IL-7 Engages Multiple Mechanisms
to Overcome Chronic Viral Infection
and Limit Organ Pathology
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SUMMARY

Understanding the factors that impede immune
responses to persistent viruses is essential in
designing therapies for HIV infection. Mice infected
with LCMV clone-13 have persistent high-level
viremia and a dysfunctional immune response. Inter-
leukin-7, a cytokine that is critical for immune devel-
opment and homeostasis, was used here to promote
immunity toward clone-13, enabling elucidation of
the inhibitory pathways underlying impaired antiviral
immune response. Mechanistically, IL-7 downregu-
lated a critical repressor of cytokine signaling,
Socs3, resulting in amplified cytokine production,
increased T cell effector function and numbers, and
viral clearance. IL-7 enhanced thymic output to
expand the naive T cell pool, including T cells that
were not LCMV specific. Additionally, IL-7 promoted
production of cytoprotective IL-22 that abrogated
liver pathology. The IL-7-mediated effects were
dependent on endogenous IL-6. These attributes of
IL-7 have profound implications for its use as a thera-
peutic in the treatment of chronic viral diseases.

INTRODUCTION

Much attention has focused on modulating immune responses in
an attempt to promote clearance of chronic viral infections. This

is particularly relevant to human immunodeficiency virus (HIV)
infections in which the immune system fails to clear virus and
eventually succumbs to uncontrolled viral turnover (Day et al.,
2006; Klenerman and Hill, 2005). Understanding the mecha-
nisms that circumvent immune responses in cases of over-
whelming viral replication and antigen expression underlies any
rational attempt to augment immunity in HIV infection.
Lymphocytic chorimeningitis virus (LCMV) variant clone 13
establishes a chronic infection in mice with high viral turnover,
hence mimicking the massive viral antigen levels associated
with HIV infection in humans (Wherry et al., 2003). Clone 13
infection has served as a powerful tool in characterizing the
dysfunctional immune response associated with chronic
viremia, and numerous parallels with HIV, HCV, and HBYV infec-
tion have been described (reviewed in Wilson and Brooks
[2010]). In contrast to clone 13, LCMV Armstrong causes an
acute infection in C57BI/6 mice, and the immune response
differs significantly from clone 13 infection both in magnitude
and also in the specificity of the responding immunodominant
CD8 T cell clones (Wherry et al., 2003). In Armstrong infection,
the most prominent and highest-affinity CD8 T cell response is
directed against the dominant nucleoprotein NP396 epitope, fol-
lowed by the glycopeptide GP33 epitope and then by GP276.
Clone 13 infection is characterized by a deletion of the high-
affinity NP396 clones and potentially a functional defect in the
remaining LCMV-specific T cells clones (Wherry et al., 2003).
Similar phenotypic and functional disturbances have been
described in T cells of HIV-infected humans (Day et al., 2006).
Several host inhibitory pathways, which may circumvent
effective immune responses, have been identified in mice that
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are chronically infected with LCMV clone 13 (Barber et al., 2006;
Brooks et al., 2006; Ejrnaes et al., 2006; Matter et al., 2006). We
hypothesized that nonredundant cytokines involved in homeo-
static proliferation, and therefore apt at overcoming inhibitory
networks that naturally limit expansion, would offer the most
promise in promoting immune responses. IL-7 is unique for its
critical and nonredundant role in immune development and
homeostasis and therefore is a prime candidate for use as an
immunotherapeutic to overcome immune inhibitory networks in
chronic active infections. Indeed, IL-7 offers significant thera-
peutic promise (Levy et al., 2009; Sereti et al., 2009; Sportes
et al., 2008). It has been used in several nonhuman primate SIV
infection models that have demonstrated its diverse immunolog-
ical effects (Beq et al., 2006; Fry et al., 2003; Nugeyre et al.,
2003). However, the efficacy of IL-7 in promoting viral clearance
has not been fully explored. Importantly, the ability of IL-7 to
antagonize immune inhibitory networks and the mechanism
underlying its immune modulatory actions remains an area of
active investigation. Such knowledge holds the potential to illu-
minate points for rational therapeutic intervention.

In this study, administration of recombinant human IL-7 to
mice that are chronically infected with clone 13 increased the
magnitude of the immune response with rescue of the NP396-
specific T cell clones. It increased the size of the naive T cell
pool, including T cell clones directed against non-LCMV specific
epitopes, in part by increasing thymic output. LCMV clone
13-specific T cells showed enhanced degranulation kinetics
and cytokine production with IL-7 therapy, resulting in effective
viral clearance and a downregulation of PD-1 on effector
T cells. In addition, IL-7 promoted a cytokine milieu favoring
immune activation and production of the cytoprotective cytokine
IL-22, thus limiting hepatotoxicity. At the molecular level, IL-7
downregulated suppressor of cytokine signaling 3 (Socs3)
expression in T cells. This was mediated by suppression of
FoxO transcription factors. We show that conditional deficiency
of Socs3in T cells replicates aspects of the IL-7-induced pheno-
type in mice that are infected with LCMV clone 13. These findings
have major implications for our understanding of chronic viremia
and the therapeutic use of IL-7.

RESULTS

IL-7 Increases Antiviral T Effector Responses and Organ
Infiltration in Clone 13 Infection

Clone 13-infected mice were treated with IL-7 or PBS
commencing 8 days after infection, when chronicity had been
established. After 3 weeks of IL-7 therapy, the total number of
splenic CD8 and CD4 T cells was increased 11- and 5-fold,
respectively, compared to PBS control animals (Figure 1A).
IL-7 treatment did not alter the number of granulocytes, macro-
phages, or dendritic cells (DCs) compared to controls. A
dramatic 10- to 25-fold increase in virus-specific CD8 T cells
recognizing GP276 and GP33, respectively, was observed in
IL-7-treated mice compared to controls (Figure 1B). An equally
robust 10-fold increase in NP396-specific T cells, which repre-
sented a very small proportion of virus-specific cells in control
animals, was also observed (Figure 1B). The increase in splenic
CD8 and CD4 T cell numbers and virus-specific T cells tracked
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with an equivalent increase in liver, kidney, brain, and lung infil-
tration by lymphocytes and virus-specific T cells (Figures 1C
and 1D and data not shown). Therefore, IL-7 is able to expand
and rescue T cell numbers, including CD8 T cell clones that
are normally deleted in clone 13 infection, resulting in efficient
lymphocyte infiltration into infected organs.

Enhanced Function of Virus-Specific T Cells,

Viral Clearance, and Downregulation of PD-1

with IL-7 Treatment

To verify that the large increase in clone 13-specific T cells in
IL-7-treated animals translated to a functional gain, we exam-
ined their ex vivo capacity to degranulate and produce cyto-
kines. We observed a 2-fold increase in the proportion of clone
13-specific CD8 T cells in IL-7-treated animals at day 29 postin-
fection that were able to produce cytokines and degranulate in
restimulation assays compared to controls (Figure 2A). This
translates to a massive 30- to 50-fold increase in the number
of functional GP33-specific splenic CD8 T cells in IL-7-treated
animals compared to controls (Figure 2A). Similarly, the propor-
tion of clone 13-specific CD4 T cells recognizing GP61 that
produce both IFNy and IL-2 was 4-fold higher in IL-7-treated
animals compared to controls (Figure 2B). This translates to
a 20-fold increase in the absolute number of functional CD4
T cells recognizing GP61 in the spleens of IL-7-treated animals
(Figure 2B). These results highlight the potent effects of IL-7
treatment on the total number of functional CD8 and CD4
virus-specific T cells in a model of chronic infection.

Recently, high PD-1 levels on T cells from clone 13-infected
animals have been shown to correlate with a dysfunctional
phenotype (Barber et al., 2006). We thus examined the level of
PD-1 expression on both CD8 and CD4 T cells from IL-7- and
PBS-treated animals and observed lower levels of PD-1 on
both CD8 and CD4 T cells expressing this receptor, and hence
activated by antigen, in IL-7-treated animals compared to
controls (Figures 2C and 2D). Furthermore, an acute activation
marker, CD69, was downregulated on PD-1-expressing T cells
from IL-7-treated animals (Figures 2C and 2D). Collectively,
these data indicate that clone 13-specific CD4 and CD8 T cells
in IL-7-treated mice begin to lose their activation phenotype by
day 29 after 3 weeks of therapy, most likely due to viral clearance.
Indeed, IL-7 treatment facilitated viral clearance from spleen and
liver by days 22-29 postinfection and resulted in elimination of
virus from chronic reservoirs, including brain, lung, and kidney
between days 36 and day 60 (Figure 2E). Control animals were
not able to clear virus by the end of follow-up at day 60, consis-
tent with previous reports that have demonstrated long-term
chronicity in clone 13-infected mice (Wherry et al., 2003).

CD4 and CD8 T Cells, but Not B Cells, Are Required

for IL-7’s Capacity to Clear Virus

In addition to the expansion of activated T cells, IL-7 caused an
increase in B cell numbers in infected mice. However, propor-
tionally, T cells represented the largest increase in lymphocyte
numbers (Figure S1 available online and Figure 1A). To determine
which of the expanded lymphocyte populations may contribute
to enhanced clearance of virus, we depleted the various subsets
during the course of IL-7 therapy to maintain CD4 or CD8 T cell
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Figure 1. IL-7 Augments Antiviral Responses and Organ Infiltration in Chronic Clone 13 Infection

(A) The absolute number of cells was quantified in infected mice. The gray shaded bars indicate duration of IL-7 or PBS therapy. The experiment was repeated
three times, and data was pooled with error bars indicating SEM (n = 12 for each group and time).

