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Abstract

Interleukin-2 (IL-2) has been shown to suppress immune pathologies by preferentially expanding
regulatory T cells (Tyegs). However, this therapy has been limited by off-target complications due
to pathogenic cell expansion. Recent efforts have been focused on developing a more selective
IL-2. It is well documented that certain anti-mouse IL-2 antibodies induce conformational changes
that result in selective targeting of Tyegs. We report the generation of a fully human anti-I1L-2
antibody, F5111.2, that stabilizes IL-2 in a conformation that results in the preferential STAT5
phosphorylation of Tyegs in vitro and selective expansion of Tyegs in vivo. When complexed with
human IL-2, F5111.2 induced remission of type 1 diabetes in the NOD mouse model, reduced
disease severity in a model of experimental autoimmune encephalomyelitis and protected mice
against xenogeneic graft-versus-host disease. These results suggest that IL-2-F5111.2 may provide
an immunotherapy to treat autoimmune diseases and graft-versus-host disease.

Interleukin-2 (1L-2) is type I cytokine that functions as a multi-lineage lymphocyte growth
factorl=3. 1L-2 signals through a trimeric receptor comprised of IL-2Ra. (CD25), IL-2Rp
(CD122) and IL-2Ry (CD132)2. The signaling can be initiated either through the high-
affinity (K3~10 pM) trimeric complex of the three subunits or through an intermediate-
affinity dimeric complex (Ky ~ 1 nM) with only IL-2Rp and IL-2Ry, without the non-
signaling IL-2Ra subunit. The trimeric IL-2Rs are typically expressed at high levels by
Tregs5, activated T effectors (Tefrs) and ILC2s6, while the dimeric form of IL-2R is expressed
mostly on antigen-experienced CD8* T cells and natural killer (NK) cells’. Previous studies
showed that IL-2 is highly flexible®:° and exists in different conformations that favor either
the high-affinity trimeric IL-2R or intermediate-affinity dimeric IL-2R, resulting in the
activation of different immune cells®. This plasticity has complicated the use of the approved
drug Proleukin at high doses to treat metastatic melanoma and renal cell carcinomal?, due to
the role of IL-2 as an essential growth factor for Tregs*~13. Moreover, adverse effects of
high-dose IL-2 therapy have greatly limited its use1#1°,

Several studies have shown that low-dose IL-2 therapy preferentially activates Tyegs due to
the constitutive high expression of IL-2Ra.16 and other cell-intrinsic factors that increase
signal transduction sensitivityl’. Treatment of mice and humans with low doses of 1L-2 has
been shown to ameliorate autoimmune diseases and graft-versus-host disease (GvHD) as
well as delaying organ allograft rejection1-22. However, 1L-2 therapy has some limitations,
including difficulty in predicting the efficacious dose, off-target effects on different cell
populations and a short in vivo half-life2324, Thus, attempts have been made to engineer or
modify the IL-2 structure to improve its therapeutic potential by modulating its ability to
selectively target either Tegrs OF Tregs?>>L. Selective antibodies against IL-2 can alter its
conformation by binding a number of potential epitopes, thereby modifying the binding
interaction of IL-2 to any of the IL-2R subunits and resulting in selective expansion of Tyegs
or Tef cell subsets32:33, For example, it has been demonstrated that a rat anti-mouse 1L-2
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monoclonal antibody (JES6-1) can be administered in complex with wild-type mouse IL-2
and used to preferentially enhance Tieg populations?®. Binding of JES6-1 to IL-2 alters its
conformation to lower the affinity of mIL-2 for CD25, such that CD25M9" T4 compete
favorably for IL-2 binding and expansion against Tefts>°.

The therapeutic potential of IL-2 to selectively activate the tolerogenic immune response,
combined with the imperative to develop a human Teg-selective 1L-2 compound, led us to
develop a mechanism-based screening strategy to identify human antibodies against human
IL-2 that exhibit an in vivo Tyeq potentiation profile when complexed with hIL-2. This class
of monoclonal antibody, exemplified by F5111.2, blocked IL-2Rp binding and reduced
IL-2Ra binding to IL-2, and, when administered in complex with hlL-2, preferentially
promoted Teq expansion and was effective in models of autoimmune disease including type
1 diabetes and experimental autoimmune encephalomyelitis (EAE) in addition to GvHD.

Selective IL-2 stimulation in Tyegs.

To directly compare Treg and Te sensitivity to IL-2, the pSTATS signaling response of Tyegs
was analyzed in a mixed population of peripheral blood mononuclear cells (PBMCs). Tt
cells were further divided on the basis of CD25 expression (Supplementary Fig. 1a,b). Tyegs
have a lower pSTAT5 EC50 in response to IL-2 than CD25*CD8™" T cells or CD25*CD4* T
cells expressing equal CD25 levels (Supplementary Fig. 1b). Cells that have little or no
CD25 expression required much higher amounts of I1L-2 to induce pSTAT5 signaling,
consistent with the reduced affinity of the IL-2RP-y dimer for IL-2. In addition, maximal
PSTATS signal was achieved in Tyegs With less signal duration than in CD25*CD4* cells
(Supplementary Fig. 1c), confirming previous reports that Tyeqs are more sensitive to 1L-2
than CD25™ effector T cells.

The anti-mouse IL-2 antibody JES6-1-IL-2 complex has been shown to promote the
expansion of Tyegs in Vivo selectively, in contrast to other anti-IL-2 monoclonal antibodies
such as S4B626:34, However, it is not clear whether this reflected altered pSTATS5 signaling
or other effects of the IL-2 engagement with the receptor when bound to the monoclonal
antibody. Thus, the pSTATS signaling profile of JES6-1-mIL-2 complex treatment on Tegs
compared with T cells was examined (Supplementary Fig. 2). A heterogeneous population
of mouse splenocytes was stimulated with serial dilutions of JES6-1 in complex with
different IL-2 concentrations (Supplementary Fig. 2). IL-2-induced pSTATS5 signaling was
strongly inhibited by JES6-1 in mouse CD8* T cells at all IL-2 concentrations tested,
whereas similar concentrations of JES6-1 spared Treg pSTATS signaling except at the lowest
IL-2 and highest antibody concentrations tested. In contrast, S4B6-mIL-2 complex treatment
did not inhibit pSTAT5 in CD8" T cells, but did inhibit pSTATS signaling in Tregs Stimulated
with low levels of IL-2 (Supplementary Fig. 2).

In vivo, treatment of mice with JES6-1-mIL-2 resulted in preferential Teq expansion,
suggesting that pSTATS5 signaling can distinguish Tyeg-0r Teg-promoting antibodies.
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Treg-sparing anti-human IL-2 antibodies.

Human antibodies against human IL-2 were identified using a single-chain variablefragment
phage display library and relevant candidates were developed into full human IgGs. Purified
IgGs were assessed by surface plasmon resonance (SPR) analysis to characterize the binding
affinity for IL-2, and their ability to inhibit binding of IL-2 to IL-2Ra or IL-2R chains was
assessed (Fig. 1a,b). Antibodies were then grouped into epitope bins as follows: antibody
inhibits IL-2 binding to IL-2Ra (group 1); antibody inhibits IL-2 binding to IL-2Rp (group
2); antibody inhibits IL-2 binding to IL-2Rp and reduces binding to IL-2Ra. (group 3).

Antibodies from each functional epitope bin were assessed for their ability to maintain Tyeg
pSTATS signaling in response to stimulation of PBMCs with IL-2. As shown in Fig. 1c,
some antibodies completely blocked Treqg pSTATS, while others had little inhibitory activity.
The antibodies in groups 2 and 3 generally suppressed Teq responses less well. However,
some group 1 antibodies, such as 16C3, did not inhibit Tyeq signaling, although the affinity
of 16C3 was weaker than that of other group 1 antibodies, as was the most efficient group 3
antibody, including F5111. Thus, it was unclear whether the Tyeg- sparing properties of 16C3
and F5111 were a result of the specific epitope targeted, the affinity of the antibody or
allosteric properties.

