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laboratory as was done with strain PHS-1 (Fig. 3,
A and B). Nevertheless, pure cultures of certain
cyanobacteria (e.g., Oscillatoria limnetica) are
known to use sulfide as an electron donor in
anoxygenic photosynthesis (19). The oxidation
of As(III) to As(V) by the Paoha cyanobacteria
may be a second example of a two-electron
transition—being analogous to the oxidation of
H2S to S0 by O. limnetica (19). Phototrophic
microorganisms may also contribute to As(III)
oxidation in other environments, such as the
chemically diverse hot springs of Yellowstone
National Park, many of which contain arsenite
(20–22), thereby broadening the ecological im-
portance of the phenomenon described here.

Despite the clear evidence for arsenite oxi-
dation by strain PHS-1, we were unable to obtain
an amplicon for arsenite oxidase (aoxB) (17). This
result was surprising because the gene is highly
conserved across broad phylogenetic lineages
(23) and primer sets have been successfully
used for identifying aoxB in both pure cultures
and environmental samples (22, 24). An ampli-
con was obtained when primers for dissimilatory
arsenate reductase designed for halophilic pro-
karyotes (25)were used. This occurred even though
strain PHS-1 did not grow in the dark with 10 mM
As(V) as the electron acceptor and 10 mM lactate,
10 mM acetate, or 4 mM sulfide as the electron
donor [i.e., no loss of As(V) or production of
As(III) and all optical densities (ODs) remained
below 0.07 after 8 days of incubation]. The
putative ArrA homolog for strain PHS-1 showed
a high degree of sequence identity (~68%) to
proteins from two other Ectothiorhodospiraceae,
Alkalilimnicola ehrlichii and Halorhodospira
halophila (Fig. 3D). A. ehrlichii is a nonphoto-
trophicAs(III)-oxidizing chemolithoautotroph that
was isolated from thewater column ofMonoLake
(14). Analysis of its entire annotated genome re-
vealed that it also lacks genes encoding an ar-
senite oxidase (e.g., aoxAB) but it does have two
putative arr operons (14). Arsenic metabolism
was not studied in H. halophila (26) although its
genome contains a homolog of arrA (Fig. 3D)
annotated as a “formate dehydrogenase.” These
results suggest that in theEctothiorhodospiraceae,
the Arr homolog is functioning in reverse or that
an unknown mechanism for arsenite oxidation
exists that carries out this process under anoxic
conditions. Either way, it appears there are at least
two distinct mechanisms for arsenite oxidation.

Over the past decade, several phylogenetical-
ly diverse microorganisms have been described
that conserve energy from the oxidation or re-
duction of arsenic oxyanions and include deep
lineages of both Bacteria and Archaea (15). In
certain environments, a robust arsenic biogeochem-
ical cycle supports a diverse microbial community
(25, 27). Our discovery of anaerobic photosyn-
thetic oxidation of As(III) adds an important new
dimension to the arsenic cycle and highlights a
previously unsuspected mechanism that may have
been essential for establishing and maintaining the
arsenic cycle on the ancient anoxic Earth.
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In Vivo Imaging Reveals an Essential
Role for Neutrophils in Leishmaniasis
Transmitted by Sand Flies
Nathan C. Peters,1* Jackson G. Egen,2*† Nagila Secundino,1 Alain Debrabant,3 Nicola Kimblin,1
Shaden Kamhawi,1 Phillip Lawyer,1 Michael P. Fay,4 Ronald N. Germain,2‡ David Sacks1†‡

Infection with the obligate intracellular protozoan Leishmania is thought to be initiated by
direct parasitization of macrophages, but the early events following transmission to the skin by
vector sand flies have been difficult to examine directly. Using dynamic intravital microscopy
and flow cytometry, we observed a rapid and sustained neutrophilic infiltrate at localized sand
fly bite sites. Invading neutrophils efficiently captured Leishmania major (L.m.) parasites early after
sand fly transmission or needle inoculation, but phagocytosed L.m. remained viable and
infected neutrophils efficiently initiated infection. Furthermore, neutrophil depletion reduced,
rather than enhanced, the ability of parasites to establish productive infections. Thus, L.m. appears
to have evolved to both evade and exploit the innate host response to sand fly bite in order to
establish and promote disease.