(B) The absolute number of LCMV-specific CD8 T cells was quantified by tetramer staining. Data were obtained from four animals in each group and at each time
point. The experiment was repeated three times, and data were pooled with error bars indicating SEM (n = 12 for each group and time).

(C) Immunohistochemistry showing CD4 and CD8 infiltration in liver sections after 3 weeks of IL-7 or PBS therapy in clone 13-infected mice. These sections are

representative of more than 12 analyzed histological specimens.

(D) Number of infiltrating virus-specific CD8 T cells in livers of IL-7- or PBS-treated clone 13-infected animals after 3 weeks of therapy. Bars represent averages
with SEM from data obtained from six mice in each group. The experiment was repeated twice.

See also Figure S1.

numbers at the same level as PBS clone 13-infected control
mice (data not shown). Depletion of either CD4 or CD8 T cells
abrogated IL-7’s ability to clear virus (Figure S2).

Similarly, we depleted B cells with an anti-CD20 mAb (Uchida
et al., 2004) during the course of IL-7 treatment (Figure S2A).
Despite this depletion of B cells, the effects of IL-7 on viral clear-
ance were not diminished (Figure S2B). This is consistent with
previous studies showing that B cells play only minor roles in
modulating T cell responses in cases in which there is abundant
antigen (Bouaziz et al., 2007). Our data clearly demonstrate that

IL-7 exerts its effect on viral clearance through the modulation of
T cells rather than B cells. This has important implications in
translating IL-7 therapies to humans, as this cytokine does not
expand B cells in humans (Rosenberg et al., 2006).

IL-7 Expands Non-LCMV-Specific Naive T Cell Numbers
in Clone 13-Infected Mice

We observed that the majority of splenic CD8 T cells in clone
13-infected mice treated with IL-7 or PBS expressed high levels
of CD44 (Figure 3A and data not shown). We speculated that only
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Figure 2. IL-7 Therapy Enhances T Cell Func-
tion and Facilitates Viral Elimination with
Downregulation of PD-1 and Acute Activation
Markers on CD4 and CD8 T Cells

(A) Direct ex vivo degranulation (CD107a) and cyto-
kine production in virus-specific CD8 T cells during
clone 13 infection. Dot plots, gated on CD8 T cells,
are representative of 12 independent analyses per-
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a fraction of these cells were actually LCMV specific, and the
remainder were non-LCMV-specific naive T cells that were upre-
gulating CD44 in response to the inflammatory environment. This
was supported, in the case of IL-7-treated animals, by the fact
that only 15% of the expanded CD8 T cell population, most of
which are CD44" (data not shown) also expressed PD-1, which
represents an antigen-driven activation marker (Figure 3B). To
examine this further, we purified, phenotyped, and quantified
CD8 T cells recognizing non-LCMV-specific epitopes directed
against the SV40 large T antigen and the ovalbumin-derived
SIINFEKL epitope (using pooled SV40/ova tetramers). These
cells were expanded more than 14-fold in IL-7-treated animals
compared to controls, and in both cases, although to a greater
extent with IL-7 treatment, the levels of CD44 were upregulated
on these cells following clone 13 infection (Figure 3C). Consistent
with the fact that these cells were not activated by TCR trig-
gering, as opposed to GP33 virus-specific T cells, there was
minimal or no upregulation of PD-1 expression, hence indicating
their naive origins (Figure 3C). Collectively, these data support
the view that, in addition to expanding the number of activated
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analysis and log rank test.
See also Figure S2.

virus-specific CD8 T cells, IL-7 also greatly
expands the naive T cell pool, including
T cells recognizing nonviral-related epitopes
in chronically infected mice.
A similar finding has been reported with
the use of IL-7 in uninfected humans
(Sportes et al., 2008), but our data show that these effects are
eminently translatable to chronic viral infections. These findings
have important implications for the use of IL-7 in HIV-infected
patients in which T cells of many different specificities unrelated
to HIV also succumb to the disease (Li et al., 2005; Mattapallil
et al., 2005). It is unlikely that the expansion of naive T cells
contributes significantly to the clearance of virus in our model,
as IL-7 is administered at the peak of immune activation, and
its predominant effect is expansion of activated LCMV-specific
T cells (Figure 3B).

IL-7 Enhances Thymic Output during Chronic Viral
Infection to Expand the Naive T Cell Pool

The expanded naive T cell pool that we observed with IL-7
therapy may be a result of increased thymic output and/or
peripheral expansion. IL-7 is thought to mobilize recent thymic
emigrants from lymphoid tissues and promote thymic egress
(Chu et al., 2004; Sportes et al., 2008). However, there is no
detailed analysis of thymic and peripheral effects on recent
thymic emigrants in the setting of chronic viral infection. To
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Figure 3. IL-7 Expands the Naive T Cell Repertoire during Chronic Infection
(A) CD44 expression levels on both antigen-activated (PD-1"9") and naive CD8 T cells (PD-1"°") among total and LCMV-specific cells at the end of 3 weeks of PBS

therapy in LCMV-infected mice.

(B) The number of antigen-activated (PD-1"9") and naive (PD-1'°%) splenic CD8 T cells in IL-7- and PBS-treated clone 13-infected animals is shown. Gray shading
shows the duration of treatment, and points and bars represent averages with SEM from data obtained from nine mice in each group.

(C) Proportion and phenotype of SV40/ova-specific, non-LCMV-reactive CD8 T cells at day 22 postinfection after 2 weeks of IL-7 or PBS treatment. Histograms
and contour plots only show CD8*tetramer™ cells. As controls, CD8 T cells with LCMV specificities harvested from infected animals are shown (right), and nonviral
reactive SV40/ova-specific CD8 T cells from uninfected and untreated mice are shown on the left. Dot plots and histograms are representative of more than six
analyses performed on independent mice. Arrows indicate the average absolute number of SV40/ova-specific CD8 T cells (+ SEM) per mouse.

address this issue, we utilized Rag-GFP transgenic mice, which
express green fluorescent protein (GFP) under the control of the
rag2 gene locus (Yannoutsos et al., 2001; Yu et al., 1999). Single
positive cells in the thymus and those recently exiting the thymus
silence the rag gene locus, so GFP levels slowly decline with time
and with each division. We analyzed thymic subsets in clone
18-infected mice and found that, although the number of
double-negative thymocytes did not increase with IL-7

treatment, the number of both CD8 and CD4 single positive
thymocytes that were GFP bright increased ~3-fold (Figure 4A).
These GFP bright cells are most likely in situ derived thymic cells
rather than peripherally expanded recirculating cells, as the latter
should be GFP negative or dull. Notably, these GFP* cells have
lower levels of GFP than cells in the thymus of naive uninfected
controls and likely represent cells undergoing local thymic
cycling and expansion promoted by IL-7. Therefore, the increase
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negative (DN), CD4 positive, or CD8 positive as
indicated. Green represents data from infected
IL-7-treated animals, and blue represents data
from infected PBS-treated animals. Data were
collected from four animals in each group, and the
experiment was repeated twice.

(B) Numbers of recent thymic emigrants in the
periphery of naive uninfected mice. Dot plots and
histograms show the number of GFP* cells (rep-
resenting recent thymic emigrants in Rag-GFP
mice) in the periphery of uninfected mice treated
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in GFP bright CD8 and CD4 single positive thymocytes may
reflect a simple local thymic proliferation of newly generated
CD8 and CD4 thymocytes. However, it may also be possible
that enhanced thymopoiesis with de novo production of new
single positive cells may contribute to the increased number of
these cells in the thymus. Among the peripheral T cell population,
in both uninfected and clone 13-infected animals, IL-7 increased
the number of CD4 and CD8 single positive recent thymic
emigrants by 3- to 6-fold, respectively (Figures 4B and 4C).
These GFP* cells were CD44"°PD-1", indicating that they were
truly naive and recent emigrants to the periphery (Figure 4C).
These data show that IL-7 therapy in the setting of chronic infec-
tion can substantially expand the peripheral T cell pool both
through mechanisms of peripheral homeostasis and enhanced
thymic output.

IL-7 Augments IL-6, IL-12, IL-17, and IFNy Serum Levels
while Limiting TGF-$ Levels

We investigated the serum cytokine levels associated with
the increased numbers of lymphocytes in IL-7-treated clone
13-infected mice. We found that the levels of several proinflam-
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represents data from infected IL-7-treated
animals, and blue represents data from naive
PBS-treated animals. Asterisks represent p values
as indicated.

matory cytokines are greatly increased, particularly IL-6, IL-17,
and IFNy in IL-7-treated infected mice (Figure 5A). However,
there was a modest decrease in the levels of TGFp (Figure 5A).
The large increase in IL-17 serum levels likely reflects an
expansion of Th17 cells, which may be a consequence of an
IL-7-induced shift favoring IL-6 levels over TGFp and, in turn,
favoring Th17 over T regulatory (Treg) cell differentiation (Ogura
et al,, 2008; Zhou et al., 2008). Interestingly, we observed
a 2-fold increase in IL-10 serum levels at later time points during
IL-7 treatment compared to controls (Figure 5A). Previous work
suggests that IL-10 may abrogate immunity to chronic viruses,
but in the present study, this inhibitory effect is likely over-
shadowed by the 17- to 18-fold increase in proinflammatory
cytokines (Brooks et al., 2006; Ejrnaes et al., 2006). Despite
the dramatic increases in proinflammatory cytokines and the
heavy infiltration seen in organs of IL-7-treated animals (Fig-
ure 1C), we did not observe any significant immune-mediated
pathology such as hepatitis (Figure 5B). Collectively, these
data show that IL-7 promotes a proinflammatory milieu while
limiting cytotoxicity and decreasing the levels of the inhibitory
cytokine TGFp.
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times. Asterisks represent p values as indicated.
(B) Serum AST and ALT liver enzyme levels in
uninfected and infected mice treated with IL-7 or
PBS. Graphs represent averages and SD of data
collected from 12 mice in each group.