We generated a series of affinity-matured variants of the antibodies 16C3 and F5111 (Fig.
2a) and assessed Tyeq responses to antibody-1L-2 complexes. Affinity maturation of F5111
did not result in considerable inhibition of Tyeq signaling (Fig. 2b), in contrast to 16C3,
which lost its selective effects when affinity-matured (Fig. 2b). These data suggested that the
difference in selective Teq inhibition was epitope-related.

In parallel, we assessed the ability of the different anti-IL-2 monoclonal antibodies to inhibit
Teff response to IL-2. As shown in Fig. 2¢c, STAT5 phosphorylation of CD257CD8* T cells,
induced by low doses of 1L-2, was inhibited most effectively by IL-2 antibodies that block
the binding of IL-2Ra to IL-2, such as 16C3.4. In contrast, high concentrations of I1L-2 were
inhibited more effectively by antibodies that blocked the binding of IL-2 to IL-2Rp, such as
d1C7 or F5111.2. In agreement with this observation, the affinity- matured antibody
F5111.2 inhibited CD25*CD8* T cell pSTATS5, while another IL-2RP epitope-blocking
antibody, d1C7, did not (Fig. 2c¢). The F5111.2 antibody inhibited pSTAT5 signaling most
effectively in CD8" T cells across a range of IL-2 concentrations, and maintained functional
activity on CD257CD8* effector T cells. These results suggest that the biological activity of
the F5111.2 antibody was a consequence of the blockade of IL-2 binding to IL-2Rp as well
as a decreased binding of IL-2 to IL-2Ra.. STAT5 phosphorylation was efficiently preserved
in Tregs Versus CD8 cells at low doses of IL-2, which is qualitatively different to anti-IL-2
antibodies that exclusively block IL-2Ra or IL-2Rp binding.

To fully characterize the pSTATS5 signaling profile of antibody F5111.2, we stimulated
human PBMCs with serial dilutions of F5111.2 in complex with different amounts of human
IL-2, and gated on different T cell subsets (Fig. 2d). In Tyegs, F5111.2 treatment had limited
effects on IL-2-induced phosphorylation of STAT5 (Fig. 2d). In contrast, phosphorylation of
STATS5 by IL-2 in CD8* T cells was inhibited by F5111.2 at all IL-2 concentrations tested.
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Overall, the differential pattern of inhibition of STATS5 phosphorylation by F5111.2 in CD8
and Tyegs Was similar to that observed with the anti-mouse IL-2 antibody JES6-1 above.

To mitigate any potential confound resulting from cellular competition, cell subsets were
purified from PBMCs using magnetic isolation, and then stimulated with different amounts
of IL-2-antibody (Supplementary Fig. 3). Due to a low frequency of Tyegs in PBMC
preparations, Teqgs Were expanded for 9 days following isolation3% before stimulation.
Purified NK cells were studied as well as T cell subsets including naive and memory CD4
and CD8 cells. These data confirmed that the F5111.2 monoclonal antibody had no effect on
Treg responses to IL-2 but effectively inhibited effector cell responses.

Inhibited upregulation of IL-2-induced proteins in CD8* T cells.

To investigate the selective effects of F5111.2 on all T cell subsets downstream of pSTAT5
signaling, we incubated PBMCs with F5111.2-hlL-2 complexes and assessed the expression
of CD25 and FOXP3 on Tyegs, and CD26 and CD49d on CD8™* T cells (Fig. 3a). CD26 and
CD49d were assessed on CD8* T cells to complement the CD25 analyses, where levels are
directly influenced by IL-2 treatment!l. CD25 and FoxP3 expression levels were largely
equivalent to isotype—IL-2 treatment on Tegs, although a decrease in CD25 and FoxP3 was
observed at the very highest ratio of antibody to IL-2. In contrast, IL-2-induced CD26 and
CD49d on CD8™ cells were blocked by F5111.2 treatment at all concentrations of 1L-2
tested (Fig. 3a). These data are consistent with F5111.2 selectively preserving IL-2
responses in Tregs, While blocking them in CD8* T cells.

T cell antigen receptor (TCR)-induced proliferation is known to upregulate CD25 on both
Teffs and Tregs. Therefore, F5111.2-hIL-2 complex treatment in PBMCs stimulated with
polyclonal TCR stimulation was assessed. Treatment of the cells with F5111.2-hIL-2
resulted in increased levels of FoxP3 and CD25 expression at day 5 as compared with
isotype—IL-2. In contrast, induction of CD25 was blocked on CD8* T cells and conventional
CD4* T cells (Fig. 3b). The response was consistent among multiple donors (Fig. 3c).

Structure of the F5111 Fab in complex with human IL-2.

The crystal structure of the F5111 Fab bound to IL-2 was solved to a 2.75 A resolution (Fig.
4 and Supplementary Table 1). Comparison to the IL-2-1L-2 receptor (a.,B,yc) quaternary
structure (PDB ID 2B5I) revealed that F5111 blocks the IL-2RB-binding site of IL-2 but not
the IL-2Ra- or yc-binding sites (Fig. 4a,b). F5111 interacts with the IL-2 molecule at
helices A and C and the B-C loop via the light-chain CDR1 and CDR3 loops and the heavy-
chain CDR2 and CDR3 loops (Fig. 4c). The overall structure of IL-2 in complex with the
F5111 Fab is similar to the unliganded structure (PDB ID 1M47, root mean squared
deviation 0.359 A over 95 Ca atoms). However, significant perturbations occur where
F5111 binds the A-B and B-C loops of I1L-2 that propagate to the CD25-binding site. These
perturbations include the side chains of residues Pro34, Lys35, Arg38, Met39, Phe42, Val69
and Leu72 moving to positions that would be less favorable for CD25 binding (Fig. 4c,d),
most likely explaining the decreased affinity of F5111-IL-2 for CD25. This conformational
remodeling can be contrasted with the JES6-1-mIL-2 structure32, in which the mIL-2
residues corresponding to Lys35 and Arg38 of hIL-2 move away from the putative CD25-
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binding site and are sequestered by JES6-1 (Supplementary Fig. 4). Collectively, however,
despite different binding sites on human versus murine IL-2, respectively, F5111 and JES6
appear to exert an allosteric effect resulting in lowered affinity for CD25, which presumably
results in a competitive advantage for Tyegs, which express high levels of CD25.

Preferential Tyeq proliferation in response to F5111.2-hiL-2.

To investigate the effect of the F5111.2-hIL-2 complex in vivo, we established a humanized
mouse model, where human PBMCs isolated from healthy donors were incubated overnight
with polyclonal stimulation, and then injected into 12-week-old immuno-deficient non-obese
diabetic (NOD) scid gamma (NSG) mice, mimicking the high activation state of effector
cells observed in autoimmune diseases. Ex vivo polyclonal activation was more effective in
supporting Tyeq proliferation in vivo and also increased CD25 mean fluorescence intensity
(MFI) on all T cell subsets (Fig. 5a). F5111.2-hIL-2 complex treatment increased Tygq total
cell number, with a considerably smaller proportional increase in total CD4* and CD8* T
cell number (Fig. 5b). This selective expansion resulted in an increased percentage of Tyegs
and ratios of Tyeq to CD4* and CD8™ T cells in the spleen (Fig. 5¢). In addition,
F5111.2-hIL-2 complex treatment promoted a relatively smaller increase in Tp1, T2 and
Th17 cell numbers, as compared to Tregs, While decreasing NK cell numbers (Supplementary
Fig. 5a). Overall, the data demonstrated that F5111.2-hIL-2 complex treatment considerably
increased the ratios of Tregs to NK cells, Tp1, Th2 and Ty17 (Supplementary Fig. 5b).