Many parasitic diseases are transmitted
by the bite of an infected arthropod, yet
the dynamics of the host-parasite inter-

action in this context remain largely uncharac-
terized. Transmission of Leishmania by infected
sand fly bite represents an attractive experimental
system to study early inflammatory responses
and relate these processes to the establishment of
an infectious disease. Leishmaniasis is thought to
be initiated by direct parasitization of macro-
phages after deposition into the skin (1). How-
ever, the ability of neutrophils to rapidly respond
to and efficiently phagocytose a variety of path-
ogens suggests that they may also be an initial
target of Leishmania infection (2–4). Indeed, af-
ter needle injection of Leishmania major (L.m.),

infected neutrophils have been observed, and
both host-protective and disease-promoting roles
for these cells have been reported (5–10). How-
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ever, the role of neutrophils has never been ad-
dressed in sand fly–transmitted Leishmania
infections.

Sand fly biting involves wounding of the mi-
crovasculature to create a hemorrhagic pool from
which to feed, a process that initiates a strong
local inflammatory response (11–13). To further
characterize the host response at the site of sand
fly bite, we allowed uninfected or L.m.-infected
Phlebotomus duboscqi sand flies, a natural vector
of L.m., to feed on the ears of C57BL/6 mice
(14, 15), which develop self-healing cutaneous
lesions similar to the human disease. Flow cyto-
metric analysis revealed a marked and sustained
infiltration of neutrophils into the skin accompa-
nied by a substantial recruitment ofmacrophages,
regardless of the infectious status of the flies
(Fig. 1, A and B). To visualize the bite site in
vivo, we used a red fluorescent protein (RFP)–
expressing strain of L.m. (L.m.-RFP) (14) (fig.
S1, A to D) and mice expressing enhanced green
fluorescent protein (eGFP) under the control of
the endogenous lysozyme M promoter (LYS-
eGFP mice) (16). eGFPhi cells recovered from
the skin of LYS-eGFP mice after L.m. infection
are CD11bhiGr-1hiF4/80–MHCII– neutrophils,
whereas eGFPlo cells represent CD11b+F4/80+

MHCII+/−Gr-1– monocyte/macrophage popula-
tions (fig. S1, E to G; see also fig. S1, H to K).
Two hours after exposure of the ventral ear
pinnae of LYS-eGFP mice to either uninfected or
L.m.-RFP–infected sand flies, eGFPhi neutro-
phils accumulated at sites of proboscis pene-
tration through the skin (Fig. 1C).

Two-photon intravital microscopy (2P-IVM)
revealed that as early as 40 min after exposure to
sand flies, neutrophils had migrated into the skin
and had begun to localize around apparent bite
sites (Fig. 1D). Over the next hour, neutrophils
rapidly accumulated in, and subsequently swarmed
around, the vicinity of both infected and uninfected
sand fly bites (Fig. 1D and movies S1 and S2),
eventually forming an epidermal “plug” through
sequential migration of neutrophils into the hole
left by the sand fly proboscis (Fig. 1E, fig. S2,
and movies S3 and S4). Parasite phagocytosis
by neutrophils was readily observed during this
recruitment process (movie S5), leading to the pres-
ence of large numbers of parasite-containing neu-
trophils at later time points (Fig. 1F and movie
S6). In contrast to the rapid motility reported for
mosquito-transmitted Plasmodium sporozoites,
which appear to actively search for blood and lym-
phatic vessels (17, 18), L.m. parasites appeared
relatively immobile after sand fly delivery into
the skin.

Because of the relatively low and variable
number of parasites deposited by sand fly bite
(14), we used intradermal needle inoculation of
high numbers of infectious-stage L.m.-RFPmeta-
cyclic promastigotes to quantitatively analyze the
fate of parasites post-infection (p.i.). The pattern
of neutrophil recruitment at early time points was
similar to sand fly bite, although comparatively
short-lived (fig. S3). Two hours after injection

of L.m.-RFP into the ear, analysis of all RFP+

dermal cells revealed that the vast majority of
the L.m.-RFP signal was associated with the
CD11bhiGr-1hiLYS-eGFPhi neutrophil population
(Fig. 2, A to D, and fig. S1N). These data are

consistent with kinetic analyses of fixed tissue
sections showing parasites initially interspersed be-
tween F4/80+eGFP

lo

macrophages and subsequent-
ly phagocytosed by newly arriving F4/80–eGFPhi

neutrophils (Fig. 2, E and F).