(C) Serum IL-22 levels in IL-7- and PBS-treated
clone 13-infected animals 21 days following
infection. Graphs represent averages and SEM of
. data collected from four mice in each group.

L7 [ (D) Serum AST levels in infected mice treated with
PBS or IL-7 after IL-22 neutralization. Mice were
infected with clone 13 and 8 days postinfection
treated with IL-7 or PBS. On day 21 postinfection,
IL-22-neutralizing mAb was administered, and
serum AST levels were determined the following
day. Graphs represent averages and SEM of data
obtained from four mice in each group. This
experiment was repeated twice.

See also Figure S3.
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liver pathology, we utilized anti-IL-22
mAb to neutralize the effect of this
cytokine. Neutralizing IL-22 caused
a significant hepatitis in [L-7-treated
clone 13-infected mice (Figure 5D). This
cytoprotective effect of IL-22 was not
evident in PBS-treated control animals
when |L-22 was neutralized (Figure 5D),
most likely due to the lack of hepatic infil-
tration and the poor cytokine response
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IL-7 Promotes IL-22-Mediated Cytoprotection

during Clone 13 Infection

As a marker of immune-mediated damage and bystander
pathology, we examined serum liver enzyme levels. Clone 13
causes a mild hepatitis, with an elevation of both serum aspar-
tate transaminase (AST) and alanine transaminase (ALT) 8 days
following infection. Compared to controls, IL-7 did not exacer-
bate liver disease, which resolved quickly in all animals (Fig-
ure 5B). IL-6 has been shown to protect hepatocytes from
T cell-mediated injury, and this cytokine is significantly upregu-
lated in IL-7-treated animals (Klein et al., 2005). IL-22 has also
been identified as a cytoprotective cytokine that limits hepato-
toxicity associated with ConA-induced cytokine storms (Ra-
daeva et al., 2004; Zenewicz et al., 2007). We found a 2-fold
increase in serum IL-22 levels in IL-7-treated mice compared
to PBS treatment in clone 13-infected animals (Figure 5C). To
determine whether the high levels of IL-22 in IL-7-treated clone
18-infected animals was responsible for the lack of significant

associated with chronically infected PBS
treated mice (Figure 1C and Figure 5A).
These data indicate that IL-7 is able to
limit its potential toxicity, which may be secondary to the
augmented cytokine responses, by enhancing IL-22-mediated
cytoprotection.

IL-22 is produced by Th17 cells (Zenewicz et al., 2007),
lymphoid tissue inducer cells (LTi), and a subset of LTi-like cells
in the gut that express the natural cytotoxic receptor NKp46
(reviewed in Colonna [2009]). To determine which cells were
contributing to the increase in IL-22, we first determined whether
this cytokine was locally produced in the liver. We found
that IL-22 levels were 4-fold higher in the liver than in serum of
IL-7-treated clone 13-infected mice (Figure S3A). This indicates
that there is an endogenous source of IL-22 production in
the liver. Major producers of IL-22 in the liver of IL-7-treated
clone 13-infected animals were CD4*CD3*TCRaB" T cells (Fig-
ure S3B and data not shown). Hence, conventional CD4
T cells, similar to those that secrete IL-17 (Figure S3B), are
a significant source of IL-22 in the liver of IL-7-treated clone
13-infected mice.
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Figure 6. IL-7 Decreases the Proportion of

IL-7 Limits T Regulatory Cell Numbers

in Clone 13 Infection

Reports have suggested that IL-7 renders effector cells refrac-
tory to the effects of T regulatory cells (Treg) (Pellegrini et al.,
2009; Ruprecht et al., 2005). We investigated the effects of
IL-7 on Treg physiology in the setting of chronic clone 13 infec-
tion. We found that the absolute number of Treg or Foxp3*CD4*
T cells was increased in the spleen of IL-7-treated clone
13-infected mice compared to controls. However, when
compared to the overall increase in T cell numbers, Treg were
dramatically underrepresented in IL-7-treated animals (Fig-
ure 6A-6D).

To determine the physiological relevance of Treg in the setting
of chronic infection, we utilized BAC-transgenic DEREG mice
that express a diphtheria toxin (DT) receptor-GFP fusion protein
under the control of the foxp3 gene locus (Lahl et al., 2007). This
allowed us to follow and selectively deplete Foxp3* Treg cells by
DT injection. We were able to efficiently delete GFP* cells
without overt adverse effect on the animals (data not shown).
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Clone 13-infected mice treated with PBS did not show any
significant differences in absolute T cell numbers or GP- or
NP-specific T cell numbers after Treg depletion (Figure 6E). Inter-
estingly, IL-7-treated animals showed a 2- to 3-fold increase in
the numbers of CD8-, CD4-, GP-, and NP-specific T cells,
whereas B cell numbers were not affected after Treg depletion
(Figure 6E). In all animals, the depletion of Treg did not cause
short-term immune-mediated pathology, as liver function tests
did not become elevated after depletion (Figure 6F). These
data suggest that, at least in the short term, Treg do not impede
an immune response in chronic clone 13 infection. However,
Treg do partially abrogate IL-7’s ability to expand T cells, but
notably, viral titers in both IL-7- and PBS-treated animals were
not altered in the absence of Treg (data not shown). Because
previous experiments have shown that IL-7 renders T effector
cells refractory to the inhibitory effects of Treg (Pellegrini et al.,
2009; Ruprecht et al., 2005), we postulated that the increase in
T cell numbers observed only in IL-7-treated animals was
perhaps due to the consumption of IL-2 by Treg (Pandiyan
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5 days. Direct ex vivo western blot analysis was
performed for Socs1 and Socs3 levels. Blots are
representative of three independent experiments.
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et al., 2007). In the absence of Treg, the abundance of this cyto-
kine may further augment the expanded immune response seen
in IL-7-treated animals. Indeed, when we examined the level of
IL-2 compared to other cytokines, it was proportionally
increased in IL-7-treated and Treg-depleted animals compared
to nondepleted animals. This consumption of IL-2 in IL-7-treated
animals is further supported by the high level of CD25 expression
on both Treg and non-Treg CD4 T cell populations at day 29
postinfection (Figure 6C). Our data therefore suggest that deple-
tion of Treg may compliment the effects of IL-7 by removing
a potential cytokine sink.

IL-7 Reprograms T Cells to Repress

Socs3 Inhibitory Pathways

In view of the dramatic increase in numerous cytokine levels
and the ability of IL-7-treated mice to efficiently clear virus, we

(J) Virus titers in the indicated mice and organs on
day 8 (top) and day14 (bottom) postinfection.
See also Figure S4 and Figure S5.

investigated whether inhibitors of cytokine signaling may be
repressed. We focused on Socs3, given its prominent role in
the negative regulation of IL-6 signaling (Croker et al., 2003;
Lang et al., 2003) and prominent increase of this cytokine in
the context of IL-7 treatment. Interestingly, the efficacy of IL-7
in promoting cytokine responses, including IL-22 and T cell
expansion and viral clearance, is diminished in IL-6-deficient
mice (Figure 7A and Figures S4A-S4C). Furthermore, it has
been shown that, in the absence of Socs3, IL-6 signaling is re-
programmed to mimic IFN responses, and this may contribute
to more efficient viral elimination (Croker et al., 2003; Lang
et al.,, 2003). We first investigated whether Socs3 levels in
T cells are aberrantly upregulated in clone 13 infection compared
to acute LCMV Armstrong infection. Even at very early time
points during clone 13 infection, the levels of Socs3 in T cells,
purified and analyzed directly ex vivo, were substantially higher
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in clone 13-infected mice compared to Armstrong infected
animals (Figure 7B). We then purified total T cells from PBS- or
IL-7-treated clone 13-infected animals. Direct ex vivo western
blot analysis was performed and established that IL-7 treatment
resulted in a substantial reduction in Socs3 levels in T cells (Fig-
ure 7C). We did not observe any differences in Socs1 levels.
These data elucidate a pathway downstream of IL-7 that inter-
feres with Socs3 inhibition of cytokine-mediated signaling.

Socs3 Is Endogenously Regulated by FoxO

Transcription Factors

It is generally accepted that Socs3 is induced with cytokine
signaling via a Stat-dependent pathway. It is unusual then that
IL-7, a potent inducer of Stat5 signaling, is able to repress
Socs3. However, FoxO transcription factors can be negatively
regulated by IL-7 and perhaps other cytokines that signal via
the common vy chain receptor (reviewed in Kittipatarin and
Khaled [2007]), and under certain circumstances, Stat5 tran-
scriptional activity may negatively regulate FoxO1 (Stittrich
et al., 2010). Therefore, we tested whether FoxO transcription
factors are involved in Socs3 induction. Mice that had all six
alleles of foxO conditionally targeted (foxO1/3/4) were crossed
to MxCre transgenic mice to generate (foxO1/3/4)""MxCre
animals. These mice were injected with poly I:C to generate
animals that were deficient in FoxO1/3/4 in the hemopoietic
compartment (Paik et al., 2007). T cells were purified from these
animals well before the development of any malignancies or
abnormalities. T cells isolated from animals deficient in FoxO
transcription factors had dramatically reduced levels of Socs3,
as determined by western blot (Figure 7D). Collectively, these
data indicate that IL-7 may repress Socs3 expression via inhibi-
tion of FoxO transcriptional activity.