The proliferation of the cells was visualized by labeling the cells with CTV before transfer
and treatment. F5111.2 antibody-hIL-2 complexes induced increased proliferation of Tregs
and CD8* T cells; however, a greater number of undivided cells remained in the CD8* T cell
population (Fig. 5¢c). Thus, a selective expansion of the Tyegs accounted for the increased
Treg/CD8™ T cell ratio observed.

In addition, treatment with the F5111.2 antibody-hIL-2 complexes led to increased CD25
MFI on the transferred T cell populations, especially on Tregs (Fig. 5d). Moreover, increased
FoxP3 expression in Tyeqs Was observed, consistent with the treatment effectively increasing
cell stability (Fig. 5d).

Additional functional markers and cytokine production showed that F5111.2-hIL-2 complex
treatment considerably increased CTLA-4 MFI and the percentage of 1L-10* Tregs, While not
altering IL-2 or IFN+y production by Tyegs (Supplementary Fig. 6a). An increase in all
transcription factors analyzed on CD4* T (Tony) Cells as well as the percentage of IFNy*,
IL-17A* and IL-4* cells was observed with a pronounced decrease in the percentage of
IL-2* cells (Supplementary Fig. 6b). F5111.2-hlL-2 complex treatment also induced a slight
increase in cytolytic molecules and effector cytokines in CD8" T cells and NK cells,
although a substantial decrease in the percentage of IL-2* CD8* T cells was observed after
treatment (Supplementary Fig. 6¢,d).

Together, these data suggest that F5111.2-hIL-2 complex treatment preferentially increases
Tregs Over other immune cell populations and that expanded Tegs exhibit increased
expression of relevant molecular determinants of function and otherwise phenotypic
integrity.
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F5111.2-hIL-2 promoted T,eg expansion better than 16C3.4.

In vitro data showed that the antibodies that blocked binding of IL-2 to IL-2Rp were better
at promoting differential Treq expansion. To directly test this observation in vivo, we
compared the physiologic effects of the antibody 16C3.4 to the antibody F5111.2. In both
cases, treatment of mice with the antibody-hIL-2 complexes increased Tyeg cell number.
However, the 16C3.4-hlL-2 complexes led to a markedly greater increase in CD8 cell
number (Supplementary Fig. 7a). Consistent with the altered cell numbers, treatment of mice
with F5111.2-hIL-2 complexes resulted in increased Tyeg/CD4 and Teg/CD8 ratios, which
was not observed with 16C3.4-hIL-2 complex treatment (Supplementary Fig. 7b). These
results suggest that the combined steric and allosteric effects of F5111.2 were critical to the
biologic activity of these complexes seen in vivo.

F5111.2-hIL-2 efficacy in autoimmune diseases and GvHD.

Treatment of NOD mice with JES6-1-mIL-2 at the time of disease onset can increase islet-
resident Tyegs and reverse disease progression3®. F5111.2-hIL-2 complex treatment of NOD
mice increased the percentage of pancreatic Tregs ONe Week after treatment (Fig. 6a) and
influenced phenotypic characteristics of Tyegs in the pancreas34. No changes in CD8" and
CD4" Tcony Populations were observed (Fig. 6b). In addition, CD25 and FoxP3 expression
increased in Tegs, a result not observed following isotype control-hIL-2 complex treatment
(Fig. 6a), or on CD8* and cp4* T.ony cells (Fig. 6b). No pronounced effects of
F5111.2-hIL-2 treatment were observed on other immune cell populations in several organs
and no considerable increase in non-Teq cell numbers was observed (Supplementary Fig.
8a). In addition, a substantial increase in CD25 MFI was observed on Tegs after F5111.2-
hIL-2 treatment in spleen and blood as well as on Tqpy in the pancreas. No pronounced
increase in CD25 MFI was observed for CD8* T cells and NK cells (Supplementary Fig.
8b). To further evaluate the functionality of the expanded Tyegs in response to the
F5111.2-hIL-2 complex, we performed an in vitro suppression assay that shows that
F5111.2-hlL-2-expanded Tyegs retained their suppressive ability (Supplementary Fig. 9a). A
substantial increase in FoxP3, CD25, CTLA-4, ICOS and CD39 MFI and in the percentage
of IL-10" Tyegs was found following treatment with the F5111.2-hIL-2 complex. In contrast,
a pronounced reduction in the percentage of IL-2* CD4* T cells and no change in IFNy
production were observed (Supplementary Fig. 9b,c). These data suggest an overall better
functionality of Tyegs in response to treatment with F5111.2—hIL-2.

Next, we determined whether the five-day treatment would lead to a considerable effect on
diabetes progression in the new onset environment. Treatment of new-onset NOD mice with
F5111.2-hIL-2 complexes resulted in diabetes remission in 50% of the mice within 1 week
(Fig. 6b). Importantly, the majority of the F5111.2-hIL-2-treated mice remained
normoglycemic over the four-week duration of the experiment in the absence of continued
treatment (Fig. 6¢). There was no reversal of the disease with hlL-2 administered with an
isotype control monoclonal antibody, suggesting that the beneficial effect depended on the
complex with the anti-hIL-2 monoclonal antibody (Fig. 6¢).
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F5111.2-hIL-2 complex was also tested in an EAE model. Considerable lower severity of
disease was observed in mice treated with F5111.2-hIL-2 as compared to PBS and low-dose
hIL-2 groups (Fig. 6d,e).

Finally, to demonstrate therapeutic efficacy on human T cells, we assessed the impact of Tyeg
expansion in response to F5111.2-hIL-2 complex in a xeno-GvHD model3”. Administration
of F5111.2-hIL-2 complex for five consecutive days protected mice from disease compared
to the control group and low-dose IL-2 treatment (Fig. 6f,g).

F5111.2-hIL-2 does not affect immune response to virus.

To evaluate whether the Tegs €xpanded in response to F5111.2— hIL-2 treatment could
impact host defense and affect the de novo generation of effector T cells during viral
infection, we infected B6 mice with mouse cytomegalovirus (MCMV) and later confirmed
successful infection by verifying maintained viral load in the spleen (Supplementary Fig.
10a,b). Treatment of infected mice for five consecutive days with F5111.2-hIL-2 complexes
resulted in an increased number of Tegs in the blood with no concomitant increases in other
immune cell populations as previously observed (Supplementary Fig. 10c). Moreover,
treatment with F5111.2;hIL-2 did not impact the percentage of NKG2D*CD8* T cells38 or
Ly49H* NK cells3940 as compared to the isotype control, suggesting that although the Tyeq
number was increased, the ability of the immune system to respond to viral infection
remained intact (Supplementary Fig. 10d).

Discussion

In this study, we set out to develop an antibody that would bind human IL-2 and promote
Treg xpansion and function selectively. A large, fully human, naive phage display antibody
library was screened to identify a series of antibodies with distinct IL-2-binding
characteristics ranging from full blockade of IL-2Ra.- or IL-2RB-binding activity to those
that altered IL-2 conformation, resulting in both steric inhibition of IL-2R binding
combined with allosteric effects on IL-2Ra binding. Here, we show that these dual
inhibitors, exemplified by the F5111.2 monoclonal antibody, when complexed with hIL-2,
preferentially inhibited STAT5 signaling in human CD8* and CD4™" T cells, increased the
Treg/ Tesf ratio in a human PBMC NSG expansion model, promoted increased expression of
key Treg functional molecules and showed activity in autoimmune disease mouse models
such as type 1 diabetes and EAE in addition to GvHD.