Fig. 1. Neutrophils are rapidly recruited to sites of sand fly bite, where they phagocytose L. major
parasites. (A and B) Numbers of CD11b+F4/80+ macrophages/monocytes (A) and CD11b+Gr-1+7/4+F4/
80–MHCII–Ly6G+ neutrophils (B) recruited into the ear (TSD; n ≥ 4 ears per group per day) 1 or 6 days
after being bitten by infected or uninfected sand flies. The number of cells in a naïve mouse ear is shown
for day 1. (C) Ear sections from LYS-eGFP mice (green) bitten with uninfected sand flies (left) or L.m.-RFP–
infected (red) sand flies (right) 2 hours before harvesting tissue. Arrows point to sites of proboscis
penetration. See also movies S1 and S2. (D) 2P-IVM time-lapse images from the ears of LYS-eGFP mice
(green) beginning 40min after exposure to uninfected sand flies (left) or L.m.-RFP–infected (red) sand flies
(right). Circles represent sites of sand fly proboscis penetration. (E) Maximum-intensity projection images
across x, y, and z dimensions derived from 2P-IVM of the ear of a LYS-eGFP mouse (green) 2 hours after
exposure to L.m.-RFP–infected (red) sand flies. Dermal and epidermal layers defined by the presence or
absence of collagen (blue), respectively, are indicated. Arrows point to sites of proboscis penetration and
neutrophil “plug” formation. See also movies S3 and S4. (F) Image obtained from a 2P-IVM time-lapse
series of the ear of a LYS-eGFP mouse (green) 3 hours after exposure to L.m.-RFP–infected (red) sand flies.
Arrows point to neutrophils with one or more intracellular parasites. See also movies S5 and S6. Scale bars,
30 mm [(C) to (E)], 20 mm (F).
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Dynamic analysis of neutrophil recruitment
and parasite uptake revealed the rapid accumula-
tion of neutrophils inside blood vessels surround-
ing the infection site as early as 30 min p.i. and
the subsequent diapedesis of these cells into the
skin parenchyma (Fig. 2G andmovie S7). Extrava-
sating neutrophils were preferentially distributed
to the side of the vessel facing parasite deposition
and were characterized by an extremely elongated
uropod (Fig. 2H andmovie S8). Neutrophils then
moved in a highly directed manner toward the
inoculation site (Fig. 2, G to I), where they rap-
idly and efficiently phagocytosed individual
parasites (Fig. 2J). Phagocytosis occurred con-
currently with migrational arrest, as revealed by a
decrease in neutrophil mean velocity after par-
asite uptake (Fig. 2K). Additional data acquired
after needle inoculation in the absence of para-
sites suggest that the initial inflammatory re-
sponse to sand fly bite or needle-induced tissue
damage drives the robust neutrophilic recruit-
ment observed in these studies, overriding the
potential contribution of any parasite-specific
signals (fig. S4 and movie S9).

Because macrophages are the definitive host
cell forLeishmania, we explored their relationship
with neutrophils.Mice expressing eGFP under the
control of the endogenousmajor histocompatibility
complex class II promoter (MHCII-eGFP) (19) (fig.
S1, L andM) were inoculated with L.m.-RFP. Phe-
notypic analysis of RFP-gated dermal cells at 18
hours p.i. revealed that the RFP signal was primar-
ily associated with CD11bhiGr-1hiMHC-II-eGFP–

neutrophils and only small numbers of monocytes/
macrophages or CD11c+ dendritic cells (DCs)
(Fig. 3A and fig. S5). Strikingly, we observed an
increase in the absolute number of RFP+ macro-
phages and a corresponding drop in the absolute
number of RFP+ neutrophils over time (Fig. 3, C
and D). By 6 to 7 days p.i., the RFP signal was
found primarily in the macrophage/monocyte
population and only sparsely in neutrophils and
CD11c+ DCs (Fig. 3, B, D, and E). Although
MHC-II-eGFP

+

CD11c+ cells represented an ex-
tremely small proportion of infected cells at 1 day
p.i., their increase in numbers by day 6 suggests
that dermal DCs and/or Langerhans cells partic-
ipate in the infectious process (20).