Mice Conditionally Deficient in Socs3 Mimic

the IL-7-Induced T Cell Phenotype in Clone

13-Infected Animals

To assess whether a deficiency in Socs3 in T cells could replicate
some of the IL-7-induced effects that we observed in clone
13-infected animals, we used mice that had socs3 conditionally
targeted (Croker et al., 2003). These socs3™" mice were crossed
with MxCre transgenic mice, and gene deletion throughout the
hemopoietic compartment was induced by clone 13 infection,
which induces a type | IFN response and activation of the IFN-
responsive Mx1 promoter. Ex vivo analysis by PCR confirmed
that socs3 was deleted in purified peripheral T cells by day 3
postinfection (data not shown). By day 6 postinfection, all mice
had to be euthanized due to severe illness. At this time point,
Socs3""MxCre* mice had a 2.5-fold increase in the number of
splenic GP33-specific CD8 T cells and a 6-fold increase in the
number of NP396-specific CD8 T cells compared to control
animals (Figure 7E). Ex vivo analysis of Socs3™MxCre*
GP33-specific CD8 T cells at day 6 postinfection demonstrated
a 5.5-fold increase in the ability of these cells to secrete both
IFN-y and TNF-o compared to controls (Figure S5A). Clone
13-infected Socs3""MxCre* mice had a dramatic neutrophilia
with a 3.5-fold increase in the number of splenic granulocytes
(Figure S5B). This substantial neutrophilia, which is likely due
to Socs3 deficiency in granulocytes induced by clone 13 infec-
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tion, may explain the iliness that the mice succumb to. Liver func-
tion tests indicated a prominent hepatitis in clone 13-infected
Socs3" MxCre* mice compared to controls (Figure S5C). The
exact cause of lethality in clone 13-infected Socs3""MxCre* is
not clear but likely relates to the severe granulocytosis observed
in these animals. To avoid the development of granulocytosis
and early lethality, we next used Socs3™"LckCre* mice to specif-
ically delete socs3 in T cells.

T Cell-Specific Deletion of socs3 Augments Immunity

to Efficiently Eliminate Virus

Analysis of Socs3™"MckCre* mice on day 8 post-LCMV clone 13
infection showed a profound augmentation of immunity, with
a 15-fold increase in the number of NP396 virus-specific CD8
T cells compared to controls (Figures 7F and 7G). These mice
did not develop a granulocytosis postinfection (Figure S5D)
and showed no signs of increased collateral liver pathology (Fig-
ure S5C), morbidity, or mortality compared to control animals.
Ex vivo analysis of T cells from Socs3"LckCre*-infected mice
at day 8 postinfection showed a 4-fold increase in the ability of
virus-specific CD4 T cells to secrete TNF-o and/or IL-2,
a 7-fold increase in the ability of virus-specific CD8 T cells to
secrete IFN-v, and a 17-fold increase in the number of Th17 cells
(Figures 7H and 7I). The severe granulocytosis and early
mortality in LCMV clone 13-infected Socs3""MxCre* mice
prevented the elimination of virus, but Socs3"LckCre* LCMV-
infected mice progressively and efficiently cleared virus from
organs with no mortality (Figure S5E, Figure 7J, and data
not shown). Consistent with viral clearance, we observed
a contraction of the immune response at day 14 postinfection
in Socs3"LckCre* mice (Figures S5F and S5G). However,
a 3-fold increase in the number of residual high-affinity NP396
virus-specific CD8 T cells persisted in Socs3"LckCre* mice
compared to controls at day 14 postinfection. (Figure S5G).
These data indicate that the T cell-intrinsic Socs3 induction is
a major factor contributing to immunological failure in the setting
of chronic active infection.

DISCUSSION

Utilizing the clone 13 model, we have shown that IL-7 is able to
overcome many of the factors that thwart an effective immune
response during chronic overwhelming viremia. One host inhib-
itory pathway that may restrict immune responses involves the
Socs family of proteins that critically regulate cytokine signaling.
Socs3 has been identified as the major regulatory molecule that
dampens IL-6 signaling (Yoshimura et al., 2007). Indeed, studies
have shown that the pattern of gene expression induced by IL-6
in Socs3-deficient animals mimics that induced by IFN-vy (Croker
etal., 2003; Lang et al., 2003). We have shown that IL-7 is able to
downregulate Socs3 levels in T cells, and additionally, it
promotes IL-6 production. Together, this would reprogram cells
to promote an IFN-like response and facilitate viral clearance.
Furthermore, Socs3 has recently been reported to function as
an intrinsic negative regulator of T cell proliferation (Brender
etal., 2007). Thus, by repressing Socs3, IL-7 may promote innate
antiviral mechanisms and also promote expansion and function
of the adaptive immune response.



We found that T cells in clone 13-infected mice have much
higher levels of Socs3 protein compared to T cells from LCMV
Armstrong-infected animals. The importance of both IL-6
and Socs3 repression in mediating the therapeutic potential of
IL-7 was evidenced by the reduced efficacy of IL-7 therapy in
IL-6-deficient animals. We were able to delete socs3 throughout
the hemopoietic compartment of gene-targeted mice contem-
poraneously with clone 13 infection to avoid potential develop-
mental confounders and found that many of the effects that we
observed with IL-7 therapy were replicated in this system. The
MxCre transgene was useful in our studies to coincide the dele-
tion of socs3 with the time of infection, but the neutrophilia asso-
ciated with broad deletion of socs3 across the hematopoietic
lineage was associated with early lethality. This adverse event
requires further investigation in the future. Notably, IL-7 does
not induce a granulocytosis, as its effects are limited to cells
that express IL-7R, and hence its ability to repress Socs3 would
be restricted to T cells and perhaps other immune cell subsets,
but not neutrophils. We observed a dramatic increase in LCMV
clone 13-specific immune responses and viral clearance in
mice lacking Socs3 just in T cells. Importantly, these mice
showed no signs of increased collateral damage or pathology
compared to controls. The ability of IL-7 to repress Socs3 in
T cells and perhaps other IL-7 responsive cells has significant
implications for its use in manipulating innate and adaptive
responses to favor elimination of pathogens.

Despite the large increase in cytokine levels and the marked
infiltration of lymphocytes in organs of clone 13-infected animals
receiving IL-7 therapy, we found no significant indication of
bystander hepatitis. We have shown that IL-7 favors in vivo
Th17 differentiation with IL-17 production. This may be due
to IL-7-induced repression of Socs3 and promotion of an IL-
17-I1L-6 feedback loop (Ogura et al., 2008). Th17 and other cells
have been identified as a major source of IL-22 (Colonna, 2009;
Ouyang et al., 2008), which is critically important in protecting
hepatocytes and perhaps other cells from immune-mediated
bystander damage (Aujla et al., 2008; Laurence et al., 2008;
Radaeva et al., 2004; Sugimoto et al., 2008; Zenewicz et al.,
2007; Zheng et al., 2008). Indeed, in our clone 13 model, we found
that IL-7 promotes IL-22 production, and this mitigates collateral
liver damage. These findings are particularly pertinent to the use
of IL-7 in chronic viral hepatitis. In HIV infection, IL-7 also holds
much promise. Systemic immune activation is a hallmark of HIV
disease that has been attributed to circulating microbial prod-
ucts, which may be a consequence of bacterial translocation
across damaged gut mucosa (Brenchley et al., 2006). Endoge-
nous production of IL-22 has been shown to protect mucosal
sites (Aujla et al., 2008; Sugimoto et al., 2008; Zheng et al., 2008).

Another limitation of the immune system in HIV infection is the
inability to replete peripheral losses due to attrition of T lympho-
cytes caused by the virus itself or by secondary effects due to
the high level of viremia (Chase et al., 2006). During clone 13
infection, this is most apparent with the deletion of NP396-
specific T cell clones. IL-7 significantly increased the number
of these clones, but there was also a more general increase in
non-LCMV-specific CD4 and CD8 T cells. Additionally, IL-7
promoted thymic output and substantially expanded the naive
T cell pool in infected mice.

Our data provide insights into the inhibitory pathways that
function to impede immune responses in chronic infection. We
elucidate a molecular mechanism whereby IL-7 is able to repress
Socs3 levels in immune cells to promote extensive expansion of
naive and effector T cells. Furthermore, we highlight the attri-
butes of IL-7 in augmenting recent thymic emigrants in the
face of persistent infection and its ability to promote IL-22
production and hence limit bystander cytotoxicity. Our data
suggest that IL-7 therapy may be a useful adjuvant in chronic
viral diseases like HIV. Antiretroviral therapy is successful in
reducing viral loads to undetectable levels, and in this setting,
T cells become more responsive to IL-7 through the restoration
of IL-7R, thereby enabling their rescue. In this context of reduced
viral load, IL-7 therapy can be used to produce and expand
specific T cells and promote a broad and durable immune-
mediated antiviral response. Furthermore, the secondary cyto-
protective effects of IL-7 have therapeutic implications for the
management of hepatitis C virus infections.

EXPERIMENTAL PROCEDURES

Mice and Viral Infection

The source and/or derivation of mice and viruses is detailed in the Extended
Experimental Procedures. Infection was initiated by injecting 2 x 10° PFU
LCMV clone 13 into the tail vein of 4 to 5-week-old mice. Institutional Animal
Ethics and Care Committees at the Princess Margaret Hospital and the Walter
and Eliza Hall Institute approved all experiments. Procedures complied with
Institutional Animal Care regulations, as detailed in the Extended Experimental
Procedures.

IL-7 Treatment

Eight days after infection, mice were injected subcutaneously once daily
with 10 pg of recombinant human IL-7 or PBS for 3 weeks. Recombinant
CHO cell-derived human IL-7 was provided by Cytheris Inc. (Issy les Mouli-
neaux, France).