Studies initiated in mice, using JES6-1-mlL-2 complexes, showed that a short course of
daily injections increased Treg numbers by 7-15-fold, while CD8* T and NK cells were not
considerably affected?6:41.42, Structural analyses of the JES6-1-mIL-2 complex suggested
that, in addition to the potentially increased half-life of the monoclonal antibody-mIiL-2
complexes, the JES6-1 monoclonal antibody stabilized a conformation of IL-2 resulting in
preferential binding of 1L-2Ra"9" cells2:33. These characteristics of the JES6-1-mIL-2
complexes have been translated into in vivo efficacy in a number of autoimmune and
inflammatory disease models3443-45, This study set out and succeeded in developing a
similarly effective human monoclonal antibody that can be developed in complex with
human IL-2 to treat immunological diseases in humans.
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It is important to note that F5111 exhibits conformational changes observed in the region of
IL-2 that engages CD25 in a functionally analogous manner, although distinct in atomic
structure, to the conformation change in the CD25-binding regions of mouse IL-2 by JES6—
1. Binding of F5111 to human IL-2 may work to lower the affinity for IL-2Ra. through a
similar allosteric mechanism, although this remains to be shown through detailed
biophysical experiments. Nevertheless, given that F5111 does not sterically occlude the
CD25-binding site on human IL-2, and that F5111 must release IL-2 for the cytokine to bind
and activate the IL-2RB—yc dimer, it seems reasonable to speculate that low-affinity binding
of CD25 to the human IL-2-F5111 complex leads to a conformational change that results in
destabilization of the complex. This mechanism would favor selective activation of CD25igh
cells through a similar mass-action-based mechanism as JES6-1.

Despite the limitations of low-dose IL-2 therapy, several clinical studies have been
performed testing the safety and potential efficacy of low-dose IL-2 in patients*®. In one
type 1 diabetes clinical trial'/, lowering the IL-2 dose resulted in Tyeq expansion with no
pronounced decrease of C-peptide production, a toxicity experienced in a small study
examining combined treatment of a higher dose (threefold) and rapamycin?4. This
observation highlights the fine line between toxicity and efficacy using naked IL-2 therapy
and emphasizes the importance of further improving IL-2 selectivity. Due to cross-species
difference, the use of low-dose human IL-2 in mice does not reflect its real activity in
patients; however, here we demonstrated that, in vivo, F5111.2-hIL-2 complex treatment
shows increased efficacy compared to standard low-dose hlL-2 treatment, suggesting an
improved therapeutic potential for patients.

Finally, in the clinical field, the administration of IL-2 plus an antibody could be seen as a
complex scenario for therapeutic application since the two components could dissociate.
However, one can envision two advantages. First, hIL-2 has a well-documented profile in
patients, and the use of an approved drug as part of the complex would reduce risk. Second,
the ability of the monoclonal antibody to dissociate under some conditions with the
complexed IL-2 provides an opportunity to bind locally endogenously produced IL-2,
changing its conformation and increasing its half-life to potentially enhance pro-Teq
activity.

The promising results obtained using the JES6-1 monoclonal antibody—mIL-2 complex in
mice highlight the need to translate that knowledge to the human system. Our data offer the
first strong evidence for a completely human anti-1L-2 antibody that can be used
therapeutically to specifically target human Tegs and therefore restore a proper Treg/Tet
balance in autoimmune diseases. Active efforts are underway to move these compounds
forward into patients.

IL-2-antibody binding kinetics and affinity.

Anti-IL-2 single-chain variable fragments, and subsequent 1gG constructs, were generated as
described in Supplementary Fig. 11. The affinity of the IL-2-specific antibodies was
determined by SPR using a Biacore T200 instrument (GE Healthcare). Anti-1L-2 IgGs were
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captured on a CM5 sensor chip by an anti-human 1gG prepared using the Biacore Human
Antibody Capture Kit according to the manufacturer’s directions (GE Healthcare).
Experiments were performed at 25 °C using a 30 ul min~1 flow rate in 0.01 M HEPES pH
7.4,0.15 M NaCl and 0.005% (v/v) surfactant P20 (HBS-P) buffer. After each cycle, the
chip surface was regenerated with 3 M MgCI2 and new antibody was captured. Recombinant
IL-2 (Humanzyme) was injected over the surface for 3 min and the dissociation was
monitored for a further 20 min. Data were analyzed using the Biacore T200 Evaluation
software v3; the signal from the adjacent control flow cell with only the capture antibody
immobilized was background-subtracted along with buffer-alone injections for each
antibody. A 1:1 Langmuir binding model was used to fit all binding curves.

IL-2-antibody epitope characterization.

The anti-IL-2 antibody-binding epitopes were characterized on the basis of their ability to
competitively bind to IL-2 using an Octet QK384 system (ForteBio). Biotinylated IL-2 was
captured on streptavidin-coated biosensor tips and then incubated for 10 min with 25 nM
antibody 1, followed by 25 nM antibody 2 for a further 10 min. Sensor tips were regenerated
with low-pH buffer. The commercial antibodies MAB602 (R&D Systems) and 5344 (no.
555051 BD Pharmingen), which have been reported to compete with IL-2Ra and IL-2Rp
binding, respectively26:42 were used to further define the apparent epitope bins as
competitive with either IL-2Ra or IL-2Rp binding to IL-2.

IL-2—antibody complex receptor binding.

The ability of the antibodies to modify IL-2 binding to the IL-2 receptors IL-2Ra and
IL-2Rp was assessed using a Biacore T200 Instrument. Recombinant IL-2Ra and IL-2Rf
protein were biotin-labeled and captured on a Biacore streptavidin chip (GE Healthcare).
Experiments were performed at 25°C using a 10 pl min~1 flow rate in HBS-P buffer. I1L-2
(333 nM) was pre-incubated with IL-2-specific or isotype control 1gGs (1,000 nM) for at
least 20 min. IL-2-antibody complexes were injected over the receptor-coupled chip surface
for 60 s and allowed to dissociate for 20 min. Data were background-subtracted using the
adjacent control flow cell and buffer-alone injections. The response is reported as the
binding to IL-2Ra and IL-2R after 60 s as a percentage of the binding of two
representative clones, d1C7 and 16C3 in complex with IL-2, to IL-2Ra and IL-2Rp,
respectively.

Crystallization of the Fab 5111 complex with IL-2.

Antibody F5111 Fab was expressed by transient transfection in HEK293 cells and purified
by LambdaFabSelect chromatography (GE Life Sciences). F5111 Fab was mixed with a 1.5-
fold excess of IL-2, and the complex was purified by fast protein liquid chromatography on a
Superdex 200 column. The purified Fab—1L-2 complex was concentrated to 10 mg ml~1 as
measured at 280 nm using an extinction coefficient of 1.49 ml mg~ cm~1. The complex was
mixed with an equal volume of precipitant solution (100 mM sodium citrate, pH 5.0; 20%
polyethylene glycol 6000) and crystallized by sitting-drop vapor diffusion over a reservoir of
precipitant solution. Prismatic crystals formed within one week. Crystals were cryoprotected
by addition of glycerol to 30% (v/v), collected and rapidly cooled by plunging into liquid
nitrogen.
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Crystallographic data collection and refinement.

Diffraction data were collected at 100 K at the Advanced Light Source Beamline 8.2.1. The
crystals were indexed in space group £2; with unit-cell dimensions a=86.01 A, 5= 145.73
A, ¢=107.32 A and = 95.38°. A maximum resolution of 2.75 A was used for structure
solution and refinement. The structure was solved by molecular replacement using the
program Phaser4’. Search models included the heavy-chain constant domain from pdb entry
3U1S, the heavy-chain variable domain from 4NPY, the light-chain constant domain from
3N9G, the light-chain variable domain from 4HPO and 1L-2 from 2B5I (ref.%8). Four copies
of the Fab-IL-2 complex were modeled in the asymmetric unit. The structure was built by
iterative cycles of manual rebuilding and refinement using the programs Coot*® and
PHENIX0. Protein-protein interactions were analyzed by visual inspection in Coot and with
PISASL,

IL-2-induced pSTAT5 assay.

Splenocytes from C57BL/6 (B6) mice expressing GFP under control of the FoxP3 promoter
were collected, processed to a single-cell suspension and resuspended in RPMI 0.1% BSA.
Cells were rested at 37°C in a tissue culture incubator until the time of assay (1-2 h).