To determine the fate of Leishmania promas-
tigotes after phagocytosis by neutrophils in vivo,
we isolated infected and uninfected neutrophils
from the ear dermis by cell sorting (Fig. 4, A to
C). eGFPhiRFP+ cells retained a normal cyto-
plasmic and nuclear appearance and contained
intracellular L.m. parasites (Fig. 4D) (21).
Limiting dilution analysis of sorted neutrophils
revealed that 92% of RFP+ but only 1.2% of
RFP– neutrophils contained at least one viable
parasite (Fig. 4E). Furthermore, naïve mice
inoculated with 103 RFP+GFP+ neutrophils or
103 cultured L.m.-RFP established equivalent
infections (Fig. 4, F to H), which demonstrates
that L.m. phagocytosed by neutrophils are viable
and can contribute to the establishment and
progression of disease.

The extremely dense clusters of eGFP-expressing
neutrophils and macrophages/monocytes that
formed several hours after parasite inoculation
(Fig. 3E)made visualization of individual cell-cell
interactions difficult. To overcome this problem,
we injected sorted eGFPhiRFP+ infected neutro-

phils into the ears of transgenic animals express-
ing eGFP under the control of the macrophage/
monocyte-specific CSF1 receptor promoter (22).
Recipient animals were preexposed to sand flies
12 hours before neutrophil transfer to induce an
inflammatory environment at the infection site.

Fig. 2. Rapid recruitment and infection of neutrophils after intradermal inoculation of L. major. (A) Side
scatter (SSC)/forward scatter (FSC) dot plot of ear-derived cells 16 hours p.i. with 106 L.m.-RFP. (B and C)
SSC/RFP dot plots of R1-gated ear cells 16 hours p.i. with 106 L.m.–empty vector control (B) or L.m.-RFP (C).
(D) GFP, Gr-1, and CD11b expression by RFP+ R2-gated cells from ears of LYS-eGFPmice 2 hours p.i. with 5 ×
105 L.m.-RFP. (E) Ear sections from LYS-eGFP mice 20 min (left) or 90 min (right) p.i. with 104 L.m.-RFP
stained with F4/80 (white) and a nuclear dye (blue). Top panels show GFP and RFP images; bottom panels
show a merge of all channels. (F) Maximum-intensity projection images across x, y, and z dimensions from
boxed region in (E). Red arrows indicate L.m.-RFP phagocytosed by neutrophils; blue arrow indicates a
parasite captured by amacrophage. (G toK) LYS-eGFP animals were subjected to 2P-IVM30min p.i. with 104

L.m.-RFP. (G) Time-lapse images showing GFP+ (green) cells, L.m.-RFP (red), and blood vessels (blue). Panel
labeled “Tracks” shows the paths followed by cells from the vessel to site of inoculation of parasites over 60
min. (H) Magnified view from (G) showing neutrophil extravasation from vasculature. See also movies S7 and
S8. (I) Cell migration paths from three independent experiments (cyan, yellow, and purple tracks) were
normalized for their origin and their position relative to the site of parasite deposition. (J) Time-lapse images
showing neutrophil (green) migration before and after phagocytosis of L.m.-RFP (red, arrows). (K) Neutrophil
mean velocity 10 min before and 10 min after parasite phagocytosis. Data points represent individual cells
and were compiled from four separate experiments. Scale bars, 50 mm [(E) and (G)], 15 mm [(F), (H), and (J)].
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Using 2P-IVM, we observed what appeared to
be viable parasites [as indicated by their expres-
sion of RFP (fig. S1, A to D)] being released

from apoptotic neutrophils in the vicinity of sur-
rounding macrophages (fig. S6 and movies S10
to S12).