Histology and Flow Cytometry

Immunohistological staining has been previously described (Nguyen et al.,
2002). Detailed protocols for the isolation, staining, and in vitro restimulation
of lymphocytes are provided in the Extended Experimental Procedures.

Viral Titer Assays

Organs were homogenized using the QIAGEN Tissuelyser, and viral titers
were quantified by focus-forming assays using MC57 fibroblast cells, as previ-
ously described (Battegay et al., 1991).

Analysis of Transgenic RAG-GFP Mice

Transgenic animals were infected with clone 13 and treated with IL-7 or PBS
8 days after infection, as described above. After 5 days of treatment, thymic
and splenic T cells were isolated, stained, and analyzed for GFP expression
by flow cytometry.

Serum Cytokine Assays

Serum cytokine levels were assayed using the SearchLight Array (Pierce
Biotechnology, Woburn, MA). IL-22 was measured using a quantikine
immunoassay kit (R&D Systems).

Cell Depletion and Cytokine Neutralization
Detailed protocols for cell depletion, including Treg depletion, and IL-22 in vivo
neutralization are provided in the Extended Experimental Procedures.

Liver Enzyme Assays
Serum was analyzed for AST and ALT levels (Vita-Tech Canada).
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Western Blots
Direct ex vivo analysis of protein expression levels in specific cell populations
is described in the Extended Experimental Procedures.

Statistical Analysis

Animal cohorts used in treatment arms were designed to contain an equal
distribution of sexes. An unpaired two-tailed Student’s t test was used to
determine the statistical significance of observed differences between groups.
Data were analyzed as continuous variables with a normal distribution. A time
to event analysis and log-rank tests were performed on viral clearance
kinetics. Analysis of variance was used for comparisons involving more than
two groups.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures and
five figures and can be found with this article online at doi:10.1016/j.cell.
2011.01.011.
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Structure of the measles virus hemagglutinin bound to its
cellular receptor SLAM

Takao Hashiguchi!, Toyoyuki Ose?, Marie Kubota!, Nobuo Maita>*, Jun Kamishikiryo?, Katsumi Maenaka®>> &
Yusuke Yanagi!

Measles virus, a major cause of childhood morbidity and mortality worldwide, predominantly infects immune cells using
signaling lymphocyte activation molecule (SLAM) as a cellular receptor. Here we present crystal structures of measles virus
hemagglutinin (MV-H), the receptor-binding glycoprotein, in complex with SLAM. The MV-H head domain binds to a B-sheet of
the membrane-distal ectodomain of SLAM using the side of its B-propeller fold. This is distinct from attachment proteins of other
paramyxoviruses that bind receptors using the top of their B-propeller. The structure provides templates for antiviral drug design,
an explanation for the effectiveness of the measles virus vaccine, and a model of the homophilic SLAM-SLAM interaction involved
in immune modulations. Notably, the crystal structures obtained show two forms of the MV-H-SLAM tetrameric assembly (dimer

of dimers), which may have implications for the mechanism of fusion triggering.

Measles still causes 4% of all deaths in children under age 5 world-
wide, despite the availability of an effective live vaccine and the
great efforts made to deliver vaccine to children throughout the
world!2. Outbreaks continue to occur, even in industrialized nations
when vaccination coverage is low?. Measles virus is an enveloped
virus with a nonsegmented, negative-strand RNA genome, and is
classified as a member of the family Paramyxoviridae®. To enter a
cell, enveloped viruses must bind to their receptors on host cells
and induce fusion of the viral membrane with the host cell mem-
brane?. Paramyxoviruses attach to and fuse with host membranes
at the cell surface, using two distinct envelope proteins. Of these,
the attachment protein is responsible for receptor binding whereas
the fusion protein mediates membrane fusion®. The mechanism by
which receptor binding leads to fusion is not well understood®8. The
attachment protein could undergo a conformational change upon
binding to receptor. This conformational change would destabilize
the metastable fusion protein, causing its refolding, which in turn
would drive membrane fusion. Alternatively, the attachment pro-
tein could serve as a clamp that stabilizes the fusion protein in its
prefusion state. Receptor binding of the attachment protein would
release the fusion protein from the clamp to facilitate its spontaneous
conformational change. Different paramyxoviruses may use different
mechanisms of fusion triggering®-5.

Most paramyxoviruses use sialic acid-containing cell surface
molecules as receptorss. By contrast, measles virus uses a protein
molecule, SLAM (also called CD150), as a receptor®1%. SLAM is the
prototype member of the SLAM family of receptors, which medi-
ates important regulatory signals in immune cells and includes

2B4, CD48, CD84, CD229, CD319 and natural killer, T- and B-cell
antigen (NTB-A)!112, The SLAM family shares a similar immuno-
globulin (Ig) domain-containing structural organization. SLAM is
expressed on thymocytes, activated lymphocytes, mature dendritic
cells, macrophages and platelets!?, and is also a marker for the most
primitive hematopoietic stem cells'3. It acts as a self ligand, inter-
acting with another SLAM molecule present on an adjacent cell at
a low affinity (K4 = 200 uM)'4. The distribution and function of
SLAM may explain the tropism and immunosuppressive nature of
measles virus'?.

Although SLAM is the predominant receptor for wild-type, cir-
culating field isolates of measles virus, vaccine strains of the virus
use CD46 as an alternate receptor, owing to amino acid changes in
the attachment protein MV-H!®!5-17, An as-yet-unknown receptor
molecule also exists on polarized epithelial cells, which may facilitate
transmission via aerosol droplets!8-20,

We and others have determined the crystal structure of the
receptor-binding head domain of MV-H?!22, The structure of the
MV-H-CD46 complex has also been reported recently?*. The MV-H
head domain forms a disulfide-linked homodimer and exhibits a
six-bladed B-propeller fold. Here we present the crystal structure of
the MV-H head domain in complex with the critical Ig domain of
marmoset (Saguinus oedipus) SLAM at a resolution of 3.15 A. The
structure provides the molecular basis for the effectiveness of the
current measles virus vaccine and a framework for structure-based
antiviral drug design. Furthermore, it sheds light on how binding of
MV-H to SLAM triggers the conformational change of the measles
virus fusion protein (MV-F) required for membrane fusion.
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RESULTS

Crystallization of the MV-H-SLAM complex

MV-H is a type II membrane protein comprised of an N-terminal
cytoplasmic tail, a transmembrane region, a stalk and a C-terminal
receptor-binding head domain®>. Its receptor, SLAM, is a type I
membrane protein that contains an extracellular region with two
Ig-like domains (V-set and C2-set) in addition to a transmembrane
region and a cytoplasmic tail'l. Of these, the membrane-distal V-set Ig
domain is sufficient for receptor function?4. SLAM from both human
and marmoset species acts as a receptor for measles virus’.

The V-set Ig domains of the human and marmoset SLAM (hSLAM-V
and maSLAM-V, respectively) and the MV-H head domain were
produced as described?!?*, and used for crystallization (Table 1).
A 1:1 complex of MV-H head (residues 149-617) and maSLAM-V
crystallize and diffract to a resolution of 4.5 A. The mixture of
MV-H and hSLAM-V did not crystallize. We improved diffractions
by engineering a fusion construct in which the MV-H head domain
(residues 184-607) and maSLAM-V (residues 30-140 with N102H
and R108Y substitutions) were connected via a 12-residue flexible
linker, (Gly-Gly-Gly-Ser);. We introduced the two substitutions in
maSLAM-V (N102H and R108Y) to remove residues that were prob-
ably detrimental to crystal packing, on the basis of preliminary crys-
tallization studies. The MV-H-maSLAM-V protein was expressed as a
single chain, purified and methylated. Crystals diffracted to a resolu-
tion of 3.55 A. An additional substitution, L482R, in MV-H further
improved the diffraction to a resolution of 3.15 A. We determined the
structure of the MV-H-maSLAM-V complex by molecular replace-
ment using an uncomplexed MV-H head domain (free MV-H)?!' as a
search model. The bound SLAM was manually fitted into the residual
electron density using the structure of CD48 as a model?®.

Overall structure of the MV-H-SLAM complex

The asymmetric unit contains two essentially identical dimers of the
1:1 MV-H-maSLAM-V complex (Fig. 1a-c). Wild-type MV-H has
a six-bladed B-propeller fold and dimerizes using an intermolecular
Cys154-Cys154 disulfide bond. Although the MV-H used for crystal-
lization here does not contain Cys154, the homodimer is still formed
by noncovalent interactions at the interface. Furthermore, the struc-
ture of complexed MV-H is essentially identical to that of free MV-H
(r.m.s. deviation of 1.84 A; 407 Ca. atoms); Fig. 1d). Hence, no large
structural change of the MV-H head domain or of its dimeric orienta-
tion occurs upon receptor binding.