PBMCs were purified from human Trima residuals (Blood Centers of the Pacific) and
resuspended in RPMI 0.1% BSA. In some experiments, specific subpopulations were
purified using magnetic isolation kits (Stemcell Technologies). Cells were rested at 37°C in
a tissue culture incubator until the time of assay (1-2 h). PBMCs or splenocytes were plated
in a 96-well V-bottom plate, such that 1 million cells (or 50,000 purified subpopulations)
were in each well, in a volume of 50 pl (RPMI, 0.1% BSA). The plate was returned to the
37°C incubator to maintain the temperature. The antibody JES6-1A12 or anti-human IL-2
was pre-complexed with mouse or human IL-2, respectively, in RPMI 0.1% BSA for 1 h at
37°C at 2x the final concentration. IL-2 was tested at different concentrations: 33, 3.3, 0.33
and 0.03 nM in some experiments, and 33, 1.32 and 0.05 nM in others. An equal volume (50
ul) of 2x antibody—IL-2 complexes was added to wells, and the cells were cultured in the
37°C incubator for 40 min. Cells were fixed by the addition of 100 pl of IC fix buffer
(eBioscience). After 15 min of fixation, cells were washed and stored in FACS buffer (PBS
+ 0.2%BSA) until staining.

Assay plates were centrifuged to pellet cells, and permeabilization buffer 111 (BD
Biosciences) was used to resuspend cells, followed by 30 min incubation on ice. Cells were
washed 2x in FACS buffer, and stained with the following antibodies for PBMCs: anti-
human CD3 APC-ef780, CD4 PerCp-ef710, CD127 PE, CD8 FITC, CD25 PE-Cy7, FoxP3
ef660 and pSTATS Pacific Blue. For splenocytes, the following anti-mouse antibodies were
used: CD4 ef660 and CD8 PE-Cy7. pSTATS5 Pacific Blue was used for both mouse and
human cells. Data were collected on LSR Fortessa, and analyzed using FlowJo software.
Data are plotted as background-subtracted MFI, normalized to the maximum signal for each
cell type (IL-2 500 ng ml~1 + isotype). Background is defined as pSTATS MFI in non-
stimulated, but stained cells. Human Tegs are defined as CD3"CD8~
CD4*CD25MINCD127!°W. Mouse Tregs are defined as CD8~CD4*FoxP3.GFP* cells. All
FACs antibodies were used at a 1:50 dilution.
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In vitro PBMCs assay with F5111.2—-hlL-2.

Human PBMCs were plated (150,000 cells per well) in complete (penicillin/streptomycin,
sodium pyruvate and NEAA) RPMI containing 10% HS. Then, 2x IL-2-antibody complexes
were formed at 37°C, and added to cells. For assay of IL-2-induced protein expression, cells
were collected at 48 h and stained for flow cytometry analysis. For assay of IL-2-induced
protein expression following TCR stimulation, cells were stimulated at the time of culture
with soluble anti-CD3 (0.5 pg mI~1) and anti-CD28 (1 pg mi~1) and cells were collected on
day 5 of culture. FACs antibodies used include: CD49d BUV737, CD8 APC-H7, CD26 PE,
FoxP3 Al647, CD3 PE-Cy7, CD4 PerCp-ef710 and CD25 FITC. All FACs antibodies were
used at a 1:50 dilution.

NSG expansion model and human IL-2 complex treatment in vivo.

PBMCs were isolated from healthy donors by Ficoll and activated overnight with 12.5 ng ml
~1 anti-CD3 and 25 ng mI~1 anti-CD28. After an overnight incubation, cells were collected
and labeled with CTV (Life Technologies) at the concentration of 1 ul CTV per 10 x 108
cells. After the staining, the cells were extensively washed in PBS and resuspended at the
concentration of 30 x 106 cells in 200 pl of PBS. PBMCs were injected intravenously into
12-week-old NSG recipients. Antibody—IL-2 complexes were formed by incubating isotype
or anti-1L-2 antibody, at the concentrations indicated, with 8,000 U human IL-2 (Proleukin)
for 30 min at 37°C. The NSG mice injected with human PBMCs received an intraperitoneal
injection daily for five days of antibody—IL-2 complexes. Mice were pre-randomized for
study group.

Isolation of splenocytes and cell staining.

Mice were euthanized with CO, and splenocytes were collected and stained extracellularly
with anti-human CD45 V500, CD4 PerCp-Cy 5.5, CD3 PE-Cy7, CD3 Pacific Blue, CD25
APC-Cy7, CD39 PE-Cy7, CD8 APC-H7, Ki67 PE, NKG2D PE-Cy7 and CD44 V450, and
intracellularly with anti-human Helios FITC and FoxP3 APC. FoxP3 buffer kit
(eBioscience) was used for fixation and permeabilization, as per the manufacturer’s
instructions, before intracellular staining. Labeled antibodies were purchased from BD
PharMingen or eBioscience. Stained single-cell suspensions were analyzed using a Fortessa
flow cytometer running FACSDiva (BD Biosciences) and FSC 3.0 files were analyzed and
presented with FLOWJO Software.

In vitro suppression assay.

Twenty-two-week-old NOD mice were treated daily for five days with PBS, 8,000 U hiIL-2
(Proleukin) complexed with 125 g of the isotype or 125 ug of F5111.2. Spleens were
collected at day 7 and Tyegs and naive Tefts Were sorted. Tregs Were identified as
CD4*CD25*CD62L" cells while naive Tefts Were gated on CD4*CD25-CD62L*.
Monoclonal antibodies used for sorting were as follows: CD4 FITC, CD62L Al647 and
CD25 PE-Cy7.

The purity of Treqs Was assessed using intracellular staining with FoxP3 immediately after
sorting (>95%). Naive T were CTV-labeled as previously described. Antigen-presenting
cells (APCs) were irradiated at 2,000 total rads. Cells were all resuspended at the
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concentration of 1 x 10° cells mI~1 and 1 ug mI~1 of anti-CD3 (145-2C11) was added to the
culture. For each cell type, 5 x 10% cells were plated in triplicate in a 96-well U-bottom
plate. Different ratios of Tyeg/Ter Were used. s proliferation was assessed at day 4 by
analyzing CTV-positive cells and the percentage of suppression was calculated as:
Suppression (%) =100 - (proliferated cells/responders alone) x100. Data were analyzed with
FLOWJO software.

Cytokine staining in NOD mice after treatment.

Twenty-two-week-old NOD mice were treated daily for 5 days with 8,000 U hiIL-2
(Proleukin) complexed with 125 ug of the isotype or 125 ug of F5111.2. Spleens were
collected at day 7 and cells were stimulated with phorbol 12-myristate-13-acetate (10 ng ml
1), ionomycin (0.5 uM) and brefeldin A (3 ug mi~1) for 4 h. After stimulation, cells were
stained extracellularly with: Viability Dye UV, CD45 BUV 395, CD3 BUV737, CD4
BV605, CD8 APC-Cy7, CD25 PE-Cy7, CD39 PerCp-ef710, ICOS PerCp-Cy5.5, and
intracellularly with IFN-y ef450, IL-2 APC, CTLA-4 PE, IL-10 APC and FoxP3 FITC.

Cytokine staining in NSG mice after treatment.

