

Often associated with daclizumab therapy is
generalized mild lymphadenopathy (Bielekova
et al. 2004, 2009) without pathological conse-
quences. We have evaluated several subjects
with prominent or persistent lymphadenopathy
using fine needle biopsy, and found no patholog-
ical changes in flow cytometry or pathology pro-
file (Oh et al. 2014; B Bielekova et al., unpubl.).

Elevations of LFTs have been observed in
daclizumab-treated cohorts; serious elevations
of LFT's (five times above upper limit of normal)
were observed in 4% of DAC HYP-treated sub-
jects in the SELECT trial and in 6% of subjects
in the DECIDE trial (as compared to 3% of
IFN-B-treated subjects). The mechanism behind
this phenomenon is again unclear, although
CD56"¢" NK cells represent a prominent im-
mune cell population in the liver under physio-
logical conditions (Moroso et al. 2010).

Although open-label NIH studies observed
slight increases in the frequency of mild infec-
tious AEs (mostly urinary tract infection [UTI]
and upper respiratory tract), the CHOICE study
did not demonstrate an increased incidence of
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infections (Wynn et al. 2010). Contrastingly, the
SELECT trial reported an increase in serious
infections (2%) in the DAC HYP cohort and
the DECIDE trial confirmed these findings by
observing a 4% rate of serious infections in the
DAC HYP group (in comparison to a 2% rate in
the IFN-f group). One DAC HYP-treated sub-
ject died due to complications of a psoas abscess
(Gold et al. 2012).

Will daclizumab cause progressive multifo-
calleukoencephalopathy (PML)? Because it does
notlimitaccess ofimmune cells to the intrathecal
compartment and expanded CD56""8" NK cells
may provide effective immunity against some
viruses (Orange 2012), we would predict risk of
PML is lower in daclizumab-treated patients
compared to those treatments that directly limit
access of the immune system to CNS. However,
only broad postmarketing experience will deter-
mine the actual risks of long-term daclizumab
administration.

Finally, none of the clinical trials demon-
strated increased risk of cancer with daclizu-
mab therapy and again, from the mechanistic
standpoint, we would predict that activation of
(CD56%8") NK cells may enhance NK-medi-
ated immunosurveillance against cancer even if
T-cell immunity is diminished in parallel. Our
conclusion, which is supported by in vivo ob-
servations from transplantation, where, in
addition to standard immunosuppressive ther-
apy, these patients who received daclizumab
had in fact lower levels of secondary cancers
(Webster et al. 2004) than patients who re-
ceived identical immunosuppression without
daclizumab.

CONCLUSIONS

Careful in vivo observations that were supple-
mented by mechanistic studies revealed unex-
pected effects of daclizumab on cells of the
innate immune system, CD56""¢" NK cells,
mDCs, and ILCs. These effects were not previ-
ously identified in animals with genetically de-
leted IL-2 or its signaling components, signaling
that carefully conducted mechanistic studies
linked to human interventional trials have the
potential to discover novel biological mecha-

nisms (Bielekova et al. 2014). Insights such as
these may not only be relevant for the MOA of
the studied therapeutic, but also for the patho-
physiology of the targeted disease. The MOA of
daclizumab reminds us that adaptive immune
responses are tightly controlled by cells of the
innate immune system. Both systems must be
studied via integrated design before the mecha-
nisms that lead to the breakdown of tolerance in
MS can be fully understood.
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