The bound maSLAM-V exhibits a typical Ig-fold structure com-
prising the BED and AGFCC’C” B-sheets, with a Cys32-Cys132
disulfide bond stabilizing the A-G interstrand interaction (Fig. la
and Supplementary Fig. 1a). Previous mutational studies and the
crystal structure of the free MV-H have suggested that SLAM may
bind a small ‘acidic patch’ on the B5 sheet of MV-H21:22.27:28_ The
crystal structure of the complex presented here shows that although
the B5 sheet forms the center of the SLAM-binding site, the complete
binding site is assembled by the $4, B5 and 6 sheets at the side of
the MV-H B-propeller. This site is bound by the AGFCC'C” 3-sheet
of maSLAM-V (Fig. 1a,c and Supplementary Fig. 1b). The complex
formed by individually expressed MV-H and maSLAM-V is essentially
identical to that formed by the MV-H-maSLAM-V fusion protein,
indicating that the single-chain construction does not substantially
affect the structure of the complex (Supplementary Fig. 1c,d).
The subsequent C2-set Ig domain of maSLAM, which was not included
in our construct, can be placed continuously from the N-terminal
V-set Ig domain without any steric hindrance from the bound
MV-H (Fig. 1a), suggesting that the C2-set Ig domain is outside the

Table 1 Data collection and refinement statistics

MV-H L482R-
MV-H-SLAM N102H  SLAM N102H
Native R108Y fusion R108Y fusion
Data collection
Space group P6322 P6322 c2
Cell dimensions
a b, c(h) 208.1,208.1, 209.9,209.9,180.5 187.7,170.1,
182.1 110.7
o, B, v(°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 117.3, 90.0
Resolution (A) 30-4.50 30-3.55 50-3.15
(4.66-4.50) (3.68-3.55) (3.26-3.15)
Rmerge 0.078 (0.592) 0.074 (0.498) 0.138 (0.496)
I/ol 15.4 (4.9) 38.6 (6.5) 10.3(2.9)
Completeness (%)  100.0 (100.0) 99.5 (100.0) 99.5(98.8)
Redundancy 15.5(10.9) 20.0(18.5) 4.6 (4.5)
Refinement
Resolution (A) 30-4.52 30-3.55 20-3.15
(4.86-4.52) (3.68-3.55) (3.35-3.15)

52,452 (8,371)
0.231(0.305)/

No. reflections
Rwork/ Rfree

14,115 (2,750)
0.326 (0.349) /

28,487 (2,808)
0.250(0.342) /

0.338 (0.362) 0.283 (0.356) 0.292 (0.365)

No. atoms

Protein 4,135 4,006 16,229

Ligand/ion 28 28 64
B-factors

Protein 271.5 138.8 70.3

Ligand/ion 324.8 161.6 96.2
R.m.s. deviations

Bond lengths (A) 0.009 0.009 0.009

Bond angles (°) 1.5 1.5 1.5

One crystal was used for each data set. Values in parentheses are for highest-resolution
shell.

MV-H-binding interface, and thus does not contribute to MV-H
binding, consistent with previous domain-swapping studies®*.
Notably, the highly tilted orientation of the monomers in the MV-H
homodimer?! suggests that the SLAM-binding interface on MV-H
is located far from the viral envelope (Fig. 1a,b). Furthermore, the
mode of receptor binding by MV-H is distinct from modes of receptor
binding of other paramyxovirus attachment proteins and the influ-
enza virus neuraminidase (Flu-NA), which share the six-bladed
B-propeller fold (Fig. 1c and Supplementary Fig. 2). For example, the
hemagglutinin-neuraminidase of parainfluenza virus 5 (PIV5-HN),
the G protein of Nipah virus (NiV-G) and Flu-NA use the top of the
B-propeller for binding to their receptor or ligand?*-33. Of these, PIV5-
HN and Flu-NA use a shallow pocket at the top to bind sialic acid,
whereas NiV-G uses a wide surface area at the top to bind its receptor,
ephrin B2 or ephrin B3, with a small pocket into which Phel20 of
ephrin B2 or Tyr120 of ephrin B3 penetrates®®3!. MV-H is unique in
its use of the side of the B-propeller fold to bind its receptor SLAM.

The interaction between MV-H and SLAM

The crystal structure shows four components of the binding interface
(contact area of 1,050 A2) between MV-H and SLAM (sites 1-4, Fig. 2a,b).
Site 1 is formed by salt bridges of Asp505 and Asp507 in the proposed
acidic patch of MV-H to Lys77 and Arg90 of maSLAM-V. Site 2 is formed
by salt bridges of MV-H Arg533 to MV-H Asp530 and maSLAM-V
Glul23 as well as two hydrophobic interactions of MV-H Phe552 and
Pro554 with maSLAM-V His61 and Val63. Site 3 is an intermolecular
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Figure 1 Overall structure of the MV-H-SLAM

complex. (a) Side view of the MV-H-maSLAM-V

complex. The MV-H head domain exhibits

the six-bladed B-propeller fold (rainbow colors)
- and forms a homodimer. Monomer at left,
ribbon diagram; monomer at right, surface

Viral envelope ©
(N terminus)

SLAM-binding site

Flu-NA-sialic acid

[B-sheet assembled by the polypeptide backbones of the Pro191-Argl95
strand of MV-H (36 sheet) and the Ser127-Phe131 strand of maSLAM-V.
Site 4 is hydrophobic and has two components. The first is aromatic
stacking of Tyr524, Tyr541, Tyr543 and Phe552 of MV-H with Phel19
and the Glu75-Arg130 salt bridge of maSLAM-V. The second involves
hydrophobic interactions among Phe483, Tyr524, Tyr543 and Pro545 of
MV-H and Asn72 and Val74 at the CC’ loop region of maSLAM-V.

The host range of measles virus may be explained by key residues
of SLAM at the interface shown by the crystal structure. All resi-
dues in contact with MV-H are conserved between marmoset and
human SLAM except position 119 (phenylalanine in maSLAM and
leucine in hSLAM)?!!, In contrast, murine SLAM, which cannot
function as a receptor for measles virus*4, has multiple substitu-
tions in this region, including two key residues, His61 and Arg130.
hSLAMs mutated to contain Ser61 or Ser130 lose the ability to bind
MV-H, as we detected by surface plasmon resonance (SPR) analysis
(Table 2), and no longer support measles virus entry (Fig. 2¢). Our
previous study with chimeric and mutant
SLAM proteins also showed the importance
of His61 in measles virus receptor function
of hSLAM34. The crystal structure shows that
the aromatic ring of His61 of maSLAM makes 7

a

Figure 2 Interaction between MV-H and SLAM.
(a) Side view of MV-H monomer (rainbow colors)
bound (right) or unbound (left) to maSLAM-V

Viral envelope

diagram. SLAM-V (cyan) exhibits a typical
B-sandwich structure with two B-sheets,

BED and AGFCC’C”. (b) Schematic of the
homodimer of the MV-H-SLAM complex on the
viral envelope. Gray cube, MV-H head domain
with its top central pocket, which is probably
covered by an N-linked sugar. Cyan ovals,
V-set and C2-set Ig domains of SLAM. Box,
areain a. (c) MV-H-SLAM and Flu-NA-sialic
acid (PDB 1NSC) complexes as viewed
downward through the top central pocket of
respective B-propellers. MV-H and Flu-NA
bind to their receptors using the side and the
top of the B-propeller, respectively. (d) Side
view of the free form (magenta) of the MV-H
homodimer superimposed on that of the SLAM-
bound form (cyan). Box, SLAM-binding site.

SLAM-binding site

a m-cation interaction with Arg533 of MV-H, which seems to stabilize
the interaction of Arg533 with SLAM Glu123 (Fig. 2b, site 2). Argl30
on the G strand of maSLAM-V makes an intramolecular salt bridge
with Glu75, located at the CC’ loop, and also has stacking interactions
with MV-H Phe552 and SLAM Phel19 (Fig. 2b, site 4). This may be
the reason why the R130S substitution, but not the E75S substitution,
abolishes the binding to MV-H and measles virus receptor function
(Table 2 and Fig. 2¢). hSLAM E123S also does not bind MV-H and
does not support measles virus infection. Mutations in other SLAM
residues that interact with MV-H in the crystal structure less strongly
affect binding to MV-H and measles virus infection (Table 2, Fig. 2¢
and Supplementary Fig. 3a).

From the structure of the SLAM-V monomer in the MV-H-
maSLAM-V complex, we generated a model of the physiological
SLAM-SLAM dimer (Supplementary Fig. 4a) based on the reported
structure of the 2B4-CD48 heterodimer3®. In this model, the
homophilic binding interface is located on the FCC’ B-sheet strands

0

2R S B B EA (B S

(cyan) in a ribbon diagram. Top central pocket
of the MV-H B-propeller is covered by an
N-linked sugar. The four components of the
binding interface are indicated (sites 1-4).

(b) Detailed views of sites 1-4 (SLAM, cyan;
MV-H, red or orange depending on the blade of
B-propeller). (c) Measles virus receptor function
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Bindingsite 2 4 4 4 1 2 8
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of SLAM mutants as examined by measles virus
entry assay. Representative of three separate
experiments; error bars, s.d. (d) Residues
assumed important for homophilic SLAM-SLAM
binding (magenta) are mapped on the SLAM
structure. They are located on the FCC’ strands.
Residues not involved in binding as determined
by SPR analysis, blue.
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Table 2 SPR analysis of SLAM mutants

Analyte Ligand Position of mutation Kyq (uMm)?