PBMCs were isolated from healthy donors by Ficoll and activated overnight with 12.5 ng ml
~Lanti-CD3 and 25 ng ml~1 anti-CD28. After an overnight incubation, cells were collected
and resuspended at the concentration of 30 x 10 cells in 200 pl of PBS. PBMCs were
injected intravenously into 12-week-old NSG recipients. Mice were treated daily for 5 days
with PBS, 25,000 U hIL-2 (Proleukin), 8,000 U hlL-2 complexed with 25 pug of the isotype
or 25 pg of F5111.2. Spleens were collected at day 5 and cells were stimulated with phorbol
12-myristate-13-acetate (10 ng mI~1), ionomycin (0.5 uM) and brefeldin A (3 pgml~1) for 4
h. After stimulation, cells were stained extracellularly with: Viability Dye UV (Invitrogen),
CD45 V500, CD4 BUV395, NKG2D PE-Cy7, CD8 PerCp-ef710, CD107a PE, CXCR3
PerCp-Cy5.5, CCR6 PE- Cy7, CCR4 BV786, and intracellularly with: Helios FITC, FoxP3
APC, CTLA4 PE- Cy7, IL-10 PE, IL-2 BV650, IFNy V450, granzyme B A1647,ROR~y
Al488, IL-17A BV786, Thet PE, IL-4 APC-Cy7 and GATA3 Al647.

Diabetes remission following treatment with antibody-IL-2 complexes.

Spontaneous new-onset diabetic NOD mice (14-24-week-old mice with one blood glucose
concentration between 250 and 350 mg dI~1) were treated daily for 5 days with 8,000 U
hIL-2 (Proleukin) complexed with 125 pg of the isotype or 125 pg of F5111.2, or with 0.5
ug miL-2 (eBioscience) complexed with 5 ug of JES6-1 (eBioscience). Blood glucose
concentrations were monitored over time.

After one week of remission, some mice were euthanized and the pancreas was analyzed.
Whole pancreas was prepared by digesting for 30 min at 37°C with 0.8 mg ml~1 collagenase
P and 20 pg mI~1 DNase (Roche) followed by mincing. After digestion, the homogenate was
filtered twice by using a 40 um cell strainer and stained extracellularly with CD45 PerCp-
Cy5.5, CD25 PE, CD4 PE-Cy7, CD8 Al647 and Thy1.2 BV605 and intracellularly with
FoxP3 FITC. Stained single-cell suspensions were analyzed and presented with FLOWJO
software. Mice were pre-randomized for study group.
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Induction of EAE and antibody-IL-2 complex treatment.

C57BL/6 mice at 8 weeks of age were immunized subcutaneously with 100 pl of emulsified
CFA (BD Difco) supplemented with 4 mg mI=1 Mycobacterium tuberculosis H37Ra (BD
Difco) and 200 pg MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK, Genemed
Synthesis) and received intraperitoneal injections of 200 ng pertussis toxin from Bordetella
pertussis (Sigma Aldrich) at the time of immunization and 48 h later. Disease score was
assessed by the scoring of ascending hind-limb paralysis as follows: no signs, score 0;
flaccid tail, score 1; hind-limb weakness, score 2; partial hind-limb paralysis, score 3;
complete hind-limb paralysis, score 4; and moribund mouse, score 540. Mice received an
intraperitoneal injection for 5 consecutive days of PBS, 25,000 U of hlL-2 (Proleukin) pre-
complexed with 50 pg of the isotype or F5111.2 for 30 min at 37 °C.

Xeno-GvHD model in NSG mice.

NSG recipient mice (14- to 15- week-old) received an intravenous injection of 30 x 106
PBMCs that had been activated overnight with 12.5 ng ml~1 anti-CD3 and 25 ng mI~1 anti-
CD28. The mice received an intraperitoneal injection for 5 consecutive days of PBS, 25,000
U of hIL-2 (Proleukin) and 8,000 U of hiL-2 pre-complexed with 25 pug of the isotype or
F5111.2 for 30 min at 37 °C. Mice were monitored for weight loss and survival for 40 days.
Body weight loss higher than 25% of initial weight resulted in euthanasia.

MCMYV infection.

C57BL/6 mice at 8 weeks of age were infected with 103 pfu of the MCMV Smith strain
derived from mouse salivary gland tissue by intraperitoneal injection. For MCMV
quantification, DNA was isolated from splenocytes with a ReliaPrep Blood gDNA Miniprep
System kit (Promega), and the relative copy numbers of MCMV IE1 were determined by
quantitative PCR analysis with SYBR green master mix reagent (Invitrogen). Viral titers
were recorded as copies per milligram of spleen. Quantitative PCRS run using standard
conditions and the following primer pair: MCMV-IE1_Forward— 5’-
AGCCACCAACATTGACCACGCAC-3’ and MCMV-IE1_Reverse— 5’-
GCCCCAACCAGGACA CACAACTC-3". splenocytes were stained extracellularly with
Viability Dye UV, Ly49H PE, NK1.1 PerCp-Cy5.5, NKG2D PE, NKG2D APC, CD4 ef450,
CD3 BUV737, CD4 BV605, CD8 APC-Cy7 and CD25 PE-Cy7 and intracellularly with
FoxP3 FITC. Stained single-cell suspensions were analyzed and presented with FLOWJO
software. Mice were pre-randomized for study group.

Antibodies used for flow cytometry experiments.

The following antibodies were used when staining human cells: CD45 V500 (clone HI30,
BD Biosciences, no. 560777, lot no. 4164991, 1:50), CD4 BUV395 (clone SK3, BD
Biosciences, no. 564724, lot no. 7138963, 1:75), NKG2D PE-Cy7 (clone 1D11, BD
Biosciences, no. 562365, lot no. B181349, 1:50), CD8 PerCp-ef710 (clone SK1,
eBioscience, no. 46-0087-42, lot no. 4312449, 1:75), CD107a PE (clone H4A3, BD
Biosciences, no. 555801, lot no. 3303846, 1:25), CXCR3 PerCp-Cy5.5 (clone GO25H7,
Biolegend, no. 353714, lot no. B186023, 1:50), CCR6 PE-Cy7 (clone 11A9, BD
Biosciences, no. 560620, lot no. 7117549, 1:25), CCR4 BV786 (clone 1G1, BD
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Biosciences, no. 744141, lot no. 7165530, 1:25), Helios FITC (clone 22F6, Biolegend, no.
137214, lot no. B220728, 1:25), FoxP3 APC (clone 236 A/E7, eBioscience, no. 17-4777 -
42 lot no. 4289565, 1:25), CTLA4 PE-Cy7 (clone BNI3, Biolegend, no. 369613, lot no.
B240087, 1:200), IL-10 PE (clone JES3-9D7, eBioscience, no. 12-7108-82, lot no.
4300423, 1:25), IL-2 BV650 (clone 5344.111, BD Biosciences, no. 563467, lot no. 563467,
1:50), IFN-y V450 (clone B27, BD Biosciences, no. 560372, lot no. 6105971, 1:50),
granzyme B Al647 (clone GB11, Biolegend, no. 515405, lot no. B197353, 1:50), RORy
A1488 (clone Q21-559, BD Biosciences, no. 563621, lot no. 7104745, 1:50), IL-17A
BV786 (clone N49-653, BD Biosciences, no. 563745, lot no. 7047992, 1:50), Thet PE
(clone O4-46, BD Biosciences, no. 561268, lot no. 6357734, 1.:25), IL-4 APC-Cy7 (clone
MP4-25D2, Biolegend, no. 500833, lot no. B216896, 1:50), GATA3 A1647 (clone
16E10A23, Biolegend, no. 653809, lot no. B229073, 1:25), CD4 PerCp-Cy 5.5 (clone RPA-
T4, BD Biosciences, no. 560650, lot no. 5079644, 1:50), CD3 PE-Cy7 (clone UCHT1,
eBioscience no. 25-0038-42, lot no. E09903-1632, 1:50), CD3 Pacific Blue (clone HIT3a,
Biolegend lot no. B167782, 1:50), CD25 APC-Cy7 (clone M-A251, BD Biosciences, no.
561782, lot no. 4341633, 1:50), CD39 PE-Cy7 (clone Al, Biolegend, no. 328211, lot no.
B179621, 1:50), CD8 APC-H7 (clone SK1, BD Biosciences, no. 560273, lot no. 5322835,
1:50), Ki67 PE (clone Ki-67, Biolegend, no. 350503, lot no. B180057, 1:50), CD44 V450
(clone G44-26, BD Biosciences, no. 561292, 1:50), CD25 FITC (clone 2A3, BD
Biosciences, no. 347643, lot no. 3109585, 1:50), CD25 PE (clone 2A3, BD Biosciences, no.
341009, lot no. 4287539, 1:50), Helios PE (clone 22F6, Biolegend, no. 137206, lot no.
B167503, 1:25), CD49d BUV737 (clone 9F10, BD Biosciences, no. 565296, lot no.
7170988, 1:50), CD26 PE (clone M-A261, BD Biosciences, no. 565158, lot no. 6084564,
1:50), FoxP3 A1647 (clone 236 A/E7, BD Biosciences, no. 561184, lot no. 6008731, 1:50),
CD4 PerCp-ef710 (eBiosciences, no. 9046-0047 lot no. E1085-1634, 1:50), CD25 FITC
(clone 7G7B6, Ancell, no. 174-040, lot no. 160808, 1:50), CD3 APC-ef780 (clone UCHT1,
eBioscience, no. 47-0038, lot no. 4306345, 1:50), CD4 PerCp-ef710 (clone SK3,
eBioscience, no. 46-0047, lot no. E1085-1634, 1:50), CD127 PE (clone eBioRDR5,
eBioscience, no. 12-1278, lot no. 4324680, 1:50), CD8 FITC (clone HIT8a, BD
Biosciences, no. 555634, lot no. 6195899, 1:50), CD25 PE-Cy7 (clone 2A3, BD
Biosciences, no. 335807, lot no. 6347910, 1:50), FoxP3 ef660 (clone 236 A/E7,
eBiosciences, no. 50-4777, lot no. E15615-102, 1:50) and pSTAT5 Pacific Blue (clone 47/
Stat5(pY694), BD Biosciences, no. 560311, lot no. 7199791, 1:50).