We next examined the functional role of neu-
trophils on the establishment and progression of
sand fly–transmitted leishmaniasis. Mice treated

Fig. 4. Neutrophils harbor viable parasites and promote productive infections.
(A toD) LYS-eGFPhi neutrophils from the ear 12 hours p.i. with 2.5 ×106 L.m.-RFP
were sorted into uninfected RFP– (B) or L.m.-infected RFP+ [(C) and (D)] pop-
ulations. [(B) and (C)] Post-sort. (D) Dif-Quick stain of the cytospun eGFP+RFP+

post-sort population. (E) Number of viable parasites per 2500 RFP– and RFP+

neutrophils (TSD of triplicate samples). (F to H) Wild-type mice were injected
in the ear with 103 culture-derived L.m.-RFP metacyclic promastigotes or 103

RFP+eGFPhi infected neutrophils. Twenty-one days after injection, mice were
assessed for parasite load in individual ears (F), pooled draining lymph nodes
(pDLNs) (G), and mean T SEM (n = 8) ear lesion diameter over the course of
infection (H). (I to N) Mice were treated with control (GL113) or neutrophil-
depleting (RB6-8C5) monoclonal antibodies 16 hours before exposure to
infected sand flies. (I) Representative dot plot of CD11b+-gated Ly-6G+F4/80–

neutrophils and Ly6G–F4/80+ macrophages/monocytes on day 1 p.i. [(J) and
(K)] Analysis of the total number of CD11b+7/4+F4/80–MHCII–Ly6G+ neutrophils
(J) and CD11b+F4/80+ macrophage/monocytes (K), per ear T SD (n ≥ 4 per
group per day), on day 1 and day 6 p.i. (L) Parasite loads in individual ears at
1 and 4 weeks after exposure to infected sand flies in GL113-treated versus RB6-
8C5–treated animals, as determined by limiting dilution analysis. Each open
circle represents a single exposed ear in three (1 week) or four (4 weeks) pooled
experiments. (M) Representation of the total incidence of infected versus
uninfected ears in RB6-8C5– versus GL113-treated animals at 1 week [odds
ratio = 0.299, 95% CI (0.097, 0.847), P = 0.020] and 4 weeks [odds ratio =
0.293, 95%CI (0.126, 0.658), P=0.0017] after transmission, as determined by
limiting dilution analysis. (N) Spontaneous release of interleukin-1a and 1b by
ear derived cells, as determined by multiplex cytokine analysis at 1 week p.i.

Fig. 3. L. major transitions from neutrophils to macrophages early after intrader-
mal inoculation. (A and B) Dot plots gated on RFP+ cells (R2 in Fig. 2C) from ears of
MHC II-eGFP mice taken at 18 hours (A) or 6 days (B) p.i. with 106 L.m.-RFP. (C)
CD11b and Gr-1 expression of RFP+-gated cells at 20 and 48 hours p.i. Numbers
indicate the absolute number of gated cells per sample. (D) Mean of the ratio T
SD of RFP+ infected neutrophils (Nf) to RFP+ infected macrophages/monocytes
(Mf); n = 4 to 6 individual ears per time point. (E) 2P-IVM projection images from the
ears of LYS-eGFP mice (green) at 16 hours or 7 days p.i. with 104 L.m.-RFP (red).
Images at right are magnified views of the boxed regions. Scale bars, 20 mm.
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with neutrophil-depleting antibody 16 hours
before infected sand fly exposure had a specific
and marked reduction of CD11b+Ly-6G+F4/80–

neutrophils in the ear dermis 1 day after trans-
mission (Fig. 4, I and J), whereas the CD11b+Ly-
6G–F4/80+ macrophage/monocyte population
was unaffected (Fig. 4, I and K). In some but
not all experiments, reduced numbers of neu-
trophils were also observed in ears 6 days after
transmission (Fig. 4J). Neutrophil depletion sig-
nificantly reduced the number of viable parasites
detected per ear (Fig. 4L), aswell as the incidence
of ears with detectable parasites at 1 and 4 weeks
after transmission (Fig. 4M). Thus, the early
influx and persistence of neutrophils after sand fly
transmission of L.m. appears critical for the
development of cutaneous disease.