MV-H SLAM — 0.52+0.21
SLAM H61S Site 2 No binding
SLAM N72S Site 4 1.6+£0.17
SLAM V74A Site 4 2.0+0.087
SLAM E75S Site 4 7.7+1.1
SLAM K77S Site 1 1.7+0.12
SLAM E123S Site 2 No binding
SLAM R130S Site 3 No binding
SLAM N53Q BC loop 1.1+£0.37

SLAM SLAM — 82+3.4
SLAM H61S BC loop 107+2.6
SLAM V63A C strand No binding
SLAM T65A C strand No binding
SLAM A67D C strand No binding
SLAM K77S C’ strand No binding
SLAM E123S F strand No binding
SLAM R130S G strand 68 +£0.88

Analyte, protein injected in solution; ligand, protein immobilized on CM5 chip. SPR
sensorgrams, nonlinear fitting curves and other SLAM mutants examined are shown in
Supplementary Figure 3. 2K;, mean +s.d.

and the CC’ loop (Fig. 2d and Supplementary Fig. 5a,b). Present
in the interface are Val63, Thr65, Ala67, Lys77 and Glul23. These
residues are conserved in human, marmoset, cow, dog, sheep and
mouse SLAM, except the one at position 63, which is leucine in SLAM
of the last four species (Supplementary Fig. 4b). Substitutions of
any of these residues in hNSLAM caused a loss of homophilic binding
(Table 2 and Supplementary Fig. 3b), validating our structural model.
Notably, the SLAM-SLAM binding interface largely overlaps with the
MV-H-SLAM binding interface (Lys77 and Glul23). However, the

Figure 3 MV-H tetramer. (a,b) Two forms of
MV-H dimer of dimers with each monomer bound
to SLAM-V. MV-H monomers A (rainbow colors)
and B (light pink) form one dimer, whereas
monomers C (dark gray) and D (light gray) form
another. Top view of form I, a (3.55 A-

resolution structure). Top view of form |1,

b (3.15 A-resolution structure). (c) BN-PAGE
analysis of full-length MV-H. Lanes 1 and 2, MV-H
of the wild-type IC-B and Edmonston vaccine
strains of measles virus, respectively. Lane 3,
untransfected control cells. (d) Schematics of

Form |

affinity of the MV-H-SLAM interaction is >100-fold higher than that
of the SLAM-SLAM interaction (Table 2). Thus, during measles virus
entry, the MV-H-SLAM interaction should predominate over cis or
trans SLAM-SLAM interactions on the host membrane.

MV-H tetramer

When we closely examined the crystal structures, we unexpectedly
found two different potential tetrameric configurations of the
MV-H-SLAM complex (forms I and II; Fig. 3a,b). The crystal struc-
tures at a resolution of 3.55 and 4.5 A exhibit form I, whereas the
structure at a resolution of 3.15 A shows form II. Transient trans-
fection of the full-length MV-H into HEK293T cells also produced
tetramers, as we found with blue native PAGE (BN-PAGE) and
immunoblotting (Fig. 3¢). As has been shown for Newcastle disease
virus (NDV)-HN?3¢ and PIV5-HNZ2?, the MV-H tetramer is a dimer
of dimers that is arranged with two axes of two-fold symmetry.
Monomers A and B form one dimer, and monomers C and D form
another (Fig. 3a,b,d). Each dimer constituting a tetramer has essen-
tially the same structure within and between the two forms. The
overall configuration of MV-H form I is similar to those reported
for NDV-HN, PIV5-HN and Flu-NA (Supplementary Fig. 6),
although relative orientation of monomers in the dimer units varies
substantially depending on the viral proteins. In form I, the MV-H
monomers A and C largely form the interface of two dimers with
a contact area of 1,312 A2 (Fig. 3a,d), and the N-terminal regions
of four monomers are probably joined together, placing the stalks
in the central axis (Supplementary Fig. 6). In contrast, the con-
figuration of MV-H form II shifts the dimer-of-dimers interface
to the boundary between monomers B and D (total contact area
of 2,099 A% Fig. 3b,d). This shifted dimer-of-dimers conforma-
tion would allow the stalk regions to move laterally, leaving a large
central space (Supplementary Fig. 6). The residue at position 482
of MV-H mutated to obtain the structure at a resolution of 3.15 A

b Form Il

Glu123

form | and form Il MV-H tetramers. Colors of Glu123  Asn53

respective monomers are the same as in a,b. Cc 123 d e Asn282 Asp283
(e) The MV-H (green)-SLAM (cyan) interface kDa ) Asns 3
containing SLAM Asn53 in form I1. SLAM 1.048— Form | (Thr54 61303

Asn53 with an N-linked sugar (gray oval)

is located close to an acidic patch in MV-H 480 —
monomer A or C. (f) Receptor function of SLAM 240 [N
mutants. Representative images of HEK293 146 —

cells transiently transfected with the plasmids
encoding the indicated SLAM proteins or empty
plasmid (vector) and infected with enhanced
GFP-expressing recombinant measles virus
without the fusion block peptide, as observed with
a fluorescence microscope at 48 h after infection.
Scale bars, 300 um. (g) Entry efficiencies of
SLAM proteins as examined by measles virus entry
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assay. Representative of three separate experiments; error bars, s.d. (h) Infection of HEK293 cells transiently transfected with plasmids encoding indicated
SLAM proteins, with luciferase-expressing recombinant measles virus'8. Luciferase activities were quantified at 24 h after infection. Error bars, s.d.
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Measles virus

Figure 4 Structural basis of effectiveness of measles virus vaccine and a model of measles
virus—induced membrane fusion. (a) Receptor-binding sites on MV-H. Left, structure of MV-H
homodimer (gray) as viewed downward from top with potential N-linked sugars (black). SLAM

(cyan) binds to the uncovered exposed surface of MV-H. Right, residues in orange are probably
involved in interaction with putative epithelial cell receptor, based on site-directed mutagenesis

of MV-H19.20.27.28 (b) Residues in red are epitopes of monoclonal antibodies to MV-H39-41,

(c) The binding of MV-H to SLAM on an immune cell in a twisted ‘head-to-head’ orientation probably
reduces the distance between the viral envelope and the cell membrane. The subsequent shift of
the MV-H dimer-of-dimers conformation (form | to form I1) may allow MV-F to undergo successive

structural changes, leading to membrane fusion.
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to block the MV-H-SLAM interaction. For
example, a hydrophobic pocket consisting of
Tyr541, Tyr543, Phe552 and Pro554 at the
center of the binding interface is also a part
of the putative binding site for an unidenti-
fied epithelial cell receptor. Compounds tar-
geted to this site may block both SLAM- and
epithelial cell receptor-mediated measles
virus infection. A recent study of the crystal
structure of MV-H bound to the CD46 mole-
cule, a receptor used only by vaccine strains
of measles virus, has shown that two sequen-
tial proline residues on the protruding loop
in the N-terminal domain of CD46 have a
key role in the interaction with MV-H?3,
The authors suggest that a similar proline-
proline motif found in SLAM (Pro88-Pro89)
may be involved in the recognition of MV-H.
However, our study shows that these residues
are not directly in contact with MV-H, but
rather precede Arg90 in site 1.

In our previous report, we proposed
that N-linked sugars (present on Asnl68,
Asn187, Asn200 and Asn215) cover large
surface areas of MV-H and therefore only a

Antibodies

During After

is not located at the dimer-of-dimers interface in either form I or 11,
suggesting that the substitution does not greatly affect the structure.

SLAM residues His61, Asn72, Val74, Glu75, Lys77, Glul23 and
Arg130 mutated in the previous section are located close to MV-H in
both forms I and II, whereas Asn53, a potential N-linked glycosylation
site, is located at the interface between SLAM-V and MV-H mono-
mer A (or C) only in form II (Fig. 3a,b,e). hSLAM N53Q has lower
apparent molecular masses than wild-type hSLAM (data not shown),
indicating that Asn53 is indeed used as an N-linked glycosylation
site. h\SLAM N53Q allows increased measles virus entry (Fig. 3f,g)
and larger syncytium formation owing to enhanced cell-cell fusion
(Fig. 3f), which leads to higher measles virus growth, compared with
wild-type SLAM (Fig. 3h). Notably, this hSLAM mutant has similar
affinity for direct binding to soluble MV-H (Table 2). One interpre-
tation of these results is that the N53Q substitution facilitates stable
formation of form II by removing carbohydrates between SLAM-V
and MV-H and enhances membrane fusion after receptor binding.
We also found a form II-like conformation in crystal packing of the
reported structure of PIV3-HN, which contained a part of the stalk
region in its construct’” (Supplementary Fig. 7).

DISCUSSION

In this study, we have determined the crystal structure of MV-H
bound to its primary receptor, SLAM. The structure shows the bind-
ing interface assembled by four sites (Fig. 2b). Mutagenesis studies
have identified MV-H residues Ile194, Asp505, Asp507, Asp530,
Arg533, Phe552 and Pro554 to be important for binding SLAM?7:28:38,
Our study confirms that these seven residues are indeed located at the
interface. Three other residues of MV-H (Phe483, Tyr541 and Tyr543)
are essential for infection of polarized epithelial cells, but not SLAM-
positive immune cells'>?°. These residues occur in site 4 in the crystal
structure and do interact with SLAM, but on the basis of the muta-
genesis data their contribution is probably not critical. The SLAM-
binding interface provides a target for structure-based design of drugs

limited surface area is exposed for receptor

and antibody binding?!. Indeed, in both the
SLAM-complexed (present study) and the uncomplexed structures of
MV-H?!, the glycan attached to Asn215 seems to cover the large
top pocket of the B-propeller head domain. The complexed crystal
structure shows that a large part of the MV-H surface presumably
left exposed is engaged by SLAM-V (Fig. 4a). Furthermore, the
binding site for the epithelial cell receptor is probably located near
the SLAM-binding site!®?° (Fig. 4a), as is the binding site for the
CD46 receptor?® (Supplementary Fig. 2). Furthermore, the epitopes
for most monoclonal antibodies to MV-H3°-41 map here as well
(Fig. 4b). Thus, all receptors and most neutralizing antibodies bind to
overlapping or closely located regions on the limited exposed surface
of MV-H. This may explain why a single antibody can inhibit measles
virus infection mediated by different receptors'®. Furthermore, the
inability of measles virus to mutate or mask its exposed receptor-
binding face probably explains why the virus has never escaped
immune responses induced by natural infection or vaccination, and
still occurs in only a single serotype®*2.