The following antibodies were used when staining mouse cells: CD45 BUV 395 (clone 30-
F11, BD Biosciences, no. 565967, lot no. 7317755, 1:500), CD3 BUV737 (clone 17A2, BD
Biosciences, no. 564380, lot no. 7325647, 1:100), CD4 BV605 (clone RM4-5, Biolegend,
no. 100547, lot no. B244808, 1:200), CD8 APC-Cy7 (clone 53-6.7, Biolegend, no. 100713,
lot no. 7025872, 1:200), CD25 PE-Cy7 (clone PC61.5, eBioscience, no. 25-0251-82, lot no.
4323751, 1:100), CD39 PerCp-ef710 (clone 24DMS1, eBioscience, no. 46-0391-82, lot no.
E13806-1634, 1:200), ICOS PerCp-Cy5.5 (clone C398.4 A, Biolegend, no. 313517, lot no.
B237032, 1:100), IFN+y ef450 (clone XMG-1.2, eBioscience, no. 48-7311-82, lot no.
E10946-1634, 1:200), IL-2 APC (clone JES6-5H4, eBioscience, no. 17-7021-82, lot no.
4277774, 1:200), CTLA-4 PE (clone UC10-4F10-11, BD Biosciences, no. 561718, lot no.
5104610, 1:400), IL-10 APC (clone JES5-16E3, eBioscience, no. 17-7101-82, lot no.
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4300020, 1:50), FoxP3 FITC (clone FIJK-16s, eBioscience, no. 11-5773-82, lot no.
4307321, 1:100), CD4 FITC (clone GK1.5, eBioscience, no. 11-0041-82, lot no. B245891,
1:200), CD62L Al647 (clone MEL-14, UCSF Antibody Core, lot no. MC13106, 1:200),
CDA45 PerCp-Cy5.5 (clone 30-F11, eBioscience, no. 45-0451-82, lot no. B169995, 1:200),
CD25 PE (clone PC61.5, eBioscience, no. 12-0251-82, lot no. E01155-1633, 1:200), CD4
PE-Cy7 (clone RMA-5, eBioscience, no. 25-0042-82, lot no. E07503-1631, 1:200), CD8
Al647 (clone YTS169.4, UCSF Antibody Core, lot no. MC09033, 1:200), Thy1.2 BV605
(clone 53-2.1, Biolegend, no. 140317, lot no. B179968, 1:400), Ly49H PE (clone 3D10,
Biolegend, no. 144705, lot no. B160455, 1:100), NK1.1 PerCp-Cy5.5 (clone PK136,
Biolegend, no. 108727, lot no. B168826, 1:100), NKG2D PE (clone CX5, eBioscience, no.
12-5882-82, lot no. E01869-1634, 1:100), NKG2D APC (clone CX5, Biolegend, no.
130211, lot no. B147572, 1:100), CD4 ef660 (clone GK1.5, eBioscience, no. 50-0041, lot
no. E12184-1635, 1:50), CD8 PE-Cy7 (clone 53-6.7, eBioscience, no. 25-0081, lot no.
4189800, 1:50) and pSTATS Pacific Blue (clone 47/Stat5(pY694), BD Biosciences, no.
560311, lot no. 7199791, 1:50).

Study approval.

Research was conducted on human blood acquired in accordance with all applicable Pfizer
policies, including IRB/IEC approval. All procedures performed on these animals were in
accordance with regulations and established guidelines and were reviewed and approved by
a UCSF Institutional Animal Care and Use Committee or through an ethical review process.
All healthy donors were included in the analysis. No exclusion, inclusion or blinding criteria
were used for samples used for in vitro assay or animal studies.

Statistical analysis.

All statistical calculations were performed using GraphPad Prism. For in vitro experiments,
Pvalues were determined using one-way analysis of variance (ANOVA; Dunnett’s multiple
comparison) or two-tailed paired Student’s #test where indicated. Data are presented as the
mean + s.d. of duplicate wells, except for Fig. 2¢,d, where multiple IL-2 concentrations were
tested in parallel, the experiment size required singlicate wells, and are representative of at
least three donors. For in vivo experiments, Pvalues were determined using either one-way
ANOVA (Dunnett’s multiple comparison), two-way ANOVA (Dunnett’s multiple
comparison), two-tailed unpaired Student’s ~test or the Mantel-Cox test. Mouse studies
included at least four mice per group and the results were presented as the mean + s.d. Data
are representative of at least two independent experiments unless otherwise noted. *P< 0.05,
**Pp<0.01, ***P<0.001, ****P< 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1 |. Characterization of human anti-1L-2 antibodies with different receptor inhibition and

human Tyeg PSTATS signaling profiles.

a, Schematic of IL-2Rp- and a-blocker anti-IL-2 antibodies, and SPR kinetic binding
analysis of the antibody-IL-2 interactions. Antibodies were grouped into epitope bins on the
basis of their ability to block binding of IL-2 to IL-2Ra. (group 1) and IL-2Rf (group 2),
and partial inhibition of IL-2Ra/full inhibition of IL-2RB (group 3). b, SPR analysis of
antibody-IL-2 complexes binding to the a (left) and p (right) subunits of the IL-2 receptor.
The data are shown as a percentage of the control: 16C3 for IL-2Rp binding and d1C7 for
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the IL-2Ra binding. ¢, STAT5 phosphorylation response of human Tiegs to anti-hIL-2
antibodies belonging to epitope bin groups 1, 2 and 3. Serial dilutions of antibodies in
complex with 0.05nM hlIL-2 were used. Left, a single donor representative of four is shown
(mean of duplicate wells). Right, responses from four donors are shown for a single antibody
concentration (2nM antibody). Each symbol represents an individual donor, the bars indicate
the mean and the error bars represent standard deviation. The P values shown were
determined by one-way ANOVA (Dunnett’s multiple-comparison test compared with the
isotype control).

Nat Med. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Trotta et al.