The data presented here are relevant to the
“Trojan horse”model of L.m. infection (2), which
postulates that uptake of infected neutrophils is
a mechanism for “silent” entry of parasites into
macrophages. Our observations indicate that neu-
trophils are the initial host cell for a substantial
fraction of parasites after infection and that neu-
trophil depletion results in reduced disease at
1 week p.i. We found no evidence, however, for
uptake of intact, infected neutrophils by macro-
phages. In addition, macrophages were efficiently
recruited to sites of infection and were able to
directly phagocytose parasites in neutrophil-
depleted animals (fig. S7). Under these con-
ditions, macrophages and DCs did not acquire
more parasites relative to nondepleted animals
containing competing neutrophils, which sug-
gests that neutrophils may facilitate infection by
rescuing parasites not accessible to other phago-

cytic cells from death in extracellular spaces.
Alternatively, infected neutrophils may release
transitional-stage parasites better adapted for
macrophage uptake and survival, or macro-
phages may exhibit compromised microbicidal
function in a setting in which they are heavily
engaged in the anti-inflammatory process of
clearing apoptotic neutrophils (23, 24). This latter
possibility is supported by an increase in the
spontaneous release of the proinflammatory cy-
tokines interleukin-1a and 1b by ear cells from
neutrophil-depleted animals (Fig. 4N) (25).

The ability of phagocytic cells to rapidly
localize to sites of tissue inflammation and sub-
sequently capture and destroy pathogens is a
hallmark of the innate immune response, highly
conserved, and among the earliest observations
in microbiology (26). We found that sand fly
bites and needle inoculation induce an intense
neutrophilic infiltrate into the skin, irrespective of
parasite infection. These data are consistent with
the finding that neutrophils are recruited to sites
of sterile brain injury (27) and suggest that the
predominance of L.m.-infected neutrophils at the
site of parasite deposition is a by-product of a
host response aimed at wound repair and ster-
ilization. Thus, the neutrophilic host response to
the wound inflicted by arthropod vectors appears
to have been a driving force in pathogen evo-
lution aimed at counteracting and even exploiting
the presence of these innate effector cells.
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Tumor Regression in Cancer
Patients by Very Low Doses
of a T Cell–Engaging Antibody
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Previous attempts have shown the potential of T cells in immunotherapy of cancer. Here, we
report on the clinical activity of a bispecific antibody construct called blinatumomab, which has the
potential to engage all cytotoxic T cells in patients for lysis of cancer cells. Doses as low as 0.005
milligrams per square meter per day in non–Hodgkin’s lymphoma patients led to an elimination of
target cells in blood. Partial and complete tumor regressions were first observed at a dose level of 0.015
milligrams, and all seven patients treated at a dose level of 0.06 milligrams experienced a tumor
regression. Blinatumomab also led to clearance of tumor cells from bone marrow and liver. T
cell–engaging antibodies appear to have therapeutic potential for the treatment of malignant diseases.

Substantial evidence suggests that cytotoxic
T lymphocytes participate in controlling
tumor growth and that they can be har-

nessed in immunotherapeutic settings. For exam-
ple, their presence in colorectal tumors was

shown to strongly predict clinical outcome (1),
and adoptive transfer of ex vivo expanded tumor-
derived lymphocytes (2) or of T cell receptor
gene transfected T cells to melanoma patients (3)
has been shown to lead to cancer regression.

However, therapies aimed at inducing specific
T cell responses against cancer cells, including
vaccination (4) and CTLA-4–blocking antibodies
(5), have been limited by relatively low response
rates and relapses, presumably because of immune
escape mechanisms of cancer cells (6, 7).

An alternative approach to harness the high
cytotoxic potential of T cells has been the use of
T cell–engaging antibodies (8, 9). Conventional
antibodies are not able to directly recruit T cells
because these cells lack Fcg receptors. Well-
studied antibody constructs for engaging T cells
are bispecific T cell engagers (BiTE), which are
based on single-chain antibodies (10, 11). These
molecules can transiently tether resting T cells to
tumor cells, leading to concomitant T cell acti-
vation and serial lysis of tumor cells (12–14). To
date, various mouse models have demonstrated
high levels of activity of BiTE antibodies (15–20).
The independence of this approach from peptide
antigen presentation and tumor-specific T cell
clones suggests that it can overcome major im-
mune escape mechanisms.

We have investigated clinical activity and
safety of increasing doses of BiTE antibody
blinatumomab (also called MT103/MEDI-538)
with dual specificity for CD19 and CD3 (21–24)
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