The free soluble MV-H (lacking a stalk) forms a homodimer?!.
Therefore, we did not expect that the MV-H-SLAM complex would
exhibit a dimer of dimers (tetramer). Receptor binding could induce
the formation of MV-H tetramers, as has been suggested for NDV
tetramers3°. However, our biochemical analysis shows that the full-
length MV-H alone can form a tetramer (Fig. 3¢). The stalk domain
may induce tetramer formation. Indeed, free PIV5-HN containing
a stalk forms a tetramer in solution and in crystals?®. Henipavirus
attachment G proteins containing a stalk also exist as tetrameric
species3. Similarly, free intact MV-H molecules probably form dimers
and tetramers on the viral envelope. This study suggests that receptor
binding may facilitate MV-H tetramer formation even without the
stalk region.

Partial disassembly of the dimer of dimers has been proposed
as a mechanism of triggering paramyxovirus-mediated fusion, on
the basis of crystal and electron microscopic structures of PIV5-
HN?%44, Our results showing two forms of MV-H-SLAM tetramer
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may provide the structural basis for such a model. Notably, both
form I- and form II-like tetramer models can also be readily built
by superimposing the reported MV-H-CD46 structure?® on our
structures of the MV-H-SLAM complex. Furthermore, we found
that substitution of Lys54 abolishes measles virus receptor func-
tion of hSLAM without affecting its ability to bind MV-H (data
not shown). Because maSLAM (used for crystallization) has a dif-
ferent residue at this position, we cannot determine exactly how
Lys54 in hSLAM interacts with MV-H residues. However, we sup-
pose that Lys54 is located close to MV-H in form II, but not in
form I (Fig. 3a,b,e). Along with the data for the N53Q substitu-
tion (Fig. 3f-h and Table 2), the results suggest that form II has an
important role in membrane fusion after receptor binding. Taken
together, these results indicate that the shift of MV-H dimer of dim-
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1.
ers could act as a mechanism of fusion triggering.

Our results may suggest the following sequence of events during 2
measles virus-induced membrane fusion (Fig. 4c). The MV-H dimer 3.
of dimers is associated with the MV-F trimer on the viral envelope.

At the host cell surface, the AGFCC’C” -sheet of SLAM-V binds 4
to the side of the MV-H B-propeller, which is located upward from 5.
the virus surface because of the tilted orientation of the B-propeller. 6
SLAM probably has straight V- and C2-set ectodomains, like those
of other SLAM family receptors*>#°. This structural arrangement 7.
inevitably renders the orientation of the V- and C2-set domains ¢
parallel rather than perpendicular in relation to the host membrane.

The interaction substantially reduces the distance between the viral

and host membranes (~140 A if the stalk region of MV-H forms a ¢
straight o-helix**47), setting the stage for the subsequent confor-
mational change of MV-F and membrane fusion. Then, the con- !0
figuration of the dimer of dimers may shift (from form I to form IT), 13
changing the orientation of the stalk regions, allowing MV-F to refold

and interact with the target cell membrane and eventually leading 12.
to membrane fusion.

The dimer of dimers seems to have a weak interaction?*44, and 13-
its conformational shift probably requires a small amount of energy
and is probably induced by receptor binding. Such a shift of the 14.
attachment protein dimer of dimers may either actively induce the
conformational change of the fusion protein required for membrane 15,
fusion or release the fusion protein from the clamp to facilitate its
spontaneous conformational change, depending on the paramyxo- 16.
virus species. 17.
METHODS 18.
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/. 1o,
Accession codes. Protein Data Bank: Coordinates have been deposited
for form I (4.5- and 3.55-A resolution) and form II (3.15-A resolution) 20.
of the MV-H-maSLAM complex (accession codes 3ALZ, 3ALW and
3ALX, respectively). GenBank: cDNA sequence of the measles virus 21
Edmonston tag strain H protein, AB583749.

Note: Supplementary Information is available on the Nature Structural & Molecular 22
Biology website. 23.
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ONLINE METHODS

Construction of expression plasmids. The DNA fragments encoding the MV-H
head domain (Asp149-Arg617 or Ser184-Arg617) were amplified by PCR
using the p(+)MV2A (a gift from M.A. Billeter) containing the antigenomic
full-length cDNAs of the Edmonston tag strain of measles virus*® as a template.
These amplified fragments were cloned into a derivative of the expression vec-
tor pCA7 (ref. 49) as described?!. This derivative vector contains the signal
and Hisg tag sequences up- and downstream of the protein-coding sequence,
respectively, and allows high-level expression of secreted proteins. The fragment
encoding maSLAM-V including the authentic signal sequence (Met1-GIn140)
was amplified by PCR from the pCAGB95aSLAM plasmid that contains the
full-length cDNA of maSLAM?, and cloned into pCA?7 that contains a Hisq tag
sequence downstream of the protein-coding sequence. To express single-chain
MV-H-maSLAM-V fusion proteins, a (Gly-Gly-Gly-Ser); linker was inserted
between the sequence encoding the MV-H head domain (Ser184-Thr607) and
that encoding maSLAM-V (Met30-GIn140). To increase stability and solubility
of the expressed proteins, several mutations were introduced at various positions
of the fusion construct. The crystals examined in this study were obtained using
the constructs in which mutations were introduced at position 482 of MV-H
(L482R) and/or positions 102 and 108 of maSLAM-V (N102H R108Y). The
L482R substitution was used, as change from leucine to a basic residue at position
482 of MV-H increases SLAM-dependent cell fusion (data not shown), and this
substitution has been found in a clinical isolate of measles virus (genotype D1).
The N102H and R108Y substitutions of maSLAM-V were adopted to remove an
N-linked glycosylation site and prevent the charge repulsion, respectively, based
on the structure at a resolution of 4.5 A. Tyrosine was used to replace arginine at
position 108, as CD48 has tyrosine at the corresponding position. For binding
assays, a fragment encoding the ectodomain of hSLAM (Gly26-Ala239) was
amplified by PCR using the pCAGSLAM containing the full-length cDNA of
hSLAM?, and cloned into pCA7 containing the signal and influenza virus hemag-
glutinin tag sequences and biotinylation tag sequence up- and downstream of
the protein-coding sequence, respectively. For measles virus entry and infection
assays, a fragment encoding hSLAM (Gly26-Ser335) was amplified and cloned
into pCA7 containing the signal and hemaggluttinin tag sequences upstream of
the protein-coding sequence.

Expression, purification and modification of proteins. To prepare soluble
proteins, expression plasmids encoding the appropriate proteins were tran-
siently transfected using polyethyleneimine, together with the plasmid encod-
ing the SV40 large T antigen, into 90% confluent HEK293S GnTI~ cells?1:25.
The cells were cultured in DMEM supplemented with 10% (v/v) FBS (FBS),
L-glutamine and nonessential amino acids (Gibco). The concentration of FBS

was lowered to 2% (v/v) immediately after transfection. Supernatants containing
the expressed proteins were harvested 5 d after transfection, and mixed with the
Ni?*-NTA affinity column binding buffer (50 mM NaH,PO,, 150 mM NaCl,
10 mM imidazole, pH 8.0). The proteins were purified via Ni?*-NTA affin-
ity, followed by Superdex 200GL 10/300 (GE Healthcare) gel filtration chro-
matography. To introduce methylation in lysine residues, the purified protein
was treated with 20 mM dimethyl-boron and 40 mM formaldehyde at 4 °C
overnight, and repurified by size-exclusion chromatography. For SPR analysis,
expression plasmids encoding the proteins with the biotinylation tag at the
C terminal were transiently transfected into HEK293 cells cultured in OPTI-
MEM medium. At 4 d after transfection, the culture media were centrifuged,
sterile-filtered, and treated with biotin-protein ligase (Avidity) in 20 mM Tris-
HCI, pH 8.0 at 30 °C for 2 h. Supernatants containing the biotinylated proteins
were subsequently dialyzed against HEPES-buffered saline (HBS)-P buffer
(10 mM HEPES, 150 mM NaCl, 0.005% (v/v) surfactant P20, pH 7.4) (GE
Healthcare) and injected onto the streptavidin-attached sensor chip on which
only the biotinylated proteins were immobilized.

Crystallization of MV-H in complex with SLAM-V. Crystals were grown by the
sitting- or floating-drop vapor diffusion using Fluorinert (Hampton Research) at
20 °C (ref. 50). A 1:1 mixture of MV-H,,9_¢;7 and maSLAM-V_,,, containing
0.2 pl each of protein (9.3 mg ml~!, in 20 mM imidazole, pH 8.0, 100 mM NaCl)
and mother liquor (0.1 M MES, pH 6.5, 0.75 M Li,SO,) was set up for crystal-
lization. Crystals of this complex diffract only to a resolution of 4.5 A. Drops
of the single-chain MV-Hg, ¢o;-maSLAM3,_,4, N102H R108Y) containing
1 pl each of protein (12.7 mg ml~}, in 20 mM imidazole, pH 8.0, 100 mM NaCl)
and mother liquor (0.1 M imidazole pH 5.8, 0.5 M (NH,),SO,4, 0.7 M Li,SO,,
3% (v/v) ethylene glycol) produced crystals that diffract to a resolution of 3.55
A. To obtain higher-resolution structures, the single-chain MV-H g, o7 L482R-
maSLAM-V3_;,0 N102H R108Y) complex was prepared. Crystallization was
achieved in the solution containing 1 pl each of protein (14.0 mg mI~%, in 20 mM
imidazole, pH 8.0, 100 mM NaCl) and mother liquor (0.1 M imidazole, pH 8.3,
0.5M (NH,),S0,4, 0.7 M Li,SO,, 0.05 M lithium acetate, 1% (v/v) ethylene glycol).
These crystals diffract to a resolution of 3.15 A.

Structure determination, binding analysis, assays for measles virus entry and
infection and BN-PAGE are described in the Supplementary Methods.
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