[Antibody] nM

[Antibody] nM

Fig. 2 |. Identification of a novel anti-human IL-2 antibody that inhibits effector T cell responses
to IL-2 but does not block Tyeg pSTATS.

a, Kinetic binding analysis of affinity-matured variants of 16C3 and F5111. b, Serial
dilutions of anti-hIL-2 antibodies in complex with 0.05nM of hlL-2 were assessed on the
basis of STAT5 phosphorylation responses of human Tyegs to increasing affinities of 16C3
(Group 1) and F5111 (Group 3). A single donor, representative of four individuals, is shown
on the left (mean of duplicate wells). Right, responses from the four donors are shown for a
single antibody concentration (2 nM antibody). Each symbol represents an individual donor,
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the bars indicate the mean and the error bars represent standard deviation. The Pvalues
shown were determined by one-way ANOVA (Dunnett’s multiple-comparison test compared
with the isotype control). ¢, STAT5 phosphorylation of total CD8 versus CD25* CD8 cells in
response to anti-hlL-2 antibodies from different epitopes bins. Serial dilutions of anti-hIL-2
antibodies in complex with two different concentrations of hlL-2 (0.05 nM and 33 nM) were
used. Data are representative of four individual donors. d, STAT5 phosphorylation responses
of human Tyegs, CD8" T cells and Tony cells to serial dilutions of F5111.2 in complex with
four different concentrations of hIL-2. Data are representative of two individual donors. A
similar experiment, with three concentrations of IL-2 (33, 1.32 and 0.05 nM IL-2), was
performed on ten individual donors, and results are comparable. For b and d, Tyegs were
identified by gating on CD3*CD4*CD25MINCD127!oW cells.
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Fig. 3]. Antibody F5111.2 inhibits upregulation of IL-2-induced proteins in CD8™ T cells but not
Tregs in vitro.

a, IL-2-inducible protein expression on Tregs and CD8+ T cells with serial dilutions of
F5111.2 in complex with three different concentrations of hiL-2 (0.05 nM, 1.3 nM and 33
nM) for 48 h. Isotype- matched antibody was used as a control. Representative results from
one of four experiments are shown, with data presented as the mean of duplicates of cell
culture wells. b, Dose response of CD25 and FoxP3 expression on Tyeg, Teony and CD8 cells
following expansion of human PBMCs in the presence of hiL-2 (5 ngml™1)-F5111.2
complexes for five days. Representative results from one of five experiments are shown. The
symbol is plotted at the mean of triplicate wells, with the error bars representing standard
deviation. ¢, CD25 and FoxP3 expression on Tyeg, Teony and CD8 cells following TCR
stimulation of human PBMCs in the presence of F5111.2-hIL-2 complex for five days. The
amount of F5111.2 used was 125nM in complex with 5 ng mI~1 (0.33 nM) of hIL-2. Five
different donors are represented. The P values shown were determined by a two-tailed paired
Student’s #test and 95% confidence intervals.
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Fig. 4 |. The IL-2-F5111 complex structure reveals that the F5111 Fab obstructs the IL-2Rp-
binding site on IL-2.

a, The IL-2-F5111 complex superimposed on the IL-2-receptor quaternary complex (PDB
code 2B5I) shows steric obstruction of IL-2Rp by the Fab. The F5111 heavy chain (HC;
green) and light chain (LC; cyan) and IL-2 (orange) are shown in surface representation.
CD25 (yellow), IL-2Rp (blue) and y. (magenta) are shown as ribbons. b, IL-2 (surface
representation) complexed with F5111 (ribbons) is shown, highlighting the binding sites on
IL-2 for the IL-2 receptor complex. ¢, A ‘top-down’ view comparison of the IL-2
conformations in the IL-2-F5111 complex (orange) and the IL-2-receptor quaternary
complex (PDB code 2B5I, olive-yellow) shows that the position of the IL-2 A-B loop in the
IL-2-F5111 complex is incompatible with CD25 binding. IL-2 is shown as a ribbon while
CD25 is shown in surface representation. d, High-resolution depiction of c. The IL-2
residues in the IL-2-F5111 complex that would conflict with CD25 are highlighted in red.
The arrows illustrate movements of the A-B and B-C loops induced by F5111 binding. VH,
heavy-chain variable domain; VL, light-chain variable domain.
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Fig. 5 |. The F5111.2-h1L-2 complex preferentially increases Tyegs in an in vivo NSG expansion

model.

a, NSG expansion model. Human PBMCs were activated with polyclonal stimulation
overnight, and injected into 12-week-old NSG mice. The mice received five consecutive
days of F5111.2-hIL-2 complex treatment. CD25 expression (MFI) on human Teony, Tregs
and CD8* T cells before injection at day 0. b, Gating strategy, Treg percentage in response to
different doses of F5111.2-hIL-2 complex; Teony, CD8 and Tieq total cell number. ¢, Treg/
Teonv and Tyeg/CD8 ratio after treatment with different doses of F5111.2 (0.2, 1, 5, 25 and
125 pg) and the isotype (125ug) in complex with 8,000 U (~0.49ug) hiL-2. Representative
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histograms show CellTrace Violet (CTV) dilutions of Tyeg and CD8 in response to F5111.2-
hIL-2 complex (black line) compared to the isotype control (gray line). d, CD25 and FoxP3
MFI on Tyegs and CD8 in response to different doses of F5111.2-hIL-2 complex.
Representative histograms show CD25 and FoxP3 MFI on Tyegs and CD8 in response to the
isotype (gray line) and the F5111.2-hIL-2 complex (black line). For a-d, the experiment was
repeated three times with similar results. One of three similar experiments is shown, with
data presented as the meanz s.d. of six mice per group. The Pvalues shown were determined
by one-way ANOVA (Dunnett’s multiple-comparison test). */<0.05, **/<0.01, *** /A<
0.001, ****£<0.0001.
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Fig. 6 |. The F5111.2-h1L-2 complex increases the Tygq proportion and reinforces the Tyeg
phenotype in inflamed pancreas leading to diabetes remission in NOD mice.

a, The gating strategy and percentage of Tyegs in the pancreas of new onset diabetic NOD
mice treated with the isotype (125 pg) or F5111.2 (125 pg) in complex with 8,000 U hIL-2
for 5 consecutive days at disease onset. Treqs Were identified gating on
CD45*CD4*CD25*FoxP3* cells. Representative histograms show CD25 expression on
FoxP3* Tregs in response to the isotype (gray line) or F5111.2-hIL-2 (black line) complex
treatment. b, Bar graphs summarizing the percentage of Tregs, CD8 and Tcony and CD25
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expression on Tregs, CD8 and Teony. The data are presented as the meanzs.d. of four mice
per group. The Pvalues shown were determined by unpaired two-tailed f-test. ¢, Blood
glucose concentrations of new onset diabetic NOD mice treated with the isotype (left),
F5111.2-hIL-2 (center) and JES6-1-mIL-2 complex (right). The 250 mgdI~1 blood glucose
value is indicated by a dashed black line. The age of treatment onset was 14+ 24 weeks;
percentage of diabetic mice plotted. The P values shown were determined by two-way
ANOVA (Dunnett’s test). */<0.05, **P<0.01, ***F< 0.001. d, Disease score of EAE in B6
mice treated with PBS, 25,000 IU IL-2 in complex with 50 pug of the isotype or 50 ug of
F5111.2. e, Cumulative incidence of mice reaching clinical score 4. The data are
representative of two independent experiments. The Pvalues shown were determined by
one-way ANOVA (Dunnett’s test). f, Recipient NSG mice were grafted with 30x10°
activated PBMCs and treated with daily injections of PBS, 25,000 IU hIL-2, 25 pg of
F5111.2 or the isotype in complex with 8,000 U hlL-2 for five consecutive days. g, Weight
curves and Kaplan-Meier survival curves of the grafted mice. The data are presented as the
meanz s.d. of five mice per group. The Pvalues shown were determined by Mantel-Cox test.
*P<0.05, **F<0.01, ***P<0.001